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Abstract

Background Tomato (Solanum lycopersicum L.) production faces increasing challenges related to water scarcity,
intensive input use, and environmental contamination. In this context, biostimulants combined with water- and fer-
tilizer-saving strategies have been proposed to enhance crop performance while reducing environmental impacts.
However, their integrated effects on soil contamination and potential health hazards remain insufficiently understood.
This study, conducted within the Horizon 2020 TOMRES project, provides a multidisciplinary evaluation of these
aspects across different European agroecosystems.

Results Results showed that pseudo-total potentially toxic elements (PTE) concentrations varied among sites,
occasionally exceeding reference thresholds. However, bioaccessible PTEs generally remained low and below toxic-
ity levels. Biostimulant application and reduced water and nutrient inputs had limited effects on PTE bioaccessibility,
although localized increases were observed in soils with higher baseline contamination. Microbiological analyses
revealed high variability across sites, with total plate counts (TPCs) influenced more by environmental conditions
than by agronomic treatments. Faecal indicators were generally low, and Salmonella spp. was detected only by molec-
ular methods, without clear association with other microbial parameters. Ecotoxicological assays indicated low

to moderate toxicity overall, with algae showing the highest sensitivity; biostimulants occasionally mitigated toxic
effects, particularly under well-watered conditions. Multivariate analysis confirmed that site-specific factors, includ-
ing soil properties and baseline conditions, were the primary determinants of chemical, microbiological, and ecotoxi-
cological variability, exceeding the influence of agronomic treatments.

Conclusions Despite some methodological limitations inherent in this multidisciplinary study, the results sug-
gest that the integration of biostimulants with water- and fertilizer-saving practices did not result in significant
environmental or health hazards under the studied conditions. However, the outcomes highlight the importance
of site-specific assessments, particularly in soils with elevated contaminant levels. These findings support the poten-
tial of sustainable agronomic strategies in tomato production while emphasizing the need for context-dependent
management and further research on long-term impacts and food safety implications. Future research on this topic
should be expanded by developing integrated risk assessment frameworks that combine chemical, microbiological,
and ecotoxicological factors to support sustainable agriculture and protect public health.
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Background

Tomato (Solanum lycopersicum L., 1753) is among the
most widely cultivated crops globally and represents a key
agricultural product in the European Union, grown both
in open fields and greenhouses. It plays an important role
in global food security and trade, being consumed both
fresh and as a raw material for processed products such
as sauces, purees, and canned goods. Tomatoes are rich
in vitamins (A, C, and E), essential micronutrients, and
bioactive compounds such as lycopene, which contrib-
ute to their nutritional and health-promoting value [1, 2].
Globally, fresh tomato production reached 188.5 million
tons in 2024 [3]. The main tomato producers in the world
are China (61.7 million tons), India (21.3 million tons),
Turkey (14.6), USA (10.7), Egypt (7.5) and Italy, with an
annual output of 6.0 million tons. In Europe, tomato pro-
duction reached 22.5 million tons [3]. The sustainability
of tomato production is increasingly challenged by the
dual pressures of climate change and resource deple-
tion. Agriculture consumes approximately 70% of global
freshwater and contributes significantly to soil degrada-
tion due to agricultural pollutants (i.e. pesticides, ferti-
lizers, heavy metals) and nutrient loss [4, 5]. The water
footprint applied to tomato production systems has vari-
able impacts based on the cultivation method, the area,
its physical and climatic characteristics, in addition to

the local water supply situation [6-8]. Improving water-
use efficiency and nutrient management is therefore
crucial for the long-term sustainability of agricultural
systems [9]. Excessive fertilizer use has historically sus-
tained high crop yields, but has also caused imbalances
in soil micronutrients, increased heavy metal accumula-
tion, and nutrient leaching into water bodies, contrib-
uting to eutrophication and pollution [10]. In response,
plant biostimulants have emerged as promising tools to
improve nutrient uptake, plant resilience, and soil health,
acting through biological mechanisms rather than direct
nutrient addition [11-13]. These substances include inor-
ganic compounds, chitosan derivatives, seaweed extracts,
humic acids, proteins and protein hydrolysates, bacteria
and fungi that stimulate physiological processes in plants
[14, 15]. Despite their agronomic benefits, the environ-
mental and public health implications of biostimulant
use remain poorly understood. In fact, their influence
on soil contaminant dynamics, microbiological safety,
and potential toxic element (PTE) mobility is largely
unexplored. Moreover, the combination of biostimulants
with water- and fertilizer-saving techniques may intro-
duce complex interactions that affect both productiv-
ity and environmental quality. Additionally, agricultural
practices, such as using contaminated irrigation water
[16], reusing wastewater [17, 18], and applying organic
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fertilizers can spread pathogenic and antibiotic-resistant
microorganisms, increasing the risk of faecal-oral dis-
ease transmission [19].

The present study, conducted under the Horizon
2020 TOMRES project (Grant Agreement No. 727929),
investigates how integrated sustainable agronomic prac-
tices influence soil contamination and health hazard in
tomato cultivation. Specifically, it evaluates the impacts
of biostimulant application and optimized irrigation-
fertilization regimes on PTE, microbiological contamina-
tion parameters, and ecotoxicological responses in soil
samples collected in experimental sites located in Spain,
Italy, and Romania. This multidisciplinary approach aims
to link agronomic innovation with environmental protec-
tion and public health within a One Health framework.

Methods

The study adopted a multidisciplinary approach com-
bining chemical, microbiological, and ecotoxicological
analyses to provide complementary lines of evidence
on soil quality and potential environmental and health
implications.

The study was conducted over two cropping seasons
(April-October). The health hazards related to the envi-
ronmental pollution associated with various cultivation
techniques were assessed using soil samples collected
both before (pre-cultivation) and after (post-cultivation)
tomato growth at each site. Comparisons were also made
among post-cultivation samples subjected to different
combinations of water and nutrient treatments.

Experimental trials

Five experimental trials were established in Spain, Italy
(Italy 1, Italy 2), and Romania (Romania 1, Romania
2) using comparable cultivation techniques. The soils
ranged from low-fertility arid soils in Spain to highly fer-
tile volcanic soils in Italy and very fertile chernozemic
soils in Romania. They differed primarily in texture
(ranging from sandy silt to loamy). The pH was around
neutrality in the Italian Andisol, whereas the other soils
were alkaline. The Total Organic Carbon (TOC) con-
tent varied from 1.98 to 23.4 g kg™, but TOC/TN (Total
Nitrogen) was always below 10, indicating a consistent
mineralization of organic matter, except for the Roma-
nian Mollisol, which showed a value of 14.3. Cation
exchange capacity varied from 8.5 to 31.3 cmol,, kg™!. A
detailed description of the sites, soil types and main soil
properties is reported in Table 1.

Selected tomato genotypes were cultivated under vary-
ing water and nutrient regimes, both with and without
the application of biostimulants. The description of each
experimental design is reported in Table 1. Pesticides and
herbicides were applied following crop needs (Table 1).
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Experimental design and site-specific treatments

The experimental conditions adopted at each site were
defined on the basis of the results obtained from previ-
ous trials conducted within the TOMRES project, par-
ticularly in the framework of four complementary Work
Packages, which identified the most relevant agronomic
practices, stress conditions, and biostimulant strategies
to be validated under field conditions.

Spain

The Spanish trial was conducted under greenhouse con-
ditions using TOMRES (T) tomato genotypes under well-
watered (WW) and combined stress (CS) conditions,
with and without biostimulants (e.g., TWW, TWWB,
TCS, TCSB). Two commercial biostimulants produced
by Edypro (Coupé Regeneracién and Procuaje Radicular)
were applied in combination via irrigation or fertigation.
Coupé Regeneracidn, based on amino acids derived from
enzymatic hydrolysis and fermentation processes, was
applied at transplanting (80 L ha™!) and after 14 days,
whereas Procuaje Radicular, containing micronutrients
and fertilization precursors, was applied at the onset of
flowering (15 L ha™!) and weekly thereafter. No pesticides
were applied during the experimental period.

Italy
The Italian trials (Italy 1 and Italy 2) were carried out
under open-field conditions. In Italy 1, a factorial design
combined TOMRES genotypes (T) with optimal (WW)
and suboptimal (CS) fertigation regimes and biostim-
ulant treatments (e.g., TWW, TWWB1, TWWB2,
TCS, TCSB1, TCSB2). Biostimulants included Black-
Jack+HP400 (B1), applied at 2 L ha™! and 100 g ha™
respectively, and Redcal (B2, 4 L ha™), applied as foliar
sprays every 15 days starting at 33 days after transplant.
In Italy 2, a different biostimulant (B3, Strigolab,
Torino, Italy) was applied as foliar treatment. The prod-
uct was prepared by dilution in water and applied by
spraying 15-20 mL per plant at two growth stages
(seedling stage and flowering stage). This treatment was
associated with earlier fruit ripening and potential yield
improvements under both optimal (WW) and reduced
(CS) fertigation conditions.

Romania

Two trials (Romania 1 and Romania 2) were conducted
under greenhouse and open-field conditions using com-
mercial tomato varieties (C). Treatments included
combined stress conditions (CCS), with and without
biostimulants (e.g., CCSA, CCSS, CCSTh). Biostimulants
included Trichoderma harzianum T22 (Th), Azotobacter
vinelandii (A), and shungite (S).
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Azotobacter vinelandii (1-2 L ha™) is a free-living
nitrogen-fixing bacterium that enhances soil nitrogen
availability and microbial activity. Trichoderma harzi-
anum T22 was used as a microbial biostimulant to pro-
mote plant growth under stress conditions. Shungite, a
mineral amendment rich in macro- and micronutrients,
was applied as granules (300—600 g m™) to improve soil
fertility, water retention, and plant tolerance to abiotic
stress. Reduced treatments involved a decrease in irriga-
tion (—20%) and fertilization (— 30%) compared to stand-
ard practices. Treatments were arranged in randomized
blocks with three replicates.

Experimental design considerations and limitations

Due to the multi-site nature of the study and the need to
adapt experimental conditions to local agronomic prac-
tices, the experimental design was not fully factorial or
completely balanced across all sites. Consequently, treat-
ment comparisons are primarily interpreted within each
site and agronomic system, and caution is required when
comparing results across different locations or manage-
ment conditions. The study should therefore be consid-
ered as a multidisciplinary and comparative evaluation of
agronomic strategies under real-field conditions, rather
than a strictly controlled experimental design aimed at
isolating individual factors.

