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Abstract

Soybean is one of the most important crops of economic value, and among the factors that can alter its productivity is the
water-deficit. Studies show that amino acids such as proline and glutamate can help protect plants against abiotic stresses,
such as water restriction. Therefore, the present study aimed to investigate the improvement of tolerance to water deficit in
soybean plants when submitted to the application of proline and glutamate. The application of these amino acids was car-
ried out as seed treatment (ST) or as foliar application (FA). Three irrigation levels (80, 60, and 40% of the pot field capac-
ity) were used, which corresponded to treatments without water deficit, moderate, and high deficits, respectively. The high
water deficit provided a significant reduction in plant growth and productivity. Under these conditions, glutamate as ST was
effective in increasing the plant dry mass and yield (21% increase in relation to control). In plants without water restriction,
the application of glutamate as ST reduced the lipid peroxidation and increased the dry mass of the plants, volume, and root
projection area (PA). On the other hand, for plants submitted to the low water deficit, the FA of proline increased the dry
mass of the plants, nitrate reductase, and PA. Therefore, in soybean plants without water restriction and with high water
deficit, the best response was obtained with glutamate as ST. For plants submitted to low water deficit, the best procedure
was the application of proline as FA.

Keywords Proline - Glutamate - Drought - Glycine max (L.) Merrill

Introduction

Soybeans are one of the most important plants grown
throughout the world, mainly because the beans contain
approximately 40% protein and 18-20% oil. This makes this
crop fundamental for human and animal feeding.

However, this crop is often exposed to climatic adversi-
ties in the major soybean-producing regions of the world.
About 90% of world soybean production comes from the
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United States, Brazil, Argentina, and China, mostly under
rain-fed conditions, which increases the risks of variations
in the world production of this grain. During the 2018/2019
harvest, Parani, which is considered the second largest
soybean-producing state in Brazil, suffered intensely with
low water availability. This caused an average productivity
reduction of 534 kg ha™!, causing approximately 15% of the
total production loss in this state.

In addition, drought spells (veranicos) are common in the
area of the Brazilian Cerrado, where most of the soybean
production in Brazil is located. These dry spells of 1-3 days
occur during the rainy summer, sometimes being more pro-
longed, as occurred in the 2018/2019 cropping year. They
are sometimes milder, in the middle of the harvest, mainly
affecting flowering and grain filling of the crop, soybean
phases that are very sensitive to water deficit. Such prob-
lems caused the production drop of 2.9 million tons in the
2018/2019 harvest, in relation to the 2017/2018 crop, even
with a 2.1% increase in the cultivated area.
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Thus, it is necessary to adopt strategies in the soybean
production fields, in order to minimize the effects of recur-
rent water deficits. These strategies go through two main
concepts. The first is to increase the water-retention capacity
of the soil, which could be achieved with the increasing soil
organic matter content and the maintenance of the soil being
covered with a straw mulch. The second one seeks to maxi-
mize the ability of plants to explore soil water, increasing
the depth of the root system, and stimulating metabolisms
that are important to minimize the effect of water stress,
especially the antioxidant metabolism.

We have already demonstrated in Teixeira et al. (2017a,
b and 2018) that the use of glutamate in seed treatment (ST)
or in foliar application (FA) during the vegetative phase of
soybean cultivation increases root development and accu-
mulation of dry matter mass; reduces stress; and increases
productivity. However, there are not yet any references in
the literature on the application of this amino acid under
water-deficit condition. In addition, it is known that proline
is one of the major amino acids related to water-stress toler-
ance in plants. This amino acid plays a key role in the anti-
oxidant defense system (Gill and Tuteja 2010). It can also
function as an osmoprotector, acting in drought, saline, and
excess metal stresses, and also acting as a chelator of met-
als avoiding the production of OH™ (Smirnoff and Cumbes
1989; Ashraf and Foolad 2007; Gill and Tuteja 2010). Some
studies have shown that proline may also act as a signaling
molecule, and may induce increased activity of antioxidant
enzymes in response to different types of stresses (Hoque
et al. 2007; Rejeb et al. 2014).

