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Abstract: As natural plant growth stimulators, amino acids are widely used to improve crop yield
and quality. There are numerous studies documenting the influence of amino acids on plants,
which is not always positive. This study was conducted to determine the effect of soil-applied
L-tryptophan (L-TRP) on the accumulation and utilization of nitrogen and sulfur by maize. The study
was carried out under the conditions of a pot experiment. The experimental design included three
treatments: soil without fertilization (control), soil with mineral fertilization (NPKS), and soil with
mineral fertilization and L-tryptophan addition (NPKS + L-TRP). The application of tryptophan to
the soil, supported by mineral fertilization, caused a significant increase in maize biomass. Although
no significant differences in nitrogen and sulfur contents in maize biomass were found between
treatments without and with the addition of L-tryptophan, significantly higher intakes of both
elements were observed in the NPKS + L-TRP treatment. The application of L-tryptophan increased
the biosynthesis of Chlorophyll a. Utilization of nitrogen and sulfur by maize in the NPKS + L-
TRP treatment was more than 27% and 17% higher, respectively, compared to the NPKS treatment.
Maintaining the recommended contents of individual nutrients in the rhizosphere is not a guarantee
of optimal quantitative and qualitative intake of nutrients. Problems with maintaining optimal
relationships between individual nutrients may be compounded by soil properties.
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1. Introduction

Growing problems resulting from deteriorating soil fertility indicators force a search
for alternative ways to reduce or eliminate them. For many years, research has been con-
ducted to introduce new fertilizer formulas or to improve those that are already available
by adding various ingredients and substances. That research has been aimed at not only
increasing the effectiveness of fertilizers, but also reducing losses of fertilizer components,
thus addressing both the economic aspect and environmental quality issues [1,2].

Given the increasing demands on biomass for food and feed purposes, the importance
of biologically active substances, often referred to as biostimulants, is emphasized. Ac-
cording to Regulation (EU) 2019/1009 of the European Parliament and of the Council [3],
biostimulants are certain substances, mixtures, and microorganisms that do not provide
nutrients but stimulate natural plant nutritional processes. The group of biostimulants can
include products containing the so-called beneficial elements (titanium, silicon), products
based on algae extracts, and products containing amino acids.

Amino acids are among some of the most important organic compounds, as they are
one of the building blocks of proteins, hormones, and enzymes [4]. Plant cells contain low
levels of protein compared to animal cells, mainly due to the large amount of carbohydrates
(cellulose and others) that make up most of the plant structure. However, the importance of
proteins and amino acids cannot be overlooked here. Apart from being protein components,
amino acids are also involved in many cellular reactions and therefore influence a number
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of physiological processes, such as plant growth and development, as well as resistance to
abiotic and biotic stresses [5-7]. For example, glycine and glutamic acids play important
roles in the formation of vegetative tissue and chlorophyll [8,9].

Amino acids are organic compounds that are synthesized by plants, but this process
involves energy expenditure and takes time. The most biologically active are plant-derived
L-amino acids such as L-tryptophan (L-TRP). L-TRP is known as (3-3-indolylalanine. It
is one of the nine essential amino acids for humans. L-tryptophan is a unique amino
acid bearing an indole ring. L-TRP is applied to soil, used as a foliar spray and seed
priming [9]. Numerous study results indicate that soil-applied L-TRP is taken up directly
by plants or metabolized to many products, including niacin, serotonin, and auxin by the
soil microbiota, and subsequently absorbed by plant roots. As a source of nitrogen and
carbon, L-TRP supports microbial growth and activity in the rhizosphere. As an auxin, it
is absorbed by plants and regulates various physiological and biochemical processes in
plants (Ahmad et al., 2008). There are studies that have indicated a positive response after
L-TRP application to increase plant yield and improve yield quality [9-11].

