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ARTICLE INFO ABSTRACT

Keywords: Hydrogen peroxide priming has emerged as a powerful strategy to trigger multiple responses involved in plant
Acclimation acclimation that reinforce tolerance to abiotic stresses, including salt stress. Thus, this study aimed to investigate
Metabolomic the impact of foliar HoO, priming on the physiological, biochemical, and ultrastructural traits related to
1;:1(2 t:t?::;hem photosynthesis of salt-stressed plants. Besides, we provided comparative leaf metabolomic profiles of Zea mays
Zea mays plants under such conditions. For this, HoO or H,O; pretreated plants were grown under saline conditions for 12-

days. Salinity drastically affected photosynthetic parameters and structural chloroplasts integrity, also increased
reactive oxygen species contents promoting disturbance in the plant metabolism when compared to non-saline
conditions. Our results suggest that HyOs-pretreated plants improved photosynthetic performance avoiding
salinity-induced energy excess and ultrastructural damage by preserving stacking thylakoids. It displayed
modulation of some metabolites, as arabitol, glucose, asparagine, and tyrosine, which may contribute to the
maintenance of osmotic balance and reduced oxidative stress. Hence, our study brings new insights into an
understanding of plant acclimation to salinity by HyO, priming based on photosynthesis maintenance and
metabolite modulation.

1. Introduction oxidative burst [5,6]. Salinity directly affects the integrity of chloroplast

ultrastructure and causes lamellar disorders, affecting photosynthesis

Maize (Zea mays L.) plants have been one of the most energy sources
for human and animal nutrition in the world [1,2]. Nevertheless, maize
growth and quality of grains can be severely affected by salinity,
drought, high temperatures, among other adverse environmental con-
ditions [3] that are responsible for a yield reduction of over 50 % in
major global crops [4]. Salinity has a notable negative impact on crops
worldwide, in which physiological, biochemical, morphological, and
molecular processes are impaired by osmotic stress and ionic toxicity
generated by salinity, leading to a series of secondary stresses, including

processes [7]. It can additionally reduce the content of photosynthetic
pigments and electron transport in the thylakoid membrane [8,9]. Salt
stress also can alter the activity of carbon-fixing enzymes and the
regulation of plant metabolism [10]. That way, efficient acclimation to
salt stress includes several structural or molecular changes. Also, the
priming technique can be a helpful tool to reach acclimation inducing
molecular mechanisms associated with salt tolerance in plant crops
[11-13].

Overall, the priming can be achieved by pretreatment with synthetic

Abbreviations: A, CO, assimilation; A/Ci, carboxylation efficiency; Car, carotenoids; Chl, chlorophyll; E, transpiration; ETR, electron transport rate; Fv/Fm,
maximum quantum yield of photosystem II; g, stomatal conductance; NPQ, non-photochemical quenching; PEPcase, phosphoenolpyruvate carboxylase; qP,
photochemical quenching; ®PSII, effective quantum yield of photosystem II; ¥s, osmotic potential.
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or natural compounds as HyO5 applied on seed, root, or leaves [14,15].
The H0; is one of the reactive oxygen species (ROS) produced during
cell metabolism; at low levels, it functions as a signaling agent, but in
excess generates oxidative stress in plant cells, which usually occurs
under severe environmental stresses [16]. The linkage of H,O, and
abiotic stress in the intracellular signaling for physiological responses
remain not entirely clear, bearing in mind that the acclimation responses
depend on specific ROS signatures to tailor plant to the stress encounters
it [5]. Meanwhile, a promising improvement in photosynthesis by H,O5
priming can be related to carbon fixation enzymes activity, PSII effi-
ciency, and protection of cellular organelles, such as chloroplasts [17,
18]. Also, previous studies have demonstrated that application exoge-
nous of a 10 mM HyO5 solution as a priming agent in maize leaves
confers tolerance to salt stress [19,20]. This HyO9 priming modulated
various cellular processes associated with high antioxidant enzyme ac-
tivities and increased soluble protein and soluble carbohydrates con-
tents too.

Over the last years, the untargeted plant metabolomics has risen as a
powerful research tool to study mechanisms of stress tolerance mainly
because of the different modulate compounds [21,22]. Although an
overall metabolic reprogramming occurs in plants exposed to abiotic
stresses, it is quite different among species. Some species synthesize and
accumulate low quantities of specific metabolites, whereas some others
do not do so at all [10,23]. Thus, it becomes relevant to understand the
metabolic reprogramming of primed plants under stress, accessing the
primary metabolism and its relationship with other physiological re-
sponses. Given the economic importance of maize and its relative
sensitivity to salinity, a better understanding regarding salt tolerance by
H,0, priming becomes especially pertinent. Our purpose was to inves-
tigate if salt tolerance induced by HoO, exogenous reported in maize by
other studies be the result of regulation and upkeep of photosynthetic
machinery coupled with positive modulation of key metabolites as
carbohydrates.

