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Preface

Humans have always relied on available resources for survival. With increased population,

urbanization, and anthropogenic activities, billions of tons of waste burden the environment every

year. Advanced organic waste management not only reduces the strain on landfills but also offers

new perspectives for a greener and more sustainable future. Achieving organic resource reutilization

and a circular bioeconomy requires a multidisciplinary effort to shift from waste disposal to waste

management awareness.

Maria Roulia

Editor
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Editorial

Sustainable Utilization of Humic Substances and Organic
Waste in Green Agriculture

Maria Roulia

Inorganic Chemistry Laboratory, Department of Chemistry, National and Kapodistrian University of Athens,
Panepistimiopolis, 157 71 Athens, Greece; roulia@chem.uoa.gr; Tel.: +30-210-7274780

Organic wastes (OW) comprise biodegradable plant, animal, and industrial and mu-
nicipal waste; billions of tons are generated annually worldwide, and they are continuously
produced as a result of prosperity, the increase in population, and the escalation of anthro-
pogenic activities. Conventional indiscriminate dumping and burning dissipate the energy
content of OW, creating soil and water pollution and posing threats to the environment and
human health. Waste management processes mostly include reduction, reuse, and recycling,
as well as physical, biological, and chemical treatments (e.g., composting). During com-
posting, the transformation of organic matter into nutrient-rich humus is mainly achieved
by microorganisms; amended OW are rich in humic substances (HS) and extremely ben-
eficial to plant growth and soil fertility. Humic substances—omnipresent in terrestrial
and aquatic ecosystems, representing a major source of organic carbon and nitrogen—are
redox-active, refractory, dark-colored mixtures of heterogeneous organic compounds pro-
duced via physicochemical and microbial processes during the early diagenesis in biomass
decay [1].

On this basis, recycling and the subsequent reutilization of OW appear as a benignant
and ecologically sound route, contributing to both sustainability and circular economy
objectives. Besides nutrient preservation, OW recycling strategies support energy con-
servation, as electricity and bio-based energy carriers (e.g., biogas and biohydrogen) can
be produced.

The sustainable utilization of humic substances and organic waste is particularly
advantageous in green agriculture; processed OW may serve as soil conditioners and
nutrient pools for plants. Together with HS, they affect plant metabolism; regulate nutri-
ent availability and transport, reducing the need and side effects of chemical fertilizers;
support microbial growth; enable pollutants sequestration; and improve the physicochem-
ical properties of degraded soils (e.g., increase pH, improve water retention and cation
exchange capacities, and ameliorate bulk density). Thus, they assist in soil restoration and
remediation and sustainable plant growth.

The Agriculture Journal Special Issue “Sustainable Utilization of Humic Substances

and Organic Waste in Green Agriculture” focuses on the green production processes,
properties, and uses of HS and OW; the interaction/complexation of HS with compounds
promoting sustainable agriculture; the impact of HS, HS-containing materials, and organic
waste on the environment (soil, plants, and living organisms, domestic animals and cattle
included); OW from industrial processes (e.g., molasses, cheese whey, slaughterhouse,
leather); physical, chemical, and biological OW treatments and recycling (e.g., retention,
adsorption, composting, and decomposer microorganisms) that support green agriculture;
and the management of pollutants [2] (e.g., chemicals, pharmaceuticals, drugs, dyes,
pesticides, and food additives) that accompany OW.

In the review article “Biostimulant Effects of Waste Derived Biobased Products in the
Cultivation of Ornamental and Food Plants”, E. Montoneri, A. Baglieri, and G. Fascella
describe the application of soluble bio-based substances (SBS), derived from composts and

Agriculture 2024, 14, 115. https://doi.org/10.3390/agriculture14010115 https://www.mdpi.com/journal/agriculture1
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urban waste anaerobic digestate, as sustainable and efficient biostimulants in ornamen-
tal and vegetable species. A wide variety of SBS tailored for the cultivation of specific
plants may assist plant growth, fruits, and ornamental qualities, and they can be used as
alternatives to existing fossil-sourced agrochemicals [3].

The article entitled “Advances in Applications of Cereal Crop Residues in Green
Concrete Technology for Environmental Sustainability: A Review” by M. A. Suhail, S.
Shrivastava, K. Paritosh, N. Pareek, A. A. Kovalev, D. A. Kovalev, Y. V. Litti, V. Panchenko,
V. Bolshev, and V. Vivekanand [4] presents the potential use of waste agricultural residues
(with significant mechanical properties) from cereal farming in green concrete manufactur-
ing as partial substitutes for cement, sand, coarse aggregates, and fiber reinforcements. The
appropriate methods of treatment, selection, and blending ratios of cereal waste resources,
as well as innovations in cereal farming residues that allow their potential use in the
green construction industry, which are all compatible with circular bioeconomy strategies,
are discussed.

In their article “Taif’s Rose (Rosa damascene Mill var. trigentipetala) Wastes Are a
Potential Candidate for Heavy Metals Remediation from Agricultural Soil”, T. M. Galal, A.
Majrashi, H. M. Al-Yasi, E. A. Farahat, E. M. Eid, and E. F. Ali examine the bioaccumulation
of heavy metals in Taif rose shrubs [5]. With the exception of Al, plant stems retained higher
quantities of all heavy metals studied than leaves; Co and Ni were mostly contained in the
stems of 10- and 12-year-old plants, while Cd, Cr, Cu, Fe, Mn, Pb, and Zn accumulated
in older Taif’s rose shrubs stems, demonstrating the possibility of using Taif roses as a
promising, viable, and safe crop for heavy-metal phytoremediation.

A biochar-based fertilizer (BF) was prepared from distillers grains via oxygen-limited
cracking [6]. The application of BF in eggplant cultivations positively affected the yield and
quality of fruits, reduced fertilizer utilization, and proved to be economically profitable
to farmers as “Biochar-Based Fertilizer Enhances the Production Capacity and Economic
Benefit of Open-Field Eggplant in the Karst Region of Southwest China” (M. Zhang, Y. Liu,
Q. Wei, L. Liu, X. Gu, and J. Gou). Specifically, these eggplants exhibited higher nutrient
uptake and their fruits possessed lower nitrate content and elevated vitamin C and soluble
sugars, which are all beneficial for eggplant quality.

The Taif Damask rose’s pruning waste from plants of different ages is discussed in
“Evaluating the Nutrient Contents and Nutritive Value of Taif’s Rose (Rosa damascene Mill
var. trigintipetala) Waste to Be Used as Animal Forage or Soil Organic Fertilizers”, authored
by T. M. Galal, E. F. Ali, E. M. Eid, H. M. Al-Yasi, A. Magrashi, F. Althobaiti, and E. A.
Farahat [7]. The morphological characteristics, the N, P, K, Ca, Mg, Na, and ash contents in
the stems and leaves, and parameters associated with the nutritional value of the wastes,
i.e., fibers, lipids, carbohydrates, and energy, were measured to demonstrate the inorganic
and organic nutrients’ abundance, which is useful for the potential application of Taif’s
rose waste as a fertilizer and/or animal forage.

The topic of the article by M. Lanno, M. Klavins, O. Purmalis, M. Shanskiy, A. Kisand,
and M. Kriipsalu is the “Properties of Humic Substances in Composts Comprised of Dif-
ferent Organic Source Material”. FTIR and EEM spectroscopic techniques were employed
to observe the effect of the compost’s origin on humic substance contents; the composts
containing animal byproducts proved to be richer in humic substances compared to those
from kitchen biowaste. Besides organic matter and nutrient contents, the role of humic
substances in the comprehensive evaluation of composts is emphasized, especially when
the composts are intended for fertilizing applications [8].

Taif Damask rose organs and floral solid distillation waste (SDW) were examined for
their chemical composition and biological functions in “Chemical and Nutritional Char-
acterization of the Different Organs of Taif’s Rose (Rosa damascene Mill. var. trigintipetala)
and Possible Recycling of the Solid Distillation Wastes in Taif City, Saudi Arabia” by E.F.
Ali, H.M. Al-Yasi, A. Majrashi, E.A. Farahat, E.M. Eid, and T.M. Galal [9]. Soluble carbohy-
drates, cardiac glycosides, total flavonoid contents, and total phenolic compounds were
determined, as well as mineral and organic nutrients, nutritional value, and antimicrobial
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activity toward bacteria and fungi. Both organs and SDW seem to be suitable for mature
dry gestating beef cows and health applications.

Animal byproducts can be used for growing media preparation, as reported by R.
Li, H. Wang, E. Duan, J. Fan, and L. Wang in their article “Rabbit Manure Compost for
Seedling Nursery Blocks: Suitability and Optimization of the Manufacturing Production
Process”. Nursery blocks obtained by mixing rabbit manure compost, vermiculite, rice
straw, and peat were found to improve the transplanting efficiency and survival rate of
seedlings. The effect of cold pressing parameters on block quality was also examined. Thus,
eco-friendly resource recycling management with respect to rabbit manure is achieved [10].

“Deteriorating Harmful Effects of Drought in Cucumber by Spraying Glycinebetaine”
by E.-S.E. Metwaly, H.M. Al-Yasi, E.F. Ali, H.A. Farouk, and S. Farouk proposes the use
of glycinebetaine (GlyBet), a vital osmoprotectant produced in crops, to improve drought
tolerance in non-accumulating plants, such as cucumbers, by enhancing their water use
efficiency [11]. GlyBet could act as a cost-effective and eco-friendly biostimulant, and
exogenous spraying demonstrated a beneficial effect on moderating water deficit damage
on plant growth and productivity.

J.L. Villalpando-Aguilar, D.F. Chi-Maas, I. López-Rosas, V.Á. Aquino-Luna, J. Arreola-
Enríquez, J.C. Alcudia-Pérez, G. Matos-Pech, R.C. Gómez-García, J.F. Martínez-Puc, and W.
Cetzal-Ix suggest the development of sustainable alternatives for edible fruit production in
“Urban Agriculture as an Alternative for the Sustainable Production of Maize and Peanut”.
In this context, maize and peanut plants—cultivated in compost originating from organic
residues irrigated with temporary rain—exhibited higher yields compared with plants
grown in soil and compost [12].

“Sustainable Utilization Strategy of Organic Waste via Fabrication of Bioelastomer
with Antibacterial and Antioxidant Activities Using Mandarin Peel Extracts” by K.H. Lee, Y.
Chun, J.H. Lee, J.U. Lee, T. Lee, and H.Y. Yoo [13] aims to incorporate bioactive compounds
recovered from mandarin peels into a functional bioelastomer without affecting its physi-
cal properties. The bioelastomer displayed radical scavenging activity and antibacterial
properties against Gram-positive, Gram-negative, and antibiotic-resistant bacteria, and it is
expected to be utilized in the food packaging, pharmaceutical, and medical industries, thus
upcycling food waste.

The need for chemical fertilizers substitutes is imminent; in “Response of Maize Yield
and Nutrient Uptake to Indigenous Organic Fertilizer from Corn Cobs” by M.T.S. Budiastuti,
D. Purnomo, B. Pujiasmanto, and D. Setyaningrum, an organic fertilizer prepared from
corn cob waste was applied to suboptimal land to increase the harvested corn area [14]. The
prepared corncob fertilizer meets the standards for organic fertilizers, positively affects leaf
area and root length, and increases chlorophyll a and b and phosphate uptake, supporting
the growth, yield, and nutrient uptake of corn plants.

Another organic fertilizer for corn plants was synthesized from the anaerobic digestion
of swine wastewater and tested as a nitrogen substitute in comparison with the conventional
chemical treatment. The results of the article “Fertilizer Performance of a Digestate from
Swine Wastewater as Synthetic Nitrogen Substitute in Maize Cultivation: Physiological
Growth and Yield Responses” by E.L. Buligon, L.A.M. Costa, J. de Lucas, Jr., F.T. Santos, P.
Goufo, and M.S.S.M. Costa [15] show that the basal application of this liquid biofertilizer
completely substituted the mineral nitrogen in corn plants, allowing the minimization of
chemical fertilizers without yield penalties.

“The Effect of Dietary Humic Substances on Cellular Immunity and Blood Character-
istics in Piglets” was studied by L. Bujňák, A.H. Šamudovská, D. Mudroňová, P. Nad’, S.
Marcinčák, I. Maskal’ová, M. Harčárová, V. Karaffová, and M. Bartkovský [16]. Natural hu-
mic substance supplementation increased the proportion of CD4 + CD8- lymphocytes and
serum alkaline phosphatase; the phagocytic activity and engulfing capacity of phagocytes
and other lymphocyte subpopulations were slightly increased. These observations demon-
strate that humic substances stimulate cellular immunity in piglets without negatively
affecting their hematological and biochemical parameters.
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I would like to express my deepest appreciation to all authors who selected this Special
Issue in which to publish their fine papers.

All these articles summarize scientific progress and imprint recent developments in
the field. Therefore, I believe that this Special Issue will meet the needs of researchers who
focus on humic substances and organic waste valorization without foreclosing the needs
and options of the broad readership devoted to sustainability.

Conflicts of Interest: The author declares no conflicts of interest.
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The Effect of Dietary Humic Substances on Cellular Immunity
and Blood Characteristics in Piglets

Lukáš Bujňák 1, Alena Hreško Šamudovská 1, Dagmar Mudroňová 2, Pavel Nad’ 1, Slavomír Marcinčák 3,

Iveta Maskal’ová 1, Michaela Harčárová 1, Viera Karaffová 4,* and Martin Bartkovský 3

1 Department of Animal Nutrition and Husbandry, University of Veterinary Medicine and Pharmacy in Košice,
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2 Department of Microbiology and Immunology, University of Veterinary Medicine and Pharmacy in Košice,
Komenského 73, 041 81 Košice, Slovakia

3 Department of Food Hygiene, Technology and Safety, University of Veterinary Medicine and Pharmacy in Košice,
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4 Department of Morphological Disciplines, University of Veterinary Medicine and Pharmacy in Košice,
Komenského 73, 041 81 Košice, Slovakia

* Correspondence: viera.karaffova@uvlf.sk; Tel.: +421-905-871-840

Abstract: This study’s objective was to determine the impact of dietary humic substances on immune
response and blood profiles in piglets. A total of 24 crossbred piglets (Slovakian White × Landrace;
35 days old; average body weight of 11.67 kg) were allotted to two dietary groups with (experimental;
5 g·kg−1) or without (control; 0 g·kg−1) natural humic substances supplementation. In this study,
we observed a significant increase of the proportion of CD4+CD8- lymphocytes (p < 0.001) in the
experimental group. The results also showed a tendency for an increase of the phagocytic activity
and the engulfing capacity of phagocytes and the numbers of the other monitored lymphocyte
subpopulations (CD3+, CD21+, CD4-D8+, CD4+CD8+, CD4+CD25+) in piglets in the experimental
group compared to the control group. Supplementation of humic substances increased serum alkaline
phosphatase compared to the control group (p < 0.05). Other monitored blood parameters were not
significantly affected by dietary treatment. It concluded that inclusion of humic substances in the
diet of piglets could have a stimulating effect on cellular immunity, without a negative effect on
haematological and biochemical parameters.
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1. Introduction

Humic substances (HS) are a class of non-nutritive natural organic bioactive com-
pounds formed in soils [1]. They are important humus components whose primary function
is to transfer nutrients from the soil to living organisms. HS specifically include humic acid,
fulvic acid, and humin as their principal constituents [2]. These components are essential
for plant growth [3] and can promote the efficient utilization of nutrients by the plant [4].

Due to the prohibition on the use of antibiotics as growth promoters in the European
Union, interest in alternative feed additives for animal production has increased [5]. In the
last two decades, the interest in the use of HS in animal nutrition has increased [2,6]. Many
authors observed an improvement in the production parameters after the addition of HS
into feedstuff during their studies. In recent years, it has been shown that HS added to the
feed of monogastric animals such as swine, poultry, and rabbits promotes growth [7–10].

Furthermore, HS have been used as immunostimulatory, antidiarrheal, analgesic, and
antimicrobial agents in veterinary practices [11–13]. The addition of biologically active
supplements of humic nature to the diets of animals stimulated metabolic processes and the
digestibility of nutrients, and also activated the absorption of some mineral elements [14].
Other studies found that HS help to reduce ammonia excretion from manure and improves
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the relative number of blood lymphocytes. The modifications mentioned above help the
animals’ immunity [2,8,15].

However, due to the different sources and types of HS preparations, as well as the
fact that there is no single standard for measuring genuine HS effects, their bio-effect
depends on specification. Based on our previous results and experiences from poultry
studies (broilers and laying hens) on the effect of humic substances (in concentrations of
0.8% and 0.5%, respectively) on the immune status and immune response, we decided to
verify this effect in piglets. We observed a significant increase of phagocyte activity and B
cell response, as well as a significant increase of CD4+:CD8+ lymphocyte ratio [16,17]. In
general, supplementation as a feed additive in pigs has not been well reported compared
to poultry, and scientific studies on the influence of HS supplementation in pigs’ diets on
immunity and metabolism are still relatively limited. Therefore, this study, as a pilot trial,
was carried out to assess the effect of 0.5% HS supplementation on the immune indicators,
as well as biochemical and haematological variables in the blood of piglets.

2. Materials and Methods

2.1. Experimental Design

The experiment was carried out in accordance with the “European Directive on the
protection of animals used for scientific purposes” [18]. The animals were housed in
accredited stables of the Department of Animal Nutrition and Husbandry at the University
of Veterinary Medicine in Košice, Slovakia, under required zoohygienic conditions. During
the experiment, the average temperature in the stable was 20.2 ± 1.5 ◦C, and the relative
humidity was 68.5 ± 4.8%. The trial was approved by the Ethics Commission of the
University of Veterinary Medicine and Pharmacy in Košice (protocol no. EKV/2022-11).

A total of 24 crossbred (Slovakian White x Landrace) 35-days-old piglets were divided
into two groups (n = 12; 50% male and 50% female in both groups). Prior to the start
of the experiment, an initial average animal body weight (BW) of 11.68 ± 1.35 kg in the
control group and 11.65 ± 1.34 kg in the experimental group was recorded. The following
experimental groups were included in the study: the control group and the experimental
group, where the experimental group diet was supplemented with a 0.5% HS supplement.
The experiment lasted for 4 weeks. The same diets for both groups were used in the
experiment (Table 1). The introduction of the HS supplement into the diet was realized
at the expense of barley in the experimental group. The pigs were fed twice per day with
complete feed mixtures. Drinking water was available to the animals ad libitum throughout
the experimental period. The complete feed mixtures in the experiment were formulated
according to the nutritional requirements by Šimeček et al. [19].

The dietary natural HS supplement (HUMAC® Natur AFM; Humac, Ltd., Košice,
Slovakia) was ground and physically purified with Leonardite without chemical treatment.

The complete feed mixtures were analysed for dry matter, crude protein, crude fibre,
total ash, starch, and total phosphorus according to EC Commission Regulation 152/2009 [20].
The level of dietary calcium and sodium was analysed using the flame method of an atomic
absorption spectrometer (Unicam Solar 939, Camberley, Surrey, UK). The metabolisable
energy values of complete feed mixtures were calculated with the formula according to the
Šimeček et al. [19].

2.2. Sampling and Measurements

In week 4, in the morning on the last day of the experiment, blood samples were
taken by the orbital sinus puncture from all pigs individually in both groups for subsequent
analysis. Serum was obtained by centrifugation (3000 rpm for 30 min) and stored at −20 ◦C
until analysis. Heparinized blood was used to determine haematological parameters, test
phagocyte activity and identify lymphocyte subpopulations.
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Table 1. Formula and chemical composition of feed mixtures for pigs (as-fed basis).

Control Diet Experimental Diet

Components
Corn [%] 25.00 25.00
Wheat [%] 22.50 22.50
Barley [%] 28.00 27.50
Soybean meal [%] 21.00 21.00
Vitamin-mineral
premix with
3-phytase 1

[%] 3.00 3.00

Sodium chloride [%] 0.12 0.12
L-Lysine [%] 0.23 0.23
DL-Methionine [%] 0.06 0.06
L-Threonine [%] 0.09 0.09
HS supplement 2 [%] - 0.50
Composition by analysis
Dry matter [g·kg−1] 885.2 884.3
Crude protein [g·kg−1] 178.2 177.4
Crude fibre [g·kg−1] 35.4 38.9
Ash [g·kg−1] 54.1 57.6
Starch [g·kg−1] 445.0 438.0
Calcium [g·kg−1] 6.4 7.0
Phosphorus [g·kg−1] 5.6 5.6
Sodium [g·kg−1] 2.7 2.8
Metabolisable energy [MJ·kg−1] 13.07 13.02

1 Vitamin and mineral premix (per kg): vit. A 330,000 IU; D3 66,000 IU; E 4000 mg; calcium 210 g; phosphorus 25 g;
sodium 45 g; copper 4800 mg; iron 1750 mg; zinc 2700 mg; manganese 880 mg; iodine 55 mg; selenium 12.5 mg.
2 The characteristics of the HS supplement were the following: the size of particles up to 100 μm, pH 5.8, humidity
max. 15%, content of humic acids min. 65% in dry matter (DM), fulvic acid 5% (DM).; minerals: calcium 42.28,
magnesium 5.11, sodium 7.11, potassium 0.93 g·kg−1; and microelements: Fe 19,046; Cu 15; Zn 37; Mn 142;
Co 1.24; Se 1.67, as well as Mo 2.7 mg·kg−1 DM.

2.2.1. Haematological and Serum Biochemical Parameters

Complete blood count was performed with an automated haematology analyser (scil
Vet ABC™ Hematology Analyzer, Germany). The variables evaluated in our study were
haematocrit value (HCT), haemoglobin concentration (Hb), red blood cells count (RBC),
mean corpuscular volume (MCV), and total white blood cell (WBC) count. Serum biochem-
ical parameters—total protein, albumin, glucose, urea, triglycerides, cholesterol, creatinine,
aspartate aminotransferase (AST), alkaline phosphatase (ALP), and phosphorus were
measured using a fully automatic random access benchtop analyser (Ellipse, Italy). The
concentration of calcium in serum was determined by means of a flame atomic absorption
spectrometer (Unicam Solar 939, Camberley, Surrey, UK).

2.2.2. Biomarker of the Lipid Peroxidation

The concentrations of lipid peroxidation products (malondialdehyde levels, MDA)
in serum were measured as thiobarbituric acid reactive substances (TBARs) according
to the spectrophotometric modification method described by Costa et al. [21]. Briefly,
serum samples were mixed with a solution composed of trichloroacetic acid (15%; Merck,
Darmstadt, Germany), thiobarbituric acid (0.38%; Sigma-Aldrich, St. Louis, MO, USA), and
hydrochloric acid (0.25 N; Mikrochem, Pezinok, Slovakia) and heated for 30 min in a boiling
water bath. After cooling in ice water and centrifugation, the absorbance of the supernatant
was measured at 535 nm. The concentration of TBARs was determined from the standard
curve prepared using 1,1,3,3-tetramethoxypropane (malondialdehyde-bis (dimethyl acetal);
Acros Organics, Geel, Belgium). The results were expressed as nmol of MDA/mL of serum.
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2.2.3. Phagocyte Activity Testing and Identification of Lymphocyte Subpopulations

A commercial Phagotest® assay (Celonic, Munich, Germany) was used to determine
the phagocytic activity and the engulfing capacity of the phagocytes. The manufacturer’s
instructions were followed when performing the test.

Direct immunostaining assay was applied to identify selected subpopulations of
lymphocytes. Two combinations of conjugated mouse anti-porcine monoclonal antibodies:
CD3e/CD21 and CD4/CD8a/CD25 were used according to the specifications given in
Table 2. Heparinised blood in amount of 50 μL was incubated with monoclonal antibodies
for 15 min in the dark at laboratory temperature. After incubation, 1 mL of BD FACS
lysis solution was added to the tubes. The tubes were incubated for an additional 20 min
in the dark at laboratory temperature and then centrifuged (300× g for 5 min). Cell
pellets were then washed and centrifuged twice with 1 mL phosphate buffer saline (PBS;
MP Biomedicals, Illkirch-Graffenstaden, France) at 300× g for 5 min. Finally, cells were
resuspended in 200 μL of PBS for subsequent cytometric analysis.

Table 2. Specification and amounts of used mouse anti-porcine monoclonal antibodies.

Type Fluorochrome Clone Amount/50 μL Blood Producer

anti-CD3e FITC BB23-8E6 4 μL BD Biosciences, Franklin Lakes, NJ, USA
anti-CD4 FITC MIL 17 4 μL AbD Serotec, Kidlington, UK
anti-CD8a R-PE MIL 12 2 μL AbD Serotec, Kidlington, UK
anti-CD25 PE-Cy7 PC 61.5 1 μL eBioscience, San Diego, CA, USA
anti-CD21 R-PE BB6-11C9.6 2 μL SuthernBiotech, Homewood, AL, USA

CD—cluster of differentiation; FITC—fluorescein isothiocyanate; R-PE—R-phycoerythrin; PE-Cy7—phycoerythrin-
cyanine 7.

Phagocytic activity analysis as well as the identification of lymphocyte subpopula-
tions was performed on a six-colour BD FACSCantoTM flow cytometer (Becton Dickinson
Biosciences, San Jose, CA, USA) using BD FACS DivaTM software. The position of the
analysed cells was gated in FSC vs. SSC dot plots. Granulocytes, monocytes, and both
cell populations together, respectively, were gated for phagocytic activity analysis. Based
on the low DNA content in the red fluorescence histogram (FL-2), bacterial aggregates
were excluded from further analysis. The percentage of active phagocytes and the mean
fluorescence intensity were determined in the green fluorescence histogram (FL-1).

Gated lymphocytes (Figure 1a,b) were used for the identification of lymphocyte
subpopulations. CD3+ lymphocytes represent T lymphocytes and CD21+ B lympho-
cytes (Figure 1c). The CD4+CD8- subpopulation was evaluated as T helper lymphocytes,
CD4-CD8+ as cytotoxic lymphocytes, CD4+CD8+ as double positive T lymphocytesy
(Figure 1d), and CD4+CD25+ as regulatory T lymphocytes (Figure 1e). Proportions of
lymphocytes are expressed in percentage.

2.3. Statistical Analysis

The results were statistically evaluated by an unpaired t-test with the statistical
software GraphPad Prism 8.0. A value of p < 0.05 was considered statistically significant.
The results obtained in this experiment were expressed as mean ± standard error of the
means (SEM).

8



Agriculture 2023, 13, 636

Figure 1. Gating strategy: (a) determination of the position of lymphocytes (red) on the basic dot
plot (FSC-A versus SSC-A); (b) removing doublets and agglomerates from the analysis; (c) analysis
of the representation of CD3+ and CD21+ lymphocytes; (d) analysis of the representation of CD4+
and CD8+ lymphocytes; (e) determination of the representation of CD4+CD25+ lymphocytes on
histogram from CD4+ positive cells (gated with green).
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3. Results

3.1. Haematological and Serum Biochemical Parameters

Effects of HS on haematological and biochemical blood profile are presented in Table 3.
The determined blood parameters including content of red blood cells, white blood cells,
haemoglobin, haematocrit, mean corpuscular volume, total protein, albumin, glucose, urea,
triglycerides, cholesterol, creatinine, AST, Ca, and P were unaffected by the dietary HS
treatment. However, dietary supplementation with HS increased activity of ALP (p < 0.05).

Table 3. Effect of humic substances on some haematological and serum biochemical parameters in piglets.

Control Experimental p-Value

Haematological indices
Red blood cells [T·L−1] 6.82 ± 0.10 6.81 ± 0.10 0.954
Mean
corpuscular
volume

[fL] 51.00 ± 0.26 52.00 ± 0.89 0.308

Haematocrit [L·L−1] 0.35 ± 0.01 0.35 ± 0.01 0.739
Haemoglobin [g·dL−1] 11.68 ± 0.25 11.58 ± 0.19 0.755
White blood
cells [G·L−1] 10.87 ± 0.20 12.28 ± 1.24 0.287

Serum metabolites
Total protein [g·L−1] 60.03 ± 0.55 60.41 ± 0.68 0.675
Albumin [g·L−1] 28.78 ± 1.76 32.80 ± 0.87 0.067
Glucose [mmol·L−1] 5.05 ± 0.05 5.19 ± 0.10 0.217
Urea [mmol·L−1] 3.89 ± 0.20 3.73 ± 0.25 0.621
Triglycerides [mmol·L−1] 0.78 ± 0.09 0.89 ± 0.07 0.375
Cholesterol [mmol·L−1] 2.45 ± 0.17 2.47 ± 0.19 0.934
Creatinine [μmol·L−1] 79.90 ± 3.55 81.10 ± 3.72 0.820
ALP [μkat·L−1] 4.24 ± 0.12 4.60 ± 0.10 * 0.041
AST [μkat·L−1] 0.84 ± 0.03 0.88 ± 0.06 0.546
Ca [mmol·L−1] 2.68 ± 0.04 2.82 ± 0.05 0.052
P [mmol·L−1] 2.09 ± 0.02 2.11 ± 0.04 0.692
TBARs [nmol MDA·mL−1] 0.72 ± 0.03 0.69 ± 0.03 0.562

ALP—alkaline phosphatase, AST—aspartate aminotransferase, TBARs—thiobarbituric acid reactive substances.
* Column labelled with asterisk is significantly different from the control (p < 0.05).

Serum TBARs level, secondary products of lipid peroxidation (which are an important
parameter used in the determination of lipid peroxidation), was not affected by the addition
of HS.

3.2. Cellular Immune Response

The addition of HS to piglets’ feed did not have a significant effect on the percentage
of active phagocytes (Table 4) and the engulfing capacity of the phagocytes (Table 5). The
higher values of these innate immune response parameters were found in the experimental
group compared to the control group.

Table 4. Effect of humic substances on the phagocyte activity in piglets’ blood evaluated as percentage
of active phagocytes—phagocytic activity.

PAtotal [%] PANeu [%] PAMo [%]

Control 83.08 ± 0.62 85.68 ± 0.60 77.18 ± 1.76
Experimental 84.90 ± 1.33 88.04 ± 0.94 78.08 ± 2.10
p-Value 0.251 0.067 0.751

PAtotal—total phagocytic activity, PANeu—phagocytic activity of neutrophils, PAMo—phagocytic activity of monocytes.
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Table 5. Effect of humic substances on the engulfing capacity of the phagocytes expressed as mean
fluorescence intensity (MFI).

MFItotal MFINeu MFIMo

Control 31,775 ± 3010 34,783 ± 3223 18,744 ± 1858
Experimental 36,057 ± 1097 39,560 ± 1220 19,041 ± 929
p-Value 0.218 0.203 0.889

MFItotal—total mean fluorescence intensity, MFINeu—mean fluorescence intensity of neutrophils, MFIMo—mean
fluorescence intensity of monocytes.

The percentages of selected lymphocyte subpopulations are presented in Figure 2a–f.
It was found that the addition of HS to the diets of piglets significantly increased the
proportion of T helper cells (CD4+CD8-) (p < 0.001). The results also showed a tendency
towards an increase in the number of other monitored lymphocyte subpopulations (CD3+,
CD21+, CD4-CD8+, CD4+CD8+, CD4+CD25+) in the piglets in the experimental group
compared to the control group, but without a significant difference. Additionally, the ratio
of CD4+ and CD8+ lymphocytes (Figure 2g), as a marker of immune stimulation, showed a
non-significant increase.
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Figure 2. Effect of humic substances on the percentage of lymphocytes: (a) CD3+; (b) CD21+;
(c) CD4+CD8-; (d) CD4-CD8+; (e) CD4+CD8+; (f) CD4+CD25+; and (g) ratio of CD4:CD8 lymphocytes
in the blood of the piglets. Column labelled with asterisk is significantly different from the control
(*** p < 0.001).

4. Discussion

4.1. Cellular Immune Response

Our study’s major objective was to track how humic substances (HS) affected a few
different cellular immunity indicators. The percentage of active phagocytes and their
engulfing capacity were selected as indicators for monitoring the effect on innate cellular
immunity. In our previous study, it was found that the addition of HS to the diets (0.8%)
of broilers significantly increased phagocytic activity as well as mean fluorescence inten-
sity [16]. Additionally, ELnaggar and El-Kelawy [22] observed an increase in phagocytic
activity and phagocytic index after humic acid supplementation to the diet (0.1, 0.2, and
0.4%) of Sacco chickens. Similar findings were obtained with laying hens [17]. In the
current study, the supplementation of HS to the diet of piglets had no significant effect
on phagocytosis. However, the percentage of active phagocytes as well as their engulfing
capacity were numerically higher in piglets supplemented with HS than in piglets in the
control group. According to Sanmiguel and Rondón [23], the effect of HS on phagocytes is
time-dependent. They found that the supplementation of HS to the diets (0.1 and 0.2%) of
laying hens increased the phagotic index on day 8 and 30 of application, but on day 60, it
was lower than the control group.

The representation of the selected lymphocyte subpopulations in the blood was se-
lected as a parameter for monitoring the effect of HS on the acquired cellular immu-
nity. Results of the present study showed a significant increase in T helper lymphocytes
(CD4+CD8-) when 0.5% HS were added to the diet of piglets. The outcomes can be partially
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compared to those of Wang et al. [2], who found that pigs whose feed had 10% HS added to
it, had higher relative lymphocyte counts. Similar results were obtained for poultry, which
were fed a diet supplemented with 0.15% humate [24], or were supplemented with 20 mg
humic acid/kg of body weight in drinking water [25].

According to Cetin et al. [24], the supplementation of laying hens’ diets with hu-
mic compounds results in a significant increase in the lymphocyte counts, which can be
attributed to increased production of IL-2, as well as expression of the IL-2 receptor on
lymphocytes. Humic substances seem to enhance the activity of IL-2 producing cells.

However, other authors did not observe any significant effect on lymphocyte count in
pigs that were fed with humic acid supplemented feed [26] as well as in chickens that were
given humic acids in their drinking water [27] or their diets [22].

Our results are similar with the observations of Mudroňová et al. [16], who found
that the percentage of CD4 lymphocytes was significantly increased for broilers fed HS
supplementation (0.8%) compared with the control group. They also noted a significant
decrease in CD8+ lymphocytes (T cytotoxic lymphocytes), which resulted in a statistically
higher CD4:CD8 ratio, which is used as a marker of immune stimulation. On the other
hand, feeding laying hens with a diet of 0.5% HS significantly increased the proportion
of IgM+ lymphocytes that represent a subpopulation of B lymphocytes and significantly
reduced the proportion of CD3+ lymphocytes that represent total T lymphocytes. The
proportion of T helper and T cytotoxic lymphocytes was not affected [17].

Based on our results, as well as various studies, it follows that HS can have an
immunostimulatory effect which can be influenced by the composition and quantity of
humates used, the method of their administration, the animal species, and, according
to ELnaggar and El-Kelawy [22], by the rearing of animals in various regions of the
world, differing in climate. The immunomodulation of HS may theoretically consist of
the formation of complexes of humates with saccharides. These complexes bind to the
surface of T lymphocytes and NK cells and affect their function, including the production
of cytokines, which further influence other cells of the immune system [28].

4.2. Haematological and Serum Biochemical Parameters

Another objective of this study was to evaluate selected haematological and biochemi-
cal blood parameters of piglets fed diets supplemented with HS. No significant difference in
selected variables of protein, energy, and mineral metabolism, as well as in haematological
indices, was found between the experimental group of animals with dietary HS supplement
and the control group, except for ALP activity in the current study. Biochemical indicators
in our study were within the reference range in all piglets, according to Doubek et al. [29]
and Kraft and Dürr [30].

Our findings are in line with prior work by Wang et al. [2], who found no significant
alterations in the red and white blood cells during the course of the trial in their study to
find out the effects of HS on blood variables in finishing pigs.

After treatment with an HS-containing diet, Herzig et al. [31], and also Šamudovská
and Demeterová [32], observed non-significantly increased ALP activity in chickens. In our
investigation, we found that the experimental group had significantly higher ALP activity
than the control group. Their values, meanwhile, remained within the reference range for
pig ALP levels (2–17 kat·L−1) [29,30].

On the other hand, Jad’uttová et al. [33] and Rath et al. [34] noticed a significant
reduction in ALP activity in chickens following feeding with HS. The blood levels of ALP in
broilers given a 1.00% HS feed supplement decreased, according to these authors. Although
the decreased values of ALP activity in the Rath et al. [34] study were statistically different
than the controls, they did not reflect any toxic effect of HS on selective organs (muscle,
kidney, heart, or liver).

The amount of HS provided by the diet can affect the concentration of minerals
in the blood. The levels of calcium and phosphorus in the piglets’ blood serum were
unaffected by the administration of HS at a concentration of 0.5%. The ability of HS to
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chelate metals, which is influenced by a significant amount of carboxylic acid side-chains,
could be the reason for the decrease in mineral serum concentrations [34]. In our study,
the concentrations of calcium and phosphorus in piglets’ blood were not decreased below
reference values by the addition of HS to the feed mixture of the experimental group.

MDA is the product of lipid peroxidation caused by oxygen free radicals, which can
be used as a marker to assess antioxidant status and lipid peroxidation [35]. MDA was
determined as a biomarker of oxidative stress by measuring the levels of thiobarbituric acid
reactive substances (TBARs) in the blood. A decrease in oxidative stress is characterized by
a reduction in MDA levels.

Previous research has shown that HS may have antioxidant properties, protecting
against a variety of disorders connected to the oxidative stress that free radicals typically
cause. For instance, Wang et al. [15] found that dietary supplementation of sodium humate
(2000 mg·kg−1) could improve the antioxidant status of weaned piglets. They observed the
significant reducing content of MDA in the serum, as well as a significant increase in total
antioxidant capacity. However, HS are natural materials with a variable composition, which
can cause different effectiveness, which can also depend on their administered amount. In
the current experiment, no variation was observed in serum MDA (TBARs) levels of piglets
fed HS in comparison to the control group. Our results are consistent with Zhang et al. [36],
who found that the addition of sodium humate to the diets (0.1, 0.3, and 0.5%) of laying
hens had no effect on serum total antioxidant capacity and MDA values.

5. Conclusions

Based on the results obtained in this study, it may be concluded that a diet supplemen-
tation with 0.5% humic substances could have a stimulatory effect on some immune cells
in piglets. There was a significant increase in the proportion of CD4+CD8- lymphocytes
in the blood. Supplementation with humic substances increased serum ALP. However,
these values were still within the reference range. The results showed that even such a
low concentration of HS can positively affect cellular immunity in piglets. Due to the fact,
that the concentration of humic substances we chose had a significant effect only on some
indicators of cellular immunity, further studies will be necessary to choose an appropriate
concentration and confirm the stimulating effect on immunity in this category of animals.
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Abstract: Nitrogen (N) is the primary nutrient required for plant growth. During the last few decades,
there has been extensive use of synthetic N-containing fertilizers in agriculture, resulting in increased
environmental pollution. In this study, the feasibility of replacing synthetic N with biofertilizer in
maize cultivation was investigated. A liquid biofertilizer (digestate obtained from the anaerobic
digestion of swine wastewater) was obtained and applied to large plots as a total (100%) or partial
(50%) substitute for synthetic N fertilizer. Moreover, the most efficient fertilization mode, i.e., basal
versus foliar application, was studied. Physiological growth indices, leaf nutritional status, and
grain yield were assessed for each biofertilization treatment and compared with the conventional
treatment with synthetic minerals. Compared with the conventional treatment, the total substitution
of synthetic N by the biofertilizer (basal application) did not affect the growth parameters and grain
yield of maize; the other treatments usually resulted in lower growth rates and yields, although not
statistically significant (p ≥ 0.05). No difference was observed among the treatments for the contents
of N, P, K, or Mg in the leaves. Generally, the highest means for Fe, Ca, Cu, Zn, and Mn contents
in leaves were observed after in-row broadcast of synthetic fertilizers or basal application of the
digestate as a total substitute for synthetic N, with a significant effect for Fe (p < 0.05). The mode
of the biofertilizer application did not have any significant effect on either growth parameters or
leaf nutrients. The data show that under the specific conditions of the study, the total substitution
of mineral N with basal application of biofertilizer is the best strategy for minimizing the use of
synthetic chemicals in maize cultivation without yield penalties.

Keywords: waste valorization; methane-rich biogas; bio-based fertilizers; soil amendments; organic
fertilizers; foliar application; anaerobic digestion; corn growth dynamic; nutrient availability; fertilizer
application rate/dose; drought stress mitigation

1. Introduction

Brazil is nowadays a major player in international agricultural production and ex-
port [1,2]. However, Brazil is heavily dependent on the import of NPK (nitrogen, phos-
phorus, and potassium) fertilizers. It is estimated that 85% of the fertilizers used in Brazil
are imported from the global market [1]. These data have prompted research on alterna-
tive local nutrient sources in agriculture, such as stabilized organic wastes, e.g., compost,
vermicomposto, and biofertilizer. In 2020, manure production in Brazil was estimated at
61.8 million tons, of which 14.9 million tons was from poultry litter and 46.9 million tons
from swine and cattle manure [3].
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Agriculture 2023, 13, 565

Before application to agricultural soils as a source of nutrients, organic waste needs
to be stabilized, i.e., active biological decomposition processes need to be stopped to
minimize disruption of the soil-plant-root interface as much as possible [4–7]. Stabiliza-
tion can be achieved through several processes such as composting, vermicomposting,
mechanical-biological treatments, or anaerobic digestion to produce bio-based products
called “biofertilizers” [6,8–11]. Anaerobic digestion involves the degradation of organic
matter in an oxygen-free environment to release a gas known as biogas and an organic
effluent + residue called digestate [12,13].

According to Koszel and Lorencowicz [14], the main factors determining the use
of digestates as biofertilizers are the physicochemical characteristics of the effluent and
residue, the edapho-climatic conditions, and local regulations. Locoli et al. [15] found that
digestates obtained from the anaerobic digestion of cattle manure, chicken litter, swine
manure, and onion wastes had chemical and spectroscopic characteristics (e.g., C/N ratio,
ammonium (NH4

+) to nitrogen ratio (NH4
+/N), and proportion of short-chain organic

acids) similar to those of untreated wastes. Soils amended with the digestates in the study
by Locoli et al. [15] emitted less CO2 than soils amended with manure, and the fertil-
izing effect of the digestates on lettuce growth was related to the content of NH4

+ [15].
However, recent review papers have found that feedstock, processing technology, and
process operating conditions strongly influence the characteristics of digestates, and that
without comprehensive management strategies, digestates can contribute to nutrient pol-
lution [6,13]. Thus, each locally produced digestate should be assessed on its own merit
based on optimal parameters suitable for adequate microbial activity such as the C/N ratio
(15–30), the psychrophilic temperature (<20 ◦C), the mesophilic temperature (35–37 ◦C),
and the thermophilic temperature (55 ◦C) [13].

Using indicators such as N uptake, P recovery rate, soil microbial stimulation, or
yield, the biofertilizing effect of various digestates on different plants in different climates
and soils has been confirmed. Results from a trial in Belgium indicated that the liquid
fraction of a digestate obtained from swine manure could substitute synthetic N fertilizers
without maize yield losses [16]. Tsachidou et al. [17] reported that the partial substitution of
chemical fertilizers with a raw digestate from bovine manure as the sole source of N reduced
the concentration of NO3− in the soil without impacting biomass yield and N content in a
pasture system. Zilio et al. [18] concluded that the maize grain yield obtained from plants
grown in a soil that received a sewage sludge-based digestate is equivalent to the yield
obtained from plants grown using urea. The abovementioned three examples show that a
stable digestate can be used as a bio-based fertilizer to replace mineral N fertilizers without
yield loss or without increasing the risk of environmental pollution. However, only a
few large-scale studies have been conducted on the effects of digestates on crop growth.
This highlights the need for more studies that contribute different variables to decision
making on the use of biofertilizers in agriculture. Further studies in different locations
are essential to gather the necessary information to formulate standardized international
protocols for researchers and operators, to develop best management practices for farmers,
and to promote digestate product commercialization as part of the organic waste circular
economy paradigm.

The study reported in this paper aimed to contribute to the topic by testing different
biofertilizer doses and application techniques. Specifically, the effects of a digestate from
swine wastewater were evaluated on maize physiology, considering four application sce-
narios: (i) soil application with a total (100%) replacement of the amount of recommended
mineral N; (ii) foliar application with a total (100%) replacement of the amount of recom-
mended mineral N; (iii) soil application with a partial (50%) replacement of the amount of
recommended mineral N; and (iv) foliar application with a partial (50%) replacement of
the amount of recommended mineral N. The impact of the digestate on maize production
was compared to that of the conventional fertilization practice using synthetic fertilizers.
The applied treatments were evaluated over six months, with a focus on leaf morphology,
physiological indices, dry matter (DM) content in maize, and grain yield.
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2. Materials and Methods

2.1. Study Area

The field experiment was conducted at the Experimental Station of the Agricultural
Engineering Department of the Western Paraná State University (UNIOESTE) in Cascavel
municipality, PR, Brazil. Cascavel is located geographically between 24◦57′21′′ S and
53◦27′19′′ W. According to the Köppen–Geiger classification system, the predominant cli-
mate in Cascavel is Cfa. The Cfa climate is characterized by infrequent frosts, hot summers,
and a trend of rainfall concentration in the summer [19]. The average annual temperature,
atmospheric pressure, and rainfall at the experimental site were 20 ◦C, 936.34 hPa, and
1841 mm, respectively. Soil samples at the experimental site were collected from 0–20 cm
depths. The samples were bulked, air dried, gently crushed, and sieved through a 2 mm
sieve before analyses by Solanalise Central De Analises Ltd., an accredited laboratory
in Cascavel. The clay-textured soil at the site was classified as Dystroferric Red Latosol
(Oxisol), and its chemical characteristics are shown in Table 1.

Table 1. Main chemical characteristics of the soil in the experimental area before fertilization. Contents
were classified as low, medium, or high based on the ranges specified in the Paraná State Handbook
for Fertilization and Liming [20].

Nutrient Unit Content Classification

Ca2+ cmolc dm−3 4.59 High
Mg2+ cmolc dm−3 1.61 High
PO4

3− mg dm−3 6.38 Medium
K+ cmolc dm−3 0.36 High
Al+3 cmolc dm−3 0.31 Low
H + Al cmolc dm−3 9.01 High
Sum of bases cmolc dm−3 6.56 High
Cation exchange capacity at pH 7.0 cmolc dm−3 15.57 High
Cation exchange capacity efective cmolc dm−3 6.87 High
Carbon g dm−3 25.75 High
Organic matter g dm−3 44.29 High
Aluminum saturation % 4.51 Low
Base saturation % 42.13 Low
B mg dm−3 0.24 Low
S mg dm−3 4.59 Low
Fe+2 mg dm−3 27.40 Medium
Mn+2 mg dm−3 43.40 High
Cu+2 mg dm−3 5.20 High
Zn+2 mg dm−3 1.80 Medium
pH (CaCl2) NA 4.60 NA

NA = not available or not applicable.

2.2. Materials
2.2.1. Test Crop

The maize cultivar used in this study was the hybrid P3380HR. The preceding crop
was soybean. Following soybean harvesting, atrazine 500 SC (Nortox, Arapongas, Minas
Gerais, Brazil) was applied at 1.0 kg ha−1 to control the remaining crops and weeds before
maize planting. Maize was mechanically broadcast-seeded in March 2021 at a density of
2.8 seeds per m2. After seedling emergence 5 d after sowing (DAS), plants were thinned
to one plant per hole to homogenize the planting and avoid any influence of spacing
and shading on nutrient absorption by individual plants. Harvesting occurred manually
in August 2021. Insect control focused on the maize leafhopper, Dalbulus maidis, with
three applications of the insecticide acephate 750 (Ameribrás, Cotia, São Paulo, Brazil) at
1.0 kg ha−1 and Galil 300 SC (Adama, Londrina, Paraná, Brazil) at 250 mL ha−1. No other
standard agricultural practices, e.g., irrigation, were implemented.
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2.2.2. Mineral Fertilizers

The mineral fertilizers used in this study were urea (46% N), potassium chloride (60%
K2O), and single superphosphate (18% P2O5, 17.3% Ca, 3.3% Mg, and 5% S). Mineral
fertilizers were obtained from a local vendor. The nutritional recommendations for maize
were calculated based on the soil characteristics in Table 1, following the methodology
proposed by the Paraná State Handbook for Fertilization and Liming [20]: 120 kg ha−1 of
N, 110 kg ha−1 of P2O5, and 70 kg ha−1 of K2O.

2.2.3. Biofertilizer

The biofertilizer was produced by the Laboratory of Agroindustrial Waste Analysis
of UNIOESTE using swine wastewater (1.78% of total solids). Anaerobic digestion of the
swine wastewater was performed in a horizontal tubular benchtop reactor tank operated
in a semi-continuous flow with a volume of 60 L, a hydraulic retention time of 30 d, and a
mesophilic-controlled temperature of 35 ± 1 ◦C. The obtained liquid digestate was used as
biofertilizer without any post-processing treatment. The biofertilizer was stored in closed
plastic barrels at room temperature until further use.

The biofertilizer was sampled and analyzed to determine its physicochemical char-
acteristics and calculate the amount to be applied to the field. All chemicals used for the
analyses were obtained from Química Moderna (Barueri, São Paulo, Brazil). Total Kjeldahl
N was determined by digesting the samples with sulfuric acid, followed by distillation and
titration using 0.0025 mol of H2SO4 [21]. The concentrations of P and K were determined
by digesting the samples in a nitric-perchloric acid solution (3:1) with an external heat
source, followed by dilution and filtration. Phosphorus was detected by measuring the
absorbance at a wavelength of 725 nm in a 700 Plus UV/Vis spectrophotometer (Femto
Indústria e Comércio de Instrumentos, São Paulo, São Paulo, Brazil) using the ascorbic acid
method. Potassium was quantified using a DM-62 flame photometer (Digimed, Campo
Grande, Mato Grosso do Sul, Brazil) as described by Malavolta et al. [21]. The levels of
micronutrients (Fe, Zn, Cu, and Mn) and secondary macronutrients (Mg and Ca) were
determined by atomic absorption spectroscopy (Shimadzu AA6300, Tokyo, Japan) prior
to the digestion of samples with a nitric-perchloric solution (3:1) [22]. The results of the
analysis are presented in Table 2.

Table 2. Main chemical characteristics of the liquid biofertilizer (digestate of swine wastewater)
tested in the study.

Nutrient N P2O5 K2O Ca Mg Cu Fe Mn Zn
Unit g L−1 mg L−1

Content 2.50 ± 0.11 0.45 ± 0.15 0.15 ± 0.0 77.42 ± 5.8 0.08 ± 0.08 3.92 ± 0.02 7.45 ± 0.11 1.36 ± 0.08 2.08 ± 0.01

2.3. Experimental Design and Treatments

The experiment was conducted in a completely randomized block design with five
treatments and four replications, totaling 20 plots spread across the field. Each of these
plots was 3.2 m wide and 10 m long. The total area occupied by the experiment was
520 m2, 13 m wide and 40 m long. The treatments consisted of two doses of biofertilizer
(100 and 50%) established based on the recommended rate of N for maize cultivation in
Paraná State [20], two forms of application (basal application on the soil surface and foliar
application on the whole plant), and one control treatment (synthetic urea, potassium
chloride, and single superphosphate as mineral fertilizers). A detailed description of these
treatments is provided in Table 3.

Based on the chemical characterization of the digestate and the composition of syn-
thetic chemicals, a combination of biofertilizers and mineral fertilizers was prepared. All
combinations were made ensuring no limiting nutrients and the same N content for all
treatments but with 100 and 50% reduced synthetic N amounts for T1 and T2 as well as T3
and T4, respectively, as shown in Table 4.
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Table 3. Description of the five fertilization treatments used in the experiment.

Treatments Application Mode Description

T1 Basal

Dose of biofertilizer corresponding to 100%
of the amount of recommended mineral
N + P and K supplementation with
synthetic fertilizers

T2 Foliar

Dose of biofertilizer corresponding to 100%
of the amount of recommended mineral
N + P and K supplementation with
synthetic fertilizers

T3 Basal

Dose of biofertilizer corresponding to 50% of
the amount of recommended mineral N + N,
P, and K supplementation with
synthetic fertilizers

T4 Foliar

Dosage of biofertilizer corresponding to 50%
of the amount of recommended mineral
N + N, P, and K supplementation with
synthetic fertilizers

T5 In-row broadcasting Mineral fertilization as recommended for the
maize crop in the Paraná State of Brazil

Table 4. Nutrient composition and application rates (L Plot−1) for the different fertilization treatments.