Amino acids are precursors of growth substances [12]. However, they can also suc-
cessfully act as nutrient carriers. Literature examples stated that amino acid molecules
are electrically inert, which makes their transfer in plant cells through ectoderm to plas-
malemma relatively easy. The addition of amino acids to fertilizers also significantly
reduces the time of nutrient uptake, resulting in better nutrient management in the plant.
Results of Garcia et al. [13] revealed that the addition of amino acids to the nutrient solution
increased the content of Ca, K, Fe, Cu, Mn, and Mg in tomato leaves. Popko et al. [14]
showed that the application of amino acid-based preparations increased winter wheat grain
yield and improved grain technological parameters, including protein content and the
Zeleny sedimentation index. Considering the effect of the applied amino acid preparations
on the content of mineral components in wheat grain, an increase in the content of copper
(in the range of 31-50%), sodium (35-43%), calcium (4.3-7.9%), and molybdenum (3.9-16%)
was recorded. Therefore, it is confirmed scientific evidence of the beneficial effect of amino
acids on the plant mineral content. On the one hand, this concerns the uptake of essential
elements such as nitrogen (a building component) and sulfur (a component attributed
with pro-quality properties in the formation of plant biomass), and on the other hand, this
indicates a proenvironmental effect relevant to the dispersal of biogens.

As natural plant growth stimulators, amino acids are widely used to improve crop
yield and quality [15]. Many studies have documented the effect of different amino acids
on plants, and it was not always positive, and depended largely on the amount of the
amino acid applied [9,12,16]. The study by Kravchenko et al. [17] showed that radish roots
secrete 290-390 ng tryptophan per seedling per day. The inoculation of radish plants with
rhizosphere pseudomonads increased the root biomass 1.4 times. The beneficial effect
of inoculation of radish plants with rhizosphere pseudomonads on radish plants can be
explained by the fact that the introduced rhizobacteria produce a plant growth-stimulating
hormone, indole-3-acetic acid, whose precursor is tryptophan [9]. The phytohormonal
action of the rhizosphere microflora was found to be effective, provided that the tryptophan
concentration in the rhizosphere was sufficiently high. In this regard, a study was carried
out to determine the effect of soil-applied L-tryptophan on the accumulation and utilization
of nitrogen and sulfur by maize.

2. Materials and Methods
2.1. Growing Experiment

The study was carried out in 2019 on silty soil collected from the 0-0.2 m layer in
southern Poland. The properties of the soil used in the experiment are presented in
Table 1. The following parameters were determined in dried, 1 mm sieved initial soil
samples: granulometric composition—according to PN-R-04032, pH—potentiometrically
in the suspension of soil and water as well as soil and 1 mol dm~3 solution of KCl (soil:
solution = 1:2.5), and electrical conductivity (EC)—conductometrically. Total contents
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of carbon, nitrogen, and sulfur were determined with the CNS analyzer (Vario MAX
Cube, Elementar Analysensysteme). Total contents of phosphorus, potassium, calcium,
magnesium, and sodium were determined after ashing the sample in a chamber furnace
at 450 °C for 12 h and mineralizing its residues in a mixture of concentrated nitric and
perchloric acids (3:2) (v/v). Contents of the studied elements were determined in the
obtained solutions by inductively coupled plasma optical emission spectrometry (ICP-OES,
Perkin Elmer Optima 7300 DV) [18].

Table 1. Selected chemical and physical properties of soil (means + standard deviation).

Determination Unit Value Determination (Mean + S.D. 1)
pHH,O - 4.87 +0.04
pHKCI - 3.79 £+ 0.06

Electrical conductivity (EC) uScem~! 68.7 £9.8
Total carbon gkg ! DM?2 18.1+£2.0
Total nitrogen gkg~! DM 2.08 £ 0.07
Total sulfur gkg™! DM 0.15 £ 0.01
Total magnesium gkg~! DM 3.13 £0.02
Total potassium gkg™! DM 3.08 £ 0.25
Total phosphorus gkg~ ! DM 1.01 +0.01
Total calcium gkg~! DM 1.70 £ 0.01
Total sodium gkg™! DM 0.74 + 0.04