2. Material and methods
2.1. Plant material and experimental conditions

The maize (Zea mays L.) cultivar was BR 5011, considered sensitive
to salinity [24]. The seeds surfaces were sanitized in a 1 % NaClO so-
lution for 10 min before sown. After seven days of sowing, uniform
seedlings were transferred to 10-L trays containing half-strength Hoag-
land’s nutrient solution [25] for five days, as an acclimation time. Then,
15 mL plant ™! of 10 mM H,05 solution or an equal volume of distilled
water was sprayed directly on the leaves, both containing 0.025 %
Tween 20 detergent, to break water surface tension, facilitating HoO»
diffusion into mesophyll cells. The application with a 10 mM H»0 so-
lution was defined based on previous studies with promising results
[19]. This pretreatment was performed around 6:00 am and repeated
the next day. Two days after the priming end, the plants were transferred
to a 6-L plastic pot containing half-strength Hoagland’s nutrient solution
without and with saline treatment. The saline treatment (80 mM NaCl)
was first applied in two installments to avoid osmotic shock, so the NaCl
concentration was increased daily by 40 mM until the desired level.
After that, the 80 mM NaCl treatment was applied in its entirety to each
solution change. All nutrient solutions were renewed every four days,
and the pH was maintained between 5.5 and 6.0. The experiments were
conducted in a greenhouse located in the tropical semiarid region of
Northeastern Brazil under average values of temperature, relative hu-
midity, and photosynthetic photon flux density (PPFD) of 32.3 °C, 44.8
%, and 1,050 pmol photon m™ s1, respectively. The plants were kept
under twelve days of salt stress. At the end of the experiment, they were
harvested and grouped into four treatments according to growth con-
ditions: water-pretreated (1) and HyOz-pretreated (2) plants both under
non-salt conditions, and water-pretreated (3) and HyOs-pretreated (4)
plants both under salt stress.
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2.2. Gas exchange and chlorophyll a fluorescence

The gas exchange and chlorophyll a fluorescence were performed in
the middle third of the fully expanded leaves under constant CO; con-
centration and PPFD of 400 pmol mol ! CO, and 1,200 pmol photons m®
2 571 respectively. Two measurements were performed by repetition,
and the chamber size used was 2 cm?. Rates of CO, assimilation (A),
transpiration (E), stomatal conductance (g), and carboxylation effi-
ciency (A/Ci) were measured employing a portable photosynthetic
system (IRGA, mod. LI-6400XT, LI-COR, Lincoln, USA) coupled with
artificial light. The chlorophyll a fluorescence parameters [maximum
(Fm) and variable (Fv) fluorescence in dark-adapted leaves, maximum
(Fm’) and dynamic (Fs) equilibrium state in the presence of light, and
basal fluorescence (Fo’) after excitation state of photosystem I] were
measured using a fluorometer (6400-40, LI-COR, USA) coupled to IRGA.
From the chlorophyll a fluorescence, the following photochemical pa-
rameters were estimated: maximum quantum yield of PSII [Fv/Fm =
(Fm - Fo)/Fm], effective quantum yield of PSII [®PSII = (Fm’ - Fs)/Fm’],
photochemical [qP = (Fm’ - Fs)/(Fm’ - Fo’)] and non-photochemical
[NPQ = (Fm - Fm’)/Fm’] quenching, and electron transport rate (ETR
= OPSII x PPFD x 0.5x0.84) [26].

2.3. Measurement of osmotic potential

For determination of osmotic potential (¥s), the sap was extracted
from 350 mg of maize leaves expanded newly harvested by pressing the
plant material with the aid of a disposable syringe. Then the obtained
liquid (extract) was centrifuged at 6,000 g for 5 min, and the supernatant
used to determine the ¥s using the osmometer (VAPRO 5520, Wescor,
Utah, USA) [27].

2.4. Photosynthetic pigments contents

Contents of chlorophyll a (Chl a), b (Chl b), and total (Chl total), and
carotenoids (Car) were determined from leaf discs of 1 crnz, a total fresh
mass of approximately 0.25 g, obtained from the middle third of fully
expanded leaves. For pigments extraction, tubes containing the leaf discs
were incubating in dimethyl sulfoxide saturated with CaCOs, during
48 h at room temperature. After, the tubes were kept in the dark for 24 h
and then incubated in a 65°C water bath for 30 min. Photosynthetic
pigments were spectrophotometrically measured by reading the absor-
bance at Asgp, Agag, and Aggs. The concentrations were calculated
through the following equations: Chl a=12.47p¢65 — 3.62p649, Chl
b=25.06A49 — 6.50A¢¢5, Chl total = 7.15A6¢5 + 18.71A649, and Car =
(1000A4g0 — 1.29 Chl a — 53.78 Chl b)/220 [28].

2.5. ROS contents

The leaf extracts used for the determination of H,O, contents were
prepared according to methods of Cheeseman [29], with some modifi-
cations. Approximately 0.5 g of fresh tissue from fully expanded leaves
was macerated with liquid nitrogen, followed by homogenization at 4 °C
with 100 mM potassium phosphate buffer solution, pH 6.3. The ho-
mogenate was centrifuged at 12,000g at 4 °C for 15min, and the su-
pernatant immediately evaluated. The reaction for HoO5 determination
consisted of 350 pL plant extract; 350 pL. 12 mM phenol; 100 pL 0.5 mM
4-aminoantipyrine; 350 uL. 84 mM phosphate buffer (pH 7.0) and 40 pL
1 U mL~! HRP (horseradish peroxidase) diluted in 100 mM phosphate
buffer pH 6.0. The reaction mixture was shaken and heated at 37 °C for
30 min. The HyO5 concentration of the reaction medium was determined
by reading at 505 nm and comparing with a standard curve obtained
from increasing H,O5 concentrations as standard according to method of
Fernando and Soysa [30].

