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A B S T R A C T

Synthetic pesticides are discouraged for their environmental and health impacts, making research
into alternatives essential. Several solutions of vegetal origin are being evaluated. The use of
residual biomass from the agri-food system is particularly suitable due to its abundance and often
unexplored potential. This study focuses on characterizing and assessing the activity of extracts
obtained from wastes of the tomato cannery industry (including green fruit, stems, and leaves),
which are rich in steroidal glycoalkaloids such as α-tomatine and tomatidine in different pro-
portion. The antimicrobial activity of these extracts was tested on three bacterial strains
belonging to the Escherichia coli (EC), Xanthomonas campestris (XC), and Bacillus pumilus (BP)
species, as well as the phytopathogenic fungus Botrytis cinerea (BC). In particular, the mechanism
of action of the extracts in relation to their surfactant properties was investigated, with the effect
of the analytical standard serving as a reference. Both extracts showed strong inhibition of bac-
terial and fungal growth in vitro, with values reaching 100 %.

The inhibitory effect was mainly due to the presence of α-tomatine in the extracts, which
reached its aggregated state of micelle at the critical micelle concentration (CMC). Tomatidine,
although known for its biocidal properties, did not contribute significantly due to its limited
solubility. However, exceptions to this pattern were observed for extract rich in tomatidine,
which exhibited efficacy at doses below the CMC. A possible explanation could be the enhanced
solubility of tomatidine (which corresponds to enhanced bioactivity) in the presence of surfactant
secreted by BP or as a consequence of the interaction between tomatidine and α-tomatine at the
pre-micellar state for BC. In vivo assays with BC showed a reduction in symptoms comparable to
that of a commercial fungicide available for organic agriculture, particularly at low concentra-
tions. The relative content of α-tomatidine and tomatidine in the extracts modulated their
bioactivity. An excess of tomatidine relative to α-tomatine led to a decrease in biocidal effect due
to the chemical interactions among these species.

Abbreviations: BC, Botrytis cinerea; BP, Bacillus pumilus; CMC, critical micellar concentration; DM, Dry matter; EC, Escherichia coli; GT, Green
tomato fruit extract; I%I, infection percentage index; LB, Luria-Bertani broth; OD, Optical density; PDA, Potato dextrose agar; PS, polystyrene; SL,
Tomato leaves and stem extract; XC, Xanthomonas campestris.
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1. Introduction

In recent years, EU policies have discouraged the use of synthetic pesticides, urging research efforts to identify new solutions to
overcome the threats posed by pests and pathogens. These policies aim to minimize the environmental impact of pesticides, not only
during their application but also throughout their production process (Dhakal and Singh, 2019).

Many non-edible parts of edible plants contain antinutritional or toxic secondary metabolites that can be employed in such ap-
proaches (Daraban et al., 2023). Tomatine, in particular, is the primary steroidal glycoalkaloid found in solanaceous plants such as
tomatoes, potatoes, and eggplants. It exists in varying concentrations across different plant parts, including stems, leaves, flowers, and
fruits. In tomato plants (Solanum lycopersicum), tomatine is synthesized in different organs and serves as defense compounds against
insects and other pests. Moreover, the accumulation of tomatine is also species- and cultivar-dependent, as clearly demonstrated by
seminal studies conducted by Friedman and colleagues (Friedman et al., 1994; Friedman& Levin, 1998; Kozukue et al., 2004). In these
studies, α-tomatine ranged from 0.4 to 9.9 mg/100 g of dry weight in ripened commercial varieties, while it reached 225 mg/100 mg
dry weight in unripened fruits of the Manteca cultivar parental line. These studies also highlighted how the organ type, the timing and
phenological state play a role: for example, green fruits are extremely rich in tomatine, which however undergoes degradation during
ripening (Kozukue and Friedman, 2003; Tamasi et al., 2019).

Testing pure standards of the glycosylated (α-tomatine) and aglycated (tomatidine) molecules, biological activities described for
tomatine include biocidal effects against bacteria, insects, and fungi (Friedman, 2002). Furthermore, some pharmacological effects
such as anti-inflammatory and anti-cancer properties have also been reported (Friedman, 2002; Bailly, 2021).

The biocidal activity of α-tomatine has been attributed to its interaction with the sterols in cell membranes, leading to membrane
damage through pore formation, which in turn causes cellular content leakage and ultimately cell lysis (Hoagland, 2009). This effect
primarily stems from the surfactant properties of α-tomatine, which comprises hydrophilic glycoside sugar moieties combined with a
hydrophobic steroidal portion (i.e., tomatidine) (Lorent et al., 2014). Acting as an anionic surfactant, the effectiveness of α-tomatine is
associated with its CMC, marking the formation of micelles (Huang et al., 2020; Böttger et al., 2012). Antibiotic properties of
α-tomatines against microbial agents such as Listeria monocytogenes (Pingulkar et al., 2001), Escherichia coli, Staphylococcus aureus
(Friedman, 2002), and Salmonella enterica (Friedman, 2013) have been demonstrated. Similar effects have been described for sap-
rophytes and pathogens of plant species, except for those specialized for the tomato plant, which are less sensitive to α-tomatine,
possibly due to differences in the structure of their membranes or the production of detoxifying enzymes (You and van Kan, 2021).