Sand gkg~! DM 230

Silt gkg™! DM 630

Clay gkg~! DM 140

1 S.D. = Standard deviation, each value represents the mean of three replicates. 2 DM—dry matter.

The growing experiment was conducted in containers with a capacity of 1400 g of
soil dry mass. The experimental design included three treatments carried out in three
replicates: treatment without fertilization (control), treatment with mineral fertilization
(NPKS), and treatment with mineral fertilization and L-tryptophan (NPKS + L-TRP). In
the experiment, nitrogen was applied in the form of chemically pure salts NH4sNO3 and
(NH4)2SOy4, phosphorus in the form of Ca(HpPOy),-HyO, potassium in the form of KCl,
and sulfur in the form of (NH4),SO4. L-tryptophan (BIOSYNTH® Carbosynth) was also
used in the study. The doses of minerals were as follows: N 0.098 g kg~! DM soil, P
0.075 g kg ~! DM soil, K 0.108 g kg ! DM soil, S 0.036 g kg ~! DM soil. L-tryptophan was
applied in a dose of 0.010 g kg~! DM soil. After introducing mineral salt fertilizers and
L-tryptophan, distilled water (up to 45% water capacity) was added to soils and thoroughly
mixed with the material. The soil was then placed into PVC containers. After 24 h, seeds
of Zea mays L. of the Karpatis FAO 249 variety were sown. The plant density per pot was
four plants. Soil moisture was maintained at 60% of the maximum water holding capacity.
The experiment was carried out under laboratory conditions for 60 days. After that time,
the aerial parts of the plants were collected, and their roots separated from the soil block
and thoroughly washed with distilled water. The collected biomass was dried to a constant
weight at 65 °C, and its amount determined.

2.2. Analysis of Plant Material

Chlorophyll a and b contents were determined spectrophotometrically in fresh maize
leaf samples after extraction with acetone [19]. The ash content in the dried and ground
plant material was determined after ashing the sample in a chamber furnace at 550 °C
for 16 h. Nitrogen content was determined with the CNS analyzer (Vario MAX Cube, Ele-
mentar Analysensysteme). Sulfur content was determined by inductively coupled plasma
optical emission spectrometry (ICP-OES, Perkin Elmer Optima 7300 DV) after oxidizing
the plant material in concentrated nitric acid and binding it with magnesium nitrate solu-
tion [20].The contents of other macronutrients (K, Ca, Na, Mg) in the aboveground parts of
maize were determined after ashing the sample in a chamber furnace at 450 °C for 12 h and
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dissolving the residue in diluted (1:2) (v/v) nitric acid. The contents of K, Ca, Na, and Mg
were determined in the obtained solutions by inductively coupled plasma optical emission
spectrometry (ICP-OES, Perkin Elmer Optima 7300 DV) [18].

2.3. Calculations and Statistical Analysis

The uptake quantities of nitrogen (UN) and sulfur (US) were calculated based on the
amount of maize biomass (aboveground parts and roots) and the elemental content in
the biomass:

U (g pot™1) = (Y x C)/1000 1)

where
Y—yield (g pot’l).
C—content element in biomass (g kg~! DM).
Nitrogen (RN) and sulfur (RS) recovery from fertilization was calculated from
Formula (2):
R (%) = (U — Uo)/D) x 100% (2)

where

U—nutrient uptake from the fertilized treatment (g pot’l).

Uo—nutrient uptake from the nonfertilized treatment (g pot~1).

D—nutrient dose (g pot ™).

The obtained values of individual macroelements in the aboveground parts of maize
were used to calculate the following mass ratios: N:S; N:P, and the equivalent ratios:
K:Ca; K:-Mg; K:(Ca + Mg); (K + Na):(Ca + Mg). Equivalent ratios were calculated from
Formula (3):

MgR =M/W 3)

where
MgR—gram equivalent mass of an element.
M—molar mass of an element.
W-—number of ion charges of an element.

2.4. Statistics

The experiment was carried out in three replicates. The obtained data were compiled
with the use of STATISTICA 12 (StatSoft Inc., Tulsa, OK, USA). The mean values of analyzed
properties were compared using Duncan’s multiple range test at p < 0.05. Variations in
treatments were determined by calculating the standard deviation (£S.D.).

3. Results and Discussion

Currently, changes in plant cultivation technologies are aimed at obtaining higher and
better quality yields while minimizing the risk of environmental deterioration. There is a
tendency in modern agriculture to reduce the number of mineral fertilizers and chemical
plant protection products used. However, attempts are being made to use biostimulants
(including those containing amino acids) in the cultivation technologies of many plant
species [14,21,22]. From an environmental point of view, the introduction of biostimulants
into plant breeding technology not only relieves stress, but also reduces the risk of nutrient
dispersal by increasing their use from fertilization by plants.

The study showed a significant increase in maize biomass in the treatment with soil-
applied tryptophan (NPKS + L-TRP) compared to the control and the treatment with only
mineral fertilizer (NPKS) (Figure 1).
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Figure 1. Amounts of dry matter in the aboveground parts and roots of maize. £ standard deviation,
n = 3; means marked with the same letters do not differ significantly according to Duncan’ s test at
p < 0.05; factor: fertilization.