Soil sampling and preparation
Since one of the project’s main objectives was to max-
imise water use efficiency (WUE), and given the chal-
lenges associated with collecting irrigation water samples
using lysimeters, the evaluation of health hazards related
to environmental pollution from the agronomic tech-
niques tested in the experimental trials was conducted
through soil analysis. Chemical analyses of the soil were
performed to detect the presence of pesticides applied
during the trials and to assess the impact of the adopted
practices on the bioaccessible fraction of naturally occur-
ring or anthropogenically introduced heavy metals.
Additionally, a series of ecotoxicological tests (using Ali-
ivibrio fischeri, Daphnia magna, and Raphidocelis sub-
capitata) were carried out on soil samples to evaluate the
overall environmental impact of the TOMRES agronomic
practices. From a One Health perspective, microbiologi-
cal analyses were also conducted to assess the potential
spread of microbial parameters and human pathogens.
These included total coliforms, Escherichia coli, Entero-
cocci, total plate counts (TPC) at 22 °C, 28 °C, and 37 °C,
Clostridium spp. spores, and Salmonella spp.

Soil samples collected before and after tomato culti-
vation were analysed to assess potential health hazards
associated with the agronomic techniques proposed
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within the TOMRES project. Sampling was carried out
in triplicate for each treatment plot using a randomized
split-plot design. Within each plot, multiple subsamples
were collected at regular intervals (Figure S1), pooled,
and homogenized to reduce spatial variability. Soil sam-
ples for the analysis of pseudo-total and bioaccessible
potentially toxic elements (PTEs), pesticide residues,
microbiological parameters, and ecotoxicological assays
were collected at a depth of 5-30 cm, stored at+4 °C,
and transported to the laboratory in accordance with
Iso 18400-206:2018 [20]. Upon arrival at the laboratory,
samples were divided into five aliquots for dry weight
determination, toxicological, microbiological, and chemi-
cal analyses. Before analysis, samples were sieved through
a 2 mm mesh and air-dried for 12 h at room tempera-
ture, following the preparation method outlined in Ital-
ian Decree No. 010175/2002 [21]. Dry weight (DW) was
determined by drying 20 g of each soil sample at 105 °C
for 24 h, according to Iso 11465:1993 [22].

Analysis of potential toxic elements (Cu, Mn, Zn, Ni, Cd, Pb,
As)

Pseudo-total concentrations of potential toxical elements
(PTEs) were determined in pre-cultivation soil samples
collected at depths of 0-5 cm, 5-15 c¢m, and 15-30 cm,
using extraction with concentrated HCl and HNO; (3:1
v/v) in accordance with Iso 11466:1995 [23]. The extrac-
tion was carried out by heating 1 g of soil sieved at
0.5 mm and 8 mL of “aqua regia” at 300 °C until diges-
tion was complete. The concentration of all pseudo-total
heavy metals was determined using inductively coupled
plasma—mass spectrometry (ICP-MS; PerkinElmer Nex-
ION 350X), except for arsenic, which was analysed by
flame atomic absorption spectrometry [24].

All pre- and post-cultivation soils were analysed for the
determination of pH in water (1:2.5, soil:water). Based on
pH, the bioaccessible PTE pool was determined in post-
cultivation soil samples at all three depths by extraction
with sodium ethylendiamine tetraacetate (Na EDTA) by
shaking 20 g of air-dried 2 mm sieved soil samples with
40 mL of Na EDTA solution adjusted to pH 7.3 for 2 h.
Arsenic was extracted using the P-Olsen method with 0.5
N NaHCO; solution adjusted to pH 8.5 [25]. The amount
of bioaccessible PTE was determined on the extracts as
described above.

Analysis of pesticides/herbicides

Pesticide analyses were carried out by a certified labo-
ratory (Tentamus Agriparadigma S.rl, Ravenna, Italy)
accredited according to ISO/IEC 17025:2017 [26]. Analy-
ses employed LC/MS/MS, GC/MS/MS, and FPD on elu-
ates from soil samples used as proxies for leaching water
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[27, 28]. The pesticides used in the different trials are
reported in Table 1.

Microbiological analyses

Soil samples (30 g) were placed in stomacher bags con-
taining 270 mL of sterile sodium pyrophosphate solution
(1 g L7}, pH 7). The samples were shaken at 100 rpm for
2 min. The resulting suspensions were then subjected
to serial tenfold dilutions (from 107! to 1077), and each
dilution was tested in triplicate according to EN Iso
17155:2020 [29].

Total Plate Counts (TPCs) were determined by incor-
porating 1 mL of the sample into Soil Extract Agar
(HiMedia Laboratories, Einhausen, Germany) sup-
plemented with sterile cycloheximide solution (1%,
VWR International Srl, Milan, Italy). Petri dishes were
incubated at 22 °C, 28 °C, and 37 °C for 10, 30, and
7 days, respectively, in accordance with Italian Decree
010175/2002 [21]. Results were expressed as Log CFU
g ! DW.

Total coliforms, Escherichia coli, and Enterococci were
quantified using Colilert 18™ and Enterolert” (Quanti-
Tray/2000, IDEXX Water, Milan, Italy) following the
manufacturer’s instructions. Results were expressed as
Log MPN g~! DW [30].

Clostridium spp. spores were quantified by heat-
treating liquid samples at 80 °C for 15 min to eliminate
vegetative cells. Subsequently, 1 mL of each dilution
was plated on TSC Agar supplemented with MUP and
D-cycloserine (Biolife, Milan, Italy). The plates were
incubated anaerobically at 44 °C for 24 h. Anaerobic con-
ditions were achieved using anaerobic jars with gas-gen-
erating systems, as recommended by Iso 14189:2013 [31].
Black, phosphorescent colonies were further confirmed
on Nutrient Agar (Merck, Milan, Italy). Results were
expressed as Log CFU g™! DW.

The detection of Salmonella spp. was performed using
a combination of molecular PCR and culture-based
methods. Briefly, 25 g of soil were pre-enriched in sterile
buffered peptone water (APT, Oxoid, Thermo Scientific,
Rodano, M, Italy) and incubated at 37 °C for 24 h. Sub-
sequently, 100 pL of the pre-enriched sample was trans-
ferred into 10 mL of Rappaport Vassiliadis (RV) broth
(Biogenetics Diagnostics, Ponte San Nicolo, PD, Italy)
and incubated at 42 °C for 24 h. After incubation, 10 pL
of the RV culture were plated onto XLD agar (Sigma-
Aldrich, Milan, Italy) and incubated at 37 °C for 24 h.
Colonies exhibiting a red color with black or green cent-
ers were subjected to biochemical confirmation using the
API 20E system (BioMérieux Italia S.p.A., Bagno a Ripoli,
FI, Italy).
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For molecular detection, DNA was extracted from
1.8 mL of the APT enrichment broth using the PowerSoil
DNA Isolation Kit (Qiagen Italia, Milan, Italy), followed
by PCR analysis as described by Bonetta et al. (2021) [30].

Ecotoxicological analyses

Soil samples (250 g) were extracted with 750 mL of dem-
ineralised ultrapure water (1:4 v/v) according to APAT
(2002) [27] and Iso 21268-2:2019 [28], by shaking at
room temperature for 24 h. Elutriates were separated by
overnight settling followed by centrifugation at 3750 g.
The pH of the elutriates was measured prior to ecotoxi-
cological testing with Aliivibrio fischeri, Daphnia magna,
and Raphidocelis subcapitata.

The acute toxicity test with A. fischeri, based on the
reduction of the bacterium’s natural bioluminescence,
was performed using the Microtox Model 500 (Azur
Environmental, Carlsbad, California, USA) following
UNI EN Iso 11348-3:2019 [32]. Results were expressed
as bioluminescence inhibition percentage (1%).

The acute toxicity test with D. magna, based on the
immobilization of crustaceans after 24 h of exposure,
was conducted using the DaphToxKit F'" magna (Ecotox
LDS, Milan, Italy) in accordance with Iso 6341:2012 [33].
Results were expressed as immobilization percentage
(1%).

The toxicity test with R. subcapitata, based on growth
inhibition after 72 h of exposure, was conducted using
the AlgalToxKit F"" (Ecotox LDS, Milan, Italy) in accord-
ance with Iso 8692:2012 [34]. Results were expressed as
growth inhibition percentage (GI%) that derived from
growth rate comparisons with controls. Quality con-
trol tests were performed for all ecotoxicological assays
in accordance with the relevant ISO standards [32-34],
using potassium dichromate (K,Cr,O;) as a reference
toxicant (positive control) to verify the sensitivity and
health status of the test organisms. All tests met the
acceptability criteria specified by the respective stand-
ards. It should be noted that the ecotoxicological assays
were performed on soil elutriates and therefore pri-
marily reflect the soluble fraction of contaminants and
biostimulants, representing a partial estimation of overall
soil toxicity. In addition, sample preparation procedures
(sieving to 2 mm and air-drying at room temperature)
may reduce the contribution of labile and volatile organic
compounds, potentially leading to an underestimation of
actual ecotoxicological effects. Consequently, the results
should be interpreted with these methodological limita-
tions, particularly with respect to hydrophobic contami-
nants associated with the solid soil matrix.
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Statistical analysis

Statistical analyses were performed using IBM SPSS
Statistics v26.0 (IBM Corp., Armonk, NY, USA). Dif-
ferences between pre- and post-cultivation conditions
were evaluated using paired t-tests. The effects of agro-
nomic treatments were assessed by paired t-test and one-
way ANOVA followed by Tukey’s post-hoc test. Binary
logistic regression was used to examine the relationship
between microbial counts and the presence of Salmo-
nella spp. Multivariate patterns were explored using
Principal Component Analysis (PCA) on standardized
variables, after removal of highly correlated variables
(Pearson r>0.9). The suitability of the dataset for PCA
was confirmed for the global dataset (KMO=0.68; Bar-
tlett’s test p<0.001).

Results and discussion

Pseudo-total PTE content in the soils used for tomato
cultivation

Pseudo-total concentrations of potentially toxic ele-
ments (PTEs) in the soils selected for tomato cultivation
showed substantial variability, reflecting differences in
lithology, pedogenesis, and anthropogenic inputs associ-
ated with agricultural practices (Table 2). Although many
heavy metals occur naturally in soils, there are no spe-
cific regulatory thresholds for their natural background
levels. Existing EU directives primarily address limits for
heavy metals introduced through sewage sludge or other
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anthropogenic sources [35, 42]. In this regard, a proposal
for a European Directive on a Soil Monitoring Law was
put forward in 2023 and is currently under review [43].
Moreover, at low concentrations, heavy metals such as
Cu, Ni, and Zn act as essential trace elements for plants
and represent important nutraceutical components in
foods [44]. However, their accumulation and/or excessive
bioaccessibility can adversely affect soil and plant health,
as agronomic practices and soil management may alter
their speciation and increase the bioaccessible fraction
beyond toxicity thresholds [45].

