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Protein hydrolysates enhance
recovery from drought stress in
tomato plants: phenomic and
metabolomic insights
Marzia Leporino1, Youssef Rouphael2, Paolo Bonini3,4*,
Giuseppe Colla1,4* and Mariateresa Cardarelli 1

1Department of Agriculture and Forest Sciences, University of Tuscia, Viterbo, Italy, 2Department of
Agricultural Sciences at the University of Naples, Portici, Italy, 3oloBion SL, Barcelona, Spain, 4Arcadia
s.r.l., Rivoli Veronese, Italy
Introduction: High-throughput phenotyping technologies together with

metabolomics analysis can speed up the development of highly efficient and

effective biostimulants for enhancing crop tolerance to drought stress. The aim

of this study was to examine the morphophysiological and metabolic changes in

tomato plants foliarly treated with two protein hydrolysates obtained by

enzymatic hydrolysis of vegetal proteins from Malvaceae (PH1) or Fabaceae

(PH2) in comparison with a control treatment, as well as to investigate the

mechanisms involved in the enhancement of plant resistance to repeated

drought stress cycles.

Methods: A phenotyping devicewas used for dailymonitoringmorphophysiological

traits while untargeted metabolomics analysis was carried out in leaves of the best

performing treatment based on phenotypic results.

Results: PH1 treatment was the most effective in enhancing plant resistance to

water stress due to the better recovery of digital biomass and 3D leaf area after

each water stress event while PH2 was effective in mitigating water stress only

during the recovery period after the first drought stress event. Metabolomics data

indicated that PH1 modified primary metabolism by increasing the concentration

of dipeptides and fatty acids in comparison with untreated control, as well as

secondary metabolism by regulating several compounds like phenols. In

contrast, hormones and compounds involved in detoxification or signal

molecules against reactive oxygen species were downregulated in comparison

with untreated control.

Conclusion: The above findings demonstrated the advantages of a combined

phenomics-metabolomics approach for elucidating the relationship between

metabolic and morphophysiological changes associated with a biostimulant-

mediated increase of crop resistance to repeated water stress events.
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1 Introduction

Agricultural lands cover approximately 38 percent of the global

land surface, and one-third of this is used as cropland (FAO, 2022).

This could explain how nowadays crop production and food security

may be subject to climate change and how much it will be in the

future (Kang et al., 2009; Wang et al., 2023). Climate change refers to

changes in climate conditions such as increasing temperatures,

changes in precipitation frequency, duration and intensity, and

occurring extreme weather events (Skuras & Psaltopoulos, 2012).

Climate reports (NOAA, 2023) evidenced a trend from 1880

until now highlighting higher frequency of extreme events

especially in the last ten years. One of the outcomes of this

unbalanced situation is drought exacerbated by warm and dry

conditions with a direct impact on water resources and irrigation

requirements (Malek et al., 2018), crop growth conditions,

productivity, and cultivation areas. Farmers should find new ways

to improve resilience of their crop production aiming at building

tolerance against the effects of global warming (Skuras &

Psaltopoulos, 2012; Ward, 2022).

In this scenario plant biostimulants could help to preserve

crop yields in unfavorable environmental conditions. Among

biostimulants, protein hydrolysates (PHs) are gaining a growing

interest due to the presence of several beneficial compounds (e.g.,

peptides, amino acids) that act at multiple levels on plant

metabolism increasing nutrient and water use efficiency, yield,

and quality, especially when crops grow in unfavorable

environmental conditions (Colla et al., 2015; Colla et al., 2017;

Van Oosten et al., 2017). Different researchers evidenced the

benefits in applying PH on crops subjected to drought stress

(Vasconcelos et al., 2009; Colla et al., 2015; Bavaresco et al., 2020;

Agliassa et al., 2021). A study performed on tomato grown in open

field showed a better water status and pollen viability, and increased

yields under drought stress in plants treated with PH in comparison

with an untreated control (Francesca et al., 2021). However, in the

previous tomato study, PH was applied at high rate (4.8 g/plant)

through fertigation system which may have affected plant

performance more as nitrogen source than as biostimulant. In

another tomato study, Hamedeh et al. (2022) observed in a short

tomato trial (8 days) that foliar sprays of a biostimulant based on

the complexation of a plant-derived pool of polyphenols with

magnesium mitigated the negative effects of water deficit on

plants by upregulating genes involved in the carbohydrate

metabolism and translocation, stomatal closure, and cell

homeostasis, and by stabilizing the levels of the photosynthetic

pigments, regulating the accumulation of osmoprotectants, and

preserving the cell wall lipid bilayer from oxidation. However, the

above tomato study was not able to fully characterize the crop

behavior to foliar biostimulant applications over time under

multiple drought stress conditions. High-throughput plant

phenotyping platforms have been used for studying the

biostimulant activity of products through monitoring in a non-

destructive way several morpho-physiological plant traits

(Rouphael et al., 2018). Moreover, metabolomic analysis of plant

tissues has been successfully combined with plant phenotyping to

understand the mode of action of plant biostimulants. For instance,
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Paul et al. (2019) used a phenotyping platform to study the effects of

a plant-derived PH on potted tomato plants at early stage of growth

under limited water availability, and the best performing treatments

were subjected to metabolomic analysis for understanding the mode

of action of PH. The phenotyping system was based on multiple

stations where plants were moved toward the sensors (‘plant to

sensor’) to take information on morpho-physiological traits

through RGB, kinetic chlorophyll fluorescence, and thermal

imaging. Plant phenotyping revealed that tomato plants grown

under low water availability conditions and treated with PH grew

better (e.g. higher digital shoot biomass at the end of the trial, and

greater relative growth rate over the entire phenotyping period)

than control plants. Moreover, metabolomic analysis demonstrated

that PH-treated tomato leaves exhibited an improved tolerance to

reactive oxygen species in comparison with untreated control

leaves. ‘Sensor to plant’ phenotyping platforms have been

proposed as alternative to ‘plant to sensor’ platforms for avoiding

mechanical disturbance of the plants due to their continuous

movements toward the sensors and back to the growing area. A

‘sensor to plant’ phenotyping platform based on a 3D laser scanner

implemented by Phenospex (PlantEye F500; Phenospex, Limburg,

The Netherlands) was used by Sudiro et al. (2022) to study the effect

of two foliar sprays of a plant-based biostimulant on tomato crop

recovery after a single water stress event under growth chamber

conditions. However, Sudiro et al. (2022) failed to discriminate the

treatments effects on morpho-physiological parameters because

phenotyping was applied only once at the early beginning of

drought stress (4 days after treatment).