Tomatidine lacks hydrophilic moieties, thus it does not exhibit surfactant activity. However, it has been described as a biocide
against bacteria and fungi. The antifungal effect is believed to result from tomatidine’s ability to interfere with the ergosterol
biosynthesis pathway, while its antibacterial effect is thought to be related to the inhibition of protein biosynthesis (Bailly, 2021;
Lisdiana et al., 2023).

In a recent article, the authors developed a method to obtain tomatine rich-extract from tomato plant residues, typical byproducts
of the tomato cannery industry (Abbasi-Parizad et al., 2023). Green tomatoes (GT) and stems and leaves (SL) are the main residues
(2–3 % w/w wet weight of incoming tomatoes at the plant) resulting from preliminary sorting and cleaning steps. The composition of
the extract varied due to the type of feedstock and seasonal variation in sampling. Nevertheless, all extracts contained both aglycated
and glycosylated forms, as well as additional unconventional glycosylated tomatine and non-saponine compounds (Abbasi-Parizad
et al., 2023). The potential use of these fractions in the agricultural sector is of growing interest, meeting the need to identify alter-
native biocide molecules using inexpensive or zero-value materials as feedstock while ensuring performance comparable to currently
employed pesticides.

Compared to the pure standards, the vegetal extracts consist of mixtures of molecules whose coexistence may enhance or diminish
overall bioactivity (Abbasi-Parizad et al., 2022).

In this context, our study aims to test the antifungal and antibacterial properties of extracts rich in glycoalkaloids obtained from
tomato cannery residues, using pure chemical standards as reference. The effectiveness of the extracts was evaluated, and attempts
were made to identify their mechanism of action. Special attention was given to studying the surfactant properties of the extracts and
their impact on overall bioactivity.

2. Materials and method

2.1. Materials

Tomato residues were collected in a large-scale tomato cannery in Ravarino (Emilia Romagna region, Italy) during the production
season of 2021 (Abbasi-Parizad et al., 2023). The daily arrival of tomatoes from different producers and the successive mixing during
the production steps make it impossible to identify the specific cultivar of tomato, generally identified as industrial tomato. The
biomasses come from the primary sorting step of the industrial transformation, during which rotten red fruits, green fruits (GF) and
stems and leaves (SL) were separated and discarded through an optical and manual separation system. The biomasses were and
successively brought to the laboratory of the University of Milan for successive characterization.

2.2. Tomatines-rich fraction extraction and chemical characterization

2.2.1. Extraction of the tomatine-rich fraction
The biomasses were dried at 60 ◦C under vacuum and successively grinded (size < 500 µm). The extraction was carried out as
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reported in Abbasi-Parizad et al. (2023). Briefly, 2 g of dry matter (DM) of the residues were extracted with acetic acid (product
1.00062, Merck KGaA, Darmstadt, Germany) (5 % v/v in deionized water) ratio 1:12.5 (w:v) and successively sonicated (T = 30 min),
mechanically agitated (t=120 min at 300 rpm), and finally sonicated (T = 30 min) (Taveira et al., 2012). The samples were then
centrifuged (T= 15min, 10,000 rpm) and ammonia (25 % v/v) (product 1.05488, Merck KGaA, Darmstadt, Germany) ratio 10:1 (v/v)
added to the surfactant. The reaction was heated at 65 ◦C for 2 hours and successively stored overnight at 4 ◦C. The suspension was
successively centrifuged (T = 15 min, 8000 rpm) and the fraction of interest (i.e., the precipitated) was washed till pH neutral and
successively dried at 40 ◦C under vacuum (Abbasi-Parizad et al., 2023). This allowed to obtain the two extracts: GT, obtained from the
fraction rich in green fruits, and SL, obtained from the fraction rich in stems and leaves.

2.2.2. Analytical characterization
The quali-quantitative content of the tomatines was approached by using HPLC and NMR techniques as reported by Abbasi-Parizad

et al. (2023). Briefly, HPLC Agilent 1260 Infinity (Agilent Technologies, Santa Clara, California, United States) was equipped with Luna
Omega Polar C18 column (150 × 3.0 mm, 3 μm particle size, Phenomenex, Torrance, USA) employed at temperature of 30◦C. The
mobile phase was acetonitrile (product 34851, Merck KGaA, Darmstadt, Germany) and trimethylammonium phosphate (product
56778, Merck KGaA, Darmstadt, Germany) at pH = 3 with different ratio, elution flow of 0.4 mL min− 1. The identification of the
standard glycosylated molecules (α-tomatine and tomatidine) and of the standard aglycated ones (tomatidine and tomatidinedol) were
done by using high purity degree standard (DBA, Milan, Italy).

The 1H NMR approach was applied to the SL previously dissolved in deuterated methanol (product 1.06028, Merck KGaA,
Darmstadt, Germany) to identify no-standard molecules of the all-tomatine. Both the 1H NMR and Cosy experiments were carried out
using Bruker AVANCE NEO 500 MHz equipped with a 5 mm TCI cryoprobe (Abbasi-Parizad et al., 2023).

