<@ sustainability

Article

Using Digestate as Fertilizer for a Sustainable
Tomato Cultivation

Maria Rosaria Panuccio, Carmelo Mallamaci, Emilio Attina and Adele Muscolo *

check for

updates
Citation: Panuccio, M.R.; Mallamaci,
C.; Attina, E.; Muscolo, A. Using
Digestate as Fertilizer for a
Sustainable Tomato Cultivation.
Sustainability 2021, 13, 1574.
https://doi.org/10.3390/su13031574

Academic Editor: Carmelo
M. Musarella

Received: 23 December 2020
Accepted: 30 January 2021
Published: 2 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Agriculture Department, Mediterranea University Feo di Vito, 89124 Reggio Calabria, Italy;
mpanuccio@unirc.it (M.R.P.); carmelo.mallamaci@unirc.it (C.M.); eattina@unirc.it (E.A.)
* Correspondence: amuscolo@unirc.it; Tel.: +39-096-5169-4364; Fax: +39-096-5169-4550

Abstract: The effects of two digestates split up in liquid and solid fractions were investigated on
tomato production. The objectives were (1) to verify if the two digestates different in composition
differently affected the growth and the quality of tomato; (2) to assess the effectiveness of the two
digestate fractions (liquid and solid) on tomato growth and quality characteristics of the harvested
tomato fruit. In short, our results evidenced different effects between the two digestates and also
between solid and liquid fractions, suggesting that the type of solid fraction (Uliva or Fattoria) rather
than the concentration, or their interaction mainly influenced plant growth parameters. Conversely,
the effectiveness of liquid fractions were mostly due to the concentrations rather than to the type
of digestate. Results also evidenced positive effects of both digestates on the nutritional values
of tomatoes, largely explained by the increase in various health-promoting compounds, including
vitamin C, flavonoids, and phenolic compounds. The contemporary increase in these different
bio-compounds with a wide range of physiological properties and multi target actions confers to
digestate treated tomato a nutraceutical benefit. The use of both fractions of both digestates as
fertilizer may represent an effective strategy to obtain, even if in some cases at the expense of growth,
high-quality fruit in a sustainable way from an economic and environmental point of view.
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1. Introduction

Tomato (Solanum lycopersicum L.), native to the Andean region, was brought to Europe
in the 15th century. The implementation of domestication, breeding, and research activities
developed modern tomato varieties (mainly hybrids) with different kinds of shapes, colors,
and sizes and a better taste, shelf life, and nutrients [1,2].

The worldwide tomato production reached 182 million tons in 2019 with the highest
regional production in Asia (61.5%), followed by Europe (25.5%) and Americas (13%) [3].

Tomato fruits are part of a healthy diet regime, as nutrients like pro-vitamin A, ascorbic
acid, potassium, and folate are present in significant concentrations; otherwise, tomatoes
are low in fats and cholesterol free. Consumption of tomatoes exerts positive effects on
human health and their intake is inversely related to the incidence of cancer, cardiovas-
cular diseases, and ageing problems. Non-nutritive phytochemicals like carotenoids (ly-
copene, phytoene, and b-carotene) and polyphenols (flavonoids, flavanones, and flavones),
are present in significant amounts in tomato [4]. It is because of the high content of these
bioactive health-promoting compounds that this fruit is considered a useful ingredient for
functional foods, because many of its phytochemicals are not affected but are even fortified
with maturation and cooking [5]. Generally, the continuous use of mineral fertilization for
tomato production is leading to soil fertility loss [6] and a reduction of protein content and
carbohydrate quality in tomato fruit [7]. Tomato grown on mineral over-fertilized soils is
also more inclined to pest diseases [8].

The reduction and elimination of the adverse effects of synthetic fertilizers and pes-
ticides to preserve human health and to reduce the negative impact on the environment
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is the priority and the challenge of agriculture in the last decades. There is the need to
adopt sustainable low cost agricultural practices to produce sufficient quantity of quality
food. This means that a sustainable use of agricultural waste residues could be an advan-
tageous solution to maintain high yields, reducing the production costs mainly for small
family business.

Numerous publications demonstrated the effectiveness of digestate as suitable nutrient
source in agriculture [9-11], evidencing also that its chemical properties mainly depend on
the anaerobic digester’s feedstock and operation results [12,13].