Starting from the above considerations, we hypothesized that

PHs could improve drought stress recovery of tomato plants to

repeated water stress events by modulating morpho-physiological

traits and metabolic profile. A greenhouse trial was performed to

evaluate the effects of two vegetal-derived PHs on tomato plant

recovery after four water stress events. 3D laser scanners (PlantEye

F500; Phenospex, Limburg, The Netherlands) were used to monitor

daily the morphological traits (digital biomass, 3D leaf area, plant

height, plant volume), and plant spectral indices related to the

chlorophyll content and plant health. Moreover, metabolic analysis

was performed on leaf samples from the best performing PH and

control treatment to identify the metabolites differentially expressed

on PH-treated leaves.
2 Materials and methods

2.1 Experiment set up, crop management
and growing conditions

The experiment was performed under natural conditions of

light and temperature in a polymethyl methacrylate greenhouse at

the Experimental Farm of Tuscia University from 20 May 2022 to

22 June 2022 (33 days after transplanting); during the growing cycle

the maximum and minimum air temperature was 39 and 16°C,

respectively. To reduce excessive temperatures and humidity a

ventilation system and side openings were automatically activated

when the air temperature exceeded 27°C.
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Tomato seeds (Solanum lycopersicum L. - cv Syrope F1,

Nunhems-BASF, S. Agata Bolognese, Bologna, Italy) were sown

in trays (160 holes/tray) filled with a commercial substrate

containing mainly peat moss (Brill, Georgsdorf, Germany). The

trays were maintained in a growth chamber since the cotyledons

reached their full expansion, then they were moved in a greenhouse

at 25°C and were regularly watered. After one week the seedlings

were fertigated with a solution containing 1 g L-1 of a soluble NPK

fertilizer (20% N - 8.8% P - 16.6% K), and once they reached two

fully expanded leaves, plants were transplanted in 1 litre pots filled

with a sandy loam soil (sand 79%, silt 9%, clay 12%), with sub-

alcaline pH, medium cation exchange capacity, and low organic

matter content. The pots were placed in benches with a plant

density of 15 plants/m2. The irrigation system was a dripping

system with 2 L h-1 emitters. During the crop cycle it was used a

deltamethrin-based insecticide at the dose of 3 ml L-1 to control

pests (Decis Evo, Bayer CropScience S.r.l., Milano, Italy).

Before transplanting the water container capacity was measured

by saturating three pots and letting them drain for one day before

weighing their water holding capacity. During the drain period the

surface of the pots was covered with plastic film to avoid

evaporation. The water container capacity was calculated as the

mean of the weight difference between substrate at water holding

capacity and the dry weight of substrate in each pot. Before

transplanting all pots were saturated at container capacity and all

plants after transplanting were regularly watered for the first week,

then the irrigation was cut off to induce water stress. Irrigation was

re-applied to saturate the substrate when the plants started showing

visible symptoms of water deficit (e.g., beginning of leaf wilting and

curling; stem bending), which correspond to a substrate water

depletion of 75% of the water holding capacity. Water stress

cycles became progressively shorter as air temperature and solar

radiation increased, from 9 to 3 days of irrigation interruption.

Fertigation was applied manually two days after transplanting

and repeated at mid-cycle with a nutrient solution having an EC of

2.0 dS m-1 and a pH of 6.0. The nutrient solution contained

the following nutrients: N-NO3 (14 mM), P (1m M), S (2.5 m

M), K (4 mM), Ca (7 mM), Mg (1.25 mM), Fe (17.1 μM), Mn (17.4

μM), Zn (3.7 μM), B (11 μM), Cu (1.9 μM), Mo (0.5 μM). Seventy-

two plants were distributed according to a randomized complete

block design with 12 replicates. Each replicate was composed by one

plant per treatment. The following treatments were tested during

the water stress cycles: two prototypes of plant-derived protein

hydrolysates (PH1 and PH2) and a control treatment. PH1 and

PH2 were obtained through enzymatic hydrolysis in the

biostimulant discovery platform of Hello Nature USA (Anderson,

IN 46016, US). PHs were applied as foliar spray diluted at the dose

of 3 ml L-1 and control treatment sprayed with distilled water was

also included. PH1 was a Malvaceae-derived PH containing 16.9%

carbon, and 4.67% nitrogen as free aminoacids and peptides. The

aminogram has been reported by El-Nakhel et al. (2023). PH2 was a

Fabaceae-derived PH having a carbon content of 20.0%, and 4.9% of

nitrogen as free aminoacids and soluble peptides. The PH2

composition has been reported by Ceccarelli et al. (2021). PHs

were applied weekly for a total of 5 treatments starting 3 days after

transplanting until 2 days before the end of the trial, and they were
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applied in the late afternoon when the conditions were more

favorable (lower temperature and higher humidity) for leaf

absorption. The solution was sprayed with a 2 L manual sprayer

(Volpitech 2; Volpi, Casalromano, Italy) until it was running off

leaves. During each foliar spraying event, pot surfaces were covered

with plastic films to avoid substrate contamination with

biostimulant treatments.
2.2 Plant phenotyping

A high-throughput phenotyping platform, belonging to Arcadia

Spin-off Company (Rivoli Veronese, Italy), located at the

Experimental Farm of Tuscia University was used to monitor

morpho-physiological parameters of tomato plants. The platform

consisted of two sensors (PlantEye F500 - Multispectral 3D laser

scanners; Phenospex, Herleen, The Netherlands) able to detect a

cloud of points/pixels corresponding to the plants shape.

Simultaneously, a flashing light lit the plants and measured in

different wavelengths to acquire information about the state of

health. According to the data acquisition method, the plots were

recognized by the sensors through barcodes (Figure 1).

The experimental design was set up on a software connected to

the platform to monitor morpho-physiological plant traits

(HortControl; Phenospex, Herleen, The Netherlands). Plants were

scanned daily for the whole crop cycle. The scans were carried out

in the central hours of the day when the atmospheric evaporative

demand and the water stress effects on plants were highest.

Three main morphological crop traits were explored with

the multispectral 3D laser scanners: digital biomass, 3D leaf area,

and plant height. These traits are related to each other because

digital biomass is the product of the leaf area and plant height. 3D

leaf area is also linked to the projected leaf area, that is a parameter

calculated on the section plane corresponding to the height of the

pot set manually on the software. The following physiological

parameters were explored thanks to the visible light and infrared

spectra: Normalized Difference Vegetation Index (NDVI),

Normalized Pigment Chlorophyll ratio Index (NPCI), Plant

Senescence Reflectance Index (PSRI), Green Leaf Index (GLI),

and Hue.

