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Abstract: An alternative method of plant nutrition involves the utilization of different
by-products. In this study, a combination of two by-products was applied to investigate
this method: fermented deproteinized alfalfa juice (FDAJ), a by-product of alfalfa leaf
protein production, and fly ash filtrate from a wood-fired power plant. A pot experiment
was conducted with winter wheat in an open-sided greenhouse in sandy soil. The aim
was to evaluate the efficacy and usability of the combination of these by-products (SFDAJ)
for enhanced plant nutrition via spraying or irrigation. Prior to overwintering, photo-
synthetic pigments, relative chlorophyll content, specific leaf area, and shoot dry weight
were measured. At full maturity, we determined morphological parameters, yield, and the
element content of the grain. Significant differences were observed between treatments at
full maturity. The application of SFDA] resulted in 73.2% of the yield having the optimal
nutrient supply. Compared to the treatment with no nutrients added, the application
of SFDA] increased yields by 260%. Our results show that SFDA] alone is suitable for
providing enhanced nutrient supply in soils with good nutrient supply or in extensive
cultivation technology. When supplemented with fertilizer, it can be used on soils with
low nutrient supply or in intensive cultivation technology. Based on our results of field
applications of SFDAJ, the addition of 10 v v~1” FDA]J via irrigation is recommended.

Keywords: deproteinized plant juice; brown juice; fly ash; by-product utilization; plant nutrition

1. Introduction

Plant nutrition is an essential agrotechnical factor in crop production. The cost of
plant nutrition accounts for a significant portion of overall production expenses. Plant
nutrition quality determines the quantity and composition of the crop product [1]. Chemical
fertilizers are becoming increasingly costly to produce and purchase. Moreover, they pose
significant environmental risks, including soil acidification, soil degradation, and nitrogen
leaching [2], and resource exploitation is threatening some natural resources such as rock
phosphates [3]. In addition to conventional organic fertilizers, biofertilizers and various
by-products for nutrient supply can be used as alternatives to chemical fertilizers. The
use of by-products for plant nutrition is a rational solution for several reasons. They
are produced in increasing quantities, and most of them are not reused or composted
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but simply deposited in landfills. They can be used directly without modification or
after processing through various methods such as composting, burning, pyrolysis, and
anaerobic fermentation, which reduce their negative effects and improve their nutrient
availability [4]. In using these alternatives, their risks, mainly their potential toxicity, and
cost-effectiveness must be taken into account [5]. Moreover, the use of by-products is in
line with the principles of circular farming, as they do not increase the CO; footprint [6].

Protein extraction from plants, especially from leaves, holds promise as a sustainable
solution for protein-rich feeding of monogastric animals, particularly if the leaf protein
concentrate (LPC) has amino acid profiles similar to soybean [7]. The LPC is usually
produced by squeezing the plant material, mainly leaves; pressing the green juice; heating
to coagulate the proteins; and filtering [8].

One of the by-products of LPC production is brown juice [9], or deproteinized plant
juice (DPJ). In the application of alfalfa as a potential biorefinery crop, the DPJ used is
called deproteinized alfalfa juice (DAJ]) [10]. DPJ yield from plant material is around
450-550 mL kg ! [10,11]. The composition of DPJ and DA] depends on several environ-
mental factors, such as the plant material and the extraction method [12,13]. Although
DA]J contains high amounts of minerals, and its application is clearly beneficial for plant
nutrition, few publications address its use.

Due to its short shelf life and high production, its preservation is of interest, as well as
the testing of its effects on plant species grown over large areas, such as wheat. The use of
DAJ as fertilizer immediately after LPC production is not always possible. Due to its high
carbohydrate content and the presence of proteins, putrefaction is induced [14]. Lactic acid
fermentation may be a suitable preservation method. In this approach, the use of lactic
acid-producing bacteria reduces the free sugar content and pH of DAJ, and the product,
fermented deproteinized alfalfa juice (FDAJ), can be preserved for a longer period [12].
Although this is a viable technique for preserving DA], its low pH is unfavorable for plant
nutrient supply [15]. Therefore, before agricultural use, the pH of FDA] solutions should
be adjusted to a level that is optimal for plant nutrition (pH: 6.0-6.5) [16].

Solutions comprising wood ash or fly ash hold promise in FDAJ application. These by-
products are available in large quantities in biomass power plants and have high mineral
content [17]. An FDA]J solution supplemented with fly ash solution (SFDA]J) is more
valuable for plant nutrition.

The aim of our experiment was the evaluation of the effects of two by-products, namely
FDA]J solutions supplemented with fly ash solutions applied at different concentrations
via foliar spraying and irrigation, on different growth, physiological, and morphological
parameters of wheat (Triticum aestivum L.). The effect of the application of by-products was
compared to the use of conventional nutrient solutions or deionized water in a breeder pot
system. The findings of this study contribute to the development of best practices for the
field application of FDA]J.

2. Materials and Methods
2.1. Plant Growth and Treatments

A commercial wheat hybrid, Hystar (Asur Plant Breeding, Estrées-Saint-Denis, France),
was used in experiments, which were performed from autumn 2021 to summer 2022. The
total duration of the experiment was 293 days. The experiment was carried out in a
completely randomized design with four replicates of each treatment. The plants were
grown in pots with a diameter of 20 cm in an open-sided greenhouse, except in winter
when the pots were moved outside for vernalization and to protect the plant roots from
freezing. The pots contained 3 kg of sandy soil with low nutrient content (Table 1). The soil
had a low pH, salt, and especially lime content, as well as a moderate humus content.
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Table 1. Basic characteristics of the experimental soil.

