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Specialty crops, which include fruits, vegetables, nuts, and ornamental plants, play
a crucial role in global agriculture and nutrition [1]. Unlike commodity crops, specialty
crops often require more intensive management practices to optimize quality, yield, and
economic viability. Central to the success of specialty crop production are effective plant
management strategies and sustainable soil improvement techniques. As the demand for
specialty crops continues to rise, the need for sustainable and efficient plant management
practices becomes increasingly crucial [2]. In this editorial, we explore the current practices,
challenges, and innovations in these areas, aiming to highlight the importance of integrated
approaches for enhancing productivity while minimizing environmental impact.

1. Importance of Plant Management in Specialty Crop Production

Effective plant management encompasses a range of practices aimed at maximizing
crop health, yield, and quality. In specialty crop production, where market demands often
emphasize superior taste, appearance, and nutritional value, precise management strategies
are essential. Integrated pest management (IPM) is a cornerstone of sustainable specialty
crop production. By combining biological, cultural, physical, and chemical control tactics,
IPM minimizes the use of synthetic pesticides while effectively managing pests and diseases.
Techniques such as crop rotation, beneficial insect releases, and monitoring systems are
integral to successful IPM programs [3]. Meanwhile, precision agriculture technologies,
including GPS-guided machinery, remote sensing, and data analytics, offer precise insights
into soil variability, crop health, and water management. These technologies enable farmers
to optimize input use, reduce resource wastage, and enhance overall productivity [4]. Also,
efficient water management is critical for specialty crop production, particularly in regions
prone to water scarcity. Techniques such as drip irrigation, soil moisture sensors, and
deficit irrigation strategies help conserve water while maintaining optimal crop growth and
yield [5]. It is worth noting that specialty crops often have specific nutrient requirements for
optimal growth and quality. Precision fertilization based on soil testing, tissue analysis, and
nutrient modeling ensures that crops receive adequate nutrients without excess, resulting
in reduced environmental impacts such as nutrient leaching and runoff [6].

Despite advancements, several challenges persist in plant management for specialty
crops. Such specialty crops are susceptible to a wide range of pests and diseases, neces-
sitating vigilant monitoring and rapid response strategies. Many specialty crops require
labor-intensive management practices, which can be costly and challenging in regions with
labor shortages. At the same time, high temperatures, overuse of antibiotics, altered precip-
itation patterns, and extreme weather events pose risks to crop production, necessitating
adaptive management practices [7]. Fortunately, recent innovations are transforming plant
management into specialty crop production. Advances in biological control agents, such as

Appl. Sci. 2024, 14, 5915. https://doi.org/10.3390/app14135915 https://www.mdpi.com/journal/applsci1



Appl. Sci. 2024, 14, 5915

predatory insects and microbial biopesticides, offer effective alternatives to conventional
pesticides [8]. Breeding for disease resistance, drought tolerance, and improved nutritional
profiles through genetic technologies is enhancing crop resilience and quality. Moreover,
robotics and automation technologies are revolutionizing labor-intensive tasks such as
harvesting and precision application of inputs, resulting in reduced costs and improved
efficiency [9].

2. Soil-Improvement Strategies

Healthy soils are fundamental to sustainable specialty crop production, providing
essential nutrients, water, and support for plant growth. Soil-improvement strategies aim to
enhance soil health, fertility, and resilience to environmental stresses. Cover crops improve
soil structure, suppress weeds, and enhance nutrient cycling through biomass incorpora-
tion [10]. Increasing soil organic matter content through composting, green manures, and
crop residue management enhances soil fertility, water retention, and biological activity [11].
Adoption of soil health assessment tools and indicators helps farmers evaluate soil quality
and make informed management decisions [12]. In addition, the use of nanomaterials for
soil improvement and remediation is also a very effective and promising approach [13,14].
Reduced tillage and conservation tillage practices minimize soil disturbance, erosion, and
carbon loss, preserving soil structure and biodiversity [15].

However, many challenges in soil improvement for specialty corps still remain. The
process of balancing nutrient inputs to meet crop demand without causing environmental
harm requires precise management and monitoring. Intensive rain events and sloped
terrain can lead to soil erosion, necessitating erosion control measures. Heavy machinery
and traffic can compact soils, reducing water infiltration and root growth. Increasing preva-
lence of nanoplastics could negatively impact agricultural production and soil health [16].
Meanwhile, innovative approaches are addressing these challenges and advancing soil
improvement techniques. Biochar, a stable form of carbon produced from biomass, im-
proves soil fertility, water holding capacity, and nutrient retention, which can be beneficial
to soil improvement [17]. Application of beneficial microbes enhances nutrient availability,
disease suppression, and overall soil health [18,19]. In addition, use of gypsum, lime,
and other soil amendments corrects pH imbalances and enhances nutrient availability for
specialty crops [20].

Effective plant management and soil improvement are critical for sustainable specialty
crop production. Advances in integrated pest management, precision agriculture, and soil
health enhancement are enhancing productivity while reducing environmental impacts.
However, challenges such as pest pressures, labor intensity, and climate change require
ongoing innovation and adaptation. By embracing technological advancements, biological
control methods, and sustainable practices, growers can optimize crop quality and yield
while safeguarding soil health for future generations. Going forward, ongoing new im-
provements in plant management and soil improvement will lead to more opportunities
for accelerated development of specialty crop production.
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Abstract

Saline–alkali land is a critical factor limiting agricultural production and ecological restora-
tion. Utilizing salt-tolerant plants for bioremediation represents an environmentally
friendly and sustainable approach to soil management. This study employed the highly
salt-tolerant crop Portulaca oleracea L. cv. “Su Ma Chi Xian 3” as the test material. A plot
experiment was established in coastal saline soils with planting P. a- oleracea (P) and no
planting (CK) under three blocks with the different salt levels (S1: 2.16 g/kg; S2: 4.08 g/kg;
S3: 5.43 g/kg) to systematically evaluate its salt accumulation capacity and effects on soil
physicochemical properties. The results demonstrated that P. oleracea exhibited adapt-
ability across all three salinity levels, with aboveground biomass following the trend
PS2 > PS3 > PS1. The ash salt contents removed through harvesting were 1.29, 2.03, and
1.74 t/ha, respectively, in PS1, PS2, and PS3. Compared to no planting, a significant
reduction in bulk density was observed in the 0–10 and 10–20 cm soil layers (p < 0.05).
A significant increase in porosity by 9.72%, 16.29%, and 12.61% was found under PS1, PS2,
and PS3, respectively, in the 0–10 cm soil layer. Soil salinity decreased by 34.20%, 50.23%,
and 48.26%, in the 0–10 cm soil layer and by 14.43%, 32.30%, and 26.42% in the 10–20 cm soil
layer under PS1, PS2, and PS3, respectively. The pH exhibited a significant reduction under
the planting treatment in the 0–10 cm layer. A significant increase in organic matter content
by 13.70%, 12.44%, and 13.55%, under PS1, PS2, and PS3, respectively, was observed in the
0–10 cm soil layer. The activities of invertase and urease were significantly enhanced in
the 0–10 and 10–20 cm soil layers, and the activity of alkaline phosphatase also exhibited a
significant increase in the 0–10 cm layer under the planting treatment. This study indicated
that cultivating P. oleracea could effectively facilitate the improvement of coastal saline soils
by optimizing soil structure, reducing salinity, increasing organic matter, and activating the
soil enzyme system, thereby providing theoretical and technical foundations for ecological
restoration and sustainable agricultural utilization of saline–alkali lands.

Keywords: halophytic plants; phytoremediation; soil reclamation; saline–alkali land

1. Introduction

Soil salinization has emerged as a globally escalating environmental crisis that threat-
ens agricultural sustainability and food security [1]. Current estimates indicate that approx-

Appl. Sci. 2025, 15, 7310 https://doi.org/10.3390/app15137310
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imately 1 billion hectares of land worldwide are affected by salinization, with this figure
continuing to rise at an alarming rate [2]. In recent decades, the rapid advancement of
urbanization has led to a large amount of cultivated land becoming occupied, resulting in
continuous reduction in cultivated land area, which undoubtedly brings huge pressure to
food production [3]. For China, a country with scarce land resources, a small cultivated
land area, and a wide distribution of salt-affected soil, saline–alkali land management is an
important measure to ensure national food security from a strategic height and an impor-
tant link to alleviate the contradiction between people and land and promote the sound and
rapid development of the national economy [4,5]. Conventional amelioration approaches,
including hydraulic engineering measures and chemical amendments, have demonstrated
limited effectiveness in addressing salinization challenges [6–8]. These traditional methods
are frequently constrained by high implementation costs, operational complexity, and
the potential for secondary environmental contamination. In contrast, the utilization of
salt-tolerant plants for phytoremediation represents a promising alternative strategy. This
phytoremediation approach offers distinct advantages through its cost-effectiveness, envi-
ronmental compatibility, and potential economic returns from cultivated species. As such,
it embodies a sustainable, eco-friendly, and economically viable solution for saline–alkali
soil reclamation and can be widely applied worldwide for the restoration of such degraded
lands [9].

Studies have demonstrated that certain halophytic species can absorb saline ions
from salt-affected soils and enhance both the physicochemical properties and structural
characteristics of saline soils [10,11]. Purslane, Portulaca oleracea L, is an herbaceous plant
belonging to the Portulacaceae family that exhibits strong stress resistance (including
tolerance to salinity, drought, and poor soil conditions), high photosynthetic efficiency,
minimal susceptibility to pests and diseases, and low requirements for pesticides and
fertilizers [12,13]. It is widely distributed across the globe. Under suitable temperature and
light conditions, P. oleracea develops a unique high-yield growth pattern due to its C4 pho-
tosynthetic advantage, strong regenerative capacity, and efficient resource utilization [14].
With a short growth cycle, P. oleracea can trigger an axillary bud regeneration mechanism
by retaining 2–3 basal nodes during harvesting, resulting in multiple regenerative branches
and allowing for repeated harvesting.

In recent years, studies have revealed that P. oleracea possesses significant potential for
the remediation of saline–alkali soils. P. oleracea demonstrates the ability to grow normally
under certain levels of salt stress, exhibiting strong salt tolerance [15,16]. Remarkably, it can
absorb salts from the soil and thrive and complete its life cycle even in high salt-affected
conditions [17]. Nevertheless, the studies on P. oleracea have primarily focused on its
physiological traits, with limited exploration of its role as a dominant species for ecological
restoration in salt–alkali land. The effects of planting P oleracea in the ecological remediation
of coastal salt-affected soils remain poorly understood. Therefore, the objectives of this
study were to (1) determine P. oleracea capacity of salt removal in coastal saline soils with
different salinity concentrations, (2) compare its effects on the physicochemical properties
of salt-affected soils, and (3) further clarify its phytoremediation potential in saline–alkali
lands. The findings are expected to provide a scientific basis for the application of purslane
in saline–alkali soil remediation and establish a theoretical foundation for the biological
improvement of saline–alkali soils.

2. Materials and Methods

2.1. Characteristics of the Experimental Site

The experimental site is located at the tidal flat experimental base of Jinhai Farm
in Dafeng District, Yancheng City, Jiangsu Province, China (32◦59′42′′ N, 120◦49′32′′ E),
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approximately 6 km east of the Yellow Sea. The site lies within the northern subtropical
monsoon climate zone, with an annual precipitation of 900–1300 mm, predominantly
concentrated between June and August. Three field blocks with different salinity levels
(S1: 2.16‰; S2: 4.08‰; S3: 5.43‰) were selected as experimental sites. The soil used in the
experiment is classified as alluvial saline soil. The basic properties of three experimental
blocks in 0–20 cm soil are presented in Table 1.

Table 1. Basic properties of three blocks with different salt levels in 0–20 cm soil.

Blocks

Soil Bulk
Density

Soil Salinity
pH

Soil Organic
Matter

Available
Nitrogen

Available
Phosphorus

Available
Potassium

(g/cm3) (g/kg) (g/kg) (mg/kg) (mg/kg) (mg/kg)

S1 1.47 ± 0.03 2.16 ± 0.08 8.01 ± 0.01 8.34 ± 0.03 28.59 ± 0.80 10.42 ± 0.27 195.53 ± 4.92
S2 1.51 ± 0.02 4.08 ± 0.07 7.95 ± 0.02 6.93 ± 0.04 26.45 ± 0.81 9.23 ± 0.29 187.67 ± 9.51
S3 1.48 ± 0.03 5.43 ± 0.09 8.05 ± 0.02 6.64 ± 0.06 24.72 ± 0.75 8.92 ± 0.26 176.6 ± 7.41

Note: The data is presented as mean ± SD (n = 3).

2.2. Experimental Design and Setup

The experiment was conducted from April to August 2024. The six treatments were
two planting treatments (planting P. oleracea [(P) and non-planting (CK)] × three salinity
levels (S1, S2, and S3). Each treatment was replicated three times. A total of 18 experimental
plots (4 m × 10 m) were established. The P. oleracea variety “Su Ma Chi Xian 3” was chosen
as the test material, which was bred by Jiangsu Coastal Area Institute of Agricultural
Sciences, Yancheng, China. The seeding rate is 15 kg/ha. No fertilization was applied
during the experiment. The experiment commenced on 15 April 2024, with two cuttings of
P. oleracea taken on 13 June and 13 July, retaining approximately 8 cm of the rootstock each
time. The final harvest was conducted on 16 August 2024. Soil samples were collected after
the harvest of P. oleracea.

2.3. Measurement Methods
2.3.1. Plant Biomass

The fresh and dry biomass of P. oleracea aboveground parts was measured after each
cutting event and at the final harvest to estimate the total aboveground biomass. Fresh
plant materials were weighed, then plant samples of about 2 kg were taken in triplicate to
measure the moisture content of the plants. The plant samples were deactivated at 105 ◦C
for 0.5 h and dried at 80 ◦C for more than 48 h until a constant weight was achieved to
determine the dry weight. The dry weight was calculated according to fresh weight time
moisture content.

2.3.2. Ash Content in Plant and Salt Accumulation by Plants

The plant materials were ashed in a muffle furnace at 550 ◦C for 8 h. After cooling, the
weight of the ash was measured to determine the ash content. We used biomass of above-
ground plant time ash content in aboveground plants to calculate the salt accumulation
capacity of plants based on Wang et al. [18]. The salt accumulation capacity of P. oleracea
was calculated using the following formula:

Total amount of salt accumulation (kg/ha) = Total aboveground biomass (kg/ ha) × Ash content (%) (1)

2.3.3. Soil Physicochemical and Biological Analysis

The salt content of the soil profile from 0 to 60 cm was determined, with sampling
depths at 0–10, 10–20, 20–40, and 40–60 cm. The total soil salt content was determined by

6
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the weight loss of a 5:1 (water–soil mass ratio) extract after being oven-dried at 105 ◦C to a
constant weight [19].

The measurements of soil bulk density, porosity, pH, organic matter content (SOM),
and enzyme activity were conducted across three soil layers (0–10, 10–20, and 20–40 cm).
The soil bulk density and porosity were measured by inserting steel cylinders. Soil pH was
measured by drying and grinding the soil samples, followed by extraction with a 5:1 (water–
soil mass ratio) solution and then determining the pH of the extract using a pH meter
(Sartorius, PB-10, Gottingen, Germany). The soil organic matter content was determined
using a potassium dichromate oxidation technique combined with external heating [20].

Soil invertase activity was determined using 3, 5-dinitrosalicylic acid colorimetry,
soil urease activity was measured by the phenol–sodium colorimetric method, and soil
alkaline phosphatase activity was calculated by colorimetry using p-nitrophenyl phosphate
disodium as the substrate [21,22].

We measured soil physicochemical and biologic properties across three soil layers
(0–10, 10–20, and 20–40 cm), except for salt content, which was measured across four layers
(0–10, 10–20, 20–40, and 40–60 cm). The objective of this study was mainly focused on
phytoremediation of salt from soils. The salt in the soils is very easy to move up and down
with water, but the other parameters are relatively stable and less changed at 40–60 cm soil
depth, since P. oleracea is a shallow-rooted plant.

2.4. Statistical Analysis

A one-way analysis of variance (ANOVA) was performed to analyze the significant
difference of biomass, ash content in plants, and salt accumulation by plants among
treatments, and a two-way ANOVA was conducted to analyze significant changes of soil
physiochemical and biological properties among treatments through SPSS Statistics 20.0
software. Duncan’s test was used to test significant differences between treatments when
ANOVA showed significant effects (p < 0.05). Graphs were created using Excel 2016.

3. Results

3.1. Aboveground Biomass of P. oleracea

The highest fresh weight of aboveground part among treatments was observed in PS2
treatment, which significantly increased by 56.75% and 15.15%, respectively, compared
to PS1 and PS3. The aboveground dry weight of P. oleracea under the three salt levels
(PS1, PS2, and PS3) reached 5.00 t/ha, 7.61 t/ha, and 6.54 t/ha, respectively. Notably, the
aboveground biomass of P. oleracea was the highest in PS2, exceeding that of PS1 and PS3
by 52.20% and 16.36%, respectively (Table 2).

Table 2. Aboveground biomass of P. oleracea in the salt-affected soils.

Treatment

Fresh Weight (t/ha) Dry Weight (t/ha)

First
Harvest

Second
Harvest

Third
Harvest

Total
First

Harvest
Second
Harvest

Third
Harvest

Total

PS1 11.54 ± 0.20c 14.78 ± 0.21c 30.42 ± 0.41c 56.74 ± 0.43c 1.02 ± 0.02c 1.30 ± 0.02c 2.68 ± 0.04c 5.00 ± 0.04c
PS2 17.44 ± 0.13a 23.71 ± 0.36a 47.79 ± 0.38a 88.94 ± 0.73a 1.49 ± 0.01a 2.03 ± 0.03a 4.09 ± 0.03a 7.61 ± 0.06a
PS3 14.48 ± 0.28b 20.07 ± 0.47b 42.69 ± 0.31b 77.24 ± 0.47b 1.23 ± 0.02b 1.70 ± 0.04b 3.62 ± 0.03b 6.54 ± 0.04b

Note: Means ± SD (n = 3) with different letters within columns are significantly different (p < 0.05).

3.2. Accumulation of Salt by P. oleracea

The effect of planting P. oleracea on salt accumulation is shown in Table 3. There was no
significant difference in ash content in plants among the treatments. The salt accumulation
in aboveground P. oleracea was significantly influenced by soil salinity levels. The salt
accumulation reached 1.29, 2.03, and 1.74 t/ha, respectively, in PS1, PS2, and PS3 treatments.
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Table 3. Ash content in plants and salt accumulation by P. oleracea in the salt-affected soils.

Treatment

Ash Content (%) Salt Accumulation (t/ha)

First Harvest
Second
Harvest

Third Harvest First Harvest
Second
Harvest

Third Harvest Total

PS1 26.68 ± 0.53a 25.81 ± 0.48a 25.55 ± 0.56a 0.27 ± 0.01c 0.34 ± 0.01c 0.69 ± 0.02c 1.29 ± 0.02c
PS2 27.03 ± 0.31a 26.35 ± 0.34a 26.57 ± 0.77a 0.40 ± 0.01a 0.53 ± 0.01a 1.09 ± 0.04a 2.03 ± 0.05a
PS3 26.90 ± 0.39a 26.25 ± 0.46a 26.51 ± 0.50a 0.33 ± 0.01b 0.45 ± 0.02b 0.96 ± 0.02b 1.74 ± 0.01b

Note: Means ± SD (n = 3) with different letters within columns are significantly different (p < 0.05).

3.3. Effect of Planting P. oleracea on Soil Physiochemical Properties in Salt-Affected Soils
3.3.1. Salinity Distribution in Soils

The salt content was significantly lower in planting soils than non-planting soils at
0–10 and 10–20 cm soil layers but not significantly different at 20–40 and 40–60 cm (Figure 1).
Compared to non-planting, the salt contents significantly decreased by 34.20%, 50.23%, and
48.26% in the 0–10 cm soil layer and by 14.43%, 32.30%, and 26.42% in the 10–20 cm layer
under PS1, PS2, and PS3 treatments, respectively. The differences in salt content gradually
decreased with the increase in soil depth between the planting and non-planting soils.

Figure 1. Total salt contents in soil under the planting (PS) and no-planting (CK) treatments at
different soil depths.

3.3.2. Soil Bulk Density

The soil bulk density in the 0–10 and 10–20 cm layers was significantly higher in
planting soils than non-planting soils (p < 0.05) (Figure 2). Compared to CK, the bulk
density in the 0–10 cm and 10–20 cm soil layers significantly decreased by 8.05% and
7.05% in PS1, by 12.81% and 7.97% in PS2, and by 10.27% and 7.16% in PS3, respectively.
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The soil bulk density in the 20–40 cm layer decreased to different degrees in the planting
treatments, but the difference was not significant.

a b a
b c

aba a bc
b

c ca a ab
b c bc

0.0

0.5

1.0

1.5

2.0

2.5

0–10 10–20 20–40

So
il 

bu
lk

 d
en

sit
y

g/
cm

3

Soil depth (cm)

CK1 PS1 CK2 PS2 CK3 PS3

Figure 2. Effect of planting P. oleracea on soil bulk density in salt-affected soils. Different lowercase
letters above bars at the same soil depth indicate a significant difference at p < 0.05.

3.3.3. Soil Porosity

Compared to non-planting soil, the soil porosity of all layers increased to varying
degrees after planting P. oleracea (Figure 3). The soil porosity was significant higher in
planting soils than non-planting soils in the 0–10 and 10–20 cm soil layers (p < 0.05) but not
in the 20–40 cm soil layer. The soil porosity at 0–10 cm increased by 9.72%, 16.29%, and
12.61%, respectively, in PS1, PS2, and PS3.
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Figure 3. Effect of planting P. oleracea on soil porosity in salt-affected soils. Different lowercase letters
above bars at the same soil depth indicate a significant difference at p < 0.05.

3.3.4. Soil pH

The soil pH at 0–10 cm was significantly lower in planting soil than non-planting soil,
but there was no significant difference in pH value in the 10–20 and 20–40 cm soil layers
(p > 0.05) (Figure 4). Compared to non-planting, the pH value at 0–10 cm decreased by
1.96%, 1.81%, and 1.22%, respectively, in the planting soils with three salt levels.
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Figure 4. Effect of planting P. oleracea on soil pH in salt-affected soils. Different lowercase letters
above bars at the same soil depth indicate a significant difference at p < 0.05.

3.3.5. Soil Organic Matter

The organic matter contents were significantly higher in planting than non-planting
soils at 0–10 and 10–20 cm but not at 20–40 cm (Figure 5). Compared to non-planting, the
organic matter contents in the 0–10 cm soil layer significantly increased by 13.75%, 12.34%,
and 13.56%, respectively, in PS1, PS2, and PS3, while they increased by 4.59%, 6.90%, and
7.92% in the 10–20 cm soil layer.
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Figure 5. Effect of planting P. oleracea on soil organic matter contents in salt-affected soils. Different
lowercase letters above bars at the same soil depth indicate a significant difference at p < 0.05.

3.4. Effect of Planting P. oleracea on Soil Enzyme Activity
3.4.1. Soil Invertase Activity

The soil invertase activity showed a significant increase in planting treatments in the
0–10 and 10-20 cm soil layers, but no significant difference was observed in the 20–40 cm
layer (Figure 6). Compared to non-planting, the invertase activity in the 0–10 cm soil layer
exhibited 2.22-, 2.11-, and 1.92-fold increases in three salt-level planting treatments, while
demonstrating comparatively smaller increases at 10–20 cm.

10



Appl. Sci. 2025, 15, 7310

d d

ab

a

a

a

d de
c

b

b

bc

d
e

c

c

c

c

0

3

6

9

12

15

18

0–10 10–20 20–40

In
ve

rta
se

 a
ct

iv
ity

 (m
g/

(g
. d)

)

Soil depth (cm)

CK1 PS1 CK2 PS2 CK3 PS3

Figure 6. Effect of planting P. oleracea on invertase activity in salt-affected soils. Different lowercase
letters above bars at the same soil depth indicate a significant difference at p < 0.05.

3.4.2. Soil Urease Activity

The soil urease activity significantly increased in planting treatments in the 0–10 and
10–20 cm soil layers, while there was no significant difference in the 20–40 cm soil layer
(Figure 7). Compared to non-planting, the activity of urease in the 0–10 cm soil layer
increased by 56.25%, 61.36%, and 47.62%, respectively, in PS1, PS2, and PS3, and by 55.56%,
50.00%, and 41.38%, respectively, in the 10–20 cm soil layer.
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Figure 7. Effect of planting P. oleracea on urease activity in salt-affected soils. Different lowercase
letters above bars at the same soil depth indicate a significant difference at p < 0.05.

3.4.3. Soil Alkaline Phosphatase Activity

The soil alkaline phosphatase activity significantly increased in planting treatments in
the 0–10 cm soil layer, while there was no significant difference in the 10–20 and 20–40 cm
soil layers (Figure 8). Compared to non-planting, the activity of alkaline phosphatase in the
0–10 cm soil layer increased by 13.88%, 10.00%, and 17.03%, respectively, in PS1, PS2, and PS3.
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Figure 8. Effect of planting P. oleracea on alkaline phosphatase activity in salt-affected soils. Different
lowercase letters above bars at the same soil depth indicate a significant difference at p < 0.05.

4. Discussion

4.1. Phytoremediation by P. oleracea in Salt-Affected Soils

In the phytoremediation of salt-affected soil, the efficiency of salt extraction highly de-
pends on the characteristics of the selected halophyte species [23]. Ideal remediation plants
should possess high biomass yield and strong salt absorption capacity. Therefore, when se-
lecting remediation species, priority should be given to halophytes of the salt-accumulating
type to fully utilize their efficient salt absorption and accumulation capabilities [24]. This
study further revealed the unique ecological functions of P. oleracea in saline environments,
particularly its ability to accumulate salt in its aboveground parts. It was found that
the trend of ash salt content accumulated by P. oleracea in the different treatments was
PS2 > PS3 > PS1. When harvested, the salt removal reached 1.29, 2.03, and 1.74 t/ha,
respectively, in planting treatments under three salinity levels (Table 3). Notably, the ash
salt accumulation (2.03 t/ha) in the PS2 treatment was particularly significant, equivalent
to half of the ash salt accumulation of Suaeda salsa. Meanwhile, the ash salt accumulation in
the PS3 treatment (1.74 t/ha) was comparable to that of S. salsa at the seedling stage [18].
A similar study reported by Kilic et al. indicated that P. oleracea can effectively absorb
salt in the soil, which can effectively remove 65 kg/ha of Na+ and 210 kg/ha of Cl− in a
growing season and accumulate these salts in aboveground parts, thereby reducing soil
salt content [17]. These results indicate that P. oleracea exhibits similar salt-tolerance mecha-
nisms to typical halophytes such as Halogeton glomeratus and Suaeda glauca [25]. Notably,
P. oleracea not only adapts well to high-salinity environments but also effectively reduces
soil salt content by accumulating salt in its aboveground biomass. This characteristic gives
it significant application value in salt-affected soil remediation. Through regular cutting,
P. oleracea can serve as an efficient phytoremediation tool, helping to reduce soil salinity
levels while providing a sustainable solution for the ecological restoration of salt-affected
soil. Additionally, the salt accumulation capacity of P. oleracea complements its salt tol-
erance mechanisms, further highlighting its adaptability and ecological value in adverse
environments. Meanwhile, the salinity in the 0–10 and 10–20 cm soil layers decreased after
harvest (Figure 1), demonstrating the strong desalination capacity of P. oleracea. The possi-
ble mechanisms of desalination included the following: (1) the absorption and translocation
of salt from the soil to the aboveground parts through transpiration, ultimately removing
salt through harvesting; (2) the secretion of organic acids and other substances by P. oleracea
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roots, which promote the dissolution and leaching of salt ions in the soil; (3) the promotion
of soil aggregate formation by root exudates, reducing surface salt accumulation.

4.2. Planting P. oleracea Improves Soil Physiochemical and Biological Properties in
Salt-Affected Soils

Planting P. oleracea could improve soil structure in salt-affected soil. Soil bulk density is
an important physical indicator reflecting soil compactness and structural condition, often
referred to as the physical structural fertility of soil [26]. Excessive bulk density indicates
reduced soil porosity, which may lead to excessive water retention, thereby affecting the
growth and development of plant roots. In this study, after planting P. oleracea, the bulk
density significantly decreased (Figure 2), and porosity increased in the 0–10 and 10–20 cm
soil layers (Figure 3), indicating that the root growth of P. oleracea effectively improved soil
structure and enhanced soil aeration and water permeability. Studies have demonstrated
that cultivating salt-tolerant plants can mitigate salt buildup in soils by enhancing their
structural properties. For instance, Araya et al. found that halophyte cultivation reduced
soil bulk density while enhancing porosity and hydraulic conductivity, facilitating the
leaching of salts from saline–alkali soils [27]. Similarly, Qadir et al. observed that the plants
improved soil physicochemical properties, promoting the removal of Na+ and soluble salts
through enhanced leaching [28].

Planting P. oleracea could increase soil fertility in salt-affected soil. In the present
study, the significant decrease in pH in the 0–10 cm soil layer (Figure 4) could be re-
lated to the secretion of organic acids by roots and the acidic substances produced by
the decomposition of soil organic matter [29,30]. The reduction in pH helps improve the
availability of nutrients such as phosphorus, iron, and zinc, promoting plant growth [31].
Additionally, the organic matter content in the 0–10 cm soil layer increased (Figure 5),
indicating that P. oleracea primarily increases surface soil organic matter content through
aboveground litter and root exudates. The increase in organic matter content helps im-
prove soil structure, enhance water and nutrient retention, and promote soil microbial
activity, thereby improving soil fertility and promoting the health of the soil ecosystem [31].
Soil enzyme activity is an important indicator reflecting soil fertility and ecological func-
tions [32]. In this study, the activities of invertase and urease in the 0–20 cm soil layer
significantly increased (Figures 6 and 7), indicating that the cultivation of P. oleracea pro-
moted soil carbon and nitrogen cycling. The enhancement of invertase activity facilitated
the decomposition of carbohydrates in the soil, providing an energy source for soil microor-
ganisms. The increase in urease activity, on the other hand, promotes the decomposition
of nitrogen-containing organic compounds such as urea, releasing ammonium nitrogen
that is readily absorbable by plants [33]. Additionally, the activity of alkaline phosphatase
in the 0–10 cm soil layer showed a significant increase (Figure 8), suggesting that the
cultivation of P. oleracea enhanced the mineralization of organic phosphorus in the soil,
thereby improving the availability of soil phosphorus [34]. The soil microbial community
composition possibly changed under the ameliorative effect of various halophytes or salt-
tolerant plants on saline soils [25]. Hence, it is necessary to conduct metagenomic analysis
to reveal the phytoremediation effects of halophytes or salt-tolerant plants in saline soils in
future studies.

5. Conclusions

This study demonstrated that planting P. oleracea significantly reduced the pH values
and soluble salt contents in salt-affected soil while improving soil structure and increasing
soil organic matter contents and enzyme activities. These multifunctional characteristics
highlighted the significant application value of P. oleracea for salt-affected soil improvement.
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Future studies should further elucidate the molecular mechanisms underlying the salt
tolerance and remediation functions of P. oleracea. Additionally, optimizing agronomic
management practices (such as cutting frequency and fertilizer management) could enhance
its ecological remediation efficiency, thereby promoting the large-scale application of this
technology in the management of coastal saline–alkali lands.
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Abstract: Whilst the potential of fish effluents as nutrient sources for crop production
has been demonstrated, their use in the European Union remains prohibited in organic
farming. In this study, we investigate the efficacy in greenhouse basil cultivation of two
types of fish effluents (filtered ‘fish water’ and unfiltered ‘fish sludge’) from an aquaponic
system, and assess their role in maintaining and enhancing soil fertility as well as their
potential to create a ’living soil’, which are two of the prerequisites for organic certification
in the EU. To evaluate the contribution of fish effluents to plant growth in comparison
with soil nutrients, basil plants were grown in pots containing two types of substrate:
compost-free (without organic matter) and with compost (with organic matter). The results
indicate that fish water and fish sludge demonstrate significant potential as fertilisers and
outperform compost in certain parameters, such as plant biomass. The results also align
with existing literature by demonstrating the positive impact of compost on soil microbial
diversity, underscoring its role in fostering plant health. Although the treatments did not
show differences in microbial composition at the genus level, the higher microbial diversity
observed following fish effluent application highlights its potential for promoting ’living
soil’. This research underscores the need for continued exploration of the implications
of compost application in conjunction with fish effluent fertilisation on soil microbial
communities and the production of specialty crops such as herbs.

Keywords: basil; fish; effluents; aquaculture; aquaponics; organic; sludge

1. Introduction

Whilst the potential of wastes from aquaculture farms, termed fish effluents, as a
nutrient source for crop production has been demonstrated, their use is not sanctioned
in organic farming within the prevailing European regulatory framework—Regulation
(EU) 2018/848 [1], which lays down the rules for organic production, and Regulation
(EU) 2023/121 [2], which specifies the types of fertilisers that are authorised. However,
using fish wastewater as a fertiliser can benefit the environment in several ways. By di-
verting nutrient-rich effluent from aquatic ecosystems, it can help mitigate eutrophication
caused by excess nitrogen and phosphorus [3]. Moreover, repurposing fish sludge in
agriculture reduces the carbon footprint associated with manufacturing and transporting
synthetic fertilisers [4]. Economically, fish wastewater can be cost-effective for growers
located near aquaculture facilities, as it lowers reliance on commercial fertilisers and
cuts waste disposal costs [5]. Fish manure (sludge) has a chemical composition akin to
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livestock manure [6], and fish effluents (sludge or fish tank water) have been used suc-
cessfully to fertilise various food crops, including tomato [7–13], pepper [14], chicory [15],
lettuce [16–19], cucumber [20], potato, soybean, and onion [21]. Up to 50% (in dry matter)
of the feed consumed by fish is expelled as solids, forming sludge [22], and a significant
portion of the nutrients introduced into an aquaculture system is wasted through the rou-
tine discharge of this nutrient-rich matter, which is primarily composed of fish excrement
and unconsumed feed [23]. However, in most aquaculture farms, the sludge is released
as sewage, and only occasionally is it dried and repurposed as fertiliser [24]. Aquacul-
ture sludge holds considerable promise for enhancing plant growth due to its nutrient
content [25], and a substantial amount of the essential macro- and micronutrients can be
derived from this solid waste, which has been found to contain 7–32% of the total nitrogen
and 30–84% of the total phosphorus present in wastewater [26]. The sludge is particularly
abundant in phosphorus, a crucial macronutrient for plant growth which has been recog-
nised as a Critical Raw Material in the EU due to its high supply risk, and conventional
filtration in aquaponic systems eliminates over 80% of it [27]. The nutrient composition of
filtered aquaculture effluents differs from that of sludge, with the latter offering a much
richer and broader nutritional spectrum. Indeed, in comparison to sludge, filtered aquacul-
ture effluent typically lacks phosphorus, potassium, calcium, and micronutrients, notably
iron, molybdenum, and manganese [10].

