. 7
. horticulturae ﬂw\D\Py

Article

Peptide-Chelated Micronutrients: A New Frontier of Fertilizers
for Biofortification of Lettuce

Leonardo Fiore !

W) Check for updates

Academic Editor: Miguel Guzman

Received: 22 April 2026

Revised: 8 June 2026

Accepted: 11 June 2026

Published: 30 June 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license.

, Marzia Leporino 2, Mariateresa Cardarelli 1, Paolo Bonini 3 and Giuseppe Colla 1-*

Department of Agriculture and Forestry Science, University of Tuscia, 01100 Viterbo, Italy;
Lfiore@unitus.it (L.F); tcardare@unitus.it (M.C.)

Arcadia s.r.l.,, 37010 Rivoli Veronese, Italy; marzia.leporino@arcadia.expert

oloBion S.L., 08028 Barcelona, Spain; pb@olobion.ai

Correspondence: giucolla@unitus.it

Abstract

Agronomic biofortification represents an effective strategy to counteract hidden hunger
in humans. Salts and synthetic chelates are widely used as foliar or root applications for
enriching vegetables with mineral nutrients. Recently, biochelates have been proposed as
a sustainable alternative to synthetic chelates, especially peptide-based biochelates that
combine the beneficial role of peptides as biostimulants and chelating agents. This study
investigated the impact of multiple foliar applications of two peptide-based biochelates for
enhancing Fe and Zn in leaves of hydroponically grown lettuce. No significant differences
were observed in the fresh and dry weight of lettuce shoots, leaf pigments, leaf antioxidant
activity and leaf macronutrient profile, while a significant increase in biochelate treatments
was observed in leaf Fe and Zn concentrations in comparison with untreated control
(+38.1% and +44.1%, respectively). Leaf concentration of Fe and Zn in biochelate treatments
allowed to estimate that 100 g of biofortified fresh lettuce shoots per day in the human
diet can contribute to Population Reference Intake from 7.9 to 11.5% for Fe and from 3.3 to
3.9% for Zn. Moreover, Zn-peptide treatments reduced nitrate concentration with respect
to control and Fe-peptide (—9% and —11%, respectively), increasing the quality of lettuce
leaves. Overall, peptide-based biochelates proved to be a promising, environmentally
friendly fertilizer for lettuce biofortification, enhancing Fe and Zn concentration without
impairing yield and leaf quality.

Keywords: micronutrient; peptide; Lactuca sativa L. phenotyping; biostimulant; sustainable
horticulture

1. Introduction

Climate change and soil degradation are becoming major critical factors for sustainable
development and human nutrition [1]. Poor soil quality causes malnutrition by reduc-
ing crop nutrient content in edible parts, contributing to hidden hunger (micronutrient
deficiencies) and overall malnutrition. Malnutrition results from inadequate intake or
absorption of essential minerals and vitamins, leading to serious health consequences and
affecting more than two billion people globally. In particular, iron and zinc deficiencies are
the most widespread forms of hidden hunger worldwide in terms of Disability-Adjusted
Life Years (DALY), contributing 65.8% and 12.5%, respectively, of all DALYs lost due to
malnutrition [2,3].

Biofortification represents an effective strategy to increase the nutritional value of fruits
and vegetables for helping to contrast the malnutrition without changing dietary habits [4].
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Among biofortification approaches, agronomic techniques are widely used to enhance
the concentration of nutrients in edible parts of various leafy vegetables by both root and
foliar applications [5,6]. Compared to other crops, like cereals and legumes, antinutritional
factors in leafy vegetables (such as oxalates and phytates) provide a lower inhibitory effect
on the gastrointestinal absorption of minerals, which may result in an increase in mineral
bioavailability, such as Zn [7,8]. Furthermore, biofortification through hydroponics systems,
in comparison with soil-based culture, is more effective in enhancing nutrient content in
vegetables, because roots are continuously fed with nutrient solutions and the absence
of soil constraints (i.e., alkaline pH, salinity) maximizes the bioavailability of nutrients.
Synthetic chelates are widely employed in agriculture for increasing micronutrients in
edible parts of crops [9]. For instance, the application of Fe-EDDHA in nutrient solution
resulted in an increase in leaf Fe concentration (up to 159.3 mg Fe kg~! DW) in lettuce
crops (‘Vanda’ and ‘Luminosa’) grown under deep water technique [10]. However, syn-
thetic chelates are characterized by high chemical stability and slow biodegradation rate,
leading to bioaccumulation in plant tissues and water, causing environmental pollution
and risk for human health [9,11]. Furthermore, several authors reported a decrease in
lettuce yield following Fe biofortification treatments with synthetic chelates. Testing the
same Fe-EDDHA treatments used by Brito et al. [10], da Silva et al. [12] recorded a linear
decrease in leaf dry biomass in “Vanda’ lettuce grown under Nutrient Film Technique (NFT)
as Fe-EDDHA rate increased; moreover, the same authors reported that Fe concentration in
lettuce leaves reached a maximum value (157.9 mg Fe kg~! DW) close to the level recorded
by Brito et al. [10]. Similarly, Giordano et al. [13] reported a negative impact of biofortifica-
tion with Fe-EDDHA on plant biomass with an 11% decrease in fresh shoot biomass of both
green and red Salanova lettuce grown under NFT when leaf Fe concentration exceeded
40.6 and 66.0 mg Fe kg~! DW in green and red Salanova lettuce, respectively. Testing
another type of synthetic chelate (Fe-HBED) at different rates (0, 1 and 2 mmol L~ 1) in
the nutrient solution, Buturi et al. [14] observed a strong increase in Fe concentration in
lettuce leaves (up to 433.4 mg Fe kg~! DW) in both ‘Napulus’ and ‘Romana’ cultivars;
however a reduction in plant dry biomass was observed when Fe-HBED was applied in
comparison with control treatment (—17.5% at 1 mmol L~! of Fe-HBED and —19.0% at
2 mmol L~ of Fe-HBED), which can be associated with an oxidative stress in plant tissues.
The above studies suggested that the type of synthetic chelate, cultivar and growing system
can influence the Fe accumulation in lettuce leaves with a yield penalty starting from
a broad range of leaf Fe concentrations.