2.2.3. Contact angle measurement
Contact angle was determined for the analytical standards of α-tomatine and tomatidine and for the extracts (SL and GT). All

samples were solubilized in DMSO (10 % v/v) aqueous solution at the concentration of 1 mg mL− 1. The stock solution was successively
diluted to obtain solution (1 % v/v DMSO) in the concentration range from 0 µg mL− 1 to 1000 µg mL− 1.

Contact angle analyses were performed using an optical contact angle apparatus (OCA 15 Plus – Data Physics Instruments GmbH,
Filderstadt, Germany) equipped with a video measuring system with a high-resolution CCD camera and a high performance-digitizing
adapter. The software SCA 20 (Data Physics Instruments GmbH, Filderstadt, Germany) was used to capture the droplet images and to
determine the contact angle by image processing. To emphasize the influence of the surfactant concentration on the surface tension of
the liquid, a low surface energy (SE) material (5 × 2 cm2 polystyrene – PS – sheets, 120 μm thick, SE = 32 ± 1.2 mN/m) was used. PS
surface was first cleaned using ethanol to avoid any influence possibly arising from impurities and/or dust. Then, PS specimens were
fixed and kept flat by means of a special sample holder with parallel clamping jaws. The contact angle (θ, deg) of SL and GT solutions in
air was measured by the sessile drop method, by gently dropping a droplet of 4 ± 0.5 µL onto the PS surface, according to the so-called
pick-up procedure (Boyaci et al., 2019). To minimize the effect of evaporation, analyses were performed at 23 ± 1 ◦C and 100 %
relative humidity using a laboratory-made climatic cabinet.

A minimum of 10 droplets were examined for all samples on both the left and right sides and the resulting mean values were then
plotted against the surfactant concentration for the calculation of the CMC according to the analytical method proposed by Alkawareek
et al. (2018).

2.3. In vitro tests of antibiotic and antifungal activity

The antibiotic and antifungal effect of the analytical standards and extracts were assayed through in vitro tests. The following
microorganisms were used in the tests: Botrytis cinerea strains 2N15, 2Z15, and 3G1, isolated from different weeds present in a vineyard
in northern Italy (Toffolatti et al., 2020); Escherichia coli strain DH5α (EC), Xanthomonas campestris isolated from Brassica napus plants
by our group (XC), and a Bacillus pumilus isolated from Zea mays plants by our group (BP). For the assays against B. cinerea the extracts,
the analytical standards of α-tomatine and tomatidine, and different mixtures of the two standards were used (Supporting information,
Table S1); for the bacteria, different concentrations of SL and GT have been tested (Supporting information, Table S2). All tests were
carried out in a total volume of 200 µL containing 80 µL of growth medium Potato Dextrose Broth (PDB) for fungi, Luria-Bertani (LB)
broth for bacteria), 20 µL of microbial inoculum, and 100 µL of treatment solution, with a final concentration of 1 % DMSO.

For B. cinerea strains, microbial inoculum was a suspension of conidia in water (105 conidia mL− 1) harvested from Potato Dextrose
Agar (PDA) plates in which the fungus grew for ten days, while for bacterial isolates the microbial inoculum was an aliquot of an
overnight culture in LB broth.

The treatments were compared to the results obtained in the negative controls, in which the 100 µL of treatment solution were
replaced either by sterile distilled water or sterile distilled water with 1 % final concentration of DMSO, and in the positive controls, in
which the 100 µL of treatment solution were replaced with either a fungicide for B. cinerea strain, or with the kanamycin antibiotic
(50 µg mL− 1) (Sigma-Aldrich, Germany). Three different fungicides effective against Botrytis cinerea have been used as positive
controls: one containing boscalid and pyraclostrobin (Signum; BASF, Germany), one containing cyprodinil and fludioxonil (Switch;
Syngenta, Switzerland), and the last containing tribasic copper sulfate (King; Diachem, Italy). Each fungicide was used at the con-
centrations suggested by the manufacturer, as reported in Table S1.

Each treatment or control was incubated in a well of an optical 96-well plate and replicated 8 times. B. cinerea conidia were
incubated for 6 days at 24 ◦C, while bacterial isolates were incubated for 24 hours at 37 ◦C for EC and at 24 ◦C for XC and BP.

A. Passera et al.



Environmental Technology & Innovation 36 (2024) 103807

4

Microbial growth was evaluated by measuring turbidity as an increase in optical density (OD) measured at 450 nm for B. cinerea
and at 600 nm for the bacteria with a Magellan plate reader (Tecan Trading AG, Switzerland). To account for the different initial
turbidity of some solutions, OD values were first normalized by calculating a ΔOD value by subtracting the OD values at the start of
incubation from the OD values measured at the end of incubation. These ΔOD values were compared among treatments with the
following formula to calculate the growth inhibition percentage (GIP):

(1 – (ΔODT/ ΔODC)) * 100

Where ΔODT is the average ΔOD value in the treatment and ΔODc is the average ΔOD value in the negative controls.
No difference was observed in the growth of the microorganisms between the two negative controls (with or without 1 % DMSO),

therefore the ΔODc values are calculated considering both negative controls together.

