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Abstract: Protein hydrolysates are plant biostimulants containing amino acids, oligopeptides, and
peptides in their composition. When supplied to plants, protein hydrolysates (HPs) have been
identified to improve nitrogen metabolism, enhance the activity of antioxidant enzymes, boost plant
defense response to stresses, and positively impact the quantity and quality of products. Soybean
is a crucial global commodity, with nitrogen being the primary nutrient for crop development as it
directly affects productivity. This study aimed to evaluate the effect of an HP-based biostimulant
on the N metabolism in nodulated soybean plants and their productivity. A greenhouse experiment
was conducted to test two modes of application of the 0.20% HP-based biostimulant. Soybean plants,
growing in pots, were treated with 0.20% HP either via seed treatment or foliar application (at growth
stages V3 and V5). Activities of enzymes and compounds related to N metabolism, gene expression,
and productivity components were analyzed. It was observed that the mode of application did not
significantly influence the results. The application of HPs increased the concentration of nitrate,
amino acids, and ureides in soybean leaves. It also positively altered the expression of genes such as
nitrate reductase, urease, and asparagine. Additionally, it enhanced productivity, resulting in plants
with a greater number and weight of pods and grains. Therefore, it is possible to consider HPs as a

stimulator for increasing soybean productivity, even under non-stressing conditions.
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1. Introduction

The European Biostimulants Industry Council (EBIC) defines biostimulants as mate-
rials containing substances and/or microorganisms that, when applied to plants or the
rhizosphere, stimulate natural processes to improve nutrient absorption, nutrient efficiency,
abiotic stress tolerance, and crop quality (https:/ /biostimulants.eu/ accessed on 18 July
2024). Protein hydrolysates (HPs) are a type of biostimulant composed of amino acids,
oligopeptides, and peptides derived from the chemical or enzymatic hydrolysis of proteins
from agro-industrial residues, which can be plant- or animal-based [1]. When used as bios-
timulants, HPs enhance nitrogen absorption and assimilation, regulate enzymes involved
in nitrogen metabolism and their structural genes, improve response efficiency to biotic
and abiotic stresses, and increase the production of secondary metabolites and the activity
of antioxidant enzymes [2-6].

Several studies have highlighted the potential of biostimulant products for soybean
(Glycine max L. Merril), with most research concentrating on improving tolerance to water
stress. These studies have shown that biostimulant application helps plants adjust their
turgor in relation to leaf temperature [7], increases nutrient concentration in grains, and
enhances various growth parameters [8]. Additionally, biostimulants have been found to
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modify the expression of stress-responsive genes [9], boost antioxidant and photosynthetic
activity, and enhance assimilate production [10].

Soybean cultivation serves a wide range of purposes, including feed and meal
production, oil extraction, and processing into products such as paints, cosmetics, and
pharmaceuticals [11,12]. Consequently, soybean is a major global agricultural commodity.
In Brazil alone, soybean cultivation spans 45 million hectares, yielding 162 million tons
of grains [13]. Given the significance of soybean production and the growing global
demand for food, there is a pressing need to enhance soybean productivity and that
of other crops within the same cultivated area. At the same time, it is crucial to miti-
gate the environmental impacts of agricultural practices by adopting more sustainable
resources [14,15].

Nitrogen (N) is a crucial nutrient for all crops. Increasing the rate of nitrogen assimi-
lation in soybeans can enhance productivity, as the number of grains is closely related to
the number of pods retained, which depends on nitrogen availability during the flowering
period [16]. In this context, biostimulants can be used to improve nitrogen metabolism
efficiency and achieve higher yields.

In this study, we aimed to evaluate the effect of a protein hydrolysate-based biostim-
ulant on nitrogen metabolism in nodulated soybean plants and their productivity. We
hypothesize that HPs can have specific action in parts of the metabolism and in our case,
we investigated the N metabolism.

2. Material and Methods

The experiment used soybean seeds of the cv. Intact RR2 Pro 57HO123 TP IPRO
(HO-Genetics), inoculated with Bradyrhizobium elkanii and B. japonicum (Masterfix, Stoller
Brazil, Campinas, SP, Brazil). These seeds were sown in 10 L pots filled with a soil mixture
composed of soil, organic gardening substrate, and vermiculite (2:1:1, v/v/v). A concen-
tration of 0.20% HP was tested for both seed and foliar applications, based on previous
results with tomato and soybean seedlings where this concentration was found effective
for promoting seedling growth. The HP was obtained by acid treatment of commercial
hydrolyzed collagen and further alkalinization to pH 4.5 with KOH. The HP was not
amended with any other nutrient. It had 0.5% protein, determined using Bradford reagent
(BioRad, Sao Paulo, Brazil), and 21% free amino acids, determined using the protocol of
Yemm et al. [17]. The final K concentration in the concentrate HP was 5.5%, measured with
a flame photometer.