Characteristics Quantity
pH (KCI) 5.35
Ka <25
Density (kg m~3) 1400
Water-soluble total salt (m m~1)% <0.02
Lime (m m~1)% <0.100
Humus content (m m~1)% 0.99
Phosphorus pentoxide (mol m~3) (AL-soluble) 221 x 1077
Potassium oxide (mol m—3) (AL-soluble) 1.07 x 106
Nitrate (mol m~3) (KCl-soluble) 2.78 x 10~8
Sodium (mol m~3) (AL-soluble) 8.43 x 1077
Magnesium (mol m—3) (KCl-soluble) 7.50 x 10~7
Sulphur (mol m~3) (KCl- soluble) 4.64 x 1078
Manganese (mol m—3) (EDTA-soluble) 3.08 x 1077
Zinc (mol m~3) (EDTA-soluble) 1.94 x 108
Copper (mol m~3) (EDTA-soluble) 3.41 x 1078

Twenty seeds were sown in each pot to approximately 2 cm depth. Initially, 20 plants

were grown, and after the first (autumn) sampling, 16 plants remained. After overwintering,
the number of plants per pot was reduced to 12 by selecting 4 additional plants. No fertilizer
was used in the experiment. The soil was irrigated every other day with deionized water

up to the field water capacity. In the autumn, the plants received a deionized water age of
less than 19 days (BBCH 12). After irrigation with deionized water until the first autumn
sampling, the plants were treated four times, once a week (Table 2), with four replicates

in each treatment. During the second sampling period, from

spring to summer 2022, the

plants were treated once a week for one month and twice a week for the remaining period
with the treatments described in Table 2, with four replicates in each treatment.

Table 2. Treatments and their abbreviations.

Treatments Marking
Irrigation with deionized water DW
Irrigation with nutrient solution NS
Irrigation with a nutrient solution in half concentration half NS
Irrigation with 5% fermented DAJ completed with fly ash solution =~ 5W
Irrigation with 10% fermented DAJ completed with fly ash solution =~ 10W
Spraying with 5% fermented DAJ completed with fly ash solution

TSI . . S . half NS+5S
and irrigation with a nutrient solution in half concentration
Spraying with 10% fermented DAJ completed with fly ash solution

Joo . . N . half NS+10S
and irrigation with a nutrient solution in half concentration
Spraying with 2.5% fermented DA]J solution and irrigation with DW+2.55

deionized water

The number and timing of treatments and samplings are

summarized in Table 3.
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Table 3. Summary of treatments and samplings in the experiment.

Autumn treatments

Irrigation with deionized water every two days in September

Treatments according to Table 2; once a week, in October

First sampling at the end of October

Spring treatments

Treatments according to Table 2; once a week, in March

Treatments according to Table 2; twice a week, from April to June

Second sampling at the end of June

2.2. Preparation and Amount of Solutions for Treatments

The nutrient solution was prepared according to Treeby et al. (1989) [18] by adding
1073 mol L1 Fe-EDTA (Merck KGaA, Darmstadt, Germany) to the diluted solution.
The FDA]J was obtained from field-grown alfalfa plants originating 20 km away from
Hajdtunands-Tedej, Hungary (geohash: u2x0pwz62y90). The DAJ was fermented by adding
001g L1 AdiSil LG-100 Perfect inoculum (Bioferm CZ, Ltd., Brno, Czech Republic) and
glucose (Merck KGaA, Darmstadt, Germany); (12 g L’l) at room temperature until the
solution reached pH = 4. The fly ash used in the experiment was obtained from a biomass
power plant in Hungary (Szakoly, Hungary; geohash: u2rxdxxjp2tt). The solution was
prepared by adding 50 g of fly ash to 1000 mL of deionized water. This solution was stirred
for 4 h using an automatic stirring machine and then filtered through filter paper. The pH
of this solution was 12.5, making it particularly suitable for FDA] pH adjustment. To obtain
the optimum pH of 6.0, 229 mL and 377 mL of the fly ash solution were added per 1000 mL
of 5% and 10% FDA]J solution, respectively. Thus, the final concentration of the FDA]
solution was 3.86% and 6.23% after the addition of the fly ash solution. For each treatment,
the volume of solution used for irrigation and foliar spraying was similar (150 mL and
15 mL for each pot, respectively). Pots treated via irrigation received 15 mL of deionized
water through foliar spraying. The element contents of the different FDAJ concentrations
supplemented with fly ash filtrate, as well as the element content of fly ash and fly ash
filtrate, are presented in Supplementary Material.

Table 4 shows the total amount of plant nutrients applied to the plants in one pot of
the treatments. In the experiment, a total of 3.6 L of solution was applied by watering and a
total of 0.36 L by spraying per pot (0.15 L/watering; 0.015 L/spraying). No plant nutrients
were added in DW treatment.

Table 4. Total amount of plant nutrients applied to the plants in one pot of the treatments (mg).

Element NS Half NS 5W 10W Half NS+5S  Half NS+10S DW+2.55
N 1008.000 504.000 2581.992 4172.731 762.199 921.274 164.445
P 222984 111.492 29.772 48.110 114.473 116.303 1.993
K 1055.653 527.827 1779.001 2907.335 705.727 818.560 45.975
Ca 1442.808 721.404 806.562 1322.946 802.060 853.699 10.017
Mg 218.628 109.314 42.743 69.077 113.854 116.222 2.772
S 693.410 346.705 445.320 731.596 391.237 419.865 3.287
Cu 0.457 0.229 0.047 0.043 0.234 0.233 0.002
Fe 2.009 1.004 0.277 0.450 1.030 1.049 0.018
Mn 1.105 0.553 0.167 0.270 0.570 0.580 0.001
Zn 1.178 0.589 0.281 0.454 0.617 0.634 0.002
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Element NS Half NS 5W 10W Half NS+5S  Half NS+10S DW+2.58
Mo 0.032 0.016 0.097 0.155 0.025 0.031 0.002

B 0.039 0.019 1.094 1.789 0.128 0.198 0.003

Na - - 36.180 59.472 3.618 5.947 0.186

Cl 63.817 31.909 - - 31.909 31.909 -

Al - - 0.068 0.112 0.007 0.011 0.005

Ba - - 0.454 0.745 0.045 0.075 0004

Footnote: NS: Irrigation with nutrient solution; half NS: Irrigation with a nutrient solution in half concentration;
5W: Irrigation with 5% fermented DA]J completed with fly ash solution; 10W: Irrigation with 10% fermented DA]
completed with fly ash solution; half NS+5S: Spraying with 5% fermented DAJ completed with fly ash solution
and irrigation with a nutrient solution in half concentration; half NS+10S: Spraying with 10% fermented DA]J
completed with fly ash solution and irrigation with a nutrient solution in half concentration; DW+2.5S: Spraying
with 2.5% fermented DA]J solution and irrigation with deionized water.

