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Abstract

BACKGROUND: Protein hydrolysates (PHs) can enhance plant nitrogen nutrition and improve the quality of vegetables,
depending on their bioactive compounds. A tomato greenhouse experiment was conducted under both optimal (14 mM)
and suboptimal (2 mM) nitrogen (N-NO3) conditions. Tomatoes were treated with a new Malvaceae-derived PH (MDPH) and
its molecular fractions (MDPH1, >10 kDa; MDPH2, 1–10 kDa and MDPH3, <1 kDa).

RESULTS: Under optimal N conditions, the plants increased biomass and fruit yield, and showed a higher photosynthetic pigment
content in leaves in comparison with suboptimal N, whereas under N-limiting conditions, an increase in dry matter, soluble solid
content (SSC) and lycopene, a reduction in firmness, and changes in organic acid and phenolic compounds were observed. With
14 mM N-NO3, MDPH3 stimulated an increase in dry weight and increased yield components and lycopene in the fruit. The
MDPH2 fraction also resulted in increased lycopene accumulation in fruit under 14 mM N-NO3. At a low N level, the PH fractions
showeddistinct effects comparedwith thewholeMDPHand the control, with an increase inbiomass forMDPH1 andMDPH2 and a
higher pigment content for MDPH3. Regardless of N availability, all the fractions affected fruit quality by increasing SSC, whereas
MDPH2 and MDPH3 modified organic acid content and showed a higher concentration of flavonols, lignans, and stilbenes.

CONCLUSION: The molecular weight of the peptides modifies the effect of PHs on plant performance, with different behavior
depending on the level of N fertilization, confirming the effectiveness of fractioning processes.
© 2024 Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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INTRODUCTION
Greenhouse horticulture is an intensive agriculture system that
focuses on the production of high-value vegetables and requires
very efficient resource utilization (water, fertilizers, etc.) to maxi-
mize the yield, guarantee early development and yield stability,
and produce quality in a sustainable way. Its global market was
valued at 32.3 billion US dollars in 2021, and it was projected to
grow at a compound annual growth rate (CAGR) of 7.8%
from 2022 to 2030 (https://www.alliedmarketresearch.com/
greenhouse-horticulture-market). Greenhouse horticulture relies
on a substantial use of fertilizers, especially nitrogen per unit area,
in comparison with other cropping systems.1,2 Nitrogen plays a
key role in various essential processes, including growth, leaf-area
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expansion, biomass production, crop yield, produce quality, and
response to environmental stresses.3,4 Nitrogen fertilizers have
been often overused because of the high crop N requirements
under greenhouse conditions, with little attention paid to the
negative impact on the environment and human health;5 none-
theless it has been verified that there is no linear correlation
between high N fertilizer supply and uptake, transport, and stor-
age of this element.1 Conversely, it has been shown that increas-
ing N fertilization can reduce the N use efficiency and can
negatively affect both yield and product quality negatively.6-8

Nitrogen application that exceeds crop uptake and utilization
limits results in nitrogen losses in the agroecosystem through sur-
face run off, leaching, denitrification, and volatilization; these
losses contribute to increase environmental issues linked to nitro-
gen pollution such as the emission of greenhouse gases, contam-
ination of water bodies, eutrophication, soil acidification, and a
decline in biodiversity.9-12

To address this issue, the European Commission has developed
the European Green Deal strategy to reduce fertilizer consump-
tion by 20% by 2030 in comparison with 1990 levels (EU, 2020).
Tomeet this challenge, the use of protein hydrolysate- (PH-)based
biostimulants is an agronomic tool that can enable a shift from a
resource-intensive to sustainable greenhouse production sys-
tems, safeguarding yield and quality production. Protein hydroly-
sates can reduce the fertilizer application rate by improving the
efficiency of the nutrient acquisition processes and by increasing
quality traits (Regulation (EU) 2019/1009 of the European Parlia-
ment). In particular, PHs have been shown to influence plant nutri-
tional status by modulating several physiological and molecular
mechanisms such as the stimulation of the genes involved in
the N assimilation processes;7,13 they can boost endogenous hor-
mones by their phytohormones-like activity, and they can support
mineral nutrition due to modulation of the root system.14-17 An
extensive body of scientific literature is available regarding the
PH effects mentioned above at different N rates, especially on
leafy vegetables. For instance, recent studies demonstrated that
the application of a legume-derived PH increased the marketable
yield of spinach1 and lamb's lettuce,7 especially under low nitro-
gen rates. Di Mola et al.18 reported that the foliar application of
a vegetal-based PH stimulated plant growth and boosted the
marketable yield and functional quality of baby rocket grown
under a suboptimal nitrogen fertilization regime. Applications of
a PH at suboptimal N regime enhanced tomato growth at early
development stage, upregulating gene expression for amino acid
transporter and glutamine synthetase.13

Nevertheless, the mode of action of PHs is still not understood
completely. Peptides are the most abundant bioactive molecules
in enzimatically-produced PHs; peptides exhibit their main bio-
logical regulatory activity by acting as signaling molecules.19-21

On the other hand, the variability in the molecular characteristics
(e.g., amino acid sequences) of peptides impedes generalization
of their mode of action. In view of this, molecular fractionation
could be a useful process to shed light on the effects of different
molecular weight peptides.
Indeed, Lucini et al.22 showed that the smallest fraction (PH1;

<1 kDa) of the PH Trainer was the most active in promoting the
growth of adventitious roots of tomato cuttings in a laboratory
assay; the same authors observed similar metabolic signature
between PH1 and IBA-treated cuttings thereby inferring the
auxin-like activity of this fraction. Furthermore, in recently pub-
lished papers the fractions of two different PHs differentially

modulated lettuce nutritional quality, thereby highlighting their
different mode of action.23,24

As far as the authors of the current study are aware, no research
has been conducted concerning the effect of peptides at different
molecular weights in interaction with different N levels on agro-
nomical, physiological, and fruit quality response of an important
vegetable crop such as fresh market tomato grown under green-
house conditions. Tomato is indeed an important source of nutri-
ents and antioxidant-rich phytochemicals including carotenoids
(mainly lycopene) and bioactive phenols, which helps to counter
many chronic diseases, as argued by Ali et al.25 Thus, the aim of
this work was to evaluate a new Malvaceae-derived PH (MDPH)
and its molecular fractions (MDPH1, <1 kDa; MDPH2, 1–10 kDa
and MDPH3, >10 kDa) on yield and phytochemical profile of
tomato fruit under both optimal (14 mM) and suboptimal
(2 mM) nitrogen regimes. Finally, this approach can provide a
‘knowledge package’ that includes innovative solutions and mul-
tidisciplinary know how regarding the contribution of each spe-
cific fraction to the greenhouse vegetable production process
which in turn can lead to the development of a new generation
of functional biostimulants.

MATERIALS AND METHODS
Growth conditions, experimental design, and plant
material
The experiment was carried out in the autumn and winter of
2020/2021, in a polyethylene greenhouse at the Experimental
Farm ‘Nello Lupori’ of Tuscia University, Viterbo, central Italy (42°
25' N; 12° 08' E; 310 m a.s.l.). The daily air temperature inside the
greenhousewasmaintained between 18 and 28 °C by forced ven-
tilation and day/night air relative humidity was 55/85%. On
October 4, 2020, seedlings of Solanum lycopersicum L. cv. Pralyna
(SAIS Sementi, Cesena, Italy) were transplanted at the three-true
leaves stage into pots (Ø = 24 cm, 9.5 L) containing 1.5 L of quar-
ziferous sand with a particle size between 0.4 and 0.8 mm. Plant
rows were 0.9 m apart, and the space between plants within a
row was 0.3 m. The distance between the centers of double rows
was 1.2 m, resulting in a plant density of 3.5 plants m−2. Crops
were pruned at the seventh truss stage. The experimental design
consisted of a factorial combination of two N levels of the nutrient
solution (14 mM N-NO3: optimal and 2 mM N-NO3: suboptimal)
with five biostimulant (B) treatments – an untreated-control and
four biostimulants (MDPH, MDPH1, MDPH2, MDPH3) – arranged
in a randomized complete block design with four replicates. In
total, the design employed 40 experimental units (2 N × 5B × 4
replicates), each consisting of 12 tomato plants (n = 480 plants).

Biostimulant characteristics and application
A PH derived from Malvaceae biomass, referred to here as MDPH,
and its fractions (MDPH1, MDPH2, MDPH3) with different molecu-
lar weights, were chosen for this trial. The MDPH was obtained by
enzymatic hydrolysis of vegetal-derived proteins, as described
previously.26 Total N and carbon were quantified through the
Dumas method using an elemental analyzer (Elemental vario
MAX CN, Langenselbold, Germany). Quantitative analysis of this
PH showed carbon and N content of 178 and 53.7 g kg−1, respec-
tively. The fractionation process was carried out using centrifuge
filtering tubes (Amicon Ultra 15, Merck KGaA, Darmstadt,
Germany) to obtain the fractions>10 kDa (MDPH1) and 1–10 kDa
(MDPH2) and using 1 molecular cut-off cellulose acetate mem-
branes (VWR, Milan, Italy) for the lowest molecular weight fraction
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(MDPH3). Due to the use of water for partition, N concentration
was diluted in each fraction obtained; the content of N was there-
fore again determined as follows: 1.5 g kg−1 for MDPH1
(>10 kDa); 1.1 g kg−1 for MDPH2 (1–10 kDa); 0.4 g kg−1for MDPH3
(<1 kDa). The treated plants were sprayed uniformly 11 times dur-
ing the growing cycle at 10-day intervals with a solution contain-
ing 2.48 g L−1 (MDPH), 88.8 g L−1 (MDPH1), 121.2 g L−1 (MDPH2),
and 333.2 g L−1 (MDPH3) using a 2.5 L stainless-steel sprayer.
Control plants were sprayed with tap water. Fraction dosage rates
were defined in order to apply the same N level across treatments
(0.133 g N L−1). Foliar applications were initiated 7 days after
transplanting (October 11).

