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Abstract: Over the past decade, plant biostimulants have been increasingly used in agriculture as
environment-friendly tools that improve the sustainability and resilience of crop production systems
under environmental stresses. Protein hydrolysates (PHs) are a main category of biostimulants
produced by chemical or enzymatic hydrolysis of proteins from animal or plant sources. Mostly
composed of amino acids and peptides, PHs have a beneficial effect on multiple physiological
processes, including photosynthetic activity, nutrient assimilation and translocation, and also quality
parameters. They also seem to have hormone-like activities. Moreover, PHs enhance tolerance to
abiotic stresses, notably through the stimulation of protective processes such as cell antioxidant
activity and osmotic adjustment. Knowledge on their mode of action, however, is still piecemeal. The
aims of this review are as follows: (i) Giving a comprehensive overview of current findings about the
hypothetical mechanisms of action of PHs; (ii) Emphasizing the knowledge gaps that deserve to be
urgently addressed with a view to efficiently improve the benefits of biostimulants for different plant
crops in the context of climate change.

Keywords: biostimulant; protein hydrolysates; amino acids

1. Introduction

Biostimulants as enhancers of plant vigor and resilience under adverse environmental
conditions, are now relevant paths for sustainable agricultural challenges [1]. Agriculture is
one of the most sensitive sectors to water scarcity and drought due to global warming [2,3],
and it is also compromised by pollution caused by the massive use of mineral fertilizers [4,5].
Within this challenging context, the integration of biostimulants in agriculture is proving
to be effective and presently attracts significant interest from the agricultural sector and
academic research [6–9]. A biostimulant is “any substance or microorganism, being able,
when applied to plants, to improve nutrition efficiency, abiotic stress tolerance, and/or
crop quality traits, regardless of its nutrients content” [10]. Humic and fulvic acids, protein
hydrolysates and other N (nitrogen)-containing compounds, seaweeds extracts, chitosan
and other biopolymers, inorganic compounds, and beneficial fungi and bacteria are the
main types of biostimulants [10,11]. The effects of biostimulants on the mitigation of
abiotic stressors [12,13], on plant nutrition [14], as well as on crop quality [15] have been
broadly observed and documented in the last decade [16–18]. Because of their variable
composition, and despite the increasing number of studies conducted worldwide, the
mode of action of biostimulants seems to be complex, and drawing up a comprehensive
picture of it is still highly challenging. The development of new phenotyping and screening
methods and the use of multi-omics approaches will be of great help in piecing together
the regulatory network puzzle related to the application of biostimulants [19–22]. Among
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all biostimulants, the group of protein hydrolysates (PHs) is of particular interest, as it
has positive effects on crop productivity [23]. PHs have been reported to improve plant
resilience, particularly by stimulating antioxidant activity within the plant, under adverse
environmental conditions [23,24]. Moreover, PHs could act directly on the plant via an
adjustment of the carbon and nitrogen metabolisms and the plant hormonal profile, or
indirectly via the microbiome [25]. Indeed PHs, provided at the root level (e.g., root dip
or drip irrigation) or leaf level (foliar spray), change the microflora community living in
the rhizosphere or the phyllosphere [25–28]. Aside from improving plant accessibility to
mineral nutrients, phyllosphere and rhizosphere microorganisms could release enzymes
that can convert peptides into smaller fragments acting as signaling compounds to stimulate
plant growth [23]. Further in-depth investigations are required to unravel how PHs affect
different microbial populations.

The objective of this review is to present the recent advances on PHs’ effects on
plant root and shoot development and on the potential mechanisms involved, without
considering the origin of PHs’ action (direct or indirect via the microbiome). The relevance
of PHs for plants grown under adverse growth conditions is highlighted, and the main
physiological changes are discussed. This review also highlights the main knowledge gaps
and new research directions that deserve to be explored to optimize their use and efficiency
in the future.

2. Protein Hydrolysates’ (PHs’) Nature
2.1. Origin and Hydrolysis Methods of Raw Materials

PHs correspond to mixtures of amino acids, oligopeptides, and polypeptides, result-
ing from the partial hydrolysis of different protein sources [29]. Amino acids (AAs) are
prevailing components in the formulation of PHs. They are present in a simple form (free
AAs) or a complex one (peptides) [17]. The main raw materials used for PH production are
effluents and by-products from livestock and the food industry [30–33]. Their conversion
into biostimulants is part of a circular economy approach that contributes to environmental
preservation and sustainable agriculture.

PHs are processed by chemical or enzymatic hydrolysis of protein from animal (leather
by-products, blood meal, fish by-products, chicken feathers, and casein) or plant (legume
seeds, alfalfa hay, and vegetable by-products) sources [23,26]. Most current PH-based
biostimulants are produced by chemical hydrolysis of animal-derived proteins and by
enzymatic hydrolysis of plant-derived proteins. PHs have distinct chemical characteristics
depending on the raw material origin and the production process [34].

2.2. Profile of PH Compounds: Free AAs and/or Peptides

The production process and the degree of hydrolysis (DH) determine the basic AA and
peptide composition of each biostimulant. PHs produced by enzymatic hydrolysis contain
a low proportion of free AAs compared to PHs generated by chemical hydrolysis, but
they include more peptides and a high range of AAs. For instance, tryptophan is usually
destroyed by chemical (acid) hydrolysis [23]. The enzymatic proteolysis strategy remains
more advantageous as it is energy efficient and the final composition of the hydrolysate
in AAs and peptides is shaped by the activity and specificity of proteases [33]. Therefore,
enzymatically produced plant-derived PHs are mainly characterized by signaling peptides
as bioactive compounds, whereas free AAs are the main compounds of chemically produced
animal-derived PHs [35] (Figure 1).
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Figure 1. PHs’ composition and PHs’ effects on plant development and response to abiotic stress. 
The light blue box describes the composition of PHs (free amino acids and peptides content), de-
pending on the hydrolysis method (enzymatic hydrolysis or chemical hydrolysis); the orange and 
red arrows correspond to chemical and enzymatic hydrolysis, respectively. Light blue dotted ar-
rows indicate that PHs can be applied at the root or leaf level, and can act directly on the plant 
and/or indirectly through interactions with microorganisms. The green rectangles indicate the main 
plant responses to PHs, in terms of yield, growth, and abiotic stress mitigation. These responses 
were observed in the root and/or aerial parts.  

2.3. Amino Acid Composition of PHs 
The main AAs found in PHs depend on the protein source. Glutamic acid seems to 

be a main component of chicken feather-, fish meal-, casein-, and soybean meal-derived 
PHs. Aspartic acid dominates in blood meal- and alfalfa hay-derived PHs. Bovine colla-
gen-based PHs have a high content in glycine and proline, and are composed of hydrox-
yproline and hydroxylysine (two non-standard amino acids), present at negligible levels 
in plant-derived PHs [23,34]. An analysis of different samples from animal- and plant-
derived PHs revealed that histidine and ornithine were absent in the majority of plant-
derived PHs studied [34]. Phytotoxicity effects are possible, and even sometimes growth 
suppression related to the treatment of horticultural crops with PHs. This phenomenon is 
called ‘general AA inhibition’ and is caused by excessive uptake of free AAs resulting in 
intracellular AA imbalance, inhibition of nitrate uptake, and increased cell susceptibility 
to apoptosis [25,35–37]. This possible PH inhibitory effect depends not only on the amino 
acids amount but also on the amino acid supplied and/or on the nutrient medium [37,38]. 
Aside from AAs and peptides, plant-derived PHs could contain traces of other com-
pounds such as phytohormones, carbohydrates, phenols, and mineral elements [23,39,40]. 

Figure 1. PHs’ composition and PHs’ effects on plant development and response to abiotic stress. The
light blue box describes the composition of PHs (free amino acids and peptides content), depending
on the hydrolysis method (enzymatic hydrolysis or chemical hydrolysis); the orange and red arrows
correspond to chemical and enzymatic hydrolysis, respectively. Light blue dotted arrows indicate
that PHs can be applied at the root or leaf level, and can act directly on the plant and/or indirectly
through interactions with microorganisms. The green rectangles indicate the main plant responses to
PHs, in terms of yield, growth, and abiotic stress mitigation. These responses were observed in the
root and/or aerial parts.

