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Microbial biostimulants have emerged as a sustainable alternative to increase the productivity and quality
of important crops. Despite this, the effects of the treatment on plant metabolism are poorly
understood. Thus, this study investigated the metabolic response of common bean (Phaseolus vulgaris)
related to the treatment with a biostimulant obtained from the extract of Corynebacterium glutamicum
that showed positive effects on the development, growth, and yield of crops previously. By untargeted
metabolomic analysis using UHPLC-MS/MS, plants and seeds were subjected to treatment with the
biostimulant. Under ideal growth conditions, the plants treated exhibited higher concentration levels of
glutamic acid, nicotiflorin and glycosylated lipids derived from linolenic acid. The foliar application of the
biostimulant under water stress conditions increased the chlorophyll content by 17% and induced the
accumulation of flavonols, mainly quercetin derivatives. Also, germination seed assays exhibited longer
radicle lengths for seeds treated compared to the untreated control even in the absence of light (13—
18% increase, p-value <0.05). Metabolomic analysis of the seeds indicated changes in concentration
levels of amino acids (tryptophan, phenylalanine, tyrosine, glutamine, and arginine) and their derivatives.
The results point out the enhancement of abiotic stress tolerance and the metabolic processes triggered
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in this crop associated with the treatment with the biostimulant, giving the first insights into stress

rsc.li/molomics tolerance mechanisms in P. vulgaris.

1. Introduction

Common bean (Phaseolus vulgaris L.) is one of the most con-
sumed legumes in the world, playing a central role in food and
nutrition security." Currently, Brazil is one of the world’s leading
producers of the grain, whose production is aimed at domestic
consumption.” It is estimated that more than 3.1 million tons of
beans will be produced in the 2022 Brazilian harvest.> Dry bean
grains are rich in proteins, fiber, unsaturated fatty acids (oleic,
linoleic and a-linolenic acids), vitamins and minerals such as
iron and potassium.*>* Furthermore, P. vulgaris is a source of
polyphenolic compounds, mainly flavonoids, that play a key role
in protecting against oxidative stress.®
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Commonly, the increase in crop productivity is directly
related to the use of synthetic chemical fertilizers and pesti-
cides. Although these products have played a key role in the
availability of food in the world, their prolonged use is asso-
ciated with the development of insecticide resistance, soil
degradation, pollution and eutrophication, in addition to all
the risks related to human health.” In this regard, new prac-
tices, processes, and technologies have emerged taking into
account a more sustainable and productive cultivation, conse-
quently, with greater capacity for enhancing nutrition efficiency
and stress tolerance.>® For instance, an increase in crop
resilience to environmental stress may help agricultural sys-
tems to overcome the negative effects of climate change.”

Economically attractive and operating sustainably, biosti-
mulants have appeared in the global market increasing the
quality of yields and maintaining ecological balance.®® This
segment had a turnover of US$ 3.5 billion in 2022 and has an
estimated growth projection of US$ 6.2 billion by 2027."° Plant
biostimulants are complex products of biological origin whose
main function is to stimulate natural processes of the plant that
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benefit it,” mainly nutrient use efficiency and tolerance to envir-
onmental stress, improving crop growth and productivity.'* Often,
microbial biostimulants are related to extracts of microorganisms,
thus consisting of a wide range of bioactive compounds acting on
different stages of plant development.

The bioactive compounds produced by microorganisms are
able to modulate the plant’s physiological responses in order to
protect and directly or indirectly stimulate its development.*®
In particular, specialized metabolites upregulate the expression of
antioxidant enzymes of the plant, induce systemic resistance and
the biosynthesis of photosynthetic pigments (i.e. carotenoids,
anthocyanins, and flavonoids)."*™*® This is able to increase
plant growth and resistance to different abiotic stresses, such as
drought and salinity, and biotic stresses, related to insect and
phytopathogen attacks."*"”

Since its discovery and isolation in the 1950s, the Gram-positive
bacterium Corynebacterium glutamicum has been explored in the
industrial sector,'® often applied for the bioproduction of amino
acids such as r-glutamic acid and 5-aminolevulinic acid.® In
agriculture, exogenous supplementation of these compounds can
be used to improve productivity and resistance to various abiotic
stresses, which are considered promising products for crop nutri-
tion and yield.?>*" The Vorax™ biostimulant (Tradecorp do Brasil
Ltda), also known as Biimore™ or Quikon™ worldwide, is based
on an extract from the fermentation of the bacterium C. glutamicum
MQO6 in sugarcane molasses using an exclusive process. Due to its
high complexity, the total chemical composition is still unknown.
The constituents determined are concentrated in amino acids
(28.6%), carbohydrates (18.4%), and vitamins (0.1%). Among
amino acids, the highest percentage is r-glutamic acid (25.6%).
Although some studies demonstrate the positive effect of Vorax™
treatment in several crops,”>** the effects of this biostimulant in
the plant metabolome remained unknown.

In the present study, modulations in Phaseolus vulgaris
metabolism related to the treatment with the Vorax™ biosti-
mulant under ideal and abiotic stress conditions and at differ-
ent stages of plant development were investigated. Untargeted
metabolomics was applied using UHPLC-MS/MS in association
with multivariate statistical analysis and molecular networking
tools. Variations were detected in the concentration level of lipids,
amino acids and specialized metabolites such as flavonoids and
coumarins, indicating the induction of particular biosynthetic
pathways due to the plant-biostimulant interaction.