Nutrient solution management
The nutrient solution was distributed through fertigation with a
nutrient concentration of: 1.5 mM P, 2.5 mM S, 5.0 mM K,
1.25 mM Mg, 20.0 μM Fe, 9.0 μM Mn, 0.3 μM Cu, 1.6 μM Zn,
20 μM B, and 0.3 μM Mo. Two differential amounts of N were
added to this base nutrient solution so that the N concentration
of the solution was 14 mM N-NO3 and 2 mM N-NO3 for optimal
and suboptimal nutritional treatment (N), respectively. In the sub-
optimal N treatment, calcium was adjusted to the same concen-
tration in the optimal N concentration solution (7 mM Ca)
through the addition of CaCl2. All plants were drip irrigated using
one emitter per plant with a flow rate of 2 L h−1. Low-tension ten-
siometers (LT-Irrometer, Riverside, CA, USA) were used to sched-
ule and manage fertirrigation, depending on substrate matric
potential.27 The beginning (−5 kPa) and end (−1 kPa) of fertirriga-
tion, which correspond to the high- and low-tension set points for
themajority of the growthmedia, were regulated by tensiometers
that were coupled to an electronic programmer.28 Each fertirri-
gated cycle was timed to be long enough to allow at least 35%
of the nutrient solution draining from the pots.

Plant growth measurement, yield, and fruit quality
assessment
At 48 days after transplanting (DAT) (i.e., on December 22), leaf tis-
sues from three plants per experimental unit were collected,
transferred into liquid nitrogen, and stored at −80 °C to deter-
mine pigments. The harvest of fully ripe fruits (mature red stage)
started on December 16 (42 DAT) and continued until January
26 (112 DAT), on each plant of each experimental unit, recording
total and marketable yield, number, and mean weight of market-
able fruits.
A subsample ofmarketable fruits was selected, from each exper-

imental unit, to evaluate fruit quality parameters. Dry matter
(DM) content was determined by drying 20 g of homogenized
tomato sample in a ventilated oven at 65 °C until constant weight.
Firmness was measured at the equator of the fruit by using a por-
table penetrometer (FT 40 Wagner Instruments, Greenwich CT,
USA) fitted with a 6 mm diameter stainless-steel tip. The soluble
solid content (SSC) was assessed at 20 °C using an Atago N1 dig-
ital refractometer (Atago Co. Ltd., Tokyo, Japan) and expressed as
°Brix. Other fruits were immediately frozen in liquid nitrogen and
stored at −80 °C for lycopene and phenolic profiling, and
ferric reducing antioxidant activity (FRAP) and2,2-diphenyl-
1-picrylhydrazyl (DPPH) assays.
At the end of the experiment, stems, leaves, and roots were

dried in ventilated oven at 65 °C until a constant weight was
obtained to determine the total dry biomass.
Dried fruit samples (250 mg) were used to analyze organic acids

content as described by El-Nakhel et al.29 Briefly, the dry material

was diluted in ultrapure water (50 mL; Milli-Q, Merck Millipore,
Darmstadt, Germany) and then placed in a water bath (80 °C; Sha-
keTemp SW22, Julabo, Seelbach, Germany) and shaken for
10 min. The filtered samples were then identified for their organic
acid content using ion chromatography (ICS-3000, Dionex, Sunny-
vale, CA, USA) and quantified with ion chromatography coupled
to a conductivity detector. Then, citric, malic, and oxalic acids
were expressed in mg g−1 dry weight (DW).

Leaf chlorophylls and carotenoids
Total chlorophyll, chlorophyll a, b, and carotenoids were assessed
as described by Lichtentaheler.30 Briefly, 0.5 g of frozen leaf sam-
ples were extracted in 10 mL of acetone (80% v/v) using a mortar
and pestle for 15 min in darkness and the extracts were then cen-
trifuged at 3000 × g for 5 min. Chlorophyll a, b and carotenoids
concentration were determined using ultraviolet (UV-) visible
spectrophotometry (Beckman DU-50 UV–visible; Beckman Instru-
ments, Inc., Fullerton, CA, USA) measuring the absorbance solu-
tion at 647, 664 and 470 nm, respectively. Total chlorophyll was
calculated as the sum of chlorophyll a and chlorophyll b. All pig-
ments were expressed as mg g−1 fresh weight (FW).

Fruit lycopene content and phenolic profiling using
untargeted metabolomics
Lycopene determination was performed as described by Sadler
et al.31 Two grams of fresh tomato fruits were ground with mortar
and pestle and mixed with 50 mL of a mixture of n-hexane:ace-
tone:ethanol (2:1:1) at 0.5% of 2,6-di-tert-butyl-4metyl-phenol.
After 30 min the absorbance was read at 472 nm with a spectro-
photometer (Beckman DU-50 UV-visible; Beckman Instruments,
Inc., Fullerton, CA, USA). Pure lycopene (Sigma, St. Louis, MO,
USA) was used to build the calibration curves. Lycopene content
was then expressed as mg g−1 FW.
Tomato fruit sampled from both optimal and suboptimal condi-

tions, together with biostimulant treatments, were monitored to
explore phenolic profiles by untargeted metabolomics as previ-
ously reported.32 A solution (10 mL) containing of 80% methanol
(v/v) and 0.1% of formic acid was used to extract 1 g of each fro-
zen sample followed by homogenizing (Polytron PT1200 E, Kine-
matica AG, Switzerland). A combination of ultra-high-pressure
liquid chromatography (UHPLC, 1290 series) and high-resolution
mass spectrometry (QTOF analyzer, G6550 iFunnel) (Agilent Tech-
nology, Santa Clara, CA, USA) was applied for profiling. The sepa-
ration was provided by a Knauer Blue Orchid C18 column
(100 × 2 mm i.d., 1.8 μm), a binary mixture of water, and acetoni-
trile acidified with 0.1% (v/v) formic acid as a mobile phase (LC–
MS grade, VWR, Milan, Italy). In each injection, 6 μL of sample solu-
tion is introduced into the column using a gradient of acetonitrile
from 6 to 94% at 33 min intervals (with a flow rate of
0.200 mL min−1). Acquisition was carried out in SCAN mode
(100–1000 m/z, at 35 000 FWHM resolution). Data alignment
and feature extraction were completed postacquisition using Agi-
lent Profinder software B.10.0 (Agilent Technologies, Santa Clara,
CA, USA). Identity confirmation of compounds was based on
monoisotopic mass, isotopic ratio, and isotopic spacing, consider-
ing quasi-molecular ions and the possible adducts. Compound
annotation was achieved recursively based on a ‘find-by-formula’
algorithm used with the Phenol-Explorer 3.6 database (http://
phenol-explorer.eu). As a post annotation filter, only features
measured in 75% or more of internal replicates within at least
one treatment were retained. Afterwards, phenolic compounds
were first ascribed to classes and then their semi-quantitative
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values were estimated using calibration curves as described
previously.33

Fruit DPPH and FRAP
The antioxidant activity was evaluated after extraction of 1 g of
fresh tomatomaterial with 10 mL of methanol and using the Hach
DR 2000 UV–visible spectrophotometer (Hach Co., Loveland, CO,
USA). Extraction was carried out by homogenizing the frozen sam-
ples with pestle and mortar. The DPPH method involved incuba-
tion of 200 μL of extract from each microgreen sample, at room
temperature for 10 min with 1 mL of DPPH solution (4 mg of
DPPH in 10 mL of methanol) and reading the extracts at
517 nm.34

The FRAP method involved incubation for 4 min of 150 μL of
tomato material extract at room temperature with 2.850 mL
of FRAP working solution (1.25 mL), consisting of 10 mM 2,4,6- tri-
pyridylstriazine (TPTZ) in HCl (40 mM), 1.25 mL of FeCl3 (20 mmol)
in water and 12.5 mL of 0.3 mol L−1 sodium acetate buffer 0.3 mol
L−1 (pH 3.6). The absorbance of the samples was read at a length
of 593 nm, thanks to the reduction of ferric tripyridyltriazine, Fe
(III) – TPTZ, to colored ferrous tripyridyltriazine (Fe (II) – TPTZ).35

For both methods the antioxidant activity was expressed as mg
Trolox equivalents (TE) g−1 FW.

Statistical analysis
All experimental data were subjected to two-way analysis of vari-
ance (ANOVA) using the software package SPSS 20 for Windows
10 (IBM, Armonk, NY, USA). The N level mean effect was compared
using t-tests, while Tukey's HSD test, at P = 0.05, was used to sep-
arate the main effects of biostimulants and their interactions with
the measurement parameters.
Agilent Mass Profiler Professional B.12.06 software was applied

to normalize the metabolomics-based data. Similarities/
dissimilarity across treatments was measured with unsupervised
hierarchical cluster analysis (HCA) (Euclidean distance and the
Ward linkge method). A supervised statistics method based on
orthogonal projections to latent structures discriminant analysis
(OPLS-DA) was also used to assess the discriminant metabolites.
Afterwards, variable importance in projection (VIP) ranking was
used to find the discriminant power of each discriminant marker.
Here, variables with a VIP score greater than 1 were considered
important in our models. Compounds listed as VIP markers were
given a VIP score. The VIP ranking allows to evaluate importance
of individual variables from predictors block and their influence
on the PLSmodel. The logarithm of fold change (logFC) was quan-
tified to assess the accumulation trend of each discriminant com-
pound between treatments. The quality and validity of the
models were also evaluated by the goodness-of-fit (R2X and
R2Y) and prediction ability (Q2Y) parameters.
Finally, the differences in phenolics content between treat-

ments were assessed using a one-way ANOVA followed by
Tukey's post hoc test was performed with SPSS software (v.n25,
IBM Corp.), adjusting the significance level at ⊍ = 0.05.

