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Robert Pokluda, Otilia Cristina Murariu, et al.

Effects of Selenium/Iodine Foliar Application and Seasonal Conditions on Yield and Quality of
Perennial Wall Rocket
Reprinted from: Horticulturae 2025, 11, 211, https://doi.org/10.3390/horticulturae11020211 . . . 25

Juan Wang, Xinyue Li, Anquan Chen, Yan Li, Mengyun Xue and Shaoyuan Feng

Effects of Exogenous Organic Matter on Soil Nutrient Dynamics and Its Role in Replacing
Chemical Fertilizers for Vegetable Yield and Quality
Reprinted from: Horticulturae 2024, 10, 1355, https://doi.org/10.3390/horticulturae10121355 . . 45

Jiucheng Zhang, Minghui Du, Genzhong Liu, Fangfang Ma and Zhilong Bao

Lignin Sulfonate-Chelated Calcium Improves Tomato Plant Development and Fruit Quality by
Promoting Ca2+ Uptake and Transport
Reprinted from: Horticulturae 2024, 10, 1328, https://doi.org/10.3390/horticulturae10121328 . . 62

Iqra Arshad, Muhammad Saleem, Muhammad Akhtar, Muhammad Yousaf Shani, Ghulam

Farid, Wacław Jarecki and Muhammad Yasin Ashraf

Enhancing Fruit Retention and Juice Quality in ‘Kinnow’ (Citrus reticulata) Through the
Combined Foliar Application of Potassium, Zinc, and Plant Growth Regulators
Reprinted from: Horticulturae 2024, 10, 1245, https://doi.org/10.3390/horticulturae10121245 . . 77
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Preface

Horticultural crops require many essential nutrients for optimum growth, yield and quality (N, P,

K, Mg, S, Ca and microelements). Hence, these are applied through fertilizers. Fertilizer application

must be planned to accommodate any variability. The main factors for consideration are crop type,

anticipated yield, the naturally available nutrients in the soil and the changes in nutrients required

by a particular crop during its growth cycle. Calculations are usually based on a combination of

scientific research and local experience. A crop’s nutrient uptake often varies, both by field and by

year. Field variability is primarily due to different soil conditions, while annual variability is often

a result of changing weather patterns. Application programmes that do not sufficiently account for

these variations in uptake can lead to incorrect fertilization.

Wacław Jarecki, Maciej Balawejder, and Natalia Matłok

Guest Editors
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Sustainable Fertilization Management Consequences to
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35-601 Rzeszow, Poland; mbalawejder@ur.edu.pl
3 Department of Food and Agriculture Production Engineering, University of Rzeszow, Zelwerowicza 4 St.,

35-601 Rzeszow, Poland; nmatlok@ur.edu.pl
* Correspondence: wjarecki@ur.edu.pl

1. Introduction

Agricultural systems must identify fertilization strategies in line with the principles of
sustainable development and the circular economy to achieve environmentally friendly
food production and to meet the fertilizer-reduction targets set by some regions in the
world, e.g., the EU (European Union) (Contribution 2). The promotion of sustainable plant
fertilization is currently very important in agriculture, as it helps reduce greenhouse gas
emissions and carbon footprint, and is economically justified [1]. The improper use of
fertilizers in agriculture has led to environmental pollution and adverse effects on human
health. Therefore, in line with the requirements of sustainable development, it has become
necessary to reduce the use of chemical fertilizers and to seek alternative methods of crop
fertilization [2,3]. Current achievements in increasing agricultural production, particularly
in developed countries, are attributed to three main factors: the development of irrigation,
the advancement of improved, more productive, and disease-resistant crop varieties, and
the use of chemical fertilizers [4]. However, agricultural activity is widely recognized as
a main source of environmental pollution due to the introduction of heavy metals through
fertilizers, pesticides, sewage sludge, and irrigation water [5]. Therefore, it is necessary
to find a compromise between ensuring global food security and protecting the natural
environment [6–8].

In agriculture, nitrogen is a primary macronutrient which is essential for the growth
and development of crops. Its widespread use increases yields and profitability; how-
ever, it should be noted that plant productivity is influenced by many other factors
(Contributions 3, 4). Avoiding the excessive use of nitrogen (N) in agriculture without nega-
tively impacting yields has long been a priority for both scientific research and agricultural
practices [9,10].

Previous research has indicated the need for region-specific and sustainable fertil-
ization strategies to optimize agricultural production. Future research should focus on
improving fertilization methods through interdisciplinary approaches, considering soil–
plant–climate interactions and adapting these practices to diverse agroecosystems. By
aligning agricultural practices with ecological principles, farmers can protect soil health,
the foundation of environmental sustainability and human well-being, while ensuring food
security for present and future generations [11].

Horticulturae 2025, 11, 1049 https://doi.org/10.3390/horticulturae11091049
1



Horticulturae 2025, 11, 1049

2. The Impact of Sustainable Fertilization Management on Soil Properties

Venig and Peticilă (Contribution 11) report that the NPK fertilization rate for a cul-
tivated field should be determined after assessing the soil properties and the nutrient
requirements of individual species. They recommend conducting regular soil chemical
analyses to determine the optimal fertilization regime. Šimansky et al. (Contribution 6)
demonstrate that, in addition to NPK fertilization, sowing grass strips between vine-
yard rows exerts beneficial effects, improving both soil chemical composition and crop
yield. Zapałowska et al. [12] argue that fertilization with compost derived from organic
waste is a promising approach that can reduce the environmental impact of chemical
fertilizers, improve waste management, and soil quality, while promoting sustainable
agricultural practices.

3. The Impact of Sustainable Fertilization Management on the Yield and
Quality of Horticultural Crops

Venig and Peticilă (Contribution 11) observe that achieving optimal growth of grafted
trees requires a combination of irrigation and NPK fertilization. Therefore, it is necessary to
monitor soil moisture levels and irrigate during periods of water deficit, when trees have
increased water demand. Similar results are obtained by Bello et al. (Contribution 3) in
cucumber cultivation. In dry regions, irrigation and nitrogen fertilization are considered
particularly important agronomic practices. Tallarita et al. (Contribution 5) conclude that
the ratio of nitrogen to potassium applied is important in cauliflower cultivation. Chatzis-
tathis et al. (Contribution 4) demonstrate that the effects of organic or mineral fertilization
could modify the performance of applied Rhizobacteria and arbuscular mycorrhizal fungi.
Arshad et al. (Contribution 7) consider improving fruit quality and reducing pre-harvest
fruit drop as key objectives in Citrus reticulata cultivation. For this reason, appropriate
fertilization strategies for this crop should be developed. The latter authors also demon-
strate that the application of K + Zn fertilization can be a practical approach for citrus
growers aiming to increase fruit yield. Tallarita et al. (Contribution 10) indicate that the
biofortification of leafy vegetables with selenium (Se) and iodine (I) provides an important
basis for optimizing food composition for human health.

4. Conventional and Alternative Fertilization Methods in Horticultural
Crops

Recently, numerous new and alternative fertilizers and their application methods
have been developed, yet many farmers still use inorganic fertilizers in a traditional man-
ner. Many commonly used chemical fertilizers are supplied in simple forms, which are
typically characterized by low efficiency. Therefore, they are applied in large quantities
to achieve high yields [13]. Zhang et al. (Contribution 8) demonstrate that traditional
calcium fertilizers often have low solubility, poor uptake, and limited mobility. In contrast,
calcium-chelated fertilizers provide improved efficiency and uptake. Ruamrungsri et al.
(Contribution 1) confirm that plasma nitrate could be an alternative source of nitrate N, of-
fering a safer option for the environment and human health regarding nitrate accumulation.
However, the economic feasibility of this approach must be assessed before implementing
the technology on a commercial scale. Castillo-Díaz et al. (Contribution 2) argue that
biodecontamination is an effective fertilization strategy that allows the use of inorganic
fertilizers to be reduced in long-term, intensive horticultural cycles. This is particularly
important for farmers who require alternative solutions to adapt their production systems
to sustainable agriculture principles. Wang et al. (Contribution 9) find that bioorganic
material from the safe disposal of cattle and poultry carcasses can be used as fertilizer, with
potential to partially or fully replace chemical fertilizers, contributing to their reduction.
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5. Conclusions

The challenge of modern agriculture is to ensure food security for a constantly growing
global population without excessive burden on the natural environment. For example,
overuse of fertilizers negatively affects soil and generates additional risks. Therefore,
sustainable nutrient management provides a pathway to addressing these issues, encom-
passing both changes in fertilizer production and their application in agricultural practice.
Horticultural crops require a range of essential macro- and micronutrients for optimal
growth, development, yield, and quality. Sustainable fertilization management involves
the optimal supply of all nutrients to plants throughout their growing period. A deficiency
of one nutrient cannot be compensated for by an excess of others. It is also important
to consider the synergistic and antagonistic interactions between macro- and micronu-
trients. When planning fertilization, factors to consider include the species and variety,
expected yield, soil chemical composition, plant tests, applied agricultural practices, and
the selection of appropriate fertilizers, their doses, and application timing. The effects
of fertilization often depend on local site conditions and variable weather patterns over
the years. Fertilization is undergoing rapid development, directly linked to advances
in satellite navigation, variable-rate application, soil and yield mapping, and precision
machinery operation. Consequently, research in this area must be continuously advanced
and is essential for both horticultural science and practice.
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Plum Trees’ Leaf Area Response to Fertilization and Irrigation
in the Nursery
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Abstract: This study addressed a significant and relevant issue, specifically the production
of high-quality fruit planting material linked to an economically viable nursery operation.
The process considered both the pedo-climatic conditions of the region where the fruit plant-
ing material was cultivated and the technological elements utilized. The objective of this
research was to gather information regarding the necessity and effectiveness of implement-
ing localized irrigation for plum trees in the nursery in the context of various fertilization
treatments. It also aimed to investigate the variations in leaf area among Cacanska Lepotica
and Stanley plum cultivars subjected to various irrigation (non-irrigated control, 10 mm,
20 mm, and 30 mm) and fertilization (unfertilized control, N8P8K8, N16P16K16, and
N24P24K24) methods. The study was conducted within a private nursery situated in the
northwest region of Romania using a 4 × 2 × 4 split-split-plot design with five replications.
This research took place in the summer of 2024, in the second field of the nursery during
the growth stage of grafted trees. The implementation of various NPK fertilization meth-
ods (8%, 16%, and 24%) led to enhancements in leaf surface developments (increased by
6.53–16.14% compared to the control). The application of fertilization ranging from 8 to 16%
and subsequently from 16 to 24% was effectively absorbed by the plum trees, resulting in a
substantial growth of 180–226 cm2. Irrigation with 30 mm generated significant increases
in the leaf area of 4.42–14.27% compared to the control. To obtain optimal yields of grafted
trees, it is advisable to utilize a combination of irrigation and NPK fertilization. To promote
the appropriate growth and development of the trees, it is essential to monitor the soil
moisture levels and to implement irrigation during times of water shortage when the trees
exhibit heightened water usage. The research findings indicated that both cultivars experi-
enced similar advantages from 24% NPK fertilization and 30 mm of irrigation; therefore, the
implementation of the aforementioned technological elements is strongly recommended.

Keywords: macronutrients; water; leaf area; planting material; Cacanska Lepotica; Stanley

1. Introduction

The development of fruit trees in nurseries, like all cultivated species, is greatly
impacted by the existing climatic and soil conditions. Water, in conjunction with heat, light,
air, and minerals, is one of the key factors that greatly contributes to this development.
According to Smith [1], water constitutes approximately 75–85% of the total weight of
various tree organs, and in some cases, this proportion may exceed that range. Water not
only facilitates the transport of nutrients from the soil to the plant but also serves as a
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fundamental component in the synthesis of all organic substances that form the tissues
of both rootstocks and trees. Therefore, it is essential for plants to have a consistent and
adequate supply of water to ensure that growth processes occur at the optimal intensity [2].

The management of water and nutrients applied through fertilizers constitutes two
primary factors that influence growth and productivity within tree nurseries. The emphasis
on water and sustainable fertilizers in these nurseries has become increasingly important,
leading to the implementation of management strategies that ensure satisfactory yields and
thereby enhancing the efficiency of both fertilizer and water usage. In recent years, there
has been a significant market demand for fruit trees, with the harvested fruit serving as a
vital source of vitamins. Additionally, the planting materials produced in the nursery have
substantial water requirements, necessitating irrigation throughout the growing seasons.
Nurseries have faced challenging production periods due to weather-related factors in
recent years. Consequently, it is deemed essential to gather information regarding the
effective combination of irrigation practices and irrigation volumes. This research topic was
selected due to the limited availability of data regarding the impacts of localized irrigation
when combined with additional technological elements on fruit tree seedlings in nurseries.
The current body of literature and prior studies have mainly focused on irrigation and
fertilization practices in fruit tree orchards, rather than in nursery settings. This research
holds considerable scientific importance as it may provide essential insights for fruit tree
specialists engaged in seedling production. Practically, it aims to implement various irriga-
tion and fertilization standards for maiden plum trees in nurseries, thereby enhancing the
horticultural sector and elevating productivity levels. The anticipated outcomes resulting
from the application of differentiated irrigation and fertilization practices include achieving
greater economic efficiency compared to nurseries that do not utilize the aforementioned
methods. Prior findings indicate that, when fertilization is applied, the following factors
must be considered: soil conditions, species, cultivar, rootstock, planting density, and
expected yield.

With regard to the need for water in the nursery, the present research started from
the premise that it is necessary for the trees to have sufficient water available at all times
so that the growth processes can take place with the greatest possible intensity. While a
substantial quantity of water from the soil is absorbed by the roots for the synthesis of
organic compounds, only a small fraction is utilized by the rootstock, with the remainder
being lost through transpiration. Rootstocks cultivated in saturated, nutrient-deficient soils
characterized by lower concentrations of fertilizing elements in the soil solution generally
exhibit higher transpiration rates compared to the rootstocks planted in more fertile soils.
In Romania, their cultivation is primarily concentrated in regions with abundant rainfall.

The addition of fertilizers and the provision of adequate amounts of water in the soil
decrease the transpiration coefficient, thereby enhancing the efficiency of water usage by
the rootstock; the transpiration coefficient represents the amount of water eliminated in
the process of perspiration in the period in which one gram of dry substance is biosynthe-
sized [3].

In horticulture, the administration of irrigation systems involves multiple components
concerning water management and distribution, plant care, and the maintenance of ir-
rigation infrastructure. The effectiveness of irrigation is significantly dependent on the
correct implementation of such strategies. Research indicates that neglecting the afore-
mentioned aspects may decrease the effectiveness of investments allocated to irrigation
initiatives. Consequently, administering water to plants without considering their specific
needs can adversely affect not only the current year’s yield but also the overall quality of
the produce [4].
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Experiences in horticulture so far have demonstrated that providing a controlled
supply of supplementary water to soil and plants beyond what is naturally available
supports consistent agricultural output at high levels [5]. This approach ultimately aims
to foster conditions for efficient and sustainable agricultural practices while safeguarding
environmental elements. Among these factors, soil plays a crucial role, necessitating the
maintenance and enhancement of its fertility. It is advisable to integrate irrigation, a vital
method for combating drought, with other technical and agricultural practices, such as
drainage (when necessary), fertilization, and the selection of superior plant cultivars [6–8].

Sullivan et al. [9] associated irrigation with a crucial technological intervention that
has the potential to greatly improve agricultural productivity, irrespective of natural precip-
itation levels. Irrigation can effectively mitigate water shortages by providing additional
water in line with the requirements of plants, which in turn enhances the efficient uti-
lization of fertilizers due to the increased solubility of nutrients. Furthermore, it has the
potential to improve product quality, prolong the growing season, and enable more efficient
production planning.

In the climatic conditions in Romania, irrigation serves to supplement the naturally
available water from rainfall during times when it is insufficient compared to crop require-
ments. In fact, it is used to effectively mitigate the variability in harvests from year to
year, which is caused by natural factors. The aim of implementing irrigation is to achieve
stable yields that align closely with the productive potential of crops under specific soil
and climate conditions. Research conducted in Romania has revealed that there are years
when inadequate rainfall leads to significantly diminished harvests, sometimes resulting in
total crop failure [10].

Furthermore, studies in horticulture indicate that irrigating only along tree rows
does not adversely affect root system development. Under such conditions, roots tend to
cluster in a more confined area, without significantly shortening their overall length, thus
maintaining their capacity for water and nutrient absorption [11].

In Romania, the circumstances are unique and influenced by its geographical location,
which results in areas defined by a temperate continental climate with average annual
rainfall ranging between 400 and 550 in irrigated agricultural regions. Thus, precipitation
levels within the aforementioned limits prevent the agglomeration of the root system,
especially along the rows of the plants. The roots grow both horizontally and vertically,
similarly to the patterns observed with irrigation techniques such as sprinkling and surface
runoff, without significant differences [12]. In fruit nurseries, the water content in the soil
should be maintained within the limits of the active moisture range at a level higher than
the minimum threshold. Thus, the soil water content should be kept above the wilting
coefficient, near which plants undergo a series of changes during the growing process. Soil
moisture in the range between the wilting coefficient (Co) and the field soil water capacity
(C) represents the water that plants can utilize. The greatest quantity of water available to
plants is characterized by the accessible water capacity (Caa) or the useful water capacity
(Cau) of the soil. The moisture interval between these two constants is referred to as the
active moisture range (AWR).

In modern fruit growing, fertilization, along with irrigation, stand out as some of
the most crucial technological components. As fruit plants tend to occupy the same plot
of land for extended periods, they develop extensive root systems and, due to their high
yields, draw significant amounts of nutrients from the soil during the harvest time. In such
circumstances, as pointed out by Jäger [13], yearly fertilization interventions in several
rounds might ensure, on the one hand, the achievement of a certain level of production
and, on the other hand, a certain level and ratio of nutrients. In horticulture, the fertilizer
application system is primarily structured to address issues related to the effective replen-
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ishment of easily accessible nutrients in the soil and to restore these nutrients in a balanced
manner, according to the requirements of rootstocks and seedlings. This is a crucial factor,
as every harvest depletes the soil of specific mineral and organic compounds. Additionally,
it is important to provide organic matter to the microflora of the soil; otherwise, these
microorganisms may compete with higher plants for essential mineral nutrients [14]. Most
microorganisms in the arable layer are heterotrophic, which means that, to obtain the
energy needed for nutrition, they rely on organic matter previously synthesized by other
organisms. Fertilization plays crucial roles in regulating the ionic composition of the soil
and in adjusting the pH levels to meet the biological needs of rootstocks and seedlings.

Shibiao et al. [15] demonstrated that the application of fertilizers in fruit nurseries
is intended to enhance nutritional conditions and boost organic matter synthesis while
also facilitating substantial and cost-effective production with high-quality standards. This
approach ensures that plant resistance to diseases and pests remains intact and mini-
mizes environmental pollution. The effectiveness of fertilizers in increasing production
is maximized only when they are integrated into a comprehensive system of technolog-
ical practices, with the application rates tailored to the specific plant, soil and climatic
conditions, and cultivation techniques.

Furthermore, replenishing soil nutrients depleted during harvest and providing or-
ganic matter to support the microflora is most effectively achieved through the application
of both chemical and organic fertilizers.

The suitable dosages for each situation in the field should be determined based on a
thorough analysis of various soil characteristics, alongside a good understanding of crops’
requirements and the need to maintain specific qualitative and quantitative production
standards. Given the wide range of conditions and circumstances, fertilization practices
in orchards should offer tailored solutions for each unique case. Research on fertilizers,
whether conducted in field settings or in greenhouses, seeks to clarify the mechanisms
governing the mineral nutrition of trees and assesses the nutrient balance within both the
plant and the soil. This research might also explore ways to improve fertilization in an
efficient way [16].

Concerning the specific needs of plum trees in the nursery, fertilizers are applied
during the active season, typically 2–3 times throughout the summer or more frequently,
albeit in smaller amounts. Fertilizers with a high nitrogen content are utilized to promote
the vegetative growth of plum trees. Nitrogen plays a crucial role in encouraging the
vegetative growth of maiden plum trees, aiding in the development of leaves and green
branches. A sufficient supply of nitrogen is vital for healthy tree growth and enhances
the production of leaves, which are essential for photosynthesis and energy generation.
Phosphorus is critical for the establishment of the root system in trees, as it aids in the
formation of robust roots and facilitates the effective uptake of water and other nutrients
from the soil. Potassium improves the trees’ resilience to environmental stress and bolsters
their defence mechanisms against diseases. However, the application of excessive fertilizers
to maiden plum trees in the nursery may lead to rampant vegetative growth, reduced
drought resistance, or complications in the absorption of other nutrients.

In the climatic context of recent years, Romania is encountering the issue of complex
agricultural drought, a climatic hazard that results in the most severe repercussions for
agriculture. In particular, within the nursery sector, irrigation provides the opportunity to
produce vigorous, viable, high-quality, healthy, and damage-free planting material that is
resistant to diseases and pests. Besides water, another crucial element in the production of
quality fruit planting material is the fulfilment of fertilizer requirements, which underpins
the rationale for this research. The objective of this research has been to establish the
influences of irrigation, fertilization, and the plant cultivar on a physiological character in
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the plum species in the nursery. Based on this research, it can be concluded that the efficient
and optimal utilization of fertilizers within a rational fertilization system is possible only by
adhering to all the necessary requirements dictated by the cultivation technology. Effective
agricultural techniques, even when employing reduced amounts of fertilizers, can result in
higher crop yields as a consequence of the improved fertilizer utilization coefficient. The
efficiency of the fertilization system is higher when the physical–chemical properties of
the fertilizer are considered and a differentiated application is made, corresponding to the
soil properties and the biological particularities of the species. This research holds practical
significance through the implementation of various irrigation and fertilization techniques
on maiden plum trees within the nursery aimed at advancing the horticultural sector and
enhancing productivity. The anticipated outcomes from the application of these diverse
irrigation and fertilization methods include the production of robust and healthy fruit
planting material, an increase in nursery output, and the attainment of improved economic
efficiency compared to nurseries that do not utilize irrigation or fertilization.

2. Materials and Methods

2.1. Characterization of the Climatic Conditions of the Experimental Field

This research was carried out in a private nursery in field II. It is important to note that
although the rootstocks are located in field I of the nursery, they transition to field II after
grafting in the subsequent spring. In this field, the scion is thus present as a bud that has
been grafted onto the rootstock. Regardless of the establishment method used, the efforts
undertaken in field II of the coppice are focused on maximizing the number of grafted
shoots that are established in vegetation. In this particular instance, the rootstocks were
planted in the spring of 2023, grafted during the summer of that same year, and by the
spring of 2024, they had transitioned to field II. The nursery is located in the northwestern
part of Romania on a plain unit, being the result of a long process of accumulation and
erosion through the diversion of the hydrographic network, which descends from the
mountainous and hilly areas.

Table 1 displays the average monthly temperatures and average monthly precipitation
for that specific year. The warmest month was August with 23.2 ◦C, and the coldest month
was January.

Table 1. The monthly average temperatures and monthly average rainfall in the research field in 2024.

Month I II III IV V VI VII VIII IX X XI XII

monthly average
temperatures

(◦C)
−1.5 4.4 6.9 11.0 14.5 20.2 21.6 23.2 18.9 12.7 5.1 4.9

monthly average
rainfall
(L/mp)

13.5 45.2 43.8 15.4 60.0 101.5 48 45 48 48 35 70

I—January, II—February, III—March, IV—April, V—May, VI—June, VII—July, VIII—August, IX—September,
X—October, XI—November, XII—December.

In 2024, recognized as the driest year, three periods could be identified based on the
fluctuations in monthly precipitation relative to the multi-year average. The initial period,
spanning from January to May, exhibited negative deviations ranging from 2 to 16 mm,
followed by the months of June and July, with positive deviations of 39–85 mm and the
July–December period, characterized by negative variations of 16–25 mm. The distribution
of monthly precipitation throughout these three periods in 2024 also reflected negative
variations of 2–48 mm in the period between January and May and of 9–21 mm in the
last part of the year. Rainfall exceeding the multiannual average by 39–85 mm during
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June and July significantly contributed to the overall precipitation for the year, positioning
it as intermediary between the other two years in terms of rainfall amounts (Table 1).
Information regarding climate conditions was sourced from the meteorological station,
which monitors the temperature and precipitation patterns for each area. The rainfall
patterns were assessed using a rain gauge placed in the experimental field.

2.2. Soil Characteristics and the Organization of the Experimental Field

To identify, delimit, and characterize the soil units within the land where the study
was conducted, a pedological profile was developed. From it, samples were gathered
on 4 horizons (Table 2). The assessments conducted and the methodologies employed
were as follows: potentiometric pH measurement using a glass electrode in a 1:2 aqueous
soil/water suspension; humus percentage determination via the Walkley–Black method; a
mobile phosphorus assessment using the Eqner–Riehm–Domingo method; and a mobile
potassium analysis also following the Eqner–Riehm–Domingo method. The concentration
of potassium in the analysed soil extract was determined using a potassium interference
filter and a photoelectric cell, and the mechanical analysis was conducted via the Kacin-
schi method after pre-treatment with hexametaphosphate for dispersion. Following the
analyses, the identified soil taxonomic was arable, weakly glaciated, loamy clay on fluvial
deposits. The soil texture was fine throughout the depth of the studied profile. The soil
reaction was slightly alkaline at 0–30 cm and 50–80 cm, and neutral at 30–50 cm and 80–120
cm.

Table 2. Physical and hydrophysical indices of alluvial gley soil from the nursery.

Soil
Horizon

Sampling
Depth (cm)

AD (t/m3) HC (%) WC (%) FC (%) AHR (%) Tmin (%)

Ap 0–30 1.26 9.04 13.56 26.85 13.29 20.21
A0 30–50 1.27 8.96 13.44 26.51 13.07 19.98
AC 50–80 1.33 8.87 13.31 26.39 13.09 19.85
Cg 80–120 1.34 8.83 13.25 25.81 12.57 19.53

AD—apparent density; HC—hygroscopicity coefficient; WC—wilting coefficient; FC—field capacity; AHR—active
humidity range; Tmin—minimum threshold of soil humidity.

As a rule, fruit trees thrive in soil that has a neutral pH, as well as in slightly acidic
or slightly alkaline conditions. The base saturation level for our experiment was notably
high, ranging from 84% to 90%. The humus content was moderate, while the levels of
phosphorus and potassium were exceptionally elevated.

The observed density within the examined soil profile ranged from 1.26 and 1.34 t/m3,
which can be classified as average. The hygroscopicity coefficient ranged from 8.83%
to 9.04%, which correlated with elevated wilting coefficient values of 13.25% to 13.56%
and field capacity values of 25.81% to 26.85%. The minimum threshold recorded values
ranged between 19.53% and 20.21%, corresponding to relative values of 75% to 76% of the
field capacity.

The study was conducted utilizing a 4 × 2 × 4 split-split-plot design with five replica-
tions, featuring plots of four two-year-old trees planted at a spacing of 0.7 × 0.25 m2. The
primary factor was irrigation, which included four levels (non-irrigated control, 10 mm,
20 mm, and 30 mm), while the second factor was the cultivar (Stanley and Cacanska
Lepotica), and the third factor was fertilization at four levels (unfertilized control, N8P8K8,
N16P16K16, and N24P24K24). To achieve the three levels of fertilization (N8P8K8, N16P16K16,
and N24P24K24), a complex fertilizer with a ratio of 16:16:16 was applied in three increments
(50, 100, and 150 kg/ha). The irrigation schedule was based on variations in soil moisture,
with applications occurring on 17 August, 22 August, and 27 August. Fertilizers were
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incorporated into the soil at a sampling depth of 15 cm on 19 August, 25 August, and
29 August. The rootstocks were planted in the spring of 2023 and grafted during the
summer of the same year. Leaf area measurements were conducted in August 2024, follow-
ing leaf drop after the first frost, which typically occurs in October. Considering that the
trees are removed from the second field of the nursery and prepared for sale, they are not
affected by frost, since when frost occurs, the trees are already planted in the orchard. The
leaf area was measured on one tree in each plot. One typical tree was chosen in each plot,
and was normally developed, healthy, and without defects. Different leaves of an average
size located on the average annual growth area were chosen. Measurements were made on
10 leaves from each tree, and the arithmetic mean of the results obtained was calculated. A
leaf area meter, AM 350, produced by ADC BioScientific Ltd. (Hoddesdon, UK), bought
from a Romanian distributor from Bucharest, was employed for these measurements, featur-
ing a scanning speed of up to 20 mm/s, a maximum width of 103 mm, a maximum length
of 2 m, linear precision/repeatability of 1%, area accuracy of ±2%, perimeter accuracy of
±5%, and a resolution of 0.065 mm2.

2.3. Calculations

To assess the direct water usage, the soil water balance was evaluated by measuring
the soil water reserves at the beginning and the end of each month from April to September.
The soil moisture content was determined using a gravimetric method, where soil samples
were collected from the field at the beginning and midpoint of each month, and weighed
before and after being dried in an oven. The calculation of the soil moisture content
was based on the difference between the two weight measurements using the following
formula [17]:

W = 100 × (B − A)/A; (1)

where W represents soil moisture (%); A is the mass of the wet soil sample (g); and B is the
mass of dry soil sample.

When the soil moisture fell below 10%, it was deemed low, potentially signalling a
water deficit, which could necessitate the application of irrigation. The irrigation rate was
calculated by applying the following formula [17]:

M = 110 × H × Gv (C − P min.) (2)

where m is the watering rate (m3/ha); H is the thickness of the soil layer intended to be
supplied with water in meters; Gv is the volumetric weight of the soil (t/m3); C is the
field capacity for water, in weight percentages relative to dry soil; and P is the minimum
threshold or momentary supply, as a percentage of dry soil weight.

The calculation of water consumption from the soil, which includes the volume of
water absorbed by the trees in the nursery during transpiration along with the water
lost through evaporation from the land surface, was performed using the following for-
mula [17]:

ET = ∑ (t + e) (3)

where ET = evapotranspiration (m3/ha), t = the amount of water lost from the soil through
plant transpiration (m3/ha); and e = water evaporated on the soil surface (m3/ha).

The application of the initial irrigation, defined as the period between plant emergence
and the first watering, was determined by the initial water reserves in the soil at the start of
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the growing season, the specific water requirements of the particular crop, and the rainfall
that occurred during that timeframe [17]:

T =
Ri − p min
(e + t)− P

(4)

and the interval between two waterings was calculated according to the following for-
mula [17]:

T =
m

(e + t)− P
(5)

In this context, T represents the interval measured in days; e + t denotes the total
daily water consumption for the specific crop, expressed in m3/ha/day; Ri refers to the
initial water reserve present in the soil at the depth of saturation at the onset of the growing
season, which can be determined using a formula akin to that used for calculating the
final reserve, but substituting the withering coefficient with the field water capacity of the
soil (m3/ha); and P indicates the immediate moisture content (water level at the time of
irrigation) of the soil layer H, represented as a percentage of the dry soil’s weight.

Beneficial precipitation is determined by the disparity between total precipitation and
the losses incurred through evaporation and excessive infiltration [17]:

Pe = (P0 − E) − (I + R) (6)

where P0 is the total precipitation, E is evaporation, I is infiltration, and R is surface runoff.
The irrigation standard for the growing season, in the context of a closed-loop bal-

ance (a hydrological irrigation regime that does not involve groundwater recharge), was
determined as follows [17]:

∑m = ∑ (E + T) + Rf + Ri − Pv (m3/ha) (7)

- ∑ (E + T) the total consumption of water from the soil during the vegetation period;
- The soil water reserve Rf, at the conclusion of the growing season is established

through a relationship involving the volumetric weight of the soil at the specified
depth, the thickness of the soil layer designated for irrigation, and the wilting coeffi-
cient at that same depth (m3/ha);

- The initial soil water reserve at the wetting depth at the onset of the growing season is
similarly calculated using a relationship akin to that of the final reserve, with the soil
water capacity in the soil field (m3/ha) substituted for the wilting coefficient;

- The sum of summer precipitation is defined as being equal to or exceeding 5 mm.

The data regarding the leaf area were statistically processed using ANOVA associated
with the 4 × 2 × 4 split-split-plot design, and an LSD test at p < 0.05 [18]. The results were
expressed as means ± standard errors.

2.4. Analysis of the Water Balance and Consumption Under Different Irrigation Conditions

In April 2024, the recorded soil water reserve ranged from 2405 to 2463 m3/ha, represent-
ing about 86.5% of the field water capacity, indicating a favourable soil supply. However, due
to a negative water balance in April, the soil water reserve at the start of May fell to between
2210 and 2228 m3/ha, which was marginally above the minimum threshold (Table 3).
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Table 3. The elements of the soil water balance for maiden plum trees in the research field.

Irrigation Norm Month

Elements April May June July August September

Non-irrigated Ri (m3/ha) 2405 2210 2223 2291 2296 1864
0 mm Pe (m3/ha) 150 542 850 1048 277 295

ET (m3/ha) 345 529 782 1044 708 464
Rf1 (m3/ha) 2210 2223 2291 2296 1864 1695
M (m3/ha) - - - - - -
Rf2 (m3/ha) - - - - - -

Irrigated with Ri (m3/ha) 2431 2214 2251 2305 2294 2106
10 mm Pe (m3/ha) 150 542 850 1048 277 295

ET (m3/ha) 367 505 796 1059 765 528
Rf1 (m3/ha) 2214 2251 2305 2294 1806 1873
M (m3/ha) - - - - 300 -
Rf2 (m3/ha) - - - - 2106 -

Irrigated with Ri (m3/ha) 2463 2228 2222 2313 2247 2275
20 mm Pe (m3/ha) 150 542 850 1048 277 295

ET (m3/ha) 385 548 759 1114 849 562
Rf1 (m3/ha) 2228 2222 2313 2247 1675 2008
M (m3/ha) - - - - 600 -
Rf2 (m3/ha) - - - - 2275 -

Irrigated Ri (m3/ha) 2419 2210 2218 2294 2258 2519
30 mm Pe (m3/ha) 150 542 850 1048 277 295

ET (m3/ha) 359 534 774 1084 916 584
Rf1 (m3/ha) 2210 2218 2294 2258 1619 2230
M (m3/ha) - - - - 900 -
Rf2 (m3/ha) - - - - 2519 -

Ri—initial reserve; Pe—useful precipitation; ET—evapotranspiration; Rf1—final reserve without irrigation;
M—irrigation rate; Rf2—final reserve with irrigation.

In June and July, the abundant rainfall, associated with a relatively stable soil water
balance, facilitated the maintenance of soil moisture above the minimum threshold. In
August, the low level of rainfall and high temperatures generated a significant loss of
soil water that reached values between 1619 and 1864 m3/ha, well below the minimum
threshold. To compensate for the water deficit, irrigation was applied in accordance with
the norms of 300, 600, and 900 m3/ha so that the soil water reserve exceeded the minimum
threshold, reaching levels of 2106–2519 m3/ha. In September, due to a low amount of
rainfall, the water stress experienced in the previous month persisted, resulting in the
soil water reserves dropping below the minimum threshold for both the non-irrigated
variant (1695 m3/ha) and the irrigated variant with the norm of 10 mm (1873 m3/ha).
Throughout the 2024 vegetation period, the average daily consumption exhibited a steady
rise until July (refer to Figure 1). Thus, against the background of values ranging from
11.5 to 12.83 m3/ha/day observed in April, the climatic conditions in May generated an
increase in water consumption with rates ranging between 33.2% and 48.35%.

The peak water consumption level, recorded at 33.67–35.94 m3/ha in July, was pri-
marily influenced by the substantial precipitation levels in conjunction with the irrigation
applied, rather than the temperature increase of 1.4 ◦C compared to June. Water consump-
tion declined during the April to June period compared to the previous year, whereas
an increase was noted in July and August, and fairly close values in September. At the
beginning of April 2024, the soil moisture content in the non-irrigated variant had a value
of 22.8%, close to that recorded in the previous year. During the May–June period, the soil
moisture maintained its values above the minimum threshold (Figure 2).
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Figure 1. Daily average water consumption for plum planting material in the nursery.

Figure 2. Dynamics of soil humidity for the non-irrigated variant.

Against the background of high temperatures in association with the lower level
of precipitation in August, the soil moisture level decreased to 17.52%, a value that was
significantly lower than the minimum threshold. In September, the climatic conditions led
to a heightened water deficit, resulting in a reduction in the soil moisture content to 15.93%.
For the variant involving a 10 mm irrigation standard, the water deficit experienced in
August was mitigated by the application of an irrigation volume of 300 m3/ha, which
facilitated an increase in the soil moisture content of approximately 2.8%, bringing it close
to the minimum threshold, of 16.97% (Figure 3).
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Figure 3. Dynamics of soil humidity for the variant irrigated with 10 mm.

The drought experienced in August necessitated, based on the variant associated
with the 20 mm standard, the implementation of three irrigation sessions, amounting
to an irrigation norm of 600 m3/ha, which maintained a soil moisture level of 21.38%,
approximately 1.5% above the minimum threshold, of 15.74% (Figure 4).

Figure 4. Dynamics of soil humidity for the variant irrigated with 20 mm.

The water deficit in September resulted in a reduction in the soil moisture levels by
as much as 18.87%, which was 2.9% higher compared to the non-irrigated variant. For
the irrigated variant with the norm of 30 mm, three irrigations totalling 900 m3/ha were
administered in response to the water deficit caused by the drought in August. This
resulted in a soil moisture level of 23.87% by the end of the month, exceeding the minimum
threshold, of 15.22% (Figure 5).
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Figure 5. Dynamics of soil humidity for the variant irrigated with 30 mm.

The water shortage in September led to a decrease in the soil moisture content of up
to 20.96%. However, that level remained above the minimum threshold and was notably
around 5% higher than that of the non-irrigated variant.

3. Results

3.1. Analysis of the Variance Components

The findings from the variance analysis presented in Table 4 indicate that only irriga-
tion and fertilization had significant impacts on the leaf area, with irrigation demonstrating
a more pronounced effect compared to the cultivar, which had a negligible influence.
Furthermore, while the combined effects of these factors were significant as regards the
leaf area, they were notably less impactful than their individual effects. The interaction
between the cultivar and irrigation was particularly emphasized due to its substantial
effect, followed by the interaction between fertilization and the cultivar.

Table 4. Analysis of variance regarding the effects of irrigation, the cultivar, and fertilization on the
leaf area.

Source of Variation SS DF MS F Test

Total 43,868,124 159
Replication 216,761 4 54,190 0.59

Irrigation (A) 8,493,021 3 2,831,007 30.75 **
Error A 1,104,856 12 92,071

Cultivar (B) 9986 1 9986 0.12
A × B 970,711 3 323,570 3.84 *
Error B 1,349,748 16 84,359

Fertilization (C) 9,982,917 3 3,327,639 22.07 **
A × C 3,044,252 9 338,250 2.24 *
B × C 1,398,818 3 466,273 3.09 *

A × B × C 2,819,710 9 313,301 2.08 *
Error C 14,477,344 96 150,806

* Significant at p < 0.05; ** significant at p < 0.01.

3.2. Effects of Irrigation and Cultivar on the Leaf Area

An analysis of the interaction between irrigation and the cultivar on the leaf area
of plum trees revealed that for the Cacanska Lepotica cultivar, the three irrigation levels
resulted in significant differences when compared to the control, amidst variations among
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the irrigation levels. Conversely, the Stanley cultivar demonstrated effective utilization
of only the 20 and 30 mm irrigation levels, leading to significant enhancements in this
characteristic relative to the control, whereas the 10 mm level had a non-significant effect
and was inferior to that observed in the Cacanska Lepotica cultivar (Table 5).

Table 5. The effects of irrigation and the cultivar on the leaf area.

Cultivar Irrigation Cultivar Mean

Control 10 mm 20 mm 30 mm

Stanley 4316 ± 59 a z 4498 ± 71 a yz 4651 ± 65 a xy 4821 ± 86 a x 4572 ± 41 A
Cacanska Lepotica 4234± 65 a z 4429 ± 60 a z 4738 ± 88 a y 4948 ± 90 a x 4587 ± 49 A

Cultivar LSD5% = 97 cm2; cultivar–irrigation LSD5% = 193 cm2; irrigation–cultivar LSD5% = 195 cm2; the same
letter (a) in the column indicates non-significant differences (p > 0.05) between cultivars; different superscript
letters (x, y, z) in the row indicate significant differences (p < 0.05) between watering norms. The same letter for
the cultivar means (A) indicates a non-significant difference (p > 0.05).

Given the interaction between irrigation and the leaf area in Stanley cultivar trees,
it was observed that only irrigation with 20–30 mm allowed a significant variation of
7.76–11.7%, while the effect of the 10 mm watering norm was smaller and non-significant.
Under the effect of different watering norms, trees of the Cacanska Lepotica cultivar
recorded a leaf area ranging between 4234 cm2 in the case of the control and 4821 cm2 for
the 30 mm watering norm, against a background of a 9.5% variability between watering
norms. Compared to the control, in the trees of this cultivar, the three watering norms
generated significant increases of 4.61–16.86%. The gradual adjustment of the watering
standard by 10 mm resulted in changes in this character, ranging from 210 to 309 cm2.

3.3. Effects of Irrigation and Fertilization on the Leaf Area

The leaf surface exhibited a variation of 682 cm2 due to different fertilization treat-
ments, with measurements ranging from 4226 cm2 in the unfertilized agricultural setting
to 4908 cm2 when a dose of 24% NPK was applied, reflecting a variability of 6.3% across
the treatments (Table 6).

Table 6. The effects of irrigation and fertilization on the leaf area.

Irrigation Fertilization Irrigation Mean

Control N8P8K8 N16P16K16 N24P24K24

Control 4006 ± 63 b y 4196 ± 45 c y 4343 ± 76 c xy 4557 ± 57 c x 4275 ± 43 D
10 mm 4216 ± 91 ab y 4364 ± 64 bc y 4520 ± 64 bc xy 4753 ± 62 bc x 4464 ± 46 C
20 mm 4267 ± 58 ab z 4608 ± 55 ab yz 4856 ± 43 ab xy 5048 ± 71 ab x 4695 ± 54 B
30 mm 4415 ± 47 a z 4838 ± 98 a y 5008 ± 86 a xy 5277 ± 77 a x 4885 ± 62 A

Irrigation LSD5% = 148 cm2; irrigation–fertilization LSD5% = 327 cm2; fertilization–irrigation LSD5% = 345 cm2;
different letters (a, b, c) in the column indicate significant differences (p < 0.05) between watering norms; different
superscript letters (x, y, z) in the row indicate significant differences (p < 0.05) between NPK levels. Capital letters
were used for irrigation mean (A, B, C, D) comparisons.

The application of NPK fertilization variants determined the recording of significant
increases in the growth of this character by 6.53–16.14% compared to the non-fertilized
agricultural background. The addition of fertilization from 8 to 16% and from 16 to 24%
was effectively utilized by the seedlings that achieved a significant growth of 180–226 cm2.

By analysing the impact of fertilization on the growth of the leaf structure at a spe-
cific watering rate, it is obvious that the greatest variation was noted with the 30 mm
norm, whereas the 10 mm norm exhibited a smaller range of variation between the NPK
dosage levels.

17



Horticulturae 2025, 11, 737

Without fertilization, the examined irrigation standards resulted in leaf surface area
measurements ranging from 4006 cm2 under non-irrigated conditions to 4415 cm2 at the
30 mm irrigation level, indicating a variability of 5.79% among the different watering
standards.

Compared to the non-irrigated version, the three irrigation standards facilitated an
increase of 5.24 to 10.21% in the leaf apparatus in these conditions; however, only the
effect of the 30 mm standard was significant. The modification of watering norms did
not generate substantial increases against the background of variations in the leaf surface
area of 51–199 cm2. Under fertilization conditions involving 8% NPK, a variation in this
character was evident, ranging from 4196 cm2 in the non-irrigated case to 4838 cm2 when
applying a watering norm of 30 mm. On that agricultural land, only the watering norms
of 20 and 30 mm showed significant effects associated with increases of 11.81–15.31%
compared to the non-irrigated version. Furthermore, adjusting the watering rate by 10 mm
had a negligible impact; thus, only the increase in the watering rate from 10 mm to 30 mm
resulted in a significant variation of 10.86% in the leaf surface area. Under fertilization
conditions involving 16% NPK, the leaf surface ranged between 4343 cm2 and 5008 cm2. As
such, in that case, irrigation with 20–30 mm generated a significant increase of 11.81–15.31%
of that character compared to the non-irrigated variant. The adjustment in the irrigation
rate from 10 mm to 20 mm resulted in a change of 7.43% in the leaf surface area, whereas
a further increase in irrigation from 20 mm to 30 mm produced a lesser and statistically
insignificant effect of 4.54%.

In the context of fertilization with 24% NPK, the application of irrigation with
20–30 mm favoured a significant increase in that character by 491–720 cm2. In the case
of this agricultural background, only the increase in the watering rate from 10 to 30 mm
showed a high efficiency, which materialized as the significant development of the leaf
apparatus with 524 cm2. According to the data presented in Figure 4, the non-irrigated
variant demonstrated that the exponential regression revealed an average foliar apparatus
development rate of 22.96 cm2 for every kilogram of NPK applied. That rate was 18.3 cm2

at application levels of 8 to 16% and increased to 26.75 cm2/kg NPK for doses between
16 and 24%. The estimates provided are highly precise, with a confidence level of 99.62%,
based on a leaf area of 4009 cm2 in the absence of fertilization.

For the norm of 10 mm, the effect of fertilization on that character was expressed by
a regression that was based on a precision of 99.08% and indicated an average growth
with a relatively constant rate of 18–19.5 cm2/kg NPK up to the dose of 16% and a higher
rate of 26.75 cm2/kg NPK between the last levels. Under irrigation conditions of 20 mm,
the leaf surface exhibited a variation corresponding to an average rate of 32.52 cm2/kg
NPK, associated with a coefficient of determination of 97.67%, with the initial value of that
characteristic being 4310 cm2 in the non-irrigated agricultural context. In the context of
irrigation at 30 mm, the average growth rate of the leaf structure was 35.92 cm2/kg NPK
applied, with different values from one dose to another (21.25–52.87 cm2/kg NPK) under
conditions that allowed for an estimation of the accuracy of that character at 96% (Figure 6).

Compared to the non-fertilized agricultural background, the treatments with 8–16%
resulted in a positive impact, reflected by minor increases of 4.74–8.41% in that character.
Conversely, the treatment with 24% NPK had a significant effect of 13.75%. Notably, the
change in the NPK dosage from 8 to 24% was associated with a significant effect of an
8.6% increase in the leaf area.
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Figure 6. Variation in the leaf area under the effects of different watering norms and fertilizations.

In the context of irrigation set at a standard of 10 mm, the fertilization methods
employed resulted in values ranging from 4216 cm2 for the unfertilized agricultural setting
to 4753 cm2 for the application of 24% NPK, with an amplitude of variation of 537 cm2

and a variability of 6.52% between treatments. Under such soil moisture conditions, only
the treatment with 24% NPK generated a significant increase of 12.74% compared to the
unfertilized version. Furthermore, the application of 24% NPK demonstrated a markedly
greater impact on that characteristic when compared to the 8% NPK dosage. Under
the effect of irrigation with 20 mm, fertilization with 16–24% NPK showed a significant
influence on the increase in the leaf surface, associated with increases of 589–781 cm2. Only
the addition of fertilization from 8 to 24% generated a significant variation of 9.55% in that
character. An examination of the impact of fertilization on the leaf surface area of seedlings
at varying watering rates reveals that in the absence of irrigation, the seedlings recorded
values ranging from 4006 cm2 in the case of the unfertilized variant up to 4557 cm2 in the
24% NPK variant, with a variability between treatments of 6.46%.

In the context of applying a watering norm of 30 mm, the seedlings exhibited leaf sur-
face area values ranging from 4415 cm2 in the unfertilized variant to 5277 cm2 in the variant
supplemented with 24% NPK, with a variability of 8.06% observed between the treatments.
Compared to the non-fertilized agricultural background, the NPK treatments had a signifi-
cantly higher efficiency, which materialized as increases of 9.58–19.52%. Changing the dose
of NPK from 8 to 24% was associated with a significant increase in the development of the
leaf apparatus of 9.07%.

3.4. Effects of the Cultivar and Fertilization on the Leaf Area

Upon examining the interaction between the cultivar and fertilization on leaf surface
area characteristics (Table 7), it was observed that in the Stanley cultivar, only the treatments
utilizing 16–24% NPK produced noteworthy positive effects, amidst relatively minor
differences across the treatments. Conversely, for the seedlings of the Cacanska Lepotica
cultivar, fertilization had a significant impact on this type.
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Table 7. The effects of the cultivar and fertilization on the leaf area.

Cultivar Fertilization

Control N8P8K8 N16P16K16 N24P24K24

Stanley 4293 ± 63 a z 4500 ± 82 a yz 4657 ± 88 a xy 4837 ± 79 a x

Cacanska Lepotica 4160 ± 65 a z 4503 ± 85 a y 4707 ± 82 a xy 4980 ± 94 a x

Fertilization mean 4226 ± 69 W 4502 ± 71 Z 4682 ± 76 Y 4908 ± 85 X

Fertilization LSD5% = 172 cm2; cultivar–fertilization LSD5% = 15 cm2; fertilization–cultivar LSD5% = 7 cm2; the
same letter (a) in the column indicates non-significant differences (p > 0.05) between cultivars; different superscript
letters (x, y, z) in the row indicate significant differences (p < 0.05) between NPK levels. Capital letters were used
for fertilization mean (X, Y, Z, W) comparisons.

Concerning the impact of fertilization on the leaf surface area of each cultivar (Table 8),
it could be noticed that for the Stanley cultivar, the values ranged between 4293 cm2 for the
unfertilized variant and 4837 cm2 in the case of applying the dose of 24% NPK. Compared
to the unfertilized version, only the treatments with 16–24 kg had significant effects and
were associated with increases of 364–544 kg. It was also found that only the addition of
fertilization from 8 to 24% NPK generated a significant increase in that character of 7.5%.

Table 8. The combined impacts of irrigation and fertilization on the leaf area of the two cultivars.

Specification 0 mm

Control

Fertilization

Cultivar Control N8P8K8 N16P16K16 N24P24K24
Stanley 4124 ± 80 a x 4261 ± 73 a x 4363 ± 150 a x 4518 ± 100 a x

Cacanska Lepotica 3888 ± 68 a y 4131 ± 41 a xy 4323 a ± 55 x 4595 a ± 63 x

10 mm

Fertilization

Cultivar Control N8P8K8 N16P16K16 N24P24K24
Stanley 4308 ± 167 a y 4406 ± 94 a xy 4483 ± 106 a xy 4794 ± 123 a x

Cacanska Lepotica 4125 ± 74 a y 4322 ± 94 a xy 4558 ± 32 a xy 4713 ± 38 a x

20 mm

Fertilization

Cultivar Control N8P8K8 N16P16K16 N24P24K24
Stanley 4322 ± 72 a y 4519 ± 87 a xy 4873 ± 68 a xy 4891 ± 70 a x

Cacanska Lepotica 4212 ± 91 a y 4697 ± 47 a xy 4839 ± 59 a x 5204 ± 77 a x

30 mm

Fertilization

Cultivar Control N8P8K8 N16P16K16 N24P24K24
Stanley 4417 ± 44 a z 4814 ± 197 a yz 4910 ± 143 a xy 5143 ± 98 a x

Cacanska Lepotica 4414 ± 37 a z 4862 ± 66 a yz 5107 ± 91 a xy 5410 ± 70 a x

Cultivar LSD5% = 459 cm2; fertilization LSD5% = 487 cm2; the same letter (a) in the column indicates non-
significant differences (p > 0.05) between cultivars; different superscript letters (x, y, z) in the row indicate
significant differences (p < 0.05) between NPK levels.

As regards the leaf surface area of the seedlings from the Cacanska Lepotica cultivar,
the variation in the effects of fertilization was more pronounced, being characterized by an
amplitude of 820 cm2 ranging from 4160 cm2 on untreated soil to 4980 cm2 at a 24% NPK
application rate. The three treatments resulted in an improvement, with an increase of 8.25%
to 19.71% in the leaf apparatus. The addition of fertilization by increasing the NPK levels
from 8 to 16 and 24% determined a significant increase in this character of 273–477 cm2.

Figure 5 provides data based on the exponential regression suggesting that for the
Cacanska Lepotica cultivar, the leaf surface area varied by an average of 34.17 cm2 for each
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kg of NPK fertilizer applied, with fluctuations between 25.5 cm/kg NPK for levels ranging
from 8 to 16% and reaching 42.87 cm2/kg NPK at the 8% level. These estimates were made
with a high degree of accuracy, specifically 98.61%, based on a leaf surface area of 4194 cm2

when no fertilization was used.
In the case of the Stanley cultivar, the impact of fertilization on the growth of the leaf

structure was reduced, showing an average growth rate equivalent to 22.67 cm2/kg NPK
against the background of variations from 19.62 cm2/kg NPK between treatments with
8–16% NPK and 25.97 cm2/kg NPK between the levels of 8% and the control.

The predictability of the logarithmic regression between the fertilization dose and the
variation of that character for the Stanley cultivar was 99.55%, based on an initial value of
4306 cm2 on the unfertilized agricultural background (Figure 7).

Figure 7. Variations in the leaf area under the effects of different watering norms and fertilizations.

3.5. Combined Effects of Irrigation, Fertilization and the Cultivar on the Leaf Area

Considering the combined effects of the three factors (Table 8), fertilization did not
significantly influence the leaf surface area of the Stanley cultivar on the non-irrigated
agricultural background under the circumstances of a 394 cm2 amplitude. For the Cacanska
Lepotica cultivar, an enhancement of 435–707 cm2 in the leaf surface area was observed
solely with fertilization using 16–24% NPK.

On the arable land irrigated with 10 mm, only the fertilization with 24% NPK deter-
mined a significant increase in the leaf surface area of both cultivars of 486–688 cm2 under
the conditions of small and insignificant variations between the three doses applied.

