
 
 

 

 
Agronomy 2021, 11, 1524. https://doi.org/10.3390/agronomy11081524 www.mdpi.com/journal/agronomy 

Article 

The Modulation of Auxin-Responsive Genes, Phytohormone 
Profile, and Metabolomic Signature in Leaves of Tomato  
Cuttings Is Specifically Modulated by Different  
Protein Hydrolysates 
Valentina Buffagni 1,†, Angela Valentina Ceccarelli 2,†, Youry Pii 3,*, Begoña Miras-Moreno 1, Youssef Rouphael 4, 
Mariateresa Cardarelli 5, Giuseppe Colla 2 and Luigi Lucini 1 

1 Department for Sustainable Food Process—DiSTAS, Università Cattolica del Sacro Cuore,  
Via Emilia Parmense 84, 29122 Piacenza, Italy; valentina.buffagni@unicatt.it (V.B.); 
mariabegona.mirasmoreno@unicatt.it (B.M.-M.); luigi.lucini@unicatt.it (L.L.) 

2 Department of Agriculture and Forest Sciences, University of Tuscia, Via San Camillo De Lellis snc,  
01100 Viterbo, Italy; avceccarelli@unitus.it (A.V.C.); giucolla@unitus.it (G.C.) 

3 Faculty of Science and Technology, Free University of Bozen, Piazza Università, 5, 39100 Bolzano, Italy 
4 Department of Agricultural Sciences, University of Naples Federico II, Via Università 100,  

80055 Portici, Italy; youssef.rouphael@unina.it 
5 Consiglio per la Ricerca in Agricoltura e l’analisi Dell’economia Agraria, Centro di Ricerca Orticoltura e 

Florovivaismo, Via Cavalleggeri, 25, 84098 Pontecagnano Faiano, Italy; mteresa.cardarelli@crea.gov.it 
* Correspondence: youry.pii@unibz.it; Tel.: +30-0471-017164 
† These authors contributed equally. 

Abstract: Protein hydrolysates (PHs) are employed in agriculture to increase the sustainability of 
farming systems, with positive results on crop productivity and response against environmental 
stressors. Nevertheless, the molecular mechanism(s) triggered by their specific activity is not clearly 
understood. In this work, five PHs obtained by enzymatic hydrolysis of different vegetal protein 
sources were tested for their root-promoting activity on tomato cuttings. All the treatments 
improved both root length and number when compared to negative controls. Distinctive 
metabolomic signatures were highlighted in response to treatments, indicating the triggering of 
different molecular processes in leaf tissues of tomato cuttings. PHs differentially modulated the 
biosynthesis of plant stress-protectants, such as alkaloids and phenylpropanoids. Moreover, 
metabolites involved in phytohormone biosynthesis were significantly impacted. In this context, a 
clear modulation of several compounds related to auxin homeostasis was observed. In addition, the 
differential modulation of SlIAA2 and SlIAA9 genes, which are involved in the IAA signalling 
pathway, might further suggest the auxin-like activity elicited by the PHs tested. Here we provide 
evidence that PHs can impact plant molecular level, positively affecting root development, most 
likely by affecting the signalling cascades activated in leaf tissues. The biostimulant activity was 
sustained by PH-specific response at the molecular level, likely ascribable to their heterogeneous 
botanical origins. In fact, our findings did not point out a clear universal response to PHs, and 
specific effects are to be investigated.  

Keywords: biostimulants; protein hydrolysates; plant signalling; auxin bio-assay; Aux/IAA 
transcription factors; gene expression; rooting 
 

1. Introduction 
In recent years, the demand for food has dramatically increased in terms of both 

quality and quantity to meet the need of the increasing world population, which is 
expected to reach 9 billion people by 2050 [1]. To date, the enhancement in agricultural 
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productivity has been mainly achieved by increasing the supplementation of 
agrochemicals, aimed at both boosting crop yield and protecting them from diseases that 
could lead to losses in production [2]. However, arable resources are decreasing due to 
both soil degradation and climate change, and the nonrenewable natural resources used 
for the production of fertilizers (e.g., rock phosphate) are limited and are expected to be 
consumed in the near future [3,4]. On these bases, agricultural practice is required to move 
towards more sustainable approaches, which should progressively be less dependent on 
the application of external inputs. In this context, plant biostimulants (PB) are envisaged 
as substances able to improve both crop productivity and yield, to foster the 
bioavailability of nutrients in the soil, and to affect soil fertility by promoting the 
degradation and humification of organic substances [5,6]. Interestingly, biostimulants 
were first defined as molecules that, when applied in small amounts, could promote plant 
growth, thus setting a clear distinction with agrochemicals that are generally 
supplemented in larger quantities [7]. Several definitions for biostimulants have been 
proposed over time, stating that the primary function of PBs is not to provide nutrients, 
or target pests and pathogens, but to enhance crop quality, to ameliorate plants’ nutrient 
use efficiency, increase their resistance to stress, and improve plant productivity for their 
complex and variegate composition, as a consequence of novel or emergent properties 
[8,9]. At present, the European Biostimulants Industry Council (EBIC) has defined as 
biostimulants any “substance(s) and/or micro-organisms whose function, when applied to plants 
or the rhizosphere, is to stimulate natural processes to enhance/benefit nutrient uptake, nutrient 
efficiency, tolerance to abiotic stress, and crop quality” (https://eur-
lex.europa.eu/eli/reg/2019/1009/oj accessed on 24 March 2020). Indeed, PBs can be 
obtained from a wide variety of sources, to include protein hydrolysates (PHs), humic and 
fulvic substances, seaweed extracts, animal and vegetal protein extracts, beneficial 
microorganisms, arbuscular mycorrhizal fungi and nitrogen-fixing bacteria belonging to 
Rhizobium, Azotobacter and Azospirillum [6]. 