2.3. Amino Acid Composition of PHs

The main AAs found in PHs depend on the protein source. Glutamic acid seems to be
a main component of chicken feather-, fish meal-, casein-, and soybean meal-derived PHs.
Aspartic acid dominates in blood meal- and alfalfa hay-derived PHs. Bovine collagen-based
PHs have a high content in glycine and proline, and are composed of hydroxyproline and
hydroxylysine (two non-standard amino acids), present at negligible levels in plant-derived
PHs [23,34]. An analysis of different samples from animal- and plant-derived PHs revealed
that histidine and ornithine were absent in the majority of plant-derived PHs studied [34].
Phytotoxicity effects are possible, and even sometimes growth suppression related to the
treatment of horticultural crops with PHs. This phenomenon is called ‘general AA inhibi-
tion’ and is caused by excessive uptake of free AAs resulting in intracellular AA imbalance,
inhibition of nitrate uptake, and increased cell susceptibility to apoptosis [25,35–37]. This
possible PH inhibitory effect depends not only on the amino acids amount but also on the
amino acid supplied and/or on the nutrient medium [37,38]. Aside from AAs and pep-
tides, plant-derived PHs could contain traces of other compounds such as phytohormones,
carbohydrates, phenols, and mineral elements [23,39,40].

3. Effects of PHs on Plant Development

Extensive studies have reported that the supply of isolated or combined AAs and
PHs is beneficial to the vegetative phase of different species such as tomato, beet, or
lettuce [41–45] (Figure 1). This effect is also found under constrained growth condi-
tions [46–49].



Int. J. Mol. Sci. 2023, 24, 9714 4 of 17

3.1. Root Architecture

The root architecture—in particular root length and total root area—is paramount to
improve water and mineral nutrient use efficiency and in turn plant productivity and resis-
tance to harmful conditions [50,51]. PHs can promote the root development and biomass
of various crops (lily, tomato, maize, and potted snapdragon) [52–58]. One prevailing
hypothetical mode of action of PHs implies an auxin-like activity [59]. Auxin is one of the
major hormones driving root growth and development [60]. Transcriptomic (mRNAseq)
and proteomic analyses revealed that this positive effect may result from the convergence
of several physiological changes related to phytohormones, reactive oxygen species (ROS)
scavenging, specific primary and secondary metabolic pathways, transport, and cytoskele-
tal reorganization [51,61]. In order to evaluate the auxin-like activity, the effects of five
plant-derived PHs (Solanaceae-, Malvaceae-, Brassicaceae-, and Fabaceae-derived PHs, and
a commercial product resulting from the enzymatic hydrolysis of legume-derived proteins)
on the expression of genes involved in auxin signaling (SlIAA2 and SlIAA9) in leaf tissue of
tomato plants were compared with distilled water (negative control) and indole-3-acetic
acid (positive control) [62]. SlIAA9 was upregulated by four PHs and indole-3-acetic acid,
while SlIAA2 was upregulated by the commercial product and the Brassicaceae-derived PH,
assuming that these PHs might elicit auxin-like activity to regulate root architecture [62].
In tomato cuttings, the foliar application of (Malvaceae and Solanaceae) plant-derived PHs
positively influenced root length, partially through the interaction between auxins and
gibberellins, that both accumulated in response to Solanaceae- and Malvaceae-derived
PHs [63]. This effect was also reported for a PH derived from a tanning industry by-
product, that modulated the expression of genes involved in the gibberellic acid (GA)
metabolism (upregulation of the gene encoding gibberellin 3-beta-dioxygenase 1 and down-
regulation of the gene encoding gibberellin 2-oxidase) in maize seedlings [64]. GA can
regulate auxin transport by adjusting PIN-Formed (PIN) proteins abundance — key auxin
efflux transporters in plants [63,65,66]. Foliar application of a Solanaceae-derived PH to
tomato cuttings induced an elevated level of zeatin, a cytokinin playing a possible role
in adventitious root extension [63,67]. AA supply experiments also evidenced changes
in phytohormone profiles. In bean (Phaseolus vulgaris) seedlings, both asparagine and
glutamine treatments increased and decreased auxin, gibberellin, and cytokinin levels at
low (1 mM) and high (5 mM) concentrations, respectively. On the contrary, the abscisic acid
(ABA) level decreased and increased in response to low and high concentrations of these
two AAs, respectively [68].

The PH-dependent promotion of root development would also be elicited by PH
peptides. Maize seedlings treated with an animal-derived PH containing 10% (w/w) of
free AAs exhibited greater lateral root length and area, than maize treated with inorganic
nitrogen or a reconstituted mixture of free AAs from the same PH. Transcriptomic anal-
yses revealed that the animal-derived PH could act by regulating a glutamate receptor
involved in root growth and C/N signaling, in contrast to the reconstituted mixture of
free AAs. Furthermore, GRMZM2G055607_T01, encoding a sulfotransferase that catalyzes
the post-translational tyrosine sulfation of secreted peptides, was over-expressed in maize
plants treated with the same PH, compared to AA-treated plants [64]. Tyrosylprotein sulfo-
transferase is essential for root development, as evidenced by the short-root phenotype of
the loss-of-function mutant of this gene (tpst-1) due to a sharp decrease in the number of
proximal meristem cells [69,70]. A differential regulation of genes encoding CLE peptides
and CLE receptor kinase CLAVATA1 (CLV1) in response to PH- and AA-treated maize
was reported [64]. CLAVATA3 (CLV3)/EMBRYO SURROUNDING REGION-related(CLE)
family peptides act as mediators of cell-to-cell communication. Members of this family are
implied in the differentiation of shoot and root meristems [71]. From a mechanistic point
of view, signaling peptides bind to membrane receptors and trigger signaling cascades
responsible for the fine tuning of different processes of root development, including cell
expansion or the emergence of lateral roots and root hairs [71–74]. The action of PHs on root
architecture seems to differ from that of isolated AAs [64]. The exogenous supply of glycine
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can influence root morphology by inhibiting root elongation in pak choi (Brassica campestris
ssp. Chinensis L.) [75]. Isolated AAs, including leucine (L-Leu), lysine (L-Lys), tryptophan
(L-Trp), and glutamate (L-Glu), repress cell division and elongation in Arabidopsis primary
roots [76], and its effect could be associated with auxin- and mitogen-activated protein
kinase (MAPK) signaling [76,77]. All these findings indicate that PHs can improve the
root system architecture, and future investigations will be performed to decipher regula-
tory molecular networks and understand cross-talks between hormones and peptides in
PH-controlled root physiology.

3.2. Shoot Biomass and Yield

Applications of PHs increased the leaf area and the yield of some fruit trees and
other horticultural plants [78–80]. In this respect, the available literature data highlight a
positive effect of the PHs’ application, isolated AAs (proline, tryptophan) or mixtures of
AAs (alone or combined with micronutrients) on flowering regulation, fruiting, and fruit
quality [81–86]. For instance, application of an animal-derived PH (enzymatic hydrolysates
obtained from animal hemoglobin) resulted in earlier flowering, and in a significant in-
crease in early fruit production in cold-stressed strawberry plants [87]. Better growth and
development of two crops (Brinjal and chilli plants) with early flowering and an elevated
yield has been reported in response to an exogenous supply of an animal-derived PH
(feather hydrolysate) [88]. The production of petunias with extra-grade visual quality was
also enhanced by foliar application of an animal-based PH [89]. Exogenous applications
of a mixture of AAs (20%) and algal extracts (12%) (‘Primo’) on grapevine resulted in a
higher number of bunches per cane and greater berry weight and size compared to the
control [90]. The quality of citrus fruit was also improved by this same mixture [91]. PHs
(e.g., Trainer®) and a biostimulant containing free AAs (e.g., CycoFlow) increased the total
yield (number of fruit) and nutritional value of tomato [25,43,92], with a positive effect on
pollen viability [92]. PHs can also induce secondary metabolism activity (carotenoids and
polyphenols) [26].

Although the mode of action is still unknown, PHs might stimulate auxin- and gibberellin-
like activities [56,59]. Gibberellin regulates floral transition and flowering [93,94] and auxin
is involved in floral opening [95]. The precursor of ethylene—1-aminocyclopropane-1-
carboxylate (ACC)—was also accumulated in tomato plants treated with plant-derived PH [96].
However, it was reduced in lettuce plants grown under control conditions and treated with the
commercial PH Vegamin® [97]. Ethylene is often associated with senescence and fruit ripening,
but it could also promote flowering in some species, while inhibiting it in others [98,99]. In
addition, some AAs are precursors of components responsible of aroma (alanine, isoleucine,
leucine, and valine) and color (precursors of anthocyanin biosynthesis) [26]. Additional
reports indicate that exogenous AA (e.g. L-arginine, L-cysteine, L-methionine, and GABA
(gamma-aminobutyric acid)) application could also participate in postharvest vegetable and
fruit quality maintenance [100,101]. These findings indicate that the beneficial effects of PHs
are not restricted to the vegetative phase of plants but also concern their reproductive phase.