However, there are few studies that show these effects
for the soybean crop. In this way, we try to demonstrate
here that, depending on the stress levels of the plants and
the application of these amino acids, the soybean plants
present changes in biochemical, morphological, and pheno-
metric parameters, which may provide higher grain yield.
Therefore, the objective of this work was to evaluate the
effects of glutamate and proline applications on soybean
plants subjected to water-deficient conditions and to evalu-
ate possible attenuation of the effects of this type of stress
and the influence of these amino acids on the enzymatic
antioxidant system, and also on the plant development and
grain production.

Materials and Methods

The experiment was carried out in a greenhouse located in
the University Center of Patos de Minas (Unipam), munici-
pality of Patos de Minas, MG, Brazil. Soybean plants [Gli-
cyne max (L.) Merrill], cultivar RK6813RR of medium
cycle, and indeterminate growth habit were used. The
experiment was conducted in a randomized block design,
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consisting of the application of amino acids as seed treat-
ment (ST) or leaf treatment (FA, foliar application), using
eight replicates for each treatment.

For ST treatments, the amino acids were diluted in dis-
tilled water and applied to seeds at the concentration of
12 mg kg~! [seed], with a volume of 4 mL kg~' [seed]. This
represents 26 mM for glutamate treatments and 21 mM for
proline treatments. In addition, before sowing, seeds were
treated with fungicide and insecticide (fipronil + piraclos-
trobin -+ methyl thiophanate) at the rate of 1 mL kg~! [seeds].
The foliar application of amino acids was performed at a
concentration of 120 mg ha~! (0.005 mM glutamate or
0.004 mM proline), with a syrup volume of 200 L ha™!,
when plants were at the growth stage V, (four nodes on the
main stem). In the control treatments, distilled water was
applied to the seeds or leaves.

The plants were grown in pots of 10 dm? capacity, filled
with washed sand. During the conduction of the experiment,
the pots were irrigated daily according to the water require-
ment. A weekly application of nutrient solution was also
applied as proposed by Johnson et al. (1957).

For the application of water-deficit levels (Table 1), the
pot field capacity (CC) was initially determined, according
to the substrate used in the experiment. From this result,

Table 1 Description of the amino acid and water-deficiency treat-
ments that were used in the experiment with the RK6813RR soybean.
Unipam, Patos de Minas, MG, Brazil, 2018

Water deficit (% of
field (pot) capacity)

Treatment!

Control (ST) WWD (80)
LWD (60)
HWD (40)
WWD (80)
LWD (60)
HWD (40)
WWD (80)
LWD (60)
HWD (40)
WWD (80)
LWD (60)
HWD (40)
WWD (80)
LWD (60)
HWD (40)
WWD (80)
LWD (60)
HWD (40)

Glutamate (ST)

Proline (ST)

Control (FA)

Glutamate (FA)

Proline (FA)

The sources used correspond to the pure amino acids Sigma
Aldrich®, with optical isomerism levogiro (L-amino acid)

ST seed treatment, FA foliar application, WWD without water deficit,
LWD low water deficit, HWD high water deficit
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the value corresponding to 80% of the field capacity (taken
as water potential of —0.05 MPa) was adopted as control,
without water deficit (WWD). The other treatments with
water deficiency were determined by reducing the amount
of water to 60% of the field capacity (low water deficit LWD,
—1 MPa) and 40% of the field capacity (high water deficit
HWD, — 1.5 MPa). The water-deficit levels were initiated at
stage V, (four nodes on the main stem), and maintained for
a period of 15 days. Substrate water content was monitored
by means of daily pot weighing and also with tensiometers.
The two ways of control were used together, because tensi-
ometers stopped to function for water potentials of — 1 Mpa.

Evaluations

For the biochemical determinations, samplings were per-
formed when the plants were in the V¢ (six nodes on the
main stem) growth stage. Completely expanded leaves were
collected from the middle third of the plants. The fresh
material was used to determine the activity of nitrate reduc-
tase—NR (Mulder et al. 1959), urease (Hogan et al. 1983;
McCullough 1967), quantitation of hydrogen peroxide—
H,0, (Alexieva et al. 2001), lipid peroxidation—LP (Heath
and Packer 1968), and proline levels (Bates et al. 1973).
Quantitation of antioxidant enzymes was performed with
fresh leaves and frozen in liquid nitrogen shortly after collec-
tion. This material was extracted according to the protocol
proposed by Kar and Mishra (1976). Then, the determina-
tion of total soluble protein content (Bradford 1976) and the
enzymes catalase—CAT (CAT, Peixoto et al. 1999), per-
oxidase—POD (Teisseire and Guy 2000), and superoxide
dismutase—SOD (Beauchamp and Fridovich 1971) were
performed.