Fig. 1. Spectra HPLC and 1H NMR of the sample SL (Adapted from Abbasi-Parizad et al., 2023).
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No statistically significant differences were detected between the results obtained on the three isolates of B. cinerea, therefore the
results presented for B. cinerea consider the three isolates as a single entity. Indicated as BC.

2.4. In vivo test of antifungal activity

The antifungal effect of the SL and GT extracts against BC was assayed through an in vivo test, compared to that of commercial
fungicides. For this assay, healthy leaves from tomato plants were inoculated and placed in a Petri dish containing sterile 1 % agar:
water medium, used to maintain humidity of the leaf. Each dish contained three tomato leaves, and each leaf was inoculated near the
middle of the leaf with a 20 µL droplet of either sterile ringer solution (healthy control), BC conidia solution (105 conidia mL− 1) in
sterile ringer solution (negative control), BC conidia solution with different concentrations of GT extract (30, 63, 125, or 500 µg mL− 1)
in sterile ringer solution, BC conidia solution with different concentrations of SL extract (63, 125, 250, or 500 µg mL− 1) in sterile ringer
solution, BC conidia solution with three different commercial fungicides at the concentrations suggested by the manufacturers (Switch
700 µg mL− 1; Signum 1500 µg mL− 1; King 3 µg mL− 1) (positive controls).

After 5 days from inoculation, with the plates stored at 20 ◦C, the damage caused on each leaf was assessed visually, determining a
percentage of damage on the leaf, converting it to a symptom class from 0 to 6 based on the following scale (0 = 0 %; 1 = from 1 % to
10 %; 2= from 11 % to 25 %; 3= from 26 % to 50 %; 4= from 51 % to 75 %; 5= above 75 %; 6 = 100 % and with visible sporulation)
(Vercesi et al., 2014), and ultimately calculating an infection percentage index (I%I) based on the formula by Townsend and Heuberger
(1943), as follows:

I%I =
∑

(ni× vi)
N× V

Where ni is the number of leaves in any one symptom class, vi is the number associated with that class, N is the total number of observed
leaves and V is the number associated with the highest symptom class (in our case 6).

2.5. Statistical elaboration

The results of growth inhibition for all the microorganisms and of I%I caused by BC were compared between treatments by a non-
parametric Kruskal-Wallis test, since the datasets did not satisfy the requirements for a parametric test. The statistical elaboration was
carried out using the SPSS software version 29 (IBM, New York, NY, USA).

3. Results and Discussion

3.1. Chemical composition and detection of the surfactant properties of the extracts

A multidisciplinary analytical approach was used to identify the composition of the extracts (Fig. 1) (Abbasi-Parizad et al., 2023).
Preliminary detection by HPLC analysis of the pure standard of α-tomatine and tomatidine identified the retention time at min 13–14
and 21 respectively (Abbasi-Parizad et al., 2023). Additional confirmation of the identification of the glycosylated and aglycated forms
was obtained by acid hydrolysis of the pure α-tomatine standard. After 1 hour of the process, the pick of tomatidine appeared instead of
that of α-tomatine. Finally, with a longer treatment time (time = 2 h), the tomatidine also disappeared and a new pick, probably a
degraded form of tomatine such as esculoside, was observed (time = 25 min) (Fig. 1).

Table 1
Composition and chemical characterization of the tomato cannery residues and tomatines rich-extracts.

Residues GT SL

Compositiona Green fruits (80 %);
Red fruits (20 %)

Leaves + stems (78.35 %); Green fruits (5.53 %); Red fruits (16.12 %)

Extract quantityb 12.4±4 10.8±0.4
All-tomatinec 661 864
α-tomatined 530±70 310±40
tri/tetrasaccharides-tomatinee 101 124
tomatidinef 30±8 430±10
no-tomatineg 339 136

a : Composition expressed as w/w wet weight basis;
b : quantity of obtained extract is expressed as mg g− 1 DM of original biomass;
c : quantity, expressed as µg mg− 1 DM of the extract, of α-tomatine+Dehydro-tomatine, tri/tretrasaccharides-tomatine, and tomadi-

ne+tomatidinedol identified by HPLC and using pure standard as reference;
d : quantity, expressed as µg mg− 1 DM of the extract, of α-tomatine+dehydro-tomatine identified by HPLC and using pure standard as reference.
e : quantity, expressed as µg mg− 1 DM of the extract, of tri/tetrasaccharides-tomatine identified by NMR approach and using the pure standard of

α-tomatine and HPLC for quantification;
f : quantity, expressed as µg mg− 1 DM of the extract, of tomadine+tomatidinedol identified by HPLC and using pure standard as reference;
g : quantity, expressed as µg mg− 1 DM of the extract, of no tomatine compound calculates as: 1000- tomatine;
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The use of the 1H NMR approach allowed a more complete characterization of the molecules of the extract SL with HPLC (Fig. 1).
The NMR characterization confirmed the presence of several compounds generally identifiable as tomatine (all-tomatine) and

aliphatic molecules tentatively identified as mono/triglycerides (Fig. 1). In addition, the elaboration of the analytical data coming from
1H NMR and HSQC identify a pick attributable to galactose sugar identified as a component of the glycosylated portion of alternative
tomatine (Fig. 1) (Abbasi-Parizad et al., 2023).