4. Effects of PHs on Plant Physiology

PHs, that have positive effects on crop performance [102], can improve nitrogen
assimilation (N) and photosynthetic activity, two processes that highly influence shoot
meristematic activity (Figure 1).

4.1. Photosynthetic Activity

The response of photosynthetic activity to PH and/or AA supply results from the
convergence of fine-tuned changes in cell metabolism. The application of AAs induced a
significant increase in total chlorophylls (chl a + b) and carotenoids in wheat leaves [103].
In broccoli, AA application increased the photosynthetic rate, stomatal conductance, the
internal CO2 concentration, and the transpiration rate in the ‘Agassi’ cultivar prior to stress
application [104]. Foliar glycine betaine (GB) application (5 mM) guaranteed an elevated
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photosynthetic and transpiration rate, a high intracellular CO2i concentration, and high
stomatal conductance (gs) in cotton seedlings despite exposure to salt stress [105]. Proline
and L-pyroglutamic acid (a non-protein amino-acid derivative) application could also play
a role in maintaining the photosynthetic rate, in turn leading to improved plant growth
under abiotic stress [106,107]. A positive effect of L-tyrosine, L-lysine, L-methionine, or
L-arginine application on the photosynthetic activity of tomato or Pereskia aculeata Mill.
has also been reported [41,108]. PHs (plant- or animal-derived) have a positive effect
on the photosynthetic performance of crops grown under favorable and/or unfavorable
conditions including different N fertigation levels or salt stresses [43,97,109,110]. For
instance, the application of alfalfa-derived PH resulted in chlorophyll production and
upregulation of genes encoding components of the photosynthetic electron transfer chain
(ferredoxin-2, the light-harvesting complex protein LHCA5) and Calvin cycle enzyme
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo) in tomato plants [111]. In
line with this, an elevated sugar content has been reported in tomato plants and wheat
seedlings after the application of PHs (an alfalfa-derived PH or a chicken feather-derived
PH) [111,112]. Additional investigations pointed out an action of alfalfa-derived PH on the
transcript accumulation of key genes of the major carbon metabolism, including phospho-
enolpyruvate carboxylase, malate dehydrogenase and fumarate dehydrogenase. Increase
in production of carbon skeletons could stimulate the N assimilation in plants [111,113].
All these findings indicate that PHs lead to a finely tuned regulation of photosynthesis,
primary carbon metabolism, and N assimilation, which altogether contributes to high
plant biomass and growth. It will be relevant to investigate the effect of these PHs on
the accumulation of sugar transporters (Sugars Will Eventually Be Exported Transporter
(SWEET) and phloem-located sugar transports (Sucrose transporters)), which play a key
role in the translocation of photosynthates from source to sink organs [114]. The impact of
PHs on plant branching is also not known yet, although it is an integral part of plant yield
and agronomic performance [115].

4.2. Nutrient Uptake and Assimilation
4.2.1. Nitrogen Acquisition and Assimilation

Aside from their positive effects on root system architecture, PHs could promote plant
growth by stimulating nitrogen uptake and assimilation [59,111,113]. Organic nitrogen can
also significantly contribute to increase nitrogen use efficiency (NUE) in crop production, as
its assimilation into proteins has a lower carbon cost than that of inorganic nitrogen [116].
Substrate drench with the plant-derived PH Trainer® enhanced the expression of the key
gene AAT1 that encodes an AA transporter involved in the transport of glutamic acid, aspar-
tic acid, and isoleucine, in leaves and roots of tomato plants [58]. The application of gelatin
capsules near cucumber seeds enhanced the expression of genes encoding AA transporters
(e.g., amino acid permeases), notably AAP3 and AAP6, contributing to elevated N up-
take [117]. AAP3 is involved in basic AA transport, and AAP6 efficiently transports neutral
and acidic AAs [117–120]. However, the applied AA dose is generally low, so that positive
effects were only attributed to increased N availability [113], highlighting that the beneficial
effects of PHs to plants are multi-factorial [121]. Regarding inorganic nitrogen, the legume-
derived PH Trainer® downregulated the expression of genes encoding two high-affinity
nitrate transporters (NRT2.1 and NRT2.3), whereas an alfalfa-derived PH upregulated
the nitrate transporter (NTP2, a homologous of Arabidopsis thaliana AtNRT1:4) gene in
tomato plants [58,111]. NRT2.1—an inducible high-affinity nitrate transporter gene—is
involved in the repression of lateral root initiation in response to nutritional cues [122],
and its PH-dependent repression might explain the improvement in root development [58].
NRT2.3 may be involved in nitrate uptake and the root-to-shoot long-distance transport in
tomato [58,123], while AtNRT1:4 is expressed in leaves and involved in leaf nitrate home-
ostasis within the plant [124]. In maize seedlings, the effect of a PH derived from tanned
bovine hides (APR®) on transcript levels of genes encoding high-affinity nitrate transport
systems (NRT2 genes) seems to vary according to the growing conditions [125]. Altogether,
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this fits with the decrease in nitrate and ammonium influx in roots with exogenously sup-
plied AAs [126], and the reduced nitrate uptake by soybean seedlings treated with certain
AAs [127]. In line with these findings, it was suggested that glutamine downregulates the
expression of HvNRT2, which encodes high-affinity nitrate transporters in barley [128].
Additional investigations on the relationship between PH treatment and nitrogen uptake
are required to shed light on the underlying molecular mechanisms—a fundamental step
in view of improving NUE under stressful environmental conditions. Several reports
highlight a positive effect of PHs on nitrogen assimilation processes [53,58,59,113], and
this effect is common to animal- and plant-derived PHs [53]. An AA-rich biostimulant
(Aminoplant/Siapton®, an animal-derived PH) improved nitrate reductase activity in
maize grown under moderate salt stress [129,130]. In a high nitrogen regime, legume
seed-derived PH Trainer® increased the expression of N assimilation-related genes (en-
coding nitrate reductase, nitrite reductase, and ferredoxin-dependent glutamate synthase)
in tomato roots [58]. An alfalfa-derived PH stimulated the expression of genes encoding
nitrate reductase, aspartate aminotransferase, glutamine-dependent asparagine synthetase,
glutamine synthetase, and N-associated genes related to AA synthesis and turnover (gluta-
mate dehydrogenase, serine decarboxylase) and protein accumulation (translation initiation
factors) in tomato plants [111]. PHs Amino16® and Trainer® are thought to activate AA
remobilization and turnover and ammonium recycling, which helps plants to mitigate
physiological disorders caused by nitrogen excess [131,132]. This hypothesis is supported
by the elevated production of chlorophylls and/or proteins [49,52,133] along with a high
sugar content [49,111] providing carbon skeletons for protein synthesis [16].

4.2.2. Macroelements: S, P, K, Mg, and Ca

Regarding sulfur nutrition, an alfalfa-derived PH positively affected plant sulfur
uptake by upregulating genes coding for sulfate transporters in tomato plants [111,134]. A
biostimulant composed of a mixture of AAs (proline and tryptophan), an A. nodosum extract,
and a lignosulfonate increased potassium uptake by almond plants, especially in K-depleted
soil [135]. Investigating the impact of the foliar application of three types of PHs (native
whey protein (NAP), papain- (PAH-), or pepsin- (PEH-) hydrolyzed whey protein) on N, P,
and K uptake by pea (Pisum sativum) plants, it was demonstrated that these biostimulants
enhanced the uptake of these macroelements [136]. An alfalfa-based PH increased the
expression of genes coding phosphate transporter PT2 and potassium channels in tomato
plants [111]. Other biostimulants seem to promote the uptake of phosphorus and/or
potassium, e.g., fulvic acids (32P uptake) in wheat [137] and Aphanothece sp. in tomato
plants [138]. Mg and Ca acquisition and assimilation by spinach [139] and maize plants [52]
were enhanced by Trainer® and a chickpea-derived PH, respectively.