The element content of the soil in a pot (3 kg soil) should always be added to the
amount of nutrients available to the plants: N: 1.31 mg; P: 57.52 mg; K: 121.66 mg;
Mg: 76.71 mg; S: 18.69 mg; Mn: 71.01 mg; Zn: 5.31 mg; Cu: 9.12 mg; Na: 81.09 mg.

Considering the proportion of nutrients in the solutions applied to plants in pots, the
5W and 10W treatments show a lower proportion of phosphorus and calcium and a higher
proportion of boron compared to the NS and half NS treatments. The nutrient ratios of the
applied half NS+5S and half NS+10S solutions are most similar to the nutrient ratios of the
NS and half NS solutions.

2.3. Samplings, Measurements, and Data Evaluation

The experiment involved two sampling times, the first in October 2021 at BBCH stage
14-15 and the second in June 2022 at BBCH stage 89.

2.3.1. Measurements at the First Sampling

In the first sampling, four shoots were removed from each pot. The parameters were
measured in the youngest fully developed leaves. The relative chlorophyll content (SPAD
values) was measured using a SPAD-502 chlorophyll meter (Konica Minolta Inc., Tokyo,
Japan). The absolute chlorophyll and carotenoid content was measured, following the
pigment extraction method of Moran and Porath (1980) [19] and the spectrophotometric
method of Wellburne [20], using a spectrophotometer (Metertec SP-830, Metertech Inc.,
Taipei, Taiwan). Briefly, 50 mg fresh leaves were isolated and placed in 5 mL dimethyl-
formamide (Merck KGaA, Darmstadt, Germany) solution for 72 h in the dark. After that,
the solution was filtered, and absorbances were measured at 480, 647, and 664 nm. The
amount of pigments was calculated from the absorbance values. The specific leaf area
(SLA) was determined using the thermogravimetric method. Leaf discs of known amount
and diameter were dried to a constant weight, and then their area per unit weight was
calculated [21]. The dry weight of the shoots was measured after drying at 65 °C using a
drying oven (Memmert UM-100; Memmert GmbH., Blichenbach, Germany) until a constant
weight was reached. The leaf discs’ dry matter content was determined to measure the
SLA and the absolute chlorophyll content, which were used to measure shoot weights.
Measurements were performed in four replications.

2.3.2. Measurements at the Second Sampling

During the second sampling, the shoot and spike length, the number of leaves, the
number of spikelets in spikes, the number of grains in spikes, and the diameter of the shoot
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at the base and under spikes were measured using a caliper and ruler. For the second
sampling, 12 plants were used in each replicate.

The total carbon, nitrogen, and sulfur contents of the grains were determined via
dry combustion using an Elementar CNS instrument (vario Max cube, Elementar Anal-
ysensysteme GmbH., Langenselbold, Germany). The phosphorus, potassium, calcium,
magnesium, manganese, and zinc contents of the grain were determined after digestion
with HNOj3 + HyO; (Merck KGaA, Darmstadt, Germany) using a CEM MARS 6 (CEM
Corporation, Matthews, NC, USA) microwave digester. Briefly, 0.1 g grain and 5 cm® HNO;
were measured and digested for 50 min. Phosphorus was measured using the spectro-
metric method via molybdenum blue colorimetry [22] on a Thermo Scientific Gallery 861
spectrometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The K, Ca, Mg, Mn, and
Zn contents of the grains were determined using a Thermo Scientific ICE 3500 (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) atomic absorption spectrometer, and K was
measured using the emission method. Before measurement, the grains were ground in a
laboratory mill (Model: IKA A11B, IKA-Werke GmbH., Staufen, Germany). The element
content was determined in the four replicates of each treatment.

2.3.3. Data Evaluation

Data were analyzed using the statistical software SPSS 23.0. Descriptive statistics
were used, followed by analysis of variance and Duncan’s test, or Kolmogorov-Smirnov
and Mann-Whitney tests, depending on the distribution of the data. Principal component
analysis (PCA) was used to examine the relationships between the variables.

3. Results
3.1. Results of First Sampling

As shown in the results listed in Table 5, a significant difference was only found in the
shoot dry weight between the half NS and DW+2.5S treatments, with the difference in the
former considered more significant. The SFDA] treatments did not increase the shoot dry
weight. In the DW treatment, the shoot dry weight was the same as in the other treatments.

Table 5. Values of the shoot dry weight, specific leaf area (SLA), and relative chlorophyll content
(SPAD values) of experimental plants with different treatments at first sampling (10/21); (n = 4; +SE;
significant differences at p < 0.05 are indicated with different letters).

oot’s Dr eight ecific Leaf Area elative oro ontent
Treatments Shoot’s Dry Weigh Specific Leaf Area (SLA) Relative Chlorophyll C
mg Shoot~1 mm? mg1 (SPAD Values)
DW 260.09 + 14.92 ab 5.24 + (.20 2P 30.04 +0.842
NS 273.46 + 14.56 3P 480 +£0.262 35.75 +1.494d
half NS 294.93 4+ 27.40 b 5.17 4+ 0.14 2b 33.84 + 0.62 bed
DW+2.55 23393 +11.702 48440262 29.55 +1.792
half NS+5S 272.60 + 14.22 ab 5.24 4+ (.20 2P 32.55 + (.97 abed
half NS+10S 267.54 + 21.76 3P 464 +0.232 35.14 4+ 0.59 <
5W 24345 + 13.67 3P 563 +029b 31.83 + 0.83 abe
10W 237.67 + 2228 ab 476 +0.262 30.61 + 0.88 @b

Footnote: DW: Irrigation with deionized water; NS: Irrigation with nutrient solution; half NS: Irrigation with a
nutrient solution in half concentration; 5W: Irrigation with 5% fermented DAJ completed with fly ash solution;
10W: Irrigation with 10% fermented DAJ completed with fly ash solution; half NS+5S: Spraying with 5% fermented
DAJ completed with fly ash solution and irrigation with a nutrient solution in half concentration; half NS+10S:
Spraying with 10% fermented DAJ completed with fly ash solution and irrigation with a nutrient solution in half
concentration; DW+2.5S: Spraying with 2.5% fermented DA] solution and irrigation with deionized water.