Root growth was evaluated at the V growth stage. Two
plants from each replication were used and analyzed in a
computational root analysis system, using the Winrhizo®
software, version 4.1, coupled to an Epson XL 10000 scan-
ner. The analysis followed the procedures proposed by
Bouma et al. (2000). The digital images were obtained at
a resolution of 600 dpi. Roots were arranged completely
without overlapping on acrylic vats containing 1000 dm? of
water. The analysis was performed based on a gray tonality
classification of each of the pixels that compose the image.
The program establishes a gray tonality value automatically,
from which it is possible to identify each plant tissue. The
parameters main length root (MLR, cm), total root length
(TLR, cm), projection area (PA, cm?), root volume (cm?),
and number of secondary roots (NSR) were obtained by
means of these data.

Root (RDM), stem (SDM), leaf (LDM), and pod (PDM)
dry matter mass determinations were performed at the Vg
and Rg growth stages. Two plants were used per replicate,

when each organ of the plant was separately packed in paper
bags, and the dry experiment was carried out using an oven
with forced air circulation and with a temperature of 65 °C,
until reaching a constant mass.

For yield, the plants were harvested manually considering
three plants per replicate. The grains harvested from each
plant were weighed in a digital scale with an accuracy of
0.01 g. The water content of the grains was determined, and
the productivity was calculated with the water content cor-
rected to 13% (0.13 g g71). The final result was presented in
grams per plant.

Evaluation of the data for normality and homogeneity
was made using the Shapiro—Wilk and Levene tests, respec-
tively, both at the 5% significance level. Variance analysis
was performed and, when significant, the Duncan test was
applied at the 5% level of significance. Using the data that
presented the highest correlation, a multivariate analysis was
performed, by means of the principal components method.
All analyses were carried out using statistical software SAS
9.3 (SAS Institute 2011).

Results

V, Growth Stage Evaluations: 15 Days After
the Water-Restriction Period

Plants with no water deficit and with moderate deficit had a
greater accumulation of root dry mass (RDM, Fig. 1a) and
total dry mass (TDM, Fig. 1d) when proline was applied in
seed treatment (ST) and on the leaves (FA). Plants without
water restriction also showed higher RDM (Fig. 1a), stem
(SDM, Fig. 1b), leaves (LDM, Fig. 1¢), and TDM (Fig. 1c),
through the application of glutamate in the seed treatment.

Under conditions of severe water deficit (high), none of
the amino acids was effective for the mass increment of the
plants. In addition, the use of glutamate in the seed treatment
reduced the dry mass of the plants.

Amino acids did not increase the development of sec-
ondary roots (NSR) and total root length (TLR). However,
the control treatment with higher water deficit presented
increase of these parameters (Figs. 2a, b).

The application of glutamate in ST led to increased vol-
ume (Fig. 2¢) and projection area (PA) (Fig. 2d) of the roots
in plants without water restriction. In plants with low and
high water deficits, the application of proline in the leaves
increased the PA of the roots (Fig. 2d).

The two modes of proline application provided higher
nodule formation in the roots of plants with low water defi-
cit (NDM, Fig. 3d). In addition, under these same water
conditions, the plants showed higher nitrate reductase (NR)
activity by foliar application of proline (Fig. 3c), and urease,

@ Springer



Journal of Plant Growth Regulation

12
, , . , (A)
OWithout water deficit ~ @Low water deficit W High water deficit

~08

=

=

=

2

o0

28

=

g

04
00
Control Ghu Pro Control Glu
ST FA
Treatments
041 OWithout water deficit @ Low water deficit W High water deficit
a
bed bed
bed |

T

=

5

2

o0

&

=

a

=)

Control
ST FA
Treatments

Control

Fig.1 Root dry mass (RDM, a), stem dry mass (SDM, b), leaf dry
mass (LDM, c¢), and total dry mass (TDM, d) at the V stage, for soy-
bean cultivar RK6813RR, submitted to the application of glutamate
(Glu) and proline (Pro) on seed treatment (ST) or foliar application

with the application of this amino acid in the treatment of
seeds (Fig. 3b).