When irrigated with 20 mm, an increase in the leaf area was recorded, with the Stanley
cultivar seedlings showing an increase of 569 cm2 and the Cacanska Lepotica cultivar
seedlings exhibiting an increase of 992 cm2, both fertilized with 24% NPK, compared to the
untreated variant; however, alterations in the NPK dosage resulted in negligible variations
in this character.

The application of irrigation with 30 mm revealed that fertilization had a more pro-
nounced effect on the leaf surface area in both cultivars that was associated with differences
of 725–996 cm2 compared to the non-fertilized variant and insignificant variations between
treatments. Within agricultural contexts that represented combinations between fertiliza-
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tion and irrigation, there were no significant distinctions between the two cultivars for that
character.

4. Discussion

Utilizing irrigation and fertilization in nurseries results in the production of robust and
healthy fruit planting material, enhancing overall yield and providing superior economic
returns compared to nurseries lacking irrigation and fertilization. Although nurseries are
typically situated on fertile land, the application of fertilizers is essential to create optimal
conditions for the growth of rootstocks and trees, as well as to support the activity of soil
microorganisms. While climatic conditions generally ensure the normal growth of trees
without irrigation, in excessively dry years, irrigation becomes a necessity. Prolonged
periods of drought hinder the growth of plants within nurseries. Additionally, it is crucial
for trees in a nursery to achieve rapid growth within a limited timeframe, particularly
when the root systems have been significantly reduced through shaping, necessitating
swift restoration to enable them to access a larger volume of soil. Therefore, it is essential
to apply fertilizers and take measures to enhance soil fertility in order to achieve high
yields of fruit trees in nurseries. Nursery fertilization should encompass a series of actions
that contribute to the long-term enhancement of physical and chemical properties while
ensuring the availability of necessary nutrients in forms that can be assimilated during
each phase of vegetation, according to the requirements of the trees [19]. This research
highlights that the climate and soil conditions are favourable to tree cultivation and do not
pose any limiting factors.

Additionally, irrigation must maintain optimal water levels, ensuring a supply of
65–75% of the total soil retention capacity, avoiding excessive moisture levels beyond 80%.

In terms of fertilizer application within the nursery, it is essential to note that nitrogen
(N), phosphorus (P), and potassium (K) are the key nutrients that should be utilized to
ensure optimal plant growth in the field, as shown by Rosen and Swanson [20]. Fertilization
influences crop development, nutrient uptake, and overall productivity [21]. Regarding
the application of fertilizers, the current understanding indicates that factors such as
soil conditions, species, cultivar, rootstock, density, forecasted production, etc., must be
considered. Establishing the optimal doses for each situation in the field must be performed
after analysing a series of soil properties, knowing the requirements imposed by the crop
and those related to ensuring a certain quantitative and qualitative level of production.
Although at first glance they seem to be expensive elements of technology, they are actually
only rational methods of using water and fertilizers to obtain planting material. The
improper use of fertilizers in nurseries, particularly when applied in excessive, unilateral,
and unbalanced quantities, as well as the use of fertilizer types that do not align with the
biological needs of specific species and soils, can lead to detrimental outcomes. Instead
of achieving the anticipated increases in tree production, a decline may be observed.
Furthermore, the economic viability and yield in irrigated agriculture are largely influenced
by the irrigation practices employed for each crop. A significant consequence of the overuse
of chemical fertilizers is the leaching of nutrients from the soil due to irrigation or rainfall,
which can infiltrate groundwater and exacerbate the eutrophication of watercourses.

The investigations carried out so far on the use of irrigation and fertilization in the
nursery refer to fruit shrubs or woody species, not to fruit tree planting materials. Con-
sequently, it is not possible to compare the various results obtained. But as a general
idea, other recent research shows that both irrigation and fertilization have been proven
to improve plant growth, accelerate photosynthesis and growth metabolism activities,
and eventually achieve higher crop yield and quality [22–24]. Besides obtaining a high
yield, another objective of nursery owners is to obtain a profit. According to Fulcher and
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Fernandez [25], irrigation can shorten the production period for field nursery crops and
increase quality, which has a positive impact on nursery profitability. Drip irrigation and
fertilization involves some additional costs in terms of purchasing and installing equipment,
but it is compensated by a high and good quality of fruit tree production.

In the same study, the effects of irrigation, fertilization, and the cultivar on different
morphological traits of plum, including shoot growth, shoot weight, crown diameter,
branching growth, and tree yield, were also determined. Concerning the physiological
traits of plum, the leaf area and photosynthesis rate were examined under the influences of
irrigation and fertilization.

5. Conclusions

The implementation of various NPK fertilization methods resulted in statistically
assured enhancements in leaf surface growth, ranging from 6.53% to 16.14% when com-
pared to the control group that did not receive fertilization. Especially when added in
amounts between 8 to 16% and 16 to 24%, fertilizers were effectively absorbed by the
grafted trees, leading to substantial growth improvements of 180–226 cm2. In the Stanley
cultivar, only the treatments with 16–24% NPK showed significantly positive influences on
the leaf surface area against the background of small variations between the treatments. In
the case of the Cacanska Lepotica cultivar, fertilization had a substantially higher influence
on the leaf area.

Irrigation led to increases in the leaf area ranging from 4.42% to 14.27% when com-
pared to the control group. For the Cacanska Lepotica trees, the applied watering norms
resulted in significant differences in the leaf area relative to the control, highlighting the
substantial variations among the watering norms. Conversely, the Stanley cultivar trees
effectively utilized only the 20 mm and 30 mm watering norms, which resulted in sig-
nificant enhancements of this characteristic compared to the control. As future research
directions, it is appropriate to analyse the economic efficiency of producing grafted trees
under different conditions of irrigation and fertilization.

It is essential for nursery owners and horticulture enthusiasts to consider various
factors, such as soil conditions, species, cultivar, rootstock, density, and anticipated produc-
tion, when implementing irrigation and fertilization practices. Additionally, understanding
the rainfall patterns, the low water permeability of the soil, and groundwater levels can
be helpful for establishing appropriate irrigation standards. The optimal level of NPK in
the field must be set after analysing a series of soil properties, knowing the requirements
imposed by the crop and those related to ensuring a certain quantitative and qualitative
level of production. It is also recommended to carry out chemical laboratory analyses on
the qualitative and quantitative presence of various nutrients in the soil.
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Abstract: The biofortification of leafy vegetables with selenium (Se) and iodine (I) provides
the basis for the Se/I status optimization and preservation of human health. The effect of
foliar Se, I, and Se + I supply in three different crop cycles (autumn, autumn–winter, and
winter) on yield, quality, and mineral composition of wall rocket leaves was investigated us-
ing biochemical and ICP-MS methods of analysis. Joint foliar supply with selenate/iodide
increased yield, antioxidant activity, total phenolic, ascorbic acid, and protein levels by 1.63,
1.24, 1.22, 1.25, and 1.50 times, respectively, and the content of Ca, Mg, P, K, Fe, Cu, and Zn
by 1.27, 1.24, 1.35, 1.46, 3.67, 2.76, and 1.44 times, respectively. High correlations between Se,
antioxidants, P, Mg, and Ca (r > 0.80) as well as between yield and K/protein content were
recorded. Despite a significant decrease in yield, protein, and K, Fe, Cu, and Mn contents in
the third crop cycle, compared to the first one, 50 g of wall rocket biofortified with Se/I may
provide up to 100% of the Se adequate consumption level, 34.3% of I, 9% of K, 24% of Fe,
and 17.7% Ca. The results of the present research confirm the high efficiency of Se/I supply
to produce D. tenuifolia leaves as a new functional food.

Keywords: Diplotaxis tenuifolia (L.) D.C.; functional food; biofortification; Se and I; antioxi-
dants; mineral elements

1. Introduction

Selenium and iodine are essential microelements for human organism, responsible for
antioxidant defence, high immunity, and brain activity, playing an important role in growth
and development, protection against chronic diseases including cancer, and heart failure [1].
Selenium and iodine deficiency is widespread in many countries in the world, decreasing
life expectation, human education, and labour efficiency, thus causing significant economic
losses [2]. The metabolism of these elements is closely related to each other, as Se is important
to an active centre of tri-iodothyronine deiodinases participating in the thyroid hormone
biosynthesis [3]. In this respect, the optimization of the human Se and I status should be
carried out simultaneously [4]. Among different approaches for solving this problem (food
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supplements and iodized salt), the joint biofortification of agricultural crops with Se and I has
become more and more attractive due to the so-called buffer effect of plants preventing Se/I
toxicosis in humans and thanks to the low cost of the applied technology [5,6].

Many studies have been carried out regarding the joint Se/I biofortification of agri-
cultural crops, i.e., in carrot and lettuce [7–10], chicory [11], potato [12], Indian mus-
tard [13], chickpea [14], chervil [15], pumpkin seedlings [16], kohlrabi [17], radish [18],
buckwheat [19], spinach [20], and pea [21]. The results demonstrated the high variability of
yield, antioxidant status, and the mineral composition of biofortified plants, which greatly
hampered the development of industrial technology. The reason of the latter situation is
connected with several factors including (1) the extremely narrow concentration ranges
suitable for safe biofortification with Se and I [1], (2) species and varietal differences in
plant tolerance to Se and I [22], (3) a different efficiency of Se and I biofortification which
hinders the production of Se/I-enriched plants, thereby allowing them to sufficiently meet
the adequate Se/I consumption levels (70 and 150 μg day−1, respectively) [1,22], and (4) the
unpredictable Se/I interaction during biofortification, which may result either in synergism
or antagonism between the two microelements, or no effects [11,19].

To date, Se and I are essential for mammals, while they are considered only beneficial
in plants, showing growth stimulation and stress protection at low concentrations, which
opens new opportunities for the yield improvement of agricultural crops [1]. However,
iodine essentiality was recorded via plant protein iodination [23], whereas that of Se was
previously demonstrated in algae [24]. The investigation by Rakoczy-Lelek et al. [25] demon-
strated that the biofortification of plants with iodide resulted in the formation of iodotyrosine,
iodobenzoates, iodosalicylates, and plant-derived thyroid hormone analogues.

Among the agricultural crops tested, leafy vegetables are very interesting targets for
biofortification due to the possibility of Se/I losses during drying and food processing
because of the formation of volatile methyl iodides and methyl selenides [26–28]. In
addition, fresh leafy vegetables provide the highest levels of other antioxidants (vitamins,
polyphenols, sterols, etc.) known to act synergistically with Se in humans [29,30].

The agronomic biofortification of the Brassicaceae species, which are important dietary
sources of Ca, Mg, and Fe [14], is highly desirable due to high levels of sulphur, with the latter
being a Se chemical analogue easily substituted with Se in living organisms [31]. Furthermore,
selenium is known to form Se derivatives of glucosinolates present in Brassicaceae, with
higher anti-carcinogenic activity compared to the unsubstituted compounds [32].

Among the leafy Brassicaceae species, only Indian mustard has been jointly fortified
with Se and I [13], and, in this respect, perennial wall rocket (Diplotaxis tenuifolia L.-DC)
may become an attractive target of Se/I biofortification. Indeed, Diplotaxis tenuifolia is a
perennial plant mostly cultivated to be commercialized as baby leaves rich in glucosinolates,
vitamin C, and polyphenol content [33–36]. The mentioned plant is highly valuable as a
food and a spice and is popular in medicine, providing protection against cancer and heart
failure due to its high antioxidant activity [37,38]. Its remarkable adaptability and tolerance
to salinity, pathogen attack, and diseases [38–41] as well as quick growth provide additional
benefits for wall rocket utilization as a target of Se/I biofortification. To date, no research
regarding the joint biofortification of perennial wall rocket with Se and I has been carried
out. In previous studies, Se biofortification in hydroponic conditions stimulated wall rocket
growth and the accumulation of chlorophyll, polyphenols, and Se [42–44], while iodine
application via foliar/soil supply did not lead to a significant effect on plant yield but only
resulted in tendential chlorophyll accumulation under the foliar treatment [45]. Plant foliar
biofortification both with Se [46] and iodine [47] is more efficient than the hydroponic and
soil applications, does not cause Se/I interactions with soil components, is easy to perform
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and, therefore, is preferable to produce functional vegetables enriched with the mentioned
essential microelements.

Based on the concepts expressed above, the present work aimed to assess the interac-
tions between foliar joint Se/I biofortification and crop cycle on yield, selenium, iodine,
and other antioxidant contents, as well as the mineral composition of D. tenuifolia leaves.

2. Materials and Methods

2.1. Experimental Protocol and Growing Conditions

Research was carried out on Diplotaxis tenuifolia (L.) D.C. cultivar Marte at the Depart-
ment of Agricultural Sciences, University of Naples Federico II, Portici (Naples), Southern
Italy, in 2022–2024 under an unheated greenhouse covered with a thermal polyethylene film
in sandy loam soil (76% sand, 17% silt, 7% clay), with 0.12% N, 95.5 ppm NO3-N, 2.4 ppm
NH4-N, 96.1 ppm P2O5, 1822 ppm K2O, pH 7.2, 2.86% organic matter, and 689 μS cm−1

electrical conductivity. During the cropping seasons, the mean monthly temperatures
inside the greenhouse were 18 ◦C in November, 15 ◦C in December, 11 ◦C in January, 14 ◦C
in February, and 18 ◦C in March.

The experimental protocol was based on the factorial combination of 3 crop cycles (au-
tumn, starting on 2 November; autumn–winter, starting on 9 December; and winter, starting
on 24 January) and 3 biofortification treatments (selenium, iodine, and selenium + iodine)
plus an untreated control. A randomized complete block design was used for the treat-
ment distribution in the field with three replicates, and each experimental unit had a 1 m2

(1 × 1 m) surface area.
Sowing was performed on 2 November, both in 2022 and 2023, with a spacing of

2 cm along the rows which were 5 cm apart. Foliar spraying with selenium, iodine, and
selenium + iodine solutions was performed 3 times at 5-day intervals, starting when the
leaves were 1 cm long on average, applying the same following doses in each of the three
crop cycles: sodium selenate at 50 mg Se L−1 (0.26 mM), potassium iodide at 100 mg I L−1

(0.59 mM), and sodium selenate + potassium iodide at the same mentioned doses. The Se
and I doses were chosen based on the tolerable dose of Se in most agricultural crops and the
significantly lower ability of plants to accumulate iodine compared to selenium [1,15]. Each
solution was applied until runoff at the average volume of 300 mL per plant in each crop
cycle, corresponding to the supply of 10 mg of Na and 28 mg of K per cycle from selenite
and iodide, respectively. As the latter amounts have an insignificant impact on plants, the
untreated control was irrigated with water only at the same volume as the experimental
treatments, with no K and Na addition. As can be observed in Table 1, the first cutting was
conducted on 9 December which was the starting date of the second cycle, characterized
by the same scheme of treatments as the first one. The second cutting was performed on
24 January which was the beginning of the third cycle. The biofortification treatments were
conducted according to the same scheme in the three crop cycles.

Table 1. Beginning and end dates of crop cycle, as well as biofortification treatments.

Crop Cycle
Starting

Date
First Se/I Treatment Second Se/I Treatment Third Se/I Treatment

Date of Leaf
Cutting

First 2 November
(sowing) 15 November 20 November 25 November 9 December

Second 9 December 25 December 30 December 4 January 24 January
Third 24 January 10 February 15 February 20 February 9 March

Crop management was performed using sustainable management practices, including
an organic preplant fertilization with N, P2O5, and K2O (at a rate of 38, 10, and 30 kg ha−1,
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respectively) and the control of fungal diseases and pests, when necessary, with copper
oxychloride and azadirachtin treatments, respectively. During the three growing seasons,
drip irrigation was activated when the soil available water at 10 cm depth dropped to 80%,
and N, P2O5, and K2O were supplied via fertigation during each crop cycle at a dose of
112, 30, and 90 kg ha−1, respectively.

The harvests were conducted on 9 December, 24 January, and 9 March, when rocket
leaves reached 6–7 cm length, cutting at 3–5 cm above the soil surface in order to leave the
vegetative apex undamaged, thus allowing for more efficient regrowth.

As the research year did not have a significant effect on the examined variables and
the latter were not significantly affected by the interaction between crop cycle and the
biofortification treatment, the average values of the two trial years related to the main
effects of the two experimental factors are presented.

2.2. Yield Determination

At each harvest, the following fresh yield parameters of perennial wall rocket were
measured in all the experimental plots: total weight, the number of leaves, and mean leaf
weight of 100 g samples.

2.3. Sample Preparation

Fresh leaf samples were randomly collected in each experimental plot and stored at
−80 ◦C until the extractions and analyses of the antioxidant compounds (total phenols
and the ascorbic acid), and antioxidant activity were performed. Dried plant material was
ground to a powder in a grinder; then, a 500 mg sample was used for the extraction and
determination of the mineral elements and nitrate.

2.4. Dry Matter

The dry matter content was determined gravimetrically after drying baby leaf samples
to a constant weight at 70 ◦C in a forced air oven. The results were expressed as the
weight/weight percentage of dry matter (% w/w).

2.5. Ascorbic Acid

The ascorbic acid content was assessed using the manual titration method based on the
interaction of the ascorbic acid with sodium 2,6-dichlorophenol indophenolate (Tillman’s
reagent) [48], with a detected limit of 4 mg L−1.

2.6. Total Polyphenols (TPs)

The Folin–Ciocalteu colorimetric method was used for total polyphenol determination by
utilizing 70% ethanol extracts of dry leaf homogenates [49]. The concentration of polyphenols
was assessed using the absorption value of the Folin reagent–sample ethanol extract reaction
mixture at 730 nm (Unico 2804 UV spectrophotometer, Suite E Dayton, NJ, USA). A solution of
0.02% gallic acid was used as an external standard, and all the results were expressed in mg of
gallic acid equivalent per g of dry weight (mg GAE g−1 d.w.). The detected limit was 1 μg mL−1.

2.7. Total Antioxidant Activity (AOA)

To evaluate the total antioxidant activity of perennial wall rocket leaves, a 0.01 N
KMnO4 solution was titrated with the ethanol extracts of leaf homogenates until the
solution became completely discoloured [49]. Gallic acid (PhytoLab GmbH & Co. KG,
Vestenbergsgreuth, Germany) was used as an external standard, and the values obtained
were expressed in mg GAE g−1 d.w.
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2.8. Proteins

The crude protein content was measured via the Kjeldahl methodology, which is based
on sample digestion with sulfuric acid, and the quantification of the ammonia content after
reaction mixture alkalization was conducted [50]. The detected limit was 0.1 mg.

2.9. Soluble Solids

The determination of wall rocket leaf soluble solids was carried out using a portable digital
refractometer, model DBR 35 (Sinergica Soluzioni s.r.l., Pescara, Italy), expressed in ◦Brix.

2.10. Nitrates

Nitrates were assessed using ion chromatography (ICS-3000, Dionex, Sunnyvale, CA,
USA) coupled to a conductivity detector, with an IonPac AG11-HC guard (4 × 50 mm)
column and an IonPac AS11-HC analytical column (4 × 250 mm). The flow rate of KOH
solution (1 to 50 mM gradient) was 1.5 mL min−1. The detection limit reached 0.08 mg L−1.

2.11. Colour Measurement

Leaf colour was measured with a portable colorimeter (CR-10 Chroma; Minolta, Osaka,
Japan) with Cilluminant after calibration with a white standard calibration plate, referring
to the CIELab components L, a, and b. The ‘L’ component represents the relative lightness
ranging from 0 (black) to 100 (white); both ‘a’ and ‘b’ range from –60 to +60, i.e., ‘a’ from
green to red and ‘b’ from blue to yellow.

2.12. Mineral Determination

D. tenuifolia’s leaf elemental profile, including Ca, K, Mg, P, Cu, Fe, Mn, and Zn,
was determined in triplicate on dried, homogenized leaf samples using ICP-MS on the
quadruple mass spectrometer Nexion 300D (Perkin Elmer Inc., Shelton, CT, USA), after
the digestion of 1 g sample with sub-boiled HNO3 (Fluka No. 02, 650 Sigma-Aldrich, Co.,
Saint Louis, MO, USA), 1:150 diluted with distilled deionized water in a Berghof SW-4
DAP-40 microwave digestion system (Berghof Products + Instruments Gmb H, 72, 800
Eningen, Germany). The analysis details were as follows: plasma power and argon flow,
1500 and 18 L min−1, respectively; nebulizer argon flow, 0.98 L min−1; and aux argon
flow, 1.6 L min−1. A sample introduction system was represented using the ESI ST PFA
concentric nebulizer and the ESI PFA cyclonic spray chamber (Elemental Scientific Inc.,
Omaha, NE, USA) with the following parameters: injector, ESI Quartz 2.0 mm I.D.; sample
flow, 637 L min−1; standard internal flow, 84 L min−1; and dwell time and acquisition
mode, 10–100 ms with peak hopping for all the analytes. Rhodium 103 Rh was used as
an internal standard to eliminate instability during the measurements. Quantitation was
performed using an external standard (Merck IV, a multi-element standard solution); the
Perkin–Elmer standard solution for P and all the standard curves were obtained at five
different concentrations.

2.13. Selenium Content

The selenium content in rocket leaves was analyzed using the fluorimetric method
previously described for tissues and biological fluids [51]. A total of 0.1 g of dried homoge-
nized sample powder was digested via heating with a mixture of nitric and perchloric acids,
according to the following sequence: at 120 ◦C for 1 h, 150 ◦C for 1 h, and 180 ◦C for 1 h.
To reduce selenates (Se+6) to selenites (Se+4), a solution of 6 N HCl was used. Selenium
concentration was obtained based on the fluorescence value of a complex between Se+4 and
2,3-diaminonaphtalene (hexane, 376 nm λ excitation; 519 nm λ emission). Each determination
was performed in triplicate. The precision of the results was verified using the Mitsuba
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reference standard of Se-fortified stem powder for each determination, with a Se concentration
of 1865 μg kg−1 (Federal Scientific Vegetable Center). The detection limit was 0.8 ng.

2.14. Iodine Content

To determine I content, 0.15 g of lyophilized and homogenized leaves was extracted
with 10 mL of distilled water and 2 mL of 25% tetramethylammonium hydroxide. The
extracts were filtered and analyzed via ICP-MS [52]. The detection limit was 4 μg L−1. An
external multi-element standard solution (Merck IV) was used for each determination.

2.15. Statistical Analysis

The presented results are the mean values of three replicates per experimental treat-
ment. The data were statistically processed using analysis of variance (ANOVA), and mean
separation was performed through Duncan’s multiple range test at p < 0.05 using the SPSS
software version 29 (IBM, Armonk, NY, USA).

3. Results and Discussion

3.1. Yield and Plant Performance

The wall rocket production is usually targeted to perform at least three cuttings of
leaves [39,40]. As no significant interactions arose between the two experimental factors
applied, the significant effects of crop cycle on wall rocket yield are presented as the means
of the biofortification treatments and the untreated control. The first cycle provided the
highest production, 2.12 and 2.4 times higher than those corresponding to the second and
third ones, respectively, due to both higher leaf number per m2 and mean weight (Table 2).
Plant dry matter per m2 showed a similar trend to yield.

Table 2. Effects of crop cycle and the biofortification treatment on yield parameters and plant dry
matter of perennial wall rocket (means of the two-year data) (n = 3).

Treatment Crop Surface (m2)
Yield

(g m−2)
Number of

Leaves per m2
Mean Leaf
Weight (g)

Plant Dry
Matter (g m−2)

Crop cycle (means of 4 values: I, Se, Se + I, control)

Autumn 12 1536.6 ± 319.8 a 1442.8 ± 300.8 a 1.08 ± 0.13 a 158.7 ± 42.6 a
Autumn–winter 12 724.2 ± 163.7 b 1213.8 ± 208.8 b 0.59 ± 0.05 b 76.4 ± 23.4 b

Winter 12 640.0 ± 98.6 b 1266.9 ± 179.2 b 0.51 ± 0.02 b 66.1 ± 14.5 c

Biofortification treatment (means of the 3 crop cycles)

Control 9 743.9 ± 347.2 c 987.9 ± 63.3 c 0.75 ± 0.34 ab 67.0 ± 32.1 c
I 9 893.5 ± 357.6 b 1320.1 ± 146.8 b 0.66 ± 0.21 b 89.4 ± 36.2 b

Se 9 1020.7 ± 446.5 a 1391.0 ± 221.0 b 0.71 ± 0.22 ab 111.5 ± 47.5 a
Se + I 9 1209.6 ± 589.0 a 1532.3 ± 147.2 a 0.77 ± 0.31 a 133.7± 62.4 a

Within each column, values followed by different letters are statistically different according to Duncan’s test at p ≤ 0.05.

The significant effects of the biofortification treatment on the yield and growth param-
eters are reported only as mean values of the three crop cycles, as no significant interactions
arose between the two experimental factors applied (Table 2). In this respect, the combined
application of Se and I resulted in the highest yield as a consequence of the highest leaf
number and mean weight, exceeding the lowest production associated with the untreated
control by 62.6%, the single I supply by 20.1%, and the Se treatment by 37.2%. The syner-
getic effect of Se and I on plant yield has been previously described in chervil plants, with
a more pronounced growth stimulation effect in roots than shouts [15]. A similar trend to
the yield was recorded for plant dry matter per m2. The results are in accordance with the
growth stimulation effect of Se and I described in different agricultural crops. At present,
the beneficial effect of low iodine doses on plant yield is explained by the ability of I to
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regulate the expression of various genes and to affect the activity and structure of various
proteins as a result of iodination [53]. Low doses of Se are known to maintain cell structure
and improve water availability and nitrogen assimilation [54], which is consistent with the
detected beneficial effect of this element on D. tenuifolia in the present research.

Joint Se/I biofortification had a growth stimulation effect on perennial wall rocket,
differing from other species which were not significantly affected in terms of plant produc-
tion. Indeed, carrot [10], potato [12], pumpkin [16], and Indian mustard [13] did not show
a yield increase under joint Se/I biofortification. Overall, the results of the present research
revealed significant growth stimulation effects of both single and combined applications of
Se and I on wall rocket production, suggesting high prospects of this new technology.

3.2. Quality, Colour, and Antioxidant Parameters

Overall, the biochemical parameters and mineral element contents of wall rocket
leaves, presented using the same pattern as for yield and plant growth variables, were
significantly affected by both crop cycle and Se/I biofortification. In this respect, only
the dry residue, soluble solids, colour components L, a, and b (Table 3), and vitamin C
content (Table 4) were not statistically affected by crop cycle (Table 3); moreover, the colour
parameters did not significantly differ between the Se/I biofortification treatments (Table 3).

Table 3. Effects of crop cycle and the biofortification treatment on rocket leaf quality and colour
(means of the two-year data) (n = 3).

Treatment
Crop Surface Dry Matter Soluble Solids Colour Parameters

(m2) (%) (◦Brix) L a b

Crop cycle (means of 4 values: I, Se, Se + I, control)

Autumn 12 10.2 ± 0.8 5.7 ± 0.5 38.5 ± 1.9 −13.4 ± 1.1 20.0 ± 1.8
Autumn–

winter 12 10.4 ± 1.1 5.7 ± 0.6 39.5 ± 1.0 −12.2 ± 1.0 22.6 ± 1.3

Winter 12 10.2 ± 0.9 5.8 ± 0.6 40.7 ± 1.0 −13.2 ± 1.0 21.8 ± 1.1
n.s. n.s. n.s. n.s. n.s.

Biofortification treatment (means of the 3 crop cycles)

Control 9 8.97 ± 0.16 b 4.90 ± 0.23 b 37.9 ± 2.6 −12.4 ± 1.0 23.0 ± 1.6
I 9 9.99 ± 0.29 ab 5.95 ± 0.23 a 40.4 ± 1.0 −13.2 ± 1.4 20.9 ± 1.9

Se 9 10.97 ± 0.20 a 6.00 ± 0.20 a 40.1 ± 1.6 −13.4 ± 0.9 21.3 ± 1.4
I + Se 9 11.14 ± 0.42 a 6.08 ± 0.17 a 39.8 ± 1.2 −12.7 ± 0.9 20.7 ± 1.6

n.s. n.s. n.s.

Within each column, values followed by different letters are statistically different according to Duncan’s test at p ≤ 0.05.

Table 4. Effects of crop cycle and the biofortification treatment on rocket leaf antioxidant compounds
and activity (means of the two-year data) (n = 3).

Treatment
Crop Surface Total Antioxidant Activity Total Polyphenols Vitamin C

(m2) (mg-GAE g−1 d.w.) (mg-GAE g−1 d.w.) (g 100 g−1 f.w.)

Crop cycle (means of 4 values: I, Se, Se + I, control)

Autumn 12 25.5 ± 1.9 b 13.5 ± 1.7 b 20.8 ± 2.2 a
Autumn-winter 12 25.1 ± 2.2 b 14.4 ± 1.3 ab 21.1 ± 2.2 a

Winter 12 27.2 ± 3.4 a 15.3 ± 1.8 a 21.4 ± 2.0 a

Biofortification treatment (means of the 3 crop cycles)

Control 9 22.9 ± 1.1 b 12.9 ± 1.0 b 18.5 ± 0.9 a
I 9 25.0 ± 1.6 b 13.5 ± 1.2 b 20.3 ± 0.9 a

Se 9 27.5 ± 1.9 a 15.4 ± 1.3 a 22.4 ± 1.0 a
Se + I 9 28.4 ± 1.8 a 15.8 ± 1.5 a 23.2 ± 1.0 a

Within each column, values followed by different letters are statistically different according to Duncan’s test at p ≤ 0.05.
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The Se/I supply resulted in the significant increase in dry residue, with the highest
values recorded under the Se + I and Se applications which exceeded the untreated control by
24% and 22%, respectively (Table 3). Furthermore, the soluble solids value was the highest in
the Se + I treatment, showing a 1.24-fold increase compared to the control (Table 3).

The protein content decreased from the first to the second and third crop cycle by
19.7% and 23.4%, respectively, displaying a similar trend as yield (Figure 1).

Figure 1. Differences in protein content in wall rocket plants under the Se/I treatment in different crop
cycles. Values with the same letters do not differ statistically according to Duncan test at p < 0.05 (n = 3).

On the contrary, both Se and I treatments provided similar significant increases in the
protein content, by 36–48%, 20–67%, and 54–61% under selenium, iodine, and Se/I joint
applications, respectively. The recorded beneficial effect of Se and I on protein accumu-
lation relates to the well-known participation of selenium in nitrogen metabolism and a
stimulation of protein biosynthesis by Se [55] and I [23].

The response of plants to environmental stresses is closely connected with the intensity
of biosynthesis of secondary metabolites participating in the antioxidant defence [56]. In
this respect, the total antioxidant activity and polyphenol content recorded in the third crop
cycle were higher than those detected in the two earlier cycles by 2 mg GAE g−1 d.w. and
13.3%, respectively, which confirms the enhancement of plant oxidative stress in the latest
cycle (Table 4).

According to the obtained data (Table 4), the Se/I supply, especially under joint
application, resulted in a significant increase in both the polyphenol content and the total
antioxidant activity, suggesting the importance role of the mentioned microelements in
the antioxidant defence. In general, wall rocket is known to be a good natural source
of polyphenols with the prevalence of quercetin derivatives [38,57,58]. The remarkable
antioxidant properties of quercetin and its protection against cardiovascular diseases and
cancer [59] suggest the importance of the significant increase in the polyphenol content in
this study; under the Se and Se + I supply, it increased by approximately 1.2-fold, compared
to both the I treatment and control (Table 4). The total antioxidant activity of wall rocket
leaves was higher upon Se + I and Se applications, exceeding the untreated control by 23.6%
and 20.2%, respectively (Table 4). The impact of joint biofortification with I and Se recorded
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in other crops are consistent with the results of the present research. Indeed, the foliar Se/I
biofortification of Indian mustard resulted in more than a two-fold increase in flavonoid
content but slightly affected the ascorbic acid level [13]. On the contrary, only a 12.5%
increase was recorded in the total antioxidant activity and polyphenol content in chickpea
due to joint Se/I biofortification [14] and a 12% rise in polyphenols in lettuce [9], confirming
the importance of genetic factors for the maintenance of plant antioxidant status.

3.3. Mineral Composition

D. tenuifolia is known to be a good source of Ca, K, Mg, and Fe [60]. In this respect, the
sequential cutting of leaves may be considered as an external oxidant stress affecting both
the yield and antioxidant status of wall rocket (Tables 2 and 4), as well as causing a mineral
imbalance in plant tissues (Tables 5 and 6).

Table 5. Effects of crop cycle and the biofortification treatment on the macroelement content in rocket
leaves (means of the two-year data) (n = 3).

Treatment Ca (g kg−1 d.w.) Mg (g kg−1 d.w.) NO3
− (mg kg−1 f.w.) P (g kg−1 d.w.)

Crop cycle (means of 4 values: I, Se, Se + I, control)

Autumn 27.4 ± 2.7 b 3.45 ± 0.32 b 5150 ± 408 a 2.84 ± 0.40 b
Autumn-winter 29.0 ± 3.7 ab 3.59 ± 0.37 ab 5079 ± 342 a 2.95 ± 0.42 ab

Winter 31.1 ± 4.2 a 3.81 ± 0.48 a 4206 ± 287 b 3.11 ± 0.45 a

Biofortification treatment (means of the 3 crop cycles)

Control 25.7 ± 1.6 b 3.24 ± 0.17 b 5260 ± 586 a 2.52 ± 0.16 b
I 26.6 ± 1.8 b 3.33 ± 0.12 b 4763 ± 443 b 2.65 ± 0.15 b

Se 31.6 ± 2.6 a 3.88 ± 0.26 a 4625 ± 478 b 3.29 ± 0.19 a
Se + I 32.7 ± 1.8 a 4.01 ± 0.31 a 4597 ± 494 b 3.39 ± 0.20 a

Within each column, values followed by different letters are statistically different according to Duncan’s test at p ≤ 0.05.

Table 6. Effects of crop cycle and the biofortification treatment on the microelement content in rocket
leaves (means of the two-year data) (n = 3).

Treatment Zn (mg kg−1 d.w.) Fe (mg kg−1 d.w.) Cu (mg kg−1 d.w.) Mn (mg kg−1 d.w.)

Crop cycle (means of 4 values: I, Se, Se + I, control)

Autumn 11.9 ± 1.8 a 239.2 ± 132.7 a 15.9 ± 7.5 a 10.8 ± 4.5 b
Autumn-winter 11.9 ± 1.9 a 233.0 ± 107.6 a 14.9 ± 7.9 a 16.6 ± 2.6 a

Winter 14.1 ± 2.4 a 96.5 ± 21.4 b 6.6 ± 1.8 b 7.0 ± 1.9 c

Biofortification treatment (means of the 3 crop cycles)

Control 9.7 ± 0.8 b 77.0 ± 20.8 d 5.9 ± 1.3 c 15.6 ± 4.7 a
I 12.9 ± 1.3 a 173.3 ± 65.9 c 19.0 ± 7.8 b 11.8 ± 4.9 b

Se 13.7 ± 2.0 a 225.5 ± 113.7 b 8.4 ± 2.1 a 8.8 ± 4.3 c
Se + I 14.0 ± 1.5 a 282.4 ± 129.9 a 16.4 ± 6.7 c 9.6 ± 4.1 c

Within each column, values followed by different letters are statistically different according to Duncan’s test at p ≤ 0.05.

Among the examined macroelements, Ca, Mg, and P showed significant increased
levels in the third crop cycle, exceeding those of the first crop cycle by 13.6%, 10.4%, and
9.5%, respectively, regardless of the Se/I application (Table 5).

In contrast, the decreases in potassium (Figure 2) and nitrate content (Table 5) from
the first to the third crop cycle were 40% and 21.5%, respectively.

The changes in potassium content in the wall rocket leaves from the first to the third
cycle are consistent with the lowest yield and the highest antioxidant status of plants
recorded in the third cycle. The mentioned dynamics suggest the important role of K and
nitrogen in plant growth, as well as the oxidant stress enhancement in the leaves harvested
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in the latest cycle. In this respect, Se/I supply to wall rocket plants was extremely beneficial
for improving the potassium accumulation levels.

Considering the negligible amount of K supplied by the potassium iodide treatment,
the significant effect of Se has arisen on the increase in potassium level which has not been
significantly affected by I application.

A general picture of the Se/I effect on macroelement accumulation in wall rocket,
shown in Figure 3, confirms the beneficial effect of Se/I treatments for improving the
nutritional value of plants, indicating a much lower effect of iodine compared to Se and
Se + I supply.

Figure 2. Effect of crop cycle and the Se/I supply on the K content in wall rocket leaves. Values with
the same letters do not differ statistically according to Duncan’s test at p < 0.05 (n = 3).

In this respect, the mean values of calcium content in all three crop cycles were 1.2-fold
higher under the Se + I and Se treatments, compared to the I treatment and control (Figure 3).
The same pattern was observed for Mg, whose contents under the Se + I and Se treatments
exceeded those relevant to I supply and control by 23.8% and 19.8%, respectively. The
phosphorus concentration under the Se + I and Se treatments was about 1.3 times higher
compared to the I treatment and the untreated control, while the most significant effect was
recorded for K.

To date, the effect of Se and I supply on mineral composition of plants has been
studied rather sporadically, thus impeding the creation of a univocal frame of changes in
the element levels [60,61]. In this respect, the perennial wall rocket mineral profile recorded
under the biofortification treatments in the present research is particularly interesting
(Table 5).
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A different trend was observed for nitrate content which showed the highest value in
the wall rocket control leaves, exceeding the average of the biofortification treatments by
about 12%. In this respect, it is worth mentioning that iodine treatment to radish did not
change the nitrate content [62] but increased the free amino acid concentration. According
to the literature reports, Se supply decreases nitrate levels by enhancing the activity of
nitrate reductase [13].

Wall rocket is known to be a hyper-accumulator of nitrates capable of accumulating
up to 9000 mg kg−1 f.w. or even more depending on growth conditions [63,64]. The
maximum threshold of nitrate content in wall rocket leaves according to the European
Commission Regulation [65] is 6000 mg kg−1 f.w. in spring–summer and 7000 mg kg−1

in autumn–winter, while the acceptable daily intake (ADI) of nitrates should not exceed
3.7 mg kg−1 bw−1 day−1. In general, the high consumption of nitrates may cause health
risks due to the possibility of carcinogenic nitrosamine formation in the stomach under
the presence of secondary amines and methemoglobin synthesis which hamper oxygen
accumulation [66]. However, nitrate is also highly valuable for human health, as it prevents
hypertension and protects human organism against cardiovascular diseases [67,68] via the
regulation of gene expressions of proteins and enzymes involved in nitric oxide synthesis.
The obtained results indicate a significant decrease in the nitrate levels both under Se and
I supply, which is in accordance with the Se influence on nitrogen metabolism, usually
decreasing the content of this ion in plants [13,69], and a competition between iodine and
nitrates in plant nutrient uptake [70]. However, the high levels of natural antioxidants
present in vegetables and especially in wall rocket guarantee the restriction of nitrosamine
formation, thus diminishing health risks and providing conditions for beneficial nitrogen
oxide formation [71].

Figure 3. Changes in macroelement content in rocket leaves as affected by single and joint applications
of selenium and iodine. Bars indicate standard deviations. For each element, values with the same
letters do not differ statistically according to Duncan’s test at p < 0.05 (n = 3).
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Regarding the microelements in rocket leaves (Figure 4), Se concentration reached its
peak in the third cycle, exceeding the values recorded in both the first and second cycles
by approximately 16%. The same pattern was observed for iodine content, with the third
cycle showing a 60% higher concentration than the first and second cycles.

The data presented in Figure 4A indicate a slight stimulation effect of I on Se accu-
mulation both in the control and Se-treated plants. The similar beneficial effect of Se on
iodine content was recorded in all three crop cycles. Controversial results of Se/I interac-
tion in plants, reflecting the possibility of both synergistic and antagonistic relationships
between the two microelements [1,11,49], suggest the need for further investigations aimed
at revealing the factors affecting the related phenomenon.

In the present study, the selenium concentration in rocket leaves was the highest
under the Se + I treatment, followed by the Se and I applications, with the lowest value
corresponding to the untreated control. The biofortification levels of Se was equal to 50 in
the case of joint Se/I supply, exceeded 44 upon single Se spraying, and reached 4.5 under
the I treatment without endogenous Se. Iodine showed the peaked content in rocket leaves
supplied with Se + I, followed by the I treatment, whereas it was not detected at all upon
Se application and in the untreated control.

Figure 4. Content of Se (A) and I (B) in wall rocket leaves in the first, second, and third crop cycles
under Se/I supply. Values with the same letters do not differ statistically according to Duncan’s test at
p < 0.05. Iodine concentrations in the control and Se-treated plants were below the detected level (n = 3).

In general, the increase in Se/I accumulation in the leaves grown in the third crop
cycle, compared to the second and the first one, may be related to the improvement of the
plant’s antioxidant status under Se/I supply.

Changes in Zn, Fe, Cu, and Mn contents as a result of Se/I biofortification in different
crop cycles are presented in Table 6 and Figure 5. In this respect, the zinc accumulation
in the leaves harvested in the third cycle was about 1.2 times higher compared to those
detected in the first and second cycles. Contrastingly, iron concentration significantly
decreased in the third cycle, showing 2.5 times lower values than those measured in the
first and second cycles. The copper content displayed a similar trend to iron, with the
lowest value recorded in the leaves during the third cycle, 57% lower than those related to
the first and second cycles. The manganese content was the highest in the leaves during
the second cycle, followed by the first and the third cycles.

Surprisingly, the Se/I biofortification of perennial wall rocket resulted in the increased
contents of both the macroelements and Zn, Fe, and Cu (Table 6, Figure 6).
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Indeed, Zn and Fe concentrations were higher under the Se + I treatment, exceeding
the untreated control by 44% and 370%, respectively. The copper content reached its
maximum in the I treatment, 3.2 times higher than the control. A different pattern was
observed for Mn, as the untreated leaves showed the highest concentration, exceeding the
biofortification treatments by 30% to 43%.

The beneficial effect of single Se and I supply on mineral composition of wall rocket
leaves was in agreement with previous findings in other plant species [72,73], but the joint
Se/I effect on D. tenuifolia element accumulation was much higher than those recorded in
different crops [8,13,15].

Figure 5. Changes in microelement content in rocket leaves as affected by single and joint applications
of Se and I. Bars indicate standard deviations. For each element, values with the same letters do not
differ statistically according to Duncan’s test at p < 0.05 (n = 3).
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Figure 6. Relationship between selenium levels, antioxidant status, and macroelement content in
perennial wall rocket.

3.4. Correlations Between the Variables

The relationship between wall rocket weight, mineral composition, and antioxidant
status confirmed the importance of Se/I supply on crop yield and on the nutritional value
of the product (Table 7).

The role of selenium in activating the antioxidant metabolism in plants was previously
demonstrated in different plants [74,75] and is reflected by a strong correlation between
Se, polyphenol, and ascorbic acid content, as well as the total antioxidant activity in wall
rocket leaves (r > 0.815; p < 0.001). According to the obtained data, the biofortification of
wall rocket with Se and I is characterized by significant correlations of Se both with the
antioxidant parameters and with the contents of Ca, P, and Mg (Table 7, Figure 3).

A more complex interaction was revealed between Se and plant minerals. Indeed, the
foliar supply of tea plants with glucosamin selenium was shown to increase macro- and
microelement accumulation along with the enhancement of plant antioxidant status [76].
On the contrary, the Se treatment of maize resulted in Ca and P level increase, K concen-
tration decrease, and no effects on Mg [77]. Se biofortification did not significantly affect
the mineral content in oats [78], whereas Zinc, Ca, and Mg significantly increased under
Se foliar supply in wheat plants [79]. In our research, the conditions of wall rocket Se/I
biofortification greatly fostered the plant quality in terms of both antioxidant and mineral
composition, which are reportedly affected by selenium dose, the method of supply, and
genetic and environmental factors [22,79].

The data presented in Table 7 show that no significant correlations between iodine, Se,
and other elements arose, suggesting the different mechanisms of Se and I uptake by plants.
Indeed, KI is absorbed via chloride and Na-K/Cl transporters, while selenate via sulphate
transporters [1]. In general, the beneficial effect of Se/I biofortification on wall rocket yield is
connected with the positive correlation between plant yield, potassium, and proteins (Table 7);
i.e., Se increased protein and K content, thus promoting perennial wall rocket growth.

38



Horticulturae 2025, 11, 211

3.5. Mineral Consumption Levels

The significant increase in antioxidant properties as well as macro- and microelement
contents under Se/I biofortification represents an interesting outcome with the perspective
to produce functional food with innovative characteristics (Table 8). The consumption
levels of macro- and microelements associated with 50 g of fresh perennial wall rocket
leaves suggest the importance of Se/I biofortified plants as a remarkable source of Se, I,
Ca, and K. Iron ingestion, attaining 24% of RDA, should not be taken into consideration
as only 7–9% of non-heme iron is absorbed by leafy vegetables [80]. Despite the great
differences in Fe, Cu, Mn, Se, and I between the first and the third crop cycles, Se + I
biofortified plants grown in the first crop cycle can provide, referring to RDA, up to 24% of
Fe, 9.0% of K, 15% of Ca, 25.9% of I, and 88.8% of Se (Table 8). Furthermore, Cu, Zn, Mn,
Mg, and P contents in wall rocket leaves may not be taken into account due to their low
concentrations, providing less than 5% of the corresponding RDA values. On the contrary,
significantly higher consumption levels of Se and I can be obtained from the third crop
cycle, with values reaching 100% and 41.6% of RDA, respectively.
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Table 8. Consumption of mineral elements corresponding to 50 g of fresh wall rocket leaves bioforti-
fied with Se + I, compared to the dietary allowance level (RDA), in %.

Element
RDA
(mg)

Treatment

Control Iodine Selenium Iodine + Selenium

Fe 8 5.7 (3.9) * 14.2 (6.3) 22.3 (6.6) 24.0 (7.3)
Cu 2 1.8 (1.1) 6.1 (2.2) 2.7 (1.5) 5.3 (1.9)
Zn 10 0.5 (0.6) 0.6 (0.7) 0.7 (0.8) 0.7 (0.8)
Mn 2.3 3.9 (2.1) 2.1 (1.7) 1.6 (1.1) 1.7 (1.3)
Se 0.070 1.8 (2.1) 7.9 (9.4) 78.9 (93.4) 88.8 (100)
I 0.150 0 23.4 (37.7) 0 25.9 (41.6)

Ca 1000 14.4 (13.4) 12.7 (14.1) 14.7 (17.1) 15.0 (17.7)
K 3510 6.2 (3.3) 6.7 (4.0) 8.1 (5.1) 9.0 (5.5)

Mg 350 4.5 (4.7) 4.6 (5.3) 5.3 (5.9) 5.4 (6.2)
P 800 1.5 (1.6) 1.6 (1.7) 2.0 (2.2) 2.0 (2.2)

* Values in parenthesis refer to the third crop cycle.

In general, it may be inferred that the obtained Se/I biofortified wall rocket plants
may be useful for decreasing the risks of cardiovascular diseases, osteoporosis, high blood
pressure due to the high levels of Ca, K, and Se [73,81], as well as for enhancing both human
organism immunity and Se/I status.

4. Conclusions

The foliar Se/I biofortification of Diplotaxis tenuifolia represents an interesting tech-
nology to boost yield, antioxidant status, Se, and I, as well as Ca, Mg, K, P, Fe, Cu, and
Zn accumulation in the leaves of this species. The mentioned treatments allowed us to
create a new functional food with high Se and I levels, useful to prevent and cure human
Se/I deficiency, and protect against cardiovascular diseases and cancer due to the high
levels of Se, I, K, and Ca. The present research has brought the perspective of valorising
perennial wall rocket in terms of the industrial production of health beneficial products
under sustainable management.
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11. Germ, M.; Kacjan-Maršić, N.; Kroflič, A.; Jerše, A.; Stibilj, V.; Golob, A. Significant accumulation of iodine and selenium in chicory
(Cichorium intybus L. var. foliosum Hegi) leaves after foliar spraying. Plants 2020, 9, 1766. [CrossRef] [PubMed]

12. Smolén, S.; Kowalska, I.; Skoczylas, Ł.; Liszka-Skoczylas, M.; Grzanka, M.; Halka, M.; Sady, W. The effect of salicylic acid on
biofortification with iodine and selenium and the quality of potato cultivated in the NFT system. Sci. Hort. 2018, 240, 530–543. [CrossRef]

13. Golubkina, N.; Kekina, H.; Caruso, G. Yield, quality and antioxidant properties of Indian mustard (Brassica juncea L.) in response
to foliar biofortification with selenium and iodine. Plants 2018, 7, 80. [CrossRef]

14. Golubkina, N.; Gomez, L.; Kekina, H.; Hallam, R.; Tallarita, A.; Cozzolino, E.; Torino, V.; Koshevarov, A.; Cuciniello, A.; Maiello,
R. Joint selenium-iodine supply and arbuscular mycorrhizal fungi inoculation affect yield and quality of chickpea seeds and
residual biomass. Plants 2020, 9, 804. [CrossRef] [PubMed]

15. Golubkina, N.; Moldovan, A.; Fedotov, M.; Kekina, H.; Kharchenko, V.; Folmanis, G.; Alpatov, A.; Caruso, G. Iodine and Selenium
Biofortification of Chervil Plants Treated with Silicon Nanoparticles. Plants 2021, 10, 2528. [CrossRef]
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iodine changes morphological properties of Brassica oleracea L. var. gongylodes) and increases their contents in tubers. Plant
Physiol. Biochem. 2020, 150, 234–243. [CrossRef] [PubMed]

18. Hu, L.; Fan, H.; Wu, D.; Wan, J.; Wang, X.; Huang, R.; Liu, W.; Shen, F. Assessing bioaccessibility of Se and I in dual biofortified
radish seedlings using simulated in vitro digestion. Food Res. Int. 2019, 119, 701–708. [CrossRef] [PubMed]
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Abstract: Searching for a low-cost soil amendment that can reduce the reliance on chemical fertilizers
while maintaining crop yields is a vital issue to sustainable agricultural development. In this study,
bio-organic matter derived from harmless disposal of livestock and poultry carcasses was used to
discuss its potential for substitute chemical fertilizer. An incubation experiment was conducted by
incorporating bio-organic matter into the soil at the rate of 0% (CK), 1%, 2%, 3%, 4%, 5%, 6% and 7%
(T1, T2, T3, T4, T5, T6, T7) of soil mass to investigate the effects of bio-organic matter on soil physical
properties and the nutrient release dynamics. A pot experiment was conducted with three treatments:
150 mg·kg−1 nitrogen from compound fertilizer (CK), 150 mg·kg−1 nitrogen from bio-organic matter
(B1) and 300 mg·kg−1 nitrogen from bio-organic matter (B2), to evaluate the potential of bio-organic
matter as a substitute for chemical fertilizers in influencing the yield and quality of Chinese cabbage
(Brassica chinensis L.). Results showed that in the incubation experiment, bio-organic matter addition
reduced soil bulk density of 1.5% to 8.9% and increased soil porosity by ranging from 1.5% to 10.9%.
The soil physical properties were significantly improved when addition rates ≥ 4% (by soil mass).
The interaction effects of addition rate and incubation time had a significant effect on soil nutrients.
In the pot experiment, substitution of chemical fertilizer with bio-organic matter did not reduce the
yield, and the increasing application rate of bio-organic matter led to significantly higher soluble
protein, soluble sugar and total phenol content of vegetables. Additionally, nitrite content in the
vegetables was slightly lower with bio-organic matter compared to that under CK. It is concluded
that bio-organic matter derived from the harmless disposal of livestock and poultry carcasses is
feasible; it has great potential to partially or entirely replace chemical fertilizers, thereby contributing
to realizing chemical fertilizer reduction.

Keywords: harmless disposal of livestock and poultry carcasses; soil nutrient dynamics; soil
properties; vegetable yield and quality

1. Introduction

With the increasing scarcity of agricultural resources and growing environmental
pressures, the rising demand for food continues to place immense stress on agricultural
production. Soil fertility plays a crucial role in agricultural productivity and ecosystem
sustainability. By supplying essential nutrients, fertilizers effectively promote crop growth
and development, helping to meet the ever-rising demand for food [1]. However, the
excessive use of chemical fertilizers has led to soil degradation, reduced microbial activ-
ity, and long-term environmental damage. For instance, the excessive use of fertilizers,
particularly nitrogen fertilizers, can result in soil acidification, disrupting the pH balance

Horticulturae 2024, 10, 1355. https://doi.org/10.3390/horticulturae10121355 https://www.mdpi.com/journal/horticulturae



Horticulturae 2024, 10, 1355

of the soil and degrading the soil microorganism environment, ultimately affecting crop
growth [2]. Furthermore, nitrogen that is not absorbed by crops can leach into groundwater,
contaminating water sources and contributing to eutrophication, while also posing serious
health risks to humans [3]. Therefore, it is a main challenge for sustainable agricultural to
reduce chemical fertilizer utilization at the same time as maintaining crop yield and quality.

In recent years, considerable progress has been made in the research field of reducing
chemical fertilizer utilization. Duan et al. [4] found that replacing 75% of chemical fertilizers
with organic fertilizers increased grain yield, number of ears and 1000-grain weight of
winter wheat, with an average yield increase of 21.2% in a field study. Han et al. [5] demon-
strated that substituting 20% of nitrogen fertilizer with bio-organic fertilizer significantly
enhanced the economic benefits of vineyards, with a two-year average increase in income
of 33.59% compared to that under CK. Li et al. [6] showed that using microbial organic
fertilizers as a partial substitute for chemical fertilizers can increase the activity of nitrate re-
ductase and nitrite reductase, improving nitrogen use efficiency and yield of winter wheat.
Similarly, Zhu et al. [7] investigated the effects of replacing chemical fertilizers partially
with straw-based microbial fertilizers on maize growth and soil properties, and found
that the application of straw-based microbial fertilizers significantly increased soil organic
carbon content, and a most notable effect on maize yield was measured with a 50% nitrogen
fertilizer replacement. Additionally, combining soil amendments with chemical fertilizers
has proven to reduce fertilizer utilization efficiently. Zhang et al. [8] found that compared
to conventional nitrogen application without biochar, the total dry matter accumulation
in rice was increased by 14.79% under 10% reduced nitrogen combined with 12.5 t/ha of
biochar. In summary, the application of organic and microbial fertilizers along with soil
amendments can effectively reduce the reliance on traditional chemical fertilizers without
compromising crop growth and yield. However, the cost of commercial organic fertilizers
is generally high, and the addition of soil amendments like biochar will boost the input
cost of the agriculture industry; these all present a significant barrier to their widespread
adoption. Therefore, identifying a low-cost external soil amendment that can partially or
entirely replace chemical fertilizers is the key to advancing fertilizer reduction efforts.