To evaluate the potential toxicity of soils selected
for tomato cultivation, PTE concentrations were com-
pared with the limit values for heavy metals established
by Directive 86/278/EEC [35], which regulates the use
of sewage sludge in agriculture providing ranges of per-
missible concentrations in soils; within these ranges,
Member States may set specific limit values, taking into
account soil characteristics such as pH, with stricter lim-
its generally applied to more sensitive (e.g. acidic) soils.
In addition, recent studies based on the LUCAS top-
soil database have proposed EU-wide reference ranges
for heavy metals (EU lower and upper limits, EU_LL
and EU_UL), derived from soil properties such as pH
and texture [42, 46, 47]. The comparison was further
extended to the relevant national implementing regula-
tions in the countries where the agronomic trials were
conducted [36—41]. Collectively, these regulations aim

Table 2 Pseudo-total concentrations of PTEs (mg kg™ dry weight) in pre-cultivation soil samples, compared with the limit values set
by Directive 86/278/EEC for the agricultural use of sewage sludge and by the corresponding national implementing regulations

Site Cu Pb Zn Mn Ni Cd As

Spain 2167+625 5788+347 5892+1456 75234+47.05 1811+£1.78 021+0.03 25794235
Italy 1 and 2 3255+048 7266+243 47724257 3619.79+303.68 19.10+045 042+0.01 36.15+0.80
Romania 1 3339+257 3465+£218 6944+989 767.86+3446 4416+£149 0331003 11.62+040
Romania 2 161474085 443541167 16147+£510 1088.26+2437 39.77+547 067+001 860+1.99
Limit values

Regulations Cu Pb Zn Mn Ni Cd As
Directive 86/278/EEC [35]§ 50-140 50-300 150-300 - 30-75 1-3 -
Royal Decree 1310/1990 (Spain) [36] 50-210 50-300 150-450 - 30-112 1-3 -
Junta de Andalucia 1999 (Spain) [37] - - - — - - 20-50
Decree n. 99 of January 27, 1992 (Italy) [38] 100 100 300 - 75 15

Decree n. 46 of March 1, 2019 (ltaly) [39] - - - - - - 30
Ordinance n. 344/708 of August 16,2004 (Roma- 100 50 300 - 50 3

nia) [40]

Order n. 16/2004 of August 16, 2004 (Romania) - - - - - - 10
[41]

5 The “range” of limits defined in Directive 86/278/EEC refers to the minimum and maximum permissible concentrations of heavy metals in sludge and soil, as well as

to the permitted annual accumulation rates

The Directive allows Member States, depending on soil sensitivity, to establish either a single limit or both lower and upper limits, and to link sludge application rates

to soil pH classes
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to prevent excessive heavy metal accumulation in soils,
thereby reducing environmental and human health risks,
particularly those associated with the consumption of
food crops grown on contaminated land. By these com-
parisons Cu, Zn, and Ni concentrations were generally
below the lower limits (LL) referred to the EU Directive
and national regulations, except at the Romanian sites,
where exceedances were observed. At the Romania 2
site, Cu concentrations exceeded both the lower and
upper limits established by the EU Directive, as well as
the national threshold for soils eligible to receive sewage
sludge. At the same site, Zn concentrations were above
the EU Directive lower limit but remained within the
Romanian national limit. Both Romanian sites (Romania
1 and Romania 2) exhibited Ni concentrations exceeding
the EU lower limit, although values were still below the
national regulatory threshold. In contrast, Pb concen-
trations at the Romanian sites complied with both EU
and national limits. Conversely, the Spanish site showed
Pb levels exceeding the lower limit set by both the EU
Directive and national legislation, while the Italian site
exceeded the EU lower limit but remained within the
national threshold. Cadmium concentrations were below
both EU and national limits at all sites. Copper, Zn, and
Ni may derive from the parent material of the soil; how-
ever, anthropogenic activities—such as the application
of fertilizers and pesticides, the use of sewage sludge,
industrial emissions, and irrigation with contaminated
water—can substantially increase their concentrations. In
addition, specific agricultural practices, particularly the
use of Cu-based fungicides, contribute to metal accumu-
lation in soils [48]. Relatively high Cu and Zn concentra-
tions at the Romania 2 site and elevated Ni levels at the
Romania 1 site, compared with optimal values for plant
growth, indicate that these areas should be managed with
caution. Although Cu and Zn have been reported to pref-
erentially accumulate in tomato roots rather than being
efficiently translocated to fruits [49, 50], their potential
accumulation in edible tissues cannot be excluded and
may pose a risk to fruit quality and food safety [51, 52].
Because As is not regulated under EU Directive 86/278/
EEC [35] or its national counterparts [36, 38, 40], its con-
centrations were compared with national reference limits
available for agricultural soils [37, 39, 41]. At the Spanish,
Italian, and Romania 1 sites, As concentrations slightly
exceeded the threshold values established by the respec-
tive national regulations, whereas at the Romania 2 site
they remained below national reference limits. Manga-
nese (Mn) concentrations were consistent with average
levels typically reported for agricultural soils across the
EU, ranging from 600 to 900 mg kg™! dry weight (DW) in
Spain and from 900 to 1000 mg kg™! DW in Italy [53]. The
comparatively higher Mn levels observed at the Italian
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site are likely related to the volcanic origin of the soil [54].
As previously observed for Cu, Zn, and Ni, also Pb, Cd,
and As may derive from natural sources, and their con-
centrations can be substantially enhanced by anthropo-
genic inputs. Unlike essential elements, these PTEs are
not required for plant metabolism and may be phytotoxic
to tomato plants, as well as hazardous to human health
due to their potential bioaccumulation in edible fruits
[55]. In this context, the relatively elevated Pb and As
concentrations detected at the Italian and Spanish sites
warrant particular attention. With respect to Mn, ele-
vated concentrations generally do not indicate soil con-
tamination and rarely pose a significant risk to plants;
instead, Mn deficiency is typically of greater agronomic
concern [45].

While total metal content provides an overview of soil
contamination potential, bioaccessible fractions better
represent environmental and health hazards. Therefore,
subsequent analyses focused on the bioaccessible pool of
PTEs in post-cultivation soils.

Bioaccessible PTEs in soils after tomato cultivation
Based on this background, we assessed whether the use
of biostimulants under conditions of nutrient and water
stress could influence the bioaccessible pool of PTEs and
their potential toxicity. The soil bioaccessible PTEs are
indeed more indicative than the soil pseudototal con-
tent to assess the potential toxicity risk and may help to
define environmental and health impacts [56]; however,
it should be noted that regulatory limit values are cur-
rently not established for bioaccessible metals. Referring
to the concentrations of the soil bioaccessible fraction of
PTEs measured in post-cultivation soil samples (Table 3)
Cu and Zn were particularly low at the Spain site (Cu
0.4-0.7; Zn 1.0-2.5 mg kg~' DW), while the high-
est values were found in Romania 2 (Cu 35.1-47.8; Zn
20.2-22.4 mg kg~' DW). Similarly, the concentration
of bioaccessible Mn was lowest at the Spain site (0.9—
1.2 mg kg™! DW), while the highest concentration was
detected in Italy 2 (21.0-26.2 mg kg~* DW). The con-
centration of bioaccessible Ni was low and comparable at
the Spain and Italy sites (0.02-0.07 mg kg™! DW), while
higher values, by an order of magnitude, were observed
at both Romanian sites (0.51-0.67 mg kg™ DW).
Similarly, for toxic metals, the Spain site had the lowest
values of the mobilizable portion of Pb (1.5-1.7 mg kg™
DW), Cd (0.003-0.006 mg kg~! DW), and As (0.003—
0.006 mg kg™' DW). In contrast, Italy 1 and 2 (3.5-
4.6 mg kg™! DW) and Romania 2 (5.3-7.4 mg kg™* DW)
exhibited the highest concentrations of bioaccessible Pb.
The highest concentration of Cd was found in Romania
2 (0.23-0.27 mg kg™! DW), while the concentration of
As was similar across all sites (0.10-0.25 mg kg™! DW),
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except in Spain, where the concentration was on average
an order of magnitude lower (0.008—0.053 mg kg™! DW).

Overall, considering the results across the different
sites, the bioaccessible PTEs were generally below toxic-
ity thresholds and ensured an adequate nutritional supply
[57]. In the Spanish trial, comparisons among post-cul-
tivation treatments revealed no significant differences
in the bioaccessible fractions of most PTEs, In the Ital-
ian trial (Italy 1), PTE bioaccessibility was unaffected by
water and fertilizer saving techniques except for a signifi-
cant increase for Zn (+15.8%) (p <0.05) and As (+ 18.8%)
(p<0.001) likely due to competition between phosphorus
and As for adsorption sites. The drier conditions should
have increased phosphate adsorption and precipita-
tion making As more mobile [58]. The application of
biostimulant Bl significantly increased the bioaccessi-
bility of Pb (+32.1%) (p<0.05), and also of Zn (+10.9%)
and Mn (+56.8%), although the difference is not statisti-
cally significant, in the WW plots, probably by enhanc-
ing biological activity in the rhizospheric zone due to the
synergic effect of water availability and biostimulants.
The application of biostimulant B2 highlights a reduc-
tion in Ni concentration under both optimal irrigation
conditions (WW) (—22.7%) (p<0.005) and with water
and fertilizer saving techniques (CS) (—16.7%) (p <0.001).
Nevertheless, in all other cases, when water and nutrient
supply was reduced to 50% of crop needs, the bioaccessi-
bility of PTEs remained almost unaltered with or without
biostimulants. In the other Italian trial (Italy 2) the effect
of water and nutrient saving techniques although was
more marked did not lead to significant differences in the
content of Cu and Zn between WW and CS treated plots,
independently of the application of the biostimulant
with the tomato variety TOMRES T149. With the other
tomato genotype the behaviour was variable and with no
significant differences. Mn varied among plots with no
clear effect. Toxic elements such as Ni, Cd and As were
not affected by both water and nutrient saving techniques
nor the use of biostimulants. In the first trial conducted
in Romania (Romania 1), no significant differences in
the concentration of bioaccessible PTEs were associated
with the different agronomic treatments applied. In gen-
eral, Azotobacter vinelnadii showed a tendency to reduce
Cu, Zn and Pb content, whereas Trichoderma harzianum
T22 caused an increase of the bioaccessible pool. In this
site, the high level of soil organic matter likely buffered
the effects due to the different treatments and immobi-
lised the soluble forms in the solid phase reducing the
risk of contamination and migration to the other envi-
ronmental compartments.

