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ABSTRACT

Soybean is a crucial crop utilized for both food and oil production, with balanced crop nutrition being a key deter-
minant of soybean yield throughout its growth cycle. Sulfur, an essential nutrient for crop growth, substantially
impacts soybean yield. In this study, two soybean cultivars, Laidou 2 and Hefeng 55, were used to study the
changes in nitrogen, phosphorus, potassium, and sulfur contents in soybean plants at different growth stages.
Additionally, the effects of dry matter accumulation under five different sulfur levels were examined. The results
showed that the sulfur levels had varying effects on the nitrogen, phosphorus, potassium, and sulfur contents and
accumulation in different parts of the soybean plants. There were marked differences in the accumulation and
distribution of dry matter in different parts of the soybean plant. Soybean dry matter weight shows the best overall
performance under the S80 treatment. With increasing sulfur nutrition, the nitrogen, phosphorus, potassium, and
sulfur contents in various plant parts exhibited an unimodal trend, reaching maximum values when the sulfur
content was 80 mg/L. This study elucidates the dynamic changes in nutrient elements in soybeans under different
sulfur levels and is important in guiding the rational application of sulfur fertilizers in agricultural production.
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1 Introduction

Soybean is a primary food crop and is abundant in a diverse range of health-promoting constituents, such
as minerals, proteins, unsaturated fatty acids, and dietary fiber [1,2]. In addition to its crucial role in human
nutrition, soybean also serves as a preferred raw material for animal feed and vegetable oil production.
Recent technological advancements have led to an increased utilization of soybeans in processing [3] and
the food industry [4], consequently driving up the global demand for this versatile crop.

Sulfur is involved in numerous physiological and biochemical reactions in plants [5]. It substantially
influences plant growth, development, and grain yield and serves as an essential nutrient for the overall
growth and development of all plant species [6]. Sulfur plays a pivotal role in regulating the levels of
reactive oxygen species (ROS), preserving cell membrane integrity [7], and detoxifying organic toxins
[8]. Compared to other crops, soybean cultivation requires greater protein, amino acid, and antioxidant
synthesis. Sulfur is the primary synthetic element required in these processes. Therefore, augmenting
sulfur supply can enhance soybean yield and quality while improving plant growth and stress resistance.
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In the field, crops obtain sulfur mainly through the absorption of soil sulfate by their roots, a very small
part of which comes from leaf absorption [9]. Sulfur in soil not only originates from atmospheric
precipitation, decomposition of organic matter, and sulfur in fertilizer but may also be affected by human
activities (such as industrial emissions). Maintenance of appropriate sulfur concentration in the soil is
crucial for crop growth, as both sulfur deficiency and excess can substantially affect the absorption of
other essential elements by crops. In daily production, the role of sulfur fertilizers in improving crop yield
and quality is often overlooked, resulting in severe sulfur deficiency in the soil. Soil sulfur deficiency
during crop growth has become an increasingly serious global problem in many regions [10]. A previous
study noted the influence of sulfur on the main nutrients and differences in dry matter accumulation at
different growth stages of soybean plants [11]. However, the specific influence of sulfur concentration on
the dynamics of nutrient accumulation at different growth stages is unknown. In this study, two soybean
varieties were investigated to determine the dry matter and nutrient concentrations of different plant parts
under five concentrations of sulfur supply at two developmental stages: seedling and flowering. This not
only fills the data gap in this field of study but also provides an important data reference for clarifying the
appropriate sulfur application in field production.

2 Materials and Methods

2.1 Experimental Design

For this experiment, the high-yield, high-quality, and disease-resistant soybean varieties, Laidou 2 and
Hefeng 55, were chosen. The experiment was conducted in a glass rain shelter at the experimental station of
Northeast Agricultural University, Harbin, China. The pot-planting method was adopted, using uniformly-
sized plastic barrels (28 ¢cm in diameter and 30 cm in height) that were with holes at the bottom. A gauze
was placed at the bottom of the barrel and vermiculite was added. Soybean seeds with full and uniform
grains were selected for sowing and eight seeds were planted in each pot.

The trial started on 24 July. An amount of 500 mL of distilled water was used to water the seedlings once
a day until the opposite true leaves were apparent. After spreading of opposite true leaves, the seedlings were
thinned and four soybean plants with uniform growth were retained in each pot. On 2 August, the two
compound leaf stages (V2 stage) were treated with sulfur, and the nutrient solution, composed of distilled
water, was applied once every morning and night until the end of the experiment. Five different sulfur
concentrations were used in the test, corresponding to the concentrations of sulfur in the nutrient
solutions of 20.0, 40.0, 80.0, 160.0, and 260.0 mg/L (Table 1). And the detailed composition and
concentration of the nutrient solution are shown in Table 2. Distilled water was used every three days to
prevent salt accumulation. Samples were collected on days 27 (seedling stage) and 40 (flowering stage)
after the start of the experiment. The samples were collected from 08:30-09:30 at all periods; the leaves
were collected, wrapped in tin foil, and put into liquid nitrogen for instant freezing, and then stored in an
ultra-low temperature refrigerator at —80°C until testing. The treatment was repeated three times per pot.
The aboveground parts of the plants were cut from the cotyledon marks, and the underground parts were
washed with water, brought back to the laboratory for a sampling of the roots, stems, and leaf stalks, and
placed in envelopes. The samples were heated at 105°C for 30 min, followed by drying at 80°C until a
constant weight was achieved. After weighing, the samples were crushed and analyzed.

2.2 Determination of Physiological Indicators

2.2.1 Measurement of Plant Dry Weight

Three pots were randomly selected for each treatment and three plants were selected from each pot. After
sampling, the plants are divided into different parts, such as roots, stems, and leaves. These samples were
then placed in kraft bags and blanched at 105°C for 30 min. After that, they were dried at 80°C until a
constant weight was achieved. A balance was then used to weigh the samples.
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Table 1: Concentration of sulfur nutrient solutions

Number S (mg/L) MgSO, (mg/L) MgCl, (mg/L)

1 20.0 75.2 714.5
2 40.0 150.5 654.6
3 80.0 300.9 535.6
4 160.0 601.9 297.5
5 260.0 978.0 0.0

Note: MgCl, was used to balance the concentration of Mg ions.

Table 2: Nutrient solution composition

Inorganic salts Concentration (mg/L) Inorganic salts Concentration (mg/L)
KH,PO, 136.00 ZnCl, 0.10

NH4NO; 142.86 MnCl,-4H,0 4.90

CaCl, 220.00 H;BO; 2.86

Na,MoO4-H,0 0.03 Fe-EDTA *

CuCl, 0.05

Note: * means 5.57 g FeSO,4-7H,0 and 7.45 g Na,EDTA were dissolved in 1 L; 1 mL of stock solution was added to each liter of
nutrient solution. The composition of the nutrient solution was obtained from a study by Wang et al. [12].