Agronomy 2025, 15, 339

7 of 18

The SLA of the 5W treatment was significantly larger than that of the NS, DW+2.5S,
half NS+10S, and 10W treatments. The relative chlorophyll content differed considerably
between treatments, with significantly higher values in the half NS, NS, and half NS+10S
treatments and significantly lower values in the DW and DW+2.5S treatments.

Significant differences in chlorophyll-a content were observed between treatments,
with lower values in the 5W and 10W treatments than in NS or half NS treatments, alone or
in combination (Table 6). The NS and half NS treatments resulted in higher chlorophyll-b
contents than the other treatments.

Table 6. Chlorophyll-a, chlorophyll-b, and carotenoid content (mg g~ fresh weight) of experimental
plants with different treatments at first sampling (10/21) (n = 4; £SE; significant differences at p <
0.05 are indicated with different letters).

Treatments Chlz:goglgrll a Chlr(:;)g}l)lrll b Ca::gte;fllds
DW 20.72 4 0.37 abe 719 £0.172 1.71 + 0.03 be
NS 22.77 £ 0494 8.09 & 0.25 be 1.67 +0.05°
half NS 23.04 + 0.47 4 841 +0.28°¢ 1.82 +0.02 ¢
DW+2.55 20.72 4 0.39 abe 6.97 +0.182 1.78 + 0.02 be
half NS+5S 21.48 + 0.31 bed 7.39 4+ 0.20 2P 1.76 4 0.04 be
half NS+10S 21.60 + 0.67 @ 7.49 + 03720 1.73 + 0.06 b¢
5W 19.44 + 0.382 6.67 +0.27 2 1.46 +0.022
10W 19.78 +0.812 6.79 & 0.36 @ 1.51 £ 0.042

Footnote: DW: Irrigation with deionized water; NS: Irrigation with nutrient solution; half NS: Irrigation with a
nutrient solution in half concentration; 5W: Irrigation with 5% fermented DA]J completed with fly ash solution;
10W: Irrigation with 10% fermented DAJ completed with fly ash solution; half NS+5S: Spraying with 5% fermented
DAJ completed with fly ash solution and irrigation with a nutrient solution in half concentration; half NS+10S:
Spraying with 10% fermented DAJ completed with fly ash solution and irrigation with a nutrient solution in half
concentration; DW+2.5S: Spraying with 2.5% fermented DAJ solution and irrigation with deionized water.

The 5W and 10W treatments resulted in lower carotenoid content than the other
treatments. Among the remaining treatments, a significant difference in carotenoid content
was only observed in NS and half NS treatments, with the latter exhibiting higher values.

According to the PCA results in Figure 1, the first of the two latent components explains
47.79% of the variances and the second 17.95%. The first latent component includes the
three photosynthetic pigments, which therefore vary together. The second latent component
refers to the SLA value and shoot dry weight.

Component Plot

SLA
o

Shoot_dry_weight
o
0.5+

Chl_a
o

)
O Chih
Tar =

SPAD
o

Component 2
o

0.5+

-1.01

-10 =05 00 05 10
Component 1

Figure 1. Component plot of parameters (SLA: specific leaf area; SPAD: relative chlorophyll content;
Chl_a: chlorophyll-a; Chl_b: chlorophyll-b; Car: carotenoids and shoot dry weight) measured in the
first sampling (10/21).
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3.2. Results of Second Sampling

The effects of the different treatments on the morphological, growth, and yield param-
eters of the experimental plants at the second sampling are presented in Tables 7-10. The
SFDA] treatments alone and in combination with half NS treatment significantly reduced
the shoot length compared to NS and half NS treatments but led to significantly higher
shoot length than DW and DW+2.55 treatments.

Table 7. Effect of different treatments on the shoot and spike length of experimental plants at second
sampling (06/22) (n = 4; £SE; significant differences at p < 0.05 are indicated with different letters).

Treatments Shoot Length (mm) Spike Length (mm)
DW 44250 + 18.09 38.13 +9.812b
NS 592.81 4+ 7.16 4 58.44 4+ 5.70 4
half NS 595.31 4- 12.00 ¢ 59.06 4 10.20 4
DW+2.55 428.44 + 15572 35.94 4 8.002
half NS+55 543.75 4 8.90 € 49.06 4 7.58 ¢
half NS+10S 529.38 = 9.00 b¢ 4250 £5.77"
5W 500.31 & 14.29 ° 41.25 + 8.66 2P
10W 543.75 4 5.45 ¢ 49.06 4 5.54 ¢

Footnote: DW: Irrigation with deionized water; NS: Irrigation with nutrient solution; half NS: Irrigation with a
nutrient solution in half concentration; 5W: Irrigation with 5% fermented DA]J completed with fly ash solution;
10W: Irrigation with 10% fermented DA]J completed with fly ash solution; half NS+5S: Spraying with 5% fermented
DAJ completed with fly ash solution and irrigation with a nutrient solution in half concentration; half NS+10S:
Spraying with 10% fermented DAJ completed with fly ash solution and irrigation with a nutrient solution in half
concentration; DW+2.55: Spraying with 2.5% fermented DAJ solution and irrigation with deionized water.

Table 8. Effect of different treatments on the leaf number and shoot diameters of experimental
plants at second sampling (06/22) (n = 4; £SE; significant differences at p < 0.05 are indicated with
different letters).