In China, about 2% to 12% of pigs, cattle and sheep, and 12% to 20% of poultry died
annually due to diseases [9]. In recent years, the state has been committed to speeding
up the supervision system for the harmless treatment of dead livestock and poultry, and
requires strengthening the harmless treatment. The utilization of harmless disposal of
livestock and poultry carcasses is also encouraged in accordance with the relevant laws
and regulations [10]. The by-products generated from the harmless disposal of livestock
and poultry carcasses are abundant and rich in organic matter, making them a natural
bio-organic fertilizer with great potential. The harmless disposal process involves crushing
the carcasses of diseased animals and putting them into a harmless treatment tank, with
the addition of sawdust, straw and other auxiliary materials for high-temperature, high-
pressure sterilization. This process will eliminate pathogens carried by the animal carcasses,
along with harmful bacteria that could pose a threat to the environment, ensuring that
when these products are used as external bio-organic matter in soil, they do not cause
secondary pollution [11], and they can significantly improve the physical and chemical
properties of the soil. Zhai et al. [12] found that the application of the harmless treated
products from animals in combination with chemical fertilizers significantly increased
chlorophyll content by 22.85% in rapeseed, enhanced photosynthetic efficiency by 21.98%
and increased the above-ground dry matter accumulation by 221.05%, ensuring the safety
of rapeseed cultivation. Our previous research has also revealed that this type of bio-organic
matter exhibits a soil improvement effect similar to biochar application [13]. Therefore, this
study aims (1) to investigate the effects of bio-organic matter from harmless disposal of
livestock and poultry carcasses on soil physical properties and the nutrient release process;
(2) to examine the impact of partially substituting chemical fertilizers with bio-organic
matter on soil fertility and the yield and quality of Chinese cabbage (Brassica chinensis L.);
(3) to explore the potential of using bio-organic matter derived from the harmless disposal
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of livestock carcasses as a substitute for chemical fertilizers. The findings of this study
would provide a theoretical basis for the resource utilization of bio-organic matter derived
from the harmless disposal of livestock and poultry carcasses, reducing their potential
environmental risks. Additionally, it offers new insights for reducing fertilizer usage.

2. Materials and Methods

2.1. Tested Soil and Materials

The tested soil was collected from the Agricultural Soil and Water Environment and
Ecology experimental site at Yangzhou University. The soil was collected from the top
0–25 cm in a “Z” shape. Large gravel was removed, and the soil was air-dried and subse-
quently sieved through a 2 mm sieve. The soil particle size composition was measured using
a Malvern laser particle size analyzer (MS–3000, Malvern Instruments Ltd., Malvern, UK).
The proportions of clay (particle size < 0.002 mm), silt (particle size 0.002–0.02 mm), and
sand (particle size 0.02–2 mm) were 4.38%, 32.76%, and 62.86%, respectively. The test soil
texture can be classified as a sandy loam according to the International Soil Classification
System [14]. The soil bulk density was 1.37 g·cm−3, the soil available nitrogen content was
32.08 mg·kg−1, the available phosphorus content was 10.54 mg·kg−1, the soil available
potassium content was 45.02 mg·kg−1 and the soil organic matter content was 7.20 g·kg−1.
The saturated water content was 38.05%, the electronic conductivity was 0.17 mS·cm−1,
and the saturated hydraulic conductivity was 8.07 × 10−4 cm·s−1.

The chemical fertilizer used in the study was compound fertilizer produced from
Stanley Fertilizer Corporation (Linyi, China). The total nutrient content of the fertilizer was
≥45%, and percentages of the N-P-K ratio were 15:15:15.

The bio-organic matter used in this study was the product of composting livestock
carcasses after harmless treatment [15]. The process of harmless disposal of livestock
carcasses was to first put the livestock carcasses into the pre-crushing machine and crush
them into small pieces. When the temperature in the treatment tank was >140 ◦C and the
pressure in the tank was ≥0.5 MPa, sawdust and straw were added as auxiliary materials
and autoclaved for 4 h. When the temperature in the treatment tank dropped below
70 ◦C, composite microbial fungi were introduced to initiate degradation, which lasted for
6–8 h [16]. The elemental composition is presented in Table 1.

Table 1. The elemental composition of tested bio-organic matter (mass fraction).

Name Appearance pH Size (mm)
Water

Content (%)
Nitrogen

(N)/%
Carbon
(C)/%

Hydrogen
(H)/%

Sulfur
(S)/%

Bio-organic
matter

Filamentous
powder 6.5 2.0 10 7.28 50.91 7.24 0.63

2.2. The Incubation Experiment

The incubation experiment was conducted from November 2021 to January 2022 at
the Agricultural Water, Soil, Environment and Ecology Laboratory, located on the southern
campus of Yangzhou University. The experiment consisted of three incubation cycles, each
lasting 15 days, for a total duration of 45 days.

The incubation buckets had an inner diameter of 12 cm and a height of 9 cm, with
each bucket holding approximately 500 g of soil. The bio-organic matter was added in the
following proportions of 1%, 2%, 3%, 4%, 5%, 6%, and 7% (by soil mass), labeled as T1, T2,
T3, T4, T5, T6, and T7, respectively. After thoroughly mixing the soil with the bio-organic
matter, the mixture was packed into the incubation buckets in layers and compacted.
Pure soil without the addition of bio-organic matter served as the control (CK), and each
treatment was replicated 9 times. An initial irrigation amount of 125 mL of water was
slowly added to the buckets to maintain soil moisture content of 25% by mass. The daily
water loss was recorded by weighing the buckets every day at 9:00 AM, and water was
replenished to maintain soil moisture around 25%. Each incubation cycle lasted 15 days,
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with a total of three cycles. At the end of each cycle, 3 buckets were destructively sampled,
and the soil was air-dried, ground and sieved. The soil physical properties (bulk density,
porosity) and nutrient content (organic matter, available nitrogen, available phosphorus
and available potassium) were measured.

2.3. The Pot Experiment

The pot experiment was conducted in a greenhouse of the Agricultural Water, Soil,
Environment and Ecology Laboratory from May 2022 to June 2022, and the experiment
period lasted for 45 days.

The pots had a capacity of an approximate 10 L with an inner diameter of 23 cm and
a height of 25 cm. Small holes were drilled at the bottom of the pot for free drainage. To
prevent the upper fine particles from plugging the apertures, 2 layers of geotextile were
set at the bottom before packing the soil. Prior to the experiment, the collected soil was
air-dried and sieved via a 2 mm stainless steel sieve. The amounts of fertilizer and soil
were calculated, weighed and mixed thoroughly to minimize variability before the pots
were filled. The soil was packed into pots by every 5 cm layer to achieve a bulk density of
approximately 1.37 g·cm−3. The total soil depth of the pot was 20 cm, with a 5 cm gap for
retaining water. Each layer was lightly raked before the next layer was packed to minimize
discontinuities between layers.

The test crop used in the study was the economic crop Brassica chinensis L., commonly
known as non-heading Chinese cabbage, which belongs to the Brassicaceae family. A
total of 27 seeds were sown in each pot, 9 plants were kept after emergence, and plants
were harvested 45 days later. Three treatments were set up as compound fertilizer with
equal nitrogen application of 150 mg·kg−1 (CK), bio-organic matter with equal nitrogen
application of 150 mg·kg−1 (B1), and bio-organic matter with equal nitrogen application
of 300 mg·kg−1 (B2). After conversion, the application amounts of compound fertilizer
were 1 g·kg−1 and the amounts of of bio-organic matter were 2.06 g·kg−1 and 4.12 g·kg−1,
respectively. Three replicates were conducted for each treatment, and the experimental
design is shown in Table 2. In order to better explore the effect of bio-organic matter on
plant growth, the bio-organic matter application rate for B1 in the pot trial was close to that
of T5 in the incubation trial, which showed a better result.

Table 2. The design of pot trial.

Treatments
Compound Fertilizer

Application Rate
(g·kg−1)

Bio-Organic Matter
Application Rate

(g·kg−1)

Equal Nitrogen
Application Rate

(mg·kg−1)

CK 1.00 / 150
B1 / 2.06 150
B2 / 4.12 300

Initially, 860 mL of water was irrigated for each, and subsequent irrigation was
scheduled 2 to 3 times per week. The pots were weighed, and water was replenished based
on the amount lost to maintain the original weight. After the harvest of Chinese cabbage,
soil moisture and nutrient content were measured.

2.4. Measurement

Soil Physical Properties: The soil bulk density was determined using a 100 cm3 core
sampler (Cangzhou Litt Instrument Equipment Co., Ltd., Cangzhou, China) through
the core method. Soil porosity was calculated based on the dried soil samples. The
accumulative irrigation water amount was calculated based on daily irrigation water
amount used to maintain a constant weight of the pot.

Soil Chemical Properties: Soil available nitrogen (AN) was tested by using the alkaline
diffusion method. Soil available phosphorus (AP) was tested by using the NaHCO3
extraction–molybdenum antimony anti-colorimetric method. Soil available potassium
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(AK) was extracted with neutral ammonium acetate and tested with a flame photometer
(ICPS-7500, Shimadzu, Japan). Soil organic matter (SOM) was tested by means of oxidation
with potassium dichromate–sulfuric acid solution [17]. Chinese cabbage yield was obtained
by measuring the fresh weight of the whole Chinese cabbage plant population in each pot
and then converted by the pot area in t/ha.

2.5. Data Analysis

Microsoft Excel 2010 (Microsoft Corporation, Redmond, WA, USA, 2010) was used
for data calculation and processing. The significant differences among treatments were
determined by Duncan’s test at levels of 95%, using the SPSS 20.0 statistical program
(International Business Machines Corporation, Armonk, NY, USA, 2011). The analysis of
variance (ANOVA) was performed with incubation time and addition rate as the main
effects, including one- and two-way interactions. The figures were plotted and exported
with Origin 8.0 (OriginLab Corporation, Northampton, MA, USA, 2007).

3. Results

3.1. The Results of Soil Incubation Experiment
3.1.1. Soil Bulk Density and Soil Porosity

The changes in soil bulk density and porosity under different treatments are illustrated
in Figure 1. With the increasing addition rates of bio-organic matter, there was a decreasing
trend in soil bulk density, with a reduction of 1.5% to 8.9%. Specifically, when the bio-
organic matter addition rate was ≥4% (under T4, T5, T6 and T7 treatments), the soil bulk
density was significantly lower than that under CK.

Figure 1. Soil bulk density and soil porosity under different treatments. Notes: The different
lowercase letters indicate significant difference (at p < 0.05) according to Duncan’s test, the same as
below. Notes: CK, T1, T2, T3, T4, T5, T6 and T7 represent the treatments with bio-organic matter
addition rate at 0%, 1%, 2%, 3%, 4%, 5%, 6%, and 7% (by soil mass), respectively, the same as below.
The errors bars shown in the figures are standard error, the same as below.

Regarding soil porosity, there was an increasing trend as the bio-organic matter addi-
tion rate increased, with an improvement ranging from 1.5% to 10.9%. When the addition
rate was ≥4% (under T4-T7 treatments), soil porosity was significantly higher than that
under CK.

3.1.2. Soil Available Nitrogen

The effects of bio-organic matter addition and its rate on soil available nitrogen content
dynamics are shown in Figure 2. Overall, there is a clear trend where increasing the addition
rate of bio-organic matter leads to a corresponding rise in the soil available nitrogen content,
and higher addition rates result in greater nitrogen levels. The enhancement effect of high
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bio-organic matter addition is particularly pronounced, with significantly higher nitrogen
content levels under T4, T5, T6 and T7 compared to that under T1, T2 and T3 across all
incubation periods. CK, which received no bio-organic matter, exhibited soil available
nitrogen levels of 48.25 mg·kg−1, 48.25 mg·kg−1 and 45.84 mg·kg−1 at the 15th, 30th and
45th days after incubation (DAI), respectively. In contrast, treatments with bio-organic
matter demonstrated increases ranging from 177.5% to 850.0%, 240.0% to 860.0%, and
268.4% to 1063.1% at 15th, 30th and 45th DAI, respectively.

Figure 2. Soil available nitrogen content (mg·kg−1) under different treatments in three periods.
Notes: Different uppercase letters indicate significant differences (p < 0.05) in soil available nitrogen
content at various sampling times under the same addition rate according to Duncan’s test, while
lowercase letters indicate significant differences (p < 0.05) in soil available nitrogen content across different
addition rates at the same time according to Duncan’s test. ** means extremely significant at p < 0.01.

From a temporal perspective, soil available nitrogen content exhibited a slight but
consistent increase over time. Treatments with bio-organic matter addition had significantly
higher soil available nitrogen levels at 45th DAI compared to 15th DAI (p < 0.05). For
treatments T1 and T2, a significant increase in soil available nitrogen content was observed
after 30th DAI (p < 0.05). However, for treatments with higher addition rates, while an
increase was also noted at 30th DAI, statistical significance was only achieved after a longer
incubation period of 45 days.

The interaction analysis showed that the soil available nitrogen was significantly
affected by both incubation time and the addition rate of the bio-organic matter.

3.1.3. Soil Available Phosphorus

The dynamics of soil available phosphorus content under different addition rates of
bio-organic matter are shown in Figure 3. In terms of addition rates, the overall trend
indicated that the soil available phosphorus was gradually increased with higher addition
rates of bio-organic matter. At the 15th day after incubation (DAI), the available phos-
phorus contents under T7 and T6 were significantly higher than others (p < 0.05). At the
30th DAI, the available phosphorus content under T7, T6 and T5 reached 42.43 mg·kg−1,
38.93 mg·kg−1 and 37.35 mg·kg−1, respectively, which were significantly higher than those
under other treatments (p < 0.05). At the 45th DAI, the available phosphorus content under
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T7, T6, T5 and T4 treatments was even more significantly higher than others (p < 0.05),
representing increases of 561.77%, 318.50%, 306.94% and 265.25% compared to that under
CK.

 
Figure 3. Soil available phosphorus content (mg·kg−1) under different treatments in three periods. Notes:
Different uppercase letters indicate significant differences (p < 0.05) in soil available phosphorus content at
various sampling times under the same addition rate according to Duncan’s test, while lowercase letters
indicate significant differences (p < 0.05) in soil available phosphorus content across different addition
rates at the same time according to Duncan’s test. ** means extremely significant at p < 0.01.

As the incubation period was extended, soil available phosphorus content was steadily
increased, and reached a significant level (p < 0.05) at the 45th DAI compared to those at
15th DAI, except for those under T2 and T6.

The main effect of incubation time, addition rate and the interaction effect of
time × rate significantly affected soil available phosphorus content (p < 0.01).

3.1.4. Soil Available Potassium

The dynamics of soil available potassium content under different addition rates of bio-
organic matter are shown in Figure 4. As the addition rate of bio-organic matter increased,
the available potassium content was continually enhanced, with higher addition rates
leading to greater potassium levels. Treatments with high bio-organic matter addition
rates (T6 and T7) showed a significant increase in available potassium content at the early
incubation stage (15 days) compared to others. By 30th DAI, the available potassium
content in T5 reached 416.12 mg·kg−1, comparable to that of T6 with 421.95 mg·kg−1.
At the end of the incubation period, the available potassium content in all treatments
significantly increased with the bio-organic matter addition rate (p < 0.05). Compared to
CK, the available potassium contents under T4, T5, T6, and T7 were increased by 149.54%,
159.95%, 168.29%, and 198.61%, respectively.

51



Horticulturae 2024, 10, 1355

 
Figure 4. Soil available potassium content (mg·kg−1) under different treatments in three periods. Notes:
Different uppercase letters indicate significant differences (p < 0.05) in soil available potassium content at
various sampling times under the same addition rate according to Duncan’s test, while lowercase letters
indicate significant differences (p < 0.05) in soil available potassium content across different addition
rates at the same time according to Duncan’s test. ** means extremely significant at p < 0.01.

The available potassium content in the soil fluctuated significantly over the incubation
period, without showing a clear trend. It was initially decreased and then increased under T1,
T3, and T4, while under T2, T5 and T6, it showed an initial increase followed by a decrease.
For the T7 treatment, the available potassium content remained relatively stable during the
early stages, and then increased significantly towards the end of the incubation period.

The interaction effect of incubation time × addition rate had a significant impact on
soil available potassium content (p < 0.01).

3.1.5. Soil Organic Matter Content

The dynamics of soil organic matter content under different addition rates of bio-
organic matter are shown in Figure 5. Similar to the trends observed in available nutrients,
the soil organic matter content consistently increased with the addition rate of bio-organic
matter. The soil organic matter contents under T6 and T7 were significantly higher than
others. Compared to CK, soil organic matter treated with bio-organic matter addition
increased by 221.1–942.5%, 73.1–334.5% and 102.4–514.9% at 15th, 30th, and 45th DAI,
respectively. Unlike the available nutrients, the increase in soil organic matter did not reach
significant levels over time. The results of two-way ANOVA indicated that the main effect
of addition rate and the interaction effect of incubation time × addition rate significantly
affected soil organic matter (p < 0.01). However, the main factor of incubation time did not
significantly impact soil organic matter content, suggesting that the effects of the addition
rate of bio-organic matter on soil organic matter content were similar across different
incubation stages.
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Figure 5. Soil organic matter content (g·kg−1) under different treatments in three periods. Notes:
Different uppercase letters indicate significant differences (p < 0.05) in soil organic matter content at
various sampling times under the same addition rate according to Duncan’s test, while lowercase
letters indicate significant differences (p < 0.05) in soil organic matter content across different addition
rates at the same time according to Duncan’s test. NS means not significant (p > 0.05). ** means
extremely significant at p < 0.01.

3.1.6. Analysis of Incubation Experiment Results

A linear regression model y = ax + b was fitted to soil nutrient contents (available
nitrogen, available phosphorus, available potassium, and organic matter) y and bio-organic
matter addition rate x at the 45th day after incubation. The results are shown in Table 3.

Table 3. Linear fitting parameters of soil nutrients.

Soil Nutrients a b R2

Soil available nitrogen 66.202 97.007 0.9643
Soil available phosphorus 7.0123 6.3981 0.9252
Soil available potassium 45.586 140.22 0.9573

Soil organic matter 5.0866 8.4264 0.9749

The coefficient of determination R2 values were all greater than 0.9, with p < 0.05,
indicating good fitting results. This suggested that soil nutrient content increased with the
addition rate of bio-organic matter and that a linear function can effectively estimate soil
nutrient content y based on bio-organic matter addition x.

3.2. The Results of Pot Experiment
3.2.1. Soil Temperature

Soil temperature is an important indicator of soil structure and the water heat status.
The changes in soil temperature under the treatments of compound fertilizer (CK), bio-
organic matter with low application rate (B1) and bio-organic matter with high application
rate (B2) are shown in Figure 6. Overall, throughout the entire growth period of Chinese
cabbage, the soil temperature with bio-organic matter remained consistently higher than
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those treated with compound fertilizer. From the second day after sowing, soil temperatures
with high bio-organic matter application were persistently higher than those treated with
the low application rate. Compared to CK, soil temperature increased by approximately
0.9 ◦C to 3.4 ◦C under B1, and it increased by 1.6 ◦C to 3.7 ◦C under B2 throughout the entire
growth period. In terms of soil temperature fluctuations, it showed smaller variations under
bio-organic matter treatments compared to compound fertilizer treatment, especially in the
mid-to-late growth stages, where the temperature remained more stable with bio-organic
matter application.

 

Figure 6. The soil temperature dynamics during the growth period. Notes: CK represents compound
fertilizer with equal nitrogen application of 150 mg·kg−1, and B1 and B2 represent bio-organic matter
with equal nitrogen application of 150 mg·kg−1 and 300 mg·kg−1, respectively, the same as below.

3.2.2. Accumulative Irrigation Water Amount

The accumulative irrigation water amount of Chinese cabbage during the growing
period is shown in Figure 7. During the initial growth stage (1–16 days after sowing),
the cumulative water consumption curves under all treatments were similar, indicating
no significant difference in water consumption during the early stage. The accumulative
irrigation water amounts under CK, B1 and B2 were 22.9 mm, 22.9 mm and 22.7 mm on the
16th day after sowing, respectively. Then, as the plants entered a more vigorous growth
phase, obvious differences in accumulative irrigation water amount appeared. In the end of
the pot experiment, the accumulative irrigation water amounts were 58.3 mm, 73.3 mm and
88.9 mm, respectively. Compared to CK, the total irrigation water amount was increased
by 25.73% under B1 and 52.49% under B2, respectively.

 

Figure 7. Accumulative irrigation water amount under different treatments.
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3.2.3. Soil Nutrient Content After Harvest

Soil available nitrogen, available phosphorus, available potassium and organic matter
are key indicators for assessing soil fertility. After harvest, pot soil samples were collected
for measuring the nutrient contents to analyze the effects of different treatments on soil
nutrients. The results are listed in Table 4.

Table 4. Soil nutrient indexes under different treatments. Notes: Different lowercase letters indicate
significant differences (p < 0.05) in soil nutrient indexes under different treatments (CK, B1 and B2)
according to Duncan’s test.

Treatments
Soil Available

Nitrogen
(mg·kg−1)

Soil Available
Phosphorus
(mg·kg−1)

Soil Available
Potassium
(mg·kg−1)

Soil Organic
Matter

(g·kg−1)

CK 65.14 ± 7.24 a 25.18 ± 1.57 a 118.11 ± 2.14 a 8.15 ± 0.64 b
B1 44.63 ± 9.11 b 12.44 ± 1.60 b 46.69 ± 1.20 b 8.88 ± 0.91 ab
B2 49.46 ± 2.08 ab 13.68 ± 0.85 b 51.16 ± 3.15 b 9.31 ± 0.28 a

Compared to CK, the soil available nitrogen contents under B1 and B2 were decreased
by 31.48% and 24.08%, respectively. With increased bio-organic matter application, there
was a slight rise in soil available nitrogen, but it did not reach a significant level. The
soil available phosphorus and available potassium content followed similar patterns to
soil available nitrogen. The soil available phosphorus contents under B1 and B2 were
12.44 mg·kg−1 and 13.68 mg·kg−1, respectively, which represented a significant decrease of
50.59% and 45.66% compared to that under CK with 25.18 mg·kg−1. Compared to soil with
compound fertilizer, the soil available potassium with the application of bio-organic matter
was significantly reduced, with decreases of 60.47% and 56.68% under B1 and B2, respec-
tively. There was no significant difference in available potassium between the soils treated
with high and low application rates of bio-organic matter after harvest. After harvesting,
the soil organic matter content under B2 was the highest and significantly greater than that
under CK. Overall, bio-organic matter can effectively supplement soil organic matter levels,
achieving a comparable effect to that treated with compound fertilizers even at a lower
application rate. However, available nutrient content after harvest was significantly lower than
that applied with compound fertilizer, which may impact the growth of subsequent crops.

3.2.4. The Yield and Quality of the Chinese Cabbage

The yield and quality are key indicators for assessing crop growth and are crucial
factors influencing the economic efficiency of agricultural production. The yield of Chinese
cabbage and the contents of soluble protein, soluble sugar, total phenols and nitrite are
presented in Table 5.

Table 5. Crop quality indexes under different treatments. Notes: Different lowercase letters indicate
significant differences (p < 0.05) in crop quality indexes under different treatments (CK, B1 and B2)
according to Duncan’s test.

Treatments
Yield
(t/ha)

Soluble
Protein

(mg·g−1)

Soluble
Sugar

(%)

Total
Phenols
(mg·g−1)

Nitrite
(mg·kg−1)

CK 23.862 ± 0.962 a 4.08 ± 0.01 c 3.17 ± 0.34 b 9.41 ± 1.17 b 1.82 ± 0.20 a
B1 24.810 ± 3.318 a 4.55 ± 0.02 b 4.52 ± 0.31 a 11.94 ± 0.34 a 1.71 ± 0.14 a
B2 28.882 ± 2.759 a 4.78 ± 0.10 a 5.08 ± 0.19 a 12.78 ± 1.25 a 1.51 ± 0.31 a

Compared to the yield under CK, the yields under B1 and B2 were increased by
3.97% and 21.04%, respectively, with the highest yield observed with high application
rate of bio-organic matter. However, the differences among the treatments were not
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statistically significant. This indicates that using bio-organic matter as a substitute for
chemical fertilizers does not result in yield reduction.

Compared to CK, the soluble protein content of Chinese cabbage significantly in-
creased with bio-organic matter application by 11.52% and 17.16% under B1 and B2, re-
spectively. Furthermore, the soluble protein content under B2 was significantly higher than
that under B1. This indicates that substituting chemical fertilizers with bio-organic matter
can effectively enhance the soluble protein content of Chinese cabbage, and that higher
application rates lead to even greater increases in soluble protein content. The soluble
sugar contents of Chinese cabbage under B1 and B2 were significantly higher than that
under CK. However, there was no significant difference in soluble sugar content between
the B1 and B2 treatments. Compared to CK, the total phenol content of Chinese cabbage
was significantly increased by 26.88% and 35.81% under B1 and B2, respectively, while
there was no significant difference in total phenol content between B1 and B2. Overall,
the use of bio-organic matter as a substitute for chemical fertilizers significantly improved
the quality of Chinese cabbage. The soluble protein content increased substantially with
higher application rates, while the contents of soluble sugars and total phenols showed
little sensitivity to the application levels of bio-organic matter.

Excessive nitrite in food can pose serious health risks to humans [18]. Following
the use of bio-organic matter as a substitute for chemical fertilizers, the nitrite content
in Chinese cabbage showed no significant difference compared to that with chemical
fertilizers, and it even decreased slightly. Moreover, as the application rate of bio-organic
matter increased, the nitrite content in the plants decreased. This indicates that using
bio-organic matter as a substitute for chemical fertilizers is available for the cultivation of
Chinese cabbage, effectively minimizing the risk of nitrite exceeding safe levels.

3.2.5. Correlation Analysis of Soil Nutrients with Yield and Quality of Chinese Cabbage

To further determine the relationship between soil nutrients and quality and yield of
Chinese cabbage under different treatments, and to illustrate the degree of association between
these indicators, a correlation analysis was conducted. The results are shown in Figure 8.

Figure 8. Correlation analysis of soil nutrients with yield and quality indices. Notes: * means
significant at p < 0.05.
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Soil organic matter was significantly positively correlated with soluble protein content
and reached a significant level (p < 0.05). Soluble sugar was extremely significantly posi-
tively correlated with soluble protein and total phenols (p < 0.05). These results indicate that
enhancing soil organic matter content contributed to improving crop quality and increasing
the nutritional value of the produce, without affecting nitrite levels in Chinese cabbage,
thereby ensuring that the crop was safe for consumption.

4. Discussion

Well-structured soil with appropriately sized pores results in a looser, more stable
aggregate that can retain sufficient moisture, thereby supporting healthy root growth and
facilitating better water and nutrient uptake, which in turn promotes the healthy growth
of crops [19,20]. The application of organic fertilizers has been shown to improve soil
physical structure effectively. Liu et al. [21] reported that in the black soils of Northeast
China, organic fertilizer application significantly enhanced soil structure, increasing the
proportion of high-quality medium and large aggregates. Similarly, Chen et al. [22] found
that replacing chemical fertilizers with bio-organic fertilizers reduced soil bulk density
and improved porosity. This study reached comparable conclusions that as the rate of
bio-organic matter application increased, soil bulk density showed a decreasing trend.
This may be attributed to the characteristics of bio-organic matter, which, as a product of
harmless disposal of livestock carcasses, has low bulk density and a loose texture. So it
effectively regulates soil bulk density and soil porosity, and then would improve soil water
and air permeability. Additionally, bio-organic matter is rich in organic substances and
beneficial soil microbes, contributing to optimized soil structure. However, in view of the
relatively short duration of this incubation experiment, future research should focus on the
long-term effects of bio-organic matter on soil aggregate formation and stability.

The contents of available nitrogen, available phosphorus, available potassium, and
organic matter in soil are key indicators of its nutrient-supplying capacity. Applying
organic fertilizers or external organic substances can improve soil fertility. Pu et al. [23]
investigated the effect of chloropicrin fumigation on soil remediation and found that the
application of bio-organic fertilizer increased nitrogen, phosphorus, and potassium levels
in soil compared to the untreated control. Similarly, Wen et al. [24] observed that co-
application of biochar and organic fertilizers enhanced the content of soil organic matter,
available nitrogen, phosphorus, and potassium content.

In the incubation experiment of this study, the interaction effect of bio-organic matter
application rate and incubation time had a significant impact on soil available nitrogen,
phosphorus and potassium content (p < 0.01). This may be due to the enhancing effect
of bio-organic matter on soil physical structure. As the application rate of bio-organic
matter increases, the ability to absorb and retain nutrients also improves, leading to a
more pronounced accumulation of readily available nutrients. Additionally, bio-organic
matter can provide an abundant carbon and energy source for soil microorganisms, which
stimulates microbial colonization and activity. The increase in microbial activity supports
the decomposition of soil organic matter and the release of nutrients. With higher applica-
tion rates and extended incubation time, nutrient mineralization and release are further
promoted, leading to increased levels of available nitrogen, phosphorus, and potassium in
the soil. For crops with short growth period, increasing the application rate of bio-organic
matter (when pre-application is not feasible) can help rapidly elevate soil nutrient levels to
meet crop needs. Conversely, for crops with longer growth period, a moderate application
rate may be more appropriate, as available phosphorus and potassium gradually release
over time to support sustained crop growth.

In this study, after crop harvest, soil organic matter content with bio-organic matter
application was significantly higher compared to those treated with conventional chemical
fertilizer. However, the levels of available nutrients under the bio-organic matter were
notably lower than those under conventional chemical fertilizer. Liu et al. [25] investigated
the effects of organic fertilizer and soil amendments on soil fertility and the growth of
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continuously cropped sweet potatoes; their study demonstrated that after harvest, the
available nutrient levels with sole application of bio-organic fertilizer showed varying
degrees of reduction in comparison to baseline soil.

This may be partly due to the fact that the mineralization of bio-organic matter into
immediately available nutrients needed by crops is slow. Additionally, bio-organic matter
application improves soil pore structure, indirectly enhancing the fluxes of water, nutrients,
air, and heat within the soil. These improvements support the development of plant root
systems, thus promoting overall plant growth. Vigorous crop growth leads to increased
absorption and consumption of available nutrients, resulting in significantly lower levels
of available nutrients in the soil after harvest compared to the control. It indicates that
while the products of the harmless treatment of livestock and poultry carcasses are rich
in organic matter and can effectively increase soil organic matter content, their release of
readily available nutrients is relatively slow. Then, the slow release may induce stress in
crops by limiting the immediate nutrient uptake needed for optimal growth. Therefore, in
future research on the use of bio-organic matter as a substitute for chemical fertilizers, the
nutrient release rate will be a critical factor to address. From the perspective of application
rate, post-harvest levels of available nutrients were slightly higher with higher bio-organic
matter application. This may be attributed to the increased availability of organic matter
for microbial decomposition as application rates rise. Consequently, both the decomposi-
tion rate and nutrient release rate accelerate, leading to a higher accumulation of readily
available nutrients in the soil. Based on the results of the incubation experiment, which
reveal the nutrient release patterns of bio-organic matter, it was observed that, without the
crop growing, soil available nutrients increased significantly with higher application rates
of bio-organic matter. Additionally, soil available nutrient levels rose markedly over the
incubation period. Excessive accumulation of available nutrients, particularly nitrogen, in
the soil can increase the leaching risk. Therefore, it is inadvisable to increase the application
rate of bio-organic matter unreasonably. Instead, application rates should be carefully
designed, taking into account the combined effects on the soil environment and plant
needs, as well as the potential for nutrient loss. An alternative approach would be to apply
bio-organic matter to the soil some time before planting, allowing nutrient availability to
peak in alignment with the crop’s critical nutrient demand period, thereby ensuring an
adequate nutrient supply for optimal growth and development. In this study, bio-organic
products derived from harmless disposal of livestock and poultry carcasses were used as
a complete substitute for compound fertilizers. In future research, a partial substitution
approach could be explored to identify optimal replacement ratios. This would allow for a
gradual reduction in chemical fertilizer usage at the same time as ensuring crop growth
and yield.

Crop yield and quality are closely related to the field conditions of moisture, nutrients,
atmosphere and temperature. The application of external soil amendments can effectively
enhance soil physical and chemical properties. In this study, replacing chemical fertilizer
with bio-organic matter did not result in yield reduction. On one hand, bio-organic matter
likely reduces soil bulk density and increases soil porosity, enhancing soil structure and
improving its water-holding and aeration capacity. This optimizes the water and soil
ecological environment for the growth of Chinese cabbage. On the other hand, bio-organic
matter is rich in mineral nutrients with a fertilizing effect, which can enhance nutrient
availability in the rhizosphere soil. Additionally, bio-organic matter application may raise
soil temperature, promoting water uptake during the later stages of crop growth and
supporting overall crop development.

The soluble sugar, soluble protein and total phenol content are key crop nutritional
indicators. Soluble sugar, as an energy source for respiratory metabolism in fruits and veg-
etables, indicates maturity level and storage quality through their concentration. Soluble
protein content reflects the crop’s high nutritional quality and its role in nutritional sup-
plementation. Total phenol content can indicate the antioxidant capacity of a crop [26–28].
Xiong [29] found that bio-organic fertilizer can increase the sugar content, sugar-to-acid
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ratio and total phenolic content in wine grapes. Zhang et al. [30] found that the addition of
organic fertilizers, such as fish bone powder, significantly improved the nicotine, reducing
sugar and total sugar content in tobacco leaves. In this study, the soluble sugar, soluble
protein and total phenol content of Chinese cabbage treated with bio-organic matter were
significantly higher than those treated with compound fertilizer. Moreover, as the appli-
cation rate of bio-organic matter increased, these quality indicators exhibited a positive
upward trend. This may be attributed to the improvement of soil physical–chemical prop-
erties by bio-organic matter, which creates a favorable soil environment, thereby enhancing
the accumulation of nutrients for crop growth. Excessive intake of nitrites poses potential
health risks to humans. Therefore, it is crucial to fully consider the safety of agricultural
products during crop cultivation. Li et al. [31] found that the application of bio-organic
fertilizer significantly reduced the nitrite content in water celery. In this study, the nitrite
content in Chinese cabbage plants under all treatments met national food safety standards
(The content of nitrite in fresh vegetables should not exceed 4 mg·kg−1). Compared to
compound fertilizer, the bio-organic matter application resulted in a slight reduction in
nitrite content. This suggests that as a potential partial or complete substitute for chemical
fertilizers, bio-organic matter not only eliminates the risk of exceeding nitrite limits in
agricultural products but also exhibits a similar effect to existing organic fertilizers in
reducing nitrite content in crops.

5. Conclusions

Through incubation and pot experiments, we investigated the nutrient release charac-
teristics of the bio-organic matter, its effects on soil physical properties and the impacts of
substituting chemical fertilizers with bio-organic matter on the yield and quality of Chinese
cabbage. The main conclusions are as follows:

(1) The incubation experiment revealed that bio-organic matter addition reduced soil
bulk density and increased soil porosity. The soil physical properties were significantly
improved when addition rates ≥ 4% (by soil mass), with the improvements becoming
more pronounced as the addition rate increased. The interaction effect of bio-organic
matter addition rates and incubation time had a significant effect on soil available nitrogen,
available phosphorus, available potassium and organic matter content. At the 45th day
after incubation, a linear relationship was observed between soil nutrient content and the
addition rate of bio-organic matter.

(2) The pot experiment demonstrated that bio-organic matter effectively increased
soil temperature and conserved soil moisture, with these effects being more pronounced
at higher application rates. Compared to traditional chemical fertilizer, bio-organic mat-
ter increased the accumulative irrigation water amount during the crop growth period,
showing a positive correlation with application rate. After harvest, the content of available
nutrients in soils treated with bio-organic matter was lower than that under chemical
fertilizer. However, the organic matter content was higher under bio-organic matter, with
significantly higher levels observed at high application rates compared to the control.

(3) The substitution of chemical fertilizer with bio-organic matter not only maintained
but also increased the yield, significantly improving its quality attributes, including higher
levels of soluble protein, soluble sugar and total phenols. Correlation analysis revealed a
significant positive relationship between soil organic matter content and soluble protein
levels, indicating that the application of bio-organic matter can substantially improve the
quality and nutritional value of Chinese cabbage. Moreover, the decreased nitrite content
in the plants confirms that based on its fertilizing efficacy and its impact on crop yield and
quality, the partial or complete replacement of chemical fertilizers with bio-organic matter
derived from the harmless disposal of livestock and poultry carcasses is feasible.

Future research should focus on elucidating the nutrient release dynamics of bio-
organic matter and aligning them with the critical nutrient uptake stages of crops to enhance
its nutrient-supplying capacity. Additionally, investigations should prioritize determining
the optimal proportion of bio-organic matter as a substitute for traditional fertilizers to
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achieve fertilizer reduction while maintaining crop growth and yield. Subsequent studies
can further explore possible long-term accumulation of undesirable elements in the soil
and the variability of results between different soil types.
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Abstract: Calcium (Ca) plays a key role in cell wall stabilization and various physiological processes.
Ca fertilizers are widely used in agriculture to meet crop demands and improve yield and quality.
However, traditional Ca fertilizers often suffer from low solubility, poor absorption, and mobility
issues. Chelated Ca fertilizers offer enhanced efficiency and uptake. In this study, we compared
the effects of lignosulfonate-chelated Ca (LS–Ca), EDTA-chelated Ca (EDTA–Ca), Ca(NO3)2, and
alcohol sugar-chelated Ca (AS–Ca) with a Ca concentration of 15 mg/L on tomato growth. The results
showed that LS–Ca increased the contents of chlorophyll a and b contents in leaves by 26% and 46%,
respectively. The application of Ca fertilizers significantly enhanced Ca2+ uptake and transport, with
the LS–Ca treatment achieving the highest utilization efficiency. Without altering fruit weight, the
LS–Ca treatment increased the firmness of mature tomato fruits by 29%. Furthermore, the LS–Ca
treatment improved fruit sweetness by 33%, with the total sugar content increasing by 45%, sucrose
by 80%, reducing sugars by 64%, and titratable acidity by 18%. This study aims to compare the effects
of different chelated Ca fertilizers on tomato cultivation and to explore optimal Ca supplementation
strategies, thereby contributing to improvements in tomato cultivation practices and fruit quality.

Keywords: calcium; calcium content; fertilizers; calcium utilization efficiency; fruit firmness; fruit sweetness

1. Introduction

Tomatoes, with their increasing yield and quality demands, are particularly sensitive
to Ca nutrition. Ca deficiency in tomatoes causes disorders, such as blossom-end rot, the
necrosis of growth points, and abnormal floral structures, severely impacting yield and
quality [1,2]. Calcium (Ca) plays a crucial role in enhancing the rigidity and stability of the
cell wall, as well as in cell division and elongation. It is also a key component of both the
cell wall and the cell membrane [3,4]. Acting as a secondary messenger, Ca is involved in
signal transduction for various physiological processes, such as hormone regulation and
stress responses, and regulates enzyme activities that affect plant metabolism [5].

Ca deficiency can lead to symptoms such as apical necrosis, leaf curling, poor root
development, and delayed fruit growth [6–8]. In agricultural production, Ca fertilizers can
neutralize soil acidity, improve soil pH and structure, promote beneficial microbial activity,
and enhance fruit firmness, shelf life, and resistance to physiological disorders like fruit
cracking and blossom-end rot [8–12]. Additionally, Ca application improves crop yield and
quality and enhances resistance to diseases, drought, and salt stress [13,14]. Inorganic Ca
fertilizers, such as calcium nitrate (Ca(NO3)2), calcium carbonate (CaCO3), calcium sulfate
(CaSO4), and calcium phosphate (Ca3(PO4)2), are widely used due to their high purity,
fast action, multifunctionality, and affordability. However, challenges related to their use
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include soil acidification, rapid dissolution, uneven crop absorption, and environmental
sensitivity [8,10,15].

Chelated Ca fertilizers, which stabilize Ca2+ using chelating agents, offer higher
bioavailability and stability [14]. EDTA-chelated Ca (EDTA–Ca), for example, binds Ca2+

to ethylenediaminetetraacetic acid (EDTA) and promotes flowering in tomatoes, although
excessive application can cause chlorosis and necrosis in older leaves [16,17]. Polyols, such
as xylitol and mannitol, also serve as carriers for Ca2+, improving its mobility and uptake
within plants. The foliar application of sorbitol–Ca fertilizer, for instance, enhances Ca2+

absorption and boosts peanut (Arachis hypogaea L.) yields [18], while alcohol sugar-chelated
Ca (AS–Ca) treatments significantly improve grape berry size and shape index [19].

Lignin, a natural polymer in plant cell walls, exhibits excellent chelating ability [14,20].
Lignosulfonates, derived from sulfite pulping processes, are low-cost materials containing
hydrophilic sulfonate and electroactive methoxy phenol groups, offering potential for
improving nutrient bioavailability and reducing production costs [21,22]. Chelated Ca fer-
tilizers, including lignosulfonate–Ca (LS–Ca), have demonstrated superior Ca2+ transport
and enhanced crop growth [23,24].

Ca absorption depends on soil Ca2+ availability and xylem transport driven by tran-
spiration. The accumulation of Ca in tomato fruits is dependent on the rate of xylem
sap flow, which is influenced by transpiration and growth rates [25,26]. The capacity of
other Ca pools within the plant can affect calcium accumulation in tomatoes and may
lead to Ca-related physiological disorders such as blossom-end rot [27]. Early in fruit
development, both the xylem and phloem contribute to nutrient transport; however, as the
fruit matures and transpiration decreases, xylem’s role is gradually supplanted by that of
phloem. The low mobility of Ca2+ in the phloem leads to localized Ca deficiency in the
fruit tissues [28–30]. Therefore, enhancing Ca2+ transport in soluble chelated forms may
effectively address late-stage deficiencies.

Due to the high stability of complexes, nutrient elements can be absorbed and trans-
ported in a chelated form [31]. After the foliar application of amino acid-chelated iron
fertilizers, the average iron concentration in all tested rice varieties increased by 14%
compared to that of the control [32]. Recent studies have indicated that the use of sugar
alcohol-chelation technology to chelate Ca2+ can convert Ca from an inorganic to an organic
state, thereby influencing calcium absorption and transformation [31]. However, the role of
LS–Ca fertilizers in the absorption and transport of Ca2+ in tomatoes remains unknown.

We systematically analyzed plant growth and fruit-quality differences and monitored
Ca2+ distribution across tissues during different developmental stages. This study aims to
identify effective chelated Ca supplementation strategies for tomato cultivation, providing
technical guidance for improving tomato quality and yield.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

Tomato cultivar ‘Micro-TOM’ seeds were germinated and sown in the soil at a green-
house. The greenhouse conditions were maintained at a 16 h/8 h light/dark cycle with
temperatures of 25 ◦C during the day and 20 ◦C at night, a relative humidity of 60%, and
a light intensity of 300 μmol m−2 s−1. The experiment was conducted in the autumn of
2023 at the State Key Laboratory of Wheat Breeding, Shandong Agricultural University,
Tai’an, China.

Ca fertilizer treatments for tomato plants were applied three times, at 7, 14, and 30 days
after transplanting, through both foliar spraying and root irrigation. The four types of
chelated calcium fertilizers used were, as follows: T1, a lignosulfonate-chelated Ca (LS–Ca,
containing lignosulfonate ammonium and 15% CaCl2); T2, an EDTA–Ca (containing EDTA
chelating agent, 10% total Ca and 1% Ca2+); T3, Ca(NO3)2; and T4, an alcohol sugar-
chelated Ca (AS–Ca, containing alcohol sugar chelating agent and 14% total Ca). Water was
used as the control treatment. The Ca concentration for each application was maintained
at 15 mg/L.
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During the experiment, regular self-pollination was performed and marked, with
pollination occurring between 10:00 a.m. and 12:00 p.m. Relevant growth parameters,
physiological measurements, and other required data were recorded at predetermined
intervals. For determining the red ripe (RR) stage of fruit, marking was conducted at the
breaker (Br) stage of fruit development, with Br + 8 uniformly used as the marker for
RR [33].

2.2. Measurement of Plant Fresh and Dry Weight

Fresh tomato plants were cut at the junction between the root and shoot, and surface
moisture was removed. The fresh weight of the samples was then measured using an
electronic balance. For dry weight determination, the tissues were placed in a forced-air
drying oven at 70 ◦C for three days until completely dried, after which the weight was
recorded. Each treatment contained 5 biological replicates.

2.3. Measurement of Photosynthetic Rate, Chlorophyll, and Carotenoid Content

The net photosynthetic rate of tomato leaves (the five true leaves from the bottom)
was measured using the CIRAS-3 portable photosynthesis system between 9:00 a.m. and
12:00 p.m. on the 17th day after planting (after second fertilization), with the light intensity
set at 300 μmol m−2 s−1. For the chlorophyll and carotenoid content analysis, 0.1 g of fresh
tomato leaves (with veins removed) were ground into powder using liquid nitrogen and
extracted with 80% acetone on a shaker at 400 rpm/min in darkness for 4 h. The extract
was centrifuged at 8000 rpm/min and the supernatant was collected. Each treatment
contained 4 biological replicates. The chlorophyll and carotenoid contents were quantified
spectrophotometrically at wavelengths of 663 nm, 647 nm, and 470 nm, following the
method described by Niu et al. (2022) [34]. The chlorophyll and carotenoid contents were
derived using the following formula:

chlorophyll a content =
V(12.21 × A663 − 2.81 × A647)

m

chlorophyll b content =
V(20.13 × A647 − 5.03 × A663)

m

carotenoid content =
V(1000 × A470 − 3.27 × Ca − 104 × Cb)

m
A: absorbance, Ca: chlorophyll a concentration, Cb: chlorophyll b concentration,

m: weight of sample (g), V: volume (L).

2.4. Measurement of Fruit Yield and Individual Fruit Weight

After the third fertilization, all fruits that had successfully set on each plant were
harvested and weighed using a precision balance to calculate the total fruit yield per plant.
The total fruit yield of the whole plant was calculated, and the biological replication between
various treatments was 5 plants. Mature fruits were collected and weighed individually to
determine the average fruit weight. Each treatment contained 30–40 biological replicates.

2.5. Measurement of Fruit Firmness and Brix

At the RR stage, the firmness of the fruit was measured using a penetrometer (YT-GY-4,
Yuntang, Weifang, China) at a distance of 3 cm. The fruit juice was squeezed out and the
soluble solids content of the fruit was determined using a refractometer (ATAGO PAL-1,
Tokyo, Japan); the results were expressed in degrees ◦Brix. Each treatment contained
12 biological replicates.

2.6. Measurement of Total Sugar, Sucrose, Reducing Sugar, and Titratable Acid Contents

The contents of the total sugar, sucrose, and reducing sugar in the fruit were measured
using the anthrone colorimetric method [35–37]. An 0.2 g dry sample was dissolved in 8 mL
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of 80% ethanol and heated at 85 ◦C for 30 min. The reaction mixture was then centrifuged
at 3000 rpm for 5 min and the supernatant was collected. This extraction process was
repeated three times and the supernatants were combined and diluted to a final volume of
50 mL. Each treatment contained 4 biological replicates.

The total sugar content was determined using the anthrone colorimetric method. To
0.1 mL of the supernatant, 3.5 mL of an 0.15% (w/v) anthrone reagent was added and
heated at 90 ◦C for 15 min. The absorbance was measured at 620 nm using a glucose
solution as a standard.

For the reducing sugar determination, 0.4 mL of the extract was diluted with 1.6 mL
of ddH2O and 1 mL of 1% (w/v) 3,5-dinitrosalicylic acid (containing 20% (v/v) 1N NaOH
and 30% (w/v) sodium tartrate) was then added. The reaction was carried out at 95 ◦C for
5 min; absorbance was measured at 520 nm using a glucose solution as a standard.

For sucrose determination, 0.4 mL of the extract was mixed with 0.1 mL of 30% KOH
(w/v) and heated at 95 ◦C for 10 min, followed by the addition of 3.5 mL of the anthrone
reagent. The reaction was continued at 95 ◦C for 15 min; absorbance was measured at
620 nm using a sucrose solution as a standard.

Titratable acidity was determined by performing an acid-base titration [38]. A 5 g
sample of the fruit juice or extract was diluted to a known volume with distilled water. A
few drops of a phenolphthalein indicator were added to the solution. The sample was then
titrated with a standardized 0.1 M NaOH solution until a pale-pink endpoint was reached.
The volume of NaOH used was recorded, and the titratable acidity was calculated using
the following formula:

Titratable Acidity(%) =
V × C × Em

m

V: volume of NaOH (mL), C: concentration of NaOH (mol/L), Em: equivalent weight
of acid, m: weight of sample (g).

2.7. Determination of Flavonoid Content in Fruit

An 0.1 g sample of fruit pulp was ground using liquid nitrogen and 1 mL of pre-chilled
65% ethanol was added and mixed thoroughly. The mixture was then extracted at 4 ◦C in
the dark for 4 h, followed by centrifugation at 12,000 rpm for 20 min. A 50 μL aliquot of the
supernatant was collected and sequentially mixed with 0.1 mL of 5% NaNO2, 0.1 mL of
10% Al(NO3)3, and 0.4 mL of 2 mol/L NaOH. After standing for 15 min, the absorbance
was measured at 510 nm. Rutin (Sigma Chemical, St. Louis, MO, USA) was used as the
standard; the flavonoid content was expressed as mg of rutin per gram of fresh weight
(mg rutin·g−1 FW) [39]. Each treatment contained 4 biological replicates.

2.8. Determination of Plant Ca and Mg Content

Tissue samples were collected on the 5th day after three Ca fertilizer treatments. The
various organs (roots, stems, leaves, flowers, and fruits) of the tomato plants were separated,
dried in a forced-air oven at 80 ◦C for 2 days and then ground into a fine powder. A total
of 0.1 g of the dry sample was added to 5 mL of H2SO4 and treated overnight to ensure
complete carbonization. The sample was then subjected to digestion in a digestion furnace
at 300 ◦C, with the addition of 30% H2O2 dropwise during the heating process until the
solution became clear. After filtration, the total Ca and Mg concentrations were measured
using an atomic absorption spectrophotometer (flame atomic absorption method) [40,41].
Each treatment contained 3 biological replicates.

2.9. Determination of Soil Total Ca Content and Replaceable Ca Content

Soil was collected in autumn 2023 at the Horticultural Experiment Station of Shandong
Agricultural University, Tai’an, China. Field soil was treated with/without 1% CaCl2 and
lignin sulfonate (LS, Figure 1A) for 14 days. For the determination of the total soil Ca
content, 5 g of the dry soil samples was weighed; the determination method was the same
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as method 2.8. For the determination of soil replaceable Ca content, 5 g of the air-dried
soil samples was added to 50 mL of a 1 mol/L ammonium acetate solution. The mixture
was shaken on a shaker at 70 rpm/min for 1 h to ensure sufficient interaction between the
Ca2+ and the exchange reagent. The extract was then filtered through filter paper and the
filtrate was collected. The Ca concentration in the filtrate was determined using an atomic
absorption spectrophotometer (flame atomic absorption method) [42]. Each treatment
contained 3 biological replicates.

Figure 1. Effects of lignin sulfonates on Ca2+ chelation. Total Ca and replaceable Ca contents were
determined from the soil: (A) chemical formula of sodium lignin sulfonate (LS); (B) differences in
total soil Ca content; and (C) differences in soil-replaceable Ca content. Ctrl: without the application
of CaCl2; Ctrl + LS: without the application of CaCl2 but the lignin sulfonates were added; CaCl2:
soil treated with 1% CaCl2; CaCl2 + LS: soil treated with 1% CaCl2 and lignin sulfonates. Error
bars represent standard deviations (n = 3). Different letters represent significantly different values
at p ≤ 0.05.

2.10. Determination of Ca Content in Xylem Sap

Tissue samples were collected on the 5th day after three Ca fertilizer treatments. The Ca
content in the xylem sap was determined using the gravimetric method [43]. Tomato plants
were cut 0.5 cm above the root, and a plastic film was shaped into a tube and sealed at both
ends based on the required thickness. A small amount of defatted cotton was placed inside
the plastic tube and tied with fine thread, then weighed. The defatted cotton was placed in
contact with the cut surface and secured with string. After 6 h, the plastic tube was removed
and weighed again. The difference between the two measurements was calculated. The
absorbed cotton was placed in a centrifuge tube, eluted with 5% HNO3, centrifuged, and
the supernatant was collected. Finally, the volume was adjusted to 1 mL with 5% HNO3.
The Ca concentration was determined using an atomic absorption spectrophotometer
(flame atomic absorption method). Each treatment contained 4 biological replicates.

2.11. Data Analysis

The statistical analysis was performed using the one-way ANOVA test plus Duncan’s
multiple range test with Data Processing System (DPS) software (version 7.05). Different
letters indicate significant differences with p ≤ 0.05.

3. Results

3.1. Lignosulfonate Maintains Soil Available Ca

To investigate the chelating ability of lignin sulfonates on soil Ca2+, we measured the
Ca content in the soil. The results showed that, without the application of CaCl2, the lignin
sulfonates (LS) treatment did not alter the total Ca content (Figure 1B) or the exchangeable
Ca content (Figure 1C) in the soil. However, under the CaCl2 treatment, the LS treatment
did not significantly affect the total Ca content (Figure 1B) but significantly increased the
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replaceable Ca content (Figure 1C). This indicates that the LS treatment maintained a higher
level of absorbable Ca2+.