2.2.2 Determination of Total Nitrogen Concentration in Each Part of the Plant

After measuring the dry weight of the plants, the samples were ground into powder for nutrient element
determination. The total nitrogen concentration of various plant parts was determined using the Kjeldahl
method [2]. After accurately weighing 0.2 g of the finely ground samples, the samples were transferred
into a digestion tube and mixed with 10 mL of a 10% sodium hydroxide (NaOH) solution.
Approximately 2 g of sodium oxide (Na,O,) was added as an oxidant to expedite the oxidation of
organic nitrogen in the samples. Subsequently, the reagent-treated sample was placed in a digestion
furnace and heated to ~350°C for approximately one hour until complete dissolution occurred.
Throughout the digestion process, ammonia gas was released from the sample and subsequently
condensed and collected in a receiving bottle as ammonia water. To absorb and dilute the ammonia gas,
water containing 2% boric acid was introduced into the receiving bottle. Subsequently, 50 ml of the
saturated boric acid solution was titrated against the collected ammonia water using hydrochloric acid
(HCl) as the acidic titrant. The titration process was stopped when the pH reached approximately 4.5.
Finally, data analysis and standard curve calculations were used to produce the relevant results.

2.2.3 Determination of Total Phosphorus Concentration in Each Part of the Plant

The total phosphorus concentration in various parts was determined using the molybdenum antimony
anti-colorimetric method [13]. The 0.2 g sample was diluted with water to 30, and 5 mL of the
molybdenum antimony coloring agent was added. The volume was adjusted to obtain a series of
solutions with phosphorus concentrations of 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 ug/mL. After standing at
a temperature above 20°C for 30 min, the instrument was calibrated to zero using a solution with zero
phosphorus concentrations, and colorimetric measurement was performed at a wavelength of 700 nm.
Finally, the phosphorus concentration of each plant part was determined.
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2.2.4 Method for Determining the Total Potassium Concentration in Each Part of the Plant

The total potassium concentration of various parts was determined using flame photometry [14].
Powdered samples (0.2 g) were dissolved in hydrochloric acid, heated for extraction, and filtered to
remove the remaining solid particles. The pH of the extract was adjusted to the appropriate range, and
flame photometry was performed. Simultaneously, a series of standard solutions with different potassium
concentrations were prepared using standard solutions of known concentrations. The potassium
concentration in each sample was determined using a standard curve based on the spectral line intensity
of the sample extract.

2.2.5 Method for Determining the Total Sulfur Concentration in Various Plant Parts

The total sulfur concentration of various plant parts was determined using the barium sulfate turbidity
method [15]. The powdered samples were extracted by heating after adding 30% hydrogen peroxide (H,0,).
Excess barium sulfate (BaSO,) solution was added to the extraction solution to form a white barium sulfate
precipitate, which was filtered. The barium sulfate precipitate was washed with an appropriate amount of
distilled water, impurities were removed, and the precipitate was then dried in an oven to a constant
weight. After drying, the precipitated barium sulfate was weighed, and the sulfur concentration in the
sample was calculated.

2.3 Statistical Analysis

All data were analyzed for correlations between sulfur concentration and nutrient elements or dry weight
using IBM SPSS (Version 21.0; IBM Corporation, Armonk, NY, USA) using Duncan’s one-way analysis of
variance. Bar chart analysis was performed using Microsoft Office Excel 2021 and analysis tables were
generated using Microsoft Office Word 2021.

3 Results
3.1 Effect of Sulfur Concentration on Dry Matter Accumulation in Soybean Plants

3.1.1 Dry Matter Accumulation in Soybean Plant

Sulfur nutrition had a marked effect on dry matter accumulation in whole soybean plants (Table 3). Dry
matter accumulation of whole plants at the flowering stage was substantially higher than that at the seedling
stage, and there were differences in dry matter accumulation among the different varieties. With increasing
sulfur concentration, the dry matter accumulation of soybean plants first increased and then decreased. When
the concentration of sulfur in the nutrient solution was 80 mg/L, dry matter accumulation reached its
maximum value, which was substantially higher than that of the other treatments. The dry matter
accumulation in the two varieties at the seedling and flowering stages was similar.

At the seedling stage, dry matter accumulation in Hefeng 55 was substantially greater than that in Laidou 2.
There were statistical differences between the two treatments at 20 mg/L and 260 mg/L for Laidou 2, and
Hefeng 55.

At the flowering stage, dry matter accumulation in Hefeng 55 was substantially higher than that in
Laidou 2. Dry matter accumulation in Laidou 2 at 40 and 80 mg/L was similar, and there was a marked
difference from the other treatments. There was no statistical difference between the two treatments of
Hefeng 55 at 40 and 160 mg/L or 20 and 260 mg/L, but these were different from the other treatments.

3.1.2 Dry Matter Accumulation in Different Parts of the Plant

Sulfur nutrition had a substantial effect on dry matter accumulation in soybean leaves, stems, petioles,
and roots (Table 3). Dry matter accumulation at the flowering stage was substantially higher than at the
seedling stage, and there were differences in dry matter accumulation among the varieties. The
accumulation of dry matter in all parts of the soybean first increased and then decreased with an increase
in sulfur concentration.
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Table 3: Dry matter weight (g/pot) of different parts of soybean plants under different sulfur concentrations

Varieties Parts Seedling Flowering

S20 S40 S80 S160 S260 S20 S40 S80  S160 S260
LD2 Whole plant 14.4d 159b 16.8a 149c 14.1d 249c 29  36.4a 30.3b 24.3c

Leaf 56b 57b 62a 52¢ 52¢ 94c 113b 14.6a 11.7b 9.4c
Stem 36c 35b 38a 39 34c 7T.dc 78 96a 85b 7.1d
Handle 1.6d 2b 23b 1.8 1.7b 35¢ 38 45a 3.6b 2.2d
Root 36d 43b 45b 48a 38 49e¢ 6.1c 772 6.5b 5.6b
HF55 Whole plant 18.5d 22.5¢ 27.2a 23.3b 14.7¢ 39.1b 42.6a 42.9a 36.6c 33.1d
Leaf 6.1c 7b 7.5a 7.1b 62c 15a 15.5a 15.8a 15.1a 12.5b
Stem 42d 53¢ 7.da 58b 34e 94d 1l.4c 11.8b 123a 9.3d
Handle 14d 23a 2la 17¢ 13d 44d 49 52a 4.6c 44d
Root 6.8d 79c 1052 87b 3.8¢ 83b 99a 10.1a 7.5¢ 6.9d

Note: Different letters indicate significant differences in dry weight accumulation at the significance level of 5%; S20, S40, S80,
S160, and S260 represent different sulfur concentrations; soybean varieties, Laidou 2 (LD2) and Hefeng 55 (HF55).

For dry matter accumulation in the soybean leaves, the maximum value was reached when the sulfur
concentration in the nutrient solution was 80 mg/L, which was substantially higher than in the other
treatments. The dry matter accumulation of the two varieties showed the same pattern during the seedling
and flowering stages. The stem dry matter accumulation of soybeans reached its maximum value in the
S160 treatment at the seedling stage, Hefeng 55 in the S80 treatment, Laidou 2 in the S80 treatment at
the flowering stage, and Hefeng 55 in the S160 treatment. Leaf petiole dry matter accumulation reached
its maximum value in the S80 treatment at the seedling stage, Hefeng 55 in the S40 treatment, and
Laidou 2 and Hefeng 55 in the S80 treatment at the flowering stage. Root dry matter accumulation
reached a maximum value under the S160 treatment for Laidou 2 and the S80 treatment for Hefeng 55 at
the seedling stage. At the flowering stage, Laidou 2 Hefeng 55 reached its maximum value under the
S80 treatment.

