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Abstract

The application of protein hydrolysates (PH) biostimulants is considered a promising

approach to promote crop growth and resilience against abiotic stresses. Neverthe-

less, PHs bioactivity depends on both the raw material used for their preparation and

the molecular fraction applied. The present research aimed at investigating the

molecular mechanisms triggered by applying a PH and its fractions on plants

subjected to nitrogen limitations. To this objective, an integrated transcriptomic-

metabolomic approach was used to assess lettuce plants grown under different nitro-

gen levels and treated with either the commercial PH Vegamin® or its molecular

fractions PH1(>10 kDa), PH2 (1–10 kDa) and PH3 (<1 kDa). Regardless of nitrogen

provision, biostimulant application enhanced lettuce biomass, likely through a

hormone-like activity. This was confirmed by the modulation of genes involved in

auxin and cytokinin synthesis, mirrored by an increase in the metabolic levels of these

hormones. Consistently, PH and PH3 upregulated genes involved in cell wall growth

and plasticity. Furthermore, the accumulation of specific metabolites suggested the

activation of a multifaceted antioxidant machinery. Notwithstanding, the modulation

of stress-response transcription factors and genes involved in detoxification pro-

cesses was observed. The coordinated action of these molecular entities might

underpin the increased resilience of lettuce plants against nitrogen-limiting

conditions.

In conclusion, integrating omics techniques allowed the elucidation of mechanistic

aspects underlying PH bioactivity in crops. Most importantly, the comparison of PH

with its fraction PH3 showed that, except for a few peculiarities, the effects induced

were equivalent, suggesting that the highest bioactivity was ascribable to the lightest

molecular fraction.
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1 | INTRODUCTION

Management of plant nutrition is of utmost importance to sustain

plant growth and development as well as to ensure both yield and

quality in horticultural crops (Marschner 2012). However, the agricul-

tural sector is required to face an important challenge in the coming

years; the rapidly increasing World population will require a parallel

increase in food production, which is expected to rise by 50% by the

year 2030 and double by 2050 (FAO 2009; Tilman et al. 2011). In

the past century, crop yield has been enhanced by increasing the

external inputs of mineral fertilizers, especially nitrogen(N)-based

ones, and pesticides (Lassaletta et al. 2014). Indeed, N is an essential

macronutrient for plants, pivotal in synthesising many compounds,

including nucleic acids, amino acids and proteins, chlorophyll, and

other secondary metabolites (Marschner 2012). Therefore, N shortage

can represent one of the major limiting factors for plant growth and

productivity. Nonetheless, in the last decades, crop yields have stag-

nated due to a decrease in the Nutrient Use Efficiency (NUE) of crops,

thus suggesting that further increasing the inputs of agrochemicals

will not guarantee a parallel increase in productivity (Zhang

et al. 2010; Baligar and Fageria 2015). Furthermore, the intensive use

of N-based fertilizers and the reduction in crops' NUE posed not only

economic issues but also environmental ones, mainly related to (1) the

mobility of these nutrient pools in soils (e.g. leaching, run-off)

(Udvardi et al. 2021), (2) the exacerbation of greenhouse gas emis-

sions and (3) the increase in nitrogen volatilization (Saud et al. 2022).

To favour the transition towards more sustainable agricultural

approaches aimed at increasing yields and yet reducing the adverse

effects of intensive fertilizer application, the adoption of innovative strat-

egies appears mandatory. In this vision, using plant biostimulants might

represent a promising solution (Di Mola et al. 2019; Siwik-Ziomek and

Szczepanek 2019; Cristofano et al. 2021; Carillo et al. 2022). According

to the EU regulation 2019/1009, a plant biostimulant (PB) has been

defined as a product that can promote plant growth and health by

enhancing either (1) nutrient use efficiency, (2) tolerance to abiotic stress,

(3) crop quality traits, (4) availability of nutrients confined in the soil and

rhizosphere or a combination of the above. Overall, PBs show a diversi-

fied nature, thereby including a wide range of substances like beneficial

microorganisms (e.g., mycorrhiza or plant growth promoting rhizobac-

teria), humic substances, seaweed extracts, and protein hydrolysates

(PH) (Calvo et al. 2014; Battacharyya et al. 2015; Canellas et al. 2015;

Colla et al. 2015, 2017b; Halpern et al. 2015; Pii et al. 2015; Rouphael

et al. 2015; Alzate Zuluaga et al. 2022). Among these, PH is composed of

a mixture of peptides and free amino acids obtained through the partial

hydrolysis, either chemical or enzymatic, of a protein source, deriving

from either the animal or plant kingdom (Colla et al. 2015, 2017b). Previ-

ous studies have assessed that the application of PH-based biostimulants

can increase the NUE and the tolerance to abiotic stresses (e.g., salinity,

drought and high temperature) in horticultural crops (Calvo et al. 2014;

Halpern et al. 2015; Lucini et al. 2015; Colla et al. 2017a, 2017b; Carillo

et al. 2019b, 2019a; Alzate Zuluaga et al. 2022; Zuluaga et al. 2023),

albeit the mode of action has not been fully elucidated yet. Several

authors have ascribed the positive effects brought about by the

administration of PHs to direct and indirect mechanisms, as i) the upregu-

lation of C and N metabolism by the stimulation of key enzymes, ii) the

enhancement of the antioxidant defence systems, and iii) the modulation

of hormone-like activities, which could, in turn, affect the growth and the

biology of the root systems, thereby influencing mineral nutrient uptake/

assimilation and, ultimately, crop productivity (Colla et al. 2017b). How-

ever, several pieces of evidence have also highlighted that PHs produced

from plants with a diverse botanical origin are characterized by a differ-

ent composition in terms of peptides and amino acids, thus exerting dis-

tinct effects on the growth or metabolism of different crops (Ceccarelli

et al. 2021; Cristofano et al. 2023a; Zuluaga et al. 2023). In this vision,

understanding the different contributions of single PH components in

biostimulation is still elusive, and its comprehension might represent a

challenging goal to achieve. Conversely, the complete elucidation of the

bioactive compounds and their effects on plants might allow choosing

the best source for PHs production and designing hydrolysis processes

that could enrich the final product in the effectors of interest (Lucini

et al. 2020). To date, very limited research has been carried out to

understand the bioactivity of different PHs fractions on horticultural

crops. El-Nakhel and co-workers (2023a) demonstrated that a Gramina-

ceae-derived PH and its molecular fractions provided different effects

(i.e., accumulation of fresh biomass, modulation of Na+, Cl- and organic

acids concentration in leaves, differential accumulation of antioxidant

compounds) when administrated to lettuce plants grown under salinity

stress, demonstrating that each fraction might produce distinct effects on

plants. Similarly, Lucini et al. (2020), through metabolomics-based ana-

lyses, demonstrated that the lightest fraction (0.5–1 kDa) of a Fabaceae-

derived PH was the most active in inducing the rooting of tomato seed-

lings through an auxin-like mode of action. Indeed, the lowest fractions

are rich in small metabolites and oligopeptides that could act in plant cells

as signalling molecules and orchestrate cell development and response to

environmental stimuli (Hirakawa and Sawa 2019). Despite these pieces

of research, several aspects of the molecular regulation induced in plants

by the administration of PHs and/or their fractions deserve further inves-

tigation, suggesting that integrating different omics techniques might be

necessary.

In the present research paper, a greenhouse experiment was car-

ried out on soilless-grown lettuce (Lactuca sativa L.), either under opti-

mal or low N availability, to investigate the impact of the commercial

biostimulant Vegamin® (Hello Nature USA Inc, Anderson, IN 46016

US) and its fractions. Lettuce is among the most demanded leafy vege-

table crops, with a global market bankrolled by over 29 million tons in

the 2019 harvest (Medina-Lozano et al. 2021). In recent years, the

upward demand has been driven by consumers' needs, including

the increasing focus on food safety issues, since lettuce is notoriously

an excellent source of minerals and health-beneficial compounds

(Medina-Lozano et al. 2021). Nutrient limitation, particularly N short-

age, harms crops due to its negative impact on plant metabolism, which

consequentially reduces the nutritional and functional quality of the

products (Marschner 2012). In lettuce, N limitation reduced total poly-

phenols and antioxidant activity with deleterious effects on photosyn-

thetic performance (Broadley et al. 2001; Coria-Cayupán et al. 2009).

In particular, the work was focused on addressing the effects of
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biostimulant application in terms of molecular reprogramming in

lettuce by integrating transcriptomic and metabolomic analyses that,

to our knowledge, has never been performed before. From one

side, the results obtained here could assist in selecting the most

suitable source for the production of PH while supporting the

choice of the most bio-active fraction(s) to achieve the desired

effect on crops.

2 | MATERIALS AND METHODS

2.1 | Plant material and growth conditions

Lettuce plants (Lactuca sativa L. cv. “Maravilla De Verano Canasta”;
Pagano Domenico and Figli, Scafati, Italy), at the phenological stage of

2–3 true leaves, were transplanted into pots (14 cm diameter and

1.6 L total volume) filled with a mixture (v/v) of 10% perlite (Perlite

Italiana s.r.l., Corsico, Italy) and 90% 3-mm quartz sand (Vaga, Sabbie e

Ghiaie Silicee, Costa de’ Nobili, Italy) at a density of 14 plants m�2.

Plants have been regularly irrigated with a nutrient solution composed

as follows: 1.5 mM of P, 4 mM of K, 4 mM of Ca, 2.5 mM of S,

1.25 mM of Mg, 20 μM of Fe, 9 μM of Mn, 0.3 μM of Cu, 1.6 μM of

Zn, 20 μM of B, and 0.3 μM of Mo, pH 5.8 and electrical conductivity

of 1.6 dS m�1. After the transplant, lettuce plants were exposed to

two levels of nitrogen (Optimal N – 8 mM NO3
� and Low N – 1 mM

NO3
�), supplemented through irrigation, and treated with a protein

hydrolysate (PH) biostimulant and its molecular fractions. The PH

adopted for this study was the commercial product Vegamin® (Hello

Nature USA Inc.) and its molecular fractions, i.e., PH1(>10 kDa), PH2

(1–10 kDa) and PH3 (<1 kDa), based on the evidence previously col-

lected (Cristofano et al. 2023a). Vegamin® is a vegetal-based biosti-

mulant obtained through enzymatic hydrolysis of proteins from

legume crops (Cristofano et al. 2023b). The Vegamine biostimulant

was applied at a rate of 3 mL biostimulant L�1 of solution, as recom-

mended by the manufacturer. The rates of fractions (PH1, PH2 and

PH3) application were adjusted in order to provide an equal amount

of nitrogen as compared to the non-fractioned product (Cristofano

et al. 2023a). Control plants were treated with distilled water instead

of protein hydrolysates. A total of five applications were carried out

weekly through the experimental trial, starting 13 days after the trans-

plant. The experiment was carried out in an unheated glass green-

house with passive ventilation at the Department of Agriculture,

Federico II University of Naples, Italy (Portici, Italy; 40�480 N,

14�200 E, 29 m.a.s.l.) during the autumn season 2020. Plants were har-

vested at commercial maturity, 44 days after transplant, and samples

were either dried or frozen in liquid N for subsequent analyses.