4.2.3. Microelements

The positive relationship between PHs and plant mineral nutrition (e.g., iron) can
be at least assigned to the chelating power of some of their AAs [140]. Certain amino
acids (e.g., proline) could protect plants against heavy metal toxicity and also contribute
to micronutrient acquisition [10]. Fe-AA complexes such as [Fe(Arg)2], [Fe(His)2], and
[Fe(Gly)2] improved Fe accumulation in tomato roots and shoots compared to the Fe-EDTA
complex, making the Fe-AA complex a powerful alternative to provide iron in nutrient
solutions [141]. In tomato plants, plant-derived AAs induced a higher Fe(II)/Total Fe ratio,
probably due to their action on the activity of leaf Fe(III)-chelate reductase [37]. In the same
vein, maize plants under Fe deficiency and treated with a collagen-based PH mixed with
FeCl3 displayed a faster recovery than plants treated with FeCl3 alone or FeEDTA. These
PH-treated plants had a higher iron concentration in their leaves and a better adjustment
in the expression of Fe-related genes, including those involved in Fe acquisition in roots
(ZmTOM1 and ZmIRT1) [142]. Certain AAs could also increase micronutrient availability
by acting as a reductant. It has been hypothesized that the change in the copper oxidation
state from Cu(II) to Cu(I) induced by cysteine was responsible for elevated copper uptake
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and translocation within maize seedlings [143]. Under alfalfa-derived PH treatment, copper
transporters were upregulated in tomato plants [111]. Some peptides—components of
PHs—also had a chelating capacity that improved nutrient availability and acquisition by
the root system [14].

Taken together, these results indicate that PHs affect the uptake and assimilation of
certain nutrients in different ways, so that the use of AAs and PHs can be an environment-
friendly strategy in low-fertility soils [144,145]. This research field requires an in-depth
investigation to lay the foundation for a comprehensive strategy devoted to the improve-
ment of mineral acquisition by plants under constrained environmental conditions.

4.3. Metabolomic Profile Adjustment under Adverse Growth Conditions

The application of PHs also results in metabolome reprogramming in plants grown
under different constrained growth conditions. After drought imposition, (plant-derived
PH) GHI_16_VHL-primed Capsicum annuum L. plants recovered faster probably due to
the higher leaf osmolyte accumulation during drought [146]. Xcell Boost (a mixture of
fish protein hydrolysates and Kelp extract (Ecklonia maxima)) treatment also increased
the accumulation of osmoprotectants (proline and total soluble sugars) in spinach under
drought stress [147].

In line with this, the effects of the exogenous supply of GABA or proline have been un-
der special focus, due to their “osmoprotective” character. GABA application would induce
better drought tolerance in different species: perennial ryegrass [148], bread wheat [149],
and creeping bentgrass (Agrostis stolonifera) [150]. In white clover, the increase in endoge-
nous GABA following exogenous supply could positively regulate the GABA shunt, proline
and polyamines metabolism, and improve drought tolerance [151]. This adjustment in
proline content was also found in snap bean plants under water stress [152]. Moreover,
in addition to its antioxidant action [106,153], proline supply led to an increase in its own
endogenous level [153] notably required for osmotic adjustment. Proline acts on plant–
water relationships by increasing the leaf relative water content (RWC) and cell membrane
integrity in drought-stressed onion compared to untreated plants [154]. The action of other
isolated exogenously supplied AAs has been investigated in different plants under water
stress, notably ornithine [155], arginine [156], or glutamate [157]. Glutamate application
on water-deficient lettuce had slight effects on the nitrate and proline contents of lettuce
leaves [157].

4.4. Defense-Related Phytohormones Responses

PHs could act on mechanisms underlying the phytohormonal response to abiotic
stress [21]. Under water stress, the application of the animal-derived PH Pepton increased
gibberellin (GA1 and GA3), cytokinin (trans-zeatin), and auxin (indole-3-acetic acid) con-
tents in tomato plants. Auxin stimulation would likely be linked to the presence of two
auxin AA precursors—phenylalanine and tryptophan in Pepton [158]. The application
of the plant-derived PH Trainer® reduced the level of cytokinins [159], an antagonistic
effector to ABA-dependent plant resistance mechanisms [160]. The high accumulation
of ABA has been reported in the leaves of lettuce grown under water deficit and treated
with Leafamine® [49], and in the leaves of grapevine exposed to a mixture of AAs and
drought stress [161]. It has been shown that GABA application resulted in ABA accumu-
lation in the leaves of apple seedlings and the elevated expression of ABA-related genes,
such as genes encoding an ABA receptor (PYL4), ABA-responsive element-binding fac-
tor 3 (ABF3), and OST1 (encoding a protein kinase involved in ABA-mediated stomatal
closure) [162]. The application of the PH Delfan Plus (with an AA-based formulation) to
Arabidopsis thaliana stimulated the ethylene signaling pathway through the upregulation of
gene ERF1A—coding Ethylene Response Factor 1A (transcription factor) —24 h after treat-
ment [163]. Pepton-treated tomato plants displayed higher jasmonic acid (JA) levels under
water stress compared to untreated plants [158], that could contribute to the higher expres-
sion of stress responsive genes and increased production of plastochromanol-8 conferring
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better protection against oxidative stress [158]. Plastochromanol-8 (PC-8), an antioxidant
belonging to the “tocochromanols” group, together with tocopherols and carotenoids, could
contribute to the protection of photosystem II (PSII) from environmental stress-dependent
damage [164]. PSII is indeed easily damaged by an array of stressors, leading to altered
photosynthetic activity [165]. Along with JA, salicylic acid could confer the plant’s toler-
ance to water stress [166] by modulating proline biosynthesis and maintaining the cellular
redox status [167]. This could be consistent with the fact that Trainer®-dependent tomato
resistance to water stress was related to the salicylic acid-mediated regulation of ROS
accumulation [159]. Under suboptimal growth conditions, an enzymatically hydrolyzed
animal protein-based biostimulant (Pepton) might enhance the primary and lateral root
growth of tomato plants through the stimulation of salicylic acid biosynthesis [168]. All
these findings should be used as a solid foundation to identify the mode of action of PHs
on the hormone metabolism and signaling pathways.

4.5. ROS Metabolism Adjustment

On the whole, the exogenous application of PHs and isolated amino acids improves
plant antioxidant performance by stimulating the enzymatic and non-enzymatic antiox-
idant defense machinery of the cell [13,23,26]. This was especially revealed for plants
grown under stressful conditions. Under water deficit conditions, a biostimulant con-
taining free AAs (CycoFlow) improved the yield of tomato plants grown under water
deficit conditions by maintaining the water status, pollen viability, and reducing oxida-
tive stress [169]. This action against oxidative stress is probably due to the presence of
glycine betaine and proline [170], two well-known protectors of plants against water
stress [171–174]. The application of alfalfa-based PH induced antioxidant activity in tomato
plants [111]. In tomato, it was associated with the upregulated expression of several gene-
encoding enzymes involved in the glutathione/ascorbate detoxifying cycle as well as the
higher production of phenol compounds [111]. A pig blood-derived PH also improved
the antioxidant properties of lettuce through the upregulation of several genes encod-
ing phenol-biosynthesizing enzymes [175] and antioxidant enzymes, as well as through
the accumulation of non-enzymatic antioxidant systems (flavonoids, ascorbic acid, and
glutathione) in water stress-exposed tomato [176]. In line with this, PH-treated tomato
plants grown under water stress exhibited a high tolerance to increased ROS assigned to
the coordinated action of signal compounds, radical scavengers (carotenoids and prenyl
quinones), as well as a reduced biosynthesis of tetrapyrrole coproporphyrins [159]. Some
biostimulants containing AA and peptides can increase the content of anthocyanins, that
may serve as antioxidants [177], in grape juice or fruit [178,179].