The deeper analyses of this aspect by HSQC have been extensively explained in a previous work of the Authors (Abbasi-Parizad
et al., 2023), who consider the sugars as part of trisaccharide-tomatine (sugar: Gal-Glu-Glu or Gal-Glu plus Glu characterized by some
chemical modifications) or tetrasaccharide-tomatine (sugar: Gal-probably Glu-anomeric β-glucose form).

The integration of all previous data allows the complete description of the extracts in terms of α-tomatine, tomatidine, other
tomatine and no-tomatine molecules (Table 1). The yield of the extractions from tomato industry residues were comparable to those
previously found considering the different tomato plant fractions (Taveira et al., 2012). The residues showed a very different
composition that affected not only the amount but also the quality composition in tomatine fraction.

The SL (rich in leaves and stems) had a significant concentration of tomatidine (49.79 % of the tomatine), while in GT the
α-tomatine content was 80.2 % tomatine.

The additional forms of glycosylated tomatine, which sugars were tentatively identified as trisaccharide or tetrasaccharide por-
tions, that correspondent to the 14.3 % and 15.28 % of the all-tomatine for the SL and GT, respectively (Abbasi-Parizad et al., 2023).

Surfactant properties of the extracts were investigated through contact angle tests. The theoretical background behind this method
is that increasing the concentration of a surfactant in a polar solvent (e.g., water) will decrease the contact angle of the same liquid on a
hydrophobic surface, due to a decrease of the surface tension of the liquid. This is because the surfactant molecules will displace at the
liquid/air and at the liquid-solid interfaces decreasing the interfacial tension, thus promoting the spreading of the liquid on the hy-
drophobic surface (Fig. 2a–c). The contact angle decrease is observed until the surfactant molecules can move at the liquid/air
interface, which occurs upon reaching the critical micellar concentration (CMC). At the CMC, the liquid-air and the liquid-solid in-
terfaces are saturated, that is, there is no additional free space available for the surfactant molecules to occupy that interface.
Consequently, any addition of surfactant above the CMC will result in the self-assembly of the surfactant molecules to form micelles
(Fig. 2d–e).

Accordingly, plotting the ‘contact angle versus surfactant concentration’ will result in a first descending part (contact angle
decrease) followed by a steady part (the contact angle does not decrease longer after the CMC). The CMC of the surfactant is repre-
sented by the intersection point of the two straight lines, which can be analytically determined by solving the system of equations given
by the fitting lines of the two straight parts of the plot obtained by linear regression.

This test was performed first for the α-tomatine standard (Fig. 3 A) to obtain reference data. The plot shows a typical trend for
surfactants, with a straight reduction at lower concentrations followed by a steady portion. The point of intersection between the two
lines corresponds to the CMC. Accordingly, the CMC calculated for α-tomatine was 75.9 µg mL− 1, which is in the typical range of non-
ionic surfactant (Huang et al., 2020). This value is different from a previous reference that indicated a CMC = 99 µg mL− 1 (Yamanaka
et al., 2008), but several factors such as temperature, ionic strength of the medium, and solvent can influence the aggregation behavior
of α-tomatine (Lorent et al., 2014; Samal et al., 2017). The non-surfactant nature of tomatidine was confirmed by the test carried out on
the analytical standard; the plot (Fig. 3A) did not show any significant trend, and highlighted the very limited solubility of themolecule
in the solvent (water:DMSO 90:10 v/v) due to its highly hydrophobic nature.

Both SL and GT showed the same contact angle trend as α-tomatine, confirming the surfactant nature of the extracts (Fig. 3 B-C).
The CMC was equal to 102.5 µg mL− 1 and 165.1 µg mL− 1 for the SL and GT, respectively. The higher CMC values for SL and GT
compared to pure α-tomatine indicate the lower surfactant capacity extracts. Considering the heterogeneous composition of extracts,
this result was expected: as the overall surfactant activity is given by the presence and concentration of both surfactant and non-

Fig. 2. Schematic drawing of the effect of a surfactant on the wettability of a polar liquid on a hydrophobic surface. Increasing the surfactant
concentration (from panel a through panel e), the contact angle decreases until the CMC of the surfactant is reached because of the reduction of the
interfacial tension at both liquid-gas and liquid-solid interfaces (a–c). After the CMC, micelle formation occurs, and the contact angle does not
change longer (d–e) (adapted from Alkawareek et al., 2018).
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surfactant components (Scaglia et al., 2016), the extracts undergo a dilution effect compared to pure α-tomatine. Taking into
consideration the CMC of the α-tomatine standard and its content in both extracts, a theoretical CMC α-tomatine due of 143.2 µg mL− 1 and
244.8 µg mL− 1 were calculated for GT and SL, respectively. In the case of GT, the value was very similar to that obtained

Fig. 3. Contact angle versus concentration plots for A) the α-tomatine and tomatidine standard solutions and, for the extracts B) GT and C) SL.
Equations obtained from linear regression (red line) of experimental data (empty squares) are displayed for both descending and steady parts of the
plot. Error bars indicate the standard deviation for each experimental data (mean value).
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experimentally, suggesting that the surfactant behavior is primarily ascribed to the α-tomatine. Despite the expected data, the
experimental CMC of SL was 2.4 times lower than CMC of α-tomatine alone, suggesting that additional molecules must contribute to
the overall surfactant property.