2.1. Treatments

The seed treatment occurred at the time of sowing when 1 mL of 0.20% HP was
applied to each pot, over the seeds. Foliar application was performed at vegetative stages
V3 and V5 [18], using a pressurized CO, sprayer with a pressure of 2 bars. Six plants
were used for each treatment. Control plants remained untreated with HP. The experi-
ment was conducted in a greenhouse, irrigated with a drip system, and once a week, the
plants received 200 mL of a nutrient solution (MgSO,—246.5 g L1, CaSO;—1.72 g L1,
KH,PO4—136 g L~ 1—K,S0,—87.6 g L~1, CaCl,—111 g L7, plus a micronutrient solution
prepared according to Hoagland and Arnon [19] without N. The experiment was repeated
twice; in the first experiment, biochemical and gene expression parameters were evaluated
at stage R5.1 of the plants, and in the second experiment, productivity was assessed at full
plant maturity [18].

2.2. Enzymatic and Biochemical Analyses

Leaves were collected for RN activity determination. The newest fully expanded leaf
from each plant was collected, placed in plastic bags, and transported to the laboratory in a
cooler with ice, where in vivo analysis was carried out [20]. Leaves collected and kept in
a freezer at —20 °C were used for the determination of the enzyme glutamine synthetase
(GS) [21] and glutamate synthetase (GOGAT) [22], with the protein concentration in the
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enzymatic extracts obtained by the Bradford reagent method (Bio-Rad). The concentration
of chlorophyll and carotenoids in the leaves was determined after extraction in DMSO [23].
The foliar contents of nutrients N, phosphorus (P), potassium (K), calcium (Ca), magnesium
(Mg), and sulfur (S) were determined in the leaves by plasma emission spectrometry (ICP-
OES; JobinYvon, JY50P Longjumeau, France). Nitrogen compounds such as nitrate [24],
free amino acids [17], and ureides [25] were analyzed in lyophilized and ground leaves, as
well as in xylem sap collected and kept in a freezer at —20 °C. To collect the xylem sap, the
plants in the greenhouse were watered abundantly and on the following day, between 8
and 10 a.m., the sap was collected [26]. With the help of pruning shears, a cut was made
just below the cotyledonary node of the plants, separating the aerial part from the roots.
Then, in the cut region, a more precise cut was made with a razor blade, and the region
was washed with milliQ water and quickly dried with absorbent paper. The sap that
accumulated at the cut site was collected using a pipette, avoiding touching the cut surface.
Samples were collected until there was a volume of at least 0.5 mL of sap. During collection,
the samples were deposited in Eppendorf tubes that remained on ice. After collection, the
material was stored at —20 °C until use.

2.3. Gene Expression Analysis RT-gPCR

We analyzed the expression of NR, nitrite reductase (NiR), GS, GOGAT, nitrate trans-
porter NTR1, asparagine synthetase, arginase, and urease (Table S1). The genes CYP2 and
ACTII were used for gene expression normalization [27]. Total RNA was extracted from
three replicates of leaves and roots using Trizol reagent (Sigma, Kawasaki, Japan), following
the manufacturer’s instructions. The RNA was treated with “Turbo DNA-free” DNase
(Ambion, Inc., Austin, TX, USA) and quantified using a spectrophotometer at 260 nm.
RNA integrity was checked by 1.5% agarose gel electrophoresis with ethidium bromide
and UV light observation. Three ug of total RN A was used to synthesize the first strand
with the SuperScript III First-Strand kit (Invitrogen, Waltham, MA, USA), according to the
manufacturer’s instructions. The primers were designed using the Primer 3 program (https:
/ /bioinfo.ut.ee/primer3-0.4.0/, accessed on 1 April 2019) (Table S1) using gene sequences
obtained from the Phytozome database (https://phytozome.jgi.doe.gov/pz/portal.html,
accessed on 1 April 2019). Real-time reverse transcription quantitative PCR (RT-qPCR) reac-
tions were prepared with a final volume of 10 puL, containing 3 pL of diluted cDNA, 1.6 pL
of milliQ) water, 0.2 pL of sense primer, 0.2 pL of antisense primer, and 5 uL of Sybr Green
Master Mix (BioRad, Hercules, CA, USA). A StepOnePlus Real-Time PCR System (Thermo
Fisher, Waltham, MA, USA) was used for gene amplification (95 °C for 3 min, followed by
40 cycles of 95 °C for 10 s and 60 °C for 30 s as melting curve). Seven biological replicates
were performed for each treatment. Relative expression quantification was determined by
comparing transcriptional expression between target genes and reference genes using the
2-2Ct method [28].