Shoot Diameter at the Shoot Diameter at the

Treatments Leaf Number (Piece) Base (mm) Top (mm)

DW 5.00 & 0.24 2P 0.18 +£0.01° 0.09 +0.01 2
NS 5.13 4 0.24 2b 0.2240.01°¢ 0.15+0.00 ¢
half NS 5.44 + 0222 0.2240.01°¢ 0.14 +0.01°¢
DW+2.55 5.88 +0.18? 0.19 4 0.01 2 0.10 +0.00 2
half NS+55 5.06 4+ 0.14 2 0.2240.00°¢ 0.12 +0.00 ®
half NS+10S 47540172 0.22+£0.00°¢ 0.12 4 0.00
5W 488 +0.132 0.20 4 0.00 b¢ 0.12 4 0.00
10W 4.81+0.162 0.2240.01°¢ 0.13 £ 0.00 %

Footnote: DW: Irrigation with deionized water; NS: Irrigation with nutrient solution; half NS: Irrigation with a
nutrient solution in half concentration; 5W: Irrigation with 5% fermented DA]J completed with fly ash solution;
10W: Irrigation with 10% fermented DAJ completed with fly ash solution; half NS+5S: Spraying with 5% fermented
DAJ completed with fly ash solution and irrigation with a nutrient solution in half concentration; half NS+10S:
Spraying with 10% fermented DAJ completed with fly ash solution and irrigation with a nutrient solution in half
concentration; DW+2.5S: Spraying with 2.5% fermented DAJ solution and irrigation with deionized water.

Table 9. Effect of different treatments on shoot and root dry weight of experimental plants at second
sampling (06/22) (n = 4; £SE; significant differences at p < 0.05 are indicated with different letters).

Shoot Dry Weight Root Dry Weight
Treatments (g Plant 1) (g Plant-1)
DW 0.36 + 0.03 2 0.11 £0.012
NS 0.68 + 0.02d 0.27 £0.024

half NS 0.73 +0.054 0.18 +0.01°¢
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Table 9. Cont.

Treatments Sho((;t Il,)lgltvyle)ight RO((); llzgn‘t,yﬁi)ght
DW+2.55 0.33 +£0.02°2 0.13 £0.01 %
half NS+5S 0.54 +0.02 ¢ 0.14 +£0.01°
half NS+10S 0.49 + 0.03 b¢ 0.13 £ 0.00 %
5W 0.45+0.03° 0.12 £0.01%
10W 0.53 4 0.02 bc 0.12 +0.00

Footnote: DW: Irrigation with deionized water; NS: Irrigation with nutrient solution; half NS: Irrigation with a
nutrient solution in half concentration; 5W: Irrigation with 5% fermented DA]J completed with fly ash solution;
10W: Irrigation with 10% fermented DAJ completed with fly ash solution; half NS+5S: Spraying with 5% fermented
DAJ completed with fly ash solution and irrigation with a nutrient solution in half concentration; half NS+10S:
Spraying with 10% fermented DAJ completed with fly ash solution and irrigation with a nutrient solution in half
concentration; DW+2.55: Spraying with 2.5% fermented DAJ solution and irrigation with deionized water.

Table 10. Effect of different treatments on the spikelet number per spike, grain number per spike,
weight of grains per spike, and yield per pot of experimental plants at second sampling (06/22)
(n = 4; £SE; significant differences at p < 0.05 are indicated with different letters).

Spikelet Number  Grain Number per Weight of Qralns .
Treatments er spike Spike per Spike Yield per Pot (g)
persp P (g Spike 1)
DW 3.06 +0.292 9.50 + 1.44 2 0.25 4+ 0.052 297 + 0542
NS 5.56 + 0.13 de 22.00 4 0.71 de 0.88 +0.04 4 10.58 + 0.43 4
half NS 5.81 +0.23°¢ 23.88 +1.47°¢ 0.90 + 0.07 d 10.82 +0.88 4
DW+2.55 331+0242 7.81+1.012 0.23 +0.032 276 +£0.342
half NS+5S 5.00 + 0.24 < 18.63 =+ 0.90 be 0.72 +£0.05°¢ 8.59 4+ 0.54 ¢
half NS+10S 456 + 0.20 bc 15.88 + 0.74 P 0.58 + 0.03b 6.99 + 040"
5W 413 +0.24P 15.63 +0.93 P 0.56 + 0.04P 6.76 £ 0.45°
10W 5.13 +£0.18 <4 19.50 + 0.63 <4 0.64 + 0.03 be 7.74 + 0.35 bc

Footnote: DW: Irrigation with deionized water; NS: Irrigation with nutrient solution; half NS: Irrigation with a
nutrient solution in half concentration; 5W: Irrigation with 5% fermented DA]J completed with fly ash solution;
10W: Irrigation with 10% fermented DAJ completed with fly ash solution; half NS+5S: Spraying with 5% fermented
DAJ completed with fly ash solution and irrigation with a nutrient solution in half concentration; half NS+10S:
Spraying with 10% fermented DAJ completed with fly ash solution and irrigation with a nutrient solution in half
concentration; DW+2.5S: Spraying with 2.5% fermented DA] solution and irrigation with deionized water.

NS and half NS treatments also increased the spike length compared to the other
treatments. Among the SFDA] treatments, only the half NS+5S and 10W treatments
resulted in a higher spike length compared to the DW and DW+2.5S treatments, and the
differences were significant. A higher leaf number was measured in the DW+2.55 treatment,
but there was no significant difference between the other treatments. The diameter at the
base of the shoot was significantly lower in DW and DW+2.5S treatments than in the other
treatments, which were statistically similar. The NS and half NS treatments resulted in
a larger diameter at the shoot apex, but there was no significant difference between the
other treatments.

Similar to the shoot length, SFDA] treatments alone or in combination with half NS
treatments significantly reduced the shoot dry weight, number of grains, grain weight
per spike, and yield per pot, compared to NS and half NS treatments, but resulted in
significantly higher values than DW and DW+2.5S treatments. The conversion of the yields
per pot, taking into account the area of the pots, into tonnes per hectare, revealed values
between 0.88 and 3.45 tonnes per hectare. For the yield results calculated in tonnes per
hectare, the same findings as mentioned above are valid for the differences/uniformities
between treatments. SFDA] treatments also reduced the root dry weight and the number of
spikelets per spike compared to NS and half NS treatments but exhibited higher values
than DW treatment, and the differences were significant.
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Based on the PCA results in Figure 2, the first of the two latent components explains
63.65% of the variances for the morphological variables and the second 10.40%. The former
encompasses morphological variables except leaf number and shoot diameter at the apex.
Therefore, the shoot and root weight, spikelet number, shoot length, seed number and
weight per plant, yield per pot, and shoot diameter at the base vary together.