In the second trial of Romania (Romania 2) in which
the concentration of PTEs in pre-cultivation samples was
generally higher than the levels found in Romania 1, the
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application of the three biostimulants caused the increase
of different PTE bioaccessibility in soil: Trichoderma
harzianum T22 was associated to an increase (p<0.05)
of bioaccessible concentration of Cu (+16.4%), Mn
(+22.4%) and Ni (+21.3%); shungite was associated with
an increase of bioavailability of Pb (+34.7%) (p<0.001),
and Azotobacter vinelnadii resulted associated with a
greater bioavailability of Ni (+26.7%) and Mn (+24.2%)
(p<0.01). Conversely, the three biostimulants likely
reduced the bioavailability of As, especially with Azoto-
bacter vinelnadii (—29.3%) and Trichoderma harzianum
T22 (—26.0%) (p <0.01).

The use of biostimulants can be a promising solution to
overcome crop mineral deficiency, however, an excessive
biostimulant effect could have negative consequences,
particularly in metal-enriched or acidic soils, where it
may enhance PTE mobility into other environmental
compartments, posing potential ecological and health
hazards. This could therefore represent a risk for human
health due to the possible accumulation of PTEs in plants
and fruits. Other authors reported the accumulation of
PTEs in horticultural products in relation to their con-
centration in soil and irrigation water [51, 52]. PTEs,
such as As, Cd and Pb, always represent a risk for plants
and the environment. In this context, biostimulants could
threaten food health due to their capacity to mobilize
cations and increase their mobility and availability to
organisms. On the other hand, reduction of water and
nutrients decreased in general PTE bioaccessibility, due
to a decrease of water circulation and microbial activity
[59].

Beyond chemical parameters, microbiological param-
eters were also analysed to evaluate whether different
agronomic strategies influence the hygienic and sanitary
quality of soils.

Soil microbiological contamination before and after
tomato cultivation

Figure 1 summarizes mean values and standard devia-
tions for microbiological parameters measured in pre-
and post-cultivation soil samples across all experimental
sites.

In the Spain trial (Fig. 1a), TPCs at 22, 28 and 37 °C
significantly increased by ~1 Log after cultivation (t-test
p<0.001), rising from 6.1-6.3 to 6.7-7.1 Log CFU g™
DW. Enterococci and Clostridium spp. spores also
rose significantly post-cultivation (t-test p<0.005 and
p<0.001, respectively; Table S1), while E. coli remained
undetected, except in TWWB with a very low concentra-
tion (0.02 Log MPN g~ DW). This increase likely reflects
enhanced microbial activity associated with plant growth
and rhizosphere processes, as commonly reported in
agricultural soils [60, 61]. No significant differences
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<« Fig. 1 Results of microbiological analyses in soil samples
collected before (PRE) and after (POST) cultivation across five
experimental trials. 1Ta=Spain, 1Tb=ltaly 1, 1c=Italy 2, 1d=Romania
1,and Te=Romania 2, T=Tomres variety; C=commercial variety,
WW =well water and fertilised; CS=combined stress; B, B1, B2, B3,
S, A, Th=biostimulants; *=p < 0.005; **=p < 0.001 t-test applied
to the comparison between pre- and post-cultivation

between agronomic treatments were observed suggesting
a limited influence of biostimulants and fertigation levels
under controlled greenhouse conditions.

The Italy 1 site (Fig. 1b) showed high TPCs (7-8 Log
CFU g™! DW), with a significant reduction at 22 and
28 °C in post- samples (t-test, p<0.001), while Entero-
cocci increased (~0,5 Log, t-test, p<0.005) (Table S2).
E. coli was detected only in three of the post- samples
(TWWB2, TCSB2 and TCS). Comparison between fer-
tigation regimes (TWW vs TCS) showed no significant
differences for most microbial parameters, except for
Enterococci, which were higher under CS conditions
(t-test p<0.001; Table S3).

The use of biostimulants resulted in significantly lower
counts of total coliforms (ANOVA, p<0.05 and p<0.001)
under both WW and CS conditions (Tables S4 and S5)
while the effects on TPCs, Clostridium spp. spores and
Enterococci were variable. These results confirm that
microbial contamination is influenced by both water
regime and biostimulant treatments, but do not follow
a uniform trend as reported in previous studies on the
complex interactions between soil, plant and microor-
ganisms [60, 61]

At Italy 2 (Fig. 1c), TPCs were generally higher (up to 9
Log CFU g~! DW) than the other sites. Moreover TPCs
were significantly higher in plots cultivated in WW con-
dition compared to CS (t-test p<0.01-0.05; Table S6).
These results suggest that water availability promotes
microbial growth. Biostimulant application (B3) signifi-
cantly increased TPCs (p <0.01-0.05; Table S7), suggest-
ing stimulation of microbial activity. Similar increases
in soil microbial concentration and activity following
organic or biostimulant inputs have been reported in
previous studies [60, 61]. In Romania 1 (Fig. 1d), TPCs
and coliforms significantly decreased post-cultivation
(t-test, p<0.001-p<0.005, Table S8), while Enterococci
and Clostridium spp. spore increased (t-test, p<0.001,
Table S8). E. coli was detected only in pre-cultivation
samples and was below the detection limit in post-cul-
tivation samples, confirming its low persistence in soil
environments compared to other faecal indicators [62].
Significant differences among treatments were observed
(Table S9), indicating that A. vinelnadii, T. harzianum
T22 and shungite can influence microbial communities.
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However, responses were treatment-specific and not con-
sistent across parameters.

In the Romania 2 trial (Fig. 1e), conducted under open-
field conditions, no statistically significant difference was
observed between the pre- and post-cultivation samples,
while treatment effects were significant (Table S10). The
TPCs concentrations varied depending on the applied
biostimulant, while total coliform significantly decreased
in samples treated with biostimulants compared to the
control (CCS) (ANOVA, p<0.05). Clostridium spp.
spores showed different responses depending on treat-
ment applied.

In summary, across all sites, microbial parameters
showed high variability related to local soil character-
istics and agronomic practices. TPCs values ranged
between 6 and 9 Log CFU g™! DW;, and are aligned with
those found in two studies on soil samples from let-
tuce and tomato crops [63, 64]. Faecal indicators (total
coliforms, E. coli, Enterococci, Clostridium spp. spores)
showed heterogeneous patterns. E. coli, the most typical
indicator of faecal contamination, was rarely recovered in
pre- or post-cultivation soils across all trials and showed
no clear relationship with treatments.When present, it
was found in low concentrations (0.01-3.50 Log MPN g~!
DW). This finding is consistent with results obtained by
Gatta et al. (2015) [63] in a study evaluating the safety of
various irrigation sources for tomato crops. It is impor-
tant to note that E. coli exhibits poor persistence in soil
and the environment compared to other faecal bacterial
indicators such as Enterococci and Clostridia. Therefore,
the absence or low counts of E. coli may be attributed to
its limited survival and persistence under environmental
soil conditions, as previously reported by other research-
ers. [62]. In contrast, Enterococci and Clostridium spp.
spores were more persistent, although not uniformly
affected by agronomic practices [65, 66]. The values of
Enterococci reported across all trials ranged between 3—4
Log MPN g™! DW, with concentrations comparable to
those found in the literature for soil from tomato crops
[67]. Clostridia are resilient, sporogenic bacteria, which
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are commonly found in soil and are considered a reliable
indicator of (past) faecal contamination.

Overall, no consistent or generalizable effect of
biostimulants on microbial parameters was observed
across all sites. Instead, responses were strongly influ-
enced by site-specific conditions, confirming the impor-
tance of environmental context in soil microbiology [60,
61]

Most studies evaluating the environmental and health
impact of agricultural practices have focused on research-
ing human pathogens and faecal indicators directly in
fertilizers (such as manure, reclaimed wastewater, com-
post, etc.), or in water used for irrigation, or directly in
plants and fruits. In contrast, this project aimed to evalu-
ate environmental and sanitary safety aspects related to
different agronomic techniques by monitoring several
soil microbiological parameters of contamination. There-
fore, this new approach means that the microbiological
results obtained in the individual trials, whether in the
field or greenhouse, cannot always be directly compared
to equivalent data in the literature and must be inter-
preted in the context of the agronomic practices.

Salmonella spp. was never detected by the culture
method in either pre- or post- soil samples in all trials. On
the other hand, the molecular method pointed out the
presence of Salmonella in some pre- and in several post-
cultivation samples in all the trials considered (Table 4).

The discrepancy in contamination between pre- and
post-cultivation could be attributed to the variability of
the soil conditions and to potential sources of contamina-
tion, such as the influence of previous agricultural prac-
tices or the water used for irrigation (e.g. Italy 1). When
Salmonella is found in both pre- and post-cultivation
soil samples, as in Italy 2, it is challenging to pinpoint
which historical treatment might have contributed to the
contamination. Possible sources include direct histori-
cal contamination of the soil, poor quality of irrigation
water, or impacts from runoff and the presence of wild-
life. These findings are consistent with previous studies
showing that irrigation water represents a major pathway

Table 4 Salmonella spp. positive soil samples detected by molecular methods in pre- and post-cultivation samples from the

experimental trials

Site pre-cultivation number of positive samples/number of post-cultivation number of positive
analysed soil samples samples/number of analysed soil
samples

Spain 1/15 2/15

Italy 1 0/6 6/6

Italy 2 8/8 3/8

Romania 1 0/4 1/4

Romania 2 0/4 1/4
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for the dissemination of foodborne pathogens in agricul-
tural systems, particularly when surface water sources are
used [68]. In such systems, pathogens can be transported
through irrigation networks and persist in soil and plant
environments. Similarly, agricultural practices such as the
use of organic amendments or contaminated water have
been identified as key factors influencing the occurrence
and persistence of Salmonella in tomato production sys-
tems [69]. The discrepancy between culture-based and
molecular detection is consistent with previous findings
showing higher sensitivity of PCR-based methods for
environmental samples [30] particularly for microorgan-
isms occurring at low abundance in soils, which may be
underestimated by culture-based methods alone. Moreo-
ver, several studies have demonstrated that Salmonella
can persist in soil environments in a viable but non-
culturable (VBNC) state or under sublethal stress con-
ditions, which may explain the detection of Salmonella
DNA in the absence of culturable cells [69]. The presence
of Salmonella DNA without culturability may reflect low
viability or environmental stress conditions.