2. Experimental
2.1 Biostimulant composition and the treatment method

The Vorax™ biostimulant was kindly provided by Tradecorp do
Brasil Ltda (Campinas, Sdo Paulo, Brazil). This biostimulant is
an extract obtained from the exclusive fermentation of the
bacterium C. glutamicum MQO6 in sugarcane molasses and
contains a complex composition including amino acids
(28.6%), carbohydrates (18.4%), and vitamins (0.1%). The C.
glutamicum strains are deposited at the Centro Pluridisciplinar
de Pesquisas Quimicas, Biolégicas e Agricolas (CPQBA). Vorax™
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was used according to the manufacturer’s instructions. Plants
were subjected to the manual nebulization of 1% v/v aqueous
solution of the biostimulant (treated) or sterile water (untreated)
at a rate of 50 mL ha ™" using a spray bottle. This procedure was
performed only once. After 72 h of nebulization, the leaves were
collected, immediately immersed in liquid nitrogen and then
stored at —80 °C until sample extraction. The collected time was
selected according to the previous study.”*

2.2 Treatment effect of Vorax™ on plant metabolome

Common beans (P. vulgaris L., genotype IPR-139) seeds of the
2017/2018 season were provided by Tradecorp do Brasil Ltda
(Campinas, Sdo Paulo, Brazil). The genotype grew in 8 L capa-
city pots, containing the Vidaverde™ (Mogi Mirim, Sdo Paulo,
Brazil) substrate enriched with 2 L of Vithal™ (Itaim Bibi, Sio
Paulo, Brazil) aqueous solution composed of 1.8% N, 1.8% P;
7.2% K, 0.05% Fe and 0.002% Mo. The experiment was carried
out in a greenhouse at Escola Superior de Agricultura Luiz de
Queiroz (Piracicaba, Sdo Paulo, Brazil) under a 11 h/13 h light/
dark photoperiod, in the average temperature range of 26-36 °C,
and the maximum water field capacity up to the vegetative stage
R1.” Plants were divided into two groups: (C) control (untreated)
and (T) treated (treated with Vorax™). For each group, five
individual plants were selected randomly. The leaves of the first
trefoil were used to generate a single extract. The sample prepara-
tion was performed in triplicate.

2.3 Plant treatment with the biostimulant under water stress
conditions

For the evaluation of treatment with Vorax™ under water stress
conditions, an assay was performed according to the scheme
presented in Table 1. The growth of the genotype was con-
ducted in a greenhouse at Universidade Estadual de Campinas
(Campinas, Sao Paulo, Brazil) in the average temperature range
of 21-37 °C and 13/11 h light/dark photoperiod until the
collection of leaves. Seeds were sown directly to soil (potting
compost) under the same nutritional conditions as in topic 2.2.
Treated plants received the foliar application of Vorax™ ™. The
plants subjected to water stress suffered from the total absence
of irrigation for 7 days, with soil humidity decreasing from 60
(£0.8)%, with regular irrigation, to 33 (£0.4)% at peak stress.
This period of stress was selected by evaluating the plant
integrity limit through physiological aspects. The humidity in
the pots was determined by collecting mass samples in Petri
dishes at these two times, drying in an oven at 60 °C for 72 h
and calculating the difference in mass related to water. Eight
individual plants were selected randomly for each group:
Vorax™ Treatment after water stress (WST), untreated water

Table 1 Study design used to evaluate Vorax™ treatment under water
stress conditions

Trial Day 0 Day 7 Day 10

WST Water stress Vorax™ treatment Sample collection
WS Water stress Untreated Sample collection
NSNT No stress Untreated Sample collection

This journal is © The Royal Society of Chemistry 2023
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stress (WS) and No water stress or treatment (NSNT). The leaves
of the first trefoil were used to generate the extract. The sample
preparation was performed in duplicate. The chlorophyll con-
tent in the leaves at different times (0 days, 7 days, 10 days) was
measured using a digital chlorophyll meter (Falker, Brazil) in
six different plants for each group.

2.4 Germination assays

Phaseolus vulgaris seeds were surface-sterilized using a 5%
sodium hypochlorite for 2 min and rinsed with distilled water
for 2 min. The seeds were incubated on germitest paper
(CIENLAB, Brazil) in Petri dishes (diameter 8.5 cm) using six
seeds per plate. Five repeats were performed. A total of 6 mL of
Vorax™ aqueous solution (500 ppm) was applied to the surface
of each plate. Deionized water was used as a negative control
and glyphosate herbicide solution (1%, w/w) was used as a
positive control. The plates were incubated at 25 °C in the total
absence of sunlight (—) or in a 12 h/12 h day/night photoperiod
(+) for 7 days. After the incubation time, the radicle length was
measured using Image] software (https://imagej.net/Welcome).
The average radicle length + SE (standard error) of treated
seeds with Vorax™, positive control and negative control of the
light and dark assays were calculated. Of the six seeds con-
tained in each plate, two were excluded from the analysis: those
with the highest and the lowest/no radicle growth.

2.5 Metabolite extraction

The leaves of the first trefoil from each selected plant were
macerated together under liquid nitrogen. Then, about 100 mg
of plant material were transferred to a 2 mL glass vial and 1 mL
of methanol with formic acid (0.1%, v/v, cold) was added. The
mixture was sonicated for 60 min in an ultrasound bath and
centrifuged at 16200g for 3 min at 4 °C. Supernatants were
filtered through a 0.22 nm PTFE hydrophobic membrane filter,
dried using a speed vacuum concentrator for 90 min at 30 °C
and stored at —20 °C until analysis.