2.2 | Morphometric, Photosynthesis performance
and Biochemical assay

At harvest, the shoot dry weight and the leaf area were determined in

three plants per experimental unit. The latter parameter was

determined by the digital image analysis as previously described

(Ciriello et al. 2022b). On the day before harvest, measurements of

leaf gas exchanges, i.e., net CO2 assimilation (ACO2; μmol CO2

m�2 s�1), in addition to SPAD index, were made on young fully

expanded leaves of two replicate plants using LCi T (ADC Bioscientific

Ltd.) and Minolta SPAD-502 chlorophyll meter (Minolta Camera

Co. Ltd.), respectively.

To determine the activity of antioxidant enzymes [catalase (CAT)

and ascorbate peroxidase (APX)] and markers of oxidative stress [mal-

ondialdehyde acetate (MDA) and hydrogen peroxide (H2O2)], as

described previously (El-Nakhel et al. 2023b), four leaves per replicate

were harvested and immediately immersed in liquid nitrogen and

stored at �80�C.

2.3 | UHPLC/QTOF-MS untargeted metabolomics

Fresh material (3 leaf batches per treatment) was powdered under liq-

uid nitrogen with a pestle and mortar and then subjected to solvent

extraction. Briefly, 2 g of fresh leaves were mixed with 20 mL of the

solvent MeOH:H2O:HCOOH (80:19.9:0.1, v/v/v), vortexed and fur-

ther homogenized using a high-speed rotor (Polytron® PT 1600-E) for

1 min. The obtained extracts were later centrifuged at 8000 g at 4�C

for 10 min (Eppendorf® 5810). Supernatants were collected and fil-

tered through 0.22 μm pore-size syringe filters and transferred to

HPLC vials for analysis.

Samples were analyzed by an untargeted ultra-high performance

liquid chromatography coupled to a quadrupole-time-of-flight mass

spectrometer (UHPLC/QTOF-MS). The chromatographic procedure

was performed in a 1290 Infinity II-LC system (Agilent Technologies®,

Santa Clara, US) equipped with a reverse-phase Poroshell 120 PFP

column (Agilent®, 2.0 � 100 mm, 3 μm). The separation was achieved

by applying a binary gradient of water and acetonitrile, starting from

6 to 94% organic phase in 32 min. The injection volume was 6 μL, and

the flow rate was set at 0.2 mL min�1. The chromatographic system

was coupled to a G6550 QTOF mass spectrometer (Agilent®) via a

JetStream electrospray ionization source. The mass spectrometer was

set in positive polarity (ESI+) and SCAN modes, and an extended

dynamic range of 100–1200 m/z was selected, with a mass resolution

of 30,000 FWHM. Nitrogen was used as sheath gas (12 L min�1,

315�C) and drying gas (14 L min�1, 250�C). Nebulizer pressure was

set at 45 psi, nozzle voltage at 350 V, and capillary voltage at 4,000 V.

The analysis was performed in duplicate, making six analytical repli-

cates per treatment (n = 6).

Features annotation was performed by the ‘find-by-formula’
algorithm, based on the monoisotopic accurate mass, isotope patterns,

and isotopes ratio, by the MassHunter Profinder software (v. 10.0,

Agilent®), using the database PlantCyc (v. 15.1.1, from Plant Meta-

bolic Network, available at https://pmn.plantcyc.org/). Data filtering

was carried out by considering the features present in at least 66.6%

of replicates. The identification of features was achieved according to

the Level 2 set by the COSMOS Metabolomics Standard Initiative:

putatively annotated compounds.
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2.4 | RNA-seq analysis

Total RNA was extracted from frozen lettuce leaves using Spectrum

Plant Total RNA Kit (Sigma-Aldrich) following the manufacturer's

instructions. RNA integrity was assessed using the RNA Nano 6000

Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies).

mRNA was purified from total RNA using poly-T magnetic beads, fol-

lowed by fragmentation with divalent cations under elevated temper-

ature. First-strand cDNA was synthesized using random hexamer

primer and M-MuLV Reverse Transcriptase (RNase H�), whereas

second-strand cDNA was synthesized by using DNA Polymerase I and

RNase H. Blunt ends were obtained via exonuclease/polymerase

activities. The 30 ends of DNA fragments were adenylated, and adap-

tors with hairpin loop structure were ligated. Library fragments were

purified through the AMPure XP system (Beckman Coulter) to enrich

the fraction with lengths ranging between 370 and 420 bp. PCR was

then carried out using Phusion High-Fidelity DNA polymerase, Uni-

versal PCR primers, and Indexed Primer. Finally, PCR products were

purified (AMPure XP system), and library quality was assessed using

the Agilent Bioanalyzer 2100 system.

The clustering of the index-coded samples was performed on a

cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-

HS (Illumina) according to the manufacturer's instructions. After clus-

ter generation, the library preparations were sequenced on an Illumina

Novaseq platform, and 150 bp paired-end reads were generated. Raw

data were cleaned by removing reads containing adapter, ploy-N and

low-quality sequences. All the downstream analyses were based on

clean, high-quality data.

Reference genome and gene model annotation files were down-

loaded directly from the genome website. Hisat2 v2.0.5 was exploited

to build the reference genome and to align paired-end clean reads.

The quantification of gene expression level was carried out using fea-

tureCounts v1.5.0-p3, whereas Fragments Per Kilobase of transcript

sequence per Million base pairs sequenced (FPKM) of each gene was

calculated based on the length of the gene and reads count mapped

to this gene. The differential expression between treated and control

plants (three biological replicates per condition) was calculated using

the DESeq2 R package (1.20.0) (Love et al. 2014). The resulting

P-values were adjusted using Benjamini and Hochberg's approach for

false discovery rate. Gene Ontology (GO) enrichment analysis of dif-

ferentially expressed genes was carried out by exploiting clusterProfi-

ler R package; GO terms with corrected P-value lower than 0.05 were

considered significantly enriched by differentially expressed genes

2.5 | Statistical analysis

Morpho-physiological and biochemical parameters were analyzed

with the SPSS 28 software package (IBM, Armonk, NY, USA) and are

presented as mean ± standard error, n = 3. The mean effects were

subjected to two-way ANOVA (Nitrogen level � biostimulant). A

t-test was employed to compare the mean effect of N, and Tukey's

HSD test was performed to separate both the biostimulant mean

effect and Nitrogen level � biostimulant interaction. All tests were

deemed significant at p = 0.05.

Concerning metabolomics, the dataset was subjected to alignment,

normalization at the 75th percentile, log2 transformation, and baselined

to the median abundance of all samples before their analysis using Mass

Profiler Professional (v. 15.1, Agilent®). The multivariate chemometrics

analysis consisted of an unsupervised hierarchical cluster analysis (HCA)

derived from a fold change-based heatmap (Euclidean distance, Ward's

linkage rule) and a supervised orthogonal projection to latent structures

discriminant analysis (OPLS-DA), using the SIMCA software (v. 16, Ume-

trics®, Malmö, Sweden). Furthermore, OPLS-DA was combined with a

variable importance in projection (VIP) analysis to detect those metabo-

lites showing the highest influence in the discrimination between treat-

ments, the so-called VIP markers, assuming a VIP score threshold of

1.15. The quality of OPLS-DA models was further evaluated in terms of

goodness-of-fit (R2Y) and goodness-of-prediction (Q2Y), being

statistically validated through cross-validation analysis of variance

(CV-ANOVA) and excluding the overfitting by permutation test

(n = 200). The metabolomics dataset was further analyzed in terms of

one-way ANOVA followed by Tukey's post hoc test (Bonferroni multiple

testing correction, p < 0.05) and fold change analysis (FC, cut-off = ±1.5)

to identify the differential metabolites by the Mass Profiler Professional

software. Differential metabolites were subjected to pathway analysis

and interpreted through the Omics Viewer Pathway by PlantCyc (Plant

Metabolic Network®; available at https://pmn.plantcyc.org).

2.6 | Multi-omics integration of metabolomics and
transcriptomics outputs

The raw metabolomics dataset and the DEGs dataset were mutually

analyzed by applying the Data Integration Analysis for Biomarker dis-

covery using Latent variable approaches for Omics studies (DIABLO)

framework core as part of the “mixOmics” R package (version 6.22). An

initial sparse partial least squares model (sPLS) was used to determine

the correlation between both datasets. The DIABLO model was then

optimized through the tuning function by calculating the optimal num-

ber of components with the associated lowest overall balanced error

rate provided by calculating centroid distances. Once optimized, the

DIABLO model, based on sPLS multiblock discriminant analysis, was

performed to decipher the correlation between datasets at the compo-

nent level of the tested treatments. Finally, an integrative cluster was

provided to get insight into treatments' combined influence on meta-

bolomics and transcriptomics outputs. A DIABLO model for each nutri-

tional level, optimal and low nitrogen levels, was established.

3 | RESULTS

3.1 | Morpho-physiologic and enzymatic analyses

The effects of the treatments imposed (two levels of N and PH sup-

plementation) on lettuce plants were assessed by evaluating morpho-
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physiological parameters, as reported in Supplementary Figure S1 and

Table 1. Supplementary Figure S1 shows the mean effects of the

experimental factors (Nitrogen and Biostimulant) on leaf area (A) and

shoot dry weight (B). Regarding the N effect, optimal N treatment

(Optimal) increased leaf area and shoot dry weight by approximately

4.3 and 3.6 times, respectively, compared to low N treatment (Low).

Relative to the biostimulant effect (B), the treatment with PH3

increased leaf area and shoot dry weight by 13.10 and 14.45%,

respectively, compared to the control.