Component Plot
1.0
ldaf number
o
shoot_gliameter_apex
o
0.5+
shoot_diameter_base
hoot_wei
spikelet_mu\\bers oot weigh
00 ehnm_hnm‘htp o

spike_length g
seed_weight per_plantseed_number
root_weight yield_per_plot

(o)

Component 2

-0.51

-1.0+

-10 -05 00 05 10

Component 1

Figure 2. Component plot of morphological parameters (shoot and root weight, spikelet number,
shoot length, seed number and weight per plant, yield per pot, and shoot diameter at the base and at
the apex and leaf number) in the second sampling (06/22).

The nitrogen, carbon, and sulfur contents of the grains in the different treatments
are presented in Figures 3 and 4. The nitrogen content varied between the treatments. In
those with SFDAJ applied via irrigation, the same nitrogen content was obtained as in
the NS and half NS treatments. Treatments involving the application of SFDA] via foliar
spraying resulted in significantly higher nitrogen levels than the DW treatment but only
when combined with half NS treatment and applied at 10% concentration. Treatments using
SFDA] application via foliar spraying in combination with half NS treatment exhibited no
positive effect compared to the half NS treatment. The carbon content of the treatments
also differed significantly. The application of SFDA] via irrigation increased the carbon
content compared to all other treatments except NS. The other treatments did not differ in
carbon content. Regarding the sulfur content, a difference was only observed between half
NS+55 and half NS+10S treatments.

The data in Table 11 indicate that SFDA] treatments via irrigation had a negative effect
on the phosphorus concentration in wheat grain. These treatments resulted in significantly
lower phosphorus concentration values than NS, half NS, half NS+5S, and even DW
treatments. Potassium concentrations significantly varied between the treatments. The 10W
treatment increased the potassium concentration significantly compared to most treatments,
except for the half NS and half NS+10S treatments, which revealed similar results. The
treatments had no effect on the calcium concentration in the grains. SFDA] application
significantly increased the magnesium concentration when applied via foliar spraying and
combined with half NS treatment, compared to its application using irrigation. SFDA]
treatments resulted in the same manganese and zinc concentrations as NS and half NS
treatments. Manganese and zinc concentrations were highest in the DW and DW+2.55
treatments, with the differences considered significant.
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Figure 3. Effect of different treatments on nitrogen and sulfur content (N, S g kg™!) of wheat
grains at second sampling (06/22) (n = 4; £SE; significant differences at p < 0.05 are indicated with
different letters). Footnote: DW: Irrigation with deionized water; NS: Irrigation with nutrient solution;
halfNS: Irrigation with a nutrient solution in half concentration; 5W: Irrigation with 5% fermented
DAJ completed with fly ash solution; 10W: Irrigation with 10% fermented DA]J completed with fly
ash solution; halfNS+5S: Spraying with 5% fermented DA] completed with fly ash solution and
irrigation with a nutrient solution in half concentration; halfNS+10S: Spraying with 10% fermented
DAJ completed with fly ash solution and irrigation with a nutrient solution in half concentration;
DW+2.5S: Spraying with 2.5% fermented DAJ solution and irrigation with deionized water.
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Figure 4. Effect of different treatments on the carbon (C g kg~!) content percentage of wheat
grains at second sampling (06/22) (n = 4; £SE; significant differences at p < 0.05 are indicated with
different letters). Footnote: DW: Irrigation with deionized water; NS: Irrigation with nutrient solution;
halfNS: Irrigation with a nutrient solution in half concentration; 5W: Irrigation with 5% fermented
DAJ completed with fly ash solution; 10W: Irrigation with 10% fermented DA]J completed with fly
ash solution; halfNS+5S: Spraying with 5% fermented DA] completed with fly ash solution and
irrigation with a nutrient solution in half concentration; halfNS+10S: Spraying with 10% fermented
DAJ completed with fly ash solution and irrigation with a nutrient solution in half concentration;
DW+2.5S: Spraying with 2.5% fermented DAJ solution and irrigation with deionized water.
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Table 11. Phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), manganese (Mn), and
zinc (Zn) content of wheat grain treated with SFDA] (g kg_1 ; mg kg_1 ; n = 4; £SE; significant

differences at p < 0.05 are indicated with different letters).

Treatments/

Elements P(gkg™1) K (gkg™1) Ca(gkg™) Mg (gkg1) Mn mg kg1 Zn mg kg1
DW 1.69 + 0.12 ¢ 6.10 4 0.13 2bc 1.83 £0.012 1.23 + 0.05 abe 69.25 + 3.12°¢ 35.49 + 0.45 <d
NS 1.97 £ 0.09 4 593 +0.232b 1.78 £0.192 1.35 + 0.11 be 51.90 + 4.21b 28.30 + 1.90 2P
half NS 1.64 + 0.09 be 6.46 & 0.17 bed 2104+ 0.382 1.39 + 0.05 be 30.90 + 4.89 2 28.35 + 1.50 2P
DW+2.58 1.53 4 0.09 ab 5.98 + .13 abe 1.83 + 0.04 2 1.11 + 0.16 2P 72.48 4+ 5.57 ¢ 39.82 + 2214
half NS+5S 1.85 + 0.09 <d 5.79 + 0.07 2 1.59 + 0.08 2 1.29 + 0.01 abc 41.58 + 3.04 2P 28.55 4+ 1.75 2
half NS+10S 1.55 4 0.07 @b 6.51 +0.17 <« 1.81 +£0.132 1.40 £ 0.10¢ 51.15 4+ 5.98 P 33.47 4 0.770 be
5W 1.36 + 0.052 578 +£0.152 20140232 1.07 + 0.05 2 53.00 4 2.65 P 26.53 4+ 2.332
10W 1.33 +£0.022 7.00 £+ 0.29 4 1.78 +£0.382 1.11 + 0.06 2 3748 +1.752 29.72 + 1.30 2P

Footnote: DW: Irrigation with deionized water; NS: Irrigation with nutrient solution; half NS: Irrigation with a
nutrient solution in half concentration; 5W: Irrigation with 5% fermented DA]J completed with fly ash solution;
10W: Irrigation with 10% fermented DAJ completed with fly ash solution; half NS+5S: Spraying with 5% fermented
DAJ completed with fly ash solution and irrigation with a nutrient solution in half concentration; half NS+10S:
Spraying with 10% fermented DAJ completed with fly ash solution and irrigation with a nutrient solution in half
concentration; DW+2.55: Spraying with 2.5% fermented DAJ solution and irrigation with deionized water.