For germinated seed extraction, three solvent mixtures were
tested: mixture 1 (7: 3, methanol: water, v/v), mixture 2 (3:1:1,
chloroform : methanol : water, v/v) and mixture 3 (8:2, metha-
nol : water with 0.1% formic acid, v/v) according to Silva et al.,
2020°° and Almeida Trapp et al., 2014*” with some modifica-
tions. All seeds in a plate were macerated together under liquid
nitrogen, and about 100 mg of the plant material was extracted
using 1 mL of the cold solvent mixture (1, 2 or 3). Subsequently,
the solution was subjected to ultrasound bath treatment,
centrifugation, filtration and concentration as described. The
extraction procedures were performed in duplicate for each
solvent system.

The composition of Vorax™ was also investigated to ensure
that the metabolic changes detected were related to plant
metabolism and not due to the accumulation of compounds
present in the biostimulant. For this, aqueous solution of
Vorax™ (1%, v/v) was prepared using ultrapure water. The
solution was centrifuged at 16200 g for 5 min at 25 °C and
the supernatant was filtered straight into a vial using a 0.22 um
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PTFE hydrophobic membrane filter. This procedure was per-
formed in duplicate.

2.6 Metabolomic profile by liquid chromatography-mass
spectrometry

The samples were prepared by resuspending the plant extracts
in 1 mL of methanol and diluting 100 pL of this solution with
900 pL of methanol in a vial. Ultra-high performance liquid
chromatography (UHPLC) analysis was performed using an
Ultimate 3000 instrument coupled to a Q Exactive Plus Hybrid
Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scien-
tific, USA) equipped with a heated electrospray ionization
(HESI-II) probe. Chromatographic separation was performed
using a reversed-phase Accucore C18 column (Thermo Scien-
tific, USA, 2.6 um, 2.1 x 100 mm) at a flow rate of 0.3 mL min "
with the mobile phases A (water containing 0.1% formic acid, v/v)
and B (acetonitrile) eluted in the gradient: 0-10 min, 5% to 98% B;
10-17 min, 17-17.01 min, 98 to 5% B; 17.01-25 min, 5% B for
leaf samples or 0-10 min, 5% to 98% B; 10-20 min, 98% B; 20-
21.2 min, 98 to 5% B and 21, 2-30 min, 5% B at 45 °C for seed
samples. The injection volume was 3 pL.

Detection was performed in the positive-ion mode over a
range of m/z values of 115 to 1500 with an acquisition rate of
10 Hz, normalized collision energy (NCE) of 30 eV and the
following main parameters: nebulizing gas temperature of
250 °C with a flow of 10 L min~", nebulization gas pressure:
45 psi and capillary voltage: +3500 V, with a potential plate end
of —500 V. The 6 most intense ions per cycle were selected for
automatic fragmentation (Data dependent MS/MS). The data
were acquired and processed using Xcalibur software version
3.0.63 (Thermo Fisher Scientific, USA). All samples were analyzed
in random order. To monitor the accuracy and stability of the
analytical method, a quality control (QC) sample, prepared by
collecting equivalent volumes (10 pL) of each sample in the same
vial, was injected three times at the beginning of the batch, after
five samples and at the end of the injections.>®

2.7 Statistical analysis

Statistical analyses of the germinated seed radicle length and
chlorophyll content data were performed using Action Stat 4.0
software (https://www.actionstat.com.br). After the Shapiro-
Wilk test for normality, statistical differences between three
or more means were calculated by one-way analysis of variance
(ANOVA) or the Kruskal-Wallis test. Student’s t-test of homo-
geneous or heterogeneous variance was applied to compare two
means after the F test. Data are expressed as means + standard
deviation (SD) and statistically significant differences between
treatments were considered corresponding to a p-value <0.05.

The raw files obtained after UHPLC-MS/MS analysis were
converted to mzXML format using the MSConvertGUI tool from
ProteoWizard software (Proteowizard Software Foundation, USA)
and pre-processed using the MZmine 2.53 package®® according
to parameters shown in Table A.1 (ESIt). Then, multivariate and
univariate statistical analyses, including principal component
analysis (PCA) and partial least squares-discriminant analysis
(PLS-DA), were carried out by the MetaboAnalyst 4.0 platform®°
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with the removal of features with at least 50% missing values
and estimation of remaining missing values using the KNN
algorithm. Additionally, feature filtering with RSD (relative stan-
dard deviation) >30% in the QC samples, normalization by the
median and data scaling by the Pareto scaling method were
performed. To screen out significant differential metabolites, it
was considered variable importance in the projection (VIP) score
value of the first principal component in the PLS-DA >2.5 and p-
value <0.05 using the ¢test. The reliability of the PLS-DA model
was verified using a permutation test (cross-validation).

2.8 Molecular networking and metabolite annotation

Based on spectra similarity, molecular networks and dereplica-
tion of MS/MS data were carried out through the global natural
products social molecular networking (GNPS) online platform.**
For this, a metadata table in.txt format, discriminating the
samples by group, the .mgf and.csv files, generated from the
pre-processing of MS/MS data in MZmine 2.53 software, were
uploaded to the GNPS and molecular networking was created
using the feature based molecular networking (FBMN) tool.*?
The FBMN job links are available at https://gnps.ucsd.edu/Pro
teoSAFe/status.jsp?task=30b4c286b13{443fb03fa2722c68aa94(to
pic3.1), https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=e97e6
ce296d94bec9ce080cfffe65e81 (topic 3.2) and https://gnps.ucsd.
edu/ProteoSAFe/status.jsp?task=5ef66c81a1874992b53eebb33e5a-
ea3a (topic 3.3). The results were obtained considering the
precursor ion mass tolerance and fragment ion mass tolerance
of +0.01 Da, cosine score above 0.7 and minimum 4 matched
peaks to assist the metabolomics annotation. Moreover, experi-
mental MS/MS spectra were compared with GNPS spectral
libraries using the same parameters. The output of the molecu-
lar network was visualized and edited using Cytoscape version
3.7.2 (Cytoscape Consortium, San Diego, USA). The nodes corre-
spond to ion features while the edges between the nodes
represent the MS/MS cosine score. The pie charts inside the
node represent the relative abundance of the feature in the
samples of the analyzed groups.