Should the fish feed be organic in provenance, then the application of fish effluents
could supply crops with organic fertiliser through a natural process observed in aquatic
environments, where fish effluents contribute to plant growth in ponds and lakes [28].
Additionally, recycling wastewater that would otherwise pollute water bodies could offer
a potential remedy for the environmental challenges associated with the eutrophication
of aquatic ecosystems [29]. In this manner, the use of fish effluents could also fulfil an
environmental conservation role by partially replacing the need for synthetic fertilisers, the
production of which consumes significant energy [30], often sourced in environmentally
damaging ways, such as phosphorus mining [31,32].

In this study, the efficacy of two types of fish effluents (filtered and unfiltered) from an
aquaponic system was tested to grow basil in greenhouse conditions. The main objectives
were to test their viability as a source of fertiliser for the greenhouse cultivation of herbs,
and to investigate their potential for maintaining and enhancing soil fertility and for
enhancing the production of ‘living soil’, which are conditions that need to be fulfilled
for organic certification in Europe. In order to ascertain the role of fish effluents in the
growth of the plants as opposed to the nutrients already present in soil, the basil plants
were grown in pots filled with two types of substrate, one compost-free and the other
with compost. The filtered fish water is hereafter referred to as ‘fish water’, the unfiltered
fish water as ‘fish sludge’ and the water from the tap as ‘tap water’. When referring to
both fish water and fish sludge, they are referred to as ‘fish effluents’. A key novelty
of this study is its direct comparison of compost and fish effluents as fertilisers for the
cultivation of basil in greenhouse conditions. By evaluating plant growth and soil microbial
properties across treatments, this work provides a unique perspective on the relative
advantages of compost versus fish effluents, advancing our understanding of how these
fertiliser strategies can be optimised for both high-value crop production and soil health in
sustainable farming systems.

2. Materials and Methods

2.1. Outline

The experiments took place inside a 7.2 × 3.4 m (24 m2) greenhouse located on the
second floor of the School of Design of the University of Greenwich in London, UK. The
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experiment started on July 13th and ended on 26 August 2021, lasting a total of 44 days.
Basil plants were grown in plastic pots (one plant per pot) placed within plastic trays under
grow lights. Two types of potting substrates, one with compost and one without, and two
fish effluent types (fish water and fish sludge) were used in combination.

Tap water was sourced from the University’s potable water system, whilst fish effluents
were obtained from the University of Greenwich aquaponics greenhouse. The greenhouse
accommodated a floating raft aquaponic system stocked with approximately 300 Nile tilapia
(Oreochromis niloticus), alongside a variety of plant species such as beans, squash, mint,
tomato, cucumber, okra, fern, turmeric, cape gooseberry, melon, and various ornamentals.
The Nile tilapia, weighing between 100 and 500 g, were fed twice daily, once in the morning
and once in the afternoon, with Aller Aqua Primo 6 mm sinking pellet feed (37% Crude
Protein, 12% Crude Fat, 32.5% Nitrogen-free Extracts, 7% Ash, 3.5% Fibre, 1% Phosphorus,
19.6 MJ Gross Energy, 16 MJ Digestible Energy), totalling 500 g of feed per day.

Most of the fish sludge was removed from the water before it entered the plant
(hydroponic) compartments. The first step of filtration involved the clarifier, where the
water from the fish tanks was drawn from the bottom, and as it flowed into the clarifier, the
settleable solids dropped. To ensure that almost all large solids were removed before the
water entered the hydroponic section, single or multiple tanks with orchard netting were
employed, achieving almost total removal of solids. The fish sludge was collected from
the bottom of the clarifiers, while the fish water was taken from the sump, a compartment
where the filtered water flowed and was further aerated before heading to the plant units.

2.2. Crop Choice

F1 hybrid basil Ocimum basilicum ‘Aroma 2’ was used in the experiment, grown from
seed. Basil is fast-growing and of high value, and as a result has become one of the main
crops grown in aquaponics in both commercial and research settings [33–38]. Basil is also a
herb, and herbs constitute an exception to rule 1.1 of Annex II of Regulation (EU) 2018/848
on the mandatory connection with the subsoil and bedrock—this means that basil can be
grown in pots and still be certified as organic in the EU. Furthermore, the morphology
of the crop allows for easy measurement of growth parameters such as height and stem
diameter, the leaves are easily collectable for further analysis, and the crop has been widely
studied and analysed for biomass and nutrient content when subjected to a variety of
different growing conditions. Finally, the ‘Aroma 2’ cultivar is one of the most popular
for hydroponic growers of basil, chosen for its uniformity, fast growth, classic flavour and
aroma profile, as well as resistance to Fusarium [39].

2.3. Treatments

Two substrates and three fertilisation regimes were combined for a total of six treat-
ments, each replicated four times: compost-free substrate irrigated with tap water (treat-
ment IT); compost-free substrate irrigated with fish water (treatment IF); compost-free
substrate irrigated with fish water and every third day with fish sludge (treatment IFS);
compost substrate irrigated with tap water (treatment CT); compost substrate irrigated
with fish water (treatment CF); and compost substrate irrigated with fish water and every
third day with fish sludge (treatment CFS). The pots were randomly distributed in four
blocks. The composition of the tap water was established, and the composition of the two
fish effluents was analysed (Table 1). All plants were irrigated from the top and given 10
mL of either tap water or fish effluent per day.
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Table 1. Parameters of the tap water, fish water, and fish sludge.

Parameter Tap Water 1 Fish Water 2 Fish Sludge 2

pH 7.60 3 6.7 5.8
Calcium carbonate
concentration 323 ppm - -

Conductivity at 20 ◦C 594 μS/cm - -
Conductivity at 25 ◦C - 791 μS/cm 1020 μS/cm
Turbidity <0.09 FTU - -
Ammonium as NH4 0.12 mg/L - -
Nitrate as NO3 27.2 mg/L 44.3 mg/L 69.6 mg/L
Nitrate/nitrite calculation 0.55 mg/L - -
Nitrite as NO2 0.013 mg/L - -
Hardness (total) as CaCO3 244 mg/L - -
Iron as Fe 3.6 μg/l - -
Magnesium 4.3 mg/L 12.33 mg/L 18.34 mg/L
Alkalinity (HCO3) - 36 mg/L 13 mg/L
Sulphate (SO4) - 161.8 mg/L 204.4 mg/L
Boron - 0.01 mg/L 0.03 mg/L
Sodium - 44.0 mg/L 50.5 mg/L
Chloride - 59.2 mg/L 69.8 mg/L
Phosphorus as P - 4.4 mg/L 12.8 mg/L
Potassium - 1.5 mg/L 3.5 mg/L
Calcium - 112.6 mg/L 136.4 mg/L
Carbonate - <10 mg/L <10 mg/L
Total dissolved solids - 553.7 mg/L 714 mg/L

1 Water parameters for postcode SE10 9BD obtained from https://www.thameswater.co.uk/help/water-quality/
check-your-water-quality#/results/SE109BD (accessed on 2 June 2021). 2 Analysed by NRM Labs on 11 June
2021. NRM Labs, Coopers Bridge, Braziers Lane, Winkfield Row, Bracknell RG42 6NS, United Kingdom. 3 pH
measured consistently at the University of Greenwich shows a value of approximately 8.40.

2.4. Substrate Mixes

A review of the physical, chemical, and biological properties of soil ecosystems re-
vealed that there appears to be no clear definition of what constitutes soil; this is reflected
in Regulation (EU) 2018/848 [1], where no definition of ‘soil’, nor of what constitutes soil,
is given. With regard to the experimental setup, it was considered that a comparison
between a substrate mix with compost and one without compost would be useful in order
to determine the influence of compost on the substrate that was exposed to fish effluents. It
was therefore decided to include both substrate types, one nutrient-rich where compost
was included, and one nutrient-poor without compost. To ensure that the substrates were
as similar as possible in composition and texture, both substrates were manufactured
from raw ingredients using the Royal Horticultural Society guidelines for creating a John
Innes Potting Compost [40]. Two substrate types were thus devised, using only materials
approved in organic certification: a substrate without compost, having 3 parts loam, 3 parts
sand, and 5 parts coir; and a substrate with compost, having 3 parts loam, 3 parts sand,
3.5 parts coir, and 1.5 parts compost (13.6%). The two substrate types were analysed for
nutrients and physicochemical parameters (Table 2).

All nutrient values, except for manganese and calcium, were higher in the compost
substrate, reflecting the higher nutrient load supplied by the compost.
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Table 2. Values for pH, elements, and physical parameters of the two initial substrate types used.

Parameter Compost-Free Substrate Compost Substrate

pH 8 7.81
P 18 mg/L 36.80 mg/L
K 218.35 mg/L 538.20 mg/L

Mg 55.90 mg/L 111.65 mg/L
Mn 7.88 mg/L 7.32 mg/L
Cu 1.56 mg/L 1.97 mg/L
B 0.97 mg/L 1.35 mg/L

Na 37.50 mg/L 85 mg/L
Zn 2.03 mg/L 5.40 mg/L
Ca 1835 mg/L 1700 mg/L

Av Fe 11.96 mg/L 23.70 mg/L
Nitrate-N 61.44 kg/ha 361 kg/ha

Ammonium-N 2.80 kg/ha 7.96 kg/ha
Soil mineral nitrogen 64 kg/ha 369 kg/ha
Organic matter LOI 1 5.44% 6.22%

Av SO4 47.02 mg/L 56.86 mg/L
Cation exchange capacity 13.60 meq/100 g 14.7 meq/100 g

1 Loss on ignition.

2.5. Experimental Setup and Growth Conditions

A total of five 8 cm pots were placed in each tray (Figure 1), and the trays (dimensions:
21 × 16 × 5 cm) for each treatment were randomly positioned next to one another in two
rows over two metal shelves.

Figure 1. Arrangement of pots inside tray.

Basil seeds were planted in seedling trays filled with John Innes seed substrate no. 1,
and then transferred into the experimental pots when they were at a height of 2.5–3 cm, by
washing the substrate off the roots of each plant with tap water and planting the bare rooted
seedlings in each pot. The greenhouse was not temperature-controlled, but kept warm
between 22 and 27 ◦C. The air temperature was managed by opening the window whenever
it became too warm for the plants. The plants were watered in the morning. Three parallel
rows of 115 cm long tubular grow lights (power: 35 w; input: AC 220–240 v and 50–60 Hz;
manufacturer: Philips, Eindhoven, the Netherlands), three per shelf, were placed directly
above each tray at a distance of 35 cm from the top of the trays. The grow lights were
set on a 16-hr light/8-hr darkness cycle. All trays were moved counterclockwise by one
tray once every four days in order to guarantee uniform light exposure throughout the
experiment. All the plants were harvested by hand, and the substrate carefully removed so
as not to damage the roots. The roots were washed with tap water to remove the remaining
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substrate. The leaf weight and whole plant weight measured were fresh weight, and the
moisture level was assumed to be the same for all plants.

2.6. Measurements and Analyses

Plant yields were measured, and soil analyses were conducted to reveal the com-
position of the substrate before and after fertilisation with fish effluents. The effects of
fish effluent fertilisation on plant growth, health, and quality were assessed by means of
vegetable tissue analysis, growth rate calculations, and the overall health and appearance
of the crop. The plant yield measurements were undertaken on all plants, and the weight
measurements were performed in batches per replicate. The concentration of nitrogen in
leaf samples was measured using a CHN analyser (model: Thermo Scientific FlashEA 1112,
Waltham, MA, USA) at the University of Greenwich, Medway Campus. The whole leaf
mass from each replicate was harvested, freeze-dried, and powdered using a mortar; three
samples of the powdered product from each replicate were then analysed.

The analyses of the macro- and micronutrients in the fish effluent and substrate sam-
ples were performed by NRM Labs, the UK’s largest independent provider of agronomic
and environmental waste analysis for land-based industries, based in Bracknell, UK. The
methods are described in Appendix A.

For soil microbial analysis, three initial substrate samples were taken from each sub-
strate type prior to the beginning of the experiment, and four samples per treatment were
taken after three weeks, halfway through the experiment, and on the day the experiment
ended. The vials were then frozen at −21 ◦C until shipped for analysis by Biome Makers
(Sacramento, California). DNA extraction was performed with the DNeasy PowerLyzer
PowerSoil kit from Qiagen, Venlo, the Netherlands. To characterise the bacterial, archaeal,
and fungal microbial communities associated with bulk soils and rhizosphere samples,
the 16S rRNA and internal transcribed spacer (ITS) marker regions were selected. The 16S
primer was used for sequencing bacteria and archaea, and the ITS primer was used for
sequencing fungi. Primers were removed from paired-end reads using Cutadapt 3.5, and
the trimmed reads were merged with a minimum overlapping of 100 nucleotides. Next, the
sequences were quality-filtered by Expected Error with a maximum value of 1.0. Because
of their highly conserved length, 16S reads were subjected to an additional filtering step
in order to remove extreme sequence lengths. After quality pre-processing, reads with
single nucleotide differences were iteratively clustered together to form ASVs (Amplicon
Sequencing Variants) using Swarm v3. De novo chimaeras and remaining singletons were
subsequently removed. Finally, the ASVs were compared against Biome Makers’ propri-
etary internal reference database of amplicons using a global alignment, with 97% identity
to select the best hit; in cases of multiple best hits with identical qualities, the pipeline
automatically adjusted the ASV result resolution to the nearest common ancestor of the
hits’ taxonomies, which can decrease it to genus or family level. The reference database of
amplicons was built using internal manually curated taxonomies from the latest version
available of SILVA 138.1 for 16S sequences.

2.7. Statistical Analyses

Whenever possible, the data collected were then analysed statistically using R 4.1.0
software [41]; 2-way ANOVA and Tukey HSD tests were used to analyse statistical differ-
ences between the treatments. For every value set, the data distribution was explored and
histograms generated to identify the presence of any outliers and test for normality. For
all the experiments, no random factors were considered, and the fixed factors were the
treatments; the response was a function of the treatments. For the plant yield analyses,
unless otherwise specified, each plant or plant part was measured, and the average was
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used in the ANOVA model, instead of using the whole replicate unit as a random factor.
The standard errors were calculated from the analysis of variance residuals.

3. Results

3.1. Plant Growth and Yield

All plants grew in height and weight (Figure 2), and only one plant died of unknown
causes (in replicate IT2).

Figure 2. Complete display of the two shelves where the plants were grown, showing the individual
replicates (black trays), five pots per tray, and grow lights on the last day of the experiment.

Visually, and on measurement, it was evident that the plants from treatment IT—plants
grown in compost-free substrate and irrigated with tap water—were much smaller and
less developed than the rest, with an average height of 15.06 cm, compared to the other
treatments ranging between 23.24 cm and 25.19 cm (Figure 3).

Figure 3. Comparison of randomly selected trays, one from each treatment, showing the clear visual
difference of treatment IT, top left photo, from the rest of the treatments, reflecting its significantly
lower product yield.

The growth yield values, including % of nitrogen by dry weight, are shown in Table 3,
while the values in boxplot form are shown in Figure 4.
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Table 3. Mean values and standard deviation values (±) for growth measurements. Different letters
indicate statistically significant differences between treatments (p < 0.05), using Tukey’s Honest
Significant Difference (HSD) test.

Treatment Height (cm) Stem Diameter (mm) Leaf Biomass (g) Nitrogen (%)

IT 15.06 ± 1.75 b 1.84 ± 0.13 b 7.12 ± 0.85 d 2.55 ± 0.18 c
IF 23.85 ± 2.43 a 2.39 ± 0.23 ab 23.75 ± 1.66 c 4.00 ± 0.21 b
IFS 25.19 ± 2.85 a 2.51 ± 0.35 a 28.25 ± 1.66 bc 4.44 ± 0.42 ab
CT 24.58 ± 2.83 a 2.73 ± 0.29 a 23.50 ± 1.69 c 3.01 ± 0.36 c
CF 24.56 ± 1.21 a 2.75 ± 0.36 a 31.62 ± 1.93 ab 4.40 ± 0.15 ab
CFS 23.24 ± 2.42 a 2.64 ± 0.28 a 35.75 ± 3.07 a 4.90 ± 0.26 a

n = 20 n = 20

n = 20 n = 12

Figure 4. Boxplots for plant height (top left), leaf biomass (top right), stem diameter (bottom left),
and nitrogen weight % (bottom right), with fertiliser type (F: fish water; FS: fish sludge; T: tap water)
and substrate type (I: compost-free substrate; C: compost substrate). Sample sizes (n) in the top right
corner of each plot.

In all measurements, the residues of the model were found to be normal, and no
outliers were identified. Based on the above results, substrate, fertiliser, and the interaction
between substrate and fertiliser all had a significant effect (p < 0.05) in all measurements
undertaken, except for the nitrogen dry weight percentage, where only substrate and
fertiliser had an effect, but not the interaction between them. The fish sludge treatment (FS)
outperformed the fish water treatment (F) and the tap water treatment (T) for leaf biomass
and nitrogen dry weight percentage in both substrate types (Table 3), with the following
pattern: FS > F > T. For the leaf biomass measurement, in fact, and for the compost-free
substrate, fish sludge (FS) produced an average biomass of 28.25 g, fish water (F) 23.75 g,
and tap water (T) 7.12 g. For the compost substrate, the average leaf biomass was 35.75 g
for fish sludge (FS), 31.62 g for fish water (F), and 23.5 g for tap water (T). For the nitrogen
dry weight percentage, in the compost-free substrate, fish sludge (FS) produced an average
percentage of 4.44, followed by 4.0 for fish water (F), and 2.55 for tap water (T). In the
compost substrate treatment, fish sludge (FS) produced a percentage of 4.9, followed by 4.4
for fish water (F), and lastly by 3.01 for tap water (T). The same trend is observed for the
stem diameter measurement of the compost-free substrate, where fish sludge (FS) produced
an average diameter of 2.64 mm, followed by fish water (F) at 2.75 mm, and tap water (T) at
2.73 mm. However, in the compost substrate the fish water treatment (F) performed better
than the fish sludge treatment (FS) for stem diameter (2.75 mm vs. 2.64 mm) and plant
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height (24.56 mm vs. 23.24 mm). For the leaf biomass measurement, the effects of tap water
and compost substrate (CT) were in a very close range to the ones from the compost-free
substrate and fish water (IF), at 23.5 g vs. 23.75 average weights. Overall, the fish sludge
treatment performed the best. The degrees of freedom (df), F-values, and p-values are
reported in Table 4.

Table 4. Two-way ANOVA tables (df, F-values, and p-values) for the measurements, divided by
substrate type, fertiliser type, and the interaction between substrate and fertiliser.

Measurement Substrate/Fertiliser df F-Value p-Value

Substrate 1 5.032 0.027
Plant height Fertiliser 2 5.973 0.003

Substrate/Fertiliser 2 8.820 <0.001

Substrate 1 181.56 <0.001
Leaf biomass Fertiliser 2 162.18 <0.001

Substrate/Fertiliser 2 13.61 <0.001

Substrate 1 31.870 <0.001
Stem diameter Fertiliser 2 5.454 0.005

Substrate/Fertiliser 2 7.458 0.001

Substrate 1 14.959 0.001
Nitrogen weight % Fertiliser 2 98.907 <0.001

Substrate/Fertiliser 2 0.035 0.966

Stem weights were also measured (Figure 5); however, given the lack of sufficient repli-
cates in the measurements (the measurements were taken per treatment batch), complex
statistics with reliable results were not achievable.

Figure 5. Stem fresh weights, arranged by substrate type (I: compost-free substrate; C: compost
substrate) and fertiliser type (F: fish water; FS: fish sludge; T: tap water).

For stem weight and for all fertiliser types, compost substrate (C) performed better
than compost-free substrate (I), except for the fish sludge treatment (FS), where the values
were equal (9.88 g). In both substrate types, tap water (T) produced the lowest yields, at an
average of 3.13 g for IT and 9.25 g for CT; however, the highest yield was produced by fish
water for compost substrate (CF), with an average weight of 11.38 g, and by fish sludge for
compost-free substrate (IFS), with an average weight of 9.88 g.

3.2. Soil Microbiome

In all treatments, the final species count was higher than the initial one; this was also
true for the IT treatment, where only tap water was used (Figure 6).
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Figure 6. Total species (bacteria, archaea, and fungi) diversity across treatments at initial, halfway,
and final experimental stages, with relative species number. The same initial compost-free substrate
was used for treatments IT, IF and IFS, and the same initial compost substrate was used for treatments
CT, CF, and CFS. Sample size (n) in the top right corner.

In treatments IF, IFS, and CFS, the species count was higher (819, 902, and 1245, respec-
tively) halfway through the experiment than at the end (814, 867, and 990, respectively).
The initial compost-free substrate, used in treatments IT, IF, and IFS, was lower in species
count than the compost substrate used in treatments CT, CF, and CFS (678 vs. 817). This
difference was also reflected in the final species count, given that all final species counts
from treatments CT, CF, and CFS (933, 1126, and 990, respectively) were higher than all
species counts from treatments IT, IF, and IFS (818, 814, and 867, respectively). The shared
species number between the two initial substrates was 372 species.

The most prevalent archaeal and bacterial (Figure 7) and fungal (Figure 8) genera
across treatments in halfway and final samples are displayed.

Figure 7. Heatmaps of the most prevalent bacterial and archaeal genera both in the middle (top two

rows) and at the end (bottom two rows) of the experiment, across all treatments.
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Figure 8. Heatmaps of the most prevalent fungal genera both in the middle (top two rows) and at the
end (bottom two rows) of the experiment, across all treatments.

Regarding bacterial and archaeal genera across treatments, and taking into account
the six most prevalent genera, Massilia and Sporosarcina were present in all treatments, in
both halfway and final samples. In halfway samples, Micromonospora was present only
in treatments with compost-free substrate (IT, IF, and IFS), and Lysobacter and Devosia
were present only in samples with compost substrate (CT, CF, and CFS). In final samples,
Pseudarthrobacter was only present in treatments with compost-free substrate (IT, IF, and
IFS), and Lysobacter was only present in samples with compost substrate (CT, CF, and CFS).
Regarding fungal genera across treatments, and taking into account the six most prevalent
genera, Penicillium was present in all treatments, in both halfway and final samples. In
halfway samples, Fusarium was present only in treatments with compost-free substrate (IT,
IF, and IFS), and Pseudogymnoascus was present only in samples with compost substrate
(CT, CF, and CFS). In both bacterial and archaeal, and fungal analyses, most genera were
found across multiple treatments and, in general, little variation was found, including
when different fertiliser sources were considered.

4. Discussion

The yield results showed that the presence of compost and fish effluents satisfied
the nutrient requirements of the plants, whilst the plants that were grown in a compost-
free substrate and watered with tap water (treatment IT) did not have their nutritional
requirements met. The results also indicated that fish effluents fully substituted for compost
in terms of the nutrition that the plants needed for leaf biomass. The significant effect
of combining compost and fertilisation with the fish effluents on the yield of the plants
was confirmed by the 2-way ANOVA analysis (Figures 4 and 5). In fact, with the sole
exception of nitrogen dry weight percentage, the variables substrate, fertiliser, and the
interaction between the two all had a significant effect (p < 0.05) in all measurements
undertaken. In most cases fish sludge produced the highest yields, reflecting its higher
nutrient concentration which was also demonstrated by a previous study on onions [42].
In the case of total fresh weight, compost substrate enhanced the yield, and fish effluents
had a positive effect, within each substrate type, with fish water resulting in an almost
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three-fold increase in weight compared with tap water in compost-free substrate (average
weight for IT was 10.25 g vs. 33 g for IF), similar to the influence of compost (average
weight for CT was 32.8 g). Total weight and leaf weight both follow the same pattern, from
highest to lowest yield: CFS, CF, IFS, IF, CT, and IT. For leaf weight and nitrogen dry weight
percentage, the presence of fish water and sludge significantly (p < 0.05) enhanced the
weight and nitrogen percentage for both compost and compost-free substrate; for height,
this was only true for compost-free substrate. IT being last accords with what was observed
for height, leaf biomass, and stem diameter; however, CFS and CF being first indicates
that for this experiment, there is an additive effect of compost and fish effluents, with fish
sludge performing better than fish water. This is to be expected, as fish sludge is much
higher in all nutrients analysed (Table 1), with a 57% increase in nitrate content compared
with fish water (44.3 mg/L vs. 69.6 mg/L). This is also reflected in the next two treatments
that performed the best in terms of weight, IFS and IF; in these cases, fish sludge also
performed better than fish water (average weight 38.125 g vs. 33 g). Second to last is
treatment CT, where plants were grown in compost substrate and only watered with tap
water; this indicates that fish water and fish sludge performed better than compost, in both
total plant weight and total leaf weight.

The effects of fish effluents applied to soil for basil cultivation have only been investi-
gated in two studies. Omeir, M.K. et al. [43] found that irrigation with fish farm effluent
significantly increased the growth rates and nutrient content of the plants, compared to
river water irrigation. Similarly, Valkovszki, N.J. et al. [44] reported that irrigation with
fish farm effluents significantly increased the fresh and dry weight of shoots and roots, leaf
number, and stem height in basil, indicating positive effects on plant growth.

The effect of fish effluent irrigation has also been investigated on another herb, oregano.
Kimera, F. et al. [45] investigated the growth and essential oil content of Origanum syriacum.
The results demonstrated that fish effluent irrigation significantly improved plant growth,
with the treatment reaching maximum plant height and highest fresh and dry herbage
yield. Although not performed in greenhouse conditions, these results are consistent with
the results of this study, where the plants not fertilised with fish effluents (CT treatment)
grew significantly less than the ones that were fertilised with fish effluents. No study so far,
however, has compared the performance of compost and fish effluents for growing basil.
Regarding the concentration of nitrogen in the leaves, fish sludge outperformed fish water
in both substrate types, following the trend found for the leaf biomass, and reflected in the
total plant fresh weight.

These results overall, and specifically the total fresh weight, are consistent with the
literature on the positive effects of combining compost with fertiliser use. A study demon-
strated that the combination of biochar compost and inorganic nitrogen fertiliser improved
nitrogen uptake in rice plants [46]. Similarly, it was found that combining compost with
organic fertiliser application in organic systems increased nutrient availability to plants
in the early stages [47]. Furthermore, the combination of compost and nitrogen fertiliser
improved yields, yield components, and nitrogen uptake in wheat cultivars [48]. These
findings collectively support the notion that the combination of compost and fertiliser
can enhance nitrogen uptake and concentration in plants. Moreover, a study revealed
that the highest values for yield and its components were obtained by humic acid under
the highest level of nitrogen fertiliser and compost treatment [49]. This suggests that the
combination of compost and nitrogen fertiliser not only enhances nitrogen concentration,
but also positively influences overall plant yield and components.

Regarding the microbiome communities found in the substrates, the final species
count was higher at the end of the experiment than at the beginning in all treatments,
including the ones where only tap water was supplied. This is probably due to the John
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Innes seed substrate no. 1, where the seedlings were grown prior to being transferred to
the pots. In fact, the measured initial diversity came from the manufactured substrates,
which did not take into account the possible inoculation of further species derived from
the tap water, air, or the seedling substrate where the basil seeds germinated. It is therefore
likely that the remaining substrate surrounding the roots of the seedlings as they were
being transferred into the experimental pots contributed to the overall microbial diversity,
despite most of the substrate having been washed off. On the other hand, the soil micro-
biome has been extensively shown to mutate as plant growth progresses, its biodiversity
having significant effects on the success and function of plant-associated microbiomes;
thus, the increase in species diversity could have also occurred naturally alongside plant
growth and development [50]. Compost has been documented as having rich microbial
communities. Rastogi, M. et al. [51], for example, highlighted the role of microbes in solid
waste composting, emphasising their vital contribution to the decomposition of organic
matter and the production of soil-enriching compost. These microbes can, via compost,
be introduced into the potting substrate. Green, S.J. et al. [52] investigated the succession
of bacterial communities during early plant development and the transition from seed to
root, emphasising the introduction of high numbers of microbial cells into soils or potting
substrates through compost amendments. Michel, F.C. et al. [53] demonstrated the inocu-
lation of compost-amended potting mixes with biocontrol agents and other microbes to
induce systemic disease resistance in plants, indicating the potential for compost-derived
microbes to influence soil and plant health. Furthermore, Zhao, J. et al. [54] screened and
applied microbial inoculants for sewage sludge composting, highlighting the importance
of understanding and utilising specific microbial communities in the composting process.
Overall, the literature provides substantial evidence supporting the potential for microbes
from compost to inoculate potting soil, influencing soil properties, plant growth, and
overall soil health.

For treatments IF, IFS and CFS, the species count was higher halfway through the
experiment than at the end, the difference being the lowest (5 more species) for IF, higher
for IFS (35 more species), and highest for CFS (255 more species). This could be due to
some initial measured increase in diversity derived from the seedling substrate, which then
stabilised and decreased. The initial compost substrate was higher in diversity than the
initial compost-free substrate (139 more species, or a 20.47% increase), most likely because
of the enhancing effect of composted green material. This initial higher diversity in the
compost substrate likely resulted in a higher microbial diversity in the treatments with
compost substrate (CT, CF, CFS) than in the treatments with compost-free substrate (IT, IF,
IFS); indeed, as the nutrients already present in the substrate combined with the nutrients
provided by the fish effluents, in the same way, the microbial diversity supplied by the
compost was enhanced by the supplementation of fish effluents. It has been found that
potting soil mixed with compost can indeed lead to higher microbial diversity. The authors
of [55] highlighted that composting leads to changes in bacterial and fungal communities,
indicating an increase in microbial diversity. Neher, D.A. et al. [56] reported that compost
can effectively replace peat-based potting media without negatively affecting plant growth,
indicating the potential for compost to enhance microbial diversity in potting mixes. These
findings are consistent with the study by [57], which shows that compost-based growing
media can improve soil microbial activity. The introduction of compost into potting mixes
was shown to enhance microbial diversity, as evidenced by the changes in bacterial and
fungal communities, thus supporting the findings of this study.

Massilia, a major group of rhizosphere- and root-colonising bacteria [58], was present
in the six most prevalent genera across all treatments. Micromonospora, a group of aerobic,
mycelium-forming bacteria [59], was only present within the six most prevalent genera in
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the compost-free substrate treatments (IT, IF, and IFS), and Lysobacter and Devosia only in
the treatments with compost substrate (CT, CF, and CFS). Lysobacter has been observed on
the surface of fish tanks of aquaponic systems [60], as well as in RAS biofilter samples of
aquaponic systems [61]; this genus has been identified as a plant growth-promoting bac-
terium (PGPB) that protects plants from disease through the production of antibiotics [62].
Devosia contains some potential nitrogen-fixing bacteria, and the genus has been found to
grow on lettuce (Lactuca sativa) roots in aquaponic systems [60], as well as in all biofilters
and sumps of an aquaponic system [61]. Taking only the most prevalent six genera into
account per treatment, specific genera were only observed in treatments with compost
substrate, and others only in treatments with compost-free substrate. This distinction is
likely to have been caused by the initial substrate composition and the microbial commu-
nities associated with each. From the genera found, there does not seem to be a pattern
associated with any specific treatment. In fact, in both bacterial and archaeal, and fungal
analyses, most genera were found across multiple treatments. The impacts of fish effluents
on the soil microbiome have not been extensively studied, especially not in greenhouse
conditions. Some studies have however found that irrigation with fish effluents changes
the structure of soil microbial communities. Chen, L. et al. [63] showed that aquacul-
ture wastewater irrigation can change soil microbial functional diversity and community
structure in arid regions, highlighting the potential impact of fish water irrigation on soil
microbiota. Guan, W. et al. [64] found that the soil bacterial communities in rice fields
irrigated with aquaculture wastewater can be impacted by the intestinal bacteria of the fish.
Irrigation with fish-processing effluents has also been found to increase the nitrification rate
and abundance of ammonia-oxidising archaea and bacteria in arid soils, but not to affect
bacterial amoA genes [65]. Fish-processing effluent discharges in arid soils in Patagonia
have also been shown to influence physicochemical properties and prokaryotic community
structure, potentially benefitting native salt-tolerant plant irrigation [66]. However, Sun, Y.
et al. [67] found that irrigation using activated brackish water improved soil fertility, which
may have conferred dominant microbial populations with a strong ability to resist external
interference to the soil environment, resulting in no significant impact on soil bacterial
diversity. Given the limited knowledge of each particular microbial genus, it is difficult to
assess the changes in the structure of the community, and how significant they were.

5. Conclusions

This experiment indicated the great potential of using fish water and fish sludge as
fertiliser for greenhouse-based herb production. Fish effluents were able to fully substitute
for compost, and to perform better than compost in some parameters, such as plant and leaf
weight, thus showing that compost could be fully or partially substituted with fish effluents.
The study therefore contributes valuable insights into the potential of fish effluents as a
viable alternative to traditional compost in greenhouse agriculture. Whilst not without the
need for further investigation, the results suggest a more sustainable approach to nutrient
recycling and waste reduction in agricultural practices. The increase in microbe species
count in all treatments, including IT where only tap water was used, was likely caused
by the inoculation of microbiome species coming from the substrate where the seedlings
were grown; inoculation could additionally have come from the tap water or ambient air,
as the experiment was not performed in a sterile environment. The higher species diversity
associated with the compost substrate treatments likely influenced the final diversity,
given that a higher diversity was observed in the final samples of the compost substrate
treatments than in the final samples of the compost-free substrate treatments.

In conclusion, this experiment aligns with existing literature by demonstrating that
the presence of compost in growing media enhances microbial diversity. Regarding the dif-
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ferent genera observed across treatments, for both bacteria and archaea, and for fungi, most
genera were found across multiple treatments, without a clear genus pattern influenced
by treatment. Given the higher microbial diversity observed following the application of
the fish effluents, this experiment showed the potential for using fish effluents to create a
‘living soil’, which is one of the prerequisites for organic certification in Regulation (EU)
2018/848 (Annex II, rule 1.1) [1]. This study underscores the need for additional research to
substantiate the implications of compost application, particularly in conjunction with fish
effluent fertilisation, on soil microbial genera. Whilst the current findings suggest a positive
influence on microbial diversity, a more comprehensive understanding of the nuanced
dynamics necessitates further exploration of the intricate interactions between compost,
fish effluent fertilisation, and microbial communities, elucidating the specific taxonomic
composition and functional roles of microbial genera in response to these soil management
practices. The conclusions of this study are based on a single growing cycle, which may
not fully account for the long-term effects of repeated fish effluent application. Because
organic fertilisers such as fish effluents can gradually shape soil fertility and microbial
communities over multiple seasons, further research should include extended or multi-
year studies. Such an approach would provide a more comprehensive evaluation of how
fish effluents influence crop performance, soil quality, and ecological sustainability over
time, thereby offering stronger evidence for their potential inclusion in organic production
systems. Future research should also focus on understanding the best possible combination
of fertilisation frequency, amount of fertiliser use, and type (filtered vs. unfiltered fish
effluents), and investigating how much compost the effluents can truly substitute without
compromising crop yield.
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Appendix A

The following are the methods employed by NRM Labs to analyse the substrate and
fish effluent samples.