Figure 5 shows the PCA analysis results of the measured elements. The first explains
23.33% of the variances, the second 20.97%, the third 17.73%, and the fourth 12.47%. The
first of the four latent components encompasses Mn, Zn, and N content. An inverse
association was observed between the N content and the Mn and Zn contents, i.e., the
higher the N content, the lower the Mn and Zn content. The second latent variable includes
the P, Mg, and C contents. The P and Mg contents exhibited similar change trends: when
one increased or decreased, the other underwent similar changes, but an increase in C
content exhibited an inverse association with an increase in P and Mg content. The third
latent variable includes the K and Ca content, indicating that the variation in the amounts
of these two elements is correlated. The fourth latent variable is only mathematically
meaningful, not scientifically.
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Figure 5. Component plot of elements (C, N, S, K, P, Ca, Mg, Zn, Mn) measured in the second
sampling (06/22).

The results in Figures 6 and 7 illustrate the total concentration of elements incorporated
into the wheat grains in different treatments. The NS treatment can be considered optimal in
terms of both the amount of plant nutrients and their proportions. In the half NS treatment,
the proportion of plant nutrients is also optimal. Therefore, SFDA] treatments should be
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compared to these treatments. If we take into account the amount of nutrients supplied to
each pot by watering and/or spraying, it can be concluded that the half NS+5S and half
NS+10S treatments are closest to the nutrient ratio of the NS and half NS treatments. In the
5W and 10W treatments, compared to the above, the ratio of calcium and phosphorus is
lower, and the ratio of boron is higher. The amount of phosphorus incorporated into the
grains was lower in the DW and DW+2.5S treatments than in the NS, half NS, and half
NS+55 treatments. The low phosphorus content of the 5W and 10W treatments account
for the lower incorporated phosphorus in the grains in these treatments. In the SFDA]J
treatments, the amount of potassium incorporated into the grains—with the exception of
the DW+2.5S treatment, which has a low potassium input—was the same as in the NS and
half NS treatments. The amount of calcium and magnesium incorporated into the grains
was lower in DW and DW+2.5S treatments than in NS and half NS treatments. There was
no significant difference between the treatments containing SFDAJ (except the DW+2.55
treatment) and the NS and half NS treatments in the incorporated amount of calcium and
magnesium. The amounts of manganese and zinc incorporated into the grains were lower
in the DW and DW+2.5S treatments than in the other treatments, which, however, did not
differ in these parameters. It follows that the SFDA] treatments (with the exception of the
DW+2.5S treatment) are as effective as the NS and half NS treatments for the supply of the
tested elements, with the exception of the phosphorus supply. The difference between the
amount of all applied nutrients (see Table 4) and the amount incorporated into the grain
yield was incorporated into the other parts of the plants (shoot and root system).
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Figure 6. The total potassium (K), phosphorus (P), calcium (Ca), and magnesium (Mg) content
incorporated into wheat grains in different treatments (grain yield per pot multiplied by the concen-
tration of element: mg yield of pot~!; n = 4; +SE; significant differences among data at p < 0.05 are
indicated with different letters). Footnote: DW: Irrigation with deionized water; NS: Irrigation with
nutrient solution; half NS: Irrigation with a nutrient solution in half concentration; 5W: Irrigation
with 5% fermented DA] completed with fly ash solution; 10W: Irrigation with 10% fermented DA]
completed with fly ash solution; half NS+5S: Spraying with 5% fermented DAJ completed with fly
ash solution and irrigation with a nutrient solution in half concentration; half NS+10S: Spraying
with 10% fermented DAJ completed with fly ash solution and irrigation with a nutrient solution
in half concentration; DW+2.5S: Spraying with 2.5% fermented DAJ solution and irrigation with
deionized water.
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Figure 7. The total manganese (Mn) and zinc (Zn) content incorporated into wheat grains in differ-
ent treatments (grain yield per pot multiplied by the concentration of element: mg yield of pot~!;
n = 4; £SE; significant differences among data at p < 0.05 are indicated with different letters). Foot-
note: DW: Irrigation with deionized water; NS: Irrigation with nutrient solution; half NS: Irrigation
with a nutrient solution in half concentration; 5W: Irrigation with 5% fermented DAJ completed with
fly ash solution; 10W: Irrigation with 10% fermented DA]J completed with fly ash solution; half NS+55:
Spraying with 5% fermented DA] completed with fly ash solution and irrigation with a nutrient
solution in half concentration; half NS+10S: Spraying with 10% fermented DA] completed with fly
ash solution and irrigation with a nutrient solution in half concentration; DW+2.5S: Spraying with
2.5% fermented DAJ solution and irrigation with deionized water.

