Canellas et al. Chem. Biol. Technol. Agric. (2019) 6:14

https://doi.org/10.1186/540538-019-0153-4 @ Chemlcal and BIOlOglcal

Technologies in Agriculture

RESEARCH Open Access

: : : ®
Metabolite fingerprints of maize i

and sugarcane seedlings: searching for markers
after inoculation with plant growth-promoting
bacteria in humic acids

Natélia O. A. Canellas, Fabio L. Olivares and Luciano P. Canellas’

Abstract

Background: The negative consequences of industrial agriculture greatly affect human health and the environment.
Debating our dietary requirements and challenging the means of food production are necessary. In the first years of
transitioning to agroecological production, crop yields normally decrease. Humic acids and beneficial bacteria used as
plant growth promoters can be helpful during this stressful time. Metabolite target identification will aid in increasing
plant responses to these agents.

Materials: We evaluated the metabolite fingerprints of maize and sugarcane seedlings after 5 days of treatment
with like-humic acids isolated from vermicompost coupled with a combined Herbaspirillum seropedicae and Glucon-
acetobacter diazotrophicus application. The hydromethanolic foliar extracts were submitted for 'H nuclear magnetic
resonance analysis, and the data were explored using chemometrics procedures. After the preliminary screening, the
extracts were analyzed by gas chromatography coupled to time of flight mass spectrometry to identify metabolite
targets.

Results: The biostimulant significantly changed the metabolic fingerprints independent of the plant species. The
main proton spectral regions changed by biostimulant use were from 0to 2.5 ppm and 3.5 to 5 ppm, as revealed by
a principal component analysis. The main signals corresponded to amino acid, sugar and organic acid chemical shifts.
Aspartic acid was the amino acid present in greatest amounts in both leaf extracts. A significant change occurred

in the region normally attributed to (CH,)-protons bound to electron-withdrawing groups, such as carboxyls from
mucic, ribonic and saccharic acids derived from sugars and aromatic structures from shikimic acid, 4-hydroxybenzo-
ate and 3,4-dihydroxycinnamic acid. The main organic acids altered by the biostimulant were representatives of the
tricarboxylic acid cycle (citric, isocitric, aconitic, malic and fumaric acids). Linoleic and myristic acids, 1-mono palmitin
and tocopherol were the major lipid components found at greater levels in the treated leaf extracts. Compounds
from the oxidative end products of ascorbic acid metabolism, like threonic, isothreonic and oxalic acids, are putative
biomarkers of the biostimulant as are the cyclic polyol identified as quinic acid and trehalose, a disaccharide involved
in plant stress responses.

Conclusion: The biostimulant induced significant changes in the metabolite fingerprints of maize and sugarcane
seedlings as revealed by nuclear magnetic resonance. Both primary and secondary metabolisms were affected, and
22 putative biomarkers associated with the biostimulant-treated plant phenotype were identified. This agrees with
previous work indicating that the stimulation of primary and secondary metabolisms was partially responsible for
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biostimulant effects on non-leguminous plants. Moreover, these metabolite targets could be used to genetically
manipulate metabolic pathways to aid Poaceae breeding programs in increasing biostimulative responses.

Keywords: Saccharum spp., Zea mays, Humic substances, NMR, GC/TOF-MS, Nitrogen-fixing bacteria, Metabolomics,

Plant growth promotion, Biostimulant, Biofertilizer

Introduction

Modern industrial agriculture, having large chemical,
nutrient and energy inputs, has contributed to food
insecurity, rural poverty and ecosystem degradation in
the tropics [1]. Agroecology principles have been suc-
cessfully applied to overcome these problems [2]; how-
ever, in the initial transitional years between systems
declining production levels occur. Biological inputs can
play strategic roles in aiding plant growth under differ-
ent stress conditions [3] and in promoting the discus-
sion of technology adaptation [4].