RESULTS
Plant growth and yield assessment
Total plant dry weight was affected significantly by N level
(P ≤ 0.001) and N level × biostimulant interaction (P ≤ 0.01,
reported in Fig. 1). Plants treated with the lower molecular weight
of PH (MDPH3) and fertilized with the optimal N dose provided
the highest dry biomass when in comparison with all other

treatments, whereas treatments MDPH, MDPH1, and MDPH2 sus-
tained biomass accumulation under N deficiency.
Table 1 reports the effect of N level and biostimulant treatment

on total and marketable yield and marketable yield components
of tomato plants. All yield variables were significantly affected
by N input with a strong decrease in all mean values by reducing
the N level from 14 to 2 mM. There was a significant interaction
between N level and biostimulant for total and marketable yield,
and for number of marketable fruits under 14 mM of N. MDPH3
treatment provided the highest increase of total and marketable
yield and yield components in comparison with untreated control
under optimum N dose whereas there were not significant bene-
fits from the application of biostimulant treatments in increasing
marketable yield and its components. However, under subopti-
mal N level, MDPH2 enhanced total yield by 23% in comparison
with untreated control (Table 1).

Total chlorophyll, chlorophyll a and b and carotenoids
Table 2 reports the effect of the nitrogen level and biostimulant
treatment on chlorophyll a and b, and total chlorophyll (a + b)
level, as well as carotenoid content in tomato leaves. Except for
chlorophyll b, foliar pigment concentrations were significantly
enhanced by increasing N level. All foliar pigment concentrations
were significantly affected by a N level × biostimulant interaction.
At the optimal N dose, chlorophyll a, total chlorophyll, and carot-
enoids were highest in leaves of plants treated with the low
molecular fractions of PHs (MDPH2 and MDPH3). At 2 mM of
N-NO3, MDPH3 treatment provided the highest values of chloro-
phyll a, total chlorophyll, and carotenoids in tomato leaves. The
increase in chlorophyll a, total chlorophyll, and carotenoids
caused byMDPH3 application wasmuchmore pronounced under
a suboptimal N level than an optimal N level.

Quality traits of tomato fruits
The effect of N fertilization rate and PH treatments on physical,
chemical, and nutritional traits of tomato fruit is shown in
Table 3. Fruit dry matter was only affected by the N level with
the highest values under suboptimal N supply. Significant interac-
tion was found for fruit firmness with a slight and generalized

Figure 1. Total dry biomass (leaves, stems, fruits and roots) of tomato
plants grown under two nitrogen rates (optimal N-14 = = 14 mM N-
NO3, and suboptimal N-2 = 2 mM N-NO3) and treated with Malvaceae-
derived protein hydrolysate (MDPH) and its molecular fractions (MDPH1,
MDPH2, and MDPH3 corresponding to molecular fractions >10 kDa,
between 1 and 10 kDa, <1 kDa, respectively). All data are expressed as
means ± standard errors (n = 4). Different letters above the bars indicate
significant differences according to Tukey's HSD test, performed at
P = 0.05. DW: dry weight.
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decrease ofmean values in PH-treated plants when in comparison
with untreated control at optimal N level whereas no significant
effects of biostimulant treatments were recorded on fruit firmness
under a suboptimal N level. The SSC was significantly affected by
N treatment and PH application. The decrease in the N concentra-
tion increased the SSC content by 10% in fruits. When averaged
across N level, MDPH1, MDPH2, and MDPH3 increased the SSC
content of fruits in comparison with control by 8.7, 6.6 and 7.5%,
respectively. Citric acid was the most commonly represented
organic acid in tomato fruits, and it was generally reduced by low-
ering the N supply (Table 3). At optimal N supply, citric acid was
increased in fruits by all molecular fractions in comparison with
untreated control (avg. +11%), whereas oxalic acid decreased
with the lowest fraction of PH treatment (MDPH3) (−17.5%).
Under a low N level, citric acid was reduced only by MDPH1 treat-
ment whereas oxalic acid was lower in all biostimulant treatments
than in the control. Malic acid was affected significantly only by N
treatment with a lower value (−36%) at 2 mM N-NO3 in compari-
son with 14 mM N-NO3. Nitrogen availability also had an impact
on the fruit nutrient concentration, as the concentration of P
decreased significantly from 3.6 mg g−1 DW under optimal N to
2.1 mg g−1 DWwith N deficiency; similarly, K concentration chan-
ged from 34.3 to 27.2 mg g−1 DW and magnesium from 1.6 to
1.0 mg g−1 DW. On the other hand, reducing the N level from
2 to 14 mM N-NO3 increased the Ca concentration by 18% (0.9

to 1.0 mg g−1 DW), the S concentration by 8% (0.54 to
0.58 mg g−1 DW), and the Cl concentration by 421% (1.13
to 5.87 mg g−1 DW). No significant differences were recorded in
fruit mineral concentration as a result of changing the biostimu-
lant treatment (Table S1).
The fruit lycopene content was significantly affected by N

level × biostimulant treatment interaction (Fig. 2). Lycopene con-
tent was generally reduced by increasing the N supply. At the
optimal N level, MDPH2 and MDPH3 increased lycopene content
in fruit in comparison with an untreated control (by 30% and
40%, respectively) whereas biostimulant applications did not
enhance lycopene content of fruits under suboptimal N levels.
No interaction was noted between both factors (nitrogen and

biostimulant) regarding FRAP and DPPH antioxidant activities in
tomato fruits (Table 4). In comparison with N-2, FRAP, and DPPH
antioxidant activity in fruit was higher under N-14 by 28.7 and
89.4%, respectively (Table 4). Biostimulant treatment affected
only FRAP with a significant increase in comparison with the
untreated control in MDPH, MDPH1, and MDPH3 treatments by
31.0, 42.6 and 36.1%, respectively.

Phenolic profile of tomato fruits
Untargeted metabolomics using Ultra high performance liquid
chromatography coupled to a quadropole time of flight mass
spectrometer (UHPLC-ESI/QTOF) was performed to screen

Table 1. Effect of N level and biostimulant treatment on total and marketable yield, and number and mean weight of marketable fruits of tomato
plants

Source of variance Total yield (kg plant−1) Marketable yield (kg plant−1)

Marketable fruit

Number (n. plant−1) Mean weight (g fruit−1)

N level (mM N-NO3)
14 2.39 ± 0.04a 2.08 ± 0.05a 116.52 ± 2.88a 18.04 ± 0.51 a
2 0.90 ± 0.02b 0.84 ± 0.02b 74.10 ± 2.19b 11.53 ± 0.25b

Biostimulant (B)
Control 1.54 ± 0.23 1.41 ± 0.21 90.93 ± 7.12 14.70 ± 1.28
MDPH 1.66 ± 0.19 1.40 ± 0.13 93.79 ± 5.65 14.57 ± 0.82
MDPH1 1.63 ± 0.24 1.52 ± 0.21 97.70 ± 7.99 14.92 ± 1.03
MDPH2 1.70 ± 0.22 1.47 ± 0.17 96.58 ± 6.51 14.99 ± 1.39
MDPH3 1.74 ± 0.34 1.48 ± 0.28 95.89 ± 11.80 14.49 ± 1.30

N level × B
N-14 × Control 2.43 ± 0.09b 2.18 ± 0.09b 119.00 ± 4.47b 19.41 ± 1.13
N-14 × MDPH 2.23 ± 0.08c 1.80 ± 0.05d 108.50 ± 2.97c 16.79 ± 0.63
N-14 × MDPH1 2.33 ± 0.03bc 2.14 ± 0.05bc 120.20 ± 2.53b 17.87 ± 0.49
N-14 × MDPH2 2.40 ± 0.10b 2.01 ± 0.11c 112.33 ± 3.77c 18.35 ± 1.93
N-14 × MDPH3 2.64 ± 0.04a 2.37 ± 0.11a 130.50 ± 2.25a 18.25 ± 0.90
N-2 × Control 0.82 ± 0.02e 0.76 ± 0.02e 72.22 ± 3.56d 11.17 ± 0.67
N-2 × MDPH 0.91 ± 0.04de 0.86 ± 0.04e 74.17 ± 3.57d 11.61 ± 0.50
N-2 × MDPH1 0.92 ± 0.05de 0.90 ± 0.05e 75.20 ± 3.65d 11.98 ± 0.46
N-2 × MDPH2 1.01 ± 0.05d 0.93 ± 0.06e 80.83 ± 2.46d 11.62 ± 0.49
N-2 × MDPH3 0.84 ± 0.03de 0.77 ± 0.05e 68.20 ± 3.39d 11.48 ± 0.69

Significance
N level *** *** *** ***
B ns ns ns ns
N level × B ** *** * ns

Note: All data are expressed as means ± standard errors; n = 4. ns, *, **, ***: non-significant or significant at P ≤ 0.05, 0.01 and 0.001, respectively.
Nitrogen level means (N-14 = 14 mM N-NO3, N-2 = 2 mM N-NO3) were compared by t-tests. Different letters within each column indicate significant
differences as determined by Tukey's honestly significant difference (HSD) test (P = 0.05). MDPH: Malvaceae-derived protein hydrolysate; MDPH1,
MDPH2 and MDPH3 correspond to molecular fractions >10 kDa, between 1 and 10 kDa, <1 kDa, respectively.
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comprehensive profiles of phenolic compounds in tomato fruits
treated with biostimulants with different molecular weights
under optimal and suboptimal N conditions. A total of 252 pheno-
lic compounds were identified, representing an extensive diver-
sity that included anthocyanins, flavonoid-related subclasses
(isoflavonoids, flavanols, flavonols), lignans, phenolic acids, stil-
benes, and tyrosols. The complete list of annotated compounds
and isomeric structures, along with other characteristics, includ-
ing individual abundances and composite mass spectra, is given
in Supporting Information, Table S2. Further, to give a visual sight
of comparison in each class, a semi-quantification was also carried
out (Table 5), which summarizes the identified compounds into
various classes according to their structure. Isoflavonoids, flavo-
nols, tyrosols, and other polyphenol-related compounds were
among the classes that were significantly affected by the N avail-
ability level. The concentration of isoflavonoids increased by 25%
and flavonols increased by 33%, whereas tyrosols decreased by
35%, and other polyphenols decreased by −21% in the optimal
N conditions in comparison with the suboptimal N conditions. In
the case of biostimulant application, in general, compounds
related to anthocyanins, flavanols, flavonols, lignans, and stil-
benes accumulated in fruits treated with different molecular frac-
tions of PH in comparison with the control. Among different
molecular weight biostimulants, generally, MDPH2 and MDPH3
showed higher concentrations of flavonols (up to 0.244 mg eq.
g−1 DW), lignans (up to 0.633 mg eq. g−1 DW), and stilbenes
(up to 0.082 mg eq. g−1 DW). However, phenolic acids were