At the soybean seedling stage, dry matter accumulation in the leaves of Hefeng 55 was substantially
greater than that in Laidou 2. There was no statistical difference between 20 and 40 mg/L for Laidou
2 between 160 and 260 mg/L, between other treatments, 40 and 160 mg/L for Hefeng 55, or 20 and
260 mg/L for Laidou 2. The differences between the other treatments were substantial, and the stem dry
matter accumulation of Hefeng 55 was substantially greater than that of Laidou 2. There was no
statistical difference between 40 and 160 mg/L of Laidou 2, 20 and 260 mg/L of Laidou 2, other
treatments, or in Hefeng 55. There was no marked difference in petiole dry matter accumulation between
Hefeng 55 and Laidou 2; Laidou 2 treatments at 40, 160, and 260 mg/L; between other treatments;
between Hefeng 55 treatments at 20 and 260 mg/L; and between the other treatments. The accumulation
of dry matter in the roots of Hefeng 55 was substantially greater than that of Laidou 2. There were
statistical differences in the Laidou 2 treatments, and no marked differences between the Hefeng
55 treatments at 40 and 80 mg/L, or among the other treatments.

At the flowering stage of soybeans, dry matter accumulation in the leaves of Hefeng 55 was substantially
greater than that in Laidou 2. There was no marked difference between the two treatments at 40 and 160 mg/L
for Laidou 2, between the two treatments at 20 and 260 mg/L, or between the other treatments. There was no
marked difference between the four treatments of 20, 40, 80, and 160 mg/L for Hefeng No. 55; however,
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there was a substantial difference between the other treatments. Accumulation of dry matter in the stems of
Hefeng 55 plants was substantially higher than that in Laidou 2 plants at the flowering stage. There was no
marked difference between 40 and 160 mg/L for the Laidou 2 treatment, between other treatments, or in the
Hefeng 55 treatment. The accumulation of dry matter in the petioles of Hefeng 55 was substantially higher
than that in Laidou 2 at the flowering stage. There was no marked difference between the two treatments of
20 and 260 mg/L for Laidou 2, but there was a difference between the other treatments. There was no marked
difference between the two treatments at 40 and 160 mg/L for Hefeng 55; however, there was a marked
difference between the other treatments. At the flowering stage, the accumulation of dry matter in the
roots of Hefeng 55 was substantially higher than that of Laidou 2. There were marked differences among
the Laidou 2 treatments, no marked differences between the Hefeng 55 treatments at 40 and 80 mg/L,
and substantial differences among the other treatments.

3.1.3 Dry Matter Distribution Ratio of Soybean Plant Parts

Fig. 1 shows the effects of different sulfur concentrations on dry matter distribution in each part of
Laidou 2. The proportion of dry matter in each part of Laidou 2 was the same during the seedling and
flowering stages. In the seedling stage, the proportion of each part was: leaf > root > stalk > petiole, and
the distribution ratio of leaves was 34.9%-38.9% and reached a maximum under the S20 treatment. The
stem distribution was 20.8%-24.9% and reached a maximum in the S20 treatment. The distribution ratio
in petioles was 11.1%-13.7% and reached a maximum in S80 treatment. The distribution ratio in the root
system was 25.1%-32.2% and reached a maximum under the S160 treatment.
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Figure 1: Dry matter distribution in different parts of soybean cultivars, Laidou 2, under different sulfur
concentration treatments during seeding and flowering

The distribution ratio in each part during the flowering stage was: leaf > stem > root > petiole. The
distribution ratio of leaves was 37.8%—40.1% and reached a maximum under the S80 treatment. The stem
distribution was 26.4%-29.2% and reached a maximum under the S260 treatment. The distribution ratio
of petioles was 9.1%—14.1% and reached a maximum under the S20 treatment. The distribution ratio of
the root system was 19.7%23.0% and reached a maximum under the S260 treatment.
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Fig. 2 shows the effects of different sulfur concentrations on dry matter distribution in various parts of
Hefeng 55. The proportion of dry matter distribution in each part of Hefeng 55 was the same at the seedling
and flowering stages. In the seedling stage, the proportion of leaf and root distribution was substantially
larger than that of stalk and petiole; the proportion of leaf distribution was 30.5%—42.2%, reaching a
maximum under the S260 treatment. The proportion of stem distribution was 22.7%26.1% and reached
a maximum under the S80 treatment. The distribution ratio of petioles was 7.7%-10.2% and reached a
maximum under the S40 treatment. The distribution ratio of the root system was 25.9%-38.6% and
reached a maximum under the S80 treatment.
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Figure 2: Dry matter distribution in different parts of soybean cultivar, Hefeng 55, under different sulfur
treatments in the seedling and flowering stages

The distribution ratio of each part during the flowering stage was: leaf > stem > root > petiole. The
distribution ratio of leaves was 36.4%41.3% and reached a maximum under the S160 treatment. The
proportion of stem distribution was 25.7%-29.2% and reached a maximum under the S20 treatment.
The distribution ratio of petioles was 11.3%—13.3% and reached a maximum under the S260 treatment. The
distribution ratio of the root system was 20.5%—-23.5% and reached a maximum in the S80 treatment.

As shown in Figs. 1 and 2, the dry matter distribution of roots in the underground part at the seedling
stage was substantially greater than that at the flowering stage, which may have been due to the slow growth
of the aboveground part at the seedling stage, resulting in the growth rate of the underground part at the
seedling stage being greater than that of the aboveground part. When soybeans enter the flowering stage,
vegetative growth accelerates the growth rate of the aboveground part and increases biomass, resulting in
the distribution of dry matter in the underground part at the flowering stage being smaller than that in the
seedling stage.

In order to analyze the independent and interactive effects of the three factors of different
varieties, different treatments, and different growth periods on the measurement indicators, the
multivariate analysis of variance was used to conduct statistical tests, and the results are shown in
Table 4. It can be seen that the sig values of these F values are all less than 0.01, indicating that different
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varieties, different treatments, and different growth periods have significant effects on plant dry weight. In the
interaction effect factors, the total dry weight of the two varieties and the dry weight of each part were
significantly affected by different interaction effect factors, and the sig value of the F value was less
than 0.01.