Similarly to Fe, zinc (Zn) biofortification can be achieved through synthetic chelates
(e.g., Zn-EDTA) or mineral salts (e.g., ZnSOy). Puccinelli et al. [15] observed an increase in
leaf Zn concentration (up to 5.7 and 6.0 mg Zn kg ~! FW in Experiments 1 and 2, respectively)
in ‘Nelson’ lettuce grown under an aeroponic system when the nutrient solution was
enriched with Zn-EDTA; lettuce yield was not significantly affected by the tested Zn-EDTA
rates. Similarly to Zn-EDTA trials, the application of ZnSOj, into the nutrient solution
caused an increase in leaf Zn concentration (up to 265.2 and 733.3 mg Zn kg~! DW, in the
study of Barrameda-Medina et al. [16] and de Lima et al. [17], respectively) in lettuce plants
grown under a hydroponic system without any significant variation in crop yield. Despite
the above positive findings, a yield penalty was observed in lettuce when the nutrient
solution was enriched with ZnSOy4 above 0.1 mM [18]. As reported by Stanton et al. [19],
when leaf Zn concentration reaches values above the range between 100 and 700 mg Zn kg !
DW, plants exhibit Zn toxicity symptoms.

Although nutrient solution enrichment has been widely investigated for lettuce bio-
fortification, foliar application of Zn and Fe fertilizers has been proposed as an alternative
method to root applications for promoting rapid and direct nutrient absorption in lettuce
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leaves. Foliar treatments with FeSO, resulted in increased leaf Fe concentration in lettuce
grown under NFT, together with an increase in leaf N concentration, flavonoids and phe-
nolic compounds, without negative effects on the fresh weight of shoots and roots and
total fresh weight of lettuce plants [20]. Foliar applications of ZnSO,4 was also used for
biofortification of lettuce grown in NFT as reported by Preciado-Rangel et al. [21] who
observed an increase in Zn concentration in lettuce leaves and other qualitative traits
(total phenol, flavonoids and antioxidant capacity) when ZnSO, was increased from 0 to
100 uM in the spray solution; moreover, plants which were foliarly treated with the highest
Zn concentration (100 uM) recorded the highest fresh weight of lettuce shoots respect to
control plants. Despite the above positive results on biofortification of lettuce leaves with
foliar applications of Fe and Zn salts, the Fe and Zn concentrations reached in leaf tissues
appeared to be limited.

Recently, biochelates have been proposed as a sustainable alternative to the use of
synthetic chelates for delivering micronutrients to different crops like cucumber, lettuce,
wheat, and soybean; biochelates are eco-friendly chelating agents that are completely
biodegradable and safe for human health and the environment [22]. Vegetal-derived
peptides have been proposed as biochelating agents of mineral nutrients for enhancing plant
nutrient uptake and transport [23]. Moreover, peptide-based biochelates may also provide
biostimulant activity, enhancing crop growth and productivity, especially under abiotic
stress conditions [22]. Peptide-based biochelates have performed similarly to synthetic
chelates in supporting nutrient uptake of crops. For instance, root application of Fe-peptide
showed similar agronomic performances to Fe-EDDHA in three trials on cucumber, tomato
and strawberry grown under alkaline conditions [22]. Similarly, Leporino et al. [23] reported
no significant differences in growth and leaf Fe concentration of tomato plants grown under
alkaline conditions when Fe was rootly applied as Fe-EDTA or Fe-peptide. However,
Zn-EDTA showed superior performance in enhancing the leaf Zn concentration of tomato
plants grown under alkaline conditions [23]. Notably, peptide-based biochelates stimulated
phenolic compound pathways in tomato leaves compared to the synthetic chelate EDTA,
suggesting that biochelates can promote antioxidant defenses and modulate cell responses
to mitigate stress. Despite the above positive results with peptide-based biochelates, no
biofortified studies with micronutrient-peptide based biochelates have been carried out on
leafy vegetable crops.

Given the biological role of Fe and Zn in human health [6] and the growing interest in
the use of biochelates in agriculture as a replacement for synthetic chelates, an agronomic
trial was conducted to evaluate the biofortification effect of multiple foliar applications of Fe
and Zn peptide-based biochelates on lettuce plants grown in a floating system. Moreover,
to better understand lettuce plant responses to the biofortification treatments, the trial
was conducted in a greenhouse equipped with a high-throughput phenotyping platform,
and mineral and biochemical analyses of leaves were performed to evaluate the effects of
biochelates on leaf quality traits.