negatively affected by biostimulants, except for MDPH2, which
did not show a significant difference in comparison with the
untreated control under suboptimal N conditions. Table 5 shows
that the concentration of lignans, stilbenes, flavonols, and pheno-
lic acids was significantly influenced by the interaction of N level
and biostimulant treatment. Regarding lignans, and stilbenes,
the higher content belonged to MDPH3 treatment under low
nitrogen conditions recorded by 0.69, and 0.09 mg eq. g−1 DW,
respectively.
Figure 3 portrays the unsupervised HCA used to decipher the

differences among the phenolic profiles. The HCA is based on
three factors including N availability level, biostimulant treatment,
and the interaction between N level and biostimulant
treatment, which highlights the effect of each factor and their
potential interplays. In fact, this clustering involves creating clus-
ters that have predominant ordering from top to bottom and pic-
tures both similarities and differences between the metabolomics
fingerprints. Considering the HCA, the level of N has clearly
resulted in two distinct clusters (i.e., optimal and suboptimal N
levels), indicating different phenolic profiles. The behavior of bios-
timulants with different molecular weights was influenced by the
N level. Under optimal N conditions there was no clear separation
between control and biostimulants except for MDPH3, which was
clearly separated from others. However, different behavior was
identified under the suboptimal N condition as highlighted by
well separated clusters of individual biostimulants and also the
control, indicating the effectiveness of fractioning processes. In

Table 2. Effect of N level and biostimulant treatment on chlorophyll a and b, total chlorophyll, and carotenoids in tomato leaves

Source of variance Chlorophyll a mg g−1 FW Chlorophyll b mg g−1 FW Total Chlorophylls mg g−1 FW Carotenoids mg g−1 FW

N level (mM N-NO3)
14 0.90 ± 0.02a 0.21 ± 0.01 1.12 ± 0.03a 0.26 ± 0.01a
2 0.44 ± 0.02b 0.22 ± 0.01 0.67 ± 0.02b 0.10 ± 0.01b

Biostimulant (B)
Control 0.62 ± 0.12b 0.24 ± 0.04 0.86 ± 0.08b 0.15 ± 0.05c
MDPH 0.62 ± 0.10b 0.18 ± 0.00 0.81 ± 0.11b 0.17 ± 0.03b
MDPH1 0.63 ± 0.08b 0.20 ± 0.00 0.84 ± 0.09b 0.16 ± 0.02bc
MDPH2 0.72 ± 0.13a 0.24 ± 0.01 0.96 ± 0.15a 0.21 ± 0.05a
MDPH3 0.75 ± 0.06a 0.23 ± 0.01 0.98 ± 0.07a 0.21 ± 0.02a

N level × B
N-14 × Control 0.88 ± 0.10b 0.15 ± 0.05c 1.04 ± 0.06b 0.27 ± 0.01b
N-14 × MDPH 0.85 ± 0.03b 0.21 ± 0.01bc 1.06 ± 0.03b 0.24 ± 0.01bc
N-14 × MDPH1 0.83 ± 0.03b 0.20 ± 0.01bc 1.04 ± 0.03b 0.22 ± 0.01c
N-14 × MDPH2 1.03 ± 0.03a 0.27 ± 0.01ab 1.31 ± 0.04a 0.32 ± 0.01a
N-14 × MDPH3 0.99 ± 0.05a 0.24 ± 0.01b 1.24 ± 0.05a 0.29 ± 0.01a
N-2 × Control 0.35 ± 0.00d 0.34 ± 0.02a 0.69 ± 0.02d 0.03 ± 0.01f
N-2 × MDPH 0.40 ± 0.01d 0.16 ± 0.01c 0.56 ± 0.01e 0.11 ± 0.01e
N-2 × MDPH1 0.44 ± 0.01d 0.12 ± 0.01bc 0.64 ± 0.02de 0.12 ± 0.01e
N-2 × MDPH2 0.41 ± 0.01d 0.21 ± 0.02bc 0.62 ± 0.02de 0.10 ± 0.01e
N-2 × MDPH3 0.62 ± 0.01c 0.21 ± 0.03bc 0.83 ± 0.03c 0.17 ± 0.01d

Significance
N level *** ns *** ***
B ** ns *** ***
N level × B ** *** *** ***

Note: All data are expressed as means ± standard errors; n = 4. ns, **, ***: non-significant or significant at P ≤ 0.01 and 0.001, respectively. Nitrogen
level means (N-14 = 14 mM N-NO3, N-2 = 2 mM N-NO3) were compared by t-tests. Different letters within each column indicate significant differ-
ences according to Tukey's honestly significant difference (HSD) test (P = 0.05). MDPH: Malvaceae-derived protein hydrolysate; MDPH1, MDPH2
and MDPH3 correspond to molecular fractions >10 kDa, between 1 and 10 kDa, <1 kDa, respectively.
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more detail, MDPH2 and MDPH3 showed more similarities where
they shared one main cluster, while control, MDPH, and MDPH1
were grouped in another main cluster. In the latter, of course, con-
trol has its own subcluster while MDPH and MDPH1 shared
another subcluster. This also indicates the effect of biostimulants

themselves on phenolic profiles when plants are exposed to low
nitrogen in comparison with optimal nitrogen.
To gain more information regarding the phenolic differences

among PH treatments under different N fertilization rate, a super-
vised orthogonal partial least squares discriminant analysis
(OPLS-DA) was also performed (Fig. 4). This analysis was followed
by VIP ranking for estimating themost discriminating compounds
in the projection. The OPLS-DA model showed a differential phe-
nolic profile between fruits treated with different molecular
weight biostimulants under the two rates of N fertilization (Fig. 4
(A),(B)). Looking deeper to discover the effect of fractioning pro-
cesses, DA models were also considered for the behavior of bios-
timulants under optimal and suboptimal N conditions. As these
models show, under optimal N conditions, all fractions of biosti-
mulants were discriminated from the control, indicating the effect
of the biostimulant itself. Besides, themodel also highlights differ-
ences between different fractions as it is more evident for MDPH3.
Similarly, under suboptimal N condition, the same behavior was
also observed, indicating the effectiveness of biostimulants when
plants are under N stress. It is worth noting that the application of
MDPH and its first fraction exhibited a close behavior to the con-
trol group under optimal N condition. In agreement, both super-
vised models were characterized by goodness of prediction of
Q2 >0.7. Following by VIP selection method, 59 and 76 com-
pounds (excluding the potential isomeric forms of phenolics)
were found to be highly discriminant, respectively, under optimal

Table 3. Effect of N level and biostimulant treatment on dry matter, firmness, soluble solids content, and organic acids of tomato fruits

Source of variance
Dry matter Firmness Soluble solids content Citric acid Malic acid Oxalic acid

(%) (N mm−1) (°Brix) (mg g−1 DW) (mg g−1 DW) (mg g−1 DW)

N level (mM N-NO3)
14 8.94 ± 0.09b 1.42 ± 0.02 a 7.20 ± 0.08b 45.90 ± 0.92 a 5.49 ± 0.10 a 0.54 ± 0.01b
2 9.63 ± 0.06 a 1.21 ± 0.02b 7.94 ± 0.07 a 29.15 ± 0.82b 3.53 ± 0.10b 0.74 ± 0.02 a

Biostimulant (B)
Control 9.14 ± 0.12 1.42 ± 0.04 a 7.22 ± 0.23b 36.43 ± 2.39b 4.49 ± 0.40 0.73 ± 0.06 a
MDPH 9.29 ± 0.08 1.36 ± 0.03 ab 7.42 ± 0.16 ab 36.85 ± 3.55b 4.52 ± 0.39 0.61 ± 0.02b
MDPH1 9.24 ± 0.15 1.22 ± 0.03c 7.85 ± 0.15 a 36.01 ± 4.50b 4.25 ± 0.46 0.63 ± 0.04b
MDPH2 9.28 ± 0.09 1.31 ± 0.03bc 7.70 ± 0.14 a 40.87 ± 3.16 a 4.87 ± 0.34 0.65 ± 0.03b
MDPH3 9.41 ± 0.02 1.27 ± 0.03bc 7.76 ± 0.16 a 39.47 ± 3.09 a 4.44 ± 0.38 0.61 ± 0.05b

N level × B
N-14 × Control 8.67 ± 0.22 1.61 ± 0.03 a 6.72 ± 0.21 42.12 ± 1.25b 5.46 ± 0.30 0.57 ± 0.01de
N-14 × MDPH 8.89 ± 0.13 1.45 ± 0.03b 7.07 ± 0.08 45.42 ± 2.64 ab 5.53 ± 0.19 0.58 ± 0.03de
N-14 × MDPH1 8.91 ± 0.27 1.31 ± 0.05c 7.50 ± 0.13 47.49 ± 2.46 a 5.41 ± 0.24 0.53 ± 0.02 ef
N-14 × MDPH2 8.95 ± 0.21 1.45 ± 0.03b 7.32 ± 0.20 48.92 ± 1.82 a 5.66 ± 0.29 0.56 ± 0.03de
N-14 × MDPH3 9.26 ± 0.24 1.28 ± 0.04cd 7.37 ± 0.07 47.57 ± 0.49 a 5.41 ± 0.21 0.47 ± 0.03 f
N-2 × Control 9.61 ± 0.19 1.23 ± 0.03cde 7.72 ± 0.15 30.74 ± 1.90c 3.53 ± 0.22 0.89 ± 0.02 a
N-2 × MDPH 9.70 ± 0.12 1.26 ± 0.06cde 7.77 ± 0.20 28.29 ± 1.76c 3.51 ± 0.14 0.64 ± 0.02cd
N-2 × MDPH1 9.67 ± 0.27 1.14 ± 0.03 e 8.20 ± 0.09 24.53 ± 0.95d 3.08 ± 0.18 0.72 ± 0.04bc
N-2 × MDPH2 9.62 ± 0.15 1.17 ± 0.04de 7.87 ± 0.13 32.83 ± 0.41c 4.08 ± 0.19 0.73 ± 0.02b
N-2 × MDPH3 9.55 ± 0.03 1.25 ± 0.05cde 8.15 ± 0.12 29.37 ± 0.88c 3.49 ± 0.19 0.75 ± 0.02b

Significance
N level *** *** *** *** *** ***
B ns *** ** * ns ***
N level × B ns ** ns * ns ***

Note: All data are expressed as means ± standard errors; n = 4. ns, *, **, ***: non-significant or significant at P ≤ 0.05, 0.01 and 0.001, respectively.
Nitrogen level means (N-14 = 14 mM N-NO3, N-2 = 2 mM N-NO3) were compared by t-tests. Different letters within each column indicate significant
differences according to Tukey's honestly significant differences (HSD) test (P = 0.05). MDPH: Malvaceae-derived protein hydrolysate; MDPH1,
MDPH2 and MDPH3 correspond to molecular fractions >10 kDa, between 1 and 10 kDa, <1 kDa, respectively. DW: dry weight.