Substrate—ammonium nitrate extractable calcium and sodium

The samples were air-dried at a temperature not exceeding 30 ◦C and sieved through
a 2 mm mesh. The calcium and sodium were extracted by shaking the samples with M
ammonium nitrate at 20 ◦C for 30 min. After filtration, the calcium concentration in the
extract was measured by Atomic Absorption Spectrophotometry.
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Substrate—available sulphate

The samples were air-dried at a temperature not exceeding 30 ◦C and sieved through
a 2 mm mesh. The available sulphate was extracted under controlled conditions using a
phosphate buffer (ratio 1:2). The filtered extract was then analysed by Inductively Coupled
Plasma Emission Spectroscopy.

Substrate—DTPA-extractable manganese, iron, copper and zinc

The samples were air-dried at a temperature not exceeding 30 ◦C and sieved through
a 2 mm mesh. Zinc, manganese, iron, and copper were extracted at 20 ◦C using a DTPA
solution in a 1:2 ratio. In principle, the DTPA extraction allowed the metal in the samples
to reach equilibrium with the chelating agent. A pH of 7.3 enabled DTPA to extract iron as
well as other metals.

Substrate—hot water-soluble boron

The samples were air-dried at a temperature not exceeding 30 ◦C and sieved through
a 2 mm mesh. Boron availability was assessed by hot water extraction. The boron concen-
tration in the extract was measured using ICP-OES (Inductively Coupled Plasma Optical
Emission Spectroscopy).

Substrate—organic matter content by loss on ignition at 430 ◦C

The samples were air-dried at a temperature not exceeding 30 ◦C and sieved through
a 2 mm mesh. The organic matter was destroyed by dry combustion at 430 ◦C, and the
loss in weight of the samples was reported as the organic matter content (in %) on a dry
matter basis.

Substrate—mineral nitrogen (available N)

The samples were chopped and mixed to achieve a homogeneous sample. A portion
was shaken with 2 M KCl to extract the mineral-N fractions, and a dry matter determination
was performed. If mineralisable N was required, a second portion was incubated anaerobi-
cally at 40 ◦C in water for one week to mineralise the nitrogen, followed by extraction of
the mineralised fraction with KCl. Once in solution, nitrate-N, nitrite-N, and ammonium-N
were measured colourimetrically. Nitrate-N and nitrite-N were determined based on the
formation of a diazo compound between nitrite and sulphanilamide, which was then
coupled with N-1-naphthylethylenediamine dihydrochloride to form a red azo dye. The
colour was measured at 540 nm. In channel one, nitrate was fully reduced to nitrite by
cadmium metal in an open tubular cadmium reactor (OTCR), so total oxidised nitrogen
(TON) was measured as the sum of nitrite plus reduced nitrate. In channel two, only nitrite
was measured. Nitrate-N was calculated by subtracting the nitrite value from the TON. For
ammonium-N, in channel three, ammonium reacted with alkaline hypochlorite and phenol
to produce indophenol blue. Sodium nitroprusside served as a catalyst in the formation of
indophenol blue, which was measured at 640 nm. Precipitation of calcium and magnesium
hydroxides was prevented by adding a combined potassium sodium tartrate/sodium
citrate complexing reagent.

Substrate—pH and lime requirement

The samples were air-dried at a temperature not exceeding 30 ◦C and sieved through
a 2 mm mesh. pH was defined as the pH, measured potentiometrically, of a suspension
created by stirring the samples with water in a 1:2.5 ratio. As temperature influenced pH
measurement, the measurement was performed in a temperature-controlled setting.

31



Appl. Sci. 2025, 15, 1563

Substrate—Olsen’s extractable phosphorus

The samples were air-dried at a temperature not exceeding 30 ◦C and sieved through a
2 mm mesh. The available phosphorus was extracted at 20 ◦C by shaking the samples with
0.5 M sodium bicarbonate for 30 min. The phosphorus concentration was then determined
by flow injection analysis/colourimetry, whereby acid ammonium molybdate formed the
phosphomolybdate ion. This ion, when reduced with ascorbic acid, created a blue complex,
measured spectrophotometrically at 880 nm. Calibration was carried out with commercial
phosphate standards traceable to SI units.

Substrate—ammonium nitrate-extractable potassium and magnesium

Potassium and magnesium were extracted at 20 ◦C by shaking the samples with
1 M ammonium nitrate for 30 min. After filtration, the concentrations of potassium and
magnesium in the extract were determined by Atomic Absorption Spectrometry, calibrated
with commercial standards traceable to SI units.

Fish effluent—nitrate nitrogen

Nitrate-N was measured colourimetrically based on the formation of a diazo com-
pound between nitrite and sulphanilamide, which was subsequently coupled with N-1-
naphthylethylenediamine dihydrochloride to form a red azo dye, measured at 540 nm.
In channel one, nitrate was fully reduced to nitrite by cadmium metal in an open tubu-
lar cadmium reactor (OTCR). Thus, total oxidised nitrogen (TON) was measured as the
combination of nitrite plus reduced nitrate. In channel two, nitrite alone was measured.
Nitrate-N was calculated by subtracting nitrite from the TON.

Fish effluent—dissolved elements

The samples were filtered to remove particulate matter. The elements in the filtrate
were then measured either by Inductively Coupled Plasma Mass Spectroscopy (ICP-MS)
or by Inductively Coupled Plasma Emission Spectroscopy (ICP-OES), depending on the
specific element of interest and the required Limit of Detection (LOD). ICP-MS enabled
lower LODs.

Fish effluent—electrical conductivity

The specific conductivity of the solution was determined using an EC meter, and the
measurement was standardised to 25 ◦C.

Fish effluent—pH

The pH of the solution was measured potentiometrically. As temperature influenced
the result, the measurement was performed in a temperature-controlled environment.

Fish effluent—total dissolved solids

After filtration through glass fibre paper to remove suspended solids, a known volume
was dried at 180 ◦C and the residue weighed in order to calculate the total dissolved solids.
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Abstract: In the Yaqui Valley, Mexico, the current and estimated annual growth rate of
durum wheat (Triticum turgidum L. subsp. durum) yield is insufficient to satisfy the food
demand that the world will be facing by 2050. Furthermore, besides the high doses of fertil-
izers applied to wheat in this region, nitrogen-use efficiency (NUE) remains low (<34.4%).
A sustainable strategy to reduce the use of fertilizers and to increase crop yield and quality
is the use of native plant growth-promoting bacteria as microbial inoculants. This study
was performed under field conditions during one agricultural season in the Yaqui Valley,
Mexico. It aimed to quantify the impact of the inoculation of a native bacterial consortium
(BC) composed of Bacillus cabrialesii subsp. cabrialesii TE3T, Priestia megaterium TRQ8, and
Bacillus paralicheniformis TRQ65 on grain yield, grain quality, and NUE (measured through
15N-isotopic techniques) at different stages of development of durum wheat variety CIRNO
C2008 under three doses of urea (0, 120, and 240 kg N ha−1) fractionated at 30%, 60%, and
10%. Results showed that yield, quality, and NUE were highly affected by the N doses,
while the inoculation of the BC had a lower impact on these parameters. Nevertheless, the
inoculation of the BC on wheat had positive effects at the early stages of growth, on plant
height (+1.6 cm), root depth (+11.9 cm), and spikes per square meter (+25 spikes m−2).
Moreover, the addition of the BC improved N acquisition by the plants, at different crop
growth stages, compared to uninoculated treatments. Finally, our results indicated that
reducing the N dose from 240 kg of N ha−1 to 120 kg of N ha−1 improved the NUE (27.5%
vs. 44.3%, respectively) of the crop. Hence, results of this preliminary study showed that the
incorporation of bacterial inoculants into the wheat crop requires a simultaneous adequate
N management, in order to obtain the desired positive effect on wheat productivity.

Keywords: bacterial consortium; wheat yield; sustainable agriculture; Bacillus; Priestia
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1. Introduction

Wheat and its derivates, among all crops, are the main source of calories and nutrients
to the human diet, grown in 70% of the world’s cultivated area, across a wide range of
edaphoclimatic conditions, which makes it the most significant grain crop worldwide [1,2].
The Yaqui Valley (birthplace of the Green Revolution) and the Mayo Valley are the main
farming regions of the State of Sonora, Mexico. In 2023, a total area of 253,414 hectares of
wheat was planted in these valleys, which has an average production of 1,893,260 tons,
representing 56% of national wheat production [3]. However, nitrogen-use efficiency (NUE)
of the wheat crop in this region has been reported in a range from 25.3 to 34.4% [4,5]. The
information above suggests that most of the N applied is lost in the environment through
runoff, leaching, deposition, volatilization, and/or denitrification. These cause alterations
in the ecosystems and biodiversity, and societal threats related to water, soil, and air quality,
greenhouse gas imbalance, adverse health conditions, and economic losses [6].

Considering the demands of the growing population, and the fact that 30% of the
costs of wheat production (2022–2023) in Mexico is used in fertilization [7], it is necessary
to optimize the use of synthetic fertilizers applied to this crop, while increasing its yield,
quality, and NUE [8]. Aiming to satisfy the 2050 estimated food demand, wheat yield needs
to increase at an annual rate of 2.4%, but the global average rate of wheat yield increase
was only 0.9% per year by 2013, while in Mexico, the annual rate for wheat increment was
1.1% [9]. Moreover, yield growth for the next 20 years in the Yaqui Valley is estimated to be
1.2% per year in the absence of sustainable technologies [10].

A sustainable and promising strategy to enhance plant growth, while increasing the
dependency on synthetic fertilizers and pesticides is the use of plant growth-promoting
bacteria (PGPB) [11]. These bioproducts have the potential to reduce the use of nitrogen,
phosphorus, and potassium fertilizers by 50% and to increase crop yield by up to ~10 to
30% according to recent studies [12]. These bacteria can promote plant growth through
direct mechanisms: (i) phytohormones modulation/production; (ii) 1-Aminocyclopropane-
1-carboxylate deaminase (ACC deaminase) synthesis; (iii) nitrogen fixation; and (iv) phos-
phate solubilization, as well as through indirect mechanisms, such as (i) antibiotic produc-
tion; (ii) lytic enzyme production; (iii) niche competition; (iv) endotoxin production; and
(v) mycoparasitism, or mechanisms with dual effects, such as (i) phytohormones produc-
tion; (ii) siderophores production; and (iii) quorum sensing [13].

To investigate the impact of inoculation and co-inoculation of rhizobacteria on durum
wheat growth and productivity in alkaline calcareous soil, Chami et al. [14] established
and compared four treatments during two agricultural cycles: an uninoculated control,
inoculation on wheat with a Paenibacillus polymyxa SGH1 strain, inoculation with P. polymyxa
SGK2, and their co-inoculation on wheat. Results showed that the co-inoculation of durum
wheat with P. polymyxa strains had positive effects on wheat morphological traits (collar
diameter, +16.9%; tillers plant−1, +89.8%; weight of rhizospheric soil/dry weight of roots,
+35.5%), yield (+41.1% in the first season and +16.6% in the second one) parameters, and
quality traits, compared to uninoculated treatments, as a result of a synergistic activity [14].

The three native bacterial strains with plant growth-promoting traits used in the
present experiment were isolated from the Yaqui Valley and have been studied by our
research team under laboratory and field conditions. Bacillus cabrialesii subsp. cabrialesii
TE3T is an endophytic strain isolated from wheat’s leaf tissue and reported as a novel
bacterial species [15]; Priestia megaterium TRQ8 (previously affiliated and reported as Bacillus
megaterium) and Bacillus paralicheniformis TRQ65 [16] were isolated from the rhizosphere
of wheat in commercial wheat fields. Rojas Padilla et al. (2020) [17] reported that TRQ8
was able to produce siderophores (production index of 8.17). They also determined the
solubilization index of insoluble phosphorus by TRQ8, TRQ65, and TE3T, which resulted
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in ranges from 1.37 to 1.43. Finally, they quantified the strains’ capacity to produce indoles,
with amounts that ranged from 8.21 to 39.29 μg/mL.

Moreover, it was demonstrated that the co-inoculation of TRQ8 and TRQ65 in
wheat increased their ability to promote growth in the early stages of development,
without antagonistic effects among them. Thus, their co-inoculation showed significant
(p < 0.05) increments on aerial length = 5.5%, root length = 10.5%, dry weight of the aerial
part = 60.7%, root dry weight = 82.3%, and biovolume = 17.6% [17].

In addition, Rojas-Padilla et al. (2022) [18], conducted a greenhouse assay, where
wheat seedlings were inoculated with alginate microbeads containing these strains, this
treatment improved biometric parameters (vs. the non-inoculated treatment), such as root
dry weight (13–77%), root length (8–19%), stem dry weight (31%), stem length (8–12%),
and chlorophyll content (7%).

Field assays over four wheat crop cycles in the Yaqui Valley demonstrated that in-
oculating the consortium with the strains TRQ8, TRQ65, and TE3T, and combined with
different fertilization doses, increased grain yield by 0.5 to 2.0 ton ha−1 compared to non-
inoculated treatments, while maintaining grain quality required by the industry [5,19]. In
those studies, N fertilization fractionated into three equal parts (33.3%). However, current
recommendations for wheat production in the Yaqui Valley are to apply N fertilization
in splits: 30%, 60%, and 10%; 30%, 50%, and 20%, or 30, 70%, and 0% (in sowing, stem
elongation, and booting), among others [20], and it is crucial to assess whether these N
management recommendations are compatible with the use of native microorganisms as
bacterial inoculants. Thus, this one-crop season study aimed to quantify the impact of
inoculating a bacterial consortium (BC) (Bacillus cabrialesii subsp. cabrialesii TE3T, Priestia
megaterium TRQ8, and Bacillus paralicheniformis TRQ65) under three urea doses (0, 120,
and 240 kg N ha−1) fractionated at 30%, 60%, and 10%, on grain yield, grain quality, and
NUE—through 15N-isotopic techniques—at different stages of development of durum
wheat (CIRNO C2008) in the Yaqui Valley, Mexico. It is crucial to assess the impact of
inoculation on a specific N management strategy in the short term, highlighting the key
findings for the studied traits. This is particularly relevant given that farmers are looking
for beneficial effects within a single growing season. This study serves as a starting point
for establishing broader, longer-term lines of research. The present findings can be used to
adjust the experimental design in subsequent cycles.

2. Materials and Methods

2.1. Edapho-Climatic Characteristics of the Study Site and Agronomic Management Conditions

The study was conducted during the fall–winter crop season (2 December 2021 to
22 May 2022) at the Experimental Technology Transfer Center (CETT-910) of the Insti-
tuto Tecnológico de Sonora (ITSON) in the Yaqui Valley, Mexico (Latitude: 27◦21′57.74′′

N, Longitude: 109◦54′55.91′′ W). Climatic conditions during the crop cycle included
589 accumulated chill hours, an average temperature of 18.6 ◦C (mean maximum tempera-
ture of 29.1 ◦C, and mean minimum temperature of 9.5 ◦C, see Supplementary Table S1),
total precipitation of 17.5 mm, and average relative humidity of 62.8% (REMAS, https:
//siafeson.com/remas/ accessed on 1 June 2022).

The physicochemical characteristics of the soil, macro, and micronutrients are shown
in Table 1. These values were determined following the protocols outlined in the Official
Mexican Standard NOM-021-SEMARNAT-2000. The nitrogen level reported in Table 1 was
calculated from the soil sample analysis at UC-Davis (described in Section 2.5) using an
Elemental Analyzer coupled with an Isotope Ratio Mass Spectrometer (EA-IRMS, Elementar
Analysensysteme GmbH, Hanau, Germany). Total nitrogen was estimated considering the
%N in the soil samples, converted into kg of N per hectare; accordingly considering the
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volume, bulk density, and the weight of the soil in 1 hectare. Finally, inorganic nitrogen
(the available form of N) was calculated by multiplying each value by 0.035, as 3 to 4% of
the total N in the Yaqui Valley soils is typically inorganic. The reported value represents an
average of 15 samples.

Table 1. Physicochemical and elemental soil analysis.

Property Value

Texture Clay soil (sand 45.4%, silt 17.1%, clay
37.5%)

Water content at saturation 48%
Electrical conductivity 1.8 dS m−1

pH 7.9
Organic matter content 1.00%

Calcium carbonates 0.10%
Hydraulic conductivity 1.0 cm h−1

Bulk density (30 cm) 1.2 g cm−3

Macronutrients Concentration (kg ha−1)

Inorganic N 183
P 52.7

Mg 2509.2
Ca 22,032
K 2376

Na 3024
Cation exchange capacity 41.8 mEq 100 g−1

Micronutrients Concentration (ppm)

Fe 7.2
Mn 15.4
Zn 0.5
Cu 1.2
B 0.7

The land was prepared using fallow and primary tillage, which included chiseling and
plowing. Durum wheat (Triticum turgidum L. subsp. durum), specifically the commercial
cultivar CIRNO C2008, was sown on 2 December 2021, using a seeder (SUB-24) with
three rows per furrow, at a seed density of 120 kg ha−1, under field conditions, following
the common wheat crop management of the Yaqui Valley on a vertisol soil—without
crop rotation.

Disease, insect, and weed management were carried out as follows (all products were
diluted in 40 L of water and applied using a backpack pesticide sprayer): for weed control
(broadleaf herbs), 2 L ha−1 of Paraquat 30.1% (Gramoxone SL 2.0, Syngenta, Basel, Switzer-
land) were applied 5 days before planting; once the crop germinated (13 days after sowing),
a mixture of 2,4-D dimethylamine salt 70.53% (Amina 6, AgroLucava, Celaya, Mexico)
(1 L ha−1) and Fluroxypyr: 1-methylheptyl ester 45.52% (Starane, Corteva, Seville, Spain)
(0.5 L ha−1) was applied. For the control of aphids, 80 days after sowing: Imidacloprid
18.8% + Lambda Cyhalotrin 13.6% (Corax SC, Lapisa, La Piedad, Mexico) (200 mL ha−1),
and to control leaf rust: Propiconazole 25.5% (Sanazole 250 EC, Velsimex, Mexico City,
Mexico) (600 mL ha−1).

Mono-ammonium phosphate (100 kg ha−1) was applied by broadcasting on the
sowing date, and urea was applied in bands and fractionated as follows: 30% during
pre-planting, 60% at the first irrigation, and 10% at the second irrigation. The irrigation
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water was 14 cm, and the irrigation time was 12 h. Harvest occurred 171 days after sowing
(Figure 1).

Figure 1. Timeline of the fieldwork developed during the wheat crop cycle.

2.2. Experimental Arrangement of the Field Experiment

The experimental design consisted of a split-plot (6.4 m × 10 m each plot) arrangement
of six treatments [three (urea) fertilization doses (0, 120, and 240 kg N ha−1) with and
without the inoculation of the studied bacterial consortium (BC)], each replicated four
times. Each plot contained an internal microplot (2.4 m × 2 m) exclusively designated for
the application of 15N-isotopically enriched urea at 1 atom % 15N, following the rates of
120 and 240 kg N ha−1. Urea of 5.09 atom % 15N (Shanghai Research Institute of Chemical
Industry Co., provided by the International Atomic Energy Agency), was isotopically
diluted with conventional urea (with a natural abundance of 15N) to achieve the desired
enrichment of 1 atom % 15N as stated in the equation described by Zapata and Axmann
(1990) [21]. Urea with an enrichment of 1 atom % 15N was then used in this experiment.

2.3. Bacterial Consortium

The native bacterial consortium consisted of Bacillus cabrialesii subsp. cabrialesii TE3T,
Priestia megaterium TRQ8, and Bacillus paralicheniformis TRQ65. These strains are currently
cryopreserved at −80 ◦C in nutrient broth (NB) culture medium with glycerol (30%), at
Colección de Microorganismos Edáficos y Endófitos Nativos (COLMENA, www.itson.mx/
COLMENA, accessed on 24 October 2024).

Each bacterial strain was pre-cultured individually on Petri plates with Nutrient Agar
(MCD Lab, Cat. 7141) and incubated at a temperature of 28 ◦C for 24 h. Each strain was
also pre-inoculated in a minimal salt medium [in a volume of 20 mL, composed of glucose,
10 g L−1; KH2PO4, 6.4 g L−1; K2HPO4, 5.32 g L−1; (NH4)2 SO4, 4 g L−1; 0.4 g L−1 of
MgSO4·H2O; 0.03 g L−1 of FeSO4·7H2O; 0.044 g L−1 of MnSO4·H2O; and 0.021 g L−1 of
CaCl2], with a period of incubation of 24–48 h, at 180 rpm and a temperature of 28 ◦C, until
an optical density (absorbance at the wavelength of 630 nm) of ~1.0 was reached. Later,
strains were inoculated in 500 mL of the same minimal salt culture medium individually,
under the same conditions for 48 h, until reaching ≥1 × 107 cell mL−1.

The three bacterial strains (≥1 × 107 cell mL−1) were combined to form a consortium
and were fermented in a BIOSTAT A bioreactor (Sartorius Stedim Biotech, Göttingen, Ger-
many) in 5 L of a synthetic mineral medium composed of 20 g L−1 of glucose, 6.4 g L−1

of KH2PO4, 23.44 g L−1 of K2HPO4, 8 g L−1 of (NH4)2 SO4, 0.8 g L−1 of MgSO4·H2O,
0.06 g L−1 of FeSO4·7H2O, 0.088 g L−1 of MnSO4·H2O, 0.126 g L−1 of CaCl2, and
Na3C6H5O, 10.08 g L−1. The bacterial consortium was fermented for 48 h, at the fol-

40



Appl. Sci. 2025, 15, 1429

lowing conditions: temperature of 37 ◦C, pH of 7.0, agitation of 400 rpm, with constant air
flow of 0.75 vvm, and silicon antifoam addition (30% p/v).

The number of viable bacterial cells was quantified as colony-forming units per
milliliter (CFU mL−1). Once a density of 1 × 1010 CFU mL−1 was obtained, the inoc-
ulant was applied to the crop (300 mL by each row of 0.8 m × 10 m long), manually
directly to the soil (1 × 109 cells plant−1) at the sowing date; 11 days after sowing (wheat
emergence); 45 days after sowing (tillering stage), hours before the first irrigation; and
80 days after sowing (milk stage of development) before the second irrigation (Figure 1).

2.4. Measurement of Yield and Quality Parameters

The measurements of spikes m−2 (n = 12 per treatment), spike length (n = 36 per
treatment), and the number of grains per spike (n = 62 per treatment) were registered
at physiological maturity (pre-harvest). At the harvest, discarding the furrows of the
edges, wheat biomass was collected manually using sickles, from the center of each plot.
Every sheaf of wheat (per plot/replicate) was weighed on a scale (to estimate the total
aboveground biomass), and then their grains were weighed after using a wheat threshing
machine (to record grain weight per sample (n = 12 per treatment), considering the percent-
age of moisture at harvest, which was 8.8%). Then, straw yield and grain yield (adjusted to
14% moisture) were estimated, extrapolating each weight per area to tons per hectare. The
harvest index was calculated by dividing grain yield by above-ground biomass (n = 12 per
treatment). Hectoliter weight (n = 12) and 1000-grain weight of grains samples of each plot
(n = 12) were estimated with a SeedCount Digital Image Analysis System SC5000 (Next
Instruments, Sydney, Australia). On the other hand, a DA 7200 NIR analysis system (Perten
Instruments, Sweden) was used to measure the percentage of grain (n = 12) protein at 12.5%
humidity by near-infrared spectroscopy, which was calibrated based on official methods
AACC 39-10.01 and 45-15.01 [22]. Additionally, wholemeal yellowness (Minolta b* value)
was estimated utilizing a colorimeter (Konica Minolta, Tokyo, Japan) (n = 12); the SDS
sedimentation index (n = 12) was calculated by dividing the SDS sedimentation volume by
the sample protein content; sodium dodecyl sulfate (SDS) sedimentation volume (n = 12)
was determined according to the method of Peña et al. (1990) [23].

2.5. 15N-Nitrogen-Use Efficiency

To estimate 15N-nitrogen-use efficiency with isotopic techniques of plant, straw, grain,
and soil, samples were collected from the 15N microplots (from the central furrow: an
internal area of 0.8 m × 1 m, after excluding the edges) [21]. The collection of plant samples
was before each fertilization event (45 and 80 days after sowing, in the tillering stage and
the milk stage of development, respectively). Straw, grain, and soil samples were collected
at harvest from the same internal sampling area of the microplot. The soil was collected at
30 cm depth, dried at room temperature, and sifted with a No. 100 mesh sieve (to achieve a
particle size of 0.149 mm). Plant, straw, and grain samples were milled to obtain smaller
sample sizes (straw and plant particle size <2 mm, grain particle size <0.3 mm).

All 15N-enriched samples were processed in the Department of Plant Sciences of the
University of California, at the Stable Isotope Facility (SIF) in Davis, with a continuous flow
Elemental Analyzer coupled with an Isotope Ratio Mass Spectrometer (EA-IRMS). The
equipment determined the percentage of 15N atoms on all samples (plant, soil, straw, and
grain; a 15N-enriched urea sample was used as a control). Then, the NUE in the samples
was calculated according to Zapata and Axmann (1990) [21], obtaining the nitrogen derived
from the soil (Ndfs), subtracting the nitrogen derived from the fertilizer (Ndff), from the
total N in the sample.
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2.6. In Vitro Assay of the Microbial Consortium Response to Different Rates of N and C
(Ammonium Sulfate and Glucose)

To determine the influence of varying carbon and nitrogen concentrations in the
culture medium on the growth of the consortium strains, nine treatments comprising
three replicates of three distinct N (ammonium sulfate) and C (glucose) concentrations
were established in Elisa plates. Each strain of the bacterial consortium (Bacillus cabrialesii
subsp. cabrialesii TE3T, Priestia megaterium TRQ8, and Bacillus paralicheniformis TRQ65)
was inoculated and fermented in individual centrifuge tubes with 15 mL of a synthetic
mineral medium, of composition previously mentioned in the preparation of the bacterial
consortium for the field application [glucose, 10 g L−1; KH2PO4, 6.4 g L−1; K2HPO4,
5.32 g L−1; (NH4)2 SO4, 4 g L−1; 0.4 g L−1 of MgSO4·H2O; 0.03 g L−1 of FeSO4·7H2O;
0.044 g L−1 of MnSO4·H2O; and 0.021 g L−1 of CaCl2], at 30 ◦C and 180 rpm, for ~24 h,
until reaching an optical density of ~1.0 (630 nm). Then, they were co-inoculated and
co-fermented in a flask with 1 L of the synthetic mineral medium at the same conditions as
the preinocula. After the optical density reached ~1.0, 0.1 mL of the inoculum was added
to each well of the Elisa plates.

The base conditions of N and C were the original synthetic mineral medium, which
was developed and selected due to the observed optimal growth of the microorganisms in
the culture medium in those conditions. A total volume of 1 mL of the mineral medium
was added to each well to establish the treatments. Later, proportional amounts of glucose
and ammonium sulfate were added (Table 2) to form the treatments (3 replicates each one)
that were (i) low N + low C; (ii) low N + medium C; (iii) low N + high C; (iv) medium
N + low C; (v) medium N + medium C; (vi) medium N + high C; (vii) high N + low C;
(viii) high N + medium C; and (ix) high N + high C.

Table 2. Necessary concentrations of ammonium sulfate and glucose to establish each treatment.

Component
N or C Content in the

Treatment
Desired Composition

(g/L)

Additional Mass to
Make Up the

Treatment (g/L)

Additional Mass to
Make Up the Treatment

in Each Well of 1 mL
(g/1.0 mL)

(NH4)2SO4 Low N 4 0 0
(NH4)2SO4 Medium N 9.6000 5.6000 0.0056
(NH4)2SO4 High N 19.2000 15.2000 0.0152
C6H12O8 Low C 10 0 0
C6H12O8 Medium C 20 10 0.0100
C6H12O8 High C 27.7778 17.7778 0.0178

The optical density of all treatments was measured at 630 nm each hour for 21 h. At
14 h, when all treatments reached a value of absorbance of around 1.0, a serial dilution
technique was used (0.1 mL of the sample in 0.9 mL of sterile water) to count the number
of cells and spores (10−4 and 10−5) and to count only spores (10−1 and 10−2, raising the
temperature to 80 ◦C for 15 min). Then, 0.1 mL of each dilution was added to Petri dishes
with nutrient agar (5 g L−1 of peptone, 3 g L−1 yeast extract, and 15 g L−1 of bacteriological
agar) and incubated for 24 h and 37 ◦C. The colony-forming units per milliliter (CFU mL−1)
were quantified for each treatment.

2.7. Statistical Analysis

Data components were processed with a two-way analysis of variance (ANOVA) in Info-
Stat, considering the nitrogen level (kg N ha−1 of nitrogen applied), the bacterial consortium,
and their interactions as mixed factors. All factors were normally distributed (Shapiro–Wilk
test). Levene’s test of homogeneity of variances indicated that there are no significant dif-
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ferences between the variances of the treatments. Statistical results were validated with a
significance level of p < 0.05 and p < 0.01. Differences between the parameters’ means were
assessed using Duncan’s Multiple Range Test at a 95% confidence level.

3. Results and Discussion

The inoculation of the BC caused a significant increase (p < 0.05) in plant height
on treatments of 0 and 240 kg N ha−1 vs. the uninoculated ones at the same N rate
(Supplementary Table S2). Plant height was positively impacted by the inoculation of
the bacterial consortium, as well as by the reduction in N fertilization to 0 kg N ha−1

(Table 3). Similarly, a remarkable tendency of higher values of root depth in all the inoc-
ulated treatments vs. uninoculated was observed (from 12.1 cm more) (Table 3). These
positive outcomes could be due to the previously observed positive effects of the studied
BC, for example, indole-3-acetic acid (IAA) biosynthesis, which is involved in several phys-
iological processes, such as cell elongation and division, tissue differentiation, germination
stimulation, influences root development, photosynthesis, pigment formation, biosynthesis
of metabolites, and resistance to stress conditions [24]. In addition, strains contained in
the studied BC can solubilize phosphate into a more accessible form to be absorbed by
wheat plants. Phosphorus, as a macronutrient for crops, is the second most important
mineral, an elemental component of nucleic acids, nucleotides, phospholipids enzymes,
and coenzymes. Thus, it is involved in numerous physiological and biochemical reactions,
such as photosynthesis, root and stem development, formation of flowers and seeds, crop
maturation, and resistance to some diseases [25,26]. Furthermore, Valenzuela-Ruiz et al.
(2019) [16] demonstrated significant increments in shoot height (26%), root length (36%),
shoot dry weight (100%), stem diameter (53%), and biovolume index (146%) when strain
TRQ65 was inoculated in wheat (vs. uninoculated wheat plants). Also, P. megaterium TRQ8,
B. cabrialesii subsp. cabrialesii TE3T, and B. paralicheniformis TRQ65 share more than 50% of
biofertilization-related genes associated with CO2 fixation, N and Fe acquisition, phosphate
and K solubilization, and P assimilation, as well as genes related to the production of
siderophores and stress response [5].

The number of spikes per square meter in all inoculated treatments resulted in optimal
values for high wheat yield (200–300 spikes m−2), without significant differences among
them (Supplementary Table S2) [27]. However, a significant and positive effect of the inocu-
lation of the BC was observed in this study (25 more spikes per square meter) compared
to the uninoculated ones (Table 3); for example, a significant increase (p < 0.05) of 16.7%
in spikes m−2 was observed in the 120 kg N ha−1 treatment when the CB was inoculated
(Supplementary Table S2). Also, not applying N fertilization caused a positive impact on
this trait, compared to 120 and 240 kg N ha−1 applied (Table 3). In the case of grains per
spike, this parameter increased with the highest doses of N applied (55 grains per spike,
vs. 51 and 52, Table 3).

In this sense, Oksel et al. (2022) [28] reported that the individual inoculation of seven
Bacillus strains on wheat in Turkey, compared to an uninoculated control, the inoculation
led to an increase in biometric traits; however, the inoculation of the Bacillus strains did not
show significant increments in the number of grains per spike, suggesting that the positive
effect of the inoculation of these strain on wheat yield could be through regulating several
physiological traits.
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In our essays, spike size significantly increased by 9% (p < 0.05) on the 240 kg N ha−1 + CB
treatment compared to the uninoculated treatment at the same rate of N (7.2 vs. 6.6 cm,
Supplementary Table S2), but in the unfertilized treatments (0 kg N ha−1) a decrease of
7.7% was observed in the inoculated vs. uninoculated treatment (6 vs. 6.5 cm). In this
sense, this trait was more influenced by the application of higher doses of N (240 kg N
ha−1), than by the inoculation of the BC (Table 3).

Regarding grain yield, a significant (p < 0.05) increase due to the inoculation of the BC
was observed at 240 kg N ha−1 (7.06 vs. 6.48 tons ha−1). On the other hand, a decrease of
1.26 ton ha−1 was observed by the inoculation of BC vs. the uninoculated treatment under
0 kg N ha−1 (Supplementary Table S2). In general, in this crop cycle, the doses of N had
a greater impact on grain yield than the inoculation of the bacterial consortium (Table 3).
This effect of inoculation of the BC on wheat contrasts with that observed in previous field
experiments carried out by our group, under similar field conditions. Ayala-Zepeda et al.
(2024) [5] reported that the inoculation of strains TRQ8, TRQ65, and TE3T to durum wheat
resulted in a yield increase of 1.1 ton ha−1 under 0 kg N ha−1 (123 kg N ha−1 as residual
in the soil) compared with its uninoculated control, and an increment of 2.0 ton ha−1

under 120 kg N ha−1 (104 kg N ha−1 a residual in the soil) compared with uninoculated
treatment. Our essay was carried out at the same location, agricultural practices, and N
applied, as well as similar soil physical properties and climatic conditions compared with
Ayala-Zepeda et al. (2024). However, in the present study, the N content in the soil on the
sowing date was 183 kg N ha−1, and the N was fractionated differently at 30, 60, and 10%,
in comparison with 33%, 33%, and 33% used by Ayala-Zepeda et al. (2024) [5].

Another distinct finding was reported by Ibarra-Villarreal et al. (2023) [19], who
inoculated a bacterial consortium (Bacillus subtilis TSO9, Bacillus cabrialesii subsp. tritici
TSO2T, Bacillus subtilis TSO22, Bacillus paralicheniformis TRQ65, and Priestia megaterium
TRQ8), to durum wheat in the same location, under the same agricultural practices, three
different N rates applied, and similar soil and climatic conditions, obtaining a increment
of 1 ton ha−1 in grain yield in the inoculated treatment under 130 kg N ha−1 (medium N
fertilization) compared to the uninoculated control.