Table 4: Analysis of variance of dry matter weight in different parts of the soybean plant

Factor Whole plant Leaf Stem Handle Root
Varieties 2415.382%** 207.613%**  288.890*** 31.096*** 663.211%**
Treatments 370.939%**  30.774%**  46.696%*%*  17.120%** 94 188***
Growth stages 9408.004*** 1764.004*** 1552.202*** 580.528*** 177.600***
Varieties & treatment 32.933%* 3.835% 8.414%** 1.566 31.407%**
Varieties & growth stages 142.353*%* 49 718***  25920%**  46.771*** 18.681***
Treatment & growth stages 16.083*** 9 887** 0.000%** 2.253** 10.715%**
Varieties & treatment & growth — 78.044%**  6.880%** 5.629%** 3.017** 18.782%%*

stages

Note: This is a multivariate significance analysis of the total dry weight and dry weight of various parts of soybean. Varieties refer to
LD2 (Laidou2) and HF55 (Hefeng55). Treatments refer to different sulfur levels (S20, S40, S80, S160, S260). Growth stages refer to
the seedling and flowering stages. The values in the table are the F-number of the analysis of variance, where * stands for sig-
nificance. * represents a significance level of 0.1, ** represents a significance level of 0.05, and *** represents a significance level of
0.01.

3.2 Effect of Sulfur Level on Nitrogen, Phosphorus, Potassium, and Sulfur Concentrations in Soybean
Plants

3.2.1 Effect of Sulfur Level on Nitrogen Concentrations in Soybean Plants

Sulfur concentration substantially affected the nitrogen concentration of soybean plants. There were
marked differences in the nitrogen concentration among the different varieties, different stages within the
same variety, and different parts of the same variety. For example, at the flowering stage, the nitrogen
concentration in Laidou 2 and Hefeng 55 was substantially higher than that at the seedling stage.
Moreover, the nitrogen concentration in the leaves was substantially higher than that in the stems,
petioles, and roots (Tables 5 and 6).

Table 5: Effects of different sulfur concentrations on the nitrogen concentration of different parts of soybean
seedlings (%)

Varieties S (mg/L) Leaf Stem Petiole Root

LD2 S20 3.87+0.01b 1.65 +0.13¢ 1.78 £ 0.12b 1.44 £0.10b
S40 3.74 £ 0.17bc 2.23 £0.02b 1.83 £ 0.08b 1.08 £ 0.20b
S80 4.45 +0.08a 2.69 £ 0.13a 2.45+0.27a 2.12 £ 0.18a
S160 3.60 £ 0.13bc 2.28 £ 0.09ab 2.10 = 0.24ab 1.52 £ 0.14b
S260 3.33 £0.16¢ 1.96 + 0.22bc 1.66 + 0.06b 1.35+0.18b

HF55 S20 3.54 £0.18b 2.19 £ 0.23ab 1.37 £ 0.06d 1.32 £ 0.08d
S40 4.48 £0.18ab 1.51 £0.16b 1.53 £0.02cd 1.57 £0.12¢
S80 4.67 £0.15a 2.63 £ 0.09a 2.16 £0.13a 2.35 £ 0.04a

(Continued)
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Table 5 (continued)

Varieties S (mg/L) Leaf Stem Petiole Root
S160 4.45 + 0.09ab 1.95 + 0.24ab 1.81 £ 0.06b 2.03 £0.01b
S260 3.51 £0.58b 1.73 £ 0.33b 1.75 + 0.06bc 1.43 + 0.04cd

Note: In the comparison between different treatments within the same variety, different letters indicate significant differences in
nitrogen concentration at a significance level of 5%; S20, S40, S80, S160, and S260 represent different sulfur concentrations; values
are shown as means + standard deviation of triplicate experiments. Different letters indicate that the elements are different at different
sulfur levels (p < 0.05). Soybean varieties, Laidou 2 (LD2) and Hefeng 55 (HF55). Same as above in Tables 6—12.

Table 6: Effects of different sulfur concentrations on nitrogen concentration of different parts of soybean
plants at the flowering stage (%)

Varieties S (mg/L) Leaf Stem Petiole Root

LD2 S20 3.25+0.10c 1.92 £ 0.07¢c 1.35+0.19d 1.68 £ 0.26¢
S40 4.11 £0.12b 2.63 £ 0.09b 1.74 £ 0.13¢c 2.67 £ 0.05ab
S80 5.56 + 0.26a 3.15+0.03a 2.69 £0.07a 2.99 £ 0.05a
S160 431+0.17b 2.22 £0.18bc 2.26 £0.10b 2.48 £0.13b
S260 4.45 +0.22b 1.95 £0.22¢ 2.19 £ 0.04b 2.61 £ 0.04ab

HF55 S20 431 +0.06¢ 2.59 £0.13b 222 +0.32a 1.94 £ 0.06¢
S40 4.57+0.07b 2.36 £ 0.05b 2.53£0.13a 2.22 £ 0.06b
S80 4.90 +0.03a 3.48 £0.13a 2.88 +0.36a 2.58 £ 0.06a
S160 4.44 £ 0.08bc 3.31 £ 0.06a 2.80 £0.18a 1.64 +0.13d
S260 4.21 £0.09¢c 2.54 +0.16b 242 +0.23a 2.17 + 0.04bc

Note: Different letters represent differences between treatments at a significance level of 5% within the same plant part. Soybean
varieties, Laidou 2 (LD2) and Hefeng 55 (HF55).

Regarding the nitrogen concentration in different plant parts during the seedling stage for Laidou 2 under
the S20 condition, the order was leaf > petiole > stem > root. At other sulfur concentrations, it followed the
sequence: leaf > stem > petiole > root. For Hefeng 55 under S20, leaf > stem > petiole > root; at S40, the
order was leaf > root > petiole > stem; at S80, leaf > stem > root > petiole; at S160, leaf > root > stem >
petiole; and at S260, leaf > petiole > stem > root.

During the seedling stage, the nitrogen concentration in the leaves and roots of Hefeng 55 was
substantially higher than that in Laidou 2. Specifically, in the leaves, it was 19.9%, 4.9%, 23.5%, and
5.3% higher in the S40, S80, S160, and S260 treatments, respectively. In the roots, it was 45.7%, 10.6%,
33.7%, and 5.3% higher in the S40, S80, S160, and S260 sulfur treatments, respectively. There was no
statistical difference in the stem nitrogen concentration between Laidou 2 and Hefeng 55 during the
seedling stage. However, in the case of petiole nitrogen concentration, Laidou 2 had substantially higher
values than Hefeng 55 at the seedling stage. Under S20, S40, S80, and S160 conditions, it was higher by
29.5%, 19.5%, 13.4%, and 15.7%, respectively.

During the flowering stage, the nitrogen concentration in the leaves and roots of Laidou 2 was
substantially higher than that of Hefeng 55. Specifically, in the leaves, N was higher by 13.4% and 5.6%
under the S80 and S260 conditions, respectively. In the roots, N was higher by 15.9%, 51.2%, and 20.7%
under the S80, S160, and S260 conditions, respectively. The nitrogen concentration in the stems of
Hefeng 55 was substantially higher than that of Laidou 2, with increases of 35.1%, 10.3%, 49.2%, and
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29.9% in the S20, S80, S160, and S260 treatments, respectively. The nitrogen concentration in the petioles of
Hefeng 55 was substantially higher than that of Laidou 2, with increases of 64.4%, 45.8%, 7.0%, 23.7%, and
10.3% under the S20, S40, S80, S160, and S260 conditions, respectively.