3.2. LS–Ca Fertilizer Promotes the Growth of Aboveground Parts of Tomato Plants

To investigate the effects of different Ca fertilizers on tomato growth, we conducted pot
experiments using ‘Micro-TOM’ tomato seedlings as the model. Four Ca fertilizers—LS–Ca,
EDTA–Ca, Ca(NO3)2, and SA–Ca—were applied via root irrigation and foliar spraying. The
results showed that, compared to the control, the LS–Ca treatment significantly enhanced
the aboveground growth of tomato plants (Figure 2A), with the fresh and dry weights of
the aboveground parts increasing by 56% and 67%, respectively (Figure 2B,C). In contrast,
no significant differences were observed in the fresh and dry weights of the underground
parts between the LS–Ca treatment, the control, and other Ca fertilizers (Figure 2D,E).

Figure 2. Effects of different Ca fertilizer treatments on tomato growth. At the end of the
third treatment, representative plants were photographed (A); and sampled for fresh weights above-
ground (B); and underground (D). Dry weights for aboveground (C) and underground (E) sam-
ples were measured after the samples were completely dried. Ctrl (H2O), no fertilizer treatment;
T1 (LS–Ca), lignosulfonate-chelated Ca fertilizer treatment; T2 (EDTA–Ca), EDTA-chelated Ca fertil-
izer treatment; T3 (Ca(NO3)2), Ca(NO3)2 fertilizer treatment; T4 (AS–Ca), alcohol sugar-chelated Ca
fertilizer treatment. The Ca concentration of each fertilizer treatment was maintained at 15 mg/L.
Error bars represent standard deviations (n = 5). Different letters represent significantly different
values at p ≤ 0.05.
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3.3. LS–Ca Fertilizer Improves Light Use Efficiency in Tomatoes

To investigate the impact of Ca fertilizers on tomato photosynthesis, we measured
the net photosynthetic rate and chlorophyll content in tomato leaves. The results showed
no significant differences in the net photosynthetic rate among the Ca fertilizer treat-
ments compared to the control (Figure S1). However, the LS–Ca treatment significantly
increased the contents of chlorophyll a and chlorophyll b by 27% and 46%, respectively
(Figure 3A,B). Additionally, the LS–Ca treatment reduced the carotenoid content in leaves
by 29% (Figure 3C).

Figure 3. Effects of different Ca fertilizer treatments on tomato phenotypes after the second treatment:
chlorophyll a (A); chlorophyll b (B); and carotenoid (C) contents in tomato leaves fertilized with
different calcium sources. Ctrl, H2O; T1, LS–Ca; T2, EDTA–Ca; T3, Ca(NO3)2; T4, AS–Ca treatment.
Error bars represent standard deviations (n = 4). Different letters represent significantly different
values at p ≤ 0.05.

3.4. LS–Ca Fertilizer Enhances Ca2+ Uptake and Transport

To investigate the effects of various chelated Ca fertilizers on Ca uptake and trans-
port in tomatoes, we measured the changes in Ca2+ concentrations in roots, stems, and
leaves after each of the three fertilizer applications. The results revealed that, except for
LS–Ca, Ca2+ concentrations in roots did not significantly change after the first and third
applications for other treatments but increased significantly after the second application
(Figure 4A–C). In contrast, the LS–Ca treatment significantly increased root Ca2+ concentra-
tions across all three applications (Figure 4A), indicating faster root uptake and sustained
Ca availability during late tomato-growth stages. Foliar application is a rapid and efficient
method for Ca supplementation. Following the Ca fertilizer treatments, leaf Ca2+ concen-
trations increased significantly until the third application, after which the concentrations
plateaued (Figure 4A–C). Additionally, the LS–Ca treatment notably enhanced Mg concen-
trations in roots and stems (Figure S2), suggesting that LS may also facilitate Mg2+ uptake
and transport.

After the first two fertilizer applications, stem Ca2+ concentrations increased signif-
icantly (Figure 4A,B), indicating enhanced Ca2+ transport. Interestingly, following the
third application, only the LS–Ca treatment resulted in a significant increase in stem Ca2+

concentrations compared to those of the control (Figure 4C), demonstrating its sustained
efficacy in promoting Ca2+ transport within the plant. Moreover, the xylem sap analysis
revealed that the LS–Ca treatment significantly elevated Ca2+ concentrations compared
to those of the control and other treatments (Figure 4D,E). After the third application,
xylem sap Ca2+ concentrations in the EDTA–Ca, Ca(NO3)2, and SA–Ca treatments showed
no significant difference from those of the control, whereas LS–Ca concentrations were
markedly higher (Figure 4F). These findings further confirm the role of lignosulfonate
chelation in enhancing Ca2+ transport within the plant.
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Figure 4. Effects of different Ca fertilizer treatments on Ca content in tomatoes: (A) after the first
treatment, Ca contents in tomato roots, stems and leaves; (B) after the second treatment, Ca contents
in tomato roots, stems and leaves; (C) after the third treatment, Ca contents in tomato roots, stems,
leaves, flowers and fruits; and (D–F) Ca2+ concentrations in xylem sap during three times treatment
(n = 3). Ctrl, H2O; T1, LS–Ca; T2, EDTA–Ca; T3, Ca(NO3)2; T4, AS–Ca treatment. Error bars represent
standard deviations. Different letters represent significantly different values at p ≤ 0.05.

3.5. LS–Ca Fertilizer Enhances Tomato Fruit Quality

To investigate the effects of various Ca fertilizers on tomato fruit development and
quality, red, ripe fruits were collected, and their yield and quality traits were analyzed.
Across the treatments, while the Ca fertilizer applications advanced flowering times and
maintained higher flower numbers after the third application (Figure S3), there were no
significant differences in the total fruit weight per plant (Figure 5B). Compared to the
control, the EDTA–Ca and Ca(NO3)2 treatments slightly increased individual fruit weights
(Figure 5A,C). Notably, fruit firmness in the LS–Ca treatment was significantly higher
than that of the control and other treatments (Figure 5D). In terms of fruit quality, the
LS–Ca, Ca(NO3)2, and SA–Ca treatments significantly improved fruit sweetness, with the
LS–Ca treatment leading to a 33% increase, while the Ca(NO3)2 and SA–Ca treatments
resulted in 13% and 14% increases, respectively (Figure 5E). These findings highlight the
superior efficacy of LS–Ca in enhancing both the structural integrity and taste quality of
tomato fruits.
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Figure 5. Effects of different Ca fertilizer treatments on fruit size, firmness, and brix of tomatoes after
the third treatment: (A) representative red ripe fruit were photographed. Scale bar = 1 cm; (B) fruit
yield (n = 5); (C) single fruit weight (n = 30–40); (D) fruit firmness (n = 12); and (E) soluble solid
contents (n = 12). Ctrl, H2O; T1, LS–Ca; T2, EDTA–Ca; T3, Ca(NO3)2; T4, AS–Ca treatment. Error bars
represent standard deviations. Different letters represent significantly different values at p ≤ 0.05.

To explore the variations in fruit sweetness, the sugar and acid contents in the fruits
were analyzed. The results showed that, compared to the control, the LS–Ca treatment
increased the total sugar, sucrose, and reducing sugar contents by 45%, 79%, and 64%,
respectively (Figure 6A–C). The reduced sugar content was also elevated by 46%, 33%, and
30% under the EDTA–Ca, Ca(NO3)2, and SA–Ca treatments, respectively (Figure 6C). For
the titratable acid content, the LS–Ca treatment resulted in an 18% increase compared to
that of the control, whereas no significant differences were observed in the other treatments
(Figure 6D). Additionally, the LS–Ca and EDTA–Ca treatments significantly enhanced the
flavonoid contents of the fruits, with increases of 77% and 89%, respectively (Figure 6E).
The LS–Ca treatment also increased the carotenoid contents in the fruits by 14% (Figure 6F).
In summary, our findings indicate that the LS–Ca treatment enhanced fruit firmness and
sweetness without affecting fruit weight and yield.
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Figure 6. Effects of different Ca fertilizer treatments on tomato fruit quality after the third treatment:
measurement of total sugar (A); measurement of reducing sucrose (B); measurement of reducing
sugars (C); measurement of titratable acid (D); measurement of flavonoids (E); and measurement
of carotenoids (F). Ctrl, H2O; T1, LS–Ca; T2, EDTA–Ca; T3, Ca(NO3)2; T4, AS–Ca treatment. Error
bars represent standard deviations (n = 4). Different letters represent significantly different values
at p ≤ 0.05.

4. Discussion

Lignin, a natural and renewable polyphenolic polymer, is deposited in plant cell
walls and tightly cross-linked with cellulose and hemicellulose, providing rigidity to the
cell wall [44]. A significant portion of Ca in plants is located in the cell wall, where it
binds to carboxyl groups in pectin, particularly pectic acid, forming Ca–pectate complexes
essential for cell wall integrity [45–47]. This synergy between lignin and Ca within plant cell
walls ensures the adaptability and durability of the cell wall under various environmental
conditions [48].

Lignin-derived materials effectively chelate elements such as Fe and Ca, promot-
ing root development in rice (Oryza sativa) [21]. The sulfonic and hydroxyl groups on
lignosulfonates (LS) bind to soil particles, enhancing their resistance to wind and water
erosion [49]. Additionally, lignin-based slow-release fertilizers for Ca and Fe significantly
improve the growth of plants such as holly (Ilex spp.), poplar (Populus spp.), and ginseng
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(Panax spp.) [50]. In this study, an LS–Ca fertilizer was applied in tomato cultivation and
significantly increased the content of chlorophyll a and b in leaves during the growth
stages, particularly that of chlorophyll b (Figure 3). Chloroplasts, known as organelles
with a high concentration of Ca2+, are closely associated with photosynthesis [20]. Light-
dependent Ca2+ uptake occurs in isolated chloroplasts, where Ca2+ is absorbed from the
cytoplasm and stored either in the thylakoid lumen or bound by Ca2+-binding proteins
under light conditions [51–54]. With the combined effects of root and foliar applications,
Ca2+ was highly enriched in leaves (Figure 4). However, despite the significant increase in
chlorophyll a and b, there were no observable changes in net photosynthesis (Figure S1).
Studies have demonstrated that Ca2+ optimizes photosynthetic performance and mini-
mizes photooxidative damage. Under low light conditions, the photosynthetic electron
transport system captures excitation energy to drive photochemical processes, while under
high excitation pressure, Ca2+ contributes to the quenching of excess photons to prevent
photodamage [55]. Ca has also been shown to regulate enzymatic activity, either catalyzing
or inhibiting specific processes [56]. Low resting free [Ca2+] in the stroma is essential for
activating Calvin–Benson–Bassham (CBB) cycle enzymes, whereas high concentrations
of Ca2+ can lead to the inactivation of fructose-1,6-bisphosphatase (FBPase) through the
release of stored Ca2+ following light-to-dark transitions [56–58]. Thus, the increased Ca
content may enhance leaf structural stability, improve stress resistance, or optimize resource
allocation, without necessarily resulting in a measurable increase in net photosynthesis.

The availability of Ca in soil is significantly influenced by pH [59]. In alkaline soils,
Ca readily precipitates as insoluble compounds, such as CaCO3 and Ca3(PO4)2, making it
difficult for plants to absorb Ca even when it is abundant [59]. Acidic soils promote the
release of Ca2+ but also lead to substantial Ca leaching during irrigation [60]. Moreover,
microbial activity in acidic soils may be reduced, limiting the release of organically bound
Ca [60]. Additionally, other cations present in acidic soils, such as hydrogen ions (H+),
ferrous ions (Fe2+), and manganese ions (Mn2+), can adversely affect Ca solubility [61].
Lignin, a natural chelating agent extracted from plants, contains abundant hydroxyl and
carboxyl functional groups that form stable complexes with some ions such as iron, zinc,
copper, and Ca [21]. These chelates prevent metal ions from precipitating or being fixed
in the soil. Compared with other chelated Ca fertilizers, the LS–Ca treatment resulted in
a significant increase in Ca content in tomato roots after the first fertilization (Figure 4),
indicating that LS–Ca enhances the bioavailability of Ca to plants. This trend persisted
throughout the later stages of fertilization. Even when total Ca content in the soil remained
constant, LS–Ca treatments mobilized many free Ca2+, suggesting that lignosulfonate-
chelated Ca provides a slow and sustained release of Ca2+. This slow-release characteristic
enhances fertilizer efficiency by ensuring a steady nutrient supply and minimizing nutrient
loss through leaching or precipitation. Consequently, LS–Ca offers an efficient approach
to optimizing Ca availability in various soil conditions, addressing challenges associated
with pH-induced Ca fixation or leaching [62]. Although previous studies have shown
that EDTA chelating agents can enhance the absorption of trace elements [63], sugar
alcohol-chelated Ca significantly improved photosynthesis and tuber quality in potatoes
under drought conditions [64]. However, our findings suggest that LS–Ca provides a
more sustained release of calcium (Figure 4), thereby enhancing absorption and increasing
chlorophyll content (Figure 3). This is consistent with the work of Morales et al. (2023),
who demonstrated the benefits of slow-release Ca fertilizers in promoting Ca2+ absorption
and distribution [65].

Ca also plays a critical role in fruit development. During the early stages, it sup-
ports cell division and metabolism, while in the later stages, it contributes to cell-to-cell
adhesion [29,66]. Within the cell wall, pectic acids bind to Ca to form Ca pectate, which
serves as a structural backbone, preventing gel layer disintegration and enhancing cell
wall strength [67]. Typically, Ca is absorbed by roots and transported through the xylem
to various plant organs; however, only a small fraction reaches the fruit [68]. Efficient Ca
transport within the plant is, therefore, critical for ensuring adequate Ca supplementation
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in fruits. The LS–Ca treatment not only enhanced Ca uptake but also significantly increased
the Ca2+ concentration in xylem sap (Figure 4). This indicates that LS–Ca facilitates more
efficient transport of Ca to various plant organs, including fruits. Consistent with expec-
tations, the Ca content in the fruit significantly increased, contributing to enhanced fruit
firmness. Interestingly, the sweetness of tomatoes treated with LS–Ca was higher than
that of the control (Figure 5). Additionally, the contents of sugars, acids, and carotenoids
in the fruit also showed varying degrees of increase (Figure 6). In the late stages of fruit
ripening, the transport of water, sugars, and essential nutrients primarily occurs through
the phloem [68–70]. However, because Ca2+ has limited mobility in the phloem, its supple-
mentation in fruits largely depends on xylem transport [68]. The increased xylem transport
of Ca2+ likely contributed to timely Ca accumulation in the fruit. This may have optimized
the phloem’s capacity for transporting sugars and acids to the fruit. Ca in the cell wall
also delayed fruit softening, leading to a higher accumulation of sugars, acids, and other
metabolites, ultimately improving fruit quality. Similar to our results, Liu et al. (2023) ob-
served enhanced nutrient absorption and growth in rice treated with lignin-based chelating
materials [21]. However, our study is the first to demonstrate the significant impact of
LS–Ca on xylem transport (Figure 4) and fruit-quality enhancement in tomato cultivation
(Figures 5 and 6).

Plants naturally produce approximately 150 billion tons of lignin annually. Addition-
ally, the pulp and paper industry generates about 50 million tons of lignin as a byproduct
each year [71]. This abundant availability makes lignin a low-cost resource. Transforming
lignin into high-value controlled-release fertilizers not only enhances nutrient absorption
by plants but also conserves resources and mitigates the environmental pollution caused
by lignin incineration. As a chemically modified material, lignin serves as an excellent
carrier for nutrients. Its ability to form controlled-release fertilizers stems from chemi-
cal interactions between lignin and nutrients, allowing for gradual nutrient release [72].
With advancements in the preparation techniques for controlled-release fertilizers, lignin-
based fertilizers hold significant potential for agricultural sustainability. They can improve
resource use efficiency, protect agricultural ecosystems, and contribute to sustainable agri-
cultural growth. By utilizing lignin, a renewable and eco-friendly resource, the agricultural
sector can address both productivity and environmental challenges, highlighting lignin’s
promising role in modern sustainable practices.

5. Conclusions

The application of LS–Ca increased Ca absorption and transport in tomato plants
and improved fruit quality. Treatment with LS–Ca increases fruit hardness and sweetness,
surpassing the effects of other Ca fertilizers. These results provide a theoretical basis for
optimizing tomato cultivation practices and improving fruit quality through the application
of LS–Ca fertilizers. These findings provide a theoretical foundation for optimizing tomato
cultivation practices and improving fruit quality through the application of LS–Ca fertilizers.
The demand for high quality and disease resistance in tomatoes is a huge challenge. A
future trend for producers in the tomato industry may be able to integrate the advantages
of various compound fertilizers and apply them to tomato cultivation.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/horticulturae10121328/s1, Figure S1: Effects of different Ca fertilizer
treatments on tomato leaf Net Photosynthetic Rate (Pn) after the second treatment; Figure S2: Effects
of different Mg fertilizer treatments on Mg content in tomato; Figure S3: Effects of different Ca
fertilizer treatments on the number of flowers after the second treatment (n ≥ 7).
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Abstract: Improving fruit quality and reducing pre-harvest fruit drop are critical goals for Citrus
reticulata production in Pakistan, where climatic and nutritional challenges affect yield and juice
quality. This study evaluated the combined effects of plant growth regulators (salicylic acid and indole
acetic acid) and nutrients (potassium and zinc) on fruit drop and juice volume in Citrus reticulata L.
Field trials were conducted at three locations in Punjab, Pakistan (Layyah, Faisalabad, and Sargodha)
using a randomized complete block design (RCBD) with five replications per treatment. Nutrients (K
and Zn at 100 mg/L each) and growth regulators (SA at 100 mg/L and IAA at 5 mg/L) were applied
individually or in combination at three growth stages. Statistical analyses, including PCA, ANOVA,
and GGE biplot, were used to identify the most effective treatments for improving fruit juice quality
and reducing fruit drop. The combined foliar application of SA + K + Zn was the most effective
across all parameters, except fruit drop, juice citric acid contents, and juice pH, which were negatively
affected. The highest juice potassium content was observed with K application. The PCA and GGE
biplot analysis indicated that the Sargodha orchard performed best, with the SA + K treatment being
the most effective there, while SA + K + Zn showed the best results at Layyah and Faisalabad for
reducing fruit drop, enhancing juice volume, and improving fruit quality. However, individual fruit,
juice, and juice nutrient contents traits analyses revealed that the most significant improvements in
fruit and juice quality were observed at the Sargodha site instead of Layyah and Faisalabad. The
treatment SA + K + Zn proved to be the most stable and consistent in enhancing citrus fruit and
juice quality across all three selected locations. The findings suggest that adopting the SA + K + Zn
treatment could be a practical approach for citrus farmers aiming to enhance crop yield and fruit
quality, thereby supporting agricultural productivity and export potential in Pakistan.

Keywords: Citrus reticulata; fruit quality; pre-harvest fruit drop; plant growth regulators; foliar application

1. Introduction

Kinnow (Citrus reticulata L.), a perennial evergreen cultivar of the Rutaceae family,
plays a vital role in strengthening the economy of developing countries like Pakistan, where
it represents 75% of the nation’s total citrus production [1]. Citrus fruits are highly sought
after worldwide due to their delicious taste and flavor. In Pakistan, citrus production
covers 177.22 thousand hectares, yielding approximately 2.29 million tons annually [2].
The country’s citrus production has seen a steady rise from 0.445 million tons in 1970
to 2.30 million tons in 2020, growing at an annual rate of 4.14% [3]. While ‘Kinnow’ is
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cultivated across all provinces, Punjab contributes over 95% of the total crop yield, with the
Sargodha region renowned for producing high-quality citrus fruits [4].

Adequate nutrient supply is critical for sustaining the long growth period required for
optimal fruit development [5]. In Pakistan, however, the lack of proper nutrient manage-
ment has led to issues such as poor fruit quality, smaller size, color defects, and premature
fruit abscission [6]. Deficiencies in essential nutrients can hinder the production of plant
growth hormones, resulting in decreased fruit size, quality, and color development [7].

The foliar application of plant growth regulators (PGRs) such as salicylic acid (SA) and
indole acetic acid (IAA), along with nutrients like potassium (K) and zinc (Zn), plays a vital
role in optimizing growth and improving the physio-biochemical processes in citrus crops
across diverse agro-climatic regions of Pakistan [7]. Among these, potassium is essential
for enhancing fruit growth, productivity, and overall development [8]. Zinc is equally
crucial for improving fruit yield and quality, as its deficiency can cause cytological and
morpho-anatomical changes that reduce flowering and fruit set, ultimately affecting citrus
quality [9].

Auxins are commonly used in citrus to enhance juice quality and prevent excessive
fruit drop [10]. Additionally, salicylic acid (SA) plays a key role in regulating physiological
processes by stimulating glycine betaine production, nitrogen metabolism, photosynthesis,
and antioxidant defenses, which help plants combat stress [11]. These properties protect
citrus crops from various abiotic stresses, ensuring better plant health and productivity [12].

Fruit drop is a significant factor contributing to reduced citrus yields, with maximum
drop occurring in the following three phases: post-blossom, June drop, and pre-harvest [13].
Harsh environmental conditions, such as drought, high temperatures, pest infestations,
and strong winds, can exacerbate fruit abscission [14]. To mitigate excessive fruit drop,
foliar treatments with growth regulators like auxins and gibberellins can be used, along
with proper water and nutrient management for susceptible cultivars [15,16].

The novelty of this multi-location study lies in its comprehensive evaluation of the
combined effects of two plant growth regulators, salicylic acid (SA) and indole acetic acid
(IAA), with potassium (K) and zinc (Zn) nutrients on fruit drop control, fruit retention,
yield, and juice volume in Citrus reticulata (Kinnow). Unlike previous studies, this research
uniquely integrates plant growth regulators and nutrients across different growth stages
and geographic locations, offering new insights into optimizing citrus fruit production
and quality through tailored foliar treatments. The findings can potentially enhance
sustainable citrus farming practices and improve yield and fruit quality in diverse agro-
climatic conditions.

2. Materials and Methods

2.1. Multi-Location Experimental Sites and Soil Physio-Chemical Attributes

The current multi-locations study was conducted during the period 15 October 2019
to 25 March 2020 in three citrus orchards located in Layyah (site 1, 30.9693_ N, 70.9428_ E),
Faisalabad (site 2, NIAB Orchard, 31.4504_ N, 73.1350_ E), and Sargodha (site 3, 32.0740_ N,
72.6861_ E). The experiment was laid out using a randomized complete block design (RCBD)
with factorial arrangements and five replications per treatment. At each experimental site,
63 citrus plants (7 in each row) were selected. For the estimation of the physio-biochemical
parameters, soil samples were randomly cored from each selected orchard up to 30 cm
in depth following a “W” scheme with the help of an instrument called an auger. Soil
attributes such as soil texture, pH, and electrical conductivity were estimated using pH
(HI-8520, Hanna, Germany) and EC meters (WTW, Germany), respectively. While soil P
contents were analyzed using the method of Olsen [17], K+ contents were estimated by
following the protocol established by Simard [18], Na contents by a flame photometer
(Jenway PFP 7, UK), and Zn concentration was assessed by following the protocol of
Soltanpour and Schwab [19]. Other soil parameters, such as soil saturation percentage,
carbonates, bicarbonates, and the sodium adsorption ratio were measured using the method
of Estefen et al. [20], as shown in (Table 1).
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Table 1. Physio-chemical characteristics of soils (0–60 cm) and irrigation water of three citrus orchards.

Parameters Layyah Faisalabad Sargodha

Soil texture Sandy-loam Clay-loam Clay-loam
Soil saturation (%) 26.25 37.50 37.00

ECe (dS m−1) 1.74 0.93 1.85
pH 8.42 7.84 7.94

Sodium adsorption ratio (mmol ½ L-1/2) 1.98 0.96 2.02
Organic matter (%) 0.15 0.18 0.25
NO3 –N (mg kg−1) 19.00 18.90 17.50

Available phosphorus (mg kg−1) 6.15 7.25 10.48
Sodium (mg kg−1) 94.50 72.00 141.00

Calcium + Magnesium (meq kg−1) 4.82 5.07 5.25
Zinc (mg kg−1) 0.33 0.68 0.50

Potassium (mg kg−1) 8.60 16.85 20.15
Carbonates (meq kg−1) Nil Nil Nil

Bicarbonates (meq kg−1) 5.40 4.70 6.00

Irrigation water analysis

EC (dS m−1) 1.58 1.02 1.40
pH 8.20 8.15 8.20

Residual sodium carbonate 1.20 1.50 1.70
Sodium (mg L−1) 78.0 54.0 75.0

Chloride (meq L−1) 2.20 2.00 1.90
Potassium (mg L−1) 9.00 7.00 10.0

Calcium + Magnesium (meq kg−1) 4.20 3.00 3.50
Carbonates (meq kg−1) Nil Nil Nil

Bicarbonates (meq kg−1) 5.40 4.50 5.20
SAR (meq L−1) 2.34 1.92 2.47

Values represent the mean of the soil and irrigation water data taken during 2019.

Each selected citrus orchard was irrigated with tube-well water, and its physio-
biochemical characteristics were estimated. Electrical conductivity and pH were deter-
mined with EC and pH meters. Meanwhile, K and Na contents were measured by flame
photometer. Additionally, carbonate, bicarbonate, chloride, calcium + magnesium, residual
sodium carbonate, and the sodium absorption ratio were estimated according to Estefen
et al. [20], as reported in Table 1.

2.2. Treatments

In the current work, foliar treatments of Zn, K, SA, and IAA were applied alone
or in combination. In each selected orchard, NPK fertilizers were applied after the har-
vest of the previous year’s fruits (March 2019) with an appropriate ratio N:P2O5:K2O
(100:50:75 kg ha−1) as urea (N 46%), diammonium phosphate (DAP; P2O5 46%), and sulfate
of potash (SOP; 50% K2O). The selected citrus plants were foliar-sprayed with 100 mg L−1

SA, 5 mg L−1 IAA, 100 mg L−1 K, and 100 mg L−1 Zn, and their combinations were K +
SA, Zn + SA, IAA + SA, and K + Zn + SA, whereas control plants were treated with normal
distilled water. These foliar treatments were applied thrice at the flower initiation (first
spray), fruit formation (second spray), and fruit-color initiation stages (third spray). All
three selected orchards contained citrus trees that were 10 to 15 years old. Each orchard
has 11 rows, with 11 trees per row (totaling 121 trees). Out of the 11 plants in each row,
the two peripheral (edge) plants were excluded and considered non-experimental. The
remaining nine plants (in each row) were randomly sprayed with a specific treatment and
five replications per treatment were maintained. The spray was applied only to the foliar
parts of the tree, ensuring that all leaves, flowers, and fruits were wetted with the treatment
solution at each specific stage.
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2.3. Growth and Yield Data Collection

Twenty fruit samples per plant were randomly collected from both treated and non-
treated plants, and the fruit diameter, height, and width were assessed with the help of
measuring tape and peel thickness by digital vernier caliper. The fruit shape index was
estimated by using the protocol of Brewer et al. [21], fruit weight via weighing balance
(JC-1202A, A&D, Company, USA), and fruit juice volume was evaluated by a graduated
cylinder. Fruit dropping was computed by the formula given by Shani et al. [22] in the first
week of September.

2.4. Juice Quality and Chemical Analysis

Juice volume was determined after mechanical extraction from fruits of equal size
selected from all sites. Juice pH was determined by pH meter, juice EC was measured
using an EC-meter (LF538, WTW, Germany), and total solids in the juice were determined
by refractometer. Citric acid was estimated by titrating the juice against 0.1 N sodium
hydroxide, and ascorbic acid by reducing 2,6-dichlorophenol indophenol with the juice. N,
P, K, Ca, and Na contents in juice were also analyzed as described elsewhere [23].

2.5. Statistical Analysis

The data collected from the experiments were analyzed using the Statistix-10 software.
A two-way analysis of variance (ANOVA) was conducted to assess the effects of different
treatments on various traits. The least significant difference (LSD) test was used to com-
pare treatment means at a 5% probability level. ANOVA helped (Table 2) determine the
significance of each treatment across the selected sites. Additionally, principal component
analysis (PCA) and GGE (genotype and genotype by environment interaction) biplot anal-
ysis were performed using “R software” (version 4.4.2). PCA helped reveal variations in
the observed attributes, while the GGE biplot identified the most promising treatment for
each location. Furthermore, the multi-trait genotype-ideotype distance index (MGIDI) was
employed to select the most consistent and effective treatment across multilocation trials.

Table 2. Means of the sum of squares for all the investigated fruit and juice quality parameters in
citrus orchards treated with Zn, K, and PGRs alone or in combination.

CO DF FSI PT FD FW JV pH EC TSS CA AA TSS/Acid N P K

S 2 0.27
***

71.67
***

2
***

29,578
***

897
***

0.026
ns

1.6
***

29.9
***

0.1
***

1943.6
***

329.6
***

0.04
***

0.07
***

1.2
***

T 8 0.01
***

2.4
***

451
**

9644
***

801
***

0.028
ns

0.2
***

5.8
***

0.1
***

37.1
***

38.7
***

0.21
***

0.77
***

2.7
***

S × T 16 0.002
***

0.41
***

19
***

1145
***

42.5
***

0.024
ns

0.1
***

0.9
***

0.003
***

6.9
***

1.8
***

0.01
***

0.01
***

0.08
***

Error 108 0.001 0.02 0.2 119.3 3.7 0.03 0.02 0.01 0.0002 0.2 0.06 0.001 0.001 0.005
Total 134

* Showing significant differences among all the applied drought stress treatments p > 0.001 ***, p < 0.01 **,
(0.01 < p > 0.05) *, p > 0.05, ns (non-significant); CO, citrus orchard; DF, degree of freedom; FSI, fruit shape index;
PT, peel thickness; FD, fruit dropping; FW, fruit weight; JV, juice volume; pH, juice pH; EC, juice EC; TSS, total
soluble sugars in juice; CA, juice citric acid content; AA, juice ascorbic acid concentration; TSS/Acid, TSS/Acid
ratio of fruit juice; N, fruit juice nitrogen concentration; P, fruit juice phosphorus contents; and K, fruit juice
potassium content.

3. Results

3.1. Kinnow Fruit Quantity and Quality Analyses

The current experiment systematically demonstrated that the foliar application of
nutrients (potassium “K” and zinc “Zn”) combined with plant growth regulators (PGRs)
significantly enhanced various fruit quality traits in Citrus reticulata. These improvements
were consistent across all experimental sites (Sargodha, Faisalabad, and Layyah), although
notable differences were observed between treatments and locations.

According to the fruit shape index [the ratio of the longitudinal diameter to the
transverse diameter], foliar applications of PGRs and nutrients significantly (p ≤ 0.05)
improved the fruit shape index. The highest fruit shape index was recorded in fruits from
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plants treated with a combination of salicylic acid (SA) and potassium (K), followed by the
SA + K + Zn, SA + IAA, SA, and K treatments. In contrast, the control group exhibited
the lowest fruit shape index, followed by plants treated with SA + Zn, IAA, and Zn alone
(Figure 1A). Among the locations, fruits from Sargodha displayed the best shape index,
followed by those from Faisalabad and Layyah.

Figure 1. Effect of foliar application of plant growth regulators (PGRs) and nutrients on fruit shape
index (A); peel thickness (B); fruit drop percent (C); and fruit weight (D); in citrus orchards at different
selected locations. [Bars sharing similar alphabets did not differ significantly].

Peel Thickness: Peel thickness was significantly (p ≤ 0.05) increased by the foliar appli-
cation of PGRs and nutrients, with the control group having the thinnest peels (Figure 1B).
Among the treated plants, the thickest peel was observed in fruits from trees sprayed with
SA + K + Zn. Fruits from the Sargodha orchard had the thickest peels, followed by Layyah,
while fruits from Faisalabad showed the thinnest peels.

Fruit Drop Rate: The highest fruit drop rates were observed in control plants across all
sites, while the lowest rates were recorded in plants treated with SA + K + Zn. Conversely,
the control group had the highest fruit drop rate (Figure 1C). Among the orchards, the
Sargodha citrus orchard exhibited the lowest fruit drop, followed by Layyah and Faisalabad.

Fruit Weight: Fruit weight was significantly (p ≤ 0.05) affected by foliar applications
of PGRs and nutrients (Table 2). The heaviest fruits were produced by plants treated with
SA + K + Zn, which were statistically similar to those from plants treated with K, SA, and
SA + K. Among the locations, the Sargodha orchard produced the heaviest fruits, followed
by Layyah and Faisalabad (Figure 1D). This experiment highlighted the effectiveness of
foliar nutrient supplementation and plant growth regulators in improving key fruit quality
parameters, with variations across sites influencing the outcomes.

3.2. Juice Quality Analyses

The foliar application of PGRs or nutrients significantly influenced fruit juice quality
parameters except for juice pH (Table 2). However, a slight increase in fruit juice pH was
observed in plants treated with SA + K + Zn and SA + K compared to other treatments.
Variations in juice pH across the different sites were also non-significant, though juice
from the fruit of the Layyah orchard exhibited marginally higher pH levels, followed
by Faisalabad and Sargodha (Figure 2A). In contrast, the foliar application of PGRs and
nutrients significantly (p < 0.05) impacted juice electrical conductivity (EC) (Table 2). The
highest EC levels were recorded in fruits from trees treated with SA + K, which were
statistically comparable to those treated with SA + K + Zn. The lowest EC was found in the
juice from untreated control trees (Figure 2B). Variations in EC were also site-dependent,
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with the highest values recorded at the Layyah orchard, followed by Sargodha, and the
lowest EC in juice recorded at the Faisalabad orchard (Figure 2B).

 
Figure 2. Effect of foliar application of plant growth regulators (PGRs) and nutrients on fruit juice pH
(A); electrical conductivity (EC) (B); total soluble solids (TSS) (C); citric acid percentage (D); ascorbic
acid concentration (E); and juice TSS/acid ratio (F) in fruit juice of citrus orchards in selected locations.
[Bars sharing similar alphabets did not differ significantly].

Total Soluble Solids (TSS): TSS content in the fruit juice was significantly influenced
by the foliar application of PGRs and nutrients like K and Zn across all orchards (Table 2).
The highest TSS values were observed in juice from trees treated with SA + K + Zn, while
untreated trees had the lowest TSS values. Significant site-wise differences in TSS were also
noted, with the Sargodha orchard producing juice with the highest TSS content, and the
Faisalabad orchard producing juice with the lowest TSS content (Figure 2C).

Citric Acid Content: Foliar applications also affected citric acid levels in the juice. The
highest citric acid content was found in juice from untreated trees, whereas the lowest
levels were recorded in juice from trees treated with SA + IAA, which was statistically
similar to SA + K + Zn and K-treated trees (Figure 2D). Among the orchards, the Sargodha
orchard had the lowest citric acid content, followed by Layyah and Faisalabad.

Ascorbic Acid Content: The ascorbic acid concentration in fruit juice was significantly
enhanced by the foliar application of PGRs and nutrients (Table 2, Figure 3A). The highest
ascorbic acid content was found in juice from trees treated with SA + K + Zn, which was
statistically comparable to juice from trees treated with SA, SA + K, and K alone. The
control group (untreated trees) had the lowest ascorbic acid levels. Site-wise, ascorbic acid
content varied, with the highest levels found in juice from the Sargodha orchard, followed
by Layyah and Faisalabad (Figure 3A).
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Figure 3. Effect of foliar application of plant growth regulators (PGRs) and nutrients on fruit juice
volume concentration (A); fruit juice potassium contents (B); fruit juice phosphorus content (C);
and fruit juice nitrogen contents (D) in citrus orchards of selected locations. [Bars sharing similar
alphabets did not differ significantly].

TSS/Acid Ratio: The TSS/acid ratio, a crucial quality indicator, was significantly
influenced by foliar applications of PGRs and nutrients (Table 2). The highest TSS/acid
ratio was observed in juice from plants treated with SA + K + Zn, while the lowest ratio
was found in juice from untreated plants (Figure 3D). Among the locations, the Sargodha
orchard yielded the highest TSS/acid ratio, while the Faisalabad orchard had the lowest
(Figure 3D).

Fruit juice volume: A significant increase in fruit juice volume was observed after the
foliar application of PGRs and nutrients (Table 2). The highest juice volume was recorded
in fruits from plants treated with SA + K + Zn, while the lowest volume was found in fruits
from untreated control plants. There were also significant site-to-site variations (p < 0.05) in
fruit juice volume, fruits with the Sargodha orchard producing the highest juice volume,
followed by Layyah and Faisalabad (Figure 3A).

3.3. Fruit Juice Nutrient Contents

The foliar application of PGRs or nutrients significantly (p ≤ 0.05) affected nitrogen (N),
phosphorus (P), and potassium (K) contents, specifically. The highest fruit juice potassium
(K) contents were observed in fruits from trees sprayed with K alone, closely followed by
those treated with SA + K + Zn and SA + K (Figure 3B). In contrast, the lowest K content
was found in juice from untreated trees. Site-to-site variations were also significant, with
fruits from the Sargodha orchard having the highest juice K content, while those from the
Faisalabad orchard had the lowest juice K content (Figure 3B).

Fruit juice phosphorus (P) contents in fruit juice were similarly enhanced by foliar
applications of PGRs and nutrients (Table 2, Figure 3C). The highest fruit juice P contents
were found in juice from fruits of trees sprayed with K alone, with statistically similar
values observed for trees treated with SA. The lowest P contents were recorded in juice
from untreated trees (Figure 3C). Site-specific differences were also significant, with the
highest P contents found in fruit juice from the Sargodha orchard, followed by Layyah and
Faisalabad orchards (Figure 4B).
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Figure 4. (A) Scree plot representing the contribution of principal components towards cumulative
variability and (B) depicting the principal component analysis of studied traits under varying
treatments alone or in combination.

Nitrogen (N) contents in fruit juice also increased significantly following the foliar
application of PGRs and nutrients. The maximum N contents were recorded in fruit juice
from trees treated with SA + K + Zn, followed by SA + IAA and SA + K. The lowest N
contents were found in juice from untreated trees, closely followed by those treated with
SA + Zn and SA alone (Figure 3D). Similarly to other parameters, juice N content varied
across locations, with the highest levels found in juice from fruits of the Sargodha orchard,
followed by Layyah and Faisalabad.
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3.4. Principal Component Analysis

To better understand the variation in fruit quality traits resulting from the different in-
dividual and combined treatments, a Principal Component Analysis (PCA) was conducted.
The analysis focused on the first two principal components (PCs) due to their higher contri-
bution to the total cumulative variability. Specifically, PC-1 accounted for 62.7% of the total
variability, while PC-2 contributed an additional 11.5%. These two components together
captured a substantial portion of the data’s variation, making them key in interpreting the
results (Figure 4A).

PC-1 was primarily associated with several important fruit quality traits, including
nitrogen content (N), juice volume (JV), total soluble solids (TSS), fruit weight (FW), peel
thickness (PT), and fruit shape index (FSI). A strong, synergistic positive interaction was
observed among these traits, indicating that improvements in one were generally accompa-
nied by improvements in others. For instance, treatments that increased fruit weight often
also enhanced juice volume, nitrogen content, and fruit shape index, suggesting a coherent
pattern of positive relationships among these key parameters (Figure 4B). On the other
hand, PC-2 was mainly characterized by traits such as citric acid (CA) and fruit drop (FD).
Interestingly, these traits exhibited antagonistic relationships with the fruit quality traits in
PC-1. This suggests that while certain treatments enhanced juice volume and other positive
attributes, they might simultaneously reduce citric acid content and fruit drop (Figure 4B).

Regarding the site-specific effects, the combined foliar supplementation of salicylic
acid (SA), potassium (K), and zinc (Zn) at the Layyah site demonstrated a highly favorable
interaction in boosting pivotal traits such as nitrogen content (N), juice volume (JV), and
potassium content (K) in the juice. This highlights Layyah as a site where the combination
of SA + K + Zn was particularly effective in improving the quality of the fruits (Figure 4B).
At the Sargodha site, a different set of trends emerged. The foliar application of SA + Indole
acetic acid (IAA) significantly enhanced fruit weight (FW), underscoring the effectiveness
of this treatment in promoting heavier fruits. Additionally, the application of SA alone
resulted in a marked improvement in the total soluble solids (TSS) content of the fruit juice,
emphasizing the role of SA in enhancing the sweetness and overall quality of the fruit
produced at this site (Figure 4B).

These findings underscore the importance of both the specific combination of treat-
ments and orchard location in influencing fruit quality traits. The PCA provided a clear
separation of these relationships, helping clarify how certain traits were positively or
negatively influenced by the treatments in different contexts (Figure 4).

3.5. GGE Biplot Analysis

The GGE biplot analysis, introduced by Yan and Wu [24], was employed to evaluate
the effects of different treatments on citrus fruit cultivation across multiple sites, including
Sargodha, Layyah, and Faisalabad. This analysis helps to clearly understand how effectively
each treatment improves physiological traits and fruit quality. Moreover, GGE biplot
analysis is useful for identifying the most suitable site for citrus cultivation. The average
environmental coordinate (AEC) system was also used to assess the overall performance
of each treatment applied. In the GGE biplot, the first principal component (PC-1), which
accounts for 72.27% of the total variance, represents fruit quality, while the second principal
component (PC-2), contributing 19.3% of the variance, reflects the stability of each treatment
across the different citrus orchards. The results indicated that the foliar application of SA
+ K was most effective in enhancing fruit quality at the Sargodha site. In contrast, at the
Faisalabad and Layyah sites, the combination of SA + K + Zn significantly improved fruit
quality and juice concentration (Figure 5A).

The mean vs. stability analysis of the GGE biplot revealed that treatments positioned
closest to the mean line contributed the most to improving citrus fruit quality. The exoge-
nous application of SA + K at Sargodha played a crucial role in enhancing fruit attributes,
as it was located near the arrow on the line. Conversely, the lowest impact on fruit quality
was observed in plants sprayed with water across all sites (Figure 5B). The dotted line on
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the biplot represents the mean line, illustrating the stability of each treatment across the
different citrus orchards. The analysis further revealed that the SA + K + Zn treatment was
the most effective in improving fruit quality traits at the Faisalabad and Layyah orchards.
However, at the Sargodha orchard, the SA + K treatment yielded the most desirable fruit
quality outcomes. In contrast, water spray had a minimal impact on improving fruit quality
parameters at any of the selected sites (Figure 5B). Additionally, foliar supplementation
with SA + K proved to be the most effective in enhancing citrus fruit quality, followed
closely by IAA application. However, treatments with SA + Zn, SA alone, Zn, and IAA
individually did not produce the desired improvements in fruit quality and juice volume.

Figure 5. (A) GGE plot among two principal components (PC-1 and PC-2) demonstrating the stability
of each treatment in selected sites. (B) “Mean vs. Stability” representing GGE biplot unveiling the
effectiveness of each treatment at multiple locations.

3.6. GGE Biplot (Which-Won-Where

The GGE biplot (which-won-where, constructed using R software, identifies the best-
performing treatments at specific sites. The polygon representation helps differentiate
crossover from non-crossover treatments [25]. This analysis is useful for selecting suitable
environmental locations for ‘Kinnow’ cultivation, as well as for identifying PGRs or nu-
trients that can improve citrus fruit and juice quality and yield in Pakistan. Treatments
within the same sector indicate the best choices for each orchard. Each sector of the biplot
contains one “winning” treatment at the vertex of the polygon, signifying the treatment
most favorable for enhancing citrus fruit quality at the respective location [26]. The biplot
shows that the SA + K + Zn and K treatments are in a common sector and are suitable for
improving citrus fruit quality in Faisalabad and Layyah. However, the SA + K treatment
emerged as the winning treatment for the Sargodha site, proving essential in regulating
fruit quality parameters (Figure 6). In contrast, the treatments IAA and Zn did not associate
with any sector across the locations. Their effects were minimal and fell below the grand
mean of other treatments. However, the proximity of the IAA treatment to the origin
of the biplot suggests it has general stability across sites. This scenario illustrates the
interaction between treatments and locations, as each site has a specific winning treatment.
Positive interactions occurred between treatments and locations within the same sector,
while opposite sectors revealed antagonistic interactions [27].
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Figure 6. GGE biplot which-won-where representing the interaction between treatments and loca-
tions, unraveling the most promising treatment for the particular selected site.

3.7. Multi-Trait Genotype-Ideotype Index (MGIDI)

The MGIDI analysis was conducted separately for each location to determine the most
suitable treatment for each selected site. Identifying effective treatments to achieve desired
traits in citrus fruits can help farmers maximize citrus yields per hectare. According to
this novel index, two treatments, SA + K and SA + K + Zn, were particularly effective
in enhancing citrus fruit quality and juice quantity at the Sargodha site (Figure 7A–C).
Additionally, Figure 7B indicates that fruit drop is the most consistent factor contributing
to the decline in citrus productivity.

However, the Faisalabad site presented a slight variation, where SA + K + Zn and
SA + IAA were the key treatments for achieving the desired outcomes. In contrast, at the
Layyah site, SA + K and potassium (K) alone were crucial in attaining the desired traits in
citrus fruits. Overall, our findings suggest that the Sargodha site is highly conducive to
citrus cultivation due to its favorable traits, including lower fruit drop and citric acid levels
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compared to the other two locations. Notably, the SA + K + Zn treatment significantly
reduced fruit drop at the Sargodha site compared to other treatments.

Figure 7. Multi-trait genotype ideotype index (MGIDI) for each selected location revealed promising
treatments for particular sites. (A–C) (a) shows different treatments applied on the x-axis, and the y-
axis indicates the MGIDI index values. Treatments below the horizontal threshold line are considered
selected treatments highlighted with green color, while those above are non-selected treatments
indicated with red color. Selected treatments are closer to the ideotype, revealing better performance
based on the desired traits. (A–C) (b) demonstrates the selection differential for each trait. The top
panel depicted the negative desired selection of FD, while the below panel demonstrated the positive
and negative bars among the traits analyzed at three studied locations.

4. Discussion

The foliar application of potassium (K) and zinc (Zn) has been shown to significantly
increase fruit yield by enhancing fruit weight and size in citrus plants [28]. The observed
increases in fruit weight and shape index (size) with plant growth regulators (PGRs) and
nutrient treatments (Figures 1A and 2A) can be attributed to the stimulation of plant growth
and fruit development processes. These findings are consistent with those of Trejo et al. [29],
who demonstrated that combinations of PGRs can substantially affect fruit weight and
size. Regarding fruit retention (Figure 1C), the current results confirm the findings of
Vani et al. [30], who reported that foliar applications of growth regulators and nutrients
significantly improve fruit retention by reducing pre-harvest fruit drop (Figure 1C,D). In
this study, trees treated with SA + K + Zn exhibited the minimum fruit drop, while those in
control conditions had the maximum fruit drop across all orchards (Figure 1C). However,
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fruit drop varied by location, with the lowest levels recorded in Sargodha compared to
Layyah and Faisalabad. The combination of K, Zn, IAA, and other treatments proved
effective in reducing fruit drop until final harvest, ultimately boosting fruit yield. Similar
results were reported by Ferrara et al. [31], who found that the foliar applications of SA, 2,4-
D, K, and Zn increased fruit retention and decreased fruit drop in citrus. Additionally, the
foliar supplementation of SA + K + Zn can significantly improve fruit retention per tree by
reducing fruit drop [32]. Citrus fruit drop was a major issue across all orchards, primarily
caused by factors such as limited water availability during flowering/fruiting, temperature
fluctuations, and nutrient deficiencies, leading to hormonal imbalances [33]. Citrus is
highly nutrient-sensitive, and any imbalance can negatively impact fruit quality [34], as
seen in the control plants (Figure 1D). Thus, the proper care of plant health is crucial to
support fruit development and reduce fruit drop, ultimately increasing yield.

The application of Zn, K, and PGRs significantly enhanced fruit weight across all orchards
(Figure 2A), with the highest fruit weight observed in plants treated with SA + K + Zn. A
previous report conducted by Ashraf et al. [35] also attributed increases in fruit weight
to the combined use of SA, K, and Zn, while Shah et al. [36] confirmed the role of PGRs
and nutrient management in this regard. These findings suggest that such treatments are
essential for improving both fruit yield and quality. Peel thickness was not significantly
affected by the treatments (Figure 1B), although fruits from SA + K + Zn-treated plants
had thicker peels across all orchards, enhancing shelf life as thicker peels help fruits stay
fresh longer. Consumers prefer such fruits for their extended freshness. Similarly, the
non-significant influence of PGRs and nutrients on peel thickness was reported by Anwar
et al. [6], although Yao et al. [37] noted that Zn application can increase peel thickness.

The foliar application of PGRs (SA and IAA) and nutrients (K and Zn) significantly
increased juice volume across all orchards (Figure 2B). The combination of SA + K + Zn was
particularly effective in enhancing juice content, as confirmed by Majeed et al. [38], who
reported similar findings with Zn and K application, and Jain et al. [39] observed substantial
juice volume increases with PGRs and nutrient treatments. This improvement is crucial
for citrus growers, as juice factories prioritize fruits with a higher juice content, leading
to better economic returns. The juice pH was only slightly affected by the treatments,
with fruit from SA + K + Zn-treated plants showing a marginally higher pH (Figure 2C).
However, the electrical conductivity (EC) of the juice increased significantly following
the foliar application of PGRs and nutrients at all orchards (Figure 2D). Similarly, juice
total soluble solids (TSS) increased across all orchards, with the highest TSS observed in
fruits from trees treated with Zn, IAA, and SA + K + Zn (Figure 3A). These results are
consistent with earlier studies on citrus [22], as well as research on guava [40], peach [41],
pomegranate [42], and plum [43], all of which demonstrated the positive effects of PGRs and
nutrients on juice quality. Citric acid concentration decreased with Zn or Zn + K application
across all orchards, with the lowest levels recorded in plants treated with SA + K + Zn,
while control plants had the highest citric acid concentration (Figure 3B). Additionally, the
foliar application of PGRs and nutrients increased the ascorbic acid content of the juice
(Figure 3C). The TSS/acid ratio also increased with the application of Zn and K, either alone
or in combination, across all experimental sites (Figure 3D). These findings are supported
by the literature, such as [44], who found that applying 2,4-D, GA3, and NAA at flowering
improved juice ascorbic acid content, EC, TSS/acid ratio, yield, and quality in ‘Kinnow’
mandarin. Similarly, previous observations carried out by [45,46] demonstrated that PGR
and nutrient foliar sprays enhance juice TSS, ascorbic acid content, and the TSS/acid ratio.

In the present study, juice nutrient contents (N, P, K) were significantly improved
by the application of PGRs and nutrients (K and Zn). Potassium plays a vital role in
several physiological processes in citrus fruit, including cell division, protein synthesis,
growth, organic acid neutralization, and the formation of starch and sugars [47]. Due to
its importance, citrus fruit contains relatively high potassium levels compared to other
nutrients [48]. Potassium also enhances fruit size, flavor, and color [49]. These findings are
consistent with previous studies, such as [50], which showed that foliar application of Zn
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and K increased the uptake of macronutrients (N, K, P, Ca) and micronutrients (Fe, B, Zn,
Mn) in Citrus reticulata. The synergistic interactions between elements like P, K, N, Ca, and
Zn may account for the observed increase in nutrient levels following the foliar application
of plant growth regulators (SA and IAA) and nutrients (K and Zn). This is supported by
previous studies, including [51], which reported an increase in juice N, P, and K content
in ‘Kinnow’ mandarin, and [52], which found enhanced mineral content in Aonla fruit.
The current findings further confirm the effectiveness of PGR and nutrient applications,
resulting in significant increases in juice potassium (Figure 3A), phosphorus (Figure 3B),
and nitrogen (Figure 3C). Among the orchards, the fruits from Sargodha had the highest N,
P, and K content, followed by those from Layyah and Faisalabad.

Statistical analyses such as ANOVA (Table 2), PCA (Figure 4), GGE biplot (Figure 5),
and the MGIDI (Figure 6) are essential in determining the most suitable treatments for citrus
cultivation at the selected sites. PCA helps identify variability and interactions among
traits, while the GGE biplot reveals superior treatments across different locations [53]. The
novel MGIDI, in particular, assists in selecting the best treatment for achieving higher
citrus productivity. Our findings related to juice quality and quantity parameters, coupled
with site-specific analysis, enable the identification of the optimal location for producing
superior-quality fruits, considering the variation in traits influenced by both site and
treatment combinations.

The use of plant growth regulators (SA and IAA) and nutrients (K and Zn) led to
significant improvements in citrus fruit characteristics, including shape index (fruit size),
peel thickness, fruit retention, reduced fruit drop, fruit weight, juice volume, and juice
quality parameters such as EC, TSS, ascorbic acid, and TSS/acid ratio [54]. Variations in
these parameters between sites were attributed to differences in soil texture, soil nutrient
status, climatic conditions, and irrigation water quality [55]. However, at all selected
sites, the combined application of growth regulators and nutrients (SA, Zn, K) consistently
resulted in significant enhancements across all parameters.