L-tryptophan is a precursor of the growth hormone, 3-indoleacetic acid, and stimulates
plant growth at very low concentrations. The study of Ahmad et al. [23] revealed that the
application of L-tryptophan-enriched compost to fertilize maize significantly increased
the cob and grain yield compared to the mineral-fertilized treatment. Mohammandipour
and Souri [24] used another amino acid, glycine, in the medium, and also showed an
increase in the amount of Coriandrum sativum L. biomass. According to these authors,
moderate glycine levels in the medium can improve the growth and biological value of
Coriandrum sativum L. However, the authors emphasized that higher glycine concentrations
in the medium (e.g., 40 mg L~!) can lower some plant growth parameters [25]. In the
present study, the increase in maize biomass was probably due to the stimulatory effect of
L-tryptophan and the role of this amino acid in plant metabolism. Exogenous application
of amino acids can increase photosynthesis rate and Chlorophyll biosynthesis, which was
also demonstrated in the present study, especially for Chlorophyll a (Figure 2). In our study,
the content of Chlorophyll b in maize leaves was lower in the fertilized treatments compared
to the control.
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Figure 2. Chlorophyll a and b contents in maize leaves. =+ standard deviation, n = 3; means marked with
the same letters do not differ significantly according to Duncan’ s test at p < 0.05; factor: fertilization.

The value of the Chll a/Chll b ratio in the L-TRP-supplemented treatment was lower
compared to the NPKS treatment (Figure 3).

4.0 T T T

T = standard error

[F%)
[

Ratio Chif a/ Chil &

1071

D j i i i
Control NPES NPES+L-TRP

Figure 3. Value of the Chlorophyll a/chlorophyll b ratio. =+ standard deviation, n = 3; means
marked with the same letters do not differ significantly according to Duncan’ s test at p < 0.05;
factor: fertilization.
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Arshad et al. (1995) argued that the beneficial effect of L-tryptophan on plant growth
can most probably be attributed to the conversion of this amino acid into auxins by the
rhizosphere microflora before uptake by the plant. However, the cited authors did not rule
out other mechanisms of tryptophan action, such as direct uptake of this amino acid by
plant roots and subsequent auxin production in plant tissues or alteration of the rhizosphere
microflora balance affecting plant growth [11]. Mustafa et al. [9] stated that L-tryptophan
contains about 14% of nitrogen that is released in the rhizosphere or in the plant during
metabolism, which may play a significant role in increasing crop productivity. Furthermore,
nitrogen, which is a product of L-TRP metabolism, is absorbed much faster by plant cells
than nitrogen from fertilizer.

Studies conducted by other authors showed that foliar or soil application of amino
acids has a positive effect on nutrient uptake by plants [13,24]. In our study, the nitrogen and
sulfur contents in maize aboveground parts did not differ significantly between the NPKS
and the NPKS + L-TRP treatments (Table 2). Only in the case of maize roots was the sulfur
content found to be significantly higher in the treatment with soil-applied tryptophan.

Table 2. Nitrogen and sulfur contents in the biomass of Zea mays L.

Aboveground Parts Roots
Treatments Ash N S Ash N S
gkg 1 DM gkg 1 DM
Control 201.6b 493 a 9.28Db 51.1a 464D 11.54b
NPKS 163.9 a 473 a 6.11b 74.6b 343a 9.26 a
NPKS + L-TRP 1375a 46.7 a 6.03b 73.5b 25.6a 13.35b

The mean values marked with the same letters do not differ significantly at p < 0.05 (according to Duncan’s test).

The calculated amounts of nitrogen and sulfur uptake by maize biomass were sig-
nificantly different in individual treatments (Table 3). The significantly highest uptake
amounts for both elements were found in the NPKS + L-TRP treatment. The component
uptake amounts were derived from the biomass amount and the component content in the
biomass. Although no significant differences in N and S content in maize biomass were
found, a notable increase in the biomass amount in NPKS + L-TRP made the uptake of
both elements substantially higher.

Table 3. Uptake of nitrogen and sulfur in the biomass of Zea mays L.

Nitrogen Sulfur
Treatments Aboveground Roots z Aboveground Roots z
Parts Parts
g pot1
Control 0.038 a 0.011b 0.049 a 0.007 a 0.003 a 0.010 a
NPKS 0.077 b 0.007 a 0.084 b 0.010b 0.002 a 0.012a
NPKS + L-TRP 0.111c¢ 0.011b 0.122 ¢ 0.014 ¢ 0.006 b 0.020 b

The mean values marked with the same letters do not differ significantly at p < 0.05 (according to Duncan’s test).