2. Materials and Methods
2.1. Plant Growth Conditions, Biochelate Characteristics and Experimental Design

The experiment was carried out in a polymethyl methacrylate greenhouse at the Ex-
perimental Farm of Tuscia University, Central Italy (42°25' N, 12°08’ E) from 31 March to
15 May 2024. Temperature, relative humidity, and solar radiation were recorded hourly by
a weather station (HYGROVUES5 TEMP & RH PROBE C/W and CS301 APOGEE PYRA-
NOMETER C/W, Campbell Scientific, Loughborough, UK) located inside the greenhouse
(Supplementary Figure S1).
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Lettuce seeds (Lactuca sativa L. - cv Salanova Aquino; Rijk Zwaan, Bologna, Italy) were
sown on 31 March in black plastic cups (J: 4.8 cm, h: 5 cm, b: 3 cm) filled with vermiculite.
The cups were placed in a circular polystyrene support and placed in tanks, each filled
with nutrient solutions (floating system). The nutrient solution, which was similar to
the solution used by Fiore et al. [24], was obtained by adding the following fertilizers to
pure water (mg L~1): 722 Ca(NO3),, 137 KH,POy, 230 K,SO,, 84 NH4NO3, 250 MgSQOy,
108 KNOs. For each macronutrient, the final concentration (mg L ')was 154N, 31 P, 72 S,
176 K, 160 Ca and 24 Mg. Micronutrients were added as 24 mg L~! of commercial fertilizer
(Mikrom; Cifo S.p.A., Bologna, Italy) containing (g kg~!): 5B, 5 Cu, 40 Fe, 40 Mn, 2 Mo, 10
Zn. Mikrom also confirmed traces of Mg (0.43 mg L~1)and S (0.58 mg L~1). The volume of
the nutrient solution was kept constant at 6.5 L, and oxygenation of the nutrient solution
was conducted by pumping air through emitters placed on the bottom of the tanks (one
emitter for each tank).

The vegetal-derived peptide-based biochelates were provided by Hello Nature®
(Rivoli Veronese, Italy). Fe-peptide (KeyLan Fe) contained 58.5 ¢ L~! of Fe water-soluble,
while Zn-peptide (KeyLan Zn) contained 65.0 g L~! of Zn water-soluble. Both peptide-
based biochelates contained 520 g L~! of vegetal protein hydrolysates.

Foliar applications of Fe-peptide (1.5 mL L~!) and Zn-peptide (1.5 mL L~!) were
compared with a control treatment (distilled water). A randomized block design was
adopted to compare the three treatments with 8 replicates each, for a total of 24 plants.
A 2 L Volpi Ninfea sprayer (Volpi, Piadena, Italy) was used for the foliar spray treatments.
Each plant was foliar-sprayed with 15 mL of solution to allow complete coverage of
vegetation, avoiding runoff. All treatments were performed on the 23rd, 30th and 37th day
after sowing (DAS).

2.2. Non-Destructive Phenotyping Measurements

During the trial (23rd, 26th, 30th, 33rd, 36th and 40th DAS), non-destructive leaf mea-
surements were performed to indirectly check chlorophylls (transmittance ratio T850/T720),
flavonols (transmittance ratio F660/F325) and anthocyanins content (transmittance ratio
F660/F525) using the Multi-Pigment-Meter (ADC BioScientific Ltd., Hoddesdon, UK).
Moreover, the Nitrogen-Flavonol Index (NFI) was calculated as the ratio between chloro-
phyll and flavonol content. Five leaf measurements were taken for each plant, with a total
of 40 replicates per treatment (8 plants x 5 leaf measurements).

Lettuce morphological traits were monitored with a high-throughput phenotyping
platform (Phenospex, Heerlen, The Netherlands) belonging to Arcadia Spin-off Company
(Rivoli Veronese, Italy). Phenotyping measurements were carried out twice each morning
for 24 consecutive days for all 24 lettuce plants, and 3D Leaf Area, Plant Height and Digital
Biomass of lettuce shoots were determined.

2.3. Plant Biomass Determination

At the 40th DAS, 24 lettuce plants (8 plants per experimental treatment) were harvested
to record the fresh weight of the shoots individually. Before drying, the shoots were washed
into distillated water, and the dry weight of the shoots was determined after oven-drying
plant tissue at 65 °C until the sample weight remained constant; subsequently, dry samples
were ground separately in a Wiley mill to pass through a 20-mesh screen.

2.4. Photosynthetic Pigments, Antioxidant Activity and Nitrates

At the 40th DAS, six leaves for each treatment were harvested, frozen with liquid
nitrogen and stored at —80 °C. Subsequently, the sample was ground with liquid nitrogen
and an aliquot of 0.1 was used to determine total chlorophyll and carotenoid content, while
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0.5 g and 10 mL 80% were used for analysis of ferric reducing antioxidant power assay
(FRAP), total phenol and flavonoids.