No association between Salmonella occurrence and
other microbiological parameters was observed in any
trials (binary logistic regression, n.s.). This finding sug-
gests that commonly used microbiological parameters of
faecal contamination are not reliable indicators of Salmo-
nella spp. presence, aligning with conclusions from other
studies [30, 70, 71].

Despite site-specific variability, the microbiological
profiles observed in this study did not indicate condi-
tions associated with significant sanitary risk. However,
the results highlight the importance of site-specific eval-
uation and the limitations of relying on single microbial
parameters to assess environmental and health hazards.

To complement microbiological assessments, ecotoxi-
cological tests were performed to evaluate the broader
environmental impact of the different agronomic
treatments.

Soil ecotoxicity before and after tomato cultivation

This study provides one of the first ecotoxicological
evaluations of soils used for tomato cultivation under
combined biostimulant and water-saving treatments.
In general, considering all the trials analysed, A. fischeri
and D. magna revealed very low toxic effect (<20%) or
any effect both in pre- cultivation samples and in post-
cultivation samples as reported in Fig. 2, and therefore
no statistical analyses were performed. The alga Raphi-
docelis subcapitata seems to be the most sensitive organ-
ism as reported in other studies [72, 73]. The alga reveals
toxic effects>20% in several soil samples coming from all
trials, with the exception for the trial in Spain. This trial
was conducted in greenhouses under strictly controlled
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conditions and without the use of pesticides/herbicides,
factors that contributed to the lack of toxicity. This fact
can lead to the deduction that the Edypro biostimu-
lants (Procuaje Radicular and Coupé Regeneracion Plus)
whose composition is reported in Table 1, used in this
trial as well as the other agronomic practices tested do
not determine a toxic impact on the water obtained from
the soil samples washes. However, results varied consid-
erably among sites, as illustrated in Fig. 2.

Regarding the two trials carried out in Italy, although
they were conducted with different varieties and with dif-
ferent biostimulants, in both trials an increase of toxic-
ity in the post-cultivation soil samples was detected with
the alga, probably due to the use of pesticides even if they
were not detected in soil elutriates [74]. The growth inhi-
bition (GI%) ranged between 0 and 59% in the first trial
and between 0 and 54% in the second trial. Statistical sig-
nificant differences were shown in Fig. 2.

The application of biostimulants influenced the eco-
toxicological response of the alga, as evidenced by a sig-
nificant reduction in growth inhibition (p<0.001-0.05)
in both Italian trials. In Italy 1, this effect was observed
with B1 and B2 treatments, whereas in Italy 2 it was asso-
ciated with the application of the strigolactone-based
biostimulant (B3), with a reduction in growth inhibition
under both well-watered (WW) and combined stress
(CS) conditions (Fig. 2). The magnitude of this effect was
generally more pronounced under well-watered condi-
tions compared to combined stress, suggesting that the
effectiveness of biostimulants in mitigating ecotoxico-
logical responses may depend on water availability and
related changes in soil solution dynamics and contami-
nant bioavailability.

Finally, in the two experimental sites conducted in
Romania, opposite results were obtained: a higher tox-
icity was recorded in the pre-cultivation samples at
the Romania 1 site (Fig. 2) with a growth inhibition of
49% +2% (t-test p<0.001) than in the post-cultivation
samples (t-test p<0.001) at the Romania 2 site (Fig. 2)
where the GI% ranged between 6 and 53%. Since the
same tests were carried out in the two sites with the
same experimental conditions, this difference could
be attributable to the different type of soil that charac-
terises the two sites and to the different concentrations
of PTEs found. As reported in a previous paragraph, in
Romania 2 higher concentrations of bioaccessible PTEs
was found. Regarding the biostimulants used in these
trials, in Romania 1, where the bioaccessible PTEs were
lower, the application of the biostimulants determined
a statistically significant difference in the GI% respect
to the non treated control (CCS, ANOVA, p<0.001).
In particular, Azotobacter determined the lower GI%
(13% +1%,), while the use of Trichoderma determined
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the higher GI% (37% +1%), probably because Azotobac-
ter helps the metabolization of metals as reported by
Sumbul et al. (2020) [75] even if we didn’t find a statis-
tically significant difference due to the application of the
various biostimulants. In Romania 2 where the concen-
tration of bioaccessible PTEs was higher, the use of the
biostimulant increased the GI% and a statistically sig-
nificant difference with respect to the control (CWW)
(ANOVA, p<0.001) was found. This difference of the
biologic biostimulants effect compared to the greenhouse
trial (Romania 1) could be associated with a higher con-
centration of some PTEs (Cu, Zn and Mn) measured in

the soil of the field trial as reported above. The high con-
centration of bioaccessible PTEs may cause a toxic effect
on the alga, despite the presence of nutrients associated
with the treatments applied. These findings underscore
that biostimulant application should be evaluated not
only for its agronomic benefits but also in the context of
soil properties that may modulate toxicity, with poten-
tial implications for fruit quality and consumer health.
The interpretation of the ecotoxicological results should
take into account some methodological limitations of the
approach adopted. The bioassays were performed on soil
elutriates and therefore mainly reflect the water-soluble
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fraction of contaminants and biostimulants. As a con-
sequence, potential effects associated with hydrophobic
compounds, such as several pesticides or strongly sorbed
substances, may not be fully captured. Moreover, it
should be noted that the pesticides applied in the experi-
mental trials were analytically investigated and were not
detected in the soil elutriates, suggesting a limited contri-
bution of these compounds to the observed ecotoxicolog-
ical responses under the tested conditions. In addition,
soil pre-treatment procedures, including sieving and air-
drying, may have reduced the contribution of labile and
volatile organic compounds, potentially leading to an
underestimation of the actual ecotoxicological response
of fresh soils. Future studies could integrate solid-phase
ecotoxicological assays to provide a more comprehensive
assessment of soil toxicity.

Multivariate statistical analysis (PCA)

All of the data resulting from the different analyses were
further studied through Principal Component Analysis
(PCA). The aim was to combine these data in different
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ways to explore patterns of variability among sampling
sites (Spain, Italy 1, Italy 2, Romania 1 and Romania
2) and treatment conditions: fertigation regimen (well
watered WW and combined stress CS), biostimulant
applications (presence/absence) and biostimulant type
(Absence, B, B1, B2, B3, S, A, Th).

The correlation matrix shows coherent relationships
among microbial, chemical, and ecotoxicological vari-
ables, supporting the multivariate structure of the data-
set (Figure S2).

The matrix highlights the relationships among micro-
biological parameters, PTEs concentrations, and eco-
toxicological assays. Strong positive correlations are
observed among TPCs at different temperatures and
among PTEs concentrations (Cu, Zn, Pb, Mn), indicat-
ing coherent environmental gradients. Since co-line-
arity was identified in the correlation matrix among
TPC at 22, 28, and 37 °C, the variable TPC at 22 °C was
removed prior to performing the PCA.

Only the PCA that yielded a satisfactory clustering
solution is presented (Fig. 3).
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Fig. 3 PCA biplot based on standardized variables after removal of highly correlated parameters (Pearson r>0.9). Samples are grouped by site
(Spain, Italy 1, Italy 2, Romania 1, Romania 2). Arrows represent the variables contributing most strongly to sample separation, including microbial
parameters, PTEs concentrations, and ecotoxicological assays (to enhance visualization, the figure was generated using Python version 3.X)
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The PCA showed that the first two components
explained 51.5% of the total variance (PC1 31.5%; PC2
20.1%). The KMO measure of sampling adequacy was
0.63, and Bartlett’s test of sphericity was significant
(p<0.001). The scores plot showed a clear separation of
samples according to geographical origin, with distinct
clustering of Spain, Italy 1, Italy 2, Romania 1, and Roma-
nia 2. The PCA results indicated that PC1 is mainly com-
posed by gradients in PTEs concentrations (Cu, Zn, Pb,
Mn), and PC2 by microbial parameters (TPCs at differ-
ent temperatures), and ecotoxicological responses (e.g.
A. fischeri and R. subcapitata). The PCA biplot suggests
that these variables contributed most strongly to site dif-
ferentiation. The multivariate analyses indicate that site
identity was the main source of variation in the data-
set, exceeding the effects of irrigation water source and
biostimulant treatments. This interpretation is consist-
ent with a broad soil-microbiome literature showing that
soil physicochemical context, hydrology, and local habitat
properties strongly structure microbial assemblages and
their functions [76].

Conclusions

This study provides a comprehensive, multidisciplinary
assessment of the environmental and potential health
implications associated with the integration of biostimu-
lants and water- and fertilizer-saving strategies in tomato
cultivation across diverse European agroecosystems. By
combining chemical, microbiological, ecotoxicologi-
cal, and multivariate analyses, the results contribute to
a more holistic understanding of how sustainable agro-
nomic practices could influence soil quality and contami-
nation dynamics within a One Health framework.

Overall, the findings indicate that the tested agro-
nomic strategies did not lead to widespread or systematic
increases in environmental or health hazard. Bioaccessi-
ble fractions of potentially toxic elements (PTEs) gener-
ally remained below critical thresholds, microbiological
parameters did not reveal significant health hazards, and
ecotoxicological responses were mostly low to moder-
ate. These results support the potential of integrated
resource-saving and biostimulant-based approaches
as viable tools for improving sustainability in tomato
production.

However, some limitations of the study must be
explicitly acknowledged. First, the multi-site experi-
mental design, while representative of real agricultural
conditions, was not fully balanced or factorial, limiting
the ability to isolate the individual effects of biostimu-
lants, irrigation, and fertilization across all sites. Sec-
ond, the relatively short duration of the trials (two
cropping seasons) does not allow for the assessment
of long-term accumulation processes, particularly for
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PTEs and persistent contaminants. Third, the ecotoxi-
cological analyses based on soil elutriates and the soil
sample pretreatment may have underestimated actual
toxicity by excluding poorly soluble, hydrophobic, or
volatile contaminants.

From a microbiological perspective, the reliance on
soil-based parameters, rather than direct assessment
of contamination in irrigation water, plants, or fruits,
limits the direct inference of food safety risks. Another
important limitation is the absence of regulatory
thresholds for bioaccessible PTEs, which constrains the
interpretation of potential health implications.