Treatments Biofertilizer (L)
Nutrient Composition of the
Biofertilizer (g)

Synthetic Nutrients Applied
Directly to Soil (g)

N P2O5 K2O N P2O5 K2O

T1 122.88 307.20 56.30 19.00 0 225.30 160.20
T2 122.88 307.20 56.30 19.00 0 225.30 160.20
T3 61.44 153.60 28.10 9.50 153.60 253.50 169.70
T4 61.44 153.60 28.10 9.50 153.60 253.50 169.70
T5 0 0 0 0 307.20 281.60 179.20

The precise volume of biofertilizer for treatments T1–T4 was dispersed to the soil
around the plants or on the leaves and all over the plants using watering cans. To satisfy
crop nutrient requirements for treatments T1–T4, an adequate amount of mineral N-urea,
P2O5, and K2O powder was mixed and manually broadcast evenly over the soil surface.
In the case of treatments T3–T4, mineral fertilizers were watered into the soil with 61.44 L
Plot−1 of tap water. As a reference treatment (T5), mineral fertilizers were mixed, manually
broadcast evenly over the soil surface, and watered into the soil with 122.88 L Plot−1 of
tap water, a volume equivalent to the volume of the digestate in treatments T1 and T2. The
treatments were applied at two distinct phases of growth: at the beginning of the growing
period to boost the development of plants, and during the period of high demand for
nutrients and water for plants to enter reproductive growth. Specifically, 30% of fertilizer
was applied at vegetative stage V1 (7 DAS), when plants had one visible leaf collar, and 70%
at vegetative stage V10 (45 DAS), when plants began steady and rapid periods of growth
and DM accumulation.

2.4. Parameter Measurements
2.4.1. Morphological and Physiological Parameters

Data on growth traits were collected at 20, 40, 60, 80, and 100 days after seedling
emergence (DAE) at 20-day intervals to cover the main vegetative and reproductive stages
of maize. During each sampling period, two plants were selected randomly, cut off at
the base with a knife, and separated into leaves, stems, and ears, when present. Then,
the number of leaves was counted. The width and length of all leaves were measured in
centimeters using a ruler, averaged, and the leaf area was calculated and expressed using
the formula proposed by Guimarães et al. [23] (Table 5). The leaves, stems, and ears were
oven-dried separately at 105 ◦C until they reached a constant weight, recorded as DM. Total
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DM and the ear DM: Total DM ratios were calculated. Based on leaf area and DM data,
physiological indices were estimated using the mathematical equations (Table 5) proposed
by Benincasa [24].

Table 5. Morphological and physiological parameters assessed in this study pertaining to maize growth
and the respective equations used for their determination as described in Guimarães et al. [23] and in
Benicasa [24].

Physiological Indices Equation Description of Abbreviations

Total dry matter (W) W = WL + WS + WE

WL = leaf dry matter (g)
WS = stem dry matter (g)
WE = ear dry matter (g)

Total leaf area (TLA) TLA = 0.7458 × LW × LL
LW = leaf width (cm)
LL = leaf length (cm)

Leaf area index (LAI) LAI = TLA/S TLA = total leaf area (cm2)
S = soil surface area (cm2)

Absolute growth rate (AGR) AGR = (W2 − W1)/(t2 − t1)

W = total dry matter (g)
t = time (d)
1,2 = two successive
sampling periods

Relative growth rate (RGR) RGR = (lnW2 − lnW1)/(t2 − t1)

Ln = Naperian logarithm
W = total dry matter (g)
t = time (d)
1,2 = two successive
sampling periods

Leaf area relative growth
rate (RGRLA)

RGRLA = (lnTLA2 − lnTLA1)/
(t2 − t1)

Ln = Naperian logarithm
TLA = total leaf area
W = total dry matter (g)
t = time (d)
1,2 = two successive
sampling periods
TLA = total leaf area

Net assimilation rate (NAR)
NAR = [(W2 − W1)/(t2 − t1)] ×
[(lnTLA2 − lnTLA1)/
(TLA2 − TLA1)]

W = total dry matter (g)
t = time (d)
1,2 = two successive
sampling periods

Leaf area ratio (LAR) LAR = (TLA/W) TLA = total leaf area
W = total dry matter (g)

Specific leaf area (SLA) SLA = (TLA/WE) TLA = total leaf area
W = total dry matter (g)

2.4.2. Leaf Nutritional Status

Maize leaves were collected at silking stage R1 when female inflorescences were visible
on 50–75% of the plants (80 DAE). The R1 stage is characterized by complete K uptake
and rapid N and P uptake, making R1 the most critical stage in determining the yield
potential [25,26]. The third leaf, counted from the base and below the first (upper) ear, was
cut with a knife, and the midrib was removed and discarded. The remaining leaf portion
was washed with distilled water and oven-dried at 50 ◦C until a constant weight was
achieved. The nutrient composition of leaves was determined using the method proposed
by Martinez et al. [27]. Briefly, leaf samples were powdered in a home mixer and sieved.
N in 1 g of powdered sample was estimated using the micro-Kjeldahl method, whereas
P and K were analyzed after digestion of the samples in a nitric-perchloric acid solution
using a UV/Vis spectrophotometer and a flame photometer, respectively (as described in
Section 2.2.3). Ca, Mg, Cu, Fe, Mn, and Zn were analyzed in the nitric-perchloric extract
using an atomic absorption spectrophotometer. The nutrient content of the leaves was
expressed on a dry-weight basis. The nutritional values obtained were compared with
the reference values in mg kg−1 considered suitable for maize in the State of Paraná in
Brazil [20], that is, N (27,000–35,000), P (1900–4000), K (17,000–35,000), Ca (2300–8000), Mg
(1500–5000), Cu (6–20), Fe (30–250), Mn (20–200), and Zn (15–100).
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2.4.3. Maize Grain Yield

All ears were harvested at the full-grain maturity stage (120 DAS), at approximately
25% moisture content; the ears were collected manually from the plants in each plot, exclud-
ing border rows. The ears were mechanically dehusked and threshed to collect grains using
a maize sheller coupled to a tractor. The grains were oven-dried at 105 ◦C until a moisture
content of 13% was attained, which is a safe level for storage and commercialization. The
mean weight of the samples was recorded using a scale and was expressed in kg ha−1.

2.5. Statistical Analyses

All data were subjected to an analysis of variance using the statistical program Sisvar
5.6-Build 86 [28]. All variables satisfied the requirements of normal distribution and
homoscedastic assumption of variance after examination using the Shapiro–Wilk test and
Levene’s test, respectively. Therefore, the mean value (n = 4) was calculated without
data transformation. Differences between means were evaluated using Tukey’s honest
significant difference (LSD) test at the 5% probability level. The coefficient of variation
(CV) was calculated as the ratio of the standard deviation to the mean to show the extent of
variability concerning the mean for all treatments.

3. Results and Discussion

3.1. Effects of the Biofertilizer on Maize Grain Yield

In comparison with T5 (mineral fertilizers), maize grain yield was not affected
(p < 0.05) by the use of biofertilizers, although T3 and T4 (partial substitution of chemical
fertilizers by the digestate) tended to lead to lower yields (Figure 1). The average grain
yield of all treatments was 1274.52 kg ha−1, which was well below the 5370 kg ha−1 average
in Brazil in the experimental year [29]. The low maize yield in the testing field could be
explained by the drought event in 2021, specifically acute in June, which coincided with
the flowering and pollination stages of maize [25].

The data in Figure 1 expressly indicated the beneficial fertilizing properties of the
biofertilizer. A major downside limiting the widespread adoption of biofertilizers by
farmers is the long time it takes for organic matter to be oxidized into easily available
nutrients [6,13]. However, bio-based fertilizers are known for their high variability in
nutrients, and the starting material and processing conditions strongly influence the char-
acteristics of the final product [4,12]. The yield data obtained in the present study could
be explained by (i) a high level of NH4

+ in the swine wastewater-based digestate and/or
(ii) a fast and efficient conversion of organic N in the digestate into NH4

+, an inorganic
form of N easily absorbed by the plant root system. Although NH4

+ levels were not de-
termined in the present study, a reasonable correlation was established between vegetal
growth and the level of NH4

+ in a digestate obtained from cattle manure, poultry litter,
and pig slurry [15]. Moreover, Costa et al. [4] observed that more than 60% of the total N in
biofertilizers produced with beef cattle manure was NH4

+. Results from trials in Argentina,
Italy, and Belgium have also indicated that digestates applied at adequate dosages to the
soil may substitute synthetic N fertilizers without crop yield losses [15–18]. In the former
example, digestate application to soil produced a fast and short microbial stimulation [15].
In the latter examples, the digestates contributed to a short-term renewal of soil organic
matter [16–18]. The results of the study presented in this paper further indicate that the N
mineralization rate of some biofertilizers can be very fast, resulting in noticeable effects
within months.

3.2. Effects of the Biofertilizer on the nutritional Value of Maize Leaves

There was a significant difference (p < 0.05) in the Fe content of maize leaves grown
with biofertilizers and mineral fertilizers (Table 6). The lowest Fe content was observed in
leaves from T3 at 217.66 mg kg−1, statistically different from the content in leaves from T1.
Overall, treatments T1 and T5 resulted in the highest Fe contents of 540.68 and 326.55 mg kg−1,
respectively. Although not significant (p > 0.05), higher Ca, Cu, Zn, and Mn contents were
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observed in leaves from T1 and T5 than in leaves from the other treatments. A lack of treatment
effect on the contents of N, P, and K in maize leaves (Table 6) reinforces the grain yield results
(Figure 1) and underlines the suitability of biofertilizers as partial or total substitutes for chemical
fertilizers in the cultivation of maize. However, data from Figure 1 and Table 6 indicate better
results with the total replacement of mineral fertilizers than with partial replacement. In a
previous study [30], foliar application of a biofertilizer obtained from sewage sludge increased
the contents of macro- and micronutrients in maize leaves; when the biofertilizer was applied
directly to the soil, however, the contents of nutrients analyzed in both soil and leaves were
not affected.

 

Figure 1. Effect of fertilization treatments on maize grain yield. T1 = basal application of the digestate
from swine wastewater as total substitute (100%) for synthetic N; T2 = foliar application of the
digestate as total substitute (100%) for synthetic N; T3 = basal application of the digestate as partial
substitute (50%) for synthetic N; T4 = foliar application of the digestate as partial substitute (50%) for
synthetic N; T5 = in-row broadcast of mineral fertilizers. The treatments are fully described in Table 3.
Mean bars with no letter or same letters are not statistically different (Tukey’s HSD, p < 0.05, n = 4).
Error bars indicate standard deviations.

Leaf nutrient analysis is an effective tool for diagnosing nutrient deficiency or excess
in plants and for visualizing the capacity of plants to absorb nutrients from different
fertilizers [21,27]. The Ca, Zn, and Mn contents in the leaves were within the reference
range for maize in Paraná State; the N, Cu, and Fe contents in the leaves were above the
reference values, whereas the P, K, and Mg contents were much lower than the minimum
values reported in the literature [20] (Table 6). Cu [31], Fe ([32], Mn [33], and Zn [34] are
among the micronutrients that directly affect photosynthesis. The biofertilizer contained
a significant amount of Cu and Fe (Table 2), whereas mineral fertilizers were devoid of
these two nutrients. However, the soil Cu content was considered high (Table 1), and
the Dystroferric Red Latosol used in the experiment was characterized by the presence
of high levels of Fe and aluminum oxide [35]; these two observations probably explain,
respectively, the high contents of Cu and Fe in leaves following plant uptake. The P content
was approximately 20 times less than the reference value, indicating a deficiency [26].
The low P level was however inconsistent with that in the soil (Table 1) or the digestate
(Table 2), and the possible reason for this is that more Cu and Fe ions in the leaves affected
P absorption and utilization [36,37]. Moreover, the low soil moisture resulting from the
drought that occurred during maize growth could have damaged the root structure and
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reduced water and nutrient absorption, including P [37]. The same explanation holds for
the K and Mg contents.

Table 6. Effect of fertilization treatments on the contents of nutrients in maize leaves at the R1
silking stage. T1 = basal application of the digestate from swine wastewater as total substitute (100%)
for synthetic N; T2 = foliar application of the digestate as total substitute (100%) for synthetic N;
T3 = basal application of the digestate as partial substitute (50%) for synthetic N; T4 = foliar application
of the digestate as partial substitute (50%) for synthetic N; T5 = in-row broadcast of mineral fertilizer.
The treatments are fully described in Table 3.

Treatments T1 T2 T3 T4 T5 CV (%) Reference

N (g kg−1) 40.60 38.60 42.00 40.50 37.80 12.40 27–35
P (g kg−1) 0.11 0.08 0.09 0.08 0.09 32.83 1.9–4.0
K (g kg−1) 11.40 12.10 8.40 10.30 9.80 18.88 17–35
Ca (g kg−1) 6.80 5.80 8.50 6.30 8.50 50.53 2.3–8.0
Mg (g kg−1) 0.035 0.029 0.041 0.034 0.037 30.11 1.5–5.0
Cu (mg kg−1) 140.90 68.61 69.34 85.27 172.00 66.19 6–20
Zn (mg kg−1) 67.54 54.43 54.73 50.25 71.24 30.99 15–100
Fe (mg kg−1) 540.68 A 313.03 AB 217.66 B 300.97 AB 326.55 AB 41.23 30–250
Mn (mg kg−1) 36.94 31.38 26.44 29.31 37.61 56.07 20–200

Mean within a row followed with no letter or same letters are not statistically different (Tukey’s HSD, p < 0.05,
n = 4). CV = coefficient of variation.

3.3. Effects of the Biofertilizer on the Growth Parameters of Maize

Data from samples collected at 100 DAE showed that the fertilization treatments influ-
enced (p < 0.05) both leaf and stem productivity, as shown in Table 7. Overall, the highest
values of total leaf area (TLA), leaf DM, stem DM, and total DM were observed in T1 and
T5. The treatments had no effect on the number of leaves (average of 14 leaves), ear DM
(average of 29.24 g), or ear DM: total DM ratio (average of 0.20). The key benefits of biofertil-
izers are their ability to increase the soil concentration of mineralized or partially available
macronutrients and micronutrients, make the soil biologically alive with the presence of a
wide diversity of beneficial microorganisms, build soil organic matter, and boost the amounts
of humic substances [12,18,38,39]. These attributes allow biofertilizers to improve soil health
and restore normal fertility through positive effects on the physical, chemical, and biological
qualities of the soil system, thereby stimulating plant growth [14–18,30]. The data in Figure 1
and Tables 6 and 7 show that applying synthetic N to soil together with biofertilizers adversely
affected the attributes of biofertilizers, as seen by the low performance of treatments T3 and
T4, in which synthetic N was only partially replaced.

Table 7. Effect of fertilization treatments on the leaf morphology and dry matter of maize at the R5
dent stage. T1 = basal application of the digestate from swine wastewater as total substitute (100%)
for synthetic N; T2 = foliar application of the digestate as total substitute (100%) for synthetic N;
T3 = basal application of the digestate as partial substitute (50%) for synthetic N; T4 = foliar application
of the digestate as partial substitute (50%) for synthetic N; T5 = in-row broadcast of mineral fertilizer.
The treatments are fully described in Table 3.

Treatments
Total Leaf
Area (cm2)

N◦ of
Leaves

Leaf DM
(g)

Stem DM
(g)

Ear DM
(g)

Total DM
(g)

Ear DM:
Total DM

T1 5874 AB 14 42.54 AB 97.27 A 35.47 175.28 A 0.21
T2 5709 AB 14 39.11 AB 76.22 AB 29.08 144.41 AB 0.20
T3 5006 B 14 34.69 AB 72.71 AB 23.00 130.40 AB 0.18
T4 5150 B 14 34.09 B 65.94 B 22.39 122.42 B 0.18
T5 6424 A 14 44.15 A 86.63 AB 35.25 166.03 AB 0.22
CV (%) 13.43 7.22 16.05 22.7 36.68 21.61 NA

Mean within a column followed with no letter or same letters are not statistically different (Tukey’s HSD, p < 0.05,
n = 4). CV = coefficient of variation. DM = dry matter. NA = not applicable.

The fertilization treatments did not show statistical differences (p > 0.05) concerning
phytometric parameters, except for a considerable decrease in relative growth rate (RGR) and
absolute growth rate (AGR) 100 DAE in plants exposed to treatments T2, T3, and T4 compared
to T5 (Table 8). The RGR represents the increase in DM of a plant or its organs relative to the
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existing DM when the observation period begins [24]. RGR is dependent on the leaf area ratio
(LAR) and the net assimilation rate (NAR, the gross photosynthetic rate discounting respiration),
and can also be expressed by the equation RGR = NAR × LAR [40,41]. RGR values decreased
with sampling time (Table 8) because of an increase in the plant DM. The AGR represents the
variation in DM with time, that is, the average growth rate over the observation period [24].
Maize growth behavior as a function of biomass accumulation was similar among the treatments
up to 60 DAE, as shown by the variation in total DM (Figure 2a). At 100 DAE when the crop
was close to physiological maturity, a treatment effect was observed, and the highest AGR
values (p < 0.05) were calculated for T5 and T1, 4.53 and 4.05 g day−1, respectively (Table 8).

Table 8. Effect of fertilization treatments on the phytometric parameters of maize. T1 = basal application
of the digestate from swine wastewater as total substitute (100%) for synthetic N; T2 = foliar application
of the digestate as total substitute (100%) for synthetic N; T3 = basal application of the digestate as partial
substitute (50%) for synthetic N; T4 = foliar application of the digestate as partial substitute (50%) for
synthetic N; T5 = in-row broadcast of mineral fertilizer. The treatments are fully described in Table 3.
CV = coefficient of variation. DAE = days after emergency; AGR = absolute growth rate; RGR = relative
growth rate; RGRLA = leaf area relative growth rate; NAR = net assimilation rate; LAR = leaf area ratio;
SLA = specific leaf area.

Treatments DAE 1 AGR RGR RGRLA NAR LAR SLA

Unit (d) (g d−1) (g g−1d−1) (dm2dm−2 d−1) (g m−2 d−1) (m2 g−1) (m2 g−1)

T1

40 1.25 0.10 0.08 8.75 1.60 0.02
60 1.40 0.03 0.02 4.07 1.01 0.01
80 1.88 0.03 0.00 3.87 0.86 0.01

100 4.05 AB 0.03 AB 0.01 7.37 0.56 0.01

T2

40 1.05 0.09 0.07 7.37 1.68 0.02
60 2.11 0.05 0.04 5.48 1.05 0.01
80 1.84 0.02 0.00 3.27 0.83 0.01

100 2.02 B 0.02 B 0.00 3.64 0.53 0.01

T3

40 0.90 0.09 0.07 7.59 1.58 0.02
60 1.92 0.05 0.04 5.61 1.07 0.01
80 1.03 0.01 0.00 2.20 0.82 0.01

100 2.50 B 0.02 B 0.01 5.32 0.56 0.01

T4

40 1.30 0.10 0.07 8.05 1.63 0.02
60 1.88 0.04 0.03 4.70 1.01 0.01
80 0.72 0.01 0.00 1.30 0.81 0.01

100 2.00 B 0.02 B 0.00 4.16 0.63 0.01

T5

40 1.26 0.10 0.08 8.54 1.64 0.02
60 2.07 0.04 0.03 4.92 1.02 0.01
80 0.26 0.00 0.00 0.59 0.80 0.01

100 4.53 A 0.04 A 0.01 8.05 0.67 0.01
1 Differences between data values of two successive sampling periods were used for the calculations. Since no
data was collected at 0 DAE, data for 20 DAE are not applicable to the study. Mean within a column followed
with no letter or same letters are not statistically different (Tukey’s HSD, p < 0.05, n = 4).

Variations in leaf area index (LAI) according to the fertilization treatments (Figure 2b)
were very similar to variations in AGR and RGR, with a statistical effect (p < 0.05) observed
at 80 DAE and the highest values calculated for treatments T5 and T1 at 100 DAE. The
LAI was calculated as the ratio of leaf area per plant to the soil area occupied by the plant.
Remarkably reasonable correlations were observed between LAI and total DM at all sam-
pling stages with the following equations: y = −0.0030x2 + 0.8231x + 5.3175 (R2 = 0.9704
for T1), y = −0.0044x2 + 0.9918x + 3.8876 (R2 = 0.9715 for T2), y = −0.0047x2 + 0.9609x
+ 3.4542 (R2 = 0.9644 for T3), y = −0.0056x2 + 1.0759x + 2.8235 (R2 = 0.9808 for T4), and
y = −0.0035x2 + 0.943x + 3.6523 (R2 = 0.9849 for T5).

RGR, AGR (Table 8), total DM (Figure 2a), and LAI (Figure 2b) results demonstrate
that treatments T1 and T5 are highly comparable. The expectation was that, because of
their high solubility, synthetic fertilizers in T5 will promote higher growth rates and yields
than biofertilizers in T1, T2, T3, and T4, especially under water deficit conditions, i.e., at
100 DAE. Rainfall levels recorded during the sampling period were 45, 67, 95, 270, and
0 mm at 20, 40, 60, 80, and 100 DAE, respectively, for a total of 477 mm of accumulated
precipitation (data not shown). Soil application of biofertilizers with a total replacement
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of the amount of recommended synthetic N (treatment T1) might have been beneficial
to plants in coping with drought stress between 80 and 100 DAE when there was no
precipitation. The beneficial microorganisms in the biofertilizer competitively colonizing
the roots might have produced a more robust root system, which allowed the plant to seek
water and nutrients in deeper soil layers [42].

Figure 2. Variations in total dry matter DM (a) and leaf area index LAI (b) with maize growth
development under different fertilization treatments. T1 = basal application of the digestate from
swine wastewater as total substitute (100%) for synthetic N; T2 = foliar application of the digestate as
total substitute (100%) for synthetic N; T3 = basal application of the digestate as partial substitute
(50%) for synthetic N; T4 = foliar application of the digestate as partial substitute (50%) for synthetic N;
T5 = in-row broadcast of mineral fertilizer. The treatments are fully described in Table 3. Statistically,
differences are not shown.

4. Conclusions

In this study, physiological growth and leaf nutrient parameters were measured
at five different periods during the vegetative and reproductive stages of maize plants
fertilized with biofertilizers (digestate from swine wastewater) or synthetic fertilizers. The
experiment was conducted during the off-season maize crop, which is characterized by
intermittent drought events. This is novel because previous studies have been conducted
during the main growing season under favorable environmental conditions. Moreover,
there are few previous studies on the effect of biofertilizers on phytometric parameters
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of crops. The results indicate that the biofertilizer applied at adequate dosages to the
soil around the plants may totally (100%) substitute synthetic N fertilizers without crop
yield losses. Partial replacement (50%) of synthetic N with the biofertilizer tended to
yield data inferior to those obtained with synthetic fertilizers. The mode of application of
the biofertilizer (basal versus foliar) did not have any significant effect on either growth
parameters or leaf nutrients. In future studies, more doses of biofertilizers, maize varieties,
and timing of applications should be evaluated before reaching a final conclusion. Organic
fertilizers often act as a long-term carbon sink and a slow-release pool for nutrients. Thus,
multi-year experiments are needed in order to gain a deeper understanding of the action of
the swine wastewater-based digestate used in the present study.
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Abstract: Currently agriculture has difficulty keeping up with the demand for food around the world,
which has generated a boom in the development of sustainable alternatives for producing food and
caring for the environment. Therefore, the present study aims to show a backyard system comprising
50 cm × 50 cm pinewood boxes where maize and peanut were tested under control and compost
conditions. The experiments were carried out for nine months starting from compost production
and the sowing of the crops, which were irrigated with temporary rain. The compost was produced
by converting ~213 kg of organic residues into ~300 kg of mature compost. The fertilizer treatment
consisted of two doses of compost (1 kg doses). The developing plants were compared between
conditions in both crops. In addition, the nutritional values of the compost and compost and soil
were evaluated. Interestingly, the correlation analyses of the morphological properties of the soils
showed that the effects of the nutrients were positively associated with the morphology of the crops
studied. Finally, the yield produced for maize was 9 kg/m2 and 6.6 kg/m2 and that for peanuts
was 184 g/m2 and 73 g/m2 under compost and control conditions, respectively. We consider that
the development of new alternatives for producing food in times of crisis or situations of limited
resources is necessary for the development of humanity and the care of the environment.

Keywords: compost; sustainable; backyard; urban agriculture; yield; nutrient mobility

1. Introduction

According to the FAO, climatic change, the demand for food, and pollution increases
each year, and the environment and the cities suffer the consequences of using indiscrimi-
nate resources that affect nature, which generate crisis and pandemic situations that affect
the quality of life for humanity. In times of crisis, such as the COVID-19 pandemic, the
healthy and economic consequences are shown to the present day [1].

Agriculture has allowed food production and promotes humanity’s development;
however, extensive technical crop production has degraded the environment and reduced
biodiversity and ecosystem services [2].

Currently, fulfilling food demand is a global challenge [3]. Crop cultivation faces the
challenges of worn-out soils, infections produced by phytopathogen-resistant antibiotics,
pesticides, or metal salts, and the limited availability of water [3,4]. In addition, another
aspect that limits food production is the area for production from the origin of agriculture
until the present day; principally the soil is exploited and requires steps of restoration to
avoid process deforestation [5].
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Now, agricultural food production should feed back to nature, understood as sus-
tainable circular and urban agriculture, allowing the development and application of the
techniques of friendly agriculture with the environment to decrease pollution during pro-
duction and promote soil maintenance and restoration mediated by producing compost or
vermicompost using organic waste [6,7].

Urban agriculture is an alternative during a crisis of food or sanitary emergencies
(COVID-19 pandemic) and it promotes the efficient use of resources: space, waste manage-
ment, use of water, and the growing of crops in the city to generate a positive impact to the
planet, economy, and society [7]. These aspects are relevant in a changing world and an
unstable economy, which cannot predict new catastrophes [3,8].

The present study aims to implement the production of maize and peanut in a backyard
system with biofertilizer with compost obtained from organic waste from neighborhood
locals in Campeche City, México. The experiments were performed in a control condition
(absence of compost) and a compost condition (1 kg/box of compost), and the irrigation
was performed during the temporal season (June–October 2021) in a backyard system
consisting of 50 cm × 50 cm of pinewood boxes.

Our results showed significant differences in the physiological properties in both the
crops and the soil nutritional values and showed the correlation between soil properties
and morphological characteristics, highlighting the positive effect of nutrients in the soil,
which are reflected in the plant’s morphology. This research showed the relevance of using
organic waste to produce compost to reduce city pollution. It also shows a way to produce
maize in a place with reduced space such as a city and with reduced resources, which
could be considered a valuable alternative tool for society and research in times of crisis
situations with limited resources.

2. Materials and Methods

2.1. Site Description

This study was carried out in Campeche City, Campeche, Mexico. The global coordi-
nates are 19◦43′14′′ N–90◦24′59′′ W. Campeche is a lower montane forest with an average
ambient temperature of 28 to 38 ◦C (Figure 1).

Figure 1. Map of Campeche province showing the experimental location in San Rafael in Campeche
City, México.

2.2. Seeds

The native maize, named “Na’al Te’el Rojo”, was obtained from the village Suctue in
Hopelchén province, and the peanuts were from Kesté village, Campeche State, Mexico.
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Ten seeds of maize and peanut were considered as experimental units in each experimental
box and were used in triplicate.

2.3. Organic Composting

The method applied was layered stacked composting that reached five layers
(Supplementary Figure S1A,B). The organic residues (vegetables and fruits) recollected each week
from greengrocers were cut into smaller pieces for composting (Supplementary Figure S1C,D).
Each layer was composed of 10 cm of dry material (sheet, stem, and dry waste garden) and
10–20 cm of green material; each layer was hydrated with 10 L of water and the subsequent
layers were collocated until five complete layers formed the heap (Supplementary Figure S1A,B).

Finally, a ground cover was added, the heap was incubated for five days, and it
was oxygenated with mediated mechanical homogenization, followed by the addition
of more residues for new layers and the building of the heap anew. This process was
performed each week for five months, finalized with one month of final compost maturation
(Supplementary Figure S1A). During the process, the compost was monitored along with
the environmental temperature.

2.4. Analyzed Soil and Compost Samples

For each box (experimental unit) a composite soil sample of 1 kg was taken prior to
harvest for control and compost conditions. Three samples of 1 kg of mature compost
and six composite soil samples were sent for nutritional analysis to the Fertilab laboratory
(https://www.fertilab.com.mx/, accessed on 1 August 2022).

2.5. Experimental Design

The experiment consisted of three experimental units (each box has dimensions of
50 cm × 50 cm of pine wood) by condition. Each experimental unit contains 10 seeds of maize
and peanut under the same conditions correspondingly (control and compost). For compost
conditions, two doses were used: first, when seeds were sowed and the second when plants
started flowering; each dose corresponds to 1 kg of compost (Supplementary Figure S2).

2.6. Morphological Characteristics

The evaluation of the characteristics of maize measured was the height (cm), stem width
(cm), number of leaves (cm), root length (cm), and dry weight of the maize plants (kg).

In the case of peanuts, the plant height, root length, number of spikes, dry weight, and
leaf area index (LAI) were calculated using the following equations:

2.6.1. Leaf Area (la)

First, leaf area should be calculated with the following equation:
la = leaf area (average obtained from la calculated from all leaves of two plants);
l = length of leaf (corresponding to two plants);
w = width of leaf (corresponding to two plants);
c = 0.75 (constant).

la = (l × w)× c

After each leaf was calculated the overall average was used.

2.6.2. Leaf Area Index (LAI)

LAI = leaf area index;
P = population density (m2);
A = sown area (m2).

LAI =
L × P

A
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2.7. Produce Obtained from Crops

The length (cm) and weight (kg) under each condition were measured for the maize
cob. The total weight (g) of the peanuts was measured in a granary balance.

2.8. Maize and Peanut Yield

The yield was calculated for both maize and peanut using the following equation:
x = yield reported kg/m2;
tw = total weight of grains;
A = sown area (in this study 0.25 m2).

x =
tw
A

2.9. Statistical Analyses

The nutrition provided by the soil and compost samples was analyzed and the values
obtained from the morphology of the plants are presented in results section; the average
and standard error (SE) were obtained. The significance of the difference was evaluated
through the mediated application of the Student’s t-test using Microsoft Excel compared
to the control and compost conditions. The correlation analyses were realized using the
Spearman coefficient and were performed with R version 4.1.1.1 and R studio.

3. Results

3.1. Compost Production and Yield

Previously, in order to sow the crops, we performed compost production and our
results show the importance of this process; we monitored the temperature during the
composting process. The compost showed an average temperature of 48 ◦C compared to
the registered environmental temperature of ~30 ◦C (Figure 2A).

The quantity (kg) of organic residues was collected and added for composting over
16 weeks, which revealed an average of 14 kg of organic waste per week (Figure 2B). Then,
we reduced and transformed a total of ~200 kg of organic waste that was transformed
into ~300 kg as the yield of mature compost (Figure 2C). In addition, we complemented
the study with nutritional evaluation analyses (Table 1). Despite our results, the compost
showed compost enrichment in Fe, Zn, B, and Mn. The analyses revealed acceptable pH
levels, electrical conductivity, N, P, K, Mg, Na, S, Cu, and Ashes (Table 1).

Table 1. Nutritional evaluation of compost sample analyses was performed in triplicate and the
standard error is shown.

Determination Results

pH 8.49 ± 0.00
Electric conductivity (d-S1 m) 1.90 ± 0.04

Total Nitrogen (%) 1.06 ± 0.00
Phosphorus (P) (%) 0.49 ± 0.01
Potassium (K) (%) 0.66 ± 0.00
Calcium (Ca) (%) 17.16 ± 0.39

Magnesium (Mg) (%) 0.27 ± 0.00
Sodium (Na) (%) 0.08 ± 0.00

Sulfur(S) (%) 0.27 ± 0.00
Iron (Fe) (%) 5249.33 ± 37.26

Cooper (Cu) (ppm) 10.76 ± 0.37
Manganese (Mn) (ppm) 275.33 ± 2.59

Zinc (Zn) (ppm) 113.36 ± 26.13
Boron (B) (ppm) 29.40 ± 21.92

Ashes (%) 81.06 ± 1.73
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Figure 2. Production of compost analyses. (A) Environmental (line red) and compost temperature
(line blue) were evaluated for 16 weeks. (B) Organic residues obtained during 16 weeks correspond
to the processed compost; the error bars describe the measurements in triplicate. (C) Yield compost
obtained after 16 weeks of composting organic residues (yellow bar) used and the total quantity of
obtained compost (orange bar). The error bars describe the assay in triplicate.

3.2. Experimental Crops

Then, to assess the composting effect, we selected a model study of the crops: maize
and peanut, and the experiment was performed in San Rafael, Campeche City, Mexico,
during the COVID-19 pandemic in 2021. The design involved three experimental units (a
box) for the control condition and three for the compost condition for each crop (Figure 3;
Figure S2). Then, in the first stage, the germination of the seeds was evaluated (Figure 3); in
the case of the maize, the germination of seven seeds under the control condition (control)
and 10 seeds under the compost condition (compost–maize) was observed, respectively
(Figure 3, orange bars). For peanuts, the germination of eight seeds under the control
condition (control) and seven seeds under the compost condition (compost–peanut) was
observed, respectively (Figure 3, green bars).
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Figure 3. Germination analysis for compost–maize (orange bar) and control condition (orange bar).
For peanut compost–maize (green bar) and control (green bar) conditions, both conditions and crops
were compared with whole seeds sewn (blue bar). The error bar represents the reproducibility
obtained from the triplicate assay.

Then, we illustrate the process of growing the crops; our experimental proposal
consists of a design using box pine wood (Figure 4A). The development of the crops in
the box system was monitored (Figure 4B). The first growth stage under both conditions
(Figure 4C–F), present for maize control and compost conditions (Figure 4C,D), and peanuts
under the same conditions (Figure 4E,F), and the final growth stage under the control and
compost conditions for the maize (Figure 4G) and peanut (Figure 4H).

Figure 4. Experimental design assay. (A) Organization and built wooden boxes for control and compost
conditions for maize and peanut. (B) Initial stage of grown maize and peanuts. (C) Triplicate of the
experimental unit for the maize control condition. (D) Triplicate of the experimental unit for the maize
compost condition. (E) Triplicate of the experimental unit for the peanut control condition. (F) Triplicate of
the experimental unit for the peanut compost condition. (G) Final stage development of maize in control
and compost conditions. (H) Final stage development of peanut in control and compost conditions.

Consequently, we evaluated the morphological characteristics (sheet number, stem
width, height, and dry weight). The cob size and weight were evaluated for the maize.

In peanut plants, the height, root length, pikes number, dry weight, leaf area index,
and fruit (peanuts weight) in both conditions were evaluated (Table 2). In the case of
maize, sheets and plant height under the compost condition (14.15 ± 0.19 and 2.98 ± 0.07,
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respectively) showed a significant difference compared with the control condition (Table 2).
In the case of peanuts, we found a significant difference in spikes 11.00 ± 0.81, dry weight:
49.11 ± 2.14, and LAI: 1.86 ± 0.00 cm (Table 2).

Table 2. Morphological measure for maize and peanut for control and compost conditions. The
standard error was calculated for each morphological analysis for both conditions and the statistically
significant difference (*) was tested by a Student’s t-test with * p < 0.05, no significant difference was
highlighted with ns.

Maize Leaves/Plant Stem Width (cm) Plant Height (cm) Cob Size (cm) Cob Weight (g) Dry Weight (kg)

Control 13.94 ± 0.12 2.60 ± 0.08 2.18 ± 0.04 28.30 ± 0.04 142.60 ± 4.77 4.61 ± 0.10
Compost 14.15 ± 0.19 2.73 ± 0.09 2.98 ± 0.07 28.21 ± 0.63 127.35 ± 4.05 4.83 ± 0.03

Significant
* p < 0.05

* ns * ns ns ns

Peanut Plant Height (cm) Root Length (cm) Spikes Number Peanut Weight (g) Dry Weight (kg) Leaf Area Index
Control 48.40 ± 2.15 8.96 ± 0.45 17.38 ± 1.78* 48.87 ± 1.12 227.22 ± 48.18* 2.27 ± 0.18

Compost 44.40 ± 1.57 8.01 ± 0.34 11.00 ± 0.81* 47.65 ± 0.70 49.11 ± 2.14 1.86 ± 0.00

Significant
* p < 0.05

ns ns * ns * *

Accordingly, we analyzed the nutritional properties of the sample soil used in the experi-
ment where grown maize and peanut were under control and compost conditions (Table 3).

Table 3. Nutritional properties of soil analyses of maize and peanut in control and compost conditions
were evaluated in the following aspects: properties of soil, relations between cations, cation exchange
capacity, and soil fertility. The standard error was calculated for each measure analyzed for both
conditions and the statistically significant difference (*) was performed using a Student’s t-test with a
* p < 0.05; no significant difference was highlighted with ns.

Properties Determination Control Compost

Maize * p < 0.05 Peanut * p < 0.05

Soil
properties

Class Loamy Loamy ns Loamy ns
Saturation point (%) 48.5 ± 1.76 55 ± 2.12 ns 55.1 ± 2.19 ns

Field capacity (%) 25.85 ± 0.95 29.40 ± 1.13 ns 29.50 ± 1.20 ns
Permanent Wilting Point (%) 15.40 ± 0.56 17.45 ± 0.67 ns 17.55 ± 0.74 ns
Electric conductivity (cm/hr) 3.15 ± 0.17 2.05 ± 0.60 ns 2.05 ± 0.60 ns

Apparent density (g/cm3) 1.19 ± 0.00 1.10 ± 0.02 ns 1.05 ± 0.01 ns
pH (1.2 water) 8.08 ± 0.05 8.40 ± 0.00 ns 8.38 ± 0.17 ns

Total Carbonates (%) 36.95 ± 4.00 41.45 ± 3.57 ns 33.8 ± 1.76 ns
Salinity (Extract CE) (dS/m) 1.38 ± 0.02 0.65 ± 0.04 * 0.78 ± 0.01 *

Relation
between
Cations

Ca/K 23.60 ± 0.07 14.55 ± 0.03 ns 13.85 ± 0.03 *
Mg/K 1.90 ± 0.01 1.41 ± 0.00 ns 1.53 ± 0.00 *

Ca/Mg/K 25.50 ± 0.07 16.0 ± 0.07 ns 15.4 ± 0.07 *
Ca/Mg 12.55 ± 0.03 10.4 ± 0.00 * 9.04 ± 0.01 *

Cation
Exchange
Capacity

Calcium (Ca) 87.55 ± 0.03 84.40 ± 0.14 * 83.00 ± 0.14 *
Magnesium (Mg) 6.06 ± 0.01 8.09 ± 0.00 * 9.18 ± 0.00 *

Potassium (K) 3.70 ± 0.01 5.81 ± 0.03 * 6.00 ± 0.14 *
Sodium (Na) 1.75 ± 0.01 1.71 ± 0.14 ns 1.78 ± 0.42 ns

Soil
fertilization

Organic material (MO) (%) 3.95 ± 0.03 4.91 ± 0.17 ns 5.72 ± 0.17 *
P-OLSEN (ppm) 144.50 ± 0.03 182.50 ± 3.18 * 193.50 ± 0.17 *

K (ppm) 388.50 ± 0.03 582.50 ± 3.88 * 600.50 ± 0.17 *
Ca (ppm) 4710.50 ± 0.03 4339.00 ± 31.82 * 4259.50 ± 0.17 ns
Mg (ppm) 228.00 ± 0.03 252.50 ± 2.47 ns 285.50 ± 0.17 ns
Na (ppm) 107.00 ± 0.03 100.80 ± 10.04 ns 104.00 ± 0.17 ns
Fe (ppm) 6.63 ± 0.03 8.76 ± 0.01 * 9.63 ± 0.17 *
Zn (ppm) 7.75 ± 0.03 7.99 ± 0.14 * 8.05 ± 0.17 ns
Mn (ppm) 2.62 ± 0.03 3.89 ± 0.02 ns 3.38 ± 0.17 ns
Cu (ppm) 1.17 ± 0.03 1.13 ± 0.02 ns 0.99 ± 0.17 ns
B (ppm) 0.79 ± 0.03 1.01 ± 0.01 ns 1.04 ± 0.17 *
S (ppm) 16.10 ± 0.03 1.40 ± 0.00 ns 2.09 ± 0.17 *

N-NO3 (ppm) 95.35 ± 0.03 14.35 ± 0.67 * 22.95 ± 0.17 *
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The results showed that the soil used in the experiments for both crops was loamy
(Table 3). Concerning the soil fertilization, P-OLSEN (ppm) of 182.50 ± 3.18, K (ppm)
582.50 ± 3.88, Fe (ppm) 8.76 ± 0.01, Zn (ppm) 7.79 ± 0.14, and N-NO3 (ppm) 14.35 ± 0.67
was found (Table 3). Then, we found a statistically significant difference for maize in
compost conditions regarding the aspect of the salinity, which was 0.65 ± 0.04. Another
aspect evaluated was the relationship between cations, which showed that Ca/Mg was
10.40 ± 0.00. Regarding the cation exchange capacity, we found that Ca was 84.40 ± 0.14,
Mg 8.09 ± 0.00, and K 5.81 ± 0.03.

In the case of peanuts, the compost condition for salinity was 0.78 ± 0.01 (Table 3). The
relation between cations showed that Ca/K was 13.85 ± 0.03, Mg/K 1.53 ± 0.00, Ca/Mg/K
15.40 ± 0.07, and Ca/Mg 9.04 ± 0.01. Regarding the cation exchange capacity, Ca was
83.00 ± 0.14, Mg 9.18 ± 0.00, and K 6.00 ± 0.14.

For soil fertilization, it was found that MO(%) was 5.72± 0.17, P-OLSEN 193.50 ± 0.17 ppm,
K 600.50 ± 0.17 ppm, Mg 285.50 ± 0.17 ppm, Fe 9.63 ± 0.17 ppm, B 1.04 ± 0.17 ppm,
S 2.09 ± 0.17 ppm, and N-NO3 22.95 ± 0.17 ppm, which showed a statistical significance
(Table 3). The results for maize and peanut under the compost condition compared with
the control condition highlighted the statistically significant differences, with p < 0.05 (*)
and p > 0.05 (ns) (Table 3).

Consequently, we performed the analyses of Pearson’s correlation of variables, which
produced statistically significant differences (Figure 5).

Figure 5. Correlation analyses of morphological characteristics and nutritional properties of soil used
in the experiment for growing maize and peanuts in a backyard system in Campeche City, Mexico.
(A) Plot correlation of maize control condition (B) Plot correlation of maize compost condition (C) Plot
correlation of peanut control condition and (D) Plot correlation of peanut compost condition.

Our results are presented in the correlation plot, which showed the scale Rho of
Spearman values between the variables. This analysis compared the variables obtained
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from the morphological characteristics of the plants of both crops evaluated with the
nutritional properties of soil samples analyzed. For the case of the maize, both conditions
were evaluated using the number leaves, stem width, height, cob weight, and size analyzed
in correlation with MO, P-OLSEN, K, Ca, Mg, Na, Fe, Zn, Mn, Cu, B, N-NO3, and the
relationship between metals Ca/K, Mg/K, and Ca/Mg/K (Figure 5A,B). The case of the
maize under control conditions showed that the K, Ca, Mg, Na, N-NO3, and a combination
of metals were positively related to the effect on the morphological characteristics of the
maize plants (Figure 5A). The compost–maize condition found that the MO, P-OLSEN,
and Zn affected the plants’ properties negatively, showing that the proportion of the
other properties in the soil with the treatment of compost was positively related to the
morphological plants and cob (Figure 5B).

In the case of the peanuts used as variables, morphological characteristics such as
plant number, height, root length, spikes, dry weight, and LAI on peanut plants and the
total weight of peanuts were obtained; these were correlated with MO, P-OLSEN, K, Ca,
Mg, Na, Fe, Zn, Mn, Cu, B, N-NO3, and the relationship between metals Ca/K, MG/K,
and Ca/Mg/K (Figure 5C,D). For the control condition, Ca, Mg, B, and N-NO3 improved a
plant’s number, height, and the number of spikes, but the dry weight and peanuts’ weight
were positively correlated with almost all the properties except Ca, Mg, B, and N-NO3
(Figure 5C). The peanut compost conditions showed that a plant’s number, height, spikes,
dry weight, and LAI correlated positively with MO, P-OLSEN, Fe, Zn, Mn, Cu, and the
relationship between metals, Mg/K, and Ca/Mg/K (Figure 5D). Only the root length was
positively correlated with K, Ca, Mg, Na, N-NO3, and Ca/K (Figure 5D).

Finally, we calculated the yield for the maize and peanuts produced from the proposed
box system; maize was obtained at 6.6 kg/m2 and 9 kg/m2 for control and compost
conditions, respectively (Figure 6). A representation of the cob produced is shown in
Supplementary Figure S3. In the case of the peanuts, they were obtained at 184 g/m2 for
the control and x at 73 g/m2 for the compost condition (Figure 6).

Figure 6. Yield of maize grains and peanut seeds determination for control and compost conditions
were calculated for maize in control (orange bar), and compost–maize (orange bar) shown in kg/m2.
For peanuts, the yield obtained for control (green bar) and compost–peanut (green bar) was presented
in g/m2. The error bar represents the reproducibility obtained from the triplicate assay.

4. Discussion

From its origin to the present day, agriculture has been responsible for providing food
for humans and animals for livestock production [5]. The techniques of traditional and
extensive production are not enough to supply the demand for food around the world [9].
In addition, production is lost by limited water, the presence of disease resistance, high
fertilizer prices, and excessively used soil creating degradation and malnourished soil [10].
These difficulties have promoted the emergence of new techniques and new places where
agriculture is performed [6]. Currently, there is a boom in developing techniques that make
efficient use of resources and that are friendly to the environment [6,11]. Sustainable urban
agriculture is an alternative for producing more food with high quality in the city [11]. This
kind of agriculture allows for the approach of using resources from the city (space, organic
waste, and water) for promoting sustainability, producing food innocuously and with high
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nutritional value. However, other reasons have promoted the practices of alternatives
to food production, one such case more recently being the COVID-19 pandemic, which
stopped the development of humanity and produced times of crisis where it was difficult
to perform activities such as agriculture [12].

This project aimed to promote the use of organic waste and implement a system in the
city to produce food in limited spaces and used models of maize and peanut, which are
important food for the human diet [13,14].

Our research allowed us to reduce organic waste and transform it into compost that
was used as a biofertilizer for the crops tested; organic compost is a natural tool that returns
macro and micronutrients, minerals, and microorganisms to the environment that help
the soil to produce Nitrogen and solubility and improves the adsorption of nutrients by
plants [15]. Our results showed the achievable production of compost in six months in
a tropical zone (Campeche, México) with an average temperature of 28–30 ◦C, and each
week we added mixed and new organic waste, which allowed us to improve the process
and obtain compost [14–16].

Compost is an organic material with concentrated nutrients such as Nitrogen, phos-
phorus, potassium, and minerals, which can be solubilized easily and absorbed by radicle
system plants. It is a technique that uses natural materials to maintain fertilized soils [16,17].

This research proposes a new method of producing maize and peanut in the backyard
using pinewood boxes. In addition, we used what we had produced as fertilizer com-
post [16]. The compost quality is determined by a combination of different aspects: the
carbon: Nitrogen (C/N) ratio of 30:1 and a moisture content of about 60% are recommended.
Temperature is another crucial aspect of the production of compost-free pathogens [18].
The temperature during the thermophilic phase should be 54–55 ◦C (above 40 ◦C), which
would guarantee that the compost would inactivate pathogen microorganisms [18]. Our
results coincide with the quality of compost produced, which is interesting because it was
produced in a short time, and still reached the quality parameters. An additional interesting
aspect was the positive impact that the reduction of organic waste has on society.

Our results coincided with those reported by Shrestha Paliza et al., who described a
two-year compost maturity experiment and compared it with synthetic phosphorus and
Nitrogen; they showed that the compost contained a high amount of available phosphorus
(P) and Nitrogen (N) using cultures compared to synthetic treatment [19]. Interestingly, the
compost that we tested coincided with the reported compost quality and nutritional values,
and producing compost to convert organic residues into biofertilizers is useful [18].

Then, the idea was to test the compost, for which we designed a box for growing
maize and peanut as test crops. A limiting aspect was the space. Each box had dimensions
of 50 cm × 50 cm, which could affect the development of the plant. In the case of maize,
the space tested as normal for grown maize is described by Wenshun et al., who showed
that a space of 0.54 m × 0.27m × 1.00 m obtained a good development but that if this is
reduced to 0.20 m then this obtained a negative effect in the maize plants [20]. Our system
allowed us to obtain maize plants of >2.90 m, which could explain why the space did not
affect the development of the plants; evidence of root development on the maize is shown
(Supplementary Figure S3A). In addition, the seeds used were of native crops of Campeche;
the maize and peanut may adapt to the box system because they are not extensive crops.

In fact, the morphology was not affected in the case of the maize in both conditions;
however, we found significant differences in morphological properties associated with the
impact of the compost fertilizer [21].

Our results coincided with those described by Kandil et al., who depicted the potential
of organic manure to improve the production of Zea mays. The study revealed that the
compost treatment described (0, 5, and 10 tons/ha) positively affected the plant height, ear
length, number of grains/rows, number of grains/ears, and the weight of 100 grains and
improved the yield [22].

In the case of peanuts, our results showed that the compost had a negative effect
because major development was observed in the control condition of the peanuts. This
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was a mistake because space is important for the development of this plant [23]. The
recommendation is 10 to 12 plants distributed in a groove; however, our crop was observed
to have a more negative effect in compost conditions (Supplementary Figure S3B,C) [20,23].
Another aspect that could explain the negative effect on peanut plants was that the compost
had the minimum quantity acceptable of Phosphorus, Boron, and Nitrogen, deficiencies
of which affect growth, and Nitrogen deficiency symptoms include stunted plants with
yellow and small leaves, which affects flowering and nodule formation [24].

Agegnehu et al. reported that the application of biochar and compost, or a combination
of them, improved the development of peanut plants and enhanced the organic carbon
present in the soil, the nutrients available for plants, and soil water retention, improving
growth and crop yield [25]. However, our results for peanuts contradicted those described
by Agegnehu et al., in addition, space was a factor that was even more important for the
development of these crops [25].

Our study provided an alternative technique for producing maize and peanuts in
the city. The availability of nutrients in the soil depends on the pH condition, quality,
properties, and structure of the soil, and the availability of the principal nutrients helps in
the growth of healthy plants [16,18].

The correlation analyses between the variables evaluated for each condition of the crops
demonstrated the positive effect shown by the crops for the respective nutrients coinciding
with those described for the function of each nutrient for maize and peanut, respectively.

Then, the nutrients evaluated in the soil were correlated with the morphological char-
acteristics of the crops showing their effect on the plant’s development, the soil properties,
the relations between cations, and that the cation exchange favors the availability of mi-
cronutrients (Ca, Mg, Na, Fe, Cu, B, and S), which showed significant differences between
the compared conditions in both crops. This explained the positive results observed in the
development of the plants (Table 2), as these micronutrients are responsible for activating
metabolism by developing plant protein synthesis (N, S), photosynthesis (Fe, Cl), DNA
and RNA synthesis (P), enzyme activation (Zn, Cu, Ca, Mn, Ni), movement sugar (K),
carbohydrate metabolism (B), respiration, and nitrogen fixation (Fe, Mo) [26].

The high pH in the compost condition could explain the low germination in the seed
of peanuts compared to the control condition, which reduced the availability of zinc, iron,
manganese, copper, cobalt, calcium, and magnesium, affecting the development of the
plants in the case of the peanut [27].

Finally, the tested conditions showed that maize could be produced in a limited space.
However, we think that the backyard system affected the development of peanuts. Since
peanuts require a significant extension of soil in the pods when introduced in the soil to
absorb nutrients and develop healthily, we believe that the compost and box system limited
the development of the peanut plants, reflected in the low yield of the peanuts.

Our success story is that maize was produced with tall plants and good numbers of
germinated seeds. Even though we did not find a significant difference in the yield pro-
duced in maize, the results provide an alternative for the sustainable production of this crop
that is an essential part of the food base of the human population. The application of urban
agriculture was described in a study in Sidney, Australia. Small-scale urban agriculture
has a high yield but requires judicious input management to achieve sustainability [28].
In addition, the backyard production system was found to be related to the initiation of
socioeconomic improvement in rural towns in Sinaloa, Mexico [29].

5. Conclusions

This study proposed a system for producing compost and using it as a fertilizer to
produce, in this case, maize in the city; our research showed that the box system is an
alternative for producing food that could be recommended for crops of the family Poaceae,
which is a main principal ingredient in cereals; in contrast, this system is not recommended
for legumes such as peanut. Finally, we consider that the development of new alternatives
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for producing food in times of crisis or situations of limited resources is necessary for the
development of humanity and the care of the environment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agriculture13010059/s1, Figure S1: Compost obtained from organic
waste: (A) Pile of mature compost; (B) Evidence of high temperature (~55 ◦C) in the composting
process; (C) Organic waste used for producing compost; and (D) An example of a layer of the compost
pile method. Figure S2: Design of a backyard system comprising two crops for testing, two conditions
for each, and our proposal using ten seeds per crop per condition. The point represents where two
seeds were placed in each experimental unit (a box) by crop. Figure S3: Morphological characteristics
of crops and cob. (A) Root developed from maize in the proposed backyard system; (B) Peanut plant
grown in the absence of compost; (C) Peanut grown in the presence of compost; (D) Example cobs
obtained from experiments performed in the backyard system.
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Abstract: Indonesia's corn harvest area is decreasing so that corn production is also decreasing. The
use of suboptimal land can be done to increase the harvested corn area by adding nutrients with
organic fertilizers. One of the organic fertilizer ingredients is corn cob waste. The aim of the study
was to examine the role of corn cob fertilizer on the growth, yield and nutrient uptake of corn. The
study used a completely randomized block design with one fertilization factor with six levels, namely
chemical fertilizers and corn cob organic fertilizer at a dose of 2.5, 5, 7.5, 10 or 12.5 tons/ha. Corn cob
organic fertilizer has met the standard as an organic fertilizer with an organic C content of 62.21% and
organic matter of 85.71%, ranking it in the high category. The total nitrogen is 1.44%, total phosphate
is 1.43% and total potassium is 2.17%. Corn cob organic fertilizer had an effect on the leaf area
index, root length, levels of chlorophyll a and chlorophyll b, weight of 100 seeds, cob diameter and
phosphate uptake. Doses of 12.5 tons/ha produced the highest changes in chlorophyll a and b, root
length and phosphate uptake. Phosphate and potassium uptake correlated with plant biomass and
root length. Therefore, the results of the present study suggest that corn cob organic fertilizer is able
to support the growth, yield and nutrient uptake of corn in sub-optimum land. Several gaps and
research priorities in soil fertility have been identified, which need to be addressed in the future.