The mean effects of the experimental factors on the SPAD index

and the net assimilation of CO2 (ACO2) are shown in Supplementary

Figure S2. The average N effect significantly affected the SPAD index

and the net assimilation of CO2 (ACO2), with the highest values

recorded under Optimal N conditions. Differently, the mean biostimu-

lant effect (B) had a significant effect only on ACO2, where the PH3

fraction resulted in a 25.40% increase compared to the control.

The average effects of the factors on the activity of antioxidant

enzymes and oxidative stress markers are shown in Table 1. Com-

pared to the average N effect, a significant influence was observed

for all parameters, with the highest values recorded in Optimal treat-

ment. On the contrary, the mean biostimulant effect (B) significantly

influenced only catalase (CAT) and ascorbate peroxidase (APX). Spe-

cifically, the highest CAT values were recorded in plants treated with

the PH3 biostimulant fraction, in contrast to APX, where the highest

values were recorded in Control plants.

3.2 | Metabolomics profiling of lettuce plants

The untargeted metabolomics analysis let us putatively annotate more

than 2800 chemical entities using the PlantCyc database (Supplementary

Table S1). Overall, the unsupervised hierarchical cluster analysis (HCA)

pointed out N supply as the first determining factor on metabolic signa-

tures (Figure 1A). Nevertheless, HCA identified relevant similarities/

dissimilarities across treatments. PH2 and PH3 clustered together either

under optimal or low nitrogen conditions. PH-treated plants were the

closest to control groups under low N, whereas plants treated with PH1

modulated their metabolism more likely PH2 and PH3.

Therefore, supervised statistics was performed on two separate

subsets of metabolomics data, according to the N availability regimen.

The orthogonal prediction of latent structures-discriminant analysis

(OPLS-DA) was first performed on the metabolic profile of lettuce

plants under optimal nitrogen supply to discern predictive and orthog-

onal components of variance (Figure 1B). The model was validated

for its robustness and predictive power (R2Y = 0.967, Q2 = 0.740,

p (CV-ANOVA) = 5.49 e�06), and permutation testing excluded model

overfitting. The model distinguished treatments by separating groups

of data primarily along the first latent vector; one group included con-

trol samples closely related to PH- and PH1-treated plants, and then

PH2 and PH3 both separated among them and the rest of the

treatments, confirming the HCA output (Figure 1A). Afterwards, the

variable importance in projection (VIP) analysis identified 156 metabo-

lites with the highest discriminant potential (VIP score >1.15)

(Supplementary Table S2). Secondary metabolites were the most

represented compounds, essentially flavonoids, isoprenoids, and alka-

loids. Primary metabolites were included to a lesser extent, such as

carbohydrates, organic acids, nucleic acid components, and lipids,

including glycerolipids and phospholipids. Considering hormones and

their precursors, VIPs included metabolites associated with indole-

3-acetate (IAA) metabolism, an N-glucoside cytokinin, brassinoster-

oids and gibberellins. Other VIP markers consisted of compounds

related to the photosynthetic apparatus, i.e., xanthophyll and organic

heterocyclic compounds and molybdopterin cofactor. Interestingly,

antioxidant compounds were also spotted as VIP markers, including

tocopherol and tocotrienol, and five (L-cysteine glycine)-S-conjugates

involved in glutathione-mediated detoxification.

In parallel, supervised statistics were performed on from the meta-

bolic profile of low-N stressed plants to obtain an OPLS-DA model of

TABLE 1 Effects of different levels of nitrogen (Optimal and Low) and biostimulant fractions (Control, PH, PH1, PH2, and PH3) on the
activity of antioxidant enzymes [catalase (CAT) and ascorbate peroxidase (APX)] and oxidative stress markers [malondialdehyde acetate (MDA)
and hydrogen peroxide (H2O2)].

Source of variance

MDA H2O2 CAT APX

(mg g�1 fw) (mg g�1 fw) (mmol mg protein�1 min�1) (mmol mg protein�1 min�1)

Nitrogen (N)

Optimal (O) 0.84 ± 0.03 0.47 ± 0.01 23.97 ± 2.79 0.07 ± 0.01

Low (L) 1.35 ± 0.04 1.16 ± 0.03 62.54 ± 6.25 0.27 ± 0.03

t-test *** *** *** ***

Biostimulant (B)

Control 1.13 ± 0.17 0.81 ± 0.14 24.42 ± 3.29 c 0.27 ± 0.07 a

PH 1.11 ± 0.1 0.76 ± 0.14 45.27 ± 12.62 b 0.17 ± 0.05 b

PH1 1.08 ± 0.14 0.85 ± 0.17 46.27 ± 9.23 b 0.16 ± 0.05 b

PH2 1.07 ± 0.1 0.82 ± 0.16 33.82 ± 8.24 bc 0.15 ± 0.04 b

PH3 1.06 ± 0.12 0.83 ± 0.17 66.51 ± 13.29 a 0.09 ± 0.02 b

n.s. n.s. *** ***

N � B n.s. n.s. ** **
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high quality, as indicated by its parameters: R2Y = 0.996, Q2Y = 0.890,

and p (CV-ANOVA) = 1.83777e-12 (Figure 1C). Under low N condi-

tions, all treatments were independently separated into the score plot

because of PH-dependent response. Finally, 224 metabolites were

identified throughout VIP analysis (VIP score >1.15) as the most

responsible for the separation between treatments (Supplementary

Table S3), suggesting a broader metabolic modulation due to

biostimulant treatment than that reported under optimal conditions.

Among discriminant compounds, secondary metabolites were featured,

being mainly represented by flavonoids, isoprenoids, and nitrogen-

containing compounds (NCCs), such as alkaloids, aliphatic glucosinolates

and related N-hydroxylated amino acids involved in their biosynthesis.

As well, phytohormones were spotted as discriminant compounds,

including IAA-conjugates (IAA-Ala, IAA-Leu, IAA-Ile, IAA-CoA), cytokinins

F IGURE 1 a) Hierarchical cluster analysis; b) OPLS-DA Optimal N; c) OPLS-DA Low N.

6 of 23 MONTERISI ET AL.
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(dihydrozeatin, zeatin and zeatin riboside), gibberellins, jasmonates and

their CoA-derived precursors, and 1-aminocyclopropane. Other discrimi-

nant compounds included primary metabolites, like nucleic acid compo-

nents, lipids, and organic acids, as well as vitamin B and the cofactor

FMN, phytoalexins and geranylgeranyl chlorophyll a.

3.2.1 | Metabolic modulation by PH fractions under
optimal nitrogen supply

The application of statistical and fold change analyses in PH-treated

lettuce, compared to control under optimal N conditions, allowed the

selection of 466 significant compounds (one-way ANOVA, p < 0.05,

FC >1.5, <�1.5; Supplementary Table S4). To describe the metabolic

outcome attributed to biostimulant treatments with respect to

control conditions, the significant metabolites were subjected to path-

way analysis through the Omics Viewer of PlantCyc in terms of gen-

eral biosynthetic metabolism (Figure 2A), secondary metabolism

(Figure 2B), and phytohormone biosynthesis (Figure 2C). Concerning

the significant compounds involved in this analysis due to different

biostimulant treatments, the corresponding Venn diagram (Figure 2D)

indicated that PH3 treatment significantly influenced the presence of

almost 400 metabolites, whereas PH2 impacted more than 200, and

PH1 and PH modulated less than 100 compounds themselves. This

observation suggests that PH3 and PH2 greatly modulated the bio-

synthesis of lettuce plants compared with PH1 and PH. Such a result

F IGURE 2 Biosynthetic pathways modulated by biostimulants on lettuce plants grown under Optimal N condition (a). Secondary metabolism
(b). Phytohormone (c). Venn diagram indicating peculiar and commonly modulated metabolites following different treatments (d). Significative
compounds modulated by PH and its fractions PH1, PH2 and PH3 (ANOVA Tukey HSD p = 0.05, FC cut-off 1.5).
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is reinforced by the results on the biosynthetic metabolism of lettuce

plants since PH3 and PH2 had the most incisive impact on plant

metabolism with respect to the control, playing a positive role in sec-

ondary metabolism (Figure 2B). In particular, NCCs, phenylpropanoids,

terpenes, and phytoalexins accumulated as a common response, mainly

to PH3 and PH2 fractions. On the other hand, plants treated with PH

showed a mild accumulation of NCCs while it drove a slight

down-accumulation of terpenoids, as also observed for PH1. NCCs

were essentially represented by glucosinolate precursors, such as

2-[(30-methylsulfanyl)propyl]malate, (E)-phenylacetaldehyde oxime, and

(Z)-2-phenyl-1-thioacetohydroximate, and indole-terpenoid alkaloids,

such as vindoline and catharanthine (logFC = 8.89 for all compounds in

PH3 and PH2-treated plants). The effect of PH2 and PH3 on phenyl-

propanoids involved the accumulation of polyphenols, essentially flavo-

noids (i.e., (�)-epiafzelechin, baicalin, and isorhamnetin-3-O-glucoside;

logFC = 8.89 for all compounds), and lignans (i.e., (�)-yatein and

6-methoxypodophyllotoxin; logFC = 8.89 for all compounds), coupled

with a decrease in the accumulation of methoxylated flavonoids, such

as myricetin and quercetin trimethoxy derivatives (logFC = �4.86 –

-2.68). In the case of terpenoids, besides indole-terpenoid alkaloids, an

evident accumulation of carotenoids was observed in both PH2- and

PH3-treated plants, as observed for 40,40-dihydroxyadonixanthin,

(3S,3'S)-astaxanthin and norbixin (logFC = 8.89 for all compounds in

both treatments).

Considering the phytohormone profile (Figure 2C), PH2 and PH3

increased levels of auxins, as shown for the indole-3-acetic acid (IAA)

derivative (indole-3-yl)acetonitrile (logFC = 8.89 for both treatments),

and PH3 also promoted the accumulation of IAA-CoA while decreasing

methyl-IAA levels (logFC = 8.89 and � 1.77, respectively). Besides

auxins, all treatments negatively affected brassinosteroid biosynthesis

by reducing levels of brassinolide precursors and campestanol

(logFC = �8.89 – �1.18), whereas PH, followed by PH3, promoted a

net accumulation of gibberellins, motivated by the high rates reported

for GA9 and GA5, respectively (logFC = 8.89 in both cases). Addition-

ally, PH3 promoted the accumulation of jasmonate precursors, such as

3-oxo-2-(cis-20-pentenyl)-cyclopentane-1-(3R-hydroxybutanoyl)-CoA,

3-oxo-2-(cis-20-pentenyl)-cyclopentane-1-butanoyl-CoA (logFC = 8.89

for both compounds), while all treatments drove a clear decrease of

the abscisic acid precursor (3S,5R,6R)-3,5-dihydroxy-6,7-didehydro-

5,6-dihydro-120-apo-β-caroten-120-al (logFC = �8.89 – -1.42). Finally,

low-molecular-weight PH fractions, PH3 and PH2, promoted the accu-

mulation of the cytokinin kinetin-7-N-glucoside (logFC = 8.89 for both

treatments).