Beyond these methodological constraints, the results
clearly demonstrate that site-specific factors—includ-
ing soil properties, baseline contamination levels, and
local agronomic conditions—represent the dominant
drivers of variability, often outweighing the effects of
the tested treatments. In particular, in soils with higher
background PTE concentrations, biostimulants may
increase PTE bioaccessibility, suggesting a potential
hazard that requires careful management.

In conclusion, the integration of biostimulants with
water- and nutrient-saving practices represents a prom-
ising pathway toward more sustainable tomato produc-
tion systems in Europe. Nevertheless, their safe and
effective implementation requires site-specific evalua-
tion and cautious management, especially under con-
ditions of existing soil contamination. Future research
should prioritize long-term studies, the assessment
of contaminant transfer to edible plant parts, and the
development of integrated risk assessment frameworks
that incorporate chemical, microbiological, and eco-
toxicological indicators to better support agricultural
sustainability and public health protection.

Abbreviations

A Azotobacter vinelandii

B Biostimulant

B1 Biostimulant 1

B2 Biostimulant 2

B3 Biostimulant 3

C Commercial tomato variety

(&) Combined stress
PTE Potential toxic element

S Shungite
T Tomres tomato variety
Th Trichoderma harzianum T22

TOC  Total organic carbon

TPC  Total plate count

WUE  Water use efficiency

WW  Well watered and fertilised

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512302-026-01446-0.

[ Supplementary Material 1. }



https://doi.org/10.1186/s12302-026-01446-0
https://doi.org/10.1186/s12302-026-01446-0

Pignata et al. Environmental Sciences Europe (2026) 38:180

Acknowledgements

The Authors thank Prof. Albino Maggio of the University of Naples Federico

II, Dr. Raffaele Tamburrino, Dr. Arina Vovk of Edypro Fertilisantes Srl, and Prof.
Marian Bogoescu of Academy of Agricultural and Forestry Sciences "Gheorghe
lonescu-Sisesti', Bucharest, Romania for the samples collection. We also thank
Paolo Lopreiato for his support in the revision process and Chiara Lopreiato for
the graphical abstract.

Author contributions

CP,EC,SB, LC and G.G designed experiments. L.C. performed the analysis of
the PTEs. C.P, EG. and V.P. performed the microbiological and ecotoxicological
analysis. CP, EC, SB, EF.and L.C. interpreted the results. C.P. and E.C. wrote
the manuscript. S.B,, L.C. and E.F. revised the manuscript. S.F. performed and
interpreted the multivariate analysis. All authors read and approved the final
manuscript.

Funding
TOMRES has received funding by the European Union's Horizon 2020 Research
and Innovation programme under Grant Agreement No. 727929.

Data availability
The datasets generated and analysed during the current study are available
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Public Health and Pediatrics, University of Torino, Via Santena
5 bis, Turin, Italy. 2Department of Life Science and System Biology, University
of Torino, Via Accademia Albertina 13, Turin, Italy. *Department of Agricultural,
Forest and Food Sciences, University of Torino, Largo Braccini n. 2, Grugliasco
(TO), Italy.

Received: 16 January 2026 Accepted: 7 June 2026
Published online: 25 June 2026

References

1. Hedges LJ, Lister CE (2007) Nutritional attributes of herbs. Crop & Food
Research Confidential Report No. 1891. https://www.researchgate.net/
publication/268516178_Nutritional_attributes_of_herbs/link/546e8
3ba0cf29806ec2eb642/download?_tp=eyJjb2502Xh0ljp7InBhZ2Ui0
iJwdWJsaWNhdGlvbilsinByZXZpb3VzUGFnZSI6bnVsbH19. Accessed 12
Jan 2026.

2. Wu X, Yul, Pehrsson PR (2022) Are processed tomato products as
nutritious as fresh tomatoes? scoping review on the effects of industrial
processing on nutrients and bioactive compounds in tomatoes. Adv Nutr
13:138-151. https://doi.org/10.1093/advances/nmab109

3. FAOSTAT (2026) Food and Agriculture Organization of the United Nations
statistical database. https://www.fao.org/faostat. Accessed 8 Jan 2026

4. WadaY, Wisser D, Eisner S, Flérke M, Gerten D, Haddeland |, Hanasaki N,
Masaki'Y, Portmann FT, Stacke T, Tessler Z, Schewe J (2013) Multimodel
projections and uncertainties of irrigation water demand under climate
change. Geophys Res Lett 40:4626-4632. https://doi.org/10.1002/grl.
50686

5. Ingrao C, Strippoli R, Lagioia G, Huisingh D (2023) Water scarcity in agri-
culture: an overview of causes, impacts and approaches for reducing the
risks. Heliyon 9(8):e18507. https://doi.org/10.1016/j.heliyon.2023.e18507

15.

19.

20.
AR

22.

N

3.

Page 17 of 19

Platis DP, Mamolos AP, Kalburtji KL, Menexes GC, Anagnostopoulos

CD, Tsaboula AD (2021) Analysis of energy and carbon and blue water
footprints in agriculture: a case study of tomato cultivation systems.
Energy, carbon and water footprints of tomato cultivation. Euro-Mediterr
J Environ Integr 6:1-14. https://doi.org/10.1007/541207-020-00225-4
Maffia A, Marra F, Canino F, Oliva M, Mallamaci C, Celano G, Muscolo A
(2023) Comparative study of fertilizers in tomato-grown soils: soil quality,
sustainability, and carbon/water footprints. Soil Syst 7:109. https://doi.
0rg/10.3390/s0ilsystems7040109

Cao S,Wang L, Yang Y (2026) Vegetable yields and environmental impacts
vary widely across types, production technologies, and global regions.
Resour Conserv Recycl 227:108735. https://doi.org/10.1016/j.resconrec.
2025.108735

Gatta G, Carucci F, Gagliardi A, Perniola M, Denora M, De Mastro F,
Brunetti G, Murgolo S, De Ceglie C, Pollice A, Giuliani MM (2025) Possible
accumulation of emerging contaminants of concern in treated wastewa-
ter on the soil plant system of a processing tomato-wheat succession.
Agric Water Manag 308:109305. https://doi.org/10.1016/j.agwat.2025.
109305

. Tran F, Holland JE, Quesada N, Young M, Bienkowski D, Savvas D, Schubert

A, Ntatsi G, White PJ, Begg GS, lannetta PPM (2021) What evidence exists
on the effectiveness of the techniques and management approaches
used to improve the productivity of field-grown tomatoes under condi-
tions of water-, nitrogen- and/or phosphorus-deficit? A systematic map
Environ Evid 10:14. https://doi.org/10.1186/513750-021-00229-9

. Du Jardin P (2015) Plant biostimulants: definition, concept, main catego-

ries and regulation. Sci Hortic 196:3-14. https://doi.org/10.1016/j.scienta.
2015.09.021

. Ferruzca-Campos EA, Rico-Chavez AK, Guevara-Gonzalez RG, Urrestarazu

M, Cunha-Chiamolera TPL, Reynoso-Camacho R, Guzman-Cruz R (2023)
Biostimulant and elicitor responses to cricket frass (Acheta domesticus)
in tomato (Solanum lycopersicum L) under protected conditions. Plants
12:1327. https://doi.org/10.3390/plants 12061327

. Mancuso T, Kalozoumis P, Tampakaki A, Savvas D, Gatsios A, Baldi L, Peri

M, Trentinaglia MT, Bacenetti J (2024) Multiple eco-efficiency solu-
tions in tomatoes simulating biostimulant effects. Cleaner Environ Syst
12:100165. https://doi.org/10.1016/j.cesys.2024.100165

. Bulgari R, Franzoni G, Ferrante A (2019) Biostimulants application in hor-

ticultural crops under abiotic stress conditions. Agronomy 9:306. https://
doi.org/10.3390/agronomy9060306

Kalozoumis P, Vourdas C, Ntatsi G, Savvas D (2021) Can biostimulants
increase resilience of hydroponically-grown tomato to combined water
and nutrient stress? Horticulturae 7:297. https://doi.org/10.3390/horti
culturae7090297

. Pagadala S, Marine SC, Micallef SA, Wang F, Pahl DM, Melendez MV,

Kline WL, Oni RA, Walsh CS, Everts KL, Buchanan RL (2015) Assessment
of region, farming system, irrigation source and sampling time as food
safety risk factors for tomatoes. Int J Food Microbiol 196:98-108. https://
doi.org/10.1016/}.ijfoodmicro.2014.12.005

. Bonetta S, Pignata C, Gasparro E, Richiardi L, Sa B, Carraro E (2022) Impact

of wastewater treatment plants on microbiological contamination for
evaluating the risks of wastewater reuse. Environ Sci Eur 34:20. https://
doi.org/10.1186/512302-022-00597-0

. Macri M, Bonetta S, Di Cesare A, Sabatino R, Corno G, Catozzo M, Pignata

C, Mecarelli E, Medana C, Carraro E, Bonetta S (2024) Antibiotic resistance
and pathogen spreading in a wastewater treatment plant designed for
wastewater reuse. Environ Pollut 363:125051. https://doi.org/10.1016/j.
envpol.2024.125051

Adegoke AA, Amoah ID, Stenstrém TA, Verbyla ME, Mihelcic JR (2018)
Epidemiological evidence and health risks associated with agricultural
reuse of partially treated and untreated wastewater: a review. Front Public
Health 6:337. https://doi.org/10.3389/fpubh.2018.00337

ISO (2018) ISO 18400-206: Soil quality—Sampling—~Part 206. 1SO, Geneva
Ministry of Agricultural and Forestry Policies (2002) Italian Decree No.
010175 of 8 July 2002. Approval and formalization of soil microbiological
analysis methods. Off Gaz Ital Repub 179 (in Italian)

ISO (1993) ISO 11465: Soil quality—determination of dry matter and
water content. ISO, Geneva