Total chlorophyll (a + b) and carotenoid concentration in lettuce leaves were deter-
mined following the Lichtenthaler and Wellburn method [25]: the frozen sample was
extracted by adding 10 mL of 80% acetone into a glass tube, homogenization in ice, and
centrifuged at 1400 g for 5 min at 4 °C. The absorbance of the supernatants was recorded
at 470, 663 and 647 nm, and the final concentration was calculated using the equations
reported by the same authors.

For total phenols and flavonoids, an extraction with 80% ethanol (pH 2) was performed,
while for the ferric reducing antioxidant power assay (FRAP), an extraction with 80%
methanol was performed. Both extractions were conducted by adding 10 mL of extracting
solution, homogenization and incubation for 1 h at room temperature. The extract was
centrifuged, and the supernatant was stored at —20 °C.

The total phenols content (TPC) was determined using the Folin-Ciocalteu method [26].
For the assay, 0.2 mL of extract was added with 1 mL of Folin-Ciocalteau’s reagent diluted
(1:5, v:v) and 0.8 mL of 7.5% sodium carbonate (w/v). The absorbance of the solution was
measured after 1 h of incubation at room temperature and in dark conditions, at 765 nm,
and the result was expressed as mM GAE for 100 g~! of FW.

The flavonoids contents were determined using the colorimetric assay proposed by Jia
Zhishen et al. [27]. An aliquot of 0.7 mL of extract was added with 0.15 mL of 5% (w/v)
sodium nitrite, 0.15 mL of 10% (w/v) aluminum trichloride and 1 mL of sodium hydroxide
1 M. The absorbance of the solution was measured at 510 nm, and the result was expressed
as mM QE for 100 g~ ! of FW.

FRAP assay was conducted following the protocol reported by Benzie and Strain [28]:
0.03 mL of extract was added to 0.09 mL of distilled water and 0.9 mL of FRAP work-
ing solution [(acetate buffer 300 mM (pH 3.6), 2,4,6-tris(2-pyridyl)-s-triazine 10 mM and
FeCls x 6 H,O 20 Mm (10:1:1; v/v/v).] After incubation at 37 °C for 30 min in the dark, the
absorbance was read at 593 nm and, through curve calibration with Trolox, the results were
expressed as mM Trolox for 100 g1 of FW.

For nitrate concentration, dry samples were used, according to Cataldo et al. [29]. In
a plastic tube, 0.1 g of dry plant tissues was added to 10 mL of distilled water, homogenized
for two hours and centrifuged at room temperature. Subsequently, in a glass tube, 0.2 mL
of the supernatant was incubated with 0.8 mL of salicylic acid 5% (w/v, prepared the
day before analysis and kept in the dark at 4 °C) for 30 min at room temperature. After
the first incubation, 19 mL of 1.7 N NaOH was added and incubated for 1 h at room
temperature, and after the second incubation, the nitrate concentration was determined
spectrophotometrically at 410 nm.

All chemicals and reagents were purchased from Merck Life Science S.rl. (Milan,
Italy), unless otherwise stated.

2.5. Mineral Analysis

Nitrogen concentration of lettuce leaves was determined with the Kjeldahl method [30]:
0.25 g of dry sample was placed inside a glass tube and 10 mL of H,SO4 was added,
mineralized with Kjeldahl catalyst tablets, steam distilled using boric acid 4% (w/v) as
a trap, and titrated with HCI1 0.1 N.

Macro- (P, K, Ca, Mg) and micronutrient (Fe, Mn, Zn Cu, B) and sodium concentration
of lettuce leaves was performed in two steps: 0.5 g of dry sample were mineralized with
65% HNOj3 for 40 min and, after digestion, the samples were diluted with 1% HNO;
and examined using an atomic emission spectrometer (4210 MP-AES, Agilent Technolo-
gies, Santa Clara, CA, USA) connected with SPS 4 Autosampler (Agilent Technologies,
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Santa Clara, CA, USA). A standard sample was always prepared as a reference for the
elemental analysis [31].

Furthermore, following the approach proposed by Puccinelli et al. [15], the nutritional
contribution was evaluated by converting leaf Fe and Zn concentrations from mg kg ™!
DW to mg 100 g~ ! fresh weight (FW). The final values correspond to the estimated daily
intake (EDI, mg d~'), based on a standard consumption of 100 g of fresh lettuce leaves.
Population Reference Intake (PRI) established by the European Food Safety Authority
(EFSA) for Fe [32] and Zn [33] was used for calculating the ratio of PRI that can be covered
with the EDL

2.6. Statistical Analysis

All data were subjected to analysis of variance (ANOVA) using RStudio “2025.9.2 + 418”
(RStudio Team, Vienna, Austria). Before analysis, the experimental data sets were checked for
normal distribution and homogeneity of variance using Levene’s test. Tukey’s test was carried
out at p = 0.05 on each of the significant variables measured. Experimental data were used
to calculate the coefficients of variation, defined as the ratio of the standard deviations to the
relative means, expressed as percentages.

3. Results
3.1. Spectral Indices of Leaves and Morpho-Physiological Traits

In Supplementary Table S1, the results obtained from reading with a multi-pigment
meter (MPM-100) are reported.