Besides secondary metabolism, treatments modulated primary

metabolism to a lesser extent. A common increment of amino acid pre-

cursors was reported in PH2- and PH3-treated plants, especially those

involved in Met, Phe, Pro, Ser, and Tyr biosynthesis (logFC = 8.89 in all

cases for both treatments). Lipid metabolism was also affected by the

same treatments, reporting an impairment of lipid cutin components

and membrane-associated glycolipids (logFC = �4.76 – �0.88 for

galactosyl-diacylglycerol derivatives). Among vitamins and cofactors,

positive modulations regarding the Vitamin E pathway, particularly

tocopherols and vitamin B6, were observed for all treatments. Finally,

intermediates involved in glutathione biosynthesis and its recycling

pathway were found to accumulate specifically by PH2 and PH3, as

mainly observed by the accumulation of γ-L-glutamyl-L-cysteine and

L-cysteinylglycine (logFC = 8.89 in all cases).

3.2.2 | Metabolic modulation by PH fractions under
low nitrogen supply

Under low N conditions, 391 compounds were found to be signifi-

cantly modulated following the biostimulant application compared to

control grown under low N conditions (one-way ANOVA, p < 0.05,

FC >1.5, <�1.5; Supplementary Table S5), and further imported into

the Omics Viewer of Plantcyc to determine the impact of PH treat-

ments on the biosynthetic metabolism of lettuce plants with respect

to the untreated control (Figure 3). Regarding the individual impact of

biostimulants, the Venn diagram on the significant compounds modu-

lated by treatments revealed that PH2 affected the accumulation of

277 compounds, followed by PH3, which affected 200 compounds

(Figure 3D), thus suggesting that both low-molecular-weight fractions

promoted the strongest metabolic reprogramming under stress. With

respect to the PH-mediated modulation, all treatments induced a

marked accumulation of secondary metabolites, especially in the cases

of PH3 and PH2 fractions. In contrast, the biosynthetic metabolism of

amino acids, nucleotides, lipids, cofactors and phytohormones was

affected to a lesser extent (Figure 3A).

As stated before, secondary metabolism showed the highest

impact, exhibiting a general accumulation of NCCs, terpenes, and phe-

nylpropanoids by the biostimulant treatments, which followed a

fraction-dependent effect: NCCs and terpenoids were mostly accu-

mulated by low-molecular-weight fractions (PH3 and PH2, respec-

tively). Meanwhile, phenylpropanoids were mostly accumulated by

PH and PH1 (Figure 3B). Among NCCs, glucosinolates were found

accumulated following PH2 and PH3 treatments (i.e., 3-carboxy-

9-(methylsulfanyl)-2-oxononanoate, 7-(methylsulfanyl)-2-oxoheptano-

ate, 3-(methylsulfanyl)propyl-desulfoglucosinolate; logFC = 8.55 in

all cases), together with a decrease in their major precursor

N-hydroxyhomomethionine (logFC = �8.55 for both treatments).

Regarding terpenoids, all PH fractions promoted the accumulation of

the sesquiterpenoid precursor methyl (2E, 6E)-farnesoate and PH2

and PH3 promoted the accumulation of the phytoalexin gypsogenin-

28-β-D-glucoside (logFC = 8.55 in all cases). Finally, a biostimulant-

dependent accumulation of phenylpropanoids was detected, reaching

the highest rates for PH, as shown for the flavonoid glycosides

quercetin-3-O-rhamnoside and delphinidin-3-O-(6”-O-malonyl)-β-glu-

coside-3’-O-)-β-glucoside (logFC = 8.55 for both compounds), and

PH1, inducing the accumulation of apigenidin 5-O-glucoside and

6,7,40-trihydroxyisoflavone (logFC = 8.55 for both compounds).

Concerning the phytohormone profile, all biostimulant treatments

caused a significant impact under stress (Figure 3C). Jasmonates accu-

mulated under all treatments with PH fractions, following the trend

PH3 > PH2 > PH1, whereas PH-induced a decrease in their accumula-

tion. In contrast, all treatments promoted a decrease in gibberellin
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levels, mediated by the precursor ent-kaurenol (logFC = �1.20 –

�0.85) and gibberellin A25 (logFC = �3.17 – -2.20). Concerning the

accumulation of cytokinins, positive effects were exclusively attrib-

uted to low-molecular-weight fractions for trans-zeatin, dihydrozeatin,

and isopentenyladenine-7-N-glucoside (logFC values ranging 0.35–

0.82 for PH2 and PH3). Interestingly, the same treatments promoted

the accumulation of ethylene precursor 1-aminocyclopropane-

1-carboxylate (ACC, logFC = 0.57–0.66).

Considering primary metabolism, amino acid accumulation was

slightly modulated by biostimulant treatments. For instance, the treat-

ments involving PH fractions induced the accumulation of Gln

(logFC = 0.75–1.05), suggesting an enhanced mobilization of N under

low supply conditions, as well as a marked accumulation of Leu

(logFC = � 1.50 for all treatments), as well as the accumulation of

the Pro catabolite (S)-1-pyrroline-5-carboxylate by PH2 and PH3

(logFC = 1.53 and 1.39, respectively). In the same way, different compo-

nents of cellular membranes were significantly affected by biostimulants.

Indeed, glycolipids (mono/di-galactosyldiacilglycerols) and a phosphati-

dylglycerol (18:2–16:0 PG) accumulated in treated plants, with PH2

promoting the strongest effect. Indeed, the same treatment elicited

the accumulation of long-chain unsaturated fatty acids, such as

(11Z,14Z,17Z)-icosatrienoyl-CoA, (2E,7Z,10Z,13Z,16Z,19Z)-docosahex-

aenoyl-CoA, and (3R,5Z,8Z,11Z,14Z,17Z)-3-hydroxydocosapentaenoyl-

CoA (logFC = 0.49, 0.62, and 1.02, respectively for PH2-treated plants).

F IGURE 3 Biosynthetic pathways modulated by biostimulants on lettuce plants grown under low N condition (a). Secondary metabolism (b).
Phytohormone (c). Venn diagram indicating peculiar and commonly modulated pathways following different treatments (d).Significative
compounds modulated by PH and its fractions PH1, PH2 and PH3 (ANOVA Tukey HSD p = 0.05, FC cut-off 1.5).
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Other compounds elicited by biostimulants included vitamins, which

were mostly accumulated following PH3 treatment, i.e., riboflavin and

7,8-dihydroneopterin 30-triphosphate, a folate precursor (logFC = 8.55

for both compounds).

3.3 | RNA-seq analysis on lettuce plants

Based on the results presented above, the effects of protein hydrolysates

PH and its fraction PH3 on lettuce plants' transcriptome, grown under dif-

ferent N availability, were investigated through an RNA-seq analysis. The

gene expression quantification pointed out the presence of genes uniquely

expressed in each treatment. In particular, in the Optimal N provision, PH

and PH3 have respectively 239 and 394 genes differentially expressed

between them and compared to the control, which has 215 genes

uniquely expressed. On the other hand, all the samples share 18737 genes

that do not show any modification in their expression level (Figure 4A).

In low N conditions, the number of genes co-expressed in control

lettuce plants and biostimulated ones remains almost the same as

before (18649). However, control plants in low N conditions showed

an increased number of differentially expressed genes equal to 439.

Plants treated with PH and PH3 had an opposite trend compared to

plants grown in optimal N conditions since they had 178 and 273 genes

showing changes in the expression level, respectively (Figure 4B).

In optimal N conditions, the PH treatment significantly modulated

gene expression, whereby 793 and 525 were up-regulated and down-

regulated, respectively, as compared to control plants (Figure 5A).

Differently, plants treated with the fraction PH3 and subjected to

optimal N supply showed 2891 genes significantly up-regulated,

whilst 2171 were down-regulated (Figure 5B). In low N conditions,

instead, the PH biostimulant and its fraction PH3 showed a compara-

ble impact on the modulation of lettuce transcriptome, inducing the

up-regulated of 3213 and 3049, respectively, and the down-

regulation of 2260 and 2166, respectively (Figure 5C and D).

3.3.1 | Functional analysis of differentially
expressed genes in optimal nitrogen condition

The gene ontology (GO) enrichment approach was applied as a classifi-

cation system to determine which biological functions are significantly

associated with DEGs. The genes reported in the following sections

were selected among those showing a jlog2FCj ≥ 2 and belonging to

the molecular function (MF) and biological process (BP) terms of

GO. By representing the 30 most significant GO terms (padj <0.05) in

plants treated with PH under optimal N supply conditions, a significant

impact on the BP category, encompassing cell recognition, pollination,

pollen-pistil interaction, multi-multicellular organisms process, recognition

of pollen, multi-organism process, reproduction, reproductive process and

multicellular organismal process terms, was observed (Figure 6A and

Supplementary Table S6). For the terms highlighted, 16 annotated

genes showed statistical significance in the differential expression,

except for the multicellular organismal process term, which featured

17 annotated genes. Among the DEGs, 14 genes were down-regulated,

highlighting how all these biological processes were decreased with the

PH treatment (Supplementary Table S6). In particular, the genes

LSAT_3X42080 and LSAT_2X133640 encoding for G-type lectin

S-receptor-like serine/threonine-protein kinases showed a log2FC

higher than 2 and lower than �2, respectively (Supplementary

Table S7). The response to oxidative stress term was also significantly

affected. In fact, nine out of eleven annotated genes were up-

regulated, suggesting that PH could enhance the antioxidant activity of

treated plants with respect to controls (Supplementary Table S6).

Indeed, three genes belonging to this GO term encoding for peroxi-

dases (LSAT_2X92781, LSAT_9X84700 and LSAT_5X85721) had a

log2FC ranging from 1.3 to 2.7, whilst one gene encoding for a basic

peroxidase (LSAT_8X111620) had the log2FC ≤ �2 (Supplementary

Table S7).