Figure 2. Effect of N level and biostimulant treatment on lycopene con-
tent in tomato fruits. MDPH: Malvaceae-derived protein hydrolysate;
MDPH1, MDPH2, and MDPH3 correspond to molecular fractions >10 kDa,
between 1 and 10 kDa, and <1 kDa, respectively. All data are expressed as
means ± standard errors, n = 4. Different letters above the bars indicate
significant differences according to Tukey's honestly significant difference
(HSD) test, performed at P = 0.05. FW: fresh weight.
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and suboptimal N conditions through ANOVA and OPLS-DA ana-
lyses. Venn analysis also indicates only 22 compounds are shared
between these two conditions (Fig. 4(C)). The list of VIP discrimi-
nant markers with VIP scores greater than 1.1 along with cross-
validated standard error and regulation is provided in Supporting
Information, Table S3 (14 mM N-NO3,) and Table S4 (2 mM N-
NO3). Themost abundant VIP markers under optimal N conditions
were flavonoids (37.2%) mainly anthocyanins and flavanols, phe-
nolic acids (30.5%) mainly hydroxycinnamics, followed by other
polyphenols (10.9%) such as alkylphenols, and tyrosols. A trend
with a slight change of percentage in each class was observed
under suboptimal N condition followed by 48.7%, 19.7%, and
23.7% for flavonoids, phenolic acids, and other polyphenols,
respectively. Apart from the main classes, other compounds were
also spotted with a lower percentage, including stilbenes and lig-
nans. The highest VIP scores were recorded for 4-ethylphenol
(1.7), and cyanidin 3-O-glucosyl-rutinoside (1.6) under optimal N
level while for naringin 60-malonate (1.5), and pterostilbene (1.4)
under suboptimal N level conditions. Discriminant accumulated
flavonoids under biostimulant treatments in the optimal condi-
tions were mainly represented by peonidin 3-O-rutinoside, thea-
flavin, (+)-catechin 3-O-gallate, and sesaminol (a lignan),

hydroxycinnamic acids derivatives, and so forth. However, some
flavonoid-based compounds such as narirutin 4'-O-glucoside,
quercetin 3-O-rhamnoside, daidzein 4'-O-glucuronide, 7,40-dihy-
droxyflavone, and cyanidin 3-O-sambubioside 5-O-glucoside
were down-accumulated in MDPH treatments in comparison with
the control. Ellagic acid arabinoside, rosmarinic acid, p-coumaroyl
tartaric acid, and dihydrocaffeic acid were also among down-
accumulated phenolic acids (Supporting Information, Table S3).
On the other hand, logFC analysis showed that some compounds
belong to flavonoids (such as cyanidin 3-O-arabinoside, daidzein
40-O-glucuronide, sativanone), phenolic acids (dihydrocaffeic acid
3-sulfate, gallic acid 4-O-glucoside, isoferulic acid 3-O-glucuronide),
stilbenes (resveratrol 3-O-glucoside), other polyphenols (isopimpi-
nellin) were accumulated (logFC = 4) in fruits when plants treated
with biostimulants under low nitrogen levels, as suggested also by
the semi-quantitative analysis of classes in Table 5. However, in the
same profile, compounds like cyanidin 3-O-(600-dioxalyl-glucoside)
(an anthocyanin), 1,2,20-trisinapoylgentiobiose (a hydroxycinnamic
acid), gallic acid 3-O-gallate (a hydroxybenzoic acid), and coumestrol
(other polyphenols) were reduced.

DISCUSSION
Addressing food demand and fostering sustainability in agricul-
tural systems represent key modern challenges that require inno-
vative solutions and strategic approaches from scientists.1

Research in this field is investigating ways to maximize yield and
product quality under low-input systems based on reduced N
inputs.36 Several scientific achievements have provided evidence
that the use of protein hydrolysates (PHs) in agriculture can con-
tribute to the achievement of these objectives, while regulating
and improving N use efficiency.1,15,37-39 Beyond these achieve-
ments, whichwere focused on the agronomic evaluation of whole
products, the current research aimed to identify the most active
fractions of a Malvaceae-derived PH under optimal and subopti-
mal N levels. The results showed the ability of MDPH treatments
to boost tomato growth (plant dry weight; Fig. 1) in comparison
with untreated plants under optimal and especially suboptimal
N fertilization. In fact, the best dry-weight accumulation was in
plants treated with PHs (MDPH, MDPH1, and MDPH2) when
grown under suboptimal N ( +14.8% as average of MDPH, MDPH1,
and MDPH2 treatments in comparison with untreated plants)
whereas treatment MDPH3 favored dry biomass accumulation
under optimal N levels. The smallest fractions of MDPH (MDPH3)
containing low-molecular-weight peptides are easily adsorbed
by leaves and translocated in plant tissues,40,41 promoting the
activation of specific transductional signal pathways involved in
endogenous phytohormone synthesis.18,23 Previous research
conducted by Lucini et al.22 showed that a low molecular fraction
(molecular weight <1 kDa) of the commercial biostimulant
Trainer modulated the phytohormone profile (i.e., auxins, gibber-
ellins, and cytochinins) of tomato cuttings. The above results can
thus be linked with the role of small peptides because of their
hormone-like activities leading to morpho-physiologic and meta-
bolic changes of plants that induced the regulation of plant
growth and development.42 PHs with peptides of low molecular
weight exhibit hormone-like activity and hence improve plant
growth and fruit setting as previously reported in tomato15,40,43

and in leafy vegetables crops grown under diverse N regimes,
such as spinach, baby lettuce, baby rocket.1,18,21 In the current
study, the highest marketable production was recorded for plants
treated with the smallest PH fraction (MDPH3) and under optimal

Table 4. Effect of N level and biostimulant treatment on antioxidant
activity (FRAP: Ferric reducing antioxidant activity and DPPH:
2,2-diphenyl-1-picrylhydrazyl) in tomato fruits

Source of variance FRAP mg TE g−1 FW DPPH mg TE g−1 FW

N level (mM N-NO3)
14 22.03 ± 0.74a 2.50 ± 0.05a
2 17.11 ± 0.76b 1.32 ± 0.02b

Biostimulant (B)
Control 15.47 ± 0.82b 1.99 ± 0.18
MDPH 20.28 ± 1.64a 1.90 ± 0.15
MDPH1 22.14 ± 1.27a 1.90 ± 0.16
MDPH2 18.56 ± 0.84ab 1.91 ± 0.16
MDPH3 21.07 ± 1.22a 1.97 ± 0.18

N level × B
N-14 × Control 18.35 ± 0.38 2.66 ± 0.07
N-14 × MDPH 22.78 ± 2.51 2.46 ± 0.08
N-14 × MDPH1 23.10 ± 1.81 2.39 ± 0.14
N-14 × MDPH2 20.90 ± 0.65 2.49 ± 0.11
N-14 × MDPH3 24.57 ± 1.12 2.51 ± 0.11
N-2 × Control 12.59 ± 0.21 1.31 ± 0.06
N-2 × MDPH 17.78 ± 1.83 1.34 ± 0.06
N-2 × MDPH1 21.18 ± 1.84 1.34 ± 0.03
N-2 × MDPH2 15.45 ± 0.28 1.34 ± 0.04
N-2 × MDPH3 17.57 ± 1.29 1.26 ± 0.03

Significance
N level *** ***
B *** ns
N level × B ns ns

Note: All data are expressed as means ± standard errors; n = 4. ns and
***: non-significant or significant at P ≤ 0.001, respectively. Nitrogen
level means (N-14 = 14 mM N-NO3, N-2 = 2 mM N-NO3) were com-
pared by t-tests. Different letters within each column indicate signifi-
cant differences according to Tukey's honestly significant differences
(HSD) test (P = 0.05). MDPH: Malvaceae-derived protein hydrolysate;
molecular fractions (MDPH1, MDPH2 and MDPH3) correspond to
molecular fractions >10 kDa, between 1 and 10 kDa, <1 kDa, respec-
tively. TE: Trolox equivalents. FW: fresh weight.
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Figure 3. Unsupervised hierarchical cluster analysis for the untargeted phenolic profiling of tomato fruits treated by biostimulants with different molec-
ular weight (MDPH is the Malvaceae-derived protein hydrolysate; MDPH1, MDPH2, and MDPH3 correspond to molecular fractions >10 kDa, between
1 and 10 kDa, <1 kDa, respectively) under optimal (N-14 = 14 mM N-NO3) and suboptimal (N-2 = 2 mM N-NO3) condition. The heatmap was based on
the fold-change values of clustered samples, according to Ward's algorithm and using Euclidean distance.