At 26th DAS, significant differences were observed in chlorophylls, flavonols and
anthocyanin content in lettuce leaves. Specifically, leaves treated with Zn-peptide-based
biochelates showed the highest chlorophyll value with respect to leaves treated with
Fe-peptide-based biochelates and control, without a difference between these treatments.
Flavonols contents were highest in lettuce leaves treated with Zn-peptide, while the lowest
values were obtained in leaves treated with Fe-peptide; intermediate values were recorded
in the control treatment. Regarding anthocyanin content, the highest values were recorded
in the control treatment, while leaves treated with Fe-peptide showed the lowest values;
intermediate values were obtained in leaves treated with Zn-peptide.

At the 30th DAS, significant differences among treatments were observed in antho-
cyanin content and NFI, while no significant differences were recorded for chlorophyll and
flavonols. Anthocyanin content was highest in the control treatment, while the lowest value
was obtained in the Fe-peptide treatment; intermediate values resulted in the Zn-peptide
treatment. For NFI, the highest value was observed in leaves treated with Fe-peptide, while
the lowest value was observed in leaves treated with Zn-peptide; intermediate values were
recorded in the control treatment.

At 23rd and from 33rd to 40th DAS, no significant differences were observed among
treatments for all variables reported in Supplementary Table S1.

Morphological digital traits obtained by phenotyping platforms are reported in
Figure 1. Digital Biomass and 3D Leaf Area were similar among treatments over the
entire growing cycle. Significant differences were observed for Plant Height only at 21st
and 23rd days of phenotyping (DOP); in both days, plants treated with Zn-peptide showed
the highest values, whereas the lowest values on 21st DOP were observed in plants treated
with Fe-peptide and intermediate values were observe in control plants, while on 23rd DOP,
the lowest value was observed in control plants and an intermediate value was recorded in
plants treated with Fe-peptide.
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Figure 1. Effect of biofortification treatments on Digital Biomass (A), 3D Leaf Area (B) and Plant
Height (C) of lettuce plants from HortControl software (version n. 3.15.6) during the greenhouse
experiment. Dashed black line (9th, 15th and 21st Days of Phenotyping, DOP) corresponds to days
when foliar treatments were performed on hydroponically grown lettuce. * Significant at p < 0.05.
All data are expressed as mean =+ standard error.
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3.2. Lettuce Shoot Biomass

Fresh and dry weight, and dry matter content of lettuce shoots at the end of the trial
are reported in Table 1, where no significant differences were observed among treatments.

Table 1. Effect of biofortification treatments on fresh and dry biomass and dry matter of shoots in
hydroponically grown lettuce.

Shoot
Treatment Fresh Weight Dry Weight Dry Matter
(g/Plant) (g/Plant) (%)
Control 174.73 £+ 8.25 10.03 + 0.44 5.59 +0.12
ontro (13.4) (12.4) (5.5)
Fe-peptide 174.50 £ 4.98 9.55 £ 0.37 549 +0.22
pep (8.1) 11.1) (11.4)
Zn-peptide 167.27 £7.24 9.29 +0.49 5.55 4+ 0.15
pep (12.2) (15.0) (7.7)
Significance ns ns ns

All data are expressed as mean =+ standard error, and the coefficient of variation expressed as a percentage is
reported in parentheses; ns, nonsignificant according to Tukey’s test (p = 0.05).

3.3. Leaf Pigments, Antioxidant Activity and Nitrates

No significant differences were observed for total chlorophyll, carotenoids, ferric
reducing antioxidant power (FRAP), total phenols and flavonoids (Table 2).

Table 2. Effect of biofortification treatments on total chlorophyll, carotenoids, ferric reducing an-
tioxidant power assay (FRAP), total phenols, flavonoids and nitrate concentration of leaves in
hydroponically grown lettuce.

FRAP

Treatment Total Chlorophyll Carotenoids (M Trolox g-1 Total Phenols Flavonoids Nitrates
(mg kg—1 FW) (mg kg—1 FW) FW) & (mM GAE 100 g—1 FW) (mM QE 100 g—1 FW) (mg NO; kg~1 FW)
Control 0.589 £ 0.010 0.104 £ 0.003 447.33 4+ 38.35 910.56 + 28.98 289.72 +24.64 1715.61 £42.31a
(62) (10.0) (34.3) 12.7) (34.0) (13.5)
Fe-peptide 0.609 £+ 0.011 0.105 £ 0.003 537.65 £ 40.02 840.54 £ 38.01 22529 +18.82 1763.30 £ 68.92 a
pep (7.5) (10.9) (29.8) (18.1) (33.4) (21.4)
Zn-peptide 0.601 £0.015 0.103 £ 0.003 556.21 4 48.94 808.14 £+ 38.94 250.17 £ 32.41 1568.36 + 44.94b
pep (10.3) (12.8) (35.2) (19.3) (51.8) (16.2)
Significance ns ns ns ns ns *

All data are expressed as mean =+ standard error, and the coefficient of variation expressed as a percentage is
reported in parentheses; ns, *, nonsignificant or significant at p < 0.05. Different letters within each column
indicate significant differences according to Tukey’s test at p = 0.05.

Significant differences were observed for nitrate concentrations in lettuce leaves, with
the lowest values in the Zn-peptide treatment (Table 2).