3.2.2 The Influence of Sulfur Concentration on Phosphorus Concentration in Soybean Plants

Sulfur levels substantially affected the phosphorus concentration of soybean plants. There were
statistical differences in phosphorus concentration among different varieties, different stages within the
same variety, and different parts of the same variety. The phosphorus concentration in all parts of Laidou
2 and Hefeng 55 during the flowering stage was substantially higher than that during the seedling stage
(Tables 7 and 8).

Table 7: Effects of different sulfur levels on phosphorus concentration concentration in different parts of
soybean seedlings (%)

Varieties S (mg/L) Leaf Stem Petiole Root

LD2 S20 0.30 £0.02c 0.28 +£0.01a 0.301 £+ 0.02ab 0.29 £ 0.02a
S40 0.33 £ 0.02bc 0.21 £0.01b 0.325+0.01a 0.32+0.0la
S80 0.39 +£0.02a 0.27 +£0.02a 0.303 £ 0.01ab 0.29 £ 0.01a
S160 0.37 £0.01ab 0.27 +£0.01a 0.313 £ 0.01a 0.31 £ 0.02a
S260 0.33 £0.01bc 0.28 +£0.02a 0.263 = 0.02b 0.32+0.01a

HF55 S20 0.28 £ 0.02¢ 0.25+0.01b 0.300 = 0.01b 0.26 £ 0.01c
S40 0.34 £ 0.01b 0.27 +£0.01b 0.341 £ 0.01ab 0.31 £ 0.02b
S80 0.41+0.01a 0.35+0.01a 0.386 = 0.01a 0.41 £0.0la
S160 0.40 £ 0.01a 0.33£0.01a 0.347 £ 0.01ab 0.35+0.01b
S260 0.32 £0.01bc 0.32+£0.01a 0.376 + 0.04a 0.40 £0.02a

Note: Different letters represent differences between treatments at a significance level of 5% within the same plant part. Soybean
varieties, Laidou 2 (LD2) and Hefeng 55 (HFS55).

Table 8: Effects of different sulfur levels on phosphorus concentration in different parts of soybeans at the
flowering stage (%)

Varieties S (mg/L) Leaf Stem Petiole Root

LD2 S20 0.44 £ 0.03c 0.58 £0.01a 0.64 £ 0.01ab 0.54 £ 0.03a
S40 0.61 £0.01b 0.50 + 0.04a 0.61 + 0.04ab 0.50 £ 0.18a
S80 0.75 £ 0.01a 0.50 £ 0.04a 0.70 £ 0.01a 0.62 £0.14a
S160 0.62 £0.01b 0.52+0.01a 0.59 + 0.02ab 0.65 +0.18a
S260 0.71 £ 0.03a 0.54 £0.05a 0.57 £0.07b 0.64 = 0.03a

HF55 S20 0.60 + 0.01ab 0.54 £ 0.01ab 0.56 + 0.02bc 0.60 = 0.02b
S40 0.54 £0.01b 0.51 £0.01c 0.54 £ 0.02¢c 0.68 £ 0.04a
S80 0.64 = 0.02a 0.56 + 0.01ab 0.65+0.01a 0.69 £0.01a
S160 0.59 £ 0.01ab 0.53 £ 0.01bc 0.61 £ 0.01ab 0.67 £0.01a
S260 0.63 = 0.04a 0.56 £0.01a 0.61 + 0.03ab 0.65 + 0.17ab

Note: Different letters represent differences between treatments at a significance level of 5% within the same plant part. Soybean
varieties, Laidou 2 (LD2) and Hefeng 55 (HF55).
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During the seedling stage, P concentration in Laidou 2 was in the order petioles > leaves > roots > stems
under S20 conditions; in the S40, S80, and S160 treatments, the order was leaf > petiole > root > stem;
whereas in the S260 treatment, the order was leaf > root > stem > petiole. For Hefeng 55, in the S20 and
S40 treatments, the order was petiole > leaf > root > stem. In the S80 and S260 treatments, the order was
root > leaf > petiole > stem, whereas in the S160 treatment, it was leaf > root > petiole > stem.

During the flowering stage, Laidou 2 demonstrated the order petiole > stem > root > leaf under
S20 conditions. Under the S40 conditions, the order was petiole > leaf > stem > root, whereas, under the
S80 condition, the order was leaf > petiole > root > stem; under the S160 condition, roots > leaves >
petioles > stems; and under the S260 condition, leaves > roots > petioles > stems. For Hefeng 55 under the
S20 condition, the order was leaf > root > petiole > stem. Under the S40, S80, and S160 conditions, the
order was root > petiole > leaf > stem, and under the S260 condition, the order was root > leaf > petiole > stem.

During the seedling stage, the phosphorus concentration of the leaves, petioles, stems, and roots in
Hefeng 55 was substantially higher than that in Laidou 2. Specifically, in terms of leaf phosphorus
concentration, Hefeng 55 exceeded Laidou 2 by 6.4%, 3.4%, 6.5%, and 9.5% under the S20, S40, S80,
and S160 treatments, respectively. In terms of petiole phosphorus concentration, Hefeng 55 was higher
than Laidou 2 by 4.0%, 27.4%, 10.9%, and 43.0% under the sulfur treatments of S40, S80, S160, and
S260, respectively. The stem phosphorus concentration in Hefeng 55 was higher than Laidou 2 by 28.6%,
28.0%, 21.2%, and 13.7% under the S40, S80, S160, and S260 treatments, respectively. The root
phosphorus concentration in Hefeng 55 was higher than Laidou 2 by 41.2%, 13.6%, and 24.5% under the
S80, S160, and S260. During the flowering stage, the phosphorus concentration in the leaves of Laidou
2 was substantially higher than that of Hefeng 55. In S40, S80, S160, and S260, the phosphorus
concentration in the leaves of Laidou 2 was higher by 12.8%, 18.7%, 5.5%, and 11.9%, respectively.
There was no statistical difference in phosphorus concentration between petioles.

3.2.3 The Effect of Sulfur Levels on Potassium Concentration in Soybean Plants

Sulfur nutrition level has a significant impact on the potassium concentration of soybean plants. In
general, the potassium concentration in the seedling-stage plants was substantially higher than that in the
flowering stage. There were statistical differences in the potassium concentration among the different
varieties (Tables 9 and 10). Regarding the potassium concentration in different parts of the soybean
plants, during the seedling stage, Laidou 2 demonstrated an order of leaf > petiole > stem > root under
the S20 treatment, whereas, under the S40 and S160 treatments, the order was petiole > stem > leaf >
root. Under S80 conditions, the order was stem > petiole > leaf > root, whereas, under S260 conditions,
it was petiole > stem > root > leaf. For Hefeng 55, under all sulfur treatments, the order was petiole >
stem > root > leaf.