In relation to the antioxidant metabolism, the applica-
tion of glutamate on the leaves induced the increase of
the enzymes peroxidase (POD) and superoxide dismutase
(SOD) enzymes in plants without water deficit (Figs. 4a, b).
The plants under the same water conditions presented reduc-
tion of the POD activity in the control treatment (Fig. 4a).

Plants without water restriction submitted to the applica-
tion of proline in the treatment of seeds presented higher
catalase (CAT) activity (Fig. 4c). Under low water deficit,
this enzyme activity was reduced in plants submitted to glu-
tamate application in the seed treatment. In contrast, this
same treatment provided an increase in H,O, levels in the
plants (Fig. 5a).

The plants with higher water deficit had an increase in
lipid peroxidation (LP) in the control and proline treatments,
applied to the leaves (Fig. 4d). On the other hand, the treat-
ment of seeds with glutamate and proline, and leaf glutamate
maintained LP of the plants in a similar level, regardless of
the conditions of water deficit.

The application of glutamate in the seed treatment
increased the amount of proline in the leaves of the plants
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submitted to high water deficit (Fig. 5b), and also increased
the relative water content (RWC) of the leaves (Fig. 5c.
This same amino acid, when applied to leaves, provided an
increase in RWC of plants submitted to low water deficit.
Plants of the control treatments with high water deficit pre-
sented reduction of the relative amount of water in the leaves
(Fig. 5¢).

Evaluations at the R; Growth Stage

The highest accumulation of RDM was observed at the Ry
growth stage, as observed in V for plants without water
restriction, submitted to the treatment of proline to seeds
(Fig. 6a). However, this same amino acid, applied to leaves,
reduced RDM.

For the plants with low water deficit, lower RDM, SDM,
and LDM occurred when glutamate had been applied to the
seeds (Fig. 6a—c). Under these same water conditions, there
were increases of LDM (Fig. 6¢) and TDM (Fig. 7a) with
foliar application of proline.

Plants with the highest water deficit presented higher
LDM (Fig. 6¢) and TDM (Fig. 7a), when glutamate was
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applied to the seed (Fig. 6¢), and higher PDM (Fig. 6d)
with the application of glutamate in both treatments ST
and FA.

The lowest number of pods (NP) and productivity
occurred in plants with highest water deficit submitted to
proline application on seeds (Fig. 7b, c).

A summary of the results can be observed for the applica-
tion of glutamate in Fig. 8a, proline in Fig. 8b, and control
in Fig. 8c.

The multivariate analysis by means of main components
(PC) indicated two variables with greater representativeness:
total dry mass as PC1 and productivity as PC2 (Fig. 9). In
addition, there was a positive correlation between the vari-
ables productivity, nitrate reductase, relative water con-
tent, and dry mass of pods, indicating that the increment
of these variables provides higher productivity. Based on
this analysis, the highest productivity occurred with the
use of glutamate, for the seed treatment and foliar applica-
tion, under conditions of high water deficit; proline, in both
modes of application, under conditions of low water deficit;
and proline, for the seed treatment, in plants without water
restriction.
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and without WD (80% FC). Means followed by the same letters do
not differ significantly from each other, using the Duncan test at 5%
significance

Discussion
Plants Without Water Restriction

Plants that did not undergo water restriction at the growth,
presented a more effective use of amino acids in the
seed treatment (Fig. 8a). The application of 12 mg kg™
[26 mM] glutamate increased stem dry mass, total plant
mass, and volume and root projection area (Figs. 1b, d, 2c,
d) at the V; stage.

The glutamate can play many roles in plants. Some of
these roles have been gaining prominence in the litera-
ture as, for example, their action in the regulation of gene
expression. In a hydroponic rice system, the application of
2.5 mM glutamate provided the expression of at least 122
genes in roots. Among these are amino acid permeases,
phenylalanine ammonium lyase, calcium transporters,
genes for systemic resistance to diseases, stress genes,
and genes involved in metabolism, transport, and growth
(Kan et al. 2017). For soybean, we did not find reports
that demonstrate the activation of genes due to glutamate

@ Springer
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Fig.3 Main length root (MLR, a), activity of the enzymes urease (b),
nitrate reductase (NR, ¢), and nodule dry mass (NDM, d), at the V¢
stage, for soybean cultivar RK6813RR, submitted to the application
of glutamate (Glu) and proline (Pro) for seed treatment or foliar appli-

application, however, this fact may have occurred and
favored the greater accumulation of dry mass in the plants.