NDVI is widely used to study the plant photosynthetic

efficiency and it is calculated as follow:

NIR   –  RED
NIR   +  RED

where the peak wavelength for NIR and RED was 720-750nm

and 620-645nm, respectively.

NPCI is used to estimate chlorophyll content through the

following formula:

RED − BLUE
RED + BLUE

where BLUE had a peak wavelength of 460-485nm.

NPCI values decrease when the chlorophyll content is higher.

PSRI represents the leaf senescence, and it is the ratio of

carotenoids and chlorophyll detected:
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RED − GREEN
NIR

where green had a peak wavelength of 530-540nm.

PSRI curve follows the plant development, so it has high values

at seedling stage when plants are small and the chlorophyll content

is concentrated in a small amount of tissue, lower values when the

plant grows and the chlorophyll values predominate the

carotenoids, and again an increasing trend during leaf senescence.

GLI quantifies the green parts of the plants as follows:

2*(GREEN −  RED − BLUE)
2*(GREEN   +  RED + BLUE)

It represents the relation between the reflectance in the green

channel compared to the other two visible light channels (red and

blue), so the higher the green reflection compared to the other

channels the higher the green leaf index.

These parameters are expressed in a range between – 1 and 1,

except the Hue that is represented as an angle between 0° and 360°,

allowing to classify a color as red, yellow, green, blue, or an

intermediate between any contiguous pair of these colors.

NDVI, NPCI, PSRI, GLI, and Hue can be determined as average

values or as bins representing the ranges in which plant pixels can

fall depending on plant health. Four ranges for each index were

generated for deeply explore the changes in spectral indexes.
2.3 Metabolomics analysis

At the end of trial (22/06/2022; 33 days after transplanting),

when the tomato plants have been subjected to 5 foliar biostimulant

treatments and 4 water stress cycles, 3 young leaves (third leaf from

the growing tip) per plot were harvested and immediately frozen

with liquid nitrogen and stored at -20°C. The 3 leaves from each
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replicate were pooled and homogenized, then metabolites were

extracted in acidified 80% methanol, as previously reported by

Paul et al., 2019. The samples were extracted by Ultra- Turrax

(Ika T-25; Staufen, Germany), centrifuged and filtered through a

0.22 μm cellulose membrane into vials for analysis. Untargeted

metabolomic analysis and metabolite identification in samples was

performed at oloBion Laboratory (Barcelona, Spain) following the

procedure described by Bonini et al. (2020).
2.4 Statistical analysis

The scan process may produce some noises due to the presence

of pixels that correspond to the barcode, the benches or elements

that may interfere with data detection. The software (HortControl,

Phenospex, Heerlen, The Netherlands) allowed data reprocessing to

remove the errors, then the dataset was downloaded and prepared

for the statistical and graphical analysis using RStudio (RStudio

Team, Vienna, Austria). First, the Pearson correlation coefficients

were calculated and reunited in a correlation matrix including all

variables derived from the phenotyping platform. Then, a

correlation plot was created to observe the relationship between

morphological and physiological parameters. For each treatment,

linear regression analysis expressed as y = ax +b (where a is the

slope and b is the y-intercept), was performed for Digital Biomass

during each recovery period to evaluate the recovery rates (slopes of

linear regression models) of stressed plant following re-irrigation.

The effect of vegetal-protein hydrolysates was analyzed on Digital

Biomass, 3D Leaf Area and Plant Height by one-way ANOVA and

post-hoc test was Tukey’s test (p= 0.05). For each treatment the

mean and standard error were calculated using the values of 12

plants. Metabolomic data was processed by oloMAP 2.02 created in

oloBion laboratory (Bonini et al., 2020).
FIGURE 1

Experimental plots placed on the benches in correspondence of the barcodes detected by the PlantEye F500 - Multispectral 3D laser scanners.
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3 Results

3.1 Morphophysiological traits and
their correlations

Pearson’s correlation coefficients were computed to investigate

the relationships among morphological and physiological traits

resulting from imaging phenotypes (Figure 2).

Digital biomass was significantly positively correlated to 3D leaf

area (r = 0.880***) and the plant height (r = 0.630***). Moreover,

there was a significant positive correlation between 3D leaf area and

projected leaf area (r = 0.979***), and plant height average and plant

height maximum (r = 0.999***), respectively. Among the

physiological traits, there was a significant positive correlation

between Normalized Pigments Chlorophyll ratio index (NPCI)

and Plant Senescence Reflectance Index (PSRI) (r = 0.945***),

while they were both negatively correlated to Normalized Digital

Vegetation Index (NDVI) (r = -0.271***, and r = -0.517***,

respectively), and Hue (r = -0.890***, and r = -0.942***,

respectively). NDVI was positively correlated to Hue (r =

0.564***), and Green Leaf Index (GLI) (r = 0.776***). Concerning

the relationship between morphological and physiological

parameters, a negative correlation between plant height average

and Hue (r = -0.491***), GLI (r = -0.541***), and NDVI (-0.388***)

was recorded.

The effect of the two PHs in mitigating drought stress of tomato

plants was explored on digital biomass (Figure 3A), 3D leaf area

(Figure 3B), and plant height (Figure 3C). Four major water stress

events (10, 17, 20 and 23 days) were evident in the Figure 3 where

digital biomass, 3D leaf area and plant height strongly decreased.
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The drop of digital biomass, 3D leaf area and plant height values

was related to leaf wilting/curling and stem bending. After

irrigation, plants needed 3 (from 10 to 13 day), 2 (from 17 to19

day), 1 (from 20 to 21 day), and 1 (from 23 to 24 day) days after

water stress to recover (restore turgor of stems and leaves) in the

first, second, third, and fourth stress event, respectively. Tomato

plants treated with PH1 reached the highest values for digital

biomass and 3D leaf area at the end of each recovery period

(Figures 3A, B) in comparison to control treatment. In the first

water stress event, PH2 performed similarly to PH1 while in the

following stress events the performances of PH2 were similar to

control treatment.

Linear regression analysis was performed to predict recovery

rate (slopes of the linear models) of digital biomass in all treatments

after each water stress event upon re-irrigation (Figure 4).

Coefficients of determination (R2) were always higher than 0.91

for all linear regression models (data not shown). The slopes of

linear regression for PH1 were significantly higher by 62, 48, 75 and

65% than untreated control during the recovery period after the

first, second, third and fourth stress event, respectively (Figure 4).

Except for the first stress event where the slope of PH2 linear

regression during the recovery period was significantly higher than

that of control treatment (506.5 vs 367.4), the slopes of PH2 linear

regressions were similar to those of the control treatment after the

second, third, and fourth stress event (Figure 4).