Table 9: Effects of different sulfur concentrations on potassium concentration in different parts of soybean
seedlings (%)

Varieties S (mg/L) Leaf Stem Petiole Root

LD2 S20 1.60 £ 0.02c 1.10 £ 0.03¢c 1.49 £ 0.09¢ 0.64 + 0.06b
S40 1.92 + 0.05b 2.29 £0.05b 3.34 + 0.05ab 1.78 £ 0.04a
S80 240 £ 0.14a 431 +£0.26a 4.19 £0.25a 2.23 +£0.15a
S160 2.20 + 0.09ab 2.43 +£0.29b 3.03 £0.48b 1.86 £ 0.08a
S260 2.03 £0.13b 2.33 £0.30b 2.65 £0.43b 2.13 £0.29a

HF55 S20 1.22 £ 0.08b 2.58 £0.26¢ 4.17 £0.13b 1.25 £ 0.04c

(Continued)
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Table 9 (continued)

Varieties S (mg/L) Leaf Stem Petiole Root
S40 1.69 + 0.05ab 1.40 £ 0.07d 2.30 = 0.69¢c 1.87 £ 0.45b
S80 1.97 £ 0.26a 4.04 +£0.24a 5.08 + 0.09ab 2.76 £ 0.16a
S160 1.76 + 0.34ab 3.62 + 0.32ab 472 £0.11ab 2.66 +0.09a
S260 1.80 + 0.05ab 2.87 £ 0.49bc 5.35+0.82a 2.64 +£0.94a

Note: Different letters represent differences between treatments at a significance level of 5% within the same plant part. Soybean
varieties, Laidou 2 (LD2) and Hefeng 55 (HF55).

Table 10: Effects of different sulfur concentrations on potassium concentration in the different parts of

soybeans at the flowering stage (%)

Varieties S (mg/L) Leaf Stem Petiole Root

LD2 S20 1.60 = 0.04a 2.34 £0.10b 3.12 £ 0.29b 2.25£0.02a
S40 1.66 + 0.02a 3.00 + 0.28ab 4.47 £0.04a 2.23 £0.08a
S80 1.80 = 0.02a 3.05 £0.08a 4.19 £ 0.08a 1.78 £ 0.06b
S160 1.64 £ 0.10a 2.47 £ 0.08ab 3.18 £ 0.19b 1.60 £ 0.04c
S260 1.64 £ 0.15a 2.65 £ 0.33ab 3.50 £ 0.15b 1.75 £ 0.03bc

HF55 S20 1.02 £ 0.01b 2.52 £ 0.03bc 3.64 + 0.14ab 2.13 £ 0.09a
S40 1.42 £0.01a 2.67 £ 0.06b 4.14 £ 0.03a 2.33 £0.10a
S80 1.55+0.07a 2.23 £0.05cd 3.48 £0.07b 1.83 £0.02b
S160 1.51 £0.03a 1.99 + 0.04d 3.17 £0.12b 1.61 £0.05¢
S260 1.11 £ 0.09b 3.20 £0.24a 3.44 £0.33b 2.13 £ 0.05a

Note: Different letters represent differences between treatments at a significance level of 5% within the same plant part. Soybean
varieties, Laidou 2 (LD2) and Hefeng 55 (HF55).

During the flowering stage in Laidou 2, under the S20, S40, and S260 conditions, the order of K
concentration in different plant parts was petiole > stem > root > leaf. Under the S80 and
S160 treatments, the order was petiole > stem > leaf > root. For Hefeng 55, regardless of sulfur
treatment, the order of potassium concentration was petioles > stems > roots > leaves.

During the seedling stage, the potassium concentration in the leaves and stems of soybean variety 2 was
substantially higher than that in Hefeng 55. In the leaves (S20 to S260), the sulfur concentrations were higher
by 30.9%, 13.5%, 22.2%, 25.2%, and 12.7% compared to S20. In the stems, the potassium concentration was
higher by 63.9% and 6.6% in the S40 and S80 treatments, respectively. However, the petiole of variety
Hefeng 55 substantially outperformed Laidaou, with increases of 179.5%, 21.4%, 55.8%, and 101.9%
under the S20, S80, S160, and S260 conditions, respectively. The potassium concentration in the roots in
Hefeng 55 was substantially higher than soybean variety 2, with increases of 95.6%, 5.1%, 23.4%,
43.4%, and 23.8% under the S20, S40, S80, S160, and S260 treatments during the seedling stage.

During the flowering stage, the potassium concentration in the leaves, stems, and petioles of soybean
variety 2 was substantially higher than in Hefeng 55. In the leaves, the potassium concentration was
higher by 57.7%, 15.8%, 15.9%, 7.9%, and 48.2% in the S20, S40, S80, S160, and S260 treatments,
respectively. In the stems, the potassium concentration was higher by 12.2%, 36.4%, and 24.4% in the
S40, S80, and S160 treatments, respectively. Regarding the petioles, they showed increases of 8.1%,
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20.2%, 0.5%, and 1.9% under the S40, S80, S160, and S260 conditions, respectively. However, the
potassium concentration in the roots of Hefeng 55 was substantially higher than soybean variety 2, with
increases of 4.8%, 2.6%, 0.8%, and 21.7% under the S40, S80, S160, and S260 treatments, respectively.

3.2.4 Effect of Different Sulfur Fertilizer Application Rates on Sulfur Concentration in Soybean Plants
Sulfur nutrition had a substantial impact on the sulfur concentration of soybean plants. During the
flowering stage, the sulfur concentration of the plants was noticeably higher than that during the seedling

stage. There were statistical differences in sulfur concentration among the different varieties (Tables 11
and 12).

Table 11: Effects of different sulfur concentrations on the sulfur concentration of different parts of soybean

seedlings (%)

Varieties S (mg/L) Leaf Stem Petiole Root

LD2 S20 0.11 £0.01c¢ 0.11 £0.02b 0.05+0.01c 0.10 £0.02a
S40 0.17 £0.01b 0.15+£0.01ab 0.06 = 0.01c 0.10 £0.01a
S80 0.20 £ 0.01a 0.18 £0.01a 0.09 £0.01a 0.12+0.01a
S160 0.16 £0.01b 0.13£0.01b 0.05 £ 0.01c 0.15+0.01a
S260 0.16 £0.01b 0.14 £0.01b 0.07 £0.01b 0.12 £0.03a

HF55 S20 0.15+0.01b 0.15+£0.01b 0.05+0.01b 0.18 £0.01a
S40 0.16 + 0.02ab 0.13£0.01b 0.05£0.01b 0.16 £0.01a
S80 0.19 £0.01a 0.15+0.01b 0.05 £ 0.01b 0.18 £0.01a
S160 0.16 £ 0.01ab 0.15+£0.01b 0.07 £0.01a 0.15+£0.01a
S260 0.15+£0.01b 0.17 £0.01a 0.07 £0.01a 0.15£0.02a

Note: Different letters represent differences between treatments at a significance level of 5% within the same plant part. Soybean

varieties, Laidou 2 (LD2) and Hefeng 55 (HF55).

