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Abstract: As a crucial staple crop in agricultural production, maize is extensively cultivated world-
wide and plays a pivotal role in ensuring global food security. However, the significant deficiency of
essential amino acids (EAA) and conditionally essential amino acids (CEAA), such as lysine (Lys),
tryptophan (Trp), methionine (Met), and cysteine (Cys), leads to an imbalance of amino acids in
the grain. This study investigates the regulatory mechanism of sulfur (S) application for regulating
the amino acid balance of maize grains. The results demonstrate that S application has substantial
effects on both the maize yield and nutritional quality. The S application resulted in an increase in
maize yield by simultaneously enhancing the grain number per ear (GN) and 100-grain weight (GW),
while S application elevated protein concentration through the augmentation of Cys concentration
in maize grains. Furthermore, the Cys in grains optimizes the amino acid balance by regulating
the ratio of other amino acids, thereby enhancing the nutritional quality of maize while ensuring a
steady increase in protein concentration, simultaneously. Overall, the S application at 60–90 kg ha−1

synergistically improved both the yield and nutritional quality of maize, meeting the requirements
for sustainable development in maize production. The findings offer a novel theoretical foundation
and nutrient management approach for achieving high-yield and superior-quality maize production.

Keywords: amino acid balance; cysteine; sulfur; maize

1. Introduction

Target 2.1 of the Sustainable Development Goals (SDG) not only challenges the world
to eradicate hunger, but also emphasizes the importance of ensuring universal access to
safe, nutritious, and sufficient food throughout the year [1]. Within this goal, agriculture
production and food nutrition objectives partially intersect. While agriculture production
aims to generate high-quality foods in large quantities, food nutrition aims to guarantee
the provision of safe and healthy foods that meet the nutritional requirements of the
population [2]. The integration between agricultural production and food nutrition is
crucial as plant-based foods specifically serve as primary sources of calories, protein,
amino acids, minerals, and vitamins for human beings; thus, playing a vital role in their
development and health.

In terms of food nutrition, the essential amino acids (EAA) that cannot be synthesized
de novo by humans and many ruminants include lysine (Lys), tryptophan (Trp), methion-
ine (Met), threonine (Thr), phenylalanine (Phe), valine (Val), leucine (Leu), and isoleucine
(Iso) [3]. The conditionally essential amino acids (CEAA), namely cysteine (Cys), histidine
(His), and tyrosine (Tyr) are restricted to humans and certain ruminants in specific patho-
physiological circumstances such as severe catabolic distress or prematurity in infants [4].
The EAA and CEAA, which are necessary for humans, requires expensive dietary supple-
mentation [5,6]. In reality, a crucial aspect of the livestock industry development is fulfilling
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the human demand for EAA and CEAA. Humans can reduce their dependence on amino
acids derived from animals by enriching food crops with EAA and CEAA. Consequently,
food crops rich in EAA and CEAA will not only serve a nutritional function but will also
play a significant economic role, given the lower production cost of plant-derived amino
acids compared to animal-derived amino acids [7].

Maize (Zea mays L.), as a crucial staple crop in agricultural production, is extensively
cultivated worldwide and plays a pivotal role in ensuring global food security [8]. It
serves not only as a primary source of sustenance for humans but also holds significant
importance in the livestock and poultry industries across the globe [9]. Maize grains consist
of approximately 70% starch and around 10% protein by weight [10]. The nutritional quality
of maize grains largely depends on the protein concentration and composition [11,12].
However, the pronounced deficiencies in EAA and CEAA, such as Lys, Trp, Met, and Cys,
lead to an imbalance of amino acids in maize grains [13–15]. In particular, Lys constitutes
merely 2% of the total protein concentration in maize grains, which is even less than
half of the content recommended by the FAO (Food and Agricultural Organization) [16].
Consequently, how to improve the amino acid balance represents a significant challenge in
agricultural production.

Sulfur (S), as an indispensable mineral nutrient for plants, is crucial for the biosynthe-
sis of EAA and CEAA (Met and Cys) [17], vitamins (thiamine, biotin) [18], oligopeptides
(glutathione, phytochelatin) [19], enzyme co-factors (Fe-S clusters), and various secondary
metabolites (such as glucosinolate) [20]. Therefore, ensuring a sufficient supply of S is cru-
cial for regulating crop growth and sustaining nutritional quality [21]. However, in recent
decades, the prevalence of S deficiency in agricultural systems has been escalating [22–24].
This S deficiency can be attributed to several factors: (1) The implementation of environ-
mental protection measures over the past few decades and the subsequent reduction of
SO2 emissions into the atmosphere have paradoxically limited the availability of S as an
input in large-scale agriculture, resulting in crop S deficiency [25,26]. (2) The application
of high analysis fertilizers (N, P2O5, K2O) with little S led to the lower plant-available S
supply [27]. (3) The continuous and greater exportation of S from soil to crop results in
decreased S content in soil [28]. (4) Typically, the use efficiency of S in agricultural systems is
relatively low (<25%) [29]. In consequence, S-containing fertilizers are currently extensively
employed globally to improve crop yield and nutritional quality.