PHs obtained from the enzymatic hydrolysis of vegetal-derived proteins are 
receiving great interest as plant biostimulants due to the high agronomic efficacy and the 
environmentally-sound production process [10,11]. Biostimulant activity of PHs can be 
related to the hormone-like activity of bioactive components such as signalling peptides 
and amino acids [12]. Auxin and gibberellin-like activity have been detected in PHs using 
bioassays such as rooting of tomato cuttings and the lettuce hypocotyl elongation test, 
respectively [12,13]. In this context, the phytohormone auxin has been widely 
demonstrated to play a pivotal role in many aspects of plants developmental processes, 
particularly controlling both shoot and root growth and architecture [14]. Such control on 
morphogenetic processes can be achieved by differential auxin concentrations within 
plant tissues (i.e., gradients, maxima and minima), which is the result of a tight and 
coordinated control of auxin biosynthesis, transport and conjugation/inactivation [15]. At 
cell level, the auxin responses to specific physiological and environmental stimuli are 
mediated by the modulation of transcription factors and effectors of the epigenetic 
machinery that regulates the expression of auxin-responsive genes [15]. 

The understanding of PHs mode of action in plants have been recently boosted by 
the exploitation of both metabolomics and transcriptomics, which have been proven to be 
powerful tools to this purpose [16,17]. However, to the best of our knowledge, the 
combined exploitation of different omics techniques aimed at identifying gene(s)-
metabolite(s) relationships specific to phenotypes has never been applied in plant 
biostimulant studies. Starting from these considerations, the aim of the study was to 
explore the possibility of linking bio-assays (i.e., rooting tests) and metabolomics data 
with the expression of target genes involved in the signalling pathways of phytohormones 
at the leaf level with specific reference to auxin, considering its pivotal role in regulating 
root system growth and architecture in plants [18,19]. To this objective, tomato cuttings 
were treated at the leaf level with five PHs (i.e., PH2, PH3, PH4, PH6 and PH10), from 
different botanical origins, and hence having different compositions. After 1 week, 
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cuttings were assessed for the development of roots (being an index for auxin-like activity 
[20]), and, at the molecular level, for the profile of metabolites and for modulation of 
selected key genes involved in the auxin transduction pathway. 

2. Materials and Methods 
2.1. Plant Material and Auxin-Like Activity Bioassays 

Seeds of tomato (Solanum lycopersicum L.) cv. Akrai F1, (SAIS Sementi, Cesena, Italy) 
were surface-sterilized with 2% sodium hypochlorite for 20 min then washed with 
distilled water, sown in a germination tray filled with a commercial peat moss-based 
substrate (Brill, Gebr. Brill Substrate GmbH & Co., Georgsdorf, Germany) and placed in a 
growth chamber under controlled conditions (photoperiod 12 h, light intensity was set to 
450 μmol m−2 s−1, the temperature was kept at 24 °C and the relative humidity constantly 
maintained at 70%). At 15 days after germination, the root system was removed through 
an excision 1 cm above the soil line. The explants were treated with five different protein 
hydrolysates (i.e., PH2, PH3, PH4, PH6 and PH10), previously characterized [21], at a 
concentration of 8 g L−1. Positive controls were obtained by treating explants with indol-
3-acetic acid (IAA) at 0.1, 0.5 and 1 mM, whilst the negative control was represented by 
explants treated with distilled water. The treatments were carried out by rapidly soaking 
(for 3 s) tomato leaves in the designated solutions [22] and, soon after, by placing the 
explants into polypropylene microboxes (diameter 90 mm, height 140 mm) containing a 
50 mm layer of wetted quartziferous sand. The microboxes were closed with parafilm to 
ensure relative humidity close to saturation (100%). Treatments were arranged in a 
completely randomized block design with three replicates; each experimental unit 
consisted of a microbox containing five cuttings. Plant material was sampled 7 days after 
the treatments. At harvest, the morphology of the root system (i.e., root length and 
number of roots) was assessed by scanning the root system using an Epson Perfection 
V700 Photo scanner. The images were then processed through WinRHIZO (Regent 
Instrument Inc., Quebec, QC, Canada) software to determine total root length and 
number. In addition, roots and shoots were separated, immediately frozen in liquid 
nitrogen and stored at −80 °C until further analyses.  