Among the agricultural waste residues, digestate when added to soil can affect N
cycle, resulting in an increase in the proportion of total N and in a decrease of C/N
ratio. Its application could also cause risk of volatilization and/or dispersal of nitrogen
forms, mainly if disposed on soil surface. The negative effects of digestate on long-term
sustainability in terms of soil fertility and environmental impact at field level were in
any case of minor relevance [13]. The first step in digestate processing is generally the
separation of solid fraction from the liquid ones for its easy management and use. The solid
fraction is directly used in agriculture for fertilizer purpose; instead, the liquid fraction,
based on its composition, is often employed for fertigation scopes, since it provides water
and nutrients simultaneously.

N, P, K, Ca, Mg, and S, are needed in large amounts by tomato for its normal growth
and reproduction, and it is well known that application of fertilizers and manures can
increase tomato yield by several folds compared to that without fertilization. Addition-
ally, numerous studies [10,14,15] demonstrated that the quantity and type of nutrients
influenced its mineral content, taste, and post-harvest storage quality.

Additionally, Barzee et al., 2019 [10], showed that field application of digestate in-
creased the contents of protein, soluble sugar, vitamin C, and beta-carotene in tomato
fruits and higher total and soluble solids contents compared to the synthetically fertilized
tomatoes. Starting from the above assertions and considering that the above-mentioned
nutrients are normally present in the digestates at high levels, our research hypothesis is
that digestate could be used as a suitable fertilizer not only for improving tomato growth,
but mainly to increase its quality.

In this study, we used two digestates, previously characterized, (Fattoria and Uliva),
that showed different composition and agronomic quality [13]. The specific objectives of
our study were (1) to verify if the two digestates different in composition differently affected
the growth and the quality of tomato; (2) to assess the effectiveness of the two digestate
fractions (liquid and solid) on tomato growth and quality characteristics of the harvested
tomato fruit; (3) to verify the possibility of using digestate as partial substitution of substrate
in proportions from 25% to 75%. In particular the antioxidant power as carotenoids
(B-carotene and lycopene), vitamin C, individual phenolics compounds, and flavonoids,
have been evaluated because of their well-known positive effects on human health. Reusing
a waste to reduce its environmental impact and to increase the economic benefit of anaerobic
digestion plants and agricultural sectors should draw increasing interest in the future.

2. Materials and Methods
2.1. Reagents, Chemicals, and Instrumentation

HPLC-grade acetonitrile and methanol were supplied by Sigma-Aldrich (St. Louis,
MO, USA). All the other reagents and chemicals used in this study were of analytical grade
and were purchased from Sigma (Sigma-Aldrich GmbH, Sternheim, Germany).

2.2. Plant Material and Experimental Conditions

The two digestates were obtained from two plants differently fed. The digestate
named Fattoria came from the digester mainly powered with animal manures (poultry,
cow, and sheep), while the digester Uliva was mainly fed with olive waste and citrus pulp
and in minor extent with animal manure and maize silage. Chemical and biological analysis
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showed a lower phenol amount and a higher microbial activity in Fattoria digestate in
comparison with Uliva digestate [13].

The experiments were conducted in a greenhouse, under controlled environment
(23 £ 2 °C temperature) for three months. The experiment design was replicated for three
years, and the data are the average values of the three years. Plastic pots (26 cm diameter x
27 cm height) were filled with 4.5 kg of an alkaline sandy-loam soil [13] and amended with
two different digestates separated in liquid and solid fractions. The two digestates were
arbitrarily called Fattoria and Uliva [12]. The two solid fractions, named SF for fattoria and
SU for Uliva [12,13] and on basis of previous results, were used at 25, 50, and 75% w/w.
The liquid fractions (LF for Fattoria and Ul for Uliva) were used at 10, 20, and 30% v/w.
Soil without digestate and fertilized with NPK (20:10:10, 1.2 g/pot) was used as control.
The pots were arranged randomly on bench, three replicates were carried out for each
treatment, and the soil moisture was maintained at 70% of the field capacity. At harvesting
time, after three months from treatments, plant height, leaf number and leaf area, collar
diameter, flower, and fruit numbers were evaluated.

After harvesting, tomato fruits were analyzed for size, weight, pH, titratable acidity,
and total soluble solids content.

2.3. Total Soluble Solids (TSS) Content and Titratable Acidity (TA)

Total soluble solids (TSS) were determined for each sample fruit in two replications
using an Atago DR-Aldigital refractometer (Atago Co. Ld., Tokyo, Japan) at 20 °C and
expressed as °Brix.