3. Results

3.1 Treatment with Vorax™ causes variation in P. vulgaris
metabolism

To investigate the effect of Vorax™ treatment on P. vulgaris
metabolism, leaf extracts of the treated and control plants were
evaluated by ultra-high-performance liquid chromatography
tandem mass spectrometry (UHPLC-MS/MS). In order to provide
an overview of the data, principal component analysis (PCA) was
performed. According to the PCA scores plot in Fig. 1A, the first
two principal components, which were responsible for 49.7%
(29.9% for PC1 and 19.8% for PC2) of the overall data variance,
exhibit a separation tendency between non-treated (Control) and
treated with Vorax™ (Treated) samples. While samples from the
control group are distributed along PC1, treated samples exhibit
variation in PC2. The separation between groups is clearer by the
supervised method of partial least squares-discriminant analysis
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(PLS-DA), which is presented in Fig. S1 (ESIt). The reproduci-
bility of the instrumental system was assessed by the pooled
analysis of the quality control (QC) samples. The tight clustering
of the pooled QCs in the PCA scores plot demonstrated the
stable performance of the instrument. The validation of the PLS-
DA classification model was performed by cross-validation with
the coefficient of determination R* = 0.94 and prediction degree
Q” = 0.72, indicating the high reliability of the model.

Among the metabolite features classified as statistically
significant by the ttest, four were annotated based on analysis
of accurate mass (errors ranged from 0 to 5 ppm) and MS/MS
fragmentation profile by means of databases, corresponding to
level 2 of identification according to the Metabolomics Standards
Initiative (MSI).** The compounds annotated were glutamic acid
(m/z 148.0605, p-value = 2.12 x 10~ °), nicotiflorin (m/z 595.1658, p-
value = 0.03), 1-linolenoylglycerol (m/z 353.2687, p-value = 1.46 X
10~°) and 1-linolenoyl-3-galacto-pyranosylglycerol (m/z 532.3483,
pvalue = 2.63 x 107°). All of them were detected with higher
signal intensities in the samples of the treated group (Fig. 1B).

The MS/MS spectra of glutamic acid at [M + H]" m/z 148.0605
(Fig. S2, ESIY) display the ion corresponding to a neutral water
loss [M — H,0 + H]" at m/z 130.0500, the immonium ion [M —
CO,H, + H]" at m/z 102.0553, and the product ion at m/z
84.0449, corresponding to the loss of H,O from the immonium
ion [M — CO,H, — H,0 + H]".>**> Additionally, the nicotiflorin
MS/MS spectrum with [M + H]" at m/z 595.1658 (Fig. S3, ESIY)
presents a base peak at m/z 287.0549, characteristic of the
aglycone backbone of kaempferol [A + H]', a low intensity
signal at m/z 449.5047, referring to the monoglycosylated
aglycone [A + 162 + H]", and disaccharide fragment ions at
m/z 129.0548, m/z 85.0289 and m/z 71.0497.3%37

In the case of the compound 1-linolenoylglycerol with [M + H]"
at m/z 353.2687, the MS/MS spectrum (Fig. S4, ESI}) displays the
main fragments at m/z 67.0548, m/z 81.0704, m/z 95.0858, m/z
109.1014, and m/z 149.1326 that characterize alkyl chain fragmen-
tation of the monoacylglycerol fatty acid with 18 carbons and 3
unsaturations. It is also observed a base peak at m/z 261.2219
refers to the neutral loss of glycerol [M + H — C3HgOs]" by
inductive cleavage.’® A similar MS/MS spectrum is observed for
the 1-linolenoyl-3-galacto-pyranosylglycerol with [M + NH,]" at m/z
532.3482 (Fig. S5, ESIf). One of the main fragments is the m/z
353.2676, referring to the neutral loss of a pyranose fragment
(C6H100s), equivalent to the protonated 1-linolenoylglycerol mole-
cule. The base peak at m/z 261.2212 corresponds to the glycerol
loss, and alkyl chain fragments at m/z 95.0859, m/z 109.1013 and
m/z 159.1169.

The MS/MS data were also submitted to molecular networking
analysis through the feature based molecular networking (FBMN)
tool at the global natural products social molecular networking
(GNPS) platform. It was observed two spectral families with
concentration level variation of metabolites (node) between con-
trol and Vorax“-treated groups. According to the spectral simi-
larity of the metabolites in Fig. 1C, it was possible to annotate the
compound at m/z 694.4003 as gingerglycolipid A (Fig. S6, ESI}),
derived from linolenic acid as well as the metabolites with
precursor ions at m/z 353.2687 and m/z 532.3482. All these three