5. Conclusions and Future Challenges

PHs have a significant potential to improve not only the agronomic performance of
several crop species but also their resistance to stressful conditions. Many reports point
out that the beneficial effect of PH application covers many processes of plant physiology
throughout their lifecycle and, thus, increases yield and quality parameters. PH application
improves vegetative plant growth; plant nutrition including nutrient use efficiency, nutrient
uptake, and assimilation; and fruit set and size in many crops. Interestingly, PHs would
decrease nitrate accumulation in leafy vegetables. Under adverse conditions, PHs confer
greater resilience to plants by protecting the activity of the photosynthetic machinery
and stimulating multiple protective processes related to antioxidant activity and osmotic
adjustment. However, the mechanisms driving the beneficial effects of PHs on plants are
not completely understood, although the recent use of multi-omics strategies could be of
great help to shed light on their modes of action. It is more likely that the action of PHs
relies on interactive regulatory networks tuned by local and systemic processes. Future
research will need to provide a complete picture of the mode of action of PHs (Figure 2).
One challenging point is to identify the earliest mechanisms, perception and transduction
pathway, behind each PH or family of PHs. This step is paramount to piece together their
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mode of action in a specific way. For example, the majority of PHs enhance the antioxidant
machinery of plants, but the question whether they share the same triggering processes—
perception, transduction, and transcription factors—or act through a specific pathway is still
open. This type of research is also fundamental to identify robust physiological/molecular
markers related to the efficacy of PHs and assess the physiological sensitivity of plants to
the application of these products. In addition, PHs act directly as hormone-like entities
and indirectly as stimulants of plant microbiomes, which may strongly contribute to the
benefits derived from these products. It will be very relevant to thoroughly understand this
synergy in order to implement a strategy based on the combination of PHs with specific
microbial taxa characterized for their potential benefit on plant nutrition and assimilation
and/or resilience to adverse conditions. All these future challenges should involve a
cross-disciplinary strategy at the plant level and appropriate infrastructures capable of
mimicking climate change conditions to test the relevance of PHs in the plant response to
multiple stresses.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 11 of 19 
 

 

 
Figure 2. Some future research directions for the optimal and effective use of protein hydrolysates. 
Green arrows indicate parameters to be achieved to improve the use efficiency of PHs and brown 
arrows indicate future topics to be investigated to decipher the mode of action of PHs. 

Author Contributions: Conceptualization, M.M., J.L., and S.S.; writing—original draft preparation, 
M.M., J.L., and S.S.; editing the manuscript, R.S., E.M., and B.T. All authors have read and agreed to 
the published version of the manuscript. 

Funding: This research was funded by ANRT (National Association for Research and Technology). 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Del Buono, D. Can biostimulants be used to mitigate the effect of anthropogenic climate change on agriculture? It is time to 

respond. Sci. Total Environ. 2021, 751, 141763. https://doi.org/10.1016/j.scitotenv.2020.141763. 
2. Mancosu, N.; Snyder, R.L.; Kyriakakis, G.; Spano, D. Water Scarcity and Future Challenges for Food Production. Water 2015, 7, 

975–992. https://doi.org/10.3390/w7030975. 
3. Malhi, G.S.; Kaur, M.; Kaushik, P. Impact of Climate Change on Agriculture and Its Mitigation Strategies: A Review. 

Sustainability 2021, 13, 1318. https://doi.org/10.3390/su13031318. 
4. Nazaryuk, V.M.; Klenova, M.I.; Kalimullina, F.R. Ecoagrochemical Approaches to the Problem of Nitrate Pollution in 

Agroecosystems. Russ. J. Ecol. 2002, 33, 392–397. https://doi.org/10.1023/A:1020995329784. 
5. Bijay-Singh; Craswell, E. Fertilizers and nitrate pollution of surface and ground water: An increasingly pervasive global 

problem. SN Appl. Sci. 2021, 3, 518. https://doi.org/10.1007/s42452-021-04521-8. 
6. Rouphael, Y.; Colla, G. Editorial: Biostimulants in Agriculture. Front. Plant Sci. 2020, 11, 40. 

https://doi.org/10.3389/fpls.2020.00040. 
7. Li, J.; Van Gerrewey, T.; Geelen, D. A Meta-Analysis of Biostimulant Yield Effectiveness in Field Trials. Front. Plant Sci. 2022, 

13, 836702. https://doi.org/10.3389/fpls.2022.836702. 
8. De Diego, N.; Spíchal, L. Presence and Future of Plant Phenotyping Approaches in Biostimulant Research and Development. J. 

Exp. Bot. 2022, 73, 5199–5212. https://doi.org/10.1093/jxb/erac275. 

Figure 2. Some future research directions for the optimal and effective use of protein hydrolysates.
Green arrows indicate parameters to be achieved to improve the use efficiency of PHs and brown
arrows indicate future topics to be investigated to decipher the mode of action of PHs.

Author Contributions: Conceptualization, M.M., J.L. and S.S.; writing—original draft preparation,
M.M., J.L. and S.S.; editing the manuscript, R.S., E.M. and B.T. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by ANRT (National Association for Research and Technology).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Del Buono, D. Can biostimulants be used to mitigate the effect of anthropogenic climate change on agriculture? It is time to

respond. Sci. Total Environ. 2021, 751, 141763. [CrossRef] [PubMed]
2. Mancosu, N.; Snyder, R.L.; Kyriakakis, G.; Spano, D. Water Scarcity and Future Challenges for Food Production. Water 2015,

7, 975–992. [CrossRef]

https://doi.org/10.1016/j.scitotenv.2020.141763
https://www.ncbi.nlm.nih.gov/pubmed/32889471
https://doi.org/10.3390/w7030975


Int. J. Mol. Sci. 2023, 24, 9714 11 of 17

3. Malhi, G.S.; Kaur, M.; Kaushik, P. Impact of Climate Change on Agriculture and Its Mitigation Strategies: A Review. Sustainability
2021, 13, 1318. [CrossRef]

4. Nazaryuk, V.M.; Klenova, M.I.; Kalimullina, F.R. Ecoagrochemical Approaches to the Problem of Nitrate Pollution in Agroecosys-
tems. Russ. J. Ecol. 2002, 33, 392–397. [CrossRef]

5. Bijay-Singh; Craswell, E. Fertilizers and nitrate pollution of surface and ground water: An increasingly pervasive global problem.
SN Appl. Sci. 2021, 3, 518. [CrossRef]

6. Rouphael, Y.; Colla, G. Editorial: Biostimulants in Agriculture. Front. Plant Sci. 2020, 11, 40. [CrossRef] [PubMed]
7. Li, J.; Van Gerrewey, T.; Geelen, D. A Meta-Analysis of Biostimulant Yield Effectiveness in Field Trials. Front. Plant Sci. 2022,

13, 836702. [CrossRef]
8. De Diego, N.; Spíchal, L. Presence and Future of Plant Phenotyping Approaches in Biostimulant Research and Development.

J. Exp. Bot. 2022, 73, 5199–5212. [CrossRef]
9. Landeta, C.; Marchant, F. Biostimulants: Emerging Trend and Opportunities. In Biostimulants: Exploring Sources and Applications;

Plant Life and Environment Dynamics; Ramawat, N., Bhardwaj, V., Eds.; Springer Nature: Singapore, 2022; pp. 263–290.
ISBN 9789811670800. [CrossRef]

10. Du Jardin, P. Plant biostimulants: Definition, concept, main categories and regulation. Sci. Hortic. 2015, 196, 3–14. [CrossRef]
11. Gu, D.; Wang, X.-F.; Ding, F.-J. Plant biostimulants: A review on categories, effects and application. In Proceedings of the Chinese

Society of Plant Nutrition and Fertilizer Science 2014 Academic Annual Conference, Harbin, China, 1–9 August 2014.
12. Van Oosten, M.J.; Pepe, O.; De Pascale, S.; Silletti, S.; Maggio, A. The role of biostimulants and bioeffectors as alleviators of abiotic

stress in crop plants. Chem. Biol. Technol. Agric. 2017, 4, 5. [CrossRef]
13. Franzoni, G.; Cocetta, G.; Prinsi, B.; Ferrante, A.; Espen, L. Biostimulants on Crops: Their Impact under Abiotic Stress Conditions.

Horticulturae 2022, 8, 189. [CrossRef]
14. De Pascale, S.; Rouphael, Y.; Colla, G. Plant biostimulants: Innovative tool for enhancing plant nutrition in organic farming. Eur.

J. Hortic. Sci. 2017, 82, 277–285. [CrossRef]
15. Rana, V.S.; Sharma, S.; Rana, N.; Sharma, U. Sustainable production through biostimulants under fruit orchards. CABI Agric.

Biosci. 2022, 3, 38. [CrossRef]
16. Bulgari, R.; Cocetta, G.; Trivellini, A.; Vernieri, P.; Ferrante, A. Biostimulants and crop responses: A review. Biol. Agric. Hortic.