Biostimulants manufactured using like-humic acids
(HA) isolated from vermicompost function as vehicles
for the field introduction of plant growth-promoting
bacteria (PGPB) and have been used with success in
different crops [5-9]. Some mechanisms involved in
this promotion have been elucidated, especially those
involving the increase in the beneficial bacterial popu-
lation inside the plants, which is promoted by humic
matter [10, 11].

An important issue that is usually overlooked in
biostimulant use is the origin of the plant materials.
These are generally from traditional plant breeding pro-
grams, meaning they are produced for chemical input
responses. The identification of target metabolites may
present a shortcut in the long path to selecting plants that
respond better to biostimulants.

The plant metabolome is the entirety of the small
molecules present and can be regarded as the ultimate
expression of its genotype in response to environmental
changes [12]. Metabolomics uses nuclear magnetic reso-
nance (NMR)- or mass spectrometry (MS)-based tech-
nology for an unbiased metabolome analysis with a high
diagnostic power [13]. Fiehn [12] classified the metabo-
lomics analysis into three main categories: fingerprinting,
metabolic profiling and targeted analysis. Metabolite fin-
ger printing provides information from the spectra of the
metabolites’ total composition, the metabolic profile aims
to identify and quantify as many compounds as possible,
and the targeted analysis is conducted on a rather limited
number of metabolites chosen based on prior knowledge.

Single or a small numbers of metabolites that have
the potential to be developed into rapidly accessible
biomarkers can be extracted from metabolic fingerprint
studies [14]. Small changes in metabolite concentra-
tions may have large biological impacts but are difficult

to detect, highlighting the importance of data process-
ing in metabolic fingerprint analyses [15]. In the field of
metabolomics, the principal component analysis (PCA)
is a popular tool for visualizing datasets and for extract-
ing relevant information when a high level of variance
is present [16]. It allows the separation of plants on
the basis of treatments and the rapid identification of
the metabolites that are responsible for the separation.
Meyer and colleagues [13] found a highly significant
canonical correlation between biomass accumulation
and a specific combination of metabolites. Because of
the proven diagnostic power of metabolic fingerprint-
ing and our interest in the metabolic status of growing
plants, we determined whether a biostimulant manu-
factured using HA and PGPB modified the metabolic
composition of leaf extracts from Poaceae (maize and
sugarcane) seedlings. Thus, the aim of this work was to
identify putative metabolite targets involved in plant
growth stimulation using gas chromatography coupled
to time of flight mass spectrometry (GC/TOF-MS)
after a fingerprint analysis using '"H NMR.

Materials and methods

Humic substances

A solution of 0.5-M NaOH was mixed with an earth-
worm compost (10:1, v/v) under N, atmospheric con-
ditions. After 12 h, the suspension was centrifuged at
5000xg and the HA were precipitated by adding 6-MHCI
until a pH of 1.5 was achieved. After centrifugation
(5000xg) for 15 min, the sample was repeatedly washed
with water to obtain a negative test result against AgNO,.
Subsequently, the sample was dialyzed against deion-
ized water using a 1000-Da cut-off membrane (Thomas
Scientific, Swedesboro, NJ, USA) and lyophilized. The
HA solution was prepared by solubilizing HA powder in
1 mL of 0.01-M NaOH, followed by adjusting the pH to
6.5 with 0.1-M HCL

PGPB

Herbaspirillum seropedicae strain HRC54 and Glucon-
acetobacter diazotrophicus strain PAL 5 were isolated as
diazotrophic endophytes from sugarcane [17]. H. serope-
dicae grown in 5 mL of liquid DYGS medium (glucose,
2.0 g L™%; malic acid, 2.0 g L™%; peptone, 1.5 g L™}; yeast



Canellas et al. Chem. Biol. Technol. Agric. (2019) 6:14

extract, 2.0 g LY MgSO,7H,0, 0.5 g L™} wL-glutamic
acid, 1.5 g L™} pH 6.0) at 30 °C for 36 h, while G. diazo-
trophicus was grown in DYGS medium without malic
acid. Aliquots (20 pL) of each bacterial species were inde-
pendently inoculated into 2000-mL flasks of liquid DYGS
medium under the same growing conditions for 72 h on a
rotatory shaker at 150 rpm. Next, the bacterial biomasses
were centrifuged at 2000xg for 10 min, resuspended in
sterilized water and adjusted to 10° cells mL™" using the
optical density at 540 nm.