Titratable acidity (TA) was detected by titrating 5 mL of tomato juice with 0.1 N NaOH
up to pH 8.1 with a pH meter (HANNA Instruments, Woonsocket, RI, USA). The result
was expressed as grams of citric acid per 100 g of fresh weight.

2.4. Fruit Chemical Analysis

Fruits were stored whole at —40 °C until analysis. Prior to extraction, partially frozen
fruits (5 g) were blended and homogenized with 15 mL of MeOH:H,O (80:20), centrifuged
at 3000 rpm for 15 min, and filtered through a 0.45 um filter (Millipore Corporation, Bedford,
TX, USA). The extract was frozen at —80 °C until analysis.

Total phenols were determined using the Folin-Ciocalteu (FC) assay with a modified
procedure [16]. An aliquot (500 pL) of each extract was added to 3.5 mL of distilled water
and 250 pL of FC reagent and vortexed for 10-20 s. After the addition of 2 mL of filtered
20% sodium carbonate solution, the mixture was filled up to 50 mL with deionized water
and placed in the dark for 1 h. The absorbance of the blue color that developed was read at
685 nm using a UV-Vis Agilent 8453 spectrophotometer (Agilent Technologies, CA USA).
Results were expressed in mg gallic acid 100 g~! fresh weight.

Total flavonoids were determined following the colorimetric method [17] with some
modifications. Extracts (2 mL) were mixed with 300 uL of a 5% NaNO, water solution.
After 5 min, 600 pL of 10% AICl; solution in water was added to samples, and after
5 min followed by the addition of 2 mL of 1 M NaOH and of distilled water up to 10 mL.
Absorbance was read at 510 nm against the blank (water) using a UV-Vis Agilent 8453
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA), and flavonoid content
was expressed as mg rutin equivalents/100 g FW by a calibration curve.

Lycopene was determined by a spectrophotometric method [18]. Approximately 0.6 g
(determined to the nearest 0.01 g) duplicate samples were weighed and added with 5 mL of
0.05% (w/v) butylated hydroxytoluene (BHT) in acetone, 5 mL of 95% USP grade ethanol,
and 10 mL of hexane under stirring. Samples were extracted on an orbital shaker at 180 rpm
(Lab-Line Instrument Co., Melrose Park, IL, USA) for 15 min on ice. After shaking, 3 mL of
deionized water were added, and the samples were shaken for an additional 5 min on ice.
Shaking was stopped, and vials were left at room temperature for 5 min to allow for phase
separation. The absorbance of the upper, hexane layer was measured in a 1 cm path length
quartz cuvette at 503 nm blanked with hexane.
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Vitamin C was assayed as reported in Panuccio et al. [19]. Sample (2 g) was homog-
enized in 8 mL 6% (w/v) trichloroacetic acid, centrifuged at 3500 rpm for 20 min, and
the supernatant was analyzed. The assay is based on the reduction of Fe** to Fe?* by
vitamin C in an acidic solution, giving a pink color with the maximum absorbance at
525 nm. The supernatants were analyzed by a UV-Vis Agilent 8453 spectrophotometer
(Agilent Technologies, Santa Clara, CA, USA). The results were expressed as mg of ascorbic
acid /100 g fresh weight by a calibration curve.

2.5. Antioxidant Activities

DPPH activity was detected according to Brand-Williams [20]. A 2.4 mL of 0.06 mM
DPPH- methanolic solution was added to 100 uL of aqueous extract. The change in
absorbance of the violet solution was recorded at 517 nm after 30 min of incubation at
37 °C. A blank without extract was prepared for each sample. The decrease in absorbance
in percentage was analyzed utilizing the following equation: absorbance decrease (%) =
(Ayp — Ag)/Ayg) x 100, where Ay is the DPPH- absorbance of blank (reference solution)
and Ag is the DPPH- absorbance of the sample. Results have been expressed as Trolox
equivalent (TE) using a calibration curve.

The ABTS assay was performed as reported [21]. A solution of 7 mmol L~ ABTS**
(final concentration) and 2.45 mmol L™! ammonium persulfate (final concentration) in
phosphate-buffered saline (PBS) was kept in the dark at room temperature for 12-16 h.
Aliquots of extracts (25, 50, and 100 pL) were added to 0.5 mL of ABTS™® solution (7 mmol
L—1 ABTS*® and 2.45 mmol L™ 1 ammonium persulfate in phosphate-buffered saline) and
brought to a final volume of 600 puL with phosphate-buffered saline (PBS). The samples were
incubated for 6 min in the dark at room temperature and after the absorbance was recorded
at 734 nm by a UV-visible spectrophotometer. The inhibition I (%) of radical-scavenging
activity was calculated as I (%) = [(Ag — Ag)/Ap] x 100.