The same analysis performed on PH3-treated plants and grown in

optimal N supply (Figure 6B) highlighted that the most significant

F IGURE 4 Venn diagrams reporting the number of DEGs in lettuce plants grown in either Optimal (a) or Low (b) N conditions and either not
treated (Control) or treated with the biostimulant (PH) or its fraction (PH3).
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differences in gene expression were found in the BP term response to

auxin, where 18 out of 23 annotated genes were down-regulated

(Supplementary Table S8). Among these, six genes, namely LSAT_

8X126641, LSAT_5X60281, LSAT_8X127520, LSAT_9X20900, LSAT_

8X127640, encoded for small auxin up-regulated RNA (SAUR)

proteins and one, LSAT_8X127621, encoded for auxin-induced protein

15A (Supplementary Table S7).

On the other hand, when the MF category was considered, the

GO terms transferase activity, transferring glycosyl groups and

UDP-glycosyltransferase activity featured the up-regulation of genes

encoding for zeatin O-xylosyltransferases (LSAT_5X147980 and LSAT_

5X160181), zeatin O-glucosyltransferase (LSAT_5X160161), xyloglucan

endotransglucosylase proteins (LSAT_7X83841, LSAT_7X83821, LSAT_

8X67301, LSAT_8X67360, LSAT_8X67401 and LSAT_8X67381), UDP-

glycosyltransferases (LSAT_4X130401, LSAT_4X130441, LSAT_1X89721,

LSAT_5X24900, LSAT_5X24781, LSAT_4X130341, LSAT_9X16980 and

LSAT_4X152421) and cellulose synthase-like proteins (LSAT_9X47581

and LSAT_5X2221) (Supplementary Table S7).

3.3.2 | Functional analysis of differentially
expressed genes under low nitrogen conditions

In low N conditions, the GO enrichment analyses (Figure 7)

highlighted common features in lettuce plants treated with PH and

PH3. Indeed, it was highlighted that the BP terms translation, peptide

biosynthetic process, amide biosynthetic process, peptide metabolic pro-

cess and cellular amide metabolic process were significantly affected by

F IGURE 5 Volcano Plot of DEGs recorded in lettuce plants exposed to different N conditions and biostimulant treatments. (a) Optimal N, PH
vs. Control, (b) Optimal N, PH3 vs. Control, (c) Low N, PH vs. Control, (d) Low N, PH3 vs. Control. The DEGs were selected using a threshold of
jLog2FCj > 0 and P < 0.05. UP, upregulated; DOWN, downregulated; NO, not changed.
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F IGURE 6 Gene Ontology Enrichment analyses for plants grown in Optimal N condition. (a) GO Enrichment analyses in plants treated with
PH with respect to Control plants. (b). GO Enrichment analyses in plants treated with PH3 with respect to Control plants. The top 30 ranked GO
terms according to gene count, adjusted p-value and gene ratio. ‘Gene count’ is the number of genes enriched in a GO term. ‘Gene ratio’ is the
percentage of total DEGs in the given GO term.

F IGURE 7 Gene Ontology Enrichment analyses for plants grown in Low N condition. (a) GO Enrichment analyses in plants treated with PH
with respect to Control plants. (b). GO Enrichment analyses in plants treated with PH3 with respect to Control plants. The top 30 ranked GO
terms according to gene count, adjusted p-value and gene ratio. ‘Gene count’ is the number of genes enriched in a GO term. ‘Gene ratio’ is the
percentage of total DEGs in the given GO term.
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PH and PH3, which induced a general up-regulation of 80 and 95% of

the genes detected for each group, respectively (Table S9 and S10). In

particular, within these GO terms, genes encoding for probable gluta-

thione S-transferase (LSAT_7X84721 and LSAT_8X81900) and alkaline

ceramidase (LSAT_1X72081) were up-regulated, whereas a peptide

chain release factor (LSAT_8X83140), a glutathione S-transferase T1

(LSAT_6X5961) and a ribosomal protein S11 (LSAT_6X69061) were

down-regulated (Supplementary Table S7). In addition, also the GO

terms structural constituent of ribosome and structural molecule activity

resulted in 83 and 84%, and 98 and 97% of up-regulated genes after

PH and PH3-treated plants, respectively (Table S9 and S10). On the

contrary, the up-regulation of genes belonging to BP terms ribosome

biogenesis, ribonucleoprotein complex biogenesis, rRNA processing and

rRNA metabolic process terms was detected in PH-treated plants, sug-

gesting that the biostimulant enhanced the ribosomal activity and

possibly the protein content (Table S9).

The MF terms sequence-specific DNA binding, ubiquitin-protein

transferase activity, ubiquitin-like protein transferase activity, instead,

are significantly affected only in samples treated with PH3 fraction

with the up-regulation of 65% of genes belonging to the first group,

and of 64% of genes of the others two (Supplementary Table S10).

Within the sequence-specific DNA binding term, genes encoding for a

protein responsive to ABA and salt (LSAT_9X35220) and for a protein

ZW2 (LSAT_6X107880) had a log2FC ≥2, whilst a gene coding for

DOG1-like protein (LSAT_9X99800) was down-regulated

(Supplementary Table S7). Regarding the ubiquitin-protein transferase

activity and ubiquitin-like protein transferase activity, instead, only one

gene encoding for a ubiquitin-protein ligase PUB23 (LSAT_6X33780)

was up-regulated (Supplementary Table S7).

3.3.3 | Common responses to biostimulants
irrespective of N nutrition

Despite the differences highlighted previously, the treatment with PH

and PH3, independently from the N levels in the growth medium,

could also induce similar responses in the modulation of gene expres-

sion. In this context, the treatment with PH affected the regulation of

genes belonging to the GO terms hydrolase activity, acting on glycosyl

bonds, hydrolase activity, hydrolysing O-glycosyl compounds, tetrapyrrole

binding and heme binding of the MF category. For all these groups,

most of the differentially regulated genes were up-regulated

(Supplementary Table S6 and S9). Within the hydrolase activity and

tetrapyrrole and heme binding term, four genes encoding for xyloglucan

endotransglucosylase proteins (LSAT_7X83841, LSAT_7X83821,

LSAT_8X67360 and LSAT_8X67301) and six genes encoding for three

cytochrome P450 (LSAT_5X97860, LSAT_4X120220, and

LSAT_6X40941), two peroxidases (LSAT_5X95980 and LSAT_

5X85721) and one geraniol 8-hydroxylase (LSAT_7X47061), respec-

tively, were up-regulated. Conversely, within the same terms, a

germacrene A hydroxylase (LSAT_3X61420), a basic peroxidase

(LSAT_8X111620) and a polygalacturonase encoding genes were

down-regulated (Tables S6, S7 and S9).

Similarly, the treatment with PH3 significantly affected the MF

GO terms DNA-binding transcription factor activity and transcription

regulator activity by upregulating approximately 80% of the annotated

genes, independently of N levels (Table S8 and S10). Among

these, ethylene-responsive transcription factors (LSAT_6X81041,

LSAT_5X108800, LSAT_6X92940, LSAT_2X130801, LSAT_2X130761,

LSAT_2X107800, LSAT_6X13121, LSAT_6X84541, LSAT_6X92840,

LSAT_7X39941, LSAT_9X41960, LSAT_4X138540, LSAT_3X5680,

LSAT_1X5340, LSAT_2X130781, LSAT_2X130880, LSAT_2X109761,

LSAT_2X133380, LSAT_4X46601, LSAT_4X166640, LSAT_4X166720

and LSAT_3X121961), heat stress transcription factor (LSAT_8X6800,

LSAT_5X185701), dehydratation-responsive element-binding proteins

(LSAT_9X54101, LSAT_7X3988, LSAT_9X53921 LSAT_6X13081,

LSAT_6X41680, LSAT_2X130641 and LSAT_6X13081), a heat shock

factor protein (LSAT_5X48320) and probable WRKY transcription

factors (LSAT_7X15520, LSAT_6X220 and LSAT_8X147781 and

LSAT_8X147781) can be listed. Within these terms only one gene

encoding for an ethylene-responsive transcription factor WIN1

(LSAT_1X44740) was down-regulated (Table S7, S8 and S10).

3.4 | Multi-omics integration of metabolomic
and transcriptomic datasets

The outputs for both metabolomic and transcriptomic approaches

were integrated through the DIABLO framework. The results of such

integrative analysis are displayed in Figure 8. In the case of optimal N

conditions, the model indicated that both datasets showed a high cor-

relation for the two optimized components of 0.96 and 0.97

(Supplementary Figure S3A). For each block contribution (Figure 8A),

the first major component allowed discriminating PH3 from the rest

of the treatments (control and PH), whereas the second component

provided a clear separation between all groups. In general terms, the

integrative cluster showed a clear segregation for PH3 treatment into

a specific subcluster, being unable to discriminate between PH and

the control (Figure 8B), suggesting that PH3 played the highest impact

on both metabolome and transcriptome of lettuce plants under opti-

mal N conditions. Due to the supervised nature of DIABLO modelling,

the variables showing the highest discrimination power between

treatments for both approaches were obtained (Supplementary

Table S11). As expected, the markers showing the highest influence

due to the first component are greatly associated with PH3, whereas

the markers derived from the second component allowed digging into

the differences between all groups.

Thus, the metabolite markers mainly associated with PH3

support the previous results on the accumulation of secondary metab-

olites, being represented by NCCs, essentially glucosinolates like

3-(methylsulfanyl)propanoate and p-hydroxymandelonitrile, and alka-

loids, such as berbamurine and harmol. Moreover, a wide range of

polyphenols were also attributed to PH3 treatment, including flavo-

noids, i.e., baicalin, kaempferide, and apigenin 7-O-neohesperidoside,

and lignans, for instance, (�)-pluviatolide and (�)-medicarpin-3-

O-glucoside. PH3-associated phytohormones covered different
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subfamilies, ranging from IAA-derivatives (for example, (indol-3-yl)ace-

tyl-L-Trp and (indol-3-yl)acetyl-L-Pro), and gibberellins, which were

found previously accumulated in PH3-treated lettuce plants, whereas

brassinosteroids, as homobrassinolide and homocastasterone deriva-

tives were negatively associated to PH3 treatment. In contrast, the

markers represented by primary metabolites included a wide range of

carbohydrates, such as phytate, galactopinitol, and dithioerythritol,

and amino acids and derivatives, i.e., L-pipecolate, histidinal, and

O-phospho-L-homoserine, among others. According to the discrimina-

tion with respect to PH and the control, PH showed a low number of

associated biomarkers, suggesting its intermediate effect between

PH3 and the control. The latter is mostly associated with carotenoids,

which were previously found to show decreased levels in the control

treatment.