Keywords: alfisol; phosphate uptake; potassium uptake; root length

1. Introduction

Corn (Zea mays L.) is used as food, animal feed, biofuel and industrial raw materials
in Indonesia and throughout the world. In 2021, the harvested corn area will be 5.5 million
hectares with a corn production of 23 million tons in Indonesia. The harvested corn area in
2021 was lower than in 2018 which was 5,734,326 ha with a production of 30,055.623 tons [1].
This shows that there is a decrease in the area of agricultural land, causing production to
decrease. The United Nations Department of Economics and Social Affairs estimates that
crop production will need to increase by 70–100% to feed the world’s 9.3 billion people by
2050 [2]. However, the potential for increasing the planted area is limited because the area
of agricultural land is decreasing every year. Suboptimal land use is the main strategy to
increase the planting area. Suboptimal land with high availability in Indonesia is alfisol
soil. Utilization of alfisol soil for plant cultivation requires high intensification due to the
low organic matter, acidic pH and low cation exchange capacity. This soil often experiences
soil degradation due to its low organic matter content [3–6].

Agricultural intensification that is often done by Indonesian farmers is the provision of
high inputs such as fertilizing with chemical fertilizers [7] since nutrition is a determinant in
plant cultivation activities. Based on [8], corn grain yield is strongly influenced by nutrition,
especially nitrogen. Corn yields decreased with decreased nutrient application [9]. In
addition, the increase in grain yield was more significant with high nitrogen and phosphate
inputs [10]. This is because the element nitrogen plays a role in the preparation of amino
acids so that it can increase protein and corn grain yields. The challenges in maize nutrient
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management are the spatial variability of soil nutrient supply and plant performance and
yield response to soil properties; plant growth conditions vary between fields, growth
stages and years [11–13]. However, the fulfillment of nutrients with chemical fertilizers in
high doses for a long period of time can increase soil hardness, nutrient imbalances and
decrease organic matter so that soil fertility decreases [14]. Organic fertilizer is one way to
avoid soil and environmental damage due to the long-term use of chemical fertilizers [15].

Organic fertilizers are fertilizers that mostly or wholly consist of organic materials
derived from plants and/or animals that have gone through an engineering process such
as composting [16,17]. Organic fertilizer made through the composting process (which can
occur aerobically or anaerobically) is called compost. In efforts to improve soil quality and
the sustainability of agricultural systems, organic materials such as agricultural waste can
be proposed as raw materials for organic fertilizers and compost to improve soil quality
and productivity [18,19]. Organic materials that can be used as compost include corn cob
waste. Corn cobs are agricultural waste that has not been utilized and its availability is
high. In addition, corn cobs contain 20–30% lignin, 25–35% hemicellulose and 45–55%
cellulose, each of which can be converted into other biological compounds [20]. Cellulose
is a carbon source that can be used by microorganisms as a substrate in the fermentation
process to produce organic fertilizers [21]. Based on previous research, organic waste
from agricultural activities such as Indigofera tinctoria used as organic fertilizer through the
composting process contains high nutrients [22]. The utilization of corn cobs as compost is
an effort to recycle organic agricultural waste. In addition, compost is considered a fertilizer
that can improve soil structure and fertility. Based on previous research, processing organic
matter through composting can increase the availability of exchangeable nutrients, namely
K+, Ca2+ and Mg2+, so corn biomass could increase by 243% compared to mineral NPK [23].
To our knowledge, research related to the use of corn cobs as organic fertilizer and its
role in the growth of corn plants has never been carried out. Therefore, this research was
conducted to study the chemical content of corn cob organic fertilizer. Furthermore, it
examines the role of corn cob organic fertilizer on the growth and yield of corn plants.

2. Materials and Methods

The research was carried out in Sukosari Village, Jumantono District, Karanganyar Re-
gency, Central Java, Indonesia, precisely at coordinates S 07◦38′07.01′′ E 110◦57′00.0′′
with an altitude of 198.7 masl. The study used a one-factor Complete Randomized
Block Design, namely: chemical fertilizer (nitrogen fertilizer = 350 kg.ha−1, phosphate
fertilizer = 125 kg.ha−1, potassium fertilizer = 125 kg.ha−1) and six doses of organic corn
cob fertilizer at 2.5, 5, 7.5, 10 or 12.5 tons.ha−1. The treatment was repeated five times.
The application of the fertilizer treatment was carried out two days before planting and
follow-up fertilization was carried out according to the level of treatment twice, namely 14
and 28 days after planting. The corn seeds used for planting were the corn variety Pertiwi
3. The spacing used was 75 ×20 cm with a total of 16 plants per plot. The type of irrigation
used was surface irrigation with a frequency of irrigation of twice a week. Provision of
water was done by flowing water between the beds.

The materials used in the manufacture of organic fertilizer on corn cobs are corn
cobs, decomposer, molasses, bran, and cow dung fertilizer. The composting process was
carried out in accordance with [24], namely using cow manure (1:10 ratio = 14.5 kg cow
manure: 145 kg corn cobs waste ), bran (1:60 ratio = 2.41 kg bran: 145 kg waste), molasses
(1:3 = 511 ml molasses: 145 kg waste), and decomposer 500 ml (1:3 = 511 ml decomposer:
145 kg waste). Furthermore, all the ingredients that have been mixed were put into a
storage barrel by volume. The composting process was carried out anaerobically [25]. The
composting process was carried out for 52 days. Corn cob organic fertilizer was ready to be
used when it has reached the quality criteria for organic fertilizer, which has a color and
aroma like soil, does not feel hot or is at room temperature, and when held it will slightly
curdle but remain crumbly.
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The observed variables were the chemical composition of corn cob organic fertilizer,
growth and yield of corn plants, and the uptake of phosphate and potassium nutrients
by corn plants. Variable observations of the chemical content of fertilizers include pH,
water content, C-Organic, organic matter, total and available nitrogen, total and available
phosphate, and total and available potassium. The variables of plant growth observation
included: plant height, number of leaves, leaf area index, root length, and chlorophyll
a, b, and total content. The variables for crop yields included fresh plant weight, plant
biomass, cob diameter, cob weight with husks, cob weight without husks, and weight of
100 seeds. The observation of the yield variables was carried out at harvest, which was
103 days after planting. The leaf area index was carried out in the maximum vegetative
phase, 75 days after planting, using the length x width method. Chlorophyll content was
analyzed when six weeks after planting. The chlorophyll content test was carried out
using a spectrophotometer with a modified Arnon method [26]. The analytical method
uses 80% acetone and a 645 and 663 nm wavelength on a spectrophotometer to measure
the value of chlorophyll absorption. Analysis of plant phosphate was carried out in the
maximum vegetative phase using a spectrophotometer. The process of preparing plant
destruction samples was carried out by modifying the procedure by Friel with wet ashing
using HNO3 and HClO4. The prepared solution was analyzed using a spectrophotometer
at a wavelength of 400–470 nm [27]. Potassium analysis was carried out using atomic
absorption spectrophotometry (AAS); this method was chosen because it complies with the
ISO/IEC 17025 standard and is simple, precise, accurate, and the easiest method [28]. The
process of preparing plant destruction samples was carried out by modifying the procedure
by Friel with wet ashing using HNO3 and HClO4. The sample solution was analyzed
using AAS at a wavelength of 766.5 nm. The data were analyzed using SPSS 22, namely
the analysis of variance (ANOVA) with the F-test at 5% level and it is significant, then
continued with Duncan's Multiple Distance Test (DMRT) at 5% level.

3. Results

3.1. Chemical Content of Corn Cob Organic Fertilizer

The results showed that organic fertilizer from corn cobs complied with the Ministry
of Agriculture Regulation No.70/Permentan/SR.140/10/2011 regarding organic fertilizers,
biological fertilizers, and soil conditioners (Table 1). Total N + P2O5 + K2O of 5.04% met the
standard. Corn cob organic fertilizer contains 62.21% organic carbon in the high category
and meets the standards. C-Organic content is an essential factor determining the quality
of mineral soil. The higher the total C-Organic content, the better the quality of the mineral
soil. Organic carbon can induce phytochemical and biological changes in the soil to restore
soil properties and increase soil quality [29]. High C-organic content can increase plant
growth and yield because plants can absorb high levels of nutrients for optimal growth
processes. In addition, the content of organic matter in corn cob fertilizer was relatively
high, namely 85.71%. Organic matter content is significant for structural stability and
supports biodiversity [30]. Fertilization with a high organic matter content can increase
soil carbon absorption to encourage the availability of other elements such as nitrogen,
phosphate, and potassium [31,32]. This research showed that the availability of nitrogen,
phosphate, and potassium has met the standard for organic fertilizer.

3.2. Corn Growth

Organic fertilizers with a high content of organic matter, nitrogen, phosphate, and
potassium can increase the storage capacity of nitrogen, phosphate, calcium, sulfur, and
soil enzymatic catalytic activity, further promoting plant growth and yield. However, in
this study, the dose of corn cob organic fertilizer did not affect plant height and the number
of leaves (Table 2). These results indicate that corn cob organic fertilizer has not been
able to support the growth of corn plants. This is because organic fertilizers gradually
release nutrients into the soil solution [33]. According to [34], nitrogen mineralization from
organic fertilizers takes 10 days and immobilization takes 20 days. In addition, phosphate
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mineralization takes 150 days, with a total immobilization phase from 180 to 240 days. In
this case, nitrogen and phosphate are essential nutrients in physiological functions, namely
plant metabolism [35]. The results showed that corn cob organic fertilizer had an effect on
leaf area and root length index (Table 2). The leaf area index was higher with higher dose
treatments. The dose of corn cob fertilizer of 12.5 tons/ha was able to produce the highest
leaf area index with no significant difference compared to chemical fertilizer treatment. The
higher the leaf area index, the higher the sunlight absorbed by the leaves [36]. This will
support the process of photosynthesis which is an essential factor for plant growth and
development [37]. The leaf area index is one of the biophysical properties of plants used
to estimate plant biomass [38]. The leaf area index correlates with maize's morphological
structure and yield [39]. The corn cob fertilizer also affected root length. The highest root
length was in the corn cob fertilizer treatment at a dose of 12.5 tons/ha, namely 111.06 cm,
and the lowest was in the chemical fertilizer treatment, which was only 70.93 cm (Table 2).
The high organic carbon and organic matter content of corn cob fertilizer supports this
increase in root length (Table 1), so that the organic fertilizer can trigger microbial activity,
act as a source of energy, and increase synergistic interactions in the soil microbiome in
improving soil structure. This causes plant roots to penetrate deeper into the soil layer so
that the length and reach of roots becomes wider [40], further supporting plant growth and
yield [18,37].

Table 1. Chemical content of corn cob organic fertilizer.

Parameter Unit Test Result Standard * Information

Water content % 20.6 15–25 Meets the standards
pH 7.34 4–9 Meets the standards

Organic C % 62.21 Minimum 1515 Meets the standards
Organic ingredients % 85.71 - Meets the standards

Total nitrogen % 1.44
Macro nutrients (N + P2O5 + K2O)

minimum 4%

Meets the standards
Total phosphate % 1.43 Meets the standards
Total potassium % 2.17 Meets the standards

Nitrogen available % 2.10 - Meets the standards
Phosphate available % 0.98 - Meets the standards
Potassium available % 1.75 - Meets the standards

Cation exchange Capacity (cmol/kg) 65 - Meets the standards

* Standard according to the Ministry of Agriculture of the Republic of Indonesia (2011).

Table 2. The role of various doses of corn cob organic fertilizer on corn growth.

Treatment Plant Height (cm) Number of Leaves (Strand) Leaf Area Index (cm2) Root Length (cm)

Chemical fertilizer 122.67 13.00 b 3.14 ab 70.93 a
Organic corn cob fertilizer

at dose of 2.5 tons/ha 118.43 8.33 a 2.64 a 90.67 ab

Organic corn cob fertilizer
at dose of 5 tons/ha 108.166 8.67 a 2.94 ab 95.40 ab

Organic corn cob fertilizer
at dose of 7.5 tons/ha 121.67 8.33 a 2.91 ab 87.00 ab

Organic corn cob fertilizer
at dose of 10 tons/ha 116.53 9.57 a 3.01 ab 96.90 ab

Organic corn cob fertilizer
at dose of 12.5 tons/ha 113.67 9.33 a 3.76 b 111.06 b

Note: Numbers followed by the same letter in the same column are not significantly different based on DMRT
(α = 0.05)

3.3. Corn Chlorophyll

The results showed that the dose of corn cob fertilizer affected chlorophyll a, b, and
total chlorophyll. The 12.5 tons/ha dose showed the highest amount of chlorophyll a and
b (Table 3). This result is due to corn cob organic fertilizer containing high nitrogen and
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phosphate levels. Nitrogen supports an increase in soluble sugar in the leaves to increase
the chlorophyll content [41]. Increased photosynthetic pigments in cob fertilizer treatment
could be caused by improved soil structure, increased soil moisture retention capacity,
and nutrient supply [42]. Based on [43], the nitrogen and phosphate content of organic
fertilizers correlates with the chlorophyll content of plants. High chlorophyll content will
increase the potential capacity of plant photosynthesis to support plant growth and yield
from plant metabolic processes [44]. Based on [45], the element phosphate in fertilizer
can increase the chlorophyll a and b content of plants. The photosynthetic performance
index is an indicator to determine the yield potential of corn seeds [46]. Chlorophyll
a and b were positively correlated with the photosynthetic performance index. This is
supported by the role of jasmonic acid on chlorophyll which is synthesized from linolenic
acid via the octadecane pathway [47]. Chlorophyll b is converted to chlorophyll an under
the catalysis of chlorophyllide b reductase encoded by the non-yellow color 1 (NYC1)
gene [48,49]. Based on [50], organic fertilizers can increase corn plants' chlorophyll content
and grain yield by between 10 and 29%. The increase in seed yield was positively correlated
with leaf chlorophyll, plant nitrogen, and phosphate uptake. The results of this study
indicate that the chemical fertilizer treatment showed the lowest amount of chlorophyll
a and b. The results of the study by [51] showed that the chlorophyll content in chemical
fertilizer treatment is lower than in organic fertilizers with high nitrogen and phosphate
levels. This is because organic fertilizer treatment can improve soil’s physical and chemical
properties such as soil water content (SWC), total soil organic carbon (SOC), total nitrogen
(N), available phosphorus (P), and nitrate–nitrogen (NO3-N) and ammonium–nitrogen
(NH4

+-N) cation exchange capacity compared to chemical fertilizer treatment [52].

Table 3. The role of various doses of corn cob compost on chlorophyll content.

Treatments Chlorophyll a (mg.g−1) Chlorophyll b (mg.g−1) Total Chlorophyll (mg.g−1)

Chemical fertilizer 0.4307 a 1.117 a 1.5763 b
Organic corn cob fertilizer at

dose of 2.5 tons/ha 0.4406 ab 1.0841 a 1.5339 ab

Organic corn cob fertilizer at
dose of 5 tons/ha 0.4477 b 1.1191 a 1.5746 b

Organic corn cob fertilizer at
dose of 7.5 tons/ha 0.4499 b 1.1974 ab 1.5394 ab

Organic corn cob fertilizer at
dose of 10 tons/ha 0.4535 b 1.2265 ab 1.5228 a

Organic corn cob fertilizer at
dose of 12.5 tons/ha 0.4685 c 1.3889 b 1.5474 ab

Note: Numbers followed by the same letter in the same column are not significantly different based on DMRT
(α = 0.05)

3.4. Corn Yield

Corn cob fertilizer treatment affected the weight of 100 seeds and cob diameter. The
12.5 ton/ha dose showed the highest cob diameter and weight without husks (Table 4). The
weight of 100 seeds in the chemical fertilizer treatment was not significantly different from
the corn cob fertilizer treatment at a dose of 12.5 tons/ha. These results indicate that corn
cob fertilizer at a dose of 12.5 tons/ha has been able to meet the nutrients for the growth
and development of corn plants. This was supported by the nutritional content of corn cob
fertilizer (Table 1). In addition, the solid organic fertilizer produced from the composting
process contains a diversity of microbes and nutrients for the soil and, when applied to
corn plants, showed an effect on increasing the number of leaves, leaf area, root biomass,
root length, and weight of 100 corn seeds [53]. The highest cob diameter and cob weight
without husks was in the treatment of corn cob fertilizer at a dose of 12.5 tons/ha. The
organic matter content supports this result by the fertilizer increasing phosphate solubility.
Applying fertilizers with high phosphate content to alfisol soils can increase soil phosphate
availability and make it available for plant uptake [54].
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Table 4. The role of various doses of corn cob compost on corn yield.

Treatments
Plant Fresh Weight

(g)
Plant Biomass

(g)
Weight of 100 Seeds

(g)
Cob Diameter

(mm)
Cob Weight with

Cornhusk (g)

Chemical fertilizer 127.91 26.62 27.97 c 44.53 ab 174.55
Organic corn cob fertilizer

at dose of 2.5 tons/ha 91.63 27.78 19.02 a 42.33 ab 92.93

Organic corn cob fertilizer
at dose of 5 tons/ha 95.21 25.92 19.23 a 32.23 a 94.98

Organic corn cob fertilizer
at dose of 7.5 tons/ha 141.86 41.43 21.77 ab 38.80 ab 91.38

Organic corn cob fertilizer
at dose of 10 tons/ha 95.13 27.20 25.22 bc 37.40 ab 93.32

Organic corn cob fertilizer
at dose of 12.5 tons/ha 112.28 31.91 26.89 c 47.40 b 162.92

Note: Numbers followed by the same letter in the same column are not significantly different based on DMRT
(α = 0.05)

Based on the correlation test, plant phosphate uptake correlated with the weight of
100 seeds (Table 4). Phosphate uptake efficiency can increase crop production and produc-
tivity [55]. Plant nutrient uptake positively correlated with plant root length. Root growth
exhibited a high degree of plasticity in response to nutrient availability, and the depth of
fertilizer placement influenced the development and distribution of plant roots. Fertil-
ization with high nitrogen and phosphate content can promote root growth by reducing
metabolism [56]. It has a more significant number of cortical root aerenchyma and larger
cortical cell sizes and increases nitrogen and phosphate uptake [57]. Furthermore, roots
will synergistically increase corn seed yield and efficient utilization of nutrients throughout
the plant. The decomposition of organic matter helps increase organic acids in the soil.
This supports plant development, such as increasing cob diameter and cob weight. Im-
proved phosphate uptake results in increased phosphate utilization efficiency and greater
maize grain yields [58]. Plants with intensive development and short cycles, such as maize
plants, require a higher amount of phosphate in solution and more rapid replenishment of
phosphate than annual plants [59].

3.5. Plant Nutrient Uptake

The results showed that the dose of corn cob fertilizer had a positive effect on phospho-
rus uptake and no effect on potassium uptake (Table 5). The highest phosphorus absorption
was in the corn cob fertilizer treatment at a dose of 12.5 tons/ha. In contrast, the lowest
phosphorus absorption was in the chemical fertilizer treatment at only 0.8528 (g.plant−1).
There is high phosphorus content in the fertilizer so the uptake of phosphorus nutrients
from corn plants is high. Increased phosphorus uptake supports the rate of photosynthesis,
thereby causing an increase in root length, contract surface area, and root volume [60]. The
results of this study indicate that phosphorus uptake correlates with root length (Table 6).
The ability of plants to absorb phosphorus from the soil depends on root morphology and
root exudate release and can be modulated by beneficial soil microbes [61]. The results of
the study by [62] showed that root morphology correlates with phosphate uptake, seed
yield, and biomass. Similarly, increased grain yields and nutrient uptake are associated
with improved soil properties supported by organic fertilizers [55].

3.6. Correlation

Chlorophyll a and b were positively correlated (Table 6). This is supported by the role
of jasmonic acid on chlorophyll which is synthesized from linolenic acid via the octadecane
pathway [47]. Chlorophyll b is converted to chlorophyll a under the catalysis of chloro-
phyllide b reductase encoded by the non-yellow gene color 1 (NYC1) [44,49]. The results of
this study showed that phosphorus uptake was correlated with root length (Table 6). The
ability of plants to absorb phosphorus from the soil depends on root morphology and the
release of root exudates and can be modulated by beneficial soil microbes [61]. Based on
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the correlation test, plant phosphate uptake was correlated with the weight of 100 seeds
(Table 6).

Table 5. The role of corn cob compost dose on phosphate and potassium uptake.

Treatments Phosphate Uptake (g.plant−1) Potassium Uptake (g.plant−1)

Chemical fertilizer 0.8528 a 3.5354
Organic corn cob fertilizer at dose of 2.5 tons/ha 1.1456 ab 4.8206
Organic corn cob fertilizer at dose of 5 tons/ha 1.0191 ab 3.4415

Organic corn cob fertilizer at dose of 7.5 tons/ha 1.0706 ab 4.6906
Organic corn cob fertilizer at dose of 10 tons/ha 1.0411 ab 4.5381

Organic corn cob fertilizer at dose of 12.5 tons/ha 1.4339 b 5.7712

Note: Numbers followed by the same letter in the same column are not significantly different based on DMRT
(α = 0.05)

Table 6. Correlation between observation variables.

Plant Biomass Root Length
Weight of
100 Seeds

Phosphate
Uptake

Potassium
Uptake

Chlorophyll a Chlorophyll b

Plant biomass 1 0.582 * 0.403 0.725 ** 0.720 ** 0.100 0.084
Root length 0.582 * 1 0.170 0.658 ** 0.579 ** 0.075 0.065

Weight of 100 seeds 0.403 0.170 1 −0.029 −0.106 0.050 0.046
Phosphate uptake 0.725 ** 0.658 ** −0.029 1 0.832 ** 0.113 0.109
Potassium uptake 0.720 ** 0.579 ** −0.106 0.832 ** 1 0.112 0.100

Chlorophyll a 0.100 0.075 0.050 0.113 0.112 1 0.724 **
Chlorophyll b 0.084 0.065 0.046 0.109 0.100 0.724 ** 1

Note: ** Correlation is significant at the 0.01 level (2-tailed), * Correlation is significant at the 0.05 level (2-tailed)

4. Discussion

The results showed that organic fertilizer from corn cobs met the standards of the
Ministry of Agriculture No. 70/Permentan/SR.140/10/2011 concerning organic fertilizers,
biological fertilizers, and soil enhancers (Table 1). A total N + P2O5 + K2O of 5.04%
already meets the standard. Corn cob organic fertilizer contains 62.21% organic C in the
high category and has met the standard. Organic carbon can induce phytochemical and
biological changes in the soil so that it is able to restore soil properties, increasing soil
quality [29]. The content of organic matter in corn cobs fertilizer is quite high, namely
85.71%. The organic matter content is very important because it is required for structural
stability and supports biodiversity [30]. Organic matter is a reserve of nitrogen and other
nutrients needed by plants, so the high organic matter is able to support the availability of
other elements such as nitrogen, phosphate, and potassium [63]

Organic fertilizers with high organic matter content can increase soil microbial biomass,
populations of bacteria, fungi, and actinomycetes, as well as soil enzyme activity. All
enzymatic activities linearly correlated with soil organic matter content [64]. Soil enzyme
activity is a catalyst for the decomposition of organic matter, which is correlated with
soil's physical and chemical properties [65], so high soil enzyme activity can increase root
growth and plant biomass [66]. These soil microorganisms can promote plant metabolism
by increasing their photosynthetic, carbohydrate, and protein processes, thereby increasing
plant yields [67]. Microorganisms can increase plant growth and yield by increasing
nutrient uptake [68,69]. As in this research, applying organic fertilizers at higher doses
increased the uptake of phosphate and potassium.

Furthermore, organic fertilizers indirectly increase plant growth and yield. This study
shows that organic corn cob fertilizer can increase the growth of roots and leaves, and
increase the yield of corn plants. The application of corn cob fertilizer also affects root
length. The highest root length was 111.06 cm in the corn cob fertilizer treatment with
a dose of 12.5 tons.ha−1, and was the lowest in the chemical fertilizer treatment at only
70.93 cm (Table 2). The root length is supported by organic fertilizers, which effectively
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source energy from soil microbes to improve soil structure. This allows plant roots to pene-
trate deeper soil layers to support plant growth and yields. Based on this study’s results,
root length correlated with phosphate uptake. The results of the study [60] showed that
root morphology is correlated with phosphate uptake, seed yield, and biomass. Similarly,
increases in grain yield and nutrient uptake are associated with improved soil properties
supported by organic fertilizers [53].

The higher the dose of organic corn cob fertilizer can increase the plant area index.
The higher the leaf area index, the higher the sunlight absorbed by the leaves [70]. This
will support the process of photosynthesis which is an essential factor for plant growth and
development [39]. The leaf area index, one of the plants' biophysical properties, is used
to estimate plant biomass [9]. The leaf area index correlates with maize's morphological
structure and yield [39]. Organic corn cob fertilizer can also increase the content of chloro-
phyll a and b. This result is due to organic corn cob fertilizer containing high levels of
nitrogen and phosphate so that it can increase the availability of soil nutrients, affecting
plant nutrient uptake. This supports the increase in soluble sugar in the leaves to increase
the chlorophyll content [41]. Increased photosynthetic pigments in cob fertilizer treatment
could be caused by improved soil structure, increased soil moisture retention capacity, and
nutrient supply [71]. Based on [72], the nitrogen content of organic fertilizers correlates
with the chlorophyll content of plants. In addition, the induction of organic matter in the
soil can help increase the soil's organic acids, which can support plant development.

5. Conclusions

This study shows that corn cob organic fertilizer has met the standard as organic
fertilizer with an organic C content of 62.21% and organic matter content of 85.71% in the
high category. The total nitrogen is 1.44%, total phosphate is 1.43%, and total potassium
is 2.17% with a neutral pH of 7.34. Corn cob organic fertilizer had an effect on leaf area
index, root length, chlorophyll a, chlorophyll b, weight of 100 seeds, cob diameter, and
phosphate uptake. The higher doses of corn cob organic fertilizer affected the increase in
leaf area index, root length, chlorophyll a, chlorophyll b, 100 seed weight, cob diameter,
and phosphate uptake. The nutritional content of organic corn cob fertilizer supports
this. Doses of 12.5 tons/ha increased chlorophyll a and b and root length and had the
highest phosphate uptake. Phosphate and potassium uptake correlated with plant biomass
and root length. Therefore, the results of the present study suggest that corn cob organic
fertilizer is able to support the growth, yield, and nutrient uptake of corn in sub-optimum
land. Several gaps and research priorities in soil fertility have been identified, which need
to be addressed in the future.
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Abstract: Mandarin peels (MPs), a food-processing residue, have several restrictions on their disposal
and can cause serious environmental pollution. In this study, MP was used to fabricate a functional
bioelastomer with antioxidant and antibacterial activities. Bioactive compounds were recovered from
MPs in liquid form and added to the bioelastomer during fabrication to maintain the mechanical
strength of the bioelastomer. The radical scavenging activities of the fabricated bioelastomer (B–MPE
15%) were 3.3% for DPPH and 20.8% for ABTS, respectively. In addition, B–MPE 15% exhibited
antibacterial activity against gram-positive (Staphylococcus aureus), gram-negative (Escherichia coli),
and antibiotic-resistant bacteria (Methicillin-resistant S. aureus and Vancomycin resistant Enterococcus).
The chemical properties of B–MPE 15% were not significantly different from those of the control
group (bare PDMS). Tensile strength, elongation at break, and water vapor transmission rate of
B–MPE 15% were found to be 5.1 N/mm2, 649%, and 33.3 g/(m2 day), respectively. Therefore,
the addition of MP extracts did not significantly affect the physical properties. The fabricated
bioelastomer with antibacterial and antioxidant activities is expected to be utilized in the food
packaging, pharmaceutical, and medical industries. Our research is expected to represent a future-
oriented strategy for realizing carbon neutrality by upcycling food waste.

Keywords: bioelastomer; mandarin peel; flavanone; antioxidant; antibacterial

1. Introduction

Mandarin is one of the most popular fruits because of its sweet taste and ease of
consumption, as well as its antioxidant, anticancer, antibacterial, and anti-adipogenic prop-
erties [1,2]. An estimated 630,000 tons of mandarins were produced in Korea [3], and it
has been reported that approximately 50,000 tons of mandarin-processing residues are
generated annually [4]. However, only 30% of the mandarin residues are used as medicinal
herbs. While the remaining 70% used to be disposed of into the ocean [5], Korea has strictly
forbidden this disposal method for food wastes since 2013 in accordance with the 1996
Protocol of the London Convention [6], as it leads to disruption of the marine food chain
and loss of marine biodiversity [7]. Food waste is typically disposed of through landfilling,
incineration, and composting [8]. However, in Korea, direct landfilling of food waste has
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been prohibited, by law, since 2005 to alleviate the shortage of landfills, protect ground-
water and soil, and promote the conversion of food waste into value-added materials [9].
Meanwhile, incineration of food waste with a high moisture content can generate dioxins
during combustion with other low-humidity wastes [10]. During composting, nitrate- and
phosphorus-contacting leachates and greenhouse gases (GHGs) get generated, causing
eutrophication and global warming, respectively [11]. As a result, various developed coun-
tries other than Korea, including the USA, EU, Japan, and China, are also suffering from
social and environmental issues related to the disposal of food waste [12,13]. Therefore, it
is necessary to propose a sustainable food-waste management plan that not only prevents
environmental pollution but also converts food waste into value-added materials.

Traditionally, value-added materials, such as fuels and chemicals, have been produced
in petroleum refineries [14]. However, these refineries are considered the main contributors
to GHG emissions because they release carbon that was buried in the ground into the atmo-
sphere. The CO2 emissions from this sector alone were estimated to be 1079 million tons in
2015 [15]. Many countries around the world are seriously concerned about environmental
pollution caused by these GHG emissions, so they participated in the UN Framework
Convention on Climate Change (UNFCCC) and adopted the Kyoto Protocol (1997), the
Lima Call for Climate Action (2014), the Paris Agreement (2015), etc. [16]. Consequently,
biorefineries, which utilize biomass as raw materials instead of petroleum-based materials,
have been attracting attention as a strategy to achieve net-zero CO2 emissions [17]. In
biorefineries, food waste is considered an ideal feedstock because it satisfies economic
feasibility, owing to its low transport and storage costs, year-round availability, and ease
of handling [18]. Mandarin peels (MPs), which account for approximately 7–11% of man-
darins generated during juice processing, are mostly discarded because they are considered
to have no economic value [19,20]. However, these residues contain cellulose, hemicel-
lulose, pectin, essential oil, and flavonoid, which have the potential to be converted into
value-added materials [21]. Although various studies have been carried out regarding the
production of biofuels, such as ethanol [22] and methane [23], energy-based products have
limitations that currently prevent them from completely replacing low-cost fossil fuels [24].
Therefore, in consideration of economic feasibility, it is necessary to produce bio-based
products with high market values [25], such as flavonoids [26] and essential oil [27].

The predominant flavonoids in MP are hesperidin and narirutin [28], which have an-
tioxidant [29], antibacterial [30], antidiabetic [31], and anti-inflammatory properties [32]. In
addition, bioactive compounds derived from natural sources are in increasing demand, as
alternatives to synthetic compounds, because of their safety and non-toxic effect on the hu-
man body [33]. Extraction techniques, including maceration, Soxhlet, microwave-assisted,
ultrasound-assisted, and enzyme-assisted extraction, have been used to extract bioactive
compounds from MP [34]. Among the various extraction methods, microwave-assisted
extraction (MAE) has the distinct advantages of short extraction times, high extraction
yields, and low solvent usage [35]. In addition, this technique is suitable for industrial-scale
application [36]. The recovered bioactive substances are mixed with various polymers
to fabricate bioelastomers that are used as functional materials in the food, pharmaceu-
tical, and medical industries [37]. Dordevic et al. [38] produced edible chitosan films for
food packaging using extracts of blueberries, red grapes, and parsley. Meanwhile, non-
biodegradable synthetic polymers, such as polyethylene glycol (PEG), polyvinyl alcohol
(PVA), polypropylene (PP), polyethylene (PE), and polydimethylsiloxane (PDMS), are
also widely used in bioelastomer fabrication because they have stronger physicochemical
properties than natural polymers [39].

Following these research trends, we previously fabricated a bioelastomer with an-
tioxidant and antibacterial activities [40]. In our previous study [40], PDMS, which has
higher flexibility, thermal stability, and biocompatibility, as well as lower toxicity than other
synthetic polymers [41], was used as the polymer. In addition, by-products of aronia juice
processing were used as the raw materials for natural bioactive compounds. However, the
direct use of by-products in powder form dramatically reduced the mechanical strength of
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the fabricated bioelastomer. These barriers accentuate the disadvantage of PDMS, which is
its relatively low mechanical strength due to its major structure composed of Si–O bonds,
unlike the C–C bonds constituting PVA, PP, and PE [42]. Therefore, it is necessary to design
a strategy for fabricating bioelastomers with antioxidant and antibacterial activities while
maintaining their mechanical strength.

In this study, a strategy for the sustainable utilization of food processing residue was
designed by fabricating a functional bioelastomer using bioactive compounds extracted
from MPs. First, a mixing ratio of extraction solvents suitable for recovering the flavonoids,
hesperidin and narirutin, from MP was selected. Microwave-assisted extraction was
utilized to recover hesperidin and narirutin from MP with high efficiency in a short time.
Furthermore, the effects of microwave power and irradiation time on flavonoid extraction
were investigated. The recovered bioactive compounds were used to fabricate functional
bioelastomers with antioxidant and antibacterial activities. Finally, the biological properties,
chemical structure, and mechanical strength of the fabricated bioelastomer were compared
with those of the control group. This study is the first attempt to produce a functional
material by mixing flavonoid extracts obtained from MP, a waste resource, with PDMS to
design a sustainable biorefinery.

2. Materials and Methods

2.1. Materials

Mandarin peels (MPs) were purchased from Cheongmyeongyagcho (Chungju-si,
Chungcheongbuk-do, Korea). The MPs were ground with a blender and sieved to a size
of 90 μm. Polydimethylsiloxane (PDMS; Elastosil E43) was obtained from Wacker (Mu-
nich, Germany). Hesperidin, narirutin, dimethyl sulfoxide (DMSO), 1,1-diphenyl-2-picryl-
hydrazyl (DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), and
potassium persulfate were purchased from Sigma-Aldrich (St. Louis, MO, USA). Methanol
(MeOH), phosphoric acid, acetonitrile, and heptane were purchased from Samchun Chemi-
cal (Seoul, Republic of Korea). All reagents used in this study were of analytical grades.

2.2. Preparation of Mandarin Peel Extracts

To select the most efficient extraction solvent, 1 g of MP was immersed in 10 mL of a
MeOH:DMSO solution mixed in different proportions (1:9, 3:7, 5:5, 7:3, and 9:1, v/v). MP,
then, was extracted in an incubator at 40 ◦C, with a shaking speed of 150 rpm, for 24 h. To
design the MAE process for maximum flavanone recovery from MP, MP was immersed
in the selected extraction solvent (1:10, w/w) and extracted at various microwave powers
(70, 210, 350, 490, and 630 W) and irradiation times (5, 10, 15, 20, and 30 s). Each extract
was centrifuged at 13,000 rpm for 10 min to separate the supernatant and, then, analyzed
and used for bioelastomer fabrication.

2.3. Fabrication of Bioelastomer

PDMS was poured into a square Petri dish (24.5 × 24.5 cm), and 20 mL of heptane
and mandarin peel extracts (MPEs) were recovered under the determined MAE conditions
were added and mixed uniformly. The bioelastomer manufacturing conditions are listed
in Table 1. The Petri dish was transferred to a vacuum oven and dried at 40 ◦C until the
moisture was completely removed.

Table 1. Detailed manufacturing conditions of bioelastomers.

Sample PDMS (g) MPE (g)

B–MPE 0% (control, PDMS) 50 0
B–MPE 1% (w/w) 49.5 0.5

B–MPE 3% 48.5 1.5
B–MPE 5% 47.5 2.5
B–MPE 7% 46.5 3.5

B–MPE 10% 45 5
B–MPE 15% 42.5 7.5
B–MPE 20% 40 10
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2.4. Antioxidant Activity of Bioelastomer
2.4.1. DPPH Radical Scavenging Activity

DPPH radical scavenging activity was determined using the DPPH assay with a
slight modification [43]. The DPPH stock solution was prepared by dissolving the DPPH
reagent in MeOH to a concentration of 0.5 mM. The DPPH working solution was prepared
by diluting the prepared DPPH stock solution with methanol until the absorbance at
517 nm reached 1.2. Each bioelastomer (size: 1 × 1 cm) was immersed in 1 mL of the DPPH
working solution and reacted at 25 ◦C for 30 min. The bioelastomer was then removed,
and the absorbance of the supernatant was measured at 517 nm using a spectrophotometer
(DU 730, Beckman Coulter, Brea, CA, USA). The blank was 1 mL of methanol, and the
control was 1 mL of DPPH working solution without bioelastomer added. All experiments
were performed in triplicate to obtain the standard deviations. Radical scavenging activity
was calculated using the following Equation (1):

Radical scavenging activity (%) = (1 − (ODsample/ODcontrol)) × 100 (1)

2.4.2. ABTS Radical Scavenging Activity

ABTS radical scavenging activity was measured using the ABTS assay with a slight
modification [44]. An ABTS stock solution was prepared by reacting 7 mM ABTS solution
and 2.45 mM potassium persulfate in a 1:1 ratio (v/v). ABTS working solution was prepared
by diluting the prepared ABTS stock solution with methanol until the absorbance at
734 nm reached 1.0. Each bioelastomer (size: 1 × 1 cm) was immersed in 1 mL of the ABTS
working solution and reacted at 25 ◦C for 30 min. The bioelastomer was then removed, and
the absorbance of the supernatant was measured at 734 nm using a spectrophotometer; the
blank was 1 mL of methanol, and the control was 1 mL of ABTS working solution without
bioelastomer added. All experiments were performed in triplicate to obtain the standard
deviations. The radical scavenging activity was calculated using Equation (1) above.

2.5. Antibacterial Activity of Bioelastomer

The antibacterial activity of the bioelastomer was determined following the method
in our previous study [41]. Staphylococcus aureus was used as the gram-positive bacteria,
Escherichia coli as the gram-negative bacteria, and methicillin-resistant Staphylococcus aureus
(MRSA) and vancomycin-resistant Enterococcus (VRE) as the antibiotic-resistant bacteria.
All the bacteria were cultured in a shaking incubator at 150 rpm, for 24 h, at 37 ◦C in
50 mL of nutrient broth. The bacteria were diluted to 106 CFU/mL and inoculated on
nutrient agar plates. Bioelastomers (size: 1 × 1 cm) were placed in the center of the nutrient
agar medium, inoculated with each bacterium, and then, incubated at 37 ◦C for 24 h. The
antibacterial zone was determined using the Image J software (v1.52i, National Institutes of
Health, Bethesda, MN, USA). All experiments were performed in triplicate to obtain the
standard deviations.

2.6. Characterization of Bioelastomer

The chemical structures of the bioelastomers were investigated using Fourier-transform
infrared spectroscopy (FT-IR; JASCO FTIR-4600, Jasco, Japan). Tensile strength and elonga-
tion at break were determined, according to ASTM D412, using a universal testing machine
(Instron 3367; Norwood, MA, USA). Water vapor transmission rate (WVTR) was deter-
mined, according to ASTM F1249, using a Permatran-W 3/33 MA (Mocon, Minneapolis,
MN, USA). The morphology of both bioelastomers was characterized using scanning elec-
tron microscopy (SEM, SNE-3000M, SEC Inc., Suwon, Republic of Korea) at a scanning
voltage of 5 kV.

2.7. Analytical Methods

The hesperidin and narirutin contents in MPE were determined using high-performance
liquid chromatography (HPLC). The analytical conditions were as follows: INNO column
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C18 (5 μm, 4.6 mm × 250 mm, Young Jin Biochrom, Seongnam-si, Republic of Korea);
diode array detector (DAD); wavelength, 250 nm; temperature, 25 ◦C; injection volume,
5 μL; flow rate, 0.8 mL/min. The gradient elution conditions were as follows: acetoni-
trile for solvent A and 0.03% (v/v) phosphoric acid in DW for solvent B; 0 min, 10% A;
0–15 min, 20% A; 15–28 min, 40% A; 28–36 min, 75% A; 36–38 min, 10% A; 38–50 min,
10% A. Standard curves for quantification were prepared using hesperidin and narirutin as
the standard reagents.

3. Results and Discussion

3.1. Selection of Extraction Solvent for Flavanone Recovery from Mandarin Peels

To maximize flavanone recovery from MPs, appropriate mixing ratios of the extraction
solvents were investigated. A MeOH:DMSO mixture was used to extract total flavonoids
from MP [45]. Similarly, Magwaza et al. [46] demonstrated that a mixed MeOH:DMSO
solution (1:1, v/v) effectively and rapidly extracts phenolic compounds, such as flavanone
glycosides and phenolic acid, from mandarin rinds. Figure 1 shows the effects of the mixing
ratio of MeOH:DMSO on the flavanone (hesperidin and narirutin) recovery from MPs. The
extraction solvent was mixed with solutions of MeOH and DMSO that had MeOH:DMSO
ratios of 1:9, 3:7, 5:5, 7:3, and 9:1 (v/v). The resulting flavanone recovery with each solution
was 26.6, 31.9, 43.7, 28.0, and 18.4 mg/g-biomass for hesperidin and 5.2, 6.3, 8.7, 6.1, and
5.3 mg/g-biomass for narirutin, respectively. These results agree with those of a previous
study [46], which showed that the MeOH:DMSO solution mixed in the same ratio is the
most effective extraction solvent for recovering flavanone from MPs. Therefore, a 5:5 ratio
(v/v) of the MeOH:DMSO mixture was selected as the extraction solvent for recovering
flavanone from MPs (Figure A1).

Figure 1. Effects of the mixing ratio of MeOH:DMSO solution on flavanone (hesperidin and narirutin)
recovery from MPs.

3.2. Determination of Microwave-Assisted Extraction Conditions

The MAE process was designed to recover high yield of flavanone from MP in a
short time. However, high microwave power and extended irradiation time can cause
the thermal degradation of these phenolic compounds [47]; extraction conditions should
be determined based on the maximum energy that can be input without causing thermal
degradation to reduce the consequent loss of bioactive compounds. Therefore, the effects
of microwave power and irradiation time on flavanone extraction from MPs were inves-
tigated (Figure 2). Figure 2a shows the results of hesperidin recovery from MPs. At a
microwave power of 70 W, hesperidin recovery was not significantly affected by irradiation
time, and it only slightly increased from 49.0 mg/g-biomass at 5 s to 53.2 mg/g-biomass
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at 30 s. At a microwave power of 210 W, hesperidin recovery steadily increased from
49.5 mg/g-biomass at 5 s to 66.8 mg/g-biomass at 30 s, but the maximum recovery was
not achieved. At microwave powers of 350, 490, and 630 W, hesperidin recovery steadily
increased for 20 s, after which it decreased with increasing irradiation time. The reduction
significantly increased as the microwave power increased, which was presumed to be
because of thermal degradation caused by excessive energy input. This phenomenon was
confirmed by Ahmad and Langrish [48], who extracted phenolic acids from MPs. Finally,
the maximum hesperidin recovery was found to be 71.6 mg/g-biomass at 490 W and 20 s.
Recovery of narirutin from MPs showed a similar tendency to that of hesperidin (Figure 2b).
At microwave powers of 350, 490, and 630 W, narirutin recovery steadily increased for 20 s,
after which it decreased with increasing irradiation time. The maximum narirutin recovery
was found to be 16.3 mg/g-biomass at 490 W and 20 s. At 490 W and 20 s, the energy input
was approximately 9600 J (W × s); as it was estimated that energies higher than 9600 J
caused thermal degradation of flavanones, 490 W and 20 s were chosen as the extraction
conditions for flavanone recovery from MPs.

 
(a)   (b) 

Figure 2. Effect of microwave power and irradiation time on the hesperidin (a) and narirutin
(b) recovery from MPs.

3.3. Antioxidant Activity of Bioelastomer

Measuring the antioxidant activity of bioelastomers is important for preventing
the negative effects of free radicals in biological and food packaging applications [49].
Table 2 shows the radical scavenging activity of the fabricated bioelastomer. The rad-
ical scavenging activity of the bioelastomer increased in proportion to the content of
MP-derived flavanone extract (MPE). The DPPH radical scavenging activity of the bioe-
lastomer increased sharply by 1.8-fold when 15% MPE was added, but it was still a low
3.3 ± 0.2%. The ABTS radical scavenging activity exceeded 20% at 15% MPE and reached
26.7 ± 1.2% at 20% MPE. The DPPH and ABTS radical scavenging activities of the hes-
peridin standard (100 ppm) were found to be 3.5 ± 0.4% and 17.8 ± 0.6%, respectively.
These results imply that the ABTS assay is more sensitive than the DPPH assay for evaluat-
ing the antioxidant activity of the bioelastomers and hesperidin, a major component of MPE.
Floegel et al. [50] reported that the DPPH assay is appropriate for hydrophobic systems,
and the ABTS assay is suitable for hydrophilic, lipophilic, and highly pigmented systems.
Flavonoid glycosides, such as hesperidin, are hydrophilic because the presence of sugars
increases their polarity [51]. In addition, MPE recovered using a MeOH:DMSO mixture
is hydrophilic and is presumed to contain high amounts of pigments such as flavonoids,
carotenoids, and chlorophylls [52].
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Table 2. Radical scavenging activity of the fabricated bioelastomer.

Sample
Radical Scavenging Activity (%)

DPPH ABTS

B–MPE 0% (control, PDMS) 0 0
B–MPE 1% 1.0 ± 0.0 13.1 ± 0.3
B–MPE 3% 1.1 ± 0.1 16.8 ± 0.4
B–MPE 5% 1.2 ± 0.1 17.3 ± 0.6
B–MPE 7% 1.5 ± 0.1 18.8 ± 0.3

B–MPE 10% 1.8 ± 0.1 19.8 ± 0.6
B–MPE 15% 3.3 ± 0.2 20.8 ± 0.8
B–MPE 20% 4.8 ± 0.3 26.7 ± 1.2

Hesperidin 100 ppm 3.5 ± 0.4 17.8 ± 0.6

3.4. Antibacterial Activity of Bioelastomer

S. aureus can cause food poisoning and toxic shock syndrome, while E. coli can cause
septicemia and cholecystitis [53]. In addition, infections of antibiotic-resistant bacteria,
such as methicillin-resistant S. aureus (MRSA) and vancomycin-resistant Enterococcus (VRE),
threaten human safety to the extent that the World Health Organization (WHO) has se-
lected it as one of the top 10 threats to global public health [54]. Therefore, bioelastomers
that exhibit antibacterial activity are expected to be highly useful in the food packaging,
pharmaceutical, and medical fields.

B–MPE 0–10% did not exhibit antibacterial activity against any bacteria (data not
shown). However, B–MPE 15% showed antibacterial activity against gram-positive
(S. aureus), gram-negative (E. coli), and antibiotic-resistant bacteria (MRSA and VRE)
(Figure 3). The antibacterial zone of B–MPE 15% was determined to be 20.4 ± 1.5 cm2 for
S. aureus, 16.0 ± 1.2 cm2 for E. coli, 9.4 ± 0.4 cm2 for MRSA, and 14.8 ± 1.0 cm2 for VRE. The
antibacterial zone of 50 ppm ampicillin, an antibiotic used as a positive control, was found
to be 19.3 ± 0.6 cm2 for S. aureus and 12.5 ± 0.5 cm2 for E. coli. The antibacterial activity
of B–MPE 15% was presumed to be due to the flavonoids present in MPE: flavonoids can
cause bacterial cell death by inhibiting the metabolism and synthesis of DNA and RNA [55].
The antibacterial effect of B–MPE 15% was more sensitive against gram-positive bacteria
(S. aureus) than against gram-negative bacteria (E. coli). Alexandre et al. [56] reported that
gram-positive bacteria are more sensitive to interactions with phenolic compounds because
they lack an outer membrane, causing the compounds to diffuse into them more quickly
than in gram-negative bacteria. Similarly, Choi et al. [57] demonstrated that hesperidin, a
major flavonoid in MPE, has lower values of minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) for S. aureus than for E. coli.

Therefore, the bioelastomer with antioxidant and antibacterial activity was determined
to be B–MPE 15%, and the contents of hesperidin and narirutin added to the bioelastomer
were estimated to be 53.7 mg/50 g-B–MPE 15% and 12.2 mg/50 g-B–MPE 15%, respectively.

3.5. IR Analysis of Bioelastomer

The chemical structures of B-MPE 0% (control, PDMS) and B-MPE 15% were measured
using FTIR. In the FT-IR spectra (Figure 4), the peak was at 797 cm–1, corresponding to the
symmetric stretching of Si–O–Si, the peaks at 1020 cm–1 and 1100 cm–1 corresponded to
the asymmetric stretching of the Si–O–Si of the PDMS backbone, the peak at 1257 cm–1

corresponded to the asymmetric stretching of CH3, and 2926 cm–1 corresponded to the
symmetric bending of the CH3 of the PDMS side chain. The same peaks appeared for
both PDMS layers, indicating that the PDMS monomers with MPE were completely cured.
Furthermore, this proves that there are only physical interactions between the filler and the
matrix without the formation of covalent bonds [58]. These results agreed with those of
Shivangi et al. [59], who found that the addition of bioactive extracts did not significantly
affect the surface chemical properties of the fabricated biofilm.
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Figure 3. Antibacterial activity of Bioelastomer–MPE 15% against gram-positive (S. aureus), Gram-
negative (E. coli), and antibiotic-resistant bacteria (MRSA and VRE).

Figure 4. Fourier transform infrared (FT-IR) spectra of the Bioelastomer–MPE 0% (control, PMDS,
black) and the Bioelastomer–MPE 15% (red).

3.6. SEM Image of Bioelastomer

Scanning electron microscopy (SEM) was used to observe the surface of the fabri-
cated bioelastomer (Figure 5). The B–MPE 0% film was transparent with a smooth surface
(Figure 5a). In contrast, the B–MPE 15% film exhibited a yellowish porous surface
(Figure 5b). The difference in the morphology of the samples was attributed to the presence
of insoluble flavonoid matter that was left behind after the evaporation of the extraction
solvent [60]. In addition, the addition of the extracts changed the optical properties of the
bioelastomer, resulting in differences in color and transparency.
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(a) (b) 
Figure 5. SEM images of B–MPE 0% (a) and B–MPE 15% (b) (inset: film-type product).

3.7. Mechanical Strength of Bioelastomer

To evaluate the applicability of the selected B–MPE 15%, the mechanical properties
of the fabricated bioelastomer, namely its tensility and flexibility, were investigated by
measuring its tensile strength and elongation at break, respectively [61]; the results are
shown in Table 3. There was no significant difference between the tensile strengths of
B–MPE 0% (5.2 N/mm2) and B–MPE 15% (5.1 N/mm2). This indicated that the MPEs
were uniformly mixed with the well-cured PDMS layer without reducing the mechanical
strength of the fabricated bioelastomer. Meanwhile, the elongation at break of B–MPE 15%
(694%) was significantly higher than that of B–MPE 0% (551%); these results are consistent
with those reported by da Rosa et al. [62], who showed that phenolic compounds, derived
from plant extracts, can increase elongation at break.

Table 3. Physical properties of Bioelastomer–MPE 0% (control, PMDS) and Bioelastomer–MPE 15%.

Sample
Tensile Strength

(N/mm2)
Elongation at Break

(%)
Water vapor Transmission Rate

(g/(m2 day))

B–MPE 0% 5.2 551 26.6
B–MPE 15% 5.1 649 33.3

3.8. Water Vapor Transmission Rate of Bioelastomer

The water vapor transmission rate (WVTR) refers to the amount of water vapor that
can permeate per unit area of a material per unit time. In the food packaging industry,
lower values are considered advantageous [63]. Bourakadi et al. [64] reported that barrier
properties, including the WVTR, are significantly affected by the chemical properties
of the additives. From the WVTRs of B–MPE 0% and 15%, which were found to be
26.6 g/(m2 day) and 33.3 g/(m2 day), respectively (Table 3), it can be seen that the addition
of MPE slightly increased the WVTR of the bioelastomers. This was probably due to the
presence of polar compounds in the MPE: in general, extracts containing polar compounds,
such as flavonoids and phenolic acids, improve the hydrophilicity of film materials, leading
to an increase in their water vapor permeability [65].