2.4. Plant Growth and Yield Attributes

After collecting the material for laboratory analysis, the dry weights of leaves, stems,
and roots were determined. The plants were at stage R5.1. Nodules were counted, and
their fresh and dry weights (dried for 72 h at 70 °C) were measured. The productivity
assessment was conducted during the second repetition of the experiment. Parameters
analyzed included plant height, number of productive nodes, number of pods per plant,
dry weight of pods per plant, number of seeds per pod and per plant, dry weight of seeds,
and seed weight.

2.5. Statistical Analysis

The experiment was designed as a completely randomized design with factors in-
cluding mode of application (seed and foliar), treatment (0.20% HP and control), and six
replicates, except for gene expression (seven replicates) and nutrient analysis (three repli-
cates). Data were first tested for normality using the Shapiro-Wilk test and for homogeneity
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of variances using the Bartlett test. Variables not meeting test assumptions underwent
logarithmic transformation. Analysis of variance (ANOVA) was then performed, and
means were compared using the Tukey test with a 5% significance level. All analyses were
conducted using R software v.4.0.0 (http:/ /www.r-project.org/ accessed on 18 July 2024).

3. Results
3.1. Enzymatic and Biochemical Analysis

The results of the analyses for photosynthetic pigments, nitrogenous compounds,
and enzyme activity are presented in Table 1. The mode of application is specified only
for parameters with significant differences. Treatment with HP increased nitrate content
in soybean leaves compared to control plants, with no variation based on the mode of
application. However, ureide content in the xylem sap differed by application mode, being
higher when HP was applied to seeds. In contrast, control plants had higher ureide content
in the xylem sap compared to those treated with HP via foliar application.

Table 1. Photosynthetic pigments, nitrogen compound, and enzyme activities of soybean plants
treated with HP.

Treatments Control HP
Chlorophyll 2 0.384 ns 0.380
Chlorophyll P 0.380 ns 0.438
Chlorophyll total 0.807 ns 0.846
Carotenoids 0.081 ns 0.063
Leaf nitrate 1.368 B 1.590 A
Xylem sap nitrate 0.639 ns 0.593
Foliar ureides 0.013 ns 0.017
Xylem sap ureides Seed 0.039 Aa 0.032 Aa
Foliar 0.039 Aa 0.013 Bb
Leaf amino acids 140.43 B 177.114
Xylem sap amino acids 3.68B 2724
Nitrate reductase activity 496.830 ns 443.951
GS activity 0.961 ns 0.684
. Seed 6.616 A2 4.145 Ab
GOGAT activity Foliar 6.616Aa 9.003 Aa

Different capital letters within the column indicate significant statistical differences among treatments, and small
letters within the line indicate significant statistical differences between application modes (Tukey test, p < 0.05).
ns = not significant.

The amino acid content in the leaves and xylem sap was influenced by the HP treat-
ment. While the mode of application did not affect the amino acid levels, plants treated with
HP had a higher content of total free amino acids. GOGAT (glutamate synthase) activity
remained unchanged with foliar HP application but was reduced when HP was applied
via seed. There were no differences in GOGAT activity based on the mode of application.

No significant changes were observed in most of the foliar nutrients analyzed (Table 2).
Only phosphorus (P) and potassium (K) showed a reduction in content in plants treated
with HP at 0.20%. The mode of application, whether seed or foliar, did not have a noticeable
effect on these nutrient levels.

Table 2. Nutrient concentrations in the leaves of soybean plants treated with HP.

Treatments  Nitrogen = Phosphorous Potassium Calcium Magnesium Sulfur
_— gkg71 _—
Control 4141 ns 1.802 17.152 17.45ns 3.368 ns 1.58 ns
HP 40.95 173" 16.01P 17.66 3.44 1.60

Different small letters within the column indicate significant statistical differences among treatments (Tukey test,
p < 0.05). ns = not significant.
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3.2. Gene Expression Analyses

In the gene expression analyses of soybean leaves, significant differences were ob-
served for urease and nitrate reductase (RN) (Table 3). The mode of application is shown
only for those parameters with significant differences. Application of HP to soybean seeds
increased urease expression compared to untreated plants or those treated via foliar appli-
cation. RN expression also increased in the leaves, but there was no difference in expression
based on the mode of application. In the root expression results, foliar application of
HP increased asparagine synthetase expression, while seed application resulted in lower
expression compared to control plants. Similar trends were observed for RN, with foliar
treatment showing no significant difference.