These responses found at a metabolic level were combined with

those at the transcriptomic level, where a heterogeneous group of

genes resulted in differentially expressed due to PH3 treatment, as

mostly shown for genes encoding for UDP-glycosyl transferases

(LSAT_5X24781, LSAT_9X16980, LSAT_1X25561, LSAT_6X28801,

LSAT_6X28780, LSAT_1X52580, LSAT_2X126380, LSAT_6X28821,

LSAT_9X12380) and zeatin-O-glycosyltransferases (LSAT_5X147980,

LSAT_5X160161, LSAT_5X162041). Moreover, PH3 was positively

associated with the expression of ethylene-responsive transcription

factors (LSAT_6X92840, LSAT_9X50660, LSAT_2X126980,

LSAT_5X182281, LSAT_6X92900, LSAT_6X92940, LSAT_2X130781,

LSAT_3X10461, etc.) and heat stress transcription factors (LSAT_

4X48361, LSAT_1X50141, LSAT_7X25320), as previously described. In

parallel, other gene ontologies were found to be associated with PH,

showing higher expression rates for genes encoding for different

peroxidases (LSAT_5X175321, LSAT_2X66161, LSAT_2X92781), as well

as cytochromes (LSAT_9X121260, LSAT_5X63400, LSAT_4X120220,

LSAT_8X12301). Finally, control plants were found to reflect specific

gene markers involved in G-type lectin S-receptor-like serine/threonine-

protein kinase (LSAT_3X41281, LSAT_1X68181, LSAT_5X5521).

In parallel, another model was developed for plants grown in low

N conditions, in which performance was assessed through high-

quality correlation parameters for the two previously optimized com-

ponents, 0.96 and 0.95 (Supplementary Figure S3B). As it occurred

under optimal N conditions, the independent block contributions

(Figure 8C) showed a coordinated outcome between metabolomic

and transcriptomic approaches, showing a PH3 discrimination through

the first component, whereas all treatments were discriminated

accordingly to the second component. In this case, under low N condi-

tions, the integrative cluster (Figure 8D) indicated that PH3 was inde-

pendently clustered, whereas control and PH were efficiently

separated within the same subcluster, suggesting an exclusive

F IGURE 8 (a) Block contributions for metabolomics and transcriptomics outputs discriminating among control, PH, and PH3 treatments in
lettuce plants grown under Optimal N conditions. (b) Heatmap-based cluster co-ordinately involving metabolomics and transcriptomics outputs in
lettuce plants grown under Optimal N conditions. (c) Block contributions for metabolomics and metagenomics outputs discriminating among
control, PH, and PH3 treatments in lettuce plants grown under Low N conditions. (d) Heatmap-based cluster co-ordinately involving
metabolomics and transcriptomics outputs in lettuce plants grown under Low N conditions.
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PH3-guided response at both metabolomics and transcriptomics levels.

The analysis of the markers associated with the two principal components

(Supplementary Table S12) highlighted that the first component mostly

featured PH3-associated markers, whereas those attributed to PH and

control were mostly derived from the second component. Concerning

PH3, the majority of metabolic markers were represented by: 1)

NCCs, which were previously found accumulated in this treatment, essen-

tially glucosinolates (3-(methylsulfanyl)propyl-desulfoglucosinolate, and

3-carboxy-9-(methylsulfanyl)-2-oxononanoate) and alkaloids like (S)-nan-

dinine; 2) terpenoids, such as the carotenoids β-D-gentiobiosyl crocetin,

and 80 ,10-diapocarotene-80,10-dial; 3) vitamins and cofactors, such as

FMN and 7,8-dihydroneopterin 30-triphosphate. With respect to polyphe-

nols, they were differentially associated with both PH3 and PH

treatments, as described earlier. Thus, flavonoids like kaempferol

7-O-glucoside and quercetin 3-O-rhamnoside were associated with PH3

treatment, and quercetin 7-O-glucoside was associated with PH together

with the anthocyanin delphinidin-3-O-(6”-O-malonyl)-β-glucoside-3’-O-
β-glucoside and the isoflavone ononin, suggesting a diversified response

on phenylpropanoid biosynthesis. In contrast, control samples were asso-

ciated with gibberellins and precursors, as found for gibberellin A25 and

ent-kaurenol, respectively, being in accordance with the highest presence

of this group of phytohormones with respect to treated plants.

The response at the transcriptomic level was coordinated with that of

metabolomics, supporting the previous evidence on the effect of PH treat-

ments on lettuce plants under optimal N conditions. Thus, PH3 was

associated with the up-regulation of the expression of genes mostly

involved in glutathione S-transferases (LSAT_9X46740, LSAT_5X120361,

LSAT_6X29540), ethylene-responsive transcription factors (LSAT_6X13161,

LSAT_1X125981, LSAT_4X166540, LSAT_5X136680), heat shock factor

proteins (LSAT_5X48320, LSAT_4X165921), and heat stress transcription

factors (LSAT_8X6800, LSAT_5X185701, LSAT_2X133880, LSAT_3X8400).

Interestingly, the model identified several markers involved in the expres-

sion of calcium-calmodulin system associated with PH3 (LSAT_5X159920,

LSAT_3X53980, LSAT_8X148521, LSAT_2X106341, LSAT_6X94740, LSAT_

9X95381, LSAT_2X87480, LSAT_3X113400, LSAT_9X7881, LSAT_

5X91960, among others). PH and control showed an influence to a much

lesser extent at a transcriptomic level, with PH-associated markers encom-

passing the expression of WRKY transcription factor (LSAT_4X48480) and

dehydration-responsive element-binding protein (LSAT_7X39881),

whereas the control was associated with a wide range of genes encoding

for chloroplast ribosomal proteins (for instance, LSAT_6X113160,

LSAT_2X91740, LSAT_6X108161).

4 | DISCUSSION

4.1 | PH fractions enhanced lettuce growth
and antioxidant activities

Nitrogen is an essential macro-element for plants (Djidonou and Les-

kovar 2019), and its limited availability has a negative impact on the

growth and yield of sensitive plants, for instance, lettuce (Lactuca

sativa L.) (Broadley et al. 2000; Geary et al. 2015). However, it is

important to emphasize that N deficiency in lettuce is more detrimen-

tal in the later growth stage of the crop cycle than in the early ones.

According to previous data (Fallovo et al. 2009; Djidonou and Lesko-

var 2019), our results confirm that by reducing N levels (Low; 1 mM

NO3
�), leaf area and shoot dry weight decreased as compared with

plants grown in optimal N conditions (8 mM NO3
�). This could be

related to the beneficial effects of N on the absorption and utilisation

of photosynthetically active radiation (Djidonou and Leskovar 2019),

as also suggested by the increased net CO2 assimilation (ACO2) and

SPAD index in optimal N conditions (Miras-Moreno et al. 2020; Yue

et al. 2020).

The improvement in biometric indices (leaf area and shoot dry

weight) following the application of plant-derived protein hydroly-

sates is in line with the results shown in recent pieces of research

(Carillo et al. 2022; Ciriello et al. 2022a; Giordano et al. 2022; Zuluaga

et al. 2023). Specifically, except for PH2 treatment, all biostimulants

evaluated in this work improved leaf area compared to the control,

regardless of N level. As already reported (Rouphael et al. 2018), bios-

timulant products trigger a range of physiological and molecular mech-

anisms under suboptimal growth conditions, including i) the

production of phytochemical substances, ii) the translocation and

absorption of nutrients, and iii) the enhancement of photosynthetic

performance. This latter is also partially confirmed by our results, par-

ticularly when the improvement of the net CO2 assimilation (ACO2) by

the PH3 fraction is considered.

The increase in H2O2 and MDA (a general indicator of lipid perox-

idation in the cell membrane) observed under N-limiting conditions is

consistent with the results obtained in tomato and lettuce, respec-

tively (Francesca et al. 2022; El-Nakhel et al. 2023b). As recently

highlighted by Formisano et al. (2020), plants possess an efficient anti-

oxidant system composed of enzymes such as CAT (catalase) and APX

(ascorbate peroxidase), among others. As expected, in N-limiting con-

ditions, the levels of CAT and APX were also more pronounced. How-

ever, although Candido et al. (2023) described an increase in the

biosynthesis of antioxidant enzymes after applying biostimulants, in

the present work, this pattern was only observed in the case of CAT,

being more activated by the treatment with PH3 fraction.

4.2 | PH fractions affected both primary
and secondary metabolism in lettuce

The results for the metabolomics-based profile of lettuce plants indi-

cate that low-molecular-weight (LMW) fractions of PH biostimulants,

PH2 and PH3, promoted significant metabolic reprogramming under

optimal or low N conditions. The enhanced response attributed to

these fractions may respond to a higher assimilation rate of LMW

fractions during fertilization, as recently hypothesized in lettuce

plants, which developed an increase in N use and uptake efficiency

when treated with vegetal protein hydrolysates (Choi et al. 2022).

Indeed, applying untargeted metabolomics suggested that PH-derived

fractions promoted differential reprogramming at a metabolic level

under both optimal and low N conditions. In this sense, N metabolism
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was significantly affected by the application of these biostimulants,

involving N-containing primary metabolites, such as amino acids,

nucleotides, and phytohormones, as well as secondary metabolites,

for instance, glucosinolates and alkaloids, mainly. Interestingly, the

biological activity associated with LMW hydrolysates was previously

assessed to stimulate both carbon and nitrogen metabolism of lettuce

under abiotic stress (Colla et al. 2017b), as demonstrated by our

results on the accumulation of amino acid precursors. Due to the dif-

ferential responses by PH biostimulants reported under optimal and

low N conditions, multivariate and chemometric analyses were per-

formed separately for each condition.