2.2. Gene Expression Analysis 
RNA samples were extracted from the shoot tissue of plants used for auxin-like 

activity bioassays. Total RNA was isolated using a Spectrum Plant Total RNA Kit (Sigma-
Aldrich Co. LLC, St. Louis, MO, USA) according to the operating manual. Afterwards, 1 
μg of total RNA was treated with 10 U of DNAse RQ1, and cDNA was synthesized using 
the ImProm-II Reverse Transcription System (Promega, Madison, WI, USA). Specific 
primers for the target genes as well as for the housekeeping genes, were designed and 
reported in Table S1. Quantitative real-time reverse transcription–PCR (qRT-PCR) was 
carried out as previously described [23]. The relative expression ratio value was calculated 
according to the Pfaffl equation [24,25]. 

2.3. Metabolomic Analysis 
Shoots from five cuttings per treatment were analyzed using a UHPLC system 

coupled to a hybrid quadrupole-time-of-flight mass spectrometer (UHPLC/QTOF-MS) as 
previously reported [26]. Briefly, shoot samples were extracted using a homogenizer-
assisted extraction in 80% methanol solution acidified with 0.1% (v/v) formic acid. The 
extracts were centrifuged and filtered through 0.22 μm cellulose syringe filters in amber 
glass vials for analysis. Metabolomic analysis was carried out through UHPLC liquid 
chromatography quadrupole-time-of-flight mass spectrometry (UHPLC/QTOF-MS). A 
water-acetonitrile gradient elution (6% to 94% acetonitrile in 34 min) on an Agilent Zorbax 
Eclipse Plus C18 column (50 mm × 2.1 mm, 1.8 μm) and positive polarity SCAN 
acquisition (range 100–1200 m/z) were used. A JetStream electrospray was used as 
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ionization source, as previously set up [27]. The sequence injection was randomized, and 
blank samples (extraction solvent only) injected at the beginning and at the end of the 
sequence. Quality control samples (QCs) were randomly analyzed throughout the 
sequence using the same chromatographic method but in a data-dependent MS/MS mode 
(10 precursors per cycle, 1 Hz, 50–1200 m/z, active exclusion after two spectra), with 
collision energies of 10, 20 and 40 eV for collision-induced decomposition [28]. QCs were 
used to increase confidence in the annotation. 

The raw mass features were processed according to a targeted ‘find-by-formula’ 
algorithm by the Agilent Profinder B.06 (Agilent Technologies) software. In particular, the 
isotopic pattern (monoisotopic mass and isotopes profile), adopting a mass tolerance of 5-
ppm, was applied following mass and retention time alignment. For annotation purposes, 
the comprehensive database PlantCyc 9.6 (Plant Metabolic Network, 
http://www.plantcyc.org accessed on 24 March 2020) was used. Therefore, in our 
untargeted conditions, a Level 2 of annotation (i.e., putatively annotated compounds) was 
achieved, as reported by COSMOS Metabolomics Standards Initiative [29]. The 
compounds annotation step was strengthened by processing QCs in MS-DIAL 4.24 [30]. 
To this aim, both the publicly available MS/MS experimental spectra built in the software 
(MONA; Mass Bank of North America) and the MS-Finder in-silico fragmentation spectra 
from the compounds in PlantCyc [31] were used. 

2.4. Statistical Analyses 
The results are reported as mean ± standard error (SE) of five independent biological 

replicates. The significance of differences among means was calculated by one-way 
ANOVA with post hoc Tukey HSD with α = 0.05 using R software (version 3.6.0). The 
following R packages were used for data visualization and statistical analyses: ggplot2 
v.3.2.0 [32], Agricolae v.1.3-1 [33] and ggfortify [34]. 

Metabolomics data were analyzed through Agilent Technologies Mass Profiler 
Professional 12.6 as previously described [28]. Compound abundance was log2 
transformed, normalized at 75th percentile, and baselined against the median. 
Unsupervised hierarchical cluster analysis (HCA) was used to describe 
similarity/dissimilarity across treatments (Euclidean distance, Ward’s linkage). 
Thereafter, the dataset was uploaded into Simca+ (Umetrics, Malmo, Sweden) for 
supervised modelling by orthogonal projection to latent structures discriminant analysis 
(OPLS-DA). Therein, the model goodness parameters, namely correlations R2X, R2Y and 
Q2Y prediction ability, were calculated. A Volcano analysis was finally carried out by 
combining ANOVA (p < 0.01 Bonferroni multiple testing correction) and fold-change 
analysis (cut-off ≥ 3), and differential compounds interpreted using the PlantCyc Pathway 
Tool [35,36]. 