The determination of superoxide radical ("Oz) content was per-
formed according to Klein et al. [31], with some modifications. The fresh
leaf tissue (0.25g) macerated in liquid nitrogen was homogenized at
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4°Cin 65 mM potassium phosphate buffer pH 7.8. The homogenate was
centrifuged at 10,000g for 10 min at 4°C, and the supernatant used
immediately. The reaction occurred by the addition of 250 pL extract to
a mixture composed of 65 mM phosphate buffer (pH 7.8) and 50 pL
10 mM hydroxylamine. The tubes were shaken and incubated at 25 °C
for one hour. Next, 1000 pL of the mixture from 58 mM sulfanilamide
and 7mM N-naphthyl ethylenediamine (1:1) were added. Finally,
1000 pL ethyl ether was added to the tubes. The ‘O3 concentration was
determined by absorbance of pink aqueous phase at 530 nm and based
on a standard curve obtained from increasing NaNO, concentrations.

2.6. Phosphoenolpyruvate carboxylase activity

Extracts for determination of phosphoenolpyruvate carboxylase ac-
tivity (PEPcase, EC 4.1.1.31) were prepared according to Echevarria
et al. [32], with some modifications. Initially, approximately 0.25 g of
fresh material from fully expanded leaves were macerated with liquid
nitrogen and homogenized with 1.0 mL 100 mM Tris—HCl buffer (pH
7.5) containing 5 % glycerol, 10 mM MgCly, 1.0mM EDTA, 1.0 mM
NagVOg, 5.0 mM dithiothreitol (DTT), 2 % polyvinylpyrrolidone (PVP),
and 1 mM phenylmethanesulfonyl fluoride (PMSF). The homogenate
was centrifuged at 15,000g for 2 min, and the supernatant used imme-
diately in the enzymatic assay. All extraction steps were performed at
4°C.

PEPcase activity was estimated by NADH oxidation kinetics in the
presence of malate dehydrogenase (MDH). The 100 pL extract was
added to reaction medium composed by 100 mM HEPES-KOH buffer
(pH 8.0) containing 5 mM MgCly, 2.5 mM phosphoenolpyruvate (PEP),
1 mM NaHCOs, 0.2mM NADH, and 5 U mL™! malate dehydrogenase
enzyme (MDH) at 30 °C. The reaction was monitored by absorbance
decay at 340 nm. For each mol of malate produced is oxidized 1 mol of
NADH, so the results were expressed as pmol NADH h™! g~! protein,
using the NADH molar extinction coefficient (6.22 mM ! cm’l). Protein
concentrations were determined by the Bradford method [33] by
absorbance readings at 595 nm and using bovine serum albumin (Sig-
ma-Aldrich, USA) as standard.

2.7. Chloroplast ultrastructure

For chloroplast ultrastructure, approximately 2 mm? leaf fragments
from fully expanded leaves were fixed for 24h in 50 mM phosphate
buffer (pH 7.2) containing 2.5 % glutaraldehyde and 4 % para-
formaldehyde. Subsequently, the material was rinsed three times in
buffer and 45 min apart for each wash. Posteriorly, the samples were
post-fixed with 1 % osmium tetroxide (OsO4) in 50 mM phosphate buffer
for 60 min and then rinsed again in the same buffer. The samples were
then dehydrated with increasing series of 50 %, 70 %, 90 % and 100 %
acetone for 45 min each step, and after infiltrated in epoxy resin (EMbed
812) according to the methodology described by Yamane et al. [34],
with some modifications. The resin polymerization was performed at
60°C. Ultrathin sections (70nm) were placed on copper grids
(300 mesh) and stained with 2 % uranyl acetate for 40 min, followed by
0.5 % lead citrate for 5min. Finally, to generate chloroplast ultra-
structure images, the sections were analyzed using a transmission
electron microscope (JEOL JEM 1011) at 100 kV.

2.8. Metabolomic analysis

Extraction and derivatization of metabolites were performed as
described by Lisec et al. [35], with adjustments. Approximately 50 mg of
fully expanded leaf tissue (frozen) was macerated using liquid Ny and
homogenized with 100 % methanol (HPLC grade) containing ribitol
(0.2mgmL™!) as a quantitative internal standard. The homogenate was
incubated at 70 °C for 15 min under constant shaking. Then, the samples
extracts were centrifuged at 12,000g for 10 min, and the supernatants
were transferred to microtubes containing 100 % chloroform and
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ultrapure Hy0 at 1:2 (v/v) ratio to separate polar and nonpolar phases
inside the tubes. After vigorous vortexing, new centrifugation was
conducted at 2,200g for 15 min. A 150 pL of the upper polar phase was
carefully collected and transferred to another microtube. Samples were
dehydrated and concentrated in vacuo system (SpeedVac Concentrator,
Eppendorf, Hamburg, Germany), then stored at -80 °C. The metabolites
were derivatized using 20 pL methoxyamine hydrochloride (20 mg mL*
pyridin) for two hours at 37 °C. Subsequently with 35 pL. N-methyl-N-
(trimethylsilyDtrifluoroacetamide for 30 min at 37 °C.

Separation and identification of metabolites were performed ac-
cording to Roessner et al. [36]. Samples were analyzed by a gas chro-
matography system coupled to mass spectrometry (GC-MS,
QP-PLUS-2010, Shimadzu, Tokyo, Japan), using an RTX-5MS capillary
column (30.0 m x0.25 mm x0.25 pm). A volume of 1 pL of each deriv-
atized sample was injected with a split ratio of 1:5. The injection tem-
perature was 250°C, and helium carrier gas was at 1.2mL min~}
constant flow rate. The temperature programming was as follows: 2 min
at80°C,10°C min ! ramp to 315 °C, and then held at 315 °C for 8 min.
The transfer line and ion source were heated at 230°C and 250 °C,
respectively. Ionization was performed in an electron impact at 70 eV.
The spectra in full scan mode were acquired from m/z 40 to 700. The
solvent delay time was 3 min. Blank samples containing only deriva-
tizing were done to identify possible contaminants.