Other surfactant molecules are present in the extracts: the tri/tetrasaccharide-tomatines are known to have surfactant properties
depending by the number and type of sugars in the glycosylated portion (Arneson and Durbin, 1968; Yamanaka et al., 2008). Previous
studies on these molecules highlighted a lower surfactant attribute than α-tomatine, which further decreased at the reduction of the
number of sugars. The non-tomatine fraction characterized as lipid (Abbasi-Parizad et al., 2023) can contribute or hinder the surfactant
capacity of the extract in the case of monoglyceride or triglyceride nature, respectively (Table 1).

In the extracts, both alternative-glycosylated tomatines and monoglycerides are suitable to be involved in the formation of mixed-
micelles with α-tomatine, whose composition affected physical (i.e., size and form) and chemical (i.e., surfactant property) charac-
teristics compared to α-tomatine-only micelles.

3.2. Tests of antibiotic and antifungal activity of the extracts

3.2.1. Biocide activity against bacteria
The assays to evaluate the bactericidal effect of the extracts showed a clear dose effect, the trends were characterized by a pro-

gressive increase of the antibiotic activity until a plateau was reached that corresponded to the complete inhibition of the growth for
EC and BP, while it only partially inhibited the growth of XC (Fig. 4). The efficacy of both SL and GT are comparable to those of the
antibiotic kanamycin, used as a reference standard (Fig. 4). In the case of GT, the maximum of the inhibition was reached at the same
concentration for all bacteria tested, while SL was more effective against Gram-positive BP than Gram-negative bacteria EC and XC, for
which significant reduction of the growth occurred at concentration 10- to 20-fold higher.

The expression of the extracts concentration in terms of CMC units, rather than absolute concentration, highlighted differences
among the extracts: in the case of GT, the maximum inhibition of all three bacteria occurred around 1 CMC; for SL, similar results were
obtained at concentration that correspondent to 0.1 CMC for BP, or to 2.5 CMC for EC and XC (Fig. 4 A, C).

The main mode of action at the basis of the effectiveness of GT seems to be its surfactant properties, caused by the α-tomatine
content while other compounds seemed to have a dilution affect. In particular, this surfactanct property is caused by the presence of the
lycotetraose residue with polar features, while the aglycone part is nonpolar, conferring the molecule an amphiphilic behavior in a pH
range of 5–8 (Friedman, 2002).

In agreement with literature the change of membrane permeability and disruption is a mechanism effective against all bacteria,
both Gram-positive and Gram-negative (Pingulkar et al., 2001; Friedman, 2002 Friedman, 2013; Lorent et al., 2014).

Typically, the cholesterol-binding activity of α-tomatine, and consequently its biocidal effect, has an optimum around pH 7.8–8
when the amino group (-NH) present in the F ring of the glycoalkaloid is in its unprotonated form. Lowering the pH to more acidic
conditions (e.g., pH 4) promotes the protonation of the amino group, generating a partial charge on the aglycon portion, which in turn
impairs the amphiphilic features of the molecule (Bailly, 2021; Friedman, 2002).

Firstly, aglycon portion form reversable bonds with sterols, then, when a high density of tomatine molecules has bound to sterols,
their glycosidic residues can interact with one another forming a matrix of irreversible α-tomatine-cholesterol bonds that bend the
membrane, eventually causing the budding off of small vesicles that undermine the integrity of the membrane and cause leakage and
ultimately cell death (Milner et al., 2011).

Instead, on a first look, the bioactivity of SL did not seem to be directly linked to the surfactant properties. Still, as previously
mentioned, the CMC of the α-tomatine portion of SL is 2.4 times higher than that of the whole extract. When taking this into
consideration, and the fact that the effect against EC and XC was seen at a concentration of 2.5 CMC units, it is reasonable to suggest
that the effect against these bacteria is associated to the surfactant properties of the α-tomatine contained in the SL.

Completely different was the case of SL against BP, where the inhibition remains very strong at concentrations significantly lower
than CMC.

Surfactant molecules are usually described as being in a single-molecule state at concentrations below their CMC, nevertheless the
existent capability to reduce the surface tension (Fig. 2) was more recently attributed to the presence of molecules-cluster or pre-
micellar aggregation (LeBard et al., 2012; Sen et al., 2016). This partial reduction of surface tension might be sufficient to partially
solubilize the tomatidine fraction of the SL extract, which accounts for approximately 50 % of the extract.