Various studies have shown increases in crop productivity, yield parameters, or
nitrogen-use efficiency with the inoculation of plant growth-promoting bacteria under
medium doses of N fertilization. Gaspareto et al. 2023 [29] tested the co-inoculation of
winter wheat with Azospirillum brasilense and Bacillus subtilis under five N doses (0, 40,
80, 120, and 160 kg ha−1, applied from urea) in Brazilian Cerrado. They suggest that
N fertilization can be reduced by application of those strains under a no-tillage system;
their results show that a medium rate of fertilization of 80 kg ha−1, nitrogen-use efficiency,
grain N accumulation, and number of grains spikes−1 were significantly increased. On
the other hand, Pardo-Díaz et al. (2021) [30] found that the effect of PGPB inoculation on
plant growth was observed only with 50% of the N fertilization dose. Moreover, Saia et al.
(2015) [31] found that durum wheat inoculation with arbuscular mycorrhizal fungi (AMF)
and plant growth-promoting rhizobacteria (PGPR) (alone or in combination) improved
plant growth, and N uptake, in comparison with uninoculated controls.

According to these results, regarding the use of bacterial inoculants as a sustainable
alternative to wheat production, not only is the nitrogen fertilization dose important, but
so is fractionation or the N split application (the total N at specific stages of wheat growth).
Moreover, in earlier works, we proposed that positive effects on wheat yield in the Yaqui
Valley inoculated with the bacterial consortium used in this study are most likely to be
observed with total N concentrations of 123–225 kg N ha−1, considering soil N content and
N from fertilization (but with a different N split application: 33% at the sowing date, 33%
with the first irrigation event, and 33% with the second irrigation) [5]. In this sense, in this
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crop cycle, the treatments of 120 and 240 kg N ha−1 applied surpass this range (adding
183 kg N ha−1 of the soil).

It has been observed that as N levels surpass 225 kg N ha−1, wheat yield and produc-
tivity begin to decrease, which may be due to exceeded crop nutrient requirements, as well
as adverse effects on the photosynthesis rate and grain filling potential in cereal crops [32].
Thus, high doses of N in the soil, along with low efficiency, can cause toxicity, salinity, and
pollution of soils and water bodies [33]. Also, it has been reported that N fertilizer input
in the short term altered the soil NO3

– contents, consequently impacting negatively the
predominant rhizosphere soil bacterial species [34].

In agricultural soils, high doses of N affect growth and some beneficial effects of plant
growth-promoting microorganisms [13] and decrease microbial functional diversity [35].
In general, fertilization changes the activity and community structure of soil microorgan-
isms [34,36]. In this sense, results of varying carbon and nitrogen in vitro essay (and the
inoculation of the BC that was used in the field), showed that the highest sporulation
occurred with the highest nitrogen content in the medium, and with the three different C
contents (4.90 × 104 UFC mL−1, 1.07 × 105 UFC mL−1, 4.80 × 104 UFC mL−1: low, medium,
and high, respectively) (Figure 2). Although this dormant state (endospore formation) is a
desirable trait for the development of cost-effective microbial inoculants, microorganisms
also produce spores as a survival mechanism to adverse environmental conditions and
different types of stress, resulting in a metabolically inactive state [37].

Figure 2. The growth response of the microbial consortium to varying rates of nitrogen and carbon,
as detailed in Table 2: (A) Quantification of colony forming units (CFU) per milliliter, including both
cells and spores. (B) Quantification of colony-forming Units (CFU) per milliliter of spores following a
15 min thermal shock treatment.

The above could be a factor limiting the BC beneficial effect at high N doses, con-
sidering that there are certain important growth stages of wheat where fertilization and
the application of the BC are synchronized and where plant growth-promoting activity is
crucial to observe positive impacts on plant biometric parameters, yield, and quality. These
results suggest that these strains could be forming endospores when high quantities of
N are applied to the soil, instead of being in an active state at those specific and critical
moments (sowing date, tillering stage, booting stage, among others).

Thus, medium rates of nitrogen are required for adequate BC growth, since the
consortium strains resulted in 7.40 × 107 UFC mL−1 (with low C), 6.90 × 107 UFC mL−1

(with medium C), and 1.06 × 108 UFC mL−1 (along with high C) cells and spores; also, in
2.80 × 103 UFC mL−1 of spores with high C content, and 7.60 × 103 UFC mL−1 of spores
with medium C content (Figure 2).

Other studies have shown how high N fertilization rates affect soil microbial flora.
Perez et al. [38] studied the influence of nitrogen in soil microbial population of a Coffea
canephora Pierre cultivation and found that the application of 90 and 135 kg N ha−1 resulted
in the highest values of bacteria populations (116–139 × 107 CFUg−1); 150 kg N ha−1
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reduced the populations to their initial state (107 × 107 CFUg−1); and the highest rate
of fertilization, 200 kg N ha−1, depleted the populations of bacteria to 50 × 107 CFUg−1.
In comparison with Pardo-Díaz et al. [30], who evaluated Herbaspirillum sp. AP21 and
Azospirillum brasilense D7 (without inoculation, individual, and in combination) with 50%
and 75% of urea, vs. controls without PGPB with 0% and 100% of urea on a Perennial
ryegrass (Lolium perenne L.) var. One 50 and red clover (Trifolium pratense L.) intercropping
system, they reported that the inoculation of the PGPB decreased the rhizosphere bacterial
diversity, but nitrogen doses did not cause significant changes in the bacterial community.

Regarding the quality of the grain, the traits of hectoliter weight and protein percentage
(Table 4) were positively (p < 0.05) impacted by the increased doses of applied nitrogen
dose, more than the inoculation of the studied bacterial strains (Table 4). Similarly, Lerner
et al. [39] reported that the protein content in grains of different Argentine varieties of
bread wheat was highly dependent on the level of N.

Concerning the trait of 1000-grain weight, no significant difference was observed
among treatments due to the inoculation of the BC (Table 4), and it has been stated that
increases in spikes per m2, 1000-grain weight, and number of grains per spike are necessary
to achieve an increment of wheat yield [40]. This indicator is consistent with the yields
obtained (except for the lowest two values when 0 kg N ha−1 was applied) (Supplementary
Tables S1 and S2). The range between all results of Minolta b* values of yellowness was
14.20 to 14.73 (Supplementary Table S3), without a significant effect due to the inoculation
of the BC, and a tendency of higher values with increasing N rates (Table 4). These results
were coherent, as this quality trait is reported to be more stable in different conditions and
mainly genetically determined [41]. All values of yellowness in this study met the quality
requirements for this wheat variety [42].

However, a low protein percentage in general (among all treatments) was observed,
which is the main trait considered to define an appropriate wheat grain quality for indus-
trial purposes in the region. This effect could be due to low N availability in advanced
stages of growth (e.g., heading or grain filling) and N was not available for a beneficial
impact on quality (protein), considering that the last fractionation of N was 10% in the
grain filling stage. It is important to highlight that wheat gluten is composed of proteins di-
vided into gliadins (responsible for dough extensibility and viscosity) and glutenins (main
determinants of dough strength), which must be in balance to achieve desirable quality
characteristics. Therefore, it has been reported that the γ-gliadin gene family is largely
regulated by the N supply in the course of wheat grain development [43,44]. Otherwise,
Lerner et al. (2016) [39] reported that the relationship between dough extensibility and
recovery efficiency of N in grain was more related to the partition of N to harvestable
destinations than to the absorption of N from the soil.

In summary, the inoculation of the bacterial consortium had no significant effect on
the studied quality parameters, which were more stable and/or influenced by different
N doses. Although beneficial bacteria have the potential to improve plant growth and
fertilizer uptake, excess nitrogen can induce sporulation and limit their metabolic activity at
critical stages of crop development. This highlights the importance of properly managing
nitrogen doses to maximize the benefits of microbial inoculants in crops.

In this study, it was demonstrated that fertilization of 120 kg of N ha−1 is more efficient
(NUE: 44.32%) than the full fertilization dose of 240 kg of N ha−1 (NUE: 27.51%) (Table 5),
due to a lower amount of N fertilizer applied. Although the N derived from the fertilizer at
physiological maturity (Figure 3) was quantitatively higher in the 240 kg N ha−1 treatments
(69.1 ± 30.3 kg ha−1 and 62.9 ± 11.5 kg N ha−1) compared to the 120 kg of N ha−1 treatments
(52.4 ± 7.6 kg ha−1 and 54.0 ± 23.2 kg ha−1), the difference was not statistically significant.
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Figure 3. Effect of nitrogen dose and the inoculation of a bacterial consortium on nitrogen-use
efficiency (15N) at different durum wheat growth stages. 1 atom % 15N excess labeled urea was
applied at planting (30%), 45 days after sowing (60%), and 80 days after sowing (10%) at two different
rates of N, with and without the inoculation of a bacterial consortium (BC) formed by Bacillus
cabrialesii subsp. cabrialesii TE3T, Priestia megaterium TRQ8, and Bacillus paralicheniformis TRQ65.
‘Total N applied up to that stage’ is the sum of N applications per hectare before the date of the
collection of that sample in that stage of development; ‘Nitrogen-use Efficiency’ is the percentage
of the applied nitrogen fertilizer that was recovered by the crop. Different letters in the same row
indicate a significant difference, using the Duncan test (p < 0.05).

Silveira et al. [45] studied the impact of three diazotrophic endophytic bacteria, IAC-
AT-8 (Azospirillum brasilense), IAC-HT-11 (Achromobacter insolitus), and IAC-HT-12 (Zoogloea
ramigera), on the metabolism, physiology, and growth of wheat (Triticum aestivum hard L.)
plants under different levels of nitrogen urea: 0%, 50%, and 100% of the recommended
N-fertilizer rate. They found increases in glutamine synthetase (GS) activity in 0% and 50%
of the fertilizer (which also exhibited an increment in nitrate reductase—NR—activity) in
plants colonized by A. insolitus. The GS activity is studied as an auxiliary parameter for
the evaluation of N utilization; its increase is related to increments of N content and dry
weight of shoot, root, and/or grain.

As previously mentioned, recent works by our group have demonstrated a positive
effect of the BC on wheat yield at total N concentrations of 123–225 kg N ha−1 in the
soil, maintaining good grain quality [5], emphasizing significant differences in inocu-
lated treatments vs. their uninoculated controls (fractionating N: 33%, 33%, and 33% at
each fertilization event). Also, increases in nitrogen-use efficiency (14 and 12.5%) at two
consecutive agricultural cycles 2018–2019 and 2019–2020 were observed when the N fertil-
ization dose was 120 kg N ha−1 (uninoculated and inoculated; NUE of 39.3 and 36.3% in
2018–2019; 46.9 and 42.8% in 2019–2020) vs. the total N rate fertilization of 240 kg N ha−1

(both uninoculated and inoculated; NUE of 25.3 and 26.3% in 2018–2019; 34.4 and 21% in
2019–2020) [5].

It is worth noting that fertilization at planting, measured at the tillering stage (Figure 3),
showed a very low NUE, with values no higher than 11.9 ± 4.6%, and as low as 3.1 ± 0.6%.
During this stage, more N was derived from the soil (from 11.5 ± 2.9% to 23.9 ± 4.7%). This
effect could be attributed to the fertilization method, where urea is surface-applied in bands
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without irrigation at sowing, combined with root architecture that makes soil-derived N
more accessible. These factors likely result in greater N losses from the fertilizer during
early growth stages [46].

When high quantities of N are applied at early stages (with low plant uptake capacity),
N losses from the soil–plant system are enhanced, which leads to low N recovery efficiency
and low yields [32]. In this sense, it is important to note that in this study, when fertilizing
with half the recommended N rate with the inoculation of the BC (120 kg N ha−1 + BC)
significantly fewer nitrogen losses are observed (47.22%) compared to when wheat was
fully fertilized (240 kg N ha−1, 65.85%, Table 5 and Supplementary Table S4).

Moreover, it has been reported that the application of 20 to 40% less N (as compared
to the recommended dose) can cause a significant increment in NUE of the wheat crop
without affecting the yield, and it can reduce N losses [46]. However, at the tillering stage
and physiological maturity (Figure 3), all inoculated treatments had a higher total N (from
both soil and fertilizer), compared to the uninoculated controls at the same dose. By the
milk stage, inoculation of the BC with 120 kg of N ha−1 also resulted in higher total N
compared to the uninoculated treatment.

It has been reported that PGPB have a great impact on nitrogen use by increasing
nitrate (NO3

−) uptake capacity, whether it is by the direct stimulation of NO3
− transport

systems, or as a result of stimulated lateral root development [47].
Moreover, all treatments at the three studied physiological stages (except the treatment

of 240 kg N ha−1, uninoculated, at the milk stage) took more nitrogen from the soil than
from the fertilizer (Figure 3), which represents another indicator of the importance of
diminishing N fertilizer rates and/or to improve their management, showing, that the use
of sustainable agricultural practices is essential.

It is important to highlight that the present investigation is not only about applying
the PGPB but also about identifying the suitable conditions that would guarantee their
maximum efficiency in the field. One of them is nitrogen management (the dose and
fractionation of the applied N). Since there are no significant differences in some parameters
due to the inoculation of BC (as the results observed in earlier works [5,19]), the main
findings are that the same microorganisms depending on the dose and fractionation of N
may or may not have the desired beneficial effect on wheat productivity.

Although conducted over a single agricultural cycle, this study lays the foundation for
future research aimed at strengthening the analysis of the observed phenomena through
different lines of research. Furthermore, these findings are crucial to refining recommenda-
tions on the BC application in conjunction with proper N management, offering farmers
potential savings from fertilizer inputs or increased profits from higher wheat productivity
in individual crop cycles, while promoting more sustainable practices.

Given that, to increase wheat productivity sustainably, two approaches are of im-
portance: management practices (including crop rotation, cover crops, integrated pest
management, N rate, N source, right moment of N fertilization, and N place of application,
among others) and plant breeding (developing improved cultivars with desired traits such
as tolerance to biotic and abiotic stresses, or high yield and quality, to mention a few).
However, to guarantee the expression of genetic potential, most wheat breeding trials
are carried out with high levels of N [48]. In this sense, it is recommended to continue
testing crop cultivars with low N environments, along with sustainable alternatives such
as the inoculation of native microorganisms, to explore their performance on N-limiting
conditions, and to harness the potential of the strains, since it has been well documented
that the beneficial effect of PGPM on crops is mostly presented with lower doses of N.
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4. Conclusions

Bacterial inoculants based on PGPB represent a sustainable alternative to increase
crop productivity and diminish the dependence on synthetic inputs, such as nitrogen
fertilizers. However, their effectiveness depends not only on the target crop and the
microbial inoculant characteristics but also on soil and environmental conditions, as well
as management practices. In this regard, the inoculation of wheat with the bacterial
consortium used in this study (Bacillus cabrialesii subsp. cabrialesii TE3T, Priestia megaterium
TRQ8, and Bacillus paralicheniformis TRQ65) had positive effects on the early growth stages,
plant height, root depth, and spikes per square meter parameters (when the plants are
fertilized at sowing with a fraction of 30% of the total N). However, no increases in grain
yield due to the inoculation of the BC were observed when fertilization was reduced
completely or by half (0 or 120 kg N ha−1; as already observed in other crop cycles and
studies conducted by our research group). This was probably due to the high residual N
soil content (183 kg N ha−1) along with the fractionation of N fertilization by 30%, 60%. and
10% (in sowing, stem elongation, and booting), due to the high N input when fertilized with
60% at stem elongation. Furthermore, the BC had no significant effect on the studied quality
parameters, which were more stable and influenced by different N doses. Nevertheless,
the inoculation of the bacterial consortium on wheat caused more N acquisition from both
sources: soil and fertilizer, at different N fertilization rates and growth stages.

Fertilization had a significant effect on nitrogen-use efficiency (NUE) of the whole
plant: 120 kg of N ha−1 was more efficient (NUE: 44.32%) than the full fertilization dose
(NUE: 27.51%). Consequently, significantly greater losses of N from the soil-plant system are
observed when wheat was fully fertilized (240 kg N ha−1, 65.85%) compared to fertilization
with half the recommended N rate with the BC inoculation (120 kg N ha−1 + BC, 47.22%).

Overall, when incorporating the studied bacterial inoculant into wheat crops, it is es-
sential to use appropriate agricultural practices, including N management of no more than
225 kg N ha−1 (from both soil and fertilizer) and opt for a nitrogen fertilizer fractionation
of 33%, 33%, and 33%. This short-term experiment lays the groundwork for develop-
ing more comprehensive and long-term studies that will elucidate effective management
practices compatible with bacterial consortium inoculation, ultimately contributing to
sustainable agriculture.
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mdpi.com/article/10.3390/app15031429/s1, Supplementary Table S1. Additional climatic conditions
during the crop cycle; Supplementary Table S2. Wheat quantitative traits of yield and harvest indexes;
Supplementary Table S3. Wheat quality traits of the studied treatments; Supplementary Table S4.
Nitrogen (15N) uses the efficiency of wheat under two different doses of urea and the inoculation of a
native bacterial consortium.
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Abstract: Iron is one of the necessary trace elements for plant growth and the human body. The
‘hidden hunger’ phenomenon in the human body caused by an imbalance of iron in soil is increasingly
prominent. Addressing this issue and optimizing soil through regulatory measures to improve the
absorption and utilization of iron by crops has become an urgent priority in agricultural development.
This study carries out pot experiments to observe the growth process of Triticum aestivum L. under
various soil iron environments. Combined with previous research results, the transport mechanism
of iron in the soil—Triticum aestivum L. system was systematically explored. The results indicate that
during the jointing and maturity stages of Triticum aestivum L., iron was preferentially enriched in the
underground parts; at the maturity stage, the iron content in various organs of Triticum aestivum L.
shows a trend of increase followed by a decrease with the soil iron content varying in the following
sequence: deficient, moderately deficient, medium, moderately adequate, and adequate. The iron-
deficient stress environment causes an increase in the effectiveness of rhizosphere iron, resulting in a
higher level of iron in the plant stems, leaves, and seeds. Conversely, when the soil iron content is
medium or adequate, the effectiveness of rhizosphere iron decreases, leading to a reduction in the
iron content in each part of the plant. A concentration gradient of 7.2 mg/kg in the experimental
setup is found to be the most favorable to the enrichment of iron in the shoots of Triticum aestivum L.
plants. The findings of this experiment provide guidance for the fertilization strategy to mitigate iron
deficiency symptoms in plants under similar acidic-alkaline conditions of soil, as well as a systematic
mechanism reference and basis for studying the soil-plant-human health relationship.

Keywords: Triticum aestivum L.; soil; iron; transport; mechanism

1. Introduction

One of humanity’s greatest challenges is how to sustainably feed a large population,
especially in China [1,2]. Triticum aestivum L. is one of the most important grain crops in the
world [3], and increasing its yield is an effective way to solve the problem of food shortage
caused by rapid population growth [4,5]. As crop yields continue to improve, the usage of
traditional organic fertilizers to increase the availability of major nutrients (N, P, and K) has
been increasing. However, effective supplementation of trace nutrients necessary for plant
growth (particularly for iron) is neglected in large production systems [6–8]. The utilization
of these conventional fertilizers, which usually lack iron, can lead to iron deficiency in
the soil-plant system. Such a deficiency not only decreases agricultural yields but also
impacts human health through “hidden hunger”, an insidious form of micronutrient (Fe)
deficiency that can hinder growth, weaken immune function, and lead to anemia [9,10].
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Iron deficiency in soil-plant systems is a widespread challenge in agricultural production
worldwide and a scientific issue that needs to be further addressed.

Iron is a metal element that is widely distributed in nature, with a high abundance in
the Earth’s crust. The total iron content in soil typically ranges from 1% to 10%. However,
it is not readily available because of its low solubility [11]. According to statistics, potential
iron deficiency affects approximately 40% of the world’s arable land [12]. Iron is an
essential trace mineral element for the growth and development of plants. It serves as
an integral component of vital enzymes, including cytochrome, cytochrome oxidase, and
catalase [13]. When the soil is deficient in iron, it significantly impacts the growth and
development of crops [14], leading to reduced yield and quality [15]. Two methods, leaf
spraying iron fertilizer and soil micro-fertilizer, are commonly employed to resolve the
symptoms of iron deficiency in Triticum aestivum L. in soils. It has been shown that the
micro-fertilizer of iron carrier chelates is not affected by the pH value and Ca++ ion
concentration of soil medium, which is of great significance for calcareous and alkaline
soils [2,16]. However, excessive application of soil micro-fertilizer can result in resource
wastage and environmental quality issues such as heavy metal pollution in surface soil and
contamination of shallow groundwater, posing health risks [17]. For example, excessive
iron contamination is widespread (>0.3 mg/L) [18]. Over 50 mg/L iron will cause toxicity
to microorganisms and significantly inhibit microbial activity [19]. The threshold of soil
micro-fertilizer usage to ensure the improvement of soil quality without wasting resources
remains unknown.

The iron ion has an 18-electron shell, and its high electrostatic field makes it readily
form complex ions [20]. To date, the physiological mechanism of iron uptake and utilization
by plants has been extensively documented in the literature [21–25]. Romheld was the
first to propose the Mechanism I and Mechanism II systems of iron uptake for higher
plants under iron deficiency [26]. The typical Triticum aestivum L. vegetation studied in
this research belongs to mechanism II plants, which are herbaceous monocotyledonous
grasses capable of adapting to high-pH soil. In an iron-deficient environment, these
plants can induce the production of high-iron transporters (MAs) in the Triticum aestivum
L. rhizosphere and secrete them to activate insoluble iron in the rhizosphere, forming a
stable octahedral Fe3+ chelate, i.e., Fe3+-MAs, which is then specifically absorbed by the
rhizosphere to adapt to iron deficiency. After the plant root system absorbs iron from the
environment, the plant senses its iron nutritional status and regulates the distribution of
iron through its own signaling and regulatory system [23]. Previous research has indicated
that iron typically exists in plants in the form of chelates. The primary iron-containing
chelates in plants include citric acid [27,28], nicotinamide [29] and mugineic acids [30].
The transporter citric acid facilitates the transportation of iron from roots to overground
parts. Iron obtained from plant roots can be transported to overground parts in the form
of citric acid-iron trivalent chelate through xylem for long distances [31], and this process
is achieved through the xylem [32]. Iron is transported from old leaves to new leaves by
iron transporters in the phloem. Various types of iron transporters in the phloem, such
as iron transporter proteins and nicotinamides, have been identified in multiple studies,
specifically binding with ferric ions [33].

In summary, based on the research on the biological mechanisms of soil-plant interac-
tion promoting nutrient efficiency and yield improvement, we observed the growth process
of Triticum aestivum L. under different iron gradients through pot experimental systems,
and further systematically explored the transport mechanism of iron in the soil–Triticum
aestivum L. system. A measure of 7.2 mg/kg of iron is found to be the most favorable to
the enrichment of iron in the shoots of Triticum aestivum L. plants. This study not only
provides an innovative perspective and approach to reveal the promotion of nutrient
efficiency plant-soil systems but also provides a scientific theoretical basis for the study
of the soil-plant-human health relationship. In addition, this study provides theoretical
and technical support for the development of green intelligent trace element fertilizer to
promote the development of green agriculture.
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2. Materials and Methods

2.1. Experimental Design

This study selected the Triticum aestivum L. variety of “Shixin 828”, extensively culti-
vated in the North China Plain, for outdoor pot experiments using its seeds as the culture
and analyte subjects. Before planting, the seeds were screened to remove poor-quality
grains, ensuring that the seeds were essentially plump. The soil used was natural farm-
land soil, and the mineral components and contents of the soil samples were as follows:
66% quartz, 11% plagioclase, 6% mica, 5% calcite, 4% potassium feldspar, 3% pyroxene,
2% chlorite, 2% amphibole, and a small amount of zeolite. The basic physical and chemical
properties of the soil samples were as follows: pH 8.4, organic matter 13.9 g/kg, nitrogen
830 mg/kg, fast-acting potassium 118 mg/kg and available phosphorus 11.2 mg/kg. Af-
ter natural air-drying, the soil samples were cleared of gravel and plant residues, sieved
through a 10 mm nylon screen, and thoroughly mixed, and then 15 kg of the original
soil sample was placed into each pot of the same size. The experimental planting pots
measure 35 cm in height and 32 cm in diameter, and each pot contains 15 kg of original
soil samples. Following the method of controlled variable experiments, ferrous sulfate
(FeSO4·7H2O) was used as the iron source to set six concentration gradient groups of
iron (Figures 1 and 2), including an original soil control group. Furthermore, six parallel
samples with identical soil and planting conditions were created for each gradient, re-
sulting in a total of 36 experimental soil pots. Throughout the experiment, the planting
pattern, sunlight exposure, fertilizer and water application amounts, as well as temperature
and humidity within the experimental pots, were maintained under identical conditions,
effectively removing external environmental interference within the controlled range.

Figure 1. Layout of iron concentration gradient configuration.

 
Figure 2. Photos showing experimental plants in the pots.

57



Appl. Sci. 2024, 14, 6059

The concentration gradient configuration of the experimental soil is determined based
on the effective iron content in the original soil. The third-order lower limit value of effective
iron, as outlined in the Land Quality Geochemical Evaluation Specification (DZ/T 0295-
2016) [34], is used as the baseline for the deficient status (Table 1), ensuring that the actual
iron deficiency status in the soil can be implemented. In alkaline soil, the concentration
of soluble iron in the soil solution decreases as the pH values increase. Research indicates
that at higher pH levels, each unit increase in pH results in a 1000-fold reduction in active
iron within the solution [35]. The extraction process in the laboratory is adequate, closely
approximating the total adsorption capacity of active elements in the soil. However, the
actual release amount in alkaline soil generally does not reach the extraction effect of the
measured effective status. Hence, given the alkaline nature of the soil in this experiment
(pH = 8.4), the available iron content in the experiment is estimated to be reduced by
5 times, resulting in levels generally lower than the critical value of deficiency lower limit.
The iron concentration gradient in the experimental soil is determined based on the original
third class of the effective index of soil trace elements (DZ/T 0295-2016). The average
value is interpolated between the original first, second, and third classes, and then the
original first class is doubled, resulting in the establishment of a new fifth-class index
(Table 2). Based on the estimated available iron content in the soil, exogenously added
ferrous sulfate compensation solutions were prepared at effective iron concentration levels
of 0 mg/kg, 4.5 mg/kg, 7.2 mg/kg, 10 mg/kg, 15 mg/kg, and 40 mg/kg, of which 0 mg/kg
serves as the control group (CK). For each concentration gradient, six samples were treated
with these solutions. The ferrous sulfate compensation solution contains Fe2+ as reduced
iron ions, which are easily oxidized to Fe3+ in the soil solution, and Fe3+ tends to form
ferric hydroxide precipitates, limiting the availability of iron ions for plant uptake. In this
experiment, the compensation solution is chelated with citric acid and the pH is adjusted
to neutral with sodium carbonate before being added to the soil. The chelation of citric acid
with iron forms a soluble iron complex, facilitating the mobility of iron and allowing iron
ions to diffuse to the roots for plant uptake. The soil was uniformly mixed and allowed
to stand until it was dry and free from muddy clumps before evenly planting Triticum
aestivum L. in loosened, leveled soil.

Table 1. Grade index of available iron in soil (based on DZ/T 0295-2016 appendix D1).

Indices
Class A

(Adequate)
Class B

(Moderately Adequate)
Class C

(Medium)
Class D

(Moderately Deficient)
Class E

(Deficient)

Available iron (mg/kg) >20 >10~20 >4.5~10 >2.5~4.5 ≤2.5

Table 2. Grade index of available iron concentration gradient in the experimental soil.

Indices
Class A

(Adequate)
Class B

(Moderately Adequate)
Class C

(Medium)
Class D

(Moderately Deficient)
Class E

(Deficient)

Available iron (mg/kg) >40 >15~40 >10~15 >7.2~10 ≤4.5

The sample data collection for this experiment is primarily divided into two stages:
the jointing stage and the mature stage of Triticum aestivum L. growth. At the jointing stage,
five Triticum aestivum L. seedlings and their root soil were randomly chosen from each
experimental pot and sent to the laboratory for the analyses of the total and effective iron
content in the root soils and the iron content in the Triticum aestivum L. roots, stems and
leaves. At the mature stage, all the Triticum aestivum L. seedlings were initially collected
from the individual experimental pots. As the characteristics of Triticum aestivum L. growth
changed, the sampling parts were adjusted to include the root soil, Triticum aestivum L. roots,
stems, and ears (seeds with hulls). In the process of the experiment, the elevated outdoor
temperatures during the grain filling stage of Triticum aestivum L. partially hindered the
photosynthesis of Triticum aestivum L. leaves and affected the synthesis and accumulation
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of organic matter. Meanwhile, high nighttime temperatures accelerate Triticum aestivum
L. respiration, resulting in increased nutrient consumption, insufficient grain filling, and
reduced yield. To ensure the grain weight of the Triticum aestivum L. ear sample, the
test sample at the final maturity stage consists of seeds with hulls. Once the samples are
collected, the plant samples are promptly separated into different parts (roots, stems, leaves,
and seeds), air-dried, and then sent to the laboratory for testing.

2.2. Solution Preparation

First of all, the compensation concentration values that should be applied at different
gradient levels were calculated using the following formula:

FeCx = CFex − CFe0 (1)

where FeCx represents the compensation concentration value that should be applied to
the x-th concentration gradient of Fe, CFex represents the soil standard concentration
value corresponding to the x-th concentration gradient of Fe in Table 2, CFe0 represents
the available iron content in the soil (i.e., the presumed available iron content in soil for
the control group), and x(x = 1, 2, . . . , 5) represents the corresponding gradient level of
the element.

In addition, the concentration of solution to be applied to make up for the compensa-
tion concentration (FeCsx) was calculated using the following formula:

FeM × FeCsx = SM × FeCx (2)

where FeM represents the amount of solution applied per pot for each application, calcu-
lated as 1.5 kg, FeCsx represents the application concentration required to make up the
compensation for the x-th concentration gradient of Fe, and SM represents the dry weight
of the experimental soil, calculated as 15 kg dry weight. From this, the concentration of
each micronutrient application level was formulated (Table 3).

Table 3. Calculation of concentration of applied solution (based on 1. 5 kg of liquid per application,
unit mg/kg).

Indicator
Measured
Available

Content in Soil

Presumed
Available

Content in Soil
Solution Preparation

Available
iron

(mg/kg)
11.9 2.38

Target
concentration 40 15 10 7.2 4.5

Compensation
concentration 37.62 12.62 7.62 4.82 2.12

Application
concentration 376.2 126.2 76.2 48.2 21.2

Based on the above-calculated concentration of each class of application solution,
the amount of ferrous sulfate needed for each class was calculated by applying 1.5 kg of
solution per pot, and totaling 9 kg of application solution for each class of 6 pots, taking into
account of factors such as spraying losses (Table 4). In order to fully facilitate the absorption
of plant roots, citric acid must be used to prepare complex concentrated solution, which will
be diluted when applying. The specific operation is as follows: weigh the required weight
of each class of ferrous sulfate raw material and put it in a 500 mL beaker (weighed clean
and dry beaker in advance, accurate to 0.001 g), add an appropriate amount of water to
dissolve, then add citric acid for complexation, and then gradually add sodium carbonate
to adjust the pH value to 5–7 after complete dissolution; finally, place the beaker on a
balance and make up for the weight of concentrated solution with water.
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Table 4. Weights of materials used for each 1 kg of solution preparation (mg).

Element

Raw Materials Class A Class B Class C Class D Class E

Compound
Mol.

Formula
At.w./

Cont. %
Conc./Weight Conc./Weight Conc./Weight Conc./Weight Conc./Weight

Available
iron

Fe(II) sulfate FeSO4·7H2O 55.85 376.2 126.2 76.2 48.2 21.2
M.W. 278.05 20.09 1872.57 628.17 379.29 239.92 105.53

Cont.: content, Conc.: concentration, M.W.: molecular weight.

2.3. Sample Analysis

The sample analysis was conducted by Hebei Geological Testing and Analysis Cen-
ter. The total iron content in soil samples was determined using an X-ray fluorescence
spectrometer (ZSX Primus II, Rigaku Corporation, Tokyo, Japan). The available iron in
soil was determined using the DTPA extraction method; extracts were analyzed using
an inductively coupled plasma mass spectrometer (ICP-MS, model Agilent 725, Agilent
Technologies, Santa Clara, CA, USA). The pH was determined using the glass electrode
method, with measurements performed using the PHS-3C pH meter produced by Shanghai
Kangyi Instrument Co., Ltd., Shanghai, China. The iron content in plants was deter-
mined in accordance with the method requirements outlined in the National Food Safety
Standard—Determination of Multiple Elements in Foods (GB5009.268-2016) [36]. The
analysis was performed using an inductively coupled plasma mass spectrometer (ICP-MS,
model Agilent 7900, Agilent Technologies, Santa Clara, CA, USA). The complete elemental
analysis utilizes first-class national reference materials for quality control, ensuring that the
analytical data reportable rate, accuracy, and precision qualification rate all achieve 100%.

2.4. Evaluation Indicators
2.4.1. Enrichment Coefficient

The enrichment coefficient is the ratio of the concentration of elements in a specific
part of a plant to the concentration of the same elements in the soil in which the plant grows.
It is an essential index for describing the accumulation trend of chemical substances in
organisms and, to some extent, reflects the challenges associated with elements migrating
from sediments or soil to plants [37,38].

The coefficient is formulated as follows:

enrichment coefficient = Cplant/Csoil (3)

where Cplant represents the concentration of elements in roots, stems or leaves of plants,
and Csoil represents the concentration of the corresponding elements in soil, measured
in mg/kg.

2.4.2. Translocation Factor

The translocation factor is defined as the ratio of the concentration of elements in
the overground parts of plants to the corresponding concentration of elements in the
underground parts of plants. It serves as a crucial index for describing the translocation of
chemical substances within organisms [39], and to a certain extent, reflects the mobility of
elements from the plant root to the overground part.

The factor is formulated as:

translocation factor = Coverground/Cunderground (4)

where Coverground is the sum of concentrations of elements in roots, stems or leaves of
plants, and Cunderground is the concentration of corresponding elements in soil, measured
in mg/kg.
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2.5. Data Processing

The experimental data were statistically analyzed and organized using Excel 2010. The
significance of the differences between means was tested using Tukey’s Honest Significant
Difference (HSD) method, and statistical significance letters were assigned. Correlation
analysis and graphing were completed using SPSS 20.0 software.