In agriculture production, S application can enhance the concentrations of EAA and
CEAA in crops, particularly the S-containing amino acids such as Met and Cys [30]. The
findings of previous studies have revealed a significant decrease in the concentrations
of Met and Cys by 25% and 30%, respectively, in S-deficient maize grains. Concurrently,
an increase of 30% in the concentrations of aspartic acid (Asp) was observed, which
severely compromises the nutritional quality of maize [31]. Numerous studies indicate that
increasing the levels of Met and Cys in maize can improve their nutritional quality [32,33].
It is argued that an increase in S storage might enhance the concentrations of Met and Cys
in maize grains, thereby boosting the nutritional quality of maize grains [34,35]. A previous
pot experiment conducted on sandy soil revealed a consistent and significant enhancement
in the EAA concentration of maize grains with increasing S application [36]. However, a
separate study conducted on silt loam soil demonstrated that appropriate S application
can enhance maize yield, while excessive S application can result in a significant decline in
maize yield [37]. It can be seen that the response of EAA concentration and yield of maize
grains to S application exhibits inconsistency. Moreover, the optimal rate of S application
in different soil types for synergistically enhancing maize yield and nutritional quality
remains unclear.

Therefore, a field experiment was conducted to investigate the regulatory mechanism
of S application in improving the amino acid balance of maize grains. This study analyzed
the grain yield, protein concentration, amino acid composition, endosperm microstructure,
and dietary amino acid requirements pattern for humans. The results may provide a novel
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theoretical foundation and perspective on enhancing the nutritional quality of maize grains
by S application.

2. Materials and Methods
2.1. Experimental Region Description

Consecutive field experiments were conducted from 2017 to 2019 in Lishu County,
Northeast China, specifically at the coordinates of Sankeshu (43◦20′ N, 124◦00′ E) and
Fujiajie (43◦22′ N, 124◦05′ E). The present study employed two disparate soil types, specifi-
cally, a clay soil sample from Sankeshu and a sandy soil specimen from Fujiajie, based on
the textural classification [38]. The initial properties of topsoil (0–20 cm) are tabulated in
Table 1.

Table 1. The physical and chemical properties of 0–20 cm topsoil at two experimental sites.

Sites Soil Type

Mechanical Composition Chemical Properties

Sand Silt Clay pH Organic Matter Total N Olsen-P NH4OAc-K Ca(H2PO4)-S

% g kg−1 mg kg−1

Sankeshu Clay soil 32.5 25.2 42.3 6.63 23.2 1.64 38.37 191.29 13.24
Fujiajie Sandy soil 79.6 9.6 10.8 5.77 16.2 1.02 24.96 160.92 11.36

The two experimental sites, which are situated 4 km apart, exhibit identical climatic
conditions. Throughout the maize growing season, the average air temperatures recorded
were 20.7 ◦C, 20.6 ◦C, and 20.8 ◦C (2017–2019), while the total precipitation was 456 mm,
354 mm, and 533 mm, respectively. In comparison to the average of 490 mm over the past
three decades, there was a significant decrease in precipitation during the maize growth
period in both 2017 and 2018 but a slight increase in 2019. Detailed daily records of air
temperature and precipitation throughout the maize growing seasons can be found in
Figure 1.
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Figure 1. Temperature and precipitation at the experimental site during maize growing seasons from
2017 to 2019.

2.2. Experimental Design

Each field experiment encompassed six S application rates with three replications,
including the S0 treatment (non-S application) and five different rates of S application rates.
These five S rates were: S30, S60, S90, S120, S150 (S fertilizer was applied at 30, 60, 90,
120, and 150 kg ha−1, respectively). The study employed a randomized complete block
design, with each experimental plot encompassing an area of 60 m2 (6 × 10 m). In all
experimental treatments, with the exception of S fertilizer, the application rates of other
fertilizers remained consistent at 210 kg N, 90 kg P2O5, and 90 kg K2O per hectare. The S
fertilizer used was single sulfur (S: 90%, Baker Co., Ltd., Shanghai, China). The nitrogen
fertilizer consisted of a mixture of normal urea (N: 46%) and polymer-coated urea (N: 44%,
the release period exceeding 2 months at water culture condition under 25 ◦C), in which
polymer-coated urea accounted for 20%. The phosphorus fertilizer used was diammonium
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phosphate (DAP, N: 18%, P2O5: 46%), and the nitrogen introduced by DAP was included in
the total nitrogen application. The potassium fertilizer used was potassium chloride (K2O:
60%). In each treatment, all fertilizer was utilized as a basal fertilizer and one-time applied
to the soil prior to maize sowing.