The significantly higher N and S uptakes in the tryptophan-supplemented treatment
were reflected in the level of utilization of both elements from fertilization (Figure 4).
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Figure 4. Utilization of nitrogen and sulfur from fertilization.

Despite the relatively short period of maize vegetation, nitrogen utilization in the
NPKS + L-TRP treatment was over 27% higher than in the NPKS treatment. Sulfur uti-
lization by maize plants in the treatment with the addition of tryptophan (NPKS + L-TRP)
was over 17% higher than in the NPKS treatment. The results showed that the applica-
tion of amino acids combined with mineral fertilization can, by increasing plant yield,
reduce nutrient dispersion in the environment due to the better use of nutrients from
fertilizers [26].

Individual cations cross semipermeable membranes at different rates. Not only the
contents, but also relationships between individual elements are significant in terms of
yielding and quality of the crop obtained. Maintaining the recommended contents of
individual nutrients in the rhizosphere is not a guarantee of optimal quantitative and
qualitative intake of nutrients. The values of the studied ratios in the aboveground parts of
maize were derived from the chemical composition (Table 4).

Table 4. The value of the mass and ionic ratios in the aboveground parts of maize.

(K + Na):
N:S N:P K:Ca K:M K:(Ca + Mg)
Treatments & & (Ca + Mg)
Mass Rations Ionic Rations
Control 53a 3.8a 14.6 b 344b 10.3b 10.7b
NPKS 78b 5.5ab 14.3b 34.7b 10.1b 10.0b
NPKS + L-TRP 78b 7.7 ¢ 11.2a 272 a 79a 7.7 a

The mean values marked with the same letters do not differ significantly at p < 0.05 (according to Duncan’s test).

The recorded value of the N:S mass ratio in the NPKS + L-TRP treatment did not
differ from the value recorded in the aboveground parts of maize harvested in the NPKS
treatment, but it should be noted that it was closer to the values considered optimal for
most plant species [27]. The introduction of L-tryptophan into the soil against the NPKS
fertilization significantly increased the N:P mass ratio. The values of other ratios, i.e., K:Ca,
K:Mg, K:(Ca + Mg), and (K + Na):(Ca + Mg) in NPKS + L-TRP, were generally significantly
lower than in NPKS. The lower values of ionic ratios in the NPKS + L-TRP treatment
were indirectly a consequence of the tryptophan effect, indirectly because the addition
of tryptophan significantly increased the amount of biomass and, consequently, diluted
the mineral composition of the maize aboveground parts. This was also confirmed by the
notably lower ash content in the aboveground parts of plants from the treatment amended
with both tryptophan and NPKS fertilization (Table 2).
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The use of too much calcium and magnesium in fertilization may cause a potassium
deficiency in plants. No fertilization with Ca and Mg was used in the study, and the
content of these elements, similarly to potassium, was a consequence of the content of
their available forms in the soil. It should be noted that an excess of available magnesium
may cause interference in the intake of other nutrients, e.g., K, which, in consequence,
creates a competition for carriers in cell membranes. Problems with maintaining optimal
relationships between individual nutrients may be compounded by soil properties. Of
course, competition between monovalent and divalent ions is not the only case of antago-
nism between nutrients. The relationships between macronutrients and microelements are
important from the plant nutrition point of view. For example, a too-high concentration of
potassium may prevent the absorption of some micronutrients, such as zinc. Another issue
that has to be addressed is the similarity of, e.g., Na* and K* ion rays, because carriers in
the cell membrane can transport Na* ions instead of K* ions [28,29]. It seems that this is
the main reason for the imbalance between Na*™ and K* ions in the plant.

4. Conclusions

The present study proved that the addition of L-TRP to the soil, supported by mineral
fertilization, effectively increased plant yielding, chlorophyll biosynthesis, and utilization
of nutrients. Although no significant differences in nitrogen and sulfur content in maize
biomass were found between treatments without and with the addition of L-tryptophan,
significantly higher intakes of both elements were observed in the NPKS + L-TRP treatment.
Utilization of nitrogen and sulfur by maize in the NPKS + L-TRP treatment was more
than 27% and 17% higher, respectively, compared to the NPKS treatment. Maintaining
the recommended contents of individual nutrients in the rhizosphere is not a guarantee
of optimal quantitative and qualitative intake of nutrients. Problems with maintaining
optimal relationships between individual nutrients may be compounded by soil properties.
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