5. Conclusions

This study, conducted across three citrus orchards in Punjab, Pakistan (Layyah, Faisal-
abad, and Sargodha), concludes that the foliar application of potassium (K) and zinc (Zn) at
100 mg/L each, combined with salicylic acid (SA) at 100 mg/L and indole acetic acid (IAA)
at 5 mg/L, significantly enhanced citrus tree performance regarding fruit and juice quality
parameters. Applied either individually or in combination at key growth stages, these treat-
ments reduced fruit drop, leading to improved fruit retention. Significant improvements
were also observed in fruit weight, size, peel thickness, juice volume, and quality metrics
such as electrical conductivity (EC), total soluble solids (TSS), ascorbic acid content, and the
TSS/acid ratio. Additionally, juice nutrient levels, particularly nitrogen (N), phosphorus (P),
and potassium (K), increased due to these treatments. Statistical analyses, including PCA
and GGE biplot, identified the most stable and effective treatment, with the SA + K + Zn
combination consistently yielding the best results across citrus orchards. While site-specific
variations were influenced by differences in soil, climate, and irrigation, this treatment was
consistently effective, making it a recommended strategy for boosting citrus fruit yield and
juice quality, ultimately enhancing economic returns for growers.
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Abstract: Sustainable management practices are crucial for the longevity of a monoculture vineyard,
especially in the context of a changing climate. Therefore, soil management practices in a vineyard
(T: tillage, T+FYM: tillage + farmyard manure, G: grass strips, G+NPK1: grass strips + rational rates
of NPK, and G+NPK2: grass strips + higher rates of NPK) were tested in a temperate climate of
Slovakia (Central Europe) under specific soil conditions (Rendzic Leptosol). We investigated the
influence of continuous cropping on soil chemical properties and microbial communities during
the dry and warm year of 2022. The results showed that the soil pH was higher by 19%, 21%, 24%
and 13% in T, T+FYM, G and G+NPK1, respectively, compared to G+NPK2. The lowest soil organic
matter (SOM) content was found in T, and it increased in the following order: T < T+FYM < G+NPK2
< G+NPK1 < G. Similarly, the lowest abundance of soil culturable bacteriota was found in T and
it increased in the following order: T < T+FYM = G+NPK2 < G+NPK1< G. Culturable bacteriota
was identified using mass spectrometry (MALDI-TOF MS Biotyper). The most numerous species
group was Bacillus, followed by Lactobacillus > Staphylococcus > Pseudomonas. The most frequently
isolated species were Bacillus megaterium (16.55%), Bacillus cereus (5.80%), Bacillus thuringiensis (4.87%),
and Bacillus simplex (4.37%). Positive relationships between SOM and soil culturable bacteriota were
found in the G and G+NPK1 treatments. Temperature also affected soil culturable bacteriota in all soil
management practices, most significantly in G+NPK1. Overall, the best scenario for the sustainable
management of a productive vineyard is the use of grass strips.

Keywords: Bacillus; fertilization; soil organic matter; grass strips; tillage

1. Introduction

The soil is a habitat for an immense variety of plant and animal life, encompassing
organisms spanning a wide size range, from microscopic entities that require a powerful
microscope to see, to larger forms like earthworms [1]. All of these organisms contribute to
the composition of soil organic matter (SOM) [2]. SOM in its broadest sense, encompasses
all of the organic materials found in soils irrespective of their origin or state of decomposi-
tion [2]. Every handful of soil contains billions of organisms, spanning nearly every living
phylum [3]. Soil microorganisms, including their numbers and biodiversity, significantly
influence soil quality, affecting its use and fertility [4]. Through a wide array of activities,
these organisms enhance the soil’s productivity. For example, they actively participate in
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cycles and transformations of plant-nutrient elements, facilitating their conversion from
one form to another [1,5,6]. Bacteria play a significant role in the microbial communities
associated with plants by colonizing the roots and rhizosphere [7]. This association helps
plants overcome dry periods [8], improves soil structure [9], etc. Soil microbes are also
indicators of soil quality [10], given their involvement in essential biochemical processes
crucial for soil’s environmental and ecological functions. This role could be pivotal in
agriculture’s pursuit of sustainable food security [11].

Climate change, a pressing environmental concern, has significant impacts on regional
ecosystems. For instance, in Central Europe, climate change triggers alternating periods of
extreme drought and heavy precipitation [12]. These fluctuations cause damage to property
and human health and contribute to overall environmental degradation, including soil
erosion. Soil microorganisms have their own specific requirements for life and depending
on the suitability of the environmental conditions, they are able to carry out certain soil
processes. For instance, for optimal mineralization of organic matter, microorganisms
require a neutral soil pH, a soil temperature in the range of 25–30 ◦C, and a soil environment
humidity of around 60% of the full water capacity [13]. Soil microorganisms facilitate
the humification of organic matter under optimal conditions, requiring a neutral pH,
sufficient sources of P, Mg, and N, balanced soil moisture, ample organic materials, and
elevated temperatures [13,14]. Furthermore, nitrogen transformations in soil are influenced
by the activity and species composition of microorganisms, organic matter quality, and
environmental soil conditions [6,15]. In addition, climate change, global warming, and
intensive agriculture are altering soil enzyme activities, which play a pivotal role in the
decomposition of organic matter and the global cycles of carbon (C), phosphorus (P), and
nitrogen (N), also serving as indicators of soil health and fertility [16]. The impact of
climatic change on microbial function in soil has been well-reviewed [17–21].

Soil management practices directly influence soil microorganisms [1,4,11] by creating
optimal conditions that support their growth and survival. However, the sustainability
and health of terrestrial ecosystems depend heavily on soil quality. Therefore, the degree
of restoration success can be evaluated based on the fertility and health of the soil. Soil
physicochemical and biological indicators of vegetation restoration have been measured
in earlier research [22]. Fertility and soil function depend on microorganisms [23,24].
Lundquist et al. [25], argued that microbial populations in soil break down organic matter,
storing and recycling nutrients. Thus, they have an impact on plant community growth,
either directly or indirectly [26]. The functional recovery of terrestrial ecosystems is sig-
nificantly influenced by microbially driven soil bioprocesses [27]. For example, soil tillage
reduces the communities of microorganisms and disturbs the hyphae network of micro-
scopic fungi [28]. Monoculture reduces the diversity of microorganism species [29]. The
addition of external organic matter to the soil affects qualitative and quantitative changes
in microbial populations, as well as increases or decreases their activity [30]. Farmyard
manure (as well as composts) is a source of a large number of diverse soil microorganisms.
Several studies [31–33] have confirmed an increase in the population and diversity of
microorganisms after the application of manure and compost to the soil. However, soil
management practices can also influence changes in the soil environment and thus affect
the soil microorganisms indirectly. As a result of different soil management practices, the
soil pH, supply of nutrients, and increases/decreases in the soil organic carbon (SOC)
stock can change. Different temperature and soil moisture conditions influence the abun-
dance and diversity of microbial species composition. In addition, the supply of external
organic matter or organic amendments, such as biochar, changes the chemical and phys-
ical properties of soils, and this also results in changes in the soil’s biological properties,
including the abundance and diversity of soil microorganisms, but also the support of
specific microfauna/flora [34]. The relationships between soil management practices, soil
microorganisms, and soil properties are very diverse. For example, the application of
biochar or farmyard manure results in nutrients entering the soil [35], an increase in the
soil’s organic substances, aggregation [36], and soil water retention [37]. On the other hand,
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the addition of organic fertilizers can support the negative priming effect [38]. Also, the
application of NPK fertilizers to the soil can be a source of available nutrients that support
the abundance of microorganisms; however, their application should be in accordance with
the requirements of cultivated plants and balanced with organic fertilization [4]. This is
because high doses of NPK fertilizer can cause soil salinization [28] and have a negative
effect on soil microorganisms [32]. Generally, growing cover crops or grass [39] is beneficial
for increasing the diversity of life in the soil, both in terms of number and species.

The above-mentioned soil management practices are commonly applied to arable
soils and vineyards all over the world, including the Slovak Republic. However, their
effects on soil properties vary. Modification of soil management practices is more difficult
in vineyards than in arable soils. Prior to planting a vineyard, a vine grower must assess
the soil and climate conditions to determine the correct soil management practices from
the point of view of long-term and sustainable management. Not every soil is suitable
for implementing all soil management practices sustainably or for increasing production
capacity, particularly given ongoing climate change and the associated rise in average air
temperature. As mentioned earlier, the activity and growth of microorganisms are also
influenced by temperature and soil moisture [1,3,11]. According to the Intergovernmental
Panel on Climate Change [40], since the pre-industrial period, the land surface air temper-
ature has risen nearly twice as much as the global average temperature. These changes
manifest in alterations to soil processes, including those involving microorganisms. For
this reason, it is necessary to optimize and implement such soil management practices that,
in addition to environmental functions, will satisfy the needs of farmers and vine growers.

In the past, bacteria were identified using microbiological approaches, such as evaluat-
ing the morphological and biochemical properties of isolates, or more recently, employing
molecular biology techniques. However, these methods are not suitable for rapid bacterial
identification and monitoring, as they typically require skilled laboratory personnel and
can take three to five days [41,42]. As an alternative to molecular identification meth-
ods and biochemical tests, MALDI-TOF MS (matrix-assisted laser desorption ionization
time-of-flight mass spectrometry) has gained popularity for microbiological identification
due to its speed, affordability, and labor-saving qualities. While several studies have ex-
plored its suitability for environmental microbiology, there is limited information on its
effectiveness in identifying aquatic bacteria directly isolated from the environment. Fur-
thermore, comparisons between identification methods using 16S rRNA gene sequencing
and MALDI-TOF MS (Bruker Biotyper) have been conducted across various environments,
including environmental mining samples, high-altitude soil samples, regular soil, and fresh
vegetables [43,44]. Studies have demonstrated the vast genetic diversity of soil bacteria [45],
with many bacterial species existing in soil lineages that lack known cultivated isolates [46].
Techniques such as mass spectrometry greatly facilitate the study of soil bacteriota ecology.
We assumed that a significant number of these microorganisms could be cultured using
simple, low-tech tools. Therefore, we evaluated the culturability of soil bacteria using a
basic growth medium. Our goal was to exceed the commonly observed 5% culturability
threshold, which often serves as the upper limit in cultivation research.

Based on the context provided, this study aimed to (1) quantify how soil management
practices in vineyards affect soil properties, abundance, and biodiversity of culturable
bacteriota, especially during dry and warm conditions; (2) assess dynamic changes in soil
properties and the abundance/diversity of culturable bacteriota; and (3) examine the rela-
tionships between these factors across different soil management practices in a productive
vineyard during a dry and warm year. This study tested the following hypotheses: (H1)
Soil parameters, including the abundance and species diversity of culturable bacteriota,
will stabilize under each soil management practice. (H2) The climate will influence changes
in soil properties. (H3) Changes in soil properties, including culturable bacteriota, under
NPK treatments will align with the timing and dosage of fertilizer application; higher rates
of NPK are expected to negatively impact these properties, while lower rates may have a
positive effect.
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2. Materials and Methods

2.1. Site Description and History of Experimental Vineyard

The study was conducted at an experimental vineyard located in Dražovce, a suburb of
the Nitra city (Figure 1), within the Nitra wine-growing region of Slovakia in Central Europe
(48◦21′6.16′′ N, 18◦3′37.33′′ E) in 2022. Dražovce is located between the western slopes of the
Tribeč mountain range (built of granitoid rocks and a packet of Mesozoic (Triasic) dolomites)
that belongs to the Carpathian Mountains and the Nitra River valley, constituting a part of
the Great Danubian Lowland. The slopes of the Tribeč mountain range and higher parts of
the Nitra River valley are covered with colluvial deposits built of weathered Carpathian
rocks and also with a widespread mantle of Quaternary silty loamy aeolian loess sediments
accumulated in periglacial conditions of the last glaciation [47]. The major soil types
in the proximity of the study area comprise Eutric Dolomitic Leptosol, Luvic Chernic
Phaeozem, Nudiargic Luvisol, Eutric Cambisol, Haplic Calcisol, Vermic Chernozem, and
Ekranic Technosol [48]. The region experiences a warm temperate climate classified as fully
humid with warm summers (Cfb) according to the Köppen–Geiger classification [49]. The
average annual air temperature and average annual precipitation are 10.7 ◦C and 559 mm,
respectively. July is the hottest month with the mean air temperature ranging between
16–18 ◦C, and January is the coldest month with an average air temperature ranging from
−2 to −4 ◦C. Table 1 presents the monthly precipitation and average air temperature in
2022. These meteorological properties were also compared with climatic normal 1991–2020.
Overall, the year 2022 can be classified as warm and very dry.

 
Figure 1. Location of the study area with the studied treatments.

The soil at the experimental site is classified as Rendzic Leptosol [50], which origi-
nated from Mesozoic sedimentary rocks, predominantly Cretaceous, Jurassic, and Triassic
limestones. The soil is sandy loam in texture (with 57% of sand, 33% of silt, and 10% of
clay), and its pH in H2O is slightly alkaline (7.28). The initial soil properties before the
establishment of the experiment were as follows: low soil organic carbon (SOC: 17 g kg−1),
fully saturated soil sorption complex (Bs: 99.3%), high cation exchange capacity (CEC:
47.6 cmol kg−1), very low total nitrogen (Nt: 0.11 g kg−1), and a good supply of available
P (99 mg kg−1) and K (262 mg kg−1).
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Table 1. Monthly precipitation and average air temperature in 2022 (evaluation of standard monthly
precipitation and average air temperature are based on long-term averages for the period 1991–2020).

Month

Total Precipitation Average Air Temperature

Climatic
Normal

(mm)

Year
2022
(mm)

Difference
(%)

Classification
Climatic
Normal

(◦C)

Year
2022
(◦C)

Difference
(◦C)

Classification

January 32.8 0.99 3 extremely dry −0.5 5.9 5.4 extremely warm
February 28.9 34.5 119 normal 1.3 3.6 2.3 normal

March 32.9 3.5 11 extremely dry 5.5 4.6 −0.9 normal
April 36.3 12.9 36 very dry 11.4 8.5 −2.9 cold
May 59.3 12.7 21 very dry 16.0 15.8 −0.2 normal
June 59.1 88.4 150 wet 19.6 20.7 1.1 warm
July 64.6 60.4 94 normal 21.7 21.5 −0.2 normal

August 54.6 59.9 110 normal 21.1 21.9 0.8 normal
September 58.1 6.6 11 very dry 15.9 14.4 −1.5 cold

October 46.1 27.5 60 normal 10.4 11.5 1.1 warm
November 44.9 8.7 19 very dry 5.6 5.5 −0.1 normal
December 41.6 67.2 162 wet 0.7 1.35 0.7 normal

The history of the locality where the vineyard is situated (southwestern slopes of the
Tribeč Mountains) dates back to the 11th century. After the deforestation of the southern
and southwestern slopes, vine cultivation has taken place here with varying intensity and
has been preserved more or less to this day. Parts of this locality were reforested in the
1950s. Other neglected areas were overgrown with bushes and trees, and parts began
to be used for horticulture. Before the establishment of the current vineyard, vines were
grown on this site until the 1990s. Later, this vineyard was neglected and abandoned. The
vineyard was covered with overgrown bushes and trees. In 1999, the site was cultivated
(vegetation was removed and the area was plowed to a depth of 30 cm). In the spring of
2000, a new vineyard (Vitis vinifera L. cv. Chardonnay) was planted. The area between
the rows of vines was plowed every autumn, and during the growing season, the vine
was intensively tilled. An experiment with different soil management practices in this
productive vineyard was established in 2006, with the first application of farmyard manure
in autumn 2005.

2.2. Design of Experimental Vineyard

The study utilized a randomized block design, comprising five treatments, with each
treatment having three replicated plots. Below are brief descriptions of the individual
treatments that represent different soil management practices in a productive vineyard:

T: Tillage system—involved soil plowing up to a depth of 25 cm between the rows of vines
every autumn. During the vine vegetation season, intensive tillage was performed using a
cultivator to a maximum depth of 12 cm. The purpose of soil loosening was to regulate or
remove weeds between the vine rows, which was done on average three times during the
vegetation season. No manure or mineral fertilizers were applied.
T+FYM: A tillage system combined with the incorporation of farmyard manure by plowing
in 4-year cycles. The soil tillage was the same as in the T treatment, both in autumn
and during the vine vegetation season. In 2005, 2009, 2013, 2017, and 2021, farmyard
manure was applied to the soil surface at a dose of 40 t ha−1 and incorporated to a depth of
20–25 cm. The poultry manure used had 55% organic substances in the dry matter, 2.8%
total nitrogen (Nt), 1.3% phosphorus (P2O5), 1.2% potassium (K2O), and a pH ranging from
6 to 8.
G: Grass between vine rows—a mixture of grasses, including Lolium perenne L., Poa pratensis L.,
Festuca rubra subsp. commutata Gaudin, and Trifolium repens L. were sown in spring 2006 at a
ratio of 50:20:25:5. The aboveground grass biomass was cut down on average three times per
vine vegetation season. The cut biomass was left in situ on the surface as a mulch layer. In this
treatment, grass strips were not fertilized.
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G+NPK1: Grass strips between vine rows and the application of NPK at the first fertil-
ization level. Between the rows of vines, the same mix of grasses as well as the same
management practice as in the case of G treatment was used. Application doses of N,
P, and K were 100 kg ha−1, 30 kg ha−1, and 120 kg ha−1, respectively. Every year, the
nutrients were applied to the soil in the following ratios, 1/2 in March (bud burst) and 1/2
in May (flowering).
G+NPK2: Grass strips between vine rows and the application of NPK at the second fertiliza-
tion level. Between the vine rows, the same mix of grasses and the same management prac-
tices as in the G treatment were used. Application doses of N, P, and K were 125 kg ha−1,
50 kg ha−1, and 185 kg ha−1, respectively. Every year, the nutrients were applied to the soil
in the following ratios, 2/3 in March (bud burst) and 1/3 in May (flowering).

2.3. Soil Sampling

Soil samples were collected monthly from all studied soil management treatments in
the productive vineyard from February to November 2022 using a spade. Sampling was
done at a depth of 0–20 cm to capture the most intensive effects of all soil management
practices on soil chemical and biological properties. The samples from each treatment were
then mixed into one composite sample.

2.4. Chemical Analysis

After removing the litter, roots, and stones, the soil samples were air-dried for the
determination of soil pH, electrical conductivity (EC), soil organic carbon (SOC), labile
carbon (CL), and microbial parameters. Soil pH was determined potentiometrically in
distilled water with a ratio of 1:2.5 (soil/water) using a pH meter (HI 2211, HANNA
Instruments, Smithfield, RI, USA). EC was measured via a conductomer (DiST HANA
HI 9831, HANNAInstruments, Smithfield, RI, USA), where a sample of soil was diluted
with distilled water in a ratio of 1:2. SOC content was measured using the wet combustion
method—oxidation of soil organic matter by a mixture of 0.07 mol L−1 H2SO4 and K2Cr2O7,
with titration using Mohr’s salt [51]. The determination of CL content was prepared
by shaking of 1 g of soil sample for 2 h in 50 mL solution of 0.005 mol L−1 KMnO4
and 0.0025 mol L−1 H2SO4. After centrifugation, CL was determined via oxidation of
0.07 mol L−1 H2SO4 and K2Cr2O7, with titration using 0.05 mol L−1 Mohr’s salt. [52].

2.5. Bacterial Analysis

Bacterial populations, colony forming units (CFU), and bacterial species were evalu-
ated in dry soil. A sample of soil weighing 1 g was diluted in 99 mL of 0.1% sterile saline
solution. To acquire bacterial isolates, two culture mediums were used, tryptone soya agar
(TSA, Oxoid, Merck, Austria) and plate count agar (PCA, Oxoid, Merck, Austria). PCA
and TSA were preferred for cultivating soil microorganisms due to their nutrient content,
solidification properties provided by agar, versatility in formulation, and standardized use
in microbiological research. The bacteria community was cultivated on TSA and PCA for
48–72 h at 30 ◦C. The cultivated colonies were counted and the samples were created, as
previously reported by Kačániová et al. [53]. The samples were transferred from a petri
dish to an Eppendorf flask along with 300 mL of mixed distilled water and 900 mL of
ethanol. The mixture was then centrifuged at 10,000× g for 2 min using an ROTOFIX 32A
(Ites, Vranov, Slovakia). The supernatant was discarded, and the precipitate was allowed
to dry at 20 ◦C. Subsequently, 30 μL of 70% formic acid and 30 μL of acetonitrile were
applied to the pellet. The mixture was then centrifuged for 2 min at 10,000× g. The stock
solution, prepared to be used as an organic reagent, contained 500 μL of pure acetonitrile,
475 μL of pure distilled water, and 25 μL of pure trifluoroacetic acid, corresponding to
50%, 47.5%, and 2.5% of the solution, respectively. “HCCA matrix portioned” was then
added to 250 μL of the prepared organic solvent in an Eppendorf flask. All components
for the matrix solution were obtained from Brucker (Bremen, Germany). Finally, 1 μL of
supernatant from the bacterial sample was added to a MALDI plate and was allowed to dry.
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A volume of 1 μL of prepared MALDI matrix covered all samples. Automatically generated
mass spectra with a mass range of 2.000–20.000 Da were created using the microflex LT
MALDI-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany). The apparatus was
calibrated using the Bruker bacterial test standard. The outcomes of the mass spectra were
processed using the MALDI Biotyper 3.0 tool from Bruker Daltonics in Bremen, Germany.
A score between 2.300 and 3.000 indicated highly probable identification at the species
level, a score between 2.000 and 2.299 secured genus identification with probable species
identification, a score between 1.700 and 1.999 indicated probable identification at the genus
level, and a score of less than 1.700 was regarded as unreliable identification.

2.6. Statistical Analysis

The data were analyzed using one-way ANOVA and the means (average values of
soil parameters over the whole study period) were compared using a Tukey test at p < 0.05.
The Mann–Kendall test was used to evaluate the trends of the soil parameters during
the investigated period. Multivariate clustering and principal component analyses (PCA)
were performed on the coefficients determined in the multiple linear regression analysis.
Cluster analysis was conducted based on Ward’s method and squared Euclidean distance.
The link between the microbial, physicochemical soil parameters, and climatic conditions
was assessed using a correlation matrix. Spearman’s correlation coefficient was used to
describe the relationship between each pair of variables for each treatment separately
using a monotonic function. All data were analyzed using the Statgraphics Centurion XV.I
program (Statpoint Technologies, Inc., Washington, DC, USA).

3. Results

3.1. Effect of Soil Management Practices on Soil pH

The dynamics of soil pH did not exhibit a trend in any of the treatments (Table 2). In
the T, T+FYM, and G treatments, the soil pH remained fairly balanced from February to
November 2022. However, the soil pH responded sensitively to the application of NPK
fertilizers at both levels. An increase in soil pH was observed in spring and autumn. A
decrease was observed in summer and winter in the fertilized treatments. The treatment
with higher NPK fertilization of the grass strips between the vine rows resulted in a
more pronounced acidification effect compared to the treatment with lower fertilization.
Overall, the average soil pH values from February to November 2022 were higher by
0.6 and 0.15 pH units in the T+FYM and G treatments, respectively, and lower by 0.84
and 1.68 pH units in the G+NPK1 and G+NPK2 treatments, respectively, compared to
the T treatment (Table 3).

Table 2. Dynamics of soil parameters according to the results of the Mann–Kendall test.

Treatments

Abundance of
Culturable Bacteriota

Soil pH EC CL SOC

Mann-Kendall Trends

T Increasing Stable/No Trend Stable/No Trend Decreasing Stable/No Trend
T+FYM Stable/No Trend Stable/No Trend Stable/No Trend Decreasing Stable/No Trend

G Stable/No Trend Stable/No Trend Stable/No Trend Stable/No Trend Stable/No Trend
G+NPK1 Stable/No Trend Stable/No Trend Stable/No Trend Stable/No Trend Stable/No Trend
G+NPK2 Stable/No Trend Stable/No Trend Stable/No Trend Stable/No Trend Stable/No Trend

Note: EC—electrical conductivity, CL—labile carbon, SOC—soil organic carbon, T—tillage and no fertilization,
T+FYM—tillage and application of farmyard manure every 4 years at a rate of 40 t ha−1, G—grass strips and no
fertilization, G+NPK1—application of NPK to grass strips at 1st fertilization level, G+NPK2—application of NPK
to grass strips at 2nd fertilization level.
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Table 3. Results of the ANOVA for the soil parameters depending on soil management practice.

Treatments Abundance of Culturable Bacteriota Soil pH
EC CL SOC

m S/m g/kg

T 4.0 ± 0.39 a 6.89 ± 0.09 bc 277 ± 68 a 1.77 ± 0.24 a 14.4 ± 0.88 a

T+FYM 4.1 ± 0.30 a 7.01 ± 0.07 bc 342 ± 64 a 1.84 ± 0.33 a 18.4 ± 1.13 b

G 4.3 ± 0.35 a 7.20 ± 0.08 c 395 ± 65 a 4.02 ± 0.88 b 31.8 ± 6.12 d

G+NPK1 4.2 ± 0.46 a 6.51 ± 0.63 b 1309 ± 888 b 3.91 ± 0.97 b 27.9 ± 5.65 c

G+NPK2 4.1 ± 0.39 a 5.79 ± 0.74 a 2825 ± 1167 c 3.62 ± 0.63 b 25.1 ± 2.82 c

Note: EC—electrical conductivity, CL—labile carbon, SOC—soil organic carbon, T—tillage and no fertilization,
T+FYM—tillage and application of farmyard manure every 4 years at a rate of 40 t ha−1, G—grass strips and no
fertilization, G+NPK1—application of NPK to grass strips at 1st fertilization level, G+NPK2—application of NPK
to grass strips at 2nd fertilization level. The values represent means and standard deviations for the treatments
from February up to November 2022. Different letters within columns indicate heterogeneous groups of the
means based on Tukey’s test at a 0.05 significance level.

3.2. Effect of Soil Management Practices on Electrical Conductivity

Soil management practices in the productive vineyard significantly affected the aver-
age EC (Table 3) and its dynamics during the investigated period. Overall, based on the
results of the Mann–Kendall analysis, the EC values remained stable across treatments
(Table 2). The application of NPK fertilizers led to an increase in EC values, peaking in
June, with a more pronounced effect in the G+NPK2 treatment. However, even in these
treatments, no clear trend (either an increase or decrease) in EC values was observed during
the warm and dry year of 2022.

3.3. Effect of Soil Management Practices on Labile Carbon Content

The dynamics of CL for the investigated period are evaluated in Table 2. A sig-
nificant linear decrease in CL was observed in the T and T+FYM treatments by 61 and
89 mg kg−1 month−1, respectively. This corresponds to a decrease of 28% and 20% CL,
respectively, over a period of 10 months. In contrast, the CL values in the other treatments
(G, G+NPK1, and G+NPK2) fluctuated considerably and were an order of magnitude
higher than in the T and T+FYM treatments. In the G treatment, a steep increase in CL
was observed during the spring period, peaking in April. Then, CL gradually decreased
until the end of summer and again increased in the autumn period. A more significant
sensitivity in CL content was observed during the period from February to November 2022
in the treatments with NPK fertilization applied to the grass strips between the vine rows.
Overall, the mean CL values were higher by 4%, 127%, 120%, and 104% in the T+FYM, G,
G+NPK1, and G+NPK2 treatments, respectively, compared to the T treatment (Table 3).

3.4. Effect of Soil Management Practices on Soil Organic Carbon Content

A linear decrease in CL was observed in the T and T+FYM treatments from February
to November 2022, but it did not affect the dynamics of changes in SOC content in these
treatments. SOC remained relatively stable and did not show any significant trend in
changes based on the Mann–Kendall analysis (Table 2). In the G treatment, two peaks of
SOC increase were identified in July and November. The SOC dynamics at both levels
of NPK application showed a similar trend in spring and summer but diverged during
autumn. In the autumn period, a more pronounced sensitivity to changes in SOC was
observed in the G+NPK1 treatment compared to the G+NPK2 treatment. However, even
these changes did not have a significant effect on the SOC contents in these treatments
during the investigated period (Table 2). Overall, the lowest SOC content was found in the
T treatment. SOC in the other treatments increased in the following order: T < T+FYM <
G+NPK2 < G+NPK1 < G treatment (Table 3).
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3.5. Effect of Soil Management Practices on Abundance and Species Diversity of Soil
Culturable Bacteriota

During the investigated period, the abundance of culturable bacteriota did not change
significantly in the T+FYM, G, G+NPK1, and G+NPK2 treatments. Differences were
observed in the peaks of the number of culturable bacteriota depending on the soil man-
agement practices. However, the overall changes in the trends of bacterial counts over
the entire period (from February to November 2022) were balanced and stable. According
to the Mann–Kendal test, an increase in the number of soil culturable bacteriota could
be observed only in the T treatment as a result of aeration. The results showed that an
intensive tillage system in the productive vineyard increased the number of culturable
bacteriota at an average rate of 0.09 log CFU/g per month, which means an increase of 34%
during the period of February to November 2022.

Overall, in the T treatment, 39 species, 21 genera, and 18 families of culturable bacteri-
ota were isolated (Figure 2). The most frequently isolated species were Bacillus megaterium
(20.17%), followed by Bacillus thuringiensis (6.44%), and Bacillus cereus (5.58%) in this treat-
ment. Treatment with a tillage system with plowing of farmyard manure every 4 years
(T+FYM) provided 40 isolated and cultivated bacterial species (Figure 3) included in
22 genera and 19 families, with the most frequently isolated species being Bacillus mega-
terium (12.99%), followed by Bacillus thuringiensis (9.06%) and Bacillus simplex (5.12%). In the
G treatment, 35 species were cultivated (Figure 4), classified into 21 genera and 19 families.
The most frequently isolated species in the G treatment were Bacillus megaterium (16.89%),
Bacillus spp. (10.50%), Bacillus cereus (8.68), Bacillus thuringiensis (4.57%), and Bacillus licheni-
formis (4.57%). In the G+NPK1 treatment, 45 species of culturable bacteriota, 26 genera,
and 21 families were isolated (Figure 5). The most frequently isolated species were Bacillus
megaterium (15.02%), followed by Bacillus simplex (8.06%), Bacillus cereus (6.96%), and Bacil-
lus licheniformis (5.13%). In contrast to the G+NPK1 treatment, which provided the highest
variability of analyzed species, the G+NPK2 treatment had the lowest number of culturable
bacteriota with 33 species, 15 genera, and 14 families (Figure 6). The most frequent species
in this treatment were Bacillus megaterium (18.48%), followed by Bacillus amyloliquefaciens
(6.64%), Bacillus endophyticus (6.16%), and Bacillus simplex (6.16%). In summary, our study
isolated 140 of soil culturable bacteriota species, 59 genera, and 40 families (Figure 7). The
most represented species were Bacillus megaterium (16.55%), Bacillus cereus (5.80%), Bacillus
thuringiensis (4.87%), and Bacillus simplex (4.37%).

3.6. Relationships between Soil Parameters and Soil Culturable Bacteriota

The PCA analysis (Figure 8A) revealed a correlation between the averages of CL, SOC,
and the number of culturable bacteriota throughout the entire study period (February to
November 2022). The average values of these variables were highest in the G and G+NPK1
treatments. EC was negatively correlated with soil pH. The average value of EC was highest
in the G+NPK2 treatment, whereas soil pH was highest in the T and T+FYM treatments.
The soil management practices in the productive vineyard in the T and T+FYM treatments
were significantly different from those under other management practices (Figure 8B).

Table 4 presents the correlation coefficients between the number of culturable bac-
teriota and other soil properties and climatic characteristics (variables) under different
soil management practices in the productive vineyard from February to November 2022.
During the investigated period, average air temperature was the most significant variable
among all properties, positively influencing the number of culturable bacteriota, not only
when all treatments were assessed together, but also separately, especially in the treatments
with grass strips between vine rows (G, G+NPK1, and G+NPK2). The strongest correlation
was found in the G+NPK1 treatment compared to the G and G+NPK2 treatments. In the
T treatment, the number of culturable bacteriota increased as a result of greater nutrient
availability, reflected by higher EC values. No correlations between culturable bacteriota
abundance and other variables were found in the T+FYM treatment. Notably, culturable
bacteriota abundance had a significant influence on SOC, but only in the G+NPK2 treat-
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ment, where lower SOC values corresponded to higher culturable bacteriota abundance.
Furthermore, the correlation analysis revealed a significant positive correlation between air
temperature and precipitation (r = 0.71) in our experiment.

Figure 2. Krona chart: Isolated species of culturable bacteriota from the T treatment.

Figure 3. Krona chart: Isolated species of culturable bacteriota from the T+FYM treatment.
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Figure 4. Krona chart: Isolated species of culturable bacteriota from the G treatment.

Figure 5. Krona chart: Isolated species of culturable bacteriota from the G+NPK1 treatment.
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Figure 6. Krona chart: Isolated species of culturable bacteriota from the G+NPK2 treatment.

 

Figure 7. Krona chart: Isolated species of culturable bacteriota from all treatments.
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(A) (B) 

Figure 8. (A) Relationships between objects (T, T+FYM, G, G+NPK1, and G+NPK2) and averages of
the describing variables (culturable bacteriota, pH, EC, CL, and SOC) over the entire study period,
and (B) Similarities between objects T, T+FYM, G, G+NPK1, and G+NPK2 based on the describing
variables (culturable bacteriota, pH, EC, CL, and SOC) over the entire study period.

Table 4. Correlation coefficients between culturable bacteriota, soil pH, EC, CL, SOC, air temperature,
and precipitation for the T, T+FYM, G, G+NPK1, and G+NPK2 treatments. Each treatment is referred
to with a different color: T (light blue)—tillage with no fertilization, T+FYM (light green)—tillage
and the application of farmyard manure every 4 years at a rate of 40 t ha–1, G (light gray)—grass
strips with no fertilization, G+NPK1 (light red)—application of NPK fertilizers to grass strips at the
first fertilization level, G+NPK2 (yellow)—application of NPK fertilizers to grass strips at the second
fertilization level. Numbers in red font present significant correlations at a significance level of 0.05.

Culturable Bacteriota Soil pH EC CL SOC Air Temperature Precipitation
Culturable bacteriota −0.09 0.69 −0.26 −0.26 0.35 −0.08

Soil pH −0.07 0.16 0.40 −0.25 −0.23 −0.20
EC 0.58 0.13 −0.25 −0.13 0.62 0.22
CL −0.19 0.22 −0.14 −0.14 −0.07 −0.02

SOC −0.31 0.25 −0.27 0.20 0.31 0.11
Air temperature 0.17 −0.34 0.68 −0.38 −0.39 0.71

Precipitation −0.13 −0.36 0.32 −0.01 −0.37 0.71
Culturable bacteriota −0.20 0.52 0.35 0.43 0.68 0.17

Soil pH −0.44 −0.73 −0.92 −0.45 −0.39
EC 0.23 0.53 0.69 0.43
CL 0.87 0.35 0.17

SOC 0.52 0.32
Air temperature 0.71

Culturable bacteriota 0.09 0.54 −0.08 0.08 0.79 0.32
Soil pH 0.17 −0.51 −0.12 −0.26 0.00 −0.49

EC 0.37 −0.43 −0.01 −0.13 0.78 0.90
CL −0.07 0.47 −0.03 0.74 −0.07 −0.02

SOC −0.65 0.01 −0.11 0.70 −0.18 −0.26
Air temperature 0.63 −0.02 0.64 0.25 −0.01 0.71

Precipitation 0.05 −0.44 0.81 0.19 0.32 0.71

4. Discussion

4.1. Effect of Soil Management Practices on Soil Properties and Soil Culturable Bacteriota

In the experimental vineyard, the soil type is Rendzic Leptosol, which represents
about 4.7% (115 thousand ha) of the total agricultural land in Slovakia [54]. Leptosols
are the most extensive reference soil group on earth, extending over about 1655 million
ha. They are found from the tropics to the polar regions and from sea level to the highest
mountains [50]. Therefore, this experiment is informative for the Slovak territory and
significant for understanding a substantial proportion of the world’s soils. The vine is

106



Horticulturae 2024, 10, 753

generally not demanding in terms of available nutrient content, as it is able to efficiently
utilize them very well from the overall soil supply [55]. However, this does not imply that
the vine does not require optimal soil conditions for its growth and development. White [56]
identified several crucial factors for successful vine growth: soil depth, soil structure, water
content, soil cohesion, chemical properties, nutrient supply, and soil organisms. Most of
these soil parameters can be effectively managed by vine growers through soil management
practices in vineyards [57,58], or they can be minimized even before planting the vines [59].
Among the physico-chemical properties, soil pH is particularly crucial, as it directly affects
the abundance and species diversity of soil organisms, soil reactions and processes, the
availability and mobility of nutrients in the soil, and their transfer to plants, including
vines [55,56]. Fertile soils can exhibit a relatively broad range of soil pH, while most
cultivated plants thrive within a pH range of 5.5 to 6.5 [15]. This range is also suitable for
most soil microorganisms, as plants grow well and produce more root exudates, providing
a carbon source for the survival and multiplication of microbes [60]. However, most
bacteria thrive around a neutral pH [61]. In this study, the soil pH ranged from 5.7 to 7.2
(slightly acid to neutral) and overall soil management practices in the productive vineyard
significantly affected its values (Table 3). Different effects of soil management practices
on pH changes were also observed throughout the warm and dry year of 2022 (Table 2).
Soil pH was affected mainly by the addition of NPK fertilizers, where a higher rate of NPK
markedly influenced the acidification effect. However, in terms of nutrient regime and
plant nutrient uptake, altered soil pH values may appear to be beneficial [62] in the case of
the G+NPK1 treatment in this study. From a geological perspective, the soil in the vineyard
was formed from Mesozoic sedimentary rocks, predominantly Cretaceous, Jurassic, and
Triassic limestones [48], and had a medium content of organic C [20], which ensured a
functioning buffering system [63], especially in the T, T+FYM, and G treatments. These soil
management practices in the productive vineyard did not cause significant fluctuations in
soil pH during the warm and dry year of 2022 (Table 2). Moreover, in the T+FYM treatment,
poultry manure with 55% organic substances in the dry matter was applied, and its pH
ranged from 6 to 8. In terms of soil pH, a stressful environment for the soil fauna was not
created compared to the G+NPK2 treatment (Tables 2 and 3).

The total nutrient supply (Table 3) and the dynamics of changes (Table 2) during
the warm and dry year of 2022 were dependent on soil management in the vineyard. A
high salt concentration above 1600 m S m−1 represents strong salinization [63], which is
a stressful condition for cultivated plants and soil microorganisms [62]. In the G+NPK2
treatment, EC values were several times higher than in the T, T+FYM, and G treatments.
In the G+NPK1 treatment, EC values were relatively high, but below the critical level.
From an economic perspective, as well as from the perspective of minimizing stress for
soil culturable bacteriota (ecological perspective), the EC values were the most optimal in
the G treatment (Tables 2 and 3).

Soil management plays a key role in changes in SOM [64]. In the productive vineyard,
the implementation of various soil management practices had a statistically significant
impact on the overall SOM (Table 3). Additionally, significant changes in the dynamics of
the labile fraction (CL) were observed in the T and T+FYM treatments during the warm
and dry year of 2022 (Table 2). The SOM in treatments increased in the following order:
T < T+FYM < G+NPK2 < G+NPK1 < G. In the T treatment, the lowest SOM was linked to
intensive SOM mineralization. Intensive tillage systems promote soil aeration and support
aerobic microflora responsible for increased SOM mineralization, resulting in a decrease in
C and an overall low C stock in the soil [65]. Although CL significantly decreased, the stable
SOM fraction did not show any increase or decrease in trend during the period of 2022. This
indicates that the SOM is in an equilibrium state in terms of its balance [66]. Trends in other
treatments showed stability in SOC over the observed period (Table 2). The application of
FYM results in an increase in SOM [67] and its supply is higher in such soils. Compared to
the T treatment, SOC increased from 14.4 to 18.4 g kg−1 in the T+FYM treatment. Permanent
grassing and grass strips in vineyards have a positive effect on increasing SOM [58] and
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this is also evidenced by the results of our study. In the G treatment, the trend in SOM
was balanced during the warm and dry year of 2022 (Table 2). It is noteworthy that in
the long term, SOM in this treatment (grass strips) is constantly growing, as reported by
Šimanský et al. [68]. This is typically the regeneration scenario of previously intensively
cultivated land [69]. In the G treatment, the observed SOC was higher by 55, 42, 22, and
21% when compared to T, T+FYM, G+NPK1, and G+NPK2 treatments, respectively. NPK
fertilization can increase crop yields and plant and root residue input into the soil system
and eventually result in an increase in the soil’s organic carbon content [70]. On the other
hand, fertilizers can also decrease the C content compared to unfertilized soil [71], which
can be reflected in a decline in SOM parameters. However, application dose is critical, as
evidenced by the findings of this study. In both treatments with NPK application, SOC was
lower than in the G treatment and SOM did not show any significant changes during the
period of the warm dry year (Table 2).

Interestingly, the abundance of culturable bacteriota in all treatments was balanced
(Table 3) and did not change significantly in T+FYM, G, G+NPK1, and G+NPK2 treatments
during the warm and dry year of 2022. A significant change occurred only in the case of the
T treatment, where we observed a significant increase in counts of culturable bacteriota dur-
ing the studied period. This may be related to the formation of optimal aerobic conditions
for the variance of bacterial species and the subsequently more intensive mineralization of
SOM [54], as shown in the results of this study (Table 2—decreasing trend in CL values in
the T treatment, and Table 3—the lowest values of SOC and CL in the T treatment). Soil mi-
croorganisms are regarded as reliable indicators of soil quality [32]. Persistent monoculture
and long-term fertilization impact the microbial community compositions in soil [72], as
confirmed by the findings of our study (Figures 2–7).

The representation of individual species, genera, and families considerably differed de-
pending on the soil management practices in the productive vineyard. In the T+FYM treat-
ment, the second-greatest overall biodiversity of microorganisms was observed (Figure 3).
As stated by Iqbal et al. [33], the incorporation of FYM provides the soil with a whole
range of soil microorganisms living in the manure, in addition to nutrients. FYM is usually
plowed/incorporated into the soil, which promotes the development of aerobic microflora,
so the fact that the T treatment (Figure 2) reached the third-highest biodiversity is not
a surprising result. According to Natywa et al. [73], agrotechnical treatments such as
fertilization have a significant impact on the activity of soil microorganisms. This is also
confirmed by the results of Wolny-Koładka et al. [4]. However, the abundance and species
of culturable bacteriota were highly differentiated and changed depending on the type
and amount of applied fertilization as well as the plant species cultivated. Overall, the
greatest microbial diversity was found in the G+NPK1 treatment (Figure 5). On the other
hand, a higher rate of NPK (Figure 6) resulted in a decrease in bacterial biodiversity. The
main reason may be due to the higher concentration of salts in the soil solution, as reported
by Zhao et al. [29], which is also supported by the results of our study (Table 3). High EC
values come from higher rates of NPK fertilizers, which means a negative effect on the
biodiversity of soil microorganisms [32]. In the case of this study, Bacillus was the most
numerous genus analyzed in our soil samples (Figure 7). Bacillus is a bacterium normally
present as part of the soil microbiome. The ability to form spores also helps this bacterium
to survive even in less favorable conditions. Among the aerobic bacteria, there were also
more represented bacteria such as the genera Lactobacillus, Staphylococcus, and Pseudomonas,
which are commonly found as part of the soil microbiome [74].

The results of this study showed that hypothesis H1 was only partially confirmed,
because not all soil parameters, including abundance and species variability of culturable
bacteriota, were stabilized during the warm and dry year of 2022. Overall, the application
of lower NPK fertilizers to grass strips between vine rows had the most favorable effect on
the overall diversity of soil life. The management of grass strips also confirmed its validity
in a productive vineyard. However, the high levels of NPK fertilization in the grass strips
caused a decline or had no effect on the changes in soil properties when compared to the G
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treatment. Higher rates of NPK fertilizers had more negative effects than lower levels of
NPK, therefore H3 was confirmed.

4.2. Relationships between Soil Properties under Different Soil Management Practices

Vineyard systems differ qualitatively and quantitatively in their soil microbiomes [75],
as confirmed by the findings of this study (Figures 2–7). Soil microbial communities are
impacted by a variety of environmental variables, including climate, soil characteristics,
cultivars, and agricultural management [76,77]. In this study, PCA analysis showed a corre-
lation between SOM and soil culturable bacteriota. The average values of these variables
were found to be high in the G and G+NPK1 treatments (Figure 8A). This observation
suggests that these soil management practices, implemented in a productive vineyard,
are not only associated with the relationship between SOM and soil culturable bacteri-
ota but are also deemed most suitable in terms of the considered parameters. SOM is
an important source of C and nutrients for microorganism activity [2] and is also trans-
formed by their activity [13]. The fact that these positive relationships are registered in
the G and G+NPK1 treatments was primarily related to their high contents of SOC, CL,
and abundance of culturable bacteriota (Table 3). According to Zarraonaindia et al. [78],
soil physicochemical factors such as soil pH, temperature, moisture, carbon, and nitrogen
pools have a major impact on soil bacterial diversity and composition. Additionally, human
activities, including different soil management practices, play a crucial role [4,33]. The
PCA analysis also showed that EC negatively correlated with soil pH. The average EC
value was high in the G+NPK2 treatment, while soil pH was high in the T and T+FYM
treatments. In the G+NPK2 treatment, the high concentration of nutrients could be the
result of their excessive application to the soil and insufficient uptake by vine plants and
grass strips in the vineyard. High concentrations of nutrients can cause acidification. In
addition to monoculture cultivation, which also has a negative impact on soil pH and
EC [29], the type of fertilizer itself has a significant effect. Physiologically acidic fertilizers
cause soil acidification after their application [15]. Sulfate or nitrate forms of N fertilizers
reduce the soil pH at high concentrations of nutrients [55]. Our results indicated that the
interaction between many factors had a great effect on the chemical and microbiological
properties of the soil. The addition of mineral–organic mixtures produces changes in the
chemical properties of the soil and hence affects its microbial characteristics [4]. Manage-
ment in the T and T+FYM treatments was significantly different from other managements,
as confirmed by cluster analysis (Figure 8B).

The diversity and composition of microbial communities are significantly influenced
by soil characteristics [79,80] in individual soil management practices. The climate, partic-
ularly temperature and rainfall patterns, also have an impact on microbial communities
through their effects on the soil [81], as our study’s findings partially suggest. Average
air temperature was the most significant variable among all investigated variables. It
positively affected the number of culturable bacteriota, not only when all treatments were
considered together, but also separately, especially in the G, G+NPK1, and G+NPK2 treat-
ments. Rainfall increased the concentration of salts in the soil solution (high EC values) in
the G+NPK2 treatment (Table 4). This could be related to the solubility of fertilizers after
an intense rainfall event in June 2022 (Table 1). Additionally, the lowest soil pH was found
during June, which was evaluated as a wet month compared to the 30-year climatic normal.
Overall, however, the timing of fertilization (March and May) did not affect the dynamics
of the soil properties (SOC, soil pH, EC—Table 2). In the other soil parameters, including
the abundance of culturable bacteriota, there were no changes during the months, thus
partially confirming H2.

5. Conclusions

Overall, soil parameters, including the biodiversity of soil culturable bacteriota, de-
pended on the management of moderately coarse soil in the productive vineyard. However,
the dynamics of the changes in soil properties were largely balanced during the warm and
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dry year of 2022. Grass strips in the vine rows without tillage, as well as applying NPK
fertilizer to grass strips at the 1st level (low rate) had the highest SOM content and cultur-
able bacteriota abundance overall. A positive relationship between SOM and culturable
bacteriota abundance was also noted in both of these treatments. The greatest biodiversity
was found in grass strips fertilized with a low dose of NPK. In contrast, acidification and a
high concentration of salts in the soil solution were observed in the treatment with grass
strips and application of NPK fertilizer at a high dose. During the warm and dry year, the
average air temperature was the most significant variable in almost all the soil management
practices in the productive vineyard, with its most pronounced effect found in the case of
grass strips and grass strips combined with NPK fertilization at a lower dose.

Based on the results of this study and considering the evaluated parameters, grassing
with NPK application at a low rate appears to be the best scenario for sustainable manage-
ment of vineyards in a changing climate. However, from an economic and eco-friendly
perspective (no costs for NPK fertilization), the best soil management practice in vineyards
on sandy loam soils in Central Europe is grass striping between vine rows. Since other
biological, chemical, and physical properties were not assessed, further research activi-
ties (focused on their determination and evaluation) are necessary to draw completely
comprehensive recommendations.

Author Contributions: Conceptualization, V.Š.; methodology, V.Š., M.K., P.B. and E.W.-G.; software,
M.K., V.Š. and E.W.-G.; validation, M.J., E.A. and N.Č.; formal analysis, V.Š., M.K. and E.W.-G.;
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Abstract: Research has been increasingly focusing on the preservation of the biodiversity of vegetable
crops under sustainable farming management. An experiment was carried out in southern Italy on
Brassica oleracea L. var. botrytis, landrace Gigante di Napoli, to assess the effects of two transplanting
times (9 September and 7 October), in factorial combination with five nitrogen–potassium ratios (0.6;
0.8; 1.0; 1.2; and 1.4) on plant growth, yield, and quality of cauliflower heads. A split-plot design was
used for the treatment distribution in the field, with three replications. The earlier transplant and the
1.2 N:K ratio led to the highest yield, mean weight, and firmness of cauliflower heads which were not
significantly affected by both transplanting time and N:K ratio in terms of colour components. The
1.2 N:K ratio led to the highest head diameter with the earlier transplant, whereas the 1.0 ratio was the
most effective on this parameter in the later crop cycle. The highest nitrate, nitrogen, and potassium
concentrations in the heads were recorded with the earlier transplanting time. Antioxidant activity,
ascorbic acid, and polyphenol content increased with the rise of the N:K ratio. The element use
efficiency was constantly negative with the N:K increase for nitrogen and was augmented until the
1.2 ratio for potassium. The results of our investigation showed that the optimal combination between
transplanting time and N:K ratio is a key aspect to improve head yield and quality of the cauliflower
landrace Gigante di Napoli, under the perspective of biodiversity safeguarding and valorisation.

Keywords: local variety; Brassica oleracea var. botrytis; antioxidant activity; ascorbic acid; polyphenols

1. Introduction

The preservation of agricultural biodiversity encompasses a multitude of practices
aimed at sustaining the genetic variability of plants, especially those utilised in food
production [1]. Within the latter context, the cauliflower landrace (Brassica oleracea L. var.
botrytis) Gigante di Napoli is a traditional crop in the Campania region (Italy), with an
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important cultural heritage and cultivation practices traditionally rooted in local agriculture.
It is appreciated for its organoleptic quality, high texture, colour ranging from white to
cream of the heads, delicate taste, and versatility in cooking [2,3].

From the agronomic point of view, Gigante di Napoli requires specific choices to
express its full development potential, including the most appropriate transplanting time
and adequate fertilisation management, particularly referring to the nitrogen/potassium
ratio. The latter aspects influence both the yield and quality of the final product and the
preservation of the global characteristics of this landrace [4,5].

The cultivation and promotion of Gigante di Napoli are essential either to keep alive
a part of Italian agricultural and cultural heritage or to offer farmers an opportunity to
diversify and sustainably manage the crop system. In order to make it easier and feasible
for farmers to choose and cultivate local varieties, it is crucial to help them identify, under
the current climate change conditions, the best fitting transplanting time and fertilisa-
tion methods.

Transplanting time is a key factor that significantly influences plant growth, and
crop yield and quality [6,7]. The choice of the optimal transplanting time is affected by
several factors, including genotype, climatic and cultivation requirements [8,9]. Based on
cauliflower characteristics for germination, growth, and ripening [10], temperatures under
10 ◦C can slow down its development, while temperatures higher than 25 ◦C may induce
the premature ‘sprout’ of the heads, compromising the quality of the final product [11].
Moreover, the choice of the appropriate transplanting time allows for a more efficient use of
water and nutrient resources [12], both by reducing the need for supplementary irrigation
and identifying the phases of the most efficient plant nutrient uptake, thus optimising
the fertilisation.

The ratio between nitrogen (N) and potassium (K) in the soil plays a crucial role in
plant nutrition and directly influences crop yield and quality [13]. The two mentioned
elements are among the primary nutrients needed by plants and have complementary but
distinct functions that, when properly balanced, can lead to optimal results in terms of
yield and quality. In fact, nitrogen is essential for the synthesis of proteins, nucleic acids,
and chlorophyll, promoting leaf development and plant tissue formation through its key
function in photosynthesis. Adequate nitrogen availability in the soil supports rapid and
vigorous growth, but an excess of this mineral element may lead to excessive leaf growth
which slows and reduces flowering and/or fruiting, as well as potential negative impacts
on the environment, such as the eutrophication of surface waters [14,15].

Potassium is vital for osmotic regulation, enzyme activation and sugar transport,
contributing to plant resistance to stress, improving their ability to withstand adverse
conditions such as drought, cold, and disease [16]. This element is also crucial to fruit
quality, influencing attributes such as colour, flavour, firmness, and storability [17]. The
most appropriate N:K ratio is therefore essential for balancing vegetative growth with the
reproduction phase and stress resistance, with consequent positive effects on yield and
crop quality. Determining the optimal ratio depends on the genotype, and the specific
environmental conditions of the cultivation area [18,19].

This study aimed to investigate the effects of transplanting time and nitrogen/potassium
ratio on plant growth, yield, and quality of cauliflower landrace Gigante di Napoli in
the Campania region (southern Italy), to highlight the importance of tailored agricultural
practices in maintaining crop diversity, thus supporting sustainable agriculture and food
security in the face of climate change.

2. Materials and Methods

2.1. Plant Material, Growing Conditions, and Experimental Protocol

Research was conducted at the Department of Agricultural Sciences, University of
Naples Federico II, Naples, Italy (40◦500 N, 14◦150 E, 17 m a.s.l., in a Mediterranean or Csa
climate according to the Köppen classification scheme) [20] on cauliflower (Brassica oleracea
(L.) var. botrytis, landrace Gigante di Napoli), in open fields, in 2021 and 2022. Cauliflower
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plants were grown in a sandy loam soil and the roots developed in the superficial 40 cm
profile having 77% sand, 16% silt, and 7% clay, and 2.3% organic matter content (w/w),
0.13% total nitrogen, 33.7 mg kg−1 P, and 1369 mg kg−1 exchangeable K. The average
monthly total rainfall and temperature were the following: 10 mm and 25 ◦C in September;
20 mm and 22 ◦C in October; 90 mm and 18 ◦C in November; 70 mm and 14 ◦C in December;
and 60 mm and 10 ◦C in January. The plants were spaced 50 cm along the rows which were
70 cm apart, with a density of 2.9 plants per m2.