3. Results 
3.1. Rooting Bioassay 

The rooting tests in tomato seedlings were carried out in order to investigate the IAA-
like activity exerted by protein hydrolysates (PHs) administered at a concentration of 8 g 
L−1 and compared with positive and negative controls, i.e., namely tomato seedling treated 
with indol-3-acetic acid (IAA) and water, respectively. As shown in Figure 1, the 
treatments significantly affected both the root length and the root number (p < 0.001 and 
p < 0.01, respectively). In particular, concerning the root length parameter, the greatest 
effect was displayed by the treatment with PH4 and PH10, that almost doubled the 
extension of the root system of tomato seedlings as compared to the negative control 
(Figure 1a). Interestingly, the two above-mentioned treatments showed a higher rooting 
activity even when they were compared to IAA-treated tomato seedlings (Figure 1a). All 
the other treatments showed intermediate root length values, which were not significantly 
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different from both positive and negative controls and the PHs inducing the highest 
responses (i.e., PH4 and PH10) (Figure 1a). 

 
Figure 1. Root growth parameters of tomato plants as affected by different treatments. (a) Total root 
length and (b) total number of roots determined in tomato cuttings at 7 days after treatments. The 
analyses were carried out on at least 10 cuttings per each treatment. Different letters indicate 
significant differences according to one-way ANOVA with Tukey post hoc tests (p < 0.05). 

When the number of roots was considered, the PH3 gave the biggest increase as 
compared to both positive and negative controls, whilst the other PHs tested produced 
intermediate effects not significantly different from controls (Figure 1b).  
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3.2. Effects on IAA Responsive Genes 
To further understand whether the rooting activity exerted by PHs could be 

ascribable to an IAA-mediated pathway, the expression of two key genes (i.e., SlIAA2 and 
SlIAA9) involved in the IAA signalling pathway was monitored in the leaves of tomato 
seedlings (Figure 2). In particular, both SlIAA2 and SlIAA9 were previously shown to be 
responsive to exogenous IAA treatments in tomato leaves, albeit displaying different 
timing in the response [37]. 

 
Figure 2. Quantitative RT-PCR analyses of selected IAA-responsive transcription factors. (a) SlIAA2 
and (b) SlIAA9. The assessment was carried out on leaf tissue of tomato plants at 7 days after 
treatments. The data were normalized to the Elongation Factor 1α housekeeping genes. The relative 
expression ratios were calculated using control plants as a calibrator sample. The values reported 
are means SE of three biological replicates. Different letters indicate significant differences according 
to one-way ANOVA with Tukey post hoc tests (p < 0.05). 
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The qRT-PCR analysis carried out on SlIAA2 showed a significant induction only in 
the leaf tissue of tomato seedlings treated with PH4 and PH6 (Figure 2a). On the other 
hand, the analysis of SlIAA9 showed that it was significantly induced by the treatments 
with PHs, except for PH4 (Figure 2b). Interestingly, the relative mRNA levels detected in 
the leaf of PH-treated seedlings were comparable to those obtained from the analysis of 1 
mM IAA-treated tomato plants. Noteworthy is that the response of the two genes mainly 
showed an opposite behaviour upon the different treatments, even to the positive controls 
(i.e., IAA at different concentration). As pointed out above, SlIAA2 and SlIAA9 were 
shown to have different timing in the response to exogenous IAA treatments. Considering 
this, it was expected that SlIAA2 was not modulated following the treatments, and SlIAA9 
showed an upregulation with respect to negative controls. Nevertheless, SlIAA2 was 
unexpectedly induced by PH4 and PH6, whereas SlIAA9 was not modulated by PH4 
treatments (Figure 2). Indeed, PHs used in this study were obtained starting from different 
vegetal matrixes; therefore, they may feature different composition at the molecular level 
that might differentially impact the signalling cascades in plants. 

3.3. Untargeted Metabolomic Profiling 
A UHPLC/QTOF-MS analysis of tomato leaf extracts was carried out in order to 

understand the impact of PH application on the metabolomic profile. For metabolomics 
analysis we used plants treated with IAA 1 mM as positive controls. Approximately 3000 
compounds were obtained, annotated and used for the subsequent statistical analyses 
(Table S2). The unsupervised hierarchical cluster analysis (HCA), carried out to 
differentiate the samples according to the variation of metabolites abundance, highlighted 
two clusters, one featuring PH2, PH4 and PH6, while the other was formed by PH3, PH10, 
negative and positive controls (Figure 3). 

 
Figure 3. Unsupervised hierarchical cluster analysis (HCA) carried out from UHPLC-ESI/QTOF-MS 
metabolomics analysis of tomato leaves treated with protein hydrolysate (PH) applications. Indole-
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3-acetic acid (IAA 1 mM) was used as positive control. The fold-change-based heat map was used 
to build hierarchical clusters (linkage rule: Ward; distance: Euclidean). 

Such distribution of samples was further confirmed by OPLS-DA (Figure S1). The 
model was validated by the goodness of fit (R2Y > 0.88), the prediction ability (Q2Y > 0.5), 
and by the cross-validation analysis of variance CV-ANOVA p-value < 0.05. Consistent 
with the evidence obtained through HCA, PH2, PH4 and PH6 were distributed 
independently on the scatter plot, whilst IAA-treated samples and PH10 displayed an 
overlapping distribution, except for one PH10 replicate outliers that clustered with 
controls. On the other hand, PH3-treated samples formed a cluster, which was 
independent from all the other samples (Figure S1). The differentially represented 
compounds were pointed out by applying a Volcano Plot analysis (p-value < 0.01; FC > 3), 
which allowed identifying approximately 350 molecules, subsequently used to 
understand the impact of PH treatments on metabolome (Table S3). To further clarify the 
metabolic processes likely affected by the treatment, a pathway tool analysis from the 
PlantCyc database was applied and the outcomes are summarized in Figure 4, reporting 
the biosynthetic processes and the biosynthesis of secondary metabolites, and in Table 1, 
in which the profiles of metabolites related to hormone pathways are presented. 