Inoculant

The inoculant was prepared by mixing equal volumes of
the suspensions of H. seropedicae and G. diazotrophi-
cus to a final volume of the HA suspension at pH 7.0 to
produce a final concentration of 48 mg carbon L™! and
a final bacterial concentration of 2 x 108 cells mL™!.

Treatment of plants
Maize seeds (Zea mays L. Dekalb 815) were surface
sterilized by being soaked in 0.5% NaClO for 30 min,
rinsed with water and finally, soaked in water for 6 h.
Then, the seeds were sown on wet filter paper and
germinated in the dark at 28 °C. Four days after ger-
mination, six maize seedlings with root lengths of
approximately 1.0 cm were transferred into 0.5-L ves-
sels filled with a solution containing 2-mM CaCl, and
the inoculant (48 mg carbon L™ HA +PGPB 10° cells
mL™Y). A minimal medium (2 mM CaCl,) was used
to avoid any interference from nutrients that may act
synergistically with humic matter during plant growth
and development. The system was continuously aer-
ated using a low flux pump. The leaves were col-
lected after 5 days of treatment. Maize seedlings were
placed in a plant growth cabinet with a photoperiod of
10 h of light and 14 h of darkness, a light intensity of
120 pmol m~2 s, and temperatures of 25 °C (night)
and 28 °C (day). The control plants were grown only in
minimal medium without the inoculant.
Micropropagated sugarcane (var SP 70-1143) were
transferred to 5-L pots filled with sand and vermiculite
(2:1, v:v). The substrate was previously autoclaved three
times. The seedlings were irrigated three times a day
with water. At 1 week after transplanting, one-fourth-
strength Furlani’s nutrient solution (3527-uM Ca, 2310-
UM K, 855-uM Mg, 45-uM P, 587-uM S, 25-uM B, 77-uM
Fe, 9.1-uM Mn, 0.63-pM Cu, 0.83-pM Mo, 2.29-uM Zn,
1.74-uM Na and 75-uM EDTA) containing a low con-
centration of inorganic N (100 uM [NO;~ +NH,"]) was
applied two times per week. At 45 days after transplant-
ing, plants were treated with 400 mL of inoculant per pot
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(HAs and PGPB) or with water (control). At 5 days after
biostimulant addition, the leaves were harvested.

Leaf extracts

The leaf tissues were obtained from fresh leaves (0.5 g
per individual; n=3 biological replicates), reduced to a
fine powder in liquid N, and then extracted with 20 mL
of methanol:H,O (80:20, v/v) for 30 min in an ultrasonic
bath at 25 °C. The extracts were filtered at low tempera-
ture through a cellulose membrane (0.45-um), and the
solvent was removed at a low temperature.

Metabolic fingerprint analysis

'H NMR spectroscopy was conducted at 25+ 1 °C using
a 400 MHz Avance magnet (Bruker Biospin, Rhein-
stetten, Germany) equipped with a 5-mm Bruker Broad-
band Inverse (Bruker Biospin) probe working at the 'H
frequency of 400 MHz. Samples were prepared by dis-
solving 10 mg of exudates in 1 mL of deuterated water
(99.8% D,0O/H,0, Armar Chemicals). 1H NMR spectra
were acquired by applying an on-resonance presatura-
tion of water signal (2 s of presaturation at 54-65 dB for
power level attenuation) and setting 16 k data points, four
dummy scans, a spectral width of 16 ppm (6410.3 Hz)
and 128 scans. Spectra were processed using Mestre-C
software (v.4.8.6.0, Cambridgesoft, Cambridge, Massa-
chusetts, USA). In particular, FIDs were transformed by
applying a line broadening of 3 Hz.