3.4. Mineral Composition

Macro- and microelement and sodium concentrations in dry leaves are reported in
Tables 3 and 4, respectively. No significant differences were observed for macronutrient
and sodium concentrations in lettuce leaves.
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Table 3. Effect of biofortification treatment on macronutrient concentration and sodium in leaves of
hydroponically grown lettuce.

Mineral Concentration (g kg—1 DW)

Treat t
reatmen N P K Ca Mg Na
Control 40.79 + 047 7.64 £0.15 58.04 +1.43 11.99 + 0.28 3.30 + 0.06 0.50 + 0.02
(4.6) (5.7) (7.0) (6.7) (5.2) (10.9)
Fe-peptide 42.19 £ 0.70 8.22 £0.22 61.52 £1.85 12.14 £ 0.49 3.53 £0.16 0.50 £ 0.02
pep (6.6) (7.7) (7.9) 10.7) (13.1) (8.89)
Zn-peptide 42.07 + 0.67 793 £ 0.27 57.59 £+ 1.61 11.51 £ 0.41 3.26 £0.13 0.49 £+ 0.04
pep (6.4) (9.8) (7.9) (10.0) (11.5) 1.1)
Significance ns ns ns ns ns ns
All data are expressed as mean =+ standard error, and the coefficient of variation expressed as a percentage is
reported in parentheses; ns, nonsignificant according to Tukey’s test (p = 0.05).
Table 4. Effect of biofortification treatment on micronutrient concentrations in leaves of hydroponi-
cally grown lettuce.
Mineral Concentration (mg kg—1 DW)
Ti
reatment Fe Mn Zn Cu B
Control 155.65 + 6.51b 65.20 = 1.96 58.85 +4.49b 14.88 £ 1.07 20.47 £0.81 ab
(11.8) (8.5) (21.6) (20.4) (11.1)
. 21494 £ 939 a 67.11 £2.52 5595+ 3.77b 13.59 £ 0.86 19.42 +0.61Db
Fe-peptide
(10.7) (10.6) (19.1) (18.0) 8.9)
Zn-peptide 14596 £ 791D 67.17 £ 3.35 84.80 £ 7.12a 13.26 £ 0.91 2273 +0.84 a
pep (15.3) (14.1) (23.8) (19.5) (10.4)
Significance ok ns * ns *

All data are expressed as mean =+ standard error, and the coefficient of variation expressed as a percentage is
reported in parentheses; ns, ¥, **, ***, nonsignificant or significant at p < 0.05, 0.01, 0.001, respectively. Different
letters within each column indicate significant differences according to Tukey’s test at p = 0.05.

Significant differences were observed for Fe, Zn and B concentrations in lettuce leaves
(Table 4). Foliar applications of Fe-peptide significantly increased leaf Fe concentrations
compared to control and Zn-peptide treatment; on the other hand, foliar applications of
Zn-peptide significantly increased leaf Zn concentration in comparison with control and
Fe-peptide treatment. Moreover, Zn-peptide treatment also increased the leaf B concen-
tration with respect to Fe-peptide, while intermediate values were obtained in the control
treatment. Manganese and Cu concentrations in lettuce leaves did not show significant
differences among treatments.

From a nutritional point of view, when leaf Fe and Zn concentrations were expressed
as mg 100 g~ ! FW, Fe and Zn exhibited the same overall trend observed in Table 4, as shown
in Figure 2. Fe-peptide treatment increased the leaf Fe concentration (1.26 mg Fe 100 g~
FW) compared to control and Zn-peptide treatments (0.90 and 0.81 mg Fe 100 g~! FW,
respectively), while Zn-peptide treatment enhanced leaf Zn concentration (0.47 mg Zn
100 g~! FW) in comparison with control and Fe-peptide treatments (0.34 and 0.31 mg Zn
100 g~ FW, respectively).
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Figure 2. Effect of biofortification treatment on Fe (left) and Zn (right) concentration of leaves in
hydroponically grown lettuce expressed on a fresh weight basis. Different letters indicate significant
differences according to Tukey’s test at p = 0.05. All data are expressed as mean =+ standard error, and
the coefficients of variation are reported below the error bars as percentages.
The estimated dietary intake (EDI) for Fe and Zn is reported in Table 5, together with
Population Reference Intake (PRI), defined as the intake level of a nutrient that is sufficient
to meet the requirements of all healthy individuals in a specific population group according
to the European Food Safety Authority (EFSA).
Table 5. Estimated dietary intake (EDI) resulting from the consumption of 100 g of fresh lettuce leaves
treated with Fe- or Zn-peptide, Population Reference Intake (PRI) established by the European Food
Safety Authority (EFSA), and EDI/PRI ratio for Fe and Zn.
A Fe (mgd-1) Zn (mgd-1)
e EDI/PRI EDI/PRI
8 EDIt PRI EDI tt PRI
>18-year-old males 1.26 11 0.115 0.47 14.2 0.033
>18-year-old females 0.47 11.9 0.039
Premenopausal 1.26 16 0.008
Postmenopausal 1.26 11 0.115

 EDI from lettuce leaves treated with Fe-peptide; t* EDI from lettuce leaves treated with Zn-peptide.