4. Discussion

Experiments and publications on the use of deproteinized, fresh plant juices (DPJs)
from different plants in plant nutrition have shown that efficacy is determined by the con-
centrations used, the plant of origin, and the test plant. Jadhav investigated the association
between DPJ concentration and their positive and negative effects on crop production:
higher doses of DPJ caused chromosomal aberrations in Allium cepa root tips, whereas
alfalfa DPJ at lower concentrations had a positive effect on cowpea yield. It improved
root nodulation, leaf number, dry matter, and protein content [23,24]. In 2019, Jadhav
and co-workers investigated the effect of DPJs derived from different fabaceous plants
(Phaseolus lunatus and Vigna unguiculata) found in India on the growth and photosynthetic
pigment content of grassland plants (Pennisetum typhoides, Eleusine coracana, and Sorghum
vulgare). Their results show that the effect of DPJs depends on the plant from which they are
derived. The DPJs from plants of the Fabaceae family used reduced the chlorophyll content
of Pennisetum and Elusine species. On the other hand, the DP] prepared from Phaseolus
lunatus increased the chlorophyll content of Sorghum vulgare plants, and DP] prepared from
Vigna unguiculata plants increased carotenoid content in Pennisetum typhoides plants [25].
The toxic effect of large quantities of DAJ applied under field conditions has been demon-
strated, and the concentration threshold with no toxicity has been determined [26,27]. Other
authors have reported that DPJ of undetermined origin at a concentration of 0.1% induced
root formation in tissue cultures of various leguminous plants [28]. In addition, DAJ has
demonstrated germination-stimulating effects at low concentrations [29,30].
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Lactic fermentation of DPJs allows for longer storage/usage and significantly improves
their quality. The only disadvantage of the process is that the use of fermented DPJs as
plant nutrients is limited due to the low pH produced. Therefore, fermented DPJs can
only be used in low concentrations for a limited period of time. This finding is confirmed
by several publications. The application of FDAJ at concentrations of 0.05-0.1 v v 1%
in hydroponics increased the growth and relative chlorophyll content of maize plants,
whereas higher concentrations (i.e., 1.0-5.0 v V‘l%) had a reverse effect, which is attributed
to the low pH in the nutrient solution due to FDA] application. In other experiments
performed on horticultural perlite, the application of FDAJ at 2.5 v v~1% via foliar spraying
in maize provided a good alternative to nutrient solution treatment, but similar results
were not found in sunflower [15]. For herbs and ornamental plants (Occimum and Celosia),
FDA]J has been shown to have a beneficial effect when sprayed with a 1.0-2.5 v v 1%
solution. Spraying Celosia argentea plants with a lower concentration (up to 1.0 v v~1%) of
FDA]J improved their growth and antioxidant capacity [12]. The application of FDAJ in
2.5 v v 1% via foliar spraying increased the fresh weight of stem and root, length of stem
and root, and leaf area in Ocimum basilicum plants [31].

Considering the low pH of fermented DP]Js, successful experiments have previously
been carried out to supplement them with wood ash filtrate to change their pH to a
pH favorable for plant nutrient uptake and to use the improved DPJ for plant nutrition.
Although the higher concentration of alfalfa-derived DPJ could be used effectively in these
experiments, the duration of its application was limited (a few weeks). Specifically, FDA]
was supplemented with fly ash solution in sunflowers and corn grown on horticultural
petlite, thus eliminating the toxicity of FDAJ and increasing its concentration up to 10% [15].

In the present study, the experiment was performed using SFDA]J, and unlike previous
studies, the treatments were applied repeatedly and at higher concentrations during the
entire growth period.

The first sampling was carried out because we aimed to investigate whether there was
a difference between treatments before overwintering. At the first sampling, no significant
differences in plant development were observed between the SFDA] treatments and the
control treatments, which may be attributed to the nutrient content of the grain crops
and the low, but existing, nutrient supply capacity of the soil. At the first sampling, the
addition of SFDA] via irrigation or foliar spraying did not reduce the specific leaf area.
The relative chlorophyll content of the SFDA] treatments was significantly lower than
the NS treatment, which is ideal for plant nutrition. SFDA] treatments via irrigation
reduced the absolute chlorophyll content of the experimental plants at the first sampling,
compared to the nutrient solution treatments. Given the essential role of iron in chlorophyll
biosynthesis [32] and the relatively low iron content of DAJ and SFDA] solutions, which
has been established in previous research [15], this is not a surprising result. A significant
amount of iron remains in the protein fraction during coagulation in the LPC, which reduces
the iron content of DAJ. The SFDA] treatments via irrigation resulted in significantly lower
carotenoid content than the other treatments. Since carotenoids are protective pigments
against high light intensity, this raises the possibility that SFDA] application may make
plants more sensitive to this type of stress.

In the second sampling, the SFDA] treatments were inferior to the nutrient solution
treatments in terms of the measured morphological and yield parameters but exhibited
significantly better performance than the deionized water irrigation treatments.

The SFDA] treatments were particularly effective in improving the carbon and nitrogen
content of grains. The nitrogen content of the grains reached the values measured in the
nutrient solution treatments. Qur results reveal that the use of SFDA] is more beneficial
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for increasing the nitrogen and carbon content of grains when applied via irrigation than
when using foliar spraying.

SFDA] treatments also had an impact on the other macro- and micronutrient content
of grains. The SFDA] treatments applied at higher concentrations primarily increased
the potassium but decreased the phosphorus concentration compared to distilled water
control treatments. The high manganese and zinc concentrations in the treatments with
deionized water were unexpected. This may be due to the very low yield of plants treated
with deionized water. Another reason may be the acidic soil pH. Irrigation with deionized
water alone kept the soil pH acidic, which increased micronutrient solubility and uptake.
In the other treatments, the soil pH shifted upwards, thus reducing solubility and uptake
of these elements.

To ensure that the difference in crop volume does not affect the results of the amount
of nutrients incorporated, we calculated the amount of nutrients incorporated into the
yield of a pot in a treatment, determined as the grain yield per pot multiplied by the
concentration of an element and expressed in milligrams. According to this parameter,
SFDA]J treatments (with the exception of the DW+2.5S treatment) are as effective as the
NS and half NS treatments for the supply of the tested elements, with the exception of the
phosphorus supply.

5. Conclusions

It can be concluded that FDAJ supplemented with fly ash filtrate can be used for
enhanced plant nutrition. Although its use does not reach the effectiveness of nutrient
solutions with an optimal composition, especially in terms of the amount of grain yield, it
does not exhibit any toxic effects. Depending on the intensity of crop production, it can
replace the use of fertilizers to a certain extent and even completely at the low-input level
of plant production. It can also be used at the 10% concentration without any challenges
in field conditions, as evidenced by our experiment. It is recommended to be applied
mainly via irrigation to increase its effectiveness. If nutrient supply needs to be achieved
using SFDA] alone, the potential risks of suboptimal nutrient ratios should be considered.
Primarily due to the high potassium and low phosphorus and iron content of SFDA], it
may be necessary to supplement fertilization to balance the nutrients, although the cost of
this approach is significantly lower than ensuring the plant’s nutrient requirements solely
with synthetic fertilizers.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agronomy15020339/s1, Table S1: Composition of fermented, deproteinized
alfalfa juice (FDAJ) and its solutions, composition of FDAJ solutions with fly ash filtrate used in the
experiment (mg L~1); Table S2: Composition of fly ash and fly ash filtrate (mg kg —; mg L™1).
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