Table 12: Effects of different sulfur levels on sulfur concentrations of different parts of soybean at the

flowering stage (%)

Varieties S (mg/L) Leaf Stem Petiole Root

LD2 S20 0.22 £0.01b 0.13 +£0.01c 0.13 £0.02b 0.15+£0.01c
S40 0.21 £0.01b 0.16 £0.01b 0.14 £ 0.01ab 0.16 =0.01ab
S80 0.25+0.01a 0.21 £0.01a 0.17 +£0.01a 0.17 £ 0.01a
S160 0.23 £0.01ab 0.17 £ 0.01b 0.06 £0.01c 0.16 =0.01bc
S260 0.22 £0.01b 0.16 £ 0.01b 0.08 £0.01c 0.15+0.01bc

HF55 S20 0.23 £0.01b 0.15+0.01b 0.16 £ 0.01ab 0.15+0.01a
S40 0.23£0.01b 0.16 £ 0.01ab 0.14 £0.01b 0.16 £0.01a
S80 0.30£0.01a 0.15+£0.01b 0.17 £ 0.01a 0.17 £0.01a
S160 0.24 £0.01b 0.15+0.01ab 0.14 £ 0.01b 0.16 £ 0.02a
S260 0.24 £0.01b 0.18 £0.01a 0.16 £ 0.01ab 0.17 £0.01a

Note: Different letters represent differences between treatments at a significance level of 5% within the same plant part. Soybean
varieties, Laidou 2 (LD2) and Hefeng 55 (HF55).
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During the seedling stage, the order of the sulfur concentration in various parts of the Laidou 2 was: in
S20, stem > leaf > root > petiole; in S40, S80, and S260, leaf > stem > root > petiole; and S160, leaf > root >
stem > petiole. For the Hefeng 55 variety, in S20, the order was root > stem > leaf > petiole; in S40 and S80,
leaf > root > stem > petiole; in S160, leaf > stem > root > petiole; and in S260, stem > leaf > root > petiole.

During the flowering stage, the sulfur concentration in various plant parts of soybean variety 2 showed
the following trend: in S20, the order was leaf > root > petiole > stem; in S40, leaf > root > stem > petiole; and
in S80, S160, and S260, leaf > stem > root > petiole. For Hefeng 55, in S20, the order was leaf > petiole >
root > stem; in S40 and S160, leaf > root > stem > petiole; in S80, leaf > root > petiole > stem; and in S260,
leaf > stem > root > petiole (Fig. 3).

mLD2(seedling) mLD2(flowering) HF55(seedling) HF55(flowering)
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Figure 3: Comparison of element concentrations in various parts of soybean under S80 treatment. Note:
Different letters represent significant differences between treatments at a significance level of 5% within
the same plant part: soybean varieties, Laidou 2 (LD2), and Hefeng 55 (HF55)

During the seedling stage, the sulfur concentration in the leaves stems, and petioles of soybean variety
2 were substantially higher than that of Hefeng 55. Under the S40, S80, S160, and S260 treatments, the sulfur
concentration in the leaves was higher by 6.1%, 4.8%, 1.9%, and 8.0%, respectively. The stems showed
increases of 11.3% and 21.8% under the S40 and S80 conditions, respectively. The petioles demonstrated
increases of 13.7%, 63.5%, and 2.9% under the S40, S80, and S260 conditions, respectively.

The sulfur concentration in the roots showed that variety Hefeng 55 had substantially higher levels than
LD2 during the seedling stage, with increases of 80.8%, 60.4%, 52.9%, and 21.5% under the S20, S40, S80,
and S260 conditions, respectively. During the flowering period, the sulfur concentration in the leaves of
Hefeng 55 was substantially higher than that of Laidou 2; under the conditions of S20, S40, S80, S160,
and S260, the sulfur concentration was higher by 7.9%, 5.6%, 30.4%, 4.4%, and 11.1%, respectively. The
sulfur concentration in the stems, petioles, and roots of Laidou 2 was substantially higher than that of
Hefeng 55. The sulfur concentration in the stems was higher by 42.9% and 13.2% under the S80 and
S160 conditions, respectively. The sulfur concentration in the petioles was higher by 5.1% and 3.0%
under the S40 and S80 conditions, respectively. The sulfur concentration in the roots was higher by
23.6% under S80 conditions.

3.2.5 Multifactor Analysis of Nitrogen, Phosphorus, Potassium and Sulfur Concentration

In order to analyze the independent and interactive effects of four factors, different varieties, different
treatments, different parts, and different growth periods, on the measurement indicators, multivariate
analysis of variance was used to conduct statistical tests, and the results are shown in Table 13. It can be
seen that except for three cases (the influence of different varieties and different concentrations on
phosphorus, the influence of different varieties and different periods on sulfur, and the influence of
different treatments and different periods on phosphorus), the sig value of F value corresponding to other
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influencing factors is less than 0.01. At the same time, it can be seen in Figs. 4—7 that (in addition to the above
three cases) there are obvious interactions between different varieties, different treatments, different parts and
different growth periods, which can significantly affect the content of nitrogen, phosphorus, potassium and
sulfur. The results showed that different varieties, different treatments, different parts, different growth stages
and the combination of these four factors had significant effects on NPK concentration.

Table 13: Multivariate analysis of variance for different element concentrations

Factor N P K S

Varieties 33.628%** 24 704***  33.7799%**  ]38.523%**
Treatments 211.152%** 37 416%**  9].133%**  0(0.4]7***
Parts 2049.385%** 56.516***  835.575%** 1231.940%**
Growth stages 537.755%*%  4097.044%** 15.175%** 1655.901%**
Varieties & treatments 11.178***  1.360 35.027%*%  3]1.54]%**
Varieties & parts 11.379%%*  § 957*** 45.932%**  21.636%***
Varieties & growth stages 7.772% 10.011** 110.061%** 0.564
Treatments & parts 6.198%** 6.426%** 7.203%**  15.400%**
Treatments & growth stages 6.897%%* 2.424%* 109.803*** 9 (22%**
Parts & growth stages 5.309%* 6.011%** 7.983%** 22D TT4*H*
Varieties & treatments & parts 7.802%** 6.117%** 12.805%** 22 572%**
Varieties & growth stages 9.886%** 7.085%** 17.452%**  4,038**
Varieties & parts & growth stages 56.637*** 5. 833%** 27.700***  46.461***
Treatments & parts & growth stages 6.497%** 3.946%** 15.652%**  9.046***

Varieties & treatments & parts & growth stages 7.099%** 4.387*** 7.013%** 8 703***

Note: This is a multifactor significance analysis of nitrogen, phosphorus, potassium, and sulfur in soybeans. Varieties refer to LD2
(Laidou 2) and HF55 (Hefeng 55). Treatments refer to different sulfur levels (S20, S40, S80, S160, S260). Parts refer to leaf, Stem,
petiole, and root. Growth stages refer to seedling and flowering. The values in the table are the F-number of the analysis of variance,
where * stands for significance. * represents a significance level of 0.1, ** represents a significance level of 0.05, and *** represents a
significance level of 0.01.