The effect of the two PHs on NDVI, NPCI, PSRI, GLI, and Hue

was also evaluated during the trial (Figure 5). Concerning NDVI,

plant pixels were mainly grouped in the [0.3:0.6] and [0.6:1] ranges.

Untreated and PH2-treated plants showed higher percentages in the

lower range [0.3:0.6], while PH1 had higher percentages in the

[0.6:1] range. Plant pixels of GLI were mainly in the [0:0.3] and

[0.3:0.6] ranges with similar values among treatments. In all

treatments, NDVI and GLI values dropped at each stress event

and then rose again during the recovery periods (re-irrigation).

Moreover, NDVI and GLI declined over the growing cycle in the

[0.6:1] and [0.3:0.6] ranges, respectively. On the contrary, NDVI

and GLI increased over the growing cycle in the [0.3:0.6]: and

[0:0.3] ranges, respectively. In all treatments, NPCI and PSRI values

were mainly concentrated in the [0:0.2] range, with an increase of

the values over time whereas NPCI and PSRI of the [-0.2:0] range

declined over time (Figure 5). Hue (°) showed most of the plant

pixels grouped in the [75:135] range interval with similar behavior

among treatments.
3.2 Untargeted metabolomic analysis

Untargeted metabolomics was performed on leaves sampled at

the last day of the trial to investigate the mode of action of the best

performing PH treatment (PH1) in comparison with control

treatment. This approach allowed to explore the entire metabolome

influenced by the PH1 treatment. 191 metabolites were identified, 54

of them were significantly modulated by the PH1. Compounds

subjected to chemical enrichment analysis with ChemRICH were

grouped into clusters, highlighting metabolites belonging both to the

primary and secondary metabolism (Figure 6).
FIGURE 2

Correlation plot derived from Pearson’s correlation coefficients
computed on the morpho-physiological traits calculated by the
HortControl software. Positive correlations, having correlation
coefficients from 0 to 1, are represented by green colors, while
negative correlations, having correlation coefficients from 0 to -1,
are in pink. *, **, and *** are significant at p < 0.05, 0.01 and 0.001,
respectively (t-test between pairs of variables).
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Carboxylic acids and prenol lipids were the largest classes affected,

in which most of the metabolites identified were upregulated in the

PH1 treatment in comparison to the control one. Among the

carboxylic acids, PH1 applications promoted the accumulation of

dipeptides, such as Leu-Phe (with the highest increase corresponding

to a fold change of 14.8 x), PyroGlu-Val (9.7 x), Arg-Phe (8.7 x), Leu-

Leu (8.5 x) followed by many other dipeptides (Arg-Leu, Val-Pro, Val-

Leu, Glu-Phe, Gly-Leu, Asn-Leu) that also showed an increase

compared to control treatment. Conversely, metabolic intermediates

such as (R)-S-lactoylglutathione and S-formylglutathione were

downregulated in comparison with control treatment (0.73 x and

0.67 x respectively). Also, the pathway related to hormones

biosynthesis was negatively modulated as demonstrated by the

increase of methylated forms of gibberellins (A4 with a fold change
Frontiers in Plant Science 06
of 1.50 x, and A34 1.61 x) within the prenol lipids, and 5-methyl-DL-

tryptophan (1.95 x) within the indoles. Another compound that was

downexpressed was scopolin, a glucoside of scopoletin (0.67 x), while

interesting classes such as fatty acids and phenols were upmodulated

(with average fold change of 1.48 x and 1.46 x, respectively).
4 Discussion

In this study, omics technologies such as high-throughput plant

phenotyping and metabolomics analysis were used to evaluate the

effects of two plant-derived protein hydrolysates (PHs) on relieving

drought stress on tomato plants. Phenospex platform was primarily

used in plant phenotyping to validate the instrument performing
B

C

A

FIGURE 3

Digital Biomass (A), 3D Leaf Area (B), Plant Height (C) from HortControl software during the trial. The x axis represents the days in which the scans
were made, and the black vertical lines correspond to the days when the biostimulant treatments were applied. PH1 and PH2 represent a
Malvaceae- and the Fabaceae-derived protein hydrolysate, respectively. Bars indicate standard errors of the means.
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FIGURE 4

Slopes of the linear regression models (y = ax +b where a is the slope and b is the y-intercept) describing the relationship between Digital Biomass
(y) and days (x) of the recovery period upon re-irrigation after each water stress event (1st, 2nd, 3rd, 4th). PH1 and PH2 represent a Malvaceae- or
Fabaceae-derived protein hydrolysate, respectively. Bars indicate standard errors of the means.
B

C

A

D

E

FIGURE 5

Plant spectral indices [Normalized Digital Vegetation Index (NDVI; (A), Normalized Pigments Chlorophyll ratio index (NPCI; (B), Plant Senescence
Reflectance Index (PSRI; (C), Green Leaf Index (GLI; (D), HUE average (Hue; (E)] from HortControl software during the trial. The x axis represents the
days in which the scans were made, and the black vertical lines correspond to the days when the biostimulant treatments were applied. For each
plant spectral index, the pixels values that fall within the ranges of numbers reported above each chart are displayed. PH1 and PH2 represent a
Malvaceae- and the Fabaceae-derived protein hydrolysate, respectively. Bars represent standard errors of the means.
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phenotypic measurements (Kjaer and Ottosen, 2015; Manavalan

et al., 2021) or to study the crop response to stress such as wheat

under salt stress (Lancelot et al., 2016) and okra under flooding stress

(Schafleitner et al., 2021). In the current trial, the first goal was to

investigate the relationship between the most important morpho-

physiological traits recorded by the two multispectral 3D laser

scanners. Digital biomass increased during growing cycle, and it

had a strong positive correlation with its components (3D leaf area

and plant height). Digital biomass was mainly correlated to 3D leaf

area (r = 0.880***) than plant height (r=0.630***), as reported by

Laxman et al. (2018) who examined digital biomass and predicted leaf

area, linking both traits to fresh biomass. A strong positive correlation

was also found between 3D leaf area and the projected leaf area on the

section plane defined on the software (matching to the pot height).

Furthermore, the maximum height (the highest pixel recorded by the

scanner) and the average height (recorded as the average of the point

cloud values of the plants) were positively correlated. Even though

both traits had nearly identical values, the average height might be

used in cases where plants develop irregularly, subjecting the

maximum height to greater measurement error. Considering the

spectral indices, the average NDVI was found to be negatively

correlated with both the average NPCI and the average PSRI.