The 'H NMR spectral dataset was auto-scaled and a
PCA performed using the software package Unscrambler
X 10.2 (Camo Inc., Oslo, Norway). The dataset consisted
of a matrix in which each row represented the spectral
average of three leaf extracts of sugarcane or maize. The
model validation was carried out using a full cross-val-
idation, and the difference in the variance between the
calibration and validation models was less than 5%.

Target analysis (GC/TOF-MS)

For the GC/MS-TOF analysis, three samples of 0.8 mg
of leaf extracts were previously derivatized to enhance
their thermostability. Carbonyl groups were protected
by 10 uL of a solution of 20 mg mL™! methoxyamine
in pyridine at 30 °C for 90 min. Then, 90 pL of MSTFA
and 1% TMCS were added for the trimethylsilylation of
acidic protons at 37 °C for 30 min. After derivatization,
0.5 pL samples were injected in a randomized sequence
into a Gerstel cold-injection system (Gerstel, Muehlheim,
Germany) and an Agilent 7890A gas chromatograph
(Santa Clara, CA, USA) in splitless mode. The system
was controlled by LecoChromaTOF software version 2.32
(St. Joseph, MI, USA). A 30-m long, 0.25-mm i.d. RTX
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5Sil-MS column with a 0.25-lm 5% diphenyl/95% dime-
thyl polysiloxane film and additional 10-m integrated
guard column were used (Restek, Bellefonte, PA, USA).
The injection temperature was 230 °C, and the inter-
face was set at 280 °C. The helium flow was 1 mL min~".
After a delay of 5 min at 50 °C, the oven temperature was
increased at 20 °C min~" to 330 °C, followed by a 5-min
isothermic cool down to 50 °C and an additional 5-min
delay. Liners were exchanged automatically every 10 sam-
ples. A Leco Pegasus IV time-of-flight mass spectrometer
was operated at a transfer line temperature of 280 °C. The
ion source was adjusted at 250 °C with a —70 V electron
impact ionization. Mass spectra were acquired at a mass
resolving power R =600 from m/z 85 to 500 at 17 spectra
s~1. Quantification was reported as peak height using the
unique ion as the default, unless a different quantifica-
tion ion was manually set in the Bin-Base administration
Bellerophon software. Metabolites were unambiguously
assigned by the Bin-Base identifier numbers, using reten-
tion index and mass spectrum as the two most important
identification criteria. All the database entries in Bin-
Base were matched against the mass spectral library of
1200 authentic metabolites and the NIST05 commercial
library. A quantification report table was produced for all
the database entries that were positively detected in more
than 50% of the samples.
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Results

Metabolite fingerprinting

Spectra of sugarcane and maize leaf extracts are shown
in Figs. 1 and 2, respectively. The inoculant containing
two endophytic diazotroph bacteria suspended in HA
changed the metabolic fingerprints of maize and sugar-
cane seedlings. The differences between the metabolic
fingerprints can be easily visualized using a PCA (Fig. 3).
The first two PCs comprised 91% of the variance. They
distinguished seedlings by plant species and separated
biostimulant treated from control plants. The PC1 cap-
tured 63% of the total variance and separated the plant
species, while PC2 captured 28% of the total variance
and separated the inoculated from control plants. PC1
showed (Fig. 4) that control sugarcane had a low content
of protons bond to sp2-hybridized carbons, like aromatic
structures, with signals centered at 6.6 ppm and of ali-
phatic groups with a resonance at 1.07 ppm, which were
related to the maize control. In addition, compounds
with hydroxyalkyl groups, mainly derived from major
carbohydrates, like glucose, glucose-6-phosphate and
fructose (strong signals from 3.33 to 3.6 ppm), were prev-
alent in the control sugarcane extract compared with the
control maize extract. PC2 (Fig. 4) distinguished treated
from untreated for both sugarcane and maize seedlings.
Inoculated sugarcane had high levels of aromatic species,
while inoculated maize seedlings had lipid components
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Fig. 1 'H NMR spectra of sugarcane leaf extracts. HAs 4- PGPB: inoculation with humic acids plus H. seropedicae and G. diazotrophicus as described
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that allowed the treatments to be distinguished. The
metabolic fingerprinting approach using 'H NMR is a
powerful technique to compare overall metabolic com-
positions [18] and was useful in discriminating changes
induced by the biostimulant manufactured with HA and
PGPB (Figs. 1 and 2). The PCA allowed the quick identi-
fication of treatment effects in both maize and sugarcane
seedlings (Figs. 3 and 4). In conclusion, the metabolite