ISO (1995) ISO 11466: Soil quality — extraction of trace elements soluble
in agua regia. ISO, Geneva


https://www.researchgate.net/publication/268516178_Nutritional_attributes_of_herbs/link/546e83ba0cf29806ec2eb642/download?_tp=eyJjb250ZXh0Ijp7InBhZ2UiOiJwdWJsaWNhdGlvbiIsInByZXZpb3VzUGFnZSI6bnVsbH19
https://www.researchgate.net/publication/268516178_Nutritional_attributes_of_herbs/link/546e83ba0cf29806ec2eb642/download?_tp=eyJjb250ZXh0Ijp7InBhZ2UiOiJwdWJsaWNhdGlvbiIsInByZXZpb3VzUGFnZSI6bnVsbH19
https://www.researchgate.net/publication/268516178_Nutritional_attributes_of_herbs/link/546e83ba0cf29806ec2eb642/download?_tp=eyJjb250ZXh0Ijp7InBhZ2UiOiJwdWJsaWNhdGlvbiIsInByZXZpb3VzUGFnZSI6bnVsbH19
https://www.researchgate.net/publication/268516178_Nutritional_attributes_of_herbs/link/546e83ba0cf29806ec2eb642/download?_tp=eyJjb250ZXh0Ijp7InBhZ2UiOiJwdWJsaWNhdGlvbiIsInByZXZpb3VzUGFnZSI6bnVsbH19
https://doi.org/10.1093/advances/nmab109
https://www.fao.org/faostat
https://doi.org/10.1002/grl.50686
https://doi.org/10.1002/grl.50686
https://doi.org/10.1016/j.heliyon.2023.e18507
https://doi.org/10.1007/s41207-020-00225-4
https://doi.org/10.3390/soilsystems7040109
https://doi.org/10.3390/soilsystems7040109
https://doi.org/10.1016/j.resconrec.2025.108735
https://doi.org/10.1016/j.resconrec.2025.108735
https://doi.org/10.1016/j.agwat.2025.109305
https://doi.org/10.1016/j.agwat.2025.109305
https://doi.org/10.1186/s13750-021-00229-9
https://doi.org/10.1016/j.scienta.2015.09.021
https://doi.org/10.1016/j.scienta.2015.09.021
https://doi.org/10.3390/plants12061327
https://doi.org/10.1016/j.cesys.2024.100165
https://doi.org/10.3390/agronomy9060306
https://doi.org/10.3390/agronomy9060306
https://doi.org/10.3390/horticulturae7090297
https://doi.org/10.3390/horticulturae7090297
https://doi.org/10.1016/j.ijfoodmicro.2014.12.005
https://doi.org/10.1016/j.ijfoodmicro.2014.12.005
https://doi.org/10.1186/s12302-022-00597-0
https://doi.org/10.1186/s12302-022-00597-0
https://doi.org/10.1016/j.envpol.2024.125051
https://doi.org/10.1016/j.envpol.2024.125051
https://doi.org/10.3389/fpubh.2018.00337

Pignata et al. Environmental Sciences Europe

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

(2026) 38:180

Colombo C, Miano T (eds) (2015) Metodi di analisi chimica del suolo, 3rd
edn. Societa Italiana della Scienza del Suolo, Modugno, Italy (in Italian).
Olsen SR, Cole CV, Watanabe FS (1954) Estimation of available phospho-
rus in soils by extraction with sodium bicarbonate. USDA Circular n. 939,
Washington DC

ISO/IEC (2017) ISO/IEC 17025: General requirements for the competence
of testing and calibration laboratories. ISO, Geneva.

APAT - Agenzia per la Protezione dellAmbiente e per i Servizi Tecnici,
CNR-IRSA - Consiglio Nazionale delle Ricerche - Istituto di Ricerca sulle
Acque (2003) Metodi di analitici per le acque. Manuali e Linee Guida
29/2003 Rome, ltaly (in Italian). https://www.irsa.cnrit/wp/wp-content/
uploads/2022/04/Vol1_Sez_1000_Indice_ParteGenerale.pdf. Accessed 12
Jan 2026.

ISO (2019) ISO 21268-2: Soil quality—Leaching procedures—~Part 2. 1SO,
Geneva

ISO EN (2020) EN ISO 17155: Soil quality - Determination of abundance
and activity of soil microflora using respiration curves (ISO 17155:2012).
ISO, Geneva

Bonetta S, Pignata C, Bonetta S, Amagliani G, Brandi G, Gilli G, Carraro E
(2021) Comparison of UV, peracetic acid and sodium hypochlorite treat-
ment in the disinfection of urban wastewater. Pathogens 10:182. https://
doi.org/10.3390/pathogens10020182

ISO (2013) ISO 14189: Water quality — Enumeration of Clostridium
perfringens — Method using membrane filtration. ISO, Geneva

UNI (2019) UNIEN ISO 11348-3: Water quality—Luminescent bacteria
test. UNI, Milan

ISO (2012) ISO 6341: Water quality—Acute toxicity test with Daphnia
magna. SO, Geneva

1SO (2012) 1SO 8692: Water quality—Freshwater algal growth inhibition
test. 1SO, Geneva

Council of the European Communities (1986) Council Directive 86/278/
EEC of 12 June 1986. Off J Eur Communities. L181:6-12

Government of Spain (1990) Royal Decree 1310/1990 regulating the use
of sewage sludge. Boletin Oficial del Estado (in Spanish) https://www.
boe.es/diario_boe/txt.php?id=BOE-A-1990-26490. Accessed 19 Dec
2025.

Junta de Andalucia (n.d.) Criterios y estdndares de calidad en suelos:
elementos traza. Consejerfa de Medio Ambiente, Andalusia, Spain (in
Spanish). https://www.juntadeandalucia.es. Accessed 19 Dec 2025.
Government of Italy (1992) Legislative Decree No. 99 of 27 January 1992.
Off Gaz Ital Repub Supp! 38 (in Italian).

Government of Italy (2019) Decree No. 46 of 1 March 2019. Off Gaz Ital
Repub 132 (in Italian).

Government of Romania (2004) Ordinance No. 344/708 on environmen-
tal protection of soils. Off Gaz Romania (in Romanian). http://www.adide
seuribn.ro/legislatie/Ordin344_2004.pdf. Accessed 19 Dec 2025.
Government of Romania (2004) Order No. 16/2004 on environmental
protection regulations. Off Gaz Romania (in Romanian). https://legislatie.
just.ro/Public/DetaliiDocument/55969. Accessed 9 Jan 2026.
Collivignarelli MC, Abba A, Frattarola A, Carnevale Miino M, Padovani S,
Katsoyiannis |, Torretta V (2019) Legislation for the reuse of biosolids on
agricultural land in Europe: overview. Sustainability 11(21):6015. https://
doi.org/10.3390/5u11216015

European Commission (2023). Proposal for a directive of the European
Parliament and of the Council on soil monitoring and resilience (Soil
Monitoring Law). COM (2023) 416 final; 2023. https://eur-lex.europa.eu/
legal-content/EN/TXT/?uri=celex:52023PC0416. Accessed 10 Apr 2026.
Chaffai R, Koyama H (2011) Chapter 1 -Heavy metal tolerance in Arabi-
dopsis thaliana. Adv Bot Res. 60:1-49. https://doi.org/10.1016/B978-0-12-
385851-1.00001-9

Uchimiya M, Bannon D, Nakanishi H, McBride MB, Williams MA, Yoshihara
T (2020) Chemical speciation, plant uptake, and toxicity of heavy metals
in agricultural soils. J Agric Food Chem 68(46):12856-12869. https://doi.
0rg/10.1021/acs jafc.0c00183

Yunta F, Schillaci C, Panagos P, Van Eynde E, Wojda P, Jones A (2024)
Ecological risk assessment of heavy metals from application of sewage
sludge on agricultural soils in Europe. Eur J Soil Sci 75:e13562. https://doi.
org/10.1111/ejss.13562

Yunta F, Schillaci C, Panagos P, Van Eynde E, Wojda P, Jones A (2025)
Quantitative analysis of the compliance of EU Sewage Sludge Direc-
tive by using the heavy metal concentrations from LUCAS topsoil

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 18 of 19

database. Environ Sci Pollut Res 32:16554-16569. https://doi.org/10.1007/
$11356-024-31835-y

WanY, Liu J, Zhuang Z, Wang Q, Li H (2024) Heavy metals in agricultural
soils: sources, influencing factors, and remediation strategies. Toxics 12:63.
https://doi.org/10.3390/toxics12010063

Murti¢ S, Zahirovi¢ C, Civi¢ H, Kari¢ L, Jurkovic¢ J (2018) Uptake of heavy
metals by tomato plants (Lycopersicum esculentum Mill.) and their distri-
bution inside the plant. Agric For. 64:251-261. https://doi.org/10.17707/
AgricultForest.64.4.25

Ahmed DAE, Slima DF, Al-Yasi HM, Hassan LM, Galal TM (2023) Risk assess-
ment of trace metals in Solanum lycopersicum L. (tomato) grown under
wastewater irrigation conditions. Environ Sci Pollut Res 30:42255-42266.
https://doi.org/10.1007/5s11356-023-25157-8

Salvo A, La Torre GL, Mangano V, Casale KE, Bartolomeo G, Santini A, Gra-
nata T, Dugo G (2018) Toxic inorganic pollutants in foods from agricultural
producing areas of Southern Italy: level and risk assessment. Ecotoxicol
Environ Saf 148:114-124. https://doi.org/10.1016/j.ecoenv.2017.10.015
Lima LW, Checchio MV, dos Reis AR, Alves RC, Tezzoto T, Gratdo PL (2019)
Selenium restricts cadmium uptake and improve micronutrients and pro-
line concentration in tomato fruits. Biocatal Agric Biotechnol 18:101057.
https://doi.org/10.1016/j.bcab.2019.101057

Toth G, Hermann T, Szatmari G, Pasztor L (2016) Maps of heavy metals in
the soils of the European Union and proposed priority areas for detailed
assessment. Sci Total Environ 565:1054-1062. https://doi.org/10.1016/j.
scitotenv.2016.05.115

Yang J, SunY, Wang Z, Gong J, Gao J, Tang S, Ma S, Duan Z (2022) Heavy
metal pollution in agricultural soils of a typical volcanic area: risk assess-
ment and source appointment. Chemosphere 304:135340. https://doi.
0rg/10.1016/j.chemosphere.2022.135340

Menahem E, Meni B (2018) Heavy metals and metalloids: Sources, risks
and strategies to reduce their accumulation in horticultural crops. Sci
Hortic 234:431-444. https://doi.org/10.1016/j.scienta.2017.12.039
Petruzzelli G, Pedron F, Rosellini | (2020) Bioavailability and bioaccessibility
in soil: a short review and a case study. AIMS Environ Sci 7(2):208-225.
https://doi.org/10.3934/environsci.2020013

Santoro V, Schiavon M, Celi L (2024) Role of soil abiotic processes on
phosphorus availability and plant responses with a focus on strigolac-
tones in tomato plants. Plant Soil 494(1-2):1-49. https://doi.org/10.1007/
$11104-023-06266-2