The maize hybrid Liangyu 99 (Denghai Seed Industry Inc., Dandong, China) was
employed in this study, and a consistent planting density of 65,000 plants per hectare.
In all sites and years, the maize was sown in early May and harvested in early October.
The experimental fields remained unirrigated during the maize growing period for three
consecutive years, and all other management practices were carried out in accordance with
the locally prevailing best management practices according to the ISSM strategy [39].

2.3. Yield and Its Components

In this experiment, consistent sampling and analytical approaches were adopted
across all sites and years. At maturity stage (140 days after planting), for all S rates, maize
plants were manually harvested in a designated 20 m2 area from the center of each plot
to measure the grain yield. The yield was standardized to a moisture content of 14.0%
to ensure consistency in the results. Additionally, the grain number per ear (GN) and
100-grain weight (GW) were measured from 15 sequential plants per plot.

2.4. Measurement of Protein Concentration in Maize Grains

The process of measuring the N concentration in maize grains involved drying the
grains and grinding them into a powder. Then, the samples were digested using a con-
centrated sulfuric acid solution (H2SO4-H2O2), equilibrated with the deionized water, and
cooled to ambient temperature. Subsequently, the N concentration in maize grains was
determined using a Kjeldahl instrument (KDY-9820, KETUO, Beijing, China). The protein
concentration (PC) was derived from the N concentration (NC) in maize grains, as per the
following equation [40]:

PC = NC × 0.625 (1)

2.5. Analysis of Amino Acid in Maize Grains

The precisely weighed powder sample of maize grains (0.05 g) was transferred to a
20 mL hydrolysis tube, followed by the addition of 20 mL HCl solution (6 mol L−1). The
sample was securely enclosed within a hydrolysis tube, which was then hermetically sealed
with nitrogen and hydrolyzed at a temperature of 110 ◦C for a period of 24 h. Specially, for
the determination of Trp, the sample hydrolyzed using 5 mol L−1 NaOH for a duration
of 24 h, followed by the adjustment of the solution pH to 6 with HCl (6 mol L−1). The
analysis of amino acids was conducted utilizing a high-performance liquid chromatography
instrument (1260 Infinity II, Agilent, Santa Clara, CA, USA). The solution sample was
injected in a split mode (15: 1, v/v) into an amino acid analysis column, which featured
dimensions of Zebron ZB-AAA10 m × 0.25 mm (with a film thickness of 0.25 mm). Initially,
the oven temperature was pre-established at 110 ◦C, and incrementally increased at a rate
of 30 ◦C min−1 until reaching a final temperature of 320 ◦C. The temperature of the ion
source was consistently maintained at 240 ◦C, and the carrier gas flow rate was steadfastly
kept constant at 1.1 mL min−1 throughout the duration of the experiment [36].

2.6. Grain Endosperm Microstructure Measurements

The individual maize grain weights were computed based on the GW, and maize
grains with a weight equivalent to the average single grain mass were selected through the
electronic balance. The selected maize samples were meticulously sliced into two halves
along the narrow side, and their endosperm microstructure was meticulously observed and
photographed utilizing the optical microscope (BX51, Olympus, Tokyo, Japan). The area
analysis of different types of endosperm was performed employing the image processing
software (Image J 1.8, National Institutes of Health, Bethesda, MD, USA).
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2.7. Data Analysis

The yield data across the different soil types, years, and S rates were analyzed using a
three-way analysis of variance (ANOVA) program in Statistical Analysis System (SAS 9.2,
SAS Institute Inc., Cary, NC, USA). Furthermore, amino acid concentration data across
the different soil types and S rates were analyzed using a two-way ANOVA program in
SAS. The mean comparisons among the S rates were conducted using Fisher’s Protected
Least Significant Difference (LSD) test with a significance level of p < 0.05, when the F value
was significant.

3. Results
3.1. Grain Yield and Its Components

The grain yields demonstrated a significant response to soil type and S rate but did not
reflect a significant interaction between the two factors and among the three factors (Table 2).
This result showed that the maize yield is closely related to soil type and S application, while
inter-annual climatic differences had little effect on yield in this experiment. Overall, the
grain yields exhibited a discernible trend of initial augmentation followed by subsequent
attenuation with different S rates regardless of soil type. Among the different S rates, the
highest yields were obtained in S90 (10,050 kg ha−1) across all three years. The yield of
S150 (9259 kg ha−1) was significantly higher than that of S0 (8193 kg ha−1), but it was
significantly lower than that of S90 (10,050 kg ha−1), which indicates excessive S application
hinders yield improvement.

Table 2. Effect of S application on maize yield and its components.

Treatment GN (ear−1) GW (g) Yield (kg ha−1)

Soil type
Clay soil 538 a 30.9 a 10,594 a

Sandy soil 439 b 30.1 b 7947 b
Year
2017 487 a 30.1 a 9169 a
2018 488 a 30.6 a 9243 a
2019 492 a 30.7 a 9399 a
S rate

S0 480 c 28.8 d 8193 d
S30 486 bc 29.9 c 8886 c
S60 491 ab 30.9 ab 9530 ab
S90 495 a 31.6 a 10,050 a
S120 491 ab 31.1 ab 9705 ab
S150 489 ab 30.5 bc 9259 bc

ANVOA
Soil type ** ** **

Year ns ns ns
S rate ** ** **

Soil type × Year ns ns ns
Soil type × S rate ns ns ns

Year × S rate ns ns ns
Soil type × Year × S rate ns ns ns

The different letters following data indicate statistically significant differences (p < 0.05). ** denotes significance at
p < 0.01. ns indicates non-significance (p > 0.05).

Similar to the yield response, the GN and GW were significantly influenced by both
soil types and S rates. However, there was no significant interaction observed between the
two factors and three factors. The absence of interaction showed that the response trend
of GN and GW to S application was consistent in different soil types and different inter-
annual. The GN and GW generally exhibited superior performance on clay soil compared
to sandy soil among different soil types, with both reaching their maximum values at S90.
In comparison with S0, the GN, GW, and yield of S90 increased by 3.1%, 7.3%, and 22.7%,
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respectively. It can be seen that the important factor in increasing yield is the synergistic
improvement of GN and GW by S application.

3.2. Concentration of Grain Protein

The impact of S application on grain protein concentration is illustrated in Figure 2.
The grain protein concentration significantly increased with S application, regardless of
soil type. Moreover, a parabolic relationship was observed between the grain protein
concentration and different S rates. Specifically, in 2017, the maximum grain protein
concentration in both soils appeared at S90, reaching 10.5% (clay soil) and 10.8% (sandy
soil), respectively. In 2018, the maximum grain protein concentration in clay soil appeared
at S90 (10.1%), and significantly higher than that in S150, indicating that the S application
of 150 kg ha−1 had begun to inhibit the accumulation of grain protein. On sandy soil,
the maximum grain protein concentration was moved forward to S60 (11.3%) and was
significantly higher than that of S120 and S150, indicating that the S application more than
120 kg ha−1 was no longer conducive to the accumulation of grain protein. This may be
related to the fact that the yield of maize grains in sandy soils is significantly lower than
that in clay soils, resulting in less S requirement for maize grains in sandy soils than in clay
soils. In 2019, the maximum grain protein concentration in both soils occurred at S60, and
was significantly higher than S0 and S150, but there was no significant difference compared
to S30. The results showed that S application for three consecutive years increased the
S accumulation in soil and increased the supply of S from soil to maize plants, and the
amount of S application should be appropriately reduced. Excessive S application not only
inhibits the accumulation of grain protein, but also causes waste of resources.
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3.3. Concentrations of Amino Acids

Amino acids are the basic unit of proteins and determine the nutritional value of
proteins. The amino acid composition of grain protein was further assessed by conducting
a comprehensive analysis on the concentration of various amino acids in maize grains.
In this study, all other amino acids were not significantly affected by soil type except
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for the Glu, Trp, Met, and Cys (Table 3). Glu is the most abundant amino acid in maize
grains, while Trp is the least abundant amino acid in maize grains, and Met and Cys are
S-containing amino acids. This result may be due to differences in the sensitivity of these
amino acids to S supply of different soil types. All amino acids significantly responded to
the S rate but not to the soil type × S rate interaction. Among all amino acids, the levels
of Asp, Glu, Gly, His, Thr, Trp, Leu, Phe, and Lys exhibited a parabolic relationship with
different S rates. Ser, Arg, Met, Tyr, Val, and Cys demonstrated a continuous increase
with increasing S application. Conversely, Ala, Pro, and Iso continued to decrease with
increasing S application. This may be due to the diversity in the response characteristics of
different amino acids to S application.

3.4. Amino Acids Balance

In order to quantify the amino acid balance in maize grains, amino acids were divided
into EAA (including CEAA), NAA, and total amino acids (TAA), and the EAA/TAA ratio
was analyzed (Table 4). The EAA, NAA, TAA, and the EAA/TAA ratio were significantly
affected by soil type and S rate except for the soil type effect on the ratio of EAA to TAA, but
not to the soil type × S rate interaction. When comparing soil types, the concentrations of
EAA, NAA, and TAA were significantly lower in clay soil compared to sandy soil; however,
no significant differences were observed in the EAA/TAA ratio between clay soil and sandy
soil. Regardless of soil type, S application increased EAA concentration and there was no
significant change after reaching the maximum at S60, while the concentration of NAA and
TAA increased significantly with S application rate and showed a parabolic relationship
with different S application rates. This result means that S application simultaneously
increases the concentration of EAA and NAA, and that excessive S application reduces
the concentration of TAA by inhibiting the accumulation of NAA, while the concentration
of EAA is not affected. Moreover, S application elevated the proportion of EAA in TAA,
and the highest EAA/TAA ratio was achieved at S60, followed by no further significant
changes. This implies that an S application rate of 60 kg ha−1 is sufficient to enhance EAA
accumulation in protein and promote amino acid balance of maize grain.

Based on the performance of EAA/TAA ratio at different S rates, it was evident that
the differences in the EAA/TAA ratio were more pronounced for S60 and S150 compared to
S0. However, no significant differences in the EAA/TAA ratio were observed between S60
and S150. Thus, the three representative S rates, namely S0, S60, and S150, were selected
to conduct a comprehensive microstructural analysis of maize grain endosperm in this
study. This is to further clarify the effect of S application on the amino acid balance of
maize grains.
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Table 3. Concentrations of 18 amino acids in maize grains under different S rates (mg g−1).

Treatment Asp Glu Ser Gly Arg Ala Pro Met His Thr Tyr Val Trp Iso Leu Phe Lys Cys

Soil type
Clay soil 5.1 a 16.2 b 3.6 a 2.93 a 4.3 a 3.4 a 11.4 a 3.0 b 2.4 a 2.9 a 2.9 a 3.3 a 1.2 b 2.8 a 9.9 a 3.2 a 2.2 a 3.7 b

Sandy soil 5.4 a 17.6 a 3.8 a 3.10 a 4.6 a 3.6 a 12.1 a 3.2 a 2.5 a 3.1 a 3.0 a 3.5 a 1.3 a 2.9 a 10.5 a 3.4 a 2.4 a 4.0 a
S rate

S0 4.4 b 14.7 c 3.0 c 2.6 c 3.3 d 4.3 a 14.6 a 2.2 c 1.5 c 2.5 b 1.9 d 2.1 c 0.8 c 3.9 a 7.5 b 2.3 d 1.7 c 2.7 e
S30 5.6 a 17.5 ab 3.1 bc 3.1 abc 4.0 cd 4.1 a 13.4 a 2.5 c 2.4 b 3.2 a 2.4 c 3.1 b 1.2 b 3.2 b 10.3 a 3.3 bc 2.1 b 3.5 d
S60 6.3 a 17.9 ab 3.8 ab 3.5 a 4.3 bc 3.5 b 11.6 b 3.2 b 3.0 a 3.5 a 2.9 bc 3.9 a 1.5 a 2.8 bc 11.4 a 4.0 a 2.6 a 3.9 cb
S90 5.7 a 18.1 a 3.9 a 3.2 ab 4.8 ab 3.3 bc 10.7 b 3.4 b 2.8 ab 3.4 a 3.3 ab 3.8 a 1.4 a 2.6 c 11.2 a 3.9 ab 2.6 a 4.2 bc
S120 4.7 b 16.9 ab 4.1 a 3.0 abc 5.0 ab 3.1 bc 10.0 b 3.6 ab 2.6 ab 3.1 a 3.5 a 3.8 a 1.3 ab 2.5 c 10.6 a 3.3 bc 2.5 a 4.4 ab
S150 4.6 b 16.2 bc 4.4 a 2.8 bc 5.4 a 2.8 c 10.1 b 3.8 a 2.6 ab 2.4 b 3.5 a 3.8 a 1.3 ab 2.3 c 10.3 a 3.1 c 2.3 ab 4.7 a

ANVOA
Soil type ns * ns ns ns ns ns * ns ns ns ns * ns ns ns ns *

S rate ** ** ** * ** ** ** ** ** ** ** ** ** ** ** ** ** **
Soil type × S rate ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns

The different letters following data indicate statistically significant differences (p < 0.05). ** denotes significance at p < 0.01, * denotes significance at p < 0.05, and ns indicates
non-significance (p > 0.05).
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Table 4. Effects of S application on the concentrations of different types of amino acids in maize grains.

Treatment EAA (mg g−1) NAA (mg g−1) TAA (mg g−1) EAA/TAA (%)

Soil type
Clay soil 37.5 b 46.8 b 84.3 b 44.3 a

Sandy soil 39.8 a 50.2 a 90.0 a 44.1 a
S rate

S0 28.8 c 46.7 bc 75.5 d 38.1 c
S30 37.0 b 50.7 a 87.7 bc 42.2 b
S60 42.6 a 50.8 a 93.4 a 45.6 a
S90 42.4 a 49.5 ab 92.0 ab 46.2 a

S120 41.0 a 46.9 bc 87.9 bc 46.6 a
S150 40.2 a 46.2 c 86.4 c 46.6 a

ANVOA
Soil type ** ** ** ns

S rate ** ** ** **
Soil type × S rate ns ns ns ns

The different letters following data indicate statistically significant differences (p < 0.05). ** denotes significance at
p < 0.01. ns indicates non-significance (p > 0.05).

3.5. Microstructure of Maize Grain Endosperm

Generally, the maize endosperm can be classified into two distinct regions, namely
the vitreous endosperm (VE) located in the outer region and the floury endosperm (FE)
situated in the central region [41]. The proteins lacking EAA were mostly concentrated
in the VE region [42]. The ratio of vitreous endosperm (AVE) to floury endosperm (AFE)
areas typically reflects the nutritional quality of maize grains. A higher AVE to AFE ratio
indicates a greater concentration of EAA-deficient proteins, suggesting a more severe
degree of amino acid imbalance. The smaller AVE to AFE ratio means a more optimal
amino acid balance in maize grains.

The microstructure analysis of maize endosperm showed that the maize grain size of S0
was relatively small, but the AVE (10.87 mm2) did not decrease, while the AFE (24.11 mm2)
was relatively smaller, and the ratio of AVE to AFE was 0.45. This indicates that the maize
grain of S0 contains less protein containing EAA and more protein containing NAA, and
the amino acid imbalance in maize grains is serious. Compared with S0, the grain size
of S60 was significantly larger, but the AVE (7.73 mm2) did not increase. In contrast, the
AFE (34.66 mm2) increased significantly, and the ratio of AVE to AFE decreased to 0.22,
indicating that S application significantly increased the protein rich EAA in maize grains.
The maize grain size, AVE (9.71 mm2) and AFE (33.50 mm2) of S150 was basically the
same as that of S60, and the ratio of AVE to AFE was 0.29, which showed that increasing
S application had no significant effect on the amino acid composition of maize grains
(Figure 3).

3.6. Dietary Amino Acid Requirement Pattern

To accurately quantify the nutritional quality of maize, we compared the proportion of
EAA in grain protein with the dietary amino acid requirement pattern for humans (DAARP)
established by the World Health Organization/Food and Agriculture Organization/United
Nations University [43]. The results showed that the concentrations of His, Leu, Lys,
Met + Cys (S-containing amino acids), Phe + Tyr (aromatic amino acids), Trp, and Val in
proteins increased with the S application (Table 5). The concentration of Iso in protein
decreased with the S application, while the concentration of Thr in protein first increased
and then decreased with S application, but even at the highest S application rate (S150),
the concentrations of Iso and Thr in protein was still higher than the DAARP. Under the
conditions of non-S application (S0) and low-S application (S30), the Val concentration in
protein did not meet the DAARP, while after appropriate S application (more than 60 kg
ha−1), the Val concentration in protein increased significantly, reaching and exceeding the
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DAARP. It can be seen that S application plays an important role in promoting the amino
acid balance of maize grains. Unfortunately, even under S application, the Lys concentration
in protein does not meet the DAARP. The Lys concentration in protein, however, exhibited
an increase with the S application, reaching its peak at 30% (clay soil) and 40% (sandy soil),
as compared to S0, which provides a new possibility for improving the Lys concentration
of maize grains.
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Table 5. Concentrations of EAA in protein of maize grains at different S rates (mg g−1).

Treatment His Iso Leu Lys Met + Cys Phe + Tyr Thr Trp Val

Clay soil
S0 18 51 85 20 50 56 27 10 25

S30 23 44 103 20 58 62 31 11 34
S60 26 36 102 23 63 65 31 13 40
S90 26 35 107 26 72 76 34 13 43
S120 26 35 103 24 78 60 31 13 42
S150 28 34 115 25 91 64 25 14 43

Sandy soil
S0 19 45 102 20 52 53 28 11 26

S30 25 41 107 22 65 60 33 13 33
S60 29 37 109 25 68 65 34 14 39

SS90 29 37 116 26 78 72 35 14 39
S120 28 36 116 28 88 73 33 15 41
S150 29 35 111 28 95 75 27 16 42

DAARP 15 30 59 45 22 38 23 6 39

3.7. Cys in Amino Acid Balance

As a typical S-containing amino acid, Cys is the basic substance that constitutes
disulfide bonds in proteins and plays an important role in increasing protein concentration
and promoting amino acid balance. In this study, Cys concentration continued to increase
with increasing S application regardless of soil type (Figure 4a,b). The correlation analysis
between protein concentration and Cys concentration showed that the protein concentration
increased with increasing Cys concentration and decreased significantly after reaching its
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maximum at 3.96 (clay soil) and 4.06 (sandy soil), respectively (Figure 4c,d). This means that
an increase in Cys concentration favors the accumulation of proteins, and as shown in the
Figure 4e, the sufficient formation of the disulfide bond composed of Cys may be the main
reason for the increase in protein concentration. However, as Cys concentrations continue to
increase, the concentration of certain types of amino acids that constitute proteins decreases
significantly, which is related to the cross-linking properties of amino acids.
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Figure 4. (a,b) Effect of different S rates on Cys concentration in maize grains. The letters above the
bars indicate the statistically significant differences among the different S rates (p < 0.05); (c,d) correla-
tion analysis between protein concentration and Cys concentration in maize grains. The red curve
indicates the correlation between the protein concentration and Cys concentration, and the black
dots represents the protein concentration values at the corresponding Cys concentration. ** denotes
significance at p < 0.01; (e) schematic representation of the mechanism underlying enhanced protein
concentration in maize grains by S application.
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When Cys concentrations are sufficient, the cross-linking of NAA and EAA with
Cys exhibits selectivity. The correlation analysis showed that NAA concentration had
a parabolic relationship with the increase in Cys concentration and decreased signifi-
cantly after reaching the maximum at 3.55 (clay soil) and 3.77 (sandy soil), respectively
(Figure 5a,b). However, the EAA concentration increased with increasing Cys concentra-
tion and remained stable after reaching its maximum at 4.54 (clay soil) and 4.55 (sandy
soil), respectively (Figure 5c,d). TAA concentration showed a parabolic relationship with
the increase in Cys concentration and decreased significantly after reaching the maximum
at 3.98 (clay soil) and 4.13 (sandy soil), respectively (Figure 5c,d), which was caused by the
decrease in NAA. This result means that the increase in Cys concentration inhibits NAA
accumulation, but favors EAA accumulation, thereby promoting amino acid balance. Over-
all, when the concentration of Cys in maize grain falls within the range of approximately
4.0–4.5 on both soil types, it leads to the highest levels of TAA and EAA, while maintaining
relatively lower NAA concentration, thereby enhancing the nutritional quality of maize
(Figure 5c,d).
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4. Discussion
4.1. Effects of S Application on Maize Grain Yield and Protein Concentration

As a pivotal dietary source for both humans and animals, the grain protein concentra-
tion of maize constitutes a fundamental trait in terms of nutritional quality [44]. However,
in global maize production, there has been a consistent decline in grain protein concen-
tration as grain yield increases [45,46]. Typically, the increase in maize yield leads to an
average decrease in protein concentration of 0.3% per decade [47,48]. The increase in maize
yield, as demonstrated by a study encompassing 45 maize varieties from the 1920s to 2001,
primarily resulted from improvements in starch concentration within the grains, while
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simultaneously observing a decrease in protein concentration with the increase in maize
yield [49]. Nutrient management emerged as a pivotal strategy to concurrently enhance
maize yield and increase grain protein concentration [50]. In this study, the yield and
protein concentration of maize grains simultaneously increased with S application. When
the S was applied at 60–90 kg ha−1, the GN, GW, and yield of maize reached the highest
level. The increase in yield can be attributed to synergistic enhancements in both GN and
GW, which aligns with previous research findings [51].

The main compound responsible for S storage in maize grain is protein, which accu-
mulates as amino acids [52]. Analysis of amino acid composition in maize grains revealed
a significant increase in Cys concentration with S application (Figure 4). Cys, as a typical
S-containing amino acid, serves as the foundation for protein disulfide bond formation
and enhances protein stability [53]. Due to the limitations imposed by protein conforma-
tion, the elevated Cys concentration provides more potential sites and opportunities for
disulfide bond formation, thereby contributing to the overall formation and enhanced the
stability of proteins [54,55]. In this study, the results demonstrated a significant correlation
between protein concentration and Cys concentration in maize grains, indicating that
increased Cys enhances both the formation and stability of proteins. Thus, S application to
increase the protein concentration of maize grain was mainly achieved by the increase in
Cys concentration.

4.2. Effects of S Application on Amino Acid Balance of Maize Grains

Conventional wisdom suggests that increasing the protein concentration can improve
the nutritional quality of maize grains; however, the amino acids imbalance in dietary
protein may lead to serious adverse effects [56]. Therefore, achieving balanced nutrition
requires not only considering protein accumulation but also taking into account the pro-
portion of amino acids in the diet [57]. Research findings suggest that solely increasing
the protein concentration in maize grains may not necessarily enhance their nutritional
quality and could even potentially have an adverse impact [58]. Previous studies have
demonstrated that nitrogen application can substantially elevate the protein concentration
in maize grains; however, it does not uniformly increase the concentration of each amino
acid within the protein. Among all amino acids, NAA concentrations such as Glu and Pro
continuously rise with increasing nitrogen application rates, while EAA concentrations like
Lys and Met steadily decline with higher nitrogen application rates [59]. Other studies have
indicated that with increasing nitrogen application rates, zeins preferentially accumulate in
maize grains while Lys and Trp concentrations progressively decrease alongside increased
protein concentration [60]. Subsequent studies have demonstrated that the increase in
nitrogen application rates leads to a significant rise in zeins lacking EAAs, while EAA
concentration such as Lys and Thr continuously decreases, exacerbating the amino acid
imbalance in grains [61,62]. Contrary to nitrogen, S can enhance EAA concentration of
maize grains, particularly the concentration of S-containing amino acids like Cys and
Met [30]. In this study, not only S-containing amino acids like Met and Cys increased with
S application, but also EAA including His, Leu, Lys, Phe, Tyr, Thr, Trp, and Val increased
with S application. This performance has been confirmed in cereal crops such as wheat and
barley [63,64].

Typically, the classification of maize grain protein comprises zeins (60%), glutelins
(34%), globulins (3%), and albumins (3%) [65]. Zeins, being the predominant storage
protein in maize endosperm, exhibit high levels of NAA like Glu, Pro, and Ala; however,
they are severely deficient in EAA such as Lys, Trp, and Met, which significantly restricts
the nutritional quality of maize [66]. According to its solubility characteristics, zeins
can be categorized into four subclasses, namely α-, β-, γ-, and δ-zeins [67]. Among
these subclasses of zeins, γ-zeins are characterized by a high Cys, while δ-zeins exhibit a
significant proportion of Met [68,69]. The β-zeins reveal high levels of two S-containing
amino acids, namely Cys and Met [70]. The α-zeins constitute over 70% of the total
zeins, yet they are deficient in Lys and Cys, with low levels of Met, resulting in a severe
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amino acid imbalance in maize grains [34]. Decreasing the concentration of α-zeins can
result in a compensatory augmentation in β-, γ-, and δ-zein fractions, along with non-
zein proteins [71]. In this study, the Cys concentration was increased with S application
(Figure 5), and the EAA such as Lys, Trp, and Met in maize grains was also significantly
increased (Table 3). The protein concentration, EAA concentration, TAA concentration,
and EAA/TAA of maize grain reached the highest level when the S application was at
60–90 kg ha−1. Simultaneously, under the premise of ensuring a steady increase in protein
concentration, S application resulted in a reduction of NAA concentration, including Asp,
Glu, Gly, Ala, and Pro (Table 3). This effect may be attributed to the enhanced regulation of
Cys by S application, leading to the inhibition of α-zein levels and compensatory increase in
EAA-rich non-zein proteins. Cys residues in β- and γ-zeins undergo intermolecular cross-
linking with both each other and other amino acids during the maize grain’s development
period [41]. However, the absence of Cys in α-zein restricts its involvement in protein
formation, thereby creating additional opportunities for EAA like Met, Lys, and Trp to
be incorporated into proteins. The EAA concentrations exhibited a continuous increase
with increasing Cys concentration, while the NAA concentrations initially increased and
subsequently decreased with Cys concentration in this study (Figure 5). These relationships
demonstrate that under sufficiently high Cys concentration, protein formation preferentially
accumulates EAA while inhibiting NAA, thereby regulating the amino acid distribution in
proteins and achieving a balance of amino acid in maize grains. Analysis of microstructure
of the maize endosperm also confirmed this conclusion (Figure 3). Therefore, S application
improved the nutritional quality of maize by regulating the amino acid balance in the grains.

5. Conclusions

The S application significantly affected the grain yield and nutritional quality of maize.
S application increased the yield of maize by simultaneously increasing the GN and GW,
and the protein concentration in maize grains by increasing the Cys concentration in maize
grains. Simultaneously, under the premise of ensuring a steady increase in protein con-
centration, the Cys in grains optimized the amino acids balance by regulating the ratio of
other amino acids, thereby improving the nutritional quality of maize. Overall, whether
on clay soil or sandy soil, when the S application was 60–90 kg ha−1, the grain yield and
nutritional quality of maize were synergistically improved, which meet the requirements
for sustainable development in maize production and provide a novel theoretical foun-
dation and nutrient management approach for achieving high-yield and superior-quality
maize production.
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