2015, 31, 1–17. [CrossRef]
17. Calvo, P.; Nelson, L.; Kloepper, J.W. Agricultural uses of plant biostimulants. Plant Soil 2014, 383, 3–41. [CrossRef]
18. García-Sánchez, F.; Simón-Grao, S.; Navarro-Pérez, V.; Alfosea-Simón, M. Scientific Advances in Biostimulation Reported in the

5th Biostimulant World Congress. Horticulturae 2022, 8, 665. [CrossRef]
19. Ugena, L.; Hýlová, A.; Podlešáková, K.; Humplík, J.F.; Doležal, K.; Diego, N.; De Spíchal, L. Characterization of biostimulant

mode of action using novel multi-trait high-throughput screening of Arabidopsis germination and rosette growth. Front. Plant Sci.
2018, 9, 1327. [CrossRef]

20. Rouphael, Y.; Spíchal, L.; Panzarová, K.; Casa, R.; Colla, G. High-Throughput Plant Phenotyping for Developing Novel
Biostimulants: From Lab to Field or From Field to Lab? Front. Plant Sci. 2018, 9, 1197. [CrossRef]

21. Baltazar, M.; Correia, S.; Guinan, K.J.; Sujeeth, N.; Bragança, R.; Gonçalves, B. Recent Advances in the Molecular Effects of
Biostimulants in Plants: An Overview. Biomolecules 2021, 11, 1096. [CrossRef]

22. Jiménez-Arias, D.; Morales-Sierra, S.; Borges, A.A.; Herrera, A.J.; Luis, J.C. New Biostimulants Screening Method for Crop
Seedlings under Water Deficit Stress. Agronomy 2022, 12, 728. [CrossRef]

23. Colla, G.; Nardi, S.; Cardarelli, M.; Ertani, A.; Lucini, L.; Canaguier, R.; Rouphael, Y. Protein hydrolysates as biostimulants in
horticulture. Sci. Hortic. 2015, 196, 28–38. [CrossRef]

24. González-Morales, S.; Solís-Gaona, S.; Valdés-Caballero, M.V.; Juárez-Maldonado, A.; Loredo-Treviño, A.; Benavides-Mendoza, A.
Transcriptomics of Biostimulation of Plants Under Abiotic Stress. Front. Genet. 2021, 12, 36. [CrossRef]

25. Colla, G.; Hoagland, L.; Ruzzi, M.; Cardarelli, M.; Bonini, P.; Canaguier, R.; Rouphael, Y. Biostimulant Action of Protein
Hydrolysates: Unraveling Their Effects on Plant Physiology and Microbiome. Front. Plant Sci. 2017, 8, 2202. [CrossRef] [PubMed]

26. Colla, G.; Rouphael, Y.; Lucini, L.; Canaguier, R.; Stefanoni, W.; Fiorillo, A.; Cardarelli, M. Protein hydrolysate-based biostimulants:
Origin, biological activity and application methods. Acta Hortic. 2016, 1148, 27–34. [CrossRef]

27. Kaur, M.; Bhari, R.; Singh, R.S. Chicken feather waste-derived protein hydrolysate as a potential biostimulant for cultivation of
mung beans. Biologia 2021, 76, 1807–1815. [CrossRef]

28. Luziatelli, F.; Ficca, A.G.; Colla, G.; Baldassarre Švecová, E.; Ruzzi, M. Foliar Application of Vegetal-Derived Bioactive Compounds
Stimulates the Growth of Beneficial Bacteria and Enhances Microbiome Biodiversity in Lettuce. Front. Plant Sci. 2019, 10, 60.
[CrossRef]

29. Schaafsma, G. Safety of protein hydrolysates, fractions thereof and bioactive peptides in human nutrition. Eur. J. Clin. Nutr. 2009,
63, 1161–1168. [CrossRef]

30. Rajarajan, G.; Irshad, A.; Raghunath, B.V.; Kumar, G.M.; Punnagaiarasi, A. Utilization of Cheese Industry Whey for Biofuel–
Ethanol Production. In Integrated Waste Management in India; Springer: Cham, Switzerland, 2016; pp. 59–64.

31. Ferraro, V.; Cruz, I.B.; Jorge, R.F.; Malcata, F.X.; Pintado, M.E.; Castro, P.M. Valorisation of natural extracts from marine source
focused on marine by-products: A review. Food Res. Int. 2010, 43, 2221–2233. [CrossRef]

https://doi.org/10.3390/su13031318
https://doi.org/10.1023/A:1020995329784
https://doi.org/10.1007/s42452-021-04521-8
https://doi.org/10.3389/fpls.2020.00040
https://www.ncbi.nlm.nih.gov/pubmed/32117379
https://doi.org/10.3389/fpls.2022.836702
https://doi.org/10.1093/jxb/erac275
https://doi.org/10.1007/978-981-16-7080-0_11
https://doi.org/10.1016/j.scienta.2015.09.021
https://doi.org/10.1186/s40538-017-0089-5
https://doi.org/10.3390/horticulturae8030189
https://doi.org/10.17660/eJHS.2017/82.6.2
https://doi.org/10.1186/s43170-022-00102-w
https://doi.org/10.1080/01448765.2014.964649
https://doi.org/10.1007/s11104-014-2131-8
https://doi.org/10.3390/horticulturae8070665
https://doi.org/10.3389/fpls.2018.01327
https://doi.org/10.3389/fpls.2018.01197
https://doi.org/10.3390/biom11081096
https://doi.org/10.3390/agronomy12030728
https://doi.org/10.1016/j.scienta.2015.08.037
https://doi.org/10.3389/fgene.2021.583888
https://doi.org/10.3389/fpls.2017.02202
https://www.ncbi.nlm.nih.gov/pubmed/29312427
https://doi.org/10.17660/ActaHortic.2016.1148.3
https://doi.org/10.1007/s11756-021-00724-x
https://doi.org/10.3389/fpls.2019.00060
https://doi.org/10.1038/ejcn.2009.56
https://doi.org/10.1016/j.foodres.2010.07.034


Int. J. Mol. Sci. 2023, 24, 9714 12 of 17

32. Martínez-Alvarez, O.; Chamorro, S.; Brenes, A. Protein hydrolysates from animal processing by-products as a source of bioactive
molecules with interest in animal feeding: A review. Food Res. Int. 2015, 73, 204–212. [CrossRef]

33. Moreno-Hernández, J.M.; Benítez-García, I.; Mazorra-Manzano, M.A.; Ramírez-Suárez, J.C.; Sánchez, E. Strategies for Production,
Characterization and Application of Protein-Based Biostimulants in Agriculture: A Review. Chil. J. Agric. Res. 2020, 80, 274–289.
[CrossRef]

34. Baroccio, F.; Barilaro, N.; Tolomei, P.; Mascini, M. Classification of Biostimulants Origin Using Amino Acids Composition of
Hydrolyzed Proteins. J. Hortic. Sci. Res. 2017, 1, 30–35.

35. Rouphael, Y.; Carillo, P.; Cristofano, F.; Cardarelli, M.; Colla, G. Effects of vegetal-versus animal-derived protein hydrolysate on
sweet basil morpho-physiological and metabolic traits. Sci. Hortic. 2021, 284, 110123. [CrossRef]

36. Bonner, C.A.; Jensen, R.A. Recognition of specific patterns of amino acid inhibition of growth in higher plants, uncomplicated by
glutaminereversible ‘general amino acid inhibition’. Plant Sci. 1997, 130, 133–143. [CrossRef]

37. Cerdán, M.; Sánchez-Sánchez, A.; Oliver, M.; Juárez, M.; Sánchez-Andreu, J.J. Effect of foliar and root applications of amino acids
on iron uptake by tomato plants. Acta Hortic. 2009, 830, 481–488. [CrossRef]

38. Forsum, O.; Svennerstam, H.; Ganeteg, U.; Näsholm, T. Capacities and constraints of amino acid utilization in Arabidopsis. New
Phytol. 2008, 179, 1058–1069. [CrossRef]

39. Ertani, A.; Schiavon, M.; Muscolo, A.; Nardi, S. Alfalfa plant-derived biostimulant stimulate short-term growth of salt stressed
Zea mays L. plants. Plant. Soil 2013, 364, 145–158. [CrossRef]