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (A) PCA scores plot of data acquired by UHPLC-MS/MS of leaf extracts from non-treated (C) and Vorax™-treated (T) samples with n = 5 (three
repetitions). (B) Boxplot of differential metabolites between the groups obtained from MetaboAnalyst. Spectral family of (C) lipids and (D) flavonoids
obtained by feature based molecular networking of MS/MS data of leaf extracts from Phaseolus vulgaris Vorax'™-treated (T) and non-treated (C) samples.
The metabolites were annotated manually through accurate mass and fragmentation pattern analysis. Boxplot next to the metabolite displays its relative

concentration based on the peak intensity in each group.
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annotated glycerolipids exhibited higher concentration levels for in leaf samples treated with the biostimulant, corroborating the
samples from the treated group. To the flavonoids spectral family ~result obtained in the statistical analysis. The astragalin (m/z
in Fig. 1D, rutin (m/z 611.1598) and astragalin (m/z 449.1078) 449.1078, Fig. S7, ESIt) and rutin (m/z 611.1598, Fig. S8, ESIY)
showed lower concentration levels in the treated group while were annotated by comparison of MS/MS spectra with the GNPS
nicotiflorin (m/z 595.1658) exhibited increased concentration level ~databases.
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Fig. 2 (A) Comparison between pots of NSNT (no water stress or treatment), WS (untreated water stress), and WST (Vorax™ treatment after water stress)
after 10 days. (B) Chlorophyll content by the time. Values are the mean of six replicates + standard deviation (+SD). Different letters (a) and (b) indicate
statistically significant differences between trials (p-value <0.05). (C) PCA scores plot of data acquired by UHPLC-MS/MS, positive mode, of leaf extracts
samples from WST, WS and NSNT with n = 8 (two repetitions). (D) Contribution of the first 15 variables in the projection (VIP scores) of the PLS-DA model.
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All discussed metabolites were not detected in the biosti-
mulant samples, except glutamic acid (Table A.2, ESIt). The low
amount of Vorax™ applied, 50 mL per hectare of a 1% (V/v)
aqueous solution, indicates that the variation in the level of
glutamic acid between the groups is due to changes in the plant’s
metabolism and not due to the Vorax™ composition itself.

3.2 Increased tolerance to water stress due to treatment with
Vorax™

After evaluating the effect of biostimulant treatment under
ideal growing conditions, we asked if the positive effect would
be potentiated under stress conditions. Therefore, an assay was
conducted submitting P. vulgaris to the absence of irrigation for
7 days, and then, treating with Vorax™ 3 days before collection.
Morphological analysis comparing plots of WST (Vorax™" treat-
ment after water stress), WS (untreated water stress) and NSNT (no
water stress or treatment) at day 10 showed greater development
and lower incidence of stoma closure for WST (Fig. 2A). The
analysis of the chlorophyll content exhibited a significant increase
of WST (42.47 pg cm™?) in relation to WS (38.50 pg cm™2), p-value =
0.045, and in relation to NSNT (36.15 ug cm™?), p-value = 0.002
(Fig. 2B).

To investigate metabolomic profile variations, multivariate
analysis of the UHPLC-MS/MS data was performed. The first
two principal components of the PCA scores plot (Fig. 2C) were
responsible for 50.7% of the total variance (32.9% for PC1 and
17.8% for PC2), showing a clear tendency of separation of the
NSNT in relation to WS and WST. This indicates a characteristic
metabolic profile for NSNT samples. The tight clustering of the
pooled QCs in the PCA indicated the stable performance of
the UHPLC-MS/MS system. Beyond the prominent separation
of NSNT in relation to WS and WST, the PLS-DA scores plot
(Fig. S9, ESIt) exhibits a relative separation between WS and
WST, pointing to differences in metabolic profiles of these
trials. Validation of the PLS-DA model presented R* = 0.89
and Q* = 0.79, showing that the proposed classification model
is valid to differentiate the studied groups.

The relevance of each feature in the separation of the PLS-
DA model was evaluated through the variable importance in
projection (VIP) scores. Fig. 2D presents the 15 differential
features (VIP > 2.5) obtained in the analysis. Metabolites were
annotated by accurate mass analysis, MS/MS spectra or as a hit
in the GNPS database (Fig. S10, ESIt). The amino acid glutamic
acid with [M + H]" at m/z 148.0605, the lipid 1-linolenoyl-3-
galactopyranosyl glycerol [M + NH,]" (m/z 532.3492) and the
flavonoid quercetin-3-O-xylopyranosyl(1 — 6)-glucopyranoside
[M + H]" (m/z 597.1468) presented an increase in their concen-
tration levels in the two trials subjected to water stress, but a
more expressive induction in WST samples (Fig. S11, ESI{). In
contrast, the amino acid tryptophan (M + H — NH;]" m/z
188.0712; [M + H]" m/z 205.0978) and the compound 7-hydro-
xycoumarin [M + H]" m/z (163.0394) exhibited higher concen-
tration levels in the NSNT samples compared to WST and WS
(Fig. S12, ESIt) treatments. These results indicate changes in
the pathway of these metabolites either by water stress or a
combination of stress and treatment with Vorax™.

This journal is © The Royal Society of Chemistry 2023
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Additionally, the data were also analyzed by the FBMN tool.
It was observed a flavonoid spectral family (Fig. 3) with the
accumulation of several glycosylated flavonols in the WST (blue)
compared to WS (grey) and NSNT (red), mainly quercetin deri-
vates: rutin [M + H]" (m/z 611.1624), quercetin-3-xylosyl-(1 — 2)
arabinofurnoside [M + H]" (m/z 567.1360), hyperoside [M + H]" (m/
7 465.1045), isoquercetin [M + H]" (m/z 465.1044) and quercetin-3-
O-xylopyranosyl-(1 — 6)-glucopyranoside [M + H|" (m/z 597.1461),
which was considered statistically significant by PLS-DA analysis
(VIP score = 2.6). Only astragalin [M + H]" (m/z 449.1087) showed a
higher concentration level in WS compared to the other trials. The
metabolites were annotated by comparing the experimental MS/
MS data with the GNPS library spectral database, manual verifica-
tion of fragmentation pattern, and comparison to previous stu-
dies. The accurate mass measurements, mass errors, ion formula,
retention time and MS/MS fragments are presented in Table 2.