NDVI has been described as one of the most important vegetative

indices as well as a stress detector for revealing health status of the

plants (Katsoulas et al., 2016). In all treatments NDVI dropped in the

[0.6:1] range which corresponds to very healthy plants (Figure 5);

NDVI of [0.6:1] range decreased over time due to the multiple stress

events with highest values for PH1 treatments in most scan days. The

better healthy status of plants in PH1 treatments was also confirmed

by the lower pixels of PH1 treated plants in the NDVI range [0.3:0.6]

in comparison with PH2 and untreated plants for most of the scan

days. NPCI and PSRI behaved similarly throughout the growth cycle,

suggesting an increase in chlorophyll content in leaf tissues (which
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supports the NDVI results). In contrast to NDVI, which showed an

important drop when the stress was imposed, NPCI and PSRI were

less influenced by water stress while they are usually more affected in

the senescence phases of plants (Merzlyak et al., 1999; Hatfield and

Prueger, 2010). NDVI was also positively correlated to Hue and GLI

because Hue values were concentrated mostly in the green range

[75:135] (Yang et al., 2015), and GLI values were mainly in ranges

corresponding to higher reflectance in the green band (Louhaichi

et al., 2001).

Except for the first water stress event, where the PH2 behaved

similarly to the PH1, plants treated with PH1 always displayed the

highest ability to recover from the drought stress events (Figure 3). The

results are in line with a previous study where the application of a

biostimulant containing vitamins, amino acids, proteins, and betaines,

improved tomato tolerance to drought stress (Petrozza et al., 2014).

The beneficial effect of PH1 was more evident in the 3D leaf area where

the PH1 provided generally higher 3D leaf area compared to PH2 and

control treatment (Figure 3). Plant height was less sensitive to water

stress and PH application than 3D leaf area indicating that 3D leaf area

is a more suitable morphological trait for screening plant biostimulants

under water stress conditions.

The slopes of the linear regression models, describing the

relationship between digital biomass and days of the recovery

period after each water stress event for the three treatments, were

determined for evaluating the drought-stress recovery effect of

various biostimulant treatments. The results highlighted that

Malvaceae-derived PH (PH1) was highly effective in enhancing

plant recovery after all drought stress events while the positive

effect of Fabaceae-derived PH (PH2) was detected only during the

recovery period after the first stress event. The above findings are in

line with a study of Domingo et al. (2023) where foliar applications of

a vegetal protein hydrolysate conferred drought resistance to tomato

plants resulting in higher biomass and shoot height.
FIGURE 6

Chemical enrichment analysis (ChemRICH) of statistically different annotated metabolites in Malvaceae-derived protein hydrolysate (PH1) treated
leaves compared to control treatment at the end of the trial. Upregulated or downregulated clusters are indicated by different colors as follows: red
= up-modulation, blue = down-modulation, purple = up-/down-modulation.
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Metabolomic results allowed to investigate the changes induced

by the best performing PH treatment (PH1) on metabolic profile of

leaves. Among carboxylic acids, dipeptides were the most prevalent

compounds stimulated by the PH1, and most of them had larger

fold changes than other metabolites (Table 1). Dipeptides represent

an emerging class of small molecules playing a pivotal role in

nitrogen distribution and as regulators of plant metabolism,

including response to abiotic stress (Minen et al., 2023). The

biogenesis of these molecules was identified mainly from protein

degradation in plant cells, and especially in the activation of

autophagy mechanisms (Calderan-Rodrigues et al., 2021).

Recently, it was discovered in Arabidopsis that dipeptides

accumulated in leaves under heat stress and dark conditions, and

the accumulation was more pronounced for Asp- and Glu-

containing dipeptides (Thirumalaikumar et al., 2020). Moreno

et al. (2021) reported that Tyr-Asp enhanced growth of both

Arabidopsis and tobacco plants under oxidative stress conditions,

by inhibiting the activity of a key glycolytic enzyme and redirecting

glycolytic triose-phosphates toward the pentose phosphate pathway

and NADPH production. Similarly to the previous works,

Calderan-Rodrigues et al. (2021), discovered that proteogenic

dipeptides operate as metabolic switches, regulating essential

enzyme activities involved in carbon flow distribution. Dipeptides

were shown to be more abundant in short-day diel cycles,

particularly dipeptides containing glucogenic amino acids like

Pro, Asp, Ser, and Val, suggesting the possibility that they might

act as alternate respiratory substrates to support plant growth. Since

plant metabolism and growth are sustained by carbon reserves

mobilization during the dark period, dipeptides composed by

glucogenic amino acids (Asp, Arg, Glu, Gln, Gly, His, Met, Ser,

Val), can represent a source for the genesis of carbon skeletons to

produce pyruvate and then glucose through gluconeogenesis

(Eastmond et al., 2015) to support loss of carbon reserves. In the

current trial, drought stress conditions may have caused

carbohydrate starvation due to the reduction of photosynthesis

rates and the increase of sugar production as osmolytes. In such

conditions, tomato leaves treated with PH1 showed a strong

increase of dipeptides containing glucogenic amino acids (Arg-

Leu, Arg-Phe, Asp-Leu, Asp-Phe, Glu-Phe, Gly-Leu, PyroGlu-Val,

Thr-Val, Val-Leu, Val-Pro) in comparison with control leaves

(Table 1); dipeptides containing glucogenic amino acids could

have mitigated water stress on plants by acting as carbon source

for plant growth under photosynthesis-limiting conditions

(drought stress events). Moreover, drought stress has been

associated to oxidative damage due to the over production of

reactive oxygen species (Samaranayaka and Li-Chan, 2011). In

contrast to the increased dipeptides, several compounds involved

in detoxification of byproducts of plant primary metabolism, or in

plant defense against (a)biotic stresses, were down-accumulated in

PH1-treated leaves in comparison with control leaves. Plants

treated with PH1 had decreased levels of (R)-S-lactoylglutathione,

which is involved in the breakdown of methylglyoxal, a cytotoxic

consequence of glycolysis (Ghosh et al., 2014). The similar fate

occurred S-formylglutathione, which is implicated in formaldehyde

detoxification (Haslam et al., 2002). Scopolin (a coumarin derivative

of a specific pathway of the phenylalanine), having a role as signal
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molecule against reactive oxygen species (Döll et al., 2018), also

decreased. Because certain dipeptides, such as those containing

hydrophobic amino acid residues like Val or Leu at the N-terminus,

were shown to have reactive oxygen-scavenging properties (Sultana

et al., 2022), it is reasonable to assume that dipeptide accumulation

in PH1-treated leaves could have contributed to mitigate the

oxidative damage induced by water stress. The increase of

dipeptides in PH1-treated leaves could have been determined by

the exogenous supply of dipeptides from the PH1 or by enhancing

the accumulation of endogenously produced dipeptides in plant

cells. The downmodulation of detoxifying compounds in PH1-

treated leaves can be linked not only to the increase of dipeptides

but also to the enhance of other compounds having antioxidant

properties like phenols (Kumar et al., 2020), and with the

modulation of fatty acids (Zhong et al., 2011; Ullah et al., 2022)

such as the unsaturated omega-3 fatty acids stearidonic acid.