3. Results

3.1. Characteristics of Element Contents in Soil and Different Parts of Triticum aestivum L.

In this Triticum aestivum L. pot experiment, the roots, stems and leaves of Triticum
aestivum L. at the jointing stage as well as the roots, stems and grains at the mature stage
were collected for measurements of the total and available iron contents in the soil and
the iron content in the Triticum aestivum L. roots, stems, leaves, and grains during various
growth periods. The statistical results are listed in Table 5. The results show that the
average iron accumulation values in the roots, stems, and leaves of Triticum aestivum
L. at the jointing stage are 1262, 179, and 175 mg/kg, respectively, suggesting that iron
accumulation in the roots is significantly higher compared to the stems and leaves; the
average iron accumulation in the roots, stems, and seeds of Triticum aestivum L. at the
maturity stage is 1661, 484, and 141 mg/kg, respectively, with the order of accumulation
being roots > stems > seeds. Iron accumulation in the roots is highest at different growth
stages, and the iron content in roots and stems at the maturity stage is higher than that at
the jointing stage, while iron accumulation in grains is the lowest. The total and effective
iron contents in soil are higher at the jointing stage than those at the maturity stage.

Table 5. Statistical characteristics of iron contents in soil and different parts of Triticum aestivum L. in
the pot experiment.

Growth Stage Analyte Minimum Maximum Mean Standard Deviation

The jointing stage
(n = 36)

Total iron in soil 3.82 3.93 3.87 0.03
Available iron in soil 9.70 30.40 15.13 5.21

Root 592 3437 1262 551
Stem 86 872 179 131
Leaf 112 401 175 61

The maturity stage
(n = 36)

Total iron in soil 3.64 3.75 3.70 0.03
Available iron in soil 10.20 18.60 13.13 2.26

Root 801 3848 1661 693
Stem 187 1017 484 215
Seed 93 216 141 29

Note: The total iron content in the table is expressed in %, while the other units are in mg/kg.

3.2. Correlation Analysis between Total Element Contents in Soil and Specific Contents in Various
Parts of Triticum aestivum L.
3.2.1. The Jointing Stage

As shown in Table 6, the correlation analysis between the total and effective Fe contents
in soil and the Fe contents in roots, stems and leaves of Triticum aestivum L. at the jointing
stage reveals an extremely significant correlation (p < 0.01), with a Pearson correlation
coefficient of 0.691. The correlation coefficient values are high between the iron content
in Triticum aestivum L. leaves and the total iron and effective iron content in soil, with
correlation coefficients of 0.504 and 0.626, respectively, indicating a significant correlation.
However, the correlation between the iron content in roots and stems and the iron content
in soil is poor. The jointing stage is the vigorous growth period of Triticum aestivum L.,
and the reproductive growth gradually intensifies. During the jointing stage of Triticum
aestivum L., the transport direction of Fe element is mainly from soil to the leaf tip of the
growing plant, and the Fe uptake in leaves mainly comes from available Fe in the soil.
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Table 6. Correlation analysis between the total and effective iron contents in soil and the iron contents
in different parts of Triticum aestivum L. at the jointing stage (Pearson correlation coefficient, n = 36).

Iron Content Total Iron Available Iron Root Stem

Total iron 1 0.691 ** −0.110 −0.271
Available iron 0.691 ** 1 −0.058 −0.252

Root −0.110 −0.058 1 0.039
Stem −0.271 −0.252 0.039 1
Leaf 0.504 ** 0.626 ** 0.007 −0.086

** A significant correlation at the 0.01 level (two-tailed).

3.2.2. The Maturity Stage

It can be seen from Table 7 that during the maturity stage of Triticum aestivum L. growth,
the correlation coefficient between available iron in soil and seeds was 0.351, reaching the
significant correlation level in terms of the Pearson correlation coefficient (p < 0.05). This
suggests that the iron element in seeds primarily originates from the soil. The concentration
of effective iron in soil directly influences the iron content in seeds. At the same time, the
correlation coefficient between Triticum aestivum L. roots and stems is 0.638, indicating a
significant correlation (p < 0.01).

Table 7. Correlation analysis between the total and available iron content in soil and the iron content
in different parts of Triticum aestivum L. at the maturity stage (Pearson correlation coefficient, n = 36).

Iron Content Total Iron Available Iron Root Stem Seed

Total iron 1 −0.079 −0.143 −0.033 −0.102
Available

iron −0.079 1 0.141 0.096 −0.351 *

Root −0.143 0.141 1 0.638 ** −0.153
Stem −0.033 0.096 0.638 ** 1 −0.303
Seed −0.102 −0.351 * −0.153 −0.303 1

* A significant correlation at the 0.05 level (two-tailed). ** A significant correlation at the 0.01 level (two-tailed).

3.3. Variation in Element Contents in Roots, Stems, Leaves and Grains of Triticum aestivum L.

The variations in iron content in different organs of Triticum aestivum L. at different
growth stages were obtained from six concentration gradients in the Triticum aestivum
L. pot experiment, as illustrated in Table 8 and Figure 3. At the jointing stage, the iron
content in the leaves did not significantly differ under various soil conditions, ranging from
deficient to adequate available iron backgrounds, and it was only significantly higher than
the normal value in the adequate background (Figure 3c). The iron content in the stem
generally decreased with the increase in the iron ion concentration in the soil (Figure 3b).
Meanwhile, the iron content in the roots displayed a pattern of initially decreasing and then
increasing, with the lowest mean value occurring when the iron ion concentration gradient
in the soil was at a medium level, i.e., 10 mg/kg level (Figure 3a). At the maturity stage,
the iron content in roots, stems, and seeds initially increased and then decreased with the
rise in iron concentration in the soil (as shown in Figure 3d–f). At a moderately deficient
iron ion concentration gradient in the soil (at the 7.2 mg/kg level), the iron content in
roots, stems, and seeds reached its peak, with the average iron content in roots recorded at
2206 mg/kg, in stems at 612 mg/kg, and in seeds at 151 mg/kg.
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Table 8. Distribution characteristics of iron content in organs of Triticum aestivum L. during jointing
and maturity stages.

Concentration Gradient (mg/kg)
The Jointing Stage The Maturity Stage

Roots Stems Leaves Roots Stems Seeds

CK
(n = 6)

Minimum 918 120 118 816 193 113
Maximum 3437 306 164 1398 735 180

Mean 1649 227 142 1098 467 155
Standard Deviation 945 72 17 261 176 23

Sig. a ab b c ab a

4.5
(n = 6)

Minimum 763 112 139 863 187 114
Maximum 1932 212 240 1778 724 155

Mean 1152 172 177 1364 417 133
Standard Deviation 426 38 35 383 176 16

Sig. ab ab b c ab a

7.2
(n = 6)

Minimum 676 135 113 926 501 112
Maximum 1623 872 222 2926 830 188

Mean 1145 288 162 2206 612 151
Standard Deviation 388 288 40 767 166 28

Sig. ab a b a a a

10
(n = 6)

Minimum 592 88 112 871 225 97
Maximum 1177 189 201 3848 1017 216

Mean 975 143 156 2142 553 149
Standard Deviation 206 45 35 1067 342 45

Sig. b ab b ab ab a

15
(n = 6)

Minimum 802 97 114 801 267 105
Maximum 1780 196 190 1764 620 181

Mean 1167 127 143 1444 353 134
Standard Deviation 330 36 30 370 134 28

Sig. ab b b bc b a

40
(n = 6)

Minimum 751 86 192 1257 281 93
Maximum 2429 180 401 2209 848 150

Mean 1481 116 271 1709 505 127
Standard Deviation 609 33 83 320 217 24

Sig. ab b a abc ab a

Note: Statistical significance of means was tested using Tukey’s Honest Significant Difference (HSD) test. In the
table, “Sig.” denotes the significance of the Tukey statistical test (p < 0.05). The letter assignment for statistical
significance was as follows: the means in each column were arranged from largest to smallest. The highest mean
was designated as ‘a’, and this mean was compared with each subsequent mean. Means not significantly different
were also marked as ‘a’. Significantly different means were marked as ‘b’. The mean marked ‘b’ was then used as
the standard for comparison with larger means, marking means not significantly different as ‘b’ until a significant
difference was found. This process continued with subsequent letters (‘c’, etc.) until all means in the column
were assigned.

The iron content in the roots of Triticum aestivum L. at the jointing and mature stages
is significantly higher compared to the stems, leaves, and seeds under the treatment of
six different iron concentration gradients in the experimental soil. This suggests that the
majority of the iron absorbed by Triticum aestivum L. roots is accumulated in the roots, with
only a small portion being transported to the overground parts. Throughout the Triticum
aestivum L. growth period, the continuous supply of rhizosphere iron resulted in higher
iron content in the roots at the maturity stage than at the jointing stage, and except the
control group, the variation trend of the rhizosphere iron is the most significant under iron
deficiency stress conditions.
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Figure 3. Mean Fe content and its statistical significance in the roots, stems, leaves, and seeds of
Triticum aestivum L. at the jointing and maturity stages, with significance assessed using the Tukey
test. Left: the jointing stage; right: the maturity stage. (a) Roots; (b) stems; (c) leaves; (d) roots;
(e) stems; (f) seeds (lowercase letters a, b and c denote significance (p < 0.05)).

3.4. Enrichment Coefficients of Iron in Different Parts of Enrichment Coefficients of Iron in
Different Parts of Triticum aestivum L.

The enrichment coefficients of iron in different parts of the Triticum aestivum L. plants
in this experiment are presented in Tables 9 and 10. It can be seen from the table that the
enrichment coefficients of different parts of Triticum aestivum L. are all less than 1, showing
an enrichment pattern of roots > stems/leaves > seeds. The enrichment coefficient of iron
in Triticum aestivum L. roots is considerably higher than that in overground parts, with the
average enrichment coefficient of roots being 0.033 at the jointing stage and 0.045 at the
maturity stage, respectively. The enrichment coefficients of stems, leaves, and seeds at the
jointing stage are similar, averaging 0.005. At maturity, the enrichment coefficient of the
stem and leaf increased by one order of magnitude, reaching an average value of 0.013.
The enrichment coefficient of seeds is low, differing by one order of magnitude from that of
roots and stems. Conversely, the enrichment coefficient remains largely consistent across
different concentration gradients of soil iron. The enrichment coefficient characteristics
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mentioned above indicate that adjusting the background iron content in the soil has a
minimal impact on Triticum aestivum L. seeds.

Table 9. Enrichment coefficient and translocation factor of iron in Triticum aestivum L. plants at the
jointing stage.

Concentration
Gradient

Enrichment Coefficient
of Root

Enrichment
Coefficient of Stem

Enrichment
Coefficient of Leaf

Underground to
Aboveground

Translocation Factor

CK 0.043 0.006 0.004 0.286
4.5 mg/kg 0.030 0.004 0.005 0.321
7.2 mg/kg 0.030 0.007 0.004 0.393
10 mg/kg 0.025 0.004 0.004 0.330
15 mg/kg 0.030 0.003 0.004 0.248
40 mg/kg 0.038 0.003 0.007 0.317

Mean 0.033 0.005 0.005 0.316

Table 10. Enrichment coefficient and translocation factor of iron in Triticum aestivum L. plants at the
maturity stage.

Concentration
Gradient

Enrichment Coefficient
of Root

Enrichment
Coefficient of

Stem/Leaf

Enrichment
Coefficient of Seed

Underground to
Aboveground

Translocation Factor

CK 0.030 0.013 0.004 0.570
4.5 mg/kg 0.037 0.011 0.004 0.415
7.2 mg/kg 0.060 0.017 0.004 0.389
10 mg/kg 0.058 0.015 0.004 0.352
15 mg/kg 0.039 0.010 0.004 0.356
40 mg/kg 0.046 0.014 0.003 0.381

Mean 0.045 0.013 0.004 0.411

4. Discussion

4.1. Mechanism of Iron Transport in Soil and Triticum aestivum L. Plants

The experimental findings indicate that both the total and effective iron contents in
the soil decrease as Triticum aestivum L. grows, whereas the iron content in various parts of
the plant continues to accumulate. The correlation analysis indicates that the available iron
in soil predominantly influences the aboveground portions of the plant, such as leaves and
grains, signifying the migration of iron between the soil and the Triticum aestivum L. plants.

In this pot experiment, citric acid was used as a chelating agent ligand. Based on
previous data [40], it is presumed that the transport mechanism of iron between the soil
and the Triticum aestivum L. plants involves the formation of a cyclic chelate between citric
acid and iron ions through carboxyl (COOH) and hydroxyl (OH) coordination groups
and its own carbon chain. The strong coordination ability of iron ions enables them to
form coordination with the carboxyl and hydroxyl groups in the citric acid ligand. Upon
adhering to the root surface, iron ions undergo reduction and degradation on the root
surface as a result of the release of H+ and e- by the root system. The iron element is then
absorbed into the cells in the form of Fe3+ [41] and subsequently transported from the roots
to the leaves and seeds through the xylem during the growth of Triticum aestivum L.

4.2. Mechanism of Iron Accumulation in Various Parts of Triticum aestivum L. under Iron
Deficiency Stress Conditions

This pot planting experiment, conducted under varying soil iron concentrations, re-
vealed that the element contents in various parts of Triticum aestivum L. do not show
a linear relationship with the background gradient. Particularly at the maturity stage,
the iron content in various Triticum aestivum L. organs generally displayed an initial in-
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crease followed by a decrease as the soil iron content varied in the sequence of deficient,
moderately deficient, medium, moderately adequate, and adequate. The iron content
in stems, leaves, and seeds reached its peak at the concentration gradient of 7.2 mg/kg,
with the soil containing 4.5 mg/kg and 7.2 mg/kg considered deficient and moderately
deficient, respectively.

Compared to other concentration gradients, the iron deficiency stress environment
accelerates the secretion of plant high iron transporters (MAs) from roots to the rhizosphere
and activates insoluble iron. This releases a large amount of plant high iron transporters—
mugineic acids (MAs), thereby increasing the availability of Fe in the rhizosphere and
facilitating plants to directly absorb the high Fe transporter complex, i.e., Fe3+-PS [22,42,43].
This is achieved through the specific absorption system located on the root plasma mem-
brane, resulting in an increase in iron content in Triticum aestivum L. roots, stems, and seeds.
Likewise, in a stress environment, when the soil’s iron supply is relatively sufficient, it is
easier for plant organs to absorb iron, resulting in the highest iron content in all parts of
Triticum aestivum L. at a concentration of 7.2 mg/kg. However, when the iron content in the
soil is moderate or abundant, the effectiveness of iron in the rhizosphere decreases, thus
inhibiting the iron uptake by plants to some extent, leading to a decrease in the iron content
in various plant organs.

4.3. Transport and Enrichment of Iron in Triticum aestivum L.

The average transport coefficients of iron in the jointing stage and mature stage
of Triticum aestivum L. were 0.316 and 0.411, respectively, both of which were less than
1. This suggests that the transport capacity of iron in the soil by different parts of the
Triticum aestivum L. plant is low. As Triticum aestivum L. grows, its transport capacity
generally increases. Specifically, at a concentration gradient of 7.2 mg/kg, the translocation
factor from underground to aboveground is the highest during the jointing stage, and the
enrichment coefficient of roots and stems corresponding to this concentration gradient is
the highest at maturity. Combined with the knowledge obtained by the aforementioned
studies on the mechanism of iron accumulation in Triticum aestivum L. under iron deficiency
stress, the authors suggest that maintaining an iron-deficient soil environment is beneficial
for the growth of Triticum aestivum L. Previous studies have indicated that the application
of iron fertilizer can alleviate iron deficiency symptoms in plants. However, it has been
observed that applying iron fertilizer to plant roots or leaves can rapidly desensitize the
plant roots’ response to iron deficiency stress [44,45]. Therefore, this experiment holds
significant reference value for determining the amount of iron fertilizer to be applied to the
roots. Given that this experiment was conducted in a highly alkaline soil background, the
concentration level of the added iron ion solution should be determined by studying iron
transport in various soil backgrounds.

Chlorosis, resulting from iron imbalance in calcareous soil, is widespread in northwest
and north China. It affects trees, fruit trees, pastures, vegetables, and field crops, with
fruit trees being especially vulnerable to chlorosis compared to annual crops, resulting in
a significant decline in fruit product quality. The application of iron micro-fertilizer is a
rapid and effective method to alleviate symptoms of iron deficiency in plants. The type of
iron fertilizer and its application mode can significantly impact the utilization efficiency of
iron in plants. This study can offer valuable insights into enhancing plant iron nutrition
by promoting efficient iron uptake and transport through regulatory measures, such as
fertilization methods and planting patterns.

5. Conclusions

During both the jointing and maturity stages of Triticum aestivum L., there is a preferen-
tial enrichment of iron in the underground parts. As Triticum aestivum L. undergoes growth,
iron ions in the soil establish coordination bonds with carboxyl and hydroxyl groups. Fe3+

is continuously transported from the roots to the leaves and seeds via the xylem controlled
by the process of root reduction, which facilitates the migration of iron between the soil
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and Triticum aestivum L. At maturity, the iron content in various Triticum aestivum L. organs
demonstrates a general pattern of initial increase followed by a decrease. This corresponds
to the variations in soil iron content categorized as deficient, moderately deficient, medium,
moderately adequate, and adequate. This phenomenon can be attributed to the accelerated
secretion of high-iron transporter from the Triticum aestivum L. root rhizosphere and the
enhanced availability of iron in the rhizosphere under conditions of iron deficiency stress.
Additionally, the adjustment of background iron content in the soil has minimal influence
on the iron content of Triticum aestivum L. seeds. The conducted experiment reveals that
a concentration gradient of 7.2 mg/kg is most favorable for the enrichment of iron in the
shoot of Triticum aestivum L. plants. These findings provide valuable insights for developing
fertilization strategies aimed at alleviating iron deficiency symptoms in plants growing in
similar acidic and alkaline soil conditions.
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Abstract: The study analyzed the effect of nitrogen (N) management and different sowing parameters
of winter wheat on the flour quality, rheological properties of flour, and bread quality. Flour was
obtained from winter wheat grain produced during a field experiment conducted in 2018–2021. The
experiment involved three factors: (i) the sowing date (early (3–6 September), delayed by 14 days, and
delayed by 28 days), (ii) sowing density (200, 300, and 400 live grains m−2), and (iii) split application
of N fertilizer in spring (40 + 100, 70 + 70, and 100 + 40 kg ha−1 in the full tillering stage and the
first node stage, respectively). A 28-day delay in sowing increased the total protein content of the
flour, water absorption capacity of the flour, dough development time and stability, and degree of
softening. When sowing was delayed by 14 or 28 days, the crumb density decreased without affecting
the loaf volume. A sowing density of 400 grains m−2 had a positive impact on the flour color, dough
stability, and loaf volume. The flour color and dough stability were enhanced when N was applied at
100 + 40 kg ha−1, respectively. In turn, the total protein content of flour peaked when it was applied
at 40 + 100 kg N ha−1. The quality of flour improved when winter wheat was sown at a density of
400 live grains m−2 with a delay of 14 or 28 days and supplied with 100 kg N ha−1 in the full tillering
stage and 40 kg N ha−1 in the first node stage.

Keywords: Triticum aestivum L.; sowing date; sowing density; N fertilization; flour; protein and ash
content; rheological properties; bread quality

1. Introduction

The global population continues to increase, which generates a higher demand for
food, mainly plant-based food [1–4]. The global cereal-equivalent food demand is projected
to increase by around 10% in 2030 and around 62% in 2050 due to growing social, economic,
and demographic pressures [5]. Wheat is one of the most important cereal crops around
the world [3,6,7]. The aim of modern crop breeding practices and wheat production
technologies is not only to increase grain yields but also to improve grain quality [8–10].
The technological quality of grain produced for baking purposes is determined based on the
chemical composition and physicochemical properties of flour [11–15]. The main quality
attributes of wheat flour include its color, total protein content, and crude ash content.
Wheat flour with desirable quality parameters is obtained by milling high-quality grain or
by blending grains from batches with different technological qualities to achieve an end
product with specific properties [16]. Color is a very important quality attribute of wheat
flour, in particular in flour intended for the production of bread and pasta, because it affects
consumer acceptability and the market value of cereal products [17]. The color of flour is
influenced mainly by lutein, xanthophyll, β-carotene, and crude ash minerals (phosphorus,
potassium, magnesium, and calcium) [18,19]. The processing suitability of flour is partly
determined by its crude ash content [20–23]. The crude ash content could be low in flour
for baking light cakes and higher in bread flour [24]. In Poland, flours are classified into
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types based on their crude ash content (for example, type 450 is light cake flour, type 750
is bread flour, and 2000 is whole-wheat flour) [16]. The color of flour is influenced by
the coarseness of the grind and ash content (the lower the ash content, the lighter the
flour). White flour is produced mainly from the endosperm, the central part of the kernel,
where ash content does not exceed 5 g kg−1 dry matter (DM). The bran layer (seed coat)
surrounding the endosperm is also partly ground during milling. The crude ash content of
the seed coat ranges from 60 to 100 g kg−1 DM. Therefore, the finer the grind, the more ash
is transferred to flour, resulting in its darker color [16]. Protein content is one of the key
factors for classifying wheat grain [25]. Flours intended for various purposes differ in their
protein content. Flours with a higher protein content (>125 g kg−1 DM) are used in bread
production, whereas flours with a lower protein content (<95 g kg−1 DM) are best suited for
baking cakes and biscuits [26]. The rheological properties of flour determine its suitability
for the production of various types of baked goods, and these properties are measured
with the use of a farinograph [27,28]. A farinograph supports the dynamic measurements
of the consistency of dough made from wheat flour and water, as well as changes in the
dough properties during mixing. The following rheological properties are measured with
a farinograph: the water absorption capacity of flour, dough development time, dough
stability, and degree of softening. The water absorption capacity of flour is defined as
the amount of water needed to bring the dough to maximum consistency [29,30]. Flours
with a high water absorption capacity are used in the production of light and puffy cakes
or breads, and they enhance the end products’ taste, increase crumb softness, and delay
bread staling [30,31]. In turn, flours with a lower water absorption capacity are used in
the production of cakes and biscuits [32]. Elastic dough with a low viscosity absorbs more
water during mixing than weak dough [30]. Based on flour’s water absorption capacity,
changes in the dough consistency during development and the degree of dough softening
during mixing are registered by the farinograph [28]. The dough development time is
influenced by gluten stability [25,33]. A long dough development time is undesirable in the
baking industry, because it increases energy consumption during dough mixing. In turn, a
very short dough development time is indicative of flour with low gluten quality [34,35].
Dough stability is defined as the time during which dough retains its shape during proofing.
A high dough stability is indicative of a high dough strength and tolerance to mixing [33,34].
The degree of dough softening is also an important technological parameter in the baking
industry. A high water absorption capacity and low degree of dough softening testify to the
high quality of flour. In turn, a high degree of dough softening is indicative of low-quality
flour [36], and it inhibits dough fermentation [37]. The baking quality of wheat flour can
be comprehensively assessed based on the crumb density and bread loaf volume in a
laboratory baking test [38]. These parameters determine the quality and sensory attributes
of bread [38,39]. A dense crumb and low bread loaf volume are undesirable from the
consumers’ point of view [40].

The technological quality of wheat grain is a complex trait that is determined by
genetic factors, agroecological conditions, and agronomic practices, including the level
of agricultural inputs [41–44]. Nitrogen fertilization is regarded as the key determinant
of the technological quality of wheat grain [13,43–46]. Grain quality is affected not only
by the N rate but also by the N application method [47]. In Poland, the optimal rate of
N fertilizer in winter wheat for achieving grain yields of 8 Mg ha−1 is 160–180 kg ha−1,
and 40–50% of that rate should be applied in the full tillering stage (FT), 30–40% in the
first node stage (FN), and 20–25% in the “flag leaf just visible, but still rolled” stage [13].
Rapid synthesis of gluten proteins begins around 12 days after wheat flowering and ends
35 days after flowering despite the fact that the substrate (amino acids) is still present. For
this reason, the total N rate has to be skillfully split into several applications to promote
optimal wheat growth [13]. Nitrogen affects mainly the grain yield when applied in the
early stages of wheat development, but it improves the quality of grain and flour when
applied in successive growth stages [48–50]. The ash content of flour is determined mainly
by weather conditions and cultivar, and it is less influenced by the N rate, N splitting,
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and date of N application [8,18,51,52]. The color of flour is negatively correlated with the
ash content, and it is also weakly influenced by N fertilization [8,18,53–59]. An increase
in the N rate increases the protein content of flour [60–62]. In turn, the water absorption
capacity of flour, rheological properties of dough (development time, stability, and degree
of softening), and bread quality (mainly loaf volume) tend to improve when N is applied
in the later growth stages of wheat [18,52,56,60,62–68].

The technological quality of wheat grain is also affected by the sowing date [69] and
sowing density [66,70–73]. Global climate change has prompted researchers to redefine the
agronomic requirements in wheat production, including the optimal sowing dates [74–78].
However, most studies have examined the effects of delayed sowing mainly in the context
of winter wheat yields, whereas the impact of delayed sowing on the quality of grain
and flour remains insufficiently investigated [79–83]. According to the limited number of
studies on the subject, delayed sowing increases the ash content of wheat grain [84,85]. In
late-sown stands, grain ripening occurs at higher temperatures, which promotes crude ash
accumulation [84]. The ash content is negatively correlated with the color of flour [18],
which suggests that delayed sowing could also affect this attribute [86]. The grain of late-
sown wheat (and the resulting flour) had a higher protein content [87,88], probably because
wheat plants were exposed to higher temperatures during grain ripening, which promoted
protein accumulation [89–92]. There is also limited evidence to indicate that the sowing
date is associated with the water absorption capacity of flour, dough stability, and bread
loaf volume. Delayed sowing decreases the water absorption capacity of flour and dough
stability and increases the bread loaf volume [92,93]. The optimal sowing density in wheat
production also needs to be redefined due to global climate change. The sowing density
is a product of the sowing date and agricultural inputs in the production technology [13].
In Poland, 250–350 grains m−2 should be sown between 15 and 20 September [13]. The
influence of N management under different sowing strategies on the quality of wheat
flour and bread has not been examined in the literature to date. The present study was
undertaken to fill in this knowledge gap.

The objective of this study was to evaluate the effect of the sowing date, sowing
density, and split application of N fertilizer in the spring on the flour quality (crude
ash content, flour color, and total protein content), rheological properties of flour (water
absorption capacity, dough development time, dough stability, and degree of softening),
and bread quality (loaf volume and crumb density). The present study can contribute to the
development of climate-resilient sowing and N management strategies for the production
of high-quality winter wheat flour in northeastern Poland.

2. Materials and Methods

2.1. Field Experiment

Flour was obtained from winter wheat cv. ‘Julius’ in a field experiment conducted
during three growing seasons (2018–2021) at the Agricultural Experiment Station (AES) in
Bałcyny (53◦35′46.4′′ N, 19◦51′19.5′′ E, northeastern Poland) owned by the University of
Warmia and Mazury in Olsztyn. The experiment involved three factors. The first factor
was the sowing date: early (6 September 2018, 5 September 2019, and 3 September 2020),
delayed by 14 days (17–20 September), and delayed by 28 days (1–4 October). The second
factor was the sowing density: 200, 300, and 400 live grains m−2. The third factor was the
split application of N fertilizer in the spring in the full tillering stage (FT; BBCH 22–25)
and in the first node stage (FN; BBCH 30–31) at 40 + 100, 70 + 70, and 100 + 40 kg ha−1

(Pulan, Grupa Azoty SA, Puławy, Poland; ammonium nitrate, 34% N). The third split of N
fertilizer (40 kg ha−1) was applied in the “flag leaf just visible, but still rolled” stage (BBCH
37) (Pulan, Grupa Azoty SA, Puławy, Poland; ammonium nitrate, 34% N). In the spring, N
was applied on 6–12 March (FT), 7–10 May (FN), and 21–30 May (flag leaf just visible, but
still rolled).

The experiment had a split-split-plot design (sowing date was assigned to whole
plot treatments, sowing density was assigned to subplot treatments, and the split spring
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application of N fertilizer was assigned to sub-subplot treatments) with three replications.
The plot size was 15 m2 (10 m by 1.5 m). The preceding crop was winter oilseed rape
(Brassica napus L.). All field treatments that did not constitute the experimental variables
were consistent with the agronomic requirements of winter wheat and good agricultural
practices. The experimental conditions (soil type and content of plant-available nutrients)
and the production technology of winter wheat were described in detail by Lachutta and
Jankowski [94] (Tables S1 and S2).

2.2. Flour Quality

Flour was obtained by grinding wheat grain in a laboratory mill (Brabender, Quadru-
mat Junior, Duisburg, Germany) according to the procedure described by Lachutta and
Jankowski [95]. The crude ash content was determined with an NIR System InfratecTM 1241
grain analyzer (FOSS, Hillerod, Denmark) by measuring near-infrared transmittance in the
wavelength range of 570–1050 nm. The flour color was evaluated with the use of a MB-3M
whiteness meter (Zakład Badawczy Przemysłu Piekarskiego sp. z o. o., Bydgoszcz, Poland)
that measured illuminance, i.e., the density of a luminous flux reflected from the flour
surface at a wavelength of 565 nm. The total protein content of flour was determined with
an AgriCheck instrument (Bruins Instruments, Puchheim, Bayern, Germany) by measuring
near-infrared transmittance in the wavelength range of 730–1100 nm.

2.3. Rheological Properties of Dough and Bread Quality

The water absorption capacity and rheological properties of flour (dough development
time, dough stability, and degree of softening) were measured with a Brabender farinograph
with head type 50 according to Polish Standard PN-EN ISO 5530–1:2015–01 [96]. The
bread quality was assessed in a laboratory baking test according to the method described
by Klockiewicz-Kamińska and Brzeziński [97]. The dough was prepared in the Teddy
Varimixer (Brøndby, Denmark) by mixing 500 g of flour with a moisture content of 15%,
water (the amount of water was determined based on the water absorption capacity of
flour at 27–28 ◦C), yeast (3% relative to the amount of water), and salt (1.5% relative to the
amount of flour). Water was added in the amount required to achieve a dough temperature
of 30 ◦C. The dough was fermented at a temperature of 30 ◦C and a relative humidity of
75–80% for 1 h in a proofing cabinet of the DC 32E electric oven (Sveba-Dahlen, Glimek
AB, Fristad, Sweden). Dough portions were placed in baking tins and kept in the proofing
cabinet at 35 ◦C for 20–40 min, i.e., the time required for optimal dough development.
Bread was baked in the DC 32E electric oven (Sveba-Dahlen, Glimek AB, Fristad, Sweden)
at 230 ◦C for 35 min. The bread loaf volume and crumb density were determined 24 h after
baking. The bread loaf volume was determined by the seed displacement method with the
use of millet (Panicum miliaceum L.) seeds and a 1200 cm3 Sa-Wy general-purpose volume
scanner (Zakład Badawczy Przemysłu Piekarskiego sp. z o. o., Bydgoszcz, Poland). The
amount of millet seeds displaced by the bread sample was equal to its volume. The crumb
density was determined with the use of a crumb cutter (Zakład Badawczy Przemysłu
Piekarskiego sp. z o. o., Bydgoszcz, Poland). A crumb sample with a volume of 27 cm3

was cut from the center of a bread loaf, at a distance of minimum 1 cm from the crust. The
crumb density was calculated using Equation (1).

Dc =
Wc

Vw
(1)

where the following is true:
Dc—crumb density (g cm−3);
Wc—crumb weight (g);
Vw—volume of the cylinder (27 cm3).
The flour quality, rheological properties of dough, and bread quality were assessed by

Zakład Badawczy Przemysłu Piekarskiego sp. z o. o. in Bydgoszcz, Poland.
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2.4. Weather Conditions

Weather conditions in the growing seasons of winter wheat (2018/2019, 2019/2020,
and 2020/2021), with special emphasis on the grain ripening stage (mean daily temperature,
precipitation, growing degree days, and the Selyaninov hydrothermal index), were de-
scribed by Lachutta and Jankowski [94] and Lachutta and Jankowski [95] (Tables S3 and S4).
In all growing seasons, the mean daily temperature exceeded the long-term average by
1.6–2.3 ◦C. In each year of the study, the mean daily temperatures exceeded the long-term av-
erages in June, July, and August (by 2.1–5.3, 0.5–4.2, and 0.1–1.6 ◦C, respectively). In the first
(2018/2019) and second (2019/2020) growing season, the total rainfall approximated the
long-term average (595.8 mm) (Table S3). The highest grain yields (10.57–10.90 Mg ha−1)
were noted in these growing seasons [94]. In the growing season of 2020/2021, the precipi-
tation exceeded the long-term average by 13% (Table S3), and grain yields were 15–18%
lower relative to the remaining years of the study [94].

The quality of winter wheat grain is influenced mainly by weather conditions between
the milk stage to the fully ripe stage [13]. During the entire field experiment (2018–2021),
the temperature and precipitation during grain ripening (BBCH 73–89) differed across years
(Table S4). During grain ripening in 2019, 2020, and 2021, the growing degree days (GDDs)
were determined at 251–273, 260–299, and 305–354 ◦C, respectively. In the 2018/2019 season,
delayed sowing increased the GDDs by 22 ◦C during grain ripening (a particularly high
increase of 25–94 ◦C in the GDDs was observed between the dough stage and the fully ripe
stage). In turn, in the 2020/2021 season, delayed sowing decreased the GDDs by 31–49 ◦C
during grain ripening. The precipitation levels during grain ripening were determined at
62.3–79.6 mm (2018/2019), 16.2–33.0 mm (2019/2020), and 75.5–97.9 mm (2020/2021). In
the 2018/2019 season, winter wheat plants were exposed to higher precipitation (62.3 vs.
76.3–79.6 mm) during grain ripening. In turn, in the 2019/2020 season, precipitation was
lower (33 vs. 19.1–16.2 mm) during grain ripening in late-sown stands. In the third year of
the study (2020/2021), late-sown stands were exposed to higher precipitation in the milk
stage (BBCH 73–83) but lower precipitation during grain ripening (BBCH 83–89). In general,
the first and third growing seasons were characterized by the most favorable values of
the Selyaninov hydrothermal index during grain ripening (humid spell). In the second
growing season, grain ripening occurred during a dry spell (K = 0.40–0.79) (Table S4).

2.5. Statistical Analysis

The results of the conducted measurements (crude ash content, flour color, total protein
content, water absorption capacity, dough development time, dough stability, degree of
softening, bread loaf volume, and crumb density) were analyzed using the ANOVA with
Statistica software, ver. 13 [98]. Post hoc multiple comparisons were performed with
the use of Tukey’s HSD test at p ≤ 0.05. The results of the F-test for fixed effects in the
ANOVA are presented in Table S5. The relationship between meteorological variables and
the studied agronomic parameters was evaluated using the linear regression method. The
values of Pearson’s correlation coefficient (R) were considered significant at p ≤ 0.01 and p
≤ 0.05 (Table S6).