4 Discussion

4.1 Effect of Sulfur Level on Dry Matter Accumulation in Soybean Plants

The results of this experiment showed that the application of sulfur fertilizer could promote the
accumulation of dry matter in various parts of soybean plants, and the distribution ratio in leaves was
substantially higher than that of other parts. The studies of Rahman et al. [16-18] showed that the
application of sulfur fertilizer to crops can promote the growth and development of plants and can
increase the dry matter accumulation of potatoes, corn, and peanuts. Al-Amri et al. [19] showed that
replacing cow dung (20 tons.ha™') with sulfur (50 kg.ha™") could increase the yield of onions, number of
tubular leaves, and leaf area. Sulfur application increased the average yield per plant by 5.3% and the
number of tubular leaves and leaf area by 19.8% and 7.2%, respectively, under different planting
densities. The same conclusions were reached in the current experiment. The application of sulfur
fertilizer promoted the growth of soybean plants; the dry matter weight of leaves, stems, petioles, and
roots increased to varying degrees.
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Figure 4: The influence of N element content in different interactions. Note: Variety 1 is LD2 (Laidou 2) and
variety 2 is HF55 (Hefeng 55). Different treatments 1-5 refer to S20, S40, S80, S160 and S260, respectively.
Different parts 1—4 correspond to leaf, stem, petiole and root, respectively. Period 1 is the seedling stage and
period 2 is the flowering stage. In the figure, the horizontal and vertical coordinates represent the two factors.
If the two lines are parallel, the interaction is not obvious; If the lines are not parallel, the interaction is
significant. The same goes for the picture below
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The influence of P element content in different interactions
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Figure 6: The influence of K element content in different interactions
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In studies by Islam et al. [20] and Neelam et al. [21], it was found that an appropriate amount of sulfur
fertilizer could promote dry matter accumulation in plants, but when the sulfur treatment exceeded a certain
range, the growth and accumulation of dry matter in plants were inhibited, which was similar to the results of
the present study. In the current study, the dry matter accumulation of various parts of the soybean plants first
increased and then decreased with an increase in sulfur nutrition. When the sulfur concentration continued to
increase, it inhibited plant growth and reduced dry matter accumulation in various parts of the plants. Too
much sulfur will affect different crops, which may be because excessive sulfur concentrations exceed the
range that the plant can bear, interrupt the ion balance in the plant, and inhibit the accumulation of dry
matter in various parts.

4.2 Effect of Sulfur Level on Nitrogen, Phosphorus, Potassium, and Sulfur Concentrations in Soybean

Plants

In recent years, increasing attention has been paid to sulfur nutrition. The application of sulfur fertilizers
can promote the absorption and utilization of various nutrients by plants [22]. However, different sulfur
fertilizers have different effects on each nutrient element. Studies have shown that sulfur treatment of
different crops can substantially increase plant nitrogen, phosphorus, potassium, and sulfur concentration
[23,24]. Pai et al. [25] and Carciochi et al. [26] reported that the concentration of nitrogen, phosphorus,
and potassium in plants was substantially higher than after a single application of nitrogen and sulfur
under the application of two or three elements; the ratio of the two elements was not considered in this
experiment. Keshavarz et al. [27] reported that the Zn utilization efficiencies of different wheat genotypes
were different, which was the same as the results of the current experiment; the absorption of each
nutrient in the two varieties differed, but the performance was the same. The nitrogen, phosphorus,
potassium, and sulfur concentrations of the tested plants differed.

The N, P, K, and S in the leaves of different parts were substantially higher than those in the other parts.
The concentrations of nitrogen, phosphorus, K, and sulfur in the leaves were in the order of nitrogen >
potassium > phosphorus > sulfur, and the concentrations of nitrogen and potassium in the stems, petioles,
and roots were substantially higher than those of phosphorus and sulfur. The changes in sulfur and
potassium in leaves were greater than those in rhizomes, which may be because the demand for nutrients
in leaves, the main photosynthetic organs during growth and development, is substantially greater than
that in other organs [28]. An increase in sulfur nutrition caused an increase, then a decrease, in the
concentrations of nitrogen, phosphorus, potassium, and sulfur in each part of the soybean plant. When the
sulfur concentration was too high, the N, P, K, and sulfur in each part of the soybean plant decreased,
which is similar to the results of Paliwal et al. [29] and Jadav et al. [30]. The reason for this phenomenon
may be that excessive sulfur leads to an imbalance in other nutrient elements during plant growth. A high
concentration of sulfur affects the pH value and microbial activity of the soil, thereby affecting the
effective absorption of other nutrient elements by plants.

There is a close interaction between sulfur and various other elements during plant growth and
development. Sulfur concentration has an important influence on plant growth, development,
photosynthesis, and other physiological processes. The absorption and assimilation of nitrogen and sulfur
are mutually regulated. Sulfur fertilization can lead to an increase in nitrogen uptake efficiency, which
may be because sulfur can stimulate the nitrogen fixation process, affect nitrogen recovery, and increase
nitrogen yield [31]. In legumes, the association between nitrogen and sulfur is also affected by nodules,
and nodules have a high demand for sulfur [32]. The demand for nitrogen and sulfur in plants is
balanced, and a reasonable supply of nitrogen and sulfur helps maintain the nitrogen: sulfur ratio in
plants, which is conducive to the normal synthesis of proteins and other bioactive molecules. In contrast
to other elements, the change in phosphorus concentration was very small with a change in sulfur
concentration. The relationship between phosphorus and sulfur is mainly based on phosphate starvation
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reaction 1 (PHR1), an MYB-like transcription factor initially implicated in P homeostasis [33]. During crop
growth and development, sulfur is involved in ATP synthesis, whereas sulfur and potassium are involved in
the regulation of proteins, enzyme activity, and resistance [34]. Studies have shown that TOR complex 1
(TORCT) is involved in the response to and regulation of potassium flux [35], which may also regulate
the interaction between potassium and sulfur. Potassium plays an important role in regulating osmotic
pressure, maintaining cellular ion balance, and promoting plant photosynthesis and respiration [36].
During plant growth and development, sulfur and K interact and play synergistic roles in plant growth.
The availability of sulfur affects the absorption and utilization of potassium by plants and vice versa.

5 Conclusion

The dry matter weight of the whole plant and the concentrations of nitrogen, phosphorus, K, and sulfur
in different parts of the soybean first increased and then decreased with an increase in sulfur concentration,
reaching the maximum value under the S80 treatment. The distribution ratio of dry matter in different parts of
the soybean plants was leaf > root > stem > petiole at the seedling stage and leaf > stem > root > petiole at the
flowering stage, and the trends among varieties were consistent. The effects of sulfur concentration on
nitrogen, phosphorus, potassium, and sulfur concentration in different parts of the soybean plants varied.
The N, P, and sulfur in the leaves, stems, and petioles at the flowering stage were higher than those at the
seedling stage, and the K concentration at the seedling stage was higher than that at the flowering stage.
This study explains in detail the specific effects of sulfur levels on nutrient accumulation at different
growth stages, which helps to optimize agricultural production practices and fertilizer management
strategies and provides a reference for environmental protection. Reasonable management of sulfur
concentration can reduce pollutant emissions in soil and water and reduce negative impacts on the ecosystem.
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