 
Figure 4. Summary of the biosynthetic pathways (a) and secondary metabolism (b) processes 
affected by protein hydrolysates (PHs) applications. The dataset produced through UHPLC-
ESI/QTOF-MS was subjected to volcano plot analysis (p < 0.01, fold-change > 3) and all the 
differential metabolites elaborated with the PlantCyc Pathway Tool (https://www.plantcyc.org 
accessed on 24 March 2020). Five biological replicates were analysed for each treatment. Indole-3-
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acetic acid 1 mM (IAA) was used as positive control. The x-axis represents each set of subcategories 
while the y-axis corresponds to the cumulative fold-change that is depicted by the height of the bar. 
Each dot represents the individual log FC of a single compound. The large dots are the average 
(mean) of all data values for metabolites within the same subcategory. Nucleo: nucleoside and 
nucleotide biosynthesis; FA/Lipids Syn: fatty acid and lipid biosynthesis; Amine Syn: amine and 
polyamine biosynthesis; Carbohyd: carbohydrate biosynthesis; Secondary metab: secondary 
metabolite biosynthesis; Cofactors: cofactor, prosthetic group, electron carrier, and vitamin 
biosynthesis; Other: other biosynthesis. FA Derivs: fatty acid derivative biosynthesis; N-containing: 
N-containing secondary metabolites; S-containing: S-containing secondary metabolites. 

Table 1. The phytohormones modulated by the different protein hydrolysates in leaves of tomato cuttings, as provided 
by untargeted metabolomics. Compounds are grouped into classes and are provided with individual log fold-change 
values (Log FC), compared to untreated control. 

  Log FC 
Class Compound IAA  PH 2 PH 3 PH 4 PH 6 PH 10 

Abscisic Acid  
(3S,5R,6R)-3,5-Dihydroxy-6,7-Didehydro-5,6-Dihydro-12′-Apo-Β-
Caroten-12′-Al 

−8.76 −0.36 −8.64 −0.97 −8.98 −8.83 
 Violaxanthin 0.03 0.49 0.68 −17.83 −18.68 −0.60 
 Dihydroxyphaseic Acid −8.88 8.30 −8.72 8.71 8.89 −8.96 
Auxin (Indol-3-Yl)Acetamide 3.38 3.65 3.34 3.52 3.65 −14.26 
 N2-Hydroxy-L-Tryptophan 3.95 −16.42 4.75 −16.38 −16.72 4.82 
 Methyl (Indol-3-Yl)Acetate −10.34 10.53 −10.23 10.38 8.49 −10.47 

2-oxoindole-3-acetyl-β-D-glucose (OxIAA-Glc) −8.69 −8.84 9.79 −9.09 −9.12 9.57 
 (indol-3-yl)acetyl-L-phenylalanine (IAA-Phe) 14.97 −4.81 15.06 −5.08 −5.11 14.76 
 N-β-D-glucosyl-(indol-3-yl)acetate (IAA-N-Glc) −3.28 −3.62 −3.15 −3.8 −3.84 0.18 
 (indol-3-yl)acetyl-L-glutamine (IAA-Gln) 0.22 0.03 0.36 −3.26 −2.81 0.04 
  (indol-3-yl)acetyl-L-valine (IAA-Val) 0.34 21.24 0.47 16.84 16.94 0.15 
Brassinosteroid  (22α)-Hydroxy-Campesterol  8.52 0.04 24.25 23.80  
 (22S,24R)-22-Hydroxy-5α-Ergostan-3-One 0.34 0.04 0.47 20.89 20.92 0.15 
  6-Deoxocathasterone −10.97 −11.07 −10.64 −8.04 −8.00 −10.97 
Cytokinin  Dihydrozeatin-9-N-Glucoside −7.20 0.09 −1.75 0.11 0.33 −2.90 
 Cis-Zeatin-9-N-Glucoside −8.18 −18.28 −5.49 0.06 −18.61 −10.50 
  Lupinate −5.43 2.88 12.20 −5.98 2.67 −5.55 
Ethylene  1-Aminocyclopropane-1-Carboxylate 1.73 −0.18 2.54 −0.20 −0.07 1.68 
Gibberellin and 
Gibberellin 
Precursor  