Tomatidine is known to have bacteriostatic and bactericidal properties against Staphylococcus aureus and Bacillus spp. small-colony
variants, by interfering with protein biosynthesis and ATP-synthase activity (Guay et al., 2018; Lamontagne Boulet et al., 2018;
Langlois et al., 2024; Mitchell et al., 2011). This latter mode of action has been linked to the integrity of the spiroaminoketal moiety of
tomatidine and specific features of the C3 carbon; in fact, extensive modification of the 3β-hydroxyl group of the molecule is dele-
terious for its bactericidal effect (Lamontagne Boulet et al., 2018). In addition, tomatidine has been shown to enhance the toxicity of
other molecules (i.e. gentamycin), thereby lowering their effective concentration (Chagnon et al., 2014). However, tomatidine is
strongly hydrophobic and its reduced availability in solution impairs all these toxicity mechanisms. On its own, the molecule mini-
mizes the contact surface with water through weak hydrogen bonds that produce insoluble aggregates (Maibaum et al., 2004; Bogunia
and Makowski, 2020). Moreover, its solubility may improve after interaction with surfactant that limited tomatidine-water repulsion
thank to the formation of bound with the hydrophobic moieties of the surfactant (Jeffrey et al., 2010). In both the extracts similar
interactions are possible among α-tomatine and tomatidine in particular in the SL that has a more proportionate amount of the
molecules. However, no or very limited improvement of the bioavailability and biocide effect was recorded. On the contrary, this item
may be the explanation of the high toxicity highlighted in the trial with Bacillus species known to secrete large amount of surfactant
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Fig. 4. Graphs reporting the inhibitory effect of bacterial growth of the GT and SL extracts. In each graph, the Y-axis reports the percentage of
growth inhibition compared to the growth measured in the non-treated control. For graphs A to F, the X-axis reports the treatment, either GT or SL
extract, or the control with the antibiotic Kanamycin (Kan) and the concentration of the treatment, expressed as µg mL− 1, between squared brackets.
For graphs G and H, the X-axis reports the concentration of GT and SL extracts, respectively, expressed as CMC units. Graphs A, C, E and G report the
results obtained with the GT extracts, while B, D, F, and H report the results of SL extracts. Graphs A and B report the results obtained with EC,
graphs C and D the results with XC, graphs E and F the results with BP, while graphs G and H report the results with all three bacteria as lines with
different colours, as reported in the legend. Different letters (a, b, c, d) over a bar indicate statistically different results according to a Kruskal-Wallis
non-parametric test (P < 0.05).

Fig. 5. Graphs reporting the inhibitory effect on BC growth in vitro and on BC infection on tomato leaves of the GT and SL extracts. In graphs A, C,
and E, the Y-axis reports the inhibition of BC growth, while in graphs B, D, and F it reports the percentage of BC infection (I%I). In graphs A, B, C,
and D the X-axis reports the treatment (either GT or SL extract, or the control with the fungicides Signum, Switch, or King) and the concentration of
the treatment, expressed as µg mL− 1, between squared brackets. For graph E, the X-axis reports the concentration of GT and SL extracts expressed as
CMC units. For graph F, the X-axis reports the concentration of GT and SL extracts expressed as CMC units calculated on the base of α-tomatine
concentration only. For the in vitro results, concentrations ranging from 63 to 1000 µg mL− 1 were used, while the in vivo experiments used con-
centrations between 30 and 500 µg mL− 1 as reported in Supplementary Table 1. Different letters (a, b, c, d) over a bar indicate statistically different
results according to a Kruskal-Wallis non-parametric test (P < 0.05).
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called surfactins (Théatre et al., 2021).
Surfactins are cyclic lipopeptides with strong surfactant properties (Ongena and Philippe, 2008) composed of a hydrophilic protein

head and a fatty acid chain which length ranges from C12 to C15. The length of the fatty acid influences the size of the aggregates,
CMC, and number of molecules involved in the micelle formation (Bochynek et al., 2023). The protein part of surfactins often shows an
apolar domain with aliphatic amino acids, mainly leucine (Théatre et al., 2021), an amino acid with which tomatidine is known to have
strong interactions (Lisdiana et al., 2023) making the bonding between surfactin and tomatidine very likely. Since the surfactin micelle
is characterised by a large surface and small internal volume, it is reasonable to suppose an almost outward position of the tomatidine
in the micelle allowing its chemical reactivity as well as biocide effect (Long et al., 2015).

3.2.2. Biocide activity against Botrytis cinerea
The in vitro tests showed the capability of the extracts to reduce the growth of BC reaching levels of inhibition comparable or higher

than those obtained by the fungicides (Fig. 5 A,C). The maximum effect was reached at very low concentration and maintained at
plateau for some successive doses before, in the case of SL, decreasing at the highest concentrations tested.

The expression of dose in CMC unit highlighted that the maximum effect for doses below or equal to CMC α-tomatine due (Fig. 5) as
described before against BP. Then the reduction occurred with different degree after those concentrations. Similar trend has been
described for fungicide with colloidal nature that at higher concentration are subjected to precipitation phenomenon (Owen et al.,

Fig. 6. Graphs reporting the inhibitory effect on BC growth in vitro of A) pure analytical standards of α-tomatine and tomatidine and three mixes of
the two standards: B) MIX α-25, C) MIX α-50, and D) MIX α-75. The Y-axis reports the percentage of growth inhibition compared to a non-treated
control. The lower X-axis reports the concentration of the standards or mixtures used as µg mL− 1, while the higher X-axis reports the same con-
centrations as α-tomatine CMC. In graph A, the red solid line indicates α-tomatine standards, while the black dotted line indicates tomatidine
standards. For graphs B, C, and D the solid lines report the effects of the treatment related to the lower X-axis, absolute concentration, while the
dotted lines report the effects of the treatment related to the top X-axis, α-tomatine CMC.
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2014). The α-tomatine micelles can form super-micelles or micelles aggregates thus destined to precipitate. In this case, however, the
toxic effect of α-tomatine may not be due exclusively to its surfactant nature. It is reported in literature that, on top of the previously
mentioned effects of α-tomatine due to pore formation, other toxicity mechanisms of α-tomatine include accumulation of reactive
oxygen species, activation of phosphotyrosine kinase and monomeric G protein signaling pathways leading to increased Ca2+, and
induction of apoptosis (Sandrock and Vanetten, 1998; Lorent et al., 2014; Tam et al., 2021).