For Arabidopsis, application of glutamate to the root at
concentrations above 1 mM promotes the reduction of the
main root and increase of root branching (Walch-Liu et al.
2006). In our experiment, no difference was observed in the
number of secondary roots and length of the main root, with
the application of 26 mM glutamate; however, there was a
larger volume and area of root projection, evidencing that
this amino acid can alter the growth pattern of root. In an
experiment with another soybean cultivar (NS 7901 RR), the
same root growth pattern was observed with the application
of 26 mM glutamate (Teixeira et al. 2018).

The change in growth pattern is explained by the role of
glutamate in signaling physiological processes (Forde and
Roberts 2014; Weiland et al. 2015). In roots there are several
receptor-like genes (GLR), which are glutamate receptors
and may activate several physiological processes (Vincill
et al. 2012; Forde and Roberts 2014). These responses are
dependent on plant phenotype, but include the regulations of
carbon and nitrogen metabolism (Kang and Turano 2003);
and the regulations of abscisic acid (ABA) biosynthesis and
signaling (Kang and Turano 2003; Kang et al. 2004) and
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ion Ca®* (Kim et al. 2001, Toyota et al. 2018). The sig-
nals received by the GLRs are converted into the increase
in the concentration of calcium that is propagated through
the phloem and intercellular channels called plasmodesms.
Therefore, glutamate is essential for the activation of these
channels eliciting defense signals that propagate through
the change of cytosolic Ca®* from cell to cell (Toyota et al.
2018).

In addition, glutamate inhibits the growth of the main
root due to reduced mitotic divisions and induces lateral
root formation (Walch-Liu and Forde 2008). However, in
our experiment, there was no reduction in the development
of the main root (Fig. 3a). This may have occurred for two
reasons, one of which is that the response to glutamate appli-
cation is dependent on the genetic characteristics of the plant
(Forde and Walch-Liu 2009). The second is that in the pres-
ence of nitrate in the medium, the sensitivity to the inhibi-
tory effect of glutamate can be altered (Walch-Liu and Forde
2008). In our experiment, a nutrient solution was applied in
the presence of nitrate, which may have caused a different
response of glutamate to the development of the main root.

Another positive feature of glutamate is that it can be con-
verted into other amino acids like glutamine, alanine, serine,
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and asparagine, since it is part of the production route of
several amino acids. In rice, a higher accumulation of these
amino acids was reported 24 h after application of 2.5 mM
glutamate (Kan et al. 2017). In addition, there was a greater
accumulation of gamma-amino butyric acid (GABA), a
nitrogen-containing compound, which is directly bound to
the metabolism of this amino acid (Kan et al. 2017).

In relation to the antioxidant metabolism, the use of glu-
tamate in the treatment of seeds provided a reduction of lipid
peroxidation and, through leaf growth, increased the activi-
ties of POD and SOD enzymes (Figs. 4a, b, d). This may
have occurred due to indirect effects of glutamate, which
acts on the production of proline, arginine, and glutathione,
compounds that may aid in metabolic routes that reduce
plant stress (Mittler 2002; Gill and Tuteja 2010; Rejeb et al.
2014).

Proline application was not as effective as glutamate,
and presented effect only in the seed treatment (Fig. 8b).
Under these conditions, plants showed higher CAT activity
(Fig. 4c¢), reduction of lipid peroxidation (Fig. 4d), as well
as the higher proline concentration in the leaves (Fig. 5b),
and higher dry mass of roots (Fig. 1a) This amino acid can
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act directly on the reduction of reactive oxygen species in
plants. Some studies have shown that proline acts as a sign-
aling molecule, and may induce an increase in the activ-
ity of antioxidant enzymes in response to different types of
stress (Hoque et al. 2007; Carvalho et al. 2013; Rejeb et al.
2014). In Arabidopsis, the exogenous application of 1 mM
proline to roots reduced the level of reactive oxygen species
(ROS) (Cuin and Shabala 2007), indicating its potential to
eliminate ROS.