Gibberellin A38 −0.15 −2.76 −16.85 0.94 1.10 −17.23 

 Gibberellin A24 −9.55 −0.95 −0.21 −0.36 −1.30 −6.49 
 Gibberellin A6 −10.41 −4.52 −17.27 −17.96 −17.98 −0.46 
 Gibberellin A12-Aldehyde 19.96 −0.02 0.36 −0.36 19.75 19.74 
 Ent-7α-Hydroxykaur-16-En-19-Oate −12.36 −12.56 −12.19 6.96 2.10 5.93 

gibberellin A8-catabolite 1.31 −11.52 −2.44 −11.45 −11.72 2.60 
 gibberellin A44 (closed lactone form) (GA44) 0.48 0.12 0.55 5.95 −0.16 −0.11 
 methyl gibberellin A4 (GA4) −3.17 3.36 −3.04 13.92 13.95 −3.36 
 16,17-dihydro-16α,17-dihydroxy gibberellin A12 0.65 1.05 2.50 0.11 0.18 −0.37 
 16,17-dihydro-16α, 17-dihydroxy gibberellin A4 −18.42 −18.50 1.15 −18.42 −18.42  

  Ent-7α-Hydroxykaur-16-En-19-Oate −12.36 −12.56 −12.19 6.96 2.1 5.93 
Jasmonate 1-Aminocyclopropane-1-Carboxylate 1.73 −0.18 2.54 −0.2 −0.07 1.68 
 L-Phenylalanine −4.40 4.58 −4.27 18.52 16.52 −4.60 
 (9Z,13S,15Z)-12,13-Epoxyoctadeca-9,11,15-Trienoate −16.76 −17.05 −16.64 −11.57 −8.7 −16.82 
 Coenzyme A 0.34 0.04 0.47 −0.21 3.38 18.28 
  (+)-7-Epi-Jasmonate −3.21 10.71 14.41 −0.43 10.99 −3.45 
Juvenile hormone 
III 

(2E,6E)-Farnesoate −17.69 −17.94 −17.56 −18.22 −18.27 −17.89 
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According to the results obtained, greater modulations were observed in the 
synthesis of secondary metabolites. Cumulative log FC highlighted an overall 
suppression of secondary metabolism in response to IAA, PH10 and PH3, this latter being 
the most effective. On the contrary, PH4 and PH6 elicited secondary pathways, but PH6 
induced the strongest effect (Figure 4a). These results further confirmed the samples’ 
distribution produced by the OPLS-DA. The main modulations were observed in the 
group of N-containing compounds and in that of terpenes (Figure 4b). Alkaloids were the 
most represented N-containing molecules, which were particularly enriched in samples 
treated with PH6 and PH4 as well as PH2, albeit to a lower extent. By contrast, they were 
depleted in PH3 and IAA-treated samples. Similarly, terpenes (mono-, di- and tri- 
terpenoids) were accumulated in PH6 and PH4-treated samples whilst depleted in the 
leaves of tomato plants supplemented with IAA, PH2 and PH3 (Figure 4b). All treatments 
influenced hormone biosynthesis, displaying peculiar variations depending on the 
hydrolysate applied (Table 1). The metabolites involved in the synthesis of abscisic acid, 
cytokinins and gibberellins displayed an overall decrease with the treatments, whereas 
PH4 and PH6 induced the accumulation of molecules involved in the synthesis of 
brassinosteroids and jasmonate (Table 1).  

The auxin pathways were differentially affected by treatments. Positive controls 
accumulated the IAA precursor (indol-3-yl)acetamide to the same extent as all PHs apart 
from PH10. On the other hand, the storage form of IAA, methyl (indol-3-yl)acetate, 
significantly decreased in positive controls and in PH3 and PH10-treated plants only. 
Different conjugated forms of IAA resulted in differential compounds, such as the 
glucosylated form of the 2-oxoindole-3-acetate (OxIAA-Glc). OxIAA-Glc under-
accumulated in response to exogenous application of IAA (1 mM), PH3, PH4 and PH6. 
The ethylene precursor 1-aminocyclopropane-1-carboxylate (ACC) was slightly 
modulated by treatments. In particular, only PH3 and PH10 mimicked the similar 
accumulation (Log FC up to 2- fold) of ACC observed in positive controls. 

4. Discussion 
Biostimulants based on protein hydrolysates were shown to have positive effects on 

crop performance, promoting the accumulation of biomass even in adverse 
environmental conditions [10]. In this sense, it has been recently demonstrated that PH 
could enhance the ability of tomato and cucumber plants to acquire essential nutrients 
(i.e., iron) when subjected to abiotic stresses [38]. Nevertheless, the molecular aspects 
underpinning the action of PHs in plants are still elusive. We have recently demonstrated 
that the foliar treatment of tomato plants with PHs stimulated the prompt rooting of 
cuttings with a dramatic metabolomic reprogramming at the root level, with strong 
modulation of metabolites involved in hormones biosynthesis [21], further suggesting a 
hormone-like action in the PH activity. 