Moreover, Luziatelli et al. (2019) observed that biostimulant

effects of the foliar applications of a commercial vegetal derived PH

on lettuce was associated to changes of microbial community in the

phyllosphere with an enhancement of plant growth promoting

bacteria population. Therefore, a microbial-mediated improvement

of drought stress resistance in PH1-treated tomato plants cannot

be excluded.

The inactive gibberellic acid form (Methyl gibberellins) increased

in leaves of plants treated with PH1 in comparison with control

treatment. Nir et al. (2013) observed higher tolerance to drought in

transgenic tomato with reduced levels of active forms of gibberellins,

probably counteracting simultaneously the action of 5-methyl-DL-

tryptophan that conversely represents a growth inhibitor (Yamada

et al., 2009). This was the case in the current trial where the increase

of inactive gibberellin forms in PH1-treated leaves was associate with

an improvement of drought resistance in tomato plants.
5 Conclusion

Today there is an urgent need to improve agricultural resilience

against increasingly frequent extreme events such as drought. Plant

biostimulants such as protein hydrolysates (PHs) could represent a

useful tool to mitigate the negative effects of drought on tomato

plants. In the current experiment, a novel approach combining high

throughput plant phenotyping and metabolomics was employed to

investigate the influence of two foliarly applied PHs (Malvaceae

(PH1) or Fabaceae (PH2)-derived PH) on drought stress recovery

upon reirrigation in tomato plants. The phenotyping results on

digital biomass showed that PH1 was more effective for promoting

plant recovery after multiple water stress events than PH2. The

observed variations of digital biomass during multiple stress events

were mainly linked to changes on 3D leaf area indicating that 3D

leaf area can also be considered a suitable phenotypic marker for

screening biostimulants for drought stress mitigation. Metabolomic

analysis of leaves indicated that PH1-mediated improvement of

drought stress resistance in tomato plants was mainly associated

with an increase of dipeptides, a class of small compounds that are

gaining interest due to their properties in enhancing plant tolerance

to (a)biotic stress. Further studies are needed to better understand if
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TABLE 1 Effects of the PH1 on the variation of compounds (up or down-regulation) in tomato leaves in comparison with control treatment.

Cluster Compound name p value Fold change up/Down

5’-deoxyribonucleosides S-adenosyl-1,8-diamino-3-thiooctane 0.000 35.064 up

Carboxylic acids and derivatives

(3R)-beta-phenylalanine 0.004 1.684 up

(R)-S-lactoylglutathione 0.004 0.733 down

Ala-Trp 0.032 1.681 up

Arg-Leu 0.000 5.839 up

Arg-Phe 0.000 8.708 up

Asn-Leu 0.000 3.046 up

Asp-Leu 0.035 1.629 up

Asp-Phe 0.029 1.316 up

Captopril 0.000 3.846 up

Glu-Phe 0.000 3.323 up

Gly-Leu 0.000 3.188 up

L-4-hydroxyglutamate semialdehyde 0.008 1.392 up

L-Arginine 0.000 2.492 up

Leu-Leu 0.012 8.548 up

Leu-Phe 0.011 14.852 up

Leu-Pro 0.002 2.026 up

Leu-Trp 0.038 1.572 up

L-nicotianamine 0.022 1.709 up

L-Tyrosine 0.008 1.424 up

N-Acetyl-D-phenylalanine 0.000 5.815 up

pantetheine 0.000 2.780 up

PyroGlu-Val 0.000 9.700 up

S-formylglutathione 0.012 0.671 down

Thr-Leu 0.001 2.051 up

Thr-Val 0.012 1.882 up

Tyr-Ile 0.045 1.637 up

Val-Leu 0.027 4.269 up

Val-Pro 0.000 4.725 up

valylphenylalanine 0.000 2.656 up

Coumarins and derivatives scopolin 0.010 0.673 down

Fatty Acyls

(Z)-6,9,10-Trihydroxyoctadec-7-enoic acid 0.023 1.359 up

9-Oxo-10(E),12(E)-octadecadienoic acid 0.009 1.684 up

chromomoric acid B 0.026 1.411 up

stearidonic acid 0.043 1.406 up

Furanoid lignans (-)-yatein 0.045 1.486 up

Imidazopyrimidines
2-dimethylamino-6-hydroxypurine 0.045 0.748 down

isoguanine 0.029 1.874 up

Indoles and derivatives 5-methyl-DL-tryptophan 0.010 1.951 up

(Continued)
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the observed dipeptide changes in leaf tissues were caused by the

direct supply of peptides from PH or by the stimulation of

endogenous peptide accumulation.
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TABLE 1 Continued

Cluster Compound name p value Fold change up/Down

Organonitrogen compounds

2-amino-1-phenylethanol 0.000 2.820 up

2-phenylethyl beta-D-glucopyranoside 0.010 3.804 up

salicin 0.006 0.700 down

Phenols

capsiconiate 0.047 1.321 up

dimeric urushiol peroxide 0.028 1.555 up

DL-Octopamine 0.002 1.519 up

Prenol lipids

16,17-dihydro-16alpha,17-dihydroxy gibberellin A12 0.031 1.550 up

2alpha, 7beta-dihydroxytaxusin 0.033 1.407 up

alpha-Cyperone 0.027 1.264 up

methyl gibberellin A34 0.026 1.609 up

methyl gibberellin A4 0.021 1.500 up

oleanolate 3 beta-D-glucuronoside 0.015 1.380 up

Pyridines and derivatives pyridoxal 0.046 0.787 down

Steroids and steroid derivatives beta1-tomatine 0.006 1.133 up

Tetrahydroisoquinolines 1,2,3,4-tetrahydro-6,7-isoquinolinediol 0.038 1.271 up
Significant p values (<0.05) are also displayed.
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Vannini, C. (2023). The role of protein-rich extracts from chondrus crispus as
biostimulant and in enhancing tolerance to drought stress in tomato plants. Plants
12, 845. doi: 10.3390/plants12040845

Eastmond, P. J., Astley, H. M., Parsley, K., Aubry, S., Williams, B. P., Menard, G. N.,
et al. (2015). Arabidopsis uses two gluconeogenic gateways for organic acids to fuel
seedling establishment. Nat. Commun. 6. doi: 10.1038/ncomms7659