With respect to root dry mass, more recent studies show
that proline can aid to early plant development, modulating
growth by acting on the root meristem (Ford et al. 2013;
Biancucci et al. 2015). In Arabidopsis, proline can affect root
elongation, modulating the rate of cell division (Biancucci
et al. 2015); therefore, the application of proline can induce
an increase in root dry mass.

Plants with no amino acid application and with high water
deficit had lower total dry mass, dry mass of nodules, and
lower peroxidase activity (Fig. 8c). This shows the ben-
efits provided by the application of proline or glutamate.
In an experiment developed with Avena sativa, the authors
observed that when plants were subjected to water stress
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Fig.5 Hydrogen peroxide con-
tent (H,0,, a), proline content
(b), and relative water content
(RWC, ¢), at the V stage, in the
soybean cultivar RK6813RR,
submitted to the application

of glutamate (Glu) and proline
(Pro) of seed treatment or foliar
application, associated to water-
deficit levels (WD): high WD
(40% of field capacity—FC),
low WD (60% FC), and without
WD (80% FC). Means followed
by the same letters do not differ
significantly from each other,
using the Duncan test at 5%
significance
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Fig.6 Root dry mass (RDM, a), stem dry mass (SDM, b), leaf dry
mass (LDM, c), and pod dry mass (PDM, d), at the Ry stage, for the
soybean cultivar RK6813RR, submitted to the application of gluta-
mate (Glu) and proline (Pro) on seed treatment or foliar applica-

(—2.7 bars), they showed reduction of the activity of the
enzymes: CAT, SOD, and ascorbate peroxidase, besides
the lower production of free amino acids, including pro-
line, due to the reduction of the activity of the aminotrans-
ferases (Ahanger et al. 2015). These characteristics may
lead to lower resistance of the plant to water-stress condi-
tions, which may affect the lower growth and development
of plants.

Low Water Deficit in Plants

Under conditions of low water deficit, the application of glu-
tamate was not very positive. Seed treatment with 26 mM
of this amino acid increased only the number of secondary
plant roots (NSR, Fig. 2b). In Arabidopsis from the exog-
enous application of glutamate at concentrations between
1 and 50 pM a reduction in the development of the main
root was shown in relation to the control, and induction of
secondary root formation (Walch-Liu and Forde 2007). This
reduction occurs due to the inhibition of cell division of
the apical meristem of the main root, and the other regions
of the root are not sensitive to glutamate, which provides

SDM (g plant™)

PDM (g plant?)
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Control Control

Treatments

OWithout water deficit @ Low water deficit

o

04—
Control
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tion, associated to water-deficit levels (WD): high WD (40% of field
capacity—FC), low WD (60% FC), and without WD (80% FC).
Means followed by the same letters do not differ significantly from
each other, using the Duncan test at 5% significance

an increase in the development of secondary roots (Forde
2014).

Plants derived from seeds treated with glutamate pre-
sented lower accumulation of total dry mass (TDM, Fig. 1d),
15 days after the period of water deficit, as well as the plants
of the control treatment, which shows that glutamate, under
conditions of low deficit did not provide benefits on the
accumulation of dry mass of the plants. The water deficit
may lead to a reduction of the photosynthetic activity, in
addition to the reduction of biomass production (Baroowa
and Gogoi 2013). In addition, the magnitude of the changes
depends on the duration and intensity of the stress, the
genetic material and the stage of development of the plant
(Farooq et al. 2016).