fingerprints were altered by the biostimulant independ-
ent of the plant species (Figs. 1 and 2), and the changes
were captured by the PCA (Figs. 3 and 4).

Target analysis

The GC/TOF-MS led to the identification of 356 and
280 compounds present in the leaf extracts of maize and
sugarcane, respectively, in inoculated and non-inocu-
lated seedlings. The identifications based on mass frag-
mentations were unequivocal, and 23 compounds were
found in greater concentrations in treated plants than
in the controls of both maize and sugarcane seedlings.
These compounds are shown in Table 1 and are candi-
date biomarkers of the biostimulant’s action. The signifi-
cant increase in concentration was confirmed using an
analysis of variance (F test, p<0.01** and 0.05*). In total,
18 of 23 compounds were from the primary metabo-
lism, including one amino acid (aspartic acid) and six
organic acids from the tricarboxylic acid cycle (citric,
isocitric, aconitic, malic, maleic and fumaric acids). Lin-
oleic, -mono palmitin and myristic acids were the main
lipids found in greater concentrations in both species of
inoculated seedlings. The phenylpropanoid pathway was
significantly induced, and it was possible to observe an
increase in the shikimic acid, 4-hydroxybenzoic acid and
3,4 dihydroxybenzoate levels, with the latter two being
precursors of salicylic acid biosynthesis. One interme-
diate of chlorogenic acid was identified as quinic acid
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(cyclic polyol) and found in greater concentrations.
Organic acids derived from sugar decomposition, such as
ribonic acid from ribose and saccharic acid from glucose
oxidation, and the sugar alcohol erythritol were present
at greater levels. Trehalose, a disaccharide often related
to plant stress adaptation, was also present at a greater
level. Finally, we found three metabolites, threonic, iso-
threonic acids and oxalic acids, linked to ascorbic acid
metabolism—catabolism. These compounds are involved
in redox control and anti-oxidant activities in plant cells.
After GC/TOF-MS, the metabolites were unambiguously
assigned by the Bin-Base identifier numbers, using their
retention indices and mass spectra. The unequivocal
identification of ~15% and 25% of the compounds pre-
sent in sugarcane and maize leaf extracts, respectively,
was possible.

We explored the differences in metabolite fingerprint-
ing promoted by a biostimulant application based on an
'"H NMR analysis and identified metabolic targets that
can be used to evaluate maize and sugarcane responses
to biostimulants.

Discussion

We discovered 23 metabolic targets that were highly
induced by biostimulant inoculations in both maize and
sugarcane seedlings (Table 1). We would like to high-
light the significantly greater concentrations of these
core metabolites in leaf extracts, independent of plant
species as being indicative of their usefulness as mark-
ers of the positive biostimulation-associated phenotype.
The repression or inhibition of cell metabolites, leading
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Table 1 List of metabolites that showed significantly higher abundances in both maize and sugarcane extracts
from seedlings treated with humic acids and plant growth-promoting bacteria in comparison with respective control

Compounds Maize Sugarcane Remark

Maleic acid 116* 122% From Krebs tricarboxylic acid cycle (TCA)