The in vivo assay against BC gave the following results: without any inoculation with the pathogen, the leaves showed no devel-
opment of symptoms, while the leaves inoculated with the pathogen and without any treatment showed high levels of rot, with an
average of I%I around 50 % but reaching peaks of 80 % in some plates; the treatment with commercial fungicides greatly reduced the
infection. In particular, the synthetic fungicides Switch and Signum entirely negated the infection in most cases, rarely allowing the
development of the pathogen and, even then, just to very low degree. The King fungicide, which is available in organic agriculture, still
managed to greatly reduce the development of symptoms to around half of that registered in the non-treated controls.

Most of the treatments made with the SL and GT extracts had the same efficacy as the King fungicide, being in the same range of
efficacy and validated by statistical analysis (Fig. 5 B,D). The only exception is the highest concentration tested for both extracts
(500 µg mL− 1) which showed infection values comparable or even higher than the non-treated control. This is in line with the results
obtained from the in vitro assays, in which the lowest concentration tested had higher efficacy in inhibiting BC growth and higher
concentrations eventually lost efficacy.

It is important to note that, with the exception of these last high-concentration conditions, all treatments managed to lower – at
least in some cases – the infection index to 0 %, an important factor when determining the actual applicability in field conditions since
only a complete halt to the growth of the pathogen can not only protect the plant organ, but also reduce the overall damage by
preventing secondary infections that can happen throughout the season, in particular from leaf to fruit.

To achieve a deeper evaluation of the interaction, in vitro tests were performed with the pure standards and their mix (Fig. 6). The
pure α-tomatine standard gave a significant reduction of BC growth, achieving the almost complete inhibition of the growth of the
fungi at the lowest concentration of 30 µg mL− 1 and maintaining the efficacy at higher concentrations. Instead, tomatidine had a
limited inhibition effect at very low concentrations (9–18 µg mL− 1) and no inhibitory effect was seen at higher concentrations. On the
contrary, the presence of high tomatidine concentration (37–500 µg mL− 1) seemed to promote the growth of the fungus. This increase
in growth rate was registered at concentrations at which precipitation phenomenon was recorded (Fig. 3 A) avoiding the BC-
tomatidine interaction. The calculation of the theoretical CMC of the MIX based on the CMC of the α-tomatine and α-tomatine/
tomatidine proportion gave values of CMC equal to 101.2 µg mL− 1, 151.6 µg mL− 1, and 303.6 µg mL− 1 for MIX α-75, α-50, α-25
respectively. Expressed as CMC the doses of the MIX α-75, α-50 were very similar or higher than CMC thus confirming the association
effect and surfactant activity.

Despite this, the MIX α-25 was less effective in inhibiting fungal growth than the other MIX even at concentrations higher than CMC
= 1 (Fig. 6 B). This reduced bioactivity may be due to a sequestering of available α-tomatine by the surplus of tomatidine: part of the
α-tomatine will be involved in hydrophobic bonds with the tomatidine and therefore be unavailable to act against the fungus.

The other mix were tested at value > 1 CMC therefore no considerations may be done in this sense. However, the very good
correspondence between the inhibition vs. concentration or CMC data highlighted almost well correspondence (Fig. 6 C-D).

The SL has a proportion glycated-aglycated saponine not yet tested with the MIX, but although it is borderline, no depressive effect
on bioactivity against BC occurred. A possible explanation considered the involvement of other glycosylated tomatidine instead of
α-tomatine in the interaction with tomatine to mitigate its negative effect. In fact, summing this fraction to the α-tomatine content
(Table 1), the SL become a MIX glycosylated-50 ratio typical safe from the depressive effect of tomatidine.

4. Conclusion

This study confirms the strong antimicrobial potential of tomatines and contributes to expanding knowledge on the use of extracts
from tomato residues, as opposed to highly purified analytical standard molecules. Particularly noteworthy is the observation the GT
extract, rich in α-tomatine and lacking tomatidine, exhibited an exceptionally high antifungal effect even at very low concentrations,
while the antibacterial effect was significant only at concentrations higher than 1 CMC. This suggests that such natural extracts could
serve as relatively selective molecules capable of inhibiting the growth of fungal pathogens while preserving bacterial diversity and the
presence of mutualist bacteria. Further trials are necessary to gather more data on the effects of these extracts on non-target organisms.
Nevertheless, the current results imply that tomatine-rich extracts might be an effective product for plant protection obtained from a
circular economy approach.
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