4. Conclusions

Here, we proposed a biorefinery strategy based on the extraction of useful substances
prior to the saccharification process of MPs, as well as the utilization of the extracted
compounds. In this study, we recovered hesperidin and narirutin from MP and used them
to fabricate bioelastomers. These bioelastomers that were fabricated using extracts exhibited
significantly improved mechanical strength compared to bioelastomers that directly utilized
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biomass in powder form. In addition, the fabricated bioelastomer exhibited significant
antioxidant and antibacterial activities and, thus, shows great potential for use in the food
packaging, pharmaceutical, and medical industries. Our biorefinery strategy is expected to
provide future direction for the realization of a sustainable society and carbon neutrality.

Author Contributions: Conceptualization, K.H.L. and Y.C.; methodology, J.H.L.; software, J.H.L.;
validation, J.U.L. and T.L.; formal analysis, K.H.L. and Y.C.; investigation, J.U.L.; data curation,
K.H.L. and Y.C.; writing—original draft preparation, K.H.L. and Y.C.; writing—review and editing,
T.L. and H.Y.Y.; visualization, J.H.L.; supervision, H.Y.Y.; project administration, T.L. and H.Y.Y.;
funding acquisition, T.L. and H.Y.Y. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Ministry of Science and ICT (MSIT) (NRF-2020R1C1C1005060 and RS-2022-00165814).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Figure A1. Cont.

64



Agriculture 2023, 13, 161

Figure A1. HPLC chromatogram for hesperidin standard (a); narirutin standard (b); mandarin peel
extracts (c).
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Abstract: Using rabbit manure to prepare growing media is an effective method to solve environ-
mental pollution and realize resource utilization. The solution to rabbit manure management is the
composting process which could produce compost suitable for seedling nursery blocks, which could
improve transplanting efficiency and seedlings’ survival rate. Seedling nursery blocks were obtained
by mixing rabbit manure compost, vermiculite, rice straw, and peat. The effect of cold pressing
parameters, including moisture content (25–45%), binder content (1–5%), molding compression ratio
(2.5–4.5:1), and strain maintenance time (0–120 s), were investigated on blocks quality (i.e., ventilatory
porosity, relaxation density, compressive resistance, and specific energy consumption) through a
general rotation combined experiment. These results showed there were significant interaction effects
between molding compression ratio and moisture content, moisture and binder content, binder
content and strain maintenance time, and molding compression ratio and binder content on block
quality. The optimal parameters for manufacturing blocks were that the molding compression ratio,
moisture content, binder content, and strain maintenance time were 4:1, 33.5%, 3.1%, and 60 s, and
the relaxation density, ventilation porosity, and specific energy consumption were 363.31 kg/m3,
18.72%, and 0.44 J/g, which could achieve emergence performance.

Keywords: waste management; sustainability; growing media; compression molding; peat substitute

1. Introduction

China has a long history of rabbit breeding and is the largest rabbit meat producer,
consumer, and exporter in the world [1]. Rabbit breeding has become one of the pillar
industries for targeted poverty alleviation in some areas due to its low input cost and
considerable economic benefits [2,3]. With the continuous improvement of the large-scale
and intensive breeding industry, the amount of rabbit manure is increasing. China’s annual
output of rabbit manure is about 18.1 million tons. Rabbit manure could represent an
environmental issue due to the presence of antibiotics and high levels of nitrogen; the
manure would release ammonia and nitrogen oxides into the atmosphere and cause other
issues during the accumulation. Thereby, its valorization treatment has become a top
priority because it is an organic waste and may be a cost for farmers who have not had to
spread the manure (in landless intensive systems) [4–7].

Rabbit manure commonly has a good granule structure and low water content. This
means rabbit manure is easier to collect than some livestock and poultry manure, which
may be conducive to its resource utilization. Besides, it was shown in existing studies
that rabbit manure contains nutrient content (N > 1.6%, P > 6.5%, and K > 1.2% of the dry
matter) and minimal risk of potentially toxic elements [8]. Therefore, rabbit manure can
be used as a high-quality organic fertilizer for flowers, fruits, and vegetables [9–11]. It has
been proven that the growing media prepared by agricultural and forestry wastes, such
as livestock and poultry manure and crop straw, have sound seedling effects. This can
also partially or entirely replace non-renewable peat and rock wool to meet the increasing
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demand for growing media for facility agriculture and conform to the concept of green
agricultural development [12,13]. In previous studies, the breeding feasibility of rabbit
manure compound growing media for salt-tolerant calendula and salt-intolerant cucumber
had been preliminarily verified [14]. Preparing rabbit manure for growing media may
realize its high-value utilization nearby.

The seedling nursery block can replace the seedling tray, which has the advantage of
improving the survival rate of seedlings and facilitating mechanized transplanting [15].
Therefore, pressing the granular growing media into the seedling nursery block has become
the direction of developing high-grade growing media [16,17]. Rabbit manure contains
more hemicellulose than other manure types. In contrast, as a viscoelastic composition,
hemicellulose helps form the “solid bridge,” reduces the energy consumption of the mold-
ing, and may promote the water absorption and ventilatory porosity of the manufactured
seedling nursery blocks. That is, rabbit manure has good growing media-forming charac-
teristics [18–20].

In the existing reports on the formation of seedling nursery blocks, the growing media
materials, such as cow manure, vermicompost, straw, and peat, are pressed mainly by
hydraulic pressure or pneumatic pressure through high pressure (4.5–247 kN) or elevated
temperature (80–120 ◦C) [21–24]. However, their promotion and application are relatively
limited due to increased equipment investment and large operating energy consumption.
Rabbit manure with good forming characteristics may be pressed and formed at low
pressure and normal temperature to achieve low energy consumption and high efficiency.
However, it has not yet been systematically reported.

According to transportation and storage requirements, some parameters (e.g., re-
laxation density, dimensional stability, and compressive properties) may be used in the
research of the seedling nursery block-forming process [25]. According to the requirements
for seedling root growth, the block should have good ventilation porosity after water
absorption [8]. Therefore, ventilation porosity should also be used to evaluate the block-
forming effect. This has been relatively ignored in previous molding process studies or
replaced only with an expansion ratio [25]. These indicators are affected by some internal
factors (including types and additions of binders, moisture content of raw materials, length
and additions of straws, and types of regulators) and external factors (e.g., molding pres-
sure/load, molding temperature, compression ratio, and compression speed) [21–23]. There
are also interactions among distinct factors. Therefore, exploring the influence of these
parameters helps guide the research on the organic waste cold-pressing process. Seeking
the optimal compression parameter combination to meet multiple objectives (e.g., trans-
portation and seedling cultivation) will be conducive to the exploration and development
of the seedling nursery block industry.

In this content, granular growing media were prepared with rabbit manure, rice
straw, vermiculite, and peat. The forming characteristics under low pressure and normal
temperature were explored, including the influence and interaction of moisture content,
binder content, molding compression ratio, and strain maintenance time on the ventilatory
porosity, relaxation density, compressive resistance, and specific energy consumption of the
blocks. Then, regression equations of parameters and indexes were constructed, and multi-
objective optimization was conducted to obtain a suitable combination of parameters for
forming rabbit manure compost seedling nursery blocks. Finally, the seedling experiment
was conducted to verify its feasibility. Theoretical support for the high-value utilization
of rabbit manure and the optimization and development of the molding process of the
seedling nursery block is provided by this study.

2. Materials and Methods

2.1. Growing Media Materials

The growing media materials mainly included decomposed rabbit manure compost,
vermiculite, rice straw, and peat. The moisture and lignocellulose contents of growing
media materials are shown in Table 1. Among them, rabbit manure was collected from a
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large-scale rabbit breeding herd in Henan Province, China, and the other materials were
obtained from a local market. The materials were naturally air-dried, crushed, and passed
through a 4.75 mm sieve. Since the ratio of length to width of rice straw is large and the ratio
of width to height is small, it is challenging to obtain uniform rice straw directly. Therefore,
a sieving instrument was used for screening. The selected sizes were 3.35 mm, 2.36 mm,
1.18 mm, 600 μm, 425 μm, and 150 μm. Finally, 50 μm–1.18 mm rice straw was selected
for subsequent experiments. Additionally, a food-grade binder (sodium carboxymethyl
cellulose) was used to improve the formation effect of the nursery block.

Table 1. Moisture and lignocellulose contents of main growing media materials.

Moisture
Content (%)

Cellulose
(% Dry Matter)

Hemicellulose
(% Dry Matter)

Lignin
(% Dry Matter)

Rabbit manure
compost 20.3 25.27 29.95 21.39

Rice straw 6.56 41.13 24.80 9.72
Vermiculite 2.4 / / /
Peat 37.5 36.87 22.17 18.26

2.2. Experimental Methods
2.2.1. Instruments and Procedures

The test system for cold compression molding is shown in Figure 1. It was mainly com-
posed of a universal material testing machine (Instron-3367, Instron, Norwood, MA, USA),
a punch-pin, a cavity mold, a die cushion, a stripper, and a control and display system. The
pin diameter was 50 mm, and the protrusions were provided to form seeding troughs for
substrate blocks while reducing surface runoff of moisture during seedling raising. The
diameter of the cavity was 50 mm, the height was 90 mm, and the inner wall was polished
to reduce the energy consumption of the molding. The system can control the compression
procedures (by adjusting parameters such as compression force, displacement, time, speed,
etc.) and simultaneously record the compression force and displacement of the growing
media surface in real-time.

Figure 1. Test system for cold compression molding. 1. Positioning screws; 2. Punch-pin; 3. Cavity
mold; 4. Die cushion; 5. Stripper; 6. Control and display system.
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2.2.2. Experiment Design

In a previous experiment, the optimal proportion of rabbit manure compound growing
media was determined as the rabbit manure compost:vermiculite:perlite:peat = 40:25:25:10
(v/v/v/v), according to the physiochemical properties of the growing media and plant
growth performance [14]. However, the perlite may be unfavorable for molding as it
becomes powder during compression [26]. Crop straw is often used as biomass for mold-
ing [27,28]. The influence of commonly used growing media materials (e.g., perlite, rice
straw, and wheat straw) on the rabbit manure compost seedling nursery blocks forming
effect was explored. Then, rice straw was determined according to mixing difficulty, wa-
ter absorption performance, and forming energy consumption. Finally, the proportion
of rabbit manure compost seedling nursery blocks was determined: rabbit manure com-
post:vermiculite:rice straw:peat = 40:25:25:10 (v/v/v/v). The pH of the blocks was 7.77,
and the contents of C, N, P, K, Ca, and Mg were 35.75%, 1.36%, 0.78%, 2.07%, 1.67%, and
1.87% of the dry matter, respectively.

On this basis, the moisture content (factor A), binder mass fraction (factor B), molding
compression ratio (factor C), and strain maintenance time (factor D) were selected as the
testing factors. A general rotation combined experimental design (29 groups) was used
to study the influence of these factors, interactions, and quadratic terms on the indicators
through variance analysis to optimize process parameters. The actual values and codes of
the tested factors are shown in Table 2.

Table 2. Actual and coded levels of cold compression molding test.

Levels

Factors

A
Moisture

Content (%)

B
Binder Mass
Fraction (%)

C
Molding

Compression
Ratio

D
Strain

Maintenance
Time (s)

2 45 5 4.5:1 120
1 40 4 4:1 90
0 35 3 3.5:1 60
−1 30 2 3:1 30
−2 25 1 2.5:1 0

The technological process for forming rabbit manure compost seedling nursery blocks
is shown in Figure 2. First, rabbit manure compost, vermiculite, rice straw, and peat were
mixed in a determined ratio. Second, the different contents of the binder (1%, 2%, 3%,
4%, or 5%) and deionized water (adjusting the moisture content to 25%, 30%, 35%, 40%,
or 45%) were added to obtain granular growing media according to the experimental
design. The mixture was then sealed and placed at 4 ◦C for 48 h to homogenize. Then, the
granular growing media was loaded into the self-made forming mold. After the growing
media was formed and filled the mold, the universal material testing machine was started
to drive the punch for compression. The compression speed was 35 mm/min, and the
compression displacement was converted by the compression ratio ((2.5, 3, 3.5, 4 or 4.5):1)
of the experimental design. After reaching the set displacement, the strain was maintained
for some time (0, 30, 60, 90, or 120 s). Then the die cushion was removed and demolded to
obtain the rabbit manure compost seedling nursery blocks. The temperature during the test
was room temperature, about 20 ◦C. Finally, seedling nursery blocks were dried at 60 ◦C
for 4 h to obtain the finished products.
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Figure 2. Technological process for forming rabbit manure compost seedling nursery blocks.

2.2.3. Evaluation Indices

(1) Relaxation density

The relaxation density (RD) reflects the stability of the seedling nursery blocks after
48 h of relaxation, which can reflect the support effect and anti-destructive strength of
the seedling nursery block on seedlings [27]. This is an important evaluation index of the
seedling nursery blocks molding effect, which was calculated using Equation (1) [28]:

RD = 4M/(πD2L) (1)

where RD (kg/m3) is the relaxation density of the rabbit manure compost seedling nursery
blocks; M (kg) is the weight of blocks; D (m) and L (m) are the diameter and height of the
blocks after relaxation.

(2) Ventilatory porosity

The aeration performance of the growing media, which directly affects the water,
air, fertilizer, and other environments of the root system, is characterized by ventilatory
porosity (VP). Therefore, its permeability should also be considered while ensuring the
mechanical strength of rabbit manure compost seedling nursery blocks. In this study, the
ring knife method [29] was used to measure ventilatory porosity and was expressed as
follows:

VP = 100% × (M1 − M2)/V (2)

where VP (%) is the ventilatory porosity of the rabbit manure compost seedling nursery
blocks; V (cm3) is the volume of the blocks; M1 (g) and M2 (g) are the weight of blocks
when saturated water absorption and water no longer exudes.

(3) Specific energy consumption

Specific energy consumption (SEC) is the energy consumption per unit mass in block
compression molding. This could reflect the difficulty of block molding and is related to
the production cost [27]. Based on the real-time collected load-displacement data during
the rabbit manure compost seedling nursery block forming process, the specific energy
consumption is calculated according to Equation (3):

SEC = 10−3 × (
∫

f ·dx)/M (3)

where SEC (J/g) is the specific energy consumption of the rabbit manure compost seedling
nursery blocks; f (N) is load; x (mm) is molding displacement; M (g) is the weight of
growing media.
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(4) Compressive resistance

The compressive resistance is to place the rabbit manure compost seedling nursery
block sideways on the test bench of the universal material testing machine (Instron-3367,
Instron, Norwood, MA, USA) and control the upper plate on the beam to move downward
at a uniform speed. After the block is destroyed, the system automatically unloads and
moves upward in the opposite direction. The peak value of the force received during the
deformation of the block is the compressive resistance of the sample [30], and the machine
automatically records this value.

2.2.4. Emergence Performance of Rabbit Manure Compost Seedling Nursery Blocks

The optimized rabbit manure compost seedling nursery blocks were used for seedling-
raising experiments in order to test the seedling emergence performance. The test seeds
were Beijing new No. 3 cabbage seeds (Jingyan Yinong). Four Chinese cabbage seeds were
placed in the seeding hole of each seedling nursery block and covered with vermiculite.
Low-level immersion irrigation combined with micro spraying was used to make the block
fully absorb water without adding fertilizer. After 10 days of seedling raising, the seedling
emergence rate of 76 seeds was counted.

2.2.5. Chemical Analysis

The pH value of the growing media was measured at a ratio of fresh sample to distilled
water of 1:10 using a pH meter (Sartorius PB-10, Sartorius AG, Göttingen, Germany).
Lignocellulose content (including cellulose, hemicellulose, and lignin) was determined
according to the methods described in [31]. The content of P, K, Ca, and Mg was measured
using an inductively coupled plasma spectrometer (ICPOES730, Agilent Technologies Inc.,
Palo Alto, CA, USA). The content of C and N was determined using an elemental analyzer
(Vario EL cube, Elementar, Hanau, Germany).

2.2.6. Data Analysis

The quaternion quadratic general rotation combination test was designed, and the
data (n = 3) were analyzed using Design Expert 10. The parameters were optimized using
MATLAB R2021b. All figures were drawn using Origin 2021.

3. Results and Discussion

3.1. Results and Analysis of Combined Tests

The results of relaxation density, ventilatory porosity, specific energy consumption,
and compressive resistance of rabbit manure compost seedling nursery blocks obtained
as per the testing design and requirements are listed in Table 3. The ranges of relaxation
density, ventilatory porosity, specific energy consumption, and compressive resistance
were 220.93–350.04 kg/m3, 9.18–20.98%, 0.10–0.71 J/g, and 27.65–207.53 N, respectively.
The maximum forming pressure of rabbit manure compost seedling nursery blocks was
2.97 kN. Cao et al. [21] found that the seedling nursery block density of cattle manure
was 769–1125 kg/m3, and the forming pressure was 5–25 kN. Liu et al. [24] showed that
the nutritious peat block density after pressing was 1801–1917.6 kg/m3, and the forming
pressure was 162.4–247.3 kN. The density and forming pressure of seedling nursery blocks
in the above two studies were larger than our results, as the density was about 2–4 times
larger, and the forming pressure was about 7–82 times larger. These differences were
attributed to differences in material types, moisture content, and forming conditions [27].
In the above literature, the cattle manure seedling nursery block was made by mixing
with straw or corncob, with a moisture content of 10–30%. The materials of the nutritious
peat block included peat, vermiculite, perlite, sand, added molding curing agent, super
absorbent resin, and micronutrients, with a moisture content of 0.5–2%. The materials
used in this experiment were rabbit manure, vermiculite, rice straw, and peat, which
were easily compressed (consistent with the expectations in the Introduction). They had a
relatively high moisture content ranging from 25% to 45%. Moreover, the cattle manure
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seedling nursery block adopted hot pressing (80–160 ◦C), but cold pressing was used in
this experiment.

Table 3. Test scheme and results.

Test
Number

Factors and Levels Evaluation Indicators

A
Moisture
Content

(%)

B
Binder
Mass

Fraction
(%)

C
Molding
Compres-

sion
Ratio

D
Strain

Mainte-
nance

Time (s)

Relaxation
Density

(kg·m−3)

Ventilatory
Porosity

(%)

Specific
Energy

Consump-
tion

(J·g−1)

Compressive
Resistance

(N)

1 −1 −1 −1 −1 261.87 11.83 0.32 27.65
2 −1 −1 1 −1 295.19 12.44 0.71 58.60
3 1 −1 −1 −1 249.80 11.10 0.20 35.34
4 1 −1 1 −1 280.04 11.70 0.49 57.68
5 −1 1 −1 −1 284.18 12.23 0.26 40.47
6 −1 1 1 −1 334.22 12.50 0.62 179.33
7 1 1 −1 −1 260.64 10.37 0.19 42.77
8 1 1 1 −1 282.60 10.39 0.48 77.22
9 −1 −1 −1 1 261.87 10.63 0.28 28.72
10 −1 −1 1 1 304.93 11.67 0.69 71.44
11 1 −1 −1 1 253.94 11.30 0.20 32.97
12 1 −1 1 1 275.59 9.18 0.49 71.94
13 −1 1 −1 1 287.76 13.33 0.26 76.90
14 −1 1 1 1 350.04 13.23 0.60 207.53
15 1 1 −1 1 262.08 10.47 0.19 44.59
16 1 1 1 1 282.40 11.48 0.45 76.19
17 0 0 −2 0 220.93 10.66 0.10 27.16
18 0 0 2 0 276.41 10.29 0.66 62.82
19 −2 0 0 0 308.90 16.27 0.60 62.47
20 2 0 0 0 272.06 12.47 0.35 46.51
21 0 −2 0 0 274.32 12.14 0.56 51.12
22 0 2 0 0 310.00 14.27 0.55 154.09
23 0 0 0 −2 246.29 10.71 0.34 30.17
24 0 0 0 2 271.87 11.32 0.36 65.24
25 0 0 0 0 270.01 20.98 0.34 62.04
26 0 0 0 0 268.12 18.09 0.34 59.84
27 0 0 0 0 265.68 18.76 0.33 66.02
28 0 0 0 0 258.31 18.50 0.36 63.84
29 0 0 0 0 262.90 18.96 0.31 60.00

3.2. Analysis of Variance and Regression Equations

Analysis of variance is a standard method for evaluating model significance and
accuracy [32]. The above test results were analyzed by variance analysis, and regression
models between factors and evaluation indicators were constructed. The model fit for
relaxation density, ventilatory porosity, specific energy consumption, and compressive
resistance are shown in Table 4. The R2 of relaxation density, ventilatory porosity, and
specific energy consumption were all ≥0.92, indicating that more than 92% of variable
variations could be explained by the models. The differences between Adjusted R2 and
Predicted R2 were all <0.2, and the Adeq Precision were all >4, indicating that the five
regression models fit well and could be used to predict relaxation density, ventilatory
porosity, and specific energy consumption [33]. In comparison, the model of compressive
resistance could explain only 85% of the variation and lacked fitting. Therefore, the
influence of factors on compressive resistance was analyzed, but no regression model was
established.
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Table 4. Model fit for relaxation density, ventilatory porosity, specific energy consumption, and
compressive resistance.

Response
Variable

R2 Adjusted R2 Predicted R2 Adeq Precision

Relaxation
density 0.92 0.89 0.81 21.91

Ventilatory
porosity 0.95 0.93 0.89 18.99

Specific energy
consumption 0.98 0.97 0.95 43.72

Compressive
resistance 0.85 0.79 0.68 15.04

The insignificant items (α = 0.1) of the regression equation were excluded, and the
simplified regression equations of relaxation density, ventilatory porosity, and specific
energy consumption are shown in Equations (4)–(6):

RD = 262.7 − 12.78 × A + 9.67 × B + 16.41 × C − 6.5 × AB − 5.91 × AC + 8.43 × A2 + 8.85 × B2 (4)

VP = 19.06 − 0.81 × A + 0.35 × B + 0.46 × BD − 1.3 × A2 − 1.59 × B2 − 2.27 × C2 − 2.14 × D2 (5)

SEC = 0.34 − 0.064 × A − 0.015 × B + 0.16 × C − 0.022 × AC + 0.029 × A2 + 0.049 × B2 (6)

where RD, VP, and SEC are the relaxation density (kg/m3), ventilatory porosity (%), and
specific energy consumption (J/g) of the rabbit manure compost seedling nursery blocks;
A and B are the moisture and binder content (%) of rabbit manure growing media; C and
D are the molding compression ratio and strain maintenance time (s) of rabbit manure
compost seedling nursery blocks. The A, B, C, and D are coded values.

3.3. Effects of Different Factors on Evaluation Indicators
3.3.1. On Relaxation Density

In Equation (4), it was shown that the moisture content, binder mass fraction, and
molding compression ratio all significantly affected the relaxation density. The influence
of distinct factors on the relaxation density of rabbit manure compost seedling nursery
blocks was ranked as molding compression ratio > moisture content > binder mass fraction.
Molding compression ratio and binder mass fraction were significantly positively correlated
with relaxation density, while moisture content was significantly negatively correlated with
relaxation density. In terms of interaction, the interaction between the moisture content and
binder mass fraction and the moisture content and molding compression ratio significantly
affected relaxation density.

The effect of moisture content and binder mass fraction on relaxation density is shown
in Figure 3a. When the binder mass fraction was constant, and the moisture content was
less than 35%, the relaxation density of the seedling nursery blocks decreased with the
increment of the moisture content. When the moisture content was more than 35%, the
relaxation density changed slightly with the increment of the moisture content. Similarly,
when the moisture content was constant, the relaxation density of the seedling nursery
blocks increased with increments in the binder mass fraction. The lower the moisture
content and the higher the binder mass fraction, the greater the relaxation density of the
rabbit manure compost seedling nursery blocks.
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Figure 3. Interaction effect on relaxation density. (a) Effect of moisture content and binder mass
fraction on relaxation density with the molding compression ratio of 3.5:1 and strain maintenance
time of 60 s; (b) Effect of molding compression ratio and moisture content on relaxation density with
the binder mass fraction of 3% and strain maintenance time of 60 s.

This was because an appropriate amount of water could dissolve the binder, and the
water evaporated during the drying process, which was conducive to the adhesion of the
matrix materials [15], and also enhanced the role of the “solid bridge” of rabbit manure
and rice straw. However, too much water diluted the binder and weakened the adhesion
on the particle surface [34]. Within the test level range, relaxation density varied from
220.93 kg/m3 to 350.04 kg/m3, which was light in weight and met the requirements for
plant germination and growth [35].

The effect of moisture content and molding compression ratio on relaxation density
is shown in Figure 3b. When the molding compression ratio was constant, the relaxation
density of rabbit manure compost seedling nursery blocks decreased with an increment
in moisture content. This was due to part of the moisture attached to the particle surface,
which increased the degree of relaxation of the matrix after molding [36]. When the
moisture content of the matrix was constant, the relaxation density increased with an
increase in the molding compression ratio. Especially when the moisture content was less
than 35%, and the compression ratio was greater than 3.5:1, the relaxation density reached
its maximum value. This phenomenon was consistent with the study reported by Cao
et al. [21], where the bulk density of compressed straw-cattle manure block changed from
0.958 g/cm3 to 1.092 g/cm3 when the moisture content increased from 10% to 30%. In
that study, the bulk density of the compressed straw-cattle manure block changed from
0.884 g/cm3 to 1.258 g/cm3 when the molding pressure increased from 5 kN to 10 kN.

3.3.2. On Ventilatory Porosity

In Equation (5), it was shown that the ventilatory porosity of rabbit manure compost
seedling nursery blocks was significantly affected by the moisture content and binder mass
fraction, and the moisture content was more important. The binder mass fraction was
significantly positively correlated with ventilatory porosity, while moisture content was
significantly negatively correlated. In terms of interaction, the interaction between binder
mass fraction and strain maintenance time significantly affected the ventilatory porosity.

The effect of binder mass fraction and strain maintenance time on ventilatory porosity
is shown in Figure 4. When the binder content was constant, the ventilatory porosity of
rabbit manure compost seedling nursery blocks first increased and then decreased with an
increment in the strain maintenance time. Similarly, when the strain maintenance time was
constant, the air porosity first increased and then decreased with the increment of binder
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content. When the binder content was between 2.8% and 3.3% and the strain maintenance
time was between 54 and 66 s, the ventilatory porosity reached its maximum value.

Figure 4. Interaction effect of binder mass fraction and strain maintenance time on ventilatory
porosity with the moisture content of 35% and molding compression ratio of 3.5:1.

This was due to the two stages of seedling nursery block molding. The first was
the compression molding stage with variable displacement, where a large amount of air
between particles was discharged. The second was the strain maintenance stage, in which
the rebounding of pressed growing media was relieved through the relaxation of residual
stress [27]. When the strain maintenance time increased, the stress of the seedling nursery
blocks gradually relaxed, the block maintained its original shape, and the expansion rate
was relatively large after sufficient water absorption. When the strain maintenance time
was longer than a specific range, the plastic deformation of the block was high, and swelling
was slight after sufficient water absorption [28]. Since the binder had the function of water
retention, which also affected the water absorption expansion of the block, its effect on
ventilatory porosity was similar to the strain maintenance time.

3.3.3. On Specific Energy Consumption

In Equation (6), it was shown that the moisture content, binder mass fraction, and
molding compression ratio all significantly affected the specific energy consumption, and
the effects were ranked as molding compression ratio > moisture content > binder mass
fraction. The molding compression ratio was significantly positively correlated with specific
energy consumption, while moisture content and binder mass fraction were significantly
negatively correlated. Besides, the interaction between molding compression ratio and
moisture content significantly affected the specific energy consumption.

With the increase in the molding compression ratio, the work of the friction and extru-
sion between the matrix particles, between the matrix and the die, increased significantly,
increasing the total energy consumption of the block compression molding. The moisture
in the matrix material played a specific lubricating role. At the same time, the cushioning
properties of the matrix can be improved by absorbing water through the matrix, thereby
reducing the energy consumption of molding [37]. Yang et al. [38] reported that increasing
water content could improve the uniformity of the adhesive, which was conducive to the
low-pressure densification of biomass.

The effect of moisture content and molding compression ratio on specific energy
consumption is shown in Figure 5. When the molding compression ratio was constant,
the specific energy consumption of block compression molding decreased with increased
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moisture content. This phenomenon was more apparent when the moisture content was
lower. When the water content was constant, the specific energy consumption increased
with the molding compression ratio, which might be due to the incompressibility of water.
It was found that the effect of the interaction between molding compression ratio and
moisture content on energy consumption was consistent with the relaxation density, which
was also shown by the research of Chen et al. [27]. Therefore, when the moisture content
was more than 30%, the specific energy consumption of rabbit manure compost seedling
nursery block formation was less than 0.6 J/g. Within this experiment, the maximum
molding load of the rabbit manure compost seedling nursery blocks was 2974 N and did
not require processes such as heating and cooling. It has relatively low energy consumption
compared with the current high-pressure or high-temperature pressing [21–24].

Figure 5. Interaction effect of moisture content and molding compression ratio on specific energy
consumption with the binder mass fraction of 3% and strain maintenance time of 60 s.

3.3.4. On Compressive Resistance

It was shown by the variance analysis of compressive resistance that the compressive
resistance was significantly affected by the moisture content, binder mass fraction, and
molding compression ratio. The influence of distinct factors on the compressive resistance
of rabbit manure compost seedling nursery blocks was ranked as molding compression
ratio > binder mass fraction > moisture content. The molding compression ratio and binder
mass fraction were significantly positively correlated with compressive resistance, while
moisture content was significantly negatively correlated. Furthermore, these three factors
had interactive effects on compressive resistance.

The effect of moisture content and binder mass fraction on compressive resistance is
shown in Figure 6a. When the moisture content was constant, the compressive resistance
of rabbit manure compost seedling nursery blocks increased with an increase in the binder
content, especially when the moisture content was low. When the content of the binder was
constant, the compressive resistance of rabbit manure compost seedling nursery blocks
decreased with an increase in moisture content, especially when the binder content was
high. Great compressive resistance of the rabbit manure compost seedling nursery blocks
was obtained at lower matrix moisture content and higher binder content due to the greater
relaxation density at this time (Figure 3a).
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Figure 6. Interaction effect on compressive resistance. (a) Effect of moisture content and binder mass
fraction on compressive resistance with the molding compression ratio of 3.5:1 and strain maintenance
time of 60 s; (b) Effect of moisture content and molding compression ratio on compressive resistance
with the binder mass fraction of 3% and strain maintenance time of 60 s; (c) Effect of binder mass
fraction and molding compression ratio on compressive resistance with the moisture content of 35%
and strain maintenance time of 60 s.

The effect of moisture content and molding compression ratio on compressive resis-
tance is shown in Figure 6b. When the moisture content was constant, the compressive
resistance of rabbit manure compost seedling nursery blocks increased gradually with an
increase in the compression ratio, especially when the moisture content was low. When the
molding compression ratio was constant, the compressive resistance decreased gradually
with an increase in moisture content. The highest compressive resistance of rabbit manure
compost seedling nursery blocks was obtained under molding conditions of a high com-
pression ratio and low moisture content. This is consistent with the variation law of the
relaxation density (Figure 3a) and specific energy consumption (Figure 5) of rabbit manure
compost seedling nursery blocks.

The effect of binder mass fraction and molding compression ratio on compressive
resistance is shown in Figure 6c. When the binder content was constant, the compressive
resistance increased with an increase in the compression ratio, especially when the binder
content was higher. When the compression ratio was constant, the compressive resistance
increased with the increase in the binder content, especially when the molding compression
ratio was large. The compressive resistance increased with binder content and compression
ratio due to increased molding pressure and bonding force to improve the molding effect.

3.4. Comprehensive Optimization and Verification Tests

In order to obtain rabbit manure compost seedling nursery blocks with good molding
effect and good use effect, it is required that the seedling nursery blocks have sufficient
stability (e.g., the bulk density of the seedling matrix should be 200–600 g/cm [35]), ade-
quate aeration (e.g., the requirement of ventilatory porosity is 15–30% [35]), and low energy
consumption in the molding process. Although the compressive resistance of the block was
an important quality indicator, the influence of the molding parameters on compressive
resistance was consistent with the relaxation density, and the accuracy of the regression
model of compressive resistance was low. Therefore, the following five objective functions
(F1, F2, F3, F4, and F5) were constructed, and the regression equations (Equations (4)–(6))
of relaxation density, ventilation porosity, and specific energy consumption were brought
into the objective functions to obtain the optimal parameter combination.
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F1 = RD max
F2 = VP max
F3 = SEC min

F4 =
(

RD−200
600−200 + VP−15

30−15 − SEC−0.2
0.6−0.2

)
max

F5 =
(

2 × RD−200
600−200 + 2 × VP−15

30−15 − SEC−0.2
0.6−0.2

)
max

1 ≤ A ≤ 2
−2 ≤ B ≤ 2
−0.5 ≤ C ≤ 2
−1 ≤ D ≤ 1
200 ≤ RD ≤ 600
15 ≤ VP ≤ 30
0.2 ≤ SEC ≤ 0.6

Among them, F1, F2, F3, F4, and F5 represented the maximum relaxation density,
maximum ventilatory porosity, and minimum specific energy consumption, the compre-
hensive maximum value when the indicator weights are consistent. The comprehensive
maximum value when the density and porosity weights were doubled on the premise
that other indicators met the requirements. RD, VP, and SEC are the relaxation density
(kg/m3), ventilatory porosity (%), and specific energy consumption (J/g) of the rabbit
manure compost seedling nursery blocks; A and B are the moisture and binder content (%)
of rabbit manure growing media; C and D are the molding compression ratio and strain
maintenance time (s) of rabbit manure compost seedling nursery blocks. The A, B, C, and D
are coded values. The optimization solution was conducted using MATLAB, and the five
optimized parameter combinations were used for the test. The test results and theoretical
prediction values are shown in Table 5.

Table 5. Prediction and test results of rabbit manure compost seedling nursery blocks after parameter
optimization.

Moisture
Content

(%)

Binder
Mass

Fraction
(%)

Molding
Com-

pression
Ratio

Strain
Mainte-
nance

Time (s)

Relaxation
Density (kg·m−3)

Ventilatory Porosity
(%)

Specific Energy
Consumption (J·g−1)

Test
Value

Theoretical
Value

Test
Value

Theoretical
Value

Test
Value

Theoretical
Value

1 4.1:1 34.5 3.8 60 364.80 298.38 18.85 15.12 0.54 0.56
2 4.0:1 39.0 2.8 48 338.47 269.01 18.13 14.87 0.39 0.45
3 4.0:1 39.5 3.0 45 348.67 269.12 18.19 14.47 0.41 0.45
4 3.5:1 39.0 2.8 54 321.61 257.33 16.37 17.38 0.26 0.31
5 4.0:1 39.0 2.9 57 351.30 269.19 16.60 15.24 0.36 0.45

It can be seen from Table 5 that the theoretical values of RD and VP were generally
higher than the test values, and the theoretical values of SEC were usually lower than
the test values. Therefore, the constant term of the model was modified according to
Equation (7) [36]. The final modified models are shown in Equations (8)–(10).

c = c0 +
n

∑
1
(It − Ie)/n (7)

where c is the corrected value of the model constant term; c0 is the original constant term
of the model; It is the test value of indices; Ie is the theoretical value of indices; n is the
number of tests.

RD = 335.06 − 12.78 × A + 9.67 × B + 16.41 × C − 6.5 × AB − 5.91 × AC + 8.43 × A2 + 8.85 × B2 (8)

VP = 21.27 − 0.81 × A + 0.35 × B + 0.46 × BD − 1.3 × A2 − 1.59 × B2 − 2.27 × C2 − 2.14 × D2 (9)

SEC = 0.29 − 0.064 × A − 0.015 × B + 0.16 × C − 0.022 × AC + 0.029 × A2 + 0.049 × B2 (10)

81



Agriculture 2022, 12, 2156

where RD, VP, and SEC are the relaxation density (kg/m3), ventilatory porosity (%), and
specific energy consumption (J/g) of the rabbit manure compost seedling nursery blocks;
A and B are the moisture and binder content (%) of rabbit manure growing media; C and
D are the molding compression ratio and strain maintenance time (s) of rabbit manure
compost seedling nursery blocks. The A, B, C, and D are coded values.

When pressing loose growing media into seedling nursery blocks while seeking higher
mechanical strength of blocks, their ventilatory porosity should be improved as much as
possible to improve the root environment of seedlings. After the models were modified, the
optimization conditions of indicators were set: the ventilation porosity was the largest, the
compression ratio was 4, the water content was 33.5%, the binder mass fraction was 3.1%,
and the strain maintenance time was 60 s. The test was conducted using the optimized
parameter values. The verification results are shown in Table 6.

Table 6. Prediction and test results of rabbit manure compost seedling nursery blocks optimized with
ventilatory porosity as the target.

Relaxation
Density (kg·m−3)

Ventilatory
Porosity (%)

Specific Energy
Consumption (J·g−1)

Test value 363.31 18.72 0.44
Theoretical value 354.55 19.09 0.45

Error 2.47% −1.91% −3.23%

The relative error predicted by the three models was less than 5%. This indicated that
the modified model could realize the prediction of relaxation density, ventilatory porosity,
and specific energy consumption of rabbit manure seedling matrix blocks and provided
a reference and basis for the production of blocks that met the requirements of seedling
raising and transplanting operations.

3.5. Seedling Emergence Performance of Rabbit Manure Compost Seedling Nursery Blocks

The seedling experiments were conducted with rabbit manure compost seedling nurs-
ery blocks prepared after the above optimization parameters. It was shown by the results
that the emergence rate of Chinese cabbage seeds was 97.4%, which met the requirements
of the vegetable seedling matrix (i.e., 90%, which is usually the minimum requirement
for commercially applied substrates) [35]. During the nursery period, the rabbit manure
compost seedling nursery blocks repeatedly absorbed water more than 40 times without
loose or deformed situations (Figure 7). Generally, a mature commercial seedling-raising
substrate can maintain a stable structure under the seedling-raising cycle of >20 days [39,40],
with watering >30 times. The seedling emergence rate and the overall state of the blocks
preliminarily proved the feasibility of the rabbit manure compost seedling nursery blocks.
Plant growth, not only germination, may also need to be further evaluated in future studies
for comprehensive evaluation. Then, how to meet the needs of different seedlings and
be more conducive to market promotion and commercial application of the matrix block
needs further research.
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Figure 7. Nursery test of rabbit manure compost seedling nursery blocks.

4. Conclusions

In this study, the decomposed rabbit manure, vermiculite, rice straw, and peat were
mixed and molded to manufacture rabbit manure compost seedling nursery blocks for
replacing plug trays and improving the mechanization of seedling transplanting. The influ-
ences of cold pressing process parameters (e.g., moisture content, binder content, molding
compression ratio, and strain maintenance time) on the evaluation indices (e.g., ventilatory
porosity, relaxation density, compressive resistance, and specific energy consumption) of
the blocks were analyzed. The regression equations were constructed among molding
compression ratio, moisture content, binder content, strain maintenance time and relax-
ation density, ventilation porosity, and specific energy consumption. The relative errors
between the experimental and predicted values of each model were within 5%. The optimal
combination of parameters for forming rabbit manure compost seedling nursery blocks
was that the molding compression ratio, moisture content, mass fraction of the binder, and
strain maintenance time were 4:1, 33.5%, 3.1%, and 60 s. The relaxation density, ventilation
porosity, and specific energy consumption were 363.31 kg/m3, 18.72%, and 0.44 J/g, which
had an adequate seedling performance.
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Abstract: In order to alleviate the shortage of irrigation water in dry regions, refining water use
efficiency (WUE) is a key issue in sustainable productivity. Furthermore, glycinebetaine (GlyBet) is a
vital osmoprotectant produced in crops for improving drought tolerance; however, little is known
about its role in improving plant WUE under field conditions in non-accumulating plants such
as cucumber. In order to elucidate the effectiveness of GlyBet concentrations (0, 2000, 4000, and
6000 mg/L) in mitigating the deleterious effects of drought (e.g., well-watered (1250 m3/fed), moder-
ate drought (950 m3/fed), and severe drought (650 m3/fed)), field experiments were conducted at
Elmia village, Dakahlia, Egypt in the 2020 and 2021 seasons on vegetative growth, some physiological
attributes, as well as yield and quality. Drought considerably decreased vegetative growth, yield and
its components, leaf relative water content, and photosynthetic pigment concentrations compared
with well-watered plants while increasing electrolyte leakage. The most harmful causes were severe
drought. However, exogenous spraying with GlyBet substantially boosted the mentioned attributes,
but reduced electrolyte leakage within well-watering. Commonly 6000 mg/L contributed to the maxi-
mum growth and productivity, preserving cucumber plant water status above other concentrations or
untreated plants. Under extreme drought, the application of 6000 mg/L GlyBet had a beneficial effect
on moderating the damage of water deficit on cucumber plant growth and productivity. Overall,
using GlyBet as a cost-effective and eco-friendly biostimulant six times (10, 20, 30, 40, 50, and 60 days
from sowing) has the potential to mitigate drought damage while also increasing yield; however,
more research is needed to determine the optimal rate and timing of application.

Keywords: cucumber; glycinebetaine; water stress; yield

1. Introduction

After tomato, cabbage, and onion, cucumber (Cucumis sativus L., Cucurbitaceae) is the
fourth most popularly grown vegetable worldwide [1]. It is native to India and presumably
came from the foothills of the Himalayan Mountains [2,3]. Cucumber is now widely grown
around the world in both temperate and tropical climates; cucumbers require relatively
high light intensity (20–30 mol/m2/day), temperature (18–29 ◦C), and relative humidity
(60–80%) [4]. According to FAO statistics (www.fao.org/faostat/en/ ‘3 February 2021’), the
globally produced quantity was 87,805,086 tons of cucumber in total, with Asia producing
84.9% of that production. Cucumber has numerous uses in food, medicine, and cosmetics
due to their abundance of water, nutrients, and phytochemicals [5,6]. Superior hydration
and phytochemicals found in cucumbers have a variety of health benefits, including
weight loss and treatment of eczema, constipation, hypertension, atherosclerosis, and
cancer [6,7]. According to recent studies, cucumbers contain kaempferol, a key anti-diabetic
substance [8]. In addition, cucumber is frequently used for skin treatments and natural
attractiveness [6,9].
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Due to abrupt climate changes and anthropogenic activities, more severe episodes of
moisture unavailability, uneven rainfall distribution, and increases in average and max-
imum temperatures are predicted for the future, which will affect farming systems and
agriculture productivity [10,11]. Drought stress (DS) has cost the global economy between
USD 30 and USD 44 billion over the previous ten years [12]. In dry and semi-arid envi-
ronments, DS represents the main ecological disorder that has a negative impact on plant
growth and restricts sustainable production [13–15]. Owing to their direct effect on pho-
toassimilate allocation, as well as an alteration in a sequence of biochemical processes and
molecular reactions, DS undoubtedly reduced crop productivity by up to 70% [13–17]. It
adjusts several metabolic processes, such as photosynthesis, water absorption, and reactive
oxygen species (ROS) accumulation, leading to growth and yield deterioration [13,18,19].

Agricultural extension in Egypt requires a huge amount of water, which is now scant
to fulfill the anticipated requisite, as 85% of accessible water is consumed in agriculture
and utmost of the on-farm irrigation systems have little proficiency, along with poor
irrigation administration. The cost-effective novel technique for enhancing water use ef-
ficiency (WUE) and boosting plant productivity has received increased attention due to
the growing competition for scarce water resources. Through the use of water-saving and
drought-tolerant varieties, effective agronomic practices and management, WUE can be
increased [20,21]. Moreover, it is believed that the most important regulator for controlling
plants’ water usage within DS is chemical signaling, which involves phytohormones or
osmoprotectants [22]. Plants under stress factors rapidly accumulate osmoprotectants to
maintain water status and sustain typical functioning [23]. Osmoprotectants may be adjust-
ing cellular osmotic pressure, detoxifying ROS, and preserving and stabilizing membrane
integrity [24]. These findings show that the use of osmoprotectants may be a realistic
strategy for increasing crop WUE under water scarcity.

Glycine betaine (N, N′′, N′′-trimethyl-glycine, GlyBet) is one of the most effective
osmoprotectants, and it shields cellular components via maintaining an osmotic equilib-
rium and stabilizing the quaternary structures of complex proteins [18,25,26]. It is low-cost,
reachable, eco-friendly, and provides both economic and environmental efficiency. GlyBet
application increases the growth, and tolerance of a wider range of crops under stress-
ful disorders [13,18,25,26] by regulating a number of physiological and biochemical pro-
cesses [18,27], maintaining turgor pressure [27], enhancing net CO2 assimilation rate [18],
shielding the effectual proteins and enzymes, and lipids of the chloroplasts and sustaining
electron stream over thylakoid membranes [28], as well as regulation of photosynthetic
machinery and ion homeostasis [11]. Moreover, GlyBet may act as anti-transpirant, which
permits the plant to enter extra water for a long period and facilitates photosynthesis [29].
Shemi et al. [18] mentioned that foliar-applied GlyBet increases several morphological
features, yield, and accumulation of several metabolites of drought-affected maize plants.
On canola, Dawood and Sadak [30] found that the application of GlyBet increased drought
tolerance by enhancing shoot and root systems growth, photosynthetic pigment concentra-
tion, improving IAA, proline, soluble sugars, yield, and its components and quality (seed
yield/plant, carbohydrate %, phenolic %, flavonoid level).

Different plant species have been shown to be able to tolerate drought better when
GlyBet is applied exogenously. The available data infrequently differ on the plant species
and water deficit severity. This study’s objective was to assess how exogenously applied
GlyBet affected cucumber grown under DS in terms of WUE and drought resistance. Under
various irrigation regimes, the impact of GlyBet on cucumber yield and its components,
photosynthetic pigments, ion percentage, relative water content, and membrane permeabil-
ity was additionally tested. The findings of this study offer a new innovative water-saving
technique in arid and semi-arid regions. It was assumed that GlyBet application can be used
as an appropriate method for improving the growth and production of drought-affected
cucumber plants.
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2. Materials and Methods

2.1. Experimental Site and Soil Depiction

At a private farm in Elmia village, Dekernes district, Dakahlia governorate, Egypt
(latitude 31◦5′18′ ′ N, longitude 31◦35′49′ ′ E, 8 m above sea level), two field trials were
conducted in 2020 and 2021. The experiment region is classified as a semi-arid area with
average precipitation and temperature of 5.39–7.52 mm and 21.3–24.7 ◦C, respectively, for
both seasons. The physical and chemical characteristics of the experimental soil’s profile,
which displays clay loamy texture down to a depth of 0–60 cm, were provided in a Table 1.

Table 1. Physicochemical attributes of the experimental soil during 2020 and 2021 seasons.

Seasons
Silt
%

Clay
%

Sand
%

Soil Texture
F.C
%

W.P
%

AW
%

pH
E.C

(dSm−1)
O.M %

CaCO3

%
N ppm P ppm K ppm

2020 40.5 37.2 22.3 Clay loamy 35.7 18.9 16.8 8.22 1.51 1.8 3.39 51.9 5.7 288
2021 41.1 36.9 22.0 Clay loamy 35.2 18.4 16.8 8.13 1.78 2.o 3.45 54.1 6.2 294

F.C.—field capacity; W.P.—welting point; AW—available water; pH—potential of hydrogen; E.C—electrical
conductivity; OM—organic matter; CaCO3—calcium carbonate; N—nitrogen; P—phosphorus; K—potassium.

2.2. Experimental Layout

A split-plot based on a randomized complete block design and a drip irrigation
system was used for the present investigation. The key plots were devoted to different
three irrigation regimes: well watering (WW; 1250 m3/fed), moderate drought (MD;
950 m3/fed), and severe drought (SD; 650 m3/fed), and the irrigation intervals were
recognized consistent with the growth stage and local recommendation. Alternatively,
the sub-plots were allocated to spraying treatments (water as control, 2000 mg/L GlyBet;
4000 mg/L GlyBet; and 6000 mg/L GlyBet). GlyBet as a pure water-soluble chemical
was obtained from Sigma-Aldrich Co., LLC Company Profile|Saint Louis, MO, USA. The
12 treatments were replicated three times, making a total of 36 plots (each plot was 24 m2

with 1.5 m wide bordered regions).

2.3. Crop Husbandry

The experimental field was deeply tilled, and the soil smoothed before seeding. Prior
to sowing, 10 m3/fed (4200 m2) of farmyard manure had been added and properly mixed
with the top 0–30 cm of soil. As fertigation at 2-day intervals starting one week after
planting, 70, 45, and 65 kg fed−1 of ammonium nitrate (33.5% N), phosphoric acid (50%
P2O5), and potassium sulfate (50% K2O), were delivered correspondingly according to
the recommendations of Ministry of Agriculture and Land Reclamation, Egypt. On the
first and third of August in both seasons, respectively, cucumber seeds (C. sativus L., cv.
JABBAR, F1, were secured from Fine Seeds Company, Giza, Egypt) were manually sown at
two sides of the dripper.

Irrigation was started once sowing for identical seedling emergence 14 days before
irrigation regime treatment. The GlyBet concentrations with 0.01% (v/v) Tween-20 (a
witting agent) were sprayed six times at 10, 20, 30, 40, 50, and 60 days from sowing. The
spraying (15 L/plot) was performed to a run-off in the early morning via a back-sprayer.
For each treatment, irrigation was used to replenish the water loss accumulated every
2 days.

2.4. Data Recording and Measurements

At 35 days from sowing, five randomly chosen plants from each plot were selected to
evaluate vegetative growth trials as well as some physiological trials within the shoot.

2.4.1. Vegetative Growth Characteristics

Vine length (cm), number of branches and leaves per plant, leaf area (cm2), leaf dry
matter percentage, foliage fresh weight (g/plant).
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2.4.2. Photosynthetic Pigment Concentration

Photosynthetic pigments were extracted for 48 h with ice-cold methanol at lab tempera-
ture, and subsequently the optical density of extraction was read, and then its concentration
was calculated (mg g−1 FW) following the equation of Lichtenthaler [31].

2.4.3. Leaf Chemical Composition

The N, P, and K percent were analyzed according to AOAC [32].

2.4.4. Leaf Relative Water Content (LRWC)

The Farouk et al. [33] protocol was used to assess LRWC. Leaves from the middle of
each plant were independently collected and the fresh weight was assessed. Following
this, leaves were kept for 24 h in closed Petri dishes containing distilled water, and their
turgid weight was recorded. To determine the dry weight, the completely turgid leaves
were dried in an oven at 80 ◦C until a consistent weight was reached. Finally, the following
equation was used to calculate LRWC (%):

LRWC (%) =
fresh weight − Dry weight

Turgid weight − Dry weight
× 100

2.4.5. Electrolyte Leakage (EL)

The EL was deliberate next to the scheme designated by Lutts et al. [34]. Leaves
were cut into 1 cm segments and were carefully washed with deionized water (DW) thrice
to eradicate any surface contamination. Then, leaf segments were incubated for 24 h at
25 ◦C on a rotary shaker by keeping the samples in closed and precleared vials containing
20 mL of DW. The electrical conductivity (EC1) of each solution was recorded using a
conductivity meter. Then the samples were autoclaved for 20 min at 120 ◦C, and the
electrical conductivity of each solution was measured (EC2) once incubated solutions were
cooled down at 25 ◦C. Electrolyte leakage (%) was deliberated by the subsequent equation:

EL (%) =
EC1
EC2

× 100

2.4.6. Water Use Efficiency (WUE)

The WUE was considered following the equation of Howell [35]:

WUE =
Fruit yield (kg/fed)

Crop water consumption (m3/fed/season)

2.4.7. Sex Expression, Fruit Yield, and Their Components

Five plants from each plot were selected for counting the number of male and female
flowers for each treatment at two day intervals up to the end of the experiment. Sex ratio
was considered as male flowers/female flowers. Additionally, these selected plants were
used for estimating fruits’ weight and numbers per plant, and total yield (ton/fed).

2.4.8. Fruit Chemical Quality

Fruit quality parameters, such as dry matter percentage, ascorbic acid concentration,
and total soluble solids (TSS), were assessed [32]. Fruit dry matter % was estimated by
taking a known weight of the fruit and drying at 105 ◦C; then, the fruit dry matter % was
calculating via dividing the dry weight by the fresh weight and indicated as a percent.
TSS (◦Brix) of each fruit was assessed with a digital refractometer (Model HI96801, Hanna
Instruments, Woonsocket, RI, USA). Meanwhile, ascorbic acid (vitamin C) concentration
(mg/100 g fruit fresh weight) was estimated using 2,6-dichlorophenol indophenol reagent.
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2.5. Statistical Analysis

Utilizing Costat software, a two-way ANOVA was carried out for statistical analysis
(CoHortSoftware, 2006; Birmingham, UK). All data were examined using a split-plot
methodology, with the replications treated as a random variable in the model and the
interactions between GlyBet and irrigation water treatment treated as permanent effects.
Data were tested for outstanding normality previous to analysis, and when an ANOVA
showed that there were significant treatment effects, means were separated at p ≤ 0.05
using the LSD pair-wise comparison test.