Both chromatogram and mass spectral analysis were analyzed using
the Xcalibur™ 2.1 software (Thermo Fisher Scientific, Waltham, MA,
USA). All compounds were identified based on their retention times and
mass spectrum fragmentation in comparison with an internal library
composed by a mix of standards and its mass spectra previously iden-
tified based on the Golm Metabolome Database (GMD). The relative
value of each metabolite was determined by the division of their
respective peak areas by internal standard peak area (ribitol) and, after
divided by the fresh weight of the sample.

2.9. Experimental design and statistical analysis

The experimental design was completely randomized, with a 2 x 2
factorial scheme. It was composed of two saline conditions [non-salt
conditions (0 mM NaCl) and salt stress (80 mM NaCl)], and two leaf
pretreatments [water-pretreated (0 mM Hy05) and HyOo-pretreated
(10 mM H505)]. Each treatment was composed of four replicates con-
sisting of two plants each. The physiological and biochemical data were
submitted to a two-way analysis of variance (ANOVA), and the main
values were compared by F-test (p < 0.05). Statistical analyses were
performed using the Sisvar® 5.3 software. Also, these data were divided
by the standard deviation of each variable (Autoscaling) for chemo-
metrics analysis [PCA (Principal Component Analysis)] by Metab-
olAnalyst 4.0 (https://www.metaboanalyst.ca).

The relative values of metabolites were normalized by the control
treatment and converted to log, values to generate a Heatmap by Mul-
tiExperiment Viewer (MeV) 4.9 software. Besides, multivariate analysis
was conducted log-transformed data by MetaboAnalyst 4.0. The trans-
formed metabolic data were submitted to chemometrics analysis [PLS-
DA (Partial Least Squares Discriminant Analysis)] and Variable Impor-
tance in Projection (VIP) scores, based on the first component of the PLS-
DA model, was performed to identify potential biomarkers. Those me-
tabolites with VIP > 1.3 were considered essential for treatment sepa-
ration [37]. They were also submitted to a one-way ANOVA, and mean
treatment values were separated by Tukey’s test (p < 0.05). Besides, the
log-transformed physiological, biochemical, and metabolic data were
submitted to correlation analysis [Pearson correlation (p < 0.05)] by
MetabolAnalyst 4.0.
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3. Results
3.1. Gas exchange and chlorophyll parameters

H50, priming did not affect any gas exchange parameters of maize
leaves in the absence of NaCl (Fig. 1). Conversely, salinity significantly
reduced all gas exchange parameters of water-pretreated plants except
for A/Ci, which increased by 20 %. Thus, A, E, and g; rates decreased by
24 %, 21 %, and 48 %, respectively. However, foliar H,O2 priming was
able to prevent damage caused by salt stress on A and E, although it did
not attenuate the g; reduction (Fig. 1a—c). Also, HyO» priming increased
the A/Ci ratio by 20 % under salt conditions (Fig. 1d). Salinity did not
reduce the ®PSII and ETR values; HyO5 priming nevertheless slightly
increased these parameters under non-saline conditions (Table 1).
Additionally, the salt stress reduced the Fv/Fm values by 18 %, but HyO»
priming decreased this reduction to 12 %. In contrast, salt stress
increased NPQ by 115 %, and HyO4 primed plants under salt stress
increased it more by 61 %, in comparison to only salt-stress treatment.
While HyO3 priming and salinity single treatments equally increased qP
values; however, no change occurred by the combined action of both
treatments. Also, no significant difference in the photosynthetic pig-
ments analyzed was perceived by HyO5 priming either in non-saline or
saline conditions (Table 1). On the other hand, Chl a, Chl b, and Chl total
contents decreased by 21, 58, and 42 %, respectively, under salt stress.
Differently, carotenoid content was increased by 30 % under salt stress.
Also, H20O priming did not significantly alter photosynthetic pigments
under non-saline and saline conditions, except for an increase under
non-saline conditions in the carotenoid content similar to that produced
by saline stress.

3.2. Osmotic potential and reactive oxygen species

The Hy05 priming did not modify the Ws of leaves under non-saline
conditions, and the salinity reduced the ¥s by 32 % (Fig. 2a). However,
H0; priming under salinity induced a further 24 % reduction of this
value, in comparison to salt treatment alone. The HyOy priming pro-
moted an increase of 33 % in the ‘O3 content but did not change Hy0,
contents under non-saline conditions (Fig. 2b, c), and salinity promoted
the growth of 26 and 36 % of ‘O3 and H,0; contents in water-pretreated
plants, respectively. In contrast, HoO5 priming significantly reduced ‘O3
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and H,0, contents in plants under salinity, making the values similar to
those of water-pretreated plants without salt stress. The ‘O3 and Hy0,
reductions stimulated by HoO5 priming under salinity were 17 and 26 %,
respectively, when compared to single salt treatment.

3.3. PEPcase activity and chloroplast ultrastructure

H50, priming reduced PEPcase activity in both the absence and
presence of NaCl (Fig. 3). In contrast, salt treatment remarkably
enhanced the enzyme activity, with an increase of 123 % in water-
pretreated plants. However, HyO, priming promoted a 52 % reduction
of PEPcase activity under salinity. This decrease reached the value of
PEPcase activity observed for water-pretreated plants without salinity.
Also, the salinity caused damage in the mesophyll cells of maize leaves.
In the absence of salinity, chloroplast ultrastructure exhibited a typical
regular arrangement, characterized by well-stacked thylakoids and well-
developed grana (Fig. 4a). The application of HyO, priming apparently
reduced the thylakoid stacking under non-salt conditions (Fig. 4b). Be-
sides, salinity treatment promoted the unstacking and ripple in the
thylakoid membranes (Fig. 4c). In contrast, the chloroplast of HyOo-
pretreated plants under salt stress seemed to be like those of the water-
pretreated plants under non-salt conditions, since it showed no abnor-
malities in their ultrastructure, as well as well-stacked thylakoid mem-
branes (Fig. 4d).