Ay is the absorbance of the control, and AS is the absorbance of the sample after
incubation. Results were expressed as umol L-! TE using a Trolox (1-50 pmol L1
calibration curve.

2.6. Detection of Individual Phenolic and Flavonoid Compounds by HPLC Analysis

Tomato samples (2.5 g) were homogenized with a 5 mL of MeOH:H,O (80:20) solution.
After centrifugation at 3000 rpm for 15 min, the supernatant was passed through a 0.45 pm
filter (Millipore Corporation, Bedford, USA) and analyzed immediately. Separation of
phenolic and flavonoid compounds was performed by a HPLC/DAD Knauer system (Asi
Advanced Scientific Instruments, Berlin, Germany), equipped with two pumps: Smar-
tiline Pump 1000, a Rheodyne injection valve (20 uL), and a photodiode array detector
UV/VIS provided with a semi micro-cell. UV spectra (range 210-365 nm) and simultaneous
detection by diode array at 254, 280, and 365 nm were performed. Clarity Software (Chro-
matography Station for windows) was used for processing data. Phenolic compounds were
separated on a Phenomenex C18 column (250 mm x 4.6 mm, 5 pm). The mobiles phases
used were: A, acidified water (0.5% acetic acid, v/v); B, acetonitrile. The programmed
gradient was as follows: 0 min, 0% B; 10 min, 20% B; 15 min, 30% B; 20 min, 50% B; 25 min,
75% B; 30 min, 100% B; 32 min 0% B. At the end, the initial conditions were held for
8 min as a re-equilibration step. The flow rate was set at 0.80 mL/min. The identification
of the compounds has been performed by comparison with calibration curves obtained
with known concentration of thirteen phenolic compounds (five phenolic acids and eight
flavonoids). Quantitative analysis was carried out by integration of the areas of the peaks
as average values of triplicate injections.

2.7. Mineral Assay

Cations (Na, K, Ca, and Mg) were extracted as reported in Muscolo et al. [21], and the
samples were analyzed using ion chromatography (DIONEX ICS-1100, Thermo Fisher
Scientific Waltham, MA, USA) with 20 mM methane-sulfonic acid as eluent.
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2.8. Statistical Analysis

The values of the data are expressed as means of three years & standard deviation.
One-way analysis of variance (ANOVA) has been performed on the obtained results,
and Tukey’s test was run to check the significance of the difference between samples and
respective controls. A p < 0.05 value indicates significant statistically difference. Two way
ANOVA was performed to analyze the effects of both digestates, of concentrations and
their interaction on plant height, collar diameter, leaf, flower and fruit numbers, and leaf
area. All analyses were conducted using SYSTAT 13 for Windows.

3. Results and Discussion

Treatments with Fattoria (FS) solid fraction increased plant height and leaf area in
a concentration dependent manner. With 75% FS, plant height doubled, and leaf area
tripled (Figure 1). Flowers and fruit numbers and collar diameter increased significantly
in presence of FS up to a concentration of 50%, then decreased, but up to values higher
than control. Solid Uliva (US) had an opposite effect on tomato growth; increasing US
concentrations, all growth parameters decreased except for leaf area. Plants treated with
75% US produced no flowers and fruits. The results of the two way ANOVA suggested
that the type of solid fraction (Uliva or Fattoria), rather than the concentration or their
interaction, induced the major changes on plant growth parameters (Figure 1).

Treatments with liquid fractions of Fattoria (FL) and Uliva (UL), at all concentrations,
increased height, collar diameter, and leaf number and area in comparison with untreated
plants. FL at a concentration of 20% doubled the number of flowers compared to control,
while UL especially enhanced leaf area (+150% over the control). The results of two-
way ANOVA indicated that the effects of liquid fractions were mainly related to the
concentrations rather than to the type of digestate.

All treatments decreased fresh biomass, length, and diameter of tomato fruit in com-
parison with controls (Table 1). The reduction in size could be due to the effects of salinity
induced by the presence of the digestate [22]. In our experimental conditions, salinity (EC)
increased in soil, mainly when liquid fraction was used, and the increase was positively
correlated to the concentration used [13].