3. Results

3.1. Vegetative Growth Characters

The application GlyBet concentration had a significant impact on plant growth (p ≤ 0.05)
(Table 2). In both seasons, compared to well-watered cucumber plants, severe drought
significantly reduced vine length (21.46 and 21.12%), foliage fresh weight (46.48 and 46.25%),
branches number per plant (29.05 and 28.7%), leaves number per plant (26.2 and 25.9%),
and leaves area per plants (27.9 and 27.6%) (Table 2).

The plant growth trials were greatly improved by exogenous GlyBet administration.
In comparison to untreated plants, 6000 mg/L GlyBet recorded the maximum vine length
(42.12 and 42.05%), foliage fresh weight (25.06 and 24.89%), branches per plant (36.05 and
35.95%), leaves per plant (20.16 and 20.22%) and leaves area per plants (12.11 and 14.55%)
in both seasons (Table 2).

In comparison to untreated, well-watered plants, the spraying of GlyBet levels in
particular 6000 mg/L under mild drought lessened the harmful effects of drought. The
application of 6000 mg/L GlyBet resulted in the greatest vine length (38.78 and 38.91%),
foliage fresh weight (49.33 and 49.23%), branches per plant (61.66 and 61.47%), leaves per
plant (19.96 and 19.86%), and leaves area per plants (14.84 and 14.84%) in the 1st and 2nd
years, in comparison to untreated, severely drought-affected plants (Table 2).

3.2. Photosynthetic Pigments

The data in Table 3 demonstrate that within drought stress, the concentration of
photosynthetic pigments in cucumber leaves drastically decreased. Well-watered plants
had the maximum concentration, which was followed in both seasons by moderate and
then severe drought stress.

Additionally, Table 3 also proves that cucumber plants elicited with GlyBet displayed
an encouraging impact on photosynthetic pigment accumulation related to control plants.
The prime efficient was 6000 mg/L, which boosted Chl a (11.25 and 11.24%), Chl b (11.23
and 11.24%), and carotenoids (11.25 and 11.26%) compared with untreated plants.

The current study found that, in comparison to untreated plants at such drought levels,
the application of GlyBet concentrations increased the concentrations of photosynthetic pig-
ment. By boosting Chl a (11.79 and 11.77%), Chl b (11.75 and 11.82%), and carotenoid (11.83
and 11.80%) levels over untreated plants growing in extreme drought, foliar application of
6000 mg/L GlyBet reduces the negative impacts of drought.

3.3. Ion Content

Drought stress significantly reduced the percentages of N, P, and K, with the maximum
reductions of N (28.01 and 25.99%), P (27.96 and 17.92%), and K (28.12 and 22.83%) recorded
under severe drought linked to well-watered in both years, respectively (Table 4). Spraying
GlyBet at all concentrations significantly raises the shoot’s N, P, and K% compared to
untreated plants (Table 4). In both growing seasons, spraying with 6000 mg/L GlyBet
produced the maximum N, P, and K%. Data in Table 4 show spraying with GlyBet in special
6000 mg/L under moderate or severe drought nullified the depression impacts of drought
above non-treated plants under such drought levels.
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Table 3. Photosyntheic pigment concentration of cucumber plant as affected by GlyBet concentration,
irrigation regimes and their interactions at 35 days from sowing in both season 2020 and 2021.

Treatments

Chl. a
(mg/100 FW)

Chl. b
(mg/100 FW)

Carotenoids
(mg/100g FW)

S1 S2 S1 S2 S1 S2

Irrigation regimes (m3/fed).
WW 76.09 ± 9.12 h 65.82 ± 7.28 h 33.04 ± 4.56 h 32.91 ± 3.51 h 21.36 ± 2.22 h 18.47 ± 2.03 h

MD 67.17 ± 6.55 b 58.19 ± 4.91 b 33.59 ± 3.28 b 29.09 ± 2.30 b 18.85 ± 1.46 b 16.33 ± 1.36 b

SD 53.12 ± 6.14 c 46.15 ± 4.76 c 26.56 ± 3.07 c 23.07 ± 2.28 c 14.91 ± 1.48 c 12.95 ± 1.33 c

Glycinebetaine (mg/L)
GlyBet 0 61.40 ± 19.19 b 53.16 ± 15.64 b 30.70 ± 9.60 b 26.58 ± 7.78 c 17.23 ± 5.28 c 14.92 ± 4.38 b

GlyBet 2000 65.61 ± 21.41 h 56.89 ± 18.64 h 32.81 ± 10.70 h 28.45 ± 9.28 b 18.41 ± 5.90 b 15.97 ± 5.22 h

GlyBet 4000 66.52 ± 20.03 h 57.68 ± 17.65 h 33.25 ± 10.01 h 28.84 ± 8.78 ab 18.67 ± 5.51 ab 16.19 ± 4.95 h

GlyBet 6000 68.31 ± 22.14 h 59.14 ± 18.07 h 34.15 ± 11.07 h 29.57 ± 8.99 h 19.17 ± 6.10 h 16.60 ± 5.07 h

Interaction

WW
GlyBet 0 70.79 ± 6.17 b–d 60.88 ± 3.79 bc 35.40 ± 3.08 b–d 30.44 ± 1.58 b 19.87 ± 1.05 b 17.09 ± 1.05 bc

GlyBet 2000 76.31 ± 6.64 a–c 66.01 ± 4.12 ab 38.15 ± 3.33 a–c 33.01 ± 1.71 h 21.42 ± 1.13 h 18.53 ± 1.13 ab

GlyBet 4000 76.91 ± 6.70 ab 67.29 ± 4.20 h 38.45 ± 3.35 ab 33.64 ± 1.75 h 21.59 ± 1.14 h 18.89 ± 1.16 h

GlyBet 6000 80.36 ± 7.00 h 69.11 ± 4.31 h 40.18 ± 3.50 h 34.55 ± 1.79 h 22.55 ± 1.18 h 19.39 ± 1.19 h

MD
GlyBet 0 63.74 ± 5.56 de 55.13 ± 3.44 d 31.87 ± 2.77 de 27.56 ± 1.43 c 17.89 ± 0.95 c 15.47 ± 0.95 d

GlyBet 2000 67.93 ± 5.91 cd 59.44 ± 3.71 cd 33.96 ± 2.96 cd 29.72 ± 1.54 bc 19.07 ± 1.00 bc 16.68 ± 1.02 cd

GlyBet 4000 67.98 ± 5.91 cd 58.46 ± 3.65 cd 33.99 ± 2.96 cd 29.23 ± 1.51 bc 19.08 ± 1.01 bc 16.41 ± 1.00 cd

GlyBet 6000 69.05 ± 6.01 b–d 59.72 ± 3.72 cd 34.53 ± 3.00 b–d 29.86 ± 1.54 b 19.38 ± 1.02 b 16.76 ± 1.02 cd

SD

GlyBet 0 49.68 ± 4.33 f 43.47 ± 2.71 e 24.84 ± 2.16 f 21.73 ± 1.13 e 13.94 ± 0.72 e 12.20 ± 0.741 e

GlyBet 2000 52.61 ± 4.58 f 45.28 ± 2.83 e 26.30 ± 2.28 f 22.62 ± 1.17 de 14.76 ± 0.78 de 12.70 ± 0.77 e

GlyBet 4000 54.66 ± 4.76 f 47.28 ± 2.95 e 27.33 ± 2.38 f 23.64 ± 1.23 de 15.34 ± 0.80 de 13.27 ± 0.81 e

GlyBet 6000 55.54 ± 4.84 ef 48.59 ± 3.02 e 27.76 ± 2.42 ef 24.30 ± 1.26 d 15.59 ± 0.82 d 13.64 ± 0.84 e

WW—well-watered (1250 m3/fed); MD—moderate drought (950 m3/fed); SD—severe drought (650 m3/fed);
S1—first season; S2—second season; GlyBet—glycinebetaine; Chl. A—chlorophyll a; Chl. B—chlorophyll b;
FW—fresh weight; fed—feddan. Means values ± standard error within each column for every trial with a similar
lower-case letter are not significantly different following Tukey’s HSD at p ≤ 0.05.

3.4. Leaf Relative Water Content and Electrolyte Leakage

LRWC decreased under drought, and the lowest value (19.16 and 18.79%) was ob-
served once severe drought was present compared to control (Table 4). Application of
GlyBet had a favorable impact on the plant’s LRWC %. In comparison to untreated control
plants in both seasons, more than 12.15 and 12.17% were produced by the application of
6000 mg/L GlyBet (Table 4). The damages of DS on LRWC % were lightened by GlyBet
spraying, resulting in an enhancement in LRWC % under moderate or severe drought, as
compared with untreated plants grown under drought single (Table 4).

The data in the same table verified that cucumber plant EL % was dramatically
enhanced by intensified drought, with the maximum EL % reported under severe drought,
which increased by 11.98 and 12.43% in comparison to well-watered plants in the first and
second seasons. Additionally, the use of GlyBet resulted in a non-significant reduction in
EL %. The data additionally noted that, in general, the GlyBet spraying under irrigation
levels increased EL % compared to untreated plants under such irrigation regimes when
considering the interaction between irrigation treatment and GlyBet.

3.5. Water Use Efficiency

Data shown in Figure 1 demonstrated that, in comparison to well-watered plants, WUE
increased dramatically as DS increased. When there was a severe drought, the WUE was at
its highest. The maximum WUE was obtained by applying GlyBet, which enhanced it by
38.52% in the 1st season and by 39.18% in the 2nd season. Moreover, Figure 1 displays that
GlyBet usage under moderate or severe drought enhanced WUE compared with untreated
well-watered plants. The highest WUE in both seasons was acquired by application of
6000 mg/L GlyBet under moderate or severe drought stress, respectively.
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Figure 1. Water use efficiency of cucumber plant as affected by irrigation regimes (A), glycinebetaine
concentration (B), and their interactions (C,D) in both seasons—2020 and 2021. WW—well-watered
(1250 m3/fed); MD—moderate drought (950 m3/fed); SD—severe drought (650 m3/fed); fed—feddan.
Values followed by the same lower-case letter are not significantly different following Tukey’s HSD
at p ≤ 0.05.

3.6. Sex Expression, Fruit Yield, and Their Components and Quality Parameters

The data in Table 5 clearly show that DS caused a dramatic reduction in yield and
its component. In comparison to well-watered plants, there was a substantial decrease
in fruit number per plant (55.87 and 55.31%), fruit weight/plant (28.01 and 27.70%), and
total yield (27.99 and 27.68%) in the 1st and 2nd seasons, correspondingly. GlyBet spraying
significantly improved all yield and its components over untreated plants. The utmost
effective treatment was 6000 mg/L GlyBet, which boosted fruit number/plant (53.69 and
47.84%), fruit weight/plant (14.49 and 14.56%), and total yield (14.50 and 14.68%) in both
seasons, correspondingly, compared with untreated plants (Table 5). GlyBet spraying
moderates the drastic injuries of DS on cucumber crop yield. Since the supplementation of
6000 mg/L GlyBet during an extreme drought, all yield parameters in the first and second
seasons have been decreased in relation to untreated drought-affected plants.

The data on the sex ratio indicates that it rose with drought and fell with the use of
GlyBet application. The findings also showed that the use of GlyBet under moderate or
severe drought lessens the negative effects of drought on sex ratio (Table 5).

Data in Table 6 show that drought levels increased fruit dry matter % and decreased
both ascorbic acid and TSS of fruits relative to control plants. The maximum fruit dry matter
was noted within severe drought. On the other hand, the greatest concentration of vitamin
C and TSS was obtained under normal conditions in both seasons. Data indicated in Table 6
show that applying GlyBet considerably affected the previous parameters. The highest
values were obtained while adding GlyBet at a rate of 6000 mg/L in both seasons, relative to
other concentrations or untreated plants. Data presented in Table 6 indicate the interaction
effects between irrigation regimes and GlyBet rates. Results show that application of GlyBet
concentration under irrigation regimes significantly increased fruit dry matter %, vitamin
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C, and TSS as compared with untreated plants under each irrigation regime. The highest
percentages of fruit dry matter were evidently achieved with severe drought in combination
with 6000 mg/L GlyBet. meanwhile, the greatest concentration of vitamin C and TSS was
recorded under normal conditions and sprayed with 6000 mg/L GlyBet.

Table 5. Sex expression and yield components of cucumber plant as affected by GlyBet concentration,
irrigation regimes, and their interactions in both seasons 2020 and 2021.

Treatments
Sex Ratio

Fruit Weight
(g)/Plant

Fruit No/Plant
Total Yield
(ton/fed)

S1 S2 S1 S2 S1 S2 S1 S2

Irrigation regimes (m3/fed).
WW 5.42 ± 4.48 c 5.50 ± 4.50 c 589 ± 69 h 509 ± 62 h 12.08 ± 0.94 h 10.25 ± 0.84 h 12.36 ± 1.47 h 10.69 ± 1.27 h

MD 10.85 ± 5.72 b 11.02 ± 5.75 b 518 ± 58 b 449 ± 50 b 7.08 ± 0.62 b 6.00 ± 0.25 b 10.89 ± 1.25 b 9.43 ± 1.02 b

SD 16.97 ± 4.51 h 17.29 ± 4.56 h 424 ± 49 c 368 ± 45 c 5.33 ± 0.60 c 4.58 ± 0.33 c 8.90 ± 1.06 c 7.73 ± 0.92 c

Glycinebetaine (mg/L)
GlyBet 0 14.58 ± 9.60 h 14.85 ± 9.91 h 476 ± 135 d 412 ± 111 d 6.22 ± 0.66 c 5.33 ± 0.24 c 10.00 ± 2.85 d 8.65 ± 2.33 d

GlyBet 2000 10.94 ± 11.27 b 11.10 ± 11.32 b 498 ± 141 c 432 ± 125 c 8.11 ± 0.52 b 7.00 ± 0.26 b 10.46 ± 2.98 c 9.07 ± 2.62 c

GlyBet 4000 9.81 ± 9.44 c 9.95 ± 9.52 c 522 ± 148 b 452 ± 133 b 8.78 ± 0.48 ab 7.55 ± 0.31 ab 10.96 ± 3.12 b 9.50 ± 2.79 b

GlyBet 6000 8.99 ± 10.49 d 9.17 ± 10.79 d 545 ± 155 h 472 ± 128 h 9.56 ± 0.81 h 7.88 ± 0.33 a 11.45 ± 3.27 h 9.92 ± 2.67 h

Interaction

WW
GlyBet 0 8.77 ± 0.66 e 8.860 ± 0.46 e 548 ± 29 cd 472 ± 29 cd 8.00 ± 0.88 d 6.660 ± 0.70 de 11.52 ± 0.70 cd 9.910 ± 0.51 c–e

GlyBet 2000 5.77 ± 0.44 f 5.860 ± 0.31 f 574 ± 30 bc 497 ± 31 bc 10.33 ± 0.75 c 8.670 ± 0.67 c 12.06 ± 0.73 bc 10.43 ± 0.54 bc

GlyBet 4000 3.89 ± 0.29 g 3.990 ± 0.21 g 602 ± 32 ab 527 ± 33 ab 14.00 ± 0.83 b 12.00 ± 0.58 b 12.65 ± 0.76 ab 11.07 ± 0.57 ab

GlyBet 6000 3.27 ± 0.25 g 3.300 ± 0.16 g 630 ± 33 h 541 ± 34 h 16.00 ± 1.02 h 13.67 ± 0.49 h 13.23 ± 0.80 h 11.37 ± 0.59 h

MD
GlyBet 0 15.25 ± 1.15 c 15.48 ± 0.80 c 485 ± 25 fg 419 ± 26 ef 5.660 ± 0.24 fg 5.000 ± 0.28 fg 10.18 ± 0.61 ef 8.800 ± 0.45 fg

GlyBet 2000 8.820 ± 0.67 e 9.030 ± 0.46 e 506 ± 27 ef 443 ± 28 d e 8.660 ± 0.33 cd 7.660 ± 0.61 d 10.63 ± 0.64 de 9.300 ± 0.48 ef

GlyBet 4000 10.93 ± 0.82 d 11.04 ± 0.57 d 530 ± 28 de 455 ± 29 c–e 6.330 ± 0.41 f 5.330 ± 0.50 f 11.13 ± 0.67 c–e 9.570 ± 0.49 de

GlyBet 6000 8.390 ± 0.63 e 8.520 ± 0.44 e 553 ± 28 cd 478 ± 30 cd 7.670 ± 0.66 e 6.000 ± 0.37 e 11.61 ± 0.70 c 10.04 ± 0.52 cd

SD

GlyBet 0 19.73 ± 1.49 h 20.23 ± 1.06 h 395 ± 21 i 346 ± 22 h 5.000 ± 0.15 i 4.330 ± 0.29 h 8.290 ± 0.50 h 7.260 ± 0.37 i

GlyBet 2000 18.23 ± 1.37 b 18.41 ± 0.96 b 413 ± 22 hi 356 ± 22 gh 5.330 ± 0.25 h 4.660 ± 0.31 g 8.690 ± 0.52 gh 7.470 ± 0.38 i

GlyBet 4000 14.60 ± 1.09 c 14.82 ± 0.76 c 433 ± 23 hi 375 ± 23 gh 6.000 ± 0.22 g 5.330 ± 0.62 f 9.110 ± 0.55 gh 7.880 ± 0.41 hi

GlyBet 6000 15.32 ± 1.15 c 15.70 ± 0.82 c 454 ± 24 gh 397 ± 25 fg 5.000 ± 0.40 i 4.000 ± 0.33 i 9.530 ± 0.57 fg 8.330 ± 43 gh

WW—well-watered (1250 m3/fed); MD—moderate drought (950 m3/fed); SD—severe drought (650 m3/fed);
S1—first season; S2—second season; GlyBet—glycinebetaine; fed—feddan. Means values ± standard error within
each column for every trial with a similar lower-case letter are not significantly different following Tukey’s HSD
at p ≤ 0.05.

Table 6. Some fruit quality trials of cucumber as affected by GlyBet concentration, irrigation regimes,
and their interactions in both seasons—2020 and 2021.

Treatments

Fruit
Dry Matter (%)

Vit. C
(mg/100 g Fresh Weight)

TSS (◦Brix)

S1 S2 S1 S2 S1 S2

Irrigation regimes (m3/fed).
WW 3.07 ± 0.46 b 2.56 ± 0.40 c 29.31 ± 7.36 h 25.35 ± 6.32 h 3.03 ± 0.33 h 2.66 ± 0.31 h

MD 3.27 ± 0.55 h 2.83 ± 0.47 b 27.67 ± 6.38 b 23.96 ± 5.35 b 2.85 ± 0.24 b 2.47 ± 0.21 b

SD 3.38 ± 0.54 h 2.93 ± 0.47 h 24.51 ± 6.80 c 21.30 ± 5.90 c 2.49 ± 0.26 c 2.16 ± 0.21 c

Glycinebetaine (mg/L)
GlyBet 0 2.91 ± 0.23 d 2.52 ± 0.23 d 22.76 ± 4.17 d 19.71 ± 3.24 d 2.62 ± 0.47 b 2.27 ± 0.36 b

GlyBet 2000 3.16 ± 0.38 c 2.74 ± 0.33 c 25.91 ± 4.80 c 22.46 ± 4.23 c 2.80 ± 0.54 h 2.43 ± 0.52 h

GlyBet 4000 3.35 ± 0.32 b 2.90 ± 0.25 b 28.66 ± 4.27 b 24.85 ± 3.77 b 2.84 ± 0.48 h 2.45 ± 0.45 h

GlyBet 6000 3.54 ± 0.36 h 3.06 ± 0.35 h 31.31 ± 4.97 h 27.12 ± 3.77 h 2.91 ± 0.55 h 2.53 ± 0.45 h

Interaction

WW
GlyBet 0 2.81 ± 0.17 g 2.42 ± 0.15 f 24.57 ± 1.73 e–g 21.13 ± 1.09 ef 2.83 ± 0.19 b–e 2.43 ± 0.23 b–e

GlyBet 2000 2.94 ± 0.18 e–g 2.54 ± 0.15 ef 28.08 ± 1.98 cd 24.29 ± 1.25 cd 3.03 ± 0.21 ab 2.63 ± 0.23 a–c

GlyBet 4000 3.19 ± 0.19 d–h 2.79 ± 0.17 c–e 30.69 ± 2.16 bc 26.85 ± 1.39 b 3.07 ± 0.21 ab 2.70 ± 0.20 ab

GlyBet 6000 3.34 ± 0.20 b–d 2.87 ± 0.18 b–d 33.89 ± 2.39 h 29.14 ± 1.51 h 3.20 ± 0.22 h 2.76 ± 0.11 h

MD
GlyBet 0 2.90 ± 0.18 fg 2.51 ± 0.15 f 23.50 ± 1.66 fg 20.33 ± 1.06 f 2.70 ± 0.18 c–f 2.36 ± 0.11 c–f

GlyBet 2000 3.22 ± 0.20 c–e 2.82 ± 0.17 cd 26.65 ± 1.88 d e 23.32 ± 1.21 cd 2.86 ± 0.20 b–d 2.53 ± 0.23 a–d

GlyBet 4000 3.38 ± 0.21 b–d 2.91 ± 0.18 bc 29.07 ± 2.05 b–d 25.00 ± 1.30 c 2.90 ± 0.20 b–d 2.46 ± 0.11 b–e

GlyBet 6000 3.59 ± 0.22 ab 3.10 ± 0.19 ab 31.46 ± 2.22 ab 27.21 ± 1.41 b 2.93 ± 0.20 a–c 2.53 ± 0.23 a–d

SD

GlyBet 0 3.01 ± 0.18 e–g 2.64 ± 0.16 d–f 20.21 ± 1.42 h 17.69 ± 0.91 g 2.33 ± 0.16 g 2.06 ± 0.11 g

GlyBet 2000 3.31 ± 0.20 b–d 2.85 ± 0.17 b–d 23.00 ± 1.62 gh 19.78 ± 1.02 f 2.46 ± 0.17 fg 2.13 ± 0.20 fg

GlyBet 4000 3.49 ± 0.21 a–c 3.02 ± 0.18 a–c 26.24 ± 1.85 d–f 22.70 ± 1.17 d e 2.56 ± 0.17 e–g 2.20 ± 0.20 e–g

GlyBet 6000 3.68 ± 0.23 h 3.22 ± 0.20 h 28.60 ± 2.02 cd 25.02 ± 1.30 c 2.60 ± 0.18 d–g 2.30 ± 0.11 c–f

WW—well-watered (1250 m3/fed); MD—moderate drought (950 m3/fed); SD—severe drought (650 m3/fed);
S1—first season; S2—second season; GlyBet—glycinebetaine; Vit. C—vitamin C or ascorbic acid; TSS—total
soluble solid; fed—feddan. Means values ± standard error within each column for every trial with a similar
lower-case letter are not significantly different following Tukey’s HSD at p ≤ 0.05.
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4. Discussion

Over 30–70% of crop yields are lost due to drought, one of the major obstacles that
climate change has posed to crop production [10,11,15]. Therefore, it is essential to increase
plants’ resistance to drought in order to protect them from such yield losses and sustain
productivity for food security [16,17]. Applying exogenous materials, especially those that
are already compatible with plants, i.e., GlyBet, is one of the low-cost and eco-friendly,
innovative water-saving techniques for improving plants’ drought tolerance.

Drought commonly causes significant injury to plants, as the current study and
earlier findings have shown [13–15]. In general, the occurrence of DS induces numer-
ous physio–biochemical, morphological, and molecular alterations [13,14], such as the
contraction of vascular tissues, decreased water absorption [36], and photoassimilate
translocation [37]. Additionally, DS inhibited ion absorption, induced the accumula-
tion of ROS [13,38]; and impaired ATP biosynthesis, which accelerated oxidative injury
and subsequently reduced plant development [39]. Additionally, according to González-
Villagra et al. [40], DS disrupts the production of endogenous phytohormones by increasing
ABA concentration, lowering IAA and GAs, and rapidly decreasing zeatin concentration.
The hormonal imbalance slowed down the growth of plant cells by reducing their turgor,
elongation, and volume, leading to a decline in growth attributes [36]. In comparison
to well-watered or unsprayed drought-affected plants, the current study has shown that
GlyBet supplementation exhibits exceptional impacts on plant growth under normal or
stress settings [13,18,25]. Tisarum et al. [41] also noted that by enhancing growth vigor,
exogenous GlyBet treatment could mitigate the negative impacts of drought. Several poten-
tial strategies coupled with stress moderation by GlyBet have been accepted: (1) preserving
water status, as demonstrated by an increase in LRWC in the recent study [18,25]; (2) an
acceleration of growth promoters (IAA, GAs, salicylic acid, and cytokinin), and a reduction
in ABA [42,43]; (3) increasing cell division and enlargement due to activation of water
absorption and rising P concentration [44]. As for the interactions, there are a few studies
confirming the current outcomes [13,18] that indicate application of GlyBet under drought
mitigates the harmful effects of drought on plant growth.

Our findings demonstrated that the DS caused a significant decrease in photosyn-
thetic pigments, which was reversed by the addition of GlyBet (Table 3). Drought-induced
chlorophyll loss in several crops is a frequently seen occurrence [13,14,18]. The reduction
in photosynthetic pigments within water deficit may be attributable to: (1) inhibition of the
assimilation of the chlorophyll pigment complexes encoded by the cab gene family [28];
(2) destruction of chiral macro-aggregates of the light-harvesting pigment–protein com-
plexes that offer defense to chloroplasts [45] as well as the formation of chlorophyllase [46];
and/or (3) the defeat of chloroplast membranes, exciting enlargement, modification of
the lamellae vasculation and the presence of plastoglobules [47,48]. Previous studies have
supported GlyBet’s dramatic increase in photosynthetic pigment [13,18,25,41]. These rises
could be attributable to well-organized ROS illumination mechanisms, as antioxidant en-
zymes and solutes would otherwise have destroyed the chlorophyll [13,18,25]. Additionally,
carotenoids have the capacity to accumulate as a light receptor and photosystem shield
against ROS [49]. As a result, the application of GlyBet [13,25] hastens the over-abundance
of carotene in photosynthetic tissues. Finally, GlyBet protects the chloroplasts, with RU-
BISCO stabilizing membrane structure under drought [27]. Although the physiological
effect of GlyBet is not clear, recent research showed that GlyBet acts a crucial function
similar to cytokinin in enhancing the chlorophyll accumulation [50], increasing the number
of chloroplasts [27].

Numerous crops have previously been shown to exhibit a decrease in ion percentage
within DS [51,52]. At the soil-root interface, factors such as root form and growth rate, ion
absorption kinetics, and soil nutrient supply dominate ion absorption [53]. This loss in N %
is able to be connected to a decline in nitrate reductase activity that is interrelated with
photosynthetic activity and decreased availability of carbon skeletons within DS [54]. The
decline in K % under DS may be elucidated via the statement that a lack of water disturbs
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stomatal control, which reduces photosynthetic capability, and likewise the uptake of K for
sustaining and regulating turgidity and stomatal control as recorded by Sarani et al. [55].
The role of GlyBet in increasing N, P, and K % is not totally implicit and there are plentiful
comparable investigators who have recognized the present research. Estaji et al. [56] and
Khoshkharam et al. [57] postulated that GlyBet supplementation increases ion concentra-
tions in plant tissue. This encouraging impact might be ascribed to enhanced ion uptake,
preserving membrane permeability (Table 4), and/or possibly providing a better-developed
root system [27].

Drought cessations affect plant—water balance firstly, hence disturbing the plant’s
typical physio-biochemical occupations. LRWC % was first presented as a useful criterion
for plant water status under water deficiency in the middle of the 1980s. The injuries
of DS on LRWC % were alleviated by exogenous application of GlyBet, leading to an
improvement in LRWC % under DS, as compared with untreated plants grown under
drought only (Table 4). Previously, it was discovered that LRWC % decreased in this area
during a drought [14,18,19,58]. Currently, the application of GlyBet mitigated the reducing
trend of LRWC % of cucumber under DS, which was approved by Dustgeer et al. [25],
Shemi et al. [18], and Yang et al. [26]. Genard et al. [59] stated that GlyBet not only
preserves plant water in an arid site that may be owing to its solid hydrophilicity and
solubility, but also plays a role in osmotic defense of plant tissues. Alasvandyari et al. [60]
recorded that GlyBet can support plants’ ability to maintain their leaves’ water content by
encouraging sodium elimination and K+ accretion under drought conditions. Moreover,
GlyBet spraying motivated the development of the root system and reinforces the capability
of water absorption in addition to upregulation of aquaporin genes, so as to boost water
preservation and enhanced WUE [26,27].

Drought causes an overabundance of ROS, which speeds up membrane lipid peroxi-
dation and hence raises membrane permeability [14,18,19]. In this research, DS distinctly
boosted EL % in cucumber leaves, which was in line with the findings of Nawaz and
Wang [61] and Nazar et al. [62]. Such mutilation can be caused by oxidation and cross-
linkage of protein thiols, and inhibition of key membrane proteins such as H+-ATPase [63].
However, GlyBet application lightened the adverse effects of DS by decreasing EL % under
stress or under well-watered conditions [18,25]. Current outcomes approved that GlyBet
spraying could decreasing EL % by adjusting ROS homeostasis and lowering lipid per-
oxidation to defend cell micro-organelles from the negative injuries of drought [26]. This
suggests that the use of GlyBet could maintain the stabilities of membranes in wheat plants
under DS.

Typically, plant biomass significantly decreases in response to DS [48]. As a result,
the total water losses from transpiration were cut in half, which significantly increased
WUE [64]. The goal is to increase plant WUE in drought conditions, which can be ac-
complished in two ways: by improving the plant’s ability to adapt and by increasing the
crop’s ability to produce biomass per unit of water. However, the impact of a drought on a
plant’s WUE often depends on the plant’s cultivar and drought severity [65]. A foliar spray
of GlyBet, on the other hand, increases cucumber WUE by influencing photosynthesis,
enhancing root development, which leads to better water absorption, and increasing the
plant’s resistance to water scarcity. In some plants, such as wheat [66], increased WUE
brought on by GlyBet treatment under well-watered or water-deficient conditions has
already been documented.

When compared to well-watered plants, crop yield is consistently reduced by up
to 70% under DS [13–15,18,41]. This decrease could be instigated by decreasing branch
number and leaf size, which would decline biomass production, hinder the movement of
photoassimilate to the developing fruits, and/or cause flower and fruit abortion [14]. Addi-
tionally, Song et al. [67] provided that DS caused pollen to swell, filament growth to reduce
filament fertility, and grain production to decrease. According to Anjum et al. [68], drought
stress decreased agricultural output by reducing photosynthetic pigments and Calvin cycle
enzyme activity [18,69]. The drought-induced decline in the yield might have resulted
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from a diminished photosynthetic rate [14,18] and disturbed assimilate partitioning [70].
GlyBet’s effects on stimulating metabolic processes and morphological modification and
anatomical changes may be the cause of the increase in cucumber yield [18,27,41]. These
findings agreed with the values provided by other authors [13,18,57]. The preservation
of a greater net photosynthetic rate and an improvement in the source–sink relationship
were both correlated with the yield enhancement by GlyBet [18,27]. GlyBet stimulates
plant growth and yield owing to its osmoprotective influence on photosynthetic machinery
and control of ion homeostasis [11] along with enhancing drought-affected plant CO2
assimilation [18,57], and because of its role in biosynthesis and transport of hormones such
as cytokinins that may have a role in the transport of photoassimilates [49]. Adak [71]
found that TSS and vitamin C decreased by drought meanwhile increasing with GlyBet
application. As for the interaction effects, several research [13,18,29,57] confirmed our
results, which proved that application of GlyBet alleviated the drastic effect of drought on
crop yield

5. Conclusions

Our results unequivocally show that applying GlyBet is a successful strategy for
reducing drought injury and enhancing plant performance within water scarcity. Overall,
spraying drought-affected cucumber plants six times at 10, 20, 30, 40, 50, 60 days after
planting with 6000 mg/L GlyBet may be a potential method for reducing the effects of
water deficit and therefore improving water use efficiency as well as crop yield and quality.
This has a significant impact on both regional and national economic development, as
well as water conservation in dry and semi-dry regions in the context of climate change
adaptation efforts.
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Abstract: The objective of the current study was to examine the chemical composition and biological
functions of the various Taif’s rose (TR) organs and floral solid distillation wastes (SDW). Addi-
tionally, it assessed the SDW’s potential use in animal feed and potential health applications. For
chemical and biological analyses, the plant stems, leaves, and flowers as well as the SDW of TR were
gathered from four farms in the Al-Shafa highland region of Taif, Saudi Arabia. The highest levels
of cardiac glycosides, flavonoids, and phenolics were found in the flowers (7.66 mg securiaside g−1,
16.33 mg GAE g−1, and 10.90 mg RUE g−1, respectively), while the highest carbohydrate and alkaloid
contents were found in the TR leaves (2.09% and 9.43 mg AE g−1, respectively) with no significant
differences from the SDW. Quercetin, apigenin, and rutin flavonoids, as well as isocorydine and
boldine alkaloids, were found in larger concentrations in the flowers and floral SDW than in the
leaves and stems. The various TR flower extracts were effective against Gram-negative and -positive
bacteria but had no effect on fungal strains, but the SDW’s methanol extract was only effective against
fungi. The plant stem had the highest N, K, and Mg contents (138, 174, and 96.12 mg kg−1, respec-
tively), while the leaves had the highest P and Ca values (6.58 and 173.93 mg kg−1, respectively).
The leaves had the highest contents of total carbohydrates and acid detergent fibre (59.85 and 3.93%,
respectively), while the stems had the highest total protein and acid detergent fibre (8.66 and 24.17%,
respectively), and the SDW had the highest fats and crude fiber (0.57 and 36.52%, respectively).
The highest amounts of digestible crude protein, gross energy, and total dissolved nutrients (TDN)
(4.52% and 412.61 Mcal kg−1) were found in the plant stem and flowers, respectively. The results
of the current experiment showed that the TDN contents of the various organs and the SDW of TR
are suitable for mature dry gestating beef cows. It was determined that, in addition to the SDW’s
potential usage as an ingredient in animal feed, various plant parts and TR’s SDW can be utilized for
a variety of medical reasons.

Keywords: macronutrients; phytochemistry; distillation wastes; rose flowers; biological activity

1. Introduction

Because of the superior quality of its essential oils, Taif’s rose (Rosa damascena Mill.
var. trigintipetala), a Rosaceae plant, is one of the most widely produced commercial
commodities [1]. The mature plant (four years or older) is a shrub that grows to a height
of about 2.5 m and blooms once a year (in May or June), producing 500–600 flowers [2,3].
TR may be found growing in temperate and subtropical areas between 300 and 2500 m
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above sea level [4]. It is grown for commerce among other places in Saudi Arabia, Egypt,
Turkey, Morocco, Bulgaria, Iran, France, China, and India [5]. In several Taif Governorate
locales, it is also one of the significant aromatic plants grown for use in the perfume,
medicinal, and culinary sectors [6]. TR has strong antioxidant, antidiabetic, anti-HIV,
antibacterial, anti-inflammatory, and cardiotonic properties since it contains a variety of
phytochemical components, including alkaloids, phenolic acids, flavonoids, and other
phenolic compounds [1,7–10]. It has historically been used to treat menstrual bleeding,
inflammation, respiratory issues, depression, constipation, and chest pain [11,12].

TR is thought to be one of the most essential aromatic crops producing highly regarded
essential oil [13,14]. The most popular TR products are rose flowers, rose water, essential
oils, vegetative wastes, and distillation wastes [10]. Because the yield of rose oil is so
low compared to the amount of rose flower utilized, a considerable quantity of rose
flowers must be grown in order to produce enough rose water and oil [15]. In total,
4000 kg of rose petals are required for every kilogram of rose oil [16]. Therefore, in order
to satisfy the needs, a huge amount of rose flowers are used in the distillation process,
resulting in a large amount of rose wastes, which is a concern. Furthermore, according to
Galal et al. [17], a lot of rose flowers must be used to make a tiny amount of rose water, and
this process generates a lot of semisolid waste that could harm the environment and results
in a significant amount of resource waste in addition to environmental pollution [18].

Natural sources of polyphenols, flavor compounds, polysaccharides, proteins, etc. can
be found in the solid waste from TR oil distillation [19,20]. Large amounts of trash can be
produced if there are insufficient essential oils in the raw materials (flowers, stems, leaves,
etc.) [21]. Even though distilleries often discard the wastes, these routine practices may
upset the ecological balance in the area and result in the loss of valuable physiologically-
active compounds (polyphenols, fragrance molecules, and polysaccharides) that are present
in the trash [22]. Distillation wastes can be composted and used as animal feed [3]. A Taif
factory produces roughly 7000 L of liquid waste after utilizing 2500 kg of rose flowers to
extract the oil. One oil factory may repeat this extraction procedure twice or three times
daily for 45 days during the flowering season. Therefore, in addition to the solid distillation
wastes (SDW) of the flower leftovers, roughly 63,000–94,500 L of liquid waste are created
from 225,000–337,500 kg of rose flowers each season. This is a significant amount of oil
distillation wastes, and if they are dumped into the environment from just one factory, they
might lead to a number of environmental issues [23]. As a result, recycling these wastes
is crucial for maintaining environmental safety. According to the previous studies on TR
organs, the leaves and stems can be used for different medicinal purposes [1,10], animal
forage and organic fertilizers [17], and phytoremediators [4].

The majority of studies on TR have concentrated on the growth methods, the timing
of the harvest, and the physical and chemical qualities of the oil [23]. However, pharma-
cological investigations have demonstrated the diverse health benefits of TR’s vegetative
leaves and stems [1] and reproductive flowers [24], which are mostly attributable to their
abundant polyphenolic components. Different portions of the TR plant yield a variety
of phytochemicals, including flavonoids, glycosides, alkaloids, and other phenolic com-
pounds [1,10,25]. Additionally, macronutrients contribute significantly to the high yield
and excellent quality of TR oil production [26]. The flower output and essential oil quality
of TR plants depend on their nutritional balance [27]. Galal et al. [17] looked into the
chemical make-up of the main macronutrients in the TR pruning wastes. The goal of
the current study was to better understand the chemical composition of the various TR
organs as well as the solid byproducts of flower distillation and their biological activity. In
addition, it assessed how the distillation wastes might be used to improve human health
when compared to various plant parts and how their disposal could lessen environmental
pollution. Thus, the study investigated the inorganic and organic nutrients, nutritive value,
and the phytochemical constituents of the different organs of TR as well as the SDW. Such
a study can help in the recycling of TR wastes and their multipurpose utilization including
for medicinal use, animal fodder, and organic fertilizers.
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2. Materials and Methods

2.1. Plant Sampling

The various TR parts (stem, leaves, and flowers) were gathered from four rose farms
in Taif City, Saudi Arabia’s Al-Shafa Highland. The residual plant materials and the
distillation wastewaters are the two main byproducts of oil distillation that are produced
as industrial wastes [28]. The rose petals from each farm were combined with water in
a weight-to-volume ratio of 1:10 to extract the oil [29]. Following the extraction process, the
solid distillation wastes (SDW) from each farm were collected as triplicates. In addition
to the SDW, three composite samples of each plant organ were also collected from each
farm (N = 48) during the harvesting season in May 2021 for additional chemical and
biological investigations.

2.2. Sample Preparation and Quality Analysis

Before being homogenized in a planetary high-energy mill with a hardened chromium
steel vial for plant analysis, three composite samples of TR (leaves, stems, flowers, and
SDW) were air-dried at room temperature in the shade. A 250 g sample of plant powder
was shaken in 1000 mL of ethanol for 24 h at room temperature using an orbital shaker,
and the extract was then filtered through Whatman No 1 filter paper. Through the use
of an evaporator, the filtrate was condensed to dryness at 40 ◦C under reduced pressure.
For the examination of alkaloids, phenolic acids, flavonoids, and cardiac glycosides, the
extract was kept between 2 and 8 ◦C. The chemical reagents that were employed included
HCl, ethanol, Baljet’s solution, picric acid, NaOH), AlCl3, methanol, Folin reagent, NaHCO3,
formic acid, acetonitrile, glacial acetic acid, diethylamine, dimethyl sulfoxide, ketoconazole,
and gentamicin.

2.3. Phytochemical Analysis
2.3.1. Determination of Soluble Carbohydrates

The total soluble carbohydrates were determined using the anthrone technique [30].
In total, 100 mg of the TR powdered sample were hydrolyzed with 5 mL of 2.5 N HCl
in a boiling-water bath for 3 h. Before adding sodium carbonate to neutralize the acid-
digested sample, it was cooled to room temperature first. The resultant volume was diluted
to 100 mL with distilled water and centrifuged for 15 min at 5000 rpm. The supernatant
was then collected in order to calculate the total amount of soluble carbohydrates.

2.3.2. Determination of Cardiac Glycosides

In order to measure cardiac glycosides, the method of Solich et al. [31] and Tofighi et al. [32]
was employed. A 10% ethanol extract was combined with 10 mL of freshly-made Baljet’s
solution (95 mL of 1% picric acid with 5 mL of 10% NaOH) in order to identify cardiac glycosides.
A spectrophotometer (CECIL CE 1021) was used to measure the absorbance at 495 nm after the
solution had been left to stand for an hour.

2.3.3. Determination of Total Flavonoid Contents (TFC)

The TFC of the sampled plant organs as well as the SDW were calculated using
the methods given by Tofighi et al. [32]. The plant sample was extracted using a 20 mL
water–ethanol solution at a 60% (v/v) concentration for 60 min at reflux (80 ◦C; pH = 5.06).
The extract was filtered when it had reached room temperature, and the residue was then
extracted once more using the same procedures. The volume was increased to 50 mL of
water–ethanol solution at 60% (v/v) after the hydroalcoholic extract and the re-extract
were combined (stock solution). A portion of the stock solution was transferred to a 10-mL
volumetric flask and mixed with methanol to make the stock solution volume (blank
solution). A new 10-mL volumetric flask was used, and a second aliquot of the stock
solution was placed into it. The flask was then filled with 2% AlCl3 and methanol was used
to bring it to volume (test solution). The test solution’s absorbance at 430 nm was evaluated
after 25 min in comparison to a control solution. The average of three measurements was

104



Agriculture 2022, 12, 1925

used to calculate the rutin content of the TFC herbal material. The following formula was
used to calculate the flavonoid content (mg g−1) of herbal material (corrected for moisture
content): TFC herbal material is calculated as (TFC tested solution 1.25 × 50)/(w-ld), where
TFC test solution is the total amount of flavonoids in the test solution (mg mL−1), 1.25 is
the dilution factor, 50 is the volume of the stock solution (mL), w is the weight of the herbal
material (g), and l d is the herbal material’s loss during drying.

2.3.4. Determination of the Total Phenolic Compounds

Using a spectrophotometric technique, the amount of phenolics in the plant’s ethanol
extract was assessed [32,33]. Amounts of 0.5 mL of ethanol extract, 2.5 mL of 10% Folin
reagent Ciocalteu’s dissolved in water, and 2.5 mL of 7.5% NaHCO3 made up the reaction
mixture. The blank was created using 0.5 mL of methanol, 2.5 mL of water-dissolved
Ciocalteu’s 10 percent Folin reagent, and 2.5 mL of NaHCO3 at a 7.5 percent concen-
tration. The samples were then incubated for 45 min at 45 ◦C in a thermostat. Using
a spectrophotometer, the absorbance at 765 nm was measured (CECIL CE 1021). For each
experiment, samples were prepared in triplicate, and the mean absorbance value was
calculated. The same process was used to produce the calibration curve for the standard
gallic acid solution. Per gram of dry weight, the amount of phenolics was calculated as
milligrams of gallic acid equivalent (GAE) (DW).

2.3.5. Estimation of Phytochemical Compounds Using HPLC

For the separation, identification, and quantification of flavonoids, phenolic acids,
and other phenolic chemicals in TR plant samples, HPLC-MS techniques are frequently
utilized. The HPLC-MS system (Agilent 1100: Agilent Corp., Palo Alto, CA, USA) is made
up of a single quadrupole MS detector with an ion source, a photodiode array detector,
a quaternary pump, and UV/Vis detectors (ESI). Using a gradient solvent system with
a flow rate of 1.0 mL min−1 and a 0.1% formic acid solution, flavonoids were separated in
70 min. They were then detected at 280 nm and identified by ESI-MS [34]. With a gradient
mobile phase consisting of water/acetonitrile/glacial acetic acid (980/20/5, v/v/v, pH 2.68)
and acetonitrile/glacial acetic acid (1000/5, v/v), phenolic acid was separated in 60 min [35].
Additionally, alkaloids were examined by HPLC using 0.2% diethylamine and 0.16% formic
acid as solvent system A and 0.2% diethylamine and 0.16% formic acid in acetonitrile as
solvent system B (0 min, 80:20 (A:B); 5 min, 80:20; 20 min, 60:40; 25 min, 0:100). The column
used had a flow rate of 1.0 mL min−1 and was a 5 μm, 250 mm × 4.6 mm GraceSmart RP18
(Grace Vydac, Hesperia, CA, USA). At 226 nm, the peaks were discovered.

2.4. Biological Activity
2.4.1. Preparation of Extracts

Since the biological activity of TR leaves and stems had already been established [1],
250 g of plant powder from the flowers and SDW were steeped in 1.5 L of 95% ethanol and
methanol before being boiled in both cold (about room temperature) and warm (50 ◦C)
water for 5 days. To ensure a uniform infusion, the mixture was blended every day. After
5 days, Whatman filter paper No. 1 was used to filter the extract. The filtrate was dried in
a rotary evaporator at a temperature of 60 ◦C. The dried extract was stored in sterile glass
vials at −20 ◦C until use [36].

2.4.2. Microorganisms Used

One Gram-positive bacterial strain (Bacillus subtilis), two Gram-negative bacterial
strains (Escherichia coli and Proteus vulgaris), and two fungal strains (Aspergillus fumigatus
and Candida albicans) were obtained from Faculty of Science at Al-Azhar University in
Cairo, Egypt. In nutrient agar and malt extract, respectively, the bacterial and fungal strains
were cultivated.
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2.4.3. In Vitro Evaluation of the Antimicrobial Activity

By modifying the agar disc well diffusion method [37], an antimicrobial susceptibility
test was carried out. Antimicrobial activity was gauged by measuring the diameter of
inhibitory zones. As antibacterial agents, plant extracts were tested on bacterial isolates.
All bacterial and fungal isolate inoculum suspensions were dispersed across the surface
media. The medium was drilled with holes that were 6 mm in diameter using a 6-mm
cork borer. Dimethyl sulfoxide (DMSO) was used to process the dried plant extracts into
a final extract with a 10 mg/mL concentration. In total, 100 L of plant extract was placed
in the well of each plate. For bacterial growth, the inoculated agar plates were incubated
for 24 h at 37 ◦C and for 48 h at 28 ◦C. Measurements of the inhibitory zones brought on
by active extract components were made after 24–48 h of incubation. The investigations
were carried out in duplicate, and an established scale was used to evaluate the inhibitory
zone [38]. For fungus, gentamicin (MIC = 4 g mL−1) was utilized as a control therapy,
whereas ketoconazole antibiotic (MIC = 100 g mL−1) was employed for bacteria.

2.5. Nutritional Analyses
2.5.1. Mineral Nutrients

Three composite samples of TR plants from each farm (N = 48) were pulverized
separately in a metal-free plastic mill, passed through a 2-mm mesh size, and then stored
in labeled plastic containers. The samples included leaves, stems, flowers, and SDW. For
the measurement of inorganic nutrients, a sulphuric and perchloric acid mixture was
used to digest 1 g of each milled plant sample [39]. At the Ecology Laboratory, Faculty
of Science, Helwan University, Cairo, Egypt, the determination of N, P, K, Ca, Mg, and
Na was performed for the extracts using an Agilent 4210 MP-AES (Microwave Plasma-
Atomic Emission Spectrometer, Agilent Inc., Suwon, Korea). The operational processes and
instrumental settings were modified in accordance with the user guide provided by the
manufacturer. For each element, the final concentrations were given as mg kg−1 biomass
dry matter.

2.5.2. Organic Nutrients

The ground plant samples were ignited for three hours at 550 ◦C in a muffle furnace
to determine the amount of ash present. The Kjeldahl method [40] was used to assess
total nitrogen, and its content was utilized to compute total protein (TP) by multiplying
its percentage by 6.25. Allen [39] reported that the total lipids or fats represented by
ether extract (EE) were determined by diethyl ether extraction of the plant materials using
a Soxhlet extractor. Allen [39] claims that after chemically digesting and solubilizing the
other existing components, the crude fibre (CF) is measured gravimetrically. According to
Le Houérou [41], the nitrogen-free extract (NFE, or total carbohydrates) was determined
in the plant samples as follows: NFE (% DM) = 100 − (TP + CF + fat + ash). According to
Goering and Van Soest [42] and Van Soest et al. [43], the fiber portions of cell walls were
determined as neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent
lignin (ADL).

2.5.3. Nutritional Value

According to NRC [44], the digestible crude protein (DCP) was calculated as follows:
DCP percentage (% DCP) = 0.85 CP − 2.5. According to NRC [45], the digestible energy
(kcal kg−1 DM) was determined as follows: gross energy times 0.76 equals digestible energy
(DE). The metabolizable energy (kcal kg−1 DM) was determined as follows [44]: digestible
energy multiplied by 0.82 equals metabolic energy (ME). According to NRC [44], the follow-
ing formula was used to determine the net energy (kcal kg−1 DM): metabolizable energy
times 0.56 equals net energy (NE). The caloric values were expressed in Mcal kg−1 DM.
The total digestible nutrients (TDN) were computed as follows NRC [44]: % digestible
energy divided by 44.3 equals total digestible nutrients (%).
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2.6. Statistical Analysis

Following a normality check of the data, one-way analysis of variance (ANOVA I)
was used to examine the variations in the chemical composition of the plant’s various
organs [46]. A post hoc test (Duncan’s test) was employed when there were significant
differences between the different samples.

3. Results and Discussion

3.1. Phytochemical Analysis

It is crucial to identify phytochemical components in order to evaluate the nutritional
and therapeutic value of plants [47]. The TR plants’ phytochemical components showed
substantial differences (p < 0.001) among the various plant organs (Table 1). According
to the qualitative phytochemical examination of TR’s various organs, carbohydrates, gly-
cosides, alkaloids, flavonoids, and phenolic compounds were found. The same species’
petals [48,49], and leaf and stem pruning wastes [1] also revealed similar results. Car-
bohydrates are substances with a lot of energy that show how much food and energy
plants have stored and offer the cellular building blocks for those plants [50]. They are
used to monitor a plant’s capacity to rebound following pruning [51]. TR leaves were
observed to have much higher carbohydrate and alkaloid concentrations than other plants
(2.09 percent and 9.43 mg AE g−1, respectively), but lower levels of cardiac glycosides
(3.61 mg securiaside g−1). The drought stress of rose plants before and after pruning may
be the cause of the elevated carbohydrate content in the leaves [6]. Additionally, the reduced
ability to use carbohydrates as an energy source, a component of new cells and tissues, or
an osmolyte for the cells, may be the cause of the accumulation of carbohydrates [37].

Table 1. Phytochemical constituents (mean ± SD, n = 12) of the different organs as well as the
solid distillation wastes of Taif’s rose collected from Al-Shafa highlands in Taif City, Saudi Arabia.
Maximum and minimum values are underlined.

Organ
Carbohydrates Cardiac Glycosides Phenolics Flavonoids Alkaloids

% mg Securiaside g−1 mg GAE g−1 mg RUE g−1 mg AE g−1

Leaves 2.09 ± 0.71 a 3.61 ± 0.59 c 9.81 ± 1.79 b 6.33 ± 1.52 b 9.43 ± 1.17 a
Stem 0.85 ± 0.08 b 4.84 ± 0.63 b 5.45 ± 1.55 c 7.46 ± 1.16 b 5.70 ± 1.21 b

Flower 0.66 ± 0.08 b 7.66 ± 0.20 a 16.33 ± 0.10 a 10.90 ± 0.20 a 3.44 ± 0.14 c
Flower wastes 0.56 ± 0.04 b 5.63 ± 0.16 b 14.36 ± 2.11 a 9.80 ± 0.26 a 2.36 ± 0.10 c

F-value 19.73 *** 38.54 *** 55.75 *** 13.98 *** 23.98 ***

Means in the same column followed by different letters are significantly different at p < 0.05, according to Duncan’s
HSD test; ***: p < 0.001.

Additionally, the TR flowers contained the most cardiac glycosides (7.66 mg securia-
side g−1). This figure was higher than what Galal et al. [1] found in the TR leaf and stem
pruning wastes. Cardiac glycosides are a particular class of secondary metabolite that have
historically been used to increase cardiac contractile force in people with congestive heart
failure or cardiac arrhythmias [52]. Their content was higher than the 2.98–5.69 mg g−1

found in TR’s leaf and stem pruning wastes [1] but lower than the 9.5–15.2 mg g−1 and
9.07–21.09 mg g−1 found in C. procera and Aloe spp. ([52,53], respectively). Moreover, the
SDW had the lowest levels of soluble carbohydrates and alkaloid contents (0.56% and
2.36 mg AE g−1, respectively), whereas the stem tissues had the lowest levels of phenolics
(5.45 mg GAE g−1).