3.4. PCA of physiological and biochemical data

According to PCA analysis gathering physiological and biochemical
data, there was a clear separation between HyOs-pretreated and water-
pretreated plants under both saline and non-saline conditions (Fig. 5a).
However, the most evident separation was between the groups water-
pretreated (S), and HyOq-pretreated (HS) plants both under salt stress.
Also, between these two groups and the other two rest groups, water-
pretreated (C) and HyO,-pretreated (H) plants both under non-salt
conditions. The PCA showed that the first two components accounted
for 72.8 % of the total variability. Loading plots showed the variation of
each physiological and biochemical parameters (Fig. 5b). The first
component (PC 1) was positively influenced by 8 of 17 parameters, and
it was negatively affected by 9 of 17 parameters (Fig. 5b). Meanwhile,
the second component (PC 2) was positively impacted by 10 of 17

35 8.0 Fig. 1. Gas exchange measurements in the
@ (®)]  leaves of maize cv. BR 5011 water-pretreated
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Table 1
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Chlorophyll a fluorescence parameters and photosynthetic pigments in leaves of maize cv. BR 5011 water-pretreated (C) or HyO,-pretreated (H) under non-salt
conditions and water-pretreated (S) or H,O»-pretreated (HS) under salt stress conditions for twelve days. Values represent the means (n =5) =+ standard error.

Chlorophyll a fluorescence variables *

Treatments
®PSII ° Fv/Fm " NPQ " qp’ ETR

C 0.34+0.01 Ba 0.61+0.01 Aa 0.55 +0.08 Bb 0.56 +0.03 Bb 192.74 £9.07 Ba
H 0.39£0.01 Aa 0.58 £0.01 Aa 0.70 +0.02 Ab 0.67 £ 0.01 Aa 204.44 £3.31 Aa
S 0.36 £ 0.00 Aa 0.50 +0.01 Bb 1.18 £ 0.03 Ba 0.71 £0.02 Aa 182.63 £ 2.52 Aa
HS 0.36 +0.02 Ab 0.54+0.01 Ab 1.90 £ 0.08 Aa 0.67 £0.03 Aa 190.70 + 3.08 Ab

Photosynthetic pigments contents (ug g~* DM) *
Treatments

Chl a Chl b Chl total Car”
C 373.7+£17.1 Aa 503.4 £29.8 Aa 877.1 £31.8 Aa 46.8 £ 4.9 Ab
H 385.6 £16.5 Aa 498.6 £ 14.7 Aa 884.2+38.1 Aa 55.8+5.5 Aa
S 294.4 +17.8 Ab 210.7 +11.1 Ab 505.9 +17.5 Ab 60.8+£1.7 Aa
HS 255.1 £11.2 Ab 313.8+3.7 Ab 538.9 +23.2 Ab 49.3+3.3 Aa

@ For each variable, the capital letters and lowercase letters compare the H,O, pretreatments and salinity treatments, respectively, according to F-test (p < 0.05).

b Significant interaction between treatments (p < 0.05).
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’ @)
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g Ba
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Fig. 2. Osmotic potential and reactive oxygen species in the leaves of maize cv.
BR 5011 water-pretreated (white bars) or HyO,-pretreated (gray bars) under
non-salt conditions or salt stress conditions for twelve days. Osmotic potential
(a), and contents of superoxide radical (b) and hydrogen peroxide (c). For each
variable, the capital letters and lowercase letters compare the H,O, pre-
treatments and salinity treatments, respectively, according to F-test (p < 0.05).
Error bars represent + standard error and means represent n =5.
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Fig. 3. Phosphoenolpyruvate carboxylase (PEPcase) activity in the leaves of
maize cv. BR 5011 water-pretreated (white bars) or H,Oo-pretreated (gray bars)
under non-salt conditions or salt stress conditions for twelve days. The capital
letters and lowercase letters compare the H,O, pretreatments and salinity
treatments, respectively, according to F-test (p < 0.05). Error bars repre-
sent + standard error and means represent n=>5.

parameters, and it was negatively affected by 7 of 17 parameters.

3.5. Metabolomic profiling

Fifty-one compounds were identified in maize leaves (Tables S1 and
S2). A heatmap also was built, showing the profile of each treatment
normalized by the relative intensity values of the metabolites of water-
pretreated plants under non-salt conditions, group C (Fig. 6). Carbohy-
drates, organic acids, and amino acids were the major compound groups
classified. Twenty sugars and derivatives were detected, including
erythritol, arabitol, ribulose-5-phosphate, galactinol, and raffinose,
among others. Fourteen organic acids, including pyruvic acid, succinic
acid, citric acid, and glyceric acid, among others, comprised the second
major group. Ten amino acids and derivates were identified, including
valine, serine, proline, asparagine, and tyrosine, among others. Finally,
five phenolic compounds (shikimic acid, quinic acid, cinnamic acid,
caffeic acid, and caffeoylquinic acid), and two nitrogenous compounds
(uracil and spermine) were detected. In relative intensity terms, sucrose
was the most predominant metabolite identified, followed by maleic
acid, malonic acid, valine, and xylose. While aconitic acid, spermine,
maltitol, uracil, and fumaric acid were among the five less predominant
identified metabolites (Table S1).