3. Results

3.1. Flour Quality

The flour color was negatively correlated with the crude ash content (Table S6). The
crude ash content of flour was positively correlated with weather conditions during grain
ripening (Selyaninov index in BBCH 73–89) (Figure 1a). In turn, a negative correlation
was noted between the flour color and the Selyaninov hydrothermal index during grain
ripening (Figure 1b). A dry spell during grain ripening decreased the crude ash content of
flour, which had a positive impact on the flour color. As a result, significantly lighter flour
(79.9% of the whiteness standard) with a lower crude ash content (6.3 g kg−1 DM) was
obtained from winter wheat grain produced in a growing season with the least favorable
weather conditions during grain ripening (2019/2020) (Tables 1 and S4).
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Figure 1. Linear regression between the crude ash content (a) and color of flour (b) vs. the Selyaninov
hydrothermal index during winter wheat grain ripening. * significant at p ≤ 0.05; ** significant
p ≤ 0.01.

Table 1. Quality parameters of winter wheat flour.

Parameter
Crude Ash Content

(g kg−1 DM)
Color (% Whiteness

Standard)
Total Protein Content

(g kg−1 DM)
Water Absorption

Capacity (%)

Growing season
2018/2019 7.4 a 76.9 b 135 a 62.2 a

2019/2020 6.3 c 79.9 a 127 c 57.7 c

2020/2021 6.6 b 77.1 b 129 b 59.2 b

Sowing date, mean for 2018–2021
Early 6.8 78.0 129 b 59.2 b

Delayed (+14 days) 6.7 77.9 130 b 59.5 ab

Delayed (+28 days) 6.7 77.9 132 a 60.3 a

Sowing density (live grains m−2), mean for 2018–2021
200 6.8 77.9 b 132 a 59.6
300 6.8 77.8 b 130 ab 59.4
400 6.7 78.2 a 129 b 60.0

Split spring N rate (kg ha−1), mean for 2018–2021
40 + 100 6.8 77.8 b 132 a 59.7
70 + 70 6.7 78.0 ab 130 ab 60.0

100 + 40 6.7 78.1 a 129 b 59.3

Means with the same letters do not differ significantly at p ≤ 0.05 in Tukey’s test. Means without letters indicate
that the main effect is not significant.

The total protein content and water absorption capacity of flour were positively
correlated with the crude ash content (Table S6). Therefore, the total protein content and
water absorption capacity of flour were higher in years when weather conditions promoted
crude ash accumulation (humid and wet spells during grain ripening). The highest total
protein content (135 g kg−1 DM), the highest crude ash content (7.4 g kg−1 DM), and
the highest water absorption capacity (62.2%) were noted in flour obtained from grain
harvested in the first growing season (2018/2029) (Table 1).

The color of flour was significantly influenced by the sowing density and split spring
N rate (Table S5). Lighter flour (78.2%) was obtained from grain grown in plots with
the highest sowing density (400 grains m−2) (Table 1). Dense sowing exerted the most
beneficial effect on the flour color in the first growing season (Figure 2). A lighter color was
also obtained in 70 + 70 and 100 + 40 kg N ha−1 (Table 1).
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Figure 2. The effect of the sowing density on the color of wheat flour. Means with the same letters do
not differ significantly at p ≤ 0.05 in Tukey’s test.

The effect of the sowing date on the total protein content of flour varied depending on
weather conditions in the years of the study. Delayed sowing had a particularly positive
effect on the total protein content of flour in the first growing season (Figure 3), which was
characterized by the most favorable weather conditions during grain ripening (highest
values of the Selyaninov index, Table S4). In this year, grain ripening in late-sown stands
took place under more supportive weather conditions (humid spell to wet spell, Table S4),
which increased the total protein content of flour by 3.8–8.5% (Figure 3). In the remaining
growing seasons (year 2 and 3), the sowing date had no effect on the total protein content
of flour. An increase in the N rate at FT with a simultaneous decrease in the N rate at FN
(100 + 40 kg ha−1) decreased the total protein content of wheat flour by 2.3% (Table 1).

Figure 3. The effect of the sowing date on the total protein content of wheat flour. Means with the
same letters do not differ significantly at p ≤ 0.05 in Tukey’s test.

3.2. Rheological Properties of Dough and Bread Quality

The dough stability was negatively correlated with the crude ash content of flour
(Table S6) and weather conditions during grain ripening (Figure 4a). In turn, the degree
of dough softening was positively correlated with the crude ash content and weather
conditions from the milk stage to the fully ripe stage (Figure 4b).
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Figure 4. Linear regression between dough stability (a) and the degree of softening (b) vs. the
Selyaninov hydrothermal index during winter wheat grain ripening. * significant at p ≤ 0.05.

Flour in the second growing season was characterized by more desirable rheological
properties, including the longest dough development time (3.7 min), the highest dough
stability (9.0 min), and the lowest dough mixing tolerance index (38.4 jB). In this growing
season, a dry spell during grain ripening (K = 0.40–0.79) improved the rheological properties
of flour (Table S4). The values of dough development time (3.5 min), dough stability
(6.3–7.4 min), and degree of softening (48.2–53.5 jB) were least desirable when winter
wheat was sown in August (sown early and sown with a delay of 14 days). Delayed
sowing (+28 days) had a positive impact on the dough development time and stability
(increase of 6% and 14–33%, respectively) and the degree of softening (the dough mixing
tolerance index decreased by 12–21%), regardless of weather conditions (Table 2). Delayed
sowing improved the rheological properties of flour, because grain ripening took place
under less favorable weather conditions (Table S4), which increased the dough stability
(negative correlation) and decreased the degree of dough softening during mixing (positive
correlation) (Figure 4). The sowing density and split spring N rate exerted a significant
effect only on the dough stability (Table S5). The dough stability was highest when winter
wheat was sown at a density of 400 grains m−2 (7.8 min) and when N fertilizer was applied
at 100 and 40 kg ha−1 (7.7 min). A decrease in the sowing density to 200–300 grains m−2

and the application of 40 + 100 kg N ha−1 decreased the dough stability by 8–10% and
8%, respectively (Table 2). An increase in the sowing density to 400 grains m−2 had a
particularly beneficial influence on the dough stability when sowing was delayed +28 days
(Figure 5). The effect of the sowing density and split spring N rate on dough stability did
not vary depending on weather conditions in the years of the study (Table S5).

Table 2. Rheological properties of dough and bread quality.

Parameter
Development

Time (min)
Stability (min)

Degree of
Softening (jB)

Bread Loaf
Volume (cm3)

Crumb Density
(g cm−3)

Growing season
2018/2019 3.5 b 5.2 c 60.5 a 333 b 0.27 a

2019/2020 3.7 a 9.0 a 38.4 c 350 a 0.24 b

2020/2021 3.5 b 7.8 b 45.2 b 347 a 0.23 c

Sowing date, mean for 2018–2021
Early 3.5 b 7.4 b 48.2 a 343 0.25 a

Delayed (+14 days) 3.5 b 6.3 c 53.5 a 343 0.24 b

Delayed (+28 days) 3.7 a 8.4 a 42.4 b 344 0.24 b
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Table 2. Cont.

Parameter
Development

Time (min)
Stability (min)

Degree of
Softening (jB)

Bread Loaf
Volume (cm3)

Crumb Density
(g cm−3)

Sowing density (live grains m−2), mean for 2018–2021
200 3.6 7.2 b 49.5 342 b 0.25
300 3.5 7.0 b 47.9 342 b 0.25
400 3.5 7.8 a 46.7 347 a 0.24

Split spring N rate (kg ha−1), mean for 2018–2021
40 + 100 3.6 7.1 b 48.9 345 0.24
70 + 70 3.5 7.3 ab 48.7 343 0.25
100 + 40 3.5 7.7 a 46.5 343 0.25

Means with the same letters do not differ significantly at p ≤ 0.05 in Tukey’s test. Means without letters indicate
that the main effect is not significant.

Figure 5. The effect of the sowing date and sowing density on dough stability. Means with the same
letters do not differ significantly at p ≤ 0.05 in Tukey’s test.

The analysis of the flour quality also involved a direct assessment of the baking quality
in a laboratory baking test. It was assumed that the baking test would reveal specific
quality traits that could not be determined with the use of indirect measurement methods.
The bread loaf volume and crumb density were influenced by the ash content of the flour.
An increase in the ash content decreased the bread loaf volume and increased the crumb
density (Table S6). The bread loaf volume was negatively correlated with precipitation
in the dough stage (BBCH 83–89). In turn, the crumb density was negatively correlated
with the mean daily temperature during grain ripening (BBCH 73–89) (Figure 6). Bread
baked from grain harvested in the second and third growing seasons was characterized by
the largest loaf volume (347–350 cm3) and a low crumb density (0.23–0.24 g cm−3). These
growing seasons were characterized by the lowest precipitation in the dough stage and the
highest mean daily temperatures during grain ripening (Table S4).

A sowing delay of 14 and 28 days decreased the crumb density by 4% (to 0.24 g cm−3)
but had no effect on loaf volume (Table 2). The crumb density was not affected by the
sowing date only in the second growing season (Figure 7). Delayed sowing decreased the
crumb density due to higher mean daily temperatures during grain ripening (Table S4). A
high sowing density (400 grains m−2) increased the loaf volume by 1.5% (Table 2). A higher
sowing density in the second and third growing seasons induced the greatest improvement
in the flour quality (loaf volume increased by 2%) (Figure 8). The loaf volume and crumb
density were not affected by the split spring N rate (Table S5).
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Figure 6. Linear regression between (a) bread loaf volume and total precipitation in the dough stage;
(b) crumb density and mean daily temperature during winter wheat grain ripening. * significant at
p ≤ 0.05.

Figure 7. The effect of the sowing date on crumb density. Means with the same letters do not differ
significantly at p ≤ 0.05 in Tukey’s test.

Figure 8. The effect of the sowing density on bread loaf volume. Means with the same letters do not
differ significantly at p ≤ 0.05 in Tukey’s test.
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4. Discussion

4.1. Flour Quality

The ash content denotes the concentration of minerals in flour [20–23]. The ash content
not only affects the nutritional value of flour, but it also determines its technological quality
and suitability for the production of various baked goods (for example, ash content does
not exceed 5 g kg−1 DM in cake flour, ranges from 7.0 to 7.8 g kg−1 DM in bread flour, and
exceeds 20 g kg−1 DM in graham flour) [16]. The ash content of wheat grain is determined
mainly by weather conditions, including temperature and precipitation [71,99–101]. This
observation was corroborated by the present study, which revealed a positive correlation
between the crude ash content of flour and weather conditions during grain ripening.
Unfavorable weather conditions during grain ripening decreased the accumulation of
crude ash in the flour. The ash content of wheat flour was not influenced by the sowing
date, sowing density, or split spring N rate, which is consistent with the findings of other
authors [8,18,43,51,52,102–104]. In turn, Adeel et al. [101] and Caglar et al. [71] found that
the ash content of flour decreased when sowing was delayed and when the sowing density
was increased by 20% and 15%, respectively. According to Caglar et al. [71], Alignan
et al. [84], and Adeel et al. [101], delayed sowing decreased the crude ash content of
flour because winter wheat was exposed to high temperatures during grain ripening. In
the current study, the flour color was very light (77–80%) due a low crude ash content
(6.3–7.4 g kg−1 DM). Significantly lighter flour was obtained from the grain sown at the
highest density of 400 grains m−2. The flour color was also correlated with the sowing
density in the work of Caglar et al. [105]. In the present study, the split spring N rate
affected the color of flour. Higher N rates applied in FT (100 + 40 kg ha−1) increased flour
lightness (78.1%). The application of a portion of the split spring N rate in the FN stage with
a simultaneous decrease in the N rate applied in the FT stage (70 + 70 and 40 + 100 kg ha−1)
decreased flour lightness by 0.3 percent points (%p). In a study by Jankowski et al. [43],
an increase in the N rate combined with systemic fungicide treatment decreased flour
lightness by 0.5%p. In turn, the N rate had no effect on the color of wheat flour in the works
of Jaskulska et al. [8] and Rodrighero et al. [18].

The protein content of flour determines its baking quality by improving the dough
viscosity, extensibility, strength, and elasticity [65,106]. In this study, the total protein
content was highest (132 g kg−1 DM) in flour obtained from the grain of late-sown winter
wheat (+28 days). A similar relationship between the sowing date and protein content of
flour was reported by Bagulho et al. [107], Knapowski et al. [92], and Adeel et al. [101].
The observed increase in the protein content of flour can be attributed to the fact that
late-sown wheat is exposed to higher temperatures in the ripening stage, which promotes
protein accumulation [90,91,108]. In the works of Geleta et al. [109], Mikos-Szymańska
and Podolska [110], and Hao et al. [111], and in the present study (Table 1), an increase in
sowing density decreased the protein content of flour by 12%, 2%, 6%, and 2%, respectively.
In contrast, in a study by Madan and Munjal [112], the protein content of flour was not
affected by the sowing density. Xue et al. [65] demonstrated that an increase in the N rate
applied at the beginning of stem elongation decreased the protein concentration in flour
by 6%. A reverse relationship was noted in this study, where the protein content of flour
increased by 2% in response to a higher N rate at the beginning of stem elongation. These
differences could be attributed to nutrient dissolution with an increase in grain yields [13].
In the work of Xue et al. [65], an increase in the N rate at the beginning of stem elongation
increased the wheat grain yields by 2% and decreased the total protein content of flour. In
turn, in our previous study [94], an increase in the N rate applied in the FN stage decreased
the grain yield and increased the total protein content of flour. Johansson et al. [113] and
Rossmann et al. [114] also found that late N application increased the protein content of
wheat grain by 11% and 10%, respectively. In turn, Luo et al. [115], Madan and Munjal [112],
and Haile et al. [116] found that the protein content of flour was influenced by the N rate
but not by N splitting.
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The water absorption capacity of flour is an important parameter that affects the
quality of baked goods [117,118]. In the present study, delayed sowing increased the wa-
ter absorption capacity of flour (by 1.1%p), and similar results were reported by Zhang
et al. [119] (increase of 3.4%p). The observed increase in the water absorption capacity of
flour could be due to the fact that late-sown wheat plants were exposed to high temper-
atures during grain ripening, which contributed to protein accumulation at the expense
of the synthesis and storage of carbohydrates [99,120]. According to Huang et al. [121],
delayed sowing modifies the starch quality by affecting its crystallinity and improving its
pasting characteristics, but this effect may be reversed by an excessive delay in sowing [122].
In the works of Knapowski et al. [92] and Caglar et al. [105], delayed sowing decreased
the water absorption of flour by 1.1 and 3.9%p, respectively. The sowing density has a
weak influence on the water absorption capacity of flour [[123–126] and present study,
Table 1], most likely due to the minor effect of this agronomic practice on the protein
and starch contents of grain [127–129]. The only study where a higher sowing density
increased the water absorption capacity of flour (by 2%) was conducted in northeastern
China by Hao et al. [111]. The increase in the water absorption capacity observed by the
cited authors [111] could be due to a beneficial influence of a higher seeding rate on the
starch content of wheat grain. The higher the starch content of wheat flour, the greater
its ability to absorb water during dough mixing [130,131]. Therefore, more water may
be required to achieve the optimum dough consistency when using wheat flours with a
higher starch content [120]. Split and late N applications can increase the water absorption
capacity of flour [64,65,123]. Xue et al. [65] found that the water absorption capacity of flour
increased by 3%p when the total N rate was applied in three splits (BBCH 00, BBCH 30,
and BBCH 45) rather than two splits (BBCH 00 and BBCH 30). In turn, Blandino et al. [64]
reported that foliar N application during flowering (5 kg ha−1) and soil N application at
the beginning of heading (40 kg ha−1) increased the water absorption capacity of flour by
2% and 4%, respectively. In the current study and in the work of Warechowska et al. [52],
split N application had no effect on the water absorption capacity of flour. In the work of
Warechowska et al. [52] and in the present study, the absence of correlations between N
splitting and the water absorption capacity of flour could be attributed to the relatively low
total protein content of winter wheat grain (128–139 and 129–132 g kg−1 DM, respectively)
as well as the weak effect of N fertilization on the protein content of grain (±3–5 and 2%,
respectively). In a study by Blandino et al. [64], the total protein content of wheat grain
was 4–9% higher, and N fertilization induced much greater differences in this parameter
(±8%) than in the work of Warechowska et al. [52] and the present study.

4.2. Rheological Properties of Dough and Bread Quality

In the present study, delayed sowing (+28 days) increased the dough development
time by 6%. A similar relationship between the sowing date and dough development
time was reported by Zhang et al. [119] in China. The influence of sowing density on the
dough development time appears to be more ambiguous. Gawęda et al. [126] did not
observe changes in the dough development time in response to an increase in the sowing
density. In the current study, conducted in northeastern Poland, the sowing density of
winter wheat did not induce significant differences in the time of dough development. In
turn, Han and Yang [124] and Hao et al. [111] found that a higher sowing density shortened
the dough development time. In the work of Zhang et al. [119], the dough development
time was influenced by the interaction between the sowing density and N rate. In their
study, an increase in the sowing density shortened the dough development time in the
absence of N fertilization, but the N rate of 240 kg ha−1 prolonged dough development.
Jankowski et al. [43] also found that an increase in the spring N rate prolonged dough
development by 38%. Blandino et al. [64] demonstrated that late N application had a
positive impact on dough development. In their study, a supplemental N rate of 40 kg ha−1

applied at the beginning of heading prolonged dough development by 49%, whereas foliar
N applied during full flowering prolonged dough development by 32%. In the present
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study, splitting the N fertilizer rate had no significant influence on the dough development
time. According to Jankowski et al. [43] and Blandino et al. [64], N fertilization prolonged
the dough development time mainly due to an increase in the total N rate. In the present
study, the spring N rate was constant (140 kg ha−1), but N was applied in different splits,
which could explain the absence of variations in the dough development time.

In the current experiment, the dough stability was strongly influenced by the sowing
date, sowing density, and split spring N rate. The dough stability was highest when winter
wheat was sown late (+ 28 days) at the highest density (400 grains m−2) and supplied with
100 + 40 kg N ha−1. In the work of Zhang et al. [119], the dough stability increased by
17% when sowing was delayed by 50 days. In turn, Dong et al. [93] reported that early
sowing, a high sowing density, and a high N rate applied in FN had a positive impact on
dough stability. Contrary to Zhang et al. [119] and the present study, Hao et al. [111] and
Soofizada et al. [73] found that an increase in the sowing density had a negative effect on the
dough stability. In the work of Zhang et al. [132], the effect of the sowing density on dough
stability was determined by the N rate. The cited authors found that the dough stability
increased with a rise in the sowing density only in response to a high N rate (240 kg ha−1).
The dough stability was also affected by the sowing density in the experiment performed
by Han and Yang [124], where an increase in the sowing density from 90 to 270 grains m−2

decreased the dough stability time by 16%. Zhang et al. [119] reported that the dough
stability time was prolonged by 42% in response to an N rate of 240 kg ha−1 relative to the
treatment without N fertilization. Jankowski et al. [43] also demonstrated that the dough
stability was nearly three times higher in a high-input production technology of winter
wheat. In contrast, Rodrighero [18], Blandino et al. [64], Souza et al. [56], Xue et al. [65],
Keres et al. [62], and Cesevičienė et al. [68] did not report any correlations between N
fertilization and dough stability.

Zhang et al. [119] found that the degree of dough softening decreased with a delay in
sowing, which was also observed in the present study. A relationship between the sowing
density and degree of dough softening was not noted in this experiment. The degree of
dough softening was not affected by the sowing density in the work of Biel et al. [104] either.
Gawęda et al. [123] observed that the degree of dough softening was strongly influenced by
the interaction between the sowing density and weather conditions. In their study, a higher
sowing density increased the degree of dough softening only in a year characterized by low
total precipitation in June. The effect of N fertilization on the degree of dough softening is
ambiguous [[62,133,134]; present study, Table 2]. In the work of Keres et al. [62] and in this
study, N fertilization did not affect the degree of dough softening. In turn, Kunkulberga
et al. [134] reported an increase in the degree of dough softening with an increase in the
N rate, whereas Fleitas et al. [133] found that the degree of dough softening decreased
in response to higher N rates. In a study by Jankowski et al. [43], the degree of dough
softening decreased by 27% in a high-input production technology of winter wheat grain.

The crumb density and bread loaf volume are largely responsible for the taste of
bread [38,39]. Consumers have a preference for bread with a large loaf volume and low
crumb density [40]. Crumb density is a parameter that describes bread porosity, and it is
associated with the properties of gluten [135]. In the present study, bread quality evaluated
based on the crumb density and loaf volume was influenced significantly only by the
sowing date and sowing density. The crumb density was lower (0.24 g cm−3) when winter
wheat was sown in mid-September (+14 days). Delayed sowing decreased the crumb
density, because wheat plants were exposed to higher mean daily temperatures during
grain ripening. In turn, the loaf volume peaked (347 cm3) when winter wheat was sown
at 400 grains m−2. Knapowski et al. [136] found no relationship between the bread loaf
volume and the sowing date of wheat. In contrast, Dong et al. [93] demonstrated that
bread made from flour obtained from the grain of early-sown wheat was characterized by
the largest loaf volume (808 cm3). The loaf volume decreased by 11% when sowing was
delayed by 21 days. In a study by Zhang et al. [132], the bread loaf volume increased by 7%
when the sowing density was increased from 120 to 240 grains m−2. The wheat sowing
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density had a beneficial influence on the bread loaf volume in the work of Dong et al. [93],
whereas no correlation between these parameters was noted by Guerrini et al. [66]. Nitrogen
fertilization of wheat increases the bread loaf volume [93,137] but has an undesirable effect
on the crumb density (by decreasing porosity) [66]. In the present study, split spring N
application had no effect on the bread quality. The study demonstrated that the ash content
of flour influences the bread quality. An increase in the ash content decreased the bread
loaf volume and increased the crumb density. Nitrogen splitting did not induce differences
in the ash content of flour, which could explain why this parameter had no effect on the
bread quality.

5. Conclusions

The baking quality of flour was determined mainly by the sowing date, which influ-
enced the highest number of the analyzed quality parameters. The quality attributes of
wheat flour were less affected by the sowing density and split spring N rate. Flour of a
higher baking quality was obtained from the grain of winter wheat sown between mid-
September and early October (with a delay of 14 and 28 days). Delayed sowing increased
the total protein content and water absorption capacity of flour and improved the dough
development time, dough stability, and degree of softening. Delayed sowing decreased
the crumb density (a desirable trait) without compromising the bread loaf volume. The
highest sowing density of 400 grains m−2 improved the color of flour (without decreasing
the crude ash content), dough stability, and bread loaf volume. The total protein content of
flour peaked when a portion of the split spring N rate was 40 + 100 kg ha−1. In turn, an
increase in the N rate in FT (100 + 40 kg ha−1) had the most beneficial influence on the color
of flour and dough stability. The flour quality, rheological properties of dough, and bread
quality were determined mainly by the crude ash content of the flour. A low ash content
was accompanied by a decrease in the total protein content and water absorption capacity
of flour. However, a low crude ash content had a positive effect on the flour color, dough
stability, degree of dough softening, bread loaf volume, and crumb density. Therefore,
agronomic treatments that decrease the ash content of flour may contribute to improving
bread quality by exerting a beneficial influence on the rheological properties of dough.
Sowing winter wheat at 400 grains m−2 with a delay of 14 or 28 days and the application
of 100 + 40 kg N ha−1 in the FT stage and in the FN stage, respectively, decreased the crude
ash content of flour.
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Abstract: The ridge culture place planting system (RCPPS) is a promising technique for planting
rapeseed that can promote the growth of rapeseed by late rice stubble, which has been widely
adopted in the Yangtze River delta. To determine the optimum planting date for rape (Brassica napus
L.) forage and grain yield in an intensive rice–rape rotation system, a field experiment was conducted
with five transplantation dates (from 20 October to 30 November at 10 day intervals) in RCPPS. The
forage/grain yield, nutrition, and growth parameters were analyzed. At podding, rape biomass yield
was highest, and no significant differences were found among treatments. It was around 12.0% crude
protein, 11.4% ether extract, 38.8% neutral detergent fiber, and 34.9% acid detergent fiber. In the
treatments of 20 and 30 November, crude protein content increased and acid detergent fiber content
decreased significantly. Compared with 20 October, the grain yield of rape transplanted in November
decreased significantly by 17.2% to 22.5%. The grain yield was significantly correlated with the
number of secondary branches, pods, and seeds. At the final flowering stage, rape transplanted in
November had noticeably reduced leaf growth, rhizome width, and yield than 20 and 30 October.
Overall, for multiple uses of rapeseed in the Yangtze River delta belt with RCPPS, it is optimal to
plant in mid to late November for forage use with higher nutritional value, being coordinated with
the previous rice crop, whereas late October is the appropriate planting time to obtain a higher
grain yield.

Keywords: ridge culture place planting system; optimum transplant date; rape forage yield; rape
grain yield; rape growth characteristics; rape forage nutrition

1. Introduction

The summer rice–winter rapeseed (Brassica napus L.) rotation is the traditional cul-
tivation system in the Yangtze River delta, in which the rice crop cycle is from June to
October and afterwards, the winter rape typically grows from November to May. It is
likely that oilseed rapeseed would increase rice production and improve soil fertility when
used as a previous crop in a rotation system [1]. However, considering the late harvest
of the preceding crop and low planting profit, traditional rapeseed is often classified as
an uncertain crop compared with the local main crop of rice [2]. Therefore, because of
the delayed planting date of rapeseed, low air temperature and high precipitation always
occur, which inhibit the vegetative growth of rapeseed seedlings and lead to the poor
development of pod formation and grain filling in the late period [3,4]. The planting costs
of rapeseed have also increased substantially because the price of agricultural production
material and labor resources has increased rapidly in the Yangtze River delta. In addition,
large quantities of low-cost, high-quality imported oilseeds have negatively affected the
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development of domestic rapeseed production, in which rapeseed is grown conventionally
for grain [5,6].

The hybrid varieties of low erucic acid and glusosiolate (‘double-low’) rape are high-
yielding forage crops characterized by their high regrowth capacity [7] and nutritive
value [8]. Thus, forage rape can be a substantial part of the feed rotation in pasture,
particularly in autumn–winter when pasture growth is limited, and it therefore increases
the economic benefits of rapeseed production. Forage rape has been promoted in a large
area in northern China, including in Heilongjiang, Shanxi, and Gansu provinces [9]. In the
northern region, forage rape typically grows from August to October, which is beneficial
for improving the productivity in the complementary forage rotation of wheat–forage rape
or bean–forage rape. In addition to enriching the species of forage in these agricultural
areas, forage rape improves resource use efficiency, including that of temperature, water,
and light, compared with fallow fields [10,11]. Forage rape is also beneficial because it
reduces soil erosion and soil pathogens and improves soil characteristics [7,12].

In 2017, the National Agricultural Technology Extension Service Center issued ‘Win-
ter Rapeseed Production Technical Guidance Opinions 2017–2018’, which first clarified
the multiple uses of rape for oil, forage, flowers, honey, and fertilizer [13]. To improve
rapeseed production, innovative uses of rape need to be developed, consistent with local
conditions. In the loess hilly region, the combined uses of rapeseed for forage, sightseeing,
and grain have promoted the development of multifunctional agriculture, which brings
great economic and ecological benefits [9]. In the cold region of Northeast China, the first
innovation in growing forage rapeseed was to plant two crops a year [14]. However, few
studies have examined the cultivation of forage rape in the Yangtze River delta.

In the rice–rape rotation system in the Yangtze River delta, the planting date of
rapes is restricted by various factors such as stubble configuration, weather, and soil
conditions. The timing of transplanting inevitably affects the growth characteristics of
rapes. Delayed sowing date with insufficient accumulated temperature would directly
inhibit seed germination and early seedling growth, thus affecting the accumulation and
transport of photosynthetic products, leading to low biomass and grain yield [15,16]. The
ridge culture place planting system (RCPPS) is a promising technique for planting rapeseed
that has been widely adopted in the Yangtze River delta [17]. With the RCPPS, the stress
of waterlogging damage can be avoided, especially in the seedling stages. Furthermore,
early seed sowing and seedling raising can facilitate the growth of rapeseed, particularly
alleviating the inhibition of rape growth by rice stubble [17,18]. Sun et al. (2015) [17]
found the grain yield with the RCPPS is significantly higher than that with traditional
transplanting or a direct-seeding system in the Yangtze River delta.

However, information on the effects of transplanting dates on the growths and nu-
tritional value characteristics, as well as the optimum transplanting dates of brassicas for
forage and grains with the RCPPS is lacking, which has inhibited adoption by producers.
Therefore, in a field experiment with the RCPPS, we compared the effects of different
transplanting dates on the characteristics of rape that are important for forage and grain
use. The objectives were the following: (1) to quantify and compare the effects of five
transplanting dates on yield and nutritional value of forage grass as well as grain yield
of rapeseed in the RCPPS, and (2) to identify the appropriate transplanting dates for rape
intended for use as forage or grains. The results of this study will provide the basis for the
efficient cultivation of rapeseed for multiple uses in the middle and lower reaches of the
Yangtze River.

2. Materials and Methods

2.1. Site Description

A field experiment was conducted near Suzhou (31◦27′ N, 120◦25′ E; 2 m a.s.l.) in
Jiangsu Province, China. In September 2016, soil samples were collected at the 0 to 20 cm
depth with a soil auger (3.5 cm diameter) from five individual locations in each plot and
then mixed together as one replicate. Soil organic carbon (SOC) and total nitrogen (TN)
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content were determined by using the Walkley–Black and Kjeldahl digestion methods,
respectively [19,20]. Soil water-soluble phosphorus (P) was determined by the Olsen
method [21]. Soil available potassium (K) was extracted with 1 M NH4OAC (pH = 7) and
analyzed by a flame photometer (M410, Sherwood, UK). Soil pH was measured in a 1:2.5
soil/water solution using a combined electrode pH meter (HI 98121, Hanna Instruments,
Kehl am Rhein, Germany). The soil pH was 6.2, and the nutrient concentrations were the
following: SOC, 31.6 g·kg−1; TN, 1.80 g·kg−1; available P, 35.0 mg·kg−1; and available K,
137.3 mg·kg−1.

The climate data during the growth period were collected at a meteorological station.
Average monthly rainfall and daily temperature are summarized in Table 1. A north
subtropical monsoon climate characterizes the Yangtze River delta, with an annual mean
air temperature of 16.0 ± 1.9 ◦C. During the experimental years, the annual average
precipitation was approximately 1074 mm, mainly distributed in the beginning of the
growing season from October to November. The cumulative annual temperatures reached
approximately 3987 ◦C. The total sunshine hours were 1101.3 h. The relative humidity was
71.9%. The ‘double-low’ hybrid rapeseed in the experiment was Ningza No. 1818, which
was from the Jiangsu Academy of Agricultural Sciences.

Table 1. Meteorological conditions during the rapeseed growing season.

Month
Average

Temperature (◦C)
Cumulative

Temperatures (◦C)
Total Rainfall

(mm)
Total Sunshine

Hours (h)
Relative Air

Humidity (%)

October 20.2 615.5 282.9 42.6 82.9
November 13.1 385.2 131.8 87.0 79.6
December 8.9 276.2 55.6 120.5 74.3

January 7.0 199.2 67.3 104.5 74.2
February 7.9 196.7 28.9 130.7 65.4

March 12.8 332.4 74.1 129.2 66.6
April 20.8 538.9 90.4 169.6 63.2
May 26.3 703.0 83.0 186.9 65.0

Average 16.0 3987.0 1074.0 1101.3 71.9

2.2. Experimental Design and Field Management

The field experiment was conducted from 2016 to 2017 and was composed of five
transplanting dates as experimental treatments that were arranged in a randomized block
design with three replications. The five transplanting dates were 20 October, 30 October,
10 November, 20 November, and 30 November, with a 10 day interval, according to the
harvest dates of previous rice variety. The size of each plot was 15 m2 (3 m × 5 m).

The rapeseed was sown in the field in late September and then nursed for approxi-
mately 45 days. The seedlings of all transplant date treatments were planted in the RCPPS
(Appendix A, Figure A1). The RCPPS in the plots consisted of 80 cm wide ridges of
soil with 30 cm wide and 20 cm deep furrows on each side of a ridge. Each plot con-
tained three ridges, and in each ridge, two rows of rapeseed were transplanted. One
rape seedling at the age of 4.1 to 4.5 leaves was selected to transplant per hill at constant
spacing (15.0 cm × 60.0 cm and 15.0 cm × 40.0 cm) with the transplanting density of 12,000
seedlings·ha−1. Nitrogen fertilizer of chemical urea was applied at 270 kg N ha−1 during
the entire growth season at the ratio of 4:3:3 at transplanting, seedling, and bolting stages.
All treatments were supplied with P (105 kg P2O5 ha−1) and K (225 kg K2O ha−1) as a
single application. The other agricultural management practices were consistent with those
of local production.

2.3. Field Sampling and Laboratory Analysis

Observations of leaf age and growth stages were recorded at 5 day and 7 day intervals,
respectively. Biomass yield was measured at the stages of budding, initial flowering, final
flowering, and podding. On each sampling date, six hills were harvested. The plants were
cut from the bottom, and the fresh weights were recorded. Then, the growth characteristics,
namely, the number of effective leaves, rhizome thickness, and plant height, were measured

92



Appl. Sci. 2024, 14, 3207

in the lab. Subsamples of approximately 800 g plant were air-dried and then oven-dried at
70 ◦C until constant weight to determine the dry weight (DM) and water content.

At maturity, 8 m2 of rapeseed was manually harvested (non-sampling area) from each
plot to determine the grain yield. The grains were threshed, cleaned, and weighed after
drying in the sun for one week. Subsamples of 500 g of grains were oven-dried at 70 ◦C
until constant weight to determine the DM and water content. To prevent the loss of the
pods, before the final harvest, six hills of representative plants were selected randomly
to determine the yield components of rapeseed: the number of branches per plant, the
number of pods and seeds at each level of branch, and the 1000 seed weight. In addition,
subsamples of pods were taken randomly to determine the length and width and the
number of seeds.

All plant samples were ground in a micro hammer (FZ102, Taisite, Tianjin, China).
To avoid cross-contamination, it was cleaned between millings. After wet digestion with
H2SO4–H2O2 at 220 ◦C, samples were analyzed for crude protein (CP%) by the micro-
Kjeldahl procedure [22]. The contents of neutral detergent fiber (NDF) and acid detergent
fiber (ADF) were determined by the Van Soest method [23] The ether extract (EE) was
measured by the residual method [24].

2.4. Statistical Analyses

Statistical analyses were conducted using the Statistical Analysis System 9.3 [25]
(SAS Institute, Cary, NC, USA, 2009). A one-way analysis of variance (ANOVA) with
Tukey’s post-hoc test (p < 0.05) was used to assess the differences in biomass and grain
yield, as well as the parameters of nutritional content, yield components and growth
between transplanting date treatments. A Pearson correlation between grain yield and
yield components was adapted using SAS. All figures were plotted with Origin 2018
software (OriginLab, Northampton, MA, USA).