Figure 4. Orthogonal projections to latent structures discriminant analysis (OPLS-DA) score plots built considering the effect of biostimulants (MDPH is
the Malvaceae-derived protein hydrolysate; MDPH1, MDPH2 and MDPH3 correspond to molecular fractions >10 kDa, between 1 and 10 kDa, <1 kDa,
respectively) under optimal N (A = 14 mM N-NO3) and suboptimal N conditions (B = 2 mM N-NO3) as class discrimination parameters. The cumulative
goodness parameters of each model, namely R2X, R2Y, and Q2, are provided. Venn analysis (C) of VIP makers extracted by OPLS-DA using fold change
under both nitrogen levels.
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N availability and was linked to an increase in the number of fruit
per plant (Table 1). This increase could be explained by the fact
that auxin and the gibberellin-like activity of MDPH3 may have
promoted fruit set.15,44 Indeed, it is known that fruit set initiation
is regulated, in terms of pollination and fertilization, by a cross-talk
between auxins and gibberellins.45 In addition to hormone-like
effects, another possible mechanism behind the marketable yield
increase could be the enhancement of photosynthetic capacity
and, therefore, the better translocation of photosynthates to fruit
setting.15,18 So far, studies have shown that PHs can improve the
movement of photosynthetates towards the parts of the plant
where they are needed, such as fruits. This is achieved by increas-
ing the amount of chlorophyll, and by enhancing the nutrient
content of the leaves, especially their N levels.7 This was the case
in the current research because the foliar application of MDPH
and its fractions induced a significant increase in chlorophyll a
and total chlorophyll, in comparison with the untreated plants,
even under suboptimal N conditions (2 mM N-NO3). The concen-
tration of chlorophyll a, b and total chlorophyll is also an indicator
of leaf N content as well as of N utilization by plants because chlo-
rophyll synthesis depends on the availability of amino acids.46

Although N fertilizers are needed tomaximize crop productivity,
excessive application can result in undesirable changes in horti-
culture commodities, thus leading to a reduction of commercial,
nutritional, and functional quality.20 With regard to soluble solids
content, our results were in agreement with Li et al.47 who
revealed a decrease of soluble solids content (SSC) in tomato fruit
when the N dose increased. However, irrespective of the N fertili-
zation treatment, the effect of PHs positively modulated the syn-
thesis and the accumulation of soluble solids content with the
highest value when tomato plants were treated with MDPH frac-
tions. Consistently with our findings, other researchers reported
the increase of soluble solids in tomatoes upon treatment with
PHs.15,40,43 The positive effect of MDPHs on SSC could be ascribed
to them sustaining C and N metabolism by enhancing photosyn-
thetic CO2 assimilation and translocation of neo-synthetized solu-
ble sugar to the fruit and thereby improving their quality
attributes.15

With regard to the organic acids, malate, oxalate, and citrate
contribute to modulate freshness and sweetness, which are two
important balance factors for the taste-related traits of tomato
fruits.48 The relative amounts of each organic acid in respect of
total acidity obtained in PH-treated plants is consistent with the
tomato-ripening process and with the improved fruit quality.
The MDPH-mediated increase in the concentration of citric acid,
a crucial complexing agent for oxidant metals, may also have
enhanced its synergistic reducing action in conjunction with
ascorbic acid. Oxalic acid is considered an anti-nutrient com-
pound that inhibits the bioavailability of calcium (Ca++) because
of its tendency to form insoluble salts with cations and this mole-
culemay therefore increase the risk of kidney stones in the human
body.49 For this reason, the reduction in oxalic acid induced by
MDPHs should be considered a positive effect from the point of
view of human nutrition. Analogously, tomato fruits firmness
was affected by all MDPHs in comparison with untreated controls,
at optimal N levels. Our finding was different from those reported
by other authors, who recorded that PHs increased tomato fruit
firmness.39,43 However, knowledge about the underlying mecha-
nisms that control fruit firmness still remains incomplete.50 We
suppose that MDPHs can stimulate and coordinate changes in
endogenous phytohormone biosynthesis, as previously postu-
lated by Hawkesford et al.,51 who verified a change of cell-wall

components leading to better flexibility and plasticity of cell
membranes under treatments with algae extract containing hor-
mones. Overall, fruit development is pivotally maintained by a
rather complicated and still poorly understood coordinated inter-
action network between ethylene, gibberellins, and auxins, cyto-
kinins and abscisic acid.52–55

Regarding functional quality, the lycopene content was higher
in fruits of plants treated with MDPH fractions than in untreated
controls under optimal N levels (MDPH2, MDPH3; Fig. 4). This find-
ing is in agreement with previous research reported by several
authors.39,56 Tomato fruit represents an important functional food
because the antioxidant molecules exhibit their essential role in
the prevention of various human diseases.25,57 On the other hand,
a comprehensive analysis of the untargeted metabolomics has
shown that the low N level significantly activated almost all phe-
nolic classes. It has been reported previously that reduced N avail-
ability is an efficient strategy to increase the accumulation of
phenolic compounds;58 a similar increase in phenolic compounds,
and, in particular, anthocyanins, flavanols, lignans, and stilbenes,
was observed for the fruits of plants grown under the PHs treat-
ments in comparison with the control plants, especially MDPH3,
indicating the effectiveness of the PH fractionation process. This
may have been caused by higher plant uptake of PHs with signal-
ing peptides having lower molecular weight. Moreover, in agree-
ment with lycopene content, phenolic analysis of fruits also
indicated that PHs with different molecular weights have affected
the profiling under the both optimal and suboptimal N conditions
remarkably, which is more evident in the low N treatment as it is
confirmed by HCA, OPLS-DA, and Venn analyses. For example, a
higher concentration of anthocyanins, flavonols, lignans, tyrosols,
and other polyphenols was recorded for MDPH3 under low N
levels. This synergistic effect can be attributed, first, to nutrient
availability modulation induced by biostimulants7 and, second,
to improved signaling molecules involved in the secondary
metabolism.59,60 Regarding bioactive compounds modulated by
biostimulants under low N level, the results showed that the con-
tent of flavonols, lignans, and stilbene subclasses has been signif-
icantly increased in comparison with plants grown under optimal
N level and control, which is in line with recent studies reported
the effectiveness of different biostimulants on nutraceutical and
biochemical parameters.61-63 Quercetin, naringenin, rutin,
and chlorogenic acids derivatives have been reported to be the
main phenolic compounds in tomato plants.64 In the current
study, PHs treatments under low N levels resulted in identifying
more discriminant compounds related to categories such as quer-
cetin 3-O-glucosyl-rhamnosyl-glucoside, quercetin 3-O-(600-acetyl-
galactoside) 7-O-rhamnoside, quercetin 3-O-(600-malonyl-gluco-
side), quercetin 3-O-rutinoside, quercetin 3-O-galactoside,
6-prenylnaringenin, and luteolin 7-O-rutinoside, which were not
identified in the optimal N level treatments.

CONCLUSIONS
This study adds useful information regarding the mode of action
of PHs. It highlights how the effect can vary depending on the dif-
ferent molecular weights of peptides extracted from the same
matrix of a new Malvaceae-derived PH. The peptide length
affected plant performance, and this also depended on the N level
(optimal or suboptimal). Under optimal N conditions, the smaller
fraction (MDPH3, <1 kDa) successfully increased plant biomass,
total and marketable yield, and fruit lycopene content, whereas
when N was limited it was the MDPH1 (>10 kDa) and MDPH2
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(1–10 kDa) fractions that determined the greater accumulation of
dry matter in tomato plants. Regardless of N availability, all the
fractions affected fruit quality by increasing SSC and modifying
the organic acid and phenolic profile. The results confirm the piv-
otal role of peptide molecular weight in determing the biostimu-
lantc activity of PHs, as previously postulated. In this case, the
lower fraction (<1 kDa) had a separated effect in comparison with
the other ones under optimal N, while PHs fractions with molecu-
lar weight over 1 kDa showed distinct effects under suboptimal N,
confirming the effectiveness of fractioning processes.

ACKNOWLEDGEMENTS
This research was funded by the Italian Ministry of University and
Research (MUR) in the framework of the Progetti di Rilevante
Interesse Nazionale (PRIN) ‘PHOBOS – Use of protein-hydrolysates
as biostimulants of vegetable crops: elucidating their mode of
action and optimizing their effectiveness through amultidisciplin-
ary approach’ (project no, 2017FYBLPP). The research was carried
out within the framework of the MUR initiative ‘Departments of
Excellence’ (Law 232/2016) DAFNE Project SAFE-Med: ‘Sostenibi-
lità dei sistemi agrari e forestali in ambiente Mediterraneo in un
contesto di cambiamento globale (globalchange).’ The authors
thank Helene Reynaud, R&D Direct of of Hello Nature Inc.
(Anderson, IN, United States), for the support in the development
of vegetal-protein hydrolysate.

CONFLICT OF INTEREST
The authors declare that the research was conducted in the
absence of any commercial or financial relationship that could
be construed as a potential conflict of interest.