The experimental protocol was based on the factorial combination of two transplanting
times (9 September, 7 October) and five nitrogen/potassium ratios (0.6; 0.8; 1.0; 1.2; and 1.4),
using a split-plot design for the treatment distribution in the field, with three repetitions,
with the experimental unit covering a 10.5 m2 (3.5 × 3.0 m) surface area. The N:K ratios
were applied by keeping constant the potassium dose and changing the nitrogen one, based
on the following average cauliflower requirements: 250 kg ha−1 N, 60–100 kg ha−1 P2O5,
and 250 kg ha−1 K2O. The mentioned fertilisations were achieved by supplying calcium
nitrate (15.5 N, 23.0 CaO), potassium nitrate (13 N, 46 K2O), potassium sulphate (50 K2O,
45 SO3), and phosphoric acid (54% P2O5), partly during pre-transplanting (35%) and the
remainder during the crop cycles (65%).

Drip irrigation was activated when the soil available water capacity (AWC) decreased
to 70%. The harvests were carried out when the cauliflower heads completed their growth,
cutting the whole plants of the central rows at 2 cm above soil level, excluding the border
ones, on 21 November and 27 December, for the earlier and the later transplanting times,
respectively, as an average of 2021 and 2022.

At harvest, 15-plant samples were randomly collected in each plot to assess the fresh
and dry weight (in an oven at 70 ◦C under vacuum, at 15 kPa pressure, and until they
reached constant weight) of the cauliflower heads.

For each sample, firmness (digital penetrometer with 8 mm tip T.R. Turoni s.r.l., Forli,
Italy) and colour (L*, a*, b*—CIElab), using a Minolta CR-300 Chroma Meter (Minolta
Camera Co. Ltd., Osaka, Japan), were measured.

2.2. Nitrate and N, P, and K Determinations

Head samples of 0.5 g per treatment were ground using an IKA mill (IKA-Werke,
Staufen, Germany), sieved through a 2 mm screen, to measure nitrate content by a Foss
continuous flow Analyzer—FIAstar 5000 (FOSS Italia S.r.l., Padova, Italy), as reported by
Di Mola et al. [21]. An aliquot of the samples was washed with ultrapure water, dried,
and stored in the freezer (−80 ◦C) to perform the following analyses: ascorbic acid, total
phenols, and antioxidant activity. Frozen ‘curds’ were roughly cut with a ceramic blade
knife, brought back to −20 ◦C, and homogenized in a knife mill Grindomix GM300 Retsch
(Haan, Germany). The grinding program was in two steps: 1000 rpm revolution speed,
direction impact, for 20 s (pre-grinding) and 2000 rpm revolution speed, direction cut,
for 30 s (fine grinding). The homogenate obtained was divided into sub-samples and
stored at −80 ◦C and used for the determination of ascorbic acid, total phenols, and
antioxidant activity.

2.3. Ascorbic Acid

Ascorbic acid extraction procedure (in duplicate for each sample) was conducted
according to the AOAC’s Official Methods of Analysis. Briefly, 10 mL of extraction solution
(30 g L−1 MPA—80 mL L−1 acetic acid—1 mmol L−1 EDTA) were added to 3–4 g of
homogenate and the mixture was shaken for 3 min with a disperser (Ultra-TuraxT25 IKA-
Werke GmbH & Co. KG, Staufen, Germany). The resulting extract after centrifugation
(10,000 rpm; 20 min; 4 ◦C) was immediately analysed by the colorimetric method using the
Folin Phenol Reagent according to Jagota and Dani [22]. To 400 μL of the sample, 200 μL
of extraction solution, 1.2 mL of ultrapure water, and 200 μL of Folin–Ciocalteu’s phenol
reagent 2N (diluted 1:5 with ultrapure water) were added. After 30 min in darkness and at
room temperature, the absorbance of the blue colour developed was measured at 760 nm.
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This procedure was repeated in triplicate. For quantification, six standard solutions of
ascorbic acid (range 25–150 μg mL−1) were prepared and estimated as above (R2 ≥ 0.996).

2.4. Total Phenols

Total phenol extraction was performed following the procedure as described by
Kaur et al. [23] with minor modifications. Approximately 5 g of sample (in triplicate)
were homogenized in 25 mL of 80:20 CH3OH/H2O mixture and sonicated in an ultrasonic
bath (Elmasonic P Elma, Singen, Germany) at 40 ◦C for 3 h in darkness. Afterwards, the
extracts were centrifuged for 20 min at 10,000 rpm (HF 14.94 rotor, radius 9.7 1086 RCF)
at 4 ◦C (Centifuge 17R Heraeus Sepatech, Waltham, MA, USA) and the upper layer was
separated and kept at −20 ◦C until analyses were performed. The total phenolic content
was determined according to Folin–Ciocalteu’s method [24] with small modifications. In
the test tube, the following were added in sequence: 1 mL H2O, 100 μL of cauliflower
extract, 100 μL of Folin–Ciocalteu’s phenol reagent 2 N solution, and, after 10 min, 800 μL
of Na2CO3 75 g L−1 solution, so that the final pH was ≥10 (test final volume 2 mL). The
mixture was allowed to stand for 120 min at room temperature and in darkness, and ab-
sorption was measured at 765 nm against a reagent blank. Measurements were performed
in duplicate, and results were expressed as mg of gallic acid equivalent per 100 mg of fresh
weight (GAE 100 g−1 f.w.). For calibration, six standard solutions of gallic acid (range
0–150 μg mL−1) were prepared and estimated as above (R2 ≥ 0.998).

2.5. Antioxidant Activity

The antioxidant activity was measured on the cauliflower extract prepared as for
total phenolic determination, using the DPPH assay based on the measurement of the
scavenging ability of the antioxidant toward the stable radical DPPH. A 3.9 mL aliquot
of a 0.0634 mM of DPPH solution in methanol was added to 0.1 mL of each extract and
shaken vigorously. The change in the absorbance of the mixture at 515 nm was observed
and the antiradical activity of the sample was evaluated from the percentage of DPPH
remaining when the kinetics reached a steady state. It has been found experimentally
that for cauliflower fruit, this occurs after 150 min. A stock solution of DPPH 634 μM
(12.5 mg in 50 mL of degassed methanol) was prepared at the assay moment. For the
test, instead, a 10-fold fresh diluted solution is used. Dark glass test tubes were used with
Teflon-coated rubber septa and aluminium caps (Supelco Inc., Bellefonte, PA, USA), and the
DPPH solution was degassed and flushed with helium gas for 3 min. Trolox equivalency
is used as a benchmark for the oxidant capacity of the extracts. Therefore, the calibration
curve was constructed using nine standard solutions containing this antioxidant (range
0.15–20 μM) and the results are expressed as μmol of Trolox equivalent per 100 g of fresh
weight (μmol TE 100 g−1 f.w.).

2.6. Nitrogen Use Efficiency (NUE) and Potassium Use Efficiency (KUE) on Yield Calculation

For nitrogen use efficiency (NUE) and potassium use efficiency (KUE) on yield, the
following formulas, based on average values referred to the variable examined per level of
N:K treatment, were adopted:

NUE =
Dry weight of crop

(
kg ha−1

)

Amount of nitrogen applied
(

kg ha−1
) KUE =

Dry weight of crop
(

kg ha−1
)

Amount of potassium applied
(

kg ha−1
)

2.7. Statistical Analysis

Data were processed by analysis of variance (two-way ANOVA) and mean separations
were performed through the Tukey’s test, with reference to 0.05 probability level, using the
SPSS software version 29.
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3. Results and Discussion

3.1. Yield and Growth Parameters

No significant differences arose between the two research years (2021 and 2022) re-
garding the variables examined and, therefore, the average values were reported.

The later transplanted crops exhibited a longer growing period, compared to the
earlier ones (81.4 vs. 73.1 days), resulting in significantly higher yields (11.2 vs. 9.0 t ha−1),
as observed in Table 1.

Table 1. Effect of transplanting time and N:K ratio on yield and plant growth parameters of cauliflower.

Colour

Experimental
Treatment

Crop Cycle
Duration

(Days)

Yield
(t ha−1)

Head Fresh
Weight

(kg)

Head Dry
Weight (kg)

Firmness
(N)

L* a* b*

Transplanting
time

9 September 73.1 b 11.1 a 0.83 a 0.17 6.65 a 85.9 0.05 0.65
7 October 81.4 a 9.0 b 0.61 b 0.16 5.44 b 85.8 0.54 0.04

n.s. n.s. n.s. n.s.

N:K ratio
0.6 74.8 b 9.2 d 0.41 d 0.14 c 4.71 d 85.5 0.44 −0.10
0.8 75.1 b 9.1 d 0.47 c 0.15 c 5.81 c 86.1 −1.04 0.85
1.0 76.9 ab 11.0 b 0.76 b 0.17 b 6.45 b 87.0 0.62 0.83
1.2 79.7 a 11.3 a 1.10 a 0.19 a 6.96 a 85.6 0.81 −0.17
1.4 79.8 a 9.8 c 0.86 b 0.17 b 6.31 b 84.8 0.40 0.31

n.s. n.s. n.s.

n.s. not significant; within each column, mean values followed by different letters are significantly different at
p ≤ 0.05 according to Tukey’s test.

No significant interactions between the two experimental factors on the variables
examined arose, with the exception of the diameter of cauliflower heads (Figure 1), which
was the highest corresponding to 1.2 N:K with the earlier transplant and to 1.0 with the later
one. The earlier transplanting time also led to a higher mean head fresh weight (0.83 kg),
compared to the later one (0.61 kg). However, no significant differences were detected in
the dry weight, indicating that the increased biomass in the earlier crops was due to the
higher water content. Furthermore, the head firmness associated with the 9 September
transplant was higher (6.65 N) as compared to the later crop cycle (5.44 N). The colour
parameters (L*, a*, b*) were not significantly affected by the transplanting time.

The 1.2 and 1.4 N:K ratios led to a longer crop cycle, compared to 0.6 and 0.8. The
highest yield was recorded at 1.2 N:K (11.3 t ha−1), due to the highest head fresh weight
(1.10 kg), and the lowest at 0.6 ratio (0.41 kg).

Both the head dry weight and firmness reached the highest value at 1.2 N:K (0.19 kg
and 6.96 N, respectively) and the lowest at 0.6 (0.14 kg and 4.71 N, respectively).

The colour components (L*, a*, b*) were not significantly affected by the N:K ratio.
In a previous investigation [25], the transplanting time significantly influenced the

growth and yield of cauliflower, with the transplant practiced at the end of November
enhancing biometrical parameters and yield, particularly plant height, leaf number, stem
diameter, and head size.

Furthermore, Kartika et al. [26] reported the detrimental effects of delayed transplant-
ing time on yield and plant growth indicators, such as leaf number, canopy area, and curd
characteristics. Moreover, Sultana et al. [27] found that the optimal transplanting time to
maximize growth and yield also depends on cultivar and latitude.
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Figure 1. Interaction between transplanting time and N:K ratio on cauliflower head diameter.

Cauliflower plants experience physiological and biochemical reactions when subjected
to cold temperatures, encompassing acclimatisation which allows them to progressively
adapt to the modified environment, thus enhancing their ability to benefit from the men-
tioned stress [28] resulting in a remarkable rise in marketable yields. In this respect, the
adaptation to low temperatures involves several phenomena, including alterations in
protein synthesis, variations in membrane composition, and activation of antioxidant
defence systems.

Rahman et al. [29] highlighted the relationship between planting time and plant
hormonal status, which affects cauliflower production. Wadan et al. [30] investigated the
effects of nitrogen/potassium ratios on yield, revealing that a combination of 120 kg N and
90 kg K per hectare significantly enhanced yield and growth parameters, including head
weight and leaf area.

3.2. Nitrate, Nitrogen, Phosphorus, and Potassium Concentrations

In a study conducted by Yildirim [31], it was shown that raising the amount of nitrogen
fertiliser in the rhizosphere led to an increase in the availability of other minerals in the
soil solution which, in turn, resulted in improved growth and higher yield and weight of
cauliflower heads. Further, the amount of nitrogen supply is reportedly crucial for plant
development as well as nitrate absorption and accumulation [32].

Marschner [33] emphasized the significance of the nitrogen–potassium relationship in
plant metabolism and the potential consequences of imbalances, i.e., a decreased rate of
photosynthesis and nitrogen absorption, as well as the influence of the ratio between the
two elements in the soil on their absorption.

Nitrogen has a crucial role in promoting plant growth as it is a vital constituent
of chlorophyll. Probably, the higher nitrogen availability resulted in higher chlorophyll
levels, which improves the plant capacity to convert light into energy for its growth and
development. This hypothesis is consistent with the reports of Katuwal et al. [34] who
found that cauliflower plants subjected to different nitrogen levels showed an increase in
head fresh weight, leaf area, and plant height, upon the augmentation of nitrogen supply.
The latter is notoriously essential for the synthesis of proteins, which have a crucial role in
the organization and functioning of plant cells, including the enzyme enhancement of all
metabolic processes.
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The influence of transplant nutrient conditioning (TNC) and the nitrogen–potassium
(N:K) ratio on the growth characteristics, and on cauliflower diameter, was also reported
in previous study [31], elucidating that TNC at different levels of N, P, and K significantly
impacted early growth traits such as stem diameter in cauliflower seedlings.

An increase in TNC levels of N enhanced growth but also induced greater transplant
shock, which was compensated by faster growth in later stages, suggesting a critical balance
between nutrient provision and the plant stress response.

Further confirming the pivotal role of nitrogen, Katuwal et al. [34] demonstrated that
the application of 130 kg ha−1 N improved yield and biometrical parameters, including
stem diameter and head girth.

Similarly, Cutcliffe and Munro [35] reported that cauliflower yield was significantly
augmented by nitrogen and phosphorus applications, optimally at N applications ranging
from 112 to 224 kg ha−1.

Wadan et al. [30] further reported that fertilizer levels of 120 kg ha−1 N plus 90 K kg ha−1

substantially enhanced yield performance in terms of head weight and diameter and leaf
area. The latter finding indicates that the appropriate N:K ratio is crucial to achieve optimal
growth and head size in cauliflower production.

As shown in Table 2, the earlier transplanting time led to higher concentrations of
nitrate and nitrogen content in cauliflower heads (341 and 3728 ppm, respectively), com-
pared to the later transplant (278.9 and 3050 ppm, respectively). Potassium accumulated at
a significantly higher extent in the heads for the earlier transplanting time compared to the
later one.

Table 2. Effect of transplanting time and N:K ratio on quality parameters of cauliflower heads.

Experimental
Treatment

Nitrate
(mg kg−1)

N
(mg kg−1)

P
(mg kg−1)

K
(mg kg−1)

Transplanting
time

9 September 341.00 a 3728.27 a 1081.25 4454.17 a
7 October 278.90 b 3050.41 b 884.62 3644.32 b

n.s.

N:K ratio
0.6 393.90 a 3706.25 a 1016.21 a 5816.14 a
0.8 342.23 b 3483.88 b 1036.50 a 4942.54 b
1.0 303.21 c 3449.48 b 999.52 a 3105.98 c
1.2 273.28 d 3157.52 c 958.75 ab 3378.85 c
1.4 237.36 e 3149.57 c 903.59 b 3002.73 d

n.s. not significant; within each column, mean values followed by different letters are significantly different at
p ≤ 0.05, according to Tukey’s test.

Increasing the nitrogen–potassium ratio, a decreasing trend of nitrate and nitrogen
concentrations in cauliflower heads was recorded. The lowest nitrogen–potassium ratio
(0.6) resulted in the highest nitrate content (393.9 ppm), which gradually decreased up
to the 1.4 ratio (237.4 ppm), and a similar trend was shown by nitrogen. Phosphorus
content was the highest at the lowest nitrogen–potassium ratio, whereas potassium content
decreased with increasing N:K ratio (from 5816.1 ppm at 0.6 to 3002.73 ppm at 1.4).

Nitrate reduction is a stage in nitrate assimilation affecting the latter process [36];
nitrate reductase is the related enzyme that is activated in response to light conditions, and
a strong correlation exists between the activity of nitrate reductase and the concentration
of nitrate in plants [37]. In addition, the expression of nitrate absorption and reduction
systems is induced by both endogenous nitrogen and plant development [38]. According
to Chen et al. [39], the growth of cabbage plants is strongly influenced by the amount
of nitrogen they receive. When the nitrogen supply exceeded the optimal threshold, the
plants experienced a decrease in growth and an increase in nitrate accumulation leading to
toxicity symptoms caused by high levels of NO3

− concentration, which in turn caused a
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biomass decrease. However, over the mentioned threshold, there was a slower rate of rise
in nitrate concentration, maybe due to a reduction in nitrate absorption as a consequence
of a decrease in plant growth, which also resulted in yield loss. The efficiency of the net
nitrate absorption rate significantly improves with the increase of plant relative growth rate,
as observed by Ter Steege et al. [40], which highlights the critical role of plant growth in
nitrate uptake. While most studies have demonstrated that nitrate reductase is an enzyme
induced by its substrate [41], a few investigations have shown that even a small amount of
nitrate is enough to trigger nitrate reductase induction [42]. Additionally, the expression
of nitrate reductase may be regulated by either the flow of nitrogen or the nitrogen status
of plants [43]. In the trials conducted by Chen et al. [39], it was shown that nitrate had a
beneficial impact on nitrate reductase activity only when the nitrate supplies were low.
However, when the nitrogen inputs were at their optimal level, the nitrate reductase activity
either achieved a plateau value or even dropped.

Recent research elucidated the intricate dynamics between nitrogen, phosphorus,
and potassium applications and their effects on cauliflower growth, yield, maturity, and
nutrient content. In fact, Sony et al. [44] highlighted the significant N-P interaction on
growth parameters and yield, suggesting that tailored N-P management can strongly
impact nitrate, N, P, and K accumulation in plants whereas, in contrast, in Everaarts’ [45]
investigation, the increased N application rates did not augment the nitrogen content.

Metwaly [46] studied the nutrient dynamics by examining the effects of P and K
on cauliflower, demonstrating that the relationship between these nutrients significantly
affected vegetative growth, leaf chemistry, and head yield and quality, thereby emphasiz-
ing the importance of optimizing P and K levels along with N management to enhance
cauliflower production and nutrient profile optimization.

3.3. Quality Parameters

The later transplant elicited a higher concentration of ascorbic acid (4.6 mg 100 g−1

f.w.) and total phenols (78.4 mg equivalent GAE 100 g−1 f.w.) compared to the earlier one
(3.7 mg 100 g−1 f.w. for ascorbic acid and 64.2 mg equivalent GAE 100 g−1 f.w. for total
phenols; Table 3). The antioxidant activity did not show a significant difference between
the two transplanting times.

Table 3. Effect of transplanting time and N:K ratio on ascorbic acid, antioxidant activity, and total
polyphenols of cauliflower curds.

Experimental
Treatment

Ascorbic Acid
(mg 100 g−1 f.w.)

Antioxidant Activity
(μmol Trolox Equivalent 100 g−1 f.w.)

Total Phenols
(mg Equivalent GAE 100 g−1 f.w.)

Transplanting
9 September 3.74 b 368.06 64.17 b

7 October 4.55 a 362.97 78.43 a
n.s.

N:K
0.6 3.37 c 330.44 b 55.57 c
0.8 3.95 b 368.69 ab 67.25 b
1.0 3.92 b 346.49 b 69.28 b
1.2 4.88 a 387.42 ab 79.78 ab
1.4 4.63 a 394.50 a 84.66 a

n.s. not significant; within each column, mean values followed by different letters are significantly different at
p ≤ 0.05 according to Tukey’s test.

The ascorbic acid content was the lowest at the 0.6 ratio (3.4 mg 100 g−1 f.w.) and
increased progressively with a rising nitrogen–potassium ratio, peaking at 1.2 with 4.9 mg
100 g−1 f.w. The antioxidant activity and total polyphenols also showed an increasing
trend from the lowest to the highest nitrogen–potassium ratio. Both the highest antioxidant
activity and total polyphenol content were recorded at 1.4 (394.5 μmol Trolox equivalent
100 g−1 f.w. and 84.7 mg equivalent GAE 100 g−1 f.w.).
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The mentioned findings reflect the favourable conditions associated with delayed
transplanting and an increased nitrogen–potassium ratio for enhancing the phytochemical
content of plants, augmenting their nutritional value and health benefits.

Some studies highlighted the significant impact of transplanting time and the applied
nitrogen–potassium (N:K) ratio on the vitamin C content, antioxidant activity, and polyphe-
nol levels in cauliflower [47]. Contrary to the trend recorded in our study, Lisiewska
and Kmiecik [47] found that the increasing nitrogen fertilization decreased the vitamin C
content in cauliflower. Furthermore, Giri [48] reported that a lower dose of nitrogen, when
combined with organic manures, improved the post-harvest quality of cauliflower, includ-
ing higher vitamin C content, thus valorising sustainable fertilization strategies. Šlosár
et al. [49] observed that nitrogen and sulphur fertilization is a key factor to enhance the
accumulation of health-promoting compounds, positively affecting the content of vitamin
C and β-carotene in cauliflower. Moreover, a previous study carried out on coloured potato
cultivars [50], reported that nitrogen was more effective than potassium in increasing
anthocyanin content, and the modulation of the ratio between these two elements was an
effective way to increase the expression of polyphenolic compounds.

3.4. Nitrogen and Potassium Use Efficiency

In Figure 2, the trend of nitrogen and potassium use efficiency related to the average
yield of cauliflower heads is illustrated. The nitrogen use efficiency showed a negative
trend from the lowest to the highest nitrogen dose applied. Differently, the potassium
use efficiency displayed a slightly positive trend from 0.8 to 1.2 (N:K), then decreasing
from 1.2 to 1.4. The decreasing trend of nitrogen use efficiency (NUE) with increasing
N:K ratios, along with a stable potassium use efficiency (KUE), might be due to a complex
interplay of factors. Plants require a balanced nutrition which can be altered by an excess
of nitrogen supplied, especially if potassium, which is crucial for stress tolerance and
enzyme activation, is not increased proportionally. The mentioned imbalance could lead
to excessive consumption of nitrogen, causing plant absorption to be higher than needed
which does not turn out into an increased head yield, thus leading to inefficiency. The
relatively stable efficiency of potassium suggests that this element was remarkably used by
the plants, indicating its sufficiency across the ratios. Furthermore, nutrient competition at
the root uptake sites may limit the availability and absorption of some elements, which are
also influenced by the soil properties, such as pH and microbial activity.

Nitrogen use efficiency (NUE) is an essential parameter to measure the efficiency of
plant utilization of available nitrogen (N) for growth and yield, encompassing the processes
of N uptake, assimilation, and use within a plant system. Studies of different plant species
and environmental conditions reveal that NUE is a complex trait influenced by both
genetic and environmental factors, showing variability under different levels of nitrogen
supply [51]. In Helianthus annuus, a trade-off between nitrogen productivity (NP) and mean
retention time of nitrogen (MRT) suggests that plants optimize their nitrogen use strategies
based on available N levels, either by maximizing nitrogen conservation or utilization [51].
At the molecular level, as observed in Brassica napus under low nitrogen (LN) conditions,
NUE is enhanced through the regulation of root architecture and nitrogen transporter
activity, specifically through the upregulation of nitrate transporters like BnNRT1.5 and
downregulation of BnNRT1.8, facilitating efficient nitrate uptake and translocation. These
adjustments are part of a plant’s adaptive response to varying N availability, aiming to
maintain growth and yield with minimal nitrogen input, reflecting an intricate balance
between the demand for nitrogen and its availability in the environment [52].

According to previous works [46,53], the combined effects of nitrogen and potassium
enhance the growth and yield of cauliflower by increasing the uptake of nutrients, such as
nitrogen for protein synthesis, and potassium for regulating water use through stomatal
conductance, and enhancing resistance to stress. Once the optimal point is reached, any
additional increases in N and K concentrations do not result in further growth or yield
advantages, maybe because of the limitation of the plant’s capacity to uptake nutrients, in-
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efficiencies in water usage and stomatal regulation, and imbalances in nutrient distribution.
The mentioned factors reflect a delicate balance between nutrient, water, and physiological
requirements for maximizing plant yield.

 

Figure 2. Nitrogen use efficiency (NUE) and potassium use efficiency (KUE) in relation to N:K.

4. Conclusions

From this research it can be inferred that the choice of both the most appropriate
transplanting time and nitrogen–potassium ratio is crucial for the cauliflower landrace
Gigante di Napoli, under the perspective to sustain ‘niche’ crops that are useful both for
the economy closely linked to an agricultural area and for its biodiversity. The earlier
transplanting time (9 September) proved to be the most effective for head yield, while
the later one (7 October) for the quality characteristics. A nitrogen–potassium ratio above
1.2 was not effective to enhance either yield or curd quality. Nitrogen and potassium use
efficiency showed different trends, with the first one decreasing with the augmentation of
nitrogen supplied, and the second one increasing from 0.8 to 1.2 N:K ratio. From this study,
a significant effect of the nitrogen–potassium ratio arose on the yield and quality of the
cauliflower landrace Gigante di Napoli, whose importance closely relates to biodiversity
and land preservation. The latter aim should be pursued, targeting the compromise
between efficient plant nutrition and territory safeguarding, and choosing the best fitting
transplanting time both to enhance production and face climate changes.
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Abstract: A greenhouse experiment was realized to investigate the effects of plant-growth-promoting
rhizobacteria (PGPR) and arbuscular mycorrhizal fungi (AMF) on soil quality and the growth,
nutrient uptake, and physiological performance of Batavia lettuce (Lactuca sativa L. var. longifolia).
For this purpose, six fertilization treatments were applied: (i) inorganic fertilization (I.F.—control,
i.e., usual/conventional fertilization), (ii) I.F. + PGPR, (iii) I.F. + PGPR + AMF, (iv) manure (MAN),
(v) MAN + PGPR, and (vi) MAN + PGPR + AMF. Soil fertility was influenced by the treatments,
and soil respiration (CO2 flux) was significantly increased after applications of PGPR and AMF.
Following MAN fertilization in particular, an approximately sixfold higher soil respiration value
was recorded following the MAN + PGPR + AMF treatment compared to the control (I.F.). Root,
leaf, and total biomass dry weights were significantly affected by the PGPR and AMF applications,
mainly following the I.F. treatment. In contrast, K, Mg, and Fe uptake was significantly influenced by
PGPR and AMF application following the MAN treatment. The SPAD value, performance index (PI),
photosynthetic rate, and stomatal conductance were significantly higher in the I.F. + PGPR + AMF
-treated plants compared to the control plants. Overall, these data prove the beneficial roles of PGPR
and AMF in soil quality and fertility and the nutrient uptake and physiological performance of
lettuce plants. However, further clarification is needed in the near future to test the interaction effects
between PGPR, AMF, and the type of fertilizer used (organic or inorganic).

Keywords: soil quality; soil respiration; plant nutrition; growth promoters; inorganic fertilization;
organic fertilization; CO2 assimilation; vegetable crops

1. Introduction

Lactuca sativa L. is one of the most economically important leafy vegetable crops; it
belongs, to the Asteraceae family and contains polyphenols, flavonoids, vitamins A, C,
and E, carotenoids, Ca, Fe, and other nutrients. It is traditionally consumed fresh [1–4].
It is widely cultivated in temperate areas, and more than 21 million tons are produced
annually [3]. Lettuce plants have a quick and short growing period and require high
fertilization rates to satisfy their urgent nutritional needs and support their growth rate.

In recent years, there has been an increasing interest in the benefits of sustainable
agriculture and a demand for high-quality, healthier fruits and vegetables. Sustainable
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agriculture not only preserves environmental resources, producing high-quality products
and protecting human health [5], but also addresses major environmental and agronomic
challenges [6], such as decreases in high inorganic fertilization rates and the enhancement
of sustainable crop management [7,8]. In this direction, the use of biofertilizers or microbial
fertilizers (e.g., the use of Rhizobium leguminosarum, isolated from Phaseolus vulgaris nodules,
or the production of rock biofertilizer that is mixed with organic matter, inoculated with
diazotrophic bacteria and the fungus Cunninghamella elegans), proved to be a promising
tool for improving nutrient uptake (mainly N and P) and plant growth for some vegetable
species, such as lettuce and carrot crops [9,10]. Similarly, the inoculation of lettuce plants
with N2-fixing plant-growth-promoting rhizobacteria led to a reduction in crop N fertilizer
requirements [11], while the use of native phosphate-solubilizing rhizobacteria enhanced
lettuce and tomato crop productivity and sustainability [12].

In the context of sustainable agriculture, plant-growth-promoting rhizobacteria (PGPR),
biostimulants, and arbuscular mycorrhizal fungi (AMF) were used in an L. sativa crop and
were found to play a crucial role in (i) boosting plant biomass and yield, as well as im-
proving nutritional quality and impact on human health [13–16], (ii) increasing nutrient
(especially N, P, Mg) [15,16] and water uptake (by also ensuring plant adaptation to drought
conditions) [17], (iii) increasing plant tolerance to severe salt stress [18–21], and limiting the
detrimental effects of salinity on soil structural stability [22]. The colonization of greenhouse
lettuce plants by AMF may induce the accumulation of secondary metabolites, vitamins,
and minerals in leaves; thus, AMF could allow the intake of minerals and compounds
with antioxidant properties to be enhanced, without increasing the consumption of lettuce
by humans [14]. In another study, the inoculation of lettuce plants with AMF was found
to increase their yields (by an average of 186%), but resulted in no substantial change
in lettuce nutritional quality; in addition, the AMF inoculants did not alter natural soil
communities [22]. In contrast, other biostimulants (based on Trichoderma) were found to
modulate rhizosphere microbial populations and improve the nutritional quality of leafy
vegetables [16].

Apart from AMF and PGPR, the organic production of lettuce has relied on the appli-
cation of organic materials, such as manures, humus-rich composts, and seaweed extracts
(in foliar applications), in order to boost plant growth and yield, increase nutrient uptake
and mycorrhizal colonization, and improve the antioxidant responses of L. sativa [23–25].
In addition, urban waste compost application improved soil properties and increased
lettuce production [26]. In another comparative study, organic amendments applied to
lettuce and orchardgrass were shown to supply adequate levels of N while resulting in
good productivity [27]. Other studies focused on the mineral nutrition of lettuce plants
grown under hydroponic conditions in a recirculating nutrient solution [28].

Despite the significant effects of manure and PGPR application and AMF inoculation
on the stimulation of the growth, nutrient uptake, and nutritional quality of L. sativa plants,
to the best of our knowledge, no attention has been systematically paid to their combined
application until now, and almost no comparative studies have been conducted on the
inorganic and organic fertilization of Batavia lettuce. In addition, the influence of AMF
inoculation and PGPR application on lettuce productivity and physiological performance,
in relation to soil health and fertility, has not been studied.

Thus, the aims of our research were as follows: (i) to investigate the effects of PGPR and
AMF on soil health and Batavia lettuce productivity, nutrient uptake, and plant physiology
under inorganic and cow manure regimes and (ii) to perform a comparative study on
the effects of inorganic and organic fertilization on soil respiration and lettuce growth,
nutrient uptake, photosystem II activity (Fv/Fm ratio; performance index), photosynthetic
and transpiration rates, and intrinsic water use efficiency (WUEi). Batavia (also known as
French) lettuce was chosen for study since it is one of the most economically important leafy
green genotypes for salads with good tolerance to heat and contains significant quantities
of vitamins A and C, antioxidants, and K, Ca, and Fe.
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2. Materials and Methods

2.1. Plant Material and Conditions of Experimental Greenhouse

The plant material consisted of Batavia lettuce plants (L. sativa L. var. longifolia), which
were grown inside a plastic-covered experimental greenhouse at Perrotis College of the
American Farm School (AFS) in Thessaloniki (latitude, 40.341134◦; longitude, 22.592796◦;
altitude, 65 m above sea level), Macedonia, Northern Greece. The plants were obtained as
seedlings and randomized based on the initial number and surface of leaves. They were
divided into six groups coinciding with the six fertilization treatments described below and
were transplanted into 0.60 × 3.30 m plots containing 65 plants. The lettuce plants were
grown inside the experimental greenhouse under natural light conditions for 65 days (from
the middle of October to the middle of December 2019). During the experiment, the lettuce
plants were irrigated with an automated drip irrigation system (for one hour to reach a
soil moisture level of approximately 70% of its water-holding capacity) twice per week,
providing them with high-quality tap water (0.72 mS/cm). The minimum and maximum
temperatures during the experiment were 7 ◦C (in early December) and 24 ◦C (in early
November), respectively, while the average temperature for the whole experimental period
was approximately 17 ◦C. Finally, the relative humidity inside the greenhouse ranged from
65% to 77%.

2.2. Treatments and Methodology of PGPR and AMF Application

Six treatments were applied: (i) inorganic fertilization (I.F.—control, i.e., usual/conventional
fertilization), (ii) I.F. + PGPR, (iii) I.F. + PGPR + AMF, (iv) manure (MAN), (v) MAN + PGPR,
and (vi) MAN + PGPR + AMF. Each treatment consisted of 65 plants with an area of 2 m2.
In the I.F. treatments, a 25-10-0 (N-P-K) fertilizer (300 kg/ha N and 120 kg/ha P) was
combined with a 0-0-30 (N-P-K) fertilizer (275 kg/ha K) in each of the treatments receiving
inorganic fertilizer; the fertilizers were mixed with soil and incorporated at a 20 cm depth
before the initiation of the experiment. For the organic fertilizer applications, well-digested
and composted cow manure (MAN) (2 ton/ha), was incorporated at a 20 cm depth before
the initiation of the experiment. The nutrient composition of the cow manure (MAN), as
well as the initial and final fertility of the greenhouse soil (GS) are described in Table 1.

In order to study the influence of PGPR and AMF on the nutrition and physiolog-
ical performance of the Batavia lettuce plants, the following commercial products were
used: (a) Micoseeds Plus, 1 kg (powder of mycorrhiza fungi, containing the mycelium and
seeds of the AMF Glomus sp. enriched with beneficial microorganisms, Trichoderma sp.,
Bacillus spp., Streptomyces sp., and Pseudomonas sp.), provided by Comerco Agrotechnol-
ogy (Athens, Greece); (b) Clonotri, 0.25 mL (a commercial liquid product provided by
Comerco Agrotechnology containing rhizospheric bacteria, PGPR, and other beneficial
microorganisms;; (c) Strepse, 0.25 mL (provided by Comerco Agrotechnology; a liquid
product, containing rhizospheric bacteria, PGPR, and other beneficial microorganisms); and
(d) Nutryaction, 1 L (an activator of microorganisms and a biostimulant of plant growth;
provided by Comerco Agrotechnology).

The PGPR containing the commercial products Clonotri, Strepse, and Nutryaction
were prepared as follows: 50 mL of Clonotri, 50 mL of Strepse, and 150 mL of Nutryaction
were mixed with a limited volume of water (2–3 L) at room temperature (20–25 ◦C).
The three products were stirred very well and allowed to stand for 2 h in order for the
microorganisms to be activated. The ratio of Clonotri, Strepse, and Nutryaction in the final
volume solution was 2:2:6 (i.e., 2 mL/L Clonotri, 2 mL/L Strepse, and 6 mL/L Nutryaction).
The rhizosphere of each lettuce seedling was soaked in this final solution for a few seconds
before the establishment of the experiment. The same solution was prepared and added by
fertigation 7 days after the initiation of the experiment. To investigate the additional effects
of AMF, the lettuce seedlings were first soaked in the PGPR solution, and a small quantity
(1–2 g) of granular Micoseeds Plus was added on the rhizosphere of each seedling prior to
their transplantation.
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2.3. Soil Sampling, Manure Nutrient Composition, and Lab Analyses

A composite soil sample from the upper 20 cm of the soil surface of the experimental
area was collected and analyzed, and its chemical properties are shown in Table 1. A
composite sample from well-digested and composted cow manure, produced at the Amer-
ican Farm School, was analyzed. Its nutrient composition is presented in Table 1. Soil
samples were dried at room temperature, stones were removed, and the samples were
sieved to pass through a 10-mesh screen; the screened samples were sent to the Soil and
Water Resources Institute’s lab (ELGO DIMITRA) for chemical analyses of the following
parameters: pH, organic matter, % CaCO3 content, NO3-N, available P, exchangeable
cations (Ca, Mg, and K) and micronutrients (Fe, Mn, Zn, Cu, and B). The parameters
were determined as follows: pH was determined in a 1:1 soil—distilled water paste [29];
particle size was analyzed according to the Bouyoucos method [30]; organic matter was
determined using potassium dichromate [31]; the NO3-N concentration was determined
according to the VCl3/Griess method [32]; and available P was determined according to
the Olsen method [33]. The exchangeable cations were extracted using CH3COONH4 [34];
Fe, Mn, Zn, and Cu were extracted using a DTPA solution at a pH of 7.3 [35]; and the B
concentration was determined according to the method described by Wolf [36]. Finally,
the % CaCO3 content was determined according to the acid neutralization method [37].
Potassium, Ca, Mg, Fe, Mn, Zn, and Cu concentrations were measured by ICP spectrometry
(OPTIMA 2100 DV optical emission spectrometer, Perkin Elmer, Waltham, MA, USA) [38].

2.4. Methodology of Soil Respiration Rate Measurement

Soil respiration (Rs) was measured in situ in each of the six treatments using a LI-COR
LI-6800 soil CO2 flux chamber (LI-COR, Lincoln, NE, USA). A PVC collar (with a 19.5 cm
inner diameter and a height of 11.5 cm) was inserted into the soil to a depth of 5 cm in
each location at least 24 h prior to the measurements, and it was kept in place for the
duration of the experiment. Each measurement was obtained in triplicate and comprised
a 90 s measurement, including a 25 s dead-band measurement and a 45 s post-purge
measurement. For each location soil temperature and soil moisture were simultaneously
measured using a Li-COR Stevens probe (LICOR, Lincoln, NE, USA).

2.5. Plant Growth Measurements

At the end of the experiment, all plants were harvested and separated into root systems
and leaves to determine the total plant, root, and leaf biomass values and leaf/root ratio.
After weighting all the plant tissues separately and determining their fresh weight (F.W.),
they were washed twice (with high-quality tap water followed by distilled water) and
dried at 75 ◦C for 72 h to determine their dry weight (D.W.) values. By adding the leaf and
root dry weights, the total plant D.W., i.e., the total plant biomass, was calculated.

2.6. Nutrient Uptake and Tissue Nutrient Concentrations

The dried vegetal tissues were ground to a fine powder and passed through a 30-mesh
screen. A 0.5 g. portion of the fine powder of each sample was dry-ashed in a muffle furnace
at 515 ◦C for 5 h. The ash was dissolved in 3 mL of 6 N HCl and diluted with double-
distilled water up to 50 mL. Phosphorus, K, Ca, Mg, Fe, Mn, Zn, and Cu concentrations
were determined by ICP spectrometry (OPTIMA 2100 DV optical emission spectrometer,
Perkin Elmer, Waltham, MA, USA) [38], while those of N and B were determined by the
Kjeldahl and azomethine-H methods, respectively [39,40]. Macronutrient concentrations
were expressed in % D.W., while those of micronutrients were expressed in mg kg−1.

2.7. Chlorophyll Fluorescence, Gas Exchange Measurements, and Intrinsic Water Use
Efficiency (WUEi)

At the end of the experiment, the following parameters were determined using a PAM-
2000 fluorometer (HeinzWalz GmbH, Effeltrich, Germany): Fv/Fm, the maximum quantum
yield of primary photochemistry; F0, the minimum fluorescence; Fm, the maximum fluores-
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cence; and Fv = Fm − F0, the variable fluorescence. In addition, the performance index (PI)
was determined, reflecting the functionality of both photosystems I and II and providing
quantitative information on the current state of plant performance under stress condi-
tions [41]. The above-mentioned parameters were determined on the youngest mature,
fully expanded plant leaves. Before performing the measurements with the fluorometer,
the leaves were preconditioned under dark conditions for 20 min [42].

For the gas exchange measurements, i.e., photosynthetic and transpiration rates,
stomatal conductance, and the intercellular CO2 concentration, an LC PRO portable gas-
exchange-measuring system (ADC Bioscientific Ltd., Hoddesdon, UK) was used. All the
measurements were carried out during the time period from 10:00 to 12:00 a.m. (under
natural light intensity) on the youngest mature, fully expanded leaves. Finally, the intrinsic
water use efficiency (WUEi, showing the water efficiency at the plant level) was determined
as the net photosynthetic rate per stomatal conductance.

2.8. Statistical Analysis

The experimental design consisted of a 6 × 1 completely randomized factorial with
six treatments and one plant species. In each of the six treatments, 10 plant replicates
were randomly selected for analyses (thus, the total number of experimental plants was
60). For the determination of final soil fertility, three sample replicates were included per
treatment. The data were statistically analyzed via a one-way ANOVA using the SPSS
statistical program (version 28, IBM, Armonk, NY, USA); for the comparison of mean values
among the treatments, Duncan’s multiple range test, with p ≤ 0.05, was used.

3. Results

3.1. Initial and Final Soil Fertility

The properties and nutrient contents of the cow manure used, as well as the initial
and final soil fertility, are shown in Table 1.

As indicated by the results in Table 1, the MAN was a good source of nutrients
(particularly NO3-N, P, K, and micronutrients), contributing highly to the enrichment of the
GS with organic C. At the end of the experiment (final fertility), high amounts of nutrients
were removed (compared to the initial soil fertility), as indicated in Table 1. Significantly
higher NO3-N concentrations were determined in the IF treatments compared to the organic
(MAN, MAN + PGPR, and MAN + PGPR + AMF) ones. Similarly, for the Olsen-determined
P, significantly higher concentrations were recorded following the IF and IF + PGPR + AMF
treatments compared to the MAN and MAN + PGPR treatments. The highest exchangeable
K concentration was found in soil receiving the IF treatment (298 mg kg−1), and it was
significantly higher than those determined following the other two IF treatments, MAN
and MAN + PGPR + AMF (Table 1). Regarding micronutrients, the highest Fe concentration
(1.74 mg kg−1) was recorded for the MAN + PGPR + AMF treatment, followed by the
IF treatment (1.04 mg kg−1). These concentrations were significantly higher than those
found in soil following the MAN, MAN + PGPR, and IF + PGPR + AMF treatments
(Table 1). Similar to Fe, the highest Mn and Zn concentrations were determined in the
MAN + PGPR + AMF treated soil (4.39 mg kg−1 and 2.20 mg kg−1, respectively). Finally,
the B concentration was significantly higher in the MAN + PGPR-treated soil (1.17 mg kg−1)
compared to the inorganic treatments (IF, IF + PGPR, and IF + PGPR + AMF) (Table 1).

3.2. Soil Respiration Data

Figure 1 presents soil respiration data among the six treatments. As shown for the
organic fertilization (MAN) treatments, significantly higher CO2 emissions were recorded
compared to the relevant (with or without PGPR and AMF application) inorganic treat-
ments. For both fertilization regimes (either inorganic or organic), PGPR and AMF signif-
icantly and synergistically boosted CO2 emissions; the highest CO2 emission was deter-
mined for the MAN + PGPR + AMF treatment (Figure 1).
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Figure 1. Soil respiration (μmol m−2s−1 CO2 flux) under different fertilization treatments. Dif-
ferent letters on bars (means ± standard deviations) indicate statistically significant differences
among treatments.

3.3. Plant Growth

From Table 2, it can be concluded that the addition of PGPR and AMF to inorganic
fertilizer (I.F.) positively influenced the dry weights of the roots, leaves, and total biomass.
In particular, between IF and the IF + PGPR + AMF treatment, significant differences in
the three dry weights were recorded. In the MAN treatments, only PGPR application
(i.e., MAN + PGPR) positively influenced the dry weights of the roots, leaves, and total
biomass, while AMF addition (i.e., MAN + PGPR + AMF) had a negative effect (Table 2).

3.4. Plant Tissue Nutrient Concentrations

Leaf and root nutrient concentrations among treatments are shown in Tables 3 and 4.
Nitrogen and P concentrations were not significantly influenced among the treatments,
whereas significant differences in K concentration were found in the organic fertilization
regime between the MAN and MAN + PGPR + AMF treatments (Table 3). The lowest leaf
Mg concentration was observed in the MAN treatment (0.39% D.W.); significant differences
in Mg uptake were only found between the (i) MAN and (ii) MAN + PGPR, MAN + PGPR
+ AMF treatments (Table 3).

In both the I.F. and organic (MAN) fertilization regimes, PGPR and AMF application
significantly increased leaf Fe concentrations (Table 3). Despite the beneficial role of PGRP
and AMF in Fe uptake, a similar influence was not found for the other micronutrients.
In the IF regime, for example, foliar Mn, Zn, Cu, and B concentrations were significantly
decreased after PGPR and/or AMF application, while in the MAN regime, the addition of
PGPR and AMF did not significantly affect the uptake of these micronutrients (Table 3).
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3.5. Physiological Performance (SPAD, Performance Index-PI, Photosynthetic Rate, Intercellular
CO2, and Water Use Efficiency—WUEi) of Lettuce Plants

As shown in Figure 2, significantly higher values of SPAD were determined for
the combined application of PGPR and AMF in the I.F. regime compared to the control
(inorganic fertilization only). Similarly, the highest value for the performance index (PI)
was recorded for the I.F. + PGPR + AMF treatment, and it was significantly higher than the
values determined for the single I.F. and MAN applications (Figure 3B). The photosynthetic
rate was significantly higher in the MAN + PGPR treatment group compared to the single
MAN and I.F. applications as well as the I.F. + PGPR treatment (Figure 4A). Stomatal
opening was significantly higher following the combined application of PGPR and AMF
in the I.F. regime compared to the single applications of I.F. and MAN as well as the
I.F. + PGPR and MAN + PGPR treatments (Figure 4B). Water use efficiency (WUEi) was
significantly higher following the single MAN application compared to the MAN + PGPR
+ AMF treatment (Figure 4E).

 

Figure 2. SPAD values of Batavia lettuce plants under different fertilization treatments. Different
letters on bars (means ± standard deviations) indicate statistically significant differences among
treatments.

 
(A) 

Figure 3. Cont.
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(B) 

Figure 3. Photosystem II (PSII) activity of Batavia lettuce plants, as indicated by parameters Fv/Fm

(A) and performance index (PI) (B), following different fertilization treatments. Different letters on
bars (means ± standard deviations) indicate statistically significant differences among treatments.

 
(A) 

 
(B) 

Figure 4. Cont.
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(C) 

 
(D) 

 
(E) 

Figure 4. Photosynthetic rate (μmol CO2 m−2s−1) (A), stomatal conductance (mmol m−2s−1) (B),
intercellular CO2 concentration (μmol CO2 mol air−1) (C), transpiration rate (mmol H2O m−2s−1)
(D), and intrinsic water use efficiency (WUEi) (μmol CO2 mol H2O−1) (E) of Batavia lettuce plants
following different fertilization treatments. Different letters on bars (means ± standard deviations)
indicate statistically significant differences among treatments.
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4. Discussion

As shown in Table 1, it is clear that cow manure (MAN) was a good organic source
of nutrients (particularly NO3-N, P, K, and micronutrients), contributing highly to the
enrichment of the greenhouse soil (GS) with organic C. In terms of final soil fertility,
significantly higher NO3-N concentrations were determined for the IF treatments compared
to the organic ones (MAN, MAN + PGPR, and MAN + PGPR + AMF) (Table 1). This
could be ascribed to the slow N mineralization rate of organic matter and agrees with
other published data [43]. Similar conclusions can be drawn for the Olsen-determined
P (lower concentrations were determined in the organic treatments compared to the IF
ones) (Table 1). The differences in the Olsen-determined P concentrations between the
inorganic and organic (MAN) regimes are probably due to the direct application of the
25-10-0 fertilizer in the IF treatment before the experimentation combined with the slow
organic P mineralization rate in the MAN treatments, something which is also in agreement
with other published data [44].

PGPR and AMF applications boosted soil respiration (CO2 flux); in the organic fertil-
ization (MAN) regime in particular, differences among the three treatments were significant,
and the highest CO2 flux was recorded for the simultaneous application (co-application) of
PGPR and AMF (the MAN + PGPR + AMF treatment) (Figure 1). This is in agreement with
other studies, which concluded that PGPR application boosted soil respiration [45,46]. Both
the above-mentioned studies concluded that the combined application (co-application)
of PGPR and organic fertilizers had a positive impact on soil quality. The boost in soil
respiration after the combined application of biochar and PGPR was found to be dependent
on soil type (a 100% increase in soil respiration in acidic soils and an approximately 50%
increase in calcareous soils) [45]. In our study, approximately three- and sixfold higher
soil respiration values were determined after the combined application of PGPR and AMF
in the IF and MAN fertilization regimes, respectively, compared to the control (Figure 1),
which is quite impressive. In contrast to the above data, it was found that PGPR appli-
cation did not significantly influence soil respiration in Ginger (Zingiber officinale Rosc.)
plantations compared to the application of a simple NPK fertilizer [47]. The differences in
the effect of PGPR on soil respiration data in the above studies could possibly be ascribed
to the different genera/species of PGPR used for experimentation.

PGPR and AMF additions in the inorganic fertilization (IF) regime positively influenced
root, leaf, and total biomass dry weights. In particular, between the IF and IF + PGPR + AMF
treatments, significant differences in the three dry weights were recorded (Table 2). Al-
though other studies concluded that the simultaneous application of PGPR and organic
fertilizers positively influenced plant growth and biomass [45,46], there seems to be a lack
of published data on the co-application of inorganic fertilizers and PGPR as well as on
the co-application of IF with PGPR and AMF. From this point of view and to the best
of our knowledge, our study is the first one showing that the combined application of
inorganic fertilizer with PGPR and AMF can have a significant impact on the leaf d.w. and
total biomass of lettuce plants (Table 2). This was not observed in the organic fertilization
(MAN) regime, in which the combined application effect of MAN, PGPR, and AMF was
not significant compared to the MAN application only (Table 2). In contrast, significantly
lower root, leaf, and total biomass dry weights were recorded for the MAN + PGPR + AMF
treatment compared to the MAN + PGPR treatment (Table 2), indicating that the single
application of PGPR with MAN was more beneficial than the one with PGPR and AMF
combined. This result is quite interesting and needs to be further investigated in the near
future. Other studies have shown that treatments involving biochar applications (at doses
of 3 t ha−1) resulted in a 70% decrease in AMF infection [45]. It seems possible that a similar
mechanism could be responsible in our case, i.e., MAN fertilization could have impeded
root system infection by AMF. Of course, this hypothesis needs to be further investigated
in the near future.

Significant differences in K uptake were found in the organic fertilization regime
between the MAN and MAN + PGPR + AMF treatments (Table 3). The increase in K uptake
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after the simultaneous application of PGPR and AMF led to an increase in stomatal opening
(Figure 4B), photosynthetic (Figure 4A) and transpiration (Figure 4D) rates. Potassium
nutrition affects stomatal opening and photosynthetic and transpiration rates, as shown by
other researchers [48,49]. In addition, significant differences between the (i) MAN treatment
and the (ii) MAN + PGPR and MAN + PGPR + AMF treatments were found in Mg uptake
(Table 3). Magnesium is part of the chlorophyll molecule; thus, the differences in Mg
concentrations among the three organic (MAN) treatments could have led to differences
in chlorophyll content, which could possibly explain the differences in the photosynthetic
rate (Figure 4A). This hypothesis is also confirmed by the significantly higher SPAD values
determined following the co-application of the PGPR and AMF treatments in the IF regime
(Figure 2). Thus, the previous data may explain the beneficial effect of PGPR and AMF
co-application on K and Mg uptake (in the organic (MAN) fertilization regime), as well as
on SPAD (Figure 2), the photosynthetic rate (Figure 4A), and stomatal opening (Figure 4B).
Of course, further research is needed to test this hypothesis regarding the influence of
PGPR and AMF on Mg uptake by Batavia lettuce plants, as well as on their chlorophyll
content and photosynthetic rates. In other studies with L. sativa [15,16], applications of
AMF and Trichoderma sp. biostimulants showed increased N, P, and Mg uptake, which is in
partial disagreement with our data. Maybe the differences between our results and those
of the other researchers [15,16] could be ascribed to differences in the growth experimental
conditions among the three studies (greenhouse soil experimentation with organic or
inorganic fertilization and PGPR and AMF applications, a soilless system with sub-optimal
P, and greenhouse experimentation with sub-optimal, optimal, and supra-optimal levels of
N, respectively).

The significant increase in Fe uptake after PGPR and AMF addition could influence
SPAD values (Figure 2) since Fe plays a crucial role in chlorophyll synthesis without
being part of its molecule. The enhanced SPAD values following the PGPR and AMF
treatments could influence the photosynthetic rate of lettuce plants (Figure 4A); however,
further investigation is needed into the roles of PGPR and AMF in Fe uptake and its
subsequent effect on chlorophyll content and photosynthesis. The co-application of Azolla
compost, Azolla biochar, and PGPR (P. fluorescens) has been found to increase most nutrient
concentrations in rosemary plant tissues (shoot and root nutrient concentrations), while
the highest shoot and root nutrient concentrations were determined in plants following
the Azolla biochar + PGPR treatment [46], which is in partial agreement with our results,
especially those concerning Fe (Tables 3 and 4).