3. Results

3.1. Effects of Transplant Date on Forage Yield and Nutrition of Rapeseed

The dry matter production of forage rape increased rapidly from the bud period to
the final flowering stage but then increased gradually in the podding stage (Figure 1). At
the final flowering stage, the transplantation on 20 October resulted in significantly higher
biomass yield than that in the transplantations in November. However, no significant dif-
ferences were found between transplanting periods in the other stages (Figure 1). Notably,
compared with the transplanting dates of 20 and 30 October and 10 November, the 20 and
30 November transplanting treatments had significantly higher CP content and lower ADF
content (Figure 2). There were no significant differences in EE and NDF contents among
the treatments (Figure 2).

Figure 1. Biomass yield (t·ha−1) of forage rapeseed at four growth stages (bud period, initial flower-
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ing, final flowering, podding) as affected by transplanting date. The experimental treatments were
five transplant dates (month-day): 10-20, 10-30, 11-10, 11-20, and 11-30. Different lowercase letters
indicate significant differences among different transplanting dates in each growth stage at the 0.05
level. ns, no significant differences among different transplanting dates.

Figure 2. Nutritional content (%) of forage rapeseed at podding as affected by transplanting date.
The experimental treatments were five transplant dates (month-day): 10-20, 10-30, 11-10, 11-20, and
11-30. The four measures of nutritional quality were crude protein (CP), ether extract (EE), neutral
detergent fiber (NDF), and acid detergent fiber (ADF). Different lowercase letters indicate significant
differences among different transplanting dates at the 0.05 level. ns, no significant differences among
different transplanting dates.

3.2. Effects of Transplant Date on Grain Yield and Yield Components of Rapeseed

The rapeseed grain yield was significantly related to the transplanting date. The
highest yield was 3922 kg·ha−1 in the transplanting treatment of 20 October, which was
not significantly different from that in the transplanting treatment of 30 October. However,
the yields in the transplanting treatments in November were significantly lower than that
in the 20 October transplanting treatment by 17.2% to 22.5% (Figure 3).

Compared with the 20 October transplanting treatment, the number of primary
branches decreased significantly by 31.2% in the 30 November transplanting treatment,
while the number of secondary branches decreased significantly by 40.8% in the 10 Novem-
ber, 78.2% in the 20 November, and 57.1% in the 30 November transplanting treatments
(Table 2). The numbers of primary and secondary branches were similar in the 20 and 30
October transplanting treatments (Table 2). With the extension in transplanting date, the
numbers of pods in the main inflorescence and the primary branches firstly increased and
then decreased (Table 2). However, compared with the earliest transplanting treatment of
20 October, in the other treatments, the number of pods on secondary branches decreased
significantly by 26.9% (30 October), 69.7% (10 November), 82.4% (20 November), and 78.4%
(30 November) (Table 2). There were no significant differences in the number of seeds
in the main inflorescence among treatments. The number of seeds on the branches was
lower in the 20 and 30 November transplanting treatments than in that of 20 October. The
thousand-seed weight was not significantly different among transplanting date treatments
(Table 2). Rapeseed grain yield was significantly positively correlated with the number of
secondary branches, pod number of secondary branches, and seed number of secondary
branches (Table 3).
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Figure 3. Grain yield (kg·ha−1) of rapeseed at maturity as affected by transplanting date (month/day)
and the Pearson coefficients. The experimental treatments were five transplant dates (month-day):
10-20, 10-30, 11-10, 11-20, and 11-30. Different lowercase letters indicate significant differences among
different transplanting dates at the 0.05 level. * p < 0.05.

Table 2. Yield components of rapeseed at maturity as affected by transplanting date.

Transplanting
Date

(Month-Day)

Branch Number per Plant Pod Number per Plant Seed Number per Pod per Plant
1000 Seed
Weight (g)Primary

Branches
Secondary
Branches

Main
Inflorescence

Primary
Branches

Secondary
Branches

Main
Inflorescence

Primary Secondary

10-20 7.7 a 14.7 a 73.7 b 306.0 ab 237.7 a 25.0 a 24.6 ab 22.9 a 3.9 a
10-30 8.3 a 13.0 a 79.0 ab 352.0 a 173.7 b 23.9 a 21.9 ab 24.2 a 4.1 a
11-10 9.0 a 8.7 b 92.0 a 367.7 a 72.0 c 24.6 a 25.5 a 25.1 a 4.1 a
11-20 7.3 ab 3.2 c 86.0 ab 254.2 bc 41.8 c 21.9 a 22.5 ab 17.2 b 3.9 a
11-30 5.3 b 6.3 b 70.7 b 211.3 c 51.3 c 21.6 a 20.6 b 19.6 ab 4.1 a

Values for transplanting dates with different lowercase letters representing significantly different at the same
ensiling days at the 0.05 level.

Table 3. Pearson coefficients of correlation between grain yield and yield components at maturity.

Yield Component r Coefficient Pr > F

Primary branch number 0.333 ns
Secondary branch number 0.795 ***

Pod number of main inflorescence −0.072 ns
Pod number of primary branches 0.448 ns

Pod number of secondary branches 0.834 ***
Seed number of main inflorescence 0.272 ns
Seed number of primary branches −0.031 ns

Seed number of secondary branches 0.670 **
1000 seed weight 0.186 ns

** p < 0.01; *** p < 0.001; ns, not significant.

3.3. Effects of Transplant Date on Growth Characteristics of Rapeseed

With the RCPPS, all treatments had comparable leaf age at the seedling stage. However,
compared with the 20 and 30 October transplanting treatments, the transplanting treatments
in November had significantly lower leaf age in the late growth period (Figure 4). From
budding to flowering stages, late transplanting significantly inhibited the rhizome thickness,
whereas at the podding stage, no significant differences were found among transplanting
dates (Figure 5). The transplanting date had significant effects on plant height from
flowering to podding stages (Figure 6). With the delay in transplanting date, the plant
height tended to increase and then decrease. At the podding stage, the lowest plant height
was in the 30 November transplant treatment (Figure 6).
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Figure 4. Dynamics of rapeseed leaf age as affected by transplanting date (month/day). The
experimental treatments were five transplant dates (month-day): 10-20, 10-30, 11-10, 11-20, and 11-30.

Figure 5. Rhizome thickness (mm) of forage rapeseed at four growth stages (bud period, initial
flowering, final flowering, podding) as affected by transplanting date. The experimental treatments
were five transplant dates (month-day): 10-20, 10-30, 11-10, 11-20, and 11-30. Different lowercase
letters indicate significant differences among different transplanting dates in each growth stage at the
0.05 level. ns, no significant differences among different transplanting dates.

Figure 6. Plant height (cm) of forage rapeseed at four growth stages (bud period, initial flowering,
final flowering, podding) as affected by transplanting date. The experimental treatments were five
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transplant dates (month-day): 10-20, 10-30, 11-10, 11-20, and 11-30. Different lowercase letters indicate
significant differences among different transplanting dates in each growth stage at the 0.05 level. ns,
no significant differences among different transplanting dates.

4. Discussion

Dry matter yield is one of the important factors used to evaluate the productivity
of forage [26,27]. In this study, the biomass yield of forage rape increased rapidly from
budding to final flowering stage, followed by a gradual increase in the podding stage
(Figure 1). Regardless of the transplanting date, the highest dry matter yield was in the
podding stage, reaching 6.4 t·ha−1 in the 30 October transplant date treatment. This
forage yield accumulation is consistent with that of the rape blanket seedlings transplanted
technique, which has a maximum forage yield of approximately 6.3 t·ha−1 in the Yangtze
River delta [28]. The growth rate was highest at the bud period and then decreased
after flowering. However, the yield of forage rape in Gansu reaches 11 t·ha−1, which
is approximately two times higher than the yield in the Yangtze River delta [12]. The
difference in yield is likely primarily due to different experimental sites with specific soil
characteristics and different varieties and planting methods. For example, the rapeseed
in Northwest China is primarily directly sowed mechanically after the harvest of wheat,
and the crops show vigorous growth, particularly in the early growth period. In addition,
in the northern region, a waterlogging disaster during the growing season is unlikely.
However, in this study, low temperatures and continuous rainfall occurred during the
transplanting and the seedling growth period, with the cumulative precipitation reaching
414.7 mm in October and November (Table 1), which may also affect the soil nutrient
availability, severely inhibiting the growth and yield formation of rapeseed before winter.
The nutritional value of forage grass primarily depends on the crude protein content,
whereas the digestibility of forage primarily depends on the ADF content [12]. Of the main
nutrient measures of forage rape at the podding stage (Figure 2), the crude protein content
was 11.6% to 14.0%, the NDF content was 37.7% to 40.7%, and the ADF content was 33.0%
to 37.2%, which meet the classification standards for legumes in the United States [29].

At the final flowering stage, the dry matter yield of forage rape was higher in the
October transplant date treatments than in the November transplant date treatments,
whereas there was no significant difference among transplant date treatments at the pod-
ding stage (Figure 1). Relatively few studies have examined the effect of transplanting
date on the characteristics of forage rape with RCPPS. With the rape blanket seedling
transplant technique, the biomass yield of forage rape transplanted before 20 October is
significantly higher than that of rape transplanted in late October in the Yangtze River
delta [28]. With the direct-seeding technique, forage rape should be sowed earlier, because
the accumulation of dry matter yield is primarily limited by air temperature, particularly
in northern China. The temperature always declines rapidly in August in Gansu Province,
which significantly inhibits the dry matter formation of rape in the late growth period.
From 30 July to 8 August, the biomass yield of rape was significantly decreased by 50%
due to the delay of 5 days [10]. In addition, the yield and plant height of forage rape were
both higher when sowed in mid-July than in early August in Heilongjiang Province [14].
Notably, with the delay in transplanting in the 20 and 30 November treatments, the crude
protein content increased significantly, whereas the ADF content decreased significantly
(Figure 2). By contrast, the increase in ADF would reduce the amount of digestible dry
matter, influencing the digestibility of forage [29]. The duration of the growing season
is decided by the sowing date, which therefore influences the accumulation of biomass
yield and nutrients [30]. In Heilongjiang Province, the contents of crude protein, crude fat,
carbohydrates, and trace elements in early sown forage rape were all higher than those in
late-sown rape [12]. Overall, we conclude that transplanting in late November with RCPPS
for forage use has distinct advantages in the rice–rape rotation, as it can maintain yield
and improve nutritional value of forage rape, so as to alleviate the stubble contradiction
between late harvested rice in the Yangtze River delta. All these findings can substantially
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improve the annual economic benefits for growing rice–rape crops, which will promote the
application of the rice-rape rotation system.

Considering the conventional use of rapeseed for grains, the rapeseed transplanted
on 20 and 30 October had comparable grain yields. However, compared with the 20
October transplant date, the rapeseed transplanted in November had significantly lower
grain yields by 17.2% to 22.5% (Figure 3). Grain yield is determined by the number of
pods per plant, the number of seeds per pod, and the weight of one thousand seeds.
Moreover, the number of pods per plant is considered to be the most important factor
in determining yield, which is also easily influenced by agricultural management [31].
Compared with traditional transplanting methods, the increase in yields in the RCPPS
is primarily attributed to the number of pods [17]. With the RCPPS in this study, the
grain yield was most affected by the number of secondary branches, as indicated by the
significant positive correlations between yield and the number of secondary branches and
the number of pods and seeds on secondary branches (Table 3). Compared with the earliest
transplanting treatment, the number of pods on secondary branches in the November
transplanting treatments decreased significantly by 69.7% to 82.4% (Table 2). The late
transplanting dates significantly inhibited leaf growing stage and resulted in a reduced
number of effective leaves and diameter of pre-winter root (Figures 4 and 5, respectively).
Xiong et al. (2016) [15] found that substantial dry matter accumulation and the number of
effective pods promote high grain yield under the appropriate planting date. In Jiangxi
Province, with a simplified transplanting technique, the yield was optimum when sown on
20 September and then nursed for nearly 40 days. Changes in the quantitative processes
of yield under different planting dates with RCPPS should be explained in terms root
morphology and physiology in future.

5. Conclusions

In conclusion, in the rice–rape rotation system with the RCPPS in the Yangtze River
delta, transplanting rape from 20 to 30 October led to higher grain yields by 19.6% on
average, which were significantly correlated with numbers of secondary branches, pods,
and seeds. Thus, relatively early maturing rice varieties should precede the rape crop.
Alternatively, to alleviate the competition for resources between rape and rice crop seasons,
forage rape can be transplanted in mid-November and harvested from the final flowering to
podding stages to improve forage yield and nutritional value, particularly with improved
crude protein content and reduced acid detergent fiber content. Thus, considering the
security of oil and forage production, the right transplanting time of specific use could be
adopted for farmers in RCPPS to improve the value of rapeseed meanwhile ensure the
yield of previous rice crops, which is flexible and sustainable in multi-cropping rice rotation
system in Yangtze River delta.
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Figure A1. Ridge culture place planting system (RCPPS) for rapeseed (Suzhou Comprehensive
Experimental Station of China Rape Research System).
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Abstract: To accurately and non-destructively monitor the growth of spring wheat in the Hetao
irrigation area, UAV remote sensing was employed during various fertility stages. Digital image
indices from diverse fertilization treatments were calculated and compared with physiological
indices to identify the most sensitive digital image indices corresponding to these indices. The
study underscored the critical importance of the flowering stage in the growth of spring wheat, thus
highlighting the necessity of focusing on this stage. This finding reiterated that the flowering stage
was pivotal for spring wheat development in the Hetao Irrigation Area. Several digital image indices,
such as GLA, R, G, INT, g, GRVI, MGRVI, RGBVI, EXG, and GRRI, exhibited a high frequency of
significant correlations with physiological indices during the four primary reproductive stages of
wheat. Consequently, these sensitive digital image indices during the flowering stage can more
effectively characterize the physiological indices of spring wheat.

Keywords: spring wheat; UAV; digital image index physiological indicators

1. Introduction

Remote sensing technology has advanced agricultural quantitative remote sensing,
making it the predominant and precise method for assessing global plant growth. A
mathematical model established relationships between image information derived from
remote sensing sensors and specific plant parameters. Analyzing image characteristics
facilitated the monitoring, diagnosis, and comprehension of plant growth status, enabling
the accurate regulation and management of plant growth [1]. Several studies showed
that crop quantitative remote sensing was effective in reflecting actual nitrogen levels and
monitoring nitrogen across various cereal crops [2–4]. Mullan [5] used a digital image
analysis tool for high-throughput screening of four large wheat populations to validate
the relationship between digital image analysis and measures of the normalized difference
vegetation index (NDVI), leaf area index, and light penetration through the crop canopy.
Image processing techniques have immense potential to use characteristics like size, shape,
color, and texture attributes from digital images to characterize agricultural produce [6].
Due to the ability of crop stems, leaves, and other aboveground organs to absorb, reflect,
and refract visible light, with advantages of mobility, timeliness, ease of operation, and
high resolution, light parameters such as color, hue, brightness, and saturation could enable
a comprehensive characterization of plants, and digital image index made it possible to
standardize spectral information from visible light bands, specifically red (R), green (G),
and blue (B) [7,8].

Unmanned aerial vehicles (UAVs) for remote sensing, with their advantages of mo-
bility, timeliness, ease of operation, and high resolution, have recently shown significant
advantages in extracting crop information and monitoring nutrient levels across small to
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medium spatial scales [9–11]. The traditional determination of crop physiological indicators
and nutrient diagnosis required a large number of field samples and laboratory analysis,
which was cumbersome and time-consuming. With the development of digital image tech-
nology, some researchers began to apply digital image processing technology for nutrient
diagnosis [12]. Xia et al. [13] used a cell phone camera to obtain the canopy images of maize
in different periods, extracted digital image indexes from the images, and analyzed the
correlation between the digital image indexes and maize nitrogen nutrient indexes. Their
experimental results showed that, in the six-leaf period of maize, the color parameter of
the canopy image was significantly correlated with the maize SPAD value, indicating it
could be used as a nitrogen diagnostic period. Moreover, B/(R + G + B) and G/(R + G + B)
were significantly correlated with the leaf SPAD value, a traditional indicator of nitrogen
diagnosis, and B/(R + G + B) was more sensitive, so it could be used as a color parameter
indicator for the diagnosis of nitrogen nutrition in maize. This result suggested that it was
feasible to use digital image technology for nitrogen nutrition diagnosis. In addition, Wang
et al. [14] used a digital camera to obtain the image data of rice canopy, extracted the image
index and the actual nutrient index of rice for correlation analysis, and found that the two
had a good correlation relationship, in which the correlation coefficient between NRI and
leaf nitrogen content reached −0.65, indicating that the application of image technology
could be fast and simple to realize the rapid monitoring of crop nutrient indexes.

The Hetao region of Inner Mongolia is a significant center for spring wheat produc-
tion in China. Research into the rapid, non-destructive, and cost-effective monitoring of
spring wheat production using unmanned aerial vehicles (UAVs) is indispensable for this
region’s agricultural sector. This study conducted field trials on spring wheat with varying
nitrogen levels and captured digital images using UAVs at different reproductive stages.
Plant morphological and physiological yield indicators were also collected and analyzed.
Eighteen digital image indices were selected for analysis, and correlation analyses were
used to determine the most effective diagnostic digital image indices across various stages.

2. Materials and Methods

This study conducted simultaneous field wheat fertilizer control trials at two loca-
tions: Xinhua Agricultural Cooperative Farm, Linhe district, and Yonglian village, Xin-
guangzhong town, Wuyuan county Bayannur city, Inner Mongolia Autonomous Region in
2019 and 2020. The locations of the experimental plots are shown in Figure 1.

The test variety was the locally dominant wheat variety, Yongliang 4. Sowing took
place in early March 2019 and 2020, and harvesting took place in late July 2019 and 2020.
The seeding rate was 375 kg/hm2, using a wheat planter for seed fertilizer layer seeding
with a row spacing of 15 cm. Nitrogen, phosphorus, and potash fertilizers were applied
together as the seed fertilizer at the time of sowing, followed by an additional treatment
during the jointing stage (3) of the wheat. Irrigation was carried out in a water-saving mode,
twice during the whole lifecycle (jointing (3) + flowering (6), each irrigation 900 m3/hm2).
Other management measures were in line with conventional wheat cultivation practices.
The fertilization experiment included six different modes: CK, farmer model (FM), control
of fertilization patterns (CF), control of fertilization-N (CF-N0), control of fertilization-P
(CF-P0), and control of fertilization-K (CF-K0). Details of the specific fertilization rates and
methods are shown in Table 1.
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Figure 1. Map of test site locations.

Table 1. This table displays the fertilization rates of treatments.

Treatments

Fertilizer Rate (kg/hm2)

Nitrogen
Phosphate Fertilizer

(P2O5)
Potash Fertilizer

(K2O)Sowing N Top-Dressing N

CK 0 0 0 0
FM 94.5 207 241.5 0
CF 52.5 124.5 61.5 60

CF-N0 0.0 0.0 61.5 60
CF-P0 52.5 124.5 0.0 60
CF-K0 52.5 124.5 61.5 0.0

Digital image data were collected in late May (tasseling stage (5)), mid-June (filling
stage (7)), and early July (maturity stage (8)) in 2019. A DJI Royal MAVIC 2 Professional
Edition (Manufactured by DJI Innovations (Shenzhen, China) Co., Ltd., DJI unmanned
aerial vehicles (UAVs) are produced at the DJI UAV production base in Chengdu, China.
All lenses were purchased from the same company.) equipped with a Hasselblad L1D-20c
camera was used for high-definition digital photography. The camera features a new 1-inch
20-megapixel CMOS sensor, a built-in wide-angle lens with a 28 mm equivalent focal
length, an adjustable aperture value ranging from f/2.8 to f/11, and a maximum sensitivity
of 12,800. The study collected and stored digital images in the TIF format. The drone’s
flight lasted approximately 30 min. To minimize the impact of external factors on image
acquisition, the study was conducted between 10:00 and 14:00 under clear and cloudless
sky conditions. Radiometric correction was carried out using a black-and-white board to
minimize errors, and the UAV was flown at an altitude of 50 m.

Digital image indices have been effectively used to estimate plant physiological and
biochemical parameters, such as leaf area index, biomass, and nitrogen content. This
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effectiveness was due to their ability to enhance vegetation information, reduce the impact
of non-vegetation elements on plant mapping features, and improve the accuracy of remote
sensing inversion. This study screened digital image indices for monitoring wheat growth
research, integrating insights from previous studies with a pre-analysis of experimental
data. The name of each digital image index and the formula used to calculate it are shown
in Table 2 below:

Table 2. Calculation of digital image indices and cited literature sources. R, G, B, and near infrared
(NIR) indicate the measured reflectance (digital numbers) in red, green, blue, and near-infrared
wavelength ranges, respectively.

Digital Image Index Description Calculating Formula Source Literature Reference

R Red R -
G Green G -
B Blue B -
r Normalized Red Index R/(R + G + B) [15]
g Normalized Green Index G/(R + G + B) [15]
b Normalized Blue Index B/(R + G + B) [15]

ExG Excess Green 2 × G − R − B [8]
GRRI Green–Red Ratio Index G/R [8]
GBRI Green–Blue Ratio Index G/B [8]
RBRI Red–Blue Ratio Index R/B [8]
GRVI Green–Red Vegetation Index (G − R)/(G + R) [8]
INT Intensity (R + G + B)/3 [15]

IKAW Normalized Red–Blue Index (R − B)/(R + B) [8]
MGRVI Modified Green–Red Vegetation Index (G2 − R2)/(G2 + R2) [8]
RGBVI Red–Green–Blue Vegetation Index (G2 − B × R)/(G2 + B × R) [8]
GLA Green Leaf Area (2 × G − R − B)/(2 × G + R + B) [8]
CIVE Color Index of Vegetation Extraction 0.441R − 0.881G + 0.385B + 18.7875 [8]

The study examined plant parameters, including leaf area (PLA), leaf area index (LAI),
chlorophyll SPAD, dry matter accumulation (DMA), fluorescence parameters (Fv/Fm),
intercellular CO2, concentration (Ci), stomatal conductance (Gs), net photosynthetic rate
(NPR), transpiration rate (Tr/E), water use efficiency (WUE), spike number (PN), grain
number (GN), thousand grain weight (TKW), yield (Y), and plant nitrogen content (NC).

The study also measured the stem and leaf nitrogen content (SLNC), stem and leaf
phosphorus content (SLPC), stem and leaf potassium content (SLKC), seed nitrogen content
(KNC), seed phosphorus content (KPC), kernel potassium content (KKC), glume nitrogen
content (GNC), phosphorus content of glumes (GPC), potassium content of glumes (GKC),
number of spikes (PN), number of grains in spikes (GN), thousand kernel weight (TKW),
and yield (Y), with corresponding vegetation indices.

The study utilized the correlation coefficient (r) to measure the degree of correlation
between wheat digital image indices and physiological growth characterization parameters.
The coefficient was calculated using the following formula:

r = ∑ (x − x)(y − y)√
∑ (x − x)2 · ∑ (y − y)2

(1)

The correlation coefficient (r) indicates the degree of linear relationship between two
variables. A correlation between two variables can be positive, negative, or non-existent,
indicated by 1 ≥ r > 0, −1 ≤ r < 0, and r = 0, respectively. The absolute value of r indicates
the strength of the correlation. To determine the significance of the correlation coefficient,
refer to the critical value table for correlation coefficients. Significance levels are denoted
by * and ** at the 0.05 and 0.01 levels, respectively.

As indicated in Table 3, the analysis of variance (ANOVA) demonstrated significant
differential effects of fertilization treatments on the digital image indices G, B, and INT. No
significant effects were observed on the remaining indices.
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Table 3. Analysis of variance (ANOVA) of digital image indices under different fertilization treat-
ments. (Bolded markers are parameters that were significant or highly significant under different
treatments. Then, after ANOVA analysis, ‘a’ represents the value with the highest mean at a significant
level, ‘b’ represents values significantly different from it, and so forth).

Digital Image
Indices

p-Value CK FM CF CF-N0 CF-P0 CF-K0

R 0.058 172.68 136.87 135.57 158.85 117.82 113.33

G 0.007 171.64 a 153.92 abc 149.85 bc 156.93 ab 136.97 c 136.00 c

B 0.011 109.60 a 97.31 ab 92.59 abc 93.67 abc 76.49 bc 73.69 c

EXG 0.580 64.11 22.52 28.71 67.09 22.18 16.96

INT 0.005 151.30 a 129.37 abc 126.00 bc 136.48 ab 110.42 c 107.67 c

CIVE 0.906 −14.08 −18.99 −17.80 −13.36 −20.49 −22.68

r 0.791 0.38 0.35 0.36 0.39 0.35 0.35

g 0.414 0.38 0.40 0.40 0.39 0.41 0.42

b 0.674 0.24 0.25 0.25 0.23 0.23 0.23

GRRI 0.634 1.01 1.17 1.15 1.00 1.20 1.24

GBRI 0.181 1.59 1.59 1.63 1.70 1.80 1.86

RBRI 0.859 1.58 1.41 1.47 1.71 1.56 1.58

GRVI 0.656 0.00 0.07 0.06 0.00 0.08 0.10

IKAW 0.844 0.22 0.16 0.18 0.26 0.21 0.21

MGRVI 0.666 0.00 0.13 0.11 −0.00 0.16 0.18

RGBVI 0.318 0.22 0.29 0.29 0.25 0.36 0.38

GLA 0.419 0.10 0.14 0.14 0.11 0.17 0.18

The data of wheat physiological indexes in this experiment were determined by a
portable photosynthesis meter (Manufacturer: Hansatech Instruments Ltd.—China Head-
quarters of PP Systems (Affiliated with Hansatech Instruments Ltd.), Amesbury, MA, USA),
chlorophyll fluorometer (The SPAD-502PLUS chlorophyll meter is manufactured by Kon-
ica Minolta Sensing, Inc. in Osaka, Japan), Kjeldahl nitrogen meter (The fully automatic
Kjeldahl nitrogen analyzer (K9860) is manufactured by Shanghai Licheng Scientific Instru-
ment Co., Ltd., Shanghai, China), and FOSS grain analyzer (The FOSS Infratec TM 1241
near-infrared grain quality analyzer is manufactured by Foss (Beijing, China) Science and
Trade Co., Ltd.). Adobe Photoshop CC 2018 software was used for digital image processing.
Non-wheat leaf information was excluded from the experimental plots after segmenting
the images based on different fertilization treatments. The red (R), green (G), and blue (B)
values from each treatment plot and the two-year trial plots were extracted and used to
compute the average of each digital image index. The R programming language was used
for calculating, correlating, analyzing, and graphing each variable.

3. Results

3.1. Relationships between Digital Image Indices and Wheat Physiological Indicators at the Time of
Jointing and Flowering

The analysis involved correlating wheat physiological indices SPAD, LAI, LAD, and
DMA with each digital image index. During the wheat jointing stage (3), the SPAD value
showed a highly significant negative correlation with the g, RGBVI, and GLA indices.
Additionally, it showed a significant correlation with the GRRI, GBRI, GRVI, and MGRVI
indices and a significant positive correlation with the R, G, B, INT, and CIVE indices. The
LAI values showed a significant negative correlation only with R. The LAD had a highly
significant negative correlation with the EXG index, a significant negative correlation with
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the R, r, RBRI, and IKAW indices, and a significant positive correlation with GRRI, GRVI,
and MGRVI. On the other hand, DMA, PN, GN, TKW, and Y did not show any significant
correlation with any of the digital image indices (Figure 2a).

 
(a) 

(b) 

Figure 2. Correlation coefficients of different digital image indices with wheat physiological indicators
at jointing and flowering stages. (a) Jointing stage. (b) Flowering stage.

A highly significant positive correlation was observed between the SPAD of wheat
during the flowering stage (6) and the CIVE index (Figure 2b). The single plant leaf area
(PLA) showed a significant positive correlation with the g and b indices and a significant
negative correlation with the r, EXG, and GBRI indices. The correlation analysis revealed
that the leaf area index (LAI) was positively correlated with the green leaf area index
(GLA). On the other hand, the dry matter content (DMA) showed a highly significant
positive correlation with the red (R), green (G), and near-infrared (INT) indices and a highly
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significant negative correlation with the GLA index. Furthermore, DMA exhibited signifi-
cant negative correlations with the red edge (r), excess green (EXG), red–blue ratio index
(RBRI), and inverse difference vegetation index (IKAW) and significant positive correlations
with the green (g), green–red ratio index (GRRI), modified green–red index (MGRVI), and
red–green–blue index (RGBVI). Stomatal conductance had a negative correlation with the
G and INT indices, and a positive correlation with the g index. Additionally, stomatal
conductance had negative correlations with the R, EXG, RBRI, and IKAW indices, and
positive correlations with GRRI, GRVI, MGRVI, RGBVI, and GLA, all of which showed
high or significant levels of correlation. In contrast, the net photosynthetic rate showed
positive correlations with the b, GRRI, GRVI, and MGRVI indices and negative correlations
with the EXG, GBRI, RBRI, and IKAW indices. However, the fluorescence parameters,
intercellular CO2 concentration, transpiration rate, and water use efficiency did not show
significant correlations with any of the digital image indices.

3.2. Relationships between Digital Image Indices and Wheat Physiological Indicators at the Time of
Filling and Maturing

During the wheat filling stage (7), the correlations between the wheat physiological
indicators SPAD, LAI, LAD, and DMA and each digital image index were analyzed. SPAD
had a highly significant negative correlation with the EXG and CIVE indices and a highly
significant positive correlation with the GRRI, GRVI, and MGRVI indices. SPAD had signif-
icant positive correlations with the g, RGBVI, and GLA indices and significant negative
correlations with the R, G, and INT indices (see Figure 3a). In addition, LAI had signifi-
cant negative correlations with the R, G, INT, and CIVE indices and significant positive
correlations with the g and GLA indices. Conversely, the LAD showed significant negative
correlations with the RBRI and IKAW indices and a significant positive correlation with the
b index. Similarly, the DMA had significant negative correlations with the EXG and CIVE
indices and significant positive correlations with the GRRI, GRVI, and MGRVI indices.

At the wheat maturity stage (8), physiological indices, such as DMA and plant nitrogen
content, were correlated with each digital image index in Figure 3b. The analysis revealed
significant positive correlations between DMA and the g, GBRI, RBRI, IKAW, RGBVI, and
GLA indices and significant negative correlations with the R, G, B, b, INT, and CIVE indices.
No significant correlations were found between the plant nitrogen content (NC), stem and
leaf nitrogen content (SLNC), stem and leaf phosphorus content (SLPC), kernel nitrogen
content (KNC), kernel phosphorus content (KPC), glume nitrogen content (GNC), glume
phosphorus content (GPC), number of spikes (PN), number of grains in a spike (GN),
thousand kernel weight (TKW), and yield (Y) and any of the digital image indices. The
stem and leaf potassium content (SLKC) had significant negative correlations with the R, G,
B, and INT indices. Additionally, the seed potassium content (KKC) showed significant
negative correlations with the g, GBRI, RGBVI, and GLA indices but significant positive
correlations with the b and CIVE indices. Furthermore, the glumes’ potassium content
(GKC) showed significant positive correlations with the g, GBRI, GRVI, MGRVI, RGBVI,
and GLA indices but significant negative correlations with the EXG and CIVE indices.

107



Appl. Sci. 2024, 14, 2294

(a) 

(b) 

Figure 3. Correlation coefficients of different digital image indices with wheat physiological indicators
at filling and mature stages. (a) Filling stage. (b) Mature stage.

3.3. Changes in Digital Image Indices during Various Fertile Stages of Wheat under
Fertilizer Treatments

Figure 4 shows the differences and variations over time in wheat digital image indices
across different fertilization treatments. The values of each digital image index were higher
in the CK and CF of fertilization treatments compared to the other fertilization treatments.
The index B of the digital image showed an increasing trend followed by a decreasing
trend in the CF-P0 and CF-K0 fertilization treatments, while it displayed a decreasing trend
followed by an increasing trend in other fertilization treatments. On the other hand, the
digital image index INT showed a more gradual change in the CF-P0 and CF-K0 fertilization
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treatments, while it displayed a distinct trend of decreasing followed by increasing in other
fertilization treatments. Additionally, the index of INT, which represents the digital image,
changed at a slower rate in the CF-P0 and CF of fertilization treatments. In contrast, it
exhibited a relatively stable trend in the CF-P0 and CF-K0 fertilization treatments. However,
in other fertilization treatments, it displayed a trend of initially decreasing followed by
an increase.

 

Figure 4. Variation in wheat digital image indices with fertility period under different fertiliza-
tion treatments.

The digital image index GRRI showed a low value in the CK of the fertilization
treatment and a relatively higher value in treatments with nitrogen application. The
digital image indices GBRI and RBRI displayed an increasing trend with fertility in the
CK of the fertilization treatment while showing a decreasing–increasing–decreasing trend
in treatments with nitrogen application. The RBRI digital image index underwent a
slight change in the CK of the fertilization treatment and a relatively significant change
in treatments with nitrogen application (Figure 5). Figure 6 shows that the digital image
indices GRVI and MGRVI had lower values in the CK of the fertilization treatment but
relatively higher values in treatments with nitrogen application. Both indices exhibited a
trend of increasing and then decreasing in correlation with the fertility process. The digital
image index IKAW underwent a minor change in the CK of the fertilization treatment but
a relatively significant change in treatments with nitrogen application. The other digital
image indices did not show sensitivity to the nitrogen application treatments.
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Figure 5. Variation in wheat digital image indices with fertility period under different fertilization
treatments.

 

Figure 6. Variation in wheat digital image indices with fertility period under different fertilization
treatments.

4. Discussion

Hyperspectral and multispectral remote sensing bands provide abundant and unin-
terrupted information, enabling precise feature recognition and mapping. However, their
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use in field production has been limited due to the high cost of equipment, their complex
operation, and high technological requirements. Since the early 21st century, coinciding
with the widespread use of digital cameras, research into crop growth monitoring using
digital images has significantly increased. However, the use of handheld or stationary
digital cameras has been limited by low image resolution and restricted indices in digital
images, preventing this research from evolving into a self-contained system. On the other
hand, UAV digital images have become increasingly popular for small-to-medium-scale
crop monitoring in farmlands due to their straightforward operation, relatively low cost,
and minimal technical requirements. The DJI MAVIC 2 Professional UAV was chosen for
this study because of its widespread use in contemporary applications and its technical
parameters and application effects that are ideally suited to meet the requirements of crop
production monitoring in research areas.

This study used UAV remote sensing to capture digital images of spring wheat during
four crucial fertility stages. The commonly used digital image indices of the crop were
analyzed to establish quantitative relationships between these indices and the physiological
indicators of wheat during each fertility period. The study aimed to investigate the potential
of UAV digital images for monitoring the growth of spring wheat under various fertilization
treatments. Based on the correlation analysis results presented in Figure 7, the digital image
indices GLA, R, G, INT, g, GRVI, MGRVI, RGBVI, EXG, and GRRI were found to have
a higher frequency of significant correlation with physiological indices during the four
key reproductive periods of wheat. Therefore, they are considered more suitable for
characterizing the physiological indices of wheat. The indices of r and CIVE have a low
correlation with physiological indicators across wheat reproductive periods and are not
recommended for use in monitoring wheat physiological indicators. The same results have
been found in other studies as well [16,17]. EXG, MGRVI, and RGBVI consistently showed
strong correlations with biomass and yield across all fertility stages of winter wheat [7].
The present study showed that these indices also exhibited significant correlations with
biomass during the flowering period of spring wheat. However, their performance was not
exceptional in other fertility periods.