Thus, under optimal conditions, a combined resilient response

integrating phytohormones and secondary metabolites accumulation

was reported for LMW fraction-treated lettuce plants. With respect

to phytohormone response, PH2 and PH3 promoted the accumulation

of auxins, gibberellins and cytokinins, which are well-known to co-

ordinately improve plant growth. Particularly, PH3 treatment also pro-

moted the combined accumulation of jasmonates and brassinosteroids

and led to a decrease in ABA precursors, which are considered stress-

related phytohormones that work together to develop abiotic stress

resistance (Peng et al. 2011). This specialized response related to

stress mitigation has been recently reported in greenhouse-grown let-

tuce plants treated with legume-based protein hydrolysates under

salinity stress (Rouphael et al. 2022). The modulation of secondary

metabolism attributed to both fractions acts similarly since a diversi-

fied antioxidant response was observed in PH2- and PH3-treated

plants. The accumulation of polyphenols, such as flavonoids and lig-

nans, coupled with the decrease in methoxylated flavonoids, indicates

an efficient mobilization of this family of phenolic compounds with

associated antioxidant activity (Laoué et al. 2022). Moreover, the

accumulation of intermediates of the ascorbate-glutathione system

and vitamins with antioxidant properties (like vitamin E and B6) by

PH3 reinforces the induction of such a multifaceted antioxidant

response, which constitutes an effective mechanism to prevent the

development of plant stress phenomena since they are generally

guided by an initial onset of oxidative stress at a cellular level. In

detail, according to previous studies (Zha et al. 2020), the induction of

the ascorbate-glutathione cycle is an efficient mechanism to cope

with light-induced oxidative stress by lettuce plants. Besides this anti-

oxidant response, the resilient response mainly observed in

PH3-treated lettuce plants also involved the accumulation of stress-

related specialized metabolites, i.e., glucosinolates, terpenoid-indole

alkaloids, and carotenoids, which mainly play defensive roles in plants

thanks to their antimicrobial properties. Because of the associated

biological activities of these metabolites, the application of biostimu-

lants has been recognized as a solid strategy to improve the nutri-

tional value of lettuce (�Cavar Zeljkovi�c et al. 2023).

As stated earlier, the application of PH-based biostimulants on

lettuce plants under low N stress drove a different response at a met-

abolic level. In this case, all treatments, including PH and its fractions,

conferred significant metabolic signatures on lettuce plants, affecting

both primary and secondary metabolism in a fraction-dependent man-

ner. Nitrogen metabolism was significantly affected under these

conditions, as all PH fractions promoted an accumulation of glutamine

(Gln), an amino acid closely related to N assimilation in plants. Conse-

quently, such a response represents an effective mechanism to miti-

gate the N deficiency-driven stress by lettuce, driven by a decrease in

glutamine synthase activity (Zhou et al. 2021). In parallel, the applica-

tion of biostimulants exhibited a marked impact on the phytohormone

profile of lettuce plants under low N supply. Thus, all PH-treated

plants were found to show a marked decrease in the levels of gibber-

ellins and their precursors, regardless of the molecular weight charac-

terizing the specific PH fraction. This observation could be motivated

by the fact that gibberellins play a critical role in the regulation of

nitrogen uptake (Wang et al. 2020) and, therefore, their biosynthesis

could be eventually repressed under low N availability as a mecha-

nism to optimize the limited resources of lettuce plants in these

conditions. In contrast, PH2 and PH3 fractions drove the accumula-

tion of key phytohormones, i.e., cytokinins and jasmonates, thus

performing highly efficient mitigation of plant stress coupled with

promoting plant growth. In this sense, the combination of jasmo-

nates and cytokinins was established as a mitigation mechanism in

wheat seedlings under oxidative stress (Avalbaev et al. 2021), sug-

gesting that this coordinated response could also be observed in

this case following PH treatment. At the same time, the accumula-

tion of glucosinolates and proline (Pro) catabolites mediated by

these LMW fractions reinforces the hypothesis of the efficient miti-

gation of stress in lettuce plants. Indeed, the catabolism of proline

could be regarded as a dual solution by lettuce plants under N defi-

ciency since it may lead to the dissipation of stress-related events

and serve as an endogenous source for the biosynthesis of other

amino acids, such as glutamate (Maswada et al. 2021). Interestingly,

1-Aminocyclopropane 1-Carboxylic Acid (ACC), considered the

direct precursor of ethylene, was also found accumulated in plants

treated with LMW fractions. Although ethylene has been classically

recognized as a stress-promoting phytohormone in leaf tissues,

some authors have claimed the role of ACC as an ethylene-

independent growth regulator and stress-releasing mediator in a

series of plant species (Polko and Kieber 2019), which is supposed

to play that role in the present study under PH treatment.

The PH fraction-dependent biostimulant effect reported in let-

tuce under low N conditions also affected the antioxidant systems. In

this sense, while PH and PH1 fractions efficiently improved the accu-

mulation of polyphenols, PH2 and PH3 fractions promoted a diversi-

fied and multifaceted antioxidant response. In the case of PH2

fraction, an enhanced lipid profile mediated by the accumulation of

glycolipids and polyunsaturated fatty acids was reported. Recent

reports highlight the implication of membrane-associated lipids remo-

delling under nutrient stress in different lettuce cultivars to contribute

to enhancing photosynthetic performance and plant growth (Körber

et al. 2023). Finally, in the case of PH3 fraction-treated lettuce plants

under stress, an accumulation of vitamin B2 and folate pathway inter-

mediaries was observed. Interestingly, the accumulation of B vitamins

is also recognized as a stress-releasing mechanism in plants, motivated

by their role as cofactors in important physiological features, such as

C and N metabolism or photosynthesis, as well as playing a secondary
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role as antioxidants thanks to their protective properties against oxi-

dative stress (Hanson et al. 2016).

4.3 | RNAseq highlighted common and peculiar
responses in lettuce plants treated with protein
hydrolysates

4.3.1 | Optimal Nitrogen conditions

Lettuce plants treated with PH and grown under optimal N regime

showed a significant up-regulation of 793 genes over the total num-

ber of genes differentially expressed. The PH impacted the transcrip-

tion of genes involved in the cell recognition pathway. In particular, the

modulation of two different G-type lectin S-receptor-like serine/

threonine protein kinases was induced, most likely involved in differ-

ent responses in dicots plants (Dombrowski and Martin 2012). Protein

kinases are known for their role in plant development and response to

abiotic stress (Dombrowski and Martin 2012), and, in particular,

receptor-like protein kinase (RLK) family have been demonstrated to

play an active role in several physiological processes, including plant

growth (Hématy and Höfte 2008; Nibau and Cheung 2011).

In addition, different peroxidases and cytochrome P450 (CYP)

genes, belonging to the response to oxidative stress, were upregulated

in plants treated with PH. These genes are included in tetrapyrrole and

heme binding terms since heme, a well-known member of the tetrapyr-

role group (Layer et al. 2010), acts as a prosthetic group of many

enzymes, including peroxidases and CYPs (Matsunaga and Shiro 2004).

Class III peroxidases, widely present in the plant kingdom (Hiraga

et al. 2001; Tognolli et al. 2002), have a pivotal role in many plants

physiological processes, such as cell wall metabolism, lignification,

suberization, fruit growth and ripening, seed germination, ROS metab-

olism and stress tolerance (Pandey et al. 2017). In this specific case, a

significant over-expression of two peroxidases and a simultaneous

down-regulation of a basic peroxidase indicate how the biostimulant

application in adequate N supplementation could potentially have

beneficial effects on plants due to the increase of antioxidant enzyme

activity, thus stimulating/priming plant defence system (Alzate

Zuluaga et al. 2022).

Four genes encoding for CYPs showed a significant up-regulation

in lettuce treated with PH. CYPs are involved in several physiological

processes in plants, including biosynthesis of structural polymers,

defence against pathogens, herbicide resistance, stress tolerance and

hormonal signalling (Minerdi et al. 2023). Focusing on this last feature,

two of the three up-regulated CYPs are involved in hormonal path-

ways. In particular, cytochrome P450 734A1 belongs to a ubiquitarian

subfamily in the plant kingdom and can inactivate brassinosteroid hor-

mones (Neff et al. 1999; Turk et al. 2003; Ohnishi et al. 2006; Saka-

moto et al. 2011; Thornton et al. 2011). On the other hand,

cytochrome P450 94C1 is known to be involved in the jasmonic acid

(JA)-isoleucine (Ile) conjugate oxidation, which has been demonstrated

to be the major catabolic pathway for the JA-Ile hormone turnover

(Heitz et al. 2012). Within the same gene super-family, the over-

expression of geraniol 8-hydroxylase, membrane-bound cytochrome-

P450 monooxygenase belonging to the CYP76 family (Sintupachee

et al. 2015) was also detected. This enzyme has been suggested as a

potential regulation site of secologanin production, which is involved

in secondary metabolites biosynthesis, such as the monoterpenoid

indole alkaloids and iridoid monoterpenoids pathways (Höfer

et al. 2013). Within the same GO term, a significant simultaneous

down-regulation of a germacrene A hydroxylase gene was detected.

This is a key enzyme in costunolide biosynthesis, which belongs to the

sesquiterpene lactone (STL) compounds and is used as an active prin-

ciple of different drugs (Thakur et al. 2020).

The PH3 fraction, instead, induced the significant up-regulation

of 2891 and the down-regulation of 2171 genes in lettuces in optimal

N condition. A general down-regulation of auxin-responsive genes

was recorded. In particular, six genes encoding for different small

auxin up-regulated RNA (SAUR) proteins, identified as SAUR12,

SAUR19 and SAUR51, were significantly repressed. Among these,

three genes encoding SAUR19 proteins are known to play a pivotal

role in cell expansion in Arabidopsis when over-expressed in elongat-

ing tissues (Spartz et al. 2012). Despite the majority of SAUR genes

(approximately 70% in the Arabidopsis genome) induced by the phyto-

hormone auxin, there is also a group of SAUR that is auxin-insensitive

and rather regulated by other signals (van Mourik et al. 2017), as

shown in different plant species. The characterization of SAUR in dif-

ferent plants (e.g. tomato, poplar, citrus, maize) highlighted that the

different SAUR genes can show a peculiar expression pattern depend-

ing on the plant developmental stage (Stortenbeker and Bemer 2019).

In addition, these studies demonstrated that SAUR genes can be

either positively or negatively regulated by hormones, with auxin

among them (van Mourik et al. 2017), as well as by environmental

stressors (Stortenbeker and Bemer 2019). Therefore, based on these

pieces of information, it cannot be ruled out that PH3 could have

exerted the auxin-like activity as previously demonstrated (Colla

et al. 2014).

Differently, the PH3 treatment promotes a significant

up-regulation of several genes involved in DNA-binding transcription

factor activity and transcription regulator activity. As previously demon-

strated, the activation of transcription factors could mediate the plant

response to biostimulant application (Wilson et al. 2015). In our case,

we observed the up-regulation of genes belonging to the APETALA2/

ethylene response factor (ERF) transcription factor superfamily, and in

particular, genes encoding for ethylene-responsive transcription fac-

tors (ERFs) and dehydration-responsive element binding factors

(DREB). Noteworthy, ERFs and DREB are accounted as members of

the APETALA2/ERF superfamily (Sakuma et al. 2002). These regula-

tory proteins are generally involved in the control of primary and sec-

ondary metabolism, as well as in response to biotic and abiotic stress

(Licausi et al. 2013).