Although non-significant differences were found among the treatments in the Fv/Fm
ratio, the performance index (PI) was a more reliable index, showing quicker reactions
of PSII to various stresses, as also shown in previous studies [50]. In our study, the
co-application of PGPR and AMF in the IF regime positively influenced the PI, causing
significant a difference in its values between the IF and IF + PGPR + AMF treatments
(Figure 3B). In contrast, in the MAN fertilization regime, the addition of PGPR and AMF
did not significantly increase the PI (Figure 3B). Thus, it seems that PGPR and AMF co-
application did not work as efficiently in the MAN fertilization regime as it worked in the IF
regime, something that also confirms our plant growth data (Table 2). Similar to the PI, the
photosynthetic rate showed a significant increase after PGPR and AMF co-application only
in the IF regime and not in the MAN fertilization regime; in that case, only PGPR addition
positively influenced the photosynthetic rate of the plants (Figure 4A). The conclusions
for stomatal conductance, in which the influence of PGPR and AMF co-application was
significant only in the IF and not in the MAN fertilization regime, were similar (although
the addition of both PGPR and AMF increased stomatal opening, this tendency was non-
significant) (Figure 4B). Thus, further research is needed to investigate and clarify the
effects of PGPR and AMF on PI, the photosynthetic rate, and stomatal conductance in
lettuce and other species. The intrinsic water use efficiency (WUEi), which shows how
efficiently water is used at the plant level, showed a significant decline in plants in the
MAN fertilization regime after simultaneous PGPR + AMF application (Figure 4E). Other
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studies have shown that PGPR (AG-54-Pseudomonas sp. and AG-70-Bacillus sp., applied
separately or combined) improved water stress tolerance in wheat plants [51], while the
WUEi was influenced by both AMF inoculation and by N and K fertilization [52,53].

5. Conclusions and Future Perspectives

The application of PGPR and AMF positively influenced soil quality and fertility
as well as plant growth, nutrient uptake, SPAD, performance index, photosynthetic rate,
and stomatal opening in Batavia lettuce plants under both inorganic (IF) and organic
(MAN) fertilization conditions. In some cases, the results were more promising in the IF
treatment; however, this tendency needs further investigation in the near future in order
to clarify the effect(s) of the type of fertilization (organic or inorganic) on the effects of
PGPR and AMF. Thus, their roles as soil improvers and plant growth promoters should be
further examined in the frame of sustainable agriculture with the aim of decreasing high
conventional fertilization rates.
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Abstract: Countries in arid climates, such as Qatar, require efficient water-saving strategies and
nitrogen treatment for vegetable production. Vegetable importation constituted approximately
USD 352 million of Qatar’s 2019 GDP; hence, enhancing local production is essential. This study
investigated the effect of varying nitrogen and water levels on cucumber (Cucumis sativus L.) fruit
yield. Various water management strategies were also evaluated. A split plot design was employed
with two water levels (W1: 50% deficit irrigation, W2: 100% full irrigation) and three nitrogen
levels (N1: 50 kg N ha−1, N2: 70 kg N ha−1, N3: 100 kg N ha−1) to examine cucumber yield and
physiological response. Our findings revealed that using minimal drip irrigation and reducing
nitrogen levels significantly enhanced the growth, SPAD index, fruit characteristics, and yield
components of cucumber. Drip irrigation had a greater influence on cucumber production than
nitrogen levels. Shoot height increased by 4% from W2N1 (T1) to W1N3 (T6) and 4.93% from W2N2
(T2) to W1N2 (T5). Fruit length and width increased by 10.63% and 13.41% from T2 and T1 to T5,
respectively. The highest total yield occurred at T5, followed by T6, T2, W2N3 (T3), W1N1 (T4), and
T1 at 34.5, 29.1, 27.6, 25.8, 25.2, and 20.4 t/ha, respectively. The optimal combination comprised
50% deficit irrigation (W1) and 70 kg N ha−1 (N2) nitrogen. These results suggest the importance of
optimizing drip irrigation for achieving maximum cucumber fruit yield in arid climates.

Keywords: Cucumis sativus L.; field trial; nitrogen fertilizer; drip irrigation; Qatar

1. Introduction

In most parts of the world, particularly arid and semi-arid regions, population increase
and climatic change have posed serious threats to vegetable production. Indeed, droughts
may become more frequent, severe, and prolonged due to climate change [1,2]. Most
countries in this region, such as Qatar and Kuwait, are characterized by harsh weather con-
ditions with low rainfall and a higher chance of drought occurrence, poor soil composition
coupled with high temperatures, which invariably hinder agriculture production [3]. Thus,
water availability is a major constraint to vegetable production in this region. Meanwhile, it
has been projected that agricultural production will continue to increase in arid regions due
to a rise in population and demand for more arable land, ultimately leading to an increase
in demand for irrigation water resources [4,5]. Also, climate change has made the future
uncertain as the predicted water balance between precipitation and evapotranspiration is
anticipated to be unfavorable, requiring a large amount of water for irrigation [6]. Indeed,
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the predicted occurrence of drought in Qatar is high as its annual rainfall is often lower
than the prevailing annual evapotranspiration [7]; hence, water supply remains the major
constraint to crop production.

The availability of water resources is essential for the sustainable existence of humans,
while the persistent increase in the global population coupled with industrialization has
resulted in a noticeable increase in its consumption [8,9]. The situation is even more dire
in arid and semi-arid regions. Thus, water is a scarce resource in Qatar, and its uses must
be rationed among industry, municipal, and agriculture sectors [10]. Agricultural water
usage accounts for 85.40% of the total water usage or consumption in Qatar, followed by
municipal (11.84%) and industrial (2.76%) use [10].

Similarly, soil fertility is crucial to sustainable vegetable production and requires
adequate maintenance and improvement [11,12]. Fertilization impacts soil nutrients and
fertility, thus increasing crop yield and product quality. However, excessive usage of
chemical fertilizers often results in low efficiency; imbalanced fertilization can result in
micronutrient deficiencies [13]. In an attempt to increase agricultural output, excessive
fertilizer application has led to soil degradation, groundwater contamination, and other
ecological and environmental issues, while overdrawing groundwater is consequential
to the groundwater table, increasing the salinity of the soil and exposing the soil to other
stresses [14]. Moreover, excessive use of nitrogen (N) fertilizers can pose serious health and
environmental hazards, as over 70% of N fertilizer applied in food production is lost to the
environment [12,15]. Although N is an essential nutrient for crop productivity, achieving
optimal application levels can be challenging due to the dynamic availability of N to plants
during growth [16].

Owing to its unique taste, nutritional benefits, and high yield, cucumber is an impor-
tant horticultural crop produced and consumed globally. Cucumber provides vitamins,
minerals, and nutrients essential for human growth and development [14,17]. Vegetable
production is a top priority outlined in the Qatar National Food Security Strategy 2018–2023.
Although Qatar currently ranks 140th worldwide, it strives for self-sufficiency in vegetable
production. Indeed, a significant increase in vegetable production, from 65,117 tons in 2017
to 101,881 tons in 2021, has been reported comprising four major vegetables: cucumber
(19.48%), tomato (15.35%), bell pepper (6.02%), and eggplant (4.64%) [18]. Cucumber can
be eaten raw and is often incorporated in fruit juice preparation. It offers certain health
benefits as it possesses a significant amount of water and is extremely low in caloric content.
More specifically, cucumber exhibits potential benefits in managing diabetes, reducing
lipids, and acting as an antioxidant. Cucumber also aids in detoxification by eliminating
stored waste products and harmful chemical toxins, while its fresh juice is beneficial for
skin nourishment [19]. Cucumber is extensively cultivated in Qatar due to its short growth
cycle and flavorful taste coupled with huge economic value. However, efforts to increase
cucumber production may lead to poor fertilizer application and excessive water irrigation,
resulting in water and nitrogen waste, increased soil salinity, nitrogen leaching, pollution,
and consequently, reduced cucumber output and quality [20]. The impact of N availability
on vegetable yield and quality is eminent. Thus, its application should be well-tailored and
managed in cucumber (Cucumis sativus L.) to enhance yield and quality while minimizing
its negative impacts [14,21]. In the open field, cultivated cucurbits, such as cucumber,
melon, pumpkin, and squash, exhibit variation in optimal nitrogen rates depending on the
cucurbit location and species, ranging from 80 to 200 kg N ha−1 [16,22–24]. However, in
Qatar, the recommended rate of N fertilizer for general cucurbit cultivation has not been
properly documented. As such, it is unclear whether the current use is under, over, or
within the reported range for application as basal or surface treatment. Consequently, it is
unclear whether the N rate use is suitable for open-field cucumber production in Qatar.

Water and nitrogen remain the most essential limiting factors that influence the accu-
mulation of crop biomass, invariably resulting in crop yield variation [25–29]. Accordingly,
the current adopted a sustainable irrigation technique to conserve water and an effective
nitrogen management strategy to sustain crop cultivation/production in arid and semi-arid
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regions. We found that the rational utilization of nitrogen and irrigation water can substan-
tially mitigate the suppressive impact of harsh weather conditions on crops under adequate
agronomic practices, increasing the crop yield. We propose that our results will optimize
nitrogen and irrigation application to obtain crops with better yields while protecting the
environment from pollution.

2. Materials and Methods

2.1. Site Location

The experiment was conducted in field conditions at the Agriculture Research Station
of Qatar University, situated 60 km north of Qatar off Shamal road in Rawdat Al-Faras
within the Al Shamal Municipality, between 2 November 2022 and 10 February 2023.
The farm is located at 25◦48′ N latitude and 51◦20′ E longitude. The study area can
be characterized as a subtropical arid desert climate, characterized by minimal annual
precipitation of 58.15 mm, temperature fluctuations ranging from 25.60 ◦C to 33.49 ◦C,
humidity levels varying between 32% and 72%, average wind speed of 6 knots, mean sea
level (MSL) atmospheric pressure of 6 hPa, and an average of 7.8 daily sunshine hours
per year [18,30]. However, most rainfall occurred during November and December up to
January 2023. The water source for irrigation is underground brackish water; thus efficient
use of available water is crucial for preserving land and water resources. Anions and
cations in water samples were quantified using the Metrohm 850 Ion Chromatography
(IC) system in the Central Laboratory Unit, Qatar University, following the methodology
outlined by Wilson et al. (2011), while the pH and electrical conductivity were determined
using YSI Exo-2 Sonde (YSI Inc., Yellow Springs, OH, USA) [31].

2.2. Soil Properties, Land Preparation, and Seeding Transplanting

At the experimental site, the available soil is a combination of sand, loam, and clay.
Before transplanting seedlings, soil samples were extracted from the experimental field
at a depth ranging from 0 to 30 cm using an auger. These soil samples were subjected
to a comprehensive chemical analysis at the sediment lab of the Environmental Science
Center, Qatar University, to assess various soil properties, including organic matter content,
pH, electrical conductivity (EC), as well as phosphorus (P), calcium (Ca), copper (Cu),
magnesium (Mg), sodium (Na), zinc (Zn), boron (B), potassium (K), and manganese
(Mn) concentrations. The analysis procedure involved utilizing a heating block and acid
digestion method to determine the total metal content in the soil. During this procedure,
0.25 g of fine soil samples were mixed with 9 mL of HNO3 acid and heated at 95 ◦C for
30 min. Subsequently, 3 mL of HF acid was added, and the mixture was heated for an
additional 30 min at the same temperature. The temperature was then increased to 135 ◦C
for 60 min to reduce the volume, followed by a slight increase to 155 ◦C until the sample
was nearly dried. Subsequently, 3 mL of HNO3 acid and 20 mL of deionized water were
added, and the mixture was heated until it became clear. After cooling, the solution was
quantitatively transferred into a 100 mL volumetric flask and diluted with deionized water
to the desired volume. The ion concentrations were determined using a Perkin Elmer
ICPOES 5300 DV instrument (Perkin-Elmer Optima 5300 DV, PerkinElmer, Waltham, MA,
USA). Additionally, the soil’s organic matter content was evaluated by estimating the
organic carbon content using the Walkley and Black method. Although the soil does not
have serious issues with salinity or poor drainage, the plot of land was selected based on
prior support for vegetable production. The pre-planting operation, including clearing
of the field, followed by plowing and furrowing, was performed to achieve good soil
structure.

After land preparation and a 3-day acclimatization period, the seedlings were trans-
planted and subjected to the same treatment to ensure uniformity before the experimental
treatments.
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2.3. Experimental Design

The experiment was carried out under main and sub-plot arrangements. Irrigation
was applied to the main plots while nitrogen (N) was applied to the sub-plots, with three
replicates in a split-plot design. Cucumber cultivation/production was evaluated by the
drip irrigation practices applied under different rates: full (100%) and deficit (50%). Three
nitrogen levels were studied, representing varying percentages of the recommended 100 kg
N ha−1 for cucumber drip irrigation. Urea was the nitrogen source, with concentrations of
100%, 70%, and 50% of the recommended rate (Table 1). In Qatar, the conventional method is
extensively accepted by most farmers for scheduling irrigation and is based on the duration
required to irrigate a plot. The cucumber hybrid seedling was transplanted on 2 November
2022, and the experiment ran until January/February 2023, with a 70 m × 50 cm row-to-row
plant-to-plant spacing arrangement. Each experimental plot comprised four rows, 3 m long
and 2.10 m wide, with five cucumber seedlings planted in each row, resulting in a total of
twenty cucumber seedlings per plot. Phosphorus (70 kg P2O5 ha−1) and potassium (60 kg
Ca(H2PO4)2. H2O ha−1) were applied to all treatments. Drip irrigation was applied every
other day each week until the required quantity of water was reached. The components of
the drip system included polyethylene laterals with 12 mm diameters fixed with in-line
drippers at a distance of 50 cm. Nitrogen was applied at seedling, flowering, fruit enlarging,
and fruit maturity stages in equal doses with the drip irrigation system starting 5 days after
transplantation (Table 2). All agronomic activities, including weeding and plant protection
measures, were performed similarly to local practices. The fruits were harvested between
17 December 2022 and 10 January 2023 when they reached their full size and were green.

Table 1. Details of experimental treatments with irrigation and nitrogen fertilizer.

Treatment Treatment Designation

Irrigation method (independent)
Deficit irrigation–50% W1
Full irrigation–100% W2

50 kg N ha−1 (50% of recommended N1) N1
70 kg N ha−1 (70% of recommended N2) N2

100 kg N ha−1 (100% of recommended N3) N3

Interaction
Full irrigation, 100% nitrogen (W2N3) T1
Full irrigation, 70% nitrogen (W2N2) T2
Full irrigation, 50% nitrogen (W2N1) T3

Deficit irrigation, 100% nitrogen (W1N3) T4
Deficit irrigation, 70% nitrogen (W1N2) T5
Deficit irrigation, 50% nitrogen (W1N1) T6

Table 2. Application of nitrogen fertilizer at different growth stages of cucumber. N1: 50% of
recommended N, N2: 70% of recommended N, N3: 100% of recommended N.

N Fertilizer Application Seedling Flowering Fruit Enlarging Fruit Maturity

N1 50 kg N ha−1 (50%) 5 15 15 15
N2 70 kg N ha−1 (70%) 7 21 21 21
N3 100 kg N ha−1 (100%) 10 30 30 30

2.4. Growth, Fruit, and Yield Parameters

The shoot height of the cucumber plant was determined on the 17th day after trans-
plantation by measuring from the assumed base (above soil level) to the highest point
where the leaves were completely opened using a ruler. The average was recorded at the
beginning and end of the experiment. A few days after transplantation, the leaves per
plant were manually counted. The leaf length and width were measured with a ruler, and
the average length and width were recorded. Four weeks after transplantation, the stem
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width was manually measured with a digital vernier caliper (Clarke CM145 Digital Vernier
Caliper) and used to calculate the plant diameter. When the leaves were green and healthy
during the second week after transplantation, the chlorophyll content was measured using
a common diagnostic tool, Soil Plant Analysis Development (SPAD) chlorophyll meter
(SPAD–2: Konica Minolta Optics, Osaka, Japan), and expressed as the SPAD Index [32].
The fruit length and width were manually determined with a digital vernier caliper at each
harvest. The summation of the harvested fruit weight was determined at each harvest and
the end of the cultivation period with a laboratory scale and recorded in grams per fruit.
The number of fruits collected per experimental unit was manually counted and recorded
at each harvest, and the sum was calculated for the total number of fruits per experimental
unit for all treatments. Thus, the fruit parameters, viz. length, width, number/plant,
average weight, and fresh yield were recorded at each harvest.

2.5. Statistical Analysis

The effects of irrigation and different levels of N application coupled with their
interaction were determined via analysis of variance (ANOVA) using Minitab 19 (Minitab
Inc., State College, PA, USA). Mean differences were compared using Tukey’s post hoc test
at a 5% significance level (p ≤ 0.05).

3. Results

The impact of different levels of irrigation and nitrogen treatment on cucumber vege-
tative growth parameters, yield constituents, and total yield are shown in Figure 1A–I. and
Table 3. The results presented in Table 4 indicate statistically significant differences in the
measured parameters.

Figure 1. Cont.

148



Horticulturae 2023, 9, 1336

Figure 1. Shoot height (A), SPAD index (B), stem diameter (C), root length (D), fruit length (E), fruit
width (F), number of fruit unit−1 (G), fruit weight (H), and yield (ton ha−1) (I) of cucumber-treated
plants treated with 50, 70, and 100% nitrogen deficit (N1, N2, and N3) and 50 and 100% full drip
irrigation (W1 and W2). The interaction study is represented by T1 (Full irrigation, 100% nitrogen),
T2 (Full irrigation, 70% nitrogen), T3 (Full irrigation, 50% nitrogen), T4 (Deficit irrigation, 100%
nitrogen), T5 (Deficit irrigation, 70% nitrogen), and T6 (Deficit irrigation, 50% nitrogen) respectively
with three replicates per treatment. The different letters indicate significance according to the Tukey’s
test (p < 0.05).
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3.1. Soil of the Cultivated Plot and Irrigation Water

Soil samples were analyzed via ion chromatography, YSI Meter, and MOOPAM. A
substantial amount of anions and cations was detected, with moderate and suitable pH
levels, and total organic matter for proper cucumber growth (Table 5). Additionally, the
electrical conductivity (EC) and pH of the irrigation water source were quantified. The
ion composition of the irrigation water source comprised sodium, magnesium, potassium,
calcium, chlorine, and sulfate (Table 5).

Table 5. Certain soil and water characteristics in the open field experiment with three replicates per
treatment.

Chemical Constituents Analytical Method
Soil Sample (depth

0–30 cm)(mg kg−1 DW)
Water Sample (mg L−1)

Sodium (Na)

Ion chromatography
(IC)andInductively coupled

plasma–optical Emission
spectrometry (ICP–OES)

10,294 ± 97.4 274.5 ± 8.7

Magnesium (Mg) 32,031 ± 134.7 98.5 ± 2.2

Potassium (K) 13,445 ± 40.5 24.5 ± 1.7

Calcium (Ca) 62,330 ± 126.6 297.7 ± 4.7

Boron (B) 3849 ± 31.7 nd

Copper (Cu) 30 ± 0.1 nd

Iron (Fe) 26,378 ± 129.4 nd

Manganese (Mn) 585 ± 2.8 nd

Zinc (Zn) 76 ± 0.5 nd

Phosphorus (P) 1223 ± 11.4 nd

Chlorine (Cl) nd 433.5 ± 10.6

Sulfate (SO4) nd 422.5 ± 11.8

EC (mS/cm)
YSI Meter

2.25 ± 1.4 3.01 ± 0.5

pH 7.82 ± 0.2 7.07 ± 0.4

TOM (%) MOOPAM 0.5 ± 0.2 nd

EC, electrical conductivity; pH, potential of hydrogen; TOM (%), total organic matter; nd, not determined with
three replicates.

3.2. Effect of Irrigation and Nitrogen on Cucumber Growth Parameters and SPAD Index

A range of cucumber growth parameters, yield constituents, and fruit yield was
observed based on the amount of water (W) used in drip irrigation at various nitrogen
levels (Table 3). Plant shoot height significantly increased with decreasing N levels up to
N1. In drip irrigation, the tallest plant shoot was found at N2 and N1 in W1 (T5 and T6)
while in W2 the tallest was under N1 treatment (T3).

The SPAD index in plant leaves revealed that the chlorophyll content significantly
increased with decreasing fertilizer application; the SPAD index was highest under N2 and
N1 in W1 (T5 and T6). The highest SI was achieved with N3 treatment in W2. The stem
diameter followed the same trend, with the largest diameter recorded under N2 and N1
in W1 (T5 and T6), while the largest in the W2 treatment was found under N1 (T3). Also,
the root length was significantly increased with decreasing fertilizer application; the root
length was longest with N1 and N2 in W1 (T5 and T6). Meanwhile, in the W2 plots, the
longest roots were achieved under the N3 treatment. Similarly, the stem diameter was the
largest under N2 and N1 in W1 (T5 and T6) and under N1 in W2 (T3).

3.3. Effect of Irrigation and Nitrogen on Fruit Yield

Figure 1E–H showed a significant difference in the fruit yield constituents, including
the length, width, number of fruits per plant, and weight of the cucumbers based on the N
treatment and W level. In W1, the longest fruit was observed with N2 and N1 treatments
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and the shortest with N3 treatments. In the W2 treatment, the longest fruit was recorded at
N2. followed by N1, and the shortest was obtained following N3 treatment (Figure 1E).
The fruit width showed a similar pattern, with the largest obtained under N3 in W1 and N1
in W2 and the smallest found under N1 in W1 and N3 in W2 treatments (Figure 1F). The
fruit weight followed the same trend; the heaviest fruit was obtained under N1, followed
by N2 in W1, and N2 and N1 in W2, while the lightest fruit was found under N3 in W1 and
W2 treatments.

The fruit yield was noticeably larger in W1 compared to W2 under N1 and N2 treat-
ments. The highest fruit yield was obtained under N2, followed by N1 (T5 and T6) in W1,
and the lowest was achieved under N3. W2 produced the maximum yield at N2 (T2) and
the lowest yield under N3 (T1) (Figure 1I). However, the yields produced under W1 and
N2 (34.5421 t ha−1), N1 (29.137 t ha−1), and N3 (25.0734 t ha−1) were higher than those
under W2 and N2 (27.5621 t ha−1), N1 (25.7986 t ha−1), and N3 (20.3913 t ha−1). The most
fruitful yield was obtained under treatment with W1 and N2, which was 22.48% larger
than W2 and N2, suggesting that W1 and N2 (T5) was the ideal combination. Hence, drip
irrigation (W1) produces a 22.48% greater fruit yield with a 50% water deficit and 30 kg of
nitrogen per ha compared to the highest yield achieved with W2 at the same N level. These
findings suggest that optimizing water quantity applied via drip under different N levels
in the field is crucial for maximizing drip irrigation benefits.

4. Discussion

As unfavorable climate change continues to make water-saving techniques increas-
ingly important in arid and semi-arid areas where water availability and supply are limited,
optimizing the conventional or full irrigation system leads to enhanced crop production
and water use efficiency [33–38]. At the end of the current study, the tallest shoot was
observed in the treatment subjected to W1 drip irrigation (deficit water irrigation system),
while the W2 treatment showcased the shortest plant (Table 3). These findings agree with
those of Harmanto et al. (2005) [39] and Rahil and Qanadillo (2015) [20], who reported that
at 70% irrigation deficit, the plant height was highest for tomato and cucumber cultivated
to optimize irrigation and N consumption (Abdalhi et al., 2016) [40]. In contrast, Hashem
et al. (2011) [41] contended that for cucumber plants, a 100% irrigation level succeeded by
80% and 120% irrigation levels across two growing seasons, leading to increased vegetative
parameters. Additionally, Ngouajio et al. (2007) mentioned that augmented vegetative
parameters under the 100% irrigation level were attributed to the appropriate irrigation
volume, particularly during early growth stages, fostering a deeper and more expansive
root system [42]. Similarly, the SPAD index value for the leaf chlorophyll content increased
to 37.42 with water deficit irrigation in W1 (Table 3), indicating that excessive or deficit
irrigation can achieve high or low chlorophyll content. Interestingly, our finding was sup-
ported by Amer et al. (2009) [43], who found that under deficit irrigation, the chlorophyll
content statistically increases. Similarly, the findings agreed with the work of Abdalhi et al.
(2016) [40], who stated that leaf chlorophyll content decreased significantly as the water
irrigation deficit increased; the maximum leaf chlorophyll was obtained when the irrigation
deficit was maintained [40]. Deficient irrigation as a water-saving strategy has exhibited a
positive impact on yield compared with full or traditional irrigation. It has been argued
successfully in different studies conducted across the world. In our study, the increased
yield at W1 compared with W2 is in line with that reported by Dogan et al. (2008) who
achieved the highest cv. Ananas fruit yields at 75% irrigation (43.8 Mg ha−1) compared to
100% (38.9 Mg ha−1) [44]. In another study conducted on cotton cultivation, the adoption
of deficit irrigation resulted in a reduction of water consumption by 31–34%, leading to a
13–24% increase in cottonseed yield [45–47]; our findings supported this. However, our
findings contradict others, who reported that the quantity of irrigation leads to a linear in-
crease in onion fruit yields [41,48,49]. Hence, our findings support the notion that reduced
irrigation can lead to higher crop yields.
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Different studies have widely reported that applying fertilizer to various crops signifi-
cantly positively affects healthy plant growth and yield [50–52]. Our findings showed that
fertilization application and two-drip irrigation practices resulted in higher yields with a
minimal water supply and N required (Table 3). However, under the open-field planting of
cucumber, the yield exhibited a significant increase with a slight increase in N level up to
N2, below the recommended N nutrient requirement for cucumber cultivation. Thus, the
yield increased from N1 to N2 (13.03%) (i.e., 50 to 70 Kg ha−1) at a stage where the yield
was assumed to be constant before decreasing (11.43%) at N3 (1000 Kg ha−1). These results
suggest that the optimum fertilizer treatment is likely 70 Kg ha−1. The maximal yields were
evidenced by increased fruit quantity and enhanced individual fruit weight. However,
no significant difference in fruit weight was observed between N1 and N3 plots, indicat-
ing that, within the confines of our experimental parameters, N1 fertilization influenced
these yield constituents. Conversely, excessive quantities of N in N3 plots impact fruit
weight. Our findings aligned with those of Cabello et al. (2009), who found a substantial
increment in yield (18%) upon transitioning from 30 to 85 kg N ha−1. Subsequently, the
yield demonstrated constancy before a marginal decline (13%) at the 139 kg ha−1 level [53].
Contrarily, it was reported that under arid and semi-arid climatic conditions, cucumber
plants responded to as much as 240 kg N ha−1 [54].

Considering the interaction between water and N, at N70 in W1 (T5), considered
an optimum combination, the highest cucumber fruit yield was obtained compared to
the other treatments, leading to a 50% reduction in water use and 30 and 50 Kg N ha−1

(Table 3). This study’s findings agree with those of Rahil et al. (2015), who discovered that
crop yields increased when irrigation was reduced by as much as 70% [20]. Alternatively,
no significance was recorded in yield between T2, T3, and T4. In summary, the highest
fruit yield was achieved under the ‘T5 treatment, which was 40.87, 20.00, 25.32, 27.41,
and 15.66% higher than T1, T2, T3, T4, and T6, respectively. Hence, the cucumber fruit
yield was higher under deficit irrigation treatment, which could result from the crop’s
potential to adapt to areas with lower water availability or reduced water supply. In
arid and semi-arid regions, these methods can be utilized as a sustainable strategy to
maximize water use, allowing farmers to achieve favorable crop yields while conserving
water resources. To achieve maximum productivity and long-term viability, irrigation
strategies must consider crop-specific requirements and local environmental conditions, as
demonstrated by this study.

5. Conclusions

Our findings show that cucumber growth performance is sensitive to fertigation and
irrigation levels. The application of deficit drip water irrigation at 70% N level is considered
the sustainable and optimal standard to obtain higher fruit yield in an arid area like Qatar,
characterized by harsh climatic conditions. Moreover, improving the application of N
fertilizer and reducing water usage in field cucumber production produces fresh vegetables
and reduces environmental pollution from leaching and contamination by excessive N
fertilizer use. In our forthcoming research, we will emphasize the utilization of omics
techniques to delve deeper into the intricate dynamics underlying nutrient management
and cucumber cultivation. This approach will expand our knowledge of these complex,
multifaceted dynamic processes and enhance cucumber production.
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Abstract: Agricultural systems must identify fertilization strategies in line with the principles of sus-
tainable development and the circular economy to achieve environmentally friendly food production
and to meet the fertilizer-reduction targets set by some territories, such as the European Union (EU).
The objective of this work was to identify the multifunctionality and cost-effectiveness in the use of
the biodisinfection technique in greenhouse horticultural crops. For this purpose, a cost comparison
of the different cultivation strategies was conducted, based on a systematic review of the existing
literature. The results of this work suggest that the biodisinfection of soil containing agricultural
biomass serves as a fertilization strategy that allows a reduction in a large part of inorganic fertil-
izers in protected horticultural crops of intensive nature, in addition to mitigating the expression
of soil pathogens. Reducing the use of fertilizers and phytosanitary products, management fees,
and important means of production, such as water, allows a reduction of up 6.1% in production
costs. The biodisinfection technique is a methodology that can promote circularity in farms while
favoring the use of waste, such as agricultural biomass, which can damage the environment when
not properly treated.

Keywords: agriculture; stakeholder engagement; sustainable development; waste management

1. Introduction

Agriculture has generated serious environmental impacts on ecosystems, mainly since
the middle of the 20th century with the advent of the Green Revolution [1]. The primary
negative impacts include erosion, loss of genetic diversity, loss of quality of water bodies
(above and below ground), emission of greenhouse gases, and ozone layer degradation,
among others [2–7].

Environmental damage has been caused by the intensification of production processes,
which have expanded dependence on inputs such as fertilizers, phytosanitary products,
and energy. This has led to increased consumption of natural resources and polluted
ecosystems. The objective of this intensification was to expand the carrying capacity of the
planet to supply food and fiber to a steadily increasing population. We are currently in a
similar situation where productivity needs to be increased again as the world population is
expected to reach 9.7 billion in 2050 [1,8].

However, despite the similarity of the situations discussed above, the production
principle has changed. Today, there is a desire to produce food in a way that increases field
productivity while reducing dependence on agri-food inputs and respecting ecosystem
and socioeconomic balances [9]. This approach derives from the international agreements
reached by the United Nations (UN) member states through the 2030 Agenda signed
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in 2015. This document brings together the main economic, social, and environmental
issues on a global scale through the 17 Sustainable Development Goals (SDGs) and their
169 targets. The sustainability of agricultural production is reflected in several SDGs, but
mainly in the second and twelfth [10].

Faced with this situation, several countries have reformulated their structural policies.
The EU has positioned itself as a vanguard territory and has published several ambitious
strategies and action plans [11]. These include the European Green Pact, which seeks envi-
ronmental neutrality by 2050 while aiming to make its net carbon emissions disappear [12],
and the implementation of an economic system based on the circular economy that seeks
to reduce the consumption of inputs, reuse by-products generated in production processes,
and recycle the waste that is generated [13,14]. Spain is one of the most advanced territories
regarding the implementation of the circular economy [15].

Despite this radical change, the EU has divided it into phases. The first phase ends in
2030. In this period, agriculture is and will be affected by the Farm-to-Table and Biodiversity
Strategies, with a 20% reduction in fertilizer usage and a 50% reduction in pesticides
projected, as well as an expansion of organic farming to 25% of agricultural fields, and
the maintenance of biodiversity [16,17]. These objectives imply that farmers must get rid
of inputs that have been in place for more than six decades. Farmers must, therefore,
be offered tools to cope with the proposed paradigm shift, particularly regarding the
reduction in soil fumigants and fertilizers, in order not to reduce the profitability and
productivity of agricultural systems and not to compromise the sovereignty and food
security of the European territory [18,19]. The European Parliament has recently approved
the Nature Restoration Law, which aims to restore 20% of degraded ecosystems by 2030
and practically 100% by 2050. This law will establish binding, mandatory, and common
objectives among EU Member States, which may affect the use of agrochemicals. The main
professional agricultural organizations at the European level (Copa-Cogeca and Europêche)
have indicated that it is necessary to identify effective and feasible alternatives to avoid
decreased productivity of agricultural fields before establishing such drastic measures. One
of the measures proposed in the new law is the obligation to leave 10% of agricultural land
as biodiversity reservoirs. For this reason, it is of great interest to identify and communicate
the benefits of production techniques that help achieve this objective without reducing crop
yields [20–22].

Greenhouse production models are one of the agricultural systems that may be af-
fected by this change [18], although these systems are one of the alternatives that will
safeguard food sovereignty and security in the Eurozone and other parts of the world.
About 210,000 hectares of greenhouses have been identified in the EU, with a concen-
tration of 76,000 hectares in Spain. In the Spanish territory, the main production area is
the southeastern portion of the peninsula, where the province of Almeria concentrates
32,827 hectares [23–25]. Almeria’s protected production system specializes in the horticul-
tural production of eight products (tomato, sweet pepper, watermelon, cucumber, eggplant,
melon, zucchini, and bean) and accounts for 6.5% of the EU’s horticultural production. The
Almeria horticultural system is the sixth-largest vegetable producer in Europe, generat-
ing more merchandise than 22 EU Member States [18,26–28]. The productive importance
of the Almeria Model leads it to generate an estimated income of EUR 2200 million per
year, making protected agriculture and its auxiliary industry Almeria’s socioeconomic
engine [29,30].

In addition, the production techniques used in protected agriculture in Almeria make
it an agri-food system with a smaller energy footprint than other greenhouse systems in the
EU, which is possible thanks to the benevolent climate and the use of greenhouses without
climate control [30,31]. Agriculture in Almeria is based in the framework of integrated
production and agro-ecological techniques, such as biological control [32].

However, the Almeria Model has some negative externalities. For example, the
management and subsequent treatment of agricultural biomass were some of the main
problems that afflicted the protected Almeria model at the end of the 20th century because

158



Horticulturae 2023, 9, 859

of the indiscriminate dumping of this material in natural areas. Nowadays, although the
situation has improved significantly, some significant problems regarding the management
of the residual agricultural biomass have been identified [33]. To begin with, there is high
production volume (i.e., 1.8 million tons per year), which is seasonal given that about 80%
of the organic material is generated in only three months (February, May, and June). This
issue prevents adequate sizing of the management plants. In addition, farms are located
far from the production centers, which generates increased costs for the transport of the
material. Finally, vegetal debris is usually mixed with other products, mainly plastic waste
(i.e., raffia and rings for grooving) [34], complicating its management even further. Thus,
some of the alternatives studied to solve the problem do not offer an adequate solution to
this issue (i.e., bioenergy or animal feed) [35,36]. The EU has defined agricultural biomass
as wasted material [37], that being the main agricultural waste generated in protected
agri-food systems and surpassing plastics [38].

Because of the need for sustainable production with low dependence on fertilizers to
promote circularity, several previous studies have tried to develop a fertilization strategy
adapted to horticultural crops in the southeast of the Iberian Peninsula through the use
of agricultural biomass on the farm, which can be extrapolated to other agri-food sys-
tems. This fertilization plan consists of nourishing crops with nutrients obtained from
the agricultural biomass generated in the same shed using the biodisinfection technique.
The communication of the technical and economic benefits of these techniques has fo-
cused mainly on the long-cycle tomato crop, and they have not been identified in other
horticultural crops [18,39].

In this context, the objective of this research was to identify the fertilization capacity
of the biodisinfection technique in soils both affected and unaffected by telluric diseases
to be used as an alternative in the southeastern portion of the Iberian Peninsula to the
reduction in fertilizers proposed by the EU. This study also aimed to verify the effects of the
biodisinfection technique on the decrease in production costs in the cultivation of tomato,
sweet pepper, and watermelons.

To this end, this article is subdivided into the following sections. First, the methodol-
ogy is described. Next, the theoretical framework is indicated, characterizing the productive
benefits of soil biodisinfection in horticultural crops. Then, a cost analysis of the use of
the biodesinfection technique utilizing the agricultural biomass generated in the same
greenhouse is presented. Finally, the conclusions are presented.

2. Materials and Methods

2.1. General Technical Characteristics of Greenhouse Agriculture in Almeria

This study identified the fertilization capacity of the biodesinfection technique in
protected agriculture in Almeria. This production system is characterized by intensive
agriculture under a greenhouse that combines the execution of crops per season in a long
cycle (i.e., a 320-day-after-transplanting (DAT) crop) or in two short cycles (i.e., two crops
of 160 DAT each) [18,40]. This protected cultivation system specializes in producing eight
vegetable species: tomato, sweet pepper, watermelon, zucchini, cucumber, eggplant, melon,
and beans. Several sustainable techniques, such as integrated pest and disease control,
biological control, and grafting, are implemented in the production process [30]. In addition,
solarization is used by 95.2% of farmers, either as the principal method or in combination
with chemical fumigants [41].

Before describing the biodisinfection techniques and their effect on crop productivity,
it is necessary to define the concept of “solarization” because of its close relationship with
the aforementioned techniques [18]. This method is widely used for soil disinfection. For
example, in greenhouse agriculture in Almeria, it is used [41,42].

The production follows international standards such as GLOBALGAP [29,32,43],
although organic production represents almost 10% of the greenhouse area [44].

In addition, due to its benevolent climatic conditions, production is carried out in
greenhouses that do not require climatic correction, as opposed to other European green-
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house systems, which require more energy [31]. Crops are grown in “raspa y amagado”-
type modules. The predominant productive structures in the long cycles have heights of 6.0,
5.0, and 4.7 m at the ridge, under the canal, and in the trellis, respectively, while the short
cycles have heights of 4.5, 3.5, and 3.0 at the ridge, under the canal, and in the trellis, respec-
tively. These structures have lateral windows around the perimeter and zenithal windows
on the ridge. The irrigation system consists of high-frequency irrigation equipment with
emitters having a nominal flow rate of 3 L·h−1 and an irrigation controller consisting of five
tanks where the inorganic or ecological fertilizers added through the fertigation equipment
are deposited. Pest and disease control follows the Integrated Production regulations,
except in farms that produce under the Organic Production regulations. The climate control
in the sheds has a passive character thanks to the benevolent climate of Almeria, so it
requires less energy than other European greenhouse production systems [30,32,40,45].

2.2. Systematic Literature Review

First, a systematic review of the scientific literature was performed. This procedure
allows for synthesizing information on a specific topic [46,47]. This step aimed to describe
biodisinfection techniques and their benefits on crop yield, both in disease and disease-free
soils, and in crops with and without the addition of inorganic fertilizers. The literature
review was performed using the “snowball” or ”chain of references method” [48].

In this process, we used scientific literature published in English and submitted
to a peer-review process before publication. The database used was Scopus [49], The
terms introduced were biodisinfection, biosolarization, biofumigation, solarization, or their
synonyms. The bibliographic review focused on publications that analyzed their effect on
horticultural crops. In addition, publications derived from field trials performed at the
“Catedrático Eduardo Fernández” Experimental Farm of the UAL-ANECOOP Foundation
were reviewed. These works addressed the evaluation of a fertilization strategy based
exclusively on the use of agricultural biomass with the application of the biodisinfection
technique [18,39,50,51]. The literature review was carried out from January to March 2023.

2.3. Cost Analysis

Furthermore, an economic impact analysis was performed to identify the influence and
economic benefits of using agricultural biomass with biodisinfection in the horticultural
system of Almeria, the most important agricultural production area in the southeast of
the peninsula. For this purpose, an analysis of total and partial costs was used. The study
parameters selected were partial and total fixed and variable costs, as recommended in
previous research [18,52–63].

The crops chosen were tomato in a long cycle, serving as a reference value [18]; the
alternative of tomato and watermelon crops, both in a short cycle; and the alternative
of sweet pepper and watermelon crops, also in a short cycle (Table 1). These three crop
alternatives were evaluated via two production methods, conventional production (C),
described by Camacho-Ferre [40], and via the production method using soil biodisinfection
with the use of agricultural biomass (A) (100% reduction in fertilizer, 100% reductions in
the use of chemical soil fumigants, 37.2% decrease in water consumption, elimination of
external management costs of agricultural biomass). These criteria were used because
they were recommended in previous research [18]. Table S1 shows the specific production
criteria for each plant species.

Table 1. Species and crops evaluated.

Type Crop

Long cycle Tomato

Short cycle
Autumn–Winter Spring–Summer

Tomato Watermelon
Sweet pepper Watermelon
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Cost Structure

We used the same cost structure as the Experimental Farm “Catedrático Eduardo
Fernández” of the UAL-ANECOOP Foundation. The production costs for the cultivation
of the plant species evaluated in this work were obtained from those reported by Camacho-
Ferre and Toresano [64] for the economic valuation carried out for Agroseguros, S.A. This
entity specializes in managing insurance on behalf of the insurance companies that are part
of the coinsurance pool [65]. The procedure for determining production costs has been
described in previous research. To calculate the costs, the means of production and demand
for specific inputs for the production model are used [18], as indicated in Section 2.1. All
production costs used in this research were obtained under the same production criteria.
Therefore, they are comparable to each other. The values were updated to current prices
through the ECOICOP Index [66]. The value of the total cost of cultivation was calculated
by the sum of fixed and variable costs using the following mathematical expression:

TC = VC + FC, (1)

- TC: total costs (EUR/ha·year);
- VC: variable costs (EUR/ha·year);
- FC: fixed costs (EUR/ha·year).

In addition, the rate of variation was calculated:

RC =
FV − IV

IV
, (2)

- RC: variation rate (%);
- IV: initial value (EUR/ha·year);
- FV: final value (EUR/ha·year).

3. Theoretical Framework

3.1. Biodesinfection Techniques
3.1.1. Soil Solarization

The solarization technique was originally used by Israeli farmers during the second-
half of the 20th century and was described by Katan et al. [67]. The authors used a
transparent plastic sheet with a thickness of 0.03 mm to reduce the expression of two
pathogenic organisms that they had introduced into the soil before spraying in a greenhouse
in Israel. The inoculum consisted of Fusarium oxysporum f. sp. lycopersici and Verticillum
dahliae. After completing the soil disinfection and carrying out their respective analyses,
they obtained a reduction in microbial populations in the first few centimeters of the soil
and also a decrease in the severity index of the disease and increased plant growth. This
research triggered a series of trials in different parts of the world to test the effect of this
technique on crop productivity under different conditions [68]. The technique can be
applied both in open-air and greenhouses. In the latter, it can be used directly on natural
soil or organic and inorganic substrates [18,39,69–71].

Solarization is a physical soil-disinfection protocol that consists of hydrothermally
fumigating the soil through solar energy captured in the surface layer of the soil (0–30 cm)
and its humidity. For its execution, the soil to be treated must be conditioned before
applying the fumigant treatment. To do so, the land has to be labeled beforehand as it
is necessary to uninstall the irrigation system if it exists. After preparing the soil and
reinstalling the irrigation system, it is necessary to check the correct emission of water
due to the importance of wetting the soil profile for the process. Afterward, the soil is
covered with a thin and transparent plastic sheet (about 100 gauges). Once the sheet has
been sealed between its perimeter and it is confirmed that there are no air pockets that
may reduce the thermal conductivity, irrigation is applied at field capacity. The process
should be maintained for 4 to 6 weeks and it is recommended that it be carried out during
the summer due to the higher radiation present during this period [18,39,50,67,68,72].

161



Horticulturae 2023, 9, 859

After irrigation, the temperature of the upper-soil profile rises and can exceed 60 ◦C in
greenhouse conditions, provided that there is adequate humidity and heat transfer so that
the nocturnal temperature drop is not high [73]. This technique limits the development and
expression of pathogens that limit crop productivity. In addition, this control technique
is non-hazardous, non-toxic, simple, and economical. Further, it can be combined with
chemical fumigants or organic amendments. Ultimately, it enables a reduction in chemical
disinfectants, facilitates the expansion of the circular economy within farms, and increases
the sustainability of food production [18,30,67,71].

3.1.2. Soil Biodisinfection

This protocol can be subdivided into:

• Biofumigation

Biofumigation is soil disinfection caused by volatile substances generated during
the bio-decomposition of organic amendments that have been previously mixed and
moistened in the upper-soil profile (0–30 cm). It was initially called biological fumigation
and was described by Kirkegaard et al. [74] and renamed biofumigation by the same
authors in later works [75]. The researchers observed an increase in the productivity of
the evaluated crop after biofumigating the soil due to the mitigation of the disease that
limited the crop productivity. Thus, the authors used green manure composed of Brassicas
plants as an organic amendment and attributed the suppressive effect to the liberation
of isothiocyanates produced during the hydrolysis of glucosinolates generated by the
enzyme myrosinase. This process has a fumigant effect similar to metam-sodium, a broad-
spectrum chemical disinfectant that generates methyl-isothiocyanate [7,76,77]. Another
noteworthy feature is that isothiocyanates have variable effectiveness during fumigation
since the maximum concentration is produced in the first hours of bio-decomposition [78],
specifically in a period ranging from 5 to 8 days after application [79]. A rapid decrease in
concentration is observed as a result of isothiocyanates not being able to retain the volatile
substances in the soil. In addition, the effectiveness of the technique in arid climates can be
reduced by the higher evapotranspiration of the soil, which limits the bio-decomposition of
organic nutrients and leads to an increase in the water supply needed to maintain adequate
humectation [80]. Soil texture can also harm its efficacy: clay soils are more effective in the
hydrolysis of glucosinolates than sandy soils [7].

• Biosolarization

The fact that the biofumigation technique is not suitable for all agricultural fields led
to the combination of solarization and biofumigation techniques. The main problem of
biofumigation was the retention of gases released during the bio-decomposition of organic
amendments and the maintenance of adequate humidity conditions, which was solved
with the plastic cover. This led to biosolarization, which allows for the retention of mobile
nutrients in the soil, such as nitrates, due to the lower water supply, thus protecting the
environment and improving the sustainability of agricultural systems [72,80].

The biosolarization technique can be defined as the hyperthermic fumigant action
obtained from the solar energy captured by a plastic film, previously installed on the
soil surface and sealed around its entire perimeter, and from the energy released by the
metabolism of the microorganisms that participate in the bio-decomposition process of
the organic amendments, in combination with the disinfectant action harvested by the
volatile substances generated during this bio-decomposition and retained by the plastic
film [18,19,72,81–83]. Table 2 shows a comparison of the soil temperature after solariza-
tion and biosolarization in a net greenhouse in the Canary Islands. The combination of
organic amendments and solarization increases the soil temperature in each parameter
evaluated and the number of hours where the soil temperature at 10 cm depth is higher
than 40 ◦C. Another example has been recorded in the protected horticultural system of
Almeria, where the biosolarization technique can cause a temperature increase of up to
5 ◦C compared to solarization [84]. The biosolarization technique has been described as
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a suitable methodology to reduce the expression of diseases of edaphic origin. A list of
diseases controlled via the biosolarization technique is shown in Table 3.

Table 2. Soil temperature reached via solarization and biosolarization vs. control treatment.

Treatment

10 cm Depth 30 cm Depth

Tmax 1 Tmin 1 N. Hours > 40 ◦C 1 Tmax 1 Tmin 1

Control 33.0 ± 1.3 22.6 ± 0.8 0.0 ± 0.0 29.1 ± 1.4 25.5 ± 0.9
Solarization 42.6 ± 1.0 24.8 ± 2.1 107.0 ± 50.4 35.1 ± 1.2 24.9 ± 1.7

Biosolarization 43.6 ± 1.0 26.1 ± 0.4 136.8 ± 56.8 36.4 ± 0.4 26.3 ± 0.51
1: average ± standard deviation. Source: own elaboration based on Diaz-Hernandez et al. [83].

Table 3. Soil diseases controlled via soil biosolarization.

Causal Agent Source

Pythium ultimum [85]
Phytophthora capsici [86,87]
Fusarium oxysporum f. sp. radicis-lycopersici [88]
Fusarium oxysporum f. sp. dianthi [70,71,89]
Fusarium oxysporum f. sp. asparagi [90]
Fusarium oxysporum f. sp. lactucae [91]
Fusarium oxysporum f. sp. cubense [92]
Fusarium oxysporum f. sp. radicis-cucumerinum [93]
Pyrenochaeta lycopersici [83]
Meloidogyne incognita [86,94]
Meloidogyne spp. [19,87]
Globodera rostochiensis [95]
Verticillium dahliae [69]
Rhizoctonia solani [69,87]
Macrophomina phaseolina [96]

Source: own elaboration based on other authors. The source is indicated in the table itself.

The action time of the biosolarization technique is around four weeks in Mediterranean
conditions, although it can be up to 12 weeks [18,19,39,72]. During this period, two
differentiated phases occur based on the oxygen concentration in the atmosphere generated
under plastic. First, an anaerobic phase takes place. During this phase the microorganisms
consume the carbon in the organic compounds and the oxygen in the soil while triggering
a significant rise in temperature and a large release of carbon dioxide and water. After
this release, the expansion of aerobic microorganisms stops and the metabolism of those
that develop under anaerobic conditions begins to increase. During the anaerobic phase,
compounds such as organic acids (e.g., acetic acid and butyric acid), ammonium, or
nitrous acid are generated [81,97–99]. The anaerobic phase of biosolarization has also
been named Biological Soil Disinfection, Aerobic Soil Disinfection, and Reductive Soil
Disinfection [90,100,101].

• Useful organic amendments in the process

The organic amendment originally used in the biodisinfection process was agricultural
biomass obtained from plants of the Brassicas genus, as indicated above. The variable
presence of glucosinolates in plants of the Brassicaceae genus led to the evaluation of
different plant species to identify the one that released the greatest amount of the compound.
For this purpose, Brassica campestris, Brassica carinata, Brassica juncea, Brassica napus [78],
Brassica nigra, Brassica oleracea, Raphanus sativus, and Sinapsis alba, among others, were
studied [74,75,78,102–104]. The conclusion was that Brassica carinata releases the highest
amount of the fumigant molecule, which has led to the formulation of commercial products
composed of this plant species.

Different authors have evaluated the disinfection capacity of different organic amend-
ments (manure, agro-industrial waste, plant residue, green manure, etc.) versus the efficacy
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of Brassica carinata pellets and chemical disinfectants. Research results show that manure,
agro-industrial residue, plant remains, and green manure achieve similar effects to Brassica
carinata pellets and chemical disinfectants [71,86,87]. Guerrero et al. [86] obtained this
result in a sweet-pepper crop affected by Phytophthora capsici and phytopathogenic nema-
todes of the genus Meloidogyne. In this case, their biosolarized treatment with 2.5 kg·m−2

of fresh sheep manure showed total commercial productivity similar to biosolarization
with Brassica carinata pellets and higher than the control group disinfected with methyl
bromide for two consecutive crops. This was also shown by García-Ruiz et al. [70] in a
carnation crop affected by Fusarium oxysporum f. sp. dianthi, where biosolarization with 5
kg·m−2 of compost consisting of carnation and chrysanthemum residues and 5 kg·m−2

of chicken manure resulted in a significantly lower mortality rate compared to the control
treatment disinfected with methyl bromide during 672 days of cultivation. These results
are due to the reduction in NO3

−, Mn4+, Fe3+, and SO4
2− during the bio-decomposition

of organic amendments, mainly in the anaerobic phase. This process generates various
gases (ammonia, hydrogen sulfide, and nitrous oxide) and organic acids (butyric, maleic,
lactic, acetic, citric, and propionic), thus resulting in the control of weeds, pathogens, and
pests [105–107]. Table 4 identifies a list of organic amendments that have been used in
biodesinfection with favorable results. Agricultural residues are suitable for use as an
organic amendment, favoring the reuse of by-products within the framework of the circular
economy and improving the management of agricultural residues, which has been a major
problem in many agricultural systems [18,19,35,51,108].

Table 4. Organic amendments and doses used in biodisinfection.

Organic Amendment Dose (kg·m−2) 1 Source

Fresh sheep/goat manure 4.1 ± 0.2 [4,19,69,83,86,87,94,96,109–111]
Mixture of semi-composted horse
manure and poultry manure 3.4 ± 2.1 [87]

Chicken manure 1.7 ± 0.9 [4,72,73,87,89,109,112,113]
Tomato plant debris 4.3 ± 1.9 [18,19,39,50]
Sweet-pepper plant waste 6.3 ± 3.3 [114]
Papaya vegetable waste 15.0 ± 5.0 [51]
Beer bagasse 2.0 ± 0.0 [69]
Broccoli plant remains 2.0 ± 0.0 [69]
Brassica carinata pellets 0.6 ± 0.6 [18,39,50,86,89,94,96,113,115]
White mustard (Sinapsis alba) 5.9 ± 1.9 [87]
Sugar-beet vinasse 1.5 ± 0.0 [96,113]
Olive residues 2.0 ± 0.7 [89,96]
Carnation and chrysanthemum
compost 12.0 ± 0.0 [71]

Dehydrated broccoli (Brassica
oleacea var. italica dehydrated) 0.8 ± 0.0 [72,73]

Glycerin 0.1 ± 0.0 [113]
Feather meal 0.1 ± 0.0 [114]

1 average; ± standard deviation. Source: own elaboration based on different authors. Note: the source is indicated
in the table.

The capacity to control pathogens limiting the productivity of different crops has
resulted in biodisinfection techniques, mainly biosolarization (Table 3), to trigger strong
increases in crop productivity and plant vigor compared to the non-disinfected plot. How-
ever, in some experiments, the increase in productivity has been greater than that achieved
in the control disinfected with a chemical fumigant [116]. In this regard, Guerrero-Díaz
et al. [94] obtained an increase in the commercial production of a sweet-pepper crop affected
by the phyto-parasitic Meloidogyne incógnita after biosolarizing with 0.3 kg·m−2 of Brassica
carinata pellets versus plots fumigated with methyl bromide. Guerrero et al. [86] achieved
the same increase in productivity during two consecutive years in a sweet-pepper crop
affected by Meloidogyne incognita and Phytophthora capsici via a biosolarization treatment
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with 0.3 kg·m−2 of Brassica carinata pellets and via another biosolarization treatment with
2.5 kg·m−2 of fresh sheep manure. Table 5 shows a list of crops where biodisinfection has
increased productivity compared to the control treatment without disinfection and has
equaled or surpassed the control treatment disinfected with a chemical fumigant.

Table 5. List of crops where biodisinfection has increased crop productivity in soils affected by
soil-borne pathogens vs. undisinfected treatment.

Crop Source

Pepper (Capsicum annuum) 2 * [86,94,116–119]
Carnation (Dianthus caryophyllus) 2 * [70,71]

Artichoke (Cynara scolymus) 2 [69]
Tomato (Solanum lycopersicon) 2 * [83,120]
Strawberry (Fragaria x ananassa) 2 [96,113,121,122]

Lettuce (Lactuca sativa) 2 [123]
Cucumber (Cucumis sativus) 1,2 * [124]

Asparagus (Asparagus officinalis) 2 [125]
Eggplant (Solanum melongena) 2 [126]
Okra (Abelmoschus esculentus) 2 [126]

1 reached via biofumigation; 2 reached via biosolarization; * under greenhouse. Source: own elaboration based on
other authors.