The pH, soluble solids (°Brix), and titratable acidity (percentage) were measured as
indices of tomato quality (Table 1). The pH decreased significantly in presence of UL at all
concentrations and US at the two highest concentrations. No significant pH variations were
observed when FL and FS were used. Titratable acidity increased with all the digestate
fractions. The titratable acidity, measuring the total acid concentration acidity of the
fruit, is a better predictor than pH of how organic acids impact the flavor in tomato food
and products. A high titratable acidity influences the taste of fresh tomato fruits [23],
also enhancing their culinary properties, as reported by Moschetti [24]. Total soluble solids
(°Brix), mainly constituted by sugars (sucrose and hexoses, ~65%), organic acids (citric and
malic, ~13%), and other minor components (phenols, aminoacids, soluble pectin, acids
and minerals, ~22%), increased in presence of UL and decreased with all other treatments.
The amount was within the range (3.5-5.5 °Brix) generally reported in literature for the
different genotypes of tomato [25] These results evidenced that the treatments with solid
and liquid fractions of both digestates did not affect taste intensity and consequently
sweetness and fruitiness of fresh tomatoes [26].

Tomato is a vegetable of great interest because of its high content of health benefiting
molecules, such as carotenoids, vitamins, flavonoids, and phenolic compounds [27,28].
These compounds have a key role as free-radical scavengers, metal chelator, inhibitor
of cellular proliferation, and modulator of the activity of numerous enzymes [29]. Beta-
carotene increased only in fruits of tomato grown with 20 and 30% of LU. No significant
differences with respect to control were observed in presence of LF at all concentrations.
Lycopene, the predominant carotenoid in tomatoes, increased only in fruits of plants
amended with 30% LF and 20% and 30% OL. Both solid fractions decreased the beta-
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carotene and Lycopene amount in tomatoes. The two fractions of both digestates increased

the amount of Vitamin C in respect to control (Table 2).
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Figure 1. Effects of Uliva and Fattoria digestate fractions on: height, collar diameter, leaf and fruit number, and leaf area of

tomato plants. Values are means + SE (n = 3). Lower-case and upper-case letters indicate differences within each digestate
treatment. Means followed by different letters are significantly different (Tukey’s test at p < 0.05). * p < 0.05; ** p < 0.01;

% p < 0.001.
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Table 1. Biomass, shape parameters (equatorial and longitudinal diameters), pH, titrable acidity, and
Brix degree of tomato fruits grown with different concentrations (%) of Fattoria Liquid (FL), Fattoria
Solid (FS), Uliva Liquid (UL), and Uliva Solid (US) digestate fractions. Different letters indicate
significant differences among the different treatments (Tukey’s test, p < 0.05).

Fresh Weight Equatotial Longitudinal H Titratable Total Soluble

(g Diameter (cm) Diameter (cm) P Acidity (%) Solids (°Brix)

Control 94.0 £ 2.0a 5.43 £ 0.06a 7.00 £ 0.10a 5.03 £ 0.05a 2.57 £0.03e 478 £0.11a
FL 10% 77.1+3.9b 4.70 £ 0.20b 5.93 £ 0.15b 4.99 £ 0.03a 3.07 £ 0.15cd 4.25 £ 0.07c
FL 20% 82.3 +2.5b 4.78 £0.13b 6.10 £ 0.40b 4.96 £ 0.02a 3.12 £ 0.03c 4.31 £0.12c
FL 30% 78.2 + 3.6b 4.73 £ 0.25b 5.83 £ 0.35b 492 +0.03a 2.80 + 0.02d 4.26 £ 0.05¢
UL 10% 69.3 £ 5.6¢ 4.83 £0.31b 5.37 £ 0.25¢ 4.77 £ 0.03b 4.31 £ 0.35b 4.81 £0.01a
UL 20% 60.4 £ 4.8¢c 4.70 £ 0.26b 4.47 £0.25d 4.65 £ 0.05b 4.97 £0.02a 4.61 £0.1ab
UL 30% 63.5 £ 3.5¢ 4.53 £0.15b 4.67 £0.31c 4.72 £ 0.05b 4.64 £ 0.04b 4.58 £ 0.1ab
FS 25% 68.6 £ 1.6¢ 4.85 £ 0.20b 4.95 £+ 0.21c 5.04 £+ 0.02a 3.06 + 0.03c 3.95 £ 0.13c
FS 50% 65.0 £ 2.6¢ 4.77 £ 0.25b 4.97 £+ 0.25¢ 491 + 0.05a 2.89 +0.07d 4.20 £ 0.12¢
FS75% 70.5 £ 2.7b 4.60 £ 0.10b 5.87 £0.25b 4.96 £ 0.04a 3.27 £0.07c 4.40 £ 0.14c
US 25% 53.0 £1.0d 3.93 £0.21c 4.37 £0.15d 4.65 £ 0.03b 4.85 + 0.06a 3.86 £ 0.07d
US 50% 429 £ 1.8 3.73 £ 0.25¢ 3.89 £0.12e 4.55 £ 0.02b 4.98 +£0.07a 3.78 £0.10d