Xiao [18] found a significant correlation between the aboveground biomass of winter
wheat during the pulling stage and several digital image indices, including R, G, B, GRRI,
GBRI, RBRI, r, g, and b. However, in the present study, no significant correlation was
found between the aboveground biomass at the jointing stage of spring wheat and any of
the digital image indices. Both studies found a significant correlation between the digital
image indices R, G, and GBRI and changes in SPAD. The results of this study indicate that
digital image indices R, G, and B exhibit significant negative correlations with biomass at all
fertility periods in spring wheat. Similar findings were observed in studies on rice, maize,
and spring wheat [18–20]. Umut [21] concluded that the digital image indices RGBVI and
GLA were significantly correlated with the leaf area index (LAI) in spring wheat. Similarly,
the present study found a significant positive correlation between the digital image index
GLA and LAI in spring wheat at filling and mature stages. However, RGBVI did not
exhibit a significant correlation with LAI. The study found a strong correlation between
digital image indices and physiological indices of wheat during the flowering stage. The
mean correlation coefficients were flowering (6) (0.638) > filling (7) (0.626) > maturity
(8) (0.548) > jointing (3) (0.523). In contrast, Yang [7] found that the correlation coefficients
for winter wheat digital image indices with biomass and yield at different fertility periods
followed the order of jointing, flowering, tasseling, and pre-overwintering. The difference
in the above results may be due to variations in wheat planting times. The ANOVA
results indicate that the various fertilization treatments had significant differential effects
only on the digital image indices G, B, and INT. The colors in the UAV images appeared
more saturated during the wheat flowering stage compared to the jointing stage; this is
mainly due to the fact that the indices lose sensitivity at this stage [22–24]. During the
later stages of wheat fertility, the digital image index showed a significant correlation with
potassium content in all parts of the plant. However, there was no significant correlation
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with nitrogen and phosphorus. These findings are consistent with a study conducted by
Shi and Wang [25,26]. While several representative and complementary imaging indices
and indicators were screened in this study, the current study has certain limitations in its
selection of digital image indices and physiological indicators. Future research will seek to
expand and enrich the relevant aspects examined in this study.

Figure 7. Frequency of significant correlation between each digital image index and physiological
indicators at different wheat reproductive periods.

5. Conclusions

UAV digital images have become increasingly popular for small-to-medium-scale
crop monitoring in farmlands due to their straightforward operation, relatively low cost,
and minimal technical requirements. This advancement in unmanned aerial vehicle (UAV)
digital image monitoring technology and methods will enable its application to other
crops and further promote the development of UAV remote sensing monitoring. The DJI
MAVIC 2 Professional UAV was chosen for this study because of its widespread use in
contemporary applications and its technical parameters and application effects that were
ideally suited to meet the requirements of crop production monitoring in the research
areas. On the other hand, several digital image indices, such as GLA, R, G, INT, g, GRVI,
MGRVI, RGBVI, EXG, and GRRI, showed significant correlations with physiological indices

112



Appl. Sci. 2024, 14, 2294

during the four primary reproductive stages of wheat. Specifically, these digital image
indices could effectively characterize the physiological indices of spring wheat during the
flowering stage (6). The results of this experiment showed that UAV digital images could
effectively carry out nondestructive inspections of crops and provide a new way to monitor
the growth status of wheat in the river-loop area.
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Abstract: Acidification and heavy metal stress pose challenging threats to the terrestrial environment.
This investigation endeavors to scrutinize the combined effects of vermicompost and steel slag,
either singularly or in concert with Ryegrass (Lolium perenne L.), on the remediation of acidic soil
resulting from sulfide copper mining. The findings illuminate substantial ameliorations in soil
attributes. The application of these amendments precipitates an elevation in soil pH of 1.39–3.08,
an augmentation in organic matter of 4.05–8.65, a concomitant reduction in total Cu content of
43.2–44.7%, and a marked mitigation in Cu bioavailability of 64.2–80.3%. The pronounced reduction
in soil Cu bioavailability within the steel slag treatment group (L2) is noteworthy. Characterization
analyses of vermicompost and steel slag further elucidate their propensity for sequestering Cu2+

ions in the soil matrix. Concerning botanical analysis, the vermicompost treatment group (L1)
significantly enhances soil fertility, culminating in the accumulation of 208.35 mg kg−1 of Cu in L.
perenne stems and 1412.05 mg kg−1 in the roots. Additionally, the introduction of vermicompost
and steel slag enriches soil OTU (Operational Taxonomic Units) quantity, thereby augmenting soil
bacterial community diversity. Particularly noteworthy is the substantial augmentation observed in
OTU quantities for the vermicompost treatment group (L1) and the combined vermicompost with
steel slag treatment group (L3), exhibiting increments of 126.04% and 119.53% in comparison to the
control (CK). In summation, the application of vermicompost and steel slag efficaciously diminishes
the bioavailability of Cu in the soil, augments Cu accumulation in L. perenne, induces shifts in the
soil microbial community structure, and amplifies soil bacterial diversity. Crucially, the concomitant
application of vermicompost and steel slag emerges as a holistic and promising strategy for the
remediation of sulfide copper mining acidic soil.

Keywords: vermicompost; steel slag; copper; soil remediation; bacterial diversity

1. Introduction

Mining activities have precipitated extensive ecological degradation and environmen-
tal contamination, emerging as a paramount global concern. Due to the sulfur content
inherent in ore constituents, sulfide copper ores undergo insufficient separation during
ore beneficiation processes. Unseparated sulfur and tailings are collectively deposited in
waste piles, culminating in long-term soil exposure and pervasive issues of soil acidification
and heavy metal contamination [1]. Furthermore, excessive copper (Cu) levels in the soil
incite plant toxicity symptoms, severely compromising plant establishment and growth [2].
Hence, the judicious selection of efficient and cost-effective amendments for the remedi-
ation of acidic soils associated with sulfide copper mining assumes pivotal significance.
Establishing a secure and stable vegetation ecosystem is of paramount importance for the
ecological restoration of soils in metal-contaminated mining areas.
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In recent years, a plethora of inorganic and organic amendments has found widespread
application in the remediation of soils tainted with heavy metals, constituting what is
known as in situ immobilization remediation. By judiciously adding amendments to
the soil, this technique modulates the form of heavy metals, reducing their mobility
and bioavailability. This presents an effective, cost-efficient, and sustainable remedia-
tion paradigm [3]. However, inherent disparities in the composition of various amend-
ments may impart corresponding limitations to their efficacy in soil remediation. Notably,
biochar, endowed with a meticulously defined porous structure and an abundance of
oxygen-containing functional groups, exhibits commendable adsorption capabilities for
soil pollutants. Nevertheless, uncertainties enveloping the aging of biochar may portend
potential environmental risks, and its exorbitant cost may render it impracticable for large-
scale mining restoration initiatives [4]. While the application of lime expeditiously elevates
the pH of acidic soils, its aptitude to sustain soil pH equilibrium is circumscribed, render-
ing it susceptible to secondary acidification and potential soil compaction with protracted
use [5]. Ergo, the quest for environmentally friendly and cost-effective amendments stands
as a linchpin in the realization of in situ immobilization remediation of soils. Extant re-
search posits that vermicompost, replete with organic matter and diverse amino acids,
proffers superlative water retention, breathability, high fertility, and enduring fertility. They
efficaciously ameliorate the physical, chemical, and biological properties of the soil. Addi-
tionally, vermicompost, with its discernibly porous structure, can serve as adept adsorbents
and passivators for heavy metals [6]. As a byproduct of the steel production process,
steel slag has a utilization rate of only approximately 22%. Steel slag not only burnishes
soil structure and regulates soil pH but also enhances the soil’s proclivity for metal ions,
fomenting the formation of hydroxides. Ergo, employing steel slag as a soil amendment
for the remediation of acidic soils associated with sulfide copper mining is a sagacious
and sustainable choice [7]. L. perenne, with its potential for phytostabilization of acidic
and heavy metal-contaminated soils, emerges as an eminently suitable candidate [8]. The
concomitant cultivation of L. perenne affords a holistic evaluation of the remediation effects
of vermicompost and steel slag on acidic soils associated with sulfide copper mining.

The ultimate aim of soil remediation transcends the mere reduction in the bioavail-
ability and mobility of deleterious metals within the soil; it is paramount to elevate the
health indices of the soil. The intricacies of the soil microbial community structure wield
profound importance in augmenting soil functionality, representing a pivotal metric for
assessing soil vitality. Consequently, a heightened focus on the nuanced alterations within
soil microbial diversity becomes imperative [9]. A compendium of scholarly investiga-
tions attests that the introduction of ameliorative agents serves to augment the diversity
inherent in the soil microbial framework, thereby amplifying the functional repertoire
of these microorganisms. Notably, the application of steel slag manifests a conspicuous
augmentation within a specific cohort of soil bacterial communities, bestowing consider-
able utility upon soil–plant remediation endeavors [10]. Correspondingly, vermicompost
furnishes a plethora of nutrients conducive to microbial proliferation, thereby potentiating
heightened microbial activity and functionality. This augmentation, in turn, engenders an
enhancement in microbial respiration, culminating in a more efficacious amelioration of
soil structure [11]. It is noteworthy that the extant body of literature is somewhat bereft
in delving into the collective impact of vermicompost and steel slag on the structural
dynamics of soil microbial communities in the co-presence of vegetation.

This investigation employs vermicompost and steel slag as soil amendments, utilizing
them individually or in conjunction with L. perenne for the amelioration of acidic soils
associated with sulfide copper mining. The outlined objectives of this research endeavor
are (1) to elucidate the mechanistic intricacies of vermicompost and steel slag via com-
prehensive characterization analysis; (2) to scrutinize the ramifications of the combined
application of vermicompost, steel slag, and L. perenne on the physicochemical attributes
of the soil, concomitant with an examination of the bioavailability of copper (Cu); (3) to
analytically ascertain the biomass and heavy metal accumulation of L. perenne under the
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influence of vermicompost and steel slag; and (4) to assess the intricate interplay between
soil environmental factors and the nuanced diversity characterizing the soil bacterial
community structure.

2. Materials and Methods

2.1. Tested Soil and Amendments

The soil was procured from Chengmenshan Copper Mine (115◦48′32′′ E, 29◦41′26′′ N),
situated in the Chaisang District of Jiujiang City, Jiangxi Province, China. Employing a
meticulous five-point sampling method, a homogeneous soil sample was extracted from
the surface layer (5–30 cm). Employing the quartile method, the soil samples underwent
a partition into two segments. One segment was transported to the laboratory, where it
underwent air-drying, grinding, and sieving through a 2 mm nylon sieve for subsequent uti-
lization in pot experiments. The second segment found its place of preservation in a −80 ◦C
freezer to facilitate DNA extraction. The steel slag utilized in this experimental inquiry em-
anated from a local iron and steel establishment, while vermicompost was procured from
Huizhou Nianhe Agricultural Technology Co., Ltd., Huizhou, China. The examination of
the surface microphotographs of vermicompost and steel slag was conducted via Scanning
Electron Microscopy (SEM, Zeiss EVO18, Tokyo, Japan). X-ray Diffraction (XRD, Malvern
Panalytical Empyrean, San Jose, CA, USA) was instrumental in discerning the mineral
composition of the steel slag. Fourier Transform Infrared Spectroscopy (FTIR, Thermo
Scientific Nicolet iS20, Waltham, MA, USA) served as the analytical tool for probing the
surface functional groups of vermicompost. The fundamental physicochemical parameters
of the soil and amendments are presented in the following table (Table 1).

Table 1. Main physicochemical properties of the tested soil, vermicompost, and steel slag.

Properties Tested Soil V S

pH 3.78 6.4 12.52
cation exchange capacity (CEC, cmol·kg−1) 17 na na
soil organic matter (SOM, g·kg−1) 5.93 470.6 na
Total N (TN, g·kg−1) 0.98 16.94 na
Total P (TP, g·kg−1) 0.45 16.73 na
Total K (TK, g·kg−1) 5.61 12.88 na
Total Cu (g·kg−1) 2.41 na 0.02

Note: V, vermicompost; S, steel slag; na, valid values are not available.

2.2. Experimental Design

In March 2023, a potted experiment was conducted within the greenhouses of Jiangxi
University of Science and Technology. Building upon the initial screening outcomes of
our research group, a combination of vermicompost (4% w/w) and steel slag (2% w/w)
was meticulously chosen as the amendment ratio for this investigation. White plastic
pots featuring perforations at the base were filled with 2.5 kg of soil intermixed with
the specified amendments. Preceding the commencement of the experiment, a thorough
amalgamation of amendments and soil took place, followed by watering to achieve 70% of
the maximum field water-holding capacity. A two-week equilibration period was observed.
The experimental treatments comprised (1) the control soil devoid of any amendments
(CK); (2) vermicompost (4% w/w) (L1); (3) steel slag (2% w/w) (L2); and (4) a combination
of vermicompost (4% w/w) and steel slag (2% w/w) (L3). Each treatment was replicated
three times.

L. perenne, selected for its remarkable capacity to accumulate heavy metals and mani-
fest tolerance mechanisms to copper toxicity, served as the focal plant species in this study.
Seeds of L. perenne were procured from the Yunguang flagship store. Fifty seeds were
evenly distributed in each pot, and following germination, the seedlings were selectively
thinned to maintain 30 plants per pot (all L. perenne within the CK treatment wilted and
perished within two weeks under the duress of heavy metal stress). Daily irrigation was
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administered using deionized water, with soil moisture meticulously maintained at 70% of
the maximum field water-holding capacity.

2.3. Plant Sampling and Analysis

After a six-month growth period, the L. perenne was harvested. The L. perenne was
thoroughly washed with deionized water to remove any contaminants. The stems, leaves,
and roots of the L. perenne were then separated and dried in an oven at 70 ◦C until a constant
weight was achieved. The dry weight was recorded using a milligram balance. A 0.2 g
dried plant sample was weighed in a conical flask and added with 5 mL of HNO3 and
1 mL of HClO4. The flask was placed on a graphite digestion device at 200 ◦C until the
solution in the flask became colorless and transparent (this process took about 2–3 h, during
which hydrogen peroxide can be added dropwise). The solution was then transferred into
a 50 mL volumetric flask and diluted to the mark with distilled water. This is the extraction
solution. The concentration of Cu in the extraction solution was directly determined via
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) [12].

2.4. Soil Chemical Analysis

The soil samples were from the pots, and the plant residues were eliminated. The
samples were passed through a 20 mm nylon sieve, and the corresponding chemical
analyses were conducted [12]. The pH of the soil suspension was measured using a
glass electrode with a water-to-soil ratio of 2.5:1. The soil electrical conductivity (EC)
was determined using the conductivity method with a water-to-soil ratio of 5:1. The
soil organic matter (SOM) was measured using the potassium dichromate dilution heat
method [13]. The cation exchange capacity (CEC) was measured using the ammonium
acetate method [14]. The soil redox potential (Eh) was measured using a platinum redox
electrode (In Lab Redox). The total Cu content in the soil was determined via ICP-OES, and
the available Cu content in the soil was determined via Diethylene Triamine Pentaacetic
Acid (DTPA) extraction inductively coupled plasma emission spectroscopy [15].

2.5. Soil Bacterial Community Diversity Analysis

Genomic DNA from the microbial community was meticulously extracted utilizing
the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, USA), adhering to the man-
ufacturer’s prescribed instructions. The resultant DNA extract underwent scrutiny on
a 1% agarose gel, and its concentration and purity were judiciously assessed using a
NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific, Wilmington, NC, USA).
The amplification of the bacterial 16S rRNA gene’s hypervariable region V3-V4 was ex-
ecuted with the primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′) employing an ABI GeneAmp® 9700 PCR thermocycler
(ABI, Los Angeles, CA, USA). Subsequently, the purified amplicons were amalgamated in
equimolar proportions and subjected to paired-end sequencing on an Illumina MiSeq PE300
platform or NovaSeq PE250 platform (Illumina, San Diego, CA, USA) in strict adherence
to standardized protocols, as implemented by Majorbio Bio-Pharm Technology Co., Ltd.
(Shanghai, China) [16].

2.6. Statistical Analysis

All statistical analyses were conducted using SPSS 26.0 software. Single-factor analysis
of variance (ANOVA) and Duncan’s multiple range test were employed for multiple
comparisons (n = 3, p < 0.05). Graphs were created using Origin 2022 for data visualization.
Additionally, symbiotic network graphs were generated using Gephi 0.9.2, and correlation
heatmaps were constructed using R Studio 4.0.4.
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3. Results and Discussion

3.1. Characterization of Amendments
3.1.1. SEM and FTIR Analysis of Vermicompost

SEM images vividly depict the intricately dispersed reticular architecture adorning the
surface of vermicompost, presenting an exalted degree of porosity that affords a plethora of
adsorption loci for the sequestration of heavy metals (Figure 1A). FTIR is an indispensable
methodology for scrutinizing and evaluating of the molecular functional groups inherent
in substances [17]. Via a discerning examination of the FTIR spectra of vermicompost
pre- and postCu2+ adsorption (Figure 1B), a discernible congruity in the peak positions of
the infrared spectra manifests itself, with the principal absorption bands aligning within
the spectral range of 3300 to 3600 cm−1. Notwithstanding, nuanced differentials in peak
intensity are observed. The resonances at 3431 and 3425 cm−1 find attribution to the
stretching vibrations of O-H in phenolic and alcoholic entities [18]. The zenith at 2928 cm−1

is ascribed to the stretching vibration of C-H within aliphatic moieties. The features at 1647
and 1651 cm−1 correlate with the stretching vibrations of C=C within aromatic compounds,
serving as proxies for the aromatic compound content within vermicompost [19]. The apices
at 1386 and 1412 cm−1 correspond with the deformation vibrations of C-H within -CH3 and
-CH2 of aliphatic compounds [20]. Furthermore, the asymmetrical stretching vibrations
of C-O within polysaccharides correlate with the peaks at 1041 and 1038 cm−1 [18]. In
comparison to untreated vermicompost, a discernible attenuation in the intensity of the
absorption band corresponding to the aromatic C=C bond is observed in vermicompost
post-Cu2+ adsorption, imputed to the interaction between the delocalized π electrons
inherent in aromatic structures and Cu2+ [21]. The absorption bands associated with O-
H and C-O bonds also exhibit a diminution in intensity post-Cu2+ adsorption, with the
primary impetus for this transformation potentially residing in the occurrence of chelation
between Cu2+ and oxygen-bearing functional groups [22].

Figure 1. SEM images of vermicompost (A); FTIR spectra of vermicompost (a) and vermicompost
after Cu2+ adsorption (b) (B).

3.1.2. SEM and XRD Analysis of Steel Slag

The SEM analysis illustrates (Figure 2A) the presence of numerous agglomerates on
the surface of the steel slag, interspersed with a modicum of non-agglomerated entities, ex-
hibiting an irregular disposition. A plethora of investigations affirms the stellar mesoporous
adsorbent qualities of steel slag, characterized by robust affinities and efficacious removal
rates for metallic ions [23]. The compositional scrutiny of steel slag, validated via XRD
(Figure 2B), delineates predominant constituents in the form of oxygenated compounds
of Fe, Ca, and Si, with preeminent phases encompassing FeO, CaCO3, Ca3SiO5, Ca2SiO4,
Ca2Fe2O5, and SiO2 [24]. The elevation in soil pH ostensibly ensues from the neutralizing
influence of alkali compounds intrinsic to steel slag. Oxidative interactions of slag-borne
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substances with water yield -OH moieties, which subsequently engage in reactions with
heavy metal cations within the soil milieu, precipitating hydroxides. In acidic soils replete
with Cu2+, a profusion of copper sulfide emerges via chemical precipitation reactions,
culminating in the formation of Cu(OH)2 [25,26]. Furthermore, Ca2+ within the steel slag
engages in ion exchange with heavy metal ions in the soil, effectually securing heavy
metals in situ [24]. It concurrently forms conglomerates with mineral colloids and organic
constituents, thereby fostering a structural amelioration in acidic and heavy metal-afflicted
soils [27].

Figure 2. SEM images (A) and XRD patterns (B) of steel slag.

3.2. The Impact of Amendments on Soil Physicochemical Properties and the Bioavailability of Cu

The utilization of soil amendments has manifested improvements in soil physicochem-
ical attributes to varying extents (Table 2). In contrast to the control (CK), the application
of vermicompost and steel slag has exerted a salutary influence on soil pH. Notably, in
the plot treated with vermicompost (L1), the pH has ascended from 3.78 to 5.17. In the
plots ameliorated with steel slag (L2) and a composite of vermicompost and steel slag
(L3), a more conspicuous augmentation in soil pH has been observed, reaching 6.76 and
6.86, respectively, from the baseline of 3.78. The escalation in soil pH is ascribed to the
alkaline nature of steel slag, fostering the generation of hydroxides and the precipitation
of carbonates [28]. Furthermore, the electrical conductivity (EC) within the soil across
all treatment cohorts (L1, L2, and L3) has undergone diverse increments vis à vis CK,
registering increments of 17.1%, 44.6%, and 34%, respectively. Concurrently, the cation
exchange capacity (CEC) has undergone a notable surge, escalating from 17.2 cmol kg−1

to 30.6, 28.2, and 23.2 cmol kg−1. Vermicompost and steel slag conduce to the augmen-
tation of soil EC via the precipitation of soluble ions [29]. The heightened pH implies an
accentuation of negative surface charges (OH−), thereby instigating a heightened CEC [30].
Moreover, both the singular and concomitant application of amendments has signally
elevated soil organic matter (SOM), particularly in the vermicompost-treated cohort (L1),
where SOM has burgeoned by 147.9% compared to CK. The substantial augmentation in
soil SOM is ostensibly attributable to the constituents bequeathed by vermicompost, with
organic amendments serving as a direct fount for the amplification of SOM in the soil [31].
Intriguingly, post-amendment application, there was a marginal decrement in soil Eh. The
inverse correlation between soil Eh and pH values substantiates this phenomenon [32].
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Table 2. Basic physicochemical properties of soils under different treatments.

Treatments pH
EC SOM CEC Eh

(mS cm−1) (g kg−1) (cmol kg−1) (mv)

CK 3.78 ± 0.45 c 858 ± 36.1 c 5.85 ± 0.05 d 17.2 ± 0.45 d 509 ± 6.06 a
L1 5.17 ± 0.17 b 1005 ± 73.4 bc 14.5 ± 0.27 a 30.6 ± 0.82 a 492 ± 3.38 b
L2 6.76 ± 0.04 a 1241 ± 47.2 a 9.90 ± 0.01 c 28.2 ± 0.26 b 417 ± 1.70 c
L3 6.86 ± 0.05 a 1150 ± 34.9 ab 12.5 ± 0.45 b 23.2 ± 0.51 c 403 ± 2.80 d

Note: different letters indicate obvious differences between treatment groups for the same index (p < 0.05). The
data are mean ± SD, n = 3. EC, electrical conductivity; SOM, soil organic matter; CEC, cation exchange capacity;
Eh, redox potential. CK: the control soil devoid of any amendment. L1: vermicompost amendment; L2: steel slag
amendment; L3: a combination of vermicompost and steel slag amendment.

Due to the pronounced acidity inherent in the acidic soil derived from copper sulfide,
characterized by a pH value of 3.78, the copper (Cu) within the soil manifests a heightened
degree of bioavailability [33]. The application of vermicompost in isolation (L1), exclusive
application of steel slag (L2), and the co-application of vermicompost and steel slag (L3)
collectively yield a discernible reduction in both total and bioavailable Cu content within
the soil matrix (Figure 3). Relative to the control group (CK), there is a notable decline in
total Cu content of 43.2–44.7%, alongside an analogous decrease in bioavailable Cu content
by 79.6–88.9%. Furthermore, the Cu bioavailability (Cu-BI) in soils subjected to L1, L2,
and L3 applications exhibits a reduction of 64.2%, 80.3%, and 72.6%, respectively. These
outcomes underscore the efficacy of steel slag application in enhancing Cu sequestration
within the soil.

Figure 3. The total Cu concentration, available Cu concentration, and bioavailability of Cu in soil
under different treatments. Note: The bars sharing the different letters suggest significant differences
(p < 0.05). The data are mean ± SD, n = 3. CK: the control soil devoid of any amendment. L1:
vermicompost amendment; L2: steel slag amendment; L3: a combination of vermicompost and steel
slag amendment. The same as below.

The integration of SEM and XRD spectra unveils the substantial presence of alka-
line oxides within the steel slag. This substantiates its robust acid-neutralizing capacity,
thereby markedly elevating the concentration of hydroxide ions (OH−) in the soil milieu.
Consequently, this heightened OH− concentration facilitates the precipitation of Cu2+ as
insoluble Cu(OH)2 [34]. Furthermore, SEM and FTIR analyses of vermicompost corroborate
the abundance of organic functional groups. The undissociated functional groups form
coordination bonds with liberated Cu2+ to promote the formation of less reactive metal
complexes, thus significantly mitigating the toxicological impact of heavy metals [35].
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3.3. Effects of Amendments on Biomass and Cu Bioaccumulation in L. perenne

In the preliminary experimental phase, it was discerned that the cultivation of black L.
perenne in unmodified soil, particularly under the stringent conditions of acidic soil derived
from copper sulfide, led to the curtailment of seed germination and the impediment of
vegetative growth. The germination efficacy of black L. perenne was remarkably scant,
culminating in comprehensive morbidity due to toxicity within a fortnight. Application of
both vermicompost and steel slag, either independently or conjointly, evinced mitigating
effects on the developmental trajectory of black L. perenne. The biomass of black L. perenne
within the solitary vermicompost treatment cohort (L1) exhibited the nadir, while the
amalgamated application of vermicompost and steel slag treatment group (L3) displayed
the apogee in biomass (Figure 4A). Vermicompost and steel slag has been irrefutably
substantiated to efficaciously enhance the physicochemical attributes of soil, endowing
infertile soil with imperative nutrients, thereby catalyzing botanical proliferation and
accentuating vegetative biomass [36–38]. The cumulative copper (Cu) accrual within the
stems, leaves, and roots of black L. perenne adhered to the hierarchical sequence: the
vermicompost treatment group (L1) surpassed the combined vermicompost and steel slag
treatment group (L3), which in turn exceeded the steel slag treatment group (L2). In
the vermicompost treatment group (L1), the cumulative Cu accumulation in the stems
and roots of black L. perenne attained levels of 208.35 and 1412.05 mg kg−1, respectively
(Figure 4B). The attenuation in Cu accumulation observed in black L. perenne within the
steel slag treatment group (L2) is attributable to the incorporation of steel slag, which
precipitates an elevation in soil pH, consequently diminishing the bioavailability of Cu [39].
Within the vermicompost treatment group (L1), the substantial Cu accumulation in both
the stems and roots of black L. perenne emanates from the diminished biomass, concomitant
with a minor dilution effect. Additionally, the augmentation of soluble carbon in the soil
via the application of vermicompost enhances Cu mobilization, facilitating its uptake by
black L. perenne [26].

Figure 4. The biomass (A) and concentration of Cu (B) in L. perenne under different treatments. Note:
the bars sharing the different letters suggest significant differences (p < 0.05).

3.4. Impact of Amendments on the Composition of Soil Bacterial Communities

Utilizing high-throughput sequencing methodologies, we analyzed the microbial
community composition within soils subjected to diverse treatments. We derived results
by employing a clustering threshold of 97% and normalizing to the minimum sample
sequence count. The Venn diagram visually encapsulates the overlapping and distinct
Operational Taxonomic Units (OTU) at the 97% similarity level across varied treatment
modalities (Figure 5A). Common OTU shared among the control group (CK), the vermi-
compost treatment ensemble (L1), the steel slag treatment cohort (L2), and the confluence
of vermicompost and steel slag treatment group (L3) were quantified at 65, with unique
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OTU numbering 65, 42, 13, and 41, respectively. Relative to the control group, the addition
of vermicompost and steel slag engendered a diminution in unique OTU within each
treatment milieu, signifying an amelioration in the distinct bacterial taxa prevalent in acidic
soil stemming from copper sulfide. Conversely, in comparison to the control group, all
alternative treatment assemblages exhibited an augmentation in the aggregate number of
bacterial OTU. Particularly noteworthy enhancements were discerned in the vermicompost
treatment group (L1) and the combined vermicompost and steel slag treatment group (L3),
showcasing an elevation of 126.04% and 119.53%, respectively.

Figure 5. Venn diagram of soil bacteria at the OTU level (A) and the relative abundance of dominant
bacterial communities at the phylum level (B) in soil under different treatments.

The taxonomic composition at the phylum level within distinct treatment cohorts
exhibits congruity in predominant species but divergence in their relative abundances
(Figure 5B). Broadly construed, the prevailing phyla in the bacterial consortium are
Proteobacteria (27.48–60.94%), followed by Actinobacteriota (8.78–16.54%) and Chloroflexi
(5.03–17.75%), collectively constituting over 60% of the bacterial assemblage. Antecedent
investigations posit that Proteobacteria and Chloroflexi gradually ascend to the status of
dominant species in soils contaminated with heavy metals, demonstrating formidable
resilience to exigent environments [40,41]. In relation to the control group (CK), the aug-
mentation of vermicompost and steel slag engenders an amplification in the prevalence of
Proteobacteria, Bacteroidota, and Firmicutes while concurrently instigating a decrement in
Actinobacteriota, WPS-2, and Acidobacteriota. Proteobacteria, characterized by heightened
tolerance to pollutants, proficiently harness elevated concentrations of heavy metals and
other deleterious substances as founts of energy and sustenance, thereby unveiling promis-
ing prospects for plant remediation and environmental safeguarding [42]. Furthermore,
Acidobacteriota and WPS-2, ubiquitously distributed in desolate and exposed soil domains,
undergo a marked attenuation in abundance within treatment groups subjected to amend-
ments. This phenomenon is ostensibly attributed to the escalation in soil pH induced by
the application of steel slag and vermicompost, effectually immobilizing Cu2+ [43–45].

3.5. The Relationship between Soil Physicochemical Properties and Bacterial Community

Envisaging the intricate interplay between soil physicochemical attributes and the
intricate structure of bacterial communities, represented by the prevalence of ten prominent
phyla, is achieved via the visualization derived from network analysis (Figure 6). Discern-
ing from this analysis, a notably robust positive correlation emerges between Proteobacteria,
Bacteroidota, and soil pH while concurrently revealing a pronounced inverse relationship
with soil Eh and the aggregate Cu concentration. The soil’s pH, recognized as a cardinal
determinant, orchestrates a profound influence on the opulence of microbial communities
therein [46]. The preeminent phylum, Proteobacteria, validated as an integral facilitator of
plant flourishing, adept in the decomposition of soil macro-molecules and the facilitation
of elemental cycling, surfaces as a key protagonist in this correlation [47]. Acidobacteriota
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manifests an unmistakable affirmative correlation with soil effective Cu concentration and
an equally conspicuous negative association with soil EC. In stark contrast, Firmicutes,
portraying a counteractive trend, exhibits a highly significant negative interrelation with
soil effective Cu concentration and an inversely notable positive correlation with soil EC.
This infers that the supplementation of vermicompost and steel slag serves to heighten the
concentration of inorganic oxygen constituents such as Ca and Fe within the soil matrix,
thereby exerting discernable effects on soil EC and effectively curtailing the bioavailability
of Cu [48]. Concomitantly, soil SOM establishes a robustly affirmative correlation with
Gemmatimonadota, juxtaposed against highly pronounced negative associations with Acti-
nobacteriota and Patescibacteria. Scholarly investigations underscore the pivotal role of
Gemmatimonadota in fostering vegetation recovery, with its abundance eliciting increasingly
potent ameliorative effects on soil in tandem with rising soil fertility [49].

Figure 6. Co-occurrence network of soil physicochemical properties and dominant bacterial phyla in
soil. Note: the size of the circles represents the number of connections in the correlation lines, and the
thickness of the lines indicates the strength of the correlation, with thicker lines corresponding to
larger absolute correlation coefficients and vice versa.

A thermal chart was constructed to appraise the intricate correlation existing between
soil physicochemical attributes and the relative abundance of bacterial taxa, specifically the
preeminent genera (Figure 7). The findings delineate a conspicuous positive correlation
between Phenylobacterium, Parasegetibacter, Micromonospora, and soil EC, juxtaposed with a
discernible negative correlation with the concentration of effective Cu within the soil matrix.
Notably, robust positive correlation surfaces between soil SOM and the genera Lysobacter
and norank_f__norank_o__SBR1031. Additionally, the genus Sphingomonas manifests a
marked positive correlation with soil pH while concurrently exhibiting a markedly negative
correlation with soil Eh and the aggregate concentration of total Cu. Micromonospora has
been validated for its efficacy in fostering the growth of vegetation in soils laden with
heavy metal contaminants [50]. The genera Lysobacter and Sphingomonas, owing to their
pronounced adaptability to soil environments, exhibit notable potential in the remediation
of soils subjected to heavy metal stress [51]. Ergo, the application of vermicompost and
steel slag as amendments for the rectification of acidic soils hosting copper sulfide, begets
alterations in the physicochemical milieu of the soil. Subsequently, this instigates a reshap-
ing of the microbial community structure, ultimately culminating in an augmentation of
soil quality.
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Figure 7. Heatmap of the correlation between soil physicochemical properties and the dominant
bacterial phyla in soil. Note: *** p ≤ 0.001.

4. Conclusions

This research endeavors to ameliorate acidic soils contaminated with copper sulfide
via the application of a composite of L. perenne in conjunction with vermicompost and
steel slag, either administered singularly or in tandem. The findings posit that L. perenne
demonstrates notable resilience in adverse environments, rendering it a prospective phy-
toremediation candidate for soils afflicted by both acidity and copper pollutants. The
solitary or combined application of vermicompost and steel slag substantively elevates soil
parameters such as pH, electrical conductivity (EC), soil organic matter (SOM), and cation
exchange capacity (CEC). This augmentation engenders an amplification in the abundance
of bacterial communities concomitant with a diminution in soil redox potential (Eh), total
copper content, and available copper content. It is noteworthy that the application of
steel slag exhibits superior efficacy in immobilizing copper within the soil matrix, while
vermicompost conduces to an augmentation in the diversity of soil bacterial communities.
The ensuing alterations in soil physicochemical properties further precipitate a transfor-
mative impact on the composition of bacterial communities, and the joint application
of steel slag and vermicompost serves to both enrich and stabilize the structure of soil
bacterial communities. Thus, the synergistic application of vermicompost and steel slag in
soils contaminated with heavy metals emerges as an environmentally conscientious and
economically viable strategy for remediation.
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