Malic acid 1384** 345%*

Malonic acid 416%* 298**

Fumaric acid 505** 126**

Citric acid 949** 740%*

Isocitric acid 2131% 140%*

Aconitic acid 6959*%* 2567**

Aspartic acid 120%* 629%* Essential amino acid

Shikimic acid 955** 385%* Precursor of aromatic compounds, key metabolism in the phenyl propanoid pathway
4-Hydroxybenzoate 223%* 08** Itis isomeric with 2-hydroxybenzoic acid, known as salicylic acid, a precursor to aspirin
3,4-Dihydroxycinnamic acid 113% 20%* Aromatic compound

Quinic acid 578%* 494** A cyclic polyol

Mucic acid 395%* 408** Is an aldaric acid obtained by oxidation of galactose or galactose

Ribonic acid 136%* 155%% Ribonic acid is a product of the enzyme ribose 1-dehydrogenase (NADP+) [EC 1.1.1.115]
Trehalose 25% 133%*% Sugar linked to drought-stress plant response

Erythritol 53% 169* Nutrient for several a-2 Proteobacteria

Oxalic acid 971%* 259%* Strong dicarboxylic acid produced by metabolism of glyoxylic acid or ascorbic acid
Threonic acid 216%* 211%% Sugar acid derived from threose. The L-isomer is a metabolite of ascorbic acid (vitamin C)
Isothreonic acid 233** 2171 Vitamin C derivative

Tocopherol 38* 49* Vitamin B

Linolenic acid 29% 495%* Unsaturated fatty acid:octadecatrienoic acids (18:3)

Myristic acid 42% 175% Saturated fatty acid with the molecular formula CH;(CH,),,COOH

2-Monopalmitin 42% 357%* Unsaturated fatty acid

The number represent the percentage of increase in respect to control level followed by the F significance test (p <0.01** and p <0.05)

to lower concentrations, is equally as, or more, important
than high concentrations when discriminating the physi-
ological effects. However, it is much easier to detect one
compound by simple GC-MS or HPLC in an extract if
this compound is present at a greater concentration.
Simplistic solutions to complex problems can lead to ill-
advised choices; however, here, we studied the metabo-
lites present in greater concentrations to determine the
correlations between their levels and the phenotype/
agronomic trait. This strategy has been used previously,
including in recent studies of metabolic responses under
drought-stress conditions [19].

Among the metabolite targets found in both plants’
extracts, those from the tricarboxylic acid (TCA) cycle
and one amino acid indicated that the biostimulant appli-
cation increased the plants’ metabolic levels. This was
reflected in the accumulations of citric, isocitric, aconitic,
malic, maleic and fumaric acids (Table 1). The intensi-
fication of the TCA flux must be fed by the accumula-
tion of substrates required for enzymatic reaction that
will lead to the next step. The main function of the TCA
cycle is the generation of ATP, which the cell consumes
for energy. The pivotal roles of TCA-related compounds

found in greater concentrations include photosynthesis,
photorespiration, nitrogen metabolism, reductant trans-
port and the maintenance of photosynthetic redox bal-
ance [20]. In addition, the TCA cycle is responsible for
the production of various biosynthetic precursors, such
as ascorbate, vitamin co-factors, fatty acids and amino
acids. We found a number of amino acids at greater con-
centrations in only one of the plants, such as glycine in
maize and proline, phenylalanine, homoserine and glu-
tamine in sugarcane, but only aspartic acid was found
in significant amounts compared with the controls in
both extracts. Aspartate is the precursor of the essential
amino acids lysine, threonine, methionine and isoleu-
cine. It is formed by the transamination of oxaloacetate
and may be derived from the TCA cycle [21]. Oxaloac-
etate is the intermediate compound between malic and
citric acids, and the observed accumulations of both
concurs with aspartic acid production and oxaloacetate
consumption. The use of compounds from the TCA cycle
and aspartic acid as markers of biostimulant application
is facilitated by these compounds being well described
and the availability of kits for their identification by
HPLC. Enzymes linked to the TCA cycle were induced by
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humic substances in maize seedlings [22] as were amino
acid, including aspartic acid, synthesis and accumulation
[23]. Increased carbohydrate consumption and nitro-
gen assimilation enzyme activities has been observed in
maize treated with an HA plus PGPB biostimulant [6],
which was in agreement with the promotion of the pri-
mary metabolism observed in this study.