Table 2. Antioxidant compounds in ethanol extracts of tomato fruit grown with different concentra-
tions (%) of Fattoria Liquid (FL), Fattoria Solid (FS), Uliva Liquid (UL), and Uliva Solid (US). Different
letters indicate significant differences among the different treatments (Tukey’s test, p < 0.05).

$3-Carotene Licopene Vitamina C

mg/Kg FW mg/Kg FW mg/100 g FW
Control 23.01 £ 0.83b 26.68 £ 0.20b 33.65 £ 0.88f
FL 10% 22.36 + 2.33b 24.93 £ 0.85¢c 64.25 + 0.16b
FL 20% 22.70 £ 1.30b 26.47 £ 0.44b 65.28 £+ 0.31b
FL 30% 23.55 + 1.02b 28.67 £ 0.42a 67.25 + 1.00a
UL 10% 16.08 £ 0.31d 14.58 £ 0.22e 64.34 + 1.03b
UL 20% 25.59 + 1.37a 28.01 £ 0.41a 62.96 £ 0.54c
UL 30% 27.05 + 1.13a 28.57 + 0.63a 55.21 4+ 1.43d
FS 25% 18.35 £ 0.35¢ 16.73 £+ 0.42d 64.51 £ 0.87b
FS 50% 17.31 4+ 0.15d 14.79 + 0.50e 64.29 £+ 0.11b
FS 75% 16.17 £ 0.11e 14.13 £ 0.10f 62.31 + 0.82¢
US 25% 15.35 & 0.25f 14.07 + 0.31f 58.62 £ 0.61d
US 50% 13.30 £ 0.50g 13.13 + 0.42¢g 55.47 £ 0.22¢

Caris-Veyrat et al. [30] found that ascorbic acid content was 31% higher in organic toma-
toes, and the larger the fruit, the lower the vitamin C content resulted. Premuzic et al. [31]
compared the ascorbic acid content in the tomatoes cultivated with an organic substrate
with hydroponically cultivated tomatoes. They found higher ascorbic acid content in fruits
using organic compost. The antioxidant content is important to preserve and protect plant
products against oxidative damage to avoid loss of their efficacy in foods with consequent
decrease of their commercial and nutritional value. In tomatoes, the flavonoid accumula-
tion (quercetin, rutin, kaempferol, and naringenin) occurs during fruit maturation with
a decrease in chlorophyll content and ripening of peels [5]. Our results evidenced that
the liquid fractions of Fattoria and Uliva increased phenols in a concentration dependent
manner in respect to control. A similar effect was observed for FL on flavonoids, while UL
positively influenced flavonoids up to 10% concentration. Solid fractions increased pheno-
lic content in tomatoes, but did not change flavonoid amount (Figure 2). These results are
also in agreement with a previous work showing the stimulatory effects of two digestates,
Fattoria and Uliva, on flavonoid and phenol synthesis in cucumber fruits, suggesting that
the two digestates, rich in carbon and phenols, stimulated plant-resource reallocation to
secondary metabolites production [19].
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Figure 2. Effects of Uliva and Fattoria digestate fractions on phenol and flavonoid content and ABTS and DPPH activities in
tomato fruits. Values are means + SE (n = 3). Lower-case and upper-case letters indicate differences within each digestate
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The increase in phenol production correspond to an increase in natural defenses in
plants against biotic and abiotic stresses. In our case, the higher content of phenols in di-
gestate treated tomato fruits can also be due to the major incidence of pests and pathogens
in the organic cultivation method in which pesticides are not used, as previously demon-
strated by other authors [30,32,33]. Many authors showing an increase in antioxidants and
antioxidant activities in organic amended plants and fruits [34,35] reported similar findings.