The discussed metabolites were not detected in the biosti-
mulant samples (Table A.2, ESIt), except glutamic acid. Varia-
tions in glutamic acid levels detected between the NSNT and WS
groups (absent of Vorax™™ treatment) reinforce that the increase
in the relative abundance of this metabolite in the WS and WST
groups is due to changes in the plant’s metabolism.

3.3 Vorax™ improves seed development

In order to evaluate the biostimulant influence in the initial
stages of plant development, P. vuigaris seeds were treated with
Vorax™ and compared to water (negative control) and glypho-
sate herbicide (positive control) treated seeds. Moreover, abiotic
stress caused by the total absence of light was also measured.

After the germination period, the radicle length was used as
a growth parameter (Fig. S13, ESIt). Higher average radicle
lengths were obtained for seeds treated with Vorax™™ in rela-
tion to the control in both assays, with exposure for a photo-
period of 12 h/12 h light/dark (+) and complete absence of light
(=), graphically represented by the boxplot in Fig. 4A and B,
respectively. In the ANOVA test for the (+) data, normal dis-
tribution, and in the Kruskal-Wallis test for the (—) data, non-
normal distribution, the difference observed between Vorax™
and negative control treatments was considered statistically
significant (p-value <0.05). Such a result is an indication that
even in early stages the biostimulant can act pronounced,
especially when abiotic stress conditions are applied, in this
case, the total absence of luminosity.

Metabolite extraction procedures of P. vulgaris seeds with
different solvent mixtures were used to evaluate the amount
and diversity of metabolite annotations. According to the Venn
diagram (Fig. 4C), a total of 219 metabolites were recorded by
the GNPS spectral libraries for the three extractor solvent
mixtures. Of those, 124 were extracted in mixture I (56.6% of
the total), 128 in mixture 2 (58.4% of the total), and the highest
quantities in mixture 3, 154 (70.3% of the total). Furthermore,
greater chemical diversity was also observed for extractor
solvent mixture 3, with exclusive annotation of 45 metabolites.
From these results, the data acquired using mixture 3 as the
extracting solvent were selected for subsequent analysis.
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The influence of the biostimulant treatment on the
P. vulgaris seeds metabolism was evaluated by multivariate
statistical analysis. In the 2D PCA score plot (Fig. 4D), there is a
tendency of separation per assay between the samples. While (+)
data ranged along the positive direction of PC1 and PC2, (—) data
were distributed mainly in the negative direction of PC1. The first
two principal components were responsible for 58.5% of the
overall data variance (29.5% for PC1 and 16.1% for PC2). For
the PLS-DA analysis (Fig. S14, ESIt), validation of the model by
cross-validation presented R* = 0.76 and Q° = 0.23 for the data of
the (+) and (—) assays. Moreover, the PLS-DA model of the (+) data
exhibited R* = 0.91 and Q* = 0.27 while the PLS-DA of the (—) data
presented R* = 0.94 and Q* = 0.56, showing that the proposed
classification model is valid to differentiate the studied groups.

From the VIP scores of PLS-DA, differential features (VIP
score >2.5) were determined between positive control and
treated groups of each assay. Metabolites were annotated
through accurate mass and fragmentation pattern manual
analysis or MS/MS comparison with the GNPS library. Upon
exposure for a photoperiod of 12 h/12 h light/dark (+), an
increase in the levels of tryptophan [M + H|" (m/z 205.0971) and
2-hydroxy-9-oxo-octadecatrienoic acid [M + H]" (m/z 309.2060)
beyond a decrease of glutamine [M + H]" (m/z 147.0760), arginine
[M + H]" (m/z 175.1187) and the fatty acid linolenic acid [M + H]"
(m/z 279.2310) were obtained in the samples from the Vorax™-
treated group (Fig. 4E). Already for the VIP scores of the complete
absence of sunlight (—) data (Fig. 4F), all of the annotated
metabolites showed accumulation in the treated group:

Table 2 Flavonoids annotated by FBMN with different concentration levels between WST, WS and NSNT groups

PubChem Ion formula RT
Predicting compound CID M +H]

(min) Calc. m/z Exp. m/z error (ppm)

Mass
MS/MS

Kaempferol 7-O-raminosyl-3-O-
glucopyranosyl-(1 — 3) arabino-
furanoside

Quercetin 3-O-xylopyranosyl-(1 —
6)-glucopyranoside

Astragalin 5282102 C,H, 0, 3.08 449.1078 449.1089  2.41
Hyperoside 5281643 C, H,01, 2.86 465.1028 465.1042  3.16
Isoquercetin 5280804 C, H, 05, 3.13 465.1028 465.1042  3.16

Kaempferol 3,4’-dixyloside
Quercetin 3-xylosyl-(1 — 2)
arabinofuranoside

Rutin

750 | Mol. Omics, 2023,19, 743-755

51136541 C3Hs0; 2.91 727.2080 727.2099  2.61

5315208 CyeHy9046 2.85 597.1450 597.1468 2.98

44258938 C,sH,,01, 3.34 551.1395 551.1414  3.32
44259231 C,sH,,0;5 3.09 567.1344 567.1362  3.14

5280805 Cy,Hz 056 2.99 611.1607 611.1624  2.86

440.8534, 287.0556, 225.0764, 129.0546, 85.0291,
71.0499

562.2053, 303.0504, 97.0290, 85.0289, 73.0291
381.8889, 287.0556, 167.0347, 149.0235, 85.0291
303.0504, 291.3327, 176.9907, 97.0290, 85.0291
395.6780, 303.0503, 182.0669, 97.0290, 85.0290
351.8049, 287.0555, 242.7833, 97.0291, 73.0291
483.3628, 303.0505, 115.0395, 97.0291, 73.0292