In the absence of NaCl, HyO; priming promoted a significant increase
of six metabolites (maltitol, isomaltose, raffinose, lactic acid, aspara-
gine, and quinic acid) and reduction three metabolites (xylitol, glutaric
acid, and uracil) (Fig. 6; Table S1). Also, the salinity increased the
relative intensity values of eight metabolites (glucose, ribulose-5-
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10 mM H,0,
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Fig. 4. Chloroplast ultrastructure by transmission electron microscopy in the mesophyll cells of maize cv. BR 5011 water-pretreated (a) or HoO,-pretreated (b) under
non-salt conditions and water-pretreated (c) or HyO-pretreated (d) under salt stress conditions for twelve days. G — grana; P — plastoglobule; ST — stromal thylakoids.
Bars: 500 nm.
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Fig. 5. Principal component analysis (PCA) of physiological and biochemical parameters in maize cv. BR 5011 water-pretreated (C) or HyO,-pretreated (H) under
non-salt conditions and water-pretreated (S) or HoO»-pretreated (HS) under salt stress conditions for twelve days. Scores plot (a) and loading plot (b) of the first and
second components (PC 1 and PC 2) indicating the clustering of samples into four groups. Paraments list: 1 CO, assimilation, 2 stomatal conductance, 3 transpiration,
4 carboxylation efficiency, 5 effective quantum yield of photosystem II, 6 non-photochemical quenching, 7 photochemical quenching, 8 photochemical quenching, 9
electron transport rate, 10 osmotic potential, 11 HyO5, 12 -Oz, 13 PEPcase activity, 14 chlorophyll a, 15 chlorophyll b, 16 chlorophyll total, 17 carotenoids.
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Fig. 6. Heat map of normalized values of metabolites in leaves of maize cv. BR
5011 water-pretreated (C) or HyO,-pretreated (H) under non-salt conditions
and water-pretreated (S) or HyO,-pretreated (HS) under salt stress conditions
for twelve days. The Heat map shows a high (green scale) or low (red scale)
relative amount of each metabolite in comparison to control plants (uncolored
scale). Each square represents the mean of four biological replicates, and the
statistical difference was obtained according to F-test (p < 0.05). For more de-
tails, see Table S1. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

phosphate, maltitol, galactinol, trehalose, raffinose, asparagine, and
cinnamic acid), but it reduced other eleven metabolites (glucopyrano-
side, glucoheptonic acid, glyceric acid, malonic acid, aconitic acid,
maleic acid, glycine, pyroglutamic acid, tyrosine, shikimic acid, and
quinic acid) (Fig. 6; Table S1). Moreover, HyO, priming altered the
metabolic profile of maize leaves under salinity, increasing the relative
intensity values of four metabolites (arabitol, glucose, asparagine, and
tyrosine) when compared to water-pretreated plants under salinity
(Fig. 6; Table S1). Conversely, HoO, priming reduced other eleven me-
tabolites, including sugars and derivates (erythritol, xylitol, trehalose,
and raffinose), organic acids (pyruvic acid, glyceric acid, hexanoic acid,
and oxalic acid), amino acid derivative (pyroglutamic acid), and
phenolic compounds (quinic acid and caffeoylquinic acid).
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The PLS-DA showed that the first two components accounted for 65.8
% of the total variability in maize leaves (Fig. 7a). Loading plots
generated show the variation of individual metabolites in the experi-
ment validates the PLS-DA (Fig. 7b). Besides, a cross-validation and
permutation test (p < 0.05) allowed us to use PLS-DA instead of PCA
analysis (Fig. 7c), which is more efficient to discriminate against the
groups. It indicated a distinct separation of the four groups based only on
the metabolic profiling of the treatments (Fig. 7a). Although the
metabolite profile of water-pretreated and HyOs-pretreated plants
without salinity showed proximity, they presented very distant of
metabolite profile under salt stress, as shown by two-dimensional PLS-
DA scores plot graph (Fig. 7a). Also, the loading plot graph showed
metabolites responsible for the separation between groups observed in
PLS-DA (Fig. 7b). The most positive contributing metabolites for the first
component were raffinose, asparagine, glucose, maltitol cinnamic acid,
and galactinol. In contrast, the most positive contributing metabolites
for the second component were caffeoylquinic acid, lactic acid, pyruvic
acid, and quinic acid (Fig. 7b). Besides, the variable importance in
projection (VIP) scores graph displayed the most important metabolites
for differentiating the treatments by the abundance of metabolites in
each treatment (Fig. 8). VIP plot showed eleven metabolites of more
than 1.3 VIP scores, in ascending order of VIP score they are: cinnamic
acid, galactinol, maleic acid, aconitic acid, glyceric acid, glucose, shi-
kimic acid, maltitol, quinic acid, asparagine, and raffinose (Fig. 8). Be-
sides, among the 68 analyzed parameters, there are 71 positive
correlations and 45 negative correlations with the Pearson coefficient
greater than 0.8 (Table S3).

4. Discussion

4.1. H202 priming protects chloroplast ultrastructure and enhances
photosynthetic machinery efficiency of maize leaves under salt stress

CO, assimilation is crucial for plant growth and development. It
requires a photosynthetic apparatus that is particularly prepared to
adjust to changes in environmental conditions. Therefore, simultaneous
investigations of photosynthesis-related parameters from stomata to
chloroplast allow a better understanding of salt effects and the priming
action to minimize the damage involving environmental, biochemical,
and morphological modulations [38]. Salt-stressed plants decrease their
carbon assimilation capacity by displaying a reduction in gas exchange
parameters and severe loss of photosynthetic pigments [39,40]. Our
experimental results showed that salinity significantly reduced the gas
exchange parameters, but there was an increase in A/Ci (Fig. 1). Despite
the losses of carbon assimilation, the maize plant improves its carbox-
ylation efficiency taking better advantage of the low concentration of
CO4 caused by stomatal closure by increasing the activity of PEPcase
(Fig. 3). Besides, the salinity reduced Fv/Fm and an increase in NPQ and
gP, indicating that the amount of energy absorbed not adequately
transferred to reaction centers (Table 1). Indeed, the increase in NPQ
was associated with heat dissipation in sunflower varieties sensitive to
salinity even though it may not be sufficient to avoid damages [41].