Antioxidant activities were determined by ABTS and DPPH tests (Figure 2). ABTS
and DPPH radicals are scavenged by electron- or hydrogen-transfer mechanisms, although
with a different specificity. Prior et al. [36] reported that antioxidant activity determined
by the ABTS assay has far more significant impact (83%) on total antioxidant activity in
tomatoes. Antioxidant activities were significantly increased only by both liquid fractions.
The increase in ABTS activity compared to untreated controls could be related to the
higher ascorbic acid content as reported by Kotikova et al. [27]. Uliva liquid fraction
caused the highest DPPH activities, positively related to used concentrations. This result
could be explained by the highest lycopene content in UL treated tomatoes, based on the
hypothesis of Raffo et al. [37] that a greater DPPH activity in tomatoes essentially derived
from carotenoids, in particular from lycopene. Individual phenols and flavonoids varied
significantly in treated tomato compared to control. Gallic, caffeic, and para coumaric
acids decreased in presence of two fractions of both digestates; conversely, chlorogenic
acid (CGA) increased. Among phenols, chlorogenic acid is an important biologically active
dietary polyphenol, with relevant positive effects on human health. It has been reported in
recent basic and clinical research studies that the consumption of CGA reduces the risk of
developing cardiovascular diseases and tumors [38].

Rutin and kaempferol, conjugate flavonols belonging to the flavonoid class, signifi-
cantly increased in all treated tomato fruits, and the greatest increase was observed with the
highest LU concentrations (Table 3). It is well known that flavonols, such as kaempferol and
rutin, are potentially health-protecting components for their high antioxidant capacity [39].
Rutin exhibited peripheral and central antinociceptive activities as well demonstrated
antiarthritic antidiabetic and antiulcer effects [5]. Kaempferol reduced the risk of chronic
diseases, especially cancer, and augmented human body’s antioxidant defense against free
radicals, limiting liver injury, obesity, and diabetes [39].

Table 3. Phenolic acids and flavonoids (mg L) in tomato fruit cultivated with different concentra-
tions (%) of Fattoria Liquid (FL), Fattoria Solid (FS), Uliva Liquid (UL), and Uliva Solid (US) digestate
fractions. Gallic acid, GAL, Caffeic acid, CAF, p coumaric acid, p-COUM; Chlorogenic acid, CHL;
Rutin, RUT; Kaempferol, KAEM,; all data were means of triplicate measurements. Means with the
same letters, in the same column, are not significantly different (Tukey’s test. p < 0.05).

Phenols Flavones

GAL CAF p-COUM CHL RUT KAEM
Control 1.53 = 0.01a 2.30 £ 0.01a 7.75 £ 0.06a 2.57 £ 0.01f 0.98 £ 0.02e 0.34 £ 0.01g
FL 10% 149 £0.01a 0.58 £ 0.01c 1.20 £ 0.02b 2.69 £ 0.04e 2.93 4+ 0.44d 3.78 £0.03¢
FL 20% 1.51 £0.01a 0.61 £ 0.01c 1.25 £ 0.05b 3.32 + 0.05d 4.22 £ 0.56¢ 4.50 + 0.32b
FL 30% 1.48 £0.02a 0.62 £ 0.03¢ 1.22 £+ 0.03b 3.05 £+ 0.05d 5.40 £+ 0.25b 578 £0.31a
UL 10% 1.45 4+ 0.02b 0.57 £0.01c 1.13 £ 0.01c 322 +0.11d 3.58 £ 0.26¢ 4.34 £+ 0.20b
UL 20% 1.48 +0.01b 0.59 £ 0.02c 1.18 £ 0.05b 2.66 £ 0.05e 6.92 + 0.25a 5.66 £ 0.31a
UL 30% 1.44 £+ 0.01b 0.55 £ 0.01c 1.02 £+ 0.01d 2.74 £+ 0.05e 710 £0.27a 525 £ 0.25a
FS 25% 1.47 £+ 0.01b 0.56 £ 0.01c 1.13 £+ 0.01b 3.45 £ 0.04c 2.83 +0.32d 2.78 £ 0.03e
FS 50% 1.41 +£0.01c 0.59 £ 0.002¢ 1.17 £ 0.01b 3.87 £ 0,01b 2.47 +0.20d 3.39 £0.21d
FS75% 1.42 + 0.01c 0.66 £ 0.03b 1.28 £ 0.03b 4.20 £ 0.05a 2.42 £0.27d 5.41 £ 0.40a
US 25% 1.35 £ 0.01d 0.48 4 0.02d 0.96 + 0.01d 2.54 + 0.02f 1.20 + 0.02e 3.30+0.21d
US 50% 1.30 + 0.01e 0.46 4+ 0.03d 0.88 4+ 0.03d 2.11 £ 0.03g 1.02 £ 0.02e 2.4 +0.03f