El-Nakhel, C., Cristofano, F., Colla, G., Pii, Y., Secomandi, E., De Gregorio, M., et al.
(2023). Vegetal-derived biostimulants distinctively command the physiological and
metabolomic signatures of lettuce grown in depleted nitrogen conditions. Scientia
Hortic. 317, 112057. doi: 10.1016/j.scienta.2023.112057

FAO (2022). World food and agriculture – statistical yearbook 2022. Rome: FAO.
doi: 10.4060/cc2211en

Francesca, S., Cirillo, V., Raimondi, G., Maggio, A., Barone, A., and Rigano, M. M.
(2021). A novel protein hydrolysate-based biostimulant improves tomato performances
under drought stress. Plants 10, 783. doi: 10.3390/plants10040783

Ghosh, A., Pareek, A., Sopory, S. K., and Singla-Pareek, S. L. (2014). A glutathione
responsive rice glyoxalase II, OsGLYII-2, functions in salinity adaptation by
maintaining better photosynthesis efficiency and anti-oxidant pool. Plant J. 80, 93–
105. doi: 10.1111/tpj.12621

Hamedeh, H., Antoni, S., Cocciaglia, L., and Ciccolini, V. (2022). Molecular and
physiological effects of magnesium–polyphenolic compound as biostimulant in
drought stress mitigation in tomato. Plants 11, 586. doi: 10.3390/plants11050586

Haslam, R., Rust, S., Pallett, K., Cole, D., and Coleman, J. (2002). Cloning and
characterisation of S-formylglutathione hydrolase from Arabidopsis thaliana: a
pathway for formaldehyde detoxification. Plant Physiol. Biochem. 40, 281–288.
doi: 10.1016/S0981-9428(02)01378-5

Hatfield, J. L., and Prueger, J. H. (2010). Value of Using Different Vegetative Indices
to Quantify Agricultural Crop Characteristics at Different Growth Stages under
Varying Management Practices. Remote Sens. 2, 562–578. doi: 10.3390/rs2020562

Kang, Y., Khan, S., and Ma, X. (2009). Climate change impacts on crop yield, crop
water productivity and food security – A review. Prog. Natural Sci. 19, 1665–1674.
doi: 10.1016/j.pnsc.2009.08.001

Katsoulas, N., Elvanidi, A., Ferentinos, K. P., Kacira, M., Bartzanas, T., and Kittas, C.
(2016). Crop reflectance monitoring as a tool for water stress detection in greenhouses:
A review. Biosyst. Eng. 151, 374–398. doi: 10.1016/j.biosystemseng.2016.10.003

Kjaer, K., and Ottosen, C.-O. (2015). 3D laser triangulation for plant phenotyping in
challenging environments. Sensors 15, 13533–13547. doi: 10.3390/s150613533

Kumar, S., Abedin, M., Singh, A. K., and Das, S. (2020). Role of phenolic compounds
in plant-defensive mechanisms. Plant Phenolics Sustain. Agric. 517–532. doi: 10.1007/
978-981-15-4890-1_22

Lancelot, M., Thoday-Kennedy, E., Jignesh, V., Phelan, A., Pieter, B., Slater, A., et al.
(2016). Phenotyping wheat under salt stress conditions using a 3D laser scanner. Israel
J. Plant Sci. 64, 55–62. doi: 10.1080/07929978.2016.1243405

Laxman, R. H., Hemamalini, P., Bhatt, R. M., and Sadashiva, A. T. (2018). Non-
invasive quantification of tomato (Solanum lycopersicum L.) plant biomass through
Frontiers in Plant Science 12
digital imaging using phenomics platform. Indian J. Plant Physiol. 23, 369–375.
doi: 10.1007/s40502-018-0374-8

Louhaichi, M., Borman, M. M., and Johnson, D. E. (2001). Spatially located platform
and aerial photography for documentation of grazing impacts on wheat. Geocarto Int.
16, 65–70. doi: 10.1080/10106040108542184

Luziatelli, F., Ficca, A. G., Colla, G., Baldassarre Švecová, E., and Ruzzi, M. (2019).
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Rouphael, Y., Spıćhal, L., Panzarová, K., Casa, R., and Colla, G. (2018). High-
throughput plant phenotyping for developing novel biostimulants: from lab to field or
from field to lab? Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01197

Samaranayaka, A. G. P., and Li-Chan, E. C. Y. (2011). Food-derived peptidic
antioxidants: A review of their production, assessment, and potential applications.
J. Funct. Foods 3, 229–254. doi: 10.1016/j.jff.2011.05.006

Schafleitner, R., Lin, C.-Y., Lin, Y.-P., Wu, T.-H., Hung, C.-H., Phooi, C.-L., et al.
(2021). The world vegetable center okra (Abelmoschus esculentus) core collection as a
source for flooding stress tolerance traits for breeding. Agriculture 11, 165. doi: 10.3390/
agriculture11020165

Skuras, D., and Psaltopoulos, D. (2012). ““A broad overview of the main problems
derived from climate change that will affect agricultural production in the
Mediterranean area,”,” in Building resilience for adaptation to climate change in the
agriculture sector, Rome: FAO/OECD. 217–260. Available at: https://www.researchgate.
net/profile/Dw_Brown/publication/281616682_Building_resilience_for_adaptation_
to_c l ima te_change_ in_ the_fi she r i e s_and_aquacu l tu re_ se c to r / l inks /
55eff9cc08ae199d47c03946.pdf#page=224.

Sudiro, C., Guglielmi, F., Hochart, M., Senizza, B., Zhang, L., Lucini, L., et al. (2022).
A phenomics and metabolomics investigation on the modulation of drought stress by a
biostimulant plant extract in tomato (Solanum lycopersicum). Agronomy 12, 764.
doi: 10.3390/agronomy12040764

Sultana, M. S., Yamamoto, S., Biswas, M. S., Sakurai, C., Isoai, H., and Mano, J.
(2022). Histidine-containing dipeptides mitigate salt stress in plants by scavenging
reactive carbonyl species. J. Agric. Food Chem. 70, 11169–11178. doi: 10.1021/
acs.jafc.2c03800

Thirumalaikumar, V. P., Wagner, M., Balazadeh, S., and Skirycz, A. (2020).
Autophagy is responsible for the accumulation of proteogenic dipeptides in response
to heat stress in Arabidopsis thaliana. FEBS J. 288, 281–292. doi: 10.1111/febs.15336

Ullah, S., Khan, M. N., Lodhi, S. S., Ahmed, I., Tayyab, M., Mehmood, T., et al.
(2022). Targeted metabolomics reveals fatty acid abundance adjustments as playing a
crucial role in drought-stress response and post-drought recovery in wheat. Front.
Genet. 13. doi: 10.3389/fgene.2022.972696