The TR flowers also had the highest levels of flavonoid and phenolic compounds
(16.33 mg GAE g−1 and 10.90 mg RUE g−1, respectively), with no discernible changes
from the SDW. In the same species, Galal et al. [1] and Liu et al. [18] recorded 12.41 and
386.4 mg g−1 of phenolic content in the leaf pruning wastes and flower residue, respec-
tively. These results suggest that the TR flowers and SDW have better pharmacological
(antioxidant, anti-ageing, whitening, and anticancer) actions than the TR leaves and stems.
Additionally, numerous studies have shown how TR’s high phenolic and flavonoid con-
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tents contribute to its potent antibacterial and disinfection properties [24]. Moreover, the
TR flower’s flavonoid concentration was higher than the 9.33 mg g−1 found in the same
species’ stem and leaf pruning wastes [1].

3.2. HPLC of Phytochemical Compounds

The HPLC analysis of the flavonoids, and phenolic and alkaloid compounds showed
that the flowers and flower SDW of TR plants had lower contents of the separated com-
pounds (except quercetin, apigenin, and rutin flavonoids, and isocorydine, and boldine
alkaloids) than the leaves and stems (Table A1). Quercetin, apigenin, luteolin, chrysoe-
riol, rutin, kaempferol, and avicularin were the seven flavonoid compounds that were
isolated and identified (Table A1 and Figure 1). These chemicals have potential antiox-
idant, anti-inflammatory, and antimicrobial properties as reported by Dahat et al. [54],
who discovered that quercetin and its glycoside rutin have been identified in extracts
demonstrating nephroprotective characteristics. The highest levels of luteolin, chrysoeriol,
and kaempferol were found in the plant stem (21.09, 45.19, and 27.55 mg g−1, respectively),
while the highest levels of quercetin, apigenin, and rutin were found in the flowers (20.10,
47.02, and 25.36 mg g−1, respectively), and the highest levels of avicularin were found in
the SDW (4.15 mg g−1). Quercetin is a plentiful polyphenolic flavonoid that has a number
of health-promoting properties, including strong vasodilators, cancer-preventative proper-
ties, anti-inflammatory properties, and advantages for asthma, among many others [55].
Additionally, luteolin and apigenin can lessen the occurrence of mouth sores and provide
modest symptom relief as well as limit the viability of leukemic cells, colon and ovarian
carcinoma cells, and, in particular, human breast cancer cells [56]. Moreover, kaempferol
and avicularin are nontoxic and have potent antioxidant, hepatoprotective, antidiabetic,
and anti-inflammatory properties [57].

Five phenolic substances were produced by the HPLC of the extracts of the different
TR organs: ellagic acid, catechol, resorcinol, gallic acid, and phloroglucinol (Table A1 and
Figure 2). The five compounds were found in plant stems and leaves, while resorcinol and
gallic acid and catechol were not found in the SDW or flowers. The greatest content of gallic
and ellagic acids (23.53 and 14.90 mg g−1) in TR stems was lower than 37.4 and 50.3 mg g−1

recorded in the stem pruning wastes and flower residue recorded by Galal et al. [1] and
Marlene et al. [58], respectively, in the same species. Numerous biological functions of gallic
acid include antioxidant capabilities, antibacterial activity, anti-inflammatory properties,
antiviral and antimutagenic characteristics, and anticancer effects [59]. Additionally, ellagic
acid is a crucial compound utilized in the treatment of chronic ulcerative colitis as an anti-
carcinogenic, multipurpose protector against oxidative stress, and an anti-inflammatory
agent [5]. Furthermore, catechol, resorcinol, and phloroglucinol concentrations were high-
est in the plant leaves (13.70, 11.91, and 6.24 mg g−1, respectively). These compounds were
discovered to have possible antimicrobial properties [10].

Alkaloids are physiologically-active substances that are frequently employed as medi-
cations and produced by plants as secondary metabolites, but many of these substances are
extremely toxic [60]. Six alkaloid compounds were isolated and identified in TR extracts
as berbamine, jatrorrhizine, palmatine, reticuline, isocorydine, and boldine (Table A1 and
Figure 3). These compounds are widespread in many Chinese medicinal plants and have
been shown to have leukocytosis-promoting, antimicrobial, anti-inflammatory, anticancer,
and choleretic activities [61]. Galal et al. [1] found comparable results in the same species’
pruning leaves and stem. Berbamine, jatrorrhizine, palmatine, and reticuline were all found
in the highest concentrations (5.28, 5.83, 3.50, and 8.50 mg g−1, respectively) in the plant
stem, whereas isocorydine and boldine were found in the highest concentrations (9.11 and
4.79 mg g−1, respectively) in the flowers. Berbamine, jatrorrhizine, palmatine, and reticu-
line have antibacterial activity, encourage leukocytosis, and are choleretic substances [62].
However, the long-term use of boldine may cause depression, partial motor aphasia, sound
hallucinations, and color hallucinations [63].
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Figure 1. HPLC analysis of the phenolic compounds in the different organs as well as the solid
distillation wastes of Taif’s rose collected from Al-Shafa highlands in Taif City, Saudi Arabia.
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Figure 2. HPLC analysis of the flavonoid compounds in the different organs as well as the solid
distillation wastes of Taif’s rose collected from Al-Shafa highlands in Taif City, Saudi Arabia.
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Figure 3. HPLC analysis of the alkaloid compounds in the different organs as well as the solid
distillation wastes of Taif’s rose collected from Al-Shafa highlands in Taif City, Saudi Arabia.

3.3. Biological Activity
3.3.1. Flower Extracts

The phytogeographical region, the plant component, and the extraction method all
affect a plant’s antibacterial activity [64]. According to biological activity tests, TR flower
extracts were effective against Gram-negative and Gram-positive bacteria but ineffective
against fungal strains (Table A2 and Figure 4). In a related investigation, Galal et al. [1]
discovered that the leaf pruning wastes of TR showed antibacterial and antifungal activ-
ity in the boiling-water extracts but not in the other extracts. Compared to the control
(inhibition zones: 26 mm), ethanol and warm-water extracts significantly reduced the
sensitivity of Bacillus subtilis (14 and 13 mm, respectively). Additionally, Proteus vulgaris
and Escherichia coli were extremely sensitive to most extracts (except for warm water on
E. coli), with boiling-water extracts having the maximum activity (13 and 18 mm, respec-
tively) when compared to gentamicin (30 and 17 mm, respectively). In comparison to
gentamicin antibiotics (control), Galal et al. [1] found that the same bacterial strains were
much more sensitive to warm-water extracts of TR leaves and stem pruning wastes. They
attributed these findings to the presence of various phytochemical compounds, such as
alkaloids, phenolic acids, flavonoids, and other phenolic compounds. Similar findings
on Rosa indica extracts show antifungal action against A. fumigatus strains as well as an-
tibacterial activity against Proteus sp. and E. coli [65]. The current findings show that
the floral extracts had a modest effect on the bacterial strains under investigation, with
boiling- and cold-water extracts being the most effective against P. vulgaris. It is impor-
tant to note that P. vulgaris was only responsive to TR extracts in the following order:
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ethanol > warm water > methanol > boiling and cold water. Norziah et al. [66] claim that
because it is nontoxic and beneficial to the environment, using water as an extracting
solvent is preferable to using organic solvents. Additionally, water is a good solvent for
extracting a significant amount of highly active phenolic and flavonoid chemicals that can
be used safely in a variety of food applications [10].

   

Aspergillus fumigatus Candida albicans 

   

Escherichia coli Proteus vulgaris 

 

Bacillus subtilis

Figure 4. Antimicrobial activity of the different extracts of Taif’s rose. 3: flowers, 4: solid distillation
wastes, A: methanol extract, B: ethanol extract, C: boiled water, D: cold water, E: warm water.
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3.3.2. Solid Distillation Waste Extracts

The antimicrobial activity data of the SDW extracts of TR showed that the methanol
extract was exclusively potent against fungal strains (Aspergillus fumigatus and Candida albicans)
with lower activity (10 and 14 mm, respectively) compared with 17 and 20 mm, respectively,
of the ketoconazole (Table A3 and Figure 4). Similarly, the methanol and cold-water extracts of
the stem pruning wastes of TR were active against the bacterial and fungal strains [1]. On the
other hand, the warm-water extract was only efficient against the investigated bacterial strains
with inhibition zones (10, 12, and 18 mm) compared with 26, 30, and 17 mm for gentamicin.
It was noticed that the SDW extracts had low efficacy against the investigated fungal and
bacterial strains, except for the warmwater extract against P. vulgaris. Halawani [23] found that
P. vulgaris was highly susceptible to all of the TR flower extracts. In contrast, Adom et al. [56]
found that the aqueous extract of P. major has no antimicrobial activity. Thus, pharmaceutical
studies are required to separate, purify, and identify the phytochemical compounds in the
ethanolic, methanolic, and water extracts of TR flowers and SDW.

3.4. Nutritional Properties
3.4.1. Mineral Nutrients

Using organic fertilizer made from composted agricultural waste can help reduce
the need for chemical fertilizers and nutrient requirements [67]. The statistical analysis
(ANOVA I) indicated significant variations (p < 0.05) in the concentrations of the analyzed
mineral elements (except Ca and Mg) among the different organs of TR (Table 2). The plant
stem contributed the highest contents of N, K, and Mg (138.73 ± 16.49, 174.57 ± 17.20, and
96.12 ± 17.01 mg kg−1, respectively), but the lowest Na content (136.15 ± 15.17 mg kg−1).
In addition, the plant leaves had the highest contents of P and Ca (6.58 ± 0.54 and
173.93 ± 26.03 mg kg−1, respectively) but the lowest of K and Mg (101.54 ± 10.89 and
85.43 ± 14.90 mg kg−1, respectively). The values of these elements (except K, P, and Ca)
were lower than those recorded in the leaf and stem pruning wastes of the same species [17].
Moreover, the highest Na content (198.08 ± 12.34 mg kg−1) was recorded in the flower tis-
sues, which was comparable to 195.18 ± 9.32 mg kg−1 recorded in the SDW. The nutritional
value of TR plant parts was lower than that found in herbal plant residues and olive mill
waste ([68,69], respectively). The current study is in line with the findings of Galal et al. [17],
who found that the macronutrient content of TR leaf and stem pruning wastes makes them
more promising for composting in order to improve soil quality than flowers and SDW.
The various plant organs of TR can be used as additives in organic fertilizers because their
nutrient release rate is too slow to meet crop requirements in a timely manner. Based
on the observation of Chang et al. [67], those organic fertilizers could not be an absolute
replacement for chemical fertilizers.

Table 2. Mineral nutrient content (mean ± SD, n = 12) of the different organs of Taif’s rose grown on
Al-Shafa highlands in Taif City, Saudi Arabia. Maximum and minimum values are underlined.

Organ
N P K Ca Mg Na

mg kg−1

Leaves 98.01 ± 3.86 ab 6.58 ± 0.54 a 101.54 ± 10.89 b 173.93 ± 26.03 85.43 ± 14.90 167.64 ± 19.09 ab
Stem 138.73 ± 16.49 a 6.53 ± 1.77 a 174.57 ± 17.20 a 165.46 ± 24.28 96.12 ± 17.01 136.15 ± 15.17 b

Flower 71.70 ± 5.31 b 1.49 ± 0.19 b 117.10 ± 2.01 ab 147.54 ± 17.20 91.32 ± 12.01 198.08 ± 12.34 a
Distillation wastes 81.58 ± 6.23 b 2.24 ± 0.17 b 102.13 ± 13.11 b 135.55 ± 13.93 89.83 ± 11.73 195.18 ± 9.32 a

F-value 4.55 * 24.83 *** 5.5 ** 0.96 0.22 4.01 *

Means in the same column followed by different letters are significantly different at p < 0.05, according to Duncan’s
HSD test; *: p < 0.05, **: p < 0.01, ***: p < 0.001.

3.4.2. Organic Nutrients

Animal productivity depends on forage quality, which is primarily determined by total
protein (TP), crude fiber (CF), digestibility, and other related factors [70]. The statistical
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analysis (ANOVA I) of the organic nutrients (except CF and NDF) showed significant
variation (p < 0.05) among the investigated samples of TR plants (Table 3). The plant
leaves contributed the highest percentage of total carbohydrates (NFE) and ADL (59.85 and
3.93%, respectively) but the lowest CF content (21.86%). The NFEs of TR leaves, stems, and
flowers were comparable to those recorded in the pruning wastes of the same species [17],
Echinochloa stagnina and Eichhornia crassipes, and higher than that of C. demersum (33.4%) [71].
The high carbohydrate content is beneficial for giving the rumen microorganisms sufficient
energy, which in turn helps lactating cows [72]. Moreover, the highest percentages of
TP and ADF (8.66 and 24.17%, respectively) were recorded in the plant stem associated
with the lowest ash and fat contents (7.34 and 0.14%). The ADF content of the different
investigated organs was lower than that of TR pruning wastes (27.5–45.1%: Galal et al. [17]),
Trifolium alexandrinum (32.1%: [73]), and wheat straw (46.5–50.8%: [74]). The percentages of
NDF and ADF of TR organs were lower than 74.4% and 44.4%, respectively, which were
recorded in central Oklahoma [75] and 57.5% and 31.6%, respectively, reported in western
Washington [76] for forage intermediate wheatgrass. Favre et al. [77] reported 59.7% NDF
and 33.7% ADF in Wisconsin’s Kernza intermediate wheatgrass in the similar context.

Table 3. Organic nutrient content (mean ± SD, n = 12) of the different organs of Taif’s rose grown on
Al-Shafa highlands in Taif City, Saudi Arabia. Maximum and minimum values are underlined.

Organ Total Protein (%) NFE (%) Ash (%) Fat (%) Crude Fiber (%) ADF (%) ADL (%) NDF (%)

Leaves 6.13 ± 1.69 ab 59.85 ± 9.96 a 11.67 ± 2.69 c 0.50 ± 0.05 ab 21.86 ± 3.48 22.88 ± 7.11 a 3.93 ± 1.12 a 38.21 ± 7.88
Stem 8.66 ± 2.27 a 52.63 ± 13.81 a 7.34 ± 1.75 d 0.14 ± 0.01 c 31.33 ± 3.81 24.17 ± 5.16 a 2.49 ± 0.49 ab 36.51 ± 3.31

Flower 4.71 ± 0.49 b 53.92 ± 5.15 a 18.74 ± 2.34 b 0.36 ± 0.05 b 22.26 ± 2.29 15.54 ± 1.41 ab 1.71 0.09 b 38.51 ± 3.36
Distillation

wastes 5.13 ± 0.38 b 28.39 ± 4.78 b 29.39 ± 2.87 a 0.57 ± 0.05 a 36.52 ± 1.58 14.23 ± 1.75 b 3.60 ± 0.31 a 34.56 ± 1.53

F-value 4.31 * 5.28 ** 62.75 *** 14.93 *** 2.71 2.96 * 2.85 * 0.46

Means in the same column followed by different letters are significantly different at p < 0.05, according to Duncan’s
HSD test; *: p < 0.05, **: p < 0.01, ***: p < 0.001.

Moreover, the flower SDW with the lowest values of NFE, ADF, and NDF (28.39, 14.23,
and 34.56%, respectively) had the highest ash, lipids, and CF contents (29.39, 0.57, and
36.52%, respectively). According to Heneidy and Halmy [78], TP and CF are traditionally
used as indicators of the nutritional content of food for grazing animals because TP is used
for energy and aids in tissue formation, and CF defines the energy feeding value of the
forage [79]. The minimal protein in animal diets ranges from 6 to 12% DM MAFF [80] and,
as a result, the TP content of TR’s leaves and stems falls within this range but that of the
flowers and SDW is lower. In addition, the plant leaves and stems lie within the required
range (7–9%) of TP for sheep and gestating cows ([45,81], respectively). CF in plants
represents all the cell wall fractions that are resistant to the action of digestive enzymes
and includes the insoluble residue of acid hydrolysis and the alkaline one [82]. In the
current study, the CF contents of the SDW and stem of TR were slightly higher than the
range reported for some known wild forage plants such as Phragmites australis (29.9% DM),
Panicum repens (27.3% DM), and Cynodon dactylon (20.5% DM) [83,84]. However, the range
of CF contents in the investigated organs of TR was higher than the mean content (20.0%)
of temperate grasses [85].

3.4.3. Nutritional Value

The nutritive value of any forage is dependent upon its content of energy-producing
nutrients as well as its contents of essential nutrients to the body and mainly depends
on high digestible crude protein (DCP) [71]. The investigated parameters of nutritional
values (except NE) were significantly varied (p < 0.05) among the different organs of
TR plants (Table 4). DCP is an important fraction of proteins that are ingested and ab-
sorbed by the animal and not excreted in feces [86]. The highest values of DCP and GE
(4.52% and 412.61 Mcal kg−1, respectively) and the lowest TDN (56.18%) were recorded in
the plant stem, while the highest TDN (59.19%) associated with the lowest DCP (0.86%)
were recorded in the plant flowers. The DCP in the present study was relatively low
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in comparison with TR pruning wastes [17] but was lower than 9% of the main fodder
crop T. alexandrinum [87]. Additionally, the TDN is defined as the energy content of feeds
available to animals after the digestion losses [79]. The present investigation revealed that
the different organs as well as the SDW of TR have suitable contents of TDN for mature
dry gestating beef cows that require 55–60% [88]. Moreover, the plant leaves had the
highest values of DE, ME, and NE (2.68, 2.20, and 1.10 Mcal kg−1, respectively). The SDW
had the lowest energy contents represented by DE, ME, NE, and GE (1.23, 1.23, 0.62, and
324.11 Mcal kg−1, respectively). The values of DE and ME of the different living organs of
TR were comparable to the 2.65 and 2.17 Mcal kg−1 DM values, respectively, recorded in
hay of alfalfa (Medicago sativa), and higher than the 2.43 and 1.99 Mcal kg−1 DM values,
respectively, in red clover (Trifolium pratense) [45]. However, the values of the GE of the
TR stems and leaves were comparable to the 377.02–424.25 Mcal kg−1 DM of the prun-
ing wastes [17] and higher than the 389 Mcal kg−1 DM reported for Cynodon dactylon and
398 Mcal kg−1 DM in Panicum repens [84].

Table 4. Nutritional value (mean ± SD, n = 12) of the different organs of Taif’s rose grown on Al-Shafa
highlands in Taif City, Saudi Arabia. Maximum and minimum values are underlined.

Organ DCP (%) TDN (%) DE (Mcal/kg) ME (Mcal/kg) NE (Mcal/kg) GE (Mcal/kg)

Leaves 2.71 ± 0.44 ab 58.28 ± 1.87 ab 2.68 ± 0.37 a 2.20 ± 0.31 a 1.10 ± 0.01 a 385.58 ± 8.24 b
Stem 4.52 ± 0.16 a 56.18 ± 1.82 b 2.61 ± 0.42 a 2.14 ± 0.42 a 1.07 ± 0.03 a 412.61 ± 9.59 a

Flower 0.86 ± 0.05 b 59.19 ± 3.13 a 2.25 ± 0.19 a 1.85 ± 0.16 a 0.93 ± 0.06 a 354.33 ± 6.62 c
Distillation wastes 1.24 ± 0.35 b 59.05 ± 2.32 a 1.23 ± 0.08 b 1.23 ± 0.08 b 0.62 ± 0.04 b 324.11 ± 9.13 d

F-value 4.31 * 5.28 ** 62.75 *** 14.93 *** 2.71 2.96 *

Means in the same column followed by different letters are significantly different at p < 0.05, according to Duncan’s
HSD test; *: p < 0.05, **: p < 0.01, ***: p < 0.001.

4. Conclusions

Compared to the flowers and SDW, the leaves and stems of TR contained more carbo-
hydrates and cardiac glycosides but fewer flavonoids and phenolic substances. The largest
cardiac glycoside, flavonoid, and phenolic levels were found in the TR flowers, with no
discernible difference from the SDW, whereas the highest carbohydrate and alkaloid con-
tents were found in the TR leaves. Quercetin, apigenin, and rutin flavonoids, as well as
isocorydine and boldine alkaloids, were found in larger concentrations in the flowers and
blossom SDW of TR plants than in the leaves and stems, according to the HPLC analysis
of the phytochemical components. The various TR flower extracts were effective against
Gram-negative and Gram-positive bacteria but had no effect on fungal strains, while the
SDW’s methanol extract was exclusively effective against fungi. In contrast to the flowers
and SDW, the macronutrient content of TR leaves and stems makes it possible to compost
them for improving soil quality. The results of the current investigation show that the TDN
contents of the various organs and the SDW of TR are suitable for mature dry gestating
beef cows. In addition to the potential use of the SDW as a supplement in animal feed, the
various plant organs and the SDW of TR can be utilized for a variety of medicinal purposes.
Based on these micro-components as well as the inorganic and organic nutrients and the
nutritive value, the different organs of TR can be used in medicine, animal fodder, soil
amendment, organic fertilizers, and for other industrial purposes (Table 5).
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Table 5. Micro-components of the different organs of Taif’s rose and their significance.

Component Significance

Inorganic nutrients (N, P, Na, K, Ca, Mg) Soil amendments, organic fertilizers

Organic nutrients (carbohydrates, proteins, fats, fibers) Animal forage, industrial application

Nutritional components (DCP, TDN, GE, ME, NE) Animal forage

Secondary metabolites (cardiac glycosides, flavonoids,
alkaloids, phenolics)

Medicinal purposes (e.g., cancer-preventative properties, antioxidant,
anti-inflammatory, and antimicrobial), pharmaceutical industry.
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Appendix A

Table A1. HPLC analysis of the phenolic, flavonoid, and alkaloid contents of the different organs as
well as the solid distillation wastes of Taif’s rose collected from Al-Shafa highlands in Taif City, Saudi
Arabia. SDW: solid distillation wastes; ND: not detected.

Chemical Compound
Plant Organ

Leaves Stem Flowers SDW

Fl
av

on
oi

ds
co

nc
en

tr
at

io
n

(m
g

g−
1 )

Quercetin 11.09 12.61 20.10 2.69
Apigenin 4.59 23.83 47.02 11.25
Luteolin 10.17 21.09 13.60 ND

Chrysoeriol 19.20 45.19 ND 6.98
Rutin 16.87 11.16 25.36 ND

Kaempferol 21.59 27.55 19.10 9.68
Avicularin ND ND 2.50 4.15

Ph
en

ol
ic

s
co

nc
en

tr
at

io
n

(m
g

g−
1 ) Gallic acid 14.21 23.53 5.41 ND

Ellagic acid 7.94 14.90 11.69 7.25
Catechol 13.70 6.59 8.60 ND

Resorcinol 11.91 7.57 ND 8.79
Phloroglucinol 6.24 0.93 1.69 3.45

A
lk

al
oi

ds
co

nc
en

tr
at

io
n

(m
g

g−
1 )

berbamine 3.03 5.28 ND ND
jatrorrhizine 5.10 5.83 5.60 4.26

palmatine ND 3.50 ND 3.44
reticuline 1.88 8.50 5.30 ND

isocorydine 1.60 4.70 9.11 4.77
boldine ND 0.64 4.79 3.56
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Table A2. Antimicrobial activity (mm) of the different extracts of Taif’s rose flowers on the pathogenic
fungal and bacterial strains. NA: no activity.

Extract
Fungi

Bacteria

Gram- + ve Bacteria Gram- − ve Bacteria

Aspergillus fumigatus Candida albicans Bacillus subtilis Escherichia coli Proteus vulgaris

Control
Ketoconazole Gentamicin Gentamicin

17 20 26 30 17
Methanol NA NA NA 10 16
Ethanol NA NA 14 11 13

Boiling water NA NA NA 13 18
Cold water NA NA NA 12 18

Warm water NA NA 13 NA 14

Table A3. Antimicrobial activity (mm) of the different extracts of Taif’s rose solid distillation wastes
on the pathogenic fungal and bacterial strains. NA: no activity.

Extract
Fungi

Bacteria

Gram- + ve Bacteria Gram- − ve Bacteria

Aspergillus fumigatus Candida albicans Bacillus subtilis Escherichia coli Proteus vulgaris

Control
Ketoconazole Gentamicin Gentamicin

17 20 26 30 17
Methanol 10 14 10 19 NA
Ethanol NA NA NA NA NA

Boiling water NA NA NA NA NA
Cold water NA NA NA 14 12

Warm water NA NA 10 12 18

References

1. Galal, T.M.; Al-Yasi, H.M.; Fawzy, M.A.; Abdelkader, T.G.; Hamza, R.Z.; Eid, E.M.; Ali, E.F. Evaluation of the Phytochemical and
Pharmacological Potential of Taif’s Rose (Rosa damascena Mill var. trigintipetala) for Possible Recycling of Pruning Wastes. Life
2022, 12, 273. [PubMed]

2. Tsanaktsidis, C.G.; Tamoutsidis, E.; Kasapidis, G.; Itziou, A.; Ntina, E. Preliminary results on attributes of distillation products of
the rose Rosa damascene as a dynamic and friendly to the environment rural crop. APCBEE Procedia 2012, 1, 66–73. [CrossRef]

3. Nunes, H.; Miguel, M.G. Rosa damascena essential oils: A brief review about chemical composition and biological properties.
Trends Pharmacol. Sci. 2017, 1, 111–128.

4. Galal, T.M.; Majrashi, A.; Al-Yasi, H.M.; Farahat, E.A.; Eid, E.M.; Ali, E.F. Taif’s Rose (Rosa damascena Mill var. trigentipetala)
Wastes Are a Potential Candidate for Heavy Metals Remediation from Agricultural Soil. Agriculture 2022, 12, 1319.

5. Mileva, M.; Ilieva, Y.; Jovtchev, G.; Gateva, S.; Zaharieva, M.M.; Georgieva, A.; Dimitrova, L.; Dobreva, A.; Angelova, T.;
Vilhelmova-Ilieva, N.; et al. Rose Flowers—A Delicate Perfume or a Natural Healer? Biomolecules 2021, 11, 127. [CrossRef]

6. Al-Yasi, H.; Attia, H.; Alamer, K.; Hassan, F.; Ali, E.; Elshazly, S. Impact of drought on growth, photosynthesis, osmotic adjustment,
and cell wall elasticity in damask rose. Plant Physiol. Biochem. 2020, 150, 133–139. [CrossRef]

7. Pal, P.K. Evaluation, genetic diversity, recent development of distillation method, challenges and opportunities of Rosa damascena:
A review. J. Essent. Oil Bear. Plants 2013, 16, 1–10. [CrossRef]

8. Labban, L.; Thallaj, N. The medicinal and pharmacological properties of Damascene Rose (Rosa damascena): A review. Int. J.
Herb. Med. 2020, 8, 33–37.

9. Ghavam, M.; Afzali, A.; Manconi, M.; Bacchetta, G.; Manca, M.L. Variability in chemical composition and antimicrobial activity of
essential oil of Rosa × damascena Herrm. from mountainous regions of Iran. Chem. Biol. Technol. Agric. 2021, 8, 22. [CrossRef]

10. Hamza, R.Z.; Al-Yasi, H.M.; Ali, E.F.; Fawzy, M.A.; Abdelkader, T.G.; Galal, T.M. Chemical characterization of Taif rose
(Rosa damascena Mill var. trigentipetala) waste methanolic extract and its hepatoprotective and antioxidant effects against
cadmium chloride (CdCl2)-induced hepatotoxicity and potential anticancer activities against liver cancer cells (HepG2). Crystals
2022, 12, 460.

11. Moein, M.; Etemadfard, H.; Zarshenas, M.M. Investigation of different Damask rose (Rosa damascena Mill.) oil samples from
traditional markets in Fars (Iran); focusing on the extraction method. Trends Pharmacol. Sci. 2016, 2, 51–58.

117



Agriculture 2022, 12, 1925

12. Alizadeh, Z.; Fattahi, M. Essential oil, total phenolic, flavonoids, anthocyanins, carotenoids and antioxidant activity of cultivated
Damask Rose (Rosa damascena) from Iran: With chemotyping approach concerning morphology and composition. Sci. Hortic.
2021, 288, 110341. [CrossRef]

13. Rusanov, K.; Kovacheva, N.; Atanassov, A.; Atanassov, I. Rosa damascena Mill., the oil-bearing Damask rose: Genetic resources,
diversity and perspectives for molecular breeding. Floricul Ornam Biotech. 2009, 3, 14–20.

14. Thakur, M.; Sharma, S.; Sharma, U.; Kumar, R. Study on effect of pruning time on growth, yield and quality of scented rose
(Rosa damascena Mill.) varieties under acidic conditions of western Himalayas. J. Appl. Res. Med. Aromat. Plants 2019, 13, 100202.
[CrossRef]

15. Nasir, M.H.; Nadeem, R.; Akhtar, K.; Hanif, M.A.; Khalid, A.M. Efficacy of modified distillation sludge of rose (Rosa centifolia)
petals for lead (II) and zinc (II) removal from aqueous solutions. J. Hazard. Mater. 2007, 147, 1006–1014. [CrossRef]

16. Slavov, A.; Kiyohara, H.; Yamada, H. Immunomodulating pectic polysaccharides from waste rose petals of Rosa damascena Mill.
Int. J. Biol. Macromol. 2013, 59, 192–200. [CrossRef] [PubMed]

17. Galal, T.M.; Ali, E.F.; Eid, E.M.; Al-Yasi, H.M.; Magrashi, A.; Althobaiti, F.; Farahat, E.A. Evaluating the nutrient contents and
nutritive value of Taif’s Rose (Rosa damascena Mill var. trigintipetala) wastes to be used as animal forage or soil organic fertilizers.
Agriculture 2022, 12, 1481.

18. Liu, W.; Chen, L.; Huang, Y.; Fu, L.; Song, L.; Wang, Y.; Bai, Z.; Meng, F.; Bi, Y. Antioxidation and active constituents analysis of
flower residue of Rosa damascena. Chin. Herb. Med. 2020, 12, 336–341. [CrossRef]

19. Slavov, A.; Panchev, I.; Kovacheva, D.; Vasileva, I. Physico-chemical characterization of water-soluble pectic extracts from Rosa
damascena, Calendula officinalis and Matricaria chamomilla wastes. Food Hydrocoll. 2016, 61, 469–476. [CrossRef]

20. Slavov, A.; Denev, P.; Panchev, I.; Shikov, V.; Nenov, N.; Yantcheva, N.; Vasileva, I. Combined recovery of polysaccharides and
polyphenols from Rosa damascena wastes. Ind. Crops Prod. 2017, 100, 85–94. [CrossRef]

21. Slavov, A.; Vasileva, I.; Stefanov, L.; Stoyanova, A. Valorization of wastes from the rose oil industry. Rev. Environ. Sci. Biotechnol.
2017, 16, 309–325. [CrossRef]

22. Dodevska, T.; Vasileva, I.; Denev, P.; Karashanova, D.; Georgieva, B.; Kovacheva, D.; Yantcheva, N.; Slavov, A. Rosa damascena
waste mediated synthesis of silver nanoparticles: Characteristics and application for an electrochemical sensing of hydrogen
peroxide and vanillin. Mater. Chem. Phys. 2019, 231, 335–343. [CrossRef]

23. Halawani, E.M. Antimicrobial activity of Rosa damascena petals extracts and chemical composition by gas chromatography-mass
spectrometry (GC/MS) analysis. Afr. J. Microbiol. Res. 2014, 8, 2359–2367.

24. Nayebi, N.; Khalili, N.; Kamalinejad, M.; Emtiazy, M. A systematic review of the efficacy and safety of Rosa damascena Mill. with
an overview on its phytopharmacological properties. Complement. Ther. Med. 2017, 34, 129–140. [CrossRef] [PubMed]

25. Davoodi, I.; Rahimi, R.; Abdollahi, M.; Farzaei, F.; Farzaei, M.H.; Memariani, Z.; Najafi, F. Promising effect of Rosa damascena
extract on high-fat diet-induced nonalcoholic fatty liver. J. Tradit. Complement. Med. 2017, 7, 508–514. [CrossRef]

26. Kumar, R.; Sharma, S.; Kaundal, M.; Sharma, S.; Thakur, M. Response of damask rose (Rosa damascena Mill.) to foliar application
of magnesium (Mg), copper (Cu) and zinc (Zn) sulphate under western Himalayas. Ind. Crops Prod. 2016, 83, 596–602. [CrossRef]

27. Pal, P.K.; Mahajan, M. Pruning system and foliar application of MgSO4 alter yield and secondary metabolite profile of
Rosa damascena under rainfed acidic conditions. Front. Plant Sci. 2017, 8, 507. [CrossRef]

28. Celano, R.; Piccinelli, A.L.; Pagano, I.; Roscigno, G.; Campone, L.; De Falco, E.; Russo, M.; Rastrelli, L. Oil distillation wastewaters
from aromatic herbs as new natural source of antioxidant compounds. Food Res. Int. 2017, 99, 298–307. [CrossRef]

29. Onursal, E.; Ekinci, K. Co-composting of rose oil processing waste with caged layer manure and straw or sawdust: Effects of
carbon source and C/N ratio on decomposition. Waste Manag. Res. 2015, 33, 332–338. [CrossRef]

30. Sadasivam, S.; Manickam, A. Biochemical Methods, 3rd ed.; New Age International Publishers: New Delhi, India, 2008.
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Abstract: Reusing organic waste as fertilizer is one method to reduce the use of mineral fertilizers
and minimize waste disposal in landfills. Regulations have been enacted for the processing of
organic waste and for recycling end products, but the humic content of organic fertilizers has been
neglected. We studied seven composts with different organic input materials and technologies. Humic
substances (HSs) were detected in all composts. The total organic carbon in the HSs constituted
8.7 ± 0.1% (SD)–27.0 ± 0.2% of the compost dry matter. Spectral differences between the studied
samples in FTIR spectroscopy could be observed at 1700–1000 cm−1, indicating differences in compost
precursor material. The EEM peak, associated with humic acids (HAs), was high in composts
containing animal by-products (e.g., fish waste, horse manure, and kitchen biowaste). Kitchen
biowaste, also when processed by Hermetia illucens larvae and vermicompost, exhibited slower
organic material transformation with low humic acid/fulvic acid ratios (<1.60). The results show the
importance of source material origin and amendments, which influence the composting process and
final products. Our study emphasizes the role of humic substances in the comprehensive evaluation
of composts. To maximize the added value of composts, marketing strategies should consider
determining the share of humic substances besides the content of organic matter and nutrients.

Keywords: humic acid; fulvic acid; fish waste; horse manure; sewage sludge; Hermetia illucens frass;
green waste; kitchen biowaste

1. Introduction

With rapid urbanization and population growth, global annual waste is expected to
increase by 3.4 billion tons by 2050 [1]. It is estimated that, across the European Union (EU),
up to 138 million tons of bio-waste is generated annually, of which only 60 million tons is
recycled through composting and anaerobic digestion [2]. About 120–130 tons of bio-waste
are generated in Estonia annually, of which 30% is recycled. Unsegregated bio-waste is
incinerated or disposed in a landfill [3]. Managing this waste to minimize environmental
impacts is increasingly important. Waste disposal, especially organic waste disposal in
landfills, causes various environmental impacts, including landfill gases, contributing to
air pollution and climate warming and leachate contaminating groundwater [4]. Within
the framework of a circular economy, EU waste policies (directives 2018/850 and 2018/851)
aim to reduce the landfilling of municipal waste to 10% of current levels by 2035 and to
increase the re-use and recycling of municipal waste up to 65% [5,6]. This ambitious policy
objective is only achievable by implementing organic-waste-management strategies.

The dependence on mineral fertilizers for agriculture can threaten food security if they
become less available. Limited reserves of mineral fertilizer raw materials and changes in
supply chains due to various environmental, political, and epidemiological crises all affect
the price and availability of mineral fertilizers [7,8]. At the same time, the EU is conducting
the Green Deal, which aims to reduce greenhouse gas pollution and slow down climate
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change [8]. To increase self-sufficiency and reduce environmental impacts, the supply of
alternative fertilizers could be increased at the local level.

It was stated within EU regulation 2019/1009 that organic fertilizer shall contain
organic carbon (Corg) and nutrients of a solely biological origin [9]. Composting is a
common biological treatment option, suitable for processing organic waste from various
sources. Mature compost is a stable and nutrient-rich, humus-like product, representing a
valuable source of recovered nutrients. The concentration of nutrients is determined by
input materials. The determination of total nutrient contents for fertilizing purposes is
regulated, but results do not describe the proportion of nutrients that are readily available
to plants [10,11]. The quality of mature compost is described as a combination of two
criteria. First, the precautionary criteria (hygiene parameters, impurities, weed seeds, and
inorganic pollutants, such as heavy metals) set limits to prevent environmental pollution
and the spread of diseases [9]. Second, quality criteria provide information about fertilizing
properties, such as nitrogen (N), phosphorus (P), potassium (K) and micronutrients, organic
matter content, salinity, and pH [12,13].

Composts tend to be compared to mineral fertilizers, despite having more complex
compositions [14,15]. A distinctive feature of compost is the presence of natural organic matter,
reflecting a wide range of environmental and biowaste degradation processes. In Europe, an
estimated 45% of soils are low in organic matter content, which lowers soil productivity and
increases the risk of soil degradation [16]. With climate change, it is estimated that global
air temperatures will increase by 2 ◦C by 2100 compared to pre-industrial levels, which will
change environmental conditions and agricultural production [8,17]. Soils with a higher
organic matter content are more resistant to drought and climate change [18]. Organic matter
is a nutrient reservoir and can retain nutrients in a plant-available form. Compost can also
help restore humus in degraded soils [14,18,19]. While compost has various quality standards
regarding fertilizing properties and has limits to prevent environmental pollution and the
spread of diseases, it is often overlooked that compost adds humic substances (HSs) to the
soil [9,20]. HSs, including humic acids (HAs), fulvic acids (FAs), and humin, are part of the soil
organic matter (SOM) that forms humus [21]. The formation of fertile soil layers rich in humic
substances can take decades in nature, but it takes 6–12 months to produce a humic-acid-like
substance by composting [22,23]. HSs are important in soil restoration processes and can be
used to promote nutrient uptake, increase soil porosity, enhance nutrient preservation and
water-holding capacity, and reduce the abundance of pathogens [24,25]. HS concentration
in the compost is correlated with compost maturity and provides added value to the waste
material [26,27]. Therefore, the benefits of composts are described by nutrient and HS contents.
These natural biostimulants can be an important marketing tool for composts, which are
primarily used in agriculture.

The aim of this study is to compare various composts to quantify HSs and determine
whether HS content depends on input materials (manure, sewage sludge, vermicompost,
fish, food, yard waste, and black soldier frass) or the selected treatment. These results
will draw attention to an important feature of compost that has been underappreciated in
compost evaluation and marketing processes.

2. Materials and Methods

2.1. Selection of Composts

Seven composts of different source materials were investigated. Composts were
produced from low-valued fish (C1), horse manure (C2), green waste (e.g., branches,
leaves, plant residues) (C3), sewage sludge (C4), and kitchen biowaste (C5). In addition,
Hermetia illucens frass (C6) and vermicompost (C7) were selected. All composts were pre-
pared in Estonia by different manufacturers or by the authors. Four composts (C2–C5)
were industrially produced and commercially marketed. Composts C3, C4, and C5 were
certified according to the Estonian end-of-waste regulation [28], while certification was
not required for C2 because manures are not classified as waste. Composts C1, C6, and C7
were experimental (Table 1), and compost amendments and composting technologies were
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determined by the manufacturer. Straw is a dry and widely available bulking material
in Estonia; therefore, it is well-suited for composting wet waste, such as sludge. Shred-
ded wood, another common bulking material, and straw increase porosity, improve air
circulation, and adjust C/N ratios (20–30)/1.

Table 1. Characterization of composts. The active period (d) indicates the duration that composts C1–C5
were in outdoor windrows, and for C6–C7, the feeding period of H. illucens larvae or E. fetida, respectively.

Compost Target Waste Amendments Scale
Certified
Quality

Regulations

Active
Period (d)

Composting
Site Location

C1 Fish waste

Straw, peat,
inoculum

from previous
composts

Industrial No 185 58◦28′41.08′′ N
24◦49′28.66′′ E

C2 * Horse
Manure Straw Industrial Yes 90 58◦28′41.08′′ N

24◦49′28.66′′ E

C3 * Sewage sludge Straw Industrial Yes 120 58◦13′37.89′′ N
26◦23′10.17′′ E

C4 * Green waste from
municipal areas None Industrial Yes >180 59◦28′14.63′′ N

24◦54′43.97′′ E

C5 * Kitchen
Biowaste

Shredded
wood Industrial Yes 130 59◦27′36.08′′ N

25◦5′17.18′′ E

C6
Cafeteria and
grocery store

biowaste
None Pilot No 51 58◦23′30.76′′ N

26◦41′40.43′′ E

C7 Kitchen
biowaste

Straw, paper,
green waste,

biochar
Pilot No 365 58◦23′30.76′′ N

26◦41′40.43′′ E

* Commercially produced compost.

Composts C1–C5 were processed on an industrial scale in outdoor windrows and
mixed mechanically with a Backhus 16.30 windrow turner (Eggersmann Anlagenbau
GmbH, Bad Oeynhausen, Germany) or an CMC ST 300 windrow turner (Composts Systems
GmbH, Wels, Austria). All windrows were approximately 1.5 m high, 3 m wide, and 12 m
long and were covered with semi-permeable geotextile KSV 200 (Compost Systems GmbH,
Wels, Austria). All composts were maintained in accordance with national biowaste
recycling regulations [28,29]. For waste containing animal by-products (ABPRs), such as
fish waste and horse manure, the temperature exceeded 70 ◦C for at least 1 h, as required
by EU regulations (EU 142/2011) [10]. To compost biodegradable waste, including kitchen
waste and sewage sludge, the temperature had to exceed 55 ◦C for 10 d or 65 ◦C for at least
3 d [12,13]. The active composting period was considered complete when the temperature
dropped to an ambient level, and after mixing the windrows, no significant temperature
increase occurred.

Compost C1 was an experimental treatment made by the authors at an industrial
scale. For C1, the targeted waste material, measured as wet weight, was fish by-catch
(ABPRs, 22%) amended with structural materials, wheat straw (22%), peat (22%), and
inoculated with composts from similar previous batches (34%). Peat and mature compost,
which have a small particle size, also served as a binder for fish material [30]. Compost
C2 was composed of horse manure (ABPRs, 60%) amended with straw (40%). Compost
C3 consisted of municipal sewage sludge (WWTP with a load of 16.733 PE) amended with
straw. The ratio of sludge to straw was 1:1 by volume, resulting in a 9:1 ratio by weight.
Compost C4 was composed of biowaste from urban green areas. Compost C5 was made of
source-separated household biowaste amended with shredded wood (1:1 by volume) and
6% of category III ABPRs from the chicken industry. Treatments C2–C5 were compatible
with national compost quality regulations [28].

Treatments C6 and C7 were prepared on a pilot scale. For C6, H. illucens larvae were fed
for 5l d, with the frass in contact with fresh feed. The frass was sieved off every two weeks

123



Agriculture 2022, 12, 1797

during the cycle. Feed consisted of approximately 150 L of raw vegetable and fruit waste.
To ensure a suitable moisture content, hot-pressed rapeseed cake, rye/wheat bread, and
2 L of canola oil were used. In addition to vegetable and fruit waste, approximately 90 L of
catering waste was used.

For treatment C7, Eisenia fetida were fed in quadruplicate three-liter mesocosms for
136 d. In the beginning of the experiment, 20 earthworms were applied in each mesocosm
(average mass 4.12 g). The experiment was conducted in a temperature-controlled room
at 22 ◦C. Moisture was controlled weekly using the hand-held W.E.T. Sensor Kit (Delta-T
Devices, Cambridge, England). Vermicompost moisture was kept in a range of 75–80%,
as recommended by Khan et al. [31]. The organic feed was mixed with 50 g of biochar
(Biolan Baltic OÜ, Lavassaare, Estonia), with properties described by Escuer, 2021 [32].
Biochar was added to increase reproduction and create favorable conditions for E. fetida,
while also enhancing microbial biodegradation and the composting process [31,33]. For
amendments, milled straw, garden and kitchen green waste, and shredded paper were
used. Feed calculations assumed that individual E. fetida consume half of its body mass per
day. Later, feeding was adjusted based on earthworm performance in the mesocosms. For
the first feeding, 200 g of feed with 50 g of biochar was applied.

2.2. Chemical Analyses

Approximately 250 g of mature compost from three random locations were collected
and homogenized from each treatment. For treatments C1–C5, the compost samples were
collected 20–30 cm inside the windrow. For treatment C6, H. illucens frass was sieved and
homogenized before sampling. For treatment C7, subsamples were taken from four replicate
mesocosms and mixed to obtain one homogenous sample per mesocosm. Subsamples were
collected based on volume, and earthworms and cocoons were separated by hand.

Samples were dried at 105 ◦C and ball-milled prior to analysis. Elemental analysis (C, N)
was conducted using a VarioMAX CNS analyzer (ELEMENTAR, Langenselbold Germany).
Potassium (K), calcium (Ca), magnesium (Mg) contents, and phosphorus (P) were determined
using the ammonium acetate–lactate (AL) method as described by Egner et al. [34].

Lipids were extracted using 10 g of dried compost sample and 10 mL of CHCl3. The
extract was filtered after 24 h through filter paper into a pre-weighed Petri dish. The
air-dried lipids were weighed, and their proportion in the compost was calculated.

2.3. Extraction of Humic and Fulvic Acids

For HA extraction, 5 g compost and 50 mL 2% NaOH solution were combined and
stirred for 4 h. The suspension was filtered and acidified with 6M HCl under constant
stirring until pH = 2 was reached, HA precipitated, and only FA remained in the solution.
Freeze-dried HA were used to prepare HA solution (50 mg/L) using 0.1 NaOH [35].

Characterization of isolated humic and fulvic acids were conducted as suggested by
Klavins and Purmalis [36]. The ratio of HA/FA was calculated the using total organic carbon
(TOC) values in HA and FA solutions. TOC analyses were performed using a Shimadzu
TOC-V CSN total carbon analyzer (Shimadzu Corporation, Kyoto, Japan), operating at 720 ◦C.

2.4. UV–Vis Absorption Spectra of HA

The absorbance of solubilized HA (50 mg/L) in 0.1 M NaOH was measured using
a UV–Vis spectrophotometer Shimadzu UV-1800 (Shimadzu Corporation, Kyoto, Japan),
with a 1 cm quartz cuvette and a wavelength range of 230–670 nm. Absorbance ratios,
E2/E3, were calculated using UV–Vis absorption at 250 nm and 365 nm, and E4/E6 was
calculated from the UV–Vis absorption at 465 nm and 665 nm [37,38].

2.5. Fourier-Transform Infrared Absorption Spectra (FTIR) of HA

To obtain the spectra, 3 mg of HA sample and 200 mg of KBr powder were mixed
together, and 30 mg of the mixture was weighed and compressed into a tablet. The
FTIR spectra were obtained using a Fourier-transform infrared spectrophotometer Shi-
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madzu IR-Tracer 100 (Shimadzu Corporation, Kyoto, Japan), at an infrared spectrum of
400 to 4000 cm−1, with a resolution 4 cm−1, and by taking 10 scans.

2.6. Excitation Emission Matrix (EEM) Spectroscopy of HA and FA

Extracted HA and FA samples were analyzed using fluorescence spectroscopy TL
spectrometer HORIBA Aqualog (Horiba Ltd., Kyoto, Japan). The EEM spectra were
measured at an emission wavelength range of 250–600 nm and an excitation wavelength
range of 250–600 nm scanning with 5 nm increments. The obtained spectra were evaluated
with PARAFAC analysis using MATLAB R2014 a v. 5.3.0.532 software with the DOMFluor
and drEEM toolboxes [39].

2.7. Statistical Analysis

Statistical analysis was performed in R [40]. The results of elemental composition,
TOC, and lipids results were presented as mean values of triplicate measurements and
compared using ANOVA with a post-hoc Tukey’s HSD test [41].

3. Results

The nutrient content and pH of the composts is presented in Table 2. Composts C3
and C6 had a remarkably high P concentration, and C5 showed the lowest P and highest N
concentration, concurrently. Compost C6 had the lowest Ca and Mg content, while both of
these nutrients were high in C2 and C4. The pH of the treatments ranged from 5.77 to 8.10.

Table 2. Elemental composition and pH of the composts. Mean ± standard deviation (SD) of triplicate
measurements compared using ANOVA with post-hoc Tukey’s HSD test.

Compost N C C/N Ca K Mg P pH

% ratio μg/g

C1 4.3 ± 0.1 65.3 ± 0.3 15.19 493 ± 8 1910 ± 25 80 ± 5 1469 ± 18 5.77
C2 4.5 ± 0.1 62.7 ± 0.3 13.93 1472 ± 20 4700 ± 30 234 ± 5 1122 ± 20 7.40
C3 5.7 ± 01. 60.5 ± 0.3 10.61 546 ± 9 791 ± 12 91 ± 5 2782 ± 20 6.29
C4 3.8 ± 0.1 63.2 ± 0.3 16.63 1224 ± 12 4164 ± 30 145 ± 5 796 ± 12 7.80
C5 8.6 ± 0.1 61.9 ± 0.3 7.20 947 ± 10 6412 ± 35 58 ± 5 120 ± 8 6.85
C6 7.9 ± 0.1 60.5 ± 0.3 7.66 <32 114 ± 8 <3 2432 ± 20 8.10
C7 6.0 ± 0.1 62.8 ± 0.3 10.47 759 ± 8 578 ± 10 120 ± 5 839 ± 12 7.69

The humification of organic material can be estimated from the HA/FA ratio (Table 3).
A higher HA/FA ratio corresponded to higher humification rates of the organic material.
The highest HA/FA ratios were measured in treatments C2 (7.88) and C4 (7.82), whereas
the lowest HA/FA ratios were observed in treatments C6 (1.46) and C5 (1.42). Treatments
C6 and C5 had the highest concentrations of lipids (2.1% and 4.2%, respectively).

Table 3. Characterization of HSs in composts. TOC = total organic carbon in humic substances. TOC
and lipids are presented as % of compost dry matter. Mean ± standard deviation (SD) of triplicate
measurements compared using ANOVA with post-hoc Tukey’s HSD test. Connecting letters represent
significantly different measurements.

Compost TOC HA/FA E2/E3 E4/E6 Lipids

% %

C1 12.0 ± 0.2 a 5.70 2.65 7.78 1.5 ± 0.1 b

C2 27.0 ± 0.2 c 7.88 2.57 6.95 1.5 ± 0.1 b

C3 25.7 ± 0.2 c 4.73 2.49 8.33 1.5 ± 0.1 b

C4 18.0 ± 0.2 ab 7.82 2.56 7.34 1.7 ± 0.1 b

C5 15.3 ± 0.2 a 1.42 2.38 6.88 4.2 ± 0.1 a

C6 17.1 ± 0.2 a 1.46 2.66 6.40 2.1 ± 0.1 b

C7 8.7 ± 0.1 d 1.60 2.61 8.59 1.4 ± 0.1 b
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The spectral ratio E4/E6 shows the overall aromaticity and condensation of the mate-
rial and can characterize the size of molecules (Table 3) [37]. E4/E6 depends on the source
material. The smallest E4/E6 ratio, indicating the greatest organic matter polymerization,
was observed in compost C6 (6.40), followed by C5 (6.88) and C2 (6.95). The lowest aro-
maticity was observed in compost C7 (8.59). E2/E3 describes not only aromaticity, but
also the degradation of original material, including the degradation of phenols [37]. When
E2/E3 is < 3.5, the content of HA is higher than that of FA [42]. For all composts, the ratio
varied in the range 2.38–2.66.

The UV–Vis spectra of HA (Figure 1) monotonically decreased with the increasing
wavelength. The absorption peaks of UV–Vis spectra between 255 and 290 nm are typical
for aromatic or unsaturated compounds, such as quinones and ketones [36]. These spectra
were visible for C1, C2, and C3. Composts C4, C7, and C6 had small shoulders of spectra,
and C5 did not exhibit a shoulder of spectra.

Figure 1. UV–Vis spectra. Compost labels according to the target waste: C1 fish waste; C2 horse manure;
C3 sewage sludge; C4 green waste; C5 kitchen biowaste; C6 H. illucens frass; and C7 vermicompost.

The FTIR spectra of the analyzed samples had a similar pattern, showing the similarity
of the obtained HSs and absorption at 3600–3000 cm−1, representing -OH groups (Figure 2).
Methyl groups in aliphatic compounds were visible at 2920 cm−1 and were similar in all
samples [43]. At 1700 cm−1, the spectra showed the absorption of C=O bonds in carboxyl
groups, aldehydes, ketones, and esters, with higher rates in samples C3, C4, C5, and C7.
The region at 1637–1610 cm−1 shows significantly less signal for C7 and moderately less
for C2. Different from other composts, C5 had a small absorption in C-N and N-H bonds in
amides, and C7 had none. The region at 1470–1370 cm−1 represents carbonyl acids and
phenols, and there were visible differences for samples C7 and C5, where the presence
of those bands was low. Carboxylic groups and ethers were present in all compost HA
samples, with slightly higher amounts for C1 and C4.
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Figure 2. Fourier-transform infrared (FTIR) spectra of humic acids from compost samples. Compost
labels according to the target waste: C1 fish waste; C2 horse manure; C3 sewage sludge; C4 green
waste; C5 kitchen biowaste; C6 H. illucens frass; and C7 vermicompost.