As reported by EFSA, for adult males (>18 years), the PRI for Fe and Zn was 11 and
14.2 mg d !, respectively. Therefore, 100 g of Fe- and Zn-biofortified lettuce leaves can
satisfy 11.5% and 3.3% of PRI for Fe and Zn, respectively. For adult females (>18 years),
EFSA reported two different PRI for Fe: 16 mg d ! for premenopausal and 11 mg d~! for
postmenopausal; the PRI for Zn, instead, EFSA reported 11.9 mg d~!, without distinction
of physiological categories. In the current study, 100 g of Fe-biofortified lettuce leaves can
satisfy 8% and 11.5% of PRI for premenopausal and postmenopausal females respectively,
while 100 g of Zn-biofortified lettuce leaves can satisfy 3.9% of PRI
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4. Discussion

For counteracting the global increase in human micronutrient deficiencies, agronomic
biofortification represents one of the most effective and rapid strategy to enhance micronu-
trient concentrations in edible parts of leafy vegetables, especially for Fe and Zn, which
represent 78.3% of total Disability-Adjusted Life Years (DALY) [3,4]. Salts and synthetic
chelates are widely used in biofortification strategies, but their use is often associated with
a yield penalty [12-14,18]. Furthermore, the use of synthetic chelates in agriculture causes
environmental pollution and bioaccumulation in tissue, with negative consequences for
human health [9,11]. In the current study, an agronomic biofortification trial was conducted
to evaluate whether multiple foliar applications of two peptide-based fertilizers could
enhance leaf Fe and Zn concentrations in lettuce grown under floating system.

The results clearly showed that peptide-based fertilizers enhanced the concentration
of Fe and Zn in lettuce leaves with respect to the control treatment (+38.1% and +44.1%,
respectively), without causing a yield penalty. This response may be related to the presence
of peptides, which combine micronutrient chelating action with biostimulant effects, pro-
moting leaf enrichment with Fe and Zn without compromising plant growth [22]. Moreover,
leaf Zn concentration obtained in the current study (from 55.9 to 84.8 mg Zn kg~ ! DW),
being between 30 and 100 mg Zn kg~! DW, was within the optimal concentration range for
greenhouse lettuce [19]; in addition, leaf Zn concentration resulted from foliar applications
of Zn-peptide-based biochelate was higher than leaf Zn concentration reported by Preciado-
Rangel et al. [21] (up to 40 mg kg~ !) obtained with foliar application of ZnSOy. Leaf Fe
concentration observed in Fe-peptide treatment (214.94 mg Fe kg ') was higher than leaf
Fe concentrations reported in previous studies with synthetic chelates: 40.6 and 66.0 mg
Fe kg~ ! in green and red lettuce cultivars, respectively, by Giordano et al. [13], 157.9 mg
Fe kg~ ! by da Silva [12], and 159.3 mg Fe kg~! DW by Brito et al. [10]. Furthermore, leaf
Fe concentration in the Fe-peptide treatment (214.94 mg Fe kg ') of the current study was
within the optimal Fe range for lettuce leaves reported (168-223 mg Fe kg~!) by Bryson
and Mills [34], while the leaf Fe concentrations in control and Zn-peptide treatment were
below the leaf optimal range. The above findings indicated that peptide biochelates can
promote optimal accumulation of Fe in leaf tissues without causing toxic effects.

During mineral absorption, antagonism and synergistic interactions may occur be-
tween minerals themselves [35]. As reported by Giordano et al. [13], lettuce plants grown
in nutrient solution enriched with the highest concentration of Fe-EDDHA showed a sig-
nificant increase in leaf P and Fe concentrations, whereas a decrease in leaf K, Ca and
Mg concentrations was also recorded. On the contrary, Buturi et al. [14] reported an
increase in leaf macro- (N, P, K, Ca, Mg and S) and micronutrients (Fe, Mn, Zn and B)
when lettuce was grown in a nutrient solution enriched with growing rates of Fe-HBED.
Preciado-Rangel et al. [20,21] reported that foliar applications of inorganic salts (FeSO, and
ZnSOy) changed the leaf mineral profile of N and P for FeSO, treatment and P, K, Ca, Mg,
Fe, Mn, Ni and Cu with ZnSO, treatment in lettuce grown under NFT.

In the current study, foliar applications of Fe- and Zn-peptide fertilizers did not affect
the leaf concentrations of macronutrients (N, P, K, Ca, Mg), Na, Cu and Mn; the above
findings suggest that, under optimal root supply of mineral nutrients, peptide-based
biochelates can enhance the target micronutrients, with limited changes in the overall
mineral profile of lettuce leaves. Several authors observed an increase in leaf mineral
concentrations after foliar/root applications of vegetal-protein hydrolysate-based products,
highlighting the beneficial role of vegetal peptides in enhancing mineral uptake in lettuce
crops through several mechanisms such as an increase in surface area of the plant’s root
system, an enhancement of nutrient availability and a stimulation of nutrient transporter
activity [36-39]. However, in the current trial, the peptide-based biochelates caused limited
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changes in the overall mineral profile of lettuce leaves as a result of the optimal nutrient
supply at the root level.