Lipids have essential structural functions in plant cell
membranes, are a highly energetic carbon source for
cells and can act as cell signal messengers [24]. These
compounds are chemically defined by their low-aqueous
solubility, and this broad definition includes molecules
from primary and secondary plant metabolisms. We
identified three fatty acids, linoleic, 2-monopalmitin and
myristic, present at greater concentrations in extracts of
both treated plant species in comparison with untreated
plants. Linoleic acid has a long unsaturated chain (18:2)
and is a predominant fatty acid constituent of storage
lipids. It has previously been found to preferentially accu-
mulate at high osmotic potentials [25]. 2-Monopalmi-
tin is a glyceride with a fatty acid chain (16:0) covalently
bound to a glycerol molecule through an ester linkage,
and it can be transported and utilized for energy produc-
tion or metabolic pathways. Myristic acid (tetradecanoic
acid) is another fatty acid (14:0) found at relatively high
concentrations in the leaf extracts of treated plants, while
tocopherol (vitamin E) is a lipid-soluble molecule that’s
biosynthesis is strongly conditioned by the availability
of phytyl pyrophosphate, its aromatic biosynthetic pre-
cursor [26]. The stimulative effect on the TCA pathway
indicates quantitative and qualitative changes in amino
acids and lipid accumulation. Future studies can be per-
formed to evaluate these lipid accumulations as markers
for biostimulative responses in plants treated with endo-
phytic diazotrophic bacteria and humic substances.

Tocopherol has presented antioxidative properties
that protect against the oxygen toxicity of scavenging
lipid peroxyl radicals, thereby preventing the lipid per-
oxidation of membranes [27]. Alpha-tocopherol levels
can change in response to environmental cues depend-
ing on the magnitude of the stress and species’ sensitiv-
ity to stress, and it is generally assumed that increases in
tocopherol contribute to plant stress tolerance [28].

Another compound found in greater concentrations
in both treated seedlings and often linked to plant stress
was trehalose, a disaccharide formed by two molecules
of glucose. Trehalose accumulation has been observed
in symbiosis and plant-pathogen interactions, as well
as during abiotic stress, but its role in plant defense
remains unclear [29]. Trehalose is highly soluble but
chemically unreactive owing to its non-reducing nature,
making it compatible with cellular metabolism even at
high concentrations in response to abiotic stress [30]. In
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addition, trehalose production is a feature of many bene-
ficial microbes, such as rhizobial symbionts [31], and the
inoculation of grapevine with a plant growth-promoting
rhizobacterium Burkholderia phytofirmans led to the up-
regulation of trehalose metabolism and improved chill-
ing-stress tolerance in the plant [32].

Three compounds linked to ascorbate metabolism—
catabolism (vitamin C), threonic, isothreonic and
oxalic acids, were also observed in greater concentra-
tions in both treated species. The pathways by which
ascorbate is catabolized to form oxalic, threonic and
isothreonic acids have been previously reported, as well
as its roles in many aspects of redox control and anti-
oxidant activities in plant cells [33]. Reactive oxygen
species (including OH, O~,, H,0,, HO",, RO’, ROO’
and '0,) are cytotoxic to plants and induced by vari-
ous environmental disturbances [34]. Reactive oxygen
species are scavenged by various antioxidative defense
systems, including hydrophilic and hydrophobic redox
buffers, namely ascorbate and tocopherol, respectively.
According to Foyer and colleagues [35], tocopherol is
an effective scavenger of singlet oxygen species and, in
this case, the reduced scavenging form is regenerated
by ascorbate. Thus, the greater tocopherol concentra-
tion may be linked to the accumulations of ascorbate-
degradative metabolites.