543.1562, 303.0504, 287.0554, 129.0550, 85.0291

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Boxplots of radicle length measurement for P. vulgaris seed germination assays with (A) exposure of photoperiod 12 h/12 h light/dark (+) and (B) complete
absence of sunlight (—). Values in the table are means of 20 replicates + standard deviation (+SD). Different letters (a) and (b) indicate the statistically significant
difference between trials (p-value <0.05). (C) Venn diagram with the distribution of annotated metabolites from seed extract of total absence of light assay (—)
using mixture 1 (7: 3, methanol : water, v/v), mixture 2 (3:1: 1, chloroform: methanol: water, v/v) and mixture 3 (8 : 2, methanol : water with 0.1% formic acid, v/v).
Metabolites were detected using the GNPS spectra library from the UHPLC-MS/MS data, positive mode, with n = 5 (two repetitions). (D) PCA 2D scores plot (29.5%
PC1 x 16.1% PC2), contribution of the first 15 variables in the projection (VIP scores) of the PLS-DA model (E) (+) data and (F) (—) data.
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phenylalanine [M + H]" (m/z 166.0863), adenosine [M + H]" (m/z
268.1039), tyrosine [M + H]" (m/z 182.0811), tryptophan [M + H —
NH;]" (m/z 188.0707) and [M + H]" (m/z 205.0971), N-(1-deoxy-1-
fructosyl) phenylalanine [M + H]" (m/z 328.1391), daidzein [M +
H]' (m/z 255.0652) and N-(1-deoxy-1-fructosyl) leu/Tle [M + H]" (m/z
294.1545). By analysis, the most differentiated metabolite between
groups was phenylalanine, with VIP score = 12.2. In addition, the
amino acids tyrosine (VIP score = 3.9) and tryptophan (VIP score =
3.8) showed a significant increase in treated samples, indicating
an alteration in the biosynthesis pathway of these compounds. All
these metabolites were not detected in the biostimulant samples
(Table A.2).

4. Discussion

So far, few studies have shown the Vorax™ biostimulant effects
on the development, growth, and yield of crops. According to
Roder et al. (2018), foliar treatment of Solanum tuberosum with
Vorax™ promoted desirable effects, including leaves’ senes-
cence delay, changes in the chlorophyll content and yield gain.
Besides, among a series of biostimulants evaluated for the
development of S. lycopersicum L., only the plants subjected
to the application of Vorax™ showed an increase in the dry
mass of leaves compared to the control plants.>® However,
modulations in plant metabolism due to Vorax™ treatment
were not evaluated yet. Given the importance of knowing the
modes of action of biostimulants and their effects on plants,
this study is the first to assess the specialized metabolism of a
crop (P. vulgaris) after treatment with Vorax' ™.

Initially, the effect of foliar application of the biostimulant
was investigated under ideal growing conditions. Our results
demonstrated that the treatment significantly modified the
metabolomic profile of P. vulgaris after three days. Increased
levels of glutamic acid, nicotiflorin, the fatty acid 1-linolenoyl-
glycerol, and its glycosylated derivatives 1-linolenoyl-3-galacto-
pyranosyl glycerol and gingerglycolipid A, and a small decrease
of rutin, were detected using untargeted metabolomics by
UHPLC-MS/MS of the leaf extracts. Besides being the building
blocks of proteins, the amino acid glutamic acid acts as a
regulator of nitrogen metabolism (ie., Glutamine synthetase/
glutamate-glutamine-oxoglutarate aminotransferase cycle) and
it is a precursor of important metabolites such as GABA, a
signaling molecule that plays versatile functions in the plant,
commonly environmental responses.®® 1-Linolenoylglycerol is a
natural constituent of plants such as Phaseolus vulgaris,* mainly
present in the root and cuticular waxes.’>*! In particular, plant
cuticular waxes offer protection against UV radiation, temperature
changes, and mechanical damage, besides limiting water losses
and gas exchange from the leaf epidermis.** The glycoglyceroli-
pids, composed of a fatty acid chain, glycerol and hexose (galac-
tose), play a fundamental role in several processes of recognition,
adhesion and cell-cell and cell-environment communication,*
but the specific biological function of the 1-linolenoyl-3-galacto-
pyranosyl glycerol and gingerglycolipid A is not fully elucidated.
Furthermore, accumulation of the flavonoid nicotiflorin, a
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glycosylated derivate of kaempferol, and decrease in the concen-
tration level of rutin, a quercetin-O-glucoside, indicate modifica-
tion of the shikimate pathway™ that can be related to activation of
plant protection mechanisms once flavonoids act in tolerance to
oxidative stress,”*® playing important roles in the interaction
between the plant and their environment.*” These results suggest
that the application of Vorax™ stimulates plant’s tolerance
response to environmental changes, modifying the biosynthesis
pathway of amino acids, lipids and flavonoids.

The effect of Vorax™ biostimulant treatment under water
stress growth conditions suggests an increase in the resilience
of P. vulgaris. The analysis of the chlorophyll content showed
an increase in the plants treated with the biostimulant after
being submitted to stress (WST) compared to those only sub-
jected to stress (WS) and not subjected to stress or treatment
(NSNT). The increase in the chlorophyll content contributes to
the improvement of plant tolerance once it is related to greater
absorption and assimilation of nitrogen by the upregulation of
the enzyme nitrate reductase that catalyzes the reduction of
nitrate to nitrite, affecting the photosynthetic rate.*®

By multivariate data analysis, an increase in the concen-
tration of glutamic acid, 1-linolenoyl-3-galactopyranosyl glycerol
and quercetin-3-O-xylopyranosyl-(1 — 6)-glucopyranoside was
observed in the two trials subjected to water stress but more
expressive with Vorax™ treatment (WST), what is similar to the
data obtained in our previous assay. Once the plant’s respiration
process is highly compromised by the closing of stomata caused
by the scarcity of water, we hypothesized that the triggering of
glutamic acid production aids the nitrogen assimilation and
increases chlorophyll content to regulate photosynthesis and, in
association, cellular respiration. Thus, acting in the conservation
and development of the plant.>**® Moreover, the increase in
lipid production in WS and WST is probably related to the
submission of plants to stress, since the literature reports the
action of lipids in both defense and signaling mechanisms
resulting from different stress conditions.’® However, this effect
is clearer in plants treated with Vorax™™.