Moreover, among the up-regulated genes, a probable WRKY and

heat stress transcription factors that are generally involved in

response to different abiotic stresses (Guo et al. 2016; Jiang

et al. 2017), together with an abscisic acid insensitive 5 (ABI5) protein

which belongs to the basic leucine zipper (bZIP) family (Collin
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et al. 2021) have been observed. Interestingly, only one gene belong-

ing to the transcription activity term, i.e., ERF WIN1 transcription fac-

tor, showed a significant down-regulation. Interestingly, ERF WIN1

has been demonstrated to promote epidermal wax deposition when

over-expressed in Arabidopsis plants (Broun et al. 2004). Indeed, epi-

dermal wax is important in plants' water retention and repelling atmo-

spheric water (Riederer and Schreiber 2001).

Within the term transferase activity, PH3 induced the significant

over-expression of genes involved in different biological functions.

Among these, three genes were found to encode enzymes involved in

zeatin metabolism, in particular, two for zeatin O-xylosyltransferase

and one for zeatin O-glucosyltransferase. Considering that zeatin is a

plant hormone belonging to the cytokinin family, the up-regulation of

these enzymes is committed to regulating the level of active cytoki-

nins in plants (Mok et al. 2000), further demonstrating that biostimu-

lant applications could affect the plant hormone metabolisms as

shown previously (Colla et al. 2014). In this case, it is worth mention-

ing that plant hormone-like activity is retained by the PH3 fraction,

which is characterized by the compounds with the lowest molecular

weight.

The application of PH3 also induced the up-regulation of differ-

ent members of the UDP-glucosyltransferase (UGT) gene family. The

UGT are key enzymes in the flavonoid pathway for anthocyanins syn-

thesis (Peng et al. 2016). In detail, UGT 89B2 was annotated as a

potential contributor to the accumulation of glycosylated linalool,

hotrienol, α-terpineol, geraniol, and cis-rose oxide in grape (Wang

et al. 2021). In contrast, UGT 85C2 and 74G1 might be possibly

involved in the steviol glycosides biosynthesis pathway (Ghaheri

et al. 2019). The up-regulation of UGTs further confirms that the bios-

timulant application, particularly the fraction PH3, could positively

affect the plant's secondary metabolism and flavonoid accumulation

(Lucini et al. 2015).

Furthermore, both PH and PH3 induced the up-regulation of

genes encoding for xyloglucan endotransglucosylase/hydrolases pro-

teins (XTHs), exerting a xyloglucan endotransglucosylase activity (XET)

(Fry et al. 1992) and for cellulose synthase-like proteins (CSL). The pri-

mary role of XTHs is to cleave and reassemble xyloglucan chains in the

plant cell wall, thus regulating cell wall assembly and growth (Sharples

et al. 2017), whereas CSL subfamily D is involved in plant cell wall

carbohydrate-based polymer biosynthesis (Hu et al. 2019). These

observations confirmed that both PH and PH3 in optimal N conditions

could affect lettuce plant growth, thereby promoting cell elongation

and remodelling the cell wall.

4.3.2 | Low nitrogen

PH biostimulant induced the significant up-regulation of 3213 genes

and the down-regulation of 2260 genes in lettuce plants grown in low

N conditions. Similarly, the PH3 fraction significantly up-regulated

3049 and down-regulated 2166 genes.

Both Ph and PH3 significantly impacted the GO term translation.

In fact, they induced the significant up-regulation of genes encoding

for probable glutathione S-transferase (GST) and alkaline ceramidase.

The first gene belongs to a vast protein family, including several clas-

ses that have different roles in plant development, endogenous sec-

ondary metabolisms, stress tolerance, and xenobiotic detoxification

(Nianiou-Obeidat et al. 2017). Alkaline ceramidase, instead, is involved

in sphingolipids metabolism and catabolism, affecting their homeosta-

sis and playing essential roles in plant development and stress

responses in Arabidopsis (Wu et al. 2015).

The two treatments also induced the significant down-regulation

of a peptide chain release factor (PrfB3) and of a GST belonging to

the T1, whereas only PH-induced the up-regulation of one PrfB3. In

Arabidopsis, PrfB3 was shown to be a protein involved in the stability

of petB transcript. petB is a chloroplastic gene encoding cytochrome

b6 that plays a pivotal role in photosynthetic electron transport

(Eckardt 2011). Moreover, it has been demonstrated that the PrfB3

expression is highly responsive to light and stress conditions

(Eckardt 2011). The down-regulated GST belong to the Theta (T) class

that possesses both significant glutathione-dependent hyperoxidase

(GPOX) activity on fatty acid hydroperoxides and glutathione conjuga-

tion activity towards cytotoxic lipid peroxidation products (Nianiou-

Obeidat et al. 2017). These functions permit this class of GST to be

directly involved in abiotic stress tolerance by decreasing the genera-

tion of reactive electrophile species (Dixon et al. 2010). It is interest-

ing to point out that these observations could highlight the molecular

mechanisms activated by these specific biostimulants' administration

in alleviating plant stress conditions at the photosynthetic and reac-

tive compounds production level.

Considering the GO term encompassing the transcription factors,

both PH and PH3 induced the up-regulation of several genes encod-

ing for ERF, DREB, probable WRKY and ABI transcription factors. In

contrast, only PH3 up-regulated heat stress and heat shock transcrip-

tion factors. All these genes are involved in the stress response, as

previously mentioned, for plants treated with PH3 in optimal N

conditions.

Moreover, both PH and PH3 significantly positively affected the

expression of the long hypocotyl 5 (HY5) transcription factor, which is

a high hierarchical regulator of transcriptional cascades for photomor-

phogenesis, resulting in its promotion (Lee et al. 2007).

On the other hand, only the PH3 fraction induced the up-

regulation of a ribosomal protein 40S S14-3, designated as a stress-

responsive translational protein (Panda et al. 2020), whereas only PH

caused the down-regulation of a 30S ribosomal protein S11, a second

class protein in ribosomal assembly (Culver and Narayanaswamy 2008).

Biostimulant PH significantly affected gene regulation in the

hydrolase activity GO term. In particular, it up-regulated three XTHs

genes, as observed in plants treated with both PH and PH3 in optimal

N conditions. Moreover, PH-induced the up-regulation of a glucan

endo-1,3-beta-glucosidase and a lichenase enzyme. The first enzyme

is recognised as a pathogenesis-related protein abundant in many

plant species after infection by different types of pathogens and it

was shown to be involved in cell division, pollen development, pollen

tube growth, regulation of plasmodesmata signalling, cold response,

seed germination, and maturation (Doxey et al. 2007). Lichenase,
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instead, encodes for a hydrolytic enzyme able to solubilise β-glucans

from cereal grains (Saulnier and Quemener 2009). On the other hand,

PH down-regulated a polygalacturonase, an enzyme involved in the

hydrolysis of α-1,4 glycosidic bonds of pectic acid (Yahia et al. 2019),

especially at the cell wall level.

Finally, PH3 significantly up-regulated a ubiquitin-protein ligase

PUB23, belonging to the ubiquitin-protein transferase GO term. This

enzyme is involved in pathogen-associated molecular patterns (PAMPs),

down-regulating the PAMP responses (Stegmann et al. 2012).

4.4 | Biological and functional insight through
multi-omics data integration

The generalized increase in the growth and biomass accumulation

observed in lettuce plants, independently from the N nutritional status

and the biostimulants treatment, can be generally ascribed to a

hormone-like activity of PH. In this context, a transcriptional modula-

tion of genes involved in auxin biology and the synthesis of cytokinins

has been observed. This effect is mirrored by an increase in the meta-

bolic levels of these hormones, which are responsible for different

aspects of plant growth. However, the impact of protein hydrolysates

on hormone regulation revealed quite a complex picture; several

members of the CYP gene family, which are generally involved in

detoxification processes as well as in the turnover of JA and ABA,

were significantly modulated and putatively related to the increase of

the same hormones at the metabolomic level. Interestingly, as men-

tioned above, these effectors could possibly be involved in increasing

the resilience of lettuce plants against abiotic stress. This function

could also be coordinated with i) the increase in the concentration of

ACC, that, despite being the precursor of the stress hormone ethyl-

ene, it is also believed to act as an ethylene-independent growth regu-

lator and stress-releasing mediator in different plant species, and ii)

the induction of several transcription factors (e.g. ERF, DREB, WRKY)

that are usually involved in the activation of the machinery responding

to abiotic stresses.

Interestingly, plant growth at the cellular level is also sustained by

other functions, stimulated by PH and its fraction PH3. In particular,

lettuce plants treated with biostimulants showed the up-regulation not

only of xyloglucan endotransglucosylase activity (XET), involved in the

cell wall assembly and plasticity but also of cellulose synthase-like pro-

teins (CLS), suggesting a promoting effect on cell growth and elongation.

This effect could also be achieved by the intervention of RLK, namely

G-type lectin S-receptor-like serine/threonine protein kinases, which are

involved in different responses in dicot plants, including plant growth.

The metabolomic analysis also pointed out the activation of a

multifaceted antioxidant response following the application of biosti-

mulants, independently of N nutrition, with the accumulation of spe-

cific metabolites involved in the mitigation of the oxidative stress,

including glucosinolates, catabolites of Proline and vitamin B2. These

observations are indeed in line with the increase in CAT activity. On

the contrary, at the transcriptomic level, we observed the modulation

of transcription factors involved in the stress response and in the

regulation of primary and secondary metabolism, and the up-

regulation of GST genes related to detoxification processes, and of

UGT gene, which plays a role in the synthesis of flavonoids and antho-

cyanins. In this case, it is worth mentioning that, by integrating tran-

scriptomic and metabolomic datasets, a direct correspondence is not

obvious since these two techniques provide complementary informa-

tion (Culver and Narayanaswamy 2008).

In conclusion, the study hereby reported showed that the integra-

tion of physiological, biochemical, transcriptomic and metabolomic

approaches can elucidate different aspects, sometimes overlapping

and sometimes complementary, of the same biological process,

namely the plant biostimulation through protein hydrolysates. In addi-

tion, the comparison of the whole PH and its fraction PH1-3 showed

that, apart from a few peculiarities, the effects induced on plants by

PH were equivalent to those produced by PH3, thus suggesting that

the most bioactive fraction might be the lightest.
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