In the present work, we compared the effects of five plants-derived PHs at a 
concentration of 8 g L−1 with those induced by treatments carried out with only water 
(negative control) and indol-3-acetic acid (IAA) at three different concentrations (positive 
controls) on (i) the rooting of tomato cuttings, (ii) the modulation of selected genes and 
(iii) the metabolome of tomato leaves. The treatments with PHs, as also previously 
observed [21], were effective in promoting the development of the root system in tomato 
cuttings to the same or, in some cases, to a greater extent, compared to IAA (Figure 1). In 
order to understand whether the treatments with PHs at the leaf level could be perceived 
by plants as exogenous auxin stimulation, the transcriptional modulation of IAA 
responsive genes, namely SlIAA2 and SlIAA9, was investigated. Both genes belong to the 
auxin/indole-3-acetic acid (Aux/IAA) families of transcription factors and have been 
shown to be instrumental in auxin-dependent transcriptional regulation [39] and to be 
transcriptionally activated by external application of IAA in tomato seedlings [37]. Upon 
PH and IAA treatments, SlIAA9 displayed an upregulation compared to negative 
controls, except in the case of PH4 treatment, suggesting that molecular effector(s) present 
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in the PHs mixture might mimic the activity of the phytohormone auxin. On the other 
hand, SlIAA2 did not show a modulation following the treatments, except for the case of 
PH4 and PH6. It is important to point out that the responsiveness of Aux/IAA genes to 
IAA can be highly variable from gene to gene. In fact, depending on the gene and applied 
IAA concentration, the transcriptional activation might range from strong and quick 
upregulation [40] to a slight sinking in the mRNA levels [41]. In this context, SlIAA2 has 
been demonstrated to feature a quick responsiveness to external auxin application, 
whereas SlIAA9 displayed slower kinetics in the response [37], which could also support 
our observations carried out in seedling at 7 days after the treatments. In addition, the 
different origin of the PHs might also mirror a slightly different composition in terms of 
free amino acids and small peptides, that might underpin the observed differences in the 
responses.  

Metabolomics was used to shed light on the metabolic pathways modulated by the 
five PHs tested on leaves of tomato cuttings. Wounding interrupted the flux of substances 
between roots and leaves, which inevitably triggered a developmental reprogramming 
into the isolated shoot to involve several molecular, hormonal and metabolic factors [42]. 
We observed a clear and distinctive modulation of plant metabolism in response to all 
biostimulant applications, concerning secondary pathways as well as metabolites linked 
to phytohormone synthesis and inactivation, which may be the basis of the morphological 
adaptations that we observed in roots. Although PH application provided a general 
promotion on root growth without any significant difference across PH treatments, two 
main signatures described the leaf metabolome of tomato plants, one in response to PH3 
and PH10 behaving more likely positive controls (IAA 1 mM) (Figure 3). A second 
metabolomic cluster was observed in response to PH4 and PH6, whereas PH2-treated 
samples displayed an intermediate behaviour (Figure 3). The similarity in response to PH4 
and PH6 was previously described, even though an overall depletion of secondary 
metabolites was observed in the roots of tomato cuttings [21]. On the contrary, a 
generalized accumulation of secondary metabolites was evidenced in the leaves treated 
with these biostimulants (Figure 4a), indicating a tissue-specific regulation on plant 
metabolism.  

The PH-specific modulation involved phytohormone pathways (Table 1), further 
corroborating an effect on hormone levels of these biostimulants [21]. We found peculiar 
changes in brassinosteroids (BRs), cytokinins (CKs) and jasmonate (JA), as well as in auxin 
and ethylene metabolism. The close interaction of all these phytohormones in the 
developmental processes of plants has been largely demonstrated [43]. BRs are a class of 
polyhydroxy steroidal hormones with many roles in plant growth and development. 
Noteworthy is that the differential supplementation of BRs can impact root growth [44]. 
The BRs pathway was suppressed in positive controls and all PH-treated plants with the 
exception of PH4 and PH6, which could explain a concentration-dependent regulation by 
BRs in controlling the root meristem size, as previously reported in Arabidopsis [45]. 
Moreover, BRs can regulate auxin-responsive genes involved in root development [46]. 
Plants treated with PHs under-accumulated N-glycosylated forms of CKs, particularly cis-
zeatin. N-glycosylation is an enzymatic reaction that is thought to inactivate CKs. Cis-
zeatin can affect plant growth and development at different stages and tissues in plants, 
including root development [47]. Guan and colleagues (2019) demonstrated that stems of 
tomato cuttings treated with indole-3-acetate (IAA) showed a peak of zeatin at 5 days after 
treatments to coincide with adventitious roots extension, demonstrating the role of CKs 
in root elongation during this phase [48]. The authors suggested that CKs positively 
promoted adventitious roots with a complementary role to auxin. Finally, a precursor of 
JA accumulated in response to PH2, PH3 and PH6, whereas the precursor of ethylene 1-
amino-cyclo-propane (ACC) slightly accumulated in PH3- and PH10-treated plants. 
Ethylene can inhibit root growth, interplaying with auxin synthesis and transport by 
regulating the expression of several auxin carriers [49]. JA is also known to be involved in 
root development with proven negative effects on adventitious root formation in 
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Arabidopsis [50]. Indeed, the authors demonstrated a clear crosstalk between auxin and 
JA aimed at fine-tuning the pools of free IAA and JA during adventitious rooting. This 
regulation is achieved by the transcriptional modulation of genes belonging to the 
Gretchen Hagen 3 (GH3) family, which are responsible for IAA conjugation. More recent 
work demonstrated that adventitious root initiation depends on a regulatory model that 
involves TIR1/AFB, Aux/IAA proteins (IAA6, IAA9, and IAA17), and ARFs, which can 
modulate the homeostasis of JA [51].  