The benefits of soil biodisinfection on crop productivity also extend to crops with
good soil health and not affected by any soil pathology. These results were reported by
Mauromicale et al. [127,128] and Marin-Guirao et al. [72]. In this sense, Mauromicale
et al. [127,128] recorded an increase in the commercial production of various tomato crops
grown in a greenhouse after biosolarizing their experimental plots compared to plots that
were only solarized. Furthermore, Marín-Guirao et al. [72] observed an increase in the
total and commercial production of a tomato crop grown under greenhouse conditions
after applying biosolarization versus biofumigation. The production benefit disappeared
in the watermelon crop grown in the same season after the autumn tomato-crop cycle.
The authors did not repeat the soil biodisinfection in the following season and obtained
the productivity increase in either the autumn tomato or the spring watermelon cycles.
Therefore, this benefit could be due to a possible improvement in soil fertility, which
benefits the crop grown immediately after the application of biosolarization [39].

The fertilizing power of soil biodisinfection could have been masked in such inves-
tigations by the fertigation applied during their production cycles [72,127,128]. In this
regard, Castillo-Diaz et al. [18,129] showed the results of a trial in an experimental green-
house located in the protected agriculture of southeastern Spain (Almería, Spain) where
biodesinfection was applied during five consecutive agricultural seasons, the use of tomato
agricultural biomass predominated, and soil solarization (combined or not with fertigation)
was performed. During the first two years, cycles of up to 170 days after transplanting
(DAT) were carried out, which was equivalent to a short production cycle. During the
remaining three years, the production cycles were extended up to 217 DAT, which is equiv-
alent to a long production cycle. Their results show that biosolarization without fertigation
yielded similar productivity during the five years of cultivation in cycles of up to 170 DAT
compared to conventional cultivation composed of solarization and fertigation. Regarding
the cycles of up to 217 DAT, they obtained similar productivity in two of the three cycles.
However, these authors point out that the production difference between the exclusive
fertilization with biosolarization and the combination of solarization and fertigation, in
favor of the latter, in one of the campaigns, was due to an uncontrollable epidemic of
Botrytis cinerea that emerged from 160 DAT and caused the death of up to 80% of the plants
in each experimental plot. Figure 1 summarizes the results of the experiments carried out
by these authors [18,129].
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p

p
pp

Figure 1. Final production of various tomato crops where biosolarization and solarization were
applied with or without fertigation. Note: all treatments were solarized. T0: Without fertilization;
T1: Fertigation; T2: 2 kg·m−2 of chicken manure; T3: 2 kg·m−2 of chicken manure + 5 kg·m−2 of
vegetable waste; T4: 5 kg·m−2 of tomato plant remains; T5: 3.5 kg·m− 2 of tomato plant remains;
T6: 1.6 kg·m−2 of radish plant remains; T7: 2 kg·m−2 of mustard plant remains; T8: 0.3 kg·m−2 of
Brassica carinata pellets, T9: 0.8 kg·m−2 of broccoli; T10: Fertigation + 0.3 kg·m−2 of Brassica carinata
pellets; T11: fertigation + 0.5 kg·m−2 of Brassica carinata pellets; T12: fertigation + 1.0 kg·m−2 of
Brassica carinata pellets; T12: 3.5 kg·m−2 of fresh-tomato plant remains; T13: 3.5 kg·m−2 of fresh-
tomato plant remains + 0.5 kg/m−2 of Brassica carinata pellets; T14: 3.5 kg·m−2 of fresh-tomato plant
remains + 1.0 kg/m−2 of Brassica carinata pellets; T15: fertigation + 3.5 kg·m−2 of fresh-tomato plant
remains; T16: fertigation + 5.0 kg·m−2 of fresh-tomato plant remains; T17: 5.0 kg·m−2 of fresh-tomato
plant remains; T18: 6.5 kg·m−2 of fresh-tomato plant remains. Different letters indicate significant
differences (p ≤ 0.05; Tukey HDS Test). Source: own elaboration based on other authors [18,129].

Other authors observed similar results in a sweet-pepper crop under greenhouse
in southeastern Spanish agriculture (Almeria, Spain) [100]. These authors used papaya
residues, combined with coconut fiber, to which they applied the biodisinfection technique,
without using any inorganic fertilizer. The results were compared with the final production
obtained by the sector in the last six years (2016–2021) in short cycles of 199 DAT (Figure 2).
In any case, no statistically significant differences were observed.
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p

Figure 2. Final production of a sweet-pepper crop fertilized with papaya plant debris versus treat-
ment without fertilization and average productivity of the protected-agriculture sweet pepper in
the province of Almeria in production cycles of 199 DAT. T0: average productivity of protected-
agriculture sweet pepper of Almeria modulated at 199 DAT from 2016 to 2021. T1: 5 kg·m−2 of
papaya plant debris; T2: 5 kg·m−2 of papaya and 7 kg·m−2 of coconut fiber; T3: 10 kg·m−2 of papaya
and 7 kg·m−2 of coconut fiber; T4: 15 kg·m−2 of papaya and 7 kg·m−2 of coconut fiber. Different
letters indicate significant differences (p ≤ 0.05; Tukey HDS test). Note: The crop was grown in a
multitunnel greenhouse and a 59-day biodisinfection procedure was applied between May and June.
Source: Own elaboration based on other authors [28,51,130].

The results show the multifunctionality of the soil-biodisinfection technique, which,
besides being a useful method to mitigate telluric diseases, affects the fertilization of
horticultural crops and allows for a reduction of up to 100% of the synthetic fertilizers
normally used in production cycles of up to 217 DAT in intensive-production models, such
as protected agriculture of a horticultural nature in southeastern Spain. Moreover, due to
the diversity of organic amendments that can be used in the process (Table 4), it facilitates
the management of the agricultural biomass recurrently generated at the end of crop cycles.
Thus, this technique is a high-value resource for farms because it reduces dependence
on fertilizers by applying the principles of the circular economy. This is in line with the
EU Farm-to-Table Strategy. In addition, the biodisinfection technique is necessary when
reusing agricultural biomass. This organic material is affected by pests and diseases that
normally affect plant species during the crop cycle, so these must be inactivated to ensure
the plant’s health during the next crop, which is achieved with this procedure. Repeated
application of the biodisinfection technique does not reduce the density or the biodiversity
of agricultural soils. This is because the microorganisms can re-establish themselves at
the end of each crop cycle at a similar level to that shown before applying the fumigant
treatment, thus respecting the principles indicated in the EU Biodiversity Strategy [16,39].

4. Results and Discussion

Cost Analysis

Table 6 shows the production costs of long-cycle tomato crops, tomato-plus-watermelon
short-cycle crops, and sweet-pepper-plus-watermelon crops in the conventional produc-
tion system. The alternative of self-management of agricultural biomass by means of the
biodisinfection technique under the criteria described in the methodology is also presented.
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Results suggest that the highest production costs are registered in conventional crops
and in the long-cycle tomato crop. Production costs reach up to 114,324 EUR/ha·year,
although in the alternatives that combine short cycles, the total cost of cultivation reaches
81,031.0 EUR/ha·year (tomato + watermelon) and 104,224.0 EUR/ha·year (sweet pepper
+ watermelon) (Figure 3). In recent years, there has been an increase in the cost of inputs
and means of production in the protected horticultural system of Almeria, which has
accelerated recently due to inflation in the Eurozone. Farmers in this system can see how
their economic margins are reduced yearly due to the continued stability of the price at
origin of fruit and vegetable products [42,131].

Conventional lo
ng cycle (to

mato)

Conventional sh
ort c

ycle (sw
eet pepper + watermelon)

Conventional sh
ort c

ycle (to
mato + watermelon)
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Figure 3. Total cultivation costs of the different production cycles evaluated within the framework of
conventional production in Almeria. Source: own elaboration based on other authors [18,64].

The production system that performs self-management of agricultural biomass through
the biodisinfection technique shows a decrease in total production costs ranging from 3.7%
to 6.1% (Figure 4). Essentially, this decrease takes place in variable costs because fixed
operating costs remain at similar levels in the two alternatives: conventional and with
biodisinfection technique (Table 6). The reduction in production costs reported by other
authors for the main cultivation alternatives in a similar system in the Almeria model is
4.8% in periods of 48 months. This value is very similar to those shown in our work [18].
The long-cycle crop has a lower production-cost-reduction rate than the other two alterna-
tives evaluated, mainly due to the expansion in demand for tomatoes in the long cycle as a
result of being the main economic expense (average value of +35.2%). Other research has
shown how implementing eco-innovations can expand the economic benefit perceived by
agricultural producers either through reduced production costs, expanded crop yields, or
increased exports from their marketing channel [131–133].
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Figure 4. Variation in the total cost of cultivation for the different production cycles evaluated in long
and short cycles. Source: own elaboration based on other authors [18,64].

Production costs are reduced because of lower demand for certain inputs, which are
cataloged in international literature as environmentally harmful materials. In the first
place, there are 100% reductions in the number of chemical soil fumigants because the
biodisinfection technique has proved to be a useful procedure to control telluric diseases
(Table 3). Also, there has been a decrease in the consumption of synthetic chemical fertilizers.
Fertilizer consumption is reduced because added organic amendment provides readily
available nutrients for plants. The repeated addition of tomato agricultural biomass can
increase the concentration of edaphic organic matter and essential nutrients, such as total
nitrogen or readily available potassium. Finally, water consumption is reduced due to the
self-management of agricultural biomass as a result of improving soil fertility and hydraulic
conductivity [18]. Therefore, this research contributes to showing the existence of real and
effective alternatives to reduce agrochemical products, as proposed by the EU, without
diminishing the agricultural and economic performance of horticultural producers [17,21].

In addition, if an extra supply of nutrients is needed, this fertilization strategy (agricul-
tural biomass with the biodisinfection technique) could be combined with the application
of other types of new-generation fertilizers, such as nano-fertilizers, which offer significant
benefits compared to conventional fertilizers when it comes to plant nutrition [18,134].

In this context, the fertilization strategy framed in the principles of the circular econ-
omy facilitates both the reduction in inputs and the use of materials that can damage the
environment if not properly treated. This material causes serious problems in autumn, and
farms far from the productive nucleus continue experiencing difficulties managing it [35].

The results of this research suggest that implementing agricultural policies that pro-
mote a fertilization strategy consisting of self-management of agricultural biomass from
the previous season and biodisinfection, while reducing synthetic fertilizers, can lower the
production costs of greenhouse horticultural crops and sustain crop productivity. However,
in the protected agriculture of Almeria, the most important producing area of protected
agriculture in southeastern Spain, only 15.3% of the farmers self-manage their crop residues
on their farms. Of these farmers, only a few do not use chemical fertilizers on their
crops [34,44,135].

Consequently, it is necessary to establish a system of incentives to promote the imple-
mentation of this sustainable technique among the operators of horticultural agriculture
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in Almeria. This incentive system can focus on satisfying the formation needs of agricul-
tural producers and offer economic support as an attractive measure, with each amount
segmented for each concept (i.e., formation or economic support) as opposed to the current
support that offers a single amount for the incorporation of the crop residues into the soil.

5. Conclusions

This work aimed to identify the availability of alternatives to reduce the dependence
on inorganic fertilizers in greenhouse horticultural farms. Thus, the multi-functionality of
the biodesinfection technique in its biosolarization modality was identified. This technique
was attributed to benefits in the mitigation of diseases of edaphic origin and increasing
productivity due to the decrease in the severity index of the disease. However, the utiliza-
tion of inorganic fertilization in combination with the organic amendments used in the
fumigant technique masked its fertilizing power. This fact was demonstrated via research
using treatments that do not add this type of synthetic fertilizers compared to conventional
cultivation in disease-free soils.

Additionally, given the diversity of organic amendments that can be used in the
biodisinfection technique, it is possible to improve the management and treatment of
agricultural residues that have generated serious sanitary crises in important horticultural
production models (i.e., the Almeria Model). This is achieved thanks to using agricultural
biomass, the main organic waste generated in this type of production system, as fumigant
material in the biodisinfection technique. It is necessary to apply the fumigant treatment to
the agricultural biomass to thermally inactivate the pathogens that may have affected the
plant material during the production cycle to ensure the health of the following crop.

Therefore, the biodisinfection technique is a fertilization strategy that makes it possible
to significantly reduce the use of inorganic fertilizers in long-term intensive horticultural
cycles. This is a result of paramount importance for farmers of this type of production
model that require alternatives to frame their production systems within the principles
of sustainable development and, in the case of the EU, of the circular economy, where
European strategies also call for significant reductions in fertilizers and phytosanitary
products. There is a reduction in total costs of up to −6.1% in long-term production cycles
in intensive greenhouse agriculture. This strategy also positively affects producer expense
accounts because of the reduction in the disbursement of the previously mentioned inputs,
the lower consumption of water, and the elimination of the cost of managing the material
externally. All of this helps to maintain and promote the socioeconomic development of the
territories where economic activity depends on this type of agriculture and also helps to
sustain food sovereignty and security. The administration should promote this fertilization
technique through an incentive system that includes formation and extra economic support
to make its use more attractive.

Although the results of this research expand the knowledge in this field, they are not
without limitations. The main limitation derives from using average production costs, since
the results do not apply to a particular farmer but to the sector as a whole. However, our
study provides a clear overview of the situation and can be the basis for policymakers to
make the right decisions. These decisions should lead toward safeguarding the European
Union’s food sovereignty without reducing the economic benefit of producers by expanding
the environmental subcomponent of sustainability.

Future research should identify the adequacy of the fertilization strategy in outdoor
horticultural crops and test the fertilization power of agricultural biomass of other horti-
cultural crops, both under greenhouse and outdoor conditions (e.g., watermelon, melon,
eggplant, etc.).

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/horticulturae9080859/s1.
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Abstract: Nitrate is a major source of the inorganic nitrogen taken up by the roots of plants. Nitrate
sources are generally derived from inorganic minerals by an energy-consuming chemical process; as
a result, the price of chemical fertilizers is gradually increasing year by year. NO3-N, generated from
N2 using the plasma technique, is an alternative method of producing nitrate from the air. Therefore,
in this research, we aimed to determine the efficiency of generating NO3-N using plasma-activated
water (PAW) to replace nitrates from chemical fertilizer in a nutrient solution. Green oak lettuce
(Lactuca sativa L.) was grown in a hydroponics system using the double-pot technique. The plants
were supplied with three different nutrient solutions (based on Hoagland’s solution), i.e., T1, no
nitrate in the nutrient solution (NO3

− = 0); T2, using nitrate sourced from a commercial chemical
fertilizer (normal nitrate); and T3, using a nitrate source generated using the pinhole plasma jet
technique (plasma nitrate). The other macronutrients and micronutrients in each treatment were
equally supplied. The results show that, at the harvested stage (21 days after the plants received
treatment), the no-nitrate (T1) treatment provided lower growth and yields. Moreover, compared
with the normal nitrate (T2) and plasma nitrate (T3), the results indicate that most growth and yields
showed no statistical differences. In terms of nitrate accumulation within plants, it was found that the
normal nitrate treatment (T2) had the highest levels of nitrate accumulation, in both the underground
and aboveground parts of green oak lettuce. These results confirmed that plasma nitrate could be an
alternative source of nitrate N which provided a safer way for the environment and human health in
terms of nitrate accumulation. In addition, data related to the chemical analysis of free amino acid
concentrations in each treatment are discussed in this research.

Keywords: plasma-activated water; pinhole plasma jet; hydroponics system; green oak lettuce;
nitrogen fertilizer; plasma nitrate

1. Introduction

Globally, the production levels of lettuces such as Batavia, butterhead, red oak, red
coral, and green oak have risen due to population increases and growing health concerns [1].
According to the Food and Agricultural Organization of the United Nations [2], the global
production of lettuce and chicory increased from 2015 to 2020 from approximately 26 to
28 million tons. Green oak (Lactuca sativa L.) is a leafy vegetable that is rich in nutrients
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such as fiber, folate, carotenoids, phenolic and antioxidant compounds, minerals, and
various vitamins [3]. Although soil-grown lettuce is consumed worldwide, the risk of
exposure to inorganic fertilizers and pesticides, which cause pollution and contamination,
is high [4]. Hydroponics, an alternative method of growing lettuce, is an innovative
agricultural technology that has been adopted in several countries. Due to the absence
of soil, water is responsible for providing nutrients, hydration, and oxygen to plants or
vegetables. Therefore, the risk of disease occurring due to organisms in the soil is low in
such systems [5]. Furthermore, hydroponic systems are a highly popular technique for
cultivating plants because they lead to improvements in growth, yields, income, profit, and
the number of crops produced per year [6]. The fertilizer solution is an important factor in
the functioning of hydroponics systems, and NO3-N is one of the main mineral elements
that is usually derived from chemical fertilizers.

In agriculture, nitrogen is an essential macronutrient for plant growth and develop-
ment. It is generally used to increase crop productivity, and the level of nitrogen available
to plants is one of the factors that most strongly limit crop productivity. Plants normally
absorb nitrogen in the form of NO3

− and NH4
+. Nitrate, as a signal molecule involved in

plant development and metabolism, is the nutrient that leads to the production of amino
acids and nitrogen compounds [7]. Therefore, NO3

− accumulation in plant tissues can
be influenced by many preharvest factors, including plant species, the photoperiod, tem-
perature, light intensity, and the type of fertilizer applied; this can occur when the nitrate
uptake exceeds plant assimilation [8].

Ammonia, nitrate, and urea are the three main nitrogen-based fertilizers. The pro-
duction of nitrogen-based fertilizers has always been a challenge for horticulturists due
to the increasing demand for such products [9]. Traditionally, ammonia was produced
through the Haber–Bosch (HB) ammonia synthesis process, which consumes large amounts
of energy and thus has a substantial carbon footprint [10]. The annual global energy con-
sumption and CO2 emissions of ammonia production accounted for 1–2% and 300 million
tons per year, respectively [11]. Consequently, it is imperative to ensure the availability
of fertilizers that are safe for human health, sustainable, and environmentally friendly.
Moreover, Russia is the second-largest exporter of fertilizers worldwide but terminated
fertilizer exports during the 2022 Russia–Ukraine war, causing shortages around the world,
in countries including Thailand [12,13]. Therefore, the cost of fertilizer is undergoing a
continuous increase.

Plasma, which is the fourth state of matter, is a source of electrons, positively charged
ions, radicals, gas atoms, molecules (in excited or basic states), and photons with a range
of energies [14]. Plasma can occur in both natural phenomena on Earth (e.g., the aurora
borealis and fire) and under laboratory conditions, by providing sufficient energy to excite
gaseous molecules [15]. Plasma falls into the two categories of nonthermal plasma and
thermal plasma. Nonthermal plasma has received considerable attention for applications in
the agricultural sector [16]. Reactive oxygen and nitrogen species (RONS) generated from
plasma are important factors that can enhance plant physiology and growth [17]. However,
the nonthermal plasma technology in the form of gas is not sufficiently flexible for use in the
agricultural sector due to the risk of plant surface damage [18]. Therefore, another form of
plasma, which is more flexible than the gas form, is generated by exposing plasma to water;
this is called plasma-activated water (PAW). Several researchers have proven the potential
of PAW in various applications, including microbial inactivation [19,20], enhancement
of seed germination [21,22], and plant growth improvement [23,24]. In addition to these
applications in the agricultural sector, some research has used plasma-activated water as
a source of nitrogen species. Graves et al. [25] indicated that using air plasma to activate
liquid solutions of organic material resulted in a reduction in pH and the addition of NO2

−,
NO3

−, and H2O2. Therefore, the generated NO3
− provides plants with accessible nitrate,

and the nitrate increases linearly with the increase in power usage under all tested flow rates
(i.e., 0.5, 1.25, and 2.0 L/min) [26]. In addition, Carmassi et al. [27] investigated the effect of
nonthermal plasma (NTP) technologies on hydroponic nutrient solutions and determined
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their effects on the growth and quality of baby-leaf lettuce (Lactuca sativa var. acephala
Alef.). Their results prove that NTP treatment of the nutrient solution could improve
the production and quality of baby-leaf lettuce grown in a hydroponic growing system
(HGS). In hydroponics systems, the occurrence of algae leads to major problems, including
intensive odors, a reduction in dissolved oxygen, nutrient deprivation, and a pH reduction
in the system [28,29]. However, Date et al. [30] showed that plasma-activated nutrient
solutions could reduce algae growth to a greater degree than standard nutrient solutions.

Some previous studies have indicated that nitrate in plasma-activated water effectively
enhances plant growth, especially leafy plants, and little is known about the potential of
nitrate from different nutrient solutions. Additionally, a pinhole plasma jet has not been
applied to nitrate fertilizer generation before. Therefore, in the present study, we aimed to
investigate the effects of nitrate synthesized from plasma-activated water on the growth
performance, yields, and nutritional value of green oak lettuce in a hydroponics system.
Plant morphological characteristics, including plant height, root length, canopy, leaf width,
number of leaves, and leaf area were compared between three treatment groups (i.e., no
nitrate, normal nitrate, and plasma nitrate). Finally, the chemical compositions of the three
treatment groups of green oak were investigated and compared.

2. Materials and Methods

2.1. Plasma Fertilizer Preparation

A pinhole plasma jet was developed to generate plasma-activated water (PAW) at the
Agriculture and Bio Plasma Technology Laboratory, Science and Technology Park, Chiang
Mai University, Thailand. The schematic of the pinhole plasma jet discharge system is
shown in Figure 1. This system consists of a pinhole plasma jet discharge system with a
125-watt neon transformer, a high-voltage power supply, a gas transport system to provide
controlled flows of air and oxygen gas, control devices, and a tank containing tap water. Tap
water (40 L) was used as a solution because it is convenient and cost-effective. The working
gases were mixed from air and oxygen with flow rates of 1.5 and 1.5 L/min, respectively.
After discharging the plasma for 16 h the nitrate and nitrite concentrations were set to
approximately 800 mg/L, which is comparable with Hoagland fertilizer. The chemical
composition of the PAW (i.e., NO3

− and NO2
−) was determined using a commercial kit

containing Griess reagents (Cayman Chemicals, Ann Arbor, MI, USA), and a pink and
brown azo-product was formed. The NO3

− and NO2
− concentrations were measured

using established UV/Vis spectrophotometric methods (Shimadzu UV–1800, Kyoto, Japan)
with maximum absorbance peaks at 372 and 507 nm, respectively. The concentration of
H2O2 was determined using the iodometric titration method. Then, 1 mL of 2% potassium
iodide solution and 2 M HCl was added to the PAW. The solution was kept in the dark for
15 min, resulting in the solution turning yellow in color. Then, 0.1 M sodium thiosulfate
solution was added until the solution turned a lighter yellow. Dropping a starch indicator
into the solution turned the solution blue in color. Then, the blue solution was titrated with
a 0.1 M sodium thiosulfate solution until the solution turned clear. The concentrations of
H2O2, NO3

−, and NO2
− in the PAW were measured immediately after plasma activation,

and their values were 102.99, 883.59, and 31.56 mg/L, respectively.

2.2. Plant Materials and Growth Conditions

The experiment was conducted in an evaporative greenhouse at H.M. The King
Initiative Centre for Flower and Fruit Propagation, Chiang Mai University, Thailand. The
temperature and relative humidity (RH) inside the evaporative greenhouse were 27.8 ◦C
and 89.28%, respectively. The green oak lettuce (Lactuca sativa) seeds were germinated on a
sponge in a plastic tray floating on a half-strength Hoagland fertilizer formula (Electrical
conductivity (EC) = 1.4 μS/cm pH = 5.5) for 21 days. Then, the plants were transferred
to the hydroponics system and supplied with three different nutrient solutions (based on
Hoagland’s solution), i.e., T1 = no nitrate in the nutrient solution (NO3-N-free solution),
T2 = using a nitrate source from a commercial chemical fertilizer (chemical fertilizer NO3-
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N), and T3 = using a nitrate source generated using the pinhole plasma jet technique
(PAW-NO3-N-). The double-pot system used in this research is illustrated in Figure 2. The
other macronutrients and micronutrients in each nutrient solution were equally supplied,
as shown in Table 1.

Figure 1. Pinhole discharge system for generating plasma-activated water.

 

Figure 2. (A) Diagram and (B) actual experimental setup of the double-pot system used in this experiment.

Table 1. Macronutrient and micronutrient concentration (mg/L) in each nutrient solution.

Treatment

Macronutrients (mg/L) Micronutrients Concentration (mg/L)

N Source

P K Ca Mg B Mn Zn Cu Mo Fe
NO3

− Plasma-
NO3

− NH4

T1 0 0 234.97 161.15 48.86 0.50 0.50 0.05 0.02 0.01 5.05 0.01 5.05
T2 871.11 0 234.75 161.20 48.86 0.50 0.50 0.05 0.02 0.01 5.05 0.01 5.05
T3 0 883.59 234.97 161.15 48.86 0.50 0.50 0.05 0.02 0.01 5.05 0.01 5.05

T1 = No nitrate, T2 = Normal nitrate, and T3 = Plasma nitrate.

The pH of each nutrient solution was adjusted to 5.5–6 by the pH-down adjuster
and pH-up adjuster (KOH and diluted HNO3, respectively). The EC of plasma-activated
water was 1.5 μS/cm. The pH, EC, and temperature were monitored using a SevenCom-
pactTM Duo pH/Conductivity meter S213 (Mettler Toledo International Inc., Greifenseem,
Switzerland). The solution was completely renewed every 7 days.
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2.3. Measurement of Plant Morphology and Growth Characteristics

Four plant samples were randomly chosen from each replicate. Plant morphological
characteristics, including plant height, root length, canopy width, leaf width, number of
leaves, leaf area (LI-3100C, LI-COR Biosciences, Lincoln, OR, USA), and leaf color intensity
(SPAD-502 Plus, Spectrum Technologies Inc., Aurora, IL, USA) were measured for plants
from each treatment every seven days. The roots were rinsed with double-deionized water
to remove visible hydroponic planting material (sponge) from the surface. At the same
time, fresh and dry weights were also determined. To record the plants’ dry weights, the
aboveground part and the underground part were washed with tap water, dried, and
placed in an oven (UN55, MEMMERT, Büchenbach, Germany) at 60 ◦C for 1 week. The
photosynthesis rate and stomatal conductance were measured at the harvest stage (when
the plants had been cultivated for 21 days after treatment (DAT)) with a portable LCpro-SD
(ADC BioScientific Ltd., Hoddesdon, England). The leaves’ greenness was evaluated using
a SPAD-502 Plus chlorophyll meter (Spectrum Technologies Inc., Aurora, IL, USA).

2.4. Determination of Nitrate Contents in the Plants

After the lettuce samples were dried (~7 days in the oven), 10 mg of lettuce was
immersed in 10 mL of distilled water in a centrifuge tube and incubated at room tempera-
ture for 1 night. The mixture was centrifuged at 15,000 rpm for 20 min. The supernatant
was collected at 0.1 mL and added to 0.4 mL 5% (w/v) salicylic acid–sulfuric acid (5 g
salicylic acid in 100 mL sulfuric acid) in each tube; the sample was mixed well, and then
the reactants were incubated for 20 min at room temperature until they had cooled down.
Then, 9.5 mL of 8% (w/v) NaOH solution was added to each tube and the tubes were
cooled to room temperature (about 20–30 min). The absorbance measurement was made
at 410 nm using established UV/Vis spectrophotometric methods (Shimadzu UV–1800,
Kyoto, Japan). To generate the standard curve, the concentrations of the series of standard
solutions were 0, 62.5, 125, 250, 500, and 1,000 mg/L KNO3. Additionally, the concentration
of the KNO3 standard solution was plotted, and the R2 value was determined [31].

2.5. Determination of Total Phenolic Compounds

The total phenolic compounds were determined using a modified Folin–Ciolcateu
method [32]. In brief, 1.0 g of fresh lettuce was extracted in 10 mL of 80% (v/v) methanol,
sonicated for 5 min at 37 ◦C, and centrifuged at 4000 rpm for 10 min, followed by the
collection of supernatants. An aliquot (500 μL) of supernatant was reacted with 2.5 mL
10% Folin–Ciolcalteu reagent, followed by the addition of 2.0 mL 7.5% Na2CO3 solution,
and vortexed. The mixture was incubated at room temperature for 30 min. Absorbance
was read at 765 nm using established UV/Vis spectrophotometric methods (Shimadzu
UV–1800, Kyoto, Japan). Total phenolic content was calculated using the standard curves of
0, 5, 10, 20, 40, and 80 mg/L solutions of gallic acid (mg GAE/g FW) following the formula
T = CV/M, where T = the total phenolic content in mg GAE/g FW, C = the concentration of
gallic acid established from the calibration curve in mg/mL, V = the volume of the extract
in mL, and M = the fresh weight of the plant extract in g.

2.6. Determination of Phosphorus, Potassium, Calcium, and Magnesium

The determination of exchangeable potassium and phosphorus in the fertilizer was
conducted using an atomic emission spectrophotometer (AES) [33]; an atomic absorption
spectrophotometer (AAS) was used to analyze calcium and magnesium [34].

2.7. Determination of Free Amino Acids

The amino acids in green oak leaves were identified using a high-speed amino acid
analyzer (L-8900, Hitachi High-Technologies Corporation, Japan) equipped with a Hitachi
custom ion-exchange column (4.6 × 60 mm) (Hitachi High-Technologies Corporation,
Tokyo, Japan). For the analysis, a dry green oak powder was prepared using the methods
described by Wang et al. [35].

182



Horticulturae 2023, 9, 248

2.8. Statistical Analysis

The data are presented as mean values ± standard deviation and were obtained using
SPSS software (IBM Corp., Armonk, NY, USA). The one-way analysis of variance (ANOVA)
and subsequent multiple range test using the least significant difference method (LSD)
were performed to judge the differences between the groups. The different lowercase letters
represent statistically significant differences at probability p < 0.05.

3. Results and Discussions

3.1. Changes in the NO3 Concentration in the Solution

According to several studies, reactive nitrogen species including NO2
− and NO3

− are
the main long-living species produced during the plasma–water interaction [36]. Various
studies have examined the chemical reaction for the generation of nitrate. Al-Sharify
et al. [37] proposed one of the possible nitrate-generation paths, as presented in Equation (1).
In the present study, the pinhole plasma jet was directly discharged into water, in which the
obtained concentrations of nitrate and nitrite were higher than when the jet was discharged
above the water’s surface [38].

NO2
− + H2O2 + H+ → NO3

− + H2O + H+ (1)

Nitrate is a general form of nitrogen taken up and assimilated by plants. Andrews
and Raven [39] explained that nitrate that is taken up by plants is reduced to nitrite and
ammonium (NH4

+) by the enzymes nitrate reductase (NR) and nitrite reductase (NiR),
respectively. Table 2 shows the remaining nitrate concentration in each nutrient solution
(i.e., T1, T2, and T3) at each sampling time (i.e., 7, 14, and 21 DAT). Note that each nutrient
solution was mixed and renewed every seven days. Therefore, the initial concentration
of nitrate was the same as that on day 1. As shown in Table 2, the nitrate concentration
in T3 decreased by approximately 33.75%, 35.88%, and 49.09% after 7 DAT, 14 DAT, and
21 DAT, respectively. The reduction of nitrate in T3 was more than that in T1 and T2 at
every sampling time. The concentration of nitrate generated in PAW gradually decreased
with the increased storage time [38]. This indicates that plants can easily take in NO3-N
generated from PAW.

Table 2. Nitrate content remaining in each treatment at each sampling time.

Treatments
Nitrate Content in Nutrient Solution (mg/L)

Day 1 7 DAT 14 DAT 21 DAT

T1 0 0 0 0
T2 871.11 780.08 752.45 572.19
T3 883.59 585.35 566.49 449.82

%CV 17.44 3.02 10.97
LSD0.05 158.57 26.52 74.69

T1 = No nitrate, T2 = Normal nitrate, and T3 = Plasma nitrate.

3.2. Growth Characteristics and Yields

Visualizations from above and from the side of the plants supplied with the nutrient
solutions without nitrate (T1), with normal nitrate (T2), and with plasma nitrate (T3) are
shown in Figure 3. T1 plants exhibited smaller heads and longer roots than T2 and T3.
Jia et al. [40] indicated that the root foraging response prompted by increasing root length
results from a lack of nitrogen. They explained that variation in root elongation under
low N results from variation in the brassinosteroid (BR) biosynthesis gene DWARF1 and
from the overexpression of DWF1. The average morphological features including plant
height, root length, canopy width, leaf width, number of leaves, and leaf area after the
plants were harvested at 21 days after treatment (DAT) are presented in Table 3. Plant
height, leaf width, canopy width, and the number of leaves in the T2 and T3 groups were
not statistically different (p > 0.05). Similar results were obtained by Noh et al. [41], which
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indicates that growth parameters are not significantly different between lettuces grown
with and without plasma-activated water. In contrast, lettuce cultivated under T3 had a leaf
area larger than T1 and T2 by 75.41% and 27.77%, respectively. Even though the number
of leaves was not significantly different between T2 and T3, this difference can lead to a
significantly larger leaf area. A larger leaf area could result in a better interception of light
and a higher photosynthetic rate [42]. RONS generated in plasma-activated water play a
key role in stimulating plant growth and responses to stress [27].

 

Figure 3. Growth of green oak lettuce grown in a hydroponics system and supplied with different
NO3

− sources at harvest stage (21 days after treatment).

Table 3. The morphologies of hydroponically grown lettuce cultivated in nutrient solutions without
nitrate (T1), normal nitrate (T2), and plasma nitrate (T3) at harvest stage (21 DAT).

Treatments
Plant Height

(cm)
Root Length

(cm)
Canopy Width

(cm)
Leaf Width

(cm)
Leaves

Number
Leaves Area (cm2)

T1 13.00 ± 2.90 b 24.57 ± 3.65 a 15.67 ± 5.39 b 7.17 ± 2.50 b 6.67 ± 1.03 b 548.05 ± 37.27 c
T2 19.42 ± 1.50 a 18.55 ± 3.93 b 29.17 ± 2.16 a 14.50 ± 0.89 a 14.50 ± 2.26 a 1631.87 ± 135.74 b
T3 18.00 ± 2.00 a 16.37 ± 2.89 b 28.33 ± 2.66 a 14.75 ± 4.00 a 17.00 ± 2.68 a 2228.44 ± 167.40 a

%CV 13.15 17.75 15.12 22.83 16.59 8.59
LSD0.05 2.72 4.33 4.53 3.41 2.60 155.40

Means in the same column followed by different letters are significantly different (p < 0.05) by LSD.

Chlorophyll, which gives plants their green color, has nitrogen as a part of its molecular
makeup. The samples cultivated in the T3 group had higher levels of nitrate uptake than the
T2 group, as presented in Table 2. In addition, Table 4 shows that plants cultivated with a
nutrient solution containing plasma nitrate (T3) had significantly higher (p < 0.05) greenness
of leaves than T1 and T2, by 5.5 and 3.45 SPAD units, respectively. This indicates that
plasma nitrate could be assimilated into chlorophyll molecules to a greater extent than in the
other treatments. Nitrogen deficiency leads to a reduction in chlorophyll in leaves, which
means that the leaves are less green [43,44], as shown in T1. Chlorophyll is an important
photosynthetic pigment and the leaves’ appearance represents the rate of photosynthesis.
Furthermore, the chlorophyll content directly relates to the leaves’ area. A larger leaf area
represents a higher photosynthetic rate as there is a larger area for absorbing light [44]. The

184



Horticulturae 2023, 9, 248

T2 and T3 groups presented significantly higher photosynthetic rates than the T1 group,
and a similar trend was seen for the leaf area. Kučerová et al. [45] demonstrated that both
nitrate concentration and hydrogen peroxide are responsible for higher photosynthesis
rates. Nitrogen is a fundamental constituent of chlorophyll, which correlates with the
photosynthetic rate, carboxylation enzymes, and protein membranes [46]. Correspondingly,
the lowest photosynthesis rate was observed in the T1 group. The stomatal conductance
of the green oak cultivated in the T2 and T3 groups was significantly higher than in the
T1 group. Many studies have indicated that stomatal conductance is a physiological
plant mechanism that plays an important role in photosynthetic processes [47,48]. Saberi
et al. [49] also showed the positive effects of cold plasma technology under haze conditions
on the photosynthetic rate, chlorophyll content, and stomatal conductance of wheat, which
increased by 34%, 32%, and 93%, respectively. As a result, nitrate content from any source
(e.g., normal nitrate nutrient solutions and plasma nitrate) is essential to most growth
parameters, including plant height, root length, leaf area, photosynthetic rate, and dry
fresh weight.

Table 4. Leaves color intensity, photosynthesis rate, and stomatal conductance of hydroponically
grown lettuce nutrient solution without nitrate (T1), normal nitrate (T2), and plasma nitrate (T3) at
42 days.

Treatments
Leaves Color Intensity

(SPAD Unit)
Photosynthesis Rate

(μmol/m2/s)
Stomatal Conductance

(μmol/m2/s)

T1 19.93 ± 1.35 c 0.72 ± 0.33 b 0.10 ± 0.02 b
T2 21.98 ± 0.88 b 2.09 ± 0.92 a 0.20 ± 0.05 a
T3 25.43 ± 0.94 a 3.02 ± 0.56 a 0.14 ± 0.03 a

%CV 4.81 33.67 24.40
LSD0.05 1.33 0.80 0.04

Means in the same column followed by different letters are significantly different (p < 0.05) by LSD.

Non-significant (p > 0.05) differences in the fresh- and dry-weight yields were observed
between T2 and T3 (Table 5). However, plants cultivated with a nutrient solution without
nitrate had significantly lower fresh and dry weights compared to the T2 and T3 groups
(p < 0.05). Nitrogen is known to be the mineral element that is most necessary for plant
growth, and nitrate (NO3

−) is the major form in which plants absorb nitrogen. Several
studies indicate that plasma-activated water can be used as a nitrogen fertilizer as it
generates nitrogen species (e.g., NO2

− and NO3
−) [50,51]. The effects of plasma-activated

water on the germination rate, growth characteristics, and total phenolic and flavonoid
contents of mung bean sprouts were investigated by Fan et al. [52]. Their results show a
remarkable increase in growth characteristics (i.e., stem length and average weight) with
PAW15 (with a discharge time of 15 s). The positive effects of PAW treatment on mass
accumulation could arise due to the stimulation of protein synthesis [53]. However, in
our research, we found non-significant differences in the effects on plant morphology and
growth characteristics between T2 and T3. The reason for this could be that the nitrate
concentration is equivalent to the normal nitrate nutrient solution and the plasma nitrate.

Table 5. Yields of hydroponically grown lettuce cultivated in nutrient solution without nitrate (T1),
normal nitrate (T2), and plasma nitrate (T3) at 21 DAT.

Treatments Total Plant Fresh Weight (g) Total Plant Dry Weight (g)

T1 12.14 ± 2.92 b 0.45 ± 0.04 b
T2 77.67 ± 4.72 a 3.62 ± 0.06 a
T3 81.20 ± 13.54 a 3.60 ± 0.60 a

%CV 14.50 15.20
LSD0.05 16.52 0.78

Means in the same column followed by different letters are significantly different (p < 0.05) by LSD.

185



Horticulturae 2023, 9, 248

3.3. Nutritional Quality Analysis

Leafy vegetables, especially lettuce, are considered to be a notable nitrate-accumulating
species [54]. By analyzing the NO3

− content in the aboveground and underground parts
of green oak lettuce, the plants cultivated in normal nitrate nutrient solution (T2) were
shown to exhibit the highest accumulation of NO3

− content (p < 0.05), as shown in
Table 6. However, high nitrate content poses a risk to human health and the surrounding
environment [54]. Interestingly, lettuce cultivated in the T3 group showed significantly
lower nitrate concentrations than those of the T2 group, even though the initial nitrate con-
centrations of the fertilizers were not significantly different. This result could indicate that
NO3-N produced using cold plasma technology (T3) is rapidly assimilated into an organic
form such as free amino acids, as shown in Table 7; therefore, the NO3-N accumulation
in the vacuole was lower than in the T2 group. This result has implications that may be
beneficial to the environment and to human health.

Table 6. Nitrate concentration, total nitrogen, and total phenolic in grown lettuce at 42 days.

Treatments
Nitrate Concentration in Plant (mg/kg) FW

Total Phenolic
(mg GAE/g FW)

Aboveground Underground

T1 97.27 ± 6.43 c 83.41 ± 12.86 c 3.16 c ± 0.76 c
T2 5370.00 ± 109.28 a 7256.4 ± 604.25 a 27.67 a ± 0.42 a
T3 1674.54 ± 205.70 b 3456.4 ± 154.28 b 22.74 ± 3.79 b

%CV 5.22 10.01 12.58
LSD0.05 44.40 1146.10 4.49

Means in the same column followed by different letters are significantly different (p < 0.05) by LSD.

Table 7. Concentration of amino acids (nmol/mg) in green oak lettuce after being cultivated in
nutrient solution without nitrate (T1), normal nitrate (T2), and plasma nitrate (T3).

Amino Acid
Treatments %CV LSD0.05

No Nitrate (T1) Normal Nitrate (T2) Plasma Nitrate (T3)

Aspartic acid (Asp) 17.06 ± 0.15 b 47.43 ± 1.22 a 50.17 ± 0.21 a 1.88 2.28
Threonine (Thr) 9.65 ± 0.18 c 20.40 ± 1.22 b 28.97 ± 0.32 a 4.15 2.60

Serine (Ser) 10.93 ± 0.04 c 24.5 ± 0.79 b 31.41 ± 0.18 a 2.11 1.50
Glutamic acid (Glu) 22.00 ± 0.06 c 58.20 ± 0.46 b 69.82 ± 0.01 a 0.54 0.85

Proline (Pro) 9.65 ± 0.37 c 31.74 ± 0.52 a 29.16 ± 0.23 b 1.66 1.24
Glycine (Gly) 19.02 ± 0.04 c 58.50 ± 0.11 a 57.56 ± 0.09 b 0.18 0.26
Alanine (Ala) 18.96 ± 0.02 c 52.07 ± 0.27 b 54.30 ± 0.01 a 0.37 0.50
Cysteine (Cys) 1.04 ± 1.26 a 0.82 ± 0.91 a 0.31 ± 0.05 a 125.15 2.87

Valine (Val) 13.09 ± 0.03 b 37.96 ± 0.28 a 37.44 ± 0.06 a 0.55 0.51
Methionine (Met) 0.58 ± 0.06 c 2.88 ± 0.10 a 2.14 ± 0.00 b 3.35 0.20
Isoleucine (Lie) 9.17 ± 0.01 c 27.15 ± 0.20 a 25.29 ± 0.01 b 0.56 0.37
Leucine (Leu) 16.99 ± 0.09 c 47.90 ± 0.20 a 47.24 ± 0.06 b 0.35 0.41
Tyrosine (Tyr) 3.66 ± 0.07 c 5.05 ± 0.46 b 10.99 ± 0.06 a 4.18 0.87

Phenylalanine (Phe) 7.63 ± 0.03 b 23.56 ± 0.46 a 23.78 ± 0.08 a 1.47 0.86
Lysine (Lys) 7.82 ± 0.00 c 23.66 ± 0.23 b 24.96 ± 0.08 a 0.76 0.45

Histidine (His) 2.69 ± 0.03 c 9.32 ± 0.05 a 9.10 ± 0.03 b 0.52 0.12
Arginine (Arg) 5.98 ± 0.07 c 17.67 ± 0.06 b 18.54 ± 0.13 a 0.67 0.30

Means in the same row followed by different letters are significantly different (p < 0.05) by LSD.

The results of the present study show that the lettuce cultivated with T2 had levels
of total phenolic compounds 0.35 ± 0.05 mg GAE/g FW higher than that cultivated with
T3 by 0.28 ± 0.05 mg GAE/g FW (p < 0.05), as shown in Table 6. Phenolic compounds,
one of the most abundant groups of secondary metabolites found in vegetables, contain
several thousand compounds. Several environmental factors, including temperature, light,
and nutrient management, are responsible for increasing the biosynthesis of phenolic
compounds in plants [55]. Nitrogen, an important nutrient in plants, plays a critical role in
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regulating phenolic accumulation in plants [56]. Previous research has studied the effect
of PAW on the total phenolic compounds in apples [57], mung bean sprouts [58], and
rocket leaves [59]. Most of this research indicates that phenolic accumulation depends on
plasma exposure time, whereby longer treatment times lead to lower levels of phenolic
compounds [50,57]. Since PAW has stronger oxidation abilities with increasing exposure
time, the rapid oxidation of phenols causes an immediate reduction in the phenolic content
levels [60]. In the present work, plasma nitrate did not induce phenolic compounds in
plants to the same extent as commercial fertilizers do (i.e., normal nitrate nutrient solution);
however, our results still indicate an effective growth enhancement. Therefore, further
research should investigate the suitable conditions for generating plasma nitrate to enhance
total phenolic accumulation in plants.

The effects of plasma nitrate (T3), especially the role of NO3
− species and reactive

oxygen species, the nutrient solution without nitrate (T1), and normal nitrate (T2) on the
concentration of 17 free amino acids were determined and are shown in Table 7. The results
illustrate that threonine, serine, glutamic acid, alanine, tyrosine, phenylalanine, lysine,
and arginine have significantly higher concentrations in T3 than in T2 (p < 0.05). Zhou
et al. [61] showed that RNS generated from PAW, especially NO3

−, was assimilated by plant
enzymes, leading to the generation of organic nitrogen compounds, such as free amino
acids, in accordance with the assimilation pathway of nitrate. Therefore, nitrate content
generated from plasma nitrate might more easily transform into amino acids. However,
green oak lettuces cultivated in the T3 group showed significantly lower levels of proline,
glycine, methionine, isoleucine, leucine, and histidine than those in the T2 group (p < 0.05).
Han et al. [62] explained that cold plasma treatment causes the chemical modification of
amino acids through hydroxylation, dehydrogenation, nitration, and dimerization, leading
to the degradation of sulfur-containing and aromatic amino acids. Interestingly, very
small amounts of methionine were present in the green oak cultivated with T1 (Table 7).
Methionine, a sulfur-containing amino acid, is an essential component for the synthesis
of all proteins. Wilson et al. [63] also indicated that both nitrogen and sulfur affect the
synthesis of amino acids.

4. Conclusions

Air and oxygen were applied using a pinhole plasma jet with a flow rate of 1.5 L/min
and discharged for 16 h to generate a nitrogen fertilizer with a nitrate concentration of
approximately 800 mg/L. Plant height, root length, canopy width, leaf width, number of
leaves, photosynthesis rate, and stomatal conductance of green oak lettuce cultivated in
plasma nitrate solution compared to those grown in the normal nitrate nutrient solution
were not significantly different, except in respect of leaf area and leaf greenness. Similarly,
the yields, including the fresh and dry weights of plants cultivated in plasma nitrate,
were the same as those of the plants cultivated in commercial nitrate. Significantly lower
levels of chemical compositions (including nitrate concentrations in the underground and
aboveground parts and the total phenolic compounds) were found in green oak irrigated
with plasma nitrate than in that grown with a normal nitrate nutrient solution (p < 0.05).
The presence of fewer nitrate residues in the green oak samples indicates a reduced threat to
human health and to the environment. Moreover, plasma nitrate was rapidly assimilated to
free amino acids, resulting in significantly higher concentrations of amino acids including
Thr, Ser, Glu, Ala, Tyr, Phe, Lys, and Arg than in the normal nitrate nutrient solution. These
results could indicate that plasma-activated water can be used as an alternative nitrogen
fertilizer, as well as an innovative environmentally friendly technology. However, the
nitrogen assimilation pathway from plasma fertilizers should be further explored in order
to understand why the nitrate levels of green oak cultivated in plasma nitrate are lower
than those of the normal nitrate nutrient solution. Moreover, the economic effectiveness of
this method should be determined to prepare for the adoption of this technology in the
commercial sector.
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15. Starič, P.; Vogel-Mikuš, K.; Mozetič, M.; Junkar, I. Effects of Nonthermal Plasma on Morphology, Genetics and Physiology of
Seeds: A Review. Plants 2020, 9, 1736. [CrossRef]

16. Perinban, S.; Orsat, V.; Raghavan, V. Nonthermal plasma–liquid interactions in food processing: A review. Compr. Rev. Food Sci.
Food Saf. 2019, 18, 1985–2008. [CrossRef] [PubMed]

17. Park, D.P.; Davis, K.; Gilani, S.; Alonzo, C.-A.; Dobrynin, D.; Friedman, G.; Fridman, A.; Rabinovich, A.; Fridman, G. Reactive
nitrogen species produced in water by non-equilibrium plasma increase plant growth rate and nutritional yield. Curr. Appl. Phys.
2013, 13, S19–S29. [CrossRef]

188



Horticulturae 2023, 9, 248

18. Guo, D.; Liu, H.; Zhou, L.; Xie, J.; He, C. Plasma-activated water production and its application in agriculture. J. Sci. Food Agric.
2021, 101, 4891–4899. [CrossRef]

19. Zhang, Q.; Ma, R.; Tian, Y.; Su, B.; Wang, K.; Yu, S.; Zhang, J.; Fang, J. Sterilization Efficiency of a Novel Electrochemical
Dis-infectant against Staphylococcus aureus. Environ. Sci. Technol. 2016, 50, 3184–3192. [CrossRef]

20. Shen, J.; Tian, Y.; Li, Y.; Ma, R.; Zhang, Q.; Zhang, J.; Fang, J. Bactericidal Effects against S. aureus and Physicochemical Properties
of Plasma Activated Water stored at different temperatures. Sci. Rep. 2016, 6, 28505. [CrossRef] [PubMed]

21. Su, L.; Lan, Q.; Pritchard, H.W.; Xue, H.; Wang, X. Reactive oxygen species induced by cold stratification promote germination of
Hedysarum scoparium seeds. Plant Physiol. Biochem. 2016, 109, 406–415. [CrossRef]

22. Mitra, A.; Li, Y.-F.; Klämpfl, T.G.; Shimizu, T.; Jeon, J.; Morfill, G.E.; Zimmermann, J.L. Inactivation of surface-borne microorgan-
isms and increased germination of seed specimen by cold atmospheric plasma. Food Bioprocess Technol. 2014, 7, 645–653.
[CrossRef]

23. Maniruzzaman, M.; Sinclair, A.J.; Cahill, D.M.; Wang, X.; Dai, X.J. Nitrate and hydrogen peroxide generated in water by electrical
discharges stimulate wheat seedling growth. Plasma Chem. Plasma Process. 2017, 37, 1393–1404. [CrossRef]

24. Sarinont, T.; Katayama, R.; Wada, Y.; Koga, K.; Shiratani, M. Plant growth enhancement of seeds immersed in plasma activated
water. MRS Adv. 2017, 2, 995–1000. [CrossRef]

25. Graves, D.B.; Bakken, L.B.; Jensen, M.B.; Ingels, R. Plasma Activated Organic Fertilizer. Plasma Chem. Plasma Process. 2019, 39,
1–19. [CrossRef]

26. Wu, S.; Thapa, B.; Rivera, C.; Yuan, Y. Nitrate and nitrite fertilizer production from air and water by continuous flow liq-uid-phase
plasma discharge. J. Environ. Chem. Eng. 2021, 9, 104761. [CrossRef]

27. Carmassi, G.; Cela, F.; Trivellini, A.; Gambineri, F.; Cursi, L.; Cecchi, A.; Pardossi, A.; Incrocci, L. Effects of Nonthermal Plasma
(NTP) on the Growth and Quality of Baby Leaf Lettuce (Lactuca sativa var. acephala Alef.) Cultivated in an Indoor Hydroponic
Growing System. Horticulturae 2022, 8, 251. [CrossRef]

28. Jamie. Algae in Hydroponics: Types, Causes, Effects, Treating & More. Available online: https://whyfarmit.com/algae-in-
hydroponics/ (accessed on 16 November 2022).

29. Stephens, O. Algae in Hydroponics: How to Get Rid of and Prevent Its Growth. Available online: https://thehydroponicsplanet.
com/how-to-get-rid-of-algae-in-hydroponics-for-good/ (accessed on 15 November 2022).

30. Date, M.B.; Rivero, W.C.; Tan, J.; Specca, D.; Simon, J.; Salvi, D.; Karwe, M.V. Effect of Plasma-Activated Nutrient Solution (Pans)
on Sweet Basil (O. basilicum L.) Grown Using an Ebb and Flow Hydroponic System. Soc. Sci. Res. Netw. 2022. [CrossRef]

31. Zhao, L.; Wang, Y. Nitrate Assay for Plant Tissues. Bio-Protoc. J. 2017, 7, e2029. [CrossRef]
32. Swain, T.; Hillis, W.E. The phenolic constituents of Prunus domestica. I.—The quantitative analysis of phenolic constituents. J.

Sci. Food Agric. 1959, 10, 63–68. [CrossRef]
33. Miller, D.D.; Rutzke, M. Atomic absorption and emission spectroscopy. In Food Analysis, 3rd ed.; Kluwer: New York, NY, USA,

2003; pp. 401–421.
34. Bisergaeva, R.A.; Sirieva, Y.N. Determination of calcium and magnesium by atomic absorption spectroscopy and flame pho-

tometry. J. Phys. Conf. Ser. 2020, 1691, 012055. [CrossRef]
35. Wang, P.-Y.; Shuang, F.-F.; Yang, J.-X.; Jv, Y.-X.; Hu, R.-Z.; Chen, T.; Yao, X.-H.; Zhao, W.-G.; Liu, L.; Zhang, D.-Y. A rapid and

efficient method of microwave-assisted extraction and hydrolysis and automatic amino acid analyzer determination of 17 amino
acids from mulberry leaves. Ind. Crops Prod. 2022, 186, 115271. [CrossRef]
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