When the application of glutamate was performed on
the leaves, a reduction of catalase activity (CAT, Fig. 4c)
occurred and increased the content of hydrogen peroxide and
relative water content (RWC, Fig. 5c). This latter character-
istic may be linked to an indirect effect of glutamate, which
is the production of GABA, a nonprotein amino acid. Some
studies report that GABA is a compound that can assist in
the maintenance of membrane integrity under stress condi-
tions (Roychoudhury and Chakraborty 2013; Roychoudhury
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Fig.7 Total dry mass (TDM,
a), number of pod (NP, b), and
productivity (PROD, ¢), at Rg
stage, for the soybean cultivar
RK6813RR, submitted to the
application of glutamate (Glu)
and proline (Pro) on seed
treatment or foliar applica-
tion, associated to water-deficit
levels (WD): high WD (40% of
field capacity—FC), low WD
(60% FC), and without WD
(80% FC). Means followed by
the same letters do not differ
significantly from each other,
using the Duncan test at 5%
significance
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Fig.9 Byplot obtained from
the principal components
analysis (PCA) of the results 4
of the variables RDM- root dry
mass, SDM—steam dry mass, Variable  Legend
LDM—Ileaf dry mass, PDM— . RDM  oommemaiii,
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et al. 2015), which may have provided retention of RWC
during water deficit. With regard to CAT activity, it is not
clear whether this reduction occurred due to the application
of glutamate or not. However, in a field experiment with
soybean crop (without water deficit), a reduction of CAT was
also observed after foliar application of 12 mg ha™' of glu-
tamate (Teixeira et al. 2017a). Therefore, what can be said
is that the reduction of the activity of CAT was responsible
for the increase of the H,0O, content, because this enzyme
is one of the responsible for the degradation of this reactive
oxygen species (Gill and Tuteja 2010).

On the other hand, under low water deficit, the applica-
tion of proline (0.004 mM) was more positive when car-
ried out on the leaves, where it increased nitrate reductase
enzyme activity (Fig. 3¢c), leaf dry mass (Fig. 7a), in addition
to the increase of the projection area of the roots (Fig. 2d).
Some studies have shown that proline may play the role of
protecting proteins and enzymes under stress conditions
(Sharma and Dubey 2005; Hayat et al. 2012; Liang et al.
2013). In an in vitro experiment, application of 1 mM pro-
line protected the nitrate reductase from rice plants under
water stress (Sharma and Dubey 2005). Exogenous applica-
tion of 30 mM proline in two-week-old Zea mays exposed
to water stress (60% of field capacity) increased growth and
also the maintained nutritional status by promoting uptake
of K*, Ca®*, P and N (Ali et al. 2008). Gadallah (1999)
reported that the content of soluble sugars, and soluble pro-
teins increased significantly when proline was supplied to
the leaves of Vicia faba under saline stress conditions. There
are, however, still few studies that show if these previously
listed effects occur in soybean, due to application of proline.
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However, if this occurs, it may be the justification for the
increment of dry mass of the plants of our experiment.

In the treatment of seeds, proline only increased urease
and root dry mass (Fig. 6a). This amino acid can aid the
early development of plants, modulating plant growth by
acting on the root meristem. In Arabidopsis, proline may
affect root elongation modulating the rate of cell division
(Biancucci et al. 2015).

Therefore, when evaluating proline application, it is sug-
gested that the effect from amino acid is more effective when
applied directly to the leaves, in the period next to the water
deficit, making the signaling promoted by this amino acid
to provide more benefits. On the other hand, the application
of proline in the treatment of seeds does not seem to pro-
mote residual systemic effect for a long period and, when the
water stress was induced, there were no signs of this amino
acid to increase the tolerance for stress. Another hypothesis
is that in the case of seed treatment, the greater amount of
proline may have led to ProDH proline degradation to pre-
vent damage to plant cells by excess proline, and proline
accumulation as a compatible solute is suppressed by feed-
back. Thus, proline tolerance to water stress as a compatible
solute can be suppressed.

High Water Deficit in Plants

In the treatment of seeds, proline only increased urease and
root dry mass (Fig. 6a). This amino acid can aid to the early
development of plants, modulating plant growth by acting
on the root meristem. In Arabidopsis, proline may affect root
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elongation modulating the rate of cell division (Biancucci
et al. 2015).

Therefore, when evaluating proline application, it is
suggested that the effect coming from amino acid is more
effective when applied directly to the leaves, in the period
next to the water deficit, making the signaling promoted by
this amino acid provide more benefits. On the other hand,
the application of proline in the treatment of seeds does not
seem to promote residual systemic effect for a long period
and, when the water stress was induced, there were no signs
of this amino acid to increase tolerance to stress.

The application of glutamate in the seed treatment pro-
vided good results in the plants that were submitted to the
high water deficit, increasing the proline content (Fig. 5b)
and RWC in the leaves (Fig. 5¢), RDM (Fig. 6a), LDM
(Fig. 6¢), and TDM (Fig. 7a); and productivity (Fig. 7c).