Both digestates are also an important source of essential cations (Table 4) such as
Ca, Mg, and K. In digestate treated tomato, sodium content increased, as probable conse-
quence of soil salinization due particularly to the addition of liquid fractions. The salinity
increase can explain the decrease in fruit size and fresh biomass, as already reported by
Zhang et al. [40], that demonstrated an improvement in salt treated tomato fruit quality,
but a decrement in plant growth and fruit production. The highest Mg levels were de-
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tected in tomato grown with LF and UL. Fattoria digestate produced the highest nutrient
accumulation in tomatoes in comparison with Uliva (Table 4).

Table 4. Sodium, calcium, magnesium, and potassium in tomato fruit grown with different concentra-
tions (%) of Fattoria Liquid (FL), Fattoria Solid (FS), Uliva Liquid (UL), and Uliva Solid (US) digestate
fractions. The data are expressed in mg/g dw. Different letters indicate significant differences at

p <0.05.

Na Ca Mg K
Control 11.56 £ 018d 1.57 £ 0.04c 2.86 £ 0.05f 110.04 £ 1.83
FL 10% 19.33 + 0.59¢ 2.06 £ 0.03b 7.22 £ 0.04c 220.41 + 4.60
FL 20% 23.01 £0.52b 2.28 £ 0.34b 8.24 £ 0.20b 230.21 +£2.20
FL 30% 25.00 £ 1.50b 1.64 £+ 0.32c 8.86 & 0.24a 225.65 £+ 3.20
UL 10% 36.26 + 4.79a 0.42 £ 0.06d 7.94 £0.19b 168.43 +2.54
UL 20% 22.95 £ 1.81b 0.37 £ 0.02d 5.39 £ 0.35d 200.13 + 0.84
UL 30% 25.14 £+ 0.53b 0.30 & 0.04e 3.58 & 0.40e 208.23 £ 0.90
FS 25% 19.23 + 0.20c 3.22 £ 0.20b 3.24 £ 0.20e 128.03 +4.20
FS 50% 21.13 £ 3.08¢c 3.72 £ 0.54a 3.57 £0.71e 120.28 +5.70
FS 75% 24.93 £+ 0.79b 4.01 + 0.30a 5.84 + 0.24d 132.27 £3.09
US 25% 19.56 + 1.20c 1.22 + 0.20c 3.26 £ 0.40e 115.11 +1.20
US 50% 17.89 £ 0.53¢ 0.87 & 0.32c 2.86 £ 0.20f 108.13 4+ 0.20

In short, our results evidenced positive effects of both digestates on the nutritional
value of tomatoes, largely explained by the increase in various health-promoting com-
pounds, including vitamin C, flavonoids, and phenolic compounds. The contemporary
increase in different bio-compounds with a wide range of physiological properties and
multi target actions confers to digestate treated tomato a nutraceutical value. The use of
both fractions of both digestates as fertilizer may represent an effective strategy to obtain,
even if in some cases at the expense of growth, high-quality fruit in a sustainable way from
an economic and environmental point of view.

4. Conclusions

This study revealed the possibility of using digestate as a supplement of the soil to
derive multiple benefits to tomato growth and quality, emphasizing the need to reduce
the use of chemical fertilizers in agriculture, especially for edible crops. The reduction
in number and size of digestate treated fruits is compensated by their higher nutritional
value for the increase in health-promoting bio-compounds. The use of Fattoria induced the
best results in terms of plant growth and tomato nutrient content, while both digestates
improved antioxidant activity by increasing content of vitamin C, phenols, and flavonoids,
even if at different extents. Considering that it is not possible to standardize the use and
concentration of digestates on the basis of our results, the use of both liquid fractions up
to 20% and both solid fractions up to 50% concentrations could be suggested. Overall,
our research provides synthetic information on the different beneficial effects of two
different digestates for tomato cultivation, which could help unite the waste management
and agriculture towards a society with a more circular economy.
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