AUTHOR CONTRIBUTIONS
Conceptualization, Mariateresa Cardarelli, Youssef Rouphael,
Youry Pii, Luigi Lucini, Giuseppe Colla; methodology, Mariateresa
Cardarelli, Angela Valentina Ceccarelli, Hajar Salehi, Paola Ganugi,
Christophe El Nakhel, Youssef Rouphael, Youry Pii, Luigi Lucini,
Giuseppe Colla; software, Mariateresa Cardarelli, Angela Valentina
Ceccarelli, Youssef Rouphael, Youry Pii., Luigi Lucini, Giuseppe
Colla; validation, Mariateresa Cardarelli, Angela Valentina Ceccar-
elli, Hajar Salehi, Paola Ganugi, Christophe El Nakhel, Youssef
Rouphael, Youry Pii, Luigi Lucini, Giuseppe Colla; formal analysis,
Mariateresa Cardarelli, Angela Valentina Ceccarelli, Youssef Rou-
phael, Youry Pii., Leilei Zhang, Giuseppe Colla; investigation, Mar-
iateresa Cardarelli, Angela Valentina Ceccarelli, Hajar Salehi, Paola
Ganugi, Christophe El Nakhel, Youssef Rouphael, Youry Pii, Leilei
Zhang, Giuseppe Colla; resources, Youssef Rouphael, Youry Pii,
Luigi Lucini, Giuseppe Colla; data curation, Mariateresa Cardarelli,
Angela Valentina Ceccarelli, Hajar Salehi, Paola Ganugi, Chris-
tophe El Nakhel, Youssef Rouphael, Youry Pii, Leilei Zhang, Luigi
Lucini, Giuseppe Colla; writing—original draft preparation, Maria-
teresa Cardarelli, Angela Valentina Ceccarelli, Christophe El
Nakhel, Youssef Rouphael, Youry Pii; writing—review and editing,
Mariateresa Cardarelli, Angela Valentina Ceccarelli, Christophe El
Nakhel, Youssef Rouphael, Youry Pii, Luigi Lucini, Seunghyun Choi,
Hye-Ji Kim, Giuseppe Colla; visualization, Mariateresa Cardarelli,
Angela Valentina Ceccarelli, Hajar Salehi, Paola Ganugi,
Christophe El Nakhel, Youssef Rouphael, Youry Pii, Luigi Lucini,
Giuseppe Colla; supervision, Mariateresa Cardarelli, Youry Pii, Luigi
Lucini, Youssef Rouphael., Giuseppe Colla; project administration,
Mariateresa Cardarelli, Youry Pii, Luigi Lucini, Youssef Rouphael,

Giuseppe Colla; funding acquisition Youry Pii, Luigi Lucini, Youssef
Rouphael, Giuseppe Colla. All authors have read and agreed to the
published version of the manuscript.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available on
request from the corresponding author. The data are not publicly
available due to privacy or ethical restrictions.

SUPPORTING INFORMATION
Supporting informationmay be found in the online version of this
article.

REFERENCES
1 Carillo P, Colla G, Fusco GM, Dell'Aversana E, El-Nakhel C and

Giordano M, Morphological and physiological responses induced
by protein hydrolysate-based biostimulant and nitrogen rates in
greenhouse spinach. Agronomy 9:450 (2019).

2 Bergstrand KJ, Organic fertilizers in greenhouse production
systems – a review. Sci Hortic 295:110855 (2022).

3 Anas M, Liao F, Verma KK, Sarwar MA, Mahmood A, Chen ZL et al., Fate
of nitrogen in agriculture and environment: agronomic, eco-
physiological and molecular approaches to improve nitrogen use
efficiency. Biol Res 53:1–20 (2020).

4 Nkoi V, Wit MD, FoucheH, Coetzer G and HugoA, The effect of nitrogen
fertilization on the yield, quality and fatty acid composition of Opun-
tia ficus-indica seed oil. Sustainability 13:10123 (2021).

5 Truffault V, Ristorto M, Brajeul E, Vercambre G and Gautier H, To stop
nitrogen overdose in soilless tomato crop: a way to promote fruit
quality without affecting fruit yield. Agronomy 9:80 (2019).

6 Ronga D, Biazzi E, Parati K, Carminati D, Carminati E and Tava A, Micro-
algal biostimulants and biofertilisers in crop productions. Agronomy
9:192 (2019).

7 Di Mola I, Cozzolino E, Ottaiano L, Nocerino S, Rouphael Y, Colla G et al.,
Nitrogen use and uptake efficiency and crop performance of baby
spinach (Spinacia oleracea L.) and lamb's lettuce (Valerianella locusta
L.) grown under variable sub-optimal N regimes combined with
plant-based biostimulant application. Agronomy 10:278 (2020).

8 Ottaiano L, Di Mola I, Cozzolino E, El-Nakhel C, Rouphael Y and Mori M,
Biostimulant application under different nitrogen fertilization levels:
assessment of yield, leaf quality, and nitrogenmetabolism of tunnel-
grown lettuce. Agronomy 11:1613 (2021).

9 Kant S, Bi YM and Rothstein SJ, Understanding plant response to nitro-
gen limitation for the improvement of crop nitrogen use efficiency.
J Exp Bot 62:1499–1509 (2021).

10 Zhao ZB, He JZ, Geisen S, Han LL, Wang JT, Shen JP et al., Protist com-
munities are more sensitive to nitrogen fertilization than other
microorganisms in diverse agricultural soils.Microbiome 7:33 (2019).

11 Castaldelli G, Vincenzi F, Fano EA and Soana E, In search for themissing
nitrogen: closing the budget to assess the role of denitrification in
agricultural watersheds. Appl Sci 10:2136 (2020).

12 Martínez-Dalmau J, Berbel J and Ordóñez-Fernández R, Nitrogen fertil-
ization. A review of the risks associated with the inefficiency of its
use and policy responses. Sustainability 13:5625 (2021).

13 Sestili F, Rouphael Y, Cardarelli M, Pucci A, Bonini P, Canaguier R et al.,
Protein hydrolysate stimulates growth in tomato coupled with
N-dependent gene expression involved in N assimilation. Front Plant
Sci 9:1233 (2018).

14 Lucini L, Rouphael Y, Cardarelli M, Bonini P, Baffi C and Colla G, A veg-
etal biopolymer-based biostimulant promoted root growth in
melon while triggering brassinosteroids and stress-related com-
pounds. Front Plant Sci 10:9 (2018).

15 Colla G, Cardarelli M, Bonini P and Rouphael Y, Foliar applications of
protein hydrolysate, plant and seaweed extracts increase yield but
differentially modulate fruit quality of greenhouse tomato.
HortScience 52:9 (2017).

16 Trevisan S, Manoli A and Quaggiotti S, A novel biostimulant, belonging
to protein hydrolysates, mitigates abiotic stress on maize seedlings
grown in hydroponics. Agronomy 9:28 (2019).

www.soci.org M Cardarelli et al.

wileyonlinelibrary.com/jsfa © 2024 Society of Chemical Industry. J Sci Food Agric 2024; 104: 7603–7616

7614

 10970010, 2024, 12, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/jsfa.13596 by U

ni Federico Ii D
i N

apoli, W
iley O

nline L
ibrary on [31/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com/jsfa
https://scijournals.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fjsfa.13596&mode=


17 Sabatino L, Consentino BB, Rouphael Y, De Pasquale C, Iapichino G,
D'Anna F et al., Protein hydrolysates and Mo-biofortification interac-
tively modulate plant performance and quality of ‘canasta’ lettuce
grown in a protected environment. Agronomy 11:1023 (2021).

18 Di Mola I, Cozzolino E, Ottaiano L, Giordano M, Rouphael Y, Colla G
et al., Effect of vegetal-and seaweed extract-based biostimulants
on agronomical and leaf quality traits of plastic tunnel-grown baby
lettuce under four regimes of nitrogen fertilization. Agronomy 9:
571 (2019).

19 Colla G, Nardi S, Cardarelli M, Ertani A, Lucini L, Canaguier R et al., Pro-
tein hydrolysates as biostimulants in horticulture. Sci Hortic 196:30–
38 (2015).

20 Rouphael Y and Colla G, Synergistic biostimulatory action: designing
the next generation of plant biostimulants for sustainable agricul-
ture. Front Plant Sci 9:1665 (2018).

21 Di Mola I, Ottaiano L, Cozzolino E, Senatore M, Giordano M, El-Nakhel C
et al., Plant-based biostimulants influence the agronomical, physio-
logical, and qualitative responses of baby rocket leaves under
diverse nitrogen conditions. Plan Theory 8:522 (2019b).

22 Lucini L, Miras-Moreno B, Rouphael Y, Cardarelli M and Colla G, Com-
bining molecular weight fractionation and metabolomics to eluci-
date the bioactivity of vegetal protein hydrolysates in tomato
plants. Front Plant Sci 11:976 (2020).

23 Cristofano F, El-Nakhel C, Colla G, Cardarelli M, Pii Y, Lucini L et al., Mod-
ulation of morpho-physiological and metabolic profiles of lettuce
subjected to salt stress and treated with two vegetal-derived biosti-
mulants. Plan Theory 12:709 (2023).

24 El-Nakhel C, Cristofano F, Colla G, Pii Y, Lucini L and Rouphael Y, A
Graminaceae-derived protein hydrolysate and its fractions provide
differential growth and modulate qualitative traits of lettuce grown
under non-saline and mild salinity conditions. Sci Hortic 319:112130
(2023).

25 Ali MY, Sina AAI, Khandker SS, Neesa L, Tanvir EM, Kabir A et al., Nutri-
tional composition and bioactive compounds in tomatoes and their
impact on human health and disease: a review. Foods 10:45 (2020).

26 Ceccarelli AV, Miras-Moreno B, Buffagni V, Senizza B, Pii Y, Cardarelli M
et al., Foliar application of different vegetal-derived protein hydroly-
sates distinctively modulates tomato root development and metab-
olism. Plan Theory 10:326 (2021).

27 Norrie J, Graham MED and Gosselin A, Potential evapotranspiration as
a means of predicting irrigation timing in greenhouse tomatoes
grown in peat bags. J Amer Soc Hort Sci 119:163–168 (1994).

28 Rouphael Y and Colla G, The influence of drip irrigation or subirrigation
on zucchini squash grown in closed-loop substrate culture with high
and low nutrient solution concentrations. HortScience 44:2–311
(2009).

29 El-Nakhel C, Pannico A, Kyriacou MC, Petropoulos SA, Giordano M,
Colla G et al., Dataset on the organic acids, sulphate, total nitrogen
and total chlorophyll contents of two lettuce cultivars grown hydro-
ponically using nutrient solutions of variable macrocation ratios.
Data Brief 29:105135 (2020).

30 Lichtenthaler HK, Chlorophylls and carotenoids: pigments of photo-
synthetic biomembranes. Methods Enzymol 148:350–382 (1987).