Another significant result was the decrease of the trypto-
phan and the 7-hydroxycoumarin productions in WS and
NSNT. It may indicate the consumption of tryptophan as a
precursor in the biosynthesis of specialized metabolites that act
in protection and modulation of growth'” and the involvement
of coumarin in response to stress and treatment in aerial
tissues, playing a primary role in plant health.”*

Using the feature-based molecular networking (FBMN) tool
we observed a flavonoid cluster with annotation of eight
glycosylated flavonols, including quercetin-3-O-xylopyranosyl-
(1 - 6)-glucopyranoside which was determined as a differen-
tial metabolite by the statistical analysis. The flavonoid cluster
exhibited an accumulation of five quercetin derivates and two
kaempferol derivates in WST samples in relation to WS and
NSNT. Flavonoids are widely described as important specia-
lized metabolites that regulate the plant’s response to various
environmental stimuli.>® They act as signaling and precursor
compounds in the biosynthesis of metabolites linked to
defense mechanisms. Some flavonoids also have antioxidant
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activity, inhibiting free radicals such as reactive oxygen species
(ROS) induced by stress.” According to,>* flavonols are probably
the flavonoid class with the greatest participation in stress
responses. In particular, quercetin 3-O-glycosides, which have a
CeH,4(OH), catechol group on the B ring, are responsible for
reducing various forms of ROS, compared to flavone and mono-
hydroxy substituted glycosylated flavonols on the B ring.>® The
accumulation of flavonols in WST samples, mainly derived from
quercetin 3-O-glycosides, seem to indicate that the application of
Vorax™ induced the biosynthesis of flavonoids with antioxidant
function, promoting tolerance of plant subjected to stress, thus
indirectly stimulating the development of P. vuigaris.

In the evaluation of the influence of the biostimulant on
seed germination, the highest mean in radicles length was
exhibited for seeds treated with the biostimulant in relation to
the control in both assays: with exposure of photoperiod 12 h/
12 h light/dark (+) and in the complete absence of light (—).
Furthermore, the mean radicle length for the seeds treated with
Vorax™ obtained in the (—) assay, a value of 14.31 & 2.78 cm,
was higher than the mean of (+) assay, with a value of 12.59 £+
2.61 cm. This result suggests that even in the early stages of
development, the biostimulant can act to improve plant per-
formance, despite being subjected to the absence of luminosity.

To optimize the seed extraction method, three mixtures of
solvents were tested. As expected, the number of annotations
varied between solvent mixtures. In addition to the highest
percentage of total annotations, mixture 3 also showed greater
chemical diversity. Statistical analysis of (+) and (—) data, using
mixture 3 as extracting solvent, presented mainly variations in
amino acid concentration levels between Vorax™-treated and
control groups. In particular, an increase in phenylalanine
(Phe), tyrosine (Tyr), and tryptophan (Trp) levels after treat-
ment, which are aromatic amino acids (AAAs) with a common
precursor, chorismate, a product of the Shikimate pathway.”®*”

In addition to the central role in the biosynthesis of proteins in
all living cells, they play an important role in plant metabolism,
acting as precursors of several natural products related to growth,
development, defense, and protection.”® Phe and Tyr are precursors
to synthesize the phenylpropane base (C¢C;) of many metabolites,
including cinnamic acids, coumarins, and flavonoids. Trp is a
precursor of several alkaloids, quinones, and phytoalexins,>® such
as indole-3-acetic acid which stimulates stretching cells, promoting
the growth of roots and stems.> Previous studies indicate that the
accumulation of these amino acids due to the application of
biofertilizers and biostimulants, promotes several beneficial effects,
depending on the plant species, product concentration and num-
ber of applications.** Commonly, the increase in the biosynthesis
of these metabolites is associated with the stimulation of the
plant’s protection response,® providing evidence of how the bio-
stimulant supports crop stress tolerance and development.

5. Conclusions

The use of products from biological sources has been demon-
strated to be alternatives to conventional fertilizers and
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pesticides. In this study, P. vulgaris metabolome modulation
due to the treatment of its leaves and seeds with the Vorax™
biostimulant under ideal and abiotic stress conditions was eval-
uated by untargeted metabolomics. Assessment of the develop-
ment parameters of P. vulgaris treated with Vorax™ exhibited
better results when subjected to abiotic stress (water deficient or
the absence of luminosity), indicating the promising application
of the biostimulant for crop recovery. Through UHPLC-MS in
combination with multivariate statistical analysis and the mole-
cular networking approach it was possible to annotate several
metabolites whose concentration levels varied after biostimulant
application, indicating that some biosynthetic pathways were
modified by the treatment. Specifically, the accumulation of some
lipids, amino acids, and flavonoids associated with plant stress
tolerance was observed, showing that the biostimulant acts on the
protection system. Considering that several regions will experi-
ence drier climate conditions in the future, the use of biostimu-
lants may increase crop resilience, maintaining food security.
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