Glutamine can help plant resistance to stress by being
a precursor of glutathione and chlorophyll, and by being
involved in the production of other amino acids such as
glutamine, arginine, and proline. The accumulation of
this last amino acid from the application of glutamate was
observed in our experiment (Fig. 5b). Under water-deficit
conditions, proline is synthesized from glutamate by the
enzymes P5SCS and P5CR (Yoshiba et al. 1997). Therefore,
when the amount of glutamate is increased by treatment
with this amino acid, proline accumulation as a compatible
solute may be promoted, and water-stress tolerance may be
strengthened. Proline plays a key role in resistance to water
deficit (Gill and Tuteja 2010), acting as an osmoprotector,
and its accumulation reduces osmotic potential and there-
fore helps in restoration and maintenance of the potential
gradient between the plant cell and the external soil solution
(Ahanger et al. 2017). This amino acid also acts when saline
stresses prevail, and also stresses caused by excess metals,
acting as a chelator of metals avoiding the production of
OH™ (Smirnoff and Cumbes 1989; Ashraf and Foolad 2007).
Increased accumulation of osmotic constituents like proline
mediated the active water uptake resulting in the mainte-
nance of RWC (Ahanger et al. 2017), characteristic that was
observed in our experiment (Fig. 5¢).

Furthermore, application of glutamate can provide
expression of the GDC1 gene responsible for the conver-
sion of glutamate into GABA (Kan et al. 2017). GABA is
a nonprotein amino acid that accumulates in plants under
conditions of biotic and abiotic stresses, and modulates plant
growth. This can occur through the regulation of carbon
metabolism or by signaling pathways (Bouché et al. 2004;
Ramesh et al. 2015; Kan et al. 2017). This characteristic may
have favored an increase in the accumulation of dry mass by
the plants (Figs. 6a, ¢ and 7a).

All these benefits provided by the application of gluta-
mate in the seed treatment led to higher plant productivity
(Figs. 7c and 8a). Similar results were also observed in the

soybean crop, where the application of glutamate in seeds
or leaves increased root development, nutrient uptake, and,
consequently, productivity (Soares et al. 2016; Teixeira
et al. 2017a).

The application of glutamate to the leaves increased
PDM and productivity. However, it did not affect any
other of the evaluated physiological characteristics, which
makes it difficult to explain the event. Probably, the role
of this amino acid as a marker may have increased some
metabolic pathway of the plant, leading to increased pro-
ductivity. For wheat plants (Triticum aestivum L.) it was
observed that foliar application of amino acid products
increases plant resistance to water deficiency and also
leads to increased productivity (Hammad and Ali 2014).

Proline was less effective than the application of gluta-
mate in plants induced to a period of high water deficit, as
already observed for plants without water restriction. Seed
treatment with this amino acid increased CAT (Fig. 4c¢),
Urease (Fig. 3b), and RDM (Fig. 6a). Foliar use of pro-
line increased PA (Fig. 2d) and NDM (Fig. 3d). However,
in other crops, as Triticum aestivum, the use of proline
at concentrations of 25 and 50 mM increased the activ-
ity of antioxidant enzymes, dry mass of plants, and crop
yield (Kibria et al. 2016). In our experiment, only 21 and
0.004 mM proline were used on seeds and leaves, respec-
tively. These concentrations may have been low for plants
induced to high water deficiency.

Plants with no application of amino acids indicate that
the water deficit affected the dry mass, RWC, NR and,
consequently, reduced productivity (Fig. 8c). This may
be due to the reduction of the photosynthetic activity, as
well as the reduction of biomass production, as discussed
previously.

Results suggest that more studies should be developed at
genetic levels, aiming to evaluate the role of glutamate and
proline in the regulation of soybean gene expression with
and without water restriction. In this way, it will be possible
to understand more clearly how these amino acids can signal
changes in plants.

Conclusion

¢ In plants without water restriction, the use of glutamate
on seeds was more effective in relation to proline and
control,;

e Plants with moderate water deficit showed only response
to proline application to leaves;

e In plants subjected to high water deficit, glutamate
applied to the seeds increased the relative water content,
dry mass of the plants, and productivity. Foliar applica-
tion of this amino acid also increased plant productivity;
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e In general, it can be said that the application of glutamate
and proline protects the soybean crop from water stresses
mainly due to an improvement in the health of the crop.
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