Petruzzelli G, Pezzarossa B, Pedron F (2025) The fate of chemical con-
taminants in soil with a view to potential risk to human health: a review.
Environments 12(6):183. https://doi.org/10.3390/environments12060183
Monirul I, Sandhi A (2023) Heavy metal and drought stress in plants: the
role of microbes—a review. Gesunde Pflanzen 75:695-708. https://doi.
0rg/10.1007/510343-022-00762-8

Berg G, Smalla K (2009) Plant species and soil type cooperatively shape
the structure and function of microbial communities in the rhizosphere.
FEMS Microbiol Ecol 68:1-13. https://doi.org/10.1111/).1574-6941.2000.
00654.x

Hortal S, Bastida F, Armas C, Lozano YM, Moreno JL, Garcia C, Pugnaire Fl
(2013) Soil microbial community responses to plant-soil feedbacks under
contrasting management regimes. Soil Biol Biochem 57:703-712. https://
doi.org/10.1016/j.50ilbi0.2012.10.027

Van Elsas JD, Semenov AV, Costa R, Trevors JT (2011) Survival of Escheri-
chia coli in the environment: fundamental and public health aspects.
ISME J 5(2):173-183. https://doi.org/10.1038/ismej.2010.80

Holvoet K, Sampers |, Seynnaeve M, Uyttendaele M (2014) Relationships
among hygiene indicators and enteric pathogens in irrigation water, soil
and lettuce and the impact of climatic conditions on contamination in
the lettuce primary production. Int J Food Microbiol 171:21-31. https://
doi.org/10.1016/}.ijfoodmicro.2013.11.009

Gatta G, Libutti A, Gagliardi A, Beneduce L, Brusetti L, Borruso L, Disciglio
G, Tarantino E (2015) Treated agro-industrial wastewater irrigation

of tomato crop: effects on qualitative/quantitative characteristics of
production and microbiological properties of the soil. Agric Water Manag
149:33-43. https://doi.org/10.1016/j.agwat.2014.10.016

Cools D, Merckx R, Vlassak K, Verhaegen J (2001) Survival of E. coli and
Enterococcus spp. derived from pig slurry in soils of different texture. Appl
Soil Ecol 17:53-62. https://doi.org/10.1016/50929-1393(00)00133-5
Derongs L, Druilhe C, Le Maréchal C, Barbut F, Heurtevent L, Buffet J, Mar-
tin L, Ziebal C, Poezevara T, Rouxel S, Houard E, Syed Zaidi R, Couturier J,


https://www.irsa.cnr.it/wp/wp-content/uploads/2022/04/Vol1_Sez_1000_Indice_ParteGenerale.pdf
https://www.irsa.cnr.it/wp/wp-content/uploads/2022/04/Vol1_Sez_1000_Indice_ParteGenerale.pdf
https://doi.org/10.3390/pathogens10020182
https://doi.org/10.3390/pathogens10020182
https://www.boe.es/diario_boe/txt.php?id=BOE-A-1990-26490
https://www.boe.es/diario_boe/txt.php?id=BOE-A-1990-26490
https://www.juntadeandalucia.es
http://www.adideseuribn.ro/legislatie/Ordin344_2004.pdf
http://www.adideseuribn.ro/legislatie/Ordin344_2004.pdf
https://legislatie.just.ro/Public/DetaliiDocument/55969
https://legislatie.just.ro/Public/DetaliiDocument/55969
https://doi.org/10.3390/su11216015
https://doi.org/10.3390/su11216015
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:52023PC0416
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:52023PC0416
https://doi.org/10.1016/B978-0-12-385851-1.00001-9
https://doi.org/10.1016/B978-0-12-385851-1.00001-9
https://doi.org/10.1021/acs.jafc.0c00183
https://doi.org/10.1021/acs.jafc.0c00183
https://doi.org/10.1111/ejss.13562
https://doi.org/10.1111/ejss.13562
https://doi.org/10.1007/s11356-024-31835-y
https://doi.org/10.1007/s11356-024-31835-y
https://doi.org/10.3390/toxics12010063
https://doi.org/10.17707/AgricultForest.64.4.25
https://doi.org/10.17707/AgricultForest.64.4.25
https://doi.org/10.1007/s11356-023-25157-8
https://doi.org/10.1016/j.ecoenv.2017.10.015
https://doi.org/10.1016/j.bcab.2019.101057
https://doi.org/10.1016/j.scitotenv.2016.05.115
https://doi.org/10.1016/j.scitotenv.2016.05.115
https://doi.org/10.1016/j.chemosphere.2022.135340
https://doi.org/10.1016/j.chemosphere.2022.135340
https://doi.org/10.1016/j.scienta.2017.12.039
https://doi.org/10.3934/environsci.2020013
https://doi.org/10.1007/s11104-023-06266-2
https://doi.org/10.1007/s11104-023-06266-2
https://doi.org/10.3390/environments12060183
https://doi.org/10.1007/s10343-022-00762-8
https://doi.org/10.1007/s10343-022-00762-8
https://doi.org/10.1111/j.1574-6941.2009.00654.x
https://doi.org/10.1111/j.1574-6941.2009.00654.x
https://doi.org/10.1016/j.soilbio.2012.10.027
https://doi.org/10.1016/j.soilbio.2012.10.027
https://doi.org/10.1038/ismej.2010.80
https://doi.org/10.1016/j.ijfoodmicro.2013.11.009
https://doi.org/10.1016/j.ijfoodmicro.2013.11.009
https://doi.org/10.1016/j.agwat.2014.10.016
https://doi.org/10.1016/S0929-1393(00)00133-5

Pignata et al. Environmental Sciences Europe (2026) 38:180

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

Pourcher AM (2021) Influence of operating conditions on the persistence
of E. coli, enterococci, Clostridium perfringens and Clostridioides difficile in
semi-continuous mesophilic anaerobic reactors. Waste Manag 134:32-41.
https://doi.org/10.1016/j.wasman.2021.08.003

Heredia N, Caballero C, Cardenas C, Molina K, Garcfa R, Solis L, Burrowes
V, Bartz FE, Fabiszewski de Aceituno A, Jaykus L-A, Garcia S, Leon J

(2016) Microbial indicator profiling of fresh produce and environmental
samples from farms and packing facilities in Northern Mexico. J Food Prot
79(7):1197-12009. https://doi.org/10.4315/0362-028X.JFP-15-499

Deblais L, Kauffman M, Rajashekara G (2024) Impact of irrigation source
on the dissemination and persistence of coliforms and foodborne patho-
gens in fresh tomato high tunnel-dripline system from small specialty
crop farms. J Food Prot 87:100382. https://doi.org/10.1016/}.jfp.2024.
100382

Gu G, Strawn LK, Oryang DO, Zheng J, Reed EA, Ottesen AR, Bell RL, Chen
Y, Duret S, Ingram DT, Reiter MS, Pfuntner R, Brown EW, Rideout SL (2018)
Agricultural practices influence Salmonella contamination and survival in
pre-harvest tomato production. Front Microbiol 9:2451. https://doi.org/
10.3389/fmicb.2018.02451

Bonetta S, Borelli E, Bonetta S, Conio O, Palumbo F, Carraro E (2011) Devel-
opment of a PCR protocol for the detection of Escherichia coli O157:H7
and Salmonella spp. in surface water. Environ Monit Assess 177:493-503.
https://doi.org/10.1007/510661-010-1650-x

Bonetta S, Pignata C, Lorenzi E, De Ceglia M, Meucci L, Bonetta S, Gilli G,
Carraro E (2016) Detection of pathogenic Campylobacter, E. coli O157:H7
and Salmonella spp. in wastewater by PCR assay. Environ Sci Pollut Res
23:15302-15309. https://doi.org/10.1007/511356-016-6682-5

Manar R, Bonnard M, Rast C, Veber A-M, Vasseur P (2011) Ecotoxicity of
cyanide complexes in industrially contaminated soils. J Hazard Mater
197:369-377. https://doi.org/10.1016/jjhazmat.2011.09.095

Wang XH, YuY, Fu L, Tai HW, Qin WC, Su LM, Zhao YH (2016) Comparison
of chemical toxicity to different algal species based on interspecies cor-
relation, species sensitivity, and excess toxicity. Clean 44:803-808. https://
doi.org/10.1002/clen.201500148

Banjare P, Singh J, Papa E, Roy PP (2023) Aquatic toxicity prediction of
diverse pesticides on two algal species using QSTR modeling approach.
Environ Sci Pollut Res 30:10599-10612. https://doi.org/10.1007/
$11356-022-22635-3

Sumbul A, Ansari RA, Rizvi R, Mahmood | (2020) Azotobacter: A potential
bio-fertilizer for soil and plant health management. Saudi J Biol Sci
27:3634-3640. https://doi.org/10.1016/j.5jbs.2020.08.004

Fierer N (2017) Embracing the unknown: disentangling the complexities
of the soil microbiome. Nat Rev Microbiol 15:579-590. https://doi.org/10.
1038/nrmicro.2017.87

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 19 of 19


https://doi.org/10.1016/j.wasman.2021.08.003
https://doi.org/10.4315/0362-028X.JFP-15-499
https://doi.org/10.1016/j.jfp.2024.100382
https://doi.org/10.1016/j.jfp.2024.100382
https://doi.org/10.3389/fmicb.2018.02451
https://doi.org/10.3389/fmicb.2018.02451
https://doi.org/10.1007/s10661-010-1650-x
https://doi.org/10.1007/s11356-016-6682-5
https://doi.org/10.1016/j.jhazmat.2011.09.095
https://doi.org/10.1002/clen.201500148
https://doi.org/10.1002/clen.201500148
https://doi.org/10.1007/s11356-022-22635-3
https://doi.org/10.1007/s11356-022-22635-3
https://doi.org/10.1016/j.sjbs.2020.08.004
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1038/nrmicro.2017.87

	Integrated assessment of biostimulants with water and fertilizer saving techniques: implications for environmental contamination and health hazard in tomato crops across Europe
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Experimental trials
	Experimental design and site-specific treatments
	Spain
	Italy
	Romania
	Experimental design considerations and limitations
	Soil sampling and preparation
	Analysis of potential toxic elements (Cu, Mn, Zn, Ni, Cd, Pb, As)
	Analysis of pesticidesherbicides
	Microbiological analyses
	Ecotoxicological analyses
	Statistical analysis

	Results and discussion
	Pseudo-total PTE content in the soils used for tomato cultivation
	Bioaccessible PTEs in soils after tomato cultivation
	Soil microbiological contamination before and after tomato cultivation
	Soil ecotoxicity before and after tomato cultivation
	Multivariate statistical analysis (PCA)

	Conclusions
	Acknowledgements
	References