The C4 plants use PEPcase in the CO, assimilation, improving
photosynthetic performance, especially in a warm climate with high
irradiance and low water availability, which can be significant benefits
under other stress conditions too [42,43]. Also, the PEPcase has a
non-photosynthetic role of replenishes intermediates of the citric acid
cycle to nitrogen assimilation and multiple biosynthetic pathways [44,
45]. In this way, an increased PEPcase activity in response to abiotic
stresses by an anaplerotic flow is expected [46]. It acts on defense and
repair processes, such as biocompatible osmolytes biosynthesis and ROS
detoxification [47]. Remarkably, maize plants invested in high PEPcase
activity (Fig. 3), which reflected in the accumulation of sugars such as
glucose, maltitol, raffinose, among others, in addition to the notable
increase in asparagine (Fig. 6; Table S1). In contrast, the decrease of
PEPcase activity in HyO; pretreated plants under salinity led to levels
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Fig. 7. Partial least squares - discriminant analysis (PLS-DA) of metabolic profiles in leaves of maize cv. BR 5011 water-pretreated (C) or HyO,-pretreated (H) under
non-salt conditions and water-pretreated (S) or HyO,-pretreated (HS) under salt stress conditions for twelve days. Scores plot (a), loading plot (b), and PLS-DA cross-
validation and permutation test (c) of the first and second components indicating the clustering of samples into four groups. Metabolites list: 1 Aconitic acid, 2
Alanine, 3 Arabitol, 4 Asparagine, 5 Aspartic acid, 6 Butyric acid, 7 Caffeic acid, 8 Caffeoylquinic acid, 9 Cinnamic acid, 10 Citric acid, 11 Dehydroascorbic acid, 12
Erythritol, 13 Fumaric acid, 14 Galactinol, 15 Glucoheptonic acid, 16 Glucopyranoside, 17 Glucose, 18 Glutaric acid, 19 Glyceric acid, 20 Glycine, 21 Hexanoic acid,
22 Isomaltose, 23 Itaconic acid, 24 Lactic acid, 25 Lyxose, 26 Maleic acid, 27 Malonic acid, 28 Maltitol, 29 Maltotriose, 30 Melezitose, 31 Oxalic acid, 32 Palatinose,
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Spermine, 43 Succinic acid, 44 Sucrose, 45 Threitol, 46 Trehalose, 47 Tyrosine, 48 Uracil, 49 Valine, 50 Xylitol, 51 Xylose.

close to those of control plants (Fig. 3). The HyO» priming reduced the
need for high PEPcase activity by re-calibrating PEPcase functions,
allowing greater CO assimilation and preserving high concentrations of
ribulose-5-phosphate and glucose observed in maize leaves under
salinity (Figs. 1, 6; Table S1).

The Hy0; priming improved Fv/Fm, as well as contributed to most of
the excitation energy was dissipated in the form of NPQ without
harming qP (Table 1). These effects of HoO5 priming can contribute to
the normalization of A and E even under low g; observed under salt
stress, taking as reference water-pretreated plants under non-salt con-
ditions (Fig. 1). Besides, the higher dissipation in the form of NPQ can
contribute to less generation of ROS, mainly singlet oxygen [48].
Admittedly, the reduction of "Oz and HO5 in the leaves of HyOo-pre-
treated under salt conditions were notable (Fig. 2b, c¢). Thus, Hy04
priming improved the light energy conversion efficiency of PSII and
carboxylation efficiency as well as minimized excess energy in PSII,
which results in the improved photosynthetic performance of maize
plants under salt stress (Fig. 1d, Table 1). Similar results were observed

in mustard (Brassica juncea L.) seedlings, where the application of low
concentrations of HpO; increased photosynthesis due to an increase in
Rubisco activity and PSII efficiency under abiotic stress [49].
Furthermore, the Panax ginseng and Brassica napus seedlings treated
with exogenous HpO showed enhanced salinity tolerance due to
decreasing of endogenous ROS contents, including both H>0, and ‘O3
[50,51]. Besides, salinity cause damages in the whole chloroplast ul-
trastructure, which is a reliable stress marker for plants during abiotic
stress states [52]. Here, the structural changes were particularly prom-
inent in thylakoids, that exhibited membrane undulations and granal
unstacking (Fig. 4c). However, the exogenous HyO, attenuated the ef-
fects of salt stress in maize chloroplast ultrastructure by reducing the
oxidative stress generated by salinity by reducing of H,O5 and "O3, so
that practically no damage was observed in its ultrastructure (Figs. 2b, ¢
and 4 d, h). Thus, our results reinforce the biochemical benefit of
exogenous HyO» in maize plants under salinity to alleviate salt-induced
oxidative stress and protect the chloroplast structure against severe
damage [53]. In this study, HoO5 priming, in addition to regulating the
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ROS scavenging under salt stress, also induced metabolites of different
metabolic and regulatory pathways like glucose, organic acids, amino
acids, and polyphenols biosynthesis (Fig. 6, Table S1).