The complex modulation of phytohormone crosstalk pointed out a very PH-specific 
mode of action. In this context, the spatiotemporal plasticity of auxin metabolism sustains 
the signalling network within the whole plants and is determined throughout de novo 
synthesis, conjugation, degradation and transport [52]. Biostimulants caused the 
modulation of metabolites linked to the maintenance of the highly dynamic auxin pool. 
The homeostasis of the auxin pool can be regulated through (1) biosynthesis, (2) 
interconversion, (3) storage and (4) transport of auxin. Interestingly, all PHs significantly 
modulated compounds which can be related to all these levels of regulation. After 
wounding, an early accumulation of IAA in shoots self-regulates basipetal auxin transport 
to the root tips [14]. At 7 days after treatment, IAA biosynthesis was still active, since 
precursors of IAA (i.e., indole-3-acetamide, N2-hydroxy-L-tryptophane) accumulated in 
shoots in response to all treatments with a comparable extent to the positive controls. On 
the other hand, several IAA-conjugates were differentially modulated. IAA-conjugates 
can serve either as precursors for the degradation pathways or as a storage form of auxins 
to allow a quick release of IAA as needed [53]. The irreversible inactivation of IAA 
through oxidation is the major route for IAA catabolism in plants, which helps to maintain 
endogenous auxin homeostasis [54]. The synthesis of 2-oxoindole-3-acetyl-β-D-glucose 
(OxIAA-Glc) via glycosylation of OxIAA was reduced about 10-fold, except for PH3 and 
PH10-treated plants in which OxIAA-Glc accumulated. IAA catabolism has been 
proposed to act redundantly, along with IAA-conjugating enzymes of the GH3 family, to 
maintain auxin levels [55]. It has been proposed that OxIAA could have a role in 
controlling basal levels of IAA, whereas GH3-mediated conjugation is more crucial when 
a rapid reduction of IAA is needed in response to developmental and external stimuli [56]. 
IAA-amide conjugates are synthesized by members of the GH3 family [52], of which 
transcription is regulated by auxin level and auxin-like herbicides [57,58]. The role of 
many different IAA-amino acid conjugates is well documented [53]. Some IAA-amide 
conjugates (IAA–Ala, IAA–Leu, IAA–Phe, IAA– Val) can affect the free IAA pool after 
their hydrolyzation to the active IAA form, thus altering root development [59,60]. The 
role of IAA-conjugates in auxin regulation is still not fully clear, but their biosynthesis has 
been demonstrated by some members of the GH3 family [61]. IAA-Phe can induce 
developmental responses in both the shoot and root of Arabidopsis after its hydrolyzation 
by amidohydrolases from the ILR1-like family [60]. MeIAA is an inactive auxin, a more 
easily transportable form of IAA through cell membranes, to reach distant targets such as 
roots, where local methyl indole-3-acetate methyltransferase can convert it back to the 
active form [62]. Interestingly, PH3 and PH10 over and under-accumulated IAA-Phe and 
MeIAA respectively, whereas PH4 and PH6 caused the exact opposite.  

Concerning the elicitation of secondary metabolism, nitrogen-containing 
compounds, mainly alkaloids and glucosinolates, as well as phenylpropanoids and 
terpenes, were modulated (Figure 4b). As a general trend, PH3 and PH10 caused an 
overall depletion of secondary compounds, whereas PH4 and PH6 behaved the opposite 
way. All these classes of metabolites are related to nitrogen metabolism, underpinning a 
potential PH-specific modulation of nutrient uptake and use efficiency [63]. Other than 
nitrogen storage, several of these compounds are also involved in plant defence against 
both biotic and abiotic stressors, as well as in plant growth, development and 
reproduction [64]. Interestingly, the phenylpropanoid pathway has been linked to auxin 
and CKs in regulating the growth of Arabidopsis plants [65]. The authors concluded that 
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the accumulation of metabolites upstream the cinnamate-4-hydroxylase, an early step in 
phenylpropanoid metabolism, could tune auxin-mediated plant growth. 

5. Conclusions 
Vegetal-derived PHs can effectively promote crop performance in terms of growth, 

development, and stress resistance [66]. The proven feature of PHs to impact 
phytohormone homeostasis might suggest that specific components (i.e., amino acids 
and/or peptides) may mimic the action of signalling molecules of plants, most likely 
peptides [17,67]. In this respect, we speculate that PH-induced modulation of plant 
metabolism could result from a complex interplay between effector(s), receptors, and 
second messengers, which need to be further investigated. Nonetheless, the PH-specific 
modulations produced on plant metabolism highlight the potential versatility of this class 
of biostimulants. 
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