The above findings highlight the importance of the right selection of fertilizer type,
rate and mode of application (root vs. foliar) for maximizing biofortification of lettuce
leaves without negative side effects on their mineral profile.

Lettuce is particularly appreciated for the higher fiber, vitamins, antioxidants and min-
eral content in leaves. From a nutritional point of view, it has been demonstrated that 100 g
of fresh lettuce can contribute 15% of the human recommended intake of Fe (8-18 mg d !
for adults) and 3% of Zn (8-11 mg d~! for adults) [40]. Moreover, Puccinelli et al. [15]
reported that 100 g of Zn-biofortified fresh lettuce shoots could provide 3.7-5.6% of the
Population Reference Intake (PRI) for Zn. Similarly, Giordano et al. [13] reported that 100 g
of Fe-biofortified fresh lettuce shoots contributed between 1.8 and 2.5% and 2.8-4.0% of
the PRI for Fe in green and red lettuce cultivars, respectively. In the current study, the
contribution of 100 g of Fe-biofortified fresh lettuce shoots to PRI was higher (between
8.0 and 11.5%) than the values reported by Giordano et al. [13], whereas the contribution
of 100 g of Zn-biofortified fresh lettuce shoots to PRI was lower (between 3.3 and 3.9%)
than that reported by Puccinelli et al. [15]. This discrepancy between the literature and the
current findings is linked to the different leaf Fe and Zn concentrations in lettuce obtained
with biofortification treatments.

Considering that the average leaf concentrations among treatments for N, P, Ca, Mg,
Fe, Mn, Zn, Cu and B were within the optimal ranges for lettuce grown under greenhouse
conditions [36], the Fe and Zn enrichment achieved in this study represents an effective
strategy to improve the nutritional value of lettuce without compromising the availability
of other macro and micronutrients for human dietary intake.

Leaf nitrate concentration is one key factor for lettuce marketability due to the impact
of nitrates on human health [41]. In the current study, the nitrate concentrations in lettuce
leaves were under the threshold (4000 mg NO; kg ! fresh weight) imposed by EC Regula-
tion 1258/2011 (Regulation—1258/2011-EN-EUR-Lex, https:/ /eur-lex.europa.eu/eli/reg/
2011/1258/0j/eng, accessed on 10 February 2026) for lettuce cultivated in a greenhouse
and harvested from 1 April to 30 September. Moreover, the nitrate concentrations in lettuce
leaves treated with Zn-peptide were lower than those in the control and Fe-peptide treat-
ments (—8.6% and —11.1%, respectively). Similarly, Barrameda-Medina et al. [16] observed
a significant reduction in nitrate concentration in lettuce leaves when the Zn concentration
in the nutrient solution was higher than 20 umol L~ and an increase in nitrate reductase
activity and N metabolism was also observed under higher Zn supply. In the current study,
the reduction in nitrate concentration in lettuce leaves after Zn-peptide foliar application
may also be related to an enhancement in nitrate reductase activity.

Biofortification with synthetic chelates and salts may also induce oxidative stress and
yield penalty. Buturi et al. [14] reported that biofortification with the synthetic chelate
Fe-HBED led to a reduction in total lettuce dry biomass and an increase in oxidative stress
indicators (O, ~, proline, malondialdehyde) and enzymatic activity (ascorbate peroxidase,
glutathione peroxidase, and catalase) associated with oxidative stress mitigation. Moreover,
foliar application of salts (FeSO4 and ZnSOj) can also induce stress signaling in plants
increasing antioxidant activity, total phenols and flavonoids in lettuce leaves as observed
by Preciado-Rangel et al. [20,21]. In the current study, the lack of significant differences
in antioxidants, chlorophyll and carotenoid concentration in lettuce leaves suggests that
peptide-based biochelates, at the tested rates, did not induce oxidative stress response in
lettuce leaves, preserving crop yield and leaf quality.
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5. Conclusions

Our findings indicate that foliar applications of Fe- and Zn-peptides increased Fe and
Zn concentration in lettuce leaves, without yield penalty, and maintained leaf mineral
composition within the optimal range for greenhouse-grown lettuce. In all treatments, leaf
nitrate concentration was below the limit imposed by the EU regulation, with a signifi-
cant reduction in leaf nitrate concentration under Zn-peptide treatment. Overall, these
findings suggest that peptide-based biochelates may represent promising fertilizers for
lettuce biofortification in hydroponic systems, combining nutritional improvement and
environmental sustainability enhancement.

Although promising, these findings represent the first step toward the use of peptide-
based biochelates for lettuce biofortification, as Fe- and Zn-peptide fertilizers were eval-
uated separately. Future studies are necessary to explore the synergistic effects derived
from the combined applications of Fe- and Zn-peptide to simultaneously increase Fe and
Zn concentration in lettuce leaves. Furthermore, it will be interesting to compare the
cost and effectiveness of peptide-based biochelates with traditional mineral fertilizers and
synthetic chelates.
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humidity (B), and solar radiation (C) registered hourly through the weather station located inside the
greenhouse during the growing of lettuce plants; Table S1. Effect of biofortification treatments with
peptide-based biochelates on leaf spectral index (chlorophylls, flavonols, anthocyanins and Nitrogen
Flavonol Index or (NFI) of lettuce plants grown in a floating system.
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