4.2. Metabolomic profiling of H202-primed maize leaves reveals
metabolites related to relief harmful effects of salt-stress

The metabolomic approach used in this study allowed us to identify
leaf metabolites modulated by maize plants in response to both HoOy
priming and salinity. Here, 42 metabolites among a total of 51 remained
unchanged in HjOg-pretreated plants under non-salt conditions
(Table S1), which was supported by a very similar physiological
response profile influenced particularly by A, E, g, and photosynthetic
pigments (Fig. 5). Recently, sprayed leaves with active priming com-
pounds, such as jasmonates, salicylic acid, and methionine, were related
to defense responses by the modulation of primary and secondary
metabolite profiles to reduced plant water loss [54,55]. Although
exogenous Hy05 slightly modified the metabolic profile of maize in the
absence of salt, the accumulation of a few metabolites was noticeable
(Table S1). Among them, the accumulation of quinic acid, a phenolic
compound, biosynthesized by the shikimate pathway, in part, may
contribute to adjusting Hy0- levels (Figs. 2¢, 6). In fact, several priming
compounds were all found to trigger the accumulation of quinic acids in
tobacco cells [56], and it plays a role as an antioxidant agent acting in
plant defense mechanisms and ROS scavenge [57]. Conversely, the
presence of NaCl promoted considerable changes in the leaf metabolic
profile of maize as increased in cinnamic acid previously reported in
Thymus species in response to salinity [58]. However, the presence of
salt negatively affected the accumulation of other endogenous phenolic
compounds, as shikimic acid and quinic acid, which contribute reduce
the antioxidant potential of plants increasing to the harmful effects
observed [59]. Although, the beneficial of leaves pretreated with HoO4
under salinity could not link to these phenolic compounds identified
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here (Table S1).

In plants, carbohydrate metabolism is involved in crucial processes
in response to abiotic stresses as well, playing a critical role in carbon
storage, osmotic homeostasis, osmoprotectant, and free radicals elimi-
nation [60]. Our results showed that salinity increased six sugars and
polyols (Fig. 6; Table S1). The hydroxyl groups of polyols can be
replaced by water molecules and maintain hydrophilic interactions in
plant cells, which are crucial for stabilizing macromolecules and mem-
brane structure [60]. Indeed, carbohydrate stores are quickly mobilized,
releasing soluble sugars that act as compatible solutes under stress [61].
Which, in part, supports the high levels of trehalose and raffinose under
saline conditions. Such mechanism seems to be elicited in HyoOy-pre-
treated plants under salt stress since the reduction of ¥s was accompa-
nied by an increase in glucose and a significant decrease in these two
polyols (Fig. 6; Table S1). Concurrently, the reduction of raffinose in the
leaves can also be related to carbon export [62]. Furthermore, HoO>
priming also increased arabitol content, as well as in salt tolerant soy
plants [63], and the gluconeogenesis process may be intensified by HoO»
priming since glucose values increased, and pyruvate values decreased
(Fig. 6; Table S1) contributing to the mitigation of osmotic stress, which
is a common phenomenon to promote tolerance to salt stress [64,65].
Another highlight is the increase of ribulose-5-phosphate under salinity
conditions independently HoO5 priming (Fig. 6). It is a precursor on the
ribulose-1,5-bisphosphate regeneration pathway, which does not
necessarily indicate an inhibition of the carboxylation reaction as
pointed out in C3 plants [66]. Once that HyO-pretreated plants under
salt stress showed recovery of A and high A/Ci in addition to normali-
zation of PEPcase activity (Figs. 1a, d; 3).

Overall, the results here showed a decrease in some organic acids
under salinity and HyO9 priming, particularly for some Krebs cycle in-
termediates and their precursors (aconitic acid and maleic acid), as well
as glyceric acid, a metabolite involved in the glycolysis pathway. Such
depletion is a remarkable metabolic characteristic observed in other
plant species under salinity [67,68]. Besides, increased levels of the
amino acid may be attributed to the induction of secondary metabolisms
with increased levels of aromatic amino acids, such as tyrosine [69]. In
this hand, an increase of asparagine is related to their role in trans-
porting and storing nitrogen, as well as acts as a regulatory and signaling
molecule of stress tolerance in plants [70]. Also, the increases in
asparagine in sunflower leaves (Helianthus annuus L.) were related to
mitigating the excess energy promoted by salinity [41].

Thus, plants under salt stress treatment only, and HyO, pretreated
plants under salinity presented differences in the modulation of sugars,
as well as distinct adaptation mechanisms, displaying the complexity of
carbohydrates in salinity tolerance. However, HyO2 priming provides a
crucial role in minimizing the harmful effects of salt, because pretreated
plants showed higher photosynthetic rates, reduced ¥s, maintenance of
chloroplast ultrastructure, and reduced ROS even under salinity
(Figs. 1-4).

5. Conclusion

Our study revealed some mechanisms alleviate harmful by salt stress
by H20 priming. Also, it shows the four best salt stress biomarkers in
maize leaves positively elicited by HyO»: raffinose, asparagine, quinic
acid, and maltitol. The HyO5 priming was beneficial mainly by (i)
inducing more efficient mechanisms to avoid salinity-induced energy
excess, that could be attributed to maintaining high levels of photo-
synthetic pigments, elevated parameters of photochemical efficiency
(Fv/Fm and NPQ), and regular PEPcase activity recovered; (ii) preser-
ving the chloroplast ultrastructure by decrease both endogenous HoO»
and ‘O3 contents; and (iii) regulate metabolites to the reestablishment of
osmotic homeostasis and the scavenging of ROS.
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