Common, and at the same time similar for all samples, was the presence of C-O in
carboxyl groups and ethers. The region at 1070–1020 cm−1 describes the C-O bonds in
polysaccharides, with noticeably less in the C2 and C5 samples. The presence of detected
structural features describes the condensation and conjugation of organic material during
composting processes.

The compost EEM fluorescence spectra for FA and HA are shown in Figures 3 and 4.
All samples exhibited one FA peak at Ex/Em 340–350/440–450 nm, which is related to the
FA visible area and associated with polysaccharides. A very small peak was present at
Ex/Em 420–450/520–550 nm, representing condensed aromatic structures [44,45].

Other fractions of humic material, such as HAs, have different compositions and dom-
inant peaks in the EEM. Common peaks vary only by dominant peak and relative height
for HA, and they include Ex/Em 350–380/470–510, 430/520, and 460–470/540–560 nm. The
peak Ex/Em 350–380/470–510 nm is associated with HA-like substances, which form during
the humification of composting organic matter [46]. This peak dominated in samples C1, C2,
and C5 and was the second largest peak in samples C4 and C6. Similar to FA, the EEM for
HA was Ex/Em 430/520 nm peaks, associated with the degradation and condensation of
organic material. Ex/Em 460–470/540–560 nm dominated in samples C4, C5, and C7, which
probably indicates the presence of lignin from structural amendments (shredded wood, straw,
paper). Treatment C6 differed from other samples, with the core of HA peaking at Ex/Em
370–410/610–630 nm. The origin of these compounds could be fresh plants and fruits added
to compost and characterized by low degradation rates and chlorophyll [47].

Figure 5 illustrates the comparative evaluation of studied composts, considering both
nutrient and HS indicators. On the PCA biplot, composts C1, C5, and C7 group together,
mainly due to low HSs, while C3 shows elevated HSs and P, and C6 is rich in P and N with
average HSs.
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Figure 3. Composition of fulvic acids (FAs) for different treatments. Compost labels according to the
target waste: (C1) fish waste; (C2) horse manure; (C3) sewage sludge; (C4) green waste; (C5) kitchen
biowaste; (C6) H. illucens frass; and (C7) vermicompost. The color scale is presented in relative units.

Figure 4. Composition of humic acids (HAs) of different treatments. Compost labels according to the
target waste: (C1) fish waste; (C2) horse manure; (C3) sewage sludge; (C4) green waste; (C5) kitchen
biowaste; (C6) H. illucens frass; and (C7) vermicompost. The color scale is presented in relative units.
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Figure 5. Principal component analysis (PCA) of composts based on nutrient and humic substances’
(HSs) TOC concentrations. Axis 1 explains 48.1% of the variance, and axis 2 explains an additional
25.5% of the variance. Compost labels according to the target waste: C1 fish waste; C2 horse manure;
C3 sewage sludge; C4 green waste; C5 kitchen biowaste; C6 H. illucens frass; and C7 vermicompost.

4. Discussion

The selected composts varied in input material, selection of treatment, and the active
composting time (d). These features are known to affect the concentration and type of HSs
in the final product [25,48,49].

In the treatment of organic waste, the concentration of humus-like substances and
the degree of humification of hydrophilic components increases, and the structure of the
substance becomes more stable [50]. HSs are biostimulants that enhance nutrition efficiency,
abiotic stress tolerance, and/or crop quality traits [9,51]. All compost treatments in the
present study contained HSs, including HA and FA. While all treatments presented an
FA peak for polysaccharides, they differed more relative to the HA peak, showing that
input materials directly influence the core structure of HA in mature compost. As shown
previously, various input materials contain different amounts of basic components that
form HSs [25,50]. Organic waste, rich in polyphenols, amino acids, and reducing sugars
can promote overall HS production [52].

During composting, the concentration of FAs decreased, whereas the concentration
of HAs increases. HAs are generated in the last stage of composting; thus, an increased
concentration of HAs indicates a higher maturity of the compost. Compost is considered
mature if the HA/FA ratio is higher than 1 [15,25,53,54], and the HA/FA ratio is also
affected by the type of organic material. For example, the lowest HA/FA was in treatment
C5, which contained a high quantity of food waste. Amino acids and sugars, e.g., polysac-
charides, break down easily and are first to form FA, and then HA [55]. The highest HA/FA
ratio was in treatment C2. After fermentation in animal guts, horse manure contained a
high proportion of lignin from hay and grass, aromatic compounds, and older material.
Lignin and aromatic compound remnants could be the core of the initial HA, and less FAs
are formed [23,26].
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The chemical structures of HSs were similar in the compost treatments. As shown
previously, the UV–Vis spectra of hydrophilic components decreased monotonically, and
the observed spectra were typical of aromatic or unsaturated compounds, such as the
conjugation of quinones and ketones [50,56].

Treatments C1, C2, and C5, which contained different ABPRs (e.g., fish waste, horse
manure, chicken body parts), had a dominant HA peak, reflecting the HA-like substances
formed during humification. ABPRs are rich in nutrients and add microorganisms to the
composting mixture. In addition to the source materials, the content of HSs depends on
the amounts of nutrients (e.g., C, N) and the presence of microorganisms [57]. Humifica-
tion is more intense and achieved more quickly if composting piles are inoculated with
microorganisms. Composts inoculated with microorganisms stimulated the degradation of
hemicellulose, cellulose, and lignin by 28%, 21%, and 25%, respectively [58]. The greater
the amount of amino acids and reducing sugars produced during degradation, the higher
the positive effect on HS synthesis [52].

Treatments C4, C5, and C7 had a dominant peak in the area representing lignin-like
structures. These treatments contained large quantities of green waste (e.g., branches, leaves),
shredded wood, straw, and paper, which are rich in cellulose and lignin. Selected bulking
material affects the composting duration and product quality, as material rich in cellulose and
lignin can influence the humification process [25]. These kind of materials decompose more
slowly; therefore, they can slow down composting processes and humification [59].

Treatment C6 differed from other composts made from more traditional composting
technologies. C6 contained frass from H. illucens larvae activity, as well as from chitin and food
residues during feeding, and the core structure of HA differed compared to other treatments.
Although H. illucens larvae frass can be used as an organic fertilizer, the fresh frass might have
contained phytotoxins, which decrease plant growth [60]. To increase the concentration of HA
and the stability of the frass, it is suggested to post-compost the frass [60,61].

It has been shown, that H. illucens treatment can increase the HA/FA ratio and improve
humification [62]. Compared to other treatments, C6 had the lowest E4/E6 ratio, indicating
a more advanced humification. However, the HA/FA ratio was quite low, reflecting a
high FA concentration. H. illucens can also suppress pathogens and is therefore suitable for
processing manure in addition to food waste [60,63].

The highest aromaticity was in compost C7, indicating that by vermicomposting, HA
is a more aggregated macromolecule with a more incomplete humification processes [64].
However, it has been proposed that there is no direct relationship between aromaticity and
humification, and vermicompost can be used as a soil improver [50].

The quality of composts is reflected by the content of both HSs and nutrients. Although
some composts may have a lower nutrient concentration, they may still be a valuable source
of HSs. The total value of compost is thus reflected by the nutrient content, the disclosure
of which is currently required by regulations (Appendix A) [9,13]. Depending on the main
purpose of compost application, the effects of added nutrients or added HSs can be the primary
advantage of using compost. Including HS data for composts yields a better comprehensive
evaluation. Composts C2 and C4 were grouped together on the PCA bioplot, considering
only their nutrient content, but elevated HSs in compost C2 signified an advantage over C4
(Figure 5). Composts with a high proportion of HSs, but a relatively low nutrient content, can
provide a maximum fertilizing effect when used together with mineral fertilizers. Thus, soil
health and nutrient content are ensured to improve crop yield [65,66].

Although different treatments varied in HS concentrations, both HA and FA act
as biostimulants and promote plant growth [67,68]. Compared to chemical fertilizers,
composts increase the content of soil-available nitrogen (N) and soil organic carbon (SOC)
and improve soil fertility [69]. Furthermore, using composts can decrease eutrophication
risks caused by the excessive use of chemical fertilizers and the subsequent discharge into
surface waters [25]. Because all composts included HSs, their use provides an advantage
over using mineral fertilizers alone.
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5. Conclusions

A variety of organic materials can be processed with different treatments (windrow
composting, insect frass formation, vermicomposting, etc.) and durations, which all
influence the properties of the final product. The present research indicates that, regardless
of the input organic waste and composting technology, all studied organic fertilizers are a
valuable source of HSs, including HA and FA. The presence of HSs is an advantage over
mineral fertilizers alone. All samples exhibited a fluorescence EEM peak of FA associated
with polysaccharides. The HA peak dominated in composts comprised of animal by-
products, such as fish waste, horse manure, and kitchen biowaste. The core structure of
humic acids in H. illucens larvae frass differed from other treatments.

Compost quality was assessed commercially by nutrient content and contamination
criteria, without considering HSs. To improve soil health and fertility, the concentration
and characteristics of HSs could serve as a comprehensive indicator for compost quality
evaluation. While HSs act as important biostimulants, their presence and features affect
compost’s fertilizing value. In the present study, we showed the importance of HS content
and properties in a comprehensive evaluation of compost quality.
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Appendix A

Table A1. “Indicators to be measured and presented.“ from the Regulation of the Republic of Estonia.
“Requirements for production of compost from biodegradable waste” RT I, 18.12.2020, 23 2021. issued
by the Minister of the Environment.

Indicator Parameter Measurement Unit Assessment Result

Improvement of soil qualities Organic substance (OM) [% in dry matter] ≥15% presentation

Fertilising qualities
Total nitrogen (N) [% in dry matter] presentation
Total phosphorus (P) [% in dry matter] presentation
Total potassium (K) [% in dry matter] presentation

Material qualities

Maximum size of particles [mm] presentation
Overall density [g/L] presentation
Water content [g/L]
Salinity/conductivity [mS/m] presentation
pH value presentation
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Abstract: Biochar as an amendment has been widely applied to enhance crop productivity and
improve soil quality. However, the effect of biochar-based fertilizer (BF) on the production capacity
and economic benefits of open-field eggplant in the karst region remains unclear. A field experiment
was carried out in the karst region of Southwest China from 2020 to 2021 to study the ameliorative
roles of different application rates (1875, 2250, 2625, and 3000 kg ha−1) of BF on the fresh yield,
quality, fertilizer utilization, and economic benefits of fresh eggplant. The results show that BF
increased the yield of fresh eggplant by 3.65–13.76% (2020) and 23.40–49.04% (2021) compared to the
traditional fertilization practice (TFP). The application of BF reduced the nitrate content and increased
the vitamin C (VC) and soluble sugar content of the fruits, which is beneficial for improving the
quality of eggplant fruits. Meanwhile, the application of BF not only increased the nutrient uptake of
the eggplant but also significantly improved the fertilizer utilization rates, especially the agronomic
efficiency (AE) and recovery efficiency (RE). Moreover, BF could also significantly increase the output
value and net income of fresh eggplant, which can help farmers increase their income. In conclusion,
a BF application rate of 2544–2625 kg ha−1 could be used to improve the yield, fertilizer efficiency, and
economic benefits of open-field eggplant and is recommended for managing agricultural production
in the karst region of Southwest China.

Keywords: economic potential; fertilizer management strategies; karst ecosystem; utilization efficiency;
yield and nutritional value

1. Introduction

Karst landform is one of the main geomorphic types worldwide. Due to the low rate
of soil formation and high leakage, there is no transition layer of weathered parent material
between the rock interface and soil, and thus, the ecological environment is extremely
fragile [1,2]. China has the widest distribution and largest area of karst landforms, mainly
across Guangxi, Guizhou, and Yunnan provinces, accounting for one-third of the total. The
exposed rock area in the karst region is large, and the phenomenon of rocky desertification
is serious. Simultaneously, the soil in the karst region is easily affected by human activities
and the natural environmental processes, which greatly restricts agricultural production
herein [3,4].

Biochar is prepared by the pyrolysis of biomass materials under low oxygen or hypoxia
conditions [5]. Due to the large specific surface area and rich pore structure, biochar
retains soil nutrients and reduces their loss [6]. The surface of biochar has abundant
negative charges and a high charge density, resulting in the absorption and attachment of
polar or non-polar organic compounds and inorganic ions, such as NH4

+- and NO3
−- in

water, soil, and sediment [7,8]. Therefore, the application of biochar in farmland improves
soil quality and carbon fixation, reduces the contents of nitrogen and phosphorus, and
improves crop yield [9,10]. Biochar is made by the carbonization of agricultural wastes,
and its nutrient content is low; thus, its application alone is insufficient to meet the needs
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of crop growth [11,12]. However, increasing the crop yield using biochar may require
long-term accumulation, and its application for a short period may not increase the yield
significantly [13,14]. Therefore, the application of biochar for agricultural production has
some limitations.

In recent years, with adjustments to agricultural structure and the development of
ecologically circular agriculture in China with the goal to recycle agricultural wastes, the
development and application of new high-efficiency fertilizers have been research hotspots
in the field of plant nutrition and fertilizer. Biochar-based fertilizers (BF), as a new type of
environmental protection fertilizer, have received traction in the fields of agriculture and
environmental protection [15,16]. BFs are made by mixing biochar with organic or inorganic
fertilizers; these can be used as a slow-release nutrient carrier [17]. BF not only confers the
advantage of soil improvement but also continuously supplies nutrients in combination
with the fertilizer requirements of crops, thereby reducing nutrient loss and achieving the
dual functions of slow release and carbon fixation [18,19]. As a slow-release fertilizer, BF
can maintain high nutrient levels in the soil for a long time, which is attributed to the fact
that biochar retains nitrogen, phosphorus, potassium, and other nutrients [20,21]. The
interaction of biochar with nitrogen, phosphorus, and potassium is through electrostatic
interaction, complexation, and mineralization [22]. Biochar can be combined with NH4

+-
N through electrostatic adsorption, thus reducing the leaching of ammonium ions and
improving the utilization efficiency of nitrogen fertilizers [23]. Biochar also complexes with
urea to form biochar-based nitrogen fertilizer, and the amino groups on the surface of urea
react with the carboxylic anhydride on the biochar for fixation [24]. Additionally, biochar
can absorb and fix the ammonia released during the decomposition of urea, which can
further prevent the loss of nitrogen fertilizer [25]. When biochar is mixed with phosphorus
fertilizer, the former helps capture P-complexing metallic ions, thus reducing the chances
of P-fixation [26]. Biochar can also fix K+, resulting in the formation of biochar-based
potassium fertilizer through π−cation bond action, which helps reduce the rate of loss
and improve the utilization rate of potassium fertilizers [27]. Many studies have shown
that following BF application in the soil, it oxidizes and decomposes, ultimately leading to
nutrient fixation on the biochar, which is gradually released and absorbed by crops [28].
Accumulating evidence shows that BF has good application prospects in improving the
physical and chemical properties of soil, reducing chemical fertilizer input, and promoting
crop growth [29,30].

Open-field eggplant is an important summer vegetable in the karst region of Guizhou
province. However, due to long-term and continuous cropping, insufficient organic fer-
tilizer input, soil carbon/nitrogen (C/N) imbalance, and reduction in soil fertility, the
yield, quality, fertilizer utilization, and economic benefits of cultivating eggplant have
hardly improved [31,32]. In the present study, distillers grains were used as raw material
to prepare biochar through carbonization at a high temperature. Subsequently, the biochar
and chemical fertilizers were mixed to a certain proportion to obtain BF. A two-year field
experiment was conducted to evaluate the ameliorative roles of BF on the biological and
economic benefits of cultivating eggplant in the karst region of Southwest China. In this
study, a new technique of fertilizer application using distillers grains was explored, and
the findings may provide a reference for the agricultural utility of BF in the karst region of
Southwest China.

2. Materials and Methods

2.1. Site Description and Experimental Materials

The field experiment was conducted in Xishan town (27◦4′42′ ′ N, 106◦41′56′ ′ E) in
Xifeng County, Guiyang City, Guizhou Province, China in 2020 and 2021. The soil type of
the experimental region was as follows: yellow, zonal with a high aluminization intensity,
formed under perennial, humid, and bioclimatic conditions in the subtropical zone. Due to
intense leaching caused by the perennial humidity, the exchangeable base content was only
20%, and therefore, the base was extremely unsaturated. The nutrient content of the topsoil
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of the test field was measured; its pH was 5.74, the soil organic matter (SOM) content
was 44.58 g kg−1, the total nitrogen (TN) was 0.52 g kg−1, and the available phosphorus
(AP) and available potassium (AK) contents were 30.31 mg kg−1 and 107.49 mg kg−1,
respectively. The eggplant variety used in the experiment was ‘Ruibao 3’.

The raw materials of the biochar were distillers grains, which comprise biomass waste
generated from the production process of distilled spirits (Kweichow Moutai (Group)
Circular Economy Industrial Investment and Development Co., Ltd., Zunyi, China). The
biochar was prepared by the oxygen-limited cracking method in a biomass carbonization
furnace (SSDP-5000-A, Jiangsu Huaian Huadian Environmental Protection Machinery
Manufacturing Co., Ltd., Huaian, China). Briefly, we obtained appropriate amounts of
distillers grain samples and put them in the equipment, followed by blowing in N2 for
5–10 min to exhaust the excess air in the furnace. The sample was pyrolyzed at 550 ◦C for
2 h. After cooling, it was passed through a 100-mesh sieve and placed in the shade until
subsequent experiments. The nutrient content of the distillers grain biochar was measured.
Its pH was 9.05, the soil organic carbon (SOC) was 265.88 g kg−1, and the total nitrogen
(TN), phosphorus (TP), and potassium (TK) contents were 47.51, 11.43, and 25.33 g kg−1,
respectively. The structural characteristics of the distillers grain biochar were measured. The
specific surface area (SSA) was 2.12 m2 g−1, the single point adsorption total pore volume
(SPATPV) was 2.95 × 10−3 m3 g−1, and the average pore size (APS) was 5.55 nm. According
to the local experience of eggplant cultivation, the suitable proportion of N/P2O5:/K2O
for growth was 5:3:7. To meet these nutritional requirements, the biochar-based fertilizer
was blended with fertilizer and biochar, comprising distillers grains biochar (16%), urea
(30%), mono-ammonium phosphate (12%), potassium sulfate (40%), and solid binder (2%).
The BF was prepared using a flat grinding extrusion granulator (SKJ-120, Shanghai Jiale
Electromechanical Group Co., Ltd., Shanghai, China). Compound fertilizer (N, 15%; P2O5,
15%, and K2O, 15%; Guizhou Xiyang Industrial Co., Ltd., Guiyang, China) and organic
fertilizer (comprising mainly cow dung, organic matter ≥ 50%, and N + P2O5 + K2O ≥ 5%;
Guizhou Dibao Co., Ltd., Guiyang, China) were also used.

2.2. Experimental Design and Management

The experiment consisted of six treatments, and each treatment was repeated thrice
according to a randomized complete block design (RCBD). The treatments included no fer-
tilizer (CK), traditional fertilization practice (TFP, based on the local practices, 3000 kg ha−1

of compound fertilizer, 450.00 kg ha−1 N, 450.00 kg ha−1 P2O5, 450.00 kg ha−1 K2O, and
the ratio of the basal to the top dressing was 50:50), BF application at 1875 kg ha−1 (BF1,
N 281.25 kg ha−1, P2O5 112.5 kg ha−1, K2O 375.00 kg ha−1), BF application at 2250 kg ha−1

(BF2, N 337.50 kg ha−1, P2O5 135.00 kg ha−1, K2O 450.00 kg ha−1), BF application at
2625 kg ha−1 (BF3, N 393.75 kg ha−1, P2O5 157.50 kg ha−1, K2O 252.00 kg ha−1), and BF ap-
plication at 3000 kg ha−1 (BF4, N 450.00 kg ha−1, P2O5 180.00 kg ha−1, K2O 600.00 kg ha−1).
According to the local planting traditions, organic fertilizer at 1500 kg ha−1 was used in
all treatment groups except for the CK treatment. Table 1 shows the type and amount of
fertilizer used for each treatment.

Table 1. Fertilizer amounts of different treatments.

Treatments

Basal Dressing Fertilizer
(kg ha−1)

Top Dressing Fertilizer
(kg ha−1)

BF Compound Fertilizer Organic Fertilizer Compound Fertilizer

CK — — — —
TFP — 1500 1500 1500
BF1 1875 — 1500 —
BF2 2250 — 1500 —
BF3 2625 — 1500 —
BF4 3000 — 1500 —
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All the basal dressing fertilizers were spread in the soil simultaneously before planting
eggplant seeds and mixed with the topsoil. Eggplant seedlings were transplanted after
fertilizer application at a planting density of 18,000 plants ha−1 (with a plant spacing of
70 cm and row spacing of 80 cm). The area of each plot was 56.00 m2 (7.0 m × 8.0 m). After
the eggplant seedlings were transplanted, for 30 days, 1500 kg ha−1 of compound fertilizer
was applied to the plants in the TFP treatment group. A unified management mode was
adopted for all eggplants throughout the growing season to reduce interference due to
external factors.

2.3. Sampling and Measurement
2.3.1. Soil Sample Collection and Determination Method

Soil samples between depths of 0 and 20 cm were collected from 10 randomly selected
spots on the main experimental area before fertilization. The soil samples were composited
and air-dried, ground, and passed through 1 mm and 0.149 mm sieves for determining
their physicochemical characteristics. The physical and chemical properties of soil were
determined according to the methods described by Bao [33]. The soil pH was measured
using a 1:2.5 extraction mixture (soil/water, w/v) with a pH meter (FE20K, Mettler Toledo,
Zurich, Switzerland). The soil organic matter (SOM) was determined using the potassium
dichromate volumetric–external heating method. The TN was determined using the
semi-micro Kjeldahl method. The AP was determined by extraction using hydrochloric
acid combined with ammonium fluoride and assessed by molybdenum antimony anti-
colorimetry. The soil AK content was determined by extraction using ammonium acetate
and assessed using a flame photometer (FP640, Shanghai Aopu Analytical Instrument Co.,
Ltd., Shanghai, China).

2.3.2. Plant Sample Collection and Determination Method

At maturity, six plants from each experimental plot were sampled before the final
harvest, which was used to test the plant’s nutrition and fruit quality. The eggplant
plants were divided into two parts, namely the stem-leaf and the fruit, and dried to a
constant weight at 60 ◦C after heating at 105 ◦C for 30 min. All dried samples were
ground and passed through a 0.25 mm sieve and digested in a mixture of concentrated
H2SO4 and H2O2 to determine the concentrations of N, P, and K. The TN concentration
was determined by the Kjeldahl nitrogen method; the TP concentration was determined
by vanadium molybdenum yellow colorimetry, and the TK concentration using a flame
photometer (FP640, Shanghai Aopu Analytical Instrument Co., Ltd., Shanghai, China) [33].
For the determination of nitrate content, 2 g of fresh fruits were taken, to which 10 mL
of deionized water was added, and the sample was placed in a boiling water bath for
30 min. The extraction solution (0.1 mL) was taken and mixed with 0.4 mL of 5% salicylic
acid-sulfuric acid solution at 25 ◦C for 20 min. Then, 9.5 mL of 8% NaOH was added to the
solution, and the absorbance was measured on a visible spectrophotometer (UV-3600i Plus,
Shimadzu, Tokyo, Japan). The VC content was determined by high-performance liquid
chromatography (HPLC, LC-2040, Nexera-i, Shimadzu, Japan) after grinding, centrifuging,
and filtering with 10 mL 0.2% metaphosphoric acid. For assessing the content of soluble
sugar, 0.2 g of fresh leaves were taken, and 10 mL of distilled water was added to the extract
in a boiling water bath for 30 min. The extract (0.5 mL) was taken in a test tube, to which
0.5 mL ethyl anthrone and 5 mL sulfuric acid were added. The test tube was placed in a
boiling water bath and incubated for 1 min. Subsequently, it was taken out and naturally
cooled to room temperature. The absorbance was measured at 630 nm. The content of
soluble sugar was determined by anthrone colorimetry. Briefly, 0.6 g of fresh fruit was used
for extraction, which was performed twice in 3 mL of 80% ethanol for 60 min. The extracts
were then mixed and filtered, and the alcohol was removed by evaporation. The anthrone
reagent was added to samples, and after thorough shaking, the absorption of the samples
was measured at 625 nm.
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2.3.3. Eggplant Yield

When the fresh eggplants were harvested, the yield of each subplot was determined by
the actual harvest. According to the growth status of the plants, harvesting was performed
multiple times, and the total yield was recorded.

2.4. Calculations and Statistical Analysis

The following parameters and models were calculated according to the method of
Zhang et al. [34].

2.4.1. Fertilizer Utilization

AE =
YF–YCK

NI

RE =
NF–NCK

NI

where AE stands for agronomic efficiency (kg kg−1), RE stands for recovery efficiency (%),
YF denotes the fresh yield of the fertilization treatment (kg ha−1), YCK denotes the fresh
yield of the CK treatment (kg ha−1), NF denotes the nutrient accumulation of the fertil-
ization treatment (kg ha−1), NCK denotes the nutrient accumulation of the CK treatment
(kg ha−1), and NI denotes the nutrient input of fertilization treatment (kg ha−1).

2.4.2. Economic Benefits

OV = Y × UP

IOV = OVF − OVCK

NET = OV − FI

where OV stands for the output value (USD ha−1), Y stands for the fresh yield (kg ha−1), UP
stands for the unit price of fresh eggplant (USD kg−1), IOV stands for the increased output
value (USD ha−1), OVF stands for the output value of the fertilization treatment (USD ha−1),
OVCK stands for the output value of the CK treatment (USD ha−1), NET stands for the net in-
come (USD ha−1), and FI stands for the fertilizer input (USD ha−1). In the calculation of eco-
nomic benefits, the unit price of fresh eggplant was USD 0.4471 kg−1, and the BF, compound
fertilizer, and organic fertilizer were 0.4471, 0.2980, and 0.1490 USD kg−1, respectively.

2.4.3. Linear Plus Platform Model

In the experiment, a linear plus platform model was used to fit the response of the
yield of fresh eggplant to the BF application rate, so that the best application amount of BF
on fresh eggplant could be calculated.

The calculation equation was:

Y = AX + B (X ≤ C); Y = P (X > C)

where Y stands for the yield of fresh eggplant (kg ha−1), X stands for the BF application rate
(kg ha−1), A stands for the slope, B stands for the intercept, C stands for the intersection of
the line and the platform, and P stands for the maximum yield (kg ha−1).

2.5. Statistical Analysis

Microsoft Excel 2007 and SPSS 20.0 (SPSS Inc., Chicago, IL, USA) were used for data
processing and statistical analysis. The significance of the differences between the soil and
the plant indicators was measured by one-way ANOVA. The significance of the differences
was tested using Duncan’s new compound extreme difference method, and the significance
level was set as α = 0.05. All the figures were constructed with Origin 12.0 (Origin Lab
Corporation, Northampton, MA, USA).
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3. Results

3.1. Yield of Fresh Eggplants

The TFP and BF treatments both significantly enhanced the yield of fresh eggplants,
with an increase of 4905–9081 kg ha−1 in 2020 and 11,036–25,018 kg ha−1 in 2021 compared
to the CK treatment group (Figure 1). The yield of fresh eggplant in the BF group increased
by 1109–4176 kg ha−1 in 2020 and 6672–13,982 kg ha−1 in 2021 compared to the TFP
treatment group, and the increasing rates were 3.65–13.76% in 2020 and 23.40–49.04% in
2021. The fresh yield following the BF3 treatment was the highest in 2020 and 2021, at
34,514 and 42,419 kg ha−1, respectively. The optimal application rate of BF for eggplant
in the open field was estimated (Figure 2). The results show that the maximum yield of
fresh eggplant was obtained with a BF application of 2625 kg ha−1 in 2020; the rate was
2544 kg ha−1 in 2021.

 
Figure 1. Effects of BF on the yield of fresh eggplant in 2020 (a) and 2021 (b). CK—no fertilizer;
TFP—traditional fertilization practice; BF1—1875 kg ha−1 of biochar-based fertilizer (BF); BF2—
2250 kg ha−1 of BF; BF3—2625 kg ha−1 of BF; BF4—3000 kg ha−1 of BF. Different lowercase let-
ters denote significant differences among treatment means at the α = 0.05 level using Duncan’s
MRT method.

3.2. Fruit Quality of the Eggplant

Indicators of the fresh fruit quality of eggplant are listed in Table 2. BF application
significantly reduced the content of nitrate in fresh eggplant fruits, while the VC and
soluble sugar were enhanced. BF reduced the content of nitrate in fresh eggplant fruits
by 10.14–17.16% in 2020 and 19.02–30.18% in 2021 compared to the TFP treatment group,
and the nitrate content in the BF4 treatment group was the lowest. The contents of VC and
soluble sugar in fresh eggplant fruits increased by 10.28–22.52% and 6.79–12.20% in 2020,
and by 15.17–40.68% and 11.58–21.00% in 2021, respectively.
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Figure 2. Effects of BF application rate on the yield of fresh eggplant. ** represents significant at
α = 0.01 probability level.

Table 2. Effects of BF on quality of fresh eggplant in 2020 and 2021.

Year Treatments Nitrate (mg kg−1) VC (mg kg−1) Soluble Sugar (mg kg−1)

2020

CK 107.18 ± 4.78 a 99.65 ± 4.44 c 155.24 ± 5.13 b
TFP 101.13 ± 4.51 a 108.32 ± 4.83 c 161.69 ± 6.43 b
BF1 90.88 ± 3.61 b 119.45 ± 3.07 b 172.67 ± 4.50 a
BF2 88.62 ± 3.95 bc 128.16 ± 5.71 ab 180.73 ± 4.08 a
BF3 85.08 ± 2.33 bc 132.71 ± 5.92 a 181.41 ± 5.14 a
BF4 83.78 ± 2.17 c 124.31 ± 5.54 ab 176.42 ± 5.70 a

2021

CK 104.97 ± 4.91 a 94.01 ± 3.08 e 153.45 ± 4.99 c
TFP 104.88 ± 6.16 a 105.44 ± 2.25 d 158.78 ± 8.16 c
BF1 84.93 ± 3.01 b 121.43 ± 2.09 c 177.16 ± 4.79 b
BF2 78.40 ± 2.41 bc 138.94 ± 6.60 b 186.19 ± 4.83 ab
BF3 76.80 ± 3.13 c 148.33 ± 3.98 a 192.12 ± 5.44 a
BF4 73.23 ± 2.89 c 143.25 ± 5.06 ab 189.82 ± 2.23 a

Note: Different lowercase letters denote significant differences among treatment means at the α = 0.05 level using
Duncan’s MRT method. The results are presented as the mean value ± standard error.

3.3. Nutrients Accumulation

The application of BF affected the nutrient accumulation in eggplant, and the N,
P, and K contents in the eggplant plants are shown in Figure 3. The application of fer-
tilizer improved the accumulation of N, P, and K by 62.93–157.44%, 54.07–92.68%, and
110.04–225.41%, respectively, in 2020 and 58.05–269.51%, 60.07–172.91%, and 118.05–339.71%
in 2021 compared to the CK treatment group. Furthermore, the N, P, and K accumulation
following BF application increased by 19.77–58.01%, 0.70–25.05%, and 16.11–54.93% in
2020, and 43.94–133.78%, 18.42–70.50%, and 35.54–101.65% in 2021, respectively, compared
to the TFP treatment group. The N, P, and K accumulation rates were the highest in the
BF3 treatment group, at 222.30, 69.08, and 379.20 kg ha−1, in 2020, and 248.35, 84.74, and
445.21 kg ha−1, in 2021, respectively.
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Figure 3. Effects of BF on the N, P and K accumulation in 2020 (a,c,e) and 2021 (b,d,f). CK—no
fertilizer; TFP—traditional fertilization practice; BF1—1875 kg ha−1 of biochar-based fertilizer (BF);
BF2—2250 kg ha−1 of BF; BF3—2625 kg ha−1 of BF; BF4—3000 kg ha−1 of BF. Different lowercase
letters denote significant differences among treatment means at the α = 0.05 level using Duncan’s
MRT method.

3.4. Fertilizer Utilization

Table 3 shows the AE and RE of different fertilization treatment groups. Com-
pared to the TFP treatment group, the AEN, AEP, and AEK following BF treatment in-
creased by 58.35–111.56%, 295.96–428.99%, and 18.81–58.72% in 2020, and 86.47–159.03%,
366.12–547.57%, and 39.83–94.25% in 2021, respectively. The AEN, AEP, and AEK in the
BF3 treatment group were the highest, at 23.06, 57.66, and 17.30 kg kg−1 in 2020, and 63.54,
158.85, and 47.65 kg kg−1 in 2021, respectively. Similarly, the REN, REP, and REK following
BF treatment increased by 136.67–185.84%, 307.89–389.33%, and 32.50–75.61% in 2020, and
251.44–430.57%, 393.98–721.45%, and 77.97–146.69% in 2021, respectively, compared to
the TFP treatment group. The REN, REP, and REK in the BF3 treatment group were also
the highest, at 34.53%, 21.09%, and 50.03% in 2020, and 46.00%, 34.09%, and 65.52% in
2021, respectively.
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Table 3. Effects of BF on agronomic efficiency and recovery efficiency in 2020 and 2021.

Year Treatments
AE (kg kg−1) RE (%)

AEN AEP AEK REN REP REK

2020

CK — — — — — —
TFP 10.90 ± 3.37 b 10.90 ± 3.37 b 10.90 ± 3.37 b 12.08 ± 1.03 d 4.31 ± 0.44 c 28.49 ± 1.68 d
BF1 21.38 ± 4.62 a 53.46 ± 11.56 a 16.04 ± 3.47 ab 29.21 ± 0.15 c 17.58 ± 0.53 b 44.71 ± 0.16 b
BF2 19.95 ± 4.63 a 49.86 ± 11.58 a 14.96 ± 3.47 ab 31.78 ± 1.80 b 19.22 ± 1.87 ab 49.09 ± 2.09 a
BF3 23.06 ± 0.18 a 57.66 ± 5.44 a 17.30 ± 1.63 a 34.53 ± 0.89 a 21.09 ± 0.81 a 50.03 ± 1.35 a
BF4 17.26 ± 2.21 ab 43.16 ± 5.52 a 12.95 ± 1.66 ab 28.59 ± 1.03 c 17.60 ± 0.93 b 37.75 ± 1.27 c

2021

CK — — — — — —
TFP 24.53 ± 2.19 d 24.53 ± 2.19 d 24.53 ± 2.19 d 8.67 ± 1.10 d 4.15 ± 0.53 e 26.56 ± 2.12 e
BF1 62.96 ± 3.78 a 157.41 ± 9.46 a 47.22 ± 2.84 a 30.47 ± 1.53 c 24.72 ± 1.68 c 52.80 ± 2.01 c
BF2 57.66 ± 1.63 b 144.15 ± 4.07 b 43.25 ± 1.22 b 40.20 ± 2.05 b 27.52 ± 1.68 b 57.04 ± 2.30 b
BF3 63.54 ± 2.42 a 158.85 ± 6.05 a 47.65 ± 1.82 a 46.00 ± 1.22 a 34.09 ± 0.95 a 65.52 ± 1.73 a
BF4 45.74 ± 1.70 c 114.34 ± 4.25 c 34.30 ± 1.27 c 32.75 ± 0.79 c 20.50 ± 0.49 d 47.27 ± 0.91 d

Note: Different lowercase letters denote significant differences among treatment means at the α = 0.05 level using
Duncan’s MRT method. The results are presented as the mean value ± standard error.

3.5. Economic Benefits

The application of BF affected the economic benefits of fresh eggplant (Table 4). The
output of fresh eggplant in the BF treatment group increased by 495–1867 USD ha−1 in 2020
and 2983–6251 USD ha−1 in 2021 compared to the TFP treatment group. The corresponding
rates of increase were 3.65–13.76% in 2020 and 23.40–49.04% in 2021. After the cost of the
fertilizers was deducted, the net income from fresh eggplants treated with BF increased by
535–1588 USD ha−1 in 2020 and 3039–5972 USD ha−1 in 2021, and the increase rates were
4.30–12.76% in 2020 and 26.13–51.35% in 2021. The net income in the BF3 treatment group
was the highest in both years.

Table 4. Effects of BF on economic benefits of eggplant in 2020 and 2021.

Year Treatments
Output Value
(USD ha−1)

Increased Output Value with
Fertilizer (USD ha−1)

Fertilizer Inputs
(USD ha−1)

Net Incomes
(USD ha−1)

2020

CK 11,372 ± 457 d — — 11,372 ± 457 d
TFP 13,565 ± 221 c 2193 ± 677 b 1118 12,447 ± 221 c
BF1 14,060 ± 398 bc 2688 ± 582 b 1062 12,998 ± 398 bc
BF2 14,381 ± 485 b 3009 ± 699 b 1230 13,151 ± 485 b
BF3 15,432 ± 211 a 4060 ± 383 a 1397 14,035 ± 211 a
BF4 14,547 ± 428 b 3175 ± 240 ab 1565 12,982 ± 428 b

2021

CK 7812 ± 314 e — — 7812 ± 314 e
TFP 12,747 ± 252 d 4935 ± 440 d 1118 11,629 ± 252 d
BF1 15,730 ± 201 c 7918 ± 476 c 1062 14,668 ± 201 c
BF2 16,513 ± 318 b 8701 ± 245 b 1230 15,283 ± 318 b
BF3 18,998 ± 296 a 11,186 ± 426 a 1397 17,601 ± 296 a
BF4 17,014 ± 400 b 9202 ± 342 b 1565 15,449 ± 400 b

Note: Different lowercase letters denote significant differences among treatment means at the α = 0.05 level using
Duncan’s MRT method. The results are presented as the mean value ± standard error.

4. Discussion

4.1. Developmental Potential of Biochar-Based Fertilizer

Biochar has obvious advantages for carbon sequestration and emission reduction,
water and fertilizer preservation, and soil improvement, thus addressing the difficulties in
sustainable agricultural development, environmental protection, and governance [35,36].
However, biochar application has some limitations for agricultural production at present
due to the following fundamental reasons: (i) the application amount of biochar and input
costs are high, (ii) the application method of biochar is controversial, and (iii) the economic
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benefit and output following biochar application is unclear [37–40]. Biochar-based fertilizer
is produced through the secondary processing of biochar and other mineral fertilizers. Thus,
the granulation effect and the quantity ratio effects are not only exerted but also temporally
and spatially consistent, which is beneficial for reducing agricultural production costs and
improving the commercial utility of biochar [38]. Therefore, biochar-based fertilizer may
be a new developmental direction in agriculture.

4.2. Biochar-Based Fertilizer for Improving Yield and Quality of Crops

The advantages of BF in improving crop production and soil environmental quality
have been confirmed [41,42]. The present study showed that the yield and quality of fresh
eggplant following BF treatment improved significantly (Figure 1, Table 2). Due to its
loose and porous characteristics, biochar can improve the physical properties and soil
porosity of clayey yellow soil in the karst region [31]. Moreover, the characteristics of
biochar with a large SSA and high adsorption capacity make it possible to absorb fertilizer
nutrients through pore closure and surface adsorption following granulation with chemical
fertilizers, thus delaying the fertilizer efficiency of BF [43,44]. This view was confirmed
in the study of Chew et al. [45] in another experiment. They pointed out that the nutrient
release rate of chemical fertilizer was much higher than that of BF, and most of the released
nutrients were leached and lost in the early stage of crop growth. However, the nutrient
release rate of BF was slow, which can provide the nutrients needed by plants in the later
stage of growth, promote the accumulation of fruit nutrients, and improve the quality of
crops [45]. Melo et al. [46] observed that BF was able to further contribute to an increase in
productivity beyond that of conventional fertilizers, especially when involving N fertilizers.
This is mainly attributed to the following: (i) BF increases the photosynthetic rate of crop
leaves, which is caused by BF reducing the limitation of photosynthesis by non-stomatal
factors, thus increasing the accumulation of carbohydrates, and (ii) increases in the specific
root surface area, root branching, and fine roots under field conditions in soils result in
higher crop productivity [47]. Biochar not only contains several elements such as N, P, and
K but also contains abundant mineral nutrients, including Ca, Mg, and Zn, contributing
to a balanced nutrient supply [48]. Meanwhile, the mineral elements in biochar could
promote the synthesis of related enzymes in plants, thus promoting an increase in the VC
and soluble sugar contents in fruits and reducing the content of acids in fruits [49]. Notably,
biochar could affect the processes in the N cycle in the agricultural ecosystem, which may
reduce the excessive nitrate uptake by plants [50,51].

4.3. The Functions of BF in Improving Fertilizer Utilization Rate and Economic Benefits

Based on the results of this study, the AE and RE of nutrients following BF treatment
increased significantly, indicating that BF could significantly improve the utilization rates
of fertilizers in the karst region, especially N and K fertilizers (Table 3). Studies have
shown that biochar in BF can adsorb nitrogen (NH4

+ or NO3
−) in soil and fertilizer on

its surface with a relatively large number of exchange ions and active carboxyl, hydroxyl,
and other functional groups, thus preventing nitrogen from leaching downward into the
subsoil, reducing fixed and gaseous losses of nitrogen, and improving the efficiency of
nitrogen utilization [52,53]. Moreover, biochar can stimulate the activity of bacteria related
to nitrogen, and owing to its porosity and large surface area, it can provide a habitat for
microorganisms, which is conducive to adsorbing microorganisms, ultimately affecting
the processes of the nitrogen cycle in the soil system [54]. Biochar application can provide
a carbon source for soil nitrogen-fixing microorganisms, which can also promote their
growth [55]. Some studies have shown a significant positive correlation between the
abundance of soil nitrogen-fixing bacteria and the activity of nitrogen-fixing enzymes and
the soil carbon content. An increase in the SOC content is crucial for biochar to promote
biological nitrogen fixation and improve nitrogen utilization efficiency [55]. Some studies
have shown that K on the surface of biochar can be quickly released for absorption and
utilization by plants after application into the soil, which is related to the high availability of
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K in biochar [56,57]. The carboxyl functional groups in biochar can improve the adsorption
capacity of soil for cations, thus increasing the probability of K+ entering the soil lattice,
which is conducive to improving the utilization rate of potassium [58,59]. However, the
increase in AE and RE may be the result of the inherent nutrient composition of the biochar.
Therefore, during the preparation of biochar-based fertilizers, nitrogen and potassium can
replace chemical fertilizers in the future.

The economic benefit is an important index to measure the increase in farmers’ output
and income. The results show that the net income following BF treatments increased by
4.30–12.76% in 2020 and 26.13–51.35% in 2021 (Table 4), similar to the results of previous
studies [60,61]. At present, most research on biochar focuses on soil and environmental
effects but studies on economic benefits are relatively scarce. This is mainly because the
production and transportation costs of biochar are relatively high; its large-scale application
will lead to higher production costs in the early stage, and the economic benefits cannot
be increased rapidly [62,63]. However, the application of BF not only ensures a balanced
supply of various nutrients but also improves the crop yield and quality following a
reduction in the amount of fertilizer, thus achieving a comprehensive utilization of fertilizer
and agricultural wastes; this has obvious ecological and economic benefits [64,65]. The
optimal application amount of BF was estimated using a linear model, and the results show
that the application of 2544–2625 kg ha−1 was optimal (Figure 2), which can be popularized
in agricultural production in the karst region. Furthermore, future research needs to
focus on the exploration of new types of BF to improve its nutrient-controlled release
performance to the maximum. In addition, functional biochar-based fertilizers should be
prepared according to the soil status and production demands of different regions.

5. Conclusions

In conclusion, biochar-based fertilizer significantly improved the yield, quality, fertil-
izer utilization, and economic benefits of eggplant cultivation in open fields in the karst
region of Southwest China. The application of biochar-based fertilizer is a nutrient-efficient
management strategy for open-field eggplant cultivation in Southwest China, which in-
creases the production capacity and economic benefits while reducing nutrient leakage.
Although there have been many reports on the impact of biochar-based fertilizer on crop
growth, studies on the underlying mechanism of action are lacking. Therefore, more
fieldwork should be conducted to provide experimental support for the application of
biochar-based fertilizer.
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Abstract: The current study examines the bioaccumulation potential of Taif rose shrubs by analyzing
the shrubs’ wastes. f. At Al-Shafa Highland, four farms with plants of different ages were chosen to
collect soil samples and vegetative waste (leaves and stems) for morphological and chemical analysis.
The tallest stem and largest crown diameter (184.2 and 243.5 cm, respectively) were found in the
oldest (20-year-old) shrubs, which also produced the highest biomass of pruning wastes of stems and
leaves (3.9 and 1.3 t/ha, respectively). The 10-year-old shrubs gathered the highest concentration
of Co and Pb (1.74 and 7.34 mg kg−1) in the stem and the highest Fe, Mn, and Ni (18.55, 18.60, and
9.05 mg kg−1) in the leaves, while the youngest plants (4 years) accumulated the highest Cr and
Zn (0.83 and 13.44 mg kg−1) in their leaves. The highest contents of Cd, Cr, Cu, Fe, Mn, Pb, and
Zn were found in the oldest Taif rose stem (34.94, 1.16, 36.29, 49.32, 51.22, 24.76, and 32.51 g ha−1),
while the highest contents of Co and Ni were found in the stems of plants that were 10 and 12 years
old (3.21 and 9.54 g ha−1, respectively). The Taif rose’s stem and leaves can absorb the majority of
heavy metals that have been studied with BAF values greater than one. Significant relationships
between various heavy metals in the soil and the same in the stems (Al, Co, and Pb) and leaves (Co,
Fe, Mn, Ni, and Pb) of Taif roses have been observed. According to the current findings, the Taif
rose is a promising viable and safe crop for heavy metals phytoremediation if it is grown in polluted
soil because there is little to no risk of contamination in the use of its end products, high biomass of
pruning wastes, and high efficiency of heavy metal removal.

Keywords: Taif’s rose; aromatic plants; phytoremediation; soil amendments; vegetative wastes

1. Introduction

Large amounts of waste biomass are produced by numerous biomass-based operations
in a variety of industries including agriculture, forestry, and the biotechnology sector [1].
Instead of causing issues with the environment, economy, or ecology, turning these wastes
into useful goods will sustainably contribute to the preservation of natural resources and
the ecosystem [2,3]. Aromatic plants hold an adjunct position to food crops for phytoreme-
diation due to their specialized application for the manufacture of essential oils, cosmetics,
personal care products, etc., and the fact that they are not directly connected to the food
chain [4]. It has frequently been claimed that growing non-edible commercial aromatic
crops at heavy metal-contaminated locations would be both profitable and practical [5].
Essential oil, which is the main by-product of aromatic crops, is primarily used for non-
edible purposes such as the production of soaps and detergents and the preparation of
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insect repellents, cosmetics, and perfumes; as a result, they can be thought of as a potential
choice for minimizing food chain contamination [6].

Roses are significant aromatic plants that are grown all over the world due to the de-
mand from florists, the necessity for perfumes and fragrances, and their use in medicine [7].
The Rosaceae family plant Rosa damascena Mill var. trigentipetala, often known as Taif’s
rose, is cultivated extensively in Bulgaria, Turkey, Saudi Arabia, Egypt, Russia, India, and
China [8]. It is a tall shrub that may grow to a height of 2.5 m, and only blooms once
per year (in May or June) producing 500–600 flowers when fully grown [9]. At elevations
between 300 and 2500 m, Taif’s rose thrives in temperate and subtropical climates [10].
Additionally, it is one of the lovely and fragrant plants that are raised for use in the culinary,
medical, and fragrance industries in several Taif governorate places [11]. There are around
860 Taif’s rose farms in the Taif governorate, ranging in size from large to medium to
small [7]. The trash produced by these farms may come from industrial oil distillation
processes as well as agricultural rose bush trimming [12]. A very small amount is used for
vegetative propagation, but the vast majority is dried and burned, creating health dangers
to nearby populations as well as environmental problems such as air and soil pollution [13].
Additionally, a great number of rose flowers must be used to produce a small amount of
rose water, and this procedure creates a significant amount of semisolid debris that could
pollute the environment [14].

Heavy metal contamination of the soil has been caused by the prolonged use of
fertilizers, the application of sewage sludge, industrial waste, and improper irrigation
of agricultural regions [15,16]. Due to the inherent characteristics of the soil resulting from
various parent materials, or differing management of fields within and across farms,
smallholder farms, such as Taif’s rose farms, are known to be spatially heterogeneous in
terms of soil fertility [17]. The production of crops on agricultural land is greatly influenced
by the nutritional components’ bioavailability [18,19]. If the soils do not contain the proper
amounts of nutrient components, farmers must integrate nutrients from external sources
such as fertilizers and soil conditioners [20]. However, adding external fertilizer or nutrients
to the soil speeds up plants’ uptake of harmful heavy metals [21–23]. Land use poses a
threat to the environment and public safety by introducing dangerous pollutants into
the soil, groundwater, and food chain [24]. The buildup of heavy metals in agricultural
products has become a significant issue that has disastrous repercussions on consumer
health [25]. Low quantities of heavy metals in agricultural soils may also be deposited in
crop plants [18]. Heavy metals are well-known dangerous inorganic contaminants due to
their environmental persistence, bioaccumulation, and toxicity to plants [26].

To mitigate soil heavy metals contamination, it is crucial to look into low-cost, eco-
friendly technology made from agricultural waste [27,28]. With or without chemical
changes, biosorbents made from agro-wastes such as Taif’s rose wastes that are found
in nature have been employed [29]. While bioaccumulation needs the presence of living
organisms and is completed in the later phases of biosorption, biosorption is a metabolically
passive process that is typically carried out utilizing non-living microbiological or biological
materials (such as agricultural wastes) [30]. It will take substantial research to fully utilize
the phytoremediation capability of aromatic plants for the successful management of heavy
metal-contaminated locations, which could result in “Green Scented Technology” [5]. The
ultimate goal of the current research is to investigate the potential of Taif’s rose plants for
heavy metal bioaccumulation and its impact on the growth performance of these plants.
Such research may aid in determining the value of using soil additives, such as irrigation
with treated wastewater or sewage sludge in Taif’s rose farms.

2. Materials and Methods

2.1. Plant Sampling

To gather materials for an investigation of the potential to accumulate heavy metals,
four Taif’s rose farms at Al-Shafa highland, Taif Province, Saudi Arabia, were chosen. This
investigation was carried out in December 2020. The ages of the farms F1, F2, F3, and F4
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were 10, 12, 20, and 4 years, respectively. The soils of the study farms are sandy. The height
and diameter of 10 rose plants of varied sizes were chosen from each farm. After that,
bushes were clipped until they were between 80 and 90 cm tall. The fresh wastes (stems
and leaves) were collected and weighed to determine their fresh biomass (kg individual−1),
and then the average individual weight was multiplied by the number of individuals per
farm to calculate the total fresh biomass as kg ha−1. The samples were then dried in an
oven at 65 ◦C until they reached a consistent weight for chemical analysis.

2.2. Plant Analysis

Three composite samples of oven-dried Taif’s rose plant leaves and stems were ho-
mogenized by grinding them individually in a metal-free plastic mill, passing through a
2 mm mesh size, and then stored in plastic containers with labels. To conduct chemical
studies, a sample of 1 g of each plant part was digested in 20 mL of a tri-acid combination
of HNO3:H2SO4:HClO4 (5:1:1, v/v/v) until a translucent colour developed (2000). Using
an atomic absorption photometer (Shimadzu AA-6200), the concentrations of Al, Cd, Co,
Cr, Cu, Fe, Mn, Ni, Pb, and Zn were measured following the recommended procedures
of Allen [31]. The instrument settings and operational circumstances were carried out in line
with the instructions provided by the manufacturers. Heavy metal digestion and measure-
ment were performed three times. Heavy metal digestion and their measurement were
performed in triplicates. Additionally, the heavy metal concentrations were multiplied by
the pruning waste biomass of the relevant plant part to determine the amount of heavy
metals in the stem and leaves (g DM m−2).

2.3. Soil Sampling and Analysis

From each farm under study, three composite soil samples (N = 3 × 4 = 12) were
taken from profiles that included the topsoil at a depth of 0–50 cm. The soil samples were
air-dried in the lab before being sieved through a 2 mm sieve and placed in paper bags
for additional chemical analysis. Soil–water extracts (1:5, w:v) were prepared for chemical
analysis. A glass electrode pH meter (Model 9107 BN, ORION type) and a multi-range
Cryson-HI8734 electrical conductivity meter (Crison Instruments, S.A., Barcelona, Spain)
were used to measure soil pH and EC, respectively. Soil samples were digested using the
acid digestion method adopted by Wade et al. [32] to determine the soil heavy metals (Al,
Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn) using the same methods of plant analysis [31]. The
concentrations of soil elements were expressed in mg kg−1 dry weight.