31 Sadler G, Davis J and Dezman D, Rapid extraction of lycopene and-
carotene from reconstituted tomato paste and pink grapefruit
homogenates. J Food Sci 55:1460–1461 (1990).

32 Abate G, Zhang L, Pucci M, Morbini G, Mac Sweeney E, Maccarinelli G
et al., Phytochemical analysis and anti-inflammatory activity of dif-
ferent ethanolic phytoextracts of Artemisia annua L. Biomol Ther
11:975 (2021).

33 Senizza B, Rocchetti G, Sinan KI, Zengin G, Mahomoodally MF,
Glamocilja J et al., The phenolic and alkaloid profiles of Solanum
erianthum and Solanum torvum modulated their biological proper-
ties. Food Biosci 41:100974 (2021).

34 Brand-Williams W, Cuvelier ME and Berset C, Use of a free radical
method to evaluate antioxidant activity. LWT Food Sci Technol 28:
25–30 (1995).

35 Benzie IF and Straint JJ, The ferric reducing ability of plasma (FRAP) as a
measure of ‘antioxidant power’: the FRAP assay. Anal Biochem 239:
70–76 (1996).

36 Ghazi NAK and Yahia O, Effect of foliar application of amino acid bios-
timulants on growth, macronutrient, total phenol contents and anti-
oxidant activity of soilless grown lettuce cultivars. S Afr J Bot 154:
225–231 (2023).

37 Rouphael Y and Colla G, Toward a sustainable agriculture through
plant biostimulants: from experimental data to practical applica-
tions. Agronomy 10:1461 (2020).

38 Rouphael Y, Carillo P, Cristofano F, Cardarelli M and Colla G, Effects of
vegetal-versus animal-derived protein hydrolysate on sweet basil
morpho-physiological and metabolic traits. Sci Hortic 284:110123
(2021).

39 Biel W, Podsiadło C, Witkowicz R, Kępińska-Pacelik J and Stankowski S,
Effect of irrigation, nitrogen fertilization and amino acid biostimu-
lant on proximate composition and energy value of Pisum sativum
L. seeds. Agri 13:376 (2023).

40 Rouphael Y, Colla G, Giordano M, El-Nakhel C, Kyriacou MC and De
Pascale S, Foliar application of a legume-derived protein hydrolysate
elicit dose-dependent increase of growth, leaf mineral composition,
yield and fruit quality in two green-house tomato cultivars. Sci Hortic
226:353–360 (2017).

41 Ávila-Pozo P, Parrado J, Caballero P and TejadaM, Use of a biostimulant
obtained from slaughterhouse sludge in a green-house tomato
crop. Horticulturae 8:622 (2022).

42 Choi S, Colla G, Cardarelli M and Kim HJ, Effects of plant-derived pro-
tein hydrolysates on yield, quality, and nitrogen use efficiency of
greenhouse grown lettuce and tomato. Agronomy 12:1018 (2022).

43 Cozzolino E, Di Mola I, Ottaiano L, El-Nakhel C, Rouphael Y and Mori M,
Foliar application of plant-based biostimulants improve yield and
upgrade qualitative characteristics of processing tomato. Ital J Agron
16:1825 (2021).

44 Francesca S, Najai S, Zhou R, Decros G, Cassan C, Delmas F et al., Phe-
notyping to dissect the biostimulant action of a protein hydrolysate
in tomato plants under combined abiotic stress. Plant Physiol Bio-
chem 179:32–43 (2022).

45 FennMA and Giovannoni JJ, Phytohormones in fruit development and
maturation. Plant J 105:446–458 (2021).

46 Navarro-León E, López-Moreno FJ, Borda E, Marín C, Sierras N, Blasco B
et al., Effect of l-amino acid-based biostimulants on nitrogen use effi-
ciency (NUE) in lettuce plants. J Sci Food Agric 15:7098–7106 (2022).

47 Li H, Liu H, Gong X, Li S, Pang J, Chen Z et al., Optimizing irrigation and
nitrogen management strategy to trade off yield, crop water pro-
ductivity, nitrogen use efficiency and fruit quality of greenhouse
grown tomato. Agric Water Manag 245:106570 (2021).

48 Felföldi Z, Ranga F, Roman IA, Sestras AF, Vodnar DC, Prohens J et al.,
Analysis of physico-chemical and organoleptic fruit parameters rele-
vant for tomato quality. Agronomy 12:1232 (2022).

49 Zhang J, Liu S, Zhu X, Chang Y, Wang C, Ma N et al., A comprehensive
evaluation of tomato fruit quality and identification of volatile com-
pounds. Plan Theory 12:2947 (2023).

50 Hou X, ZhangW, Du T, Kang S and DaviesWJ, Responses of water accu-
mulation and solute metabolism in tomato fruit to water scarcity
and implications for main fruit quality variables. J Exp Bot 71:1249–
1264 (2020).

51 Hawkesford M, Horst W, Kichey T, Lambers H, Schjoerring J, Møller IS
et al., Functions of macronutrients, in Marschner's Mineral Nutrition
of Higher Plants, 3rd edn, ed. by Marschner P. Pergamon, London,
UK, pp. 135–189 (2012).

52 Abubakar AR, Ashraf N and Ashraf M, Effect of plant biostimulants on
growth, chlorophyll content, flower drop and fruit set of pomegran-
ate cv. Kandhari Kabuli. Int J Agric Environ Biotechnol 6:305 (2013).

53 Liu S, Zhang Y, Feng Q, Qin L, Pan C, Lamin-Samu AT et al., Tomato
auxin response factor 5 regulates fruit set and development via
the mediation of auxin and gibberellin signaling. Sci Rep 8:2971
(2018).

54 Quinet M, Angosto T, Yuste-Lisbona FJ, Blanchard-Gros R, Bigot S,
Martinez JP et al., Tomato fruit development and metabolism. Front
Plant Sci 10:1554 (2019).

55 Maach M, Boudouasar K, Akodad M, Skalli A, Moumen A and
Baghour M, Application of biostimulants improves yield and fruit
quality in tomato. Int J Veg Sci 27:288–293 (2021).

56 Francesca S, Cirillo V, Raimondi G, Maggio A, Barone A and RiganoMM,
A novel protein hydrolysate-based biostimulant improves tomato
performances under drought stress. Plan Theory 10:783 (2021).

57 Collins EJ, Bowyer C, Tsouza A and Chopra M, Tomatoes: an extensive
review of the associated health impacts of tomatoes and factors that
can affect their cultivation. Biology 11:239 (2022).

58 WangW, Zhang C, ShangM, Lv H, Liang B, Li J et al., Hydrogen peroxide
regulates the biosynthesis of phenolic compounds and antioxidant

Protein hydrolysate and its fractions affect yield and fruit quality of tomatoes www.soci.org

J Sci Food Agric 2024; 104: 7603–7616 © 2024 Society of Chemical Industry. wileyonlinelibrary.com/jsfa

7615
 10970010, 2024, 12, D

ow
nloaded from

 https://scijournals.onlinelibrary.w
iley.com

/doi/10.1002/jsfa.13596 by U
ni Federico Ii D

i N
apoli, W

iley O
nline L

ibrary on [31/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com/jsfa
https://scijournals.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fjsfa.13596&mode=


quality enhancement in lettuce under low nitrogen condition. Food
Chem 16:100481 (2022).

59 Baltazar M, Correia S, Guinan KJ, Sujeeth N, Bragança R and
Gonçalves B, Recent advances in the molecular effects of biostimu-
lants in plants: an overview. Biomol Ther 11:1096 (2021).

60 Teklić T, Parađiković N, Špoljarević M, Zeljković S, Lončarić Z and
Lisjak M, Linking abiotic stress, plant metabolites, biostimulants
and functional food. Ann Appl Biol 178:169–191 (2021).

61 Ganugi P, Fiorini A, Tabaglio V, Capra F, Zengin G, Bonini P et al., The
functional profile and antioxidant capacity of tomato fruits are mod-
ulated by the interaction between microbial biostimulants, soil
properties, and soil nitrogen status. Antioxidants 12:520 (2023).

62 Graziani G, Cirillo A, Giannini P, Conti S, El-Nakhel C, Rouphael Y et al.,
Biostimulants improve plant growth and bioactive compounds of
young olive trees under abiotic stress conditions. Agri 12:227 (2022).

63 Alzate Zuluaga MY, Miras-Moreno B, Monterisi S, Rouphael Y, Colla G,
Lucini L et al., Integrated metabolomics and morpho-biochemical
analyses reveal a better performance of Azospirillum brasilense over
plant-derived biostimulants in counteracting salt stress in tomato.
Int J Mol Sci 23:14216 (2022).

64 Cruz-Carrión A, Calani L, Ruiz de Azua MJ, Mena P, Del Rio D, Suárez M
et al., (poly)phenolic composition of tomatoes from different grow-
ing locations and their absorption in rats: a comparative study. Food
Chem 388:132984 (2022).

www.soci.org M Cardarelli et al.

wileyonlinelibrary.com/jsfa © 2024 Society of Chemical Industry. J Sci Food Agric 2024; 104: 7603–7616

7616

 10970010, 2024, 12, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/jsfa.13596 by U

ni Federico Ii D
i N

apoli, W
iley O

nline L
ibrary on [31/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com/jsfa
https://scijournals.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fjsfa.13596&mode=

	Foliar applications of a Malvaceae-derived protein hydrolysate and its fractions differentially modulate yield and function...
	INTRODUCTION
	MATERIALS AND METHODS
	Growth conditions, experimental design, and plant material
	Biostimulant characteristics and application
	Nutrient solution management
	Plant growth measurement, yield, and fruit quality assessment
	Leaf chlorophylls and carotenoids
	Fruit lycopene content and phenolic profiling using untargeted metabolomics
	Fruit DPPH and FRAP
	Statistical analysis

	RESULTS
	Plant growth and yield assessment
	Total chlorophyll, chlorophyll a and b and carotenoids
	Quality traits of tomato fruits
	Phenolic profile of tomato fruits

	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES


