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Preface

With the global population on the rise, sustainably meeting the burgeoning food demand is a

critical challenge. This challenge calls for optimizing plant mineral nutrition to enhance productivity,

resource efficiency, and environmental stewardship. This Reprint provides insights from a Special

Issue of Agronomy, highlighting the role of mineral elements in crop growth and production. It

emphasizes emerging management strategies designed to balance mineral element supply with crop

needs. The key to sustainable agriculture lies in enhancing nutrient acquisition, customizing nutrient

application, and integrating a comprehensive plant-soil perspective. This approach is fundamental

for leveraging mineral nutrition for sustainable agricultural practices, ensuring food security, and

promoting environmental sustainability.

The individual papers in this Reprint offer reports on the latest research advancements or

comprehensive reviews of existing knowledge. Drawing from a diverse range of disciplines, these

articles together aim to deepen our understanding of the importance of mineral elements in crop

growth and production. We extend our heartfelt gratitude to the authors, whose contributions are

instrumental in defining the quality of this research topic. We also express our profound appreciation

to the reviewers, whose invaluable insights have helped enhance the quality of these papers.

Gang Li, Dong-Xing Guan, and Daniel Menezes-Blackburn

Editors
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1. Introduction

By 2050, the global population is projected to reach 9.7 billion people, necessitating a
substantial increase in food production [1]. Mineral elements, including macro- and micro-
nutrients, are essential for crops to complete their growth cycles and produce the yields
necessary to meet demand. Deficiencies in minerals such as nitrogen (N), phosphorus
(P), and potassium (K) severely constrain plant growth and limit agricultural productivity
worldwide [2]. While mineral fertilizers supported Green Revolution yield improvements,
their excessive use degrades soil and water quality [3]. Sustainably meeting future nutri-
tional needs requires optimizing plant mineral nutrition to improve productivity, nutrient
use efficiency, and stress resilience, while stabilizing soil resources.

This editorial synthesizes insights from a recent special issue of Agronomy themed
by the role of mineral elements in crop growth and production. The collection highlights
emerging strategies for tailoring mineral element applications, enhancing acquisition, and
integrating plant-soil dynamics. Balancing these perspectives is key to leveraging plant
nutrition for the sustainable intensification of agriculture.

2. Optimizing the Application of Essential Macro- and Micro-Nutrients

The balanced application of essential macro-nutrients and micro-nutrients is crucial
for crops to fully express their genetic potential and achieve optimal growth and yield.
Research has shown that the synergistic effects of micro-nutrients can significantly enhance
crop performance. For instance, Safdar et al. [4] presented a two-year field study examining
the effects of sole and combined soil application of boron (B) and zinc (Zn) on oilseed
rape under semiarid conditions. They demonstrated that the combined application of B
and Zn in oilseed rape led to marked improvements in the yield, oil content, and quality
parameters. This synergy likely stems from the complementary roles that these nutrients
play during critical reproductive and developmental phases, such as pollen viability and
seed formation. As the study’s geographical and temporal scope was limited to a semi-
arid climate over two growing seasons, it is crucial to extend this research across diverse
environments and crop genotypes. This would help to develop more comprehensive and
universally applicable guidelines for optimal B and Zn application rates and ratios.

Głowacka et al. [5] explored the interactive effects of N and sulfur (S) fertilization in
soybean production. They found that a balanced application of these nutrients significantly
increased productivity, seed protein content, and S-containing amino acids compared with
N application alone. This research suggests that S plays a critical role in influencing N
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utilization efficiency. The optimal N:S ratio appeared to differ across the different soybean
growth stages, indicating a need for more nuanced application strategies. Further research
is necessary to understand the interactive effects of N and S across a broader spectrum of
fertilizer application rates, timings, and environmental conditions.

3. Enhancing Nutrient Acquisition and Utilization Efficiency

Efficient acquisition and utilization of nutrients are paramount for reducing reliance
on external inputs and promoting sustainable agricultural practices. Innovative genetic
and microbial approaches have shown promise for enhancing crop nutrient capture and
use efficiency. Hu et al. [6] investigated the overexpression of a phosphate transporter
gene, OsPHT1;4, in rice. They found that this genetic modification significantly boosted P
uptake, utilization efficiency, grain yields, and overall biomass under conditions where P
was deficient. This finding suggests that the targeted manipulation of nutrient transporters
provides a promising route to enhance crop P efficiency.

Lin et al. [7] demonstrated the potential of microbiome engineering by showing that
inoculating rice with a selenium (Se)-tolerant bacterial strain increased plant Se accumula-
tion. This finding opens exciting possibilities for enhancing the nutritional value of crops
through the manipulation of the soil microbiome. Translating this increase in Se content
into improved human nutrition requires further research and careful dietary integration.

Li et al. [8] conducted a detailed investigation into the effects of varying P supply on
soybeans using a split-root system. In a related study, Li et al. [9] further researched the
optimal P levels necessary for effective nodulation, N fixation activity, and plant N accu-
mulation in soybeans. Both studies highlighted the complex interplay between P supply
and soybean growth. They underscored the necessity of a more sophisticated approach to
nutrient management, one that considers the temporal variations in crop needs and the in-
tricate mechanisms by which plants acquire and utilize nutrients. These findings represent
a significant step forward, and further research is needed to understand how these insights
might translate across different legume species under various environmental conditions.

4. Matching Nutrition to Plant-Soil Environments

Understanding and matching nutrition to specific plant-soil environments is essential
for optimizing crop health and yields while maintaining environmental sustainability.
Kumar et al. [10] investigated the effects of tillage-based crop establishment methods and
irrigation approaches on wheat production. Their research revealed that these management
practices significantly influence soil biological properties, including the microbial commu-
nity structure and the abundance of fungi and bacteria. These biological shifts, in turn,
affect soil fertility, moisture availability, and ultimately, crop yields. This study underscores
the importance of taking a broader agro-ecological perspective that integrates soil, water,
and crop management factors. Such an approach is vital for balancing productivity gains
with soil and environmental health. Further studies are required to identify combinations
of practices that maximize synergies across diverse wheat cropping contexts.

Brodowska et al. [11] examined how K fertilization, applied in combination with
N, affects the levels of trace elements in maize-cultivated soils, a crucial aspect of plant
nutrition often overlooked. Their study sheds light on the complex interactions between
different nutrients and their collective effects on crop health and productivity. These
interactions underscore the need for a comprehensive approach to nutrient management
that considers the myriad ways in which different elements interact within the plant-
soil system.

Ibrahim et al. [12] provided a comprehensive review of P mobilization strategies in
plant-soil environments, offering insights into various biotechnological, chemical, and
agronomic options. This review discusses plant root adaptations, ligand synthesis, enzyme
applications, and rhizosphere modification, among others. These strategies have the
potential to enhance crop P acquisition, while reducing reliance on inorganic P inputs and
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improving soil health. Moving these strategies from conceptual feasibility to cost-effective
field application will require continued research and innovation.

Zhao et al. [13] introduced a novel in situ probe designed to analyze the availability
of multiple elements such as S, P, and arsenic at the soil/sediment-water interface and
in the rice rhizosphere. Based on the diffusive gradients in thin-films technique, this
tool represents a significant advance in soil science, offering the potential to dramatically
improve our understanding of nutrient dynamics, guide more precise fertilizer application,
and ensure environmental safety [14]. The development and application of such high-
resolution measurement technologies are crucial for advancing precision agriculture and
sustainable nutrient management practices [12,15].

5. Balancing Mineral Nutrition Status for Sustainable Production

The collective research presented in this special issue underscores that while mineral
nutrients are indispensable for crop productivity, their management must be strategically
balanced to yield gains with environmental sustainability. Continually integrating perspec-
tives across plant nutrition, genetics, soil science, agronomy, and ecology will be essential
going forward. Key priorities include: leveraging synergies between mineral elements
while avoiding excesses or imbalances; building adaptive, site-specific application guide-
lines tailored to crop needs over growth cycles; enhancing mineral uptake efficiency via
crop breeding and microbiome manipulation; fostering integrated soil fertility and health
through diversified practices; and developing tools to monitor plant status and predict
soil fertility responses. A systems-level approach balancing productivity, profitability, and
environmental stewardship will be critical to sustainably meeting future food demands.
The research compiled in this special issue provides key insights to guide mineral nutrition
management in this direction.

6. Conclusions

In conclusion, this special issue highlights the essential roles mineral elements play
in crop growth cycles and the need to continually refine nutrition management. Optimiz-
ing application, enhancing efficiency, and integrating plant-soil dynamics will be crucial
for leveraging mineral nutrition for sustainable intensification. Continued systems-level
research to balance productivity gains with environmental protection is the cornerstone
for addressing future nutritional demands. As the world moves towards sustainable agri-
cultural practices, the insights and strategies discussed in this special issue will provide a
valuable foundation for guiding mineral nutrition management in the right direction.
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Abstract: Oilseed crops require several micronutrients to support their physiological functions
and reproductive phases. A deficiency of these nutrients can significantly reduce the yield and oil
quality of oilseed crops. Soil application of micronutrients can reduce their deficiency and improve
plant growth, yield, and oil quality. Oilseed rape (Brassica napus L.) is an important oilseed crop
that produces oil with low levels of saturated fat and high levels of beneficial omega-3 fatty acids,
which renders it a widely used cooking oil. However, the yield and oil quality of oilseed rape
are significantly affected by the deficiency of boron (B) and zinc (Zn). This two-year field study
determined the influence of sole and combined soil application of B and Zn on the physiological
attributes of plants, seed and oil yields, and oil quality under semiarid climatic conditions. Nine
different B and Z combinations, i.e., B0 + Zn0 (control), B0 + Zn8, B0 + Zn10, B1 + Zn0, B1 + Zn8,
B1 + Zn10, B2 + Zn0, B2 + Zn8, and B2 + Zn10 (kg ha−1), were included in the study. Sole and
combined application of B and Zn significantly altered physiological attributes, seed and oil yields,
and oil quality. The highest values for plant height, number of siliques per plant, number of seeds per
silique, 1000-seed weight, seed and oil yields, oil quality (higher stearic acid, palmitic acid, oleic acid,
linoleic acid, linolenic acid, and lower erucic acid), and physiological traits (protein concentration,
soluble sugar concentration, chlorophyll concentration, photosynthesis and transpiration rates, and
stomatal conductance) were recorded with the combined application of 2 + 8 kg ha−1 B and Zn,
respectively, during both years of this study. The lowest values of yield- and oil-quality-related traits
and physiological attributes were recorded for the control treatment. A dose-dependent improvement
was recorded in B and Zn contents in leaves, and the highest values were recorded with the combined
soil application of 2 + 10 kg ha−1 B + Zn, respectively. It can be concluded that 2 + 8 kg ha−1 B + Zn
should be applied to oilseed rape for higher seed and oil yields and better oil quality under semiarid
climatic conditions.

Keywords: antioxidant enzymes; oil profile; seed yield; photosynthesis; semiarid climate
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1. Introduction

Oilseeds, alongside sugar and cereal crops, are essential components in ensuring
a well-balanced and nutritious diet for humans. Vegetable oil is a significant source of
essential fatty acids and vitamin E, which are vital for the proper physiological functioning
of the human body [1,2]. The production of edible oil is of utmost importance in fulfilling
the domestic demand and industrial requirements of a country. Additionally, it holds
promising potential to emerge as a significant contributor to employment opportunities [3].
Pakistan is currently importing 2.917 million tons of edible oil, with a total value of PKR
574.199 billion (USD 3.419 billion) annually. Edible oil production in Pakistan during
2020–2021 was 0.374 million metric tons. The anticipated total yield of edible oil extracted
from various crops was 3.291 million metric tons [3]. Due to a significant shortage of edible
oil in Pakistan, it is imperative for the government to augment the cultivation of oilseed
crops to address the edible oil shortage issue [3].

Oilseed rape (Brassica napus L.) is an important oilseed crop on a global scale [4]. It is
positioned in third place following soybean and palm oil in terms of area under cultivation
and holds fifth position in terms of oil production [5]. Oilseed rape oil exhibits superior
nutritional properties due to its lower content of erucic acid and saturated fats, which
are present in concentrations of 2% and 6%, respectively [6]. The seeds typically contain
approximately 40–45% oil [7], with 6–14% linolenic acid and 50–66% oleic acid [8]. The oil
has the required profile of saturated fatty acids (7%), higher unsaturated fatty acid contents,
i.e., oleic acid (~61%) and linoleic acids (8%) [9], and lower erucic acid, glucosinolates,
and cholesterol. Therefore, this oil is considered safe for human consumption [10,11]. It is
cultivated on 2418 thousand hectares in Pakistan, which produce 2256 thousand tons of
seeds and 374 thousand tons of oil [3]. It is an inexpensive oil that helps individuals recover
from malnutrition and improves their health, making it ideal for populations residing in
developing nations [12]. Climate extremes, such as heat and drought stress [13–15], soil
salinity [16], limited light availability [17], and waterlogging [18], are the major constraints
significantly reducing the yield and oil quality of oilseed rape.

Insufficient availability of nutrients, particularly micronutrients, is another significant
constraint in oilseed rape production [19]. Micronutrients play a crucial role during the
vegetative and reproductive growth of plants [20]. High-yielding cultivars produce low
yields despite NPK application, which can be attributed to the insufficient utilization of
micronutrients [21]. The optimal yield potential of high-yielding cultivars can be realized
through the application of micronutrients in conjunction with macronutrients [22]. Chaudry
et al. [23] reported that the application of micronutrients, specifically zinc (Zn) and boron
(B), significantly increased wheat yield compared to the control group, whether applied
individually or in combination, while Mandal et al. [24] indicated a significant correlation
between the application of fertilizer and the physiological growth process.

Zinc is a vital micronutrient required for the growth and development of crop plants.
It is a constituent of carbonic anhydrase and elicits aldolase, both of which are imperative
for carbon metabolism [25]. Additionally, it is a constituent of diverse biomolecules,
including lipids and proteins, and functions as a cofactor for auxins, thereby exerting a
significant influence on nucleic acid degradation [26]. Zinc is an essential constituent of
numerous enzymes and is compulsory for their activation. Consequently, Zn deficiency
limits carbohydrate digestion, induces injuries to the pollen tube, and reduces yield [27].
The primary cause of Zn deficiency in crops is the reduced solubility of Zn in soils, which
is somewhat more significant than the reduction in the overall amount of Zn [28]. The
efficacy of Zn application in improving crop yield and quality has been reported in earlier
studies [29]. Soil application of Zn to oilseed rape has been found to increase branching, the
number of pods, and seed production [30]. A significant proportion (80% of rainfed area)
of Pakistani soils exhibits Zn deficiency due to higher soil pH levels [31]. Zinc deficiency in
the topsoil significantly hampers agricultural productivity. The decrease in Zn levels in
plants induces the generation of reactive oxygen species (ROS) within plant tissues, which
disrupts the integrity of cell membranes and impedes the normal functioning of cells [32].
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Boron is another essential micronutrient and necessary for the growth of crop plants.
However, it can be observed that B levels are rapidly decreasing in Yermosols or Aridis-
ols [33]. Boron deficiency is the second most important micronutrient constraint in crop
production after zinc [34]. Boron is an important component for various biological pro-
cesses in plants, including but not limited to the growth and development of pollen tubes,
the maintenance of membrane integrity, seed production, and pollination [35]. The primary
roles of B include the breakdown of nucleic acids, carbohydrates, proteins, indole acetic acid,
and phenol, which are involved in the synthesis of plant cell walls and the maintenance of
membrane integrity [36]. Additionally, B plays a key role in cellular division and the control
of carbohydrate and protein metabolism, and these processes influence the reproductive
phase and development of seeds [37]. Boron deficiency in soil leads to the erratic growth of
seedlings and reduced photosynthesis [38]. Furthermore, B deficiency limits root elongation
and deforms flowers and fruits due to inadequate cell division in the meristematic region.
Conversely, a sufficient B supply improves root development [39]. Nevertheless, an excess
or deficiency of B impedes physiological and morphological functions in plants [40].

Zinc is a crucial micronutrient for human beings and plays a significant role in vari-
ous biological processes, including protein, lipid, and nucleic acid metabolism and gene
transcription. Zinc plays important roles in reproduction, immune response, and wound
healing [41]. Therefore, Zn must be included in the diet for these processes. Boron is
important for the promotion of bone health, the facilitation of hormonal equilibrium, and
the provision of defense against oxidative damage and inflammation in both plant and
animal organisms [42]. Although B is not essential for human health, its deficiency could
negatively affect these processes. An enhancement in these micronutrient levels in daily
dietary intake is particularly important in rural areas of developing nations, where pop-
ulations are already at risk of micronutrient deficiencies [43]. Hence, the introduction
of fortified foods with micronutrients is necessary for these areas [44]. Enhancing the
bioavailability of micronutrients in crucial food grains through biofortification could be a
promising strategy to cope with micronutrient deficiency. The integration of micronutrient-
efficient cultivars and appropriate agronomic techniques presents a promising opportunity
to enhance the yield and quality of arable crops [45,46]. Nonetheless, the implementation
of agronomic strategies is comparatively more rapid and dependable in contrast to genetic
biofortification [21,47]. The implementation of biofortification techniques in oilseed crops,
specifically targeting the incorporation of nutritionally significant elements such as B and
Zn, has emerged as a promising strategy to address the issue of micronutrient deficiency
in developing nations [48]. Agronomic biofortification of micronutrients can be achieved
through three primary approaches, i.e., seed priming, foliar, and soil application. These
methods are characterized by their rapid nutrient delivery, economic feasibility, and ease of
implementation [21,47]. Soil application of micronutrients is a widely employed agronomic
technique to enhance both the yield and nutritional quality of food crops [33,49]. Neverthe-
less, the excessive application of micronutrients can lead to crop toxicity by disrupting the
equilibrium between soil solution and adsorption sites [50,51]. Usman and Mohamed [52]
observed that the application of Zn, either alone or in combination with B elevated Zn
levels in plants. An increased Zn concentration leads to higher flowering and a reduction
in fruit drop [53].

High-yielding cultivars of oilseed rape have been introduced in Pakistan to improve
the production of edible oil in the country. However, there is a significant gap between the
potential yield of these cultivars and the actual yield. Numerous studies have investigated
the impact of B and Zn on crop yields, either individually or in combination. However,
the potential synergistic or antagonistic effects of soil-applied B and Zn (either alone or
in combination) on the growth and yield of oilseed rape have never been studied. Addi-
tionally, the underlying physiological mechanisms have not been explored in the semiarid
environments characterized by calcareous soils. Hence, the current study investigated the
impacts of soil-applied B and Zn (alone or in combination) on the growth, physiological,
and biochemical attributes; seed and oil yields; and oil quality of oilseed rape. It was hy-
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pothesized that the growth, physiological, and biochemical attributes; seed and oil yields;
and oil quality of oilseed rape would be significantly altered by the soil application of B
and Zn. It was further hypothesized that the combined application of B and Zn would
improve the growth, physiological, and biochemical attributes; seed and oil yields; and oil
quality of oilseed rape compared to their individual application. The results of this study
would help to improve the seed and oil yields and oil quality of oilseed rape in semiarid
environments characterized by calcareous soils.

2. Materials and Methods
2.1. Experimental Site

The experiment was carried out at the Agronomic Farm, University of Sargodha,
Pakistan (32.08◦ N, 72.67◦ E, 193 m asl), for two consecutive seasons, i.e., 2020–2021 and
2021–2022. The experimental site is characterized by a subtropical semiarid climate, with
an average annual precipitation of 400 mm. The average minimum temperature observed
during the coldest month is 14.3 ◦C, whereas the average minimum temperature during the
warmest month is 39.2 ◦C. Physicochemical analysis of the experimental soil was conducted
for two consecutive years, and the results are presented in Table 1. The experimental soil
had a higher soil pH and was deficient in boron and zinc, both of which limit the growth
and productivity of oilseed rape.

Table 1. Physiochemical properties of experimental soil during 2020–2021 and 2021–2022.

Soil Properties
Values Analytical Method

and Reference2020–2021 2021–2022

Physical composition [54]

Sand (g kg−1) 470 ± 3.2 468 ± 3.3
Bouyoucos

hydrometer method
[54]

Silt (g kg−1) 239 ± 2.4 239 ± 2.2

Clay (g kg−1) 289 ± 1.5 289 ± 1.4

Textural class Loam–clay loam

Chemical composition

Saturation % 40.22 ± 1.18 40.72 ± 1.15 [55]

pH 7.6 ± 0.04 7.7 ± 0.02 [56]

ECe (µS cm−1) 15.42 ± 22.2 16.82 ± 28.76 [56]

Soil organic matter (g kg−1) 7.40 ± 0.61 7.40 ± 0.32 Walkley and Black
method [57]

Total soil N (mg kg−1) 4.09 ± 8.14 4.14 ± 7.32 Modified Kjeldahl
method [58]

Extractable P (mg kg−1 soil) 7.39 ± 0.11 7.73 ± 0.31 Olsen’s method [59]

Available potassium (mg kg−1) 271 ± 12.12 273 ± 11.14 Flame photometric
method [60]

Hot-water-soluble boron (mg kg−1) 0.33 ± 0.08 0.37 ± 0.12 Hot water extraction
[61]

DTPA-extractable zinc (mg kg−1) 0.46 ± 0.11 0.51 ± 0.14 DTPA soil test [62]
The values presented are means (n = 4) ± standard errors of the means.

2.2. Experimental Details and Crop Husbandry

Experimental field was irrigated prior to seedbed preparation, and fine seedbed was
prepared once soil reached an appropriate moisture level for tillage practices. Two with
moldboard plough, followed by two cultivations utilizing a narrow tine cultivator were
performed. Finally, two plankings were conducted to prepare the fine seedbed. The seeds
of oilseed rape cultivar ‘G 97’ were procured from a local market, treated with fungicide
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((thiophenate methyl) 2.5 g per kg seed), and sown using a manual drill at a depth of 2 cm
by keeping seed rate at 2.5 kg ha−1. The rows and plants were maintained at 0.45 m and
0.1 m distances, respectively. Sowing was conducted during the final week of October each
year. Thinning was carried out at the 2 to 4 true leaf stage, approximately 3 to 4 weeks
after sowing for maintaining plant-to-plant distance. Nine different combinations of B and
Zn, i.e., B0 + Zn0 (control), B0 + Zn8, B0 + Zn10, B1 + Zn0, B1 + Zn8, B1 + Zn10, B2 + Zn0,
B2 + Zn8, and B2 + Zn10 (kg ha−1), were included in this study.

The experiment was conducted according to randomized complete block design with
four replications, and a net plot size of 4 m × 2.25 m. The first irrigation was applied
30 days after sowing. Subsequent irrigations were applied at flowering, silique formation,
and seed formation. Tensiometer (Model RM 627) was utilized to maintain plant available
soil moisture at 70% during the study.

Granular zinc sulfate (33%) and boric acid (17.5%) were used as sources of Zn and B,
respectively. The calculated amounts of B and Zn according to the treatments were applied
at the time of sowing. Nitrogen (N), phosphorus (P), and potassium (K) were applied
at a rate of 23, 23, and 12 kg ha−1, respectively, utilizing urea, diammonium phosphate,
and sulfate of potash as the sources. The entire amount of K and P and one-third N were
applied during crop sowing. The remaining N was applied in three splits at flowering,
silique development, and seed formation.

Weeding was carried out twice to manage the weed species. Manual weeding was
conducted twice within a period of 2 to 5 weeks after sowing, prior to the closure of
the crop canopy. All cultural and management practices were consistently implemented
in accordance with the crop requirements across all plots. The siliques were manually
detached from the plants at maturity and subsequently threshed in mid-April.

2.3. Data Collection

Plant height, yield, and yield-related traits; B and Zn contents in leaves; seed and oil
yields; oil quality traits; and physiological and biochemical traits were recorded according
to standard procedures described below.

2.4. Plant Height and Yield-Related Traits

The heights of ten mature randomly selected plants in each treatment were measured
using a meter rod. Yield components, i.e., number of siliques per plant, number of seeds
per silique, and 1000-seed weight, were recorded at maturity. The siliques were manually
separated from the plants, counted, and subsequently subjected to manual threshing to
record number of seeds per silique. The weight of 1000 seeds was measured using an
analytical balance (Model Number HC2204). The seed yield was measured by harvesting
and threshing all plants in each experimental yield. The seeds obtained from each plot after
threshing were weighed on electronic balance (PL 3200+ L Japan), and the weight per plot
was subsequently converted into tons per hectare using unitary method.

2.5. B and Zn Contents in Leaves

The leaves were collected, rinsed with distilled water, and dried in an oven at 65 ◦C
for 48 h to determine B and Zn concentrations. The leaves were ground using an electric
grinder. Boron was determined by converting the leaves into ash, utilizing a muffle furnace
operating at 550 ◦C for 6 h. The resulting ash was treated with 0.36 N H2SO4. Azomethine-
H method facilitated the determination of B concentration on a spectrophotometer at
420 nm [63]. Leaf powder (0.5 g) was digested in a mixture of HNO3 and HClO4 with a
ratio of 2:1 for 6 h to determine Zn contents [64]. The distilled water was used to bring the
volume of the mixture to 25 mL. The concentration of Zn was recorded by utilizing atomic
absorption spectroscopy (AA-6300, Shimadzu, Japan).
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2.6. Estimation of Oil Yield and Oil Quality Traits

The seeds were oven-dried at 45 ◦C for 24 h and ground to powder. Oil extraction was
conducted using 3.5 g seed powder. The excess fat was removed from the samples by using
Soxhlet apparatus maintained at 60 ◦C for 8 h. Each specimen required 180 g petroleum
ether solution. Afterward, seed specimens were subjected to a thermal treatment of 50 ◦C
for 24 h to extract the oil. Oil yield was computed through the multiplication of the seed
yield by the oil content. The fatty acid composition, encompassing palmitic acid (C16:0),
stearic acid (C18:0), oleic acid (C18:1), linolenic acid (C18:3), linoleic acid (C18:2), and erucic
acid (C22:1), was determined by using gas chromatography of methyl esters [65].

2.7. Determination of Protein and Soluble Sugar Contents

Leaf soluble protein and total soluble sugars (TSSs) were quantified by using fresh
leaf extract (0.1 g) in potassium phosphate buffer (50 mM and a pH value of 7.5). The
extract was centrifuged at 15,500 rpm (25,155 relative centrifugal force (RCF) or g force) for
15 min at 4 ◦C after filtering through four layers of cheese cloth. Supernatant was collected
and kept at 4 ◦C. Bradford [66] protein dye-binding technique was used to determine the
amount of leaf soluble protein using bovine serum albumin as the reference protein. TSSs
were analyzed in a Cecil CE 2021 spectrophotometer using an anthrone reagent [67].

2.8. Estimation of Chlorophyll Contents, Photosynthesis, Transpiration Rate, and Stomatal
Conductance

Chlorophyll contents were determined from the fully flourishing third younger leaf
by using chlorophyll meter (Model, SPAD-502: Konica Minolta Sensing: Inc., Osaka,
Japan) [68]. Four young leaves were randomly chosen 30 days after sowing and sequentially
placed in an infrared gas analyzer (IRGA). Stomatal conductance, photosynthesis, and
transpiration rates were measured between 11:00 and 12:00 a.m. The IRGA chamber
was programmed to take readings under the conditions specified by Zekri [69] and Moya
et al. [70]. The conditions were 403.3 mmol m−2 S−1 molar flow rate, 99.90 KPa atmospheric
pressure, 6.0 to 8.9 millibar vapor pressure, 1711 mol m−2 S−1 photosynthetically active
radiation, leaf temperature of 28.40 to 32.40 ◦C, ambient temperature of 22.40 to 27.90 ◦C,
and ambient CO2 concentration of 352 mol mol−1 [71].

2.9. Antioxidant Enzymes
2.9.1. Extraction

The enzyme extraction procedure was conducted at 4 ◦C using 200 mg leaf samples.
The samples were homogenized in a pre-chilled mortar and pestle using 3 mL of ice-
cold 50 mM sodium phosphate buffer (pH 7.0), 0.1 mM EDTA, and 1% w/v polyvinyl
pyrrolidone (PVP). The mixture was centrifuged at 15,000 rpm (25,155 RCF or g force) for
20 min at 4 ◦C. The supernatant was utilized as a raw enzyme extract. The enzyme assays
were conducted under ambient conditions, and the enzymatic activity was quantified using
a spectrophotometer.

2.9.2. Peroxidase (POD) Activity

A procedure reported by Ullah et al. [72] was slightly modified to determine peroxidase
(POD) activity. The 1 mL reaction mixture contained 40 mM phosphate buffer, 15 mM
guaiacol, and 5 mM H2O2 (pH 6.8). After the reaction mixture settled, reaction was initiated
by adding H2O2, and the increase in absorbance at 470 nm was measured for 1 min. The
POD activity was measured in accordance with its 25 mM−1 cm−1 extinction coefficient.

2.9.3. Superoxide Dismutase (SOD) Activity

The SOD activity was determined by inhibiting the photochemical reduction of ni-
troblue tetrazolium (NBT) [73]. A superoxide-generating system of 14.3 mM methionine,
82.5 mM NBT, and 2.2 mM riboflavin was added to the reaction mixture (3 mL) of 50 mM
phosphate buffer (pH 7.8) and 0.1 mM EDTA. The reaction was initiated by adding 100 cc
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of unprocessed enzyme. The free-radical-induced NBT reduction was tested in a reaction
medium containing all the components except the enzyme. Six 15W fluorescent bulbs
were used as the light source, and the tubes were kept there for 30 min. Turning off the
light halted the reaction. The entire mixture of reactants was incubated in the dark as a
dark blank, along with 100 mL of enzyme extract. The reduction in NBT was evaluated by
monitoring the shift in absorbance at 560 nm. To calculate enzyme units, measurements
from the dark blank were used. One unit of SOD was defined as the quantity of the enzyme
that resulted in a 50% inhibition of NBT reduction under the test conditions. The unit of
measurement for enzyme activity was mg−1 protein.

2.10. Data Analysis

The collected data of all the recorded traits were analyzed by using one-way analysis
of variance (ANOVA). The normality was tested by Shapiro–Wilk normality test, which
indicated a normal distribution. Therefore, statistical analysis was performed on origi-
nal data. The differences among years were analyzed by t-test, which were significant.
Therefore, data from each year were analyzed, presented, and interpreted separately. SAS
software (Version 9.1; SAS Institute, Cary, NC, USA) was used for statistical analysis. Least
significant difference post hoc test at 95% probability was used to separate treatment means
where ANOVA denoted significant differences [74]. SigmaPlot was used for the graphical
presentation of the data (SigmaPlot 2008).

3. Results
3.1. Growth, Yield, and Boron and Zinc Contents

Growth, yield, yield-related attributes, and B and Zn contents in leaves were signifi-
cantly (p < 0.05) affected by sole and combined application of B and Zn during 2020–2021
and 2021–2022 (Tables 2 and 3). Taller plants (10 and 13% during 2020–2021 and 2021–2022,
respectively) were recorded with B2 + Zn8 treatment compared to control treatments
(Table 2). Nevertheless, B1 + Zn8, B1 + Zn10, and B2 + Zn0 treatments were on par with
B2 + Zn8 during first year. The lowest plant height was noted for the control treatment
during both years of this study (Table 2).

Table 2. The impact of soil-applied boron and zinc on plant height, number of siliques per plant,
number of seeds per silique, and 1000-seed weight of oilseed rape grown under field conditions
during 2020–2021 and 2021–2022.

Treatments
Plant Height (cm) Number of Siliques Plant−1 Number of Seeds Silique−1 1000-Seed Weight (g)

2020–2021 2021–2022 2020–2021 2021–2022 2020–2021 2021–2022 2020–2021 2021–2022

Control 122.20 ± 2.46 E 117.97 ± 2.21 F 200.21 ± 2.60 F 194.63 ± 4.21 G 13.02 ± 1.04 E 10.94 ± 0.92 E 2.63 ± 0.09 C 2.44 ± 0.11 E

B0 + Zn8 125.67 ± 0.87 DE 126.17 ± 1.40 E 260.74 ± 2.89 AB 253.41 ± 9.42 B 15.14 ± 0.48 CD 15.23 ± 0.58 C 2.86 ± 0.15 BC 2.64 ± 0.09 D

B0 + Zn10 127.43 ± 1.59 CD 128.37 ± 1.78 CD 204.94 ± 2.08 E 198.45 ± 3.02 F 15.21 ± 0.50 CD 15.07 ± 0.66 C 3.26 ± 0.41 AB 2.84 ± 0.11 BC

B1 + Zn0 129.13 ± 1.30 BCD 124.77 ± 1.45 E 237.45 ± 4.16 CD 243.78 ± 5.23 C 15.33 ± 0.69 CD 15.04 ± 0.71 C 3.23 ± 0.38 AB 2.94 ± 0.08 B

B1 + Zn8 132.20 ± 2.04 AB 126.57 ± 1.15 DE 249.14 ± 7.37 BC 244.15 ± 4.41 C 16.22 ± 0.71 BC 16.15 ± 1.02 BC 3.03 ± 0.31 ABC 2.64 ± 0.09 D

B1 + Zn10 131.15 ± 1.01 ABC 124.97 ± 1.49 E 230.47 ± 1.15 D 230.32 ± 8.78 D 18.21 ± 0.50 B 17.33 ± 0.48 B 2.93 ± 0.45 ABC 2.74 ± 0.15 CD

B2 + Zn0 132.40 ± 1.16 AB 132.57 ± 2.35 B 232.97 ± 6.36 CD 218.95 ± 7.86 E 13.44 ± 0.64 E 11.47 ± 0.71 DE 3.00 ± 0.32 ABC 2.84 ± 0.12 BC

B2 + Zn8 135.60 ± 1.33 A 134.97 ± 2.12 A 268.73 ± 11.18 A 274.32 ± 10.31 A 21.45 ± 0.66 A 21.63 ± 1.95 A 3.30 ± 0.12 A 3.34 ± 0.11 A

B2 + Zn10 129.60 ± 1.89 BCD 129.97 ± 1.90 C 229.44 ± 6.69 D 241.96 ± 4.54 C 14.94 ± 0.82 DE 12.86 ± 0.55 D 3.10 ± 0.25 AB 2.74 ± 0.13 CD

LSD0.05 4.72 2.02 17.20 3.43 2.18 1.71 0.43 0.10

The values following B and Zn indicate the amount of applied B and Zn kg ha−1. The values are means ± standard
errors. Means followed by different letters within a column are significantly different (p ≤ 0.05) from each other.
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Table 3. The impact of soil-applied boron and zinc on seed yield and boron and zinc contents in
leaves of oilseed rape grown under field conditions during 2020–2021 and 2021–2022.

Treatments
Seed Yield (t ha−1) B Content in Leaves (mg kg−1) Zn Content in Leaves (mg kg−1)

2020–2021 2021–2022 2020–2021 2021–2022 2020–2021 2021–2022

Control 1.82 ± 0.05 D 1.79 ± 0.11 D 10.25 ± 0.09 G 10.23 ± 0.21 H 27.46 ± 0.87 I 27.42 ± 1.14 I

B0 + Zn8 2.01 ± 0.06 CD 1.79 ± 0.10 D 11.13 ± 0.14 F 11.09 ± 0.22 G 32.13 ± 1.02 F 32.09 ± 0.98 F

B0 + Zn10 2.13 ± 0.13 BC 1.99 ± 0.09 BC 11.37 ± 0.17 E 11.33 ± 0.15 F 34.18 ± 0.55 D 34.16 ± 0.55 D

B1 + Zn0 1.85 ± 0.09 D 1.73 ± 0.15 D 14.12 ± 0.15 D 14.08 ± 0.15 E 29.66 ± 0.45 H 29.63 ± 0.34 H

B1 + Zn8 2.02 ± 0.17 CD 2.01 ± 0.08 BC 14.24 ± 0.17 D 14.21 ± 0.18 E 33.53 ± 0.25 E 33.51 ± 0.52 E

B1 + Zn10 2.07 ± 0.19 BC 1.92 ± 0.19 CD 14.57 ± 0.22 C 14.53 ± 0.25 D 35.58 ± 1.22 C 35.56 ± 0.44 C

B2 + Zn0 2.26 ± 0.23 B 2.17 ± 0.12 B 17.09 ± 0.14 B 17.04 ± 0.10 C 30.13 ± 0.48 G 30.08 ± 0.38 G

B2 + Zn8 2.88 ± 0.24 A 2.44 ± 0.14 A 17.22 ± 0.13 B 17.19 ± 0.23 B 37.46 ± 1.21 B 37.43 ± 1.14 B

B2 + Zn10 2.10 ± 0.17 BC 2.03 ± 0.15 C 17.46 ± 0.11 A 17.42 ± 0.11 A 39.42 ± 1.15 A 39.39 ± 1.11 A

LSD0.05 0.20 0.19 0.13 0.10 0.11 0.12

The values following B and Zn indicate the amount of applied B and Zn kg ha−1. The values are means ± standard
errors. Means followed by different letters within a column are significantly different (p ≤ 0.05) from each other.

Soil application of B2 + Zn8 improved the number of siliques per plant by 25 and
29% during 2020–2021 and 2021–2022, respectively, compared to the control treatment.
The B0 + Zn8 treatment followed B2 + Zn8 for the number of siliques per plant, while the
control treatment resulted in the lowest number of siliques per plant during both years. The
highest and lowest number of seeds per silique were recorded for the B2 + Zn8 and control
treatments, respectively. The B2 + Zn8 treatment improved the number of seeds per silique
by 38% and 52% compared to the control during 2020–2021 and 2021–2022, respectively
(Table 2). Similarly, B1 + Zn10 followed B2 + Zn8 for the number of seeds per silique during
both years. The highest and lowest 1000-seed weight and grain yields were observed for
the B2 + Zn8 and control treatments, respectively, during both years of this study. Soil
application of B2 + Zn8 improved 1000-seed weight by 20% and 27% during 2020–2021
and 2021–2022, respectively, compared to the control treatment (Table 2). The seed yield
of plants fertilized with B2 + Zn8 was improved by 37% and 27% during 2020–2021 and
2021–2022, respectively, compared to the control (Table 3).

The B and Zn contents in the leaves were linearly increased with their application doses.
The highest and lowest B and Zn contents in the leaves were noted for the B2 + Zn10 and
control treatments, respectively, during both years (Table 3). Soil application of B2 + Zn8
resulted in the second-highest values for B and Zn contents in leaves during both years of
this study (Table 3).

3.2. Oil Yield and Quality

Combined and sole application of B and Zn significantly improved oil yield and
quality during both years of study (Tables 4 and 5). The highest and lowest values for oil
yield, stearic acid, palmitic acid, and oleic acid were recorded for the B2 + Zn8 and control
treatments, respectively, during both years of the study (Table 4).

Soil application of B2 + Zn8 resulted in the highest (54% and 53% higher than con-
trol treatment during 2020–2021 and 2021–2022, respectively) oil yield during both years
(Table 4). Similarly, stearic acid was improved by 31% and 30%, palmitic acid by 22% and
21%, oleic acid by 33% and 34%, linoleic acid by 26% and 24%, and linolenic acid by 38%
and 40% with soil-applied B2 + Zn8 during 2020–2021 and 2021–2022, respectively, com-
pared to the control treatment (Table 5). The B2 + Zn10 and B2 + Zn0 treatments followed
B2 + Zn8 for linoleic acid and linolenic acid during both years of this study. However,
erucic acid was significantly (p ≤ 0.05) reduced by 62% and 63% with the application of
B2 + Zn8 during 2020–2021 and 2021–2022, respectively (Table 5).
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Table 4. The impact of soil-applied boron and zinc on oil yield, stearic acid, palmitic acid, and oleic
acid in the oil of oilseed rape grown under field conditions during 2020–2021 and 2021–2022.

Treatments
Oil Yield (t ha−1) Stearic Acid (mg g−1) Palmitic Acid (mg g−1) Oleic Acid (mg g−1)

2020–2021 2021–2022 2020–2021 2021–2022 2020–2021 2021–2022 2020–2021 2021–2022

Control 0.54 ± 0.07 D 0.55 ± 0.02 H 4.53 ± 0.45 G 4.51 ± 0.32 G 12.24 ± 0.67 H 12.23 ± 0.91 H 152.93 ± 5.78 E 150.93 ± 15.65 E

B0 + Zn8 0.67 ± 0.06 C 0.58 ± 0.02 G 5.11 ± 0.42 F 5.09 ± 0.39 F 13.46 ± 0.30 G 13.43 ± 0.32 G 181.88 ± 4.58 D 179.88 ± 11.45 D

B0 + Zn10 0.76 ± 0.09 B 0.69 ± 0.07 E 5.24 ± 0.38 F 5.22 ± 0.44 F 13.83 ± 0.19 F 13.81 ± 0.14 F 184.08 ± 5.66 D 181.86 ± 12.60 D

B1 + Zn0 0.72 ± 0.07 BC 0.78 ± 0.11 B 5.76 ± 0.31 E 5.74 ± 0.22 E 14.43 ± 0.21 D 14.41 ± 0.10 D 195.09 ± 11.23 CD 193.09 ± 10.91 CD

B1 + Zn8 0.77 ± 0.09 B 0.79 ± 0.12 B 5.92 ± 0.23 DE 5.89 ± 0.24 DE 14.66 ± 0.29 C 14.63 ± 0.09 C 196.75 ± 13.61 CD 195.75 ± 9.87 CD

B1 + Zn10 0.66 ± 0.05 C 0.64 ± 0.04 F 6.13 ± 0.15 C 6.11 ± 0.14 C 14.13 ± 0.14 E 14.11 ± 0.15 E 191.86 ± 9.90 CD 190.86 ± 11.56 CD

B2 + Zn0 0.77 ± 0.04 B 0.76 ± 0.02 C 6.33 ± 0.19 B 6.31 ± 0.18 B 15.48 ± 0.16 A 15.46 ± 0.22 A 215.15 ± 12.23 AB 213.15 ± 14.56AB

B2 + Zn8 1.18 ± 0.08 A 1.19 ± 0.07 A 6.54 ± 0.17 A 6.52 ± 0.20 A 15.63 ± 0.17 A 15.61 ± 0.32 A 229.24 ± 10.65 A 227.24 ± 10.71 A

B2 + Zn10 0.73 ± 0.07 BC 0.72 ± 0.02 D 6.03 ± 0.14 CD 6.02 ± 0.12 CD 15.15 ± 0.23 B 15.13 ± 0.18 B 203.04 ± 13.67 BC 201.04 ± 12.44 BC

LSD0.05 0.07 0.01 0.19 0.20 0.17 0.19 16.45 17.40

The values following B and Zn indicate the amount of applied B and Zn kg ha−1. The values are means ± standard
errors. Means followed by different letters within a column are significantly different (p ≤ 0.05) from each other.

Table 5. The impact of soil-applied boron and zinc on linoleic acid, linolenic acid, and erucic acid
contents in the oil of oilseed rape crop grown under field conditions during 2020–2021 and 2021–2022.

Treatments
Linoleic Acid (mg g−1) Linolenic Acid (mg g−1) Erucic Acid (mg g−1)

2020–2021 2021–2022 2020–2021 2021–2022 2020–2021 2021–2022

Control 40.64 ± 2.24 G 39.62 ± 3.12 F 16.33 ± 3.35 D 15.33 ± 2.12 D 0.87 ± 0.03 A 0.85 ± 0.08 A

B0 + Zn8 45.39 ± 1.12 F 44.37 ± 1.01 E 22.36 ± 1.12 C 21.36 ± 1.06 C 0.74 ± 0.14 ABC 0.72 ± 0.10 AB

B0 + Zn10 46.50 ± 1.15 EF 45.50 ± 1.90 DE 22.77 ± 1.07 C 22.71 ± 2.21 BC 0.82 ± 0.11 AB 0.80 ± 0.06 A

B1 + Zn0 49.51 ± 1.05 CD 47.51 ± 2.12 CD 23.38 ± 0.45 C 22.38 ± 2.09 BC 0.64 ± 0.15 BCD 0.63 ± 0.13 BC

B1 + Zn8 50.39 ± 2.12 BCD 49.39 ± 2.02 BC 24.63 ± 2.45 ABC 23.63 ± 2.11 ABC 0.53 ± 0.13 CD 0.51 ± 0.11 C

B1 + Zn10 48.29 ± 1.98 DE 46.29 ± 2.33 DE 23.06 ± 0.34C 22.06 ± 0.91 C 0.69 ± 0.11 BCD 0.67 ± 0.07 BC

B2 + Zn0 52.39 ± 2.45 AB 51.39 ± 2.11 AB 26.33 ± 1.50 A 25.33 ± 1.05 A 0.49 ± 0.02 E 0.47 ± 0.03 D

B2 + Zn8 54.75 ± 1.65 A 52.75 ± 1.01 A 26.69 ± 1.91 A 25.69 ± 1.11 A 0.33 ± 0.10 E 0.31 ± 0.07 D

B2 + Zn10 51.83 ± 1.16 BC 50.83 ± 0.94 AB 25.63 ± 1.08 AB 24.63 ± 1.19 AB 0.40 ± 0.09 E 0.38 ± 0.08 D

LSD0.05 2.49 2.52 2.53 2.51 0.22 0.24

The values following B and Zn indicate the amount of applied B and Zn kg ha−1. The values are means ± standard
errors. Means followed by different letters within a column are significantly different (p ≤ 0.05) from each other.

3.3. Physiological Parameters

Sole and combined application of B and Zn significantly altered protein, soluble sugar,
and chlorophyll concentrations. Protein, soluble sugar, and chlorophyll concentrations
in leaves were significantly increased under the combined application of B and Zn. The
highest values of these traits were recorded with the application of B2 + Zn8 during both
study years, while the control treatment resulted in the lowest values (Table 6).
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Table 6. The impact of soil-applied boron and zinc on protein concentration, soluble sugar concentra-
tion, chlorophyll concentration, and photosynthesis rate of oilseed rape grown under field conditions
during 2020–2021 and 2021–2022.

Treatments

Protein Concentration
(mg g−1 FW)

Soluble Sugar Concentration
(mg g−1 FW)

Chlorophyll Concentration
(SPAD Value)

Photosynthesis Rate
(µmol CO2 m−2 s−1)

2020–2021 2021–2022 2020–2021 2021–2022 2020–2021 2021–2022 2020–2021 2021–2022

Control 20.19 ± 0.53 F 20.17 ± 0.90 F 20.19 ± 1.03 F 20.17 ± 0.88 F 34.65 ± 1.41 G 34.61 ± 1.12 G 8.51 ± 0.31 C 8.49 ± 0.78 C

B0 + Zn8 21.62 ± 0.88 E 21.59 ± 0.67 E 21.62 ± 0.43 E 21.59 ± 0.41 E 36.58 ± 1.14 F 36.55 ± 1.64 F 9.48 ± 1.03 BC 9.46 ± 0.98 BC

B0 + Zn10 21.86 ± 0.73 E 21.83 ± 0.55 E 21.86 ± 0.33 E 21.83 ± 0.52 E 38.92 ± 1.01 DE 38.88 ± 1.21 DE 9.88 ± 0.90 BC 9.84 ± 0.78 BC

B1 + Zn0 22.36 ± 0.21 CD 22.33 ± 0.15 CD 22.36 ± 0.19 CD 22.33 ± 0.19 CD 39.60 ± 1.71 DE 39.58 ± 1.49 DE 10.18 ± 0.23 B 10.15 ± 0.31 B

B1 + Zn8 22.51 ± 0.18 C 22.49 ± 0.11 C 22.51 ± 0.17 C 22.49 ± 0.24 C 40.37 ± 1.14 D 40.34 ± 1.12 D 10.62 ± 0.45 B 10.60 ± 0.41 B

B1 + Zn10 22.20 ± 0.61 D 22.18 ± 0.13 D 22.20 ± 0.24 D 22.18 ± 0.19 D 38.25 ± 2.31 EF 38.21 ± 1.01 DE 9.64 ± 0.97 BC 9.62 ± 0.89 BC

B2 + Zn0 24.10 ± 0.22 AB 24.07 ± 0.22 AB 24.10 ± 0.25 AB 24.07 ± 0.22 AB 45.36 ± 1.43 B 45.33 ± 1.93 B 13.62 ± 1.12 A 13.58 ± 1.45 A

B2 + Zn8 24.16 ± 0.11 A 24.13 ± 0.09 A 24.16 ± 0.17 A 24.13 ± 0.11 A 48.25 ± 2.12 A 48.20 ± 1.10 A 14.18 ± 0.94 A 14.16 ± 1.33 A

B2 + Zn10 23.89 ± 0.20 B 23.86 ± 0.11 B 23.89 ± 0.20 B 23.86 ± 0.08 B 43.27 ± 1.78 C 43.25 ± 1.22 C 12.84 ± 1.78 A 12.81 ± 1.83 A

LSD0.05 0.26 0.27 0.26 0.27 1.81 1.80 1.75 1.73

The values following B and Zn indicate the amount of applied B and Zn kg ha−1. The values are means ± standard
errors. Means followed by different letters within a column are significantly different (p ≤ 0.05) from each other.

Soil applied B at 2 kg ha−1 alone or in combination with Zn significantly improved
the photosynthesis rate. The highest increase in the photosynthesis rate was noted with
B2 + Zn8 during both years compared to the control treatment (Table 6). Stomatal conduc-
tance and transpiration rate were significantly improved by 91% and 93% and 48% and
49% with B2 + Zn8 compared to the control during 2020–2021 and 2021–2022, respectively
(Figures 1 and 2).
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Figure 2. The influence of sole and combined application of boron and zinc on transpiration rate of
oilseed rape plants grown under field conditions during 2020–2021 and 2021–2022. The error bars
are standard errors of the means (n = 4). Different letters on the bars indicate significant differences
among treatment means (p ≤ 0.05).

3.4. Antioxidant Enzyme Activities

Boron and zinc deficiency caused significant oxidative stress in plants, leading to
higher activities of POD and SOD enzymes (Figures 3 and 4). The highest and lowest activ-
ities of POD and SOD were noted with the control and B2 + Zn8 treatments, respectively.
The activities of both enzymes were decreased with an increasing concentration of B and
Zn, indicating that plants did not experience oxidative stress when both nutrients were
available in sufficient amounts.
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4. Discussion

Micronutrients are required in low amounts by plants, and their deficiencies exert
significant negative impacts on the growth, yield, and quality of the produce. Sole and
combined application of B and Zn significantly affected growth, seed yield, yield attributes,
B and Zn contents in leaves, and oil yield and quality, as well as the physiological and
antioxidant characteristics of oilseed rape, as hypothesized. Similarly, the combined ap-
plication of B and Zn resulted in higher improvements in these traits compared to their
individual application. The highest improvements in all traits were recorded with the
B2 + Zn8 treatment during both years of this study. Overall, the combined application
of B and Zn significantly increased the yield and yield-related attributes of oilseed rape
in the current study. This could be attributed to the higher synthesis of assimilates, their
improved mobility to potential sinks, and enhanced efficiency in pollination and seed
development. Kanwal et al. [75] reported that optimum B and Zn application to the root
zone caused a significant and consistent increase in the yield and yield-related traits of
oilseed rape. Our results are in agreement with Aref [76] and Rehman et al. [33] who
reported that the synergistic impact of these two micronutrients improved plant height,
seed yield, and yield characteristics under low B and Zn availability in the soil. Plants
uptake the required amount of B if B and Zn are supplemented in B-deficient soils, which
improves plant development [77]. Additionally, the soil application of B and Zn resulted in
a higher photosynthetic rate and chlorophyll content, ultimately leading to an increase in
dry matter and subsequent growth and production [33,78]. Boron plays a crucial role in the
synthesis of chlorophyll molecules required for photosynthesis. Sufficient B concentration
in the current study probably facilitated the synthesis of chlorophyll, thereby resulting
in enhanced leaf pigmentation and vitality in the current study. Zinc is involved in the
activation of enzymes that are essential for the process of chlorophyll synthesis. The higher
chlorophyll and photosynthesis under the B2 + Zn8 treatment are thought to be the result
of enzyme activation, which resulted in better chlorophyll synthesis and subsequently
improved photosynthesis.

The application of optimum B and Zn doses significantly improves the growth and
yield of crop plants [79]. B and Zn application has been found to have a significant impact
on the translocation of photoassimilates from the source (i.e., leaves) to other plant parts
and the promotion of pollen tube elongation, ultimately resulting in an increased number
of siliques [80,81]. Rehman et al. [49] and Potarzycki and Grzebisz [82] reported that B +
Zn application improved the number of siliques per plant due to the higher number of
flowers, the appropriate development of pollen and the pollen tube, pollination, and seed
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formation. It is well described that the application of B and Zn increases the number of
seeds per silique and 1000-seed weight [33,83]. Several research studies have reported
that the combined application of B and Zn can enhance seed production by increasing
yield characteristics [33,84]. The deficiency of these nutrients impedes the development
of the petiole and peduncle cells, resulting in diminished growth, seed yield, and yield
characteristics [85]. Furthermore, a lower plant height at varying B + Zn concentrations
may indicate a sensitive differentiation between deficiency and toxicity, thereby impeding
the growth and yield characteristics of the plant without any apparent symptoms [86].
The reduction in plant growth, seed yield, and yield traits observed in the control group
or low/higher doses of B + Zn can be attributed to a decrease in enzymatic reactions
that regulate cell division and elongation. Conversely, excessive levels of B + Zn can
lead to an imbalance of various enzymes, ultimately resulting in a reduction in plant
height, seed yield, and yield traits [80]. The application of B2 + Zn10 resulted in enhanced
uptake of both B and Zn by the leaves, indicating a synergistic relationship between these
nutrients. However, the higher/excessive consumption of B and Zn reduced the growth
and yield characteristics.

The observed enhancement in the yield and quality of oil under B2 + Zn8 may be
attributed to the participation of micronutrients in the synthesis of elevated levels of fatty
acid compounds [87,88]. The combined application of B and Zn may have contributed to
the increase in oil content in seeds through the potential impact on the protein content
of leaves. Therefore, the optimal utilization of B and Zn has the potential to enhance the
seed oil content [29,89]. The combined application of B and Zn resulted in a significant
improvement in the yield and quality of oil in the current study. These findings suggest
that a synergistic relationship exists between B and Zn [90]. Although B and Zn are crucial
for the growth and development of oilseed rape, their application does not directly affect
the fatty acid composition of oilseed crops. These micronutrients play a crucial role in
facilitating diverse enzymatic processes that are integral to photosynthesis. The increased
photosynthetic activity has the potential to result in the elevated production of carbon
precursors that can be utilized for the synthesis of fatty acids. The improved fatty acid
profile of the oilseed rape oil in the current study can be linked to improved photosynthesis
and, subsequently, the production of carbon precursors, which are utilized by plants for
the synthesis of fatty acids.

The highest protein concentration, soluble sugar concentration, chlorophyll concen-
tration, photosynthesis rate, stomatal conductance, and transpiration rate were recorded
under the B2 + Zn8 treatment during both years. Zinc plays a crucial role in the structural
composition and catalytic mechanisms of proteins and enzymes, thereby significantly con-
tributing to plant development and exhibiting a favorable impact on growth. Consequently,
Zn deficiency in plants may result in a reduction in protein and soluble sugar concentra-
tion in grains and lower amino acids in plant parts [91]. Higher protein concentration
and soluble sugar concentration observed under B2 + Zn8 could impede the mobility of
antioxidant enzymes, which causes oxidative destruction to protein and soluble sugar [32].
Photosynthesis in plants involves the absorption of light to produce organic compounds.
The application of B2 alone increased leaf area, potentially leading to an improvement in
the production of indole acetic acid. This hormone promotes chlorophyll concentration and
the photosynthetic rate, which might be attributed to the higher photosynthesis rate in the
current study [92]. Boron plays a crucial role in the maintenance of structural integrity, par-
ticularly in relation to the vascular tissues responsible for the transportation of water. The
regulation of B levels has the potential to impact stomatal conductance and the intra-plant
movement of water. Sufficient zinc concentrations have the capacity to regulate stomatal
conductance and effectively manage transpiration. The optimum Zn and B supply in the
current study improved the protein concentration, soluble sugar concentration, chlorophyll
concentration, photosynthesis rate, stomatal conductance, and transpiration rate in the
current study by improvements in these processes.
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Zinc efficiently improves chlorophyll concentration through enzyme activation, pho-
tosynthesis rate, and the movement of photosynthate to seeds [93]. Our results corroborate
the findings of Aref [76], who found that the synergistic effect of B and Zn increases chloro-
phyll contents and the photosynthesis rate. In the current experiment, B and Zn application
improved chlorophyll contents and the photosynthesis rate, while higher rates of B + Zn
reduced chlorophyll concentration, which might be attributed to the toxicity of these nutri-
ents. Similar outcomes were obtained by Akta et al. [94] who concluded that an increase in B
and Zn contents decreased the chlorophyll contents in leaves. Lower stomatal conductance
and transpiration rates were recorded in Zn- and B-deficient plants during both years in
the current study, which might be attributed to the destruction of the vascular bundle [95].
An impairment of the xylem vessels decreases the movement of water from the roots to
the leaves, thereby impacting the stomatal conductance and transpiration rate. On the
other hand, phloem impairment can impede the transportation of essential nutrients and
sugars, thereby exerting an indirect influence on stomatal conductance and photosynthetic
processes. Reduced transpiration rate and stomatal conductance under B and Zn deficiency
in the current study are due to these processes. Pinho et al. [96] also concluded that a linear
relationship persists among stomatal conductance and transpiration rates and micronu-
trient availability. Han et al. [97] stated that B application (2 kg ha−1) increased stomatal
conductance and reduced intercellular CO2 absorption. Enhancements in physiological
characteristics may lead to better crop growth due to the initiation of various physiological
processes that result in increased seed production and improved oil quality [28,98,99].
However, B and Zn deficiencies cause yellowing of the foliage and necrosis [100].

In present study, peroxidase (POD) and superoxide dismutase (SOD) activity was
lower under B2 + Zn8, indicating that there was low oxidative stress in this treatment. An-
tioxidant enzymes play an active role in reducing the detrimental effects of ROS species on
photosynthesis and photorespiration. The highest POD and SOD activities were recorded
for the control treatments, indicating that deficiency of B and Zn caused oxidative stress in
plants. Nevertheless, B and Zn application lowered oxidative stress, as evidenced by the
reduced activities of these enzymes.

5. Conclusions

It can be concluded that the combined application of B and Zn (2 and 8 kg ha−1, respec-
tively) in soil could be successfully used to improve the yield, yield-related attributes, and
oil quality of oilseed rape. Significantly higher oil yield and quality were recorded under
the B2 + Zn8 treatment. The combined application of B and Zn (2 and 8 kg ha−1, respec-
tively) significantly improved the physiological characteristics and activities of antioxidant
enzymes. Therefore, successful enhancements in the yield, yield-related characteristics,
and oil quality of oilseed rape can be achieved through the combined application of B and
Zn at rates of 2 and 8 kg ha−1, respectively, under semiarid climatic conditions.
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Abstract: Both nitrogen and sulphur are important macronutrients necessary for the proper develop-
ment and yield of soybean. Moreover, sulphur plays a special role in nitrogen metabolism in the plant,
and sulphur deficiency leads to a reduction in the utilization of nitrogen from fertilizer. The objective
of this study was to assess the effect of nitrogen and sulphur application on the yield and quality traits
of soybean seeds. The following factors were analyzed in the experiment: I. Nitrogen application
rate: 0, 30 and 60 kg ha−1 applied at different times (before sowing and/or at the start of the seed
filling stage); II. Sulphur application rate: 0 and 40 kg ha−1 applied in two portions: half during the
development of lateral shoots and half at the start of flowering. Thus the 14 fertilizer combinations
were obtained. Result show that the highest seeds yield was obtained in the combinations with 60 kg
N applied 1/2 before sowing + 1/2 after emergence (BBCH 73-75) and 3/4 before sowing + 1/4 after
emergence. In these combinations, sulphur did not significantly affect seed yield. In the remaining
nitrogen application, sulphur application significantly increased the seed yield. Taking into account
the yield and the chemical composition of the soybean seeds, fertilization with 60 kg N ha−1 in two
portions can be recommended—1/2 or 3/4 before sowing and the remainder during the development
of pods and seeds—in combination with sulphur application.

Keywords: nitrogen fertilization; sulphur; crude fat; crud protein; seeds yield; potassium; magnesium;
phosphorus

1. Introduction

Soybean is one of the most important crop plants in the world. As it takes up fairly
large amounts of essential nutrients, it should be grown on a site with adequate nutrient
content [1–3]. One essential element for the growth and development of soybean is nitro-
gen. Soybean requires a large amount of nitrogen due to the high protein content in the
seeds—about 35–40%. Like other legumes, soybean takes up nitrogen from two sources:
the atmosphere and mineral fertilizers [4]. Atmospheric nitrogen is fixed by rhizobia.
Nitrogen fertilization for legume plants is usually limited to application of starter fertilizer.
The level of application varies depending on soil conditions but is usually much lower
than standard levels of this nutrient used to fertilize other plants. However, according to
many authors, biological nitrogen fixation meets only about 50–60% of soybean’s demand
for nitrogen, resulting in 80–90% of the maximum yield obtained in the case of adequate
nitrogen fertilization [5,6]. Nitrogen application mainly affects crop yield. According to
Lorenc-Kozik and Pisulewska [7], a nitrogen application rate that beneficially influences
soybean yield varies between 30 kg N ha−1 and 60 kg N ha−1. Fertilization of soybean with
nitrogen has a beneficial effect on elements of the yield structure such as plant height, pod
number per plant, and seed weight per plant. Nitrogen application can also modify the
chemical composition of the seeds. Lower levels increase their fat content, while higher
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levels increase the content of protein [8–10]. In the case of soybean fertilization with nitro-
gen, not only the level of application is important, but the time of application as well [8,11].
Starter nitrogen fertilizer applied before sowing is aimed at supplying easily available
nitrogen from the soil during seedling development and has been shown by numerous
studies to increase soybean seed yield [7–9,12] According to [13] soybean has a relatively
high demand for N during the seed-filling stage, and biological fixation of N and a low
level of starter fertilizer may not supply an adequate amount of N for full exploitation of
the plant’s yield potential. Therefore, N application during generative growth can increase
crop yields.

Another essential nutrient for the normal functioning of plants is sulphur, which is
a component of vitamins and amino acids, and thus of proteins. The presence of sulphur
is essential for biosynthesis of protein in the seeds. It positively affects not only the
quantity but also the quality of crude protein in the harvested crop, especially in the case of
legumes [14,15]. Plants of the Fabaceae family have a moderate demand for this nutrient [16].
For legumes, depending on the species and climate-soil conditions, the recommended
application rate ranges from 20 to 60 kg S ha−1 [14,17,18]. It should be remembered,
however, that a single portion of this nutrient should not exceed 20 kg S ha−1 [14,19]. Many
studies [14,16,17,20] indicate a strong interaction between sulphur and nitrogen as essential
nutrients for synthesis of amino acids making up proteins. Sulphur plays a special role
in nitrogen metabolism in the plant, and sulphur deficiency leads to a reduction in the
utilization of nitrogen from fertilizer. Sulphur is an activator of processes regulating C and
N metabolism in the plant, and in this way increases the rate of transformation of nitrogen
taken up by the plant into protein. Plants that are well supplied with nitrogen and sulphur
increase the amount of nitrogen incorporated into organic structures. Sulphur also takes
part in fixation of atmospheric nitrogen by rhizobia and in reduction in nitrates to ammonia.
Many authors have confirmed the positive effect of sulphur application on fixation of
atmospheric nitrogen by the root nodules of legumes and on utilization of mineral nitrogen,
and thus on production of plant biomass [16,20,21]. Therefore, adequate supply of these
nutrients to plants enables full exploitation of their yield potential. In the absence of
sulphur, they produce protein with much lower content of sulphur-containing amino acids,
especially methionine, which is one of the most valuable amino acids determining the
nutritional value of plants [22–24]. The effectiveness of sulfur fertilization depends on many
factors, including the dose and date of application. According to many authors [25,26],
oilseeds have a high demand for sulfur, especially from the budding phase to the formation
of siliques. The availability of sulfur during this period ensures the proper growth and
development of rapeseed. The study conducted by Barczak et al. [19] confirmed that the
foliar sulphur application (in the phase of not completely covered interrows until full
flowering), as compared with the soil application, showed a better effect on the seed and
straw yield size.

Research results confirm the beneficial effect of sulphur on the yield of legume plants,
such as narrow-leaved lupin [19], field bean [27], common bean and broad bean [22,24].
Other authors have also confirmed positive effects of legume fertilization with sulphur
on the content and uptake of nitrogen. The effect of nitrogen application on the yield
and quality of soybean crops is also a frequent subject of research [14,28–30]. Most of the
research on the reaction of soybean to nitrogen and sulfur fertilization was conducted
in countries with a warm climate, i.e., Iran [31,32] India [33–37]. There are few studies
conducted in temperate climate conditions especially with newer not genetically modified
cultivars—on the effect of nitrogen and sulphur application on the yield and chemical
composition of soybean seeds [12]. In view of the above, a study was carried out to test
the effect of nitrogen and sulphur application on the yield of soybean and the content of
protein, fat and selected macroelements in the seeds. The main objective of the research
was to determine how much (and when) N and S fertilization should be used to obtain
Ethe best production characteristics in soybean cultivation in the climatic conditions of
south-eastern Poland.
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2. Materials and Methods
2.1. Site Description, Experimental Design and Field Management

A 3-year field experiment was carried out in 2015–2017 under rainfed conditions on a
private farm in Zamość District, in south-eastern Poland (50◦43′34′′ N, 23◦39′11′′ E).

The experimental field was located on soil with the granulometric composition of
clayey silt, slightly acidic, with moderate content of phosphorus and potassium (Table 1).
The conventional (not genetically modified) soybean cultivar Amandine, a medium-early
cultivar (maturity group MG 000) with high yield potential, was planted in the experiment.

Table 1. Selected soil properties (0–30 cm depth) in experimental field.

Soil Characteristic Value

Texture class 1 Clayey silt

Sand (2–0.05 mm) 21%

Silt (0.05–0.002) 70%

Clay (<0.002) 9%
pHKCl 6.6

Total nitrogen (g kg−1) 1.3
Organic carbon (g kg−1) 19.1

Available forms (mg kg−1)
Phosphorus 175
Potassium 201

Magnesium 54
Copper 43.2

Manganese 187.2
Iron 942
Zinc 9.6

1 According to [38].

The following factors were analyzed in the experiment:
I. Nitrogen application rate: 0, 30 and 60 kg ha−1 applied at different times (before

sowing and/or at the start of the seed filling stage BBCH 73–75)
II. Sulphur application rate: 0 and 40 kg ha−1 applied in two portions: half during the

development of lateral shoots (BBCH 209–210) and half at the start of flowering (BBCH
60–61)

The phonological stages (BBCH) of soybean were encoding according to [39]. The
nitrogen dose resulted from fertilizer recommendations for legumes in Poland and previous
own research [8]. The sulphur dose was determined based on the recommendation of other
authors [14,18,22].

Thus, the following 14 fertilizer combinations were obtained (Table 2).
The experiment was set up in a randomized split-plot design in three replicates. The

area of the plots was 12.5 m2 (2.5 m × 5 m). Nitrogen application rates has been designated
as the main plot and sulphur application rate as the subplot.

Soybean was sown between 30 April and 2 May, at a rate of 70 seeds m−2, and the row
spacing was 20 cm. Soybean seeds were prepared for sowing in FIX FERTIG technology.
In this process the seeds are coated with rhizobia together with a polymer, which acts as
a preservative and also protects against solar radiation. Phosphorus (in the form of Fos
Dar fertilizer) and potassium (60% potassium chloride) were applied once before sowing,
at the same rates in all treatments: P—21.1 kg ha−1, K—76.4 kg ha−1. Nitrogen fertilizer
was applied in the form of 34% ammonium nitrate, and sulphur in the form of magnesium
sulphate heptahydrate. In each year of the study the precursor crop for soybean was
winter wheat. After harvesting of the precursor crop, skimming was carried out (shallow
ploughing at 8–10 cm), followed by harrowing and pre-winter ploughing to a medium
depth (22–25 cm). Harrowing was carried out in early spring, followed by pre-sowing
tillage with a tillage machine equipped with a roller. Sowing was carried out using a
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mechanical seeder for cereals. Plant protection was limited to chemical weed control.
Directly after sowing herbicides were applied to the soil: Sencor Liquid 600 SC (biologically
active substance—metribuzin) in the amount of 0.5 dm3 ha−1 and Dual Gold 960 EC
(biologically active substance—S-metolachlor) in the amount of 1.0 dm3 ha−1. Soybean was
harvested with a combine at full maturity (BBCH 99) in the middle 10 days of September.

Table 2. Researched fertilizer combinations.

Fertilizer Combination
Dose and Time of Application

Nitrogen Sulphur

N0-S0 without nitrogen without sulphur
N0-S40 without nitrogen 40 kg S ha−1

N30 (30:0)-S0 30 kg N ha−1 before sowing without sulphur
N30 (30:0)-S40 30 kg N ha−1 before sowing 40 kg S ha−1

N30 (15:15)-S0 15 kg N ha−1 before sowing + 15 kg N ha−1

at the start of the seed filling
without sulphur

N30 (15:15)-S40 15 kg N ha−1 before sowing + 15 kg N ha−1

at the start of the seed filling 40 kg S ha−1

N30 (0:30)-S0 30 kg N ha−1 at the start of the seed filling without sulphur
N30 (0:30)-S40 30 kg N ha−1 at the start of the seed filling 40 kg S ha−1

N60 (15:45)-S0 15 kg N ha−1 before sowing + 45 kg N ha−1

at the start of the seed filling
without sulphur

N60 (15:45)-S40 15 kg N ha−1 before sowing + 45 kg N ha−1

at the start of the seed filling 40 kg S ha−1

N60 (30:30)-S0 30 kg N ha−1 before sowing + 30 kg N ha−1

at the start of the seed filling
without sulphur

N60 (30:30)-S40 30 kg N ha−1 before sowing + 30 kg N ha−1

at the start of the seed filling 40 kg S ha−1

N60 (45:15-S0 45 kg N ha−1 before sowing + 15 kg N ha−1

at the start of the seed filling
without sulphur

N60 (45:15)-S40 45 kg N ha−1 before sowing + 15 kg N ha−1

at the start of the seed filling 40 kg S ha−1

2.2. Features of the Yield Components and Laboratory Analysis

After harvest, at the full maturity stage (BBCH 99) of entire plot with a combine, the
seed yield was determined and expressed per hectare for a moisture level of 15%. After
harvesting, seed samples (0.5 kg) were taken from every plot for chemical analysis. Prior to
harvest of soybean, 10 plants were randomly selected from each plot to determine elements
of the yield components: plant height, pod number per plant, seed number per pod, and
thousand seed weight.

The soybean seeds were analyzed for:

- crude protein by Kjeldahl’s method (according to CLA/PSO/13),
- crude fat by the Soxhlet extraction-weighing method (according to CLA/PSO/10);
- total sulphur by the Bradley–Lancaster nephelometric method (following wet miner-

alization using concentrated sulphuric acid with 30% perhydrol),
- phosphorus by spectrophotometry (according to CLA/PLC/28),
- potassium, magnesium and calcium by Atomic Absorption Spectrometry with excita-

tion in the air-acetylene flame (according to CLA/ASA/2).

The analyses were carried out at the Central Laboratory of Agroecology of the Uni-
versity of Life Sciences in Lublin. The total protein content in the seeds was calculated as
6.26 × total N.

2.3. Statistical Analysis

Statistical analysis of the results was performed by analysis of variance (ANOVA)
in STATISTICA 13 PL software (Tulsa, OK, USA). Three-way ANOVA was carried out to
determine the effect of the year, nitrogen fertilization, and sulphur fertilization on soybean
yield, its components, and the chemical composition of the seeds. The effect of year,
nitrogen fertilization, cultivar, and their interactions were analyzed using a split–split-plot
design with the year being designed as whole plots, nitrogen fertilization as subplots, and
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sulphur fertilization as sub–subplots. The differences between means were determined
using Tukey’s post-hoc test at p < 0.05. As no significant interaction of the factors and years
of the study was confirmed, the results presented are averages from three years. The effect
of the interaction of factors is presented. If the interaction of factors was not significant, the
main effect was presented.

3. Results
3.1. Meteorological Conditions

The experiment was carried out under rainfed conditions The weather conditions
during the study period are presented in Figure 1. Meteorological data come from the
Lublin-Felin automatic meteorological station, located on the premises of the Department
of Plant Production Technology and Commodity Science of the University of Life Sciences
in Lublin. The station is located approximately 90 km from the site of the field experiment
the meteorological data were used to calculate Selyaninov’s hydrothermal coefficient
(Figure 2) according to the following formula: k = (p × 10)/Σt where p is the sum of
ten-day monthly precipitation (mm) and Σt is the sum of average daily temperatures from a
tenday period/month (◦C). Ranges of values for the coefficients were designated according
to the scale developed by Skowera et al. [40].

In 2015 and 2016 the precipitation totals in the period from April to September were
similar (330–335 mm) and higher than the long-term average. In 2017 the precipitation total
during the growing season was about 358 mm, which was close to the long-term average.
Particularly heavy rainfall was noted in May and April 2015 and in July 2016 and 2017. In
2015 very low rainfall was noted in June and in August.

Selyaninov’s coefficient (Figure 2) indicated that the period from May to June in 2015
and 2016 was dry or very dry. In 2017 highly unfavorable temperature and moisture
conditions were noted in the period from June to August.
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Figure 1. Air temperature (each point represents the average temperature of each month) and rainfall
distribution during the growing period of April–September as compared to the long-term means
(1971–2010).
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Figure 2. Selyaninov’s coefficient during the growing period as compared to the long-term means
(1971–2010). * Interpretation of the value of the Sielianinov coefficient according to [40]: ed—extremely
dry, vd—very dry, d—dry, rd—rather dry, o—optimal, rm—rather moist; m—moist, vm—very moist,
em—extremely moist.

3.2. Yield and Elements of the Yield Structure

The lowest yield of soybeans seeds, at a level of 20.9 dt ha−1, was obtained from
the control treatment, in which no fertilizer was applied (Figure 3). Fertilization with
nitrogen and sulphur significantly increased the yield of soybean seeds. The most beneficial
effect was obtained in the treatments in which 60 kg N was applied 1/2 before sowing
+1/2 after emergence and 3/4 before sowing +1/4 after emergence. In these combinations,
the seed yield was 8–10 dt ha−1 higher than in the combination without fertilizer, while
sulphur application had no significant effect on yield. In the remaining treatments, sulphur
application significantly increased the yield of soybean seeds (Figure 3). It should be noted
that the greatest differences were noted when sulfur was applied in the combination without
nitrogen fertilizer, were the yield of soybean seed increased by 18%. In the combinations
with 30 kg N ha−1, sulphur application increased yield by 6–7%.
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Figure 3. Effects of nitrogen × sulphur application on the yield of soybean seeds. Means marked
with the same letter do not differ significantly at p = 0.05, bars mean SE. S0—without sulfur,
S40—40 kg S ha−1, N0—without nitrogen, N30:0—30 kg N ha−1 before sowing, N15:15—15 kg N ha−1

before sowing + 15 kg N ha−1 at the start of the seed filling, N:0:30—30 kg N ha−1 at the start of
the seed filling, N15:45—15 kg N ha−1 before sowing + 30 kg N ha−1 at the start of the seed filling,
N30:30—30 kg N ha−1 before sowing + 30 kg N ha−1 at the start of the seed filling, N45:15—
45 kg N ha−1 before sowing + 15 kg N ha−1 at the start of the seed filling.
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The fertilizer combinations affected the elements of the yield structure. Plant height
increased significantly relative to the control following application of nitrogen at 30 kg in
its entirety before sowing and application of 60 kg irrespective of the means of application.
The highest plants were obtained from the combination with application of 45 kg N before
sowing followed by foliar application of 15 kg. Plant height was also increased by sulphur
application, but these were minor differences amounting to 4 cm (Figure 4). The interaction
of the factors was not shown to significantly influence the height of the soybean plants.
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Figure 4. Effects of nitrogen (A), sulphur (B) application on the height of soybean plants. Means
marked with the same letter do not differ significantly at p = 0.05, bars mean SE. S0—without sulfur,
S40—40 kg S ha−1, N0—without nitrogen, N30:0—30 kg N ha−1 before sowing, N15:15—15 kg N ha−1

before sowing + 15 kg N ha−1 at the start of the seed filling, N:0:30—30 kg N ha−1 at the start of
the seed filling, N15:45—15 kg N ha−1 before sowing + 30 kg N ha−1 at the start of the seed filling,
N30:30—30 kg N ha−1 before sowing + 30 kg N ha−1 at the start of the seed filling, N45:15—45 kg N ha−1

before sowing + 15 kg N ha−1 at the start of the seed filling.

All of the nitrogen fertilizer combinations significantly increased the number of pods
per plant in comparison to the control. Sulphur application also increased the pod number
per plant, especially in the treatment without nitrogen fertilizer, and in the combination
with 30 kg applied 1/2 before sowing +1/2 after emergence or applied in its entirety after
emergence (Figure 5). Nitrogen application significantly increased the seed number per
pod, except in the case of 30 kg applied 1/2 before sowing +1/2 after emergence. The differ-
ences between the other nitrogen combinations were not significant (Figure 6). Sulphur
application was not shown to significantly influence the seed number per pod. There was
also no significant interaction between application of nitrogen and sulphur.
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Figure 5. Effects of nitrogen × sulphur application on the number of pods per plant. Means
marked with the same letter do not differ significantly at p = 0.05, bars mean SE. S0—without sulfur,
S40–40 kg S ha−1, N0—without nitrogen, N30:0—30 kg N ha−1 before sowing, N15:15—15 kg N ha−1
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before sowing + 15 kg N ha−1 at the start of the seed filling, N:0:30—30 kg N ha−1 at the start
of the seed filling, N15:45—15 kg N ha−1 before sowing + 30 kg N ha−1 at the start of the seed
filling, N30:30—30 kg N ha−1 before sowing + 30 kg N ha−1 at the start of the seed filling, N45:15—
45 kg N ha−1 before sowing + 15 kg N ha−1 at the start of the seed filling.
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Figure 6. Effects of nitrogen application on the seed number per pod. Means marked with the same
letter do not differ significantly at p = 0.05, bars mean SE N0—without nitrogen, N30:0—30 kg N ha−1

before sowing, N15:15—15 kg N ha−1 before sowing + 15 kg N ha−1 at the start of the seed filling,
N:0:30—30 kg N ha−1 at the start of the seed filling, N15:45—15 kg N ha−1 before sowing + 30 kg N ha−1

at the start of the seed filling, N30:30—30 kg N ha−1 before sowing + 30 kg N ha−1 at the start of the
seed filling, N45:15—45 kg N ha−1 before sowing + 15 kg N ha−1 at the start of the seed filling.

The nitrogen fertilizer used in the experiment increased the thousand seed weight as
well, except in the case of 30 kg applied 1/2 before sowing +1/2 after emergence. The highest
value was obtained following application of 60 kg with 1/4 applied before sowing +3/4 after
emergence or 1/2 before sowing +1/2 after emergence (Figure 7). Seed yield was positively
correlated with the number of pods per plant and the seed number per pod (Table 3).
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Figure 7. Effects of nitrogen application on the thousand seed weight. Means marked with the same
letter do not differ significantly at p = 0.05, bars mean SE. N0—without nitrogen, N30:0—30 kg N ha−1

before sowing, N15:15–15 kg N ha−1 before sowing + 15 kg N ha−1 at the start of the seed filling,
N:0:30–30 kg N ha−1 at the start of the seed filling, N15:45—15 kg N ha−1 before sowing + 30 kg N ha−1

at the start of the seed filling, N30:30—30 kg N ha−1 before sowing + 30 kg N ha−1 at the start of the
seed filling, N45:15—45 kg N ha−1 before sowing + 15 kg N ha−1 at the start of the seed filling.
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Table 3. Pearson’s correlation coefficients between seed yield and selected elements of the yield structure.

Features Number of Pods per Plant Seed Number per Pod Thousand Seed Weight

Yield 0.437 * 0.409 * 0.188
* Significant at p = 0.05.

3.3. Content and Yield of Crude Protein and Crude Fat

Nitrogen application increased the crude protein content in the soybean seeds relative
to the control, except for 30 kg applied 1/2 before sowing +1/2 after emergence or applied in
its entirety after emergence. The differences between the remaining variants of nitrogen
application were not significant. Sulphur application increased the content of crude protein
only in the treatment without nitrogen and the treatments with lower application of
nitrogen, either entirely foliar or 1/2 before sowing +1/2 after emergence. All fertilizer
combinations significantly increased the yield of crude protein per hectare relative to the
control (Figure 8).
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Figure 8. Effects of nitrogen × sulphur application on the content of crude protein in soybean
seeds and protein yield. Means marked with the same letter do not differ significantly at p = 0.05,
bars mean SE, red line–protein yield. S0–without sulfur, S40—40 kg S ha−1, N0–without nitrogen,
N30:0—30 kg N ha−1 before sowing, N15:15—15 kg N ha−1 before sowing + 15 kg N ha−1 at the
start of the seed filling, N:0:30—30 kg N ha−1 at the start of the seed filling, N15:45—15 kg N ha−1

before sowing + 30 kg N ha−1 at the start of the seed filling, N30:30—30 kg N ha−1 before sowing +
30 kg N ha−1 at the start of the seed filling, N45:15—45 kg N ha−1 before sowing + 15 kg N ha−1 at
the start of the seed filling.

The lowest crude fat content, 200 g kg−1, was obtained in the soybean seeds from the
control treatment. Application of nitrogen and sulphur increased the crude fat content
in the soybean seeds. The most beneficial effect on crude fat content in the seeds was
obtained in the case of higher nitrogen application (60 kg ha−1), either 1/2 before sowing
+1/2 after emergence or 3/4 before sowing +1/4 after emergence, in combination with sulphur
application (Figure 9).
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Figure 9. Effects of nitrogen × sulphur application on the content of crude fat in soybean seeds and
fat yield. Means marked with the same letter do not differ significantly at p = 0.05, bars mean SE, red
line–protein yield. S0—without sulfur, S40—40 kg S ha−1, N0–without nitrogen, N30:0—30 kg N ha−1

before sowing, N15:15—15 kg N ha−1 before sowing + 15 kg N ha−1 at the start of the seed filling,
N:0:30—30 kg N ha−1 at the start of the seed filling, N15:45—15 kg N ha−1 before sowing + 30 kg N ha−1

at the start of the seed filling, N30:30–30 kg N ha−1 before sowing + 30 kg N ha−1 at the start of the
seed filling, N45:15—45 kg N ha−1 before sowing + 15 kg N ha−1 at the start of the seed filling.

3.4. Content of Macroelements

Nitrogen application generally reduced the phosphorus content in the soybean seeds
relative to the control, except for 30 kg applied 1/2 before sowing +1/2 after emergence.
Potassium content in the soybean seeds ranged from 12.40 to 15.42 g kg−1 and was highest
in the control treatment. Top dressing application of nitrogen in the amount of 30 kg as
well as 60 kg applied 1/2 before sowing + 1/2 after emergence significantly reduced the
content of potassium, and sulphur application in these combinations had no significant
effect. Sulphur application reduced potassium content in the soybean seeds when applied
in the following nitrogen combinations: N30 (15:15), N60 (15:45) and N60 (45:15)—Table 4.

Table 4. Effect of nitrogen × sulphur application on the content of macroelements in soybean seeds.

Fertilization Macroelements (g kg−1)

Nitrogen Sulphur P K Ca Mg S

0
0 8.65 e 15.42 i 1.10 a 2.70 a 2.57 a

40 8.96 f 14.70 g 1.51 d 2.83 a 3.06 c

N30 (30:0)
0 7.96 b 13.68 ef 1.98 g 3.94 fg 2.67 ab

40 8.12 bc 12.80 c 2.17 h 3.79 de 3.19 cd

N30 (15:15)
0 8.43 de 14.81 gh 1.38 c 3.00 c 2.55 a

40 8.53 de 12.40 b 1.95 g 2.93 bc 3.31 de

N30 (0:30)
0 7.96 b 14.73 g 1.14 a 3.05 c 2.67 ab

40 7.87 b 13.90 f 1.70 e 2.98 bc 3.25 cd

N60 (15:45)
0 7.94 b 15.10 hi 1.42 c 3.92 efg 2.70 ab

40 8.44 de 13.41 de 1.83 f 3.79 def 3.48 e

N60 (30:30)
0 7.58 a 12.44 b 1.86 f 4.04 g 2.64 ab

40 8.01 b 11.94 a 1.87 f 3.79 def 3.79 f

N60 (45:15)
0 8.38 cd 14.99 gh 1.27 b 3.95 g 2.80 b

40 8.44 de 13.10 cd 1.55 d 3.71 d 3.93 f
Means in columns marked with the same letter do not differ significantly at p = 0.05.
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Nitrogen in the amount of 30 kg applied entirely after emergence or in the amount
of 60 kg applied 1/2 before sowing +1/2 after emergence or 3/4 before sowing +1/4 after
emergence increased the calcium content in the soybean seeds. In these combinations,
sulphur application had no significant effect. In the remaining combinations of nitrogen
fertilizer and in the control without nitrogen, sulphur application significantly increased
the calcium content in the soybean seeds by 28–47%.

Nitrogen application in the amount of 30 kg, either in its entirety before sowing or
1/2 before sowing +1/2 after emergence, significantly increased the content of magnesium
in the soybean seeds by 9.8–13.0% compared to the control. The remaining variants
of nitrogen fertilization, N30 (0:30) and N60 irrespective of the means of application,
significantly increased the magnesium content in the soybean seeds relative to the control,
by 31.0–41.3%, as well as in comparison with 30 kg applied before sowing or in two equal
portions, before sowing and after emergence. Sulphur application did not significantly
influence magnesium content in the soybean seeds, except in the case of 60 kg N applied
1/2 before sowing +1/2 after emergence or 3/4 before sowing +1/4 after emergence. In these
cases, sulphur application decreased magnesium content by 6.0–6.4%.

Sulphur content in the soybean seeds ranged from 2.55 to 3.93 g kg−1. Nitrogen
fertilization did not significantly increase sulphur content, except for 60 kg applied 3/4

before sowing +1/4 after emergence. Sulphur application significantly increased the content
of this element in the soybeans, both in the control and in every combination of nitrogen
application. The highest increase in sulphur content following application of this microele-
ment was observed for the combinations with 60 kg N applied 1/2 before sowing +1/2 after
emergence and 3/4 before sowing +1/4 after emergence—by 1.55 g kg−1 and 1.13 g kg−1,
respectively, i.e., by 43.6% and 40.4%.

4. Discussion

Soybean meets its demand for nitrogen through biological fixation of atmospheric
nitrogen as well as from mineral fertilizers. According to [7–9,12] starter nitrogen fertilizer
has been shown to increase soybean seed yield. This is confirmed in the present study
as well. Nitrogen application before sowing significantly increased seed yield compared
to the unfertilized control. The increase in seed yield following application of nitrogen
before sowing can be ascribed to the increase in the activity of the root system, rate of
photosynthesis, and leaf area index [31,41,42]. Our results are in agreement with the work
of Osborne and Riedell [30], who pointed out that soybean grain yield at 16 kg N ha−1

starter nitrogen rate, was significantly higher (by 6%) than that at no N treatment with no
difference in grain N or oil concentration.

Soybean has a relatively high demand for N, especially during the seed-filling stage.
Supply of N to soybean plants during peak demand for seed filling can supplement existing
N resources, thereby preventing premature ageing of plants and increasing seed yield [32].
This is confirmed by the present study. The highest seed yield was obtained in the combi-
nations in which 60 kg N ha−1 was applied 1/2 before sowing +1/2 after emergence and 3/4

before sowing +1/4 after emergence. In these combinations the seed yield was 8–10 dt ha−1

higher than in the combinations without nitrogen application and 5.5–6.5 dt ha−1 higher
than following application of 30 kg it its entirety before sowing or in two portions, before
sowing followed by foliar application. These results are in agreement with research by
Zainab et al. [43], who obtained the highest seed yield by applying 60 kg N ha−1 in two
portions—one quarter before sowing, and the rest at the start of seed-filling. According
to Schweiger et al. [44], only 40% to 52% of total nitrogen uptake by soybean originates in
symbiotic nitrogen fixation, while the rest is nitrates taken up from the soil. Therefore if
total N supply does not meet the needs of soybean, the plants remobilize N accumulated
in the leaves to the seeds. This reduces photosynthesis and thus limits the yield potential
of soybean [4]. But it is not always the rules. A study conducted in Iowa showed that
nitrogen fertilizer applied early reproductive stage had no positive effect on plant DM,
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grain N concentration and removal, grain yield, or grain quality components at the time of
planting had no significant effect on soybean leaf area or grain yield [29].

The increase in seed yield under the influence of nitrogen application was the effect
of changes observed in elements of the yield structure, i.e., the pod number per plant and
seed number per pod. This was confirmed by the correlation coefficients. Faligowska and
Szukała [45] also report that fertilization of soybean with nitrogen has a beneficial effect
on elements of the yield structure such as plant height, pod number per plant, and seed
weight per plant.

Sulphur performs an important function in the synthesis of protein and essential
sulphur-containing amino acids (methionine and cysteine) as well as vitamins and chloro-
phyll. It is needed for activation of certain enzymes and is an essential component of
ferredoxin, which is involved in photosynthesis. Without adequate supply of sulphur, the
plants cannot achieve their full yield potential or efficiently utilize applied N [33]. In the
present study, application of 40 kg ha−1 of sulphur significantly increased the seed yield in
the treatment without nitrogen application, by 3.78 dt ha−1 (18%), and the pod number per
plant by 34.7%. The results are in agreement with those reported by Varun et al. [46] and
Burkitbayev et al. [47], who found that seed yield, plant height, number of branches, pod
number per plant, and 1000 seed weight of soybean were significantly higher following
sulphur application. Similar results were obtained by Dhaker et al. [34], who reported that
application of 40 kg S ha−1 significantly increased the number of pods per plant, pod length,
1000 seed weight, and seed yield. According to the authors, this may be explained by the
fact that sulphur application modifies the physicochemical properties of the soil, thereby
improving the availability of nutrients and promoting the growth and development of the
plants. This in turn increases translocation of nutrients towards the generative organs and
positively affects photosynthesis, and in consequence can substantially increase yields and
elements of the yield structure.

Sulphur plays an important role in nitrogen metabolism in the plant, and its deficiency
leads to a decrease in nitrogen utilization from fertilizers. According to Jamal et al. [35], S
and N interact at the metabolic level in such a way that an imbalance in their availability
reduces yields. Therefore S must be included in fertilizer recommendations in soil with
S deficiency, and S and N should be administered in balanced quantities in order to
obtain optimum yield. In the present study, sulphur application in the treatments in
which nitrogen was applied in the amount of 30 kg increased seed yield. In contrast,
in the treatments with higher nitrogen application of 60 kg ha−1, sulphur application
had no significant effect on seed yield or on most of the elements of the yield structure.
This indirectly confirms that the yield-promoting effect of sulphur is mainly due to its
effect on nitrogen metabolism. Sulphur performs a special function in nitrogen metabolism,
increasing the rate of transformation of nitrogen taken up by the plant into protein. Nitrogen
is the nutrient with the greatest yield-promoting effect, and therefore sulphur directly
influences seed yield by influencing nitrogen metabolism [48]. In conditions of deficiency
of one of these nutrients, the response to fertilization is poor; maximum yield can be
achieved when there is an adequate amount of both elements [49]. Proper supply of plants
with sulfur is important not only in terms of production, but also ecological. In conditions
of sulfur deficiency, fertilizer nitrogen does not perform optimally. The effective use of
nitrogen by plants is also important for the environment, because in conditions of sulfur
deficiency, nitrogen may be lost as a result of nitrates penetrating into groundwater, as well
as volatilization of gaseous forms into the atmosphere [50].

Soybean seeds have high content of protein and fat. The protein content in legume
plants is influenced by genetic factors, i.e., the properties of the cultivar, but also by
agricultural procedures, particularly the use of nitrogen fertilizer [4,9,11,12]. This was
confirmed in the present study. Application of 60 kg of nitrogen significantly increased the
protein content in the soybean seeds relative to the unfertilized control treatment. However,
the effect of 30 kg of nitrogen was significant only when the full amount was applied before
sowing. Both nitrogen and sulphur fertilization increased oil content in the seeds. Sulphur
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application also had a beneficial effect by increasing protein content in the seeds, but only
in conditions without nitrogen fertilizer or the lower level of nitrogen applied in its entirety
to the leaves or 1/2 before sowing + 1/2 after emergence. The beneficial effect of nitrogen
application on protein in soybean seeds is confirmed by other authors [8,11]. However,
Fecak et al. [51] found no significant changes in the content of total protein in soybean
seeds after the application of differentiated nitrogen fertilization.

According to Kozłowska-Strawska and Kaczor [49], the main consequence of sulphur
deficiency is reduced protein synthesis. Sulphur is an essential nutrient for the activity
of enzymes taking part in nitrate reduction [52]. Therefore, plants grown in conditions
without this element accumulate nitrogen in non-protein form (nitrates, amides and other
compounds). Plants of the Fabaceae family, which are a valuable source of protein for people
and animals, require adequate fertilization with sulphur [25]. Without this nutrient, they
produce protein with much lower content of sulphur-containing amino acids, especially
methionine, which is one of the most valuable amino acids determining the nutritional
value of plants [22,36]. Sulphur is also involved in fat synthesis, and due to its metabolic
functions it has an important influence on the quantity and quality of oil accumulated in
the seeds. Sulphur compounds, such as vitamin H with coenzyme A, form an enzymatic
system essential to synthesis of fatty acids. The results of research by other authors confirm
that sulphur application increases the content of protein and fat in soybean seeds [35,37].

Soybean is an important source not only of protein and fats, but also of minerals
such as potassium, magnesium, calcium, phosphorus, and iron [3,4,53]. In the present
study, nitrogen application generally did not affect the content of sulphur and calcium
in the soybean seeds, but it reduced the content of phosphorus and potassium (only in
the case of foliar application of 30 kg and 60 kg (30:30) while increasing the content of
magnesium, especially the higher rate of application. Sulphur application did not affect
the content of phosphorus in the seeds but increased that of calcium and sulphur and
decreased that of magnesium, although only in the combinations with higher nitrogen
application. The findings of other authors are varied. According to Jarecki and Bobrecka-
Jamro [4] and Shorabi et al. [32], nitrogen application did not significantly affect the content
of phosphorus or potassium in soybean seeds. An increase in calcium content in the grain
of cereals following sulphur application was reported by Brodowska and Kaczor [54].
Barczak et al. [14] observed a decrease in phosphorus content in response to application of
various amounts of sulphur in an experiment on lupin. However, according to the authors,
this may have been caused by ‘dilution’ of phosphorus as a result of the increased yield
resulting from sulphur application, and not by the antagonistic interaction of phosphate
ion (V) and sulphate ion (VI). A similar explanation of decreased content of minerals is
given by Cakmak [55].

5. Conclusions

Application of nitrogen and sulphur significantly increased the seed yield of soybean.
The most beneficial effect was obtained in the combinations with 60 kg N applied 1/2

before sowing +1/2 after emergence and 3/4 before sowing +1/2 after emergence. In these
combinations, sulphur application did not significantly affect seed yield. In the remaining
combinations of nitrogen application, sulphur application significantly increased the seed
yield. Taking into account the yield and the chemical composition of the soybean seeds,
fertilization with 60 kg N ha−1 in two portions can be recommended—1/2 or 3/4 before
sowing and the remainder during the development of pods and seeds—in combination
with sulphur application. In further research, it is worth paying attention to the form of
sulfur introduced in fertilizers. An interesting issue is also the effect of sulfur fertilization
on the composition of fatty acids and the biological value of protein.
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composition of two soybean cultivars. Rośliny Oleiste-Oilseed Crops 1999, 2, 511–520.
11. Kulig, B.; Klimek-Kopyra, A. Sowing date and fertilization level are effective elements increasing soybean productivity in rainfall

deficit conditions in Central Europe. Agriculture 2023, 13, 115. [CrossRef]
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Abstract: Inorganic phosphate (Pi) is taken up by plant roots and translocated via phosphate trans-
porters. Previously, we showed that phosphate transporter OsPHT1;4 in the PHT1 family participates
in phosphate acquisition and mobilization; it facilitates the embryo development of Japonica rice
Nipponbare. This study investigated the potential of manipulating the expression of OsPHT1;4 to
increase Pi acquisition efficiency and crop productivity in rice cv. Wuyunjing 7 (WYJ 7), a cultivar
widely grown in Yangtze River Delta of China. The OsPHT1;4 overexpression lines and wild-type
WYJ 7 were treated under different Pi conditions in hydroponic and field experiments. Quantitative
real-time RT-PCR analysis and the transgenic plants expressing GUS reporter gene indicate strong
expression of OsPHT1;4 in roots and leaf collars of cv. WYJ 7. The total P contents in shoots of the
OsPHT1;4-overexpressing plants were significantly higher under Pi-deficient hydroponic conditions
than the wild type under Pi sufficiency and deficiency. 33Pi uptake and translocation assays confirmed
the results. In the field condition, OsPHT1;4 overexpression lines had a higher P concentration in
tissues than the wild type control, and the panicle performance of the overexpression lines including
the grain yield was improved as well. Taken together, our results show that OsPHT1;4 plays an
important role in the acquisition and mobilization of Pi in WYJ 7, especially under Pi deficiency. The
study highlights the importance of OsPHT1;4 in improving the agronomic traits of the widely grown
rice cultivar in China.

Keywords: phosphate transporter; phosphurs nutrition; P uptake and transloation; grain yield;
rice cultivar

1. Introduction

The essential macronutrient phosphorus (P) is a constituent of many biologically
important molecules such as nucleic acids and phospholipids. It plays a pivotal role
in plant growth and development and several metabolic pathways and energy transfer
processes in plants [1]. However, inorganic phosphate (Pi), the major form of P taken up by
the roots from the soil, is often a limiting nutrient in the rhizosphere [1]. The acquisition
of Pi from the rhizosphere by the plant root and its translocation between cells is via
Pi transporters (PTs) of the PHT1 gene family [1,2]. The first genes encoding putative

39



Agronomy 2022, 12, 1332

plant PTs were isolated from Arabidopsis [3]. Since then, a large number of PT genes have
been identified from different plant families, including cereals, legumes, and Solanaceous
species [4].

In rice (Oryza sativa L.), 13 genes encode proteins belonging to the PHT1 family [5,6].
Several of them have been functionally characterized. Generally, these PHT1 members
display different characteristics either in response to Pi concentration or in physiological
functions. OsPHT1;2 and OsPHT1;6 are responsive to Pi starvation. OsPHT1;2 is expressed
throughout the stele in the primary and lateral roots under Pi deprivation; it is responsible
for transporting Pi from roots to shoots, whereas OsPHT1;6 is expressed throughout the
young primary and lateral roots under P deficiency. It plays an important role in both Pi
uptake and translocation throughout the plant [7]. OsPHT1;1 is constitutively expressed
in roots and shoots under both Pi-sufficient and -deficient conditions. It participates in
Pi uptake and translocation under Pi-sufficient conditions [8]. Similarly, OsPHT1;8 is
expressed in various tissues independent of Pi supply, and overexpression of OsPHT1;8
resulted in excessive Pi in both roots and shoots [9]. OsPHT1;9 and OsPHT1;10 are induced
in root epidermis, root hairs, and lateral roots by Pi starvation [10]. OsPHT1;3 mediates
Pi uptake, translocation, and remobilization under extremely low Pi regimes [11], while
OsPHT1;11 and OsPHT1;13 are specifically induced during mycorrhizal symbiosis [6,12].

We previously investigated the functions of OsPHT1;4 in rice cv. Nipponbare [13].
Our findings suggest that OsPHT1;4 facilitates the acquisition and mobilization of Pi, and
it plays an important role in the development of the embryo [13]. Since the Pi uptake
efficiency and the development of the embryo are important events to crop production,
we hypothesized that OsPHT1;4 may play a major role in enhancing grain yield. Rice is
one of the most important staple food crops for almost half of the world’s population,
of which about 90% is consumed in Asia alone. To meet the food demand of the rapidly
growing world population, increasing crop yield through various biotechnologies including
manipulating valuable gene expression proved to be promising [14]. Rice cv. Wuyunjing 7
(WYJ 7) is a japonica variety widely cultivated in China’s Yangtze River Delta. Therefore,
the study on the improvement of yield per plant for the crop has practical value.

In the present study, we investigated the functions of OsPHT1;4 in WYJ 7 on phosphate
uptake efficiency and its potential in yield improvement. We found that the uptake and
mobilization of Pi significantly increased in all tissues of OsPHT1;4-overexpressing plants
tested, and a pivotal role of OsPHT1;4 in the agronomic traits of the cultivar was identified.
The results lay the foundation to crate rice plants that require less P fertilizer without
sacrificing production by genetic engineering.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Rice [Oryza sativa L. ssp. Japonica cv. Wuyunjing 7 (WYJ 7)] was used as the wild-type
and for transformation in this study.

Light-proofed plastic boxes of 7L were used for hydroponic cultivation. Seeds were
surface-sterilized with diluted (1:3, v/v) NaClO4 for 30 min, followed by rinsing with
deionized water for 30 min. They were germinated in the dark at 25 ◦C for 3 days.
Seedlings (10 days old) were transferred to the hydroponic boxes containing IRRI so-
lution (1.25 mM NH4NO3, 1 mM each of CaCl2 and MgSO4, 0.5 mM Na2SiO3, 0.4 mM
K2SO4, 0.2 mM KH2PO4, 20 µM Fe-EDTA, 20 µM H3BO3, 9.0 µM MnCl2, 0.77 µM ZnSO4,
0.39 µM Na2MoO4, and 0.32 µM CuSO4). Each plastic box contains 20 rice seedlings, and
rice seedlings were fixed with a sponge on a foam board covering the plastic boxes. +P
treatment was implemented by following the recipe while −P treatment was carried out by
reducing the KH2PO4 concentration of the recipe to 10 µM. Plants are grown hydroponi-
cally in an artificial greenhouse (16-h light, 30 ◦C/8-h dark, 22 ◦C; 70% relative humidity).
Plant height and root length were measured after the plants had been treated in the solution
for 21 days, and the shoots and roots were collected separately and dried in an oven at
70 ◦C for 1 week for phosphorus content determination. For qRT-PCR experiments, rice
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plants grown for 1 week under different treatments were put into liquid nitrogen before
being stored at −80 ◦C.

For field experiments, seeds were first sterilized with 30% hydrogen peroxide for
30 min and then rinsed thoroughly with deionized water. Transgenic seeds were soaked
in water containing 25 mg/L hygromycin, and wild-type seeds were soaked in water
for 3 days, then the seedlings were sown in the Pailou Experimental Base of Nanjing
Agricultural University for field growth. One month later, seedlings of the wild-type and
OsPT4-Ox lines with the same growth vigor were selected and transplanted in the paddy
fields at the interval of 21 cm between rows and 12 cm between plants. To follow the
normal management, the paddy field was adjusted to contain 120 kg N/ha (urea), 70 kg
P/ha (potassium dihydrogen phosphate), and 260 kg K/ha (potassium chloride). The rice
plants mature after about 130 days of growth. After measuring agronomic traits such as
plant height and tiller number, it was dissected into different parts and moved to a 70 ◦C
oven to dry for a week, and then the samples were prepared to extract total phosphate. For
qRT-PCR experiments, the fresh plant samples were put into liquid nitrogen before being
stored at −80 ◦C after collection from the field.

2.2. RT-PCR and qRT-PCR Analyses

Total RNAs from various tissues of rice cv. WYJ 7 were isolated using the Trizol
reagent (Invitrogen). Reverse Transcription-PCR (RT-PCR) was carried out by using gene-
specific primers for OsPHT1;4 (primers were listed in Supplementary Table S1). The PCR
products were analyzed on an agarose gel (1%, w/v) and images were captured with a
CCD camera. For qRT-PCR, first-strand cDNAs were synthesized from the total RNAs
(HiScript II Q RT SuperMix for qPCR + gDNA wiper, Vazyme, Nanjing, China) according
to the manufacturer’s instructions followed by qRT-PCR (AceQ qPCR SYBR Green Master
Mix, Vazyme on the StepOnePlus™ Real-Time PCR System, Applied Biosystems, Waltham,
MA, USA) according to the manufacturer’s instructions. OsActin1 (LOC_Os03g50885) was
used as an internal control for RT-PCR and qRT-PCR analyses.

2.3. Plasmids Construction and Plant Transformation

The full-length open reading frame (ORF) of OsPHT1;4 was ligated under the control
of a ubiquitin promoter in the pS1a-4 for OsPHT1;4 overexpression (OsPHT1;4-Ox). The
final constructs were transferred into Agrobacterium tumefaciens strain EHA105 by electropo-
ration and subsequently transformed into rice WYJ 7 as described previously [15]. Three
independent OsPHT1;4-Ox transgenic lines were used in this study. A list of primers used
for the cloning is provided in Supplementary Table S2.

2.4. Southern Blot Analysis

The three independent OsPHT1;4-Ox transgenic lines were confirmed by Southern blot
analysis. Genomic DNA (80–100 µg) was digested overnight with BamHI and XhoI at 37 ◦C,
separated by agarose gel (1%, w/v) electrophoresis, and blotted onto a nylon membrane
(Hybond N+, Amersham, UK). The membrane was hybridized with a probe based on the
hygromycin resistance gene fragment presented in the plasmid. The membrane was washed
twice with a solution containing 1×SSC and SDS (0.1%, w/v) for 15 min at 65 ◦C. The signal
on the washed membrane was captured (ScanMaker S260, Microtek, Budapest, Hungary).

2.5. Measurement of Total P Concentrations

Total P concentrations were determined after the plant samples had been dried at 70 ◦C
for 3 days. The dried sample (50 mg) was predigested in glass tubes containing 1 mL of
deionized water and 5 mL of H2SO4 overnight. Afterward, the tubes were heated at 180 ◦C
for 20 min and then at 280 ◦C for 10 min. During the 30 min heating step, 30% hydrogen
peroxide (50 µL) was added slowly every 10 min until the solution turned colorless [8,16].
After cooling to ambient temperature, the digested sample was diluted to 100 mL with
distilled water. The total P concentration in the solution was assayed as described [16].
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2.6. 33P Uptake Assay

Ten-day-old wild-type and OsPHT1;4-Ox seedlings were transferred to +P medium
(200 µM Pi) or −P medium (10 µM Pi) for a further 7 days, then transferred to medium
containing 0.5 mM CaCl2 and 2 mM MES (pH 5.5) for 10 min. Then plants were transferred
to a 300 mL growth medium (as described above) containing 200 kBq of H3

33PO4 and incu-
bated at 28 ◦C for 3 h. After labelling, roots were immersed in ice-cold desorption solution
(0.5 mM CaCl2, 100 µM unlabeled NaH2PO4, 2 mM MES, pH 5.5) for 10 min to remove
the apoplastic 33P. Roots were harvested and digested using HClO4 and H2O2 at 70 ◦C for
2 h to 3 h with intermittent shaking until the solution was colorless. Following digestion,
1 mL TritonX-100 and 3 mL scintillation cocktail (Ultima Gold; Perkin-Elmer, Waltham, MA,
USA) was added to the digested material and incubated for 24 h. 33P radioactivity was
determined by liquid scintillation counting (Tri-Carb 2100, Packard, Detroit, MI, USA). The
sum of the 33P cpm in the root and shoot portion of each plant was divided by the mass of
the root to obtain the specific uptake of 33P over the incubation period.

2.7. Statistical Analysis

Data were collected from two or three independent biological experiments and an-
alyzed for significant differences (SPSS Statistics 20, IBM, Armonk, NY, USA). Duncan’s
multiple range test at p < 0.05 was carried out for all experiments to determine the signifi-
cance of differences between the control and treatment plants.

3. Results
3.1. OsPHT1;4 Is Responsive to Pi Starvation and Is Abundantly Expressed in the Collar and Leaf
Sheath of Rice cv WYJ 7

To determine the transcriptional expression of OsPHT1;4 in response to Pi starvation
and in different tissues of rice cv. WYJ 7, quantitative real-time PCR (qRT-PCR) analysis
was employed (Figure 1). The transcript level of OsPHT1;4 was higher in the root compared
with the leaf blade under Pi-sufficient (+P) and -deficient (−P) conditions. Moreover,
the expression of OsPHT1;4 was significantly upregulated in response to Pi starvation in
both root and leaf blade (Figure 1A). Previous studies have shown that the expression of
OsPHT1;4 was high in spikes [17], but we found different results in WYJ7. In the field
growth conditions, the expression of this gene was highest in leaves and lowest in spike
at the heading stage (Figure 1B), and OsPHT1;4 was expressed significantly higher in leaf
collar and leaf sheath compared to leaf blade at the mature stage (Figure 1C).
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root length of the OsPHT1;4-Ox lines was about 11.75% longer than that of the wild-type 
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the Pi-sufficient condition (Figure 2A,B). Overexpression of OsPHT1;4 resulted in a 7–
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lines under both Pi-sufficient and Pi-deficient conditions by hydroponic cultivation. 

Figure 1. Relative transcript levels of OsPHT1;4 in rice cv. WYJ 7. The seedlings (3 days old) were
grown hydroponically (A) and in pot soil (B,C) for 13 and 20 weeks. Different tissues were harvested
and qRT-PCR analysis was carried out to determine the relative transcript levels of OsPHT1;4.
OsActin1 was used as an internal control. Values are means ± SE (n = 3). Different letters above the
bars indicate significant differences (p < 0.05, one-way ANOVA).
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3.2. Overexpression of OsPHT1;4 Promotes the Rice Growth under Both Pi-Sufficient and
Pi-Deficient Conditions

We created OsPHT1;4-overexpressing transgenic lines based on WYJ 7, hereafter
referred to as OsPHT1;4-Ox lines, to test the gene’s effect on plant performance. According
to the results of RT-PCR, qRT-PCR, and Southern blot analysis (Supplementary Figure S1),
we selected three independent homozygous OsPHT1;4-Ox lines, named Ox1, Ox2, and Ox3,
for further study.

Wild-type and OsPHT1;4-Ox plants were grown in hydroponic culture and treated
under Pi-sufficient (200 µM) and Pi-deficient (10 µM) conditions for 3 weeks. The primary
root length of the OsPHT1;4-Ox lines was about 11.75% longer than that of the wild-type
plants under the Pi-deficient condition, but no significant difference was observed under
the Pi-sufficient condition (Figure 2A,B). Overexpression of OsPHT1;4 resulted in a 7–12.6%
increase in the shoot and root biomass independent of Pi supply conditions (Figure 2B–D).
As a result, overexpression of OsPHT1;4 in WYJ 7 promoted the growth of the Ox lines
under both Pi-sufficient and Pi-deficient conditions by hydroponic cultivation.
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efficiency of the OsPHT1;4-overexpressing plants was 23% higher than that of the wild-
type plants under the Pi-deficient conditions, although the concentrations were compara-
ble between them under Pi-sufficiency (Figure 3C). We also calculated the root/shoot ratio 
of total P under different conditions, and the results showed that the overexpression tis-
sues under the −P condition were significantly lower than that of the wild-type (Figure 
3D). Based on these results, we conclude that overexpression of OsPHT1;4 in WYJ 7 pro-
moted the transport of P from roots to shoots and enhanced P uptake efficiency under Pi-
deficient conditions. 

Figure 2. Overexpression of OsPHT1;4 promotes rice vegetative growth. WT and OsPHT1;4-Ox lines
(Ox1–Ox3) were grown hydroponically in (A) +P and −P media for 3 weeks. (A) Morphological
comparison of WT and Ox1–Ox3 plants grown under +Pi and −Pi regimes. Comparisons of primary
root length (B), shoot biomass (C), and root biomass (D) of the Ox plants and WT control. DW: Dry
weight. Values are means ± SE (n = 5). Different letters above the bars indicate significant differences
(p < 0.05, one-way ANOVA).
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3.3. Overexpression of OsPHT1;4 Increases Pi Uptake and Translocation Efficiency under the
Hydroponic Condition

To determine the effect of overexpressing OsPHT1;4 on the maintenance of Pi status,
we measured the total P concentration and content in shoots and roots of OsPHT1;4-Ox
plants under both Pi-sufficient and Pi-deficient conditions. The total P contents in roots
of OsPHT1;4-Ox plants were comparable to that of WT under both +P and −P. However,
the OsPHT1;4-Ox plants had 3.37% and 42% higher total P content in shoots than the
control under +P and −P, respectively (Figure 3A,B). The P uptake efficiency was calculated
according to the modified method of the reference [18]. As shown in Figure 3C, the
P uptake efficiency of the OsPHT1;4-overexpressing plants was 23% higher than that
of the wild-type plants under the Pi-deficient conditions, although the concentrations
were comparable between them under Pi-sufficiency (Figure 3C). We also calculated the
root/shoot ratio of total P under different conditions, and the results showed that the
overexpression tissues under the −P condition were significantly lower than that of the
wild-type (Figure 3D). Based on these results, we conclude that overexpression of OsPHT1;4
in WYJ 7 promoted the transport of P from roots to shoots and enhanced P uptake efficiency
under Pi-deficient conditions.
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uptake assays were performed using isotope 33Pi. The results showed that overexpression 
of the gene led to a significant increase of Pi uptake in roots under both Pi-sufficient and 
-deficient conditions. The 33Pi uptake by roots of OsPHT1;4-Ox plants was 25–50% higher 
than that of the wild-type plants under Pi-sufficient conditions (Figure 4). Similarly, under 
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15–35% higher compared with the wild-type plants (Figure 4). 33Pi isotope experiment re-
sults further verified the roles of OsPHT1;4 in the uptake of Pi in roots. 

Figure 3. Overexpression of OsPHT1;4 elevated total P concentration in Pi-deprived shoot. WT and
Ox1–Ox3 seedlings (10-d-old) were grown hydroponically in +P and −P media for 3 weeks. Tissues
were harvested and assayed for their total P concentrations. Comparisions of total P content of
shoot (A), total P content of root (B), P uptake efficiency (C) and (D) root/shoot ratio of total P of WT
and Ox1–Ox3 plants grown under +Pi and −Pi regimes. Values are means ± SE (n = 5). Different
letters above the bars indicate significant differences (p < 0.05, one-way ANOVA).

To further determine the contribution of overexpression of OsPHT1;4 in WYJ 7, Pi
uptake assays were performed using isotope 33Pi. The results showed that overexpression
of the gene led to a significant increase of Pi uptake in roots under both Pi-sufficient and
-deficient conditions. The 33Pi uptake by roots of OsPHT1;4-Ox plants was 25–50% higher
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than that of the wild-type plants under Pi-sufficient conditions (Figure 4). Similarly, under
Pi-deficient condition, 33P uptake by roots of OsPHT1;4-Ox transgenic plants was about
15–35% higher compared with the wild-type plants (Figure 4). 33Pi isotope experiment
results further verified the roles of OsPHT1;4 in the uptake of Pi in roots.
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3.4. Overexpression of OsPHT1;4 Enhances Translocation of P under Field Condition 
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Figure 4. Overexpression of OsPHT1;4 increases 33Pi uptake rate. WT and Ox1–Ox3 seedlings
(10 days old) were grown hydroponically in +P and −P media for 1 week and then transferred to
the respective media containing 33Pi to incubate for 3 h. Roots were harvested to determine the 33Pi
uptake. Values are means ± SE (n = 5). Different letters above the bars indicate significant differences
(p < 0.05, one-way ANOVA). FW: Fresh weight.

The expression of OsPHT1 family genes is a diversely regulated process, we thus
examined the expression of other well-characterized OsPHT1 family genes in the OsPHT1;4-
overexpressing lines. The results showed that most genes did not change their expressions
significantly in the lines, and only the expression of OsPHT1;10 was significantly inhibited
(Figure 5). This result shows that the overexpression of OsPHT1;4 inhibits the expression
of some other OsPHT1 family genes under phosphorus-sufficient conditions, which is
consistent with the previous investigation reported by Ye et al. [19].
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Figure 5. Expression of other OsPHT1 family genes (OsPHT1;2, OsPHT1;6, OsPHT1;8, and OsPHT1;10)
in the OsPHT1;4-Ox lines. WT and Ox1–Ox3 seedlings (10-d-old) were grown hydroponically in
the +P media for 1 week. Values are means ± SE (n = 3). Different letters above the bars indicate
significant differences (p < 0.05, one-way ANOVA).
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3.4. Overexpression of OsPHT1;4 Enhances Translocation of P under Field Condition

To assess the impact of OsPHT1;4 overexpression on Pi uptake and translocation
during the entire rice growth cycle, we performed experiments on wild-type and OsPHT1;4-
Ox plants grown in the paddy soil containing 25.25 mg kg−1 Pi. The total P concentrations
in various tissues dissected from mature plants under the field were measured. They
were significantly higher in all tissues of OsPHT1;4-Ox plants as compared to WT plants
(Figure 6). The culm and leaf sheath from mature OsPHT1;4-Ox plants had 18% and 15%
higher P concentrations, respectively, than those from the wild-type plants (Figure 6).
Therefore, overexpression of OsPHT1;4 in WYJ 7 significantly enhanced the accumulation
of P in vegetative organs of the transgenic plants. Compared with that of the wild-type
plants, the total P concentrations were higher in the panicle axis by 53%, in the unfilled rice
hull by 58%, in the rice hull by 21%, and in brown rice by 14% (Figure 6), respectively. These
results indicate that overexpression of OsPHT1;4 was also effective in the accumulation of
P in rice reproductive organs.
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Figure 6. Overexpression of OsPHT1;4 elevates total P concentration. WT and Ox1–Ox3 seedlings
(10 days old) were grown to maturity in the field for 20 weeks. Various tissues indicated on the
panel were harvested and the total P concentration was determined. Values are means ± SE (n = 5).
Different letters above the bars indicate significant differences (p < 0.05, one-way ANOVA).

3.5. Enhanced Pi Utilization in OsPHT1;4-Ox Lines Promotes Grain Yield and Agronomic Traits
of Rice cv. WYJ7 under Field Growth Conditions

The three OsPHT1;4-Ox lines were used for a field experiment in Nanjing, China,
over three consecutive years. It was found that the grain density of each panicle of the
OsPHT1;4-Ox plants was slightly bigger than those of the wild-type plants (Figure 7A). The
grain yield per plant and 1000-grain weight of the OsPHT1;4-Ox plants were 5% and 7%
greater than those of the wild-type, respectively (Figure 7B,C). However, the seed setting
rate of the OsPHT1;4-Ox plants was not significantly different from that of the wild-type
plants (Figure 7B). These results may be caused by the accumulation and translocation
of P in the vegetative organs and its subsequent translocation to the reproductive organs.
Since the grain yield per plant and 1000-grain weight of the OsPHT1;4-Ox plants increased
without increasing the seed setting rate of the plants, the length and width of the wild-type
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and OsPHT1;4-Ox plant seeds were measured. As shown in Figure 7, the seeds from the
OsPHT1;4-Ox plants were bigger, by 6% longer and 3% wider, than those from wild-type
plants (Figure 7E–H). Taken together, the overexpression of OsPHT1;4 promotes agronomic
traits of rice under field growth conditions.
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Figure 7. Overexpression of OsPHT1;4 accentuates yield performance of WYJ 7. WT and Ox1–Ox3
plants were grown in the field as described in the legend of Figure 6. Photographs of material from
the WT and Ox1 plants show the phenotypes of panicle (A), grain length (E), and grain width (F).
Data are presented for grain yield per plant (B), percent seed setting rate (C), 1000-grain weight (D),
grain length (G), and grain width (H). Values are means ± SE (n = 5). Different letters above the bars
indicate significant differences (p < 0.05, one-way ANOVA).

4. Discussion
4.1. Overexpression of OsPHT1;4 Promotes the Growth and Grain Yield per Plant

The overexpression of OsPHT1;4 in WYJ 7 promoted growth in the seedling stage.
Both the shoot and root biomass of OsPHT1;4-Ox lines were greater than those of the wild
type under both Pi-sufficient and Pi-deficient conditions. Moreover, under Pi-deficiency,
the primary root length of the OsPHT1;4-Ox lines was longer than that of the wild-type
plants. In previous work, OsPht1;1-Ox lines developed much longer and more dense root
hairs, which led to an increase in Pi accumulation under P-replete conditions [8]. The over-
expression of low-affinity phosphate transporter OsPht1;2 in rice enhanced the absorption
and translocation of P from roots to shoots, but with yellow leaves and short plants [20]. Al-
though OsPht1;8-Ox lines improved the accumulation of P in plants, it hindered the growth
of rice as the plant became shorter and displayed Pi toxicity symptoms [9]. The biomass
of OsPht1;3 overexpression lines was significantly decreased under both Pi-sufficient and
-deficient conditions, and Pi toxicity symptoms could be observed under Pi-sufficiency [11].
We previously investigated the functions OsPht1;6 in WYJ 7, the same rice cv. as we used
in the present study, and found that the overexpression of OsPht1;6 improved the absorp-
tion and utilization of P in plants. It also promoted the growth and development of the
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overexpression of plants [17]. In comparison with OsPht1;6, OsPHT1;4 in WYJ 7 acts more
effectively on the agronomic traits, such as grain size and yield per plant (Figure 7).

Improving rice grain yield is an important goal of agricultural production, as it is
critical to ensure food security for nearly half of the world’s population that are dependent
on rice as a staple food. Our previous work demonstrated that the overexpression of
OsPht1;6 improved agronomic traits in rice WYJ 7, the main rice cultivar grown in China’s
Yangtze River Delta [17], by increasing the effective tiller number, grain weight per panicle,
and grain yield per plant compared with the wild-type. In this study, our data showed
that the overexpression of OsPHT1;4 increases the 1000-grain weight and grain yield per
plant compared with the wild-type of rice WYJ 7 (Figure 7B,C). These results indicate that
both the overexpression of OsPHT1;4 and OsPht1;6 in rice WYJ 7 promote the growth of the
plants and the grain yield, but the mechanisms of the gene’s effects are different.

4.2. OsPHT1;4 Is Responsive to Pi Deficiency in WYJ 7 and Promotes P Uptake and Transport
under Pi Deficiency

The transcript level of OsPHT1;4 was higher in the roots than in the leaf blades of
WYJ 7 under various Pi regimes (Figure 1A), and the transcript levels of OsPHT1;4 were
significantly upregulated by Pi starvation in both the roots and leaf blades (Figure 1A).
We previously reported that the transcript level of OsPHT1;4 was also higher in the root
than in the leaf blade in rice cv. Nipponbare under Pi-sufficient (+P) and -deficient (−P)
conditions [13]. However, the expression of OsPHT1;4 was comparable in the roots under
+P and −P conditions although the transcript level of OsPHT1;4 was moderately induced
by −P conditions in leaf blades [13]. These results show that their expression patterns of
OsPHT1;4 in rice cv. WYJ 7 and cv. Nipponbare are different.

The P concentrations of OsPHT1;4-overexpressing plants in rice cv. Nipponbare and
OsPht1;6-overexpressing plants in rice cv. WYJ 7 are much higher than wild-type in both
shoots and roots under Pi-sufficient (+P) and Pi-deficient (−P) conditions [13,17]. In the
present work, the total P contents of OsPHT1;4-Ox plants in the shoots were significantly
higher than that of the wild-type rice under the Pi-deficient conditions, while the total P
contents in the roots were comparable to that of the wild type (Figure 3A,B,D). These data
indicate that the overexpression of OsPHT1;4 in WYJ 7 promotes the transport of P from
roots to shoots, especially under Pi-deficient conditions. In addition, the P uptake efficiency
of OsPHT1;4-overexpressing plants in WYJ 7 was significantly improved compared with
the wide-type under Pi-deficient conditions (Figure 3C). The ratio of total P concentration
in young leaves to that in old leaves of OsPht1;6-Ox plants was significantly higher than
that of the wild-type plants under the two different Pi levels (40 and 80 mg fertilizer Pi
kg−1 soil) tested in WYJ 7 [13]. These results indicate that both members in the rice PHT1
family can facilitate the uptake, translocation, and remobilization of Pi in rice [7,13,17].
Hopefully, the overexpression of OsPHT1;4 in WYJ 7 is capable of maintaining normal
growth in low-P soil or in the soil with less Pi fertilizer applied, which is one of the foci of
agricultural production and environmental protection.

4.3. Overexpression of OsPHT1;4 Promotes Grain Yield Partly through Increasing Grain Size

Grain size is one of the key factors determining grain yield in crops [21,22]. However,
the underlying molecular mechanism is largely unclear. OsMAPK6, a mitogen-activated
protein kinase, influences rice grain size by influencing cell proliferation and reducing
endogenous brassinosteroid levels of rice [23]. Similarly, mitogen-activated protein kinase
4 is a factor capable of affecting the grain size of rice [24]. In this study, we showed that
OsPHT1;4-Ox plants increase the 1000-grain weight and grain yield per plant compared
with wild-type WYJ 7 (Figure 7B,C). Furthermore, the lengths and widths of OsPHT1;4-Ox
plants seeds increased significantly compared with the wild-type plants (Figure 7E–H). In
our previous work in rice cv. Nipponbare, there were significant increases in 1000-grain
weight and grain yield per plant in OsPHT1;4-Ox1 and -Ox2 compared with the WT [13].
A detailed investigation exhibited the genetic evidence for the role of OsPHT1;4 during
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embryogenesis, and the embryo surface areas of Ox1 and Ox2 were 9–14% larger than that
of the WT control [13]. These results provide a possible explanation for the increases of
length and width of the grains in the OsPHT1;4-Ox plants (Figure 7), and OsPHT1;4 may
exert influence on the embryogenesis and seed development in rice cv. WYJ 7. Alternatively,
the increase in grain size is the consequence of the enhanced uptake, translocation, and
accumulation of P in above-ground parts of plants via the overexpression of OsPHT1;4 in
WYJ 7. In addition, OsPht1;8, another member of the rice PHIT1 family, demonstrated its
effect on the allocation of Pi between the embryo and the endosperm [25]. This raised the
possibility that a connection may exist between OsPHT1;4 and OsPht1;8 during embryogen-
esis and seed development, which is an interesting and important topic that deserves more
detailed investigations.

The ultimate goal of agricultural research is to nurture more people with limited
arable land on earth. How to improve yield per unit is critical to achieving the goal. Tradi-
tionally, different crop cultivars provide many valuable solutions for yield improvement.
In rice, many cultivars including WYJ 7 show much better performance in agronomic
traits than Nipponbare. This suggests that these practically used rice cultivars have their
unique advantages in agriculture. In this study, our investigation shows that overexpres-
sion of OsPHT1;4 in WYJ 7 increases phosphate utilization efficiency and improves the
agronomic traits of the cultivar. It implies that the future improvement of rice yield by
manipulating critical gene expression in optimized cultivar is still a feasible method in
practical application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12061332/s1, Figure S1: Identification of OsPHT1;4
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quantitative real-time PCR analysis. Table S2. Primers used for vector construction.
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Abstract: Selenium (Se) is essential for the basic functions of life, but the low daily intake of Se urges
us to find reliable ways to increase food Se content. Plant-growth-promoting bacteria (PGPB) have
shown potential in enhancing plant growth and Se accumulation. In this study, the soils collected from
a Se tailing were used to isolate Se-tolerant PGPB. The results showed that a total of three strains were
identified. Strain LWS1, belonging to Priestia sp., grew well in M9 medium and exhibited typical PGP
characteristics by an IAA-production ability of 24.3 ± 1.37 mg·L−1, siderophore-production ability of
0.23± 0.04 and phosphate-solubilizing ability of 87.5± 0.21 mg·L−1. Moreover, LWS1 strain tolerated
selenite (SeIV) up to 90 mM by a LC50 of 270.4 mg·L–1. Further investigations demonstrated that the
inoculation of strain LWS1 resulted in up to 19% higher biomass and 75% higher Se concentration in
rice (Oryza sativa L.) than uninoculated treatments. Our study has provided evidence that microbial
Se biofortification through inoculating with Priestia sp. strain LWS1 is an alternative way to improve
Se uptake in crops and maintain human health.

Keywords: plant-growth-promoting bacteria; selenium; Oryza sativa; Priestia sp. LWS1; microbial bio-
fortification

1. Introduction

Selenium (Se) is a naturally occurring metalloid with a low concentration and uneven
distribution in the earth’s crust. A typical concentration of soil Se ranges from 0.01 to
2 mg·kg−1, with an average of 0.4 mg·kg−1 [1]. Se was considered a harmful element
to human beings and animals for a long time after its discovery in 1817 [2]. The turning
point came through the recognition of Se’s role in preventing muscular dystrophy and
liver cirrhosis in rats in 1957 [3]. We now know that the two-sided properties of Se are
dependent on its intake content, and both deficiency and excessive intake are harmful to
humans and animals [3]. Se deficiency has been linked to a range of health symptoms
and diseases, including infertility in both men and women, miscarriage, cardiovascular
disease, Keshan and Kashin–Beck disease, leukomyopathy, reduced immune function and
an increased risk of various cancers [4–6]. Notably, excess Se intake can lead to hair loss and
nervous system damage [7]. The recommended dietary allowance and tolerable upper limit
of Se intake for an adult is 40 µg·day−1 and 400 µg·day−1, respectively [8]. The German,
Austrian and Swiss nutrition societies have revised the reference values for the intake
of Se for men by 70 µg·day−1 and for women by 60 µg·day−1 [9]. Dietary Se speciation,
including seleno-aminoacids, selenocysteine, and selenomethionine, all contribute to health
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improvement, probably due to the catalytic role of Se in several selenoproteins such
as glutathione peroxidase, thioredoxin reductase, and iodothyronine-deiodinases [3,10].
Hence, increasing food Se content is a desirable way to increase Se intake and overcome
the Se-deficiency problems.

Se source foods include organ meats and seafood, muscle meats, cereal and grains,
agricultural crops, milk and dairy products, and fruits and vegetables [10]. Among which,
rice (Oryza sativa L.) is a staple food that sustains half of the world’s population [11], which
can be an important source when increasing Se intake. Based on a daily rice consumption of
300 g·day−1, however, Williams et al. [12] revealed that 75% of the world’s rice is not enough
to provide 70% of the human body’s Se needs. Se biofortification is considered to be a safe
and effective method of increasing Se content in edible parts of crops, and thus increasing
Se intake in the human body [13]. At present, Se biofortification in plants can be achieved
by soaking seeds in Se solution, increasing soil Se concentration, foliar spray and other
auxiliary methods, such as crop breeding and transgenic technology [5,14,15]. Although the
application of exogenous Se can increase plant Se content, studies have shown that a high
concentration of Se can inhibit plant growth. For example, when exposed to ≥5 mg·kg−1

Se, both the dry biomass and the antioxidant capacity of rice decreased [16]. Another
study focusing on non-accumulator ryegrass also observed a negative relationship between
solution Se and plant biomass [17]. Therefore, it is difficult to meet the requirements of
biofortification with only the addition of exogenous Se.

Plant-growth-promoting bacteria (PGPB) are well-known microorganisms inhabiting
the rhizosphere of plants, which can influence nutrient behaviors and plant growth via
direct or indirect activities [18,19]. While biological nitrogen fixation, phosphate solubi-
lization and phytohormone production, including indole-3-acetic acid (IAA), cytokinins
and gibberellins contribute directly to plant growth, siderophore production, chitinase
and glucanase production, antibiotic production, induced systematic resistance and the
production of 1-aminocyclopropane-1-carboxylic acid deaminase are also important func-
tions that regulate plant growth [19]. Of these, IAA production, siderophore production
and phosphate solubilization are three indicators used to evaluate the PGP characteristics
of PGPB [20]. Besides their roles in enhancing plant growth, PGPBs have also exhibited
considerable effects regarding the remediation of organic- and heavy metal-contaminated
soils [21,22]. For example, a recent study from Eze et al. [18] showed that the bioaugmen-
tation with PGPB not only increased Medicago sativa biomass by 66%, but also resulted in
a 91% removal of diesel hydrocarbons by an initial concentration of 4.59 mg·kg−1. The
attractive applications of PGPB in promoting plant growth and heavy metal removal have
also been widely documented [23,24].

As potential enhancers for Se biofortification, PGPBs have shown important bene-
fits for Se uptake and accumulation in plants [25,26]. Among reported PGPBs, Bacillus
spp. show great ability to enhance crop growth and Se accumulation. For example, by
inoculating with Bacillus sp. YAM2, Yasin et al. [27] reported a promising Se biofortifi-
cation strategy for wheat and potentially other crops. Given the wide use of arbuscular
mycorrhizal fungi (AMF) in agricultural activities, co-inoculation of AMF with Bacillus sp.
E5 also increased the Se content, chlorophyll and antioxidant enzyme content and plant
biomass of lettuce [28]. Although Se is not an essential element for plants, it can benefit
their growth [5,29]. As such, microbial Se fortification is a promising green way to elevate
rice Se accumulation.

In the present study, we isolated a new Se-tolerant bacterial strain and evaluated its
potential roles in promoting rice growth and Se accumulation. The full objectives were
(1) identify the Se-tolerant ability of the newly isolated bacterial strain LWS1, (2) test the
PGP characteristics of strain LWS1 and (3) evaluate the potential roles of strain LWS1 in
plant growth and Se accumulation in rice. We believe that the results have provided a new
bioresource, with potential use in promoting plant growth and Se accumulation in rice.
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2. Materials and Methods
2.1. Microbial Screening and Identification

The soil used for bacterial isolation was collected from a Se-mine in Longyan, Fujian,
China. Half of the collected soil was stored at −80 ◦C for 12 h and freeze-dried for 48 h
till a balance weight was reached (Labconco FreeZone 6 plus, Kansas City, MI, USA). The
soils were ground and sieved to <2 mm, and finally digested using the USEPA method
3050B [30]. The concentrations of typical heavy metal(loid)s were (mg·kg−1): 9.38 ± 0.17
(Se), 12.1 ± 0.21 (arsenic, As), 0.46 ± 0.06 (cadmium, Cd), 24.1 ± 0.53 (lead, Pb), 69.4 ± 1.39
(zinc, Zn) and 21.8 ± 2.16 (copper, Cu).

To isolate Se-tolerant bacteria, about 0.5 g of fresh soil was washed thrice with sterile
phosphate-buffered solution (PBS, prepared by 19 mL 0.2 M NaH2PO4 and 81 mL 0.2 M
Na2HPO4, pH 7.4) [31], followed by incubation in Luria–Bartani (LB) medium spiked with
100 mg·L−1 selenite (SeIV, Na2SeO3). The incubation conditions were 30 ◦C and 150 rpm
for 12 h. The bacterial suspension was sub-cultured 3–5 times in a new medium to enrich
the Se-tolerant bacteria. After a continuous gradient dilution, 50 µL of the established
suspensions was spread on LB agar medium spiked with 100 mg·L−1 SeIV and incubated
in an incubator at 30 ◦C until apparent colonies occurred. Each colony with a different
morphology was picked out and re-incubated in LB and LB agar medium to obtain pure
isolates. The suspension of each isolate was finally mixed with an equivalent volume of
50% glycerol and stored at −80 ◦C before further identification.

All isolates were re-incubated in LB medium at 30 ◦C and 150 rpm for 12 h. Aliquots of
enriched suspensions were used to extract bacterial total DNA using a FastDNA® SPIN Kit
for Soil (MP Biomedicals, LLC, 9 Goddard Irvine, CA, USA) according to the manufacturer’s
instructions [30]. In our study, the 16S rRNA gene for each isolate was amplified by
PCR with the universal primers 5′-AGAGTTTGATCCTGGCTCAG-3′ (BACT27F) and
5′-ACGGCTACCTTGTTACGACTT-3′ (PROK1492R) on a T100 Thermocycler (Bio-Rad,
1000 Alfred Nobel Drive Hercules, CA, USA). The PCR mixtures consisted of 12.5 µL of
2 ×Mix (Yifeixue Biotechnology, Nanjing, China), 1.5 µL of 10 µM mixed primer pair,
10 µL of PCR degrade water and 1 µL of DNA template with a normalized concentration of
50 ng·µL−1. The PCR programs included pre-denaturation (5 min at 94 ◦C), denaturation
(35 s at 94 ◦C), annealing (30 s at 55 ◦C) and extension (1.5 min at 72 ◦C). The PCR cycles
were 35 with a final extension at 72 ◦C for 10 min. Following an electrophoresis verification
by 2% agarose gel, the PCR products were purified and sequenced by Allwegene Tech.
(Beijing, China). The obtained sequences were analyzed by BLAST similarity search against
the known sequences in NCBI database. Finally, the phylogenetic tree of 16S rRNA gene
was constructed by MEGA 5.0 using the Neighbor-Joining algorithm. The nucleotide
sequence of 16S rRNA gene of strain LWS1 was deposited in GenBank with the accession
number of ON377339.

2.2. Analysis of Se Tolerance

To test Se tolerance, strain LWS1 was first incubated in LB medium at 30 ◦C and 150
rpm for 12 h. The established bacterial suspensions were centrifuged at 5000× g for 5 min
to obtain biomass, which was then washed three times with PBS spiked with 0.9% NaCl.
In our study, the Se-tolerant experiment was performed in M9 medium due to its clear
components and lower interference in metabolism inside bacterial cells compared to LB
medium. More details about M9 medium are available from Jouanneau et al. [32]. In brief,
aliquots of the established bacterial suspensions were transferred to M9 medium to make
the final OD600 of 0.01. The concentrations of solution SeIV were 0, 7.5, 15, 37.5, 75, 150,
375, 750, 1500, 3750 and 7500 mg·L−1. After 24 h of incubation, the OD600 of strain LWS1
was recorded to evaluate bacterial growth. To obtain a further evaluation of Se tolerance
in strain LWS1, a nonlinear fitting based on the logistic model by using OriginPro 2021
(OriginLab Corporation, Northampton, MA, USA) was also performed. As a result, the
median lethal dose (LC50) of Se to bacterial strain was obtained.
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2.3. Characterization of PGP Traits

The abilities of IAA biosynthesis, siderophore biosynthesis and phosphate solubiliza-
tion can be regarded as typical indicators for PGP characteristics [20]. To evaluate the
potential roles of strain LWS1 in regulating rice growth, the above-mentioned indexes
were fully determined. Before characterization, the strain was incubated in LB medium at
30 ◦C and 150 rpm for 12 h. The biomass was collected by centrifugation at 5000× g for
5 min and re-suspended in sterile Milli-Q water to a uniform OD600 value. Aliquots of the
resuspensions were transferred to following media for the analysis of PGP traits. The treat-
ments without bacterial inoculation and with the inoculation of PGP strain Pseudomonas sp.
PVR02 [33] were set as negative and positive controls, respectively.

To characterize the IAA biosynthesis ability of strain LWS1, 0.2 mL diluted suspension
with OD600 = 1.5 was added into 20 mL sucrose minimal salts (SMS) medium [34]. The
components of SMS medium include 10 g·L−1 sucrose, 2 g·L−1 K2HP4, 1 g·L−1 (NH4)2SO4,
0.5 g·L−1 MgSO4, 0.5 g·L−1 yeast extract, 0.5 g·L−1 CaCO3, 0.1 g·L−1 NaCl and 0.5 g·L−1

L-tryptophan (pH = 7.2). The strain was incubated at 30 ◦C and 150 rpm for 4 d, followed
by centrifugation at 8000× g for 15 min. Finally, 1 mL of the supernatant was mixed with
2 mL Salkowski reagent consisting of 50 mL 35% HClO4 and 1 mL 0.5 M FeCl3. Following
a stationary reaction for 40 min in the dark at room temperature, a pink color developed in
the supernatant suspensions [34]. The absorbance of pink color was read at 530 nm. The
IAA concentration was determined using a calibration curve of pure IAA as a standard
following the linear regression analysis [23].

According to Schwyn and Neilands [35], the chrome azurol-S (CAS) analytical method
was used to identify siderophore production ability. In briefy 0.2 mL bacterial suspension
with OD600 = 1.5 was incubated in modified sucrose-aspartic acid medium, which contains
20 g·L−1 sucrose, 2 g·L−1 aspartic acid, 1 g·L−1 K2HP4 and 0.5 g·L−1 MgSO4·7H2O with
a pH of 7.0. The strain was incubated at 30 ◦C and 150 rpm for 2 d and centrifugated at
8000× g for 15 min. The supernatant was mixed with 1 mL CAS solution. A uninoculated
medium was used as a blank control. After 3 h incubation in the dark at room temperature,
the OD630 was measured and the siderophore production capacity was calculated as sample
OD630/control OD630 (λ/λ0).

Regarding phosphate-solubilizing ability, the strain was incubated in National Botani-
cal Research Institute’s phosphate (NBRIP) growth medium [36]. The medium was com-
posed of 5 g·L−1 glucose, 5 g·L−1 MgCl2·6H2O, 0.25 g·L−1 MgSO4·7H2O, 0.2 g·L−1 KCl,
0.1 g·L−1 (NH4)2SO4 and 5 g·L−1 Ca3(PO4)2 with a total volume of 20 mL and a pH of
7.0 ± 0.2. After an incubation at 30 ◦C and 150 rpm for 8 d, the suspensions were cen-
trifuged at 8000× g for 15 min. The soluble phosphate was determined by the modified
molybdenum blue method at 880 nm. In brief, 5 mL of the supernatants was collected and
mixed with 0.5 mL of 10% (m/v) ascorbic acid and incubated for 30 s. A total of 1 mL of
color developing agent (45 mL of 14% (m/v) ammonium molybdate solution + 5 mL of 3%
(m/v) antimony potassium tartrate solution + 200 mL of 6 mol·L−1 H2SO4) was then added
into the mixture and incubated for 15 min. Finally, the soluble phosphate concentration in
the samples was calculated using a standard curve of pure phosphate solution following
the linear regression analysis [37].

2.4. Evaluation of the Effects of Strain LWS1 on Plant Growth and Se Accumulation in Rice

Agricultural topsoil (0–15 cm) was collected from Fuzhou, China. The soils were
air-dried and sieved to <2 mm before use. Different concentrations of SeIV-contaminated
soils (0, 0.125, 0.175, 0.425, 3 and 6 mg·kg−1 of soil) were prepared by spiking 2.5 kg of
soils with appropriate amounts of Na2SeO3. According to Eze et al. [38,39], the spiked soils
were first mixed manually by hand wearing gloves, then thoroughly mixed using an IBC
portable electric mixer (IBC H003). The mixing was performed for 15 min with a break and
manual shaking after every 5 min to achieve complete homogeneity [39]. The homogenized
soils were then aged for one month to make the soil system stable [40]. In brief, the soils
were brought to 50% water-holding capacity and stored in a dark room to mimic the field
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drying–wetting cycles. Moreover, the plastic bags used to hold soils were partially opened
for aeration.

The rice seeds of cultivar Yiyou 673 were soaked in sterile Milli-Q water for 1 h and
disinfected by 75% ethanol for 30 s and 30% NaClO for 30 min. The absorbed chemical
agents were removed following a thorough wash by sterile Milli-Q water. All seeds
were geminated in a greenhouse under a light photoperiod of 16 h, a light density of
350 µmol·m−1·s−1, mean temperature of 25 ◦C and relative humidity of 70%, according to
Xu et al. [41]. Rice plants with 2–3 leaves, of ~5 cm in height, were transferred to the aged
soils in plastic pots, which contained 2.5 kg soils with a water depth of 3 cm. Before the
experiment, strain LWS1 was activated in LB medium at 30 ◦C, 150 rpm for 12 h. Following
centrifugation at 5000× g for 5 min, the obtained biomass was washed three times by sterile
PBS and finally resuspended in sterile Milli-Q water to a uniform concentration. In each
pot, 10 mL of bacterial suspension (1.2 × 107 cfu·mL−1) was added each month to the root
base of rice plant. A treatment without bacterial inoculation was also set as control. The
rice plants were grown in a greenhouse with the same conditions as described before.

After 4 months of growth, all rice plants were harvested and divided into root, husk,
leaf and grain. The plant biomass was weighed and recorded. All plant tissues were freeze-
dried for 48 h and digested according to USEPA method 3050B [30]. After centrifuging at
8000× g for 15 min, the supernatant was filtered by a 0.45 µm filter and diluted as required.
In our study, the Se concentration was determined by graphite furnace atomic absorption
spectroscopy (GFAAS). The instrument parameters used in the determination of Se were a
wavelength of 196.0 nm, lamp current of 15 mA, slit width of 0.2 nm and sample volume of
20 µL, while the graphite furnace program for Se determination included 4 steps: drying at
120 ◦C for a ramp time of 55 s and hold time of 5 s, pyrolysis at 1400 ◦C for a ramp time
of 10 s and hold time of 6 s, atomization at 2400 ◦C for a ramp time of 0 s and hold time
of 2 s, and cleaning at 2700 ◦C for a ramp time of 1 s and hold time of 2 s [42]. Se stock
solution (1000 µg·mL−1) purchased from the National Center for Standard Substances
(Beijing, China) was diluted as necessary to establish the reference curve.

2.5. Statistical Analyses

All the experiments were conducted in four replicates. The data are presented as the
mean value with standard error. Significant differences were determined according to
two-way analysis of variance (ANOVA) by Tukey’s multiple comparisons test at p ≤ 0.05
using GraphPad Prism (Release 6.0, La Jolla, CA, USA).

3. Results and Discussion
3.1. Three Se-Tolerant Strains Were Isolated from Se Tailing Soil

Following a multiple enrichment in LB medium spiked with 100 mg·L−1 SeIV, a total
of three culturable bacterial strains were isolated (Figure 1). While all strains formed a
regular colony, only strain LWS1 had a flat colony structure (Figure 1). Moreover, the
colony of strain LWS2-1 was yellow, but both LWS1 and LWS2-2 were of a white color
(Figure 1). The colony morphology revealed that the three isolates belong to different
microbial species. However, only strain LWS1 could grow well in M9 medium spiked
with 100 mg·kg−1 Se. Considering that a flexible adaptability to complex inhabitants is
an important trait for bacterial environmental applications [43], strain LWS1, which can
grow in M9 medium with simple components, was further identified by 16S rRNA gene
amplification and consequent evolutionary position analysis.
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Figure 1. The colony morphology of the three bacterial strains isolated from Se tailing soil. The
strains were grown on LB agar medium containing 100 mg·L−1 SeIV.

To further identify the taxonomic level of strain LWS1, its 16S rRNA gene sequence
was aligned with the known sequences retrieved from the NCBI database. As shown in
Figure 2, the 16S rRNA gene of strain LWS1 shared high similarity with several species
of the genus Bacillus, with the highest BLAST scores (100%) observed in Bacillus sp. (in:
Bacteria) IC-1C2 (MT649293.1). Compared with previous studies, the colony morphology
of strain LWS1 showed the typical properties of B. megaterium [44], which was recently
reclassified as Priestia megaterium [45]. Therefore, we preliminarily speculated that the
bacterium was a new strain of Priestia, namely, Priestia sp. strain LWS1.
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Figure 2. Neighbor-Joining phylogenetic tree of 16S rRNA sequence of strain LWS1 and reference
sequences retrieved from NCBI database based on similarity analysis. The BLAST parameters
included an expected threshold: 10, word size: 28, max matches in a query range: 0, match/mismatch
scores: −1 and −2, gap costs: linear, filter: low-complexity regions and mask: lookup table only. The
tree root was constructed with bootstrap values calculated from 1000 resamplings. The numbers at
each node indicate the percentage of bootstrap supporting. The scale bar represents 10 substitutions
per 100 bases. The sequence alignment and the phylogenic tree construction were performed by
MEGA 6.0.
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3.2. Strain LWS1 Showed Great Se Tolerance

To obtain an overview of the tolerance of B. megaterium to Se, strain LWS1 was exposed
to different SeIV concentrations ranging from 0 to 7500 mg·L−1. In general, strain LWS1
grew well in M9 medium spiked with ≤37.5 mg·L−1 Se, and the corresponding OD600
was between 1.938 and 2.215 (Figure 3A). The OD600 significantly decreased to 1.873
(p < 0.05) at 75 mg·L−1 Se (Figure 3A). When exposed to 375 mg·L−1 Se, the 57% growth
in strain LWS1 was inhibited (p < 0.01; Figure 3A). In this study, the initial inoculating
amount of strain LWS1 was recorded as OD600 = 0.01, and a considerable OD600 of 0.108
at a Se concentration of 7500 mg·L−1 suggested that strain LWS1 could tolerate a high
concentration of Se (Figure 3A). A logistic fitting revealed a typical correlation between
solution Se concentration and OD600 by a LC50 of 270.4 mg L−1 (R2 = 0.9938, p < 0.01;
Figure 3B).
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Figure 3. Se resistance of strain LWS1 grown in M9 medium containing SeIV for 24 h. Bacterial 
growth under different concentrations of Se from 0 to 7500 mg·L−1 (A) and logistic fitting to calculate 
the LC50 of Se to strain LWS1 (B). Different letters indicate significant differences between treatments 
based on two-way ANOVA by Tukey's multiple comparisons test at p ≤ 0.05. 
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Microbes are key drivers influencing Se behaviors in the environment [46]. Bacterial
tolerance to Se was widely reported in recent studies. P. megaterium (formerly B. megaterium)
is a well-known bacteria, capable of great tolerance to Se. One possible process associated
with Se tolerance in P. megaterium can be the reduction in SeIV to elemental Se [47], which
can be supported by its potential use in the biosynthesis of Se nanoparticles [48,49]. Studies
have also investigated the transformation of P. megaterium in the oxidation of elemental
Se to SeIV [50]. However, there has been limited information regarding Se’s inhibitory
effect on P. megaterium and the response of P. megaterium to Se stress to date. Moreover,
the reported strains of P. megaterium could tolerate both SeIV and selenate (SeVI), and
the maximum inhibitory concentration (MIC) of SeIV was significantly lower than that
observed in LWS1 [47,50]. Regarding other species in the genus Bacillus, B. fusiformis ARI 3,
Bacillus sp. ARI 6 and B. sphaericus ARI 8 isolated from Se-contaminated soils had a MIC up
to 450–600 µM for SeIV and 650–700 µM for SeVI [51]. However, several endobacteria, such
as Klebsiella spp., Bacillus spp. and Acinetobacter sp., reported by Durán et al. [52] exhibited
a surprising Se tolerance ability, with the MIC reaching 180 mM (SeIV). A similar finding
was also found in Kuar et al. [53], where 80 mM Se only decreased the biomass of fungi
Fusarium equiseti (SeF5) by about 30%. It is worth noting that, due to the lower toxicity of
SeVI as compared to SeIV, microbes often show higher resistance to SeVI (Table 1). For
example, P. megaterium CHP08, Bacillus sp. CHP07 and Paenibacillus favisporus CHP14 could
tolerate a SeVI as high as 200–450 mM [54]. Our data suggested that strain LWS1 showed a
great ability to tolerate Se stress like other reported Se-tolerant microbes.
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Table 1. Se-tolerance ability and PGP characteristics of the representative microbes reported previ-
ously.

Microbes Strain Sources Se Tolerance
(MIC, mM)

IAA-
Producing
Ability
(mg·L−1)

Siderophore-
Producing
Ability
(λ/λ0) 1

Phosphate-
Solubilizing
Ability
(mg·L−1)

Promoted
Plants Reference

Acinetobacter sp. E6.2 Wheat stem 60 37.9 – 2 – Wheat Durán et al.
[52]

Priestia
megaterium CHP08

Cardamine
hupingsha-
nensis

50 (SeIV);
200 (SeVI) 11.5 ± 3.5 – 58.8 ± 24.1 Brassica

chinensis Li et al. [54]

Bacillus pichinotyi YAM2 Sediment – 12 n.m. 3 –
Wheat
(Triticum
aestivum L.)

Yasin et al.
[27]

Bacillus sp. E6.1 Wheat stem 120 39.9 – – Wheat Durán et al.
[52]

Bacillus sp. CHP07
Cardamine
hupingsha-
nensis

80 (SeIV);
450 (SeVI) 41.0 ± 11.9 – – Brassica

chinensis Li et al. [47]

Fusarium equiseti SeF5 Soil >80 64.28 ± 1.2 0.155 n.m.c maize Kaur et al.
[53]

Klebsiella sp. E2 Wheat stem 180 94.1 + + Wheat Durán et al.
[52]

Herbaspirillum
camelliae WT00C Tea n.m. 18.7 + n.m. Tea Cheng et al.

[43]

Paenibacillus
favisporus CHP14

Cardamine
hupingsha-
nensis

70 (SeIV);
400 (SeVI) 28.2 ± 4.5 + 27.6 ± 11.5 Brassica

chinensis Li et al. [47]

Pseudopestalotiopsis
theae SeF12 Soil >80 52.89 ± 1.02 0.317 n.m.c maize Kaur et al.

[53]

Priestia sp. LWS1 Se tailing >90 24.3 ± 1.37 0.23 ± 0.04 87.5 ± 0.21 Rice (Oryza
sativa L.) In this study

1 0.8–1.0, very weak; 0.6–0.8, weak; 0.4–0.6, moderate; 0.2–0.4, strong; 0–0.2, very strong. 2 not detected. 3 no
mentioned.

3.3. Strain LWS1 Exhibited Typical PGP Characteristics

As previously noted, PGP characteristics are important in agricultural applications,
especially in aiding plant growth and Se accumulation in crops [26,28,52]. As can be
seen in Table 1, strain LWS1 was able to synthesize IAA and siderophore, and solubi-
lize Ca3(PO4)2 to sustain phosphorus acquisition. Specifically, strain LWS1 produced
IAA by 24.3 ± 1.37 mg·L−1, which is comparable to other reported bacteria (Table 1). In
genus Bacillus, strain LWS1 showed a higher ability to produce IAA than strains CHP08
(11.5 ± 3.5 mg·L−1) and YAM2 (12 mg·L−1) [27,54]. It seems that microbial IAA production
ability is associated with Se tolerance. For example, those microbes, such as Bacillus sp.
E6.1, F. equiseti SeF5 and Klebsiella sp. E2, which tolerated Se up to 180 mM, also produced
a higher IAA ranging from 39.9 to 94.1 mg·L−1 (Table 1). One explanation is that the
production of IAA and the resistance to several heavy metals such as Se, tellurium and
lead are probably relevant due to the associated genes often dispersing on the same plas-
mid [55]. Unlike IAA, the biosynthesis of siderophores is not a universal trait for Se-tolerant
microbes (Table 1). To date, studies have found that bacterial siderophores can form stable
complexes with lots of metals, including Fe, As, Al, Cd, Cu, Ga, In, Pb, and Zn, as well as
the radionuclides including U and Np [20,56]. The siderophore-mediated Al uptake by P.
megaterium ATCC 19213 was well-documented by Hu and Boyer [57]. Regarding Priestia sp.
Strain LWS1, the siderophore-producing ability, present as λ/λ0, was 0.23 ± 0.04 (Table 1).
This indicated that strain LWS1 had a lower siderophore-producing ability than Se-tolerant
fungi F. equiseti SeF5 by λ/λ0 = 0.155, but this ability was higher than that observed in Pseu-
dopestaloti opsistheae by 0.317 (Table 1). As noted by the criteria for siderophore-producing
ability, strain LWS1 showed a strong ability to produce siderophores (Table 1).

It was interesting to note that strain LWS1 harbored the most efficient phosphate-
solubilizing ability, i.e., 87.5 ± 0.21 mg·L−1, in the representative microbial strains with a
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given Se tolerance (Table 1). The phosphate-solubilizing ability of Priestia sp. Strain LWS1
was higher than that of the P. megaterium strain HCP08 by 58.8 ± 24.1 mg·L−1 and Paeni-
bacillus favisporus CHP14 by 27.6 ± 11.5 mg·L−1 isolated from the Se-hyperaccumulating
plant Cardamine hupingshanensis [54]. In conclusion, strain LWS1 is a typical PGPB with
IAA- and siderophore-production abilities and phosphate-solubilization abilities, which
can be used as a potential enhancer to regulate plant growth.

3.4. Strain LWS1 Enhanced Plant Growth and Se Accumulation in Rice

After 4 months of growth, the dry biomass of different tissues of rice plant was
recorded. In control treatments without bacterial inoculation, the root, husk, leaf and grain
biomass of rice grown in the soils spiked with different Se concentrations ranged from
2.73 ± 0.45 g to 3.42 ± 0.30 g (Figure 4A), from 4.35 ± 0.43 g to 5.93 ± 0.59 g (Figure 4B),
from 2.39 ± 0.18 g to 2.88 ± 0.25 g (Figure 4C) and from 4.16 ± 0.09 g to 4.92 ± 0.21 g
(Figure 4D), respectively. However, the plant biomass in each treatment did not follow
a typical trend. This can also be observed by the result for the total dry biomass of rice
plant (Figure 4E). Our data were different from Dai et al. [16] in that the plant height, dry
biomass, 1000-grain weight and rice yield all positively correlated to soil Se concentrations
ranging from 0 to 5 mg·kg–1. In fact, the role of Se in plant growth remains controversial
and whether Se is essential for plants is yet to be established [5]. For the treatments
inoculated with strain LWS1, however, the root, husk, leaf and total biomass of rice plants
grown in Se-spiked soils obtained a larger biomass than the control (Figure 4). The highest
difference could be observed for root biomass of 40% in group Se0.425, for husk biomass
of 12% in group Se0.175, for leaf biomass of 41% in group Se0.125 and for total biomass of
6% in group Se0.175 (Figure 4). By comparing the two treatments with or without bacterial
inoculation, the presence of strain LWS1 exhibited typical enhancements of plant growth.
The significant increase in the root, husk, leaf, grain and total biomass of rice plant reached
up to 47% (Se0.425 in Figure 4A; p < 0.01), 51% (Se0.175 in Figure 4B; p < 0.01), 63% (Se0.125 in
Figure 4C; p < 0.01), 17% (Se6 in Figure 4D; p < 0.05) and 19% (Se0.175 in Figure 4E; p < 0.05),
respectively. It was apparent that both bacteria and Se contributed to rice growth, but
Se-enhanced plant growth was dependent on the presence of strain LWS1.

To verify whether plant growth was associated with Se, we also tested Se concentration
in different tissues of rice. As shown in Figure 5, unlike plant biomass, Se concentration in
all tissues of rice without PGPB inoculation dramatically increased with the increase in soil
Se. The root was the tissue accumulating most of the assimilated Se (Figure 5A), followed
by husk (Figure 5B), with the lowest Se concentration observed in the leaf (Figure 5C)
and grain (Figure 5D) of rice. The results were in accordance with previous research [16].
Similar to uninoculated treatments, the plant Se concentration in inoculated treatments
also increased with the increase in soil Se, as did the Se distribution pattern in different
rice tissues (Figure 5). The comparisons between uninoculated and inoculated treatments
showed that bacterial inoculation increased plant Se by 12–106% in the root, 2.5–65% in the
husk, 17–47% in the leaf and 16–47% in the grain (Figure 5). However, bacterial inoculation
only significantly increased the root Se (1.92 ± 0.19 vs. 2.35 ± 0.24; p < 0.01) of rice when
grown in the soils spiked with 6 mg·kg–1 Se (Figure 5A). Our data suggested that plant
Se concentration was not correlated with plant biomass (Figures 4 and 5), suggesting
the leading role of PGPB in promoting plant growth. In other words, the increase of Se
accumulation in rice might be an indirect result of LWS1-mediated plant growth.
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Figure 4. Dry weight of the root biomass (A), husk biomass (B), leaf biomass (C), grain biomass (D) 
and total biomass (E) of rice plant with or without the inoculation of strain LWS1 (n = 4). The plants 
were grown in soils spiked with 0–6 mg·kg–1 SeIV. Different letters indicate significant differences 
between treatments based on two-way ANOVA by Tukey's multiple comparisons test at p ≤ 0.05. 
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Figure 4. Dry weight of the root biomass (A), husk biomass (B), leaf biomass (C), grain biomass
(D) and total biomass (E) of rice plant with or without the inoculation of strain LWS1 (n = 4).
The plants were grown in soils spiked with 0–6 mg·kg–1 SeIV. Different letters indicate significant
differences between treatments based on two-way ANOVA by Tukey’s multiple comparisons test at
p ≤ 0.05.

In recent decades, several studies have focused on the use of P. megaterium to promote
plant growth and remediation of heavy-metals-contaminated media, which is probably
associated with its PGP characteristics and heavy-metal tolerance [58–60]. For example, a
study from Rajkumar et al. [24] identified P. megaterium SR28C as a PGPB strain involved
in the plant growth of Brassica juncea, Luffa cylindrica and Sorghum halepense and their
tolerance to Ni stress. Similar to strain SR28C, endophytic P. megaterium BM18-2 has also
shown dual roles in regulating Cd resistance and promoting plant growth [61]. Although
P. megaterium is a well-known beneficial bacterium that has been industrially employed
for more than 65 years [62], its application in the biofortification of plant growth and Se
accumulation in rice is still limitedly documented. Our data suggested that PGPB and Se
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might play a synergistic role in enhancing plant growth and the involvement of beneficial
PGPB was helpful for Se biofortification in rice [26]. However, bacterial inoculation had
not significantly elevated Se accumulation in rice (Figure 5), indicating that other factors in
the complex system (i.e., soil-microbe-plant system) also contributed to Se behaviors in the
rhizosphere of rice and its translocation from the soils to the plants. As such, more details
on the roles of Priestia sp. LWS1 in promoting plant growth and Se accumulation in rice
still warrant future investigations.
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Figure 5. Se concentrations in the root biomass (A), husk biomass (B), leaf biomass (C), grain 
biomass (D) and total biomass (E) of rice plants with or without the inoculation of strain LWS1 (n = 
4). The plants were grown in the soils spiked with 0–6 mg·kg–1 SeIV. Different letters indicate 
significant differences between treatments based on two-way ANOVA by Tukey's multiple 
comparisons test at p ≤ 0.05. 
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4. Conclusions

In this study, a typical PGPB strain, namely Priestia sp. LWS1 was isolated from a Se
tailing soil. Strain LWS1 could produce IAA by 24.3 ± 1.37 mg·L−1, produce siderophore
by 0.23 ± 0.04, solubilize phosphate by 87.5 ± 0.21 mg·L−1 and tolerate SeIV by up to 90
mM. The inoculation of strain LWS1 lead to the significant promotion of plant growth,
but strain LWS1 might only one of the regulators in enhancing Se accumulation in rice.
Our data shed light onto the potential use of Priestia sp. in Se biofortification in crops and
improving Se-deficiency in human beings.
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Abstract: Phosphorus (P) is an important nutrient affecting nodulation and nitrogen fixation in
soybeans. To further investigate the relationship of phosphorus with soybean nodulation and
nitrogen fixation, the seedling grafting technique was applied in this study to prepare dual-root
soybean systems for a sand culture experiment. From the unfolded cotyledon stage to the initial
flowering stage, one side of each dual-root soybean system was irrigated with nutrient solution
containing 1 mg/L, 31 mg/L, or 61 mg/L of phosphorus (phosphorus-application side), and the
other side was irrigated with a phosphorus-free nutrient solution (phosphorus-free side), to study
the effect of local phosphorus supply on nodulation and nitrogen fixation in soybean. The results are
described as follows: (1) Increasing the phosphorus supply increased the nodules weight, nitrogenase
activity, ureide content, number of bacteroids, number of infected cells, and relative expression levels
of nodule nitrogen fixation key genes (GmEXPB2, GmSPX5, nifH, nifD, nifK, GmALN1, GmACP1,
GmUR5, GmPUR5, and GmHIUH5) in root nodules on the phosphorus-application side. Although
the phosphorus-application and phosphorus-free sides demonstrated similar changing trends, the
phosphorus-induced increases were more prominent on the phosphorus-application side, which
indicated that phosphorus supply systematically regulates nodulation and nitrogen fixation in
soybean. (2) When the level of phosphorus supply was increased from 1 mg/L to 31 mg/L, the
increase on the P– side root was significant, and nodule phosphorus content increased by 57.14–85.71%
and 68.75–75.00%, respectively; ARA and SNA were 218.64–383.33% and 11.41–16.11%, respectively,
while ureide content was 118.18–156.44%. When the level of phosphorus supply was increased from
31mg/L to 61mg/L, the increase in the regulation ability of root and nodule phosphorus content,
ARA, SNA, and ureide content were low for roots, and the value for nodules was lower than when
the phosphorus level increased from 1 mg/L to 31 mg/L. (3) A high-concentration phosphorus
supply on one side of a dual-root soybean plant significantly increased the phosphorus content
in the aboveground tissues, as well as the roots and nodules on both sides. In the roots on the
phosphorus-free side, the nodules were prioritized for receiving the phosphorus transported from
the aboveground tissues to maintain their phosphorus content and functionality.

Keywords: dual-root soybean; phosphorus; nodulation; nitrogen fixation; ultrastructure

1. Introduction

Phosphorus (P) is one of the three essential elements for plants and is the second
most limiting element for plant growth. Currently, 40% of the world’s cropland lacks
phosphorus, resulting in lower yields [1]. Phosphorus is a very important nutritional
element that affects soybean growth and nodule nitrogen fixation. Proper application of
phosphorus fertilizer can regulate root nodules growth, nitrogenase activity, and metabolic
pathways, as well as enhance the capacity of nitrogen-fixing root nodules -promoting
nitrogen by phosphorus [2–9].
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The effect of phosphorus on nitrogen fixation mainly includes soybean plant
growth [4,10], nodule formation [6,9], and nodule metabolism [3]. The promotion of
phosphorus in nitrogen fixation is achieved by stimulating the growth of the host plant
rather than by promoting the growth of rhizobia or the formation and function of nod-
ules [11–14]. Additionally, the optimal phosphorus environment for host plant growth and
the phosphorus requirements for symbiotic nitrogen fixation are determined by the devel-
opment and function of the root nodules [15]. Current studies on phosphorus metabolism
in nodules of leguminous crops are mainly focused on the analysis of compounds that affect
nodule nitrogen fixation and indirectly explain the mechanism of phosphorus inhibition of
nodule nitrogen fixation [3]. Several studies have suggested that low phosphorus stress
inhibits nitrogen-fixing enzyme activity in legume nodules resulting from reduced nodule
ATP energy [16], leghemoglobin content [13], Fe ion content [17], and excessive secretion
of organic acids [18]. Other studies found that legume crops can adapt to low phosphorus
stress by increasing root nodule phytase and phosphatase activities [19,20].

To better understand the phosphorus regulation of growth and phosphorus uptake in
leguminous plants, split-root, and dual-root experiments were performed. In Shu et al. [21],
the growth and P uptake of the root system significantly increased on the phosphorus-
application side and remained stable on the phosphorus-free side after P (Ca10(PO4)6(OH)2,
FePO4, C6H6O24P6Na12, or KH2PO4 was supplied to one side of the root system of Lupi-
nusalbus. In Scott and Robson [22], supplying KH2PO4 to one side of the root system of sub-
terranean clover significantly promoted P uptake by roots on the phosphorus-application
side but not by roots on the phosphorus-free side and the shoots. However, Snapp and
Lynch [23] found that a high-concentration of NH4H2PO4 supply to the roots on one side
of Phaseolus vulgaris L. promoted P uptake on both the phosphorus-application side and
phosphorus-free side.

In existing studies, the uneven distribution of phosphorus fertilizer in the soil due
to the application method results in a wide variation in the fertilizer available to the
root system, with some roots receiving phosphorus fertilizer to meet their needs, while
others do not. The existing studies on the regulatory effect of P supply on nodulation
and nitrogen fixation in soybeans have focused mainly on its local effect under single-
root conditions through direct contact and seldom on its systemic effect. Most of the
research has mainly focused on the study of phosphorus in nodule-regulating substances
but less on the mode of regulation. Split-root and dual-root experiments are effective
methods to study the mode of regulation. In the above-described method of rooting,
the root system of the legume crop plant was divided into two parts so that neither
subsystem remained intact, which may affect the accuracy of the experimental results.
In this study, a grafting approach of soybean seedlings [24] was used to prepare a dual-
root system in soybean plants. Soybean seedlings were grafted to obtain a double-rooted
soybean plant with complete roots on both sides, and the test results were more accurate.
The dual-root system of soybean plants received different concentrations of P nutrient
solution in the root system on one side and phosphorus-free nutrient solution on the other
side [21,25]. Nodule weight, nitrogenase activity, ureide concentration, and the expression
levels of key genes related to nodulation and nitrogen fixation were measured, and the
nodule ultrastructure was observed. This study systematically investigated the effects of P
supply on soybean nodulation and nitrogen fixation, providing a reference that clarifies
the regulatory mechanisms of nodulation and nitrogen fixation in soybean.

2. Materials and Methods

This study was conducted at the Experimental Base of Northeast Agricultural Univer-
sity, Harbin city, Heilongjiang Province, China (126◦43′ E, 45◦44′ N) from 10 June to 25 July
2020. Sand-cultured dual-root soybean systems were used. The tested soybean variety was
Kenfeng 16(Glycine max L. cv.) obtained from Heilongjiang Academy of Land Agricultural
Reclamation Science, Heilongjiang, China).
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2.1. Experimental Treatments

Dual-root soybean plants were prepared according to the grafting method described
by Xia et al. [24] and they were potted with river sand. The method is described in detail
in S1. Figure 1 shows the root morphology of a dual-root soybean plant under P31/0
treatment at the initial flowering stage, with the phosphorus-application side on the left
and the phosphorus-free side on the right.
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Figure 1. Roots of dual-root soybeans.

From the VC stage (unfolded cotyledon stage) to the R1 stage (initial flowering stage),
the dual-root soybean plants were irrigated with a P-containing nutrient solution on one
side (P+ side) and a P-free nutrient solution on the other side (P− side). On the P+ side,
the nutrient solution applied contained P at three different concentrations, 1 mg/L (P1),
31 mg/L (P31), and 61 mg/L (P61), which were denoted as the P1/0, P31/0, and P61/0
treatments, respectively. Using KH2PO4 as the P source, the nutrient solution was prepared
as proposed by Hoagland and Arnon [26] Yao et al. [27]. The potassium level in the P1/0
and P31/0 treatments was adjusted to the same level as that of P61/0. The types and
concentrations of nutrient solution (mg/L) are shown in Tables S1 and S2.

From the VE stage (emergence stage) to the VC stage, the plants were irrigated with
distilled water once a day at 250 mL on each side. Then, 250 mL of P-containing nutrient
solution was applied on the P+ side, and 250 mL of P-free nutrient solution was applied
to the P− side, once a day at 7:00–8:00 during the VC stage to V4 stage (fourth trifoliate
leaf stage) and twice a day at 7:00–8:00 and 17:00–18:00 from the V4 stage to the R1 stage.
Starting from the VC stage, field-grown soybean nodules cryopreserved from the previous
year were ground and added to the nutrient solution (approximately 5 g/L), which was
inoculated in the plants continuously for 5 days. The reproductive stage was recognized as
described by Fehr et al. [28].

2.2. Sampling and Measurement

Samples were taken once in the V4 and R1 stages. The shoots were cut along the
grafting site between 8:00 and 10:00 on a sunny day. The underground roots on both
sides were washed with distilled water to remove the sand. For the V4 stage, the nodules
of average size within 5 cm of the root base were harvested and fixed in formalin and
then dehydrated with alcohol and glacial acetic acid (FFA) solution for ultrastructural
observation. For the R1 stage, all the root nodules were harvested and stored in a freezer
at −80 ◦C to measure the relative gene expression levels of GmEXPB2, nifHDK, GmALN1,
etc. The intact roots in the V4 and R1 stages were used to measure the nitrogenase activity
of the nodules. Subsequently, the nodules were removed and dried at 65◦C to measure
the dry weight of the P content of each part, as well as the nodule ureide content. Each
measurement was repeated 4 times, 2 biological replicates, for a total of 8 plants.

Nodule nitrogenase activity was measured using the acetylene reduction activity
(ARA) assay described by Gremaud and Harper [29].
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For the ultrastructural observation of nodules, the removed nodules were halved
longitudinally, and these halves were cut into 1 × 3 mm rectangular slices longitudinally
with a blade, followed by FAA fixation and dehydration. Finally, ultrathin sections were
cut with an LKB-V microtome. A Hitachi-600 transmission electron microscope was used
for observation and imaging. The fixation and slide preparation procedures followed
Goodchild and Bergersen) [30].

The P contents in plants were measured by the molybdenum antimony anti-colorimetric
method with CuSO4 and K2SO4 as catalysts and concentrated H2SO4 for digestion.

The nodule ureide content was measured following the method of Trijbels and Vo-
gels [31].

For nodule RNA extraction and quantitative real-time reverse transcription-PCR (qRT-
PCR) analysis, total RNA was extracted from root nodules using TRIzol reagent (Servicebio,
Wuhan, China), and cDNA was synthesized using a RevertAid reverse transcription
kit (Servicebio, Wuhan, China). The qRT-PCR analysis was performed by SYBR Green
monitored qPCR (Servicebio, Wuhan, China), with the following reaction conditions: 95 ◦C
for 30 s, 40 cycles of 95 ◦C for 5 s, 60 ◦C for 15 s, and 72 ◦C for 30 s. The primer sequences
used for qRT-PCR amplification are shown in Table S3. Three biological replications were
included. In this study, 16S rRNA was used as the reference for nifD, nifH, and nifk genes
in the calculation of the qRT-PCR data, as previously described by Sulieman et al. [32],
while 18S rRNA was used as the reference for GmSPX5, GmACP1, GmUR5, GmPUR5,
and GmHIUH5 genes in the calculation of the qRT-PCR data, as previously described by
Carter et al. [33].

2.3. Statistical Analyses

All statistical analyses were performed using SPSS 21.0 (SPSS Inc., Chicago, Illinois).
Before performing a one-way analysis of variance (ANOVA) on the data, all data were
tested for normality, and Duncan’s multirange test was used with a significance level of
p < 0.05.

3. Results
3.1. Effects of P Supply on P Content and Dry Matter Accumulation in Soybean Plants with
Dual-Root Systems

Table 1 shows that the P content was significantly higher in nodules than in the roots
and shoots and higher on the P+ side than on the P− side at V4 and R1 for all treatments.
At the V4 and R1 stages, the P content in the roots and shoots was similar between the
P31/0 and P61/0 groups, but both groups had significantly higher P than the P1/0 group.
At the V4 stage, the nodule P content increased significantly with the P concentration
supplied. At the R1 stage, the nodule P content on the P+ side was significantly higher
after the P31/0 and P61/0 treatments than after the P1/0 treatment but did not show any
significant differences between P31/0 and P61/0 treatments. On the P− side, the nodule P
content was similar between all treatments. At the V4 and R1 stage, the nodule P content on
the P− side increased by 85.71% and 57.14%, respectively, under the P31/0 treatment when
compared with P1/0, and by 0% and 9.09%, respectively, and under the P61/0 treatment
when compared with P31/0. The root P content on the P– side increased by 68.75% and
75.00%, respectively, under the P31/0 treatment when compared with P1/0, and by 29.63%
and 25.00%, respectively, under the P61/0 treatment when compared with P31/0. Under
a low P supply (P1/0), the P contents in the roots and nodules were similar between the
P+ side and P− side in the R1 stage, during which the difference in the nodule P content
between the two sides reached an extremely significant level. Under the P31/0 and P61/0
treatments, the P content in the roots and nodules was higher on the P+ side than on the
P− side, and all differences reached extremely significant levels at the V4 stage. In the
R1 stage, the P content difference between the two sides was extremely significant in the
roots under both the P31/0 and P61/0 treatments and was significant in the nodules under
P31/0, but it was nonsignificant in the nodules of the P61/0-treated plants. The root P

68



Agronomy 2021, 11, 2354

content ratio between the two sides (P−/P+ ratio) was 1.00 under P1/0; the P−/P+ ratio
under the P31/0 and P61 treatments was 0.62 and 0.54 in the V4 stage and 0.55 and 0.63 in
the R1 stage, respectively. The P−/P+ ratio of the nodule P content was greater than 0.80
under all treatments. This finding indicated that the root system prioritized the P− side
nodules for distribution of P transported from the shoots to ensure normal functioning of
the nodules.

Table 1. Effect of P supply on the P content of dual-root soybeans.

Treatments
Roots Nodules

Shoot(%)
P+(%) P−(%) IP–(%) P−/P+ P+(%) P−(%) IP–(%) P−/P+

V4

P1/0 0.07 ± 0.00 b 0.07 ± 0.00 b
85.71

1.00 0.20 ± 0.01 c** 0.16 ± 0.01 c
68.75

0.80 0.07 ± 0.01 b

P31/0 0.21 ± 0.01 a** 0.13 ± 0.01 a 0.62 0.32 ± 0.01 b** 0.27 ± 0.01 b 0.84 0.16 ± 0.01 a

0.00 29.63P61/0 0.24 ± 0.02 a** 0.13 ± 0.01 a 0.54 0.44 ± 0.01 a** 0.35 ± 0.01 a 0.80 0.18 ± 0.01 a

R1

P1/0 0.07 ± 0.01 b 0.07 ± 0.00 b
57.14

1.00 0.16 ± 0.01 b 0.16 ± 0.01 c
75.00

1.00 0.09 ± 0.00 b

P31/0 0.20 ± 0.01 a** 0.11 ± 0.01 a 0.55 0.34 ± 0.01 a* 0.28 ± 0.01 b 0.82 0.21 ± 0.01 a

9.09 25.00P61/0 0.19 ± 0.01 a** 0.12 ± 0.01 a 0.63 0.36 ± 0.01 a 0.35 ± 0.02 a 0.97 0.22 ± 0.01 a

Note: All data in the table are expressed as the mean ± standard error (n = 4). Different lowercase letters indicate the differences between
treatments at a significance level of 5%. Longitudinal comparison. * and ** denote a significant difference between the P+ side and the P−
side at the 5% level and 1% level, respectively. IP– is the increment of P–.

Table 2 reveals that the dry weight showed an increasing trend in all parts of the
soybean plants with increasing P supply on the P+ side. At the V4 stage, the dry weight of
the shoots was significantly different between all treatments; at the R1 stage, although the
difference was nonsignificant between P31/0 and P61/0, the dry weight of the aboveground
tissues under these two treatments was significantly higher than that under the P1/0
treatment. On the P+ side, the dry weights of roots and nodules showed marked differences
between treatments; on the P− side, the differences were nonsignificant between the
P31/0 and P61/0 treatments. The root and nodule dry weights showed no significant
differences between the P+ side and the P− side under a low P supply (P1/0); however,
they were higher on the P+ side than on the P− side under the P31/0 and P61/0 treatments,
demonstrating extreme differences in the plants supplied with higher concentrations of
P. The P−/P+ ratio of root dry weight at V4 the stage was 0.91 under the P1/0 treatment,
0.49 under the P31/0 treatment, and 0.50 under the P61/0 treatment, and 0.41 under both
the P31/0 and P61/0 treatment at R1ste stage. The P−/P+ ratio of nodule dry weight at
the V4 stage was 1.00 under P1/0 and 0.22 under both P31/0 and P61/0, and it was 0.27
and 0.23 under the P31/0 and P61/0 treatments at the R1. These results show that the
higher P supply increased the dry weights of all parts of the soybeans, and the increase was
more prominent in the roots and nodules that directly contacted the supplied P. Combined
with the data in Table 2, the distribution of P to the P− side was prioritized by absorption
and transport from the P+ side, to support the growth of the root system, and the root P
content was maintained at a reduced level to ensure root development; moreover, nodule
growth was suppressed to reserve a certain level of P for nodule development and normal
physiological functioning. The effect of phosphorus supply on the number of root nodules
in double-rooted soybeans is shown in Table S4.
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Table 2. Effect of P supply on the dry weight of dual-root soybeans.

Treatments
Roots Nodules Shoots

(g/Plant)P+(g/Plant) P−(g/Plant) P−/P+ P+(g/Plant) P−(g/Plant) P−/P+

V4
P1/0 0.78 ± 0.03 c 0.71 ± 0.01 b 0.91 0.01 ± 0.000 c 0.01 ± 0.001 b 1.00 1.78 ± 0.11 c

P31/0 1.72 ± 0.05 b** 0.84 ± 0.05 a 0.49 0.18 ± 0.006 b** 0.04 ± 0.001 a 0.22 3.99 ± 0.52 b

P61/0 1.87 ± 0.01 a** 0.93 ± 0.03 a 0.50 0.23 ± 0.011 a** 0.05 ± 0.001 a 0.22 5.39 ± 0.40 a

R1
P1/0 0.92 ± 0.04 c 0.80 ± 0.03 b 0.87 0.02 ± 0.003 c 0.02 ± 0.003 b 1.00 2.09 ± 0.04 b

P31/0 2.61 ± 0.01 b** 1.07 ± 0.03 a 0.41 0.22 ± 0.003 b** 0.06 ± 0.003 a 0.27 6.49 ± 0.71 a

P61/0 2.73 ± 0.03 a** 1.11 ± 0.04 a 0.41 0.31 ± 0.012 a** 0.07 ± 0.003 a 0.23 7.20 ± 0.26 a

Note: All data in the table are expressed as the mean ± standard error (n = 4). Different lowercase letters indicate the differences between
treatments at a significance level of 5%. Longitudinal comparison. ** denotes a significant difference between the P+ side and the P− side
at the 1% level, respectively.

3.2. Effect of P Supply on the Activity of Nitrogenase and the Nodule Ureide Content in Soybean
Plants with Dual-Root Systems

Table 3 shows the specific nitrogenase activity (SNA) and acetylene reduction activity
(ARA) on both sides of the dual-root soybean plants under different levels of P supply at
the V4 and R1 stages. As Table 3 shows, both ARA and SNA increased with the P supply
and showed significant differences between treatments on both sides of the dual-root
system of soybean plants at the V4 and R1 stages. At the V4 stage, ARA and SNA on
the P+ side increased by 2288.00% and 29.00%, respectively, under the P31/0 treatment
when compared with P1/0, and by 52.43% and 19.44%, respectively, under the P61/0
treatment when compared with P31/0. On the P− side, P31/0 increased ARA and SNA
by 383.33% and 16.11%, respectively, compared with P1/0, and P61/0 increased them
by 36.21% and 10.46%, respectively, when compared with P31/0. At the R1 stage, ARA
and SNA on the P+ side increased by 1568.33% and 56.12%, respectively, under P31/0
treatment, compared with P1/0, and by 60.64% and 10.23%, respectively, under P61/0,
compared with P31/0. On the P− side, P31/0 increased ARA and SNA by 218.64% and
11.44%, respectively, compared with P1/0, and P61/0 increased them by 50.00% and 15.78%,
respectively, compared with P31/0. The change in SNA with the enhancement in P supply
was less prominent than that of ARA, suggesting that the decrease in ARA mainly resulted
from the decreases in nodule dry weight and number. In addition, ARA and SNA did
not show significant differences between the P+ and P− sides under the P1/0 treatment,
but they were markedly higher on the P+ side than on the P− side, and the differences
were extremely significant under the P31/0 and P61/0 treatments. The P−/P+ ratio of
ARA was 0.96-0.98 under the P1/0 treatment and only 0.17–0.19 under the P31/0 and P61
treatments. The P−/P+ ratio of SNA was greater than 0.75 under all treatments. These
results indicate that P deficiency could significantly inhibit ARA and suppress SNA less
markedly in soybean.

Table 3. Effects of P supply on ARA and SNA in dual-root soybeans.

Treatments
ARA SNA

P+(C2H4 µmol−1h
−1Plant−1)

P-(C2H4 µmol−1h
−1Plant−1) IP– P−/P+ P+(C2H4 µmol−1

g−1h−1)
P-(C2H4 µmol−1

g−1h−1) IP– P−/P+

V4

P1/0 0.25 ± 0.01 c 0.24 ± 0.01 c
383.33

0.96 25.76 ± 0.87 c 24.96 ± 0.47 c
16.11

0.97

P31/0 5.97 ± 0.04 b** 1.16 ± 0.06 b 0.19 33.23 ± 0.31 b** 28.98 ± 0.54 b 0.87
36.21 10.46P61/0 9.10 ± 0.35 a** 1.58 ± 0.01 a 0.17 39.69 ± 1.27 a** 32.01 ± 0.17 a 0.81

R1

P1/0 0.60 ± 0.01 c 0.59 ± 0.02 c
218.64

0.98 29.81 ± 0.49 c 29.81 ± 1.18 c
11.41

1.00

P31/0 10.01 ± 0.17 b** 1.88 ± 0.07 b 0.19 46.54 ± 0.34 b** 33.21 ± 0.82 b 0.75
50.00 15.78P61/0 16.08 ± 0.76 a** 2.82 ± 0.16 a 0.18 51.30 ± 0.90 a** 38.45 ± 0.65 a 0.75

Note: All data in the table are expressed as the mean ± standard error (n = 4). Different lowercase letters indicate the differences between
treatments at a significance level of 5%. Longitudinal comparison. ** denotes a significant difference between the P+ side and the P− side
at the 1% level, respectively. IP– is the increment of P–.
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Table 4 shows the ureide content of root nodules at the V4 and R1 stages in soybean
plants supplied with different levels of P. Table 4 also reveals that nodule ureide content at
the V4 and R1 stages showed a changing trend similar to those of SNA and ARA, shown in
Table 3—namely, they increased with P supply and varied significantly between treatments
on both sides. At the V4 and R1 stages, the ureide content on the P+ side increased by
234.31% and 281.03%, respectively, when the P supply was increased from P1/0 to P31/0.
The ureide content on the P+ side increased by 7.92% from P31/0 to P61/0 at the V4 stage
and decreased by 0.90% at the R1 stage. On the P− side, the ureide content at the V4
and R1 stages increased by 118.18% and 156.44% from P1/0 to P31/0 and by 6.02% and
9.27% from P31/0 to P61/0, respectively. In addition, the ureide content did not show any
significant difference between the P+ and P− sides under the P1/0 treatment, but it was
extremely significantly higher on the P+ side than on the P− side under the P31/0 and
P61/0 treatments. The P−/P+ ratio of the ureide content was 0.97-0.87 under the P1/0
treatment and only 0.59-0.65 under the P31/0 and P61 treatments. The results indicate that
P deficiency can severely inhibit the synthesis of ureides in soybean and more markedly
increase the number of nodules that directly contact P.

Table 4. Effect of P supply on the ureide content in nodules of dual-root soybeans.

Treatments
Ureide Content (mg/g DW)

IP–(%) P−/P+
P+ P−

V4

P1/0 1.02 ± 0.02 c 0.99 ± 0.04 b
118.18

0.97

P31/0 3.41 ± 0.08 b** 2.16 ± 0.08 a 0.63
6.02P61/0 3.68 ± 0.11 a** 2.29 ± 0.05 a 0.62

R1

P1/0 1.16 ± 0.01 b 1.01 ± 0.01 b
156.44

0.87

P31/0 4.42 ± 0.09 a** 2.59 ± 0.13 a 0.59
9.27P61/0 4.38 ± 0.03 a** 2.83 ± 0.11 a 0.65

Note: All data in the table are expressed as the mean ± standard error (n = 4). Different lowercase letters indicate the differences between
treatments at a significance level of 5%. Longitudinal comparison. ** denotes a significant difference between the P+ side and the P− side
at the 1% level, respectively. IP– is the increment of P–.

3.3. Effect of P Supply on the Ultrastructure of Soybean Plants with Dual-Root Systems
Root Nodules

Rhizobial infection of host cells is the first step in nodule development. Host cells can
be classified as infected cells (ICs) and uninfected cells (UCs). Figure 2A shows a cross-
section of the nodule ultrastructure under a transmission electron microscope (4000×)
at the V4 stage on both sides of the dual-root soybean plants with different levels of P
supply. A treatment comparison revealed that the number of ICs was largest under the
P31/0 treatment and smallest under P1/0. There was a very slight difference in the area of
nodule infection between P31/0 and P61/0. In contrast, the number of UCs showed the
opposite changing pattern with the increase in P supply: it was largest under P1/0 and
smallest under P31/0, and the number was slightly larger under P61/0 than under P31/0.
In addition, there were more ICs on the P+ side than on the P− side. Rhizobia enter the
host cell through an infection thread to form a bacteroid (Bt), and the rhizobia that have
successfully invaded the host cells can divide to form multiple new Bts. Figure 2B shows
that the number of Bts at the V4 stage was counted on the cross sections of nodules under
a transmission electron microscope (20,000×) on both sides of the dual-root soybean plants
with different levels of P supply. The number of Bts in root nodules was smallest under the
P1/0 treatment and largest under the P31/0 treatment, and it was slightly smaller under
P61/0 than under P31/0. In addition, the nodules on the P+ side had more Bts than those
on the P− side. The results show that the numbers of ICs and Bts on both sides of the
soybean root systems can be significantly affected by supplying P to only one side, and the
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changes increase with the increase in P supply. The effect of P supply on the number of IC,
UC, and Bt nodules in double-root soybeans is shown in Table S5.
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Figure 2. Ultrastructure of nodules on both sides of a dual-root soybean plant at V4 stage: (A) is
under a transmission electron microscope 4000×, (B) is under a transmission electron microscope
20,000×; a+: P1/0 P+; a−: P1/0 P–; b+: P31/0 P+; b−: P31/0 P–; c+: P61/0 P+; c−: P61/0 P–; IC:
infected cell; UC: uninfected cell; Bt: bacteroid.

3.4. Effect of P Supply on the Expression of Key Genes Related to Nodulation and Nitrogen
Fixation in Soybean Plants with Dual-Root Systems

Figure 3 shows the relative expression levels of key genes related to nodulation and
nitrogen fixation in nodules on both sides of the dual-root soybean plants with different
levels of P supply. Figure 3A shows that with P31/0 as a control, the expression levels of
GmEXPB2, nifD, nifH, and GmPUR5 on the P+ side increased significantly with an enhanced
P supply; GmSPX5nifK, GmALN1, and GmACP1 expressions were higher under P31/0
than under P1/0, and the difference in P31/0 vs. P61/0 was not significant. GmHIUH5
expression was significantly higher for P61/0 than P31/0, and the difference between
P31/0 and P1/0 was not significant; GmUR5 was significantly higher for P31 than P61/0,
and P61/0 was significantly higher than P1/0. In Figure 3B, with P31/0 as a control, the
gene expression levels are presented.
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Figure 3. (A) Relative gene expression on the phosphorus-application side (the P31/0 as control). (B)
Relative gene expression on the phosphorus-free side(the P31/0 as control). (C) Relative expression
of phosphorus-free genes side (phosphorus-application side as a control). Effects of P supply on the
relative expression levels of key genes related to nodulation and nitrogen fixation on both sides of the
dual-root soybean. In (A,B), different lowercase letters indicate the significant differences between
treatments at the 5% level. In (C), *,** denotes a significant difference between the P+ side and the P−
side, with P** indicating a significant difference at the 1% level; GmEXPB2 is nodulation-related key
gene; nifD, nifH, and nifK are regulatory key genes of nitrogen fixation; GmALN1, GmACP1, GmUR5,
GmPUR5, GmHIUH5.

The expression levels of GmEXPB2, GmSPX5, nifD, nifK, GmALN1, GmACP1, GmUR5,
and GmPUR5 on the P− side showed a trend of first increasing and then decreasing with
the increase in P supply. All three gene expression levels increased significantly when
the P supply increased from 1 mg/L to 31 mg/L; however, after the P supply reached
31 mg/L, the GmEXPB2, nifH, and GmHIUH5 expression levels changed nonsignificantly,
and GmSPX5, nifD, nifK, GmALN1, GmACP1, GmUR5, and GmPUR5 expression levels
markedly decreased with the increase in P supply. In Figure 3C, compared with the P+ side
(1.0), gene expression levels on the P− side were all low. In addition, the relative GmEXPB2
and GmACP1 expression decreased with the increase in P supply, showing an extremely
significant difference between the two sides under P31/0 and P61/0 and no significant
difference under P1/0. GmACP1 showed highly significant differences at all phosphorus
supply levels. All expression levels of GmSPX5, nifD, nifK, and nifH increased with the
increase in P supply. nifD and nifH showed extremely significant differences between
the two sides under P1/0 and P31/0 but no significant difference under P61/0, while
GmSPX5 and nifK showed an extremely significant difference between the two sides under
all levels of P supply. Gene expressions of GmUR5, GmPUR5, and GmHIUH5 tended to
increase and then decrease with increasing phosphorus supply levels. GmEXPB2 showed
highly significant differences at the phosphorus supply levels of P31/0 and P61/0, and no
significant differences at P1/0, while GmPUR5 and GmHIUH5 showed highly significant
differences at all phosphorus supply levels. One-sided P supply significantly affected the
relative expression levels of genes regulating nodulation and nitrogen fixation in soybean,
and the demand for P to meet the needs of gene expression on the P+ side was greater than
that on the P−side.
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4. Discussion
4.1. Effects of P Supply on Nodulation and Nitrogen Fixation in Soybean Plants

Increasing a soybean’s P supply can significantly increase its dry weight, the number
of nodules [10,13,34], and nodule nitrogenase activity [5,35,36]. In this study, we applied the
grafting approach for soybean seedlings developed by Xia et al. [24] to prepare a dual-root
system of soybean plants, which received different concentrations of P nutrient solution at
the root system on the phosphorus-application side and phosphorus-free nutrient solution
on the phosphorus-free side. We found that the increase in P supply significantly enhanced
the dry weight, ARA, and SNA of nodules on the phosphorus-application side and indi-
rectly affected these parameters on the phosphorus-free side of the dual-root soybeans,
and the increases were more marked in the roots and nodules on the side in direct contact
with a P supply. Le Roux et al. [18] found that low P treatment significantly reduced the
content of ureides in soybean nodules. Magadlela et al. [37] found that the ureide content
decreased in the nodules but increased in the roots of the legume tree after low P treatment.
The present study found that increasing the P supply on only one side increased the ureide
content in nodules on both sides of the dual-root soybeans, further confirming that P
supply systemically affects nitrogen fixation in soybean nodules.

Isidra-Arellano et al. [38] reported that low P treatment reduced the number of curled
root hairs and reduced the relative gene expression levels of PvNSP2, PvNIN, and PvFLOT2,
which control the formation of infection threads in common beans. Gentili et al. [39] found
that P at a moderate concentration most significantly stimulated cell divisions in the cortex,
nodule primordia emergence, and initial nodule emergence in the roots of Alnusincana.
In the present study, by observing the nodule ultrastructure of dual-root soybeans at the
V4 stage, we found that as the P supply increased, the formation of nodule Bts and the
number of ICs both increased. GmEXPB2 and GmSPX5 are associated with the formation
and extension of cell walls during nodule formation and development in soybean [5,40].
Li et al. [40] found that high P treatment increased the relative expression of the GmEXPB2
gene in the nodules, but this effect was reversed after 14 days of treatment. Zhou et al. [41]
found that P supply increased the relative gene expression level of GmEXPB2 in roots and
leaves of transgenic soybean. GmSPX1 has been documented to exhibit no response to Pi
starvation in soybean roots [42]. In the present study, the relative GmEXPB2 and GmSPX5
expression levels in soybean nodules were increased by a high P supply and decreased
by a low P supply, which is consistent with previous studies. Nitrogenase is encoded by
the nitrogen fixation gene nif. In a nitrogenase system, nifD and nifK are the structural
genes encoding the MoFe protein subunit of the nitrogenase complex, and nifH encodes
ferritin [43,44]. Nasr Esfahani et al. (2016) [45] stated that low P treatment reduces the
relative expression levels of nifH and nifK and suppresses nitrogenase activity in nodules.
Sulieman et al. [32] reported that low P treatment reduced the number and dry weight of
root nodules and increased the relative expression levels of nifH, nifD, and nifK in soybean
nodules. Our finding that low P supply reduced the relative expression levels of nifH,
nifD, and nifK in soybean nodules contrasts with the findings of Sulieman et al. [32]. The
inconsistency might be attributed to the fact that in this study, low P supply decreased ARA
and SNA and, thus, suppressed the expression of genes regulating nodulation and nitrogen
fixation in nodules. GmALN1 (Allantoinase 1), GmACP1 (Acid Phosphatase), GmUR5 (AIRS
synthetase), GmPUR5(AIRS synthetase), and GmHIUH5 (hydroxyisourate hydrolase) are the
key genes for ureide synthesis, and they are significantly expressed in soybean nodules [33].
Alamillo et al. [46] found that ALN gene expression also increased in Phaseolus vulgaris L.
roots and in shoots in response to drought. Díaz-Leal et al. [47] found that nitrate stress
reduced the ALN gene expression in roots, stems, and leaves of Phaseolus vulgaris L. The
present study found that increasing the P supply on only one side increased the key genes
for ureide synthesis in nodules on both sides of dual-root soybeans. It is worth mentioning
that increasing the P supplied to only one side of the dual-root soybeans promoted the
formation of nodule Bts, increased the number of ICs, and elevated the relative expression
of regulatory genes for nodulation and nitrogen fixation (GmEXPB2, GmSPX5, nifH, nifD,
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nifK, GmALN1, GmACP1, GmUR5, GmPUR5, and GmHIUH5) on the phosphorus-free side
in our study. From the perspectives of nodule structure and relative key gene expression,
our findings further confirm that the local P supply can systemically regulate nodulation
and nitrogen fixation in soybean.

4.2. Effects of P Supply Level on P Absorption and Transport in Soybean Plants

The level of P supply can affect the P absorption of soybean plants [35,48,49]. The P
contents in the aboveground tissues and nodules of soybean increase with the increase in P
supply [50]. In a study that supplied soybean plants with 0.005 and 0.025 mM KH2PO4,
Georgiev and Tsvetkova [51] found that treatment with 0.025 mM KH2PO4 increased the
P content in the root system but reduced the P content in the shoots of the plants. In the
present study, applying high concentrations of P to only one side significantly increased the
P content in the shoots, roots, and nodules on both sides of dual-root soybean plants. Under
low P stress, nodules are prioritized for receiving P to ensure their growth [4,52,53]. In a
study conducted by Qin et al. [8], where 5 or 250 µM KH2PO4 was applied to soybean roots
under hydroponic conditions and 33P-labeled KH2PO4 was applied to the bottom of the
root area without nodules, 5 µM KH2PO4 treatment resulted in a significantly higher 33P
content in soybean nodules than 250 µM KH2PO4 treatment. Al-Niemi et al. [54] applied 0
and 5 mM KH2PO4 to common bean plants that had been supplied with 0.75 mM KH2PO4
until the V2 stage and then applied 33P-labeled KH2PO4 to the bottom area of the roots
without nodules or to the entire root system. They found that P-free treatment promoted
the transport of 33P from the roots and nodular surface into the nodules. In the present
study, we also found that P transported from the aboveground tissues to the root system
on the P− side might be prioritized for root nodules to maintain their function.

Using the root separation method to apply P to only one side of subterranean clover
and Lupinusalbus, Scott et al. [22] Shu et al. [21] found that P uptake in the roots was
enhanced on only the P-supply side and remained stable on the non-P-supply side.
Burleigh et al. [55], Shen et al. [25], and Wouterlood et al. [56] applied high concentra-
tions of P to one side and a low concentration or no P to the other side of chickpea,
Lupinusalbus and truncatula plants, respectively, using the root separation method, and they
found that the P uptake by the roots was enhanced on both sides. Compared with both
sides of the roots supplied with phosphorus, the treatment with no phosphorus supply on
one side of the roots inhibited Phaseolus vulgaris root growth on the phosphorus supply
side (Bonser et al. [57]), while low levels of phosphorus on one side of the roots and normal
levels of phosphorus on the other side inhibited normal phosphorus supply soybean root
nodule growth on the low-level phosphorus supply side; however, the relative expression
levels of genes PvNIN, PvRIC1, and PvRIC2, which regulate the formation of nodules
by rhizobial symbiosis, were only upregulated on the low-phosphorus side, according to
Isidra-Arellano et al. [58]. In our study, after supplying different concentrations of P for
a long time on one side of the dual-root soybeans, the P content in the roots and nodules
on the P− side significantly increased with the increase in P supply to the P+ side, which
is different from the results of Scoot et al. [22] and Shu et al. [21]. Our experiment was
conducted under sand culture conditions to eliminate soil phosphorus interference, which
may account for the differences in the results.

5. Conclusions

1. In the dual-root soybean plants supplied with P on only one side, the nodule weight,
ARA, SNA, ureide content, the number of Bts, the number of ICs, and relative ex-
pression levels of key genes related to nodulation and nitrogen fixation (GmEXPB2,
GmSPX5, nifH, nifD, nifK, GmALN1, GmACP1, GmUR5, GmPUR5, and GmHIUH5) on
the P+ side increased with the increase in P supply during the VC-R1 period. Those
on the P− side showed the same pattern as those on the P+ side but less prominently.
Therefore, P supply regulates soybean nodulation and nitrogen fixation.
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2. When the level of phosphorus supply was increased from 1 mg/L to 31 mg/L,
the increase on the P– side root was significant, and nodule phosphorus content
increased by 57.14–85.71% and 68.75–75.00%; ARA and SNA were 218.64–383.33%
and 11.41–16.11%, respectively, and ureide content was 118.18–156.44%. When the
level of phosphorus supply was increased from 31 mg/L to 61 mg/L, the increases in
the regulation ability of the root and nodule phosphorus content were only 0.00–9.09%
and 25.00–29.63%, respectively; ARA and SNA were 36.21–50.00% and 10.46–15.78%,
respectively, and ureide content was 6.02–9.27%.

3. When the dual-root soybean plants were supplied with different concentrations of P
on one side, the P content in the roots and nodules on the P− side increased with the
increase in P supply. These findings show that P can be transported to the roots and
nodules on the non-supplied side through the shoots, and the nodules are prioritized
to receive P.
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Abstract: The specific mechanism by which phosphorus affects nodule nitrogen fixation and nitrogen
absorption in soybeans remains inconclusive. To further quantitatively analyze the effect of phos-
phorus on nodule nitrogen fixation and nitrogen accumulation in soybeans, this experiment was
carried out under sand culture conditions. The experiment consisted of six phosphorus supply levels
(1 mg/L, 11 mg/L, 21 mg/L, 31 mg/L, 41 mg/L, 51 mg/L). The acetylene reduction method and 15N
tracer method (50 mg/L (NH4)2SO4) were used to determine and analyze the nodule growth status,
nodule nitrogenase activity, nitrogen content, and nodule nitrogen fixation rate at initial flowering
(R1 stage), initial pod (R3 stage), seed filling (R5 stage) and maturity stages (R8 stage). The results
are described as follows: 1. The nitrogen fixation of soybean nodules at different growth stages has
different requirements for phosphorus supply levels. The initial flowering stage and seed-filling stage
were 31 mg/L–41 mg/L, and the initial pod stage was 51 mg/L. 2. The nitrogen source in different
parts of soybean showed different trends with different growth periods and phosphorus supply
concentrations. Among them, from the initial flowering stage to the seed filling stage, the main
body of the nitrogen supply of soybean shoots in the low phosphorus treatment (1 mg/L–31 mg/L)
gradually changed from fertilizer nitrogen to nodule nitrogen fixation, while the main body of the
nitrogen supply of soybean shoots in the high phosphorus treatment (41 mg/L–51 mg/L) always
showed nodule nitrogen fixation and was transformed into fertilizer nitrogen at the mature stage.
The main nitrogen supply to the roots of soybean at different levels of phosphorus supply from
the initial flowering to the initial pods and maturity stage was fertilizer nitrogen, and the main
nitrogen supply at the seed filling stage was nodule nitrogen fixation. The nitrogen supply to the
main body of soybean nodules was constantly nodule nitrogen fixation. 3. Different phosphorus
supply levels significantly affected the nitrogen fixation of soybean nodules (R2 ≥ 0.803), and both
the acetylene reduction method and the 15N tracer method could be used to determine the nitrogen
fixation capacity of soybean nodules. This study indicated the optimal phosphorus supply level of
nodules in different growth stages of soybean and clarified the main body of phosphorus supply
in different parts of soybean at different growth stages, which pointed out the direction for further
improving the utilization efficiency of soybean nitrogen and phosphorus fertilizer.

Keywords: phosphorus supply levels; nodulation; nitrogen accumulation; nitrogen fixation

1. Introduction

Phosphorus is one of the three basic elements required for crop growth, second only to
nitrogen, which has a significant effect on the growth and nodulation process of leguminous
crops [1–3]. According to statistics, 40% of the world’s arable land grows crops whose
yield is limited by phosphorus [4]. Studies have shown that the reasonable application
of phosphorus fertilizer can regulate the growth and development of soybean nodules,
enhance the nitrogen fixation capacity of nodules, and promote plant growth, thereby
achieving the effect of phosphorus promoting nitrogen and increasing yield [5–11]. At
present, the effects of phosphorus on nitrogen fixation in nodules mainly focus on the effect
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of different phosphorus levels on nodule growth and metabolism [12–14]. Some studies
have suggested that low phosphorus concentration reduces the nitrogenase activity in
nodules of legume crops due to the reduction of ATP energy in nodules [15], the decrease
in leghemoglobin content [16], decreased Fe content [5], and excessive secretion of organic
acids [17]. Other studies have found that leguminous crops adapt to low phosphorus con-
centrations by increasing phytase and phosphatase activity in nodules [18,19]. Some studies
have also suggested that low phosphorus concentration inhibits the nitrogen fixation of
leguminous nodules and the nitrogen absorption of plants [20,21]. Additional analysis
of the physiological effects of phosphorus levels on nitrogen fixation and metabolism in
nodules showed that the effect of phosphorus on nitrogen fixation in nodules was achieved
by regulating nitrogen metabolism [22]. Characterized by low phosphorus conditions,
the proportion of nodule nitrogen accumulated by legume crops decreased significantly,
while the nitrogen content in plants and leaves increased, indicating that the assimilated
nitrogen had exceeded the demand of plant growth and development for nitrogen, and
the accumulation of asparagine in roots and nodules increased, further indicating that
the effect of phosphorus on nodule nitrogen fixation was achieved by regulating nitrogen
metabolism [12–14]. The above studies have shown that phosphorus levels have a sig-
nificant effect on nitrogen fixation and nitrogen uptake by nodules of leguminous crops,
but they have not been able to quantitatively characterize the main nitrogen supply of
leguminous crops in each growth period under different phosphorus supply levels, nor
have they affected different growth stages according to the growth process. An in-depth
analysis of the effect of nitrogen fixation by soybean nodules under the phosphorus supply
level is not conducive to improving the utilization efficiency of nitrogen and phosphorus
fertilizers in soybean. Therefore, this study intended to quantitatively characterize the
nodule growth status, nodule nitrogenase activity, nodule nitrogen fixation rate, and nitro-
gen accumulation of soybean plants with different phosphorus supply levels under sand
culture conditions by the 15N tracer method and provide a theoretical basis for analyzing
the physiological mechanism of phosphorus application affecting soybean nodule nitrogen
fixation and nitrogen absorption.

2. Materials and Methods
2.1. Test Site Overview

The study was conducted at the Experimental Base of Northeast Agricultural Univer-
sity in 2019, which is located in the Xiangfang District, Harbin City, Heilongjiang Province,
China, with geographical coordinates of 126.43◦43′ E, 45◦44′ N. The annual precipitation is
500–550 mm, and the accumulated temperature is ≥10 ◦C and 2700 ◦C.

2.2. Test Materials

The soybean variety tested was Kenfeng 16 (Glycine max L.) (Heilongjiang Academy
of Land Agricultural Reclamation Science, Heilongjiang, China). Labeled ammonium
sulfate 15N (3.36% abundance) was purchased from Shanghai Chemical Industry Research
Institute, and the tested phosphorus source was KH2PO4.

2.3. Experimental Design

Six phosphorus levels were set up in the experiment: 1 mg/L, 11 mg/L, 21 mg/L,
31 mg/L, 41 mg/L, and 51 mg/L, expressed as P1, P11, P21, P31, P41, and P51, respectively.
In each treatment, (15NH4)2SO4 with a 15N abundance of 3.36% was used as a nitrogen
source to analyze the nitrogen fixation ability of nodules. Phosphorus levels and the
composition of the nutrient solution refer to Yao et al. [23] and Li et al. [24] using the
nutrient solution formula, with a slight improvement. The specific components are shown
in Tables S1 and S2.
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2.4. Test Treatment

Potted cultivation with river sand was used in this study. Each plastic pot was 0.30 m
in diameter and 0.28 m in height. Two drainage holes 1 cm in diameter were drilled at the
bottom of the pot, with one on each side of the partition plate. Each pot was filled with
20 kg of washed sand. Before use, the sand was thoroughly washed with tap water and
then rinsed twice with distilled water. The soybean seeds were sown in fine sand at a
depth of 2 cm and cultured in an incubator at 30 ◦C for approximately 3 days. When
the distance between the growing point of the cotyledon and the tip of the root reached
approximately 7–10 cm, the root system of soybean seedlings was exposed by rinsing with
distilled water; then, uniform seedlings were selected for transplanting, and two seedlings
were kept per pot.

The inoculation of rhizobia was carried out when the opposite true leaves of soybean
were fully expanded. The soybean nodules stored in the field in the previous year were
ground into powder and then added to the nutrient solution, and each liter of nutrient
solution contained about 5 g nodules for continuous inoculation for 5 days. According to
the characteristics of soybean fertilizer demand, the nutrient supply was divided into three
periods. The first period was from transplanting the seedlings before the VC stage (the
unfolded cotyledon stage), and they were drenched with distilled water once a day, 500 mL
per pot. The second period was the unfolded cotyledon to fully expanded stage to the V4
stage (fourth trifoliate leaf stage), and the basic nutrient solution of 50 mg/L (NH4)2SO4
and 31 mg/L KH2PO4 was poured once a day, 500 mL each time. The third period was
from V4 to harvest, and 15N labeling and different phosphorus supply levels were carried
out. This period is divided into three stages, of which the V4 stage to the R1 stage (initial
flowering stage) is the first stage, and the nutrient solution is poured once a day, with 500
mL each time. The second stage is from the R1 stage to the R8 stage (maturity stage), and
the same nutrition is used as the first stage, but the nutrient solution is poured twice a
day, 500 mL each time, that is, 1000 mL of nutrients per pot every day. From the R8 stage
to harvest is the third stage, considering the decline in nutrients required by plants, the
supply of nutrient solution was reduced to 500 mL once a day (Table S3).

2.5. Sampling and Measurement

Samples were taken 4 times at initial flowering (R1 stage, 42 days), initial pod (R3
stage, 15 days), seed filling (R5 stage, 16 days), and maturity stages (R8 stage, 38 days)., and
each treatment was repeated 4 times. The shoots were cut along the boundary between the
ground and the ground at 8:00–10:00 AM on a sunny day, and the underground part was
washed with distilled water to remove the sand and blotted dry with filter paper, and then
the nodule nitrogenase activity was measured [25]. After the measurement, the nodules
were removed and recorded. The number of nodules and the dry weight of nodules and
roots were determined after drying at 60 ◦C. The shoots were fixed at 105 ◦C for 1 h, dried
at 65 ◦C to constant weight, and weighed. After crushing, the 15N abundance and plant
nitrogen content of each part were determined. When soybean leaves turned yellow, to
reduce the error of dry matter quality caused by falling leaves, the fallen leaves were picked
up twice a day, morning and evening, and collected in mesh bags for the calculation of
soybean dry matter accumulation in the R8 period.

The nitrogenase activity of nodules was determined by Acetylene reduction activity
according to the method of Gremaud and Harper (1986).

Plant nitrogen content was determined by the B324 automatic Kjeldahl nitrogen analyzer
produced by Shanghai Shengsheng Automatic Analytical Instrument Co., LTD., China.

15N abundance was determined by a mass spectrometer using a double-channel (DI)
measurement (Thermo-Fisher Delta V Advantage IRMS, Waltham, MA, USA).
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2.6. Data Calculations

The sand culture was used in the experiment and there was no soil factor interference;
therefore, the nitrogen source of the plant was derived from the application of 15N-labeled
fertilizer nitrogen and atmospheric nitrogen fixed by nodules.

The nitrogenase activity per unit nodule weight was calculated as follows:

SNA =
ER

DN − TR
(1)

where SNA is specific nitrogenase activity (unit is C2H4 µmol g−1 Nodule Dry Mass h−1),
ER is the amount of reduced ethylene (unit is µmol), DN is the dry weight of the nodule
(unit is g), and TR is the reaction time (unit is h), the same as below.

The nitrogenase activity per plant was calculated as follows:

ARA =
ER

TR
(2)

where ARA is acetylene reduction activity (unit is C2H4 µmol h−1 Plant−1).
The percentage of nitrogen fixation originating from nodules in the plant was calcu-

lated as follows:
RNNF =

ffertilizer − ftreatment

fertilizer − f0
(3)

The formula source: RNNF × f 0 + (1-RNNF) f fertilizer = f treatment, where RNNF is
nodule nitrogen fixation rate (unit is %), 1-RNNF is fertilizer utilization rate (unit is %),
f 0 is background natural abundance (unit is %), and f treatment is treatment 15N abundance
(unit is %).

2.7. Statistical Analyses

All statistical analyses were performed using SPSS 21.0 (SPSS Inc., Chicago, IL, USA).
All the data were subjected to a normality test prior to a one-way analysis of variance
(ANOVA), and Duncan’s multiple range test was used at a significance level of p < 0.05.

3. Results
3.1. Effect of Different Phosphorus Supply Levels on Nodulation and Nitrogen Fixation

Table 1 shows the number and dry weight of soybean nodules under different phos-
phorus supply levels from the initial flowering stage (R1) to the seed-filling stage (R5).
From the perspective of the growth process, the dry weight and number of soybean nodules
in each treatment showed different trends. When the phosphorus supply level increased
from 1 mg/L to 31 mg/L, the number of soybean nodules showed a trend of increasing first
and then decreasing with the progress of the growth process, and the peak value appeared
in the initial pod stage (R3). When the phosphorus supply level was further increased
to 41 mg/L and above, it showed a linear growth trend, and the peak appeared in the
seed-filling stage (R5). The dry weight of nodules showed a gradually increasing trend
with the advancement of the reproductive process. By comparing the number of nodules
and the dry weight of nodules, it was found that the number of nodules decreased under
the phosphorus supply level of 1 mg/L–31 mg/L from the initial pod stage to the seed
filling stage, but the dry weight of nodules increased. From the perspective of phosphorus
supply level, the number of nodules and dry weight of soybean nodules all increased
with increasing phosphorus supply level. When the phosphorus supply level increased to
41 mg/L, the number of nodules and dry weight of soybean did not increase significantly
when the phosphorus supply level was increased again.
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Table 1. Effects of different phosphorus supply levels on soybean nodule number and nodule
dry weight.

Treatments R1 R3 R5

Nodule Number
(Per Plant)

P1 66 ± 8.25 c 70 ± 10.53 c 48 ± 2.65 c
P11 67 ± 7.17 c 79 ± 9.02 bc 57 ± 0.88 c
P21 70 ± 0.88 bc 92 ± 13.97 bc 66 ± 10.09 c
P31 85 ± 4.63 b 124 ± 13.92 bc 120 ± 7.22 b
P41 120 ± 2.89 a 142 ± 7.22 ab 191 ± 5.49 a
P51 124 ± 2.03 a 197 ± 17.59 a 207 ± 10.39 a

Nodule Weight
(g/Plant)

P1 0.10 ± 0.01 e 0.12 ± 0.07 d 0.13 ± 0.01 c
P11 0.10 ± 0.01 e 0.18 ± 0.01 d 0.26 ± 0.06 c
P21 0.15 ± 0.01 d 0.52 ± 0.01 c 0.72 ± 0.02 b
P31 0.25 ± 0.01 c 0.69 ± 0.15 bc 1.02 ± 0.19 b
P41 0.26 ± 0.01 b 0.77 ± 0.05 ab 1.41 ± 0.16 a
P51 0.28 ± 0.01 a 0.88 ± 0.07 a 1.42 ± 0.06 a

The data are represented as the mean values± standard error and independent measurements with three replicates.
Different lowercase letters indicate the differences between treatments at a significance level of 5%.

Table 2 shows soybean SNA and ARA under different phosphorus levels from the
initial flowering stage (R1) to the seed-filling stage (R5). From the perspective of the growth
process, SNA and ARA showed different trends. SNA showed a linear downward trend
with the progress of the growth process at the phosphorus supply level of 1 mg/L-41 mg/L,
while at the phosphorus supply level of 51 mg/L, SNA showed a trend of first increasing
and then decreasing, and the maximum value appeared in the initial pod stage (R3). ARA
showed a linear downward trend with the growth process under the phosphorus supply
level of 1 mg/L, first increasing and then decreasing under the phosphorus supply levels
of 11 mg/L and 51 mg/L, and the peak appeared at the initial pod stage (R3), while the
phosphorus supply levels from 21 mg/L to 41 mg/L showed a linear upward trend. From
the perspective of phosphorus supply level, SNA and ARA showed similar trends in the
R1 and R5 stages; both showed a unimodal curve with the increase in phosphorus supply
level, and the maximum appeared at the phosphorus supply level of 31 mg/L–41 mg/L.
SNA and ARA in the R3 stage increased with the increase in phosphorus supply level, and
the maximum values appeared at the 51 mg/L phosphorus supply level.

Table 2. Effects of different phosphorus supply levels on soybean SNA and ARA.

Treatments R1 R3 R5

SNA(C2H4 µmol g−1

Nodule Dry Mass h−1)

P1 27.62 ± 1.81 d 13.96 ± 0.82 e 7.83 ± 0.23 d
P11 45.63 ± 6.85 c 31.72 ± 1.04 d 22.25 ± 2.17 c
P21 78.82 ± 3.97 ab 33.74 ± 0.10 d 33.08 ± 0.22 ab
P31 92.04 ± 8.50 a 42.01 ± 0.14 c 34.97 ± 0.05 a
P41 73.28 ± 3.43 b 51.27 ± 6.39 b 32.79 ± 0.40 ab
P51 71.12 ± 1.51 b 76.36 ± 0.62 a 31.06 ± 1.80 b

ARA(C2H4 umol h−1

Plant−1)

P1 3.00 ± 0.29 d 1.35 ± 0.12 d 0.86 ± 0.02 d
P11 3.70 ± 0.50 d 5.67 ± 0.39 d 5.44 ± 0.55 d
P21 11.96 ± 0.74 c 17.60 ± 0.16 cd 23.92 ± 0.77 c
P31 22.63 ± 2.49 a 29.13 ± 2.07 bc 35.82 ± 0.47 b
P41 18.79 ± 0.09 b 39.80 ± 7.47 b 46.07 ± 4.92 a
P51 19.82 ± 0.43 ab 66.89 ± 13.61 a 44.30 ± 4.52 ab

Different lowercase letters indicate the differences between treatments at a significance level of 5%.

3.2. Effect of Different Phosphorus Supply Levels on Soybean Nitrogen Absorption and Distribution

3.2.1. The Effect of Different Phosphorus Supply Levels on the Abundance of 15N in
Soybean Plants

Table 3 shows that the abundance of 15N in soybean plants showed different changes
with the progress of the growth process. The abundance of 15N in shoots and roots showed
a decreasing trend from the R1-R5 stage and an increasing trend from the R5–R8 stage.
Since 15N is mainly derived from the labeled fertilizer nitrogen, it means that from the
initial flowering stage to the seed-filling stage, as the nodules grew and provided nitrogen,
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the fertilizer nitrogen absorbed by the shoots and roots gradually became unable to meet
their own needs, and an increasing amount of nitrogen was fixed through the nodules. To
obtain nitrogen, as the nodules continue to decline from the seed-filling stage to the mature
stage, the nitrogen absorbed by the shoots and roots comes from fertilizer nitrogen, which
in turn causes the 15N abundance to rise in the R8 stage, completing a round of major
nitrogen supply. It can also be seen from the data of different treatments in each growth
period in the table that the abundance of 15N in each part of soybean increased first and
then decreased with the increase in phosphorus supply level, and the phosphorus supply
level peaked at 11 mg/L and then increased. The abundance of 15N at the phosphorus
supply level was significantly reduced.

Table 3. 15N abundance (%) in plant organs of soybean under different phosphorus supply levels.

Stages Treatments Shoot Root Nodule

R1

P1 2.27 ± 0.01 b 2.41 ± 0.01 b 1.12 ± 0.03 a
P11 2.33 ± 0.01 a 2.54 ± 0.01 a 1.15 ± 0.04 a
P21 2.07 ± 0.01 c 2.31 ± 0.01 c 0.96 ± 0.03 b
P31 1.97 ± 0.01 d 2.28 ± 0.01 d 0.94 ± 0.09 b
P41 1.55 ± 0.01 f 1.96 ± 0.01 f 0.78 ± 0.02 c
P51 1.65 ± 0.01 e 1.97 ± 0.01 e 0.87 ± 0.03 bc

R3

P1 1.89 ± 0.01 c 2.07 ± 0.01 c 0.87 ± 0.01 abc
P11 1.99 ± 0.01 a 2.17 ± 0.01 a 0.92 ± 0.01 a
P21 1.91 ± 0.01 b 2.14 ± 0.01 b 0.90 ± 0.01 ab
P31 1.74 ± 0.01 d 2.04 ± 0.01 d 0.81 ± 0.03 bc
P41 1.74 ± 0.01 d 2.04 ± 0.01 d 0.83 ± 0.04 abc
P51 1.50 ± 0.01 e 1.86 ± 0.01 e 0.77 ± 0.06 c

R5

P1 1.38 ± 0.01 c 1.39 ± 0.01 b 0.67 ± 0.02 ab
P11 1.46 ± 0.01 a 1.45 ± 0.02 a 0.69 ± 0.01 ab
P21 1.41 ± 0.01 b 1.33 ± 0.01 c 0.68 ± 0.01 a
P31 1.25 ± 0.01 d 1.26 ± 0.01 d 0.62 ± 0.01 b
P41 1.19 ± 0.01 e 1.18 ± 0.01 e 0.65 ± 0.05 ab
P51 1.18 ± 0.01 e 1.15 ± 0.01 e 0.66 ± 0.03 ab

R8

P1 2.41 ± 0.04 a 2.42 ± 0.02 a -
P11 2.53 ± 0.04 a 2.49 ± 0.04 a -
P21 2.22 ± 0.05 b 2.13 ± 0.01 b -
P31 1.95 ± 0.10 c 1.94 ± 0.09 b -
P41 2.15 ± 0.05 b 2.01 ± 0.17 b -
P51 2.11 ± 0.01 bc 1.96 ± 0.05 b -

Different lowercase letters indicate the differences between treatments at a significance level of 5%.

3.2.2. Proportion of Nitrogen Sources in Various Organs of Soybean under Different
Phosphorus Supply Levels

Table 4 shows the proportion of nitrogen sources in soybean organs under different
phosphorus supply levels. It can be seen from the table that the sources of nitrogen in
different parts of soybean showed different changes with different growth stages. From
the R1 stage to the R5 stage, the proportion of fertilizer nitrogen absorbed by each part of
the soybean showed a downward trend and increased from the R5 stage to the R8 stage
(except nodules). The proportion of nitrogen fixation from nodules and the proportion of
nitrogen absorbed from fertilizers in each part showed an opposite trend with the growth
process, and the nitrogen source of each part of the soybean showed different changes with
changes in the level of phosphorus supply. In addition, from Table 4, it can be seen that
the nitrogen sources of different parts of soybean show different changing rules with the
phosphorus supply level. Among them, in the R1 stage, the shoots showed that when the
phosphorus supply level increased from 1 mg/L to 31 mg/L, the nitrogen source from
fertilizer nitrogen accounted for 53.58–65.52% (>50%), and from a nodule, nitrogen fixation
accounted for 34.48–46.42% (<50%). When the phosphorus supply level was 41 mg/L to
51 mg/L, the nitrogen source from fertilizer nitrogen accounted for 39.57–42.67% (<50%),
and from nodule nitrogen fixation accounted for 57.33–60.43% (>50%). When the phos-
phorus supply level increased from 1 mg/L to 21 mg/L in the R3 stage, the nitrogen in
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the shoots that came from fertilizer nitrogen accounted for 50.08–54.21%, and the nitrogen
fixation from nodules accounted for 45.79–49.20%; however when the phosphorus supply
level was 31 mg/L–51 mg/L, nitrogen from fertilizers accounted for 37.91–45.85%, and
nitrogen from nodules accounted for 54.15–62.09%When the phosphorus supply level
increased from 1 mg/L to 51 mg/L in the R5 stage, the shoot nitrogen from fertilizer
nitrogen accounted for 27.18–36.50%, and the nitrogen fixation from nodules accounted
for 63.50–72.81%. By comparing the changes in nitrogen sources in each treatment in the
R1–R5 stages, it can be seen that the main nitrogen supply under low phosphorus treatment
will gradually change from fertilizer nitrogen to nitrogen fixation by the nodules as the
growth stage progresses. At the R8 stage, the nitrogen in the shoots was 52.68–68.22% from
fertilizers and 27.65–47.32% from nodules, The nitrogen source of roots in each growth stage
was as follows: when the phosphorus supply level increased from 1 mg/L to 51 mg/L at
the R1 stage, the nitrogen source of fertilizer nitrogen accounted for 53.01–72.47%, and the
nitrogen fixation from nodules accounted for 27.53–46.99%. During the R3 period, nitrogen
from fertilizers accounted for 49.99–60.36%, and nitrogen fixation from nodules accounted
for 39.64–50.01%, indicating that nitrogen in the roots with different phosphorus levels
from the initial flowering stage to the initial pod’s stage was the main nitrogen supply for
fertilizers. In the R5 period, when the phosphorus supply level increased from 1 mg/L
to 51 mg/L, nitrogen from fertilizers accounted for 26.14–36.04%, and nitrogen fixation
from nodules accounted for 63.96–73.86%. In the R8 period, when the phosphorus supply
level increased from 1 mg/L to 51 mg/L, the nitrogen of the roots that came from fertilizer
nitrogen accounted for 52.41–68.68%, and the nitrogen fixation from nodules accounted for
29.26–47.59%. The nitrogen source from nodules showed that from the R1-R5 stages, nitro-
gen from self-fixation accounted for 73.95–91.63%, and nitrogen from fertilizer accounted
for only 8.37–26.04%.

Table 4. The proportion of nitrogen sources in different parts of soybean under different phosphorus
supply levels (%).

Stages Treatments

Shoot Root Nodule

Nitrogen
Derived from
the Fertilizer

Nitrogen
Derived from
Atmosphere

Nitrogen
Derived from
the Fertilizer

Nitrogen
Derived from
Atmosphere

Nitrogen
Derived from
the Fertilizer

Nitrogen
Derived from
Atmosphere

R1

P1 63.58 ± 0.14 b 36.42 ± 0.14 e 68.11 ± 0.16 b 31.89 ± 0.16 e 25.21 ± 0.16 a 74.79 ± 0.09 c
P11 65.52 ± 0.25 a 34.48 ± 0.25 f 72.47 ± 0.06 a 27.53 ± 0.06 f 26.04 ± 1.25 a 73.95 ± 1.25 c
P21 56.90 ± 0.20 c 43.10 ± 0.20 d 64.88 ± 0.03 c 35.12 ± 0.03 d 19.89 ± 0.88 b 80.11 ± 0.88 b
P31 53.58 ± 0.02 d 46.42 ± 0.02 c 64.03 ± 0.19 d 35.97 ± 0.19 c 18.94 ± 2.97 b 81.06 ± 2.97 b
P41 39.57 ± 0.15 f 60.43 ± 0.15 a 53.01 ± 0.13 f 46.99 ± 0.13 a 13.84 ± 0.69 d 86.16 ± 0.69 a
P51 42.67 ± 0.10 e 57.33 ± 0.10 b 53.50 ± 0.02 e 46.50 ± 0.02 b 16.70 ± 1.09 bc 83.30 ± 1.09 ab

R3

P1 50.80 ± 0.30 c 49.20 ± 0.30c 56.78 ± 0.07 c 43.22 ± 0.07 c 16.75 ± 0.38 abc 83.25 ± 0.38 abc
P11 54.21 ± 0.38 a 45.79 ± 0.38 e 60.36 ± 0.06 a 39.64 ± 0.06 e 18.43 ± 0.27 a 81.57 ± 0.27 c
P21 51.51 ± 0.16 b 48.49 ± 0.16 d 59.10 ± 0.16 b 40.90 ± 0.16 d 17.58 ± 0.40 ab 82.42 ± 0.40 bc
P31 45.72 ± 0.05 d 54.28 ± 0.05 b 55.74 ± 0.27 d 44.26 ± 0.27 b 14.67 ± 0.84 bc 85.33 ± 0.84 ab
P41 45.85 ± 0.07 d 54.15 ± 0.07 b 55.85 ± 0.35 d 44.15 ± 0.35 b 15.53 ± 1.24 abc 84.47 ± 1.24 abc
P51 37.91 ± 0.04 e 62.09 ± 0.04 a 49.99 ± 0.08 e 50.01 ± 0.08 a 13.53 ± 1.94 c 86.47 ± 1.94 a

R5

P1 34.03 ± 0.12 c 65.97 ± 0.12 c 34.00 ± 0.12 b 66.00 ± 0.10 d 9.89 ± 0.58 ab 90.11 ± 0.59 ab
P11 36.50 ± 0.22 a 63.50 ± 0.22 e 36.04 ± 0.69 a 63.96 ± 0.69 e 10.78 ± 0.45 a 89.22 ± 0.45 b
P21 34.88 ± 0.07 b 65.12 ± 0.07 d 32.15 ± 0.17 c 67.85 ± 0.17 c 10.38 ± 0.26 ab 89.62 ± 0.26 ab
P31 29.30 ± 0.19 d 70.70 ± 0.19 b 29.91 ± 0.22 d 70.09 ± 0.22 b 8.37 ± 0.28 b 91.63 ± 0.28 a
P41 27.42 ± 0.15 e 72.58 ± 0.15 a 27.10 ± 0.14 e 72.89 ± 0.80 a 9.33 ± 1.83 ab 90.67 ± 1.83 ab
P51 27.18 ± 0.08 e 72.81 ± 0.08 a 26.14 ± 0.26 e 73.86 ± 0.26 a 9.57 ± 1.16 ab 90.43 ± 1.16 ab

R8

P1 68.22 ± 1.30 a 31.78 ± 1.30 c 68.68 ± 0.67 a 31.32 ± 0.67 b - -
P11 72.35 ± 1.38 a 27.65 ± 1.38 c 70.74 ± 1.33 a 29.26 ± 1.33 b - -
P21 61.77 ± 1.57 b 38.23 ± 1.57 b 58.73 ± 0.36 b 41.27 ± 0.36 a - -
P31 52.68 ± 3.43 c 47.32 ± 3.43 a 52.41 ± 3.00 b 47.59 ± 3.00 a - -
P41 59.69 ± 1.62 b 40.31 ± 1.62 b 54.95 ± 5.70 b 45.05 ± 5.70 a - -
P51 58.28 ± 0.42 bc 41.71 ± 0.42 ab 53.20 ± 1.71 b 46.80 ± 1.71 a - -

Different lowercase letters indicate the differences between treatments at a significance level of 5%.
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3.2.3. Nitrogen Accumulation and Nodule Nitrogen Fixation in Different Parts of Soybean
under Different Phosphorus Supply Levels

According to the dry matter accumulation in each part of the soybean and the nitrogen
content per gram of dry matter, the nitrogen accumulation in each part can be identified,
and the nitrogen accumulation in each part multiplied by the nitrogen fixation rate of
the nodule (Table 4) can be obtained. Table 5 shows that the nitrogen accumulation in
all parts of soybean increased linearly with the growth process, and the nitrogen fixation
in nodules increased from the R1 stage to the R5 stage and decreased from the R5 stage
to the R8 stage (except nodules). The different phosphorus supply treatments generally
showed a significant increase with increasing phosphorus supply levels. Table 5 shows that
the nitrogen content of the shoots and roots reached a maximum when the phosphorus
supply level increased from 1 mg/L to 31 mg/L at the R1 stage, and then the phosphorus
supply level showed a decreasing trend. In the R3 stage, when the phosphorus supply level
increased to 21 mg/L, there was no significant upward trend in increasing the phosphorus
supply level. The R5 and R8 stages increased with the increase in the phosphorus supply
level, but when the phosphorus supply level increased to 31–41 mg/L, there was no
significant upward trend in increasing the phosphorus supply level. The initial flowering
stage was 31 mg/L, the initial pod stage was 21 mg/L, and the seed-filling stage and
maturity stage were both 31 mg/L–41 mg/L. However, the nitrogen accumulation in
nodules increased with increasing phosphorus supply levels from the R1 stage to the R5
stage. When the phosphorus supply level increased by 41 mg/L, there was no significant
increasing trend when the phosphorus supply level was increased. It can also be concluded
from Table 5 that the nitrogen fixation amount of the shoot increases to a maximum of 41
mg/L in the R1 stage, and there is a downward trend when the phosphorus supply level is
increased again. From the R3 stage to the R5 stage, it increased with increasing phosphorus
supply level, and there was no significant increase between 31 mg/L and 51 mg/L in the R3
stage. There was no significant increase between 41 mg/L and 51 mg/L in the R5 stage. In
the R8 stage, when the phosphorus supply level increased to 31 mg/L, the maximum level
increased, and the phosphorus supply level showed a decreasing trend. This indicated
that it was not the case that the higher the concentration of phosphorus supply was, the
better the accumulation of nitrogen fixation in soybean nodules. The phosphorus supply
level of 31 mg/L–41 mg/L was the most suitable phosphorus supply level to promote the
efficient utilization of nitrogen fixation by nodules in the shoots of soybean. The nitrogen
fixation amount by nodules in soybean was the largest in the 31 mg/L treatments in the R1,
R3, and R8 stages, while it was 41 mg/L in the R5 stage. The nitrogen fixation of nodules
showed that from the R1–R5 stages, it increased with the progression of the growth period
and increased with the increase in the phosphorus supply level in the same period, but
there was no significant difference when the phosphorus supply level reached 31 mg/L
in the R1 stage and no significant increase when the phosphorus supply level reached
41 mg/L in the R3 and R5 stages.

Table 5. Nitrogen accumulation and nodule nitrogen fixation in different parts of soybean under
different phosphorus supply levels (mg).

Stages Treatments

Shoot Root Nodule

Nitrogen
Accumulation

Nodule
Nitrogen
Fixation

Nitrogen
Accumulation

Nodule
Nitrogen
Fixation

Nitrogen
Accumulation

Nodule
Nitrogen
Fixation

R1

P1 115.89 ± 4.40 c 42.20 ± 1.46 d 47.57 ± 2.39 a 15.18 ± 0.80 b 2.88 ± 0.23 d 2.15 ± 0.17 c
P11 130.85 ± 9.18 c 45.16 ± 3.46 d 30.62 ± 0.81 c 8.43 ± 0.23 d 3.47 ± 0.30 d 2.57 ± 0.26 c
P21 160.71 ± 5.04 b 69.24 ± 1.87 c 36.78 ± 1.98 b 12.92 ± 0.71 c 6.29 ± 0.26 c 5.03 ± 0.16 b
P31 228.20 ± 12.27 a 105.93 ± 5.65 b 48.60 ± 0.31 a 17.48 ± 0.14 a 10.19 ± 0.34 b 8.28 ± 0.55 a
P41 224.62 ± 6.12 a 135.74 ± 3.86 a 36.55 ± 1.63 b 17.17 ± 0.79 a 10.50 ± 0.66 ab 9.05 ± 0.61 a
P51 209.76 ± 15.56 a 120.28 ± 9.10 b 31.38 ± 0.69 c 14.59 ± 0.32 bc 11.58 ± 0.54 a 9.65 ± 0.56 a
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Table 5. Cont.

Stages Treatments

Shoot Root Nodule

Nitrogen
Accumulation

Nodule
Nitrogen
Fixation

Nitrogen
Accumulation

Nodule
Nitrogen
Fixation

Nitrogen
Accumulation

Nodule
Nitrogen
Fixation

R3

P1 215.25 ± 5.93 b 109.03 ± 3.14 d 70.37 ± 3.62 b 30.41 ± 1.52 c 4.96 ± 0.33 d 4.13 ± 0.26 d
P11 342.50 ± 19.47 b 156.84 ± 9.11 cd 70.60 ± 1.10 b 27.98 ± 0.46 c 7.56 ± 0.30 d 6.17 ± 0.23 d
P21 523.62 ± 51.90 a 253.83 ± 24.76 bc 84.30 ± 3.28 a 34.48 ± 1.42 b 23.75 ± 0.69 c 19.57 ± 0.53 c
P31 543.99 ± 91.92 a 295.34 ± 50.67 ab 89.23 ± 3.65 a 39.48 ± 1.48 a 30.06 ± 6.79 bc 25.68 ± 5.94 bc
P41 580.62 ± 31.39 a 314.44 ± 17.18 ab 85.69 ± 2.36 a 37.82 ± 0.76 ab 37.60 ± 2.11 ab 31.72 ± 1.37 ab
P51 620.71 ± 86.00 a 385.32 ± 53.19 a 71.36 ± 0.66 b 35.68 ± 0.33 b 42.92 ± 2.61 a 37.01 ± 1.41 a

R5

P1 352.59 ± 17.24 d 232.64 ± 11.78 e 90.12 ± 8.83 b 59.48 ± 5.84 c 6.65 ± 0.52 c 5.97 ± 0.43 c
P11 709.27 ± 28.87 c 450.28 ± 17.11 d 98.52 ± 6.85 ab 63.07 ± 4.83 c 12.45 ± 2.47 c 11.13 ± 2.27 c
P21 919.26 ± 91.54 b 598.51 ± 59.18 c 105.06 ± 9.12 ab 71.27 ± 6.06 bc 37.87 ± 1.75 b 33.93 ± 1.51 b
P31 1046.43 ± 9.18 b 739.81 ± 6.68 b 119.72 ± 7.01 a 83.94 ± 5.10 ab 48.97 ± 7.83 b 44.83 ± 7.08 b
P41 1412.70 ± 68.32 a 1025.37 ± 49.56 a 123.97 ± 6.26 a 90.37 ± 4.23a 69.74 ± 8.22 a 63.16 ± 7.09 a
P51 1425.14 ± 78.06 a 1037.73 ± 56.37 a 102.40 ± 7.08 ab 75.65 ± 5.34 abc 77.19 ± 5.54 a 69.76 ± 4.70 a

R8

P1 365.04 ± 6.40 e 115.86 ± 2.70 d 80.63 ± 1.64 c 25.27 ± 1.03 c - -
P11 912.96 ± 54.74 d 253.77 ± 26.37 d 94.43 ± 2.10 bc 27.64 ± 1.56 c - -
P21 1388.97 ± 63.41 c 532.34 ± 42.69 c 113.47 ± 7.86 abc 46.77 ± 2.86 b - -
P31 1949.42± 160.16 ab 927.12 ± 123.85 a 145.47 ± 7.13 a 69.06 ± 4.48 a - -
P41 2022.57 ± 70.08 a 815.01 ± 41.46 ab 125.81 ± 16.35 ab 55.20 ± 5.60 ab - -
P51 1711.01 ± 73.11 b 713.99 ± 33.22 b 106.95 ± 23.99 ab 49.28 ± 9.24 b - -

Different lowercase letters indicate the differences between treatments at a significance level of 5%.

3.3. Comparisons between ARA, RNNF%, and Naccumulation of Nodules

Figure 1 shows the changing trend of the soybean ARA nitrogen fixation rate and
nitrogen fixation amount of soybean nodules under different phosphorus supply levels
at different growth stages. In terms of the growth process, the ARA, the nitrogen fixation
rate of the whole nodule, and the nitrogen fixation amount of the whole nodule of soybean
in the R1, R5, and R8 stages increased first and then decreased with the increase in the
phosphorus supply level, peaked at 31 mg/L–41 mg/L phosphorus supply level.
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Figure 1. Variation trends of ARA, root nodule nitrogen fixation rate, and root nodule nitrogen
fixation in soybean under different phosphorus supply levels. (a): initial flowering period; (b): initial
pod stage; (c): filling period; (d): mature period.

3.4. Correlations Analysis between Different Phosphorus Supply Levels and Soybean ARA,
Nitrogen Fixation Rate of Nodules, and Nitrogen Fixation of Nodules

Table 6 shows the correlation between the phosphorus supply level at different growth
stages and ARA, whole nodule nitrogen fixation rate, and whole nodule nitrogen fixation
amount. The correlation performance changes in each growth period were consistent, which
all showed that the level of phosphorus supply was significantly positively correlated with
ARA, the nitrogen fixation rate of the whole nodule, and the nitrogen fixation rate of the
whole nodule (R2 ≥ 0.803). There was a very significant positive correlation (R2 ≥ 0.791) in
the nitrogen fixation of the nodules of the whole plant, while the nitrogen fixation rate of
the whole plant nodules and the nitrogen fixation of the whole plant nodules had a very
significant positive correlation (R2 ≥ 0.847) in the R1 to R5 stages and were significantly
positively correlated with the nitrogen fixation amount of whole nodules in the R8 stage
(R2 = 0.725).
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Table 6. Correlation of different phosphorus supply levels, ARA, nitrogen fixation rate of nodules,
and nitrogen fixation of nodules.

Stages Phosphorus Supply Level ARA Whole Nodule Nitrogen
Fixation Rate

R1
nodule nitrogen fixation amount 0.913 ** 0.876 ** 0.966 **

whole nodule nitrogen fixation rate 0.902 ** 0.791 ** -
ARA 0.978 ** - -

R3
nodule nitrogen fixation amount 0.987 ** 0.930 ** 0.847 **

whole nodule nitrogen fixation rate 0.883 ** 0.977 ** -
ARA 0.966 ** - -

R5
nodule nitrogen fixation amount 0.992 ** 0.981 ** 0.875 **

whole nodule nitrogen fixation rate 0.847 ** 0.837 ** -
ARA 0.971 ** - -

R8
nodule nitrogen fixation amount 0.952 ** - 0.725 *

whole nodule nitrogen fixation rate 0.803 ** - -

* denote a significant difference at the 5% level; ** denote a significant difference at the 1% level.

4. Discussion

Most studies have shown that phosphorus can promote nodule growth and nitroge-
nase activity in leguminous crops, showing that with the increase in phosphorus supply, the
number and dry weight of nodules and the activity of nodule nitrogenase in leguminous
crops are significantly increased [26–33]. In this experiment, it was found that 41 mg/L was
the optimum phosphorus supply level for soybean nodule growth, and low phosphorus
concentration (1 mg/L–31 mg/L) promoted the phenomenon of “survival of the fittest”
in soybean nodules. This is generally consistent with the results of Miao et al. [34] and
Jemo et al. [29], who found that soybean nodule dry weight, nodule number, and nodule
nitrogenase all decreased with the decrease in phosphorus supply level, and Yao et al. [23]
found that phosphorus levels that were too high or too low inhibited the nitrogen fixation of
soybean nodules; this was similar to the conclusion of Tsvetkova et al. [35] and Magadlela
et al. [7] that low phosphorus concentration inhibited the nitrogen fixation of nodules by
inhibiting the growth and phosphorus absorption of soybean plants, but differed from
the conclusion of Almeida et al. [13] that low phosphorus concentration can stimulate the
growth of soybean nodules and inhibit nitrogen fixation by nodules. This may be due to
the different levels of low-phosphorus stress or the change in the direction of phosphorus
transport caused by low-phosphorus stress. This indicates that different phosphorus supply
levels will significantly affect the nitrogen fixation of soybean nodules. In addition, this
experiment also found that the sources of nitrogen in different parts of soybean showed
different trends with the growth period and phosphorus supply concentration. Among
them, from the initial flowering stage to the filling stage, the main body of nitrogen supply
in the low phosphorus treatment (1 mg/L–31 mg/L) will gradually change from fertilizer
nitrogen to nodule nitrogen fixation, while the main body of nitrogen supply in the high
phosphorus treatment (41 mg/L–51 mg/L) will always be nodule nitrogen fixation and
will be transformed into fertilizer nitrogen at the mature stage. The main nitrogen supply
of soybean roots at different levels of phosphorus supply from the initial flowering to the
initial pods and maturity stage was fertilizer nitrogen, and the main nitrogen supply at
the seed filling stage was nodule nitrogen fixation (as shown in Figure 2). This is different
from the findings of Raji et al. [36], Schulze et al. [37], and Cavard et al. [38] that under soil
culture conditions, the phosphorus supply level had no significant effect on the nitrogen fix-
ation rate of leguminous nodules and is also different from the research conclusion drawn
by Magadlela et al. [28] that 40–50% of the nitrogen nutrition absorbed by plants comes
from symbiotic nitrogen fixation. This may be because the soil itself contains a certain
amount of phosphorus under soil culture conditions, which affects the phosphorus supply
gradient of the experimental setup. Then increased, the level of phosphorus indicators
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with a decreasing trend, while the indicators in the R3 stage increased with the increase
in phosphorus supply level. This shows that the phosphorus supply level required for
nitrogen fixation of nodules at different growth stages is different. The phosphorus supply
level of 31 mg/L–41 mg/L in the R1 and R5-R8 stages is the optimal phosphorus supply
level to promote nitrogen fixation of soybean nodules, while the R3 stage is the period
when the nodule grows vigorously. The phosphorus supply required for nitrogen fixation
by nodules was significantly higher than that in other growth periods. From the changing
trend of each index, the nitrogen fixation of ARA and the nitrogen fixation of the whole
plant showed the same change rule in each growth period. This shows that both ARA and
15N tracer methods determined by the acetylene reduction method are effective methods
for determining nitrogen fixation in nodules. At the 1 mg/L–11 mg/L phosphorus supply
level, ARA and the nitrogen fixation rate of the whole root nodule showed opposite trends.
This result indicated that the low phosphorus supply would stimulate nodule nitrogen fixa-
tion, resulting in the opposite trend of the nitrogen fixation rate of ARA and whole nodules
under the phosphorus supply level of 1 mg/L–11 mg/L. In addition, through the acetylene
reduction method in this experiment, it was concluded that the nitrogen fixation of soybean
nodules in different growth stages has different requirements for phosphorus supply. The
initial flowering stage and seed-filling stage were 31 mg/L–41 mg/L, and the initial pod
stage was 51 mg/L. The 15N tracer method showed that the optimal phosphorus supply
concentration for promoting nitrogen accumulation and efficient utilization of nitrogen
fixation in soybean nodules at each growth stage was 31 mg/L–41 mg/L. The optimum
phosphorus concentrations for nitrogen fixation of soybean nodules at different growth
stages measured by the two methods are relatively close, which indicates that the acetylene
reduction method and the 15N tracer method are both effective methods for determining
the nitrogen fixation capacity of soybean nodules.
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5. Conclusions

1. The optimum phosphorus supply level for soybean nodule growth is 41 mg/L, and
the acetylene reduction method also shows that the nitrogen fixation of soybean nodules at
different growth stages has different requirements for phosphorus supply level, which is
31 mg/L–41 mg/L at the initial flowering and seed filling stages and 51 mg/L at the initial
pod stage.

2. The nitrogen source in different parts of soybean showed different trends with
different growth periods and phosphorus supply concentrations. Among them, from the
initial flowering stage to the seed filling stage, the main body of the nitrogen supply of
soybean shoots in the low phosphorus treatment (1 mg/L–31 mg/L) will gradually change
from fertilizer nitrogen to nodule nitrogen fixation, while the main body of the nitrogen
supply of soybean shoots in the high phosphorus treatment (41 mg/L–51 mg/L) will always
be nodule nitrogen fixation and will be transformed into fertilizer nitrogen at the mature
stage. The main nitrogen supply of soybean roots at different levels of phosphorus supply
from the initial flowering to the initial pods and maturity stage was fertilizer nitrogen,
and the main nitrogen supply at the seed filling stage was nodule nitrogen fixation. The
nitrogen supply to the main body of soybean nodules is always nodule nitrogen fixation.

3. Different phosphorus supply levels can significantly affect the nitrogen fixation of
soybean nodules (R2 ≥ 0.803), and both the acetylene reduction method and the 15N tracer
method can be used to determine the nitrogen fixation ability of soybean nodules.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12112802/s1, Table S1: The elements of P or K in
different P level treatments; Table S2: Concentrations of elements in nutrient medium of the sand
culture; Table S3: Amount of nutrient solution for soybean at different growth stages.
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Abstract: The Crop Research Centre of Sardar Vallabhbhai Patel University of Agriculture and
Technology in Meerut (U.P.), India, conducted field experiments in a randomised block design,
comprising three replicates, one late sown variety (DBW-90), and eight treatments, viz.: T1 was a
conventional flood irrigation (CFI); T2, furrow irrigated with gated-pipe raised beds (FIGPRB); T3,
all furrow irrigation (AFI); T4, alternate furrow irrigation (Alt. FI); T5, wide bed furrow irrigation
(WBFI); T6, skip furrow irrigated (SFI); T7, Sprinkler irrigation (SI); and T8, Zero-till flat-irrigated
using gated pipe/controlled-flood irrigation (ZTFIGP). These field experiments were conducted
during the Rabi seasons of 2017–2018 and 2018–2019. The purpose of this study was to evaluate
the yield, water productivity, and soil health under different tillage crop establishment methods.
Test weight, spike length, and productive tillers were all considerably enhanced in treatment T5,
with the treatment’s statistical significance being similar to that of treatments T8 and T2. Treatment
T5 considerably outperformed the other treatments in terms of grain yield, straw yield, biological
yield (44.32, 61.88, and 106.19 q ha−1, respectively), as well as harvest index (41.73). Thirty to sixty
centimetres of soil were mined for the most water, followed by fifteen to thirty centimetres, zero
to fifteen centimetres, and sixty to ninety centimetres. Both water-use efficiency (2.86 q ha−1 cm)
and water productivity (1.91 kg cm−3) were highest under T7 (Sprinkler irrigation). The maximum
total NPK (113.69; 27.45; 127.33 kg ha−1) was found in crops grown with wide bed furrow irrigation.
The data also showed that treatment T6 (skip furrow irrigated) had the highest levels of accessible
NPK in soil, followed closely by treatment T4 (alternate furrow irrigated). Treatment T8 (zero-till
flat-irrigated using gated-pipe/controlled flood irrigation) had the highest bacterial, fungal, and
actinomycete populations, followed by T5 (wide bed furrow irrigated) and T2 (furrow irrigated with
gated-pipe/elevated bed). Our research showed that there may be more options for maintaining
wheat crop water productivity and soil health under different agroecological conditions, including
crop productivity, conservation tillage-based establishing methods, and irrigation regimes.

Keywords: wheat; tillage; establishment methods; yield; water productivity; soil health
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1. Introduction

Wheat (Triticum aestivum L.) can grow in a wide range of climates and soil types, from
sandy loam to heavy black cotton, making it India’s principal grain crop. Wheat may be
grown at any altitude between sea level and 3658 m in the Himalayas, and from 11 degrees
North latitude to 30 degrees North latitude. From the wet soils of the deltaic coastal areas to
the dry soils of Rajasthan, it is cultivated in a wide range of environments and soil types [1].
Wheat is a healthy option because it is a rich source of carbohydrates, protein, and fat.
Thiamine, niacin, iron, riboflavin, calcium, and fibre are just some of the minerals it has
in abundance. India’s most extensively cultivated crop, wheat, feeds 35% of the world’s
population. About 215.5 million hectares are used for wheat production worldwide, leading
to a harvest of 764.5 million metric tons and a productivity of 3.39 t per ha−1 [2]. India
cultivates wheat on 29.65 million hectares of land, with a yearly production of 99.9 million
metric tons (at a productivity of 3371 kg per hectare) [2]. About a third of the world’s food
grain supply comes from wheat. With 1.35 billion inhabitants, India is only slightly less
populous than China (1.41 billion). In about seven years, it will have surpassed China’s
population and is expected to peak at roughly 1.7 billion by 2050. Therefore, wheat will
probably continue to play a crucial role in reaching this. The ever-increasing human
population makes steady wheat production a need.

It is crucial that agricultural water management be factored into irrigation schedules,
as more than a third of the world’s population will face absolute water scarcity by 2025 [3].
Global wheat output has to grow by 1.6% to 2.6% per year to meet demand, and this growth
may be accomplished mostly through enhanced input utilisation efficiency. The Indo-
Gangetic Plains are experiencing a rate of groundwater loss that ranges from 13 to 17 km3

on an annual basis [4]. Two primary crop management practices can be implemented
to increase the efficiency with which wheat inputs are used. Today, 70% of the world’s
freshwater is utilised in agriculture, although only 40% of the world’s food is grown in
irrigated soils. Aquifer water is used for about 10% of irrigation, which is an excessive
and unsustainable amount [5]. It is generally agreed that adjusting irrigation systems
for maximum efficiency saves water and improves crop yields and quality. Sprinkler
irrigation should be implemented to minimise water loss, enhance water-use efficiency,
and increase agricultural water yield. This method allows for the accurately application
water during the presowing and subsequent watering stages. New hydro-physical features
of the soil can be strongly influenced using soil tillage. As of late, there has been a lot of
buzz about conservation tillage (sometimes known as “zero tillage”) and the assertions
that it invariably improves soil properties for plant development and water retention.
Management strategies that prioritise resource conservation are gaining favour in the rice–
wheat cropping system. This approach improves soil organic matter, moisture availability,
aggregation, and water transmission capacity [3].

To improve the soil’s microbial population, conservation agriculture practises such as
zero tillage are preferable under a rice–wheat cropping system from both an economic and
ecological standpoint. Zero-till farming has gained popularity among farmers in recent
years [6,7] due to its ability to increase crop yields while reducing soil disturbance and
protecting soil carbon. Conventional tillage methods are important to India’s farming
tradition and have made substantial contributions to India’s food security. Before planting
crops, CT entails a number of procedures, such as clearing the land of residue (either by
removing it or by burning it) plough tillage (PT), harrowing, and levelling the ground. CT’s
effect on the soil’s physicochemical and biological properties can have an effect on soil
production and longevity [8]. Long-term mechanical disturbances of soil, such as those
induced by inversion tillage or severe CT throughout the entire crop growing season, can
lead to soil erosion and mycelium network damage [9]. Conventional tillage practices, such
as improper straw management, can reduce soil organic carbon (SOC) storage and endanger
sustainable crop production [10]. Higher C stocks in agricultural soils can be produced by
returning crop residue to the soil [11], which is a key indicator of the soil’s environmental
quality, and agronomic sustainability [12]. In comparison to the traditional tillage system,
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the rice–wheat cropping system with zero tillage had a much greater population of bacteria,
fungus, actinomycetes, microbial-C, microbial-N, and SOC sequestration. Avoiding tillage
can have an impact on crop productivity and, by extension, food security [13]. Therefore,
methods of soil and crop management that increase organic carbon and microbial biomass
carbon (while keeping yields constant) are of importance. Soil microbial biomass variations
as a result of changes in soil management and environmental stresses are indicative of
changes in the chemical and physical properties of agricultural ecosystems. Since the soil
microbiome is responsible for supplying nutrients to plants, it regulates the availability
and production of nutrients in agroecosystems. The capacity of an ecosystem to sequester
the carbon fixed during photosynthesis in soil organic matter is related to its net primary
output [14]. Since appropriate irrigation practises improve soil health and maximise water
consumption without reducing output, they are vital for wheat production, and must be
implemented by farmers. Due to the diminishing ground water level caused by improper
usage and over-extraction from the ground, this study on tillage crop establishment and
irrigation methods in wheat was undertaken, as we know water is the most vital natural
resource for humans, animals, and the production of food-producing crops. In light of
these facts, wheat (Triticum aestivum) productivity, water use efficiency, nutrient uptake,
and soil health in sandy loam soils in western Uttar Pradesh, India were investigated as a
result of this interest by researchers at the SVPUA&T in Meerut, U.P.

2. Materials and Methods
2.1. Selected Site

The study’s research was conducted at the Crop Research Centre of the Sardar Val-
labhbhai Patel University of Agriculture and Technology in Meerut, Uttar Pradesh (U.P.).
Based in the centre of western Uttar Pradesh, Meerut has a subtropical climate and is 237 m
above mean sea level. Its coordinates are 29◦08′ N latitude and 77◦41′ E longitude. The
trial field was completely level, and it had well-developed irrigation and drainage systems
already in place. The experimental soil was sandy loam in texture, low in available nitrogen
and organic carbon, with a medium level of available phosphorus and potassium, while
being alkaline in reaction.

2.2. Climate and Weather Condition

This area experiences a semiarid, subtropical climate, with extremely hot summers and
freezing winters. In the first year of the study, 2017–2018, the minimum mean temperature
was recorded in the month of January 2018 at 4.80 ◦C (Figure 1A), and in the second year,
2018–2019, it was recorded in the month of December 2018 at 2.90 ◦C (Figure 1B). During
both research years, the month of April saw the mean maximum temperature. During the
crop seasons of 2018 and 2019, the mean relative humidity was found to be at its highest
points in the months of January (95.7 and 96.7%, respectively) and its lowest points in the
months of December (30.3 and 38.9%, respectively). In the first year of the experiment,
the minimum evapotranspiration throughout the crop period was 1.7 mm in the month
of December, and 1.3 mm in the month of January. In total, the crop years 2017–2018 and
2018–2019 saw rainfall totals of 20.5 and 127.5 mm, respectively (Figure 1A,B).

2.3. Treatments Description

In total, there were nine different treatments, eight of which were different combina-
tions of irrigation and tillage practises, and the ninth was a late-planted variety that was
given the name DBW-90. The following treatments were utilised: T1, conventional flood
irrigation (CFI); T2, furrow irrigated with gated-pipe raised beds (FIGPRB); T3, all furrow
irrigation (AFI); T4, alternate furrow irrigation (Alt. FI); T5, wide bed furrow irrigation
(WBFI); T6, skip furrow; T7, Sprinkler irrigation (SI); and T8, Zero-till flat-irrigated using
gated pipe/controlled flood irrigation (ZTFIGP). A randomised block design (RBD) with
three independent replications was used to conduct controlled flood irrigation (ZTFIGP)
over the 2017–2018 and 2018–2019 growing seasons.
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Figure 1. Mean weekly Agro-meteorological data during the crop growing rabi season for
(A) 2017–2018 and (B) 2018–2019.

2.4. Cultural Practices

Wheat was planted using a seed drill equipped with a dry fertiliser attachment in
rows 20 cm apart, after presowing irrigation and a CT method comprising two harrowings,
three ploughings (using a cultivator), and then planking. Raised beds were constructed
utilising a tractor-drawn multicrop raised bed planter outfitted with inclined plate seed
metering systems while using furrow-irrigated raised-bed tillage (FIRB). Narrow beds were
40 cm wide, while broad beds were 100 cm wide. Irrigated furrows were 12 cm high and
30 cm wide at the top, and a 70 cm spacing was kept between the centres of neighbouring
furrows. Wheat was planted in a staggered pattern of three rows per raised bed. The crops
were planted utilising the ZT method, which involves minimal tilling of the ground, and
the zero-till seed drill was utilised to achieve this. With this implement, farmers could sow
seeds directly into narrow slots in the ground that were only a few millimetres wide, and
four to seven cm deep.

2.5. Management of Fertilisers and Crops

All of the fields were fertilised with the proper ratio of nitrogen to phosphorus to
potassium (150:60:60 kg ha−1), in order to achieve optimal crop yield. At the time of
planting, a full dose of phosphorus and potassium (as well as half the recommended dose
of nitrogen) were applied using a seed-cum-fertiliser drill. Urea, DAP, and MOP were used
together as a source of N, P, and K. The rest of the nitrogen was applied along with the urea
at 25 and then at 55 days following planting. The herbicide Sulfosulfuron (postemergence)

98



Agronomy 2023, 13, 1839

at 33.3 g a.i. per ha−1 was applied to the standing crop at 30 days, and then one round of
hand weeding was performed at 45 days to control the weed population. The soil used
in the experiment was a sandy loam with medium levels of accessible phosphorus and
potassium and a mildly alkaline pH.

2.6. Yield Attributing Characters and Yield (q ha−1)

For each net plot, we calculated the number of effective tillers per metre of row length
in a random sample of marked rows, and then translated the results to m2. The average
length of each spike was determined by measuring ten spikes at random from each plot.
Ten separate spikes were counted to provide an average for the number of grains per spike.
By isolating the grains from the spikelets, the density of grains per unit of spikelet area
could be calculated. The number of grains in a composite sample obtained from the harvest
of each plot was counted using an automatic seed counter, and the weight of 1000 grains
was reported in grammes.

The biological harvest from the whole net area of each plot was collected using
miniature plot threshers. After harvesting the net plot area, wheat bundles were sun-dried
for four days, and their final weights were converted to kilogrammes per hectare (ha) in
order to calculate the biological yield (q ha−1). Straw yield (in q ha−1) was determined by
subtracting the biological yield per net plot area from the grain yield. Grain yields were
originally recorded in kilogrammes per hectare for the net plot area, but were converted to
kilogrammes per hectare after being normalised to 14% moisture. The harvest index was
determined by dividing the economic yield by the biological yield and then expressing the
result as a percentage.

Harvest index(%) =
Economic yield
Biological yield

× 100

2.7. Water Use Studies
2.7.1. Consumptive Use of Water

The consumptive use was worked out from the loss in soil moisture, effective rainfall,
and potential evapotranspiration for 2 days following irrigation. The seasonal consumptive
use was calculated using the formula given below.

U =
n

∑
i
(Eo× 0.8) + (M1 −M2 ) + ER

2.7.2. Water-Use Efficiency (WUE)

The economic yield (kg ha−1) was divided by the total amount of water used (cm)
from the relevant plots to calculate the water-use efficiency (WUE) of various treatments.

WUE =
Economic yield

(
kg ha−1

)

Total consumptive use of water (cm)
kg ha−1cm−1

2.7.3. Water Productivity (WP)

By dividing the economic yield (kg ha−1) by the depth of irrigation water applied (cm)
from separate plots, the WP of various treatments was calculated. It is expressed in kg m−3.

WP =
Economic yield

(
kg ha−1

)

Amount of water applied (cm)
kg m−3

2.8. Plant Analysis

Nutrient concentrations in harvested grains and straw were examined and computed
separately from estimates from selected plants in each plot. To evaluate dry matter produc-
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tion (i.e., grains and straw), representative samples of plants were dried in a hot air oven at
60 ◦C after harvest.

Dried samples were pulverised in a Wiley mill and kept in polythene bags for
further examination.

2.8.1. Nutrient Uptake (kg ha−1)

In order to calculate nutrient uptake, we multiplied the grain yield and straw yield by
the percentage of each nutrient they contained.

Nutrient uptake (kg ha−1) = Content (%) in grains/straw × grains/straw yield

Total uptake (kg ha−1) = Uptake from grains + nutrient uptake from straw

2.8.2. Nutrient Harvest Index (NHI)

Nutrient harvest index (NHI) is the ratio of nutrient uptake in economic part of the
crop plants to the total nutrient uptake in biological part of the crop plants. NHI of nitrogen,
phosphorus and potassium were computed by using the formula given below:

NHI =
Nutrients uptake in grains

(
kg ha−1

)

Total nutrients uptake(grains + straw)
(

kg ha−1
)

2.9. Economic Nutrients Use Efficiency (ENUE)

Economic Nutrients Use Efficiency is defined as the amount of INR (
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2.10. Biological Properties

The population of bacteria, fungi, and actinomycetes were counted using a serial soil
dilution method. In the beginning and at the end, soil samples were taken from the field
while receiving the designated treatments, and they were then screened using a 2 mm sieve.
To create a representative sample, the samples were properly combined and blended. For
the purpose of identifying and isolating live bacteria, fungus, and actinomycetes count,
the serial dilution approach was used, which is outlined as follows: Set up the media
to support the required microbiota. Fill sterile petri plates with the cooled (45 ◦C) and
autoclaved medium. Permit the medium to set. Then, 9 mL of sterile water blank and
1 g of sieved (2 mm) soil should be shaken for 15 to 20 min. Prepare dilutions 10−2, 10−3,
10−4, 10−5, 10−6, 10−7, and 10−8 in serial order. Add 1 mL aliquots of various dilutions
to the medium in Petri plates after it has cooled and solidified. To ensure that spores are
distributed equally, rotate the plates for 3–4 days at 28 ◦C. Check the plate for colonies
growing on the medium’s surface. According to [15], the population counts of bacteria,
fungi, and actinomycetes were determined using the dilution plate technique, with Martin’s
rose agar, Bengal agar, and Ken Knight’s agar media, respectively.

2.11. Soil Fertility Status

The fertility status of soil was estimated using the Walkley–Black wet oxidation
Method [16] for organic carbon, the alkaline potassium permanganate method [17] for the
available nitrogen, Olsen’s method for the available phosphorus, and the 1 N NH4OAC
extraction method [16] for the available potassium in soil after wheat harvesting.
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2.12. Statistical Analysis

OPSTAT was utilised for the investigation’s comprehensive analysis of variance
(ANOVA). The statistical significance level used to compare the treatment means was
p 0.05.

3. Results
3.1. Yield Attributing Characters

The number of productive tillers m−2 (i.e., tillers with fertile spike) is an important
yield attribute, accounting for major variation in grain yield of wheat (Figure 2). Among the
tillage crop establishment methods, the greatest number of productive tillers (283.50 m−2)
was recorded under T5 compared to all other treatments, with the exception of T2 and T8
during experimentation. However, treatments T1 and T7 were recorded as being superior
to the remainder of the treatments, and on par with each other. Treatments T3, T4, and T6
were recorded to be on par with each other. Treatment T6 produced the lowest number
of productive tillers (252.50 m−2) during our investigation. Tillage crop establishment
methods exhibited a significant effect on spike length during this study. The spike length of
wheat varied from 10.40 to 14.00 cm during experimentation. The maximum spike length
(14.00 cm) of the wheat was recorded in T5, which was higher than all other treatments ex-
cept T8 during study. However, T2 and T7 were superior to the rest of the treatments for this
parameter. Treatments T1, T3 and T6 were on par with each other during experimentation,
while treatment T6 was found to exhibit the minimum spike length (10.40 cm).

Number of grains per spike−1 is an important yield attribute, which directly affects
the grain yield. The number of grains per spike−1 registered significant variation during
this study. Among the tillage crop establishment methods, a significantly greater number
of grains (53 grains per spike−1) was produced under treatment T5 than under other
treatments during experimentation, with the exception of T2 and T8. T1 and T7 were
both equally effective, though well beyond the other treatments. The experimental results
showed that Treatments T3, T4, and T6 were all similar, with Treatment T6 yielding the
fewest grains (42 grains per spike−1). An essential aspect of yield, test weight is the weight
of 1000 grains divided by the weight of a single grain, so as to determine how effective the
grain filling process was.

The difference in test weight of wheat varied significantly in relation to the tillage
crop establishment method during both the years of study. The maximum test weight
was recorded in treatment T5 than all other treatments except T1, T2 and T8. However,
treatments T3, T4, T6 and T7 were on par with each other. Meanwhile, treatment T4 recorded
the lowest test weight during investigation.

3.2. Yield (q ha−1)

The harvest index and yield (grain, straw, and biological, measured in q ha−1) are
shown for a variety of tillage methods in Figure 2. All treatments (except T5, which
produced a yield of 44.32 q ha−1) reported significantly lower yields. Compared to the
other treatments, both T1 and T7 were shown to be comparably effective. After T5, the
next highest grain yield was in Treatment 3 (30.10 q ha−1), followed by Treatment 4
(29.01 q ha−1), and Treatment 6 (28.29 q ha−1). The production of wheat grains differed by
20.99% between T1 and T5, 17.79% between T8 and T3, and 16.21% between T3 and T5.

Wheat straw yield varied from 46.23 to 61.88 q ha−1. While T2 and T8 had similar
straw yields, T5 had the highest yield (61.88 q ha−1). There was a clear preference for T1 and
T7 over the other therapies. While treatments T4 and T6 produced the most straw, treatment
T3 produced the least. However, T3, T4, and T6 all functioned to about the same extent.
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Tillage crop establishment with Treatment T5 was shown to be the most effective,
followed by T8 and T2. T3, T4, and T6 were all equivalent in every measurable way. The T6
treatment had the lowest observed biological yield, namely, 74.98 q ha−1. Increases in grain,
straw, and biological yield have all been linked to refinements in tillage methods. Increased
growth and dry matter accumulation occurred because FIRB and Zero-till rapidly meet the
crop’s water needs. Grain output, as indicated with metrics like effective tiller count, grain
count per spike, and test weight, grew at a higher pace for plants that grow at a faster rate.
The treatment with the greatest harvest index was T5, at 41.73 percent; however, treatments
T8 and T2 were quite close behind. The harvest index ranged from 48.22% in Treatment 7,
to 37.27% in Treatment 6. However, T1, T3, T4, and T7 all functioned similarly.

3.3. Water Input Studies

Soil moisture extraction pattern within layers was analysed, and it was found that
the greatest amount of water was extracted (absorbed) from the 30–60 cm layer during
the experiment, followed by the 15–30 cm, 0–15 cm, and the 60–90 cm layers (Table 1).
Land arrangement under furrow-irrigated raised-beds practises enhanced the moisture
extraction from the surface layer (0–15 cm) in both study years. Similarly, a modest drop in
moisture extraction was seen with increasing profile depth, with the largest decrease (1.93)
happening in the 60–90 cm soil layer under spray irrigation practises, due to a moisture
deficit at shallower depths. The data also showed that in both years of analysis, the FIRB
and zero-till plots drank more heavily from the deeper profile layer than the typical flood
irrigation practise plots did.

Table 1. Effect of tillage and crop establishment practices on soil moisture depletion, consumptive
use, and water-use efficiency of wheat (2017–2018 and 2018–2019, pooled).

Treatments

Soil Moisture Depletion Total Soil
Moisture

Depletion (cm)

Consumptive
Use
(cm)

Water-Use
Efficiency

(q ha−1 cm)

Water
Productivity

(kg cm−3)
Depth of Soil (cm)

0–15 15–30 30–60 60–90

T1 3.66 3.36 2.83 2.39 12.23 24.83 1.47 0.94

T2 2.27 3.18 3.57 2.78 11.79 21.10 2.02 1.46

T3 2.25 3.75 3.21 2.40 11.60 19.00 1.58 1.01

T4 2.23 3.48 2.68 2.30 10.68 16.88 1.72 1.14

T5 3.04 3.86 4.42 3.46 14.77 18.25 2.43 1.72

T6 2.13 3.31 2.37 2.22 10.02 16.05 1.76 1.23

T7 4.30 3.34 2.61 1.93 12.17 12.55 2.86 1.91

T8 3.25 4.11 2.57 2.93 12.86 18.95 2.28 1.40

Mean 2.89 3.55 3.03 2.55 12.00 18.45 2.01 1.31

Under plots where higher tillage procedures were used, crop water-use rose. Treatment
T1 used significantly more water than treatments T2 and T5, while treatment T5 used
significantly less water. Treatment T7 showed the highest water use efficiency, followed by
T5, T8, and T2. Researchers found that as production grew, water productivity grew as well.
In both years, T1 had significantly lower water productivity compared to T7, T5, T2, and T8.
In terms of water output, the rankings were as follows: T7 > T5 > T2 > T8 > T6.

3.4. Nutrient Uptake (kg ha−1)
3.4.1. Nitrogen

Wheat’s nitrogen level ranged from 1.52% in the grains to 1.74% in the straw, and from
0.59 to 0.59 percentage points. Among the tillage crop establishment treatments, significant
maximum nitrogen percentage levels in grains (1.74%) and straw (0.59%) was recorded in
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treatment T5, which was recorded as being statistically at par with treatment T8 (Figure 3).
However, treatment T2 was recorded to be statistically superior, on a par with T7 over rest
of the treatments and across all parameters, with the exception of grain yield. However,
the minimum nitrogen percentage contents in the grains (1.52%) and straw (0.48%) of the
wheat were recorded in treatment T6, followed by T4, T3 and T1. Among the tillage crop
establishment treatments, significant maximum nitrogen uptake in grains (76.9 kg ha−1)
and straw (36.8 kg ha−1) of wheat was recorded in treatment T5, followed by T8 and T2
(Figure 4). However, statistically speaking, T8 and T2 were on level with one another.
Statistically speaking, T7 and T1 were equally the best treatments overall; however, for
straw, T3 was the worst. Furthermore, with treatment T6, nitrogen uptake was measured at
45.2 kg ha−1 (grains) and 24.2 kg ha−1 (straw), significantly lower than the uptake under
treatment T4 (52.4 kg ha−1 in grains, and 25.6 kg ha−1 in straw). However, uptake of
nitrogen into straw under treatments T6 and T4 were recorded as being statistically on par
with each other during investigation.
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Figure 3. Nutrient (N, P, and K) content per cent in grains and straw of wheat affected by tillage crop
establishment methods (Pooled data: 2017–2018 and 2018–2019) (Bars represent standard error bars).

The total nitrogen uptake varied from 69.4 to 113.7 kg ha−1. Treatments T5, T8 and T2
were recorded as having 27.97, 22.73, and 19.89% more total Nitrogen uptake as compared
to treatment T1 (Figure 5). However, treatment T6 was recorded as having the lowest
total Nitrogen uptake (69.4 kg ha−1), followed by T4, T3 and T7 at values of 78.0, 83.4, and
92.3 kg ha−1, respectively. The nitrogen harvest index of wheat was affected by tillage crop
establishment practices. The maximum nitrogen harvest index was recorded in treatments
T2 and T8, with the value of 0.7, which was recorded as being statistically on par with
treatments T1, T4, T3, and T6 (Figure 6). However, the minimum nitrogen harvest index
(with the value of 0.6) during the course of our investigation was recorded under treatment
T7, followed by T6.
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Figure 4. Nutrients (N, P, and K) uptake in grains and straw of wheat affected by tillage crop
establishment methods (Pooled data: 2017–2018 and 2018–2019 (Bars represent standard error bars).
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Figure 5. Effect of tillage crop establishment methods on total N, P, and K uptake in wheat (Pooled
data: 2017–2018 and 2018–2019) (Bars represent standard error bars).
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Figure 6. Nutrients (N, P, and K) harvest index of wheat influenced by tillage crop establishment
methods (2017–2018 and 2018–2019, pooled) (Bars represent standard error bars).

3.4.2. Phosphorus

The percentage content, uptake, and harvest index of phosphorous were significantly
affected by various treatments. Among the treatments, significant maximum Phosphorus
percentage content in grains (0.36%) and straw (0.19%) of wheat were recorded in treatment
T5 (Figure 3). However, treatments T2, T7, and T8 were found to be statistically superior
over the rest of the treatments in case of wheat straw, being about on par with each other.
However, significantly low percentages of phosphorus content in grains (0.30%) and straw
(0.12%) were recorded under treatment T6; this was followed by T4, T3, and T1 with the
value of 0.32, 0.14, and 0.32 per cent for grains, and 0.14, 0.32, and 0.15 per cent in straw,
respectively. The uptake of phosphorus in the grains and straw of the wheat was affected
by various treatments (Figure 4). Among the treatments, significant maximum phosphorus
uptakes in the grains and straw of wheat were recorded in treatment T5 compared to all
other treatments, with value of 15.9 and 11.6 kg ha−1. This was followed by T8 and T2,
which were recorded as statistically superior over rest of the treatments and on par with
each other. Likewise, treatments T7 and T1 were recorded on par with each other, and
superior to T3, T4, and T6. However, treatment T6 recorded significantly low phosphorus
uptakes, with the values of 8.87 and 6.22 kg ha−1 in grains and straw, respectively.

Total phosphorus uptake varied from 15.1 to 27.5 kg ha−1. Among the tillage crop
establishment practices, significant maximum total phosphorus uptakes were recorded
in treatment T5 (27.5 kg ha−1) compared to all other treatments, followed by T2 and T8
(Figure 5). However, the treatments T2 (24.6 kg ha−1) and T8 (25.2 kg ha−1) were recorded
statistically superior over the rest of the treatments and on par with each other, followed
by T1 and T7 which were also recorded on par with each other. However, treatment T6
was recorded significant minimum total phosphorus uptakes, followed by T3 and T4. The
phosphorus harvest index differed significantly due to treatments’ effects. The phosphorus
harvest index was highest in treatment T4, then T2, then T3, then T8, then T6, then T5, then
Treatment1 (Figure 6), and was ultimately lowest in treatment T7.

3.4.3. Potassium

Among the treatments, significant maximum percentages of potassium content in
the grains and straw of wheat were recorded in treatment T5, with the values of 0.48 and
1.71 per cent; this was recorded as being statistically on par with treatments T2 and T8
(Figure 3). However, treatments T7 and T1 were recorded as being similarly statistically
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superior, being on par with each other, followed by T3 and T4. Meanwhile, the minimum
per cent potassium content in the grains and straw of wheat were recorded in treatment T6.
As is evident from the data, potassium uptake in the grains and straw of wheat differed
significantly due to treatments’ effects (Figure 4). Significant maximum potassium uptakes
in both grains (21.4 kg ha−1) and straw (105.9 kg ha−1) of wheat was recorded in treatment
T5 compared to all other treatments except T2 and T8, which were recorded as being
statistically on par, with the exception of T2 in the case of grains. However, treatments
T7, T3 and T1 were recorded as statistically superior (on par with each other) over rest of
the treatments except wheat straw. Meanwhile, the minimum potassium uptake in the
grains (12.7 kg ha−1) and straw (81.9 kg ha−1) were recorded in treatment T6, followed by
T4. Among the treatments, significant maximum total potassium uptakes were recorded
into treatment T5 (127.3 kg ha−1), which was recorded as being statistically on par with
treatment T8 (Figure 5). However, the treatment T2 was recorded as statistically superior
to the rest of the treatments, followed by T7, T1, and T3. However, significantly low
total potassium uptake was recorded into treatment T6 (94.5 kg ha−1), followed by T4.
Treatments T5 and T8 exhibited an increased total uptake of potassium compared to T1
and T6, with difference of 17.8, 34.7, and 15.4, 31.9 per cent, respectively, during course of
investigation. Among the treatments, the maximum potassium harvest index was noted in
treatment T5, which was recorded as being statistically on par with treatments T2 and T8,
all three being greater than the rest of the treatments (Figure 6). However, the treatments T1,
T3, and T4 were also recorded as possessing statistical superiority, being on par with each
other over the remainder of the treatments. However, the minimum potassium harvest
index of wheat was recorded in treatment T6, followed by T7.

3.5. Economic Nutrients Use Efficiency

The economic nutrient-use efficiency of wheat was significantly affected by tillage
crop establishment methods during course of investigation (Figure 7). All the treatments
received equal amount of nutrient, which is why the investment (INR/ha) for nutrients
across all treatments was the same. An economic nutrient-use efficiency is dependent
upon obtaining the ratio of productivity to the amount of INR invested on the nutrients
applied. Among the treatments, maximum economic nitrogen-use efficiency (ENUE) was
observed in treatment T5 (2.68), which was recorded as being statistically on par with
treatments T2 and T8. After this, the treatments T1 and T7 were recorded as the next most
statistically superior compared to the remainder of the treatments, being on par with each
other. However, minimum ENUE was recorded under treatment T6 (1.71), followed by
T4 and T3. A significant maximum Economic Phosphorus Use Efficiency was observed
in treatment T5 (1.42) compared to all other treatments, with the exception of T2 and T8,
which were recorded as being statistically on par. However, treatments T1 and T7 were
recorded as being similarly statistically superior, on par with each other over rest of the
treatments. The minimum EPUE was recorded in treatment T6, followed by T4 and T3.
Economic Potassium Use Efficiency (EPUE) varied from 1.49 to 2.33. Among the treatments,
the maximum EPUE was recorded in treatment T5 (2.33) over all other treatments, with
the exception of T2 and T8, which were recorded as being statistically on par with it. After
those, the treatments T1 and T7 were recorded as the next most statistically superior, on par
with each other over rest of the other treatments. Meanwhile, the minimum EPUE was
recorded in treatment T6, followed by T4 and T3.

3.6. Biological Properties of Soil

Biological properties of soil were significantly influenced by tillage crop establishment
methods during experimentation (Table 2). Among the treatments, the highest bacterial
population was recorded under T8 compared to other treatments. However, treatments
T2 and T5 were recorded as superior to the remaining the treatments. Treatments T3, T4,
T6, and T1 were recorded as being on par with each other, but treatment T7 had the lowest
recorded bacterial population during both years of study. Tillage crop establishment meth-
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ods resulted in significant differences in the population of fungi after wheat harvesting.
Treatment T8 recorded the highest fungi population, followed by T5. However, treatments
T2, T3, and T4 were recorded as similarly superior, being about on par with each other
over rest of the treatments. The lowest fungi population was recorded in treatment T7,
followed by T6 and T1. The highest population of actinomycetes following the wheat
harvest was noted in treatment T8 compared to other treatments. However, treatments T2
and T5 were recorded as superior over remaining the treatments. Treatments T1, T4, and T3
were recorded as being on par with each other. The lowest population of actinomycetes
was recorded during T7, followed by T6. Tillage crop establishment methods recorded sig-
nificant differences in microbial carbon during the investigation. Treatment T8 recorded the
highest microbial biomass carbon (160.21 µg g−1) compared to other treatments. However,
treatments T2 and T5 were recorded as being similarly superior, being on par with each
other. Treatments T3 and T4 were likewise recorded as being on par with each other. The
lowest microbial-C during experimentation was recorded in treatment T7, followed by T6
and T1. The microbial biomass nitrogen was significantly affected by tillage crop establish-
ment methods. Maximum microbial nitrogen (23.40 µg g−1) was recorded in T8 compared
to other treatments, followed by T5 and T2. In addition, treatments T3 and T4 were recorded
as being on par with each other. The lowest microbial-N during experimentation was
recorded in treatment T7, followed by T6 and T1.
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Figure 7. Economic Nitrogen, Phosphorus and Potassium Use Efficiency of wheat, as influenced by
tillage crop establishment methods (pooled data: 2017–18 and 2018–19) (Bars represent standard
error bars). ENUE: Economic Nitrogen Use Efficiency; EPUE: Economic Phosphorus Use Efficiency;
and EKUE: Economic Potassium Use Efficiency. Nitrogen through Urea: 276 kg ha−1 at INR 6 kg−1,
Phosphorus through DAP: 130 kg ha−1 at INR 24 kg−1 and Potassium through MOP: 100 kg ha−1 at
INR 19 kg−1.

3.7. Fertility Status of Soil

Data showed that the status of soil organic carbon percentage differed only insignifi-
cantly (Table 3). Treatment T8 registered the highest organic carbon percentage compared
to all other treatments. However, treatment T4 recorded the lowest organic carbon content
percentage during experimentation, followed by T6, T7, T3, T2, T5, and T1. The tillage
crop establishment method registered a significant difference in the fertility status of soil
during the investigation (Table 3). Among the treatments, the maximum available nitrogen
(228.95 kg ha−1) was recorded in T6, compared to all other treatments. However, treat-
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ments T3 and T4 were recorded as superior to the remainder of the treatments. Treatments
T1, T2, and T7 were on par with each other over the rest of the treatments. Treatment T5
recorded the minimum available nitrogen during the investigation, followed by T8. The
maximum available phosphorus (15.70 kg ha−1) was recorded under T6 compared to other
treatments (except T4). However, treatments T1 and T3 were similarly superior, being on
par with each other. Treatments T2, T5, T7, and T8 were on par with each other, while
treatment T5 recorded the minimum available phosphorus. Treatment T6 (skip furrow
irrigated) recorded the maximum (209.62 kg ha−1) available potassium compared to other
treatments. However, treatment T5 recorded the minimum available potassium than rest of
the treatments during experimentation, followed by T8, T2, T7, T3, T4, and T1.

Table 2. Biological properties of soil as influenced by tillage crop establishment methods (2017–2018
and 2018–2019, pooled).

Treatments

Biological Properties of Soil

Bacteria
(105 CFU g−1)

Fungi
(104 CFU g−1)

Actinomycetes
(106 CFU g−1)

Microbial-C
(µg/g−1 Soil)

Microbial-N
(µg/g−1 Soil)

T1 0.73 0.56 0.53 151.63 18.71

T2 0.77 0.62 0.57 156.03 20.88

T3 0.76 0.60 0.56 155.60 20.28

T4 0.75 0.57 0.54 154.57 19.62

T5 0.80 0.65 0.59 157.31 21.91

T6 0.72 0.52 0.50 147.80 17.38

T7 0.69 0.50 0.48 144.94 16.14

T8 0.84 0.66 0.62 160.21 23.40

SEm± 0.01 0.01 0.01 0.62 0.34

CD (p = 0.05) 0.02 0.02 0.02 1.80 0.98

Table 3. Effect of tillage crop establishment methods on fertility status of soil (2017–2018 and
2018–2019, pooled).

Treatments
Organic Carbon

(%)

Available Nutrients (kg ha−1)

Nitrogen Phosphorus Potassium

T1 0.49 215.17 12.94 206.37

T2 0.48 213.64 12.30 204.30

T3 0.49 219.10 14.15 205.72

T4 0.47 221.35 14.45 206.07

T5 0.49 204.52 10.99 200.84

T6 0.48 228.95 15.70 209.62

T7 0.49 213.68 12.64 205.03

T8 0.50 210.64 11.82 203.48

SEm± 0.001 1.33 0.44 0.94

CD (p = 0.05) NS 3.88 1.27 2.74

4. Discussion

The rice plant height, number of tillers, dry matter accumulation, CGR, RGR, AGR,
LAI, and NAR were recorded as being most significantly high in the wide-bed furrow-
irrigated (T5) treatment, being on par with both zero-till flat irrigated using gated pipes
(T8) and furrow irrigated with gated-pipe raised bed (T2). It has been hypothesised that
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increased rates of dry matter production, translocation, and photosynthesis conversion
were responsible. Better light penetration from bed seeding wheat resulted in stronger
plants and more efficient photosynthesis, both of which boosted yields [18,19]. There were
more spikes produced per square metre when there were more tillers present. Larger spikes
and heavier grains resulted from a bigger proportion of biomass being assigned to spikes,
which in turn resulted from a greater leaf area index, allowing the crop to absorb more solar
energy for dry matter formation via photosynthesis. These results are discussed further
in [20–25].

Of the studied yield attributes, productive tillers, grains spike−1, spike length, and test
weight were significantly increased in T5, which was statistically on par with T8 and T2. The
grains, straw, and biological yield, as well as the harvest index, were significantly higher
under treatment T5. The slow supply of moisture for longer times in order to enhance root
and shoot growth of the crop is directly reflected in the source-to-sink transformation and
boosting the metabolic activity of the crop plants. The yield per hectare rose as a result of
the favourable effect of the increase in available moisture on per-plant productivity. Grain
yield per plant increased as a result of an increase in moisture supply in three ways: the
number of effective tillers, the number of grains per spike, and the test weight. Treatment T5
(the wide-bed furrow-irrigated treatment) was recorded as producing 20.96, 10.99 and 14.94
per cent higher grain, straw, and biological yields, respectively, over T1 (conventional flood
irrigation). The same trend has been confirmed by several other investigations [26–30].

The significant impact that water had on the vegetative growth of the crop plant sug-
gested that straw crop output may have increased as a result. Improved water distribution
led to more vegetative growth, which in turn increased straw production. Straw production
has reportedly followed a similar trend in other studies [22,31,32].

Due to the lack of surface moisture, conventional irrigation may be the leading cause
of water loss. Many writers [33–35] have reported the same results.

The presence of soil moisture in the root zone of the crop increased root growth, which
in turn enhanced nutrient uptake and boosted crop growth. Wide-bed furrow-irrigated
treatment had the maximum recorded NPK content percentage and uptake in both grain
and straw, as well as having the highest nutrient harvest index. Total NPK uptake was
increased by approximately 27.97, 35.35, and 17.82 percent, respectively, in T5 wide-bed
furrow-irrigated wheat compared to T1 conventional flood irrigation, which also boosted
grain and biomass yield. The results are corroborated by the published research [35–40].

An increased porosity, increased availability of nutrients (especially P), and greater
water availability in the soil profile available to be used by plants may have improved the
soil’s microbiological properties. These results are also affirmed in [41,42].

The maximum population of bacteria, fungi, and actinomycetes, microbial-C, and
microbial-N were recorded in treatment T8 (zero-till flat, irrigated using gated pipe/controlled-
flood irrigation treatment) followed by T5 (wide-bed furrow-irrigated treatment) and
T2 (furrow-irrigated with gated-pipe raised-bed treatment). The retention of previous
crop residue in wheat under the rice–wheat cropping system on the surface of the soil
(i.e., Conservation Agriculture, or Zero-till farming) maximised organic carbon level and
microbial population, and minimised soil moisture loss, which helped the multiplication
of microbes in the soil. Microbial development and, by extension, microbial circulation,
are both influenced by the availability of organic matter in the soil [43]. Because of the
decreased soil disturbance, the soil microbial biomass and activity were increased with full
CA-based management using conservation-agriculture practices. Conservation agriculture
may lead to higher microbial biomass nitrogen levels than conventional farming [44] due
to the increased associated C inputs, residue retention, and decreased tillage.

The leached-down N, P, and K during treatment T5 was the outcome of increased
growth, yield, nutrient uptake, and soil moisture availability over a longer period of time.
The findings of [35,37,38] were consistent with this.
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5. Conclusions

This study recommends sowing wheat in a wide-bed furrow-irrigated system, or
a zero-till flat-irrigated using gated-pipe/controlled-flood irrigation system for the best
outcomes when growing rice and wheat together under irrigated conditions. Wide-bed
furrow irrigation increased the total nutrient NPK uptake in wheat, while sprinkler irriga-
tion maximised water-use efficiency, water productivity, and consumption. The zero-till
and gated-pipe/controlled-flood irrigation treatment also had larger bacterial, fungal,
and actinomycete populations, as well as higher microbial-C and microbial-N levels than
traditional flood irrigation. Our research suggests that farmers should use conservation
tillage-based establishing tactics and irrigation strategies to increase crop productivity,
water- and nutrient-use efficiency, nutrient uptake, and soil fertility in wheat-growing
regions, in order to maintain crop water productivity and soil health under different
agroecological conditions.
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B. Mineral Fertilization and Maize

Cultivation as Factors Which

Determine the Content of Trace

Elements in Soil. Agronomy 2022, 12,

286. https://doi.org/10.3390/

agronomy12020286

Academic Editors: Gang Li,

Dong-Xing Guan, Daniel

Menezes-Blackburn and Fuyong Wu

Received: 7 October 2021

Accepted: 20 January 2022

Published: 23 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

Mineral Fertilization and Maize Cultivation as Factors Which
Determine the Content of Trace Elements in Soil
Marzena S. Brodowska 1,* , Mirosław Wyszkowski 2,* and Barbara Bujanowicz-Haraś 3
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Abstract: This study has been carried out in order to determine the effect of increasingly intensive
fertilization with potassium, applied in combination with nitrogen, on the content of trace elements
in soil after the harvest of maize (Zea mays L.). The soil content of trace elements depended on the
fertilization with potassium and nitrogen. Potassium fertilization had a stronger effect on the content
of trace elements in the pots fertilized with the lower nitrogen dose (130 mg N kg−1 of soil). The
increasing doses of potassium led to a higher soil content of zinc (Zn), and especially of nickel (Ni).
The impact of potassium fertilization on the content of the remaining trace elements in the soil was
less unambiguous, and depended on the dose of potassium and nitrogen fertilization. Nitrogen
fertilization resulted in a higher soil content of manganese (Mn), chromium (Cr), nickel (Ni) and
cadmium (Cd), as well as a decreased soil content of lead (Pb). It needs to be underlined that changes
in the soil content of Ni, Cd, and Pb, effected by nitrogen fertilization, were larger than in the cases
of the other trace elements. The influence of potassium and nitrogen fertilization did not result in
exceeding the current threshold amounts of trace elements set for agriculturally used soil. An increase
in the contents of some trace elements in soil is beneficial from an agricultural point of view. Some of
these elements are necessary for the correct growth and development of arable plants.

Keywords: mineral fertilization; maize; trace elements in soil

1. Introduction

The constantly growing human population requires an increased production of food
and feeds. To secure food for people and to achieve high yields in agriculture, it is necessary
to apply mineral fertilizers in plant production, as they will meet the nutritional require-
ments of crops while acting more rapidly than natural or organic fertilisers. Fertilisation
with basic elements is a sufficient measure to achieve high crop yields, but they may not be
of high quality. It is therefore recommended to supply cultivated plants with a larger array
of macro- and micronutrients [1]. In recent years, multi-nutrient fertilizers, specifically
designed for individual plant species by accounting for their nutritional requirements, have
been gaining increasing interest. Meanwhile, eating habits have changed and a demand
for high quality food products has been increasing, which is closely connected with the
improved life comfort and wealth of the human population [2].

While fertilization with basic macronutrients affects mainly the volume of yields,
the application of trace elements decides about their quality. Small quantities of some
trace elements (Cr, Cu, Ni, Zn, Mn, iron—Fe or cobalt—Co) are essential for the proper
growth and development of plants and other living organisms [3,4]. On the other hand,
little is known about the positive impact of other trace elements (such as Cd, Pb, Hg or
As) on living organisms, and it is believed that these elements do not play a beneficial
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physiological role [5]. The influence of trace elements, however, depends on quantities in
which they enter the plants’ environment, mainly the soil [6]. In an uncontaminated soil
environment, the main source of trace elements, which may become a potential threat to
plants and other living organisms, are fertilizers, especially mineral ones [7]. Even mineral
fertilizers which are not enriched with trace minerals added during their manufacturing
process import some amounts of these elements, usually small ones, into the soil [8]. Under
specific conditions, e.g., in areas with relatively severe air pollution, this additional dose
of trace elements incorporated to soil might be the factor that will result in exceeding the
permissible threshold amounts of these contaminants in soil [9]. A risk then arises that
trace elements will migrate to subsequent links in the trophic chain [7]. They can become
hazardous to the development of living organisms [10,11]. The literature data most often
point to phosphate fertilizers as a source of trace elements in soil [12]. However, it should
be emphasized that mineral fertilizers most polluted with trace elements can be placed as
follows: phosphoric > calcium > potassium > nitrogen. The biggest impact on the degree of
pollution of mineral fertilizers with trace elements has a raw material and technological
process of their production [13]. Phosphorus fertilizers have a particularly large impact on
the increase in the content of trace elements in soil [14]. The applied phosphorus fertilizers
can be a significant source of soil contamination with heavy metals, mainly Cd, Cu, Pb, Ni
and Zn. However, there is a significant variation in the content of trace elements depending
on the form of the fertilizer [13]. According to Bracher et al. [15], the content of some trace
elements in soil, mainly Cd, increases with an increasing dose of phosphorus fertilizers.
Then, not only its total content in soil increases, but also the content of available forms
for plants increases [16]. There are far fewer reports implicating potassium or nitrogen
fertilizers in this regard [17]. Long-term mineral fertilization can raise the soil content of
some trace elements, including Cd, Pb, Cu, Zn or Mn [18]. In their study, Zao et al. [19]
found that a persistent application of fertilizers increased the content of trace elements
in soil, with organic fertilizers having a stronger impact than mineral ones. It is worth
drawing attention to several factors that determine the availability of trace elements for
plants [20], such as soil acidity [21,22], or soil sorptivity, associated with the presence of
organic matter, clay minerals [21], or hydrated iron and aluminium oxides [23,24], as well
as soil microorganisms [25], which participate in the cycling of elements in nature [26].

In view of the above, this study has been carried out in order to determine the effect of
increasingly intensive fertilization with potassium, applied in combination with nitrogen,
on the content of trace elements in soil.

2. Materials and Methods
2.1. Methodological Design

An experiment was carried out in a greenhouse, with plants grown in polyethy-
lene pots filled with soil from the humic horizon of proper brown soil (Eutric Cam-
bisol) which, in terms of texture, was classified as loamy sand (sand > 0.05 mm—75.47%,
silt 0.002–0.05 mm—21.30% and clay < 0.002 mm—3.23%) according to the taxonomy
by the United States Department of Agriculture [27]. The basic soil properties were as
follows: pH in 1 M KCl dm−3—5.43; hydrolytic acidity—30.00 mM(+) kg−1; total ex-
changeable bases—56.0 mM(+) kg−1; cation exchange capacity—86.5 mM(+) kg−1; base
saturation—64.7%; content of total organic carbon (TOC)—5.386 g kg−1; total nitrogen
(total-N)—1.225 g kg−1; available forms of phosphorus (P)—26.58 mg kg−1; potassium
(K)—125.36 mg kg−1; magnesium (Mg)—27.97 mg kg−1; sulphur (S) 12.86 mg S-SO4
kg−1; Cd—0.312 mg kg−1; Pb—28.49 mg kg−1; Cr—42.30 mg kg−1; Co—5.741 mg kg−1;
Ni—16.05 mg kg−1; Zn—36.18 mg kg−1; Cu—6.658 mg kg−1; Mn—318.9 mg kg−1;
Fe—11,906 mg kg−1 d.m. of soil. Increasing doses of potassium, 0, 140, 190 and
240 mg K2O kg−1 of soil, were tested in combination with a lower and higher dose of
nitrogen: 130 and 170 mg N kg−1 of soil. Potassium was applied as potassium sulphate
(500 g K2O kg−1 and 450 g S kg−1), while nitrogen was added to soil as urea and ammo-
nium nitrate solution (UAN) (280 g N kg−1), with half the dose applied before sowing
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and the other half during the growth of plants. Same amounts of phosphorus, 85 mg
P2O5 kg−1 of soil, and amounts of the micronutrients, 2.9 mg Zn [ZnCl2 · 7H2O], 3.4 mg
Cu [CuSO4 · 5H2O], 1 mg B [H3BO3], 2.7 mg Mn [MnCl2 · H2O], 0.02 mg Mo kg−1 of soil
[(NH4)6Mo7O24 · 4H2O], were added in soil in each pot. The influence of potassium and
nitrogen fertilizers was tested on maize (Zea mays L.). A 9-kg batch of soil was carefully
mixed with the mineral fertilizers and placed in a pot. Afterwards, maize was sown to
grow 8 plants per pot. During the growth of the maize plants, at the 4–6-leaf stage, the
second dose of potassium and nitrogen fertilizers was added to the soil. During the entire
experiment, the soil moisture was maintained at a constant level of 60% of the water capil-
lary capacity. Maize was harvested at the stage of the middle of tassel emergence (BBCH
55), which was also when soil samples for laboratory analyses were collected.

2.2. Methods of Laboratory and Statistical Analyses

Soil was prepared for laboratory analyses by drying and sifting through a sieve with
the mesh opening size of 1 mm. Then, each soil sample was wet-digested in a mixture of
concentrated hydrochloric acid (HCl AR—1.18 g cm−3) and nitric (HNO3 AR—1.40 g cm−3)
in a MARS 6 microwave digestion system (CEM Corporation, Matthews, NC, USA), in
Xpress Teflon vessels (CEM Corporation, Matthews, NC, USA), according to the method
US-EPA3051 [28]. The digested soil samples were analysed to determine the total content of
Cd, Pb, Cr, Co, Ni, Zn, Mn and Fe using flame atomic absorption spectrometry (FAAS) with
an air–acetylene flame [29]. Correctness of the laboratory analyses was verified against
reference solutions by Fluka denoted as: Cd 51994, Pb 16595, Cr 02733, Co 119785.0100, Ni
42242, Zn 188227, Cu 38996, Mn 63534 and Fe 16596, and Certified Analytical Soil Reference
Material from the AGH University of Science and Technology in Kraków, Poland.

Before starting the experiment, soil underwent the following determinations: the
textural composition by the aerometric method [30] and laser diffraction, pH in 1 M KCl
with the potentiometric method [31], TOC on a total organic analyser coupled with a solids
analyser Shimadzu TOC-L (Shimadzu Corporation, Kyoto, Japan) [32], total-N by the
Kjeldahl method [33], available forms of P and K by the Egner–Riehm method [34,35], Mg
by the Schachtschabel method [36], and S by nephelometry according to the procedure
by Bardsley and Lancaster [37]. The results were submitted to statistical verification,
using a two-factorial analysis of variance ANOVA, principal component analysis PCA,
Pearson’s simple correlation coefficients and the η2 coefficient, calculating the observed
variance percentages according to the ANOVA method in Statistica (StatSoft, Inc., Tulsa,
OK, USA) [38].

3. Results and Discussion

The content of trace elements in soil is essential for the proper growth and development
of plants [3]. In uncontaminated soils, the most common source of trace elements are
fertilizers, including minerals, especially multi-nutrient ones [1]. Single-nutrient fertilizers
are also a source of micronutrients found in ballast, but their amounts are much smaller
than in multi-nutrient fertilizers [8]. The uptake of fertilizers by plants is affected by soil
properties, as well as the type of a crop, and even its cultivar [20]. The uptake of trace
elements, and other macronutrients, by plants results in the depletion of soils, which must
be enriched each year through the application of fertilizers. This is a prerequisite for high
and good-quality yields of crops [39].

Consistent application of fertilizers tends to satisfy the demand of crops for micronu-
trients [40]. However, it is worth emphasising that the use of fertilizers containing basic
macronutrients may have an antagonistic effect on the availability of some trace elements
to plants. According to Symanowicz [41], excessively high doses of potassium fertilizers
can trigger ionic antagonism between potassium and some trace elements.

In our experiment, the content of trace elements in soil proved to be statistically
significantly dependent on the potassium and nitrogen fertilization (Tables 1 and 2). The
effect of potassium fertilization on the content of trace elements in soil was stronger
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in the series in the lower (130 mg N kg−1 of soil) than in the higher dose of nitrogen
(170 mg N kg−1 of soil).

In the series with the lower nitrogen dose (130 mg N kg−1 of soil), higher doses of
potassium fertilizer resulted in an increase in the content of Zn, Co, Ni and Cu in soil, as
well as a small but significant decrease in the accumulation of Fe in soil, compared with
the soil not fertilized with this element (Tables 1 and 2). Differences in the content of these
trace elements in the control versus the soil fertilized with the highest potassium dose
(240 mg K2O kg−1 of soil) reached 11% for Zn (r = 0.779), 29% for Co (r = 0.806), 38% for Ni
(r = 0.857), 39% for Cu (r = 0.906) and 7% for Fe (r = −0.900). The lowest potassium dose
(140 mg K2O kg−1 of soil) caused a small increase in the content of Cd (by 5%, r = −0.743),
while the medium dose (190 mg K2O kg−1 of soil) also raised the amount of Cr in soil by
5% (r = −0.060). In the latter case, the increase was not significant statistically. Any further
rise in supplied doses of potassium had a negative effect on the soil content of these two
elements, especially of Cd. Changes in the soil content of Pb were small and irregular,
while those in the amounts of accumulated Mn were insignificant.

Table 1. Trace elements (Cd, Pb, Cr, Co and Ni) content in soil (mg kg−1 D.M.).

Nitrogen Dose
(mg kg−1 of Soil)

Potassium Dose (mg kg−1 of Soil)
Average r

0 140 190 240

Cd

130 0.292 0.308 0.229 0.104 0.233 −0.743 **
170 0.300 0.325 0.271 0.254 0.288 −0.608 *

Average 0.296 0.317 0.250 0.179 0.260 −0.722 **
LSD for: N dose—0.039 *, K dose—0.055 **, interaction—n.s.

Pb

130 25.48 25.61 23.64 26.51 25.31 0.034
170 21.41 21.81 21.62 24.62 22.37 0.686 **

Average 23.45 23.71 22.63 25.57 23.84 0.435
LSD for: N dose—0.69 **, K dose—0.97 **, interaction—1.37 *

Cr

130 40.60 42.21 42.50 39.44 41.19 −0.060
170 43.81 44.53 40.31 45.35 43.50 −0.026

Average 42.21 43.37 41.41 42.40 42.34 −0.089
LSD for: N dose—1.46 **, K dose—n.s., interaction—2.91 **

Co

130 3.516 3.545 3.929 4.544 3.884 0.806 **
170 3.525 3.910 4.102 3.564 3.775 0.351

Average 3.521 3.728 4.016 4.054 3.829 0.959 **
LSD for: N dose—n.s., K dose—0.107 **, interaction—n.s.

Ni

130 14.67 15.00 19.04 20.20 17.23 0.857 **
170 17.53 17.99 19.03 19.63 18.55 0.925 **

Average 16.10 16.50 19.04 19.92 17.89 0.877 **
LSD for: N dose—1.31 *, K dose—1.86 **, interaction—2.63 *

LSD (least squares deviation). Significant for: ** p ≤ 0.01, * p ≤ 0.05, n.s. non-significant; r—correlation coefficient.
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Table 2. Trace elements (Zn, Cu, Mn and Fe) content in soil (mg kg−1 D.M.).

Nitrogen Dose
(mg kg−1 of Soil)

Potassium Dose (mg kg−1 of Soil)
Average r

0 140 190 240

Zn

130 35.11 35.60 36.09 39.14 36.49 0.779 **
170 33.59 36.59 37.69 39.03 36.73 0.999 **

Average 34.35 36.10 36.89 39.09 36.61 0.948 **
LSD for: N dose—n.s., K dose—1.09 **, interaction—1.54 *

Cu

130 6.611 7.098 8.105 9.186 7.750 0.906 **
170 8.228 8.179 7.565 6.398 7.593 −0.794 **

Average 7.420 7.639 7.835 7.792 7.671 0.953 **
LSD for: N dose—n.s., K dose—0.271 **, interaction—0.383 **

Mn

130 321.8 332.8 321.2 320.0 324.0 −0.125
170 332.4 338.8 339.1 344.5 338.7 0.965 **

Average 327.1 335.8 330.2 332.3 331.3 0.551
LSD for: N dose—8.3 *, K dose—n.s., interaction—n.s.

Fe

130 12,224 11,384 11,186 11,384 11,545 −0.900 **
170 11,494 11,287 11,264 11,912 11,489 0.326

Average 11,859 11,336 11,225 11,648 11,517 −0.549
LSD for: N dose—n.s., K dose—392 *, interaction—554 *

LSD (least squares deviation). Significant for: ** p ≤ 0.01, * p ≤ 0.05, n.s. non-significant; r—correlation coefficient.

The application of the higher nitrogen dose to soil (170 mg N kg−1 of soil) distorted the
direction of changes in the content of some trace elements in soil fertilized with potassium
(Tables 1 and 2). It was only for Cd, Ni and Zn that the tendencies were the same as in
the first experimental series. Under the influence of the increasing potassium doses, the
content of Mn rose by 4% (r = 0.965), Ni by 12% (r = 0.925), Pb by15% (r = 0.686) and Zn
by 16% (r = 0.999), while the content of Cu in soil declined by 22% (r = −0.794). The first
dose of potassium (140 mg K2O kg−1 of soil) contributed to a small increase in Cd, by 8%
(r = −0.608), and the second (190 mg K2O kg−1 of soil) to a 16% (r = 0.351) increase in the
Co content in soil. Changes in the content of Mn and Cr in soil were insignificant, those in
the Fe content were small, not exceeding 4%, and irregular.

Nitrogen fertilization caused the greatest changes in the content of Ni, Cd and Pb,
contributing to an average increase by up to 8% (Ni) and 24% (Cd), as well as a de-
crease by 12% (Pb) in their accumulation in soil fertilized with the higher dose of this
element—170 mg N kg−1 of soil, in comparison to the lower dose—130 mg N kg−1 of soil
(Tables 1 and 2). A relatively small increase (5–6%) in the soil content of Mn and Cr in
response to nitrogen fertilization was recorded.

Mineral fertilization, especially with nitrogen, decreased the soil pH and thereby
enhanced the mobility of many trace elements, such as Cu, Zn, Mn or Fe [42]. In a
study by Rutkowska et al. [43], the highest content of Zn, Cu, Mn and Fe was observed
in soil fertilized with NPK that had the lowest pH. The analogous influence of the NPK
fertilization on the mobility of the aforementioned elements was determined by Li et al. [42].
Singh et al. [44] found that NPK fertilization caused elevated mobility of Cu and Mn in soil.

According to Gudžić et al. [45], long-term (33-year-long) mineral fertilization, apart
from increasing the level of soil acidity as well as the soil content of P and K, and decreasing
the content of TOC and total-N, raised the mobility of Mn and Fe in the top horizon of soil,
but did not have a significant effect on the changes in the chemical composition of a deeper
soil horizon (20–40 cm). NK fertilization had a significant effect on the content of Zn, while
the fertilization with NP and NPK significantly affected the soil content of Cu and Mn.
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Jaskulska et al. [46] maintained that organic fertilization had a stronger effect on
soil properties, including the content of macronutrients and trace elements, than mineral
fertilization. However, mineral fertilization has been observed to cause positive effects
as well. Mazur and Mazur [47] obtained similar results. In their experiment, mineral
fertilization led to higher soil concentrations of Cu, Zn and Pb. Organic fertilization had
a stronger impact than mineral fertilization, and resulted in an increase in the content of
most of the analysed elements.

In a study by Park et al. [14], the long-term (40-years) application of mineral fertilizers
increased the content of trace elements in soil. Phosphate fertilizers had the strongest effect.
The application of phosphorus fertilizers caused an over 2-fold increase in the Cd content
in soil. In the experiment of Zahoor et al. [48], a significantly greater increase in the content
of Cu, Zn, Mn and Fe in soil was observed compared with the authors’ own research on the
effect of NPK fertilization. NPK fertilization had a greater effect than NP fertilization on
the content of these trace elements in soil. According to Sungur et al. [49] mineral fertilizers
mainly increase the content of Cu and Cd in soil. The trace elements are uptaken by plants
and incorporated into the food chain [50].

The content of trace elements in soil under the influence of both nitrogen and potas-
sium fertilization may significantly increase [51]. This was confirmed by our own research.
Nitrogen fertilization modifies the soil’s sorptive capacity and bioavailability of trace el-
ements for plants, especially Cd. Nitrogen fertilization, regardless of its form, increases
the uptake of Cd and other trace elements, and their translocation and accumulation in
plants. However, nitrate fertilizers have the strongest effect [52]. The relatively small effect
of nitrogen fertilization in the form of UAN on the content of trace elements in soil may
also result from the chemical composition of this fertilizer. UAN contains nitrogen in the
form of NH4

+-N and NO3
−-N, which regulates the pH in soil and the availability of trace

elements for plants [53]. Similar results were achieved in our own studies. Higher doses of
nitrogen caused a relatively small increase in the contents of some trace elements in soil.
Of the nine studied elements, only in the case of four elements (Ni, Cd, Cr and Mn) was a
small several-percent increase in content in the soil recorded. The increase in the content
of trace elements in soil after mineral-fertilizer application to soil was also confirmed in
many experiments of other authors [41,42,44–46,51,52]. Potassium sulphate, as a product
obtained from severe potassium salts by way of a physical mining process, contains greater
amounts of tracing elements than a urea and ammonium nitrate solution (UAN), which is
obtained by chemical synthesis [54]. This has been confirmed in our own studies, in which
potassium fertilizers caused greater changes in the content of trace elements in soil than
nitrogen fertilizers. Bąk et al. [55] found an increase in the content of Zn in maize fertilized
with potassium.

In our experiment, the PCA results (Figures 1 and 2) and Pearson’s correlation co-
efficients (Table 3) revealed significant relationships between the content of some trace
elements in the soil. The cumulative impact of fertilization with potassium and nitrogen on
the content of trace elements in soil was illustrated in Figure 1, in the form of PCA vector
variables. The total correlation of the set of data on Co, Cd, Cu and Zn was 44.32%, and
on Pb, Fe, Mn, Cr and Ni it equalled 25.07%. The longest vectors corresponded to Co and
Cd, which signifies their greatest importance, while the shortest vector was plotted for
Zn, which illustrates its least contribution to variance. Vectors of the other trace elements
had an approximately similar length. The distribution of vectors points to quite strong
positive correlations between Cr versus Mn, Cu and Zn versus Co and Ni, Ni versus Co,
and negative correlations between Cd versus Co, Ni versus Pb, Pb versus Cr and Mn, and
the weakest relationship between Ni and Fe.
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Table 3. Correlation coefficients between content of trace elements in soil.

Element Cd Pb Cr Co Ni Zn Cu Mn

Pb −0.440 *
Cr 0.392 −0.427 *
Co −0.484 * 0.102 −0.366
Ni −0.532 ** −0.219 0.157 0.555 **
Zn −0.243 0.152 0.110 0.582 ** 0.569 **
Cu −0.352 −0.116 −0.259 0.706 ** 0.422 * 0.184
Mn 0.474 * −0.442 * 0.606 ** 0.018 0.206 0.380 −0.117
Fe 0.034 0.314 0.108 −0.040 −0.285 0.078 −0.361 0.099

Significant at ** p ≤ 0.01 * p ≤ 0.05; r—correlation coefficient.

The distribution of the research results displayed in Figure 2 justifies the conclu-
sion that the second (190 K2O kg−1 of soil) and especially the highest dose of potassium
(240 mg K2O kg−1 of soil) had the strongest effect on the soil content of trace elements. It
was much stronger in the series fertilized with the lower nitrogen dose (130 mg N kg−1 of
soil) than in the one treated with its higher dose (170 mg N kg−1 of soil).

The percentage of observed variance, calculated with the help of η2 coefficient from
the ANOVA approach, indicates a stronger effect of potassium fertilization on the content
of Co, Fe, Zn, Cd and Ni in soil (Figure 3). The percentage contribution of potassium to the
variance of these elements was 25.5%, 28.7%, 35.3%, 49.4% and 60.3%, respectively. Quite a
high value of this indicator was also achieved for Pb, 30.8%. The highest contribution of
nitrogen fertilization was determined for Mn, 40.6%, and Pb, 57.8%, while a moderate one
was for Cr, 28.1%.
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Figure 3. Percent contribution of mineral fertilization according to the content of trace elements in
soil: N—nitrogen dose, K—potassium dose, interaction (N · K).

Concentrations of micronutrients in soil tend to be sufficient to satisfy the nutritional
requirements of crops during their growth and development [39]. The content of trace
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elements determined in this study was sufficient to nourish the maize grown in this soil;
this fact was confirmed by the amounts of these trace elements determined after the maize
harvest and reported in this paper.

Strong relationships emerged in this experiment between concentrations of some trace
elements in soil, confirmed statistically (PCA, Pearson’s correlation coefficients). Mazur
and Mazur [47] implicate strong relationships between Mn and Cd or Ni, between Cd and
Ni in lighter soil, between Mn and Cd, and between Cd and Zn versus Pb in heavier soil.

In this experiment, fertilization with potassium and nitrogen caused an increase in
soil content of some trace elements, but never above the thresholds set for agriculturally
used soil, stipulated by law [9].

Mineral fertilizers usually cause a small increase in the contents of trace elements
in soil. Of course, the uptake of trace elements by plants has an effect on the contents of
trace elements in soil. This may result in reducing the effect of fertilizers on the content of
trace elements in soil after harvesting plants. Therefore, there is a correlation between the
content of trace elements in soil and the yield of plants. It is also an explanation of a small
increase in the content of trace elements in soil, resulting from the influence of mineral
fertilizers [52]. Reducing the content of trace elements in soil under the influence of higher
doses of mineral fertilizers results from their favorable effect on the yield of plants. The
plants uptake larger quantities of trace elements and decrease their contents in soil.

4. Conclusions

The soil content of trace elements depended on the fertilization with potassium and
nitrogen. Potassium fertilization had a stronger effect on the content of trace elements in
plots fertilized with the lower nitrogen dose (130 mg N kg−1 of soil).

The increasing doses of potassium led to a higher soil content of Ni and Zn. The
biggest changes were observed for Ni. The impact of potassium fertilization on the content
of the remaining trace elements in soil was less unambiguous, and depended on the dose of
potassium and nitrogen fertilization. Nitrogen fertilization resulted in a higher soil content
of Mn, Cr, Ni and Cd, as well as a decreased soil content of Pb. It needs to be underlined
that changes in the soil content of Ni, Cd and Pb, effected by nitrogen fertilization, were
bigger than in the case of the other trace elements.

The presence of significant relationships was noticed between the content of some
trace elements in soil, which was confirmed statistically after performing the PCA and
calculating Pearson’s simple correlation coefficients.

The influence of potassium and nitrogen fertilization did not lead to exceeding the
current threshold amounts of trace elements set for agriculturally used soil.

Application potassium and nitrogen fertilizers increased the contents of some trace
elements in the soil. This is beneficial from an agricultural point of view, as some of these
elements are necessary for the correct growth and development of arable plants.
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Abstract: Crop productivity and yield are adversely affected by the deficiency of P in agricultural soil.
Phosphate fertilizers are used at a large scale to improve crop yields globally. With the rapid increase
in human population, food demands are also increasing. To see that crop yields meet demands,
farmers have continuously added phosphate fertilizers to their arable fields. As the primary source of
inorganic phosphorous, rock phosphate is finite and the risk of its being jeopardized in the foreseeable
future is high. Therefore, there is a dire need to improve plant-available P in soil, using feasible,
environmentally friendly technologies developed on the basis of further understanding of P dynamics
between soil and plants. This study systemically reviews the mechanism of P uptake and P-use
efficiency by plants under starvation conditions. The recent advances in various strategies, especially
imaging techniques, over the period 2012–2021 for the measurement of plant-available P are identified.
The study then examines how plants fulfill P requirements from tissue-stored P during P starvation.
Following this understanding, various strategies for increasing plant-available P in agricultural soil
are evaluated. Finally, an update on novel carriers used to improve the P content of agricultural soil
is provided.

Keywords: phosphorus; soil mobilization; speciation; plant uptake; strategies

1. Introduction

Phosphorus (P) is a fundamental macronutrient required for optimum plant growth
and development in the agricultural sector [1]. Phosphorus was discovered in 1669 by
Hennig Brandt, a German merchant. It is one of the 12 most abundant elements in the
Earth’s crust. The only isotope that occurs naturally is phosphorus-31 (31P). Phosphorus
non-availability is a serious issue and is considered the main limiting factor for decreased
crop yields in the modern agricultural ecosystem [2]. In acidic soil, soil P is mostly immobi-
lized in two forms, i.e., inorganic phosphorus (Pi) and organic phosphorus (Po). It may be
trapped with mineral compounds of iron (Fe) or aluminum (Al) hydroxides, or it can be
incorporated into rocks rich in mineral oxides, such as hematite, goethite, and gibbsite [3].
In alkaline soil, P is trapped in less soluble mineral compounds (variscite, strengite, and
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apatite) of magnesium (Mg) and calcium (Ca) [4]. Po accounts for 30% to 50% of the total
phosphorus (Pt) present in soil, primarily in the form of inositol phosphates, phospholipids,
and sugar phosphates [5]. Soil mineralization reactions are generally activated by soil
microbes coupled with enzyme phosphatase in the plant rhizosphere to release Pi from
fixed P reservoirs. Environmental factors, such as soil pH, temperature, moisture content,
and physicochemical properties (texture, organic matter, and electric conductivity), affect
the mineralization process. Plants naturally uptake Pi from soil solutions in the form of
H2PO4

−, and HPO4
2−, which are available in a narrow pH range (6.0–6.5). Pi accounts for

35% to 70% of the Pt present in soil solutions [6]. However, if Pi is immobilized in soil solid
or transformed to Po, it will largely be unavailable to plants.

In modern agricultural practice, farmers apply chemical phosphate fertilizers to in-
crease crop growth and yield. Intensive use of P fertilizer causes excessive P accumulation
in soil [7]. Only 10–20% of the total P applied to soil is taken up by plants as Pi [8]. Part
of the accumulated P in fertilizers applied to soil leaches into surrounding water bod-
ies, thus affecting water quality. This is the reason artificially applied P fertilizers are
not recommended for soil fertility, due to the risks of underground water contamination.
Chemical fertilizers boost soil P levels temporarily. Furthermore, rock phosphate reserves
(non-renewable P sources) are continuously declining. In the coming 50–100 years, it is
estimated that natural sources of P reservoirs will be exhausted [9]. Therefore, it is essential
to understand P dynamics in the soil environment, specifically the way plants uptake P,
so as to identify possible alternatives to enhance P uptake from soil. This review first
updated knowledge about P immobilization in the soil environment and the mechanism
of plant P uptake and then discussed the inspired strategies applied for the improvement
of available P in low-P soil in the agricultural sector. The recommendation of a suitable
approach (strategy) was then summarized for sustainable soil P management.

2. Phosphorus Mobilization in the Plant Rhizosphere

The rhizosphere is the central and critical zone in the plant–soil environment, where
maximum adsorption of nutrients, especially P, takes place from soil to plants [10]. Various
biochemical and physiological processes, particularly the excretion of hormones, organic
acids, and phosphatases, change the plant rhizosphere zone [11]. These processes are the
main drivers of many changes occurring in the plant rhizosphere. Nutrient-use efficiency
and crop yields are controlled not only by the physiological and biological processes that
take place in the plant rhizosphere but also by microbial dynamics and their abundance
in the rhizosphere zone [12]. Phosphorus is gradually being depleted in the plant-root
rhizospheric zone due to slow mobility and solubility coupled with root uptake, resulting
in P dynamics away from the root rhizosphere to upper plant parts. The decreased mobility
of available P results in that plant requirements cannot be met. To maintain the constant
requirements of plants, rhizospheric soluble P should be replaced 20 to 50 times per day
by P supplements from bulk soil [13]. Soil is a medium for the storage and transformation
of nutrients, including P. Many soil biochemical processes occur at various spatial and
temporal scales, influencing the bioavailability and cycling of P. Diffusive gradients in thin
films (DGT) is an in situ technique that has been used to study P bioavailability in soils and
P dynamics in the plant rhizosphere at two-dimensional high resolution [14]. The DGT
method employs a passive sampler composed mainly of a binding layer and a diffusive
layer. For P imaging using DGT, available P firstly flows through the diffusive layer and
is immediately-bound onto the binding layer. Afterwards, post-deployment assessment
of P in the binding layer by 1D/2D slicing-colorimetry, computer/colorimetric imaging
densitometry (CID), or laser ablation inductively coupled plasma mass spectrometry (LA–
ICP–MS) acquires available P distributions at sub-mm spatial resolution. Table 1 represents
DGT imaging technique data for different plant rhizospheres. The introduction of DGT as
an imaging tool for measuring in-situ high-resolution P distribution in the rhizosphere is a
large step toward a comprehensive understanding of P dynamics in soil-plant system.
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Table 1. Publications on the diffusive gradients in thin films technique (DGT) over
the period 2012–2021.

Soil Plant Species References

Low-P soil Brassica napus L. [15]
Soils and sediments Zea mays L., Zostera marina L. [16]
High- and low-P soils Orayza sativa L. [17]
Flooded paddy soils Orayza sativa L. [18]
Soils and sediments Zea mays L. [19]

Calcareous and non-calcareous soil Triticum aestivum L., Lupinus albus L.,
Fagopyrum esculentum L. [10]

High- and low-P soil Brassica napus L. [13]
Paddy soil Zea mays L. [20]
Halosols and Cambosols Orayza sativa L. (grain) [21]

3. Mechanism of P Uptake and Consumption by Plants

Soil contains a high amount of total phosphorus (Pt), composed of inorganic phospho-
rus (Pi) and organic phosphorus (Po), but only a small amount of P is available for plant
uptake [22]. From soil solutions, plants obtain Pi in the form of orthophosphate anions
(H2PO4

− and HPO4
2−) (Figure 1). A study [23] reported that, in most agricultural soil, the

concentration of orthophosphate is very low. In P-deficient conditions, P might be supplied
from other P pools to meet plant nutritional requirements. A large P concentration differ-
ence occurs between plant roots and bulk soil when P is rapidly depleted [24]. The rate of P
diffusion in plant roots in most soils is not high enough to overcome the localized P differ-
ence (created due to P uptake in soil); therefore, P deficiency occurs in most cases. Previous
studies have shown that, for plant growth and developmental processes, P uptake capacity
is insufficient and has become a limiting factor in many regions globally [25]. Therefore, for
sufficient P uptake, the importance of root architecture cannot be ignored. In many cases,
roots show active responses towards P deficiency in soil [17]. The root characteristics for
high P uptake include sharp, long, and deep root systems, as well as high root-to-shoot
biomass ratios [26]. The common characteristics of plants include extensive root branch-
ing [27], the occurrence of a large number of root hairs, and long specific roots developed
to reach P-nutrient-rich regions (sub-layers) in the soil [28]. Brassica napus L., Zea mays L.,
and Triticum aestivum L. have fibrous roots and exhibit high P uptake as compared to the
plant species Vicia faba L., Glycine max L., and Lupinus albus L. [29].

Nutrient P is the main component of membrane lipids and nucleic acids (DNA) in
plant cells and is essential for many biochemical and physiological processes. In the absence
of sufficient P, plants sharply develop adaptive mechanisms not only to gain sufficient
P by facilitating P uptake but also to utilize internal tissue-stored P by maintaining the
P life cycle in the plant–soil environment, thus decreasing P utilization and readjusting
old tissue-stored P for better performance of plant functions (Figure 1). In the cellular
vacuole, about 85% to 95% of Pi is present. In P-deficient conditions, the vacuolar Pi flux
is insufficient to fill the rapid gap due to cytosolic Pi reduction [15]. Therefore, in the
Golgi membrane, a phosphate transporter, PHT4;6, is present, which might transport Pi
from the Golgi complex [30] to fulfill the shortage of P. In plant-cell chloroplasts, another
phosphate transporter, PHT2; 1, is also available, which might maintain concentrations of Pi
in plant cells in P-deficient circumstances. A previous study revealed that, under P-deficient
conditions, dual-targeted purple acid phosphatase isozyme (At PAP26) was necessary for
Pi accumulation and that phosphatase enzymes were needed for the secretion of Pi from
phosphate monoesters in Arabidopsis thaliana [31]. For the mobilization of P from RNA,
two genes (At RNS1 and RNS2) and ribonucleases are essential during P deficiency. Leaf
senescence also stimulates these two ribonuclease genes and phosphatase enzymes during
P-remobilization processes, further supporting this phenomenon [32]. Under P-scarcity
conditions, membrane lipid composition can be changed through increased non-P lipid
and decreased phospholipid formation [33]. At the cellular level, the decomposition of
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diacylglycerol by phospholipases C and D and degradation of phospholipids into Pi is
mediated under P deficiency [34]. In addition, by the action of two enzymes, SQD1 and
SQD2, cellular diacylglycerol is further converted into sulfolipids and galactolipids [35].

Figure 1. Mechanism of P uptake from soil to plant and associated biochemical process in the
plant–soil environment.

Furthermore, plant cells in P-scarcity and starvation conditions could also utilize
respiratory cellular routes, bypassing Pi reactions and adenylate [36]. Shortly, for effi-
cient uptake and utilization of available P, plants effectively adopt several biochemical,
physiological, and morphological changes [37]. Efficient P utilization and nutrition for
the complex network in plants are necessary. Phosphate signaling pathways and their
molecular mechanisms respecting P have been reported previously [38]. Transcriptional
factors (PHR1), ubiquitin E2 conjugate (PHO2), and microRNA (miRNA) are important
players in this network for the regulation of PHO1, PHT, RNS, and ATPase genes at various
levels during P deficiency. The hormonal network and sugar-signaling pathways might
also be involved during P deficiency [39].

4. Inspired Strategies for Managing Phosphorus in Agricultural Soil

Several inspired strategies have been used for the improvement of plant-available
P and its fractions, as shown in Figure 2. The progress of these strategies is a focus of
this subsection.

4.1. Phosphate Fertilizer Application

Chemical P fertilizer application in arable fields is the most widely and long-used
strategy to increase as well as precipitate the fixed P in agricultural soil for efficient uti-
lization by crop plants [40]. This strategy is helpful for the initial depletion of fixed P
and enhances crop yields to some extent. However, due to the massive applicaton of
inorganic phosphate fertilizers by the agricultural sector, the P use efficiency (PUE) in crop
farming continue dropping in the developing countries. This makes the P concentration in
soil cannot catch up with that required to reach the optimum level for crop growth and
development. Anthropogenic activities, such as fertilization, have significantly affected
the terrestrial P cycle [41]. In soil, the level of P is much lower (10 µM) than levels of plant
tissue-stored P (5–10 mM) [42]. Applications of chemical P fertilizers are required because
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of low P availability and fixed P in the soil to enhance crop growth and yield [43]. In
addition, phosphate fertilizers are applied to low-P soil in the form of monocalcium phos-
phate (MCP) and monopotassium phosphate (MPP). Monophosphate fertilizer application
prominently affects soil biochemical and physiological processes and, through the wetting
process, creates huge amounts of protons and phosphate and finally establishes a P-rich
zone in the soil to which it is applied [44]. Further processes create precipitation reactions,
direct reactions, and adsorption reaction zones.

Figure 2. Inspired strategies for managing phosphorus and its fractionation. Abbrevia-
tions: PGPR: plant growth-promoting bacteria, PSM: phosphate-solubilizing microorganism,
AFM: arbuscular mycorrhizal fungi, Pi: inorganic phosphorus, Po: organic phosphorus, P: phospho-
rus, Ca-P: calcium phosphate, Fe-P: iron phosphate, Al-P, aluminum phosphate, NaHCO3: sodium
bicarbonate, NaOH: sodium hydroxide, HCl: hydrochloric acid.

The P-saturated region (direct reaction zone) is acidic, ranging from pH 1.0 to 1.6 [45].
Due to its acidic nature, rapid movement of metal ions occurs. These released metal
ions react with Pi in the direct reaction zone, thus enhancing further precipitation of Pi.
Metal ions and P chemically interact and form complex molecules of Fe-P, Al-P, and Mg-P
compounds [46]. Phosphorus is tightly bound in such compounds and is scarcely accessible
to various plant species. Thus, new aggregates of monocalcium and dicalcium phosphate
are produced in calcareous soil gradually. With the passage of time, these aggregates are
converted into apatite (a stable form of calcium phosphate). The addition of balanced
fertilizer matching the treated soil’s physical and chemical characteristics might be an
efficient and suitable approach for enhancing plant growth and development in P-deficient
agricultural soil.

4.2. Manure Application

Manure application is also a promising strategy to enhance P-use efficiency in agricul-
tural soil. To increase soil fertility and P concentration, manure is frequently used as an
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amendment in agricultural soil on a routine basis. In manure, the concentration of total
P is variable [47]. Manure contains approximately 70% of total P in the labile form, while
Pi constitutes 50% to 90% [48]. In addition, organic phosphorus (Po) is also present in the
form of nucleic acids and phospholipids [49]. The mineralization process increases the
soil Po content in manure-amended soil. Furthermore, mineralization reactions dissolve
molecules of organic acids into calcium phosphate [50]. With soil amendment of manure, P
adsorption on soil particles greatly decreased. Manure soil application also changes the P
availability and pH level. Large molecules of hydroxyls and carboxyls of humic acid, as
well as negatively charged sites in manure, strongly compete with Pi in amended soil for
adsorption [51]. However, the transformation mechanism of P between Pi and Po pools
needs further research in manure-amended soil.

4.3. Mycorrhizal Application

Mycorrhizal fungal application to P-deficient soil is an alternative strategy to the use of
phosphate fertilizers for enhancing plant growth and available P. Mycorrhiza, particularly
arbuscular mycorrhizal fungi (AMF), establish symbiotic associations (70%) with the roots
of higher plants called angiosperms and contribute to P nutrition significantly [52]. Mycor-
rhiza associated with complex root systems have the same P reservoirs in soil as available
to other plant species [53]. A previous study [54] investigated alternative reservoirs of
P that are used both by ectomycorrhiza and AMF. In such symbiotic associations, AMF
receive carbon (C) sources from host plants while constantly supplying P nutrition through
an extensive hyphal system to their host plants. In stress conditions, for sustainable agri-
cultural productivity, the nutritional effect of AMF is very beneficial in the formation of
soil aggregates and the establishment of plants. Through a symbiotic relationship, the chief
advantage of AMF is increased P uptake. Mycorrhizal plants showed better growth than
non-mycorrhizal plants, having AMF pathways as well as increased P uptake, in a previous
report [55]. However, in some reported cases, even mycorrhizal plants with AMF pathways
did not show sufficient P uptake, and plant growth was stopped. A previous study [56]
revealed that, via the solubilization process, AMF hyphal exudates alone solubilized more
P from soil reservoirs than plant-root exudates, suggesting that, through the solubilization
process, mycorrhiza can enhance P uptaek of the plants. The secretion of phosphatase
enzymes from the fungal hyphal mycelia of AMF fungi has been investigated and it was
found that it could significantly increase the utilization and mineralization of organic P [57].
Mycorrhizal plant P acquisition increases through extraradical mycelia that penetrate deep
into P reservoir sources in the soil and transform it into roots and subsequently into other
plant parts. Large surface areas, as well as high mycorrhizal hyphal densities, could also
contribute to enhanced orthophosphate uptake by plants. In mycorrhizal-associated plants,
elevated uptake can usually be explained in terms of enhanced P utilization through the
hyphal system from indigenous soil P reservoirs [58]. Mycorrhizal plants use two pathways
(direct and mycelial) for sufficient P uptake. The first one occurs at the soil–plant interface
via root hairs called direct pathways. The second pathway occurs through fungal mycelia
and is called the mycorrhizal pathway [59].

4.4. Plant Growth-Promoting Bacteria Application

The inoculation of plant growth-promoting bacteria (PGPB), applied as an alterna-
tive to chemical fertilizers, is based on P solubilization, N2 fixation, phytohormone se-
cretion, vitamin synthesis, and organic P mineralization [60]. Plant growth-promoting
bacteria application to soil is a natural method for increasing soil P concentrations by the
P-solubilization mechanism [61]. Numerous PGPB have been isolated from different soil
environments, and their effects on plant growth and development have been reported [62].
Most of the studies have concentrated on PGPR, which perform functions associated with
P solubilization to increase P availability to the host plant [63]. A diverse array of PGPR,
such as species of Bacillus, Enterobacter, Pseudomonas, and Serratia, have been found to be
involved in P mobilization, e.g., dissolving Ca-P by lowering pH, unlocking P bound to Al
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and Fe oxides through the exudation of organic acids, as well as mineralization of organic
P through enzyme phosphatase. The mentioned PGPR have been considered as potentially
effective inoculants for improved crop growth and yield. However, some researchers have
reported that the direct inoculation of PGPR into soil did not enhance plant biomass and P
uptake capacity, due to variations in P-related soil properties as well as enzyme activities
that were limited by certain environmental factors [64]. Previous findings [65] revealed a
low survival rate for PGPR due to low nutrient concentrations as well as competition with
indigenous soil microbial, fungal, protozoan, and nematode populations.

Phosphate-solubilizing microorganisms (PSMs) solubilize orthophosphate from dif-
ferent inorganic and organic sources [66]. Phosphate-solubilizing microorganisms include
Rhizobium, Bacillus, and Pseudomonas species, as well as different species of fungi, such
as Penicillium and Aspergillus species [67]. In laboratory experiments, rock phosphates
(Ca5 (PO4)3OH, Ca10(PO4)6F2) and calcium compounds, such as tricalcium phosphate
(Ca3(PO4)2), are mainly used for the identification of PSMs. The quantity of released
soluble P is particularly dependent on the P source; therefore, various microorganisms
solubilize different sources of P [68]. Fungal species were previously extensively studied
with respect to their abilities to effectively solubilize Al and Fe phosphate sources [69].
Variation in the pH of culture media plays an important role in the solubilization of calcium
phosphate. The secretion of organic anions, such as lactate, oxalate, citrate, and gluconate,
by PSMs is linked to the acidification of solution media [70]. PSMs improve the solubiliza-
tion and, ultimately, mobilization of poorly soluble P-binding Ca-P and Al-P compounds
by chelating organic anions (Table 2). Many studies have reported increased P uptake and
solubilization by various crops inoculated with PSMs in controlled conditions [71,72].

Table 2. Different amendment/inoculation methods used and concentrations of available and total
P (mg kg−1) in agricultural soil.

Amendment Soil
pH Available P Total P Amendment/

Inoculation Plant Species References

Pig manure 6.54 28.07 810 15,000 kg ha−1 Oryza sativa L. [28]
Poultry manure 5.20 45.03 975 42 Mg ha−1 Lolium perenne L. [73]
Compost 7.79 12.20 98 20 t ha−1 Phaseolus vulgaris L. [74]
Biosolids 7.40 25.21 7600 100 kg ha−1 Saccharum officinarum [75]
Willow and pine
biochar 6.20 33.31 1981 10 t ha−1 Lotus pedunculatus L. [76]

Cow-dung biochar 5.61 10.61 265 10 t ha−1 Cyperus esculentus L. [77]
PSM 7.20 17.41 145 3 × 10−4 per seed Triticum aestivum L. [78]
PSM 7.80 39.15 9500 4 × 10−5 per seed Lolium perenne L. [79]
AMF and PSM 8.50 8.00 183 20 g kg−1 Solanum lycopersicum L. [80]
Nano-rock
phosphate and
PSB

8.39 ND 296.23 250 kg ha−1,
250 mL seeds kg−1 Zea mays L. [81]

PSB ND 7.00 ND 1 × 107 C.F.U.mL−1 Zea mays L. [82]

PSB and P2 O5 4.70 8.11 ND 180 kg ha,−1 2 ×
10−8 C.F.U.mL−1 Saccharum officinarum [83]

Abbreviations: AMF: Arbuscular mycorrhizal fungi, PSM: Phosphate-solubilizing microorganism, PSB: Phosphate-
solubilizing bacteria, ND: Not detected.

In field experiments, the functional mechanism of PSM is more complicated and has
proved very difficult to explain clearly in the presence of many indigenous soil microbes
and varying environmental conditions [84]. This may be due to a lack of suitable and
precise methods for the introduction of PSMs into soil environments, gaps in knowledge
about the interactions of PSMs with indigenous organisms, and poor understanding of P
dynamics in soil [85]. Penicillium significantly solubilized P and enhanced wheat growth in
laboratory experiments [86]. Microbes play a key role in unlocking soil-bound organic P
through a process called mineralization. PSM inoculation enhanced organic P availability
as well as plant biomass in greenhouse experiments. In addition, microbial biomass is
essential for maintaining an optimum level of Po and Pi in soil solutions. Upon the death
and decay of microbial biomass, P is available to plants in soil [87].

The PSM inoculation technique has proved effective, helpful, and efficient respecting
plant rhizospheres, where there are large quantities of microbial biomass that are quickly
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metabolized into carbon [88]. However, P mobilization in the plant rhizosphere associ-
ated with PSMs requires additional confirmation and investigation. The mineralization
of organic and inorganic P and microbial-activated phosphate solubilization are essential
processes through which microbes obtain P from soil. However, in some cases, PSMs are
unable to mobilize enough P above their demands to meet plant requirements. The P cycle
in soil and microbial biomass indeed demonstrate an essential pathway for P mobilization
in different, available, including soil, P pools. Different physiological processes disturb
organic P pools and thus render them unavailable to the plant–soil ecosystem [89]. The
importance of this mechanism in plant rhizospheres needs further research in detail in
complex environments. The inoculation of crops with PSMs is a method frequently used,
and some PSMs are already commercialized [90]. However, in long-term field applications,
these inoculants have to compete for their survival with native soil nematodes and mi-
crobes. This technology is still in its infancy and suitable approaches for the solubilization
of mineral-fixed P are being explored. The issues with the application of this technology
include (1) inoculum survival and colonization, (2) host plant inoculum specificity, and
the (3) limited commercialization value and insufficient effects on plant growth and de-
velopmental processes [91]. PSM inoculants are applied to the soil and fixed P becomes
solubilized; however, plant P uptake and biomass production are negatively affected by
phosphorus fixation in the microbial biomass [92]. A previous study [93] reported that the
application of phosphate-solubilizing bacteria along with nematodes efficiently enhanced
plant P uptake and available P. Phosphorus solubilization is also influenced by soil texture.
Aluminum (Al) and iron (Fe) chemical reactions with P in acidic or low-pH soil result in
P reduction. However, tricalcium phosphate (Ca3PO4)3 is formed in alkaline or high-pH
soil, reducing plant-available P in soil [94]. Thus, soil alkalinity causes P unavailability—a
process known as P fixation. Sorghum yield increased significantly after PSM inocula-
tion [95]. To increase P availability, bacterial species, such as Bacillus spp., Pseudomonas
spp., and Agrobacterium spp., are used as soil inoculants [96]. Phosphorus solubilization,
which involves local acidification or alkalization, has been observed in some Pseudomonas,
Cyanobacteria, and Bacillus species isolated from plant rhizospheres [97]. Organic phosphate
is the most abundant source of soil phosphate, but its compounds are complex (nucleic
acids, phospholipids, etc.) and must be transformed by microorganisms before they can be
absorbed by plants [98].

4.5. Biosolid Application

In the 1990s, the term “biosolid” was first introduced for the selection of liquid, solid,
and semi-solid materials produced from the treatment of domestic sewage sludge [99].
A satisfactory production process is needed for sludge to be applied to land [100]. For
decades, biosolids have been recommended economically, are socially acceptable, and are
part of traditional practices of land applications globally [101]. In addition, land application
of biosolids is a viable technology for industrial-waste management, generally proposed by
environmentalists. Biosolids contain large amounts of micro- and macroelements, such as
copper (Cu), zinc (Zn), iron (Fe), manganese (Mn), potassium (K), nitrogen (N), calcium
(Ca), sulphur (S), organic carbon (C), and phosphorus (P) [102,103]. These are essential
elements for plant growth processes and faunal survival in soil. Usually, in biosolids, most
P is in the form of aluminum phosphate, commonly adsorbed on the surfaces of calcium
phosphate and iron phosphate [104]. The total inorganic P present in biosolids ranges
from 70% to 90% [105]. Furthermore, biosolids contain smaller amounts of water-soluble
P [80] as well as organic P in the form of phospholipids, orthophosphate monoesters, and
orthophosphate diesters [106]. Wastewater-treatment-plant operations strongly affect the P
concentrations in biosolids [107].

Phosphate fertilizer application affects the dynamics of P in biosolids; however, not
all of the P in biosolids is available to plants [108]. Precipitation, dissolution, microbial
decomposition, desorption, and sorption of P occurs when biosolids are land-applied [109].
The above-mentioned processes may be slow or fast, depending on the biological and
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physicochemical processes that occur in the applied soil. P availability in biosolid-treated
soil increases with the rate of biosolid application [110]. Thus, elevated contents of inorganic
P in biosolids may be linked to enhanced concentrations of P in the soils to which they are
applied. However, in soils that have the highest capacities to retain P, or in P-concentrated
soils, such variations were found to be less obvious [111]. The conversion of lower labile
P to higher labile P species may also be linked to enhanced contents of bioavailable P in
amended soils [112]. Another study revealed that calcium (Ca)-concentrated biosolids also
contributed to enhanced levels of water-soluble P in amended soil [113]. Mineralization
also increases with amendments of biosolids, which could unlock biosolid-borne organic P,
thus contributing to enhanced contents of extractable P [114].

The relationship between plant-available P and the degradation of biosolids is more
complicated. A previous study revealed that biosolid amendment not only changes soil
physicochemical properties, such as pH, EC, dissolved organic matter, and biological
properties, but also the adsorption capacity of amended soil [115]. The enzymes phos-
phodiesterase and phosphomonoesterase mainly hydrolyze organic phosphate esters into
orthophosphate anions biochemically and secrete most of the assimilated P through soil mi-
crobes. Plant roots and soil microbes both passively and actively participate in the secretion
of extracellular enzymes to make them available for plants through the mineralization of S,
C, P, and N from complicated forms [116]. In the plant rhizosphere, phosphomonoesterase
enzyme activity was identified as the major mechanism for the acquisition of P by plants,
catalyzing a large number of anhydrides and orthophosphate minerals and thus releasing
bound P [117]. In agricultural soils, enzyme phosphatase activity mainly contributes to
agricultural activities, and, in forest soils, it responds to seasonal variations in moisture as
well as temperature [118].

According to economic theory, in biosolid-applied soils, P is amended together with
other nutrients, such as S, N, and S, thus stimulating the activity of phosphatase enzymes,
and is utilized by soil microbes as an energy source, while, in soil amended with chemical
fertilizers, phosphatase enzyme activity is suppressed [119], thereby revealing the clear
difference between inorganic P amendment and fertilizer application [18]. Previously, in the
agricultural sector, biosolid applications to soil enhanced acid phosphatase activity, nutrient
concentrations, and microbial biomass [120]. In different soils, various persistence and
production rates of enzyme activities have been studied. Soil pH-buffering capacity also
varies with biosolid application, resulting in changes in phosphatase enzyme activities [121].
In biosolid-applied soil, the enzymes phosphomonoesterase and diesterase might be used
as signals of P secretion from biosolids because, usually, sewage sludge includes different P
forms [122]. The higher the microbial or plant origin of the enzyme, the greater the demand
for mineral P [123]. Thus, competition or cooperation between plant roots and rhizosphere
microbes is primarily determined by soil P status.

4.6. Carrier Application

China and India, as the largest consumers of P fertilizers [124], are facing the great
challenge of gradually decreasing P resources [125]. Excessive and unbalanced P fertiliza-
tion applications in most regions have been extensively reported [126]. To maintain high
crop productivity, high rates of chemical P fertilizers (120 kg P2O5 ha−1) have been applied
by farmers, resulting in dramatic increases in P accumulation in agricultural soil [127], as
well as P loss via runoff and leaching to the aquatic environment. Therefore, to achieve
environmental, ecological, and economic goals, it is necessary to minimize the input of P
fertilizers and improve the P status of agricultural soils through the feasible application of
new materials in the modern agricultural sector. The application of biochar (a carbon-rich
material) is an environmentally friendly and cost-effective approach to improve nutrient-
deficient agricultural soil [128]. Biochar is produced from waste residues and is frequently
recommended for the fertility of agricultural soil and carbon sequestration [129]. Using
biochar as a carrier material for plant growth-promoting bacteria (PGPB) offers unique
opportunities and benefits in the agricultural sector. Plant growth-promoting bacteria
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inoculation with biochar increases the value of biochar and enhances its commercializa-
tion as a biofertilizer [130]. Applications of biochar as a carrier have many benefits, as
they ensure the survival of introduced PGPB in the treated soil and provide hot spots
for microbial movements. Furthermore, biochar carrier amendment of soils alters many
physicochemical properties, which enhances the survival efficiency of the introduced PGPB
in treated soils. The positive results of biochar amendment of agricultural soil include
increased soil pH, bulk density, fertility, water-holding capacity, nutrient retention, and
aeration capacity [131].

In agricultural soils, the total concentration of P (Pt) ranges from 400 to 1200 mg kg−1.
However, in available forms, such as the orthophosphate ions H2PO4

− and HPO4
−2, only

1 mg kg−1 of Pt is present [132]. The non-soluble form of P is present in inorganic (Pi)
and organic forms (Po). In soil, non-soluble Pi ranges from 20 to 50% in the form of
PO4

− ions [133]. These ions are adsorbed to various compounds of Ca, Fe, and Al—Ca-
P, Fe-P, and Al-P—producing stable complexes. Due to the short and poor survival of
PGPR in soil, post-soil inoculation is usually not recommended [134]. Furthermore, direct
inoculation of liquid PGPR in soil becomes complex due to the adhesion of soil particles,
which reduces their ability to colonize host root surfaces, as well as vertical transport [135].
Ordinary carriers, such as peat and vermiculate, have some drawbacks which limit their
application at large scales [136]. However, compared to peat and vermiculate, biochar
carriers seem to be environmentally friendly and cost-effective. Furthermore, biochar
sterilization offers a reliable and premium-quality preparation for alternative carriers
(PSMs loaded on biochar). Due to these benefits, biochar is considered an alternative,
cost-effective carrier. The attachment of PSMs on biochar surfaces might provide defensive
colonization as well as a safe zone [137]. One study [138] reported that when loaded on a
biochar surface, Azospirillum had a 6-month long shelf life at room temperature. However,
it is not clear whether PSMs loaded on biochar surfaces ensure survival; the matter needs
further investigation. We applied different biochar carriers (PSMs loaded on biochar), such
as rice-straw biochar (RSB), soybean-straw biochar (SSB), rice-husk biochar (RHB), peanut-
shell biochar (PNB), wood biochar (WB), and corn-cob biochar (CCB), to agricultural soil
collected from an agricultural field in Hailun City, Heilongjiang Province, China (Figure 3).
The tested soil had a pH of 6.52 units and a total P concentration of 5.59 mg kg−1 [139] The
incubation experiment was conducted at lab scale in a complete randomized block design
(CRBD) in four replicates. Each carrier was amended separately at a rate of 3% to the tested
soil. After one month of incubation experiment, the RSB and SSB amended-soil showed
significantly higher concentrations of NaHCO3 extractable Pi and Po, NaOH extractable Pi
and Po, HCl Pi, residual P, and total P in the treated soils than RHB, PNB, WB, CCB, and
CK-amended soil (Table 3). This increase in total P and P fractions in carrier-amended soils
may have been due to the increased solubilization and mineralization of mineral-bound P.

Table 3. Sequentially extracted P fractionation (mg kg−1) after application of different carrier materi-
als into agricultural soil. Mean values are shown ±1 standard deviation (n = 4) (unpublished data).

Parameters
0.5 M NaHCO3 Extractable 0.1 M NaOH Extractable 1 M HCl P Residual P Total Extraction

Pi Po Pi Po Pi Efficiency (%)

CK 0.58 ± 0.03 a 0.32 ± 0.08 a 0.63 ± 0.09 a 1.72 ± 0.20 a 1.46 ± 0.14 a 0.88 ± 0.15 a 5.59 ± 0.51 a 99
RSB 0.69 ± 0.08 b 0.77 ± 0.15 b 0.67 ± 0.04 a 1.20 ± 0.15 b 2.49 ± 0.27 b 1.21 ± 0.23 b 6.98 ± 0.96 c 100
SSB 0.94 ± 0.09 c 0.64 ± 0.16 b 0.71 ± 0.12 a 0.96 ± 0.15 b 2.99 ± 0.36 c 1.41 ± 0.34 c 7.61 ± 1.06 c 100
RHB 0.66 ± 0.12 b 0.27 ± 0.08 a 0.64 ± 0.08 a 1.46 ± 0.23 a 2.08 ± 0.23 b 1.62 ± 0.35 c 6.83 ± 0.19 b 98
PNB 0.70 ± 0.06 b 1.03 ± 0.27 c 0.69 ± 0.14 a 0.73 ± 0.15 b 2.00 ± 0.29 b 1.53 ± 0.26 b 7.01 ± 0.98 bc 95
WB 0.65 ± 0.02 b 0.48 ± 0.29 b 0.62 ± 0.05 a 1.29 ± 0.23 a 2.20 ± 0.26 b 1.43 ± 0.28 b 7.11 ± 0.18 b 93
CCB 0.73 ± 0.05 b 0.35 ± 0.08 a 0.61 ± 0.09 a 0.96 ± 0.18 b 2.43 ± 0.34 b 1.42 ± 0.24 b 6.65 ± 0.19 b 97

Abbreviations: CK: Control, RSB: Rice-straw biochar carrier, SSB: Soybean-straw biochar carrier, RHB: Rice-husk
biochar carrier, PNB: Peanut-shell biochar carrier, WB: Wood biochar carrier, CCB: Corn-cob biochar carrier.
Extraction efficiency for each of the P fractions was calculated from the sum of P fractions divided by total P and
multiplied by 100. Pi (inorganic P) and Po (organic P), P residual, and P total. Different letters in columns indicate
significant differences (p ≤ 0.05) between treatments, while similar letters indicate non-significant differences.
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Figure 3. SEM images of carrier materials: (A) RHB, (B) SSB, (C) WB, (D) RSB, (E) PNB, and (F) CCB
(unpublished data).

5. Conclusions

The current review has brief understanding of phosphorus mobilization and P dynam-
ics between Pi and Po pools in agricultural soil. It has been discussed how, in P-deficient
conditions, plants maintain P concentrations and utilize internal tissue-stored P. Progress in
the development of the diffusive gradients in thin films technique to study P bioavailability
was systematically reviewed. In addition, different inspired strategies for the improvement
of plant-available P in soil were also reviewed. Finally, an update about the application of
novel carriers was provided.
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Abstract: The biogeochemistry of multi-elements, such as sulfur (S), phosphorus (P) and arsenic (As),
is interlinked especially at interfaces of soil/sediment–water and plant rhizosphere. To explore the
biogeochemical behavior of multi-elements such as S-P-As at interfaces, an in situ and high-resolution
technology is required. In this study, we developed an in situ probe (LDHs-DGT) based on the diffu-
sive gradients in thin-films technique using a single binding layer to realize the co-measurement of
multi-elements including sulfide and oxyanions. Mg-Al layered double hydroxides (LDHs) were
synthesized and incorporated into the probe’s binding layer. Laboratorial characterization showed
that the LDHs-DGT probe had a high capacity for sulfide, phosphate and arsenate and can effectively
determine their levels across a wide range of solution conditions, i.e., pH from 5 to 8 and ionic
strengths from 0.005–0.01 mol L−1 NaNO3. The application potential of the LDHS-DGT probe in cap-
turing the concentration profiles of sulfide and oxyanions across the soil/sediment–water interface at
a centimeter scale was demonstrated. The synchronous co-variations of labile sulfide and phosphate
were observed along an intact river sediment core, demonstrating the redox driven behaviors of
oxyanions at aerobic–anaerobic transition zones. Moreover, the LDHS-DGT probe was further used
to acquire the dynamic distributions of multi-elements in the plant rhizosphere at a two-dimensional
millimeter scale. Compared to treatments of sodium sulfate and mercaptopygorskite fertilization,
the addition of elementary S promoted the reduction of sulfate to sulfide along the whole growth
stage and thus inhibited the activation of toxic metals in the rice rhizosphere. Collectively, this study
provides a tool for convenient measurement of nutrients and metal(loid)s across soil–water/root in-
terfaces at high resolution and thus, a broad application prospect of the tool in sustainable agriculture
is expected.

Keywords: in situ sampling; nutrients; metal(loid)s; crop rhizosphere; sustainable agriculture

1. Introduction

For sustainable agriculture, it is important to keep the balance of mineral elements
in soils, and to control the uptake and accumulation of toxic metal(loid)s in crops [1,2].
The biogeochemical cycling of mineral elements and toxic metal(loid)s in the environment
is highly interlinked. For example, it has been found that sulfur (S) and phosphorus (P)
affect the environmental behavior of arsenic (As) [1,3–5]. Under anoxic soil conditions,
microorganisms promote the formation of sulfide and thus act as reducing agents for
arsenic, promoting the release of As into the solution phase [6]. Alternatively, sulfide
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may immobilize As by inducing co-precipitation of iron sulfide minerals (e.g., pyrite) and
arsenic sulfide (dioecious and realgar) [6,7]. Phosphates and arsenates are considered
chemical analogues, which means they can be substituted for each other in chemical
reactions, including adsorption/desorption reaction, precipitation/dissolution reaction [4].
Besides, the distribution of elements in agricultural soils, especially at the crop rhizosphere,
are highly uneven at both spatial and temporal scales. Therefore, it is strongly necessary to
develop in situ high-resolution tools for co-measurement of nutrients and metal(loid)s at
the soil/sediment–water interface and crop rhizosphere.

Diffusive gradients in thin films (DGT) is a representative in situ measurement tech-
nique characterized by broad applicability, quantitative measurement, trace element iden-
tification and high spatial resolution [8,9]. It is widely used for measurement of over
100 analytes including nutrients, metal(loid)s, radionuclides and polar organic contami-
nants in water, sediment and soil [8,10–15]. Typically, DGT is consistent of a protective filter
membrane, a well-defined diffusion gel and a functionalized binding gel [16]. For the de-
termination of different types of analytes, specific binding gels with incorporated binding
materials are required [14,17]. Ideally, the binding gel should (1) have a high capacity for
long-term monitoring of the target analytes; (2) contain particular binding materials with
even distribution and small particle size for high-resolution application at interfaces [11,18].
The development of new bindings agents has received increasing attention in recent years.
Specially, for the co-measurement of sulfide and oxyanions (e.g., phosphate and arsenate)
using DGT two strategies are currently employed. One strategy involves the simultaneous
application of two DGT probes with different binding layers that separately measure sul-
fide and oxyanions, e.g., AgI-DGT for sulfide, and ferrihydrite, Zr-oxide, or Metsorb-DGT
for oxyanions [8,12,19,20]. The second strategy involves the application of a single type of
DGT with a mixed binding layer, in which two kinds of functionalized materials such as
AgI and ferrihydrite, AgI and Zr-oxide, or AgI and Metsorb were incorporated [16,20–23].
Although significant progress has been made in the development of binding gels, they
often have some defects, such as poor mechanical resistance, poor repeatability or unclear
gel structure which limit their application [2]. In this study, we propose a third strategy to
achieve the co-measurement of sulfide and oxyanions based on DGT. In this new strategy,
a DGT probe with a single functionalized material in the binding layer is sufficient. This is
achieved by exploiting the ability of layered double hydroxides (LDHs) to capture different
types of ions, including sulfide and oxyanions, thus overcoming the current limitations of
binding gels.

LDHs are a type of anion adsorption material that is widely used in diverse industries
for catalysis, adsorption and ion exchange, and are also used as functionalized environ-
mental materials [24]. LDHs are layered compounds that aggregate the positively charged
main laminate and the interlaminar anions. Because the interlayer anions in LDHs can be
replaced by other anions, the target anions are thus immobilized in the interlayer [24,25].
However, there are significant differences in the anion exchange rates for different types
of LDHs. Mg-Al LDHs synthesized from the chloride salts of magnesium and aluminum
show excellent sorption capacity towards sulfide and oxyanions (e.g., P and As), while the
incorporated Cl- helps reduce interference caused by other anions, e.g., nitrate [15,26,27].
In this study, Mg-Al LDHs nanoparticles were synthesized and used for as a single binding
material in the LDHs-DGT probe. We hypothesized that the Mg-Al LDHS nanocomposite
binding could adsorb both sulfide and oxyanions. The objective of this study is to (1) con-
struct an in situ probe and characterize its performance for accurate measurement of labile
concentrations of multi-elements in waters; (2) demonstrate the application potential of
the probe in high-resolution measurement of nutrients/metal(loid)s at the soil/sediment–
water interface and rice rhizosphere. This study provides a useful tool for management of
nutrients and metal(loid)s in sustainable agriculture.
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2. Materials and Methods
2.1. Reagents, Materials, and Solutions

The glassware and plastic materials used for probe construction were rinsed with
10% HNO3 followed by rinsing with ultra-pure water (18.2 Ω cm, Milli-Q, Millipore, USA)
three times before use to avoid sample contamination. All the solutions were prepared
using ultra-pure water and all reagents used were of reagent-grade purity. Stock solutions
(1 g·L−1) were prepared using KH2PO4, Na2S, Na2SO4, Na2HAsO4·7H2O and NaAsO2.
MgCl2.6H2O, AlCl3.6H2O, NH4.OH, Diethylenetriaminepentaacetic acid (DTPA) were
used to make LDHS nanoparticles.

2.2. Laboratory Evaluation of DGT Performance
2.2.1. Synthesis and Characterization of LDHs

The LDHs were synthesized in accordance with a Chinese patented method [15]. An
aqueous solution of magnesium chloride and aluminum chloride was prepared with a
Mg2+ (0.5 mol L−1):Al3+ (0.5 mol L−1) ratio of 2:1 (in order to fully exchange anions in
the solution to be tested), 0.5 mol L−1 DTPA was then added to the solution. The milli-Q
water configuration was used for all solutions. Under a stirring frequency of 40–50 Hz/s,
20–25% ammonia solution was slowly added when necessary to keep the pH of the reaction
solution between 9.5. The mixture was continuously stirred for 30 min, and the aging
reaction was allowed to occur for 60–120 min (25 ◦C). To make the precipitation reaction
complete, ultra-pure water was then continuously added to the reaction mixture. The
resulting LDHs precipitate was cleaned using ultra-pure water to remove chloride ions.
After being stored overnight at −60 ◦C in an ultra-low temperature freezer (ZX-LGJ-18A,
Zhixin, CHN), the precipitate was finally freeze-dried to obtain the requisite Mg-Al LDHs
nanomaterials.

The crystal phases of the LDHs samples were examined by X-ray powder diffraction
(XRD, D/MAX2500, Rigaku Corporation, JPN). The size and morphology of the samples
were characterized by field emission scanning electron microscopy (FESEM, LEO 1350VP,
LEO Electron Microscopy Ltd., GER) and transmission electron microscopy (TEM, JEM
2010, JEOL Ltd., JPN).

2.2.2. Probe Gel Preparation

LDHS gel strips (0.6 mm thickness, ~10 cm × 17 cm) were made according to an
established procedure [15]. To synthesize the binding gel, LDHs nanomaterials (2 g)
were subjected to ultrasonication for 2–3 min [28]. Thereafter, tetramethylethylenediamine
(TEMED) catalyst (22.5 µL) and freshly prepared ammonium persulfate initiator (90 µL,
10% w/v) were added. After sufficient stirring, the mixture was immediately cast between
two glass plates separated by plastic spacers (ensuring that the LDHS gel thickness is
0.6 mm) and allowed to set at 42 ◦C for 1 h. Thereafter, the gel obtained was removed
and placed in ultra-pure water, which was changed frequently within 24 h to remove
the interference of nitrate ions. The diffusion gel was cross-linked with 15% acrylamide
and 0.3% agarose derivatives according to an established procedure [12]. The diffusive
gel and the binding gel were cut with a ceramic knife and assembled into DGT probes
(Figure S1), which were then placed in a sealed pocket containing 0.01 M NaCl protective
solution and stored in a refrigerator at 4 ◦C [15]. The gel strips were cut into circular
discs (1 cm diameter) for use in LDHS-DGT characterization experiments (Figure S2). For
LDHS-DGT deployment across the soil/sediment–water interface and rice rhizosphere, the
gel strips were firstly cut into a size of 2.5 cm × 15 cm and 9 cm × 12 cm, respectively.

2.2.3. Chemical Analysis and Concentration Calculation

To avoid of oxidation of S(-II) and As(III), experiments were carried out under nitro-
gen. The solution temperature was monitored during probe deployment. Upon retrieval,
the probes were rinsed with ultra-pure water and the binding gel was then eluted with
HNO3 (9 mL, 0.5 mol·L−1) for 10 min. The concentrations of sulfur, phosphorus and ar-
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senic in the LDHS-DGT eluates and solutions were determined via inductively coupled
plasma mass spectrometry (ICP-MS, 7700×, Agilent, USA), high-performance liquid chro-
matography (HPLC, 1100, Agilent), and ion chromatography (IC, ICS3000, DIONEX, USA)
calibrated using standard solutions of S(-II), phosphate (P), As(III) and As(V) and SO4

2−.
DGT measured concentrations were calculated based on Fick’s first diffusion law [8]:

M =
Ce

(
Vg + Ve

)

fe
(1)

CDGT =
M∆g
DAt

(2)

where M represents the mass of the analyte bound onto the gel (ng), Ce represents the
concentration of the analyte in the eluent (µg L−1), Vg represents the volume of the gel, Ve
represents the eluent volume (mL), and f e represents the elution efficiency (100 ± 5% for
LDHs, which can be approximated as 1). ∆g represents the sum of the thicknesses of the
diffusive gel and the nitrocellulose film (0.089 cm), D represents the diffusion coefficient of
the target analyte in the diffusive gel (cm2 s−1), A represents the area of the DGT window
(3.15 cm2), and t represents the DGT deployment time (86,400 s).

2.2.4. Diffusion Coefficients in the Probe’s Diffusive Layer

The diffusion coefficient of each analyte in the diffusion gel was measured using the
probe time-series deployment method [29]. Triplicate LDHs-DGT probes were placed in
a solution containing S(-II), SO4

2−, phosphate, As(V), or As(III) (3.5 L, pH = 5.5 ± 0.2) at
25.0 ± 0.5 ◦C, with an ionic strength of 0.01 M NaNO3. The concentration of each ion in
the test solution was approximately 700 µg L−1. LDHS-DGT probes were retrieved after 2,
4, 6, 8, 10, 14 or 15 h, and the binding gels were taken out for analysis. An aliquot of the
solution (2 mL) was collected each time and filtered (0.45 µm) for analysis. The effective
diffusion coefficients of S(-II), SO4

2−, phosphate, As(III) and As(V) were calculated using
Equation (3) [12,29].

D =
slope×4g

csol × A× 60
(3)

where “slope” refers to the linear regression slope of the mass (ng) of the ions accumulated
in the gel with time (min); “csol” is the concentration of the substance to be measured in the
preparation solution (µg L−1).

2.2.5. Selectivity of LDHs-DGT Probe to Sulfide and Arsenate

To determine the selectivity of the probe toward different forms of S (i.e., S(-II) and
SO4

2−) and As (i.e., As(V) and As(III)), the LDHs-DGT probes were deployed in a mixed
solution (3 L) containing S(-II) and SO4

2−, both at a concentration of 50 µg L−1. A similar
experiment was conducted for As(III) and As(V), with both being at a concentration of
50 µg L−1. The solution was stirred thoroughly, and the LDHS-DGT probe was retrieved at
2, 4, 6, 8, 12, 24, 48 and 72 h, and at each time point, aliquots (10 mL) of the solution were
collected to determine the concentrations of the chemical species. The concentrations of
S(-II) were determined via ICP-MS, whereas SO4

2− was quantified by IC and As(III) and
As(V) via HPLC-ICP-MS [30–32].

2.2.6. Effects of Ionic Strength and pH on Probe Measurement

To study the effect of pH on probe measurement, the LDHs-DGT probe was immersed
in a multi-element solution containing three different ions (phosphate, S(-II) and As(V))
at a concentration of approximately 50 µg L−1 (KH2PO4, Na2S, Na2HAsO4). HNO3 and
NaOH were used to adjust the solution pH in the range 4–9. The LDHs-DGT probe was
deployed in the solution for 6 h. To test the performance of the probe under different ionic
strengths, the LDHS-DGT probe was exposed to a multi-element solution containing three
ions (S(-II), phosphate and As(V)) at a concentration of approximately 50 µg L−1 for 6 h.
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The ionic strength in the solution was varied in the range 0.001–0.7 mol L−1 NaNO3. The
concentrations of phosphate, S(-II) and As(V) in the solutions and eluents of binding gel
were analyzed.

2.2.7. Capacity of the Probe

To determine the capacity of the probe with respect to the S(-II), phosphate and As(V)
ions, the LDHS-DGT probe was immersed in a 1 L well-stirred solution with a single
solution of 0.5–120 mg L−1 for 24 h. Before the deployment of the LDHS-DGT probe, the
test solution was stirred vigorously for three days, while ensuring that a constant solution
pH at 5.5 using dilute solutions of HNO3 and NaOH. After deployment of the LDHS-DGT
probes, DGT-measured S(-II), phosphate and As(V) concentrations were determined via
ICP-MS and the capacity of the LDHS-DGT probe thus obtained through comparison with
the theoretical uptake concentrations.

2.2.8. Competition Effect among Different Elements

To test the possible interference of several kinds of ions on DGT measurement, the
LDHs-DGT probe was deployed in a mixed solution (2 L) containing S(-II), phosphate
and As(V). The ion concentration of the mixed solution was in the range of 4–90 µg L−1 at
pH 5.5. The highest ion concentration of 90 µg L−1 was 9-fold to that of P and 1.8-fold to
those of As and S, based on the Chinese Surface Water Environmental Quality Standard [33].
The probe deployed in each solution was retrieved after 8 h, and the concentrations of the
ions in the solutions and eluants were both determined.

2.3. Co-Measurement of Multi-Elements Using LDHS-DGT Probe in Water

Three water samples were collected from three different waterbodies (0~20 cm) in
Tianjin, China. The first sample (“W1”) is agricultural irrigation water from Tianjin, which
is used to represent the baseline concentration of S(-II), phosphate and As(V). The other
two sites were from the Jinhe River (“W2”, represents high eutrophication levels) and
the park fountain (“W3”, represents low eutrophication levels) with different levels of
S(-II), phosphate and As(V). These samples demonstrate some extreme scenarios challeng-
ing LDHs-DGT measurements. After sampling, all water samples were filtered through a
0.45 mm membrane. A pH meter (S8-FEID Kit, Mettler Toledo, GER) was used to determine
the sample pH. The S(-II) concentration was determined by methylene blue spectropho-
tometry [5], whereas the concentration of phosphate was directly determined by ICP-MS
after HNO3 acidification and that of As(V) was determined by HPLC-ICP-MS. Triplicate
LDHS-DGT probes were deployed in the water sample (2 L) at 25 ± 1 ◦C [34]. The probes
were retrieved after 24 h, rinsed with ultra-pure water. The binding gel was removed and
eluted with 9 mL 0.5 mol L−1 HNO3 eluent. The concentrations S(-II), phosphate and As(V)
were determined in the eluants were then measured.

2.4. High-Resolution Measurement of Multi-Element Distribution at Soil/Sediment-Water Interface

To test the applicability of the LDHS-DGT probe for high resolution measurement
across the soil/sediment–water interface, an intact sediment core with overlying water
was collected from the eutrophic Jinhe River in Tianjin, China in July 2020. Three de-
oxygenated LDHS-DGT probes were inserted into the core for 48 h, and after retrieval, the
binding gel was cut into 1 cm-long fragments. Each fragment was eluted with HNO3 (9 mL,
0.5 mol L−1), and the concentrations of S(-II), phosphate and As(V) were determined via
ICP-MS and calculated according to Equation (2). By assigning DGT-measured concentra-
tions to the ordinated vertical location information, 1D concentration profile of the three
ions across the interface was obtained [35].
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2.5. Application of LDHs-DGT Probe in Rice Rhizosphere for Imaging of the Dynamic
Distributions of Mult-Elements

In order to study the spatial and temporal dynamic distribution characteristics of
different forms of exogenous sulfur on S(-II) and toxic metals (e.g., Cd) in rice rhizosphere
soil, a rhizo-box was built for efficient LDHs-DGT probe deployment. It can provide
the technical means and theoretical basis for studying the temporal and spatial dynamic
characteristics of S(-II) and the biogeochemical cycle of S(-II) and other elements in paddy
fields. A paddy soil contaminated with toxic metal(loid)s including Cd was collected
from Hunan, China and used for the rhizo-box experiment, which was carried out from
April to October 2020. About 1.5 kg soil (dry weight) was filled into each rhizo-box with
length × width × height of 15 cm × 5 cm × 25 cm. There were 4 treatments: A-control
(CK), B-elementary S0 (S0: 100 mg/kg), C-sodium sulfate (Na2SO4: 100 mg/kg) and
Dmercaptopygorskite (MP: 100 mg/kg), and each treatment has three replicates. Nutrients
(N: urea 1.50 g/kg; P, K: potassium dihydrogen phosphate 1.10 g/kg) were mixed evenly
with the soil samples and the overall soil layer was maintained with a same height. Then, a
foil paper was placed around the transparent glass plate to protect it from light. Finally,
deionized water was added to maintain a constant 2-cm flooded layer for 4 weeks.

The experimental setup is shown in Figures 1 and S3. Rice seedlings (Mingzhu silk-H
variety) with 3 leaves were transplanted in the rhizo-box, which was then maintained
at a 70◦ inclination to facilitate root growth along the lower front window (to ensure
that rice roots grow along the glass plate). At rice growing stages of tillering, heading,
maturing, the detachable front glass plate was removed, and the LDHs-DGT probe binding
gel was placed at the rhizosphere zone and kept in close contact with the PVDF membrane
(thickness of 100 µm and pore size of 0.45 µm). After overlying the gel with a nitrocellulose
membrane protective filter, the removed glass plate was installed back. The probe gel was
retrieved from the rhizo-box after deployment for four days. Afterwards, photos of the
distribution of root system were taken using a digital camera. The distribution of S(-II)
and a common toxic metal, Cd, in the gel was analyzed using ICP-MS. 2D images of S(-II)
and Cd at rice rhizosphere were acquired after calculation using equation 2 and position
assignation to the ordinated rhizosphere environment.
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Figure 1. Experimental setup for imaging of the dynamic distributions of multi-elements in rice
rhizosphere using LDHs-DGT probe. (A) The dimensions and arrangement of the rhizotron; (B) the
rhizotron was tilted to anangle of 70◦ throughout the whole experiment; (C) cross-section showing
the deployment sequence of innerfilte. Modified from He [36].

3. Results and Discussion
3.1. Laboratorial Characterization of the Performance of the LDHs-DGT Probe
3.1.1. Morphology and Structural Characterization of LDHS

The morphology and particle size of the synthesized LDHS were identified by FESEM
and TEM. The FESEM micrographs in Figure S4A show that the LDHs exhibited a plate-
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like morphology, which is typical for layered double hydroxides, and the platelet size
was approximately 200 nm. TEM characterization confirmed the hexagonal shape of the
particles (Figure S4B). The existence of LDHs was confirmed by the X-ray diffraction pattern
(Figure S4C), in which the major diffraction peaks matched well with the simulated pattern
of LDHS. The d-spacing of LDHS samples was approximately 1.42 nm, and the channel
height was approximately 0.94 nm. This result indicates that LDHs exist at an angle relative
to the brucite layers. The molecular structure of the LDHS is shown in Figure S4D.

3.1.2. Diffusion Coefficient of Multi-Elements in LDHS-DGT Diffusive Layer

The diffusion coefficients of phosphate, SO4
2-, S(-II), As(III) and As(V) were deter-

mined by the DGT time-series deployment method [19,37]. Linear relationships were
also observed for the accumulated mass of phosphate, SO4

2−, S(-II), As(III), and As(V)
with their concentrations (Figure S5). The diffusion coefficients of S(II), SO4

2−, phosphate,
As(III) and As(V) at 25 ◦C (Table 1) in the LDHs-DGT diffusion gel were in the order of
10−6 [24,38], but were somewhat lower than those of the APA gel and the agarose gel. This
is because the diffusion gel of LDHs-DGT is made of acrylamide, which has a small pore
size (<5 nm). However, the APA and agarose gels had larger pore sizes of >5 nm and
>20 nm, respectively [34]. A larger pore size will produce a lower tortuosity within the gel
and promote ion diffusion [34]. Additionally, APA and agarose gels have a small positive
charge, and thus, Donnan partitioning at the gel–solution interface is possible, thereby
increasing the diffusion coefficients of the anionic species [39].

Table 1. Diffusion coefficient (E−6 cm2 s−1) measured by LDHS-DGT devices at 25 ◦C. Data are mean
± SD (n = 3).

Analyte S(-II) SO4(II) Phosphate As(III) As(V)

DDGT 5.99 ± 0.12 7.50 ± 0.28 4.57 ± 0.14 3.73 ± 0.15 3.41 ± 0.10

3.1.3. Selectivity of LDHS-DGT Probe for Sulfide and Arsenate

Realizing the in situ measurement of S(-II) and As(V) is important in determining the
selectivity of the LDHs-DGT probe. The amount of As(V) captured by LDHs-DGT from
the mixed solution increased linearly with time, while the amount of retained As(III) was
below 4% even after 72 h (Figure S6). Similarly, when SO4

2− and S(-II) ions co-existed in
the solution, the mass of S(-II) by LDHs-DGT increased linearly with time as expected, but
the capture of SO4

2− was highly inefficient, i.e., below 4% after 72 h (Figure S6). Therefore,
LDHS-DGT can achieve in situ selective adsorption of S(-II) and As(V).

3.1.4. Effects of pH and Ionic Strength on the Measurement of LDHS-DGT Probe

The effects of environmental conditions on the performance of the LDHs-DGT were
investigated by deploying the LDHs-DGT in a mixed solution containing phosphate, S(-II),
and As(V) under different pH conditions (pH 4–9) and ionic strengths (0.001–0.7 mol L−1

NaNO3) (Figure 2). The ratio of DGT-measured concentrations to those in solutions
(CDGT/Csol) is widely used to judge the performance of the DGT probe and 0.9–1.1 indicates
a good performance [12]. In the solution with pH in the range of 5–8, the ratios were all
in the range of 0.9–1.1. However, at pH < 5 or pH > 8, the ratio was below 0.9. This
can be explained by that the presence of excess hydrogen ions at pH < 5 that inhibit the
adsorption of the analytes onto the binding gel [12,28]. Further, under low pH conditions,
the LDHs structure is less stable, thereby reducing the adsorption of the analytes [40].
Furthermore, under higher pH conditions (pH > 8), the hydroxide precipitation that occurs
on the surface of the LDHS may affect the gel’s adsorption performance [40]. LDHs-DGT
performed well when ionic strength was at 5–100 mmol L−1 NaNO3 (Figure 2B). The ratio
of CDGT to Csol decreases with an increase in ionic strength due to the fact that the ionic
strength of the solution affects the activity coefficient of the ions [40]. At extremely low
ionic strength (1 mmol L−1 NaNO3), the ratio for S(-II) and As(V) was slightly higher than
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1.1. This is probably caused by the formation of an electric double layer complex within the
LDHs materials which improves adsorption [24] or electrostatic interactions due to particle
aggregation in LDHs [41]. At high ionic strength (700 mmol L−1 NaNO3), the solvation
shell around the ions becomes larger and the activity coefficient increases [40], causing a
lower ratio than 0.9. Therefore, the LDHs-DGT is suitable for measuring multi-elements
at pH of 4–8 and ionic strength at 5–100 mmol L−1 NaNO3. For sole measurement of
phosphate using LDHs-DGT, the environmental conditions can be slightly extended.
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Figure 2. Effect of pH (A) and ionic strength (B) on measurement of S(-II), P and As(V) by LDHS-DGT, time-depended mass
accumulation of S(-II) (C), P (D) and As(V) € onto LDHS-DGT binding gel, and competition effect among S(-II), P and As(V)
for their LDHS-DGT measurement (F). In (A,B), the solutions contained 50 µg L−1 mixed ions of S(-II), P and As(V). The
data are presented as average ± standard deviations (n = 3). The lower and higher dotted lines in (A,B,F) represent the
values of 0.9 and 1.1, respectively, whereas the dotted liens in (C–E) indicate the capacity for S(-II), P and As(V) measured
by LDHS-DGT.
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3.1.5. Capacity of LDHs-DGT Probe for Measurement of Sulfide, Phosphate and Arsenate
and Their Competition Effects

The capacity of LDHS-DGT was investigated by deploying the probes in solutions
containing S(-II), phosphate and As(V) with concentrations in the ranges ~0.5–120 mg L−1

(pH = 5.50, IS = 0.01 mol L−1 NaNO3). The mass of the ions measured in the LDHS-DGT
binding gel increased linearly with their concentration in the solution (Figure 2C–E) until
the capacity was reached. Specifically, the capacities for S(-II), phosphate and As(V) were as
high as 131.98, 113.56 and 75.31 µg cm2, respectively. The capacity for S(-II) of LDHS-DGT,
was slightly lower than those of AgI and ZrO-AgI [37,38], but the capacity of LDHs-DGT
for phosphate was higher than those of Chelex-100 (102 µg cm2) and ZrO-Chelex (90 µg
cm2). Even though the capacity of LDHS-DGT for As was lower than those of ZrO-Chelex
and ZrO-CA (87.4 and 90.0 µg cm2, respectively), it was still much higher than those
of precipitated zirconia, Metsorb, precipitated/slurry ferrihydrite, and ZrO-CA (s) (42.6,
26.1, 27.7/10 and 47.2 µg cm2, respectively) [18,29,42,43]. This is because LDHs have a
large surface area and a flexible intermediate region, which enables them to absorb large
amounts of oxyanions [24]. Therefore, LDHs-DGT has a high capacity for multi-elements
and is suitable for long-term deployment in diverse environments.

The possible competition effect among the tested analytes was investigated and the
results are shown in Figure 2F. When the ion concentration of the mixed solution was in
the range of 4–60 µg L−1, the ratio (CDGT/Csoln) was within the expected range of values
(0.9–1.1) indicating that there is no significant competition between unstable species at the
binding sites [19]. Only a slight competition effect was observed at high ion concentration
at 90 µg L−1. Generally, tor LDHS-DGT, the competition effect among ions was negligible.

3.2. Measurement of Labile Concentrations of Multi-Elements in Field Waters Using LDHS-DGT Probe

The chemistries and hydrological conditions of the water body affect the mobility and
species of redox sensitive elements, and thus affect the water quality [44,45]. The concen-
trations of S(-II), phosphate and As(V) in sample W1 were 15.50, 24.62 and 8.53 µg L−1,
respectively (Table 2), which represent the characteristics of a common water body. Among
them, the concentration of phosphate exceeds the pollution threshold for surface water
(0.02 mg L−1) [46]. The concentration of phosphate in sample W2, representing an eu-
trophicated water body, is 74.52 µg L−1, which is 3.8 times higher than the threshold. The
concentration of S(-II), phosphate and As(V)) in sample W3, which was taken from an
artificial lake, were 10.26, 19.45 and 12.22 µg L−1, respectively, which indicates that the
surface water is uncontaminated. This study is the first time that the LDHS-DGT technique
has been applied in the simultaneous determination of S(-II), phosphate and As(V) levels
in water. The R value (ratio of CDGT to Csol) at the range of 0.9–1.1 (Table 2) reflects the
reliability of LDHs-DGT measurement in real water samples.

Table 2. The pH of the water samples, concentrations of S(-II), phosphate, and As(V) in water (Cwater)
and those measured by LDHS-DGT (CDGT), and the ratios (R) of Cwater/CDGT. Data are mean ± SD
(n = 3).

Water W1 W2 W3

pH 6.81 ± 0.07 5.93 ± 0.06 7.26 ± 0.07
S(-II)-Cwater (µg L−1) 15.50 ± 0.62 58.46 ± 4.09 10.26 ± 0.51

Phosphate-Cwater (µg L−1) 24.62 ± 0.49 74.52 ± 2.24 19.45 ± 0.58
As(V)-Cwaterl (µg L−1) 8.53 ± 0.17 4.34 ± 0.09 12.22 ± 0.49
S(-II)-CDGT (µg L−1) 14.11 ± 0.42 54.92 ± 1.65 9.23 ± 0.28

Phosphate-CDGT (µg L−1) 22.90 ± 0.69 72.28 ± 2.89 17.89 ± 0.54
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Table 2. Cont.

Water W1 W2 W3

As(V)-CDGT (µg L−1) 8.10 ± 0.32 4.04 ± 0.08 11.36 ± 0.34
a RS(-II) 0.91 0.94 0.90

a Rphosphate 0.93 0.97 0.92
a RAs(V) 0.95 0.94 0.90

a Obtained by averaging the ratios of CDGT divided by Cwater.

3.3. Application of LDHs-DGT Probe in Soil/Sediment-Water Interface for Measurement of
Multi-Elements at 1D Centimeter Scale

The vertical distributions of S(-II), phosphate and As(V) in sediments were measured
using the LDHS-DGT (Figure 3). The average DGT concentrations of S(-II) and phos-
phate were higher in the vertical direction (51 and 56.3 µg L−1), and the average DGT
concentration of As(V) (5 µg L−1) was significantly lower than those of phosphate and
S(-II) (p < 0.05). Additionally, the changes in the vertical concentrations of S(-II), phosphate
and As(V) were larger, and that of S(-II) was largest. This confirms that the redox reaction,
which mainly involves Fe and Mn cycling, is the main factor leading to the heterogeneity
of the chemical distribution [34].
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Figure 3. Vertical distributions of labile concentrations of S(-II) (A), phosphate (B) and As(V) (C)
across sediment–water interface. The sediment core was collected from Jinhe River, Tianjin, China.
Data were presented as the average values and standard deviations (n = 3). The resolution of the
concentration profile is 1 cm.

Even though the chemical distribution was uneven in the vertical direction, the vertical
distributions of S(-II), phosphate and As(V) were similar. Their concentration increased
rapidly from the overlying water to a maximum value at a depth of approximately 3 cm
below the sediment–water interface. However, the concentration of S(-II) first decreased
to a depth of 8 cm below the interface, then increased, and then decreased again; the
concentration of phosphate decreased rapidly, and then stabilized to the bottom of the
profile, whereas the concentration of As(V) dropped directly to the bottom of the profile.
The unstable changes in the concentrations of S(-II), phosphate and As(V) in the DGT
further demonstrate that they are released during the reductive dissolution of Fe and Mn
oxides [25,44,47]. This generally shows that LDHS-DGT is highly useful for acquiring
centimeter scale resolution concentration profiles of multi-elements and this function can
be further played for exploring the processes in the soil–water interfaces.
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3.4. Measurement of the Dynamic Distribution of Multi-Elements at Rice Rhizosphere at 2D
Millimeter Scale

Imaging of element distribution at the rice rhizosphere tells previously hardly reached
information at microniches. The images of S(-II) and Cd at three typical stages of rice
growth are shown in Figures 4 and S7, with the resolution being at a millimeter scale
(the data were interpolated to some extend). The uneven and dynamic distributions of
the two elements were clearly shown. This highlights the necessity of 2D high spatio-
resolution measurements.
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Figure 4. Two-dimensional distribution of S(-II) in the rhizosphere of rice at different growth stages (Tillering: a,d,g,j;
Heading: b,e,h,k; Maturing: c,f,i,l). MP refers to mercaptopygorskite. Arc GIS 10.8 software was used to draw this figure.

The application of sulfur promoted the increase of S(-II) in rice root zone soil (Figure 4).
This is mainly because flooding conditions can promote the increase of sulfate reducing
bacteria and enhance sulfate reduction [48,49], thus promoting the increase of S(-II). In
order to adapt to long-term flooding conditions, rice roots transport oxygen from above-
ground leaves to the root system, and the root system secretes oxygen to the surrounding
environment [50,51]. Therefore, the concentration of S(-II) in rhizosphere soil increased
firstly, then decreased and then increased in different growth stages of rice. At heading
stage, due to the formation of rhizome nodes, the process of oxygen transport from the
ground to the root system is blocked [50]. In addition, S(-II) and Fe will form FeS precipita-
tion [50], so the concentration of S(-II) in rhizosphere soil is the lowest. Thus, the formation
of CdS is reduced, and Cd has the highest activity.

153



Agronomy 2021, 11, 2383

Sulfate reduction is an important process in controlling the dynamics of toxic metal(loid)s
(e.g., Cd) in paddy soils [36,52,53]. The experimental results showed that the addition of
S promoted the reduction of sulfate and inhibited the activation of Cd (Figures 4 and S4).
Sulfate reduction can promote the formation of organic bound Cd and residual Cd, thus
reducing labile Cd [15]. Therefore, the activity of Cd increased first and then decreased
during the growth period of rice (Figure S4). Different S treatment groups resulted in
distinct sulfuric acid reduction degree. Na2SO4 had a stronger effect than that of mer-
captopygorskite, and that of S0 is the lowest, which highlights the importance of valence
state of S. The results show that LDHS-DGT is able to capture the dynamic processes of
multi-elements in the rice rhizosphere at a millimeter-scale high spatio-resolution. Further,
LDHS-DGT can be combined with other imaging tools such as planar optode for pH and
O2 and soil zymography for enzyme activities to provide a holistic understanding of the
highly complex processes in crop rhizosphere.

4. Conclusions

This work provides a useful tool based on DGT technique for co-measurement of
multi-elements, i.e., sulfides (S(-II)) and oxyanions (phosphate, As(V)). This is realized by
taking advantage of the superior ion exchange properties of Mg-Al LDHs, which were used
to prepare a novel binding gel in the LDHS-DGT probe. LDHS-DGT can be applied in a
wide range of pH and ionic strength conditions. LDHS-DGT is able to capture the dynamic
processes of multi-elements at soil/sediment–water interfaces and rice rhizosphere at high
spatio-resolution (centimeter to millimeter scale). The co-measurement of 1D/2D processes
in heterogeneous soils can significantly improve our understanding of the micro-niche
biogeochemistry of inter-linked elements (e.g., sulfides and oxyanions) and prompt the
establishment of fine management measures in sustainable agriculture.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11122383/s1, Figure S1: LDHS-DGT probe device, Figure S2: LDHS-DGT test
stand, Figure S3: Experimental setup for imaging of the dynamic distributions of mult-elements in
rice rhizosphere using LDHs-DGT probe, Figure S4: SEM (A) and TEM images (B) of LDHs samples;
XRD patterns of the standard and as-prepared LDHs (C); Schematic representation of LDHs structure
(D), Figure S5: The accumulated mass of S(-II) (A), SO4

2- (B), phosphate (C), As(III) (D), As(V) (E) in
the binding gel with the time of LDHs-DGT deployment. Values are mean ± SD (n = 3), Figure S6:
LDHs-DGT uptake curve in mixed solution of S(-II) and SO4

2- (A), and As(III) and As(V) (B). The
value is the average ± SD (pH = 5.50, n = 3), Figure S7: Two-dimensional distribution of labile Cd
concentrations in rhizosphere at different growth stages of rice. MP referes to mercaptopygorskite.
Arc GIS 10.8 (Esri, USA) software was used to draw this figure.
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