40. Ertani, A.; Pizzeghello, D.; Francioso, O.; Sambo, P.; Sanchez-cortes, S.; Nardi, S. Capsicum chinensis L. growth and nutraceutical
properties are enhanced by biostimulants in a long-term period: Chemical and metabolomic approaches. Front. Plant. Sci. 2014,
5, 375. [CrossRef]

41. Alfosea-Simón, M.; Simón-Grao, S.; Zavala-Gonzalez, E.A.; Cámara-Zapata, J.M.; Simón, I.; Martínez-Nicolás, J.J.; Lidón, V.;
Rodríguez-Ortega, W.M.; García-Sánchez, F. Application of Biostimulants Containing Amino Acids to Tomatoes Could Favor
Sustainable Cultivation: Implications for Tyrosine, Lysine, and Methionine. Sustainability 2020, 12, 9729. [CrossRef]

42. El-Sherbeny, M.; da Teixeira Silva, J.A. Foliar treatment with proline and tyrosine affect the growth and yield of beetroot and
some pigments in beetroot leaves. J. Hortic. Res. 2013, 21, 95–99. [CrossRef]

43. Rouphael, Y.; Colla, G.; Giordano, M.; El-Nakhel, C.; Kyriacou, M.C.; De Pascale, S. Foliar applications of a legume-derived
protein hydrolysate elicit dose-dependent increases of growth, leaf mineral composition, yield and fruit quality in two greenhouse
tomato cultivars. Sci. Hortic. 2017, 226, 353–360. [CrossRef]

44. Naroozlo, Y.A.; Souri, K.M.; Mojtaba, D. Stimulation Effects of Foliar Applied Glycine and Glutamine Amino Acids on Lettuce
Growth. Open Agric. 2019, 4, 164. [CrossRef]

45. Dewang, S.P.; Devi, C.U. Efficacy of Organic Biostimulant (Fish Protein Hydrolyzate) on the Growth and Yield of Tomato (Solanum
lycopersicum). Agric. Sci. Dig.–A Res. J. 2022, 42, 20–25. [CrossRef]

46. Petrozza, A.; Santaniello, A.; Summerer, S.; Di Tommaso, G.; Di Tommaso, D.; Paparelli, E.; Piaggesi, A.; Perata, P.; Cellini, F.
Physiological responses to Megafol® treatments in tomato plants under drought stress: A phenomic and molecular approach. Sci.
Hortic. 2014, 174, 185–192. [CrossRef]

47. Meggio, F.; Trevisan, S.; Manoli, A.; Ruperti, B.; Quaggiotti, S. Systematic Investigation of the Effects of a Novel Protein
Hydrolysate on the Growth, Physiological Parameters, Fruit Development and Yield of Grapevine (Vitis Vinifera L., cv Sauvignon
Blanc) under Water Stress Conditions. Agronomy 2020, 10, 1785. [CrossRef]

48. Bavaresco, L.; Lucini, L.; Squeri, C.; Zamboni, M.; Frioni, T. Protein Hydrolysates Modulate Leaf Proteome and Metabolome in
Water-Stressed Grapevines. Sci. Hortic. 2020, 270, 109413. [CrossRef]

49. Malécange, M.; Pérez-Garcia, M.-D.; Citerne, S.; Sergheraert, R.; Lalande, J.; Teulat, B.; Mounier, E.; Sakr, S.; Lothier, J. Leafamine®,
a Free Amino Acid-Rich Biostimulant, Promotes Growth Performance of Deficit-Irrigated Lettuce. Int. J. Mol. Sci. 2022, 23, 7338.
[CrossRef]

50. Porterfield, D.M. Environmental sensing and directional growth of plant roots. In Plant Roots: The Hidden Half, 4th ed.; CRC Press:
Boca Raton, FL, USA, 2002.

51. Trevisan, S.; Manoli, A.; Ravazzolo, L.; Franceschi, C.; Quaggiotti, S. mRNA-Sequencing Analysis Reveals Transcriptional Changes
in Root of Maize Seedlings Treated with Two Increasing Concentrations of a New Biostimulant. J. Agric. Food Chem. 2017, 65,
9956–9969. [CrossRef]

52. Ertani, A.; Nardi, S.; Francioso, O.; Sanchez-Cortes, S.; Di Foggia, M.; Schiavon, M. Effects of two protein hydrolysates obrained
from chickpea (Cicer arietinum L.) and Spirulina platensis on Zea mays (L.) plants. Front. Plant Sci. 2019, 25, 00954. [CrossRef]

53. Ertani, A.; Cavani, L.; Pizzeghello, D.; Brandellero, E.; Altissimo, A.; Ciavatta, C.; Nardi, S. Biostimulant Activity of Two Protein
Hydrolyzates in the Growth and Nitrogen Metabolism of Maize Seedlings. J. Plant Nutr. Soil Sci. 2009, 172, 237–244. [CrossRef]

54. De Lucia, B.; Vecchietti, L. Type of bio-stimulant and application method effects on stem quality and root system growth in LA
Lily. Eur. J. Hortic. Sci. 2012, 77, 10.

55. Nardi, S.; Pizzeghello, D.; Schiavon, M.; Ertani, A. Plant biostimulants: Physiological responses induced by protein hydrolyzed-
based products and humic substances in plant metabolism. Sci. Agric. 2016, 73, 18–23. [CrossRef]

56. Polo, J.; Mata, P. Evaluation of a biostimulant (Pepton) based in enzymatic hydrolyzed animal protein in comparison to seaweed
extracts on root development, vegetative growth, flowering, and yield of gold cherry tomatoes grown under low stress ambient
field conditions. Front. Plant Sci. 2018, 8, 2261. [CrossRef]

https://doi.org/10.1016/j.foodres.2015.04.005
https://doi.org/10.4067/S0718-58392020000200274
https://doi.org/10.1016/j.scienta.2021.110123
https://doi.org/10.1016/S0168-9452(97)00213-6
https://doi.org/10.17660/ActaHortic.2009.830.68
https://doi.org/10.1111/j.1469-8137.2008.02546.x
https://doi.org/10.1007/s11104-012-1335-z
https://doi.org/10.3389/fpls.2014.00375
https://doi.org/10.3390/su12229729
https://doi.org/10.2478/johr-2013-0027
https://doi.org/10.1016/j.scienta.2017.09.007
https://doi.org/10.1515/opag-2019-0016
https://doi.org/10.18805/ag.D-5309
https://doi.org/10.1016/j.scienta.2014.05.023
https://doi.org/10.3390/agronomy10111785
https://doi.org/10.1016/j.scienta.2020.109413
https://doi.org/10.3390/ijms23137338
https://doi.org/10.1021/acs.jafc.7b03069
https://doi.org/10.3389/fpls.2019.00954
https://doi.org/10.1002/jpln.200800174
https://doi.org/10.1590/0103-9016-2015-0006
https://doi.org/10.3389/fpls.2017.02261


Int. J. Mol. Sci. 2023, 24, 9714 13 of 17

57. Cristiano, G.; Pallozzi, E.; Conversa, G.; Tufarelli, V.; De Lucia, B. Effects of an animal-derived biostimulant on the growth and
physiological parameters of potted snapdragon (Antirrhinum majus L.). Front. Plant Sci. 2018, 9, 861. [CrossRef]

58. Sestili, F.; Rouphael, Y.; Cardarelli, M.; Pucci, A.; Bonini, P.; Canaguier, R.; Colla, G. Protein hydrolysate stimulates growth in
tomato coupled with N-dependent gene expression involved in N assimilation. Front. Plant Sci. 2018, 9, 1233. [CrossRef]

59. Colla, G.; Rouphael, Y.; Canaguier, R.; Svecova, E.; Cardarelli, M. Biostimulant action of a plant-derived protein hydrolysate
produced through enzymatic hydrolysis. Front. Plant Sci. 2014, 5, 448. [CrossRef]

60. Ubeda-Tomás, S.; Beemster, G.T.; Bennett, M.J. Hormonal regulation of root growth: Integrating local activities into global
behaviour. Trends Plant Sci. 2012, 17, 326–331. [CrossRef]

61. Ebinezer, L.B.; Franchin, C.; Trentin, A.R.; Carletti, P.; Trevisan, S.; Agrawal, G.K.; Rakwal, R.; Quaggiotti, S.; Arrigoni, G.; Masi,
A. Quantitative Proteomics of Maize Roots Treated with a Protein Hydrolysate: A Comparative Study with Transcriptomics
Highlights the Molecular Mechanisms Responsive to Biostimulants. J. Agric. Food Chem. 2020, 68, 7541–7553. [CrossRef]