Table 3. Relative expression of nitrogen metabolism genes in leaf and root of soybean plants treated
with HP.

Treatments Control HP
Leaf

Glutamate synthase 1.147 ns 1.115

Asparagyne synthetase 1.036 ns 0.955

Glutamine synthetase 0.939 ns 0.829

Nitrite reductase 0.932 ns 1.151
Seed 1.040 AP 1.607 A2
Urease Foliar 1.040 Aa 0.788 Ba

Arginase 1.113ns 1.135
Nitrate reductase 1.127 8B 22694

Nitrate transporter 1 1.029 ns 0.954

Root

Glutamate synthase 1.119ns 1.093
Asparagyne synthetase Seed 097782 0.605 7
Foliar 0.977 Ab 5.404 A2

Glutamine synthetase 1.844 ns 0.547
. Seed 0.970 A2 0.237 Bb
Nitrite reductase Foliar 0.970 Aa 1307 Aa

Urease 1.161 ns 1.096

Arginase 0.935 ns 1.004

Nitrate reductase 0.961 ns 0.585

Different capital letters within the column indicate significant statistical differences among treatments, and small
letters within the line indicate significant statistical differences between application modes (Tukey test, p < 0.05).
ns = not significant.

3.3. Plant Growth and Yield Attributes

The growth parameters of the plant analyzed are presented in Table 4. A significant
difference was observed in root dry weight between control and HP-treated plants, with
variations depending on the mode of application. Foliar application of HP resulted in a
greater root dry weight compared to the control, and it was also more effective than seed
application. However, there were no significant effects of the treatments on the dry weight
of leaves, stems, or nodules.

Table 4. Growth features of soybean plants treated with 0.20% protein hydrolysate.

- Leaf Dry Stem Dry Root Dry Weight (g) Nodules Per Total Nodules Dry Weight Per
reatments  weight(g) ~ Weight (g) Seed Foliar Plant Dry Weight (g) Nodule (mg)
Control 21.24 ns 28.10 ns 245.93 Aa 245.93 Ab 758.87 ns 3.68 ns 4.86 ns
HP 21.82 28.50 203.32 Ba 373.67 Aa 808.00 3.73 461

Different small letters within the column indicate significant statistical differences among treatments, and capital
letters within the line indicate significant statistical differences between application modes (Tukey test, p < 0.05).
ns = not significant.



Agriculture 2024, 14, 1205

6 of 10

In the experiment conducted until plant maturity to evaluate productivity parameters,
it was visually observed that the plants treated with the biostimulant maintained green
leaves for a longer period (Figure 1). Additionally, the treatment with HP significantly al-
tered almost all analyzed productivity parameters (Figure 2). Although plants treated with
HP were not taller than the control plants, they exhibited a higher number of productive
nodes, particularly when the biostimulant was applied via foliar spray. Furthermore, these
plants showed an increase in the number and dry weight of pods, the number of seeds per
plant and per pod, and seed dry weight.

Figure 1. Soybean plants treated with HP at the maturation stage. (A) Control plant, (B) plant with
seed application of HP, and (C) plant with foliar application of HP.
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Figure 2. Effect of the application of HP on (A) height, (B) number of productive nodes per plant, (C)
number of pods per plant, (D) pod weight per plant, (E) seeds per plant, (F) seeds per pod, (G) seed
weight per plant, and (H) dry weight per seed. Different uppercase letters indicate the statistical
difference between application methods, while different lowercase letters indicate the statistical
difference between treatments (Tukey test, p < 0.05). Bars represent standard deviation.

4. Discussion

The use of biostimulants in agriculture aims to stimulate the physiological processes of
crops, primarily under conditions of abiotic stress, thereby improving nutrient use efficiency
and product quality [9,29]. Due to the complexity of formulating HP, it is challenging to
elucidate their mode of action and how they interfere with plant metabolism [30]. In the
results presented in this study, an increase in productivity parameters was observed with
the application of the biostimulant HP, such as the number and weight of pods and seeds
per plant. Despite that, few biochemical and genetic analyzed parameters related to N
metabolism changed significantly. The mode of HP application was not a determining
factor in the examined results.

We decided to evaluate the nitrogen-related biochemical parameters and gene expres-
sion at the R5.1 phenological stage when seeds are beginning to accumulate biomass [18].
This stage was chosen because the activities of nitrate reductase (NR) and nitrite reductase
(NiR), as well as the nitrate (NO3) concentration in the xylem sap, remain high during pod
filling [16]. Additionally, the nitrogen content from biological fixation is near its maximum
at this stage [31]. Therefore, further evaluations at more frequent intervals during plant
development are necessary to determine the specific points at which the application of
protein hydrolysates (HPs) influences metabolism, thereby justifying the observed increase
in productivity.