Another pivotal compound in secondary plant metab-
olism found in relatively greater concentrations in both
maize and sugarcane was shikimic acid, a precursor of
aromatic amino acids, indole compounds and their deriv-
atives and alkaloids. Higher plants possess a mechanism
to convert quinic acid to shikimic acid, phenylalanine and
tyrosine [36]. Quinic acid, a cyclic polyol, was also found
in greater concentrations, which indicates coherence
among the metabolite pathways induced by plant inocu-
lations. In addition, 4-hydroxybenzoic acid and 3,4-dihy-
droxycinnamic acid, two precursors of salicylic acid,
which is another compound known to accumulate in
response to different stresses, were found at greater con-
centrations. Salicylic acid is an important plant hormone
that regulates many aspects of plant growth and develop-
ment, as well as resistance to biotic and abiotic stresses
[37]. Humic substances can promote phenylpropanoid
metabolism, inducing plant accumulations of diverse
phenolic compounds [38], and that bacteria used in the
biostimulant are able to produce indole derivatives [39].
Thus, it was not surprising to find greater concentrations
of shikimic acid and its derivatives in both leaf extracts.

Erythritol is an important nutrient for several
a-Proteobacteria, including N,-fixing plant endosymbi-
onts, and is used to feed the pentose phosphate pathway
[40]. Here, it was also found at greater concentrations
(Table 1). Galactaric acid is also known as mucic acid
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and is a product of galactose oxidation. Positive cor-
relations between metabolite levels and drought-toler-
ance traits were identified for galactaric acid and other
metabolites (allantoin, gluconic acid, glucose, and a sal-
icylic acid glucopyranoside) in rice genotypes [41]. The
concentration of mucic acid also increases in response
to heat stress [42] as do other compounds found in this
study, like shikimic acid, malonic acid, threonic acid
and citric acid, indicating that these metabolites are
promising candidate biostimulant markers.

Concluding remarks

We have accumulated field results using a biostimulant
manufactured with HA and PGPB in which different
crop yields showed increased biomasses and productiv-
ity levels in low-fertility soil or under drought-stress con-
ditions [6, 7]. In addition, the efficient use of nutrients,
especially nitrogen, was improved after biostimulant
applications [7] and the main results and mechanisms of
action have been summarized by Olivares and colleagues
[11]. Here, we identified metabolites that may be used as
markers of biostimulant action in both maize and sugar-
cane. A further objective is to improve plant responses
to the biostimulant. Plant breeding is normally influ-
enced by commercial interests, such as more fertilization,
chemical pest and disease control and irrigation [43].
Finally, we recognize that organic (or alternative, biologi-
cal and ecological) farming and agroecological systems
can have lower production rates compared with high
industrial intensive agriculture but organic agricultural
systems deliver greater ecosystem services and social
benefits [44]. Enhancing plant responses to biostimu-
lants can contribute to the ecological intensification of
crop production. Transitioning to new farming methods
is often complicated in the first years because the plants
are adapting to new conditions, such as slower nutrient
sources, biological control methods and a different water
balance. However, most cultivars used by small holders
have been traditionally bred. Here, we reveal compounds
that can putatively be used to select plant responses
based on metabolite targets and abundance levels using
multiple parallel methods, like metabolic fingerprinting,
and powerful instrumentation (NMR and GC/TOF-MS).
Ideally, the concentration of a metabolite marker will cor-
relate with one or more agronomic traits contributing to
the biostimulant response in a wide range of cultivars.
We suggest that root traits and nitrogen-use efficiency
be linked to the 23 compounds presented in this paper
to select plant responses to biostimulants containing HA
isolated from vermicompost and PGPB.
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