62. Buffagni, V.; Ceccarelli, A.V.; Pii, Y.; Miras-Moreno, B.; Rouphael, Y.; Cardarelli, M.; Colla, G.; Lucini, L. The Modulation
of Auxin-Responsive Genes, Phytohormone Profile, and Metabolomic Signature in Leaves of Tomato Cuttings Is Specifically
Modulated by Different Protein Hydrolysates. Agronomy 2021, 11, 1524. [CrossRef]

63. Ceccarelli, A.V.; Miras-Moreno, B.; Buffagni, V.; Senizza, B.; Pii, Y.; Cardarelli, M.; Rouphael, Y.; Colla, G.; Lucini, L. Foliar Appli-
cation of Different Vegetal-Derived Protein Hydrolysates Distinctively Modulates Tomato Root Development and Metabolism.
Plants 2021, 10, 326. [CrossRef]

64. Santi, C.; Zamboni, A.; Varanini, Z.; Pandolfini, T. Growth Stimulatory Effects and Genome-Wide Transcriptional Changes
Produced by Protein Hydrolysates in Maize Seedlings. Front. Plant Sci. 2017, 8, 433. [CrossRef]

65. Willige, B.C.; Isono, E.; Richter, R.; Zourelidou, M.; Schwechheimer, C. Gibberellin regulates PIN-FORMED abundance and
is required for auxin transport-dependent growth and development in Arabidopsis thaliana. Plant Cell 2011, 23, 2184–2195.
[CrossRef] [PubMed]

66. Wang, Y.; Zhao, J.; Lu, W.; Deng, D. Gibberellin in plant height control: Old player, new story. Plant Cell Rep. 2017, 36, 391–398.
[CrossRef] [PubMed]

67. Guan, L.; Tayengwa, R.; Cheng, Z.M.; Peer, W.A.; Murphy, A.S.; Zhao, M. Auxin regulates adventitious root formation in tomato
cuttings. BMC Plant Biol. 2019, 19, 435. [CrossRef] [PubMed]

68. Shukry, W.M.; Haroun, S.A.; El-Sawy, O. Asparagine and Glutamine affect the Growth and Cause Metabolic Changes in Phaseolus
vulgaris in Vivo. Middle E. Russ. J. Plant Sci. Biotechnol. 2008, 2, 9–28.

69. Komori, R.; Amano, Y.; Ogawa-Ohnishi, M.; Matsubayashi, Y. Identification of tyrosylprotein sulfotransferase in Arabidopsis.
Proc. Natl. Acad. Sci. USA 2009, 106, 15067–15072. [CrossRef]

70. Shinohara, H.; Mori, A.; Yasue, N.; Sumida, K.; Matsubayashi, Y. Identification of three LRR-RKs involved in perception of root
meristem growth factor in Arabidopsis. Proc. Natl. Acad. Sci. USA 2016, 113, 3897–3902. [CrossRef]

71. Yamaguchi, Y.L.; Ishida, T.; Sawa, S. CLE peptides and their signaling pathways in plant development. J. Exp. Bot. 2016, 67,
4813–4826. [CrossRef]

72. Yamada, M.; Sawa, S. The roles of peptide hormones during plant root development. Curr. Opin. Plant Biol. 2013, 16, 56–61.
[CrossRef]

73. Oh, E.; Seo, P.J.; Kim, J. Signaling peptides and receptors coordinating plant root development. Trends Plant Sci. 2018, 23, 337–351.
[CrossRef]

74. Hsiao, Y.-C.; Yamada, M. The Roles of Peptide Hormones and Their Receptors during Plant Root Development. Genes 2021, 12, 22.
[CrossRef]

75. Han, R.; Khalid, M.; Juan, J.; Huang, D. Exogenous Glycine Inhibits Root Elongation and Reduces Nitrate-N Uptake in Pak Choi
(Brassica campestris ssp. Chinensis L.). PLoS ONE 2018, 13, e0204488. [CrossRef]

76. Ravelo-Ortega, G.; López-Bucio, J.S.; Ruiz-Herrera, L.F.; Pelagio-Flores, R.; Ayala-Rodríguez, J.Á.; de la Cruz, H.R.; Guevara-
García, Á.A.; López-Bucio, J. The growth of Arabidopsis primary root is repressed by several and diverse amino acids through
auxin-dependent and independent mechanisms and MPK6 kinase activity. Plant Sci. 2021, 302, 110717. [CrossRef]

77. Lopez-Bucio, J.S.; Raya-Gonzalez, J.; Ravelo-Ortega, G.; Ruiz-Herrera, L.F.; Ramos-Vega, M.; Leon, P.; Lopez-Bucio, J.; Guevara-
Garcia, A.A. Mitogen activated protein kinase 6 and MAP kinase phosphatase 1 are involved in the response of Arabidopsis roots
to L-glutamate. Plant Mol. Biol. 2018, 96, 339–351. [CrossRef]

78. Tanou, G.; Ziogas, V.; Molassiotis, A. Foliar Nutrition, Biostimulants and Prime-Like Dynamics in Fruit Tree Physiology: New
Insights on an Old Topic. Front. Plant Sci. 2017, 8, 75. [CrossRef]

79. Kisvarga, S.; Farkas, D.; Boronkay, G.; Neményi, A.; Orlóci, L. Effects of Biostimulants in Horticulture, with Emphasis on
Ornamental Plant Production. Agronomy 2022, 12, 1043. [CrossRef]

80. Carillo, P.; De Micco, V.; Ciriello, M.; Formisano, L.; El-Nakhel, C.; Giordano, M.; Colla, G.; Rouphael, Y. Morpho-Anatomical,
Physiological, and Mineral Composition Responses Induced by a Vegetal-Based Biostimulant at Three Rates of Foliar Application
in Greenhouse Lettuce. Plants 2022, 11, 2030. [CrossRef]

81. Abd El-Razek, E.; Saleh, M.M.S. Improve productivity and fruit quality of Florida prince peach trees using foliar and soil
applications of amino acids. Middle-East J. Sci. Res. 2012, 12, 1165–1172.

82. El Sayed, O.M.; El Gammal, O.H.M.; Salama, A.S.M. Effect of proline and tryptophan amino acids on yield and fruit quality of
Manfalouty pomegranate variety. Sci. Hortic. 2014, 169, 1–5. [CrossRef]

https://doi.org/10.3389/fpls.2018.00861
https://doi.org/10.3389/fpls.2018.01233
https://doi.org/10.3389/fpls.2014.00448
https://doi.org/10.1016/j.tplants.2012.02.002
https://doi.org/10.1021/acs.jafc.0c01593
https://doi.org/10.3390/agronomy11081524
https://doi.org/10.3390/plants10020326
https://doi.org/10.3389/fpls.2017.00433
https://doi.org/10.1105/tpc.111.086355
https://www.ncbi.nlm.nih.gov/pubmed/21642547
https://doi.org/10.1007/s00299-017-2104-5
https://www.ncbi.nlm.nih.gov/pubmed/28160061
https://doi.org/10.1186/s12870-019-2002-9
https://www.ncbi.nlm.nih.gov/pubmed/31638898
https://doi.org/10.1073/pnas.0902801106
https://doi.org/10.1073/pnas.1522639113
https://doi.org/10.1093/jxb/erw208
https://doi.org/10.1016/j.pbi.2012.11.004
https://doi.org/10.1016/j.tplants.2017.12.007
https://doi.org/10.3390/genes12010022
https://doi.org/10.1371/journal.pone.0204488
https://doi.org/10.1016/j.plantsci.2020.110717
https://doi.org/10.1007/s11103-018-0699-8
https://doi.org/10.3389/fpls.2017.00075
https://doi.org/10.3390/agronomy12051043
https://doi.org/10.3390/plants11152030
https://doi.org/10.1016/j.scienta.2014.01.023


Int. J. Mol. Sci. 2023, 24, 9714 14 of 17

83. Mohamed, A.K.A.; Abdel-Galil, H.A.; Naglaa, H.G. Effect of some nutrients and amino acids spraying on yield and fruit quality
of Manfalouty pomegranate. SVU-Int. J. Agric. Sci. 2020, 2, 18–29. [CrossRef]
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