There were changes in the activity of the enzymes NR, urease, and asparagine syn-
thetase. NR catalyzes the initial step of reducing absorbed nitrate to ammonia, while urease
hydrolyzes urea into ammonia and carbon dioxide, and asparagine synthetase synthesizes
asparagine, an amino acid involved in N transport, mainly in seeds and roots [32]. The
increase in the expression of genes such as nitrate reductase (NR) and urease in leaves
was not accompanied by a corresponding increase in enzyme activity. Additionally, there
was an accumulation of nitrogenous compounds influenced by the application of HP.
Considering that ureides are compounds originating from biological nitrogen fixation
(symbiosis with Bradyrhizobium), an increase in ureides, amino acids, and nitrate in the
leaves was observed. In contrast, in a study involving 14-day-old maize seedlings grown
hydroponically, the application of alfalfa-based HP increased the dry root mass of the plants
but resulted in a lower concentration of nitrate in the leaves [3]. These results contrast
with our findings, which show an increase in leaf nitrate. The authors of the maize study
explained the reduction in nitrate by the higher activity of NR and glutamine synthetase
(GS) enzymes [3].

Mamatha et al. [33] investigated the application of different doses of plant-based
HP on soybean, pepper, and chickpea grown under thermal and water stress conditions.
They found that foliar application of the biostimulant at a dose of 4 mL L~! increased the
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photosynthetic efficiency of the treated plants. This treatment also boosted the productivity
of soybean, chickpea, and pepper crops by 17%, 30%, and 25%, respectively, mirroring the
results observed in our study with soybean plants. The increased productivity in plants
treated with biostimulants is attributed to the action of phytohormones, enhanced defense
responses to biotic and abiotic stresses, maintenance of water balance in plants and soil,
and improved nutrient uptake [1,34,35]. Here, we did not observe significant changes in
nutrient levels because of HP application.

Maintaining leaf area during grain filling can be crucial for achieving higher plant
productivity [36]. Francesca et al. [37] attributed the greater biomass production in tomato
plants treated with HP and subjected to thermal and water stress to the presence of amino
acids in the biostimulant, which promoted the action of phytohormones that stimulated
plant development. The retention of leaves at the end of maturation observed in this study
can be attributed to the action of phytohormones such as cytokinin. Cytokinin influences
cell division, leaf senescence, nutritional signaling, and stress tolerance, all of which are
triggered by the biostimulant [38]. Similarly, Aremu et al. [39] applied an algae extract-
based biostimulant to Eucomis autumnalis plants grown hydroponically for five weeks. They
observed a higher concentration of cytokinin in the leaves of the treated plants, as well as
increased root mass and bulb size.

The nutrient absorption in soybeans increases significantly from the V3 vegetative
stage, reaching a maximum proportion close to the R5.3 stage [16,31]. At reproductive
stage R5, soybean plants have fully developed pods and seeds at the beginning of de-
velopment [18]. Sampling plants at this developmental stage did not reveal significant
differences in many of the evaluated nitrogen metabolism parameters, such as chlorophyll
and carotenoid content, and the activity of NR, GS, and GOGAT enzymes, as well as gene
expression. However, there was a notable impact on productivity parameters, indicating a
positive effect of the application on soybean plants.

Biostimulants, such as HP, hold great potential for increasing the productivity of crops
and enhancing sustainability, even in the absence of stress conditions [4,40]. However,
further research is needed to elucidate the mechanisms behind the increased productivity
in soybeans. Variations in biostimulants—such as differences in manufacturing processes,
components, dosage, timing, and application methods—as well as the plant genotype, can
lead to diverse results [41,42].

5. Conclusions

In recent years, agriculture has seen a shift towards more sustainable strategies due to
concerns about the intensive use of pesticides and fertilizers. Incorporating biostimulant
products into plant management offers a more sustainable approach to mitigate produc-
tivity losses caused by stress conditions, enhance crop quality and yield, and improve
nutrient and resource use efficiency. Biostimulants, such as HPs, show the potential to
increase soybean crop productivity by boosting pod and grain production. While it is not
definitive that HP effects are solely due to the stimulation of nitrogen metabolism, our data
suggest that increased production in soybean plants may be due to alterations in nitrogen
metabolism. Additionally, HP application appears to influence pod maturation, likely by
affecting hormonal control.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/agriculture14081205/s1: Table S1: Primers used in the RT-PCR reactions.
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