Van Oosten, M. J., Pepe, O., De Pascale, S., Silletti, S., andMaggio, A. (2017). The role
of biostimulants and bioeffectors as alleviators of abiotic stress in crop plants. Chem.
Biol. Technol. Agric. 4. doi: 10.1186/s40538-017-0089-5
frontiersin.org

https://doi.org/10.1016/j.plaphy.2021.07.015
https://doi.org/10.1016/j.scienta.2020.109413
https://doi.org/10.1021/acs.analchem.9b05765
https://doi.org/10.3389/fpls.2021.758933
https://doi.org/10.3390/plants10020326
https://doi.org/10.3389/fpls.2017.02202
https://doi.org/10.1016/j.scienta.2015.08.037
https://doi.org/10.1111/tpj.13797
https://doi.org/10.3390/plants12040845
https://doi.org/10.1038/ncomms7659
https://doi.org/10.1016/j.scienta.2023.112057
https://doi.org/10.4060/cc2211en
https://doi.org/10.3390/plants10040783
https://doi.org/10.1111/tpj.12621
https://doi.org/10.3390/plants11050586
https://doi.org/10.1016/S0981-9428(02)01378-5
https://doi.org/10.3390/rs2020562
https://doi.org/10.1016/j.pnsc.2009.08.001
https://doi.org/10.1016/j.biosystemseng.2016.10.003
https://doi.org/10.3390/s150613533
https://doi.org/10.1007/978-981-15-4890-1_22
https://doi.org/10.1007/978-981-15-4890-1_22
https://doi.org/10.1080/07929978.2016.1243405
https://doi.org/10.1007/s40502-018-0374-8
https://doi.org/10.1080/10106040108542184
https://doi.org/10.3389/fpls.2019.00060
https://doi.org/10.1016/j.gloenvcha.2018.04.007
https://doi.org/10.1002/ppj2.20025
https://doi.org/10.1034/j.1399-3054.1999.106119.x
https://doi.org/10.1016/j.pbi.2023.102395
https://doi.org/10.15252/embj.2020106800
https://doi.org/10.1111/pce.12135
https://www.ncei.noaa.gov/access/monitoring/monthly-report/global/202213
https://www.ncei.noaa.gov/access/monitoring/monthly-report/global/202213
https://doi.org/10.3389/fpls.2019.00493
https://doi.org/10.3389/fpls.2019.00493
https://doi.org/10.1016/j.scienta.2014.05.023
https://doi.org/10.3389/fpls.2018.01197
https://doi.org/10.1016/j.jff.2011.05.006
https://doi.org/10.3390/agriculture11020165
https://doi.org/10.3390/agriculture11020165
https://www.researchgate.net/profile/Dw_Brown/publication/281616682_Building_resilience_for_adaptation_to_climate_change_in_the_fisheries_and_aquaculture_sector/links/55eff9cc08ae199d47c03946.pdf#page=224
https://www.researchgate.net/profile/Dw_Brown/publication/281616682_Building_resilience_for_adaptation_to_climate_change_in_the_fisheries_and_aquaculture_sector/links/55eff9cc08ae199d47c03946.pdf#page=224
https://www.researchgate.net/profile/Dw_Brown/publication/281616682_Building_resilience_for_adaptation_to_climate_change_in_the_fisheries_and_aquaculture_sector/links/55eff9cc08ae199d47c03946.pdf#page=224
https://www.researchgate.net/profile/Dw_Brown/publication/281616682_Building_resilience_for_adaptation_to_climate_change_in_the_fisheries_and_aquaculture_sector/links/55eff9cc08ae199d47c03946.pdf#page=224
https://doi.org/10.3390/agronomy12040764
https://doi.org/10.1021/acs.jafc.2c03800
https://doi.org/10.1021/acs.jafc.2c03800
https://doi.org/10.1111/febs.15336
https://doi.org/10.3389/fgene.2022.972696
https://doi.org/10.1186/s40538-017-0089-5
https://doi.org/10.3389/fpls.2024.1357316
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Leporino et al. 10.3389/fpls.2024.1357316
Vasconcelos, A. C. F., Zhang, X., Ervin, E. H., and Kiehl, J.de C. (2009).
Enzymatic antioxidant responses to biostimulants in maize and soybean
subjected to drought. Scientia Agricola 66, 395–402. doi: 10.1590/S0103-
90162009000300015

Wang, Q., Huang, K., Liu, H., and Yu, Y. (2023). Factors affecting crop production
water footprint: A review and meta-analysis. Sustain. Production Consumption 36, 207–
216. doi: 10.1016/j.spc.2023.01.008

Ward, F. A. (2022). Enhancing climate resilience of irrigated agriculture: A review.
J. Environ. Manage. 302, 114032. doi: 10.1016/j.jenvman.2021.114032
Frontiers in Plant Science 13
Yamada, M., Greenham, K., Prigge, M. J., Jensen, P. J., and Estelle, M. (2009). The
TRANSPORT INHIBITOR RESPONSE2 gene is required for auxin synthesis and diverse
aspects of plant development. Plant Physiol. 151, 168–179. doi: 10.1104/pp.109.138859

Yang, W., Wang, S., Zhao, X., Zhang, J., and Feng, J. (2015). Greenness identification
based on HSV decision tree. Inf. Process. Agric. 2, 149–160. doi: 10.1016/
j.inpa.2015.07.003

Zhong, D., Du, H., Wang, Z., and Huang, B. (2011). Genotypic variation in fatty acid
composition and unsaturation levels in Bermudagrass associated with leaf dehydration
tolerance. J. Am. Soc. Hortic. Sci. 136, 35–40. doi: 10.21273/JASHS.136.1.35
frontiersin.org

https://doi.org/10.1590/S0103-90162009000300015
https://doi.org/10.1590/S0103-90162009000300015
https://doi.org/10.1016/j.spc.2023.01.008
https://doi.org/10.1016/j.jenvman.2021.114032
https://doi.org/10.1104/pp.109.138859
https://doi.org/10.1016/j.inpa.2015.07.003
https://doi.org/10.1016/j.inpa.2015.07.003
https://doi.org/10.21273/JASHS.136.1.35
https://doi.org/10.3389/fpls.2024.1357316
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Protein hydrolysates enhance recovery from drought stress in tomato plants: phenomic and metabolomic insights
	1 Introduction
	2 Materials and methods
	2.1 Experiment set up, crop management and growing conditions
	2.2 Plant phenotyping
	2.3 Metabolomics analysis
	2.4 Statistical analysis

	3 Results
	3.1 Morphophysiological traits and their correlations
	3.2 Untargeted metabolomic analysis

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