2.4. Data Analysis

The concentration of heavy metals in the stem and leaves of Taif’s rose plants and
the chemical properties of the soil were compared using the simple linear correlation
coefficient (r) formula. A relevant measure to assess a plant’s capacity to collect heavy
metals from the soil is the bioaccumulation factor (BAF). According to Eid et al. [19], the
BAF was calculated as follows: The heavy metal concentrations (mg kg−1) in the soil,
stem, and leaves, respectively, are represented by Csoil, Cstem, and Cleaf in the formulas
BAFstem = Cstem/Csoil and BAFleaf = Cleaf/Csoil. The significant differences in the examined
growth characteristics, bioaccumulation factors, as well as the soil chemical variables of
Taif’s rose plants across the investigated farms were determined using a one-way analysis
of variance (ANOVA I) test and Tukey’s HSD test. The significant variations in the levels of
heavy metals in the various plant parts and farms were examined using a two-way analysis
of variance (ANOVA II) test. SPSS software was used to conduct the statistical analysis [33].

3. Results

3.1. Soil Properties

The findings of the soil analysis revealed a considerable difference in all parameters
among the study farms (p < 0.05) (Figure 1). Farm 2 (F2: 10 years old) was found to have the
lowest soil pH (6.3), the highest EC (0.87 dS m−1), and the highest concentrations of Cr, Cu,
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Fe, Mn, Ni, Pb, Zn, Al, and Co (0.76, 0.59, 0.99, 0.67, 0.66, 1.15, 1.36, 0.26, and 0.36 mg kg−1,
respectively). In contrast, the soil on the newest farm (F1: 4 years old) had the greatest pH
value (8.4) along with the lowest EC (0.61 dS m−1) and the lowest concentrations of Cu, Pb,
Zn, and Cd (0.14, 0.05, 0.06, and 0.23 mg kg−1, respectively). Moreover, the oldest farm’s
(F4: 20 years old) soil had the highest Cd content (0.82 mg kg−1), but the lowest Fe and Al
(0.07 and 0.06 mg kg−1). However, the lowest Cr, Mn, Ni, and Co contents (0.12, 0.15, 0.18,
and 0.02 mg kg−1) were recorded in farm 3 (F3: 12 years old).

Figure 1. Mean soil characteristics of the sampled farms support the growth of Taif’s rose populations
in the mountainous area of Taif City, Saudi Arabia. The standard errors of the means (n = 6) are
indicated by vertical bars. F-values demonstrate the one-way analysis of variance (ANOVA), degrees
of freedom (df ) = 3. Means with different letters are significantly different at p < 0.05 according to
Tukey’s HSD test.

3.2. Plant Growth Properties

Data on plant morphology and growth parameters revealed that as plants aged, their
height and diameter as well as their biomass from pruning wastes grew dramatically
(Figure 2). The stem height and crown diameter of the oldest (20-year-old) shrubs were
the largest (184.2 and 243.5 cm, respectively), while the crown diameter of the youngest
(4-year-old) shrubs was the lowest (110.5 and 112.7 cm). Therefore, the oldest shrubs
produced the largest biomass of the standing crop biomass of stem, leaves, and the total
aboveground biomass (AGB) (3.5, 1.2, and 4.7 kg/shrub), as well as the highest pruning
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waste biomass represented by the stem, leaf, and AGB (3.9, 1.3, and 5.2 t ha−1, respectively).
In addition, the youngest shrubs had the lowest biomass of any plant organ.

 
Figure 2. Mean morphological and biomass variables of Taif’s rose populations grown on four farms
in the mountainous area of Taif City in Saudi Arabia. The standard errors of the means (n = 10) are
indicated by vertical bars. F-values demonstrate the one-way analysis of variance (ANOVA), degrees
of freedom (df ) = 3. Means with different letters are significantly different at p < 0.05 according to
Tukey’s HSD test.

3.3. Heavy Metals Concentration

According to data on heavy metal concentration, the leaves of Taif’s rose shrubs
collected larger concentrations of Al, Cr, Cu, Fe, Mn, Ni, and Zn, but the stem accumulated
higher concentrations of Cd, Co, and Pb (Figure 3). Additionally, the concentration of
heavy metals in the various plant organs varies significantly throughout time. The Cr and
Zn concentrations in the leaves of the youngest (4-year-old) plants were highest (0.83 and
13.44 mg kg−1), and the Cu, Mn, and Pb concentrations in the stem were the lowest (3.19,
2.48, and 1.63 mg kg−1). The highest concentrations of Co and Pb (1.74 and 7.34 mg kg−1)
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and the lowest concentrations of Ni and Zn (1.12 and 5.50 mg kg−1) were found in the
stems of shrubs that were 10 years old, while the highest concentrations of Fe, Mn, and Ni
(18.55, 18.60, and 9.05 mg kg−1) were found in the leaves. Additionally, 12-year-old shrubs
had the highest leaf Cu (10.29 mg kg−1) and the lowest leaf Fe (6.11 mg kg−1) as well as Al
and Co in the stem (0.10 and 0.06 mg kg−1). The 20-year plant’s leaves collected the highest
levels of Al and the lowest levels of Cd and Cr (1.16, 2.70, and 0.17 mg kg−1, respectively),
whereas the plant stem contained the highest levels of Cd (8.94 mg kg−1).
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Figure 3. Mean heavy metal concentrations (mg kg−1) in the leaves and stems of Taif’s rose popula-
tions grown on four farms in the mountainous area of Taif City in Saudi Arabia. The standard errors
of the means (n = 6) are indicated by vertical bars. F-values demonstrate the two-way analysis of
variance (ANOVA). *: p < 0.05; ***: p < 0.001; ns: not significant (i.e., p > 0.05).

3.4. Heavy Metals Removal Efficiency

The statistical study (ANOVA I) demonstrated that Taif’s rose shrubs of different ages
had significantly differing heavy metal contents (Figure 4). The current findings demonstrated
that plant stems could remove higher quantities of all heavy metals than leaves, except
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for Al. The highest concentrations of Cd, Cr, Cu, Fe, Mn, Pb, and Zn were found in the
stems of the oldest Taif’s rose shrubs (34.94, 1.16, 36.29, 49.32, 51.22, 24.76, and 32.51 g ha−1,
respectively), while the highest concentrations of Co and Ni were found in the stems of
plants that were 10 and 12 years old (3.21 and 9.54 g ha−1, respectively). On the other hand,
the leaves of the youngest plants had the lowest levels of the majority of heavy metals
(apart from Al and Cr). Additionally, the oldest shrubs’ leaves had the largest quantity of
Al (1.51 g ha−1), whilst the youngest plant stem had the lowest (0.11 g ha−1).

Figure 4. Mean heavy metal contents (g ha−1) in the leaves and stems of Taif’s rose populations
grown on four farms in the mountainous area of Taif City in Saudi Arabia. The standard errors of the
means (n = 6) are indicated by vertical bars. F-values demonstrate the two-way analysis of variance
(ANOVA). ***: p < 0.001.

3.5. Bioaccumulation Factor (BAF)

The bioaccumulation factors (BAF) from soil to the stems and leaves of Taif roses were
statistically evaluated (ANOVA), and they significantly varied among the measured heavy
metals and the different plant ages (Table 1). The current research demonstrated that the
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Taif rose stem and leaves of various ages may accumulate the majority of heavy metals
under investigation with BAF greater than one. The youngest Taif’s rose plants showed the
highest BAF of Cu, Pb, and Zn (respectively 48.59, 68.99, and 279.50) in the leaves and the
highest BAF of Cd and Co (31.47 and 7.24) in the stem. In addition, the stem and leaves
of the 12-year-old plant exhibited the highest BAF of Cr and Mn values (6.88 and 63.88,
respectively). Additionally, the BAF of Fe (175.64) in the stem and Al and Ni (30.40 and
27.52) in the leaves were also highest in the oldest plants.

Table 1. Bioaccumulation factors (BAFs), from soil to stems, and leaves, of 10 heavy metals in
Taif’s rose populations grown on four farms in the mountainous area of Taif City in Saudi Arabia
(means ± standard error, n = 6).

Metal Factor
Farm Age (Years)

F-Value
4 10 12 20

Al
BAFstem 1.16 ± 0.06a 2.27 ± 0.47a 1.11 ± 0.30a 2.82 ± 0.88a 2.6 ns

BAFleaf 3.98 ± 0.18a 5.13 ± 1.05a 3.12 ± 0.79a 30.40 ± 9.57b 7.5 **

Cd
BAFstem 31.47 ± 1.06b 13.41 ± 1.94a 23.02 ± 4.30b 11.33 ± 0.97a 14.2 ***

BAFleaf 30.58 ± 0.37c 12.74 ± 2.17b 11.45 ± 1.69b 3.42 ± 0.29a 67.4 ***

Co
BAFstem 7.24 ± 1.28c 6.00 ± 1.40bc 3.23 ± 0.41ab 1.39 ± 0.14a 7.4 **

BAFleaf 0.73 ± 0.05a 3.06 ± 0.76bc 4.93 ± 0.92c 1.89 ± 0.19ab 8.7 **

Cr
BAFstem 0.86 ± 0.03a 0.58 ± 0.02a 6.88 ± 1.12b 0.47 ± 0.04a 31.0 ***

BAFleaf 1.32 ± 0.17a 0.74 ± 0.01a 4.65 ± 0.77b 0.27 ± 0.03a 25.4 ***

Cu
BAFstem 27.49 ± 4.22bc 11.69 ± 1.44a 19.25 ± 2.16ab 36.93 ± 4.53c 10.5 ***

BAFleaf 48.59 ± 10.39b 13.97 ± 1.89a 44.94 ± 2.35b 33.27 ± 3.63ab 7.5 **

Fe
BAFstem 18.93 ± 1.43a 7.26 ± 0.30a 90.46 ± 6.77b 175.64 ± 15.37c 84.8 ***

BAFleaf 21.15 ± 4.76a 19.39 ± 2.48a 61.34 ± 3.52b 129.71 ± 7.70c 106.2 ***

Mn
BAFstem 6.61 ± 0.43a 6.18 ± 0.20a 60.82 ± 2.62b 60.60 ± 3.30b 218.2 ***

BAFleaf 9.54 ± 0.46a 28.11 ± 1.59b 63.81 ± 3.12d 37.51 ± 1.58c 136.5 ***

Ni
BAFstem 3.57 ± 0.14ab 1.91 ± 0.37a 20.14 ± 2.13c 6.41 ± 0.86b 50.9 ***

BAFleaf 4.81 ± 0.25a 14.92 ± 2.14b 6.82 ± 0.91a 27.52 ± 2.54c 35.6 ***

Pb
BAFstem 43.36 ± 12.61b 6.46 ± 0.25a 11.22 ± 1.52a 6.78 ± 0.69a 7.8 **

BAFleaf 68.99 ± 18.43b 5.43 ± 0.29a 9.67 ± 1.20a 5.52 ± 0.55a 11.3 ***

Zn
BAFstem 206.81 ± 41.54b 4.17 ± 0.40a 94.38 ± 34.32a 7.83 ± 0.40a 12.5 ***

BAFleaf 279.50 ± 63.27b 9.16 ± 0.93a 126.40 ± 44.41a 9.07 ± 0.41a 11.0 ***

F-valueBAFstem 20.3 *** 19.9 *** 10.0 *** 108.9 ***

F-valueBAFleaf 16.1 *** 28.9 *** 8.2 *** 85.7 ***

F-values represent one-way ANOVA; degrees of freedom (df ) = 3; means in the same row followed by different
letters are significantly different at p < 0.05, according to Tukey’s HSD test; **: p < 0.01; ***: p < 0.001; ns: not
significant (i.e., p > 0.05).

3.6. Plant Stem-Soil Correlations

According to a simple linear correlation coefficient between heavy metal concentra-
tions in Taif’s rose stems and the soil chemical properties of the four study farms, the soil
pH was negatively correlated (r = −0.88 and −0.82) with stem Al and Pb but positively
correlated (r = 0.53 and 0.80) with stem Ni and Zn (Figure 5). Additionally, the electrical
conductivity (EC) had positive correlations with Al and Pb (r = 0.56 and −0.59) and nega-
tive correlations with Zn (r = −0.60). Al, Co, and Pb had higher concentrations in plant
stems (r = 0.78, 0.76, and 0.94), while Cr, Fe, Mn, Ni, and Zn had lower concentrations
(r = −0.54, −0.51, −0.63, −0.67, and −0.75) as their soil contents increased. Additionally,
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there was a strong positive correlation between several heavy metals in the plant stem
and some soil metals. For example, the correlation between the metals Al, Cu, and Co in
the stem and the metals Fe, Mn, and Ni in the soil was 0.92, 0.92, and 0.85, respectively.
However, some stem heavy metal concentrations had significant negative correlations with
some soil metals. For example, stem Cr and soil Cd, Pb, and Zn had r values of −0.76,
−0.56, and −0.72, and stem Cd and soil Fe, Mn, and Ni had r values of −0.75, −0.67, and
−0.57, and stem Zn had r values of −0.51, −0.85, and −0.74 respectively.

Figure 5. Pearson correlation coefficient (r-values, n = 24) between heavy metal concentrations in
Taif’s rose stems and the chemical characteristics of the soil from four farms in the mountainous area
of Taif City in Saudi Arabia; EC: electrical conductivity.

3.7. Plant Leaves-Soil Correlations

Regarding the simple linear correlation coefficient between heavy metal concentrations
in Taif’s rose leaves and the soil chemical characteristics, the soil pH was negatively
correlated with leaves Al, Co, Fe, Mn, Ni, and Pb (r = −0.75, −0.90, −0.83, −0.90, and
−0.89), while EC was positively correlated with leaves (r = 0.52, 0.55, 0.63, 0.67, 0.59, and
0.65) (Figure 6). Co, Fe, Mn, Ni, and Pb concentrations in plant leaves increased as the
soil content increased (r = 0.56, 0.74, 0.65, 0.57, and 0.94); however, Cd concentrations fell
(r = −0.71) as soil Cd concentrations increased. Additionally, there was a strong positive
correlation between some heavy metals found in plant leaves and certain soil metals,
including leaf Al with soil Cr, Pb, and Zn (r = 0.68, 0.88, and 0.77), leaf Co with soil Fe,
Mn, and Ni (r = 0.90, 0.92, and 0.86), and leaf Ni with soil Cu, Pb, and Zn (r = 0.75, 0.85,
and 0.83). However, the concentration of some heavy metals in the leaves was negatively
correlated with some soil metals. For example, the correlations between Cd, Pb, and Zn in
the leaves and Cd in the soil were −0.91, −0.57, and −0.62, respectively.
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Figure 6. Pearson correlation coefficient (r-values, n = 24) between heavy metal concentrations in
Taif’s rose leaves and the chemical characteristics of the soil from four farms in the mountainous area
of Taif City in Saudi Arabia; EC: electrical conductivity.

4. Discussion

Taif’s rose may grow in a variety of environmental conditions, although the availability
of nutrients and the soil’s capability to hold water are dependent on the soil’s physico-
chemical characteristics [34]. The current findings showed a significant difference in all
soil parameters between the sample farms. Farm 2 (10 years old) had the lowest soil pH
(6.3) along with the greatest EC (0.87 dS m−1), highest Cr, Cu, Fe, Mn, Ni, Pb, Zn, Al, and
Co contents, and lowest EC. The soil on the youngest farm (F1: 4 years) had the greatest
pH value (8.4) together with the lowest EC (0.61 dS m−1) and the least amount of Cu,
Pb, Zn, and Cd. According to Pal and Singh [34], roses thrive in soil reactions with pH
ranges between 6.0 and 7.5 that are slightly acidic to slightly alkaline, whereas acidic soil
limits plant growth and diminishes blossom output most likely due to an imbalance of
micronutrients. Additionally, according to Brichet [35], rose plants are susceptible to both
salty and alkaline soil. Additionally, lowering soil pH raises the amount of heavy metals
that are available in the soil [19,36]. However, in Indian conditions, alkali–saline soil with
a pH range of 8 to 9 is relatively appropriate [37]. The recommended soil micronutrient
values for roses, according to Karlik et al. [38], are (in mg kg−1) Fe (0.3–3.0), Mn (0.2–3.0),
Zn (0.03–3.0), and Cu (0.001–0.5). Therefore, the soil content of these metals is suitable for
the growth of Taif’s rose, except Cu in farm 2, which exceeded the required limit.

Pruning flowering plants is a successful agricultural technique for improving develop-
ment and blossoming [39]. The biomass of the pruning wastes and the plant height and
diameter both considerably increased as the age of the plant rose. As a result, the average
biomass of the stem, leaves, and aboveground biomass pruning wastes was 2.4, 0.8, and
3.2 t ha−1, respectively. Pruning wastes are disposed of by drying, burning, or storing them,
which pollutes the environment [40]. Taif’s rose is grown on over 860 farms spread across
Taif governorate and its suburbs [11]; as a result, roughly 2752 tons of pruning debris,
similar to the 2730 tons noted by Galal et al. [41], may be created and result in a serious
environmental issue. Therefore, it is of great importance and urgent need for recycling
these agricultural wastes and reusing them for various economic purposes.

Al, Cr, Cu, Fe, Mn, Ni, and Zn were more abundant in Taif rose shrubs’ leaves
than in their stems, which were more abundant in Cd, Co, and Pb. The concentration
of the analyzed metals (except for Co and Ni) in the stem and leaves of Taif roses did
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not surpass the safe level for typical plants based on the normal level of heavy metals in
plants [31,42–44]. The WHO’s recommended limit for Ni in plants is 10 mg kg−1 [45]. Plant
growth and biomass production are hampered by heavy metals such as Ni and Co, which
also have a deleterious effect on their chlorophyll content [46,47]. The largest concentrations
of Cr and Zn were collected by the youngest plants (4 years), whereas Co, Pb, Fe, Mn, and
Ni were deposited by shrubs 10 years old, Cu by shrubs 12 years old, and Al by shrubs
20 years old. Phragmites australis has a high capacity for absorbing heavy metals for up to
10 years, according to reports from Cicero-Fernández et al. [48] and Eid et al. [49].

Information on a plant’s chemical makeup and biomass is needed to calculate how well
it removes heavy metals from the environment, which is useful for determining a species’
specific heavy metal amounts per unit area [41]. By multiplying the element concentration
in tissue by its biomass, the amount of heavy metals was determined. Plant biomass is
regarded as the primary component for calculating the standing stock of heavy metals,
according to Vymazal [50]. The current findings show that plant stems can remove larger
quantities of all heavy metals than leaves, except for Al. This may be due to stems’ higher
biomass than leaves. The highest concentrations of Cd, Cr, Cu, Fe, Mn, Pb, and Zn were
found in the stems of the oldest Taif’s rose shrubs, whereas the highest concentrations of Co
and Ni were found in the stems of plants between 10 and 12 years old. It is important to note
that Taif’s rose shrubs are supported for prospective application in heavy metals clean-up
from contaminated soils by the heavy metal contents eliminated by their pruning wastes.

The bioaccumulation factor (BAF) was used to determine the relationship between the
concentration of heavy metals in the soil and plant tissues [51]. This indicator of the ability
of available metals to be taken up by a plant from its environment provides insight into
whether the plant is an excluder, accumulator, or indicator [52]. The BAF from soil to the
stem and leaves of the Taif’s rose demonstrated that plants of various ages might acquire the
majority of the heavy metals under investigation with a BAF greater than one. The majority
of heavy metals found in Taif’s rose plants had high BAF levels, indicating a high likelihood
that this plant will concentrate those metals in its tissues [53]. Younger plants have a greater
capacity to acquire heavy metals. The stem and leaves of the youngest Taif’s rose plants had
the highest BAFs of Cd and Co, as well as the highest BAFs of Cu, Pb, and Zn. Additionally,
the stem and leaves of the 12-year-old plant showed the highest levels of BAF for Cr and
Mn, respectively. Furthermore, the BAF of Fe in the stem and Al and Ni in the leaves
were both highest in the oldest plants. High metal content and high BAF, as reported by
Fawzy et al. [29], suggest that this species may be a good carrier for absorbing heavy metals
from nutrient-rich soils. According to Pandey et al. [5], aromatic plants, which operate as
possible phytostabilizers, hyper-accumulators for particular heavy metals, bio-monitors,
and facultative metallophytes, have a significant potential for phytoremediation of heavy
metal-contaminated soils.

The simple linear correlation coefficient revealed a strong negative link with soil pH
and a substantial positive correlation between the heavy metal contents in Taif’s rose stems,
leaves, and the soil EC. The pH of the soil plays a crucial role in regulating how readily
available trace metals are to plants [54]. According to Jung [55] and Eid et al. [56], soil pH,
which has a negative correlation with the presence of heavy metals in plants, is crucial
for controlling the uptake of heavy metals by plants. Significant relationships between
various heavy metals in the soil and the same in the stems (Al, Co, and Pb) and leaves
of Taif roses have been observed (Co, Fe, Mn, Ni, and Pb). This finding suggests that
heavy metal concentrations in plant tissues were dependent on their levels in the soils [19].
Eid et al. [56], who observed that heavy-metal concentrations in plants rise with an increase
in their levels in the soil, made similar predictions. Additionally, the use of this plant as a
bioindicator and biomonitor of these heavy metals in contaminated soils is supported by
the significantly positive correlations between the majority of heavy metal concentrations
in the soil and rose tissues [53,57]. Additionally, these relationships imply that Taif’s rose
plants might represent the cumulative impact of environmental pollution as a result of soil

160



Agriculture 2022, 12, 1319

contamination, with heavy metal concentrations rising in plant tissues as they do so in the
soil [19,58].

Many studies had shown that growing aromatic plants such as lavender [59], basil [60,61],
rosemary [62], and Mentha [46,63] in contaminated soils did not significantly increase the
risk of metal contamination in essential oils. According to Zheljazkov and Nielsen [64],
after being harvested, several aromatic plants considerably acquire heavy metals from
heavy metal-polluted locations. In addition, Cr, Pb, Zn, and Cu were discovered by Onursal
and Ekinci [65] in rose oil processing wastes at quantities that were significantly lower
than those allowed by law. By absorbing certain hazardous substances through their roots
and storing them in less harmful forms throughout the plant, plants are believed to help
the environment become less polluted [66]. Most plants, when grown in contaminated
environments, ingest and translocate harmful components to the harvestable sections,
which is a process known as phytoremediation [67]. The right plant must be chosen for
phytoremediation projects for them to be successful. It must be a high-value economic
crop with no or little risk of contamination when used to make final products and unusual
characteristics (such as high biomass and high heavy-metal extraction efficiency) [5]. Taif
rose is a viable and secure crop for the phytoremediation of soils affected by heavy metals.
The pruning wastes of Taif’s rose could be converted to ash and packed in a safe place, or
the absorbed heavy metals could also be recovered for economic purposes.

5. Conclusions

Taif rose may grow in a variety of soil types with different physicochemical characteris-
tics and environmental conditions. The biomass of the pruning wastes and the plant height
and diameter both considerably increased as the age of the plant rose. Al, Cr, Cu, Fe, Mn,
Ni, and Zn were more abundant in Taif rose shrubs’ leaves than in their stems, which were
more abundant in Cd, Co, and Pb. The current findings show that plant stems can remove
larger quantities of all heavy metals than leaves, except for Al. This may be due to stems’
higher biomass than leaves. The BAF from soil to the stem and leaves of the Taif’s rose
demonstrated that plants of various ages might acquire the majority of the heavy metals
under investigation with a BAF greater than one. The use of this plant as a bioindicator and
biomonitor of these heavy metals in contaminated soils is supported by the significantly
positive correlations between the majority of heavy metal concentrations in the soil and
rose tissues. The current findings revealed that Taif’s rose is a promising viable and safe
crop for heavy metals phytoremediation if it is grown in polluted soil because there is little
to no risk of contamination in the use of its end products, high biomass of pruning wastes,
and high efficiency of heavy metal removal.
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Abstract: This study aimed to evaluate the nutrient content and nutritive value of pruning waste of
the Taif Damask rose for its potential use as an organic fertilizer or animal forage in the Taif region,
Saudi Arabia. For this purpose, the pruning waste of Taif’s rose and soil samples supporting the plant
growth at different ages were collected from four farms (F1: 4, F2: 10, F3: 12, and F4: 20 years old).
The total aboveground biomass (AGB) of the plants, stems, and leaves were measured in addition to
the stem height and crown diameter. The results showed that the maximum stem height and crown
diameter (184.20 and 243.5 cm) were recorded in the oldest farm (F4). Moreover, the stem, leaves, and
aboveground biomass (AGB) of the waste were maximal (3.91, 1.30 and 5.21 t ha−1) at F4. F1 had
the highest N content (154.30 mg kg−1) in the plant leaves, while F2 had the highest stem N and P
(172.33 and P 9.40 mg kg−1). Moreover, F3 had the highest concentrations of leaf P (7.17 mg kg−1),
leaf and stem K (112.47 and 277.30 mg kg−1), stem Ca2+ (251.93 mg kg−1), and leaf and stem Mg2+

(122.27 and 123.57 mg kg−1). The stems had higher percentages of total proteins, fibers, ash, and NFE
(total carbohydrates) than the leaves in F1 and F2, while the opposite was observed in F3 and F4.
The leaves of F2 rose plants had the highest percentage of neutral detergent fibers (NDF), and their
stems had the highest percentages of total proteins (10.71%). The leaves of F3 plants had the highest
percentage of acid detergent lignin (ADL) and the lowest crude fibers (7.63 and 13.27%), while the
stems had the highest NFE (72.71%). The plant–soil relationship expressed by the CCA biplot showed
that all the measured plant parameters were at higher positions on the Mg axis, except for the plant
height and crown diameter, which were at low positions on the N and NO3 axes, respectively. In
contrast, Cl−, NO3

−, HCO3
−, and SO4

2− had high positive correlations with axis 1 and negative
values with axis 2, while EC, the total P, and Ca2+ had high positive correlations with, and pH had
high negative values in relation to, axis 2. Due to its considerable high inorganic and organic nutrient
contents, Taif’s rose could be used in the manufacturing of organic fertilizer. Additionally, the analysis
of the nutritive value of the pruning waste supports its use as animal forage. We strongly recommend
that further studies be conducted on the application of plant waste as a soil amendment and animal
forage in the field.

Keywords: damask rose; soil amendments; forage quality; inorganic elements; organic nutrients

1. Introduction

Agricultural waste is improperly disposed of, which not only pollutes the environment
but also wastes a large amount of precious biomass resources. To control pollution, an
effective transformation of the process of agricultural waste recycling and utilization is
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regarded as a critical step in environmental conservation [1]. Recently, an enormous
quantity of agricultural waste has been created annually all over the world. This waste
has increased at a rate of 5–10% each year, on average. Air pollution, soil degradation,
and other issues would from its haphazard abandonment and inappropriate use. Burning
agricultural waste produces many hazardous gases, smoke, and dust, which significantly
damage the air quality [2–4].

Agricultural waste recycling can take several forms, including the gasification of crops,
the use of crop stalks as feed, fertilizers, or new building materials, and the production of
manure from livestock dung [5,6]. Fruit, vegetable, and crop wastes are valuable sources
of natural compounds and chemicals that are dependent on their fundamental properties
and composition [7]. For instance, Torkashvand et al. [8] reported that peanut shell com-
post could be mixed with low-porosity substrates and applied as an appropriate growth
medium to ornamental plants, as an alternative to peat. Great amounts of apple orchard
waste (e.g., pruning branches, fruit thinning, and trunks) are produced, which might be
considered as a promising alternative energy source for fuel and material manufactur-
ing [9]. According to Sharma et al. [10], the agricultural recycling of organic waste is an
eco-friendly and long-term waste management strategy. They also stated that organic
waste is a rich source of beneficial plant macro- and micro-nutrients and organic matter.
Organic waste additions boost plant production by improving the soil’s physicochemical
and biological qualities.

In Saudi Arabia, Taif’s rose (Rosa damascena Mill. var. trigintipetala) is a conventional
and interesting agricultural plant utilized for essential oil production [11–13]. Taif’s rose
cultivation is a long-standing tradition in the Taif region, and it has helped to transform
this city in Saudi Arabia into a popular tourist destination. Saudi Arabia’s rose oil output
currently accounts for less than 5% of the total global production [14]. Essential oil and rose
water are produced from Taif’s rose [15] and are applied in medicine, the food sector, and
perfumery. Water distillation is used to process roses in this part of the world. Many studies
have been conducted on Taif’s rose populations, including the chemical analysis of its oil
and antimicrobial and antioxidant activities [14]; the phytochemical and pharmacological
potential of its pruning wastes [11]; the effects of pruning systems and P-fertilizers on
its growth and productivity [16]; and the effects of salinity on its oil and flower produc-
tion [17–20]. Dragoev et al. [21] studied the chemical composition and quantity of the
polyphenol content in dry rose petals, dry-pressed distilled rose petals, and wastewater,
as well as the possibility for the re-utilization of dry-pressed distilled rose petals as feed
material in animal production.

The waste generated by rose pruning in Taif province amounts to about 2700 tons,
which can cause environmental concerns [11]. This pruning waste can be recycled so as
to be used for various purposes such, as industrial and medicinal applications, forage, or
fertilizers [11,12]. To our knowledge, the chemical composition of the major macronutrients,
as well as the potential nutritive value, of the Taif rose plants have not yet been investigated.
Accordingly, the objective of this study is to investigate the inorganic and organic macronu-
trients, as well as the potential nutritive value, of Taif’s rose pruning waste destined to be
used as soil organic fertilizer or animal forage. Such a study can be applied in the context of
the recycling of waste materials and prevention of environmental pollution resulting from
burning this waste. Additionally, it may aid in decision-making regarding the safe use of
soil amendments such as sewage sludge or treated wastewater for improving soil quality.

2. Materials and Methods

For this study, we chose four farms in Al-Shafa highland, Taif Province, Saudi Arabia,
to investigate the main morphological and biomass characteristics of Taif’s Rose in addition
to its nutrient contents and the potential nutritive value of its pruning waste. The selected
farms had the same soil and climatic conditions, as well as the same agricultural practices.
The four sampled farms (F1: 4 years; F2: 10 years; F3: 12 years; F4: 20 years) comprised
an area of one hectare each. Taif’s rose produces flowers once a year, during March and
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April, for a period of 40–45 days. Annual pruning, which is performed once per year at the
end of December and the beginning of January, is considered one of the most important
agricultural practices of Taif’s rose aiming to maximize its flower production. To increase
the flower yield significantly, irrigation should be prevented for two months before and
after pruning. After that time, irrigation is allowed and is usually achieved by natural
dripping according to the needs of the plant during the rest of the year. Organic fertilizers,
at a rate of 7.5 t/ha, are added immediately after the annual pruning.

2.1. Morphological and Biomass Characteristics

The stem maximum height (cm) and crown diameter (cm) were measured on about
10 individual plants of Taif’s rose in each studied farm. Then, these individuals were
pruned to maintain their height at about 80–90 cm. The fresh biomass of the stems and
leaves of pruning waste was determined. The average biomass of each pruning waste was
expressed as kg ha−1, which was then multiplied by the number of individuals per hectare
in order to calculate the total aboveground biomass (AGB) as t ha−1.

2.2. Plant Chemical Analyses

From each of the ten individual rose plants, a sample of the stems and leaves were
taken and combined to form three composite samples from each farm (N = 24). The
oven-dried leaves and stems of Taif rose vegetative waste were ground separately in a
metal-free plastic mill, passed through 2 mm-sized mesh, and finally stored in labelled
plastic containers. For the chemical analyses, 1 g of either the milled leaf or stem samples
was digested using a sulphury and perchloric acid mixture [22]. The determination of N, P,
K, Ca, Mg, and Na in the extracts was carried out using Agilent 4210 MP-AES (Microwave
Plasma-Atomic Emission Spectrometer, Agilent Inc., Santa Clara, CA, USA) at the Ecology
Laboratory of the Faculty of Science, Helwan University. The instrumental settings and
operational procedures were adjusted according to the manufacturer’s user manual. The
final concentrations were expressed as mg kg−1 of biomass dry matter for each element.

The ash content was estimated by igniting the ground leaves and stems in a muffle
furnace for 3 h at 550 ◦C. The total N was measured by the Kjeldahl method, according to
Chapman and Pratt [22]. The crude protein (CP) was calculated by multiplying the total
N% by 6.25. The total lipids or fats were obtained by ether extract (EE), and they were
determined by extracting the leaf and stem materials with diethyl ether using a Soxhlet
extractor, according to Allen [23]. The crude fiber (CF) was gravimetrically determined
after the chemical digestion and solubilization of the other present materials, according to
Allen [23]. The nitrogen-free extract (NFE, i.e., total carbohydrates) was calculated in the
leaves and stem samples according to Le Houérou [24], as follows:

NFE (% DM) = 100 − (CP + CF + Fat + Ash). The digestible crude protein (DCP) was
determined according to NRC [25], as follows: % digestible crude protein (%DCP) = 0.85 X
− 2.5, where X = crude protein % on the DM basis.

The fiber fractions of the cell walls consist of neutral detergent fiber (NDF), acid
detergent fiber (ADF), and acid detergent lignin (ADL), which were determined according
to Goering and Van Soest [26] and Van Soest et al. [27]. Additionally, the hemicellulose
and cellulose were calculated by difference, as follows: hemicellulose = NDF − ADF;
cellulose = ADF − ADL.

The gross energy (kcal kg−1 DM) was calculated according to Blaxter [28], where
each gram of crude protein = 5.65 kcal, each gram of fat = 9.40 kcal, and each gram of
crude fiber and carbohydrate = 4.15 kcal. The animal obtains its energy through feed and
loses energy through heat, feces, urine, and gases [29]. The digestible energy (kcal kg−1

DM) was calculated according to NRC [25], as follows: digestible energy (DE) = gross
energy × 0.76. The metabolizable energy (kcal kg−1 DM) was calculated according to
NRC [30], as follows: metabolizable energy (ME) = digestible energy × 0.82. The net
energy (kcal kg−1 DM) was calculated according to NRC [30], as follows: net energy
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(NE) = metabolizable energy × 0.56. The caloric values were expressed in Mcal kg−1 DM.
The total amount of digestible nutrients (%) was calculated according to NRC [30]:

%Total digestible nutrients (TND) = digestible energy/44.3

2.3. Soil Characteristics

Five composite soil samples were collected from the profiles, including the topsoil at a
depth of 0–50 cm from each studied farm (N = 24). In the laboratory, the soil samples were
air-dried, sieved through a 2 mm sieve, and then packed in paper bags for further chemical
analysis. Soil water extracts (1:5, w:v) were prepared and used for the pH, EC, Cl−, NO3

−,
SO4

2−, HCO3
−, total N, total P, Ca2+, Mg2+, Na+, and K+ analysis. The pH of the soil

samples was measured using a glass electrode pH meter (model 9107 BN, ORION type).
The electrical conductivity (EC) of the soil water extract was measured with a multi-range
Cryson-HI8734 electrical conductivity meter (Crison Instruments, S.A., Barcelona, Spain).
The total N was measured by the Kjeldahl method. Bicarbonates were determined by
titration against 0.1 N HCl, using methyl orange as an indicator, while chlorides were
determined using silver nitrate solution [25,31]. Soluble soil cations (total P, Ca2+, Mg2+,
K+, and Na+) were determined using Agilent 4210 MP-AES, as mentioned above in the
case of the plant analysis. The concentrations of soil elements were expressed as mg kg−1

of dry weight.

2.4. Multivariate Analysis

The relationships between the morphological and growth measurements of the Taif
rose plants and the soil factors were analyzed by canonical correspondence analysis [32],
using Canoco for Windows version 4.0 [33]. The soil variables in the CCA biplots were
represented by arrows pointing in the direction of maximum variation, and their length
was proportional to the rate of change [34]. Each arrow determined an axis upon which
the morphological and growth variable points could be projected. Intra-set correlations
determined from the CCA were used to evaluate the importance of the soil variables.

2.5. Statistical Analysis

A one-way analysis of variance (ANOVA I) test followed by Tukey’s HSD test was
used to assess the significant differences between the analyzed morphological and growth
variables of Taif’s rose at the studied farms. A two-way analysis of variance (ANOVA II)
test was used to examine the significant differences in the nutrient contents between the
studied farms and the interaction between the farm age and organ type on the nutrient
concentrations and nutritive value of the Taif’s rose populations grown in the studied
four farms. When there were significant variations between the farms, a post hoc test
(Tukey’s test) was used. The statistical analysis was conducted using (SPSS software
version 21.0 Armonk, NY, USA: IBM Corp) [35].

3. Results

3.1. Morphological and Growth Characteristics

The results of the current study showed that all the measured morphological and
biomass parameters of Taif’s rose were significantly different between the sampled farms, at
p ≤ 0.001 (Table 1). Additionally, Tukey’s test showed significant intra-specific variations in
the morphological and growth parameters. The maximum stem height (184.20 ± 3.10 cm)
was recorded in the oldest farm (F4), while the minimum (110.50 ± 3.70 cm) was recorded
in the youngest (F1). The crown diameter of the trees followed the same trend as the stem
height, with the maximum (243.50 ± 3.10 cm) at F4 and the minimum (112.7 ± 3.9 cm) at F1.
The highest stem and leaf waste biomasses were 3.52 ± 0.13 and 1.17 ± 0.04 kg ind.−1, re-
spectively, at F4, while the lowest were 0.89 ± 0.08 and 0.30 ± 0.03 kg ind.−1 at F1. The maxi-
mum stem and leaf waste production levels were at F4 (3.91 ± 0.1 and 1.30 ± 0.05 t ha−1, re-
spectively). Likewise, the aboveground biomass (AGB) of the plants showed the same trend.
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Table 1. Mean (±standard error, n = 10) morphological and biomass variables of the Taif rose
populations grown in four farms in the mountainous area of Taif City in Saudi Arabia.

Variable
Farm No. (Age, Years)

F-Value
1 (4 Years) 2 (10 Years) 3 (12 Years) 4 (20 Years)

Height (cm) 110.50 ± 3.70 a 148.70 ± 3.70 b 155.30 ± 4.00 b 184.20 ± 3.10 c 69.8 ***
Diameter (cm) 112.70 ± 3.90 a 182.90 ± 2.60 b 204.50 ± 5.70 c 243.50 ± 3.10 d 186.4 ***

Stem biomass (kg ind.−1) 0.89 ± 0.08 a 1.67 ± 0.07 b 2.49 ± 0.11 c 3.52 ± 0.13 d 128.5 ***
Leaf biomass (kg ind.−1) 0.30 ± 0.03 a 0.56 ± 0.02 b 0.83 ± 0.04 c 1.17 ± 0.04 d 128.5 ***

AGB (kg ind.−1) 1.19 ± 0.10 a 2.22 ± 0.09 b 3.32 ± 0.15 c 4.69 ± 0.17 d 128.5 ***
Stem biomass (t ha−1) 0.99 ± 0.08 a 1.85 ± 0.08 b 2.77 ± 0.12 c 3.91 ± 0.14 d 128.5 ***
Leaf biomass (t ha−1) 0.33 ± 0.03 a 0.62 ± 0.03 b 0.92 ± 0.04 c 1.30 ± 0.05 d 128.5 ***

AGB (t ha−1) 1.32 ± 0.11 a 2.47 ± 0.11 b 3.69 ± 0.16 c 5.21 ± 0.19 d 128.5 ***

F-values demonstrate the one-way analysis of variance (ANOVA), with degrees of freedom (df ) = 3. Means in the
same row followed by different letters are significantly different at p < 0.05, according to Tukey’s HSD test. AGB:
above-ground biomass; *** p < 0.001.

3.2. Soil Characteristics and Their Relationships with the Plant Variables

The chemical characteristics of the farms’ soils showed that all the measured vari-
ables significantly differed between the four farms, with no influence of the farm age
on the soil chemistry (Figure 1). The youngest farm (F1) had the highest values of soil
pH (8.4), Cl− (15.4 mg kg−1), NO3

− (4.4 mg kg−1), SO4
2− (1.0 mg kg−1), and HCO3

−
(3.8 mg kg−1), while F2 (10 years old) had the highest values of soil EC (0.9 mS cm−1), total
N (55.2 mg kg−1), K+ (104.5 mg kg−1), Ca2+ (155.3 mg kg−1), and Na+ (170.5 mg kg−1). On
the other hand, the highest soil P content (8.9 mg kg−1) was recorded in F3 (12 years old),
while the highest soil Mg2+ (35.6 mg kg−1) was recorded in the oldest farm (F4).

Figure 1. Mean soil characteristics of the four sampling farms in the mountainous area of Taif City
in Saudi Arabia, supporting the growth of the Taif rose populations. The standard errors of the
means (n = 6) are indicated by vertical bars. F-values demonstrate the one-way analysis of variance
(ANOVA), with degrees of freedom (df ) = 3. Means followed by different letters are significantly
different at p < 0.05, according to Tukey’s HSD test.

The plant–soil relationship was expressed using a CCA biplot, which showed that the
plant height and crown diameter were at low positions on the N and NO3 axes, respectively
(Figure 2). In contrast, all the other measured plant parameters were at a higher position
on the Mg axis. The interest correlations of the soil parameters (Table 2) showed that Cl−,
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NO3
−, HCO3

−, and SO4
2− had high positive correlations with axis 1 and negative values

with axis 2. In contrast, EC, total P, and Ca2+ had high positive correlations, while pH
had high negative values, with axis 2. Moreover, Mg2+ was negatively correlated with
axes 1 and 2.

Figure 2. CCA biplot with the soil characteristics (→) and parameters (+) of Taif rose. 1: height (cm);
2: diameter (cm); 3: leaf biomass (kg ind.−1); 4: stem biomass (kg ind.−1); 5: above-ground biomass
(kg ind.−1); 6: leaf biomass (t ha−1); 7: stem biomass (t ha−1); 8: above-ground biomass (t ha−1).

Table 2. Inter-set correlations of the soil characteristics with CCA axes.

Soil Characteristic Axis 1 Axis 2

pH 0.0424 –0.6525
EC (dS m−1) –0.1797 0.7102
Cl− (mg kg−1) 0.6106 –0.7924
NO3

− (mg kg−1) 0.9681 –0.1516
SO4

2− (mg kg−1) 0.6303 –0.7626
HCO3

− (mg kg−1) 0.3367 –0.9351
Total N (mg kg−1) –0.4778 0.2682
Total P (mg kg−1) 0.0451 0.8280
K+ (mg kg−1) 0.1805 0.5779
Ca2+ (mg kg−1) 0.0140 0.8868
Mg2+ (mg kg−1) –0.6800 –0.4213
Na+ (mg kg−1) 0.6225 0.4416

EC: electrical conductivity.

3.3. Inorganic and Organic Nutrient Contents

The results of the statistical analysis (ANOVA II) showed that the concentrations of
the analyzed inorganic macronutrients in the leaves and stems of Taif’s rose significantly
differed between the studied farms and the estimated organs, with a significant positive
intercept between the farm age and plant organ (Table 3). F1 had the highest N content
(154.30 ± 7.99 mg kg−1) in the plant leaves but the second-highest concentrations of stem
N, P, Ca2+, and Mg2+ and leaf Mg2+. Additionally, F2 had the highest concentrations
of stem N (172.33 ± 3.70 mg kg−1) and P (9.40 ± 0.29 mg kg−1). Moreover, F3 had the
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highest concentrations of leaf P (7.17 ± 0.09 mg kg−1), leaf and stem K (112.47 ± 3.90 and
277.30 ± 8.52 mg kg−1, respectively), stem Ca2+ (251.93 ± 7.99 mg kg−1), and leaf and stem
Mg2+ (122.27 ± 2.31 and 123.57 ± 1.86 mg kg−1, respectively), while F4 had the highest
concentration of leaf Ca2+ (206.30 ± 7.99 mg kg−1).

Table 3. Mean (±standard error, n = 6) inorganic nutrient contents of Taif Rose populations grown in
four farms in the mountainous area of Taif City in Saudi Arabia.

Element Organ
Farm No. (Age, Years)

FFarm FOrgan FFarm × Organ
1 (4 Years) 2 (10 Years) 3 (12 Years) 4 (20 Years)

N (mg kg−1)
Leaf 154.30 ± 7.99 42.20 ± 1.48 92.00 ± 2.65 103.50 ± 4.15

84.6 *** 163.8 *** 94.4 ***Stem 161.30 ± 6.61 172.33 ± 3.70 85.07 ± 2.72 136.20 ± 2.62

P (mg kg−1)
Leaf 6.10 ± 0.11 6.70 ± 0.24 7.17 ± 0.09 6.33 ± 0.09

68.4 *** 0.2 ns 65.7 ***Stem 6.33 ± 0.16 9.40 ± 0.29 5.47 ± 0.15 5.33 ± 0.09

K (mg kg−1)
Leaf 94.70 ± 1.66 103.43 ± 4.25 112.47 ± 3.90 95.57 ± 3.14

139.0 *** 412.9 *** 92.5 ***Stem 91.87 ± 1.57 174.67 ± 4.71 277.30 ± 8.52 154.87 ± 8.01

Ca (mg kg−1)
Leaf 152.30 ± 5.58 171.47 ± 1.64 165.63 ± 8.99 206.30 ± 7.99

44.6 *** 4.1 * 70.1 ***Stem 150.83 ± 0.72 125.03 ± 4.68 251.93 ± 7.99 134.03 ± 3.41

Mg (mg kg−1)
Leaf 114.10 ± 1.94 20.57 ± 0.26 122.27 ± 2.31 84.77 ± 1.05

974.9 *** 78.2 *** 50.3 ***Stem 111.87 ± 1.88 56.17 ± 1.81 123.57 ± 1.86 92.87 ± 1.69

Na (mg kg−1)
Leaf 170.70 ± 2.98 186.23 ± 3.76 173.03 ± 3.23 140.60 ± 3.29

77.7 *** 216.7 *** 307.3 ***Stem 142.53 ± 4.04 68.67 ± 1.28 128.00 ± 2.14 205.40 ± 2.54

F-values demonstrate the two-way analysis of variance (ANOVA); * p < 0.05; *** p < 0.001; ns: not significant
(i.e., p > 0.05).

The statistical analysis (ANOVA II) of the organic nutrients in the leaves and stems of
Taif’s rose plants revealed significant variations in all the investigated nutrients between
farms and organs and the intercept between farms and plant organs (Table 4). The leaves
of F1 rose plants contributed the highest percentage of fats and total ash (0.79 and 14.07%,
respectively), while their stems had the lowest ADL and percentage of fats (1.87 and 0.11%).
Additionally, the leaves of the F2 rose plants had the highest percentage of NDF and the
lowest total proteins (45.01 and 2.63%), while their stems had the highest percentages of
total proteins and the lowest ash content (10.71 and 5.17%). Moreover, the leaves of the F3
plants had the highest percentage of ADL and the lowest of crude fibers (7.63 and 13.27%),
while the stems had the highest NFE (i.e., total carbohydrates, 72.71%). The stems of the
oldest rose plants in F4 had the highest ADF and crude fibers (32.60 and 45.90%) but the
lowest NFE (38.37%), while the leaves had the lowest ADF and NDF (15.30 and 27.50%). It
is noticeable that the stems had higher percentages of total proteins, fibers, ash, and NFE
than the leaves in F1 and F2, while the opposite was observed in F3 and F4 (Table 4).

Table 4. Mean (± standard error, n = 6) organic nutrient contents of Taif Rose populations grown in
four farms in the mountainous area of Taif City in Saudi Arabia.

Element Organ
Farm Age (Years)

FFarm FOrgan FFarm×Organ
1 (4 Years) 2 (10 Years) 3 (12 Years) 4 (20 Years)

ADF (%) Leaf 18.20 ± 0.53 26.40 ± 1.24 31.60 ± 1.02 15.30 ± 0.83
40.1 *** 4.2 * 82.8 ***Stem 17.33 ± 0.40 25.13 ± 0.59 21.60 ± 0.61 32.60 ± 1.39

ADL (%) Leaf 2.67 ± 0.02 2.83 ± 0.09 7.63 ± 0.09 2.57 ± 0.06
690.9 *** 697.7 *** 391.1 ***Stem 1.87 ± 0.09 2.37 ± 0.09 3.03 ± 0.09 2.70 ± 0.04

NDF (%) Leaf 36.13 ± 1.04 45.10 ± 1.68 44.10 ± 0.79 27.50 ± 0.90
24.3 *** 5.8* 52.5 ***Stem 33.27 ± 0.38 36.10 ± 0.68 36.10 ± 1.04 40.57 ± 0.95

Fat (%) Leaf 0.79 ± 0.02 0.57 ± 0.01 0.24 ± 0.01 0.41 ± 0.01
198.5 *** 1627.5 *** 166.8 ***Stem 0.11 ± 0.01 0.23 ± 0.01 0.11 ± 0.01 0.11 ± 0.01

Crude fiber (%) Leaf 28.83 ± 1.52 28.27 ± 0.71 13.27 ± 0.71 17.07 ± 0.63
27.4 *** 161.3 *** 230.1 ***Stem 19.43 ± 1.08 17.43 ± 0.61 42.57 ± 1.02 45.90 ± 1.61

Ash (%) Leaf 14.07 ± 0.42 11.63 ± 0.82 8.03 ± 0.22 12.93 ± 0.58
4.7 ** 147.8 *** 49.2 ***Stem 6.03 ± 0.28 5.17 ± 0.15 11.07 ± 0.79 7.10 ± 0.28
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Table 4. Cont.

Element Organ
Farm Age (Years)

FFarm FOrgan FFarm×Organ
1 (4 Years) 2 (10 Years) 3 (12 Years) 4 (20 Years)

Total Protein (%) Leaf 9.65 ± 0.49 2.63 ± 0.09 5.75 ± 0.16 6.48 ± 0.25
87.6 *** 166.4 *** 95.8 ***Stem 10.08 ± 0.40 10.71 ± 0.24 5.31 ± 0.17 8.52 ± 0.17

NFE (%) Leaf 46.67 ± 0.61 56.91 ± 0.34 72.71 ± 0.66 63.11 ± 0.29
44.4 *** 117.6 *** 331.1 ***Stem 64.34 ± 0.97 66.47 ± 0.25 40.94 ± 1.97 38.37 ± 1.18

ADF: acid detergent fibers, ADL: acid detergent lignin, NDF: neutral detergent fibers. F-values demonstrate the
two-way analysis of variance (ANOVA); * p < 0.05; ** p < 0.01; *** p < 0.001.

3.4. Nutritive Value

The different calculated parameters of the nutritive values (except for the GE between
farms) had significant variations between the studied farms and plant organs and the
intercept between the farms and plant organs (Table 5). The range of DCP (%) in the leaves
and stems of Taif’s rose of this study ranged from 1.08–5.44% DM in F2 and F1 and from
1.42–6.43% DM in F3 and F2, respectively. The TDN (%) ranged from 55.97 to 60.85% in the
leaves of F1 and F2 plants and from 54.77 to 58.56% in the stems of F2 and F3. Additionally,
the ranges of DE and ME were 2.31–3.22 Mcal kg−1 in F1 and F3 and 1.89–2.64 Mcal kg−1

in the F2 and F3 plant leaves, respectively, while they were 2.07–3.15 Mcal kg−1 and
1.69–2.58 Mcal kg−1 in the F3 and F2 stems, respectively. Moreover, NE and GE varied
significantly between the leaves (0.99–1.32 and 377.02–391.72 Mcal kg−1, respectively) and
stems (0.85–1.29 and 400.35–424.25 Mcal kg−1, respectively) of the studied farms.

Table 5. Mean (± standard error, n = 6) nutritive values of Taif’s Rose populations grown in four
farms in the mountainous area of Taif City in Saudi Arabia.

Element Organ
Farm No. (Age, Years)

FFarm FOrgan FFarm×Organ
4 10 12 20

DCP (%) Leaf 5.44 ± 0.46 1.08 ± 0.08 1.82 ± 0.15 2.50 ± 0.23
81.8 *** 98.8 *** 48.7 ***Stem 5.85 ± 0.37 6.43 ± 0.22 1.42 ± 0.16 4.40 ± 0.16

TDN (%) Leaf 55.97 ± 0.34 60.85 ± 0.06 58.34 ± 0.11 57.95 ± 0.17
78.5 *** 222.5 *** 96.5 ***Stem 55.13 ± 0.30 54.77 ± 0.18 58.56 ± 0.13 56.25 ± 0.13

DE (Mcal kg−1)
Leaf 2.31 ± 0.02 2.44 ± 0.02 3.22 ± 0.02 2.74 ± 0.02

35.1 *** 9.2 ** 418.9 ***Stem 3.02 ± 0.06 3.15 ± 0.01 2.07 ± 0.05 2.18 ± 0.02

ME (Mcal kg−1)
Leaf 1.89 ± 0.02 1.99 ± 0.02 2.64 ± 0.02 2.25 ± 0.01

35.1 *** 9.2 ** 418.9 ***Stem 2.48 ± 0.05 2.58 ± 0.01 1.69 ± 0.04 1.79 ± 0.02

NE (Mcal kg−1)
Leaf 0.95 ± 0.01 0.99 ± 0.01 1.32 ± 0.01 1.12 ± 0.01

35.1 *** 9.2 ** 418.9 ***Stem 1.24 ± 0.02 1.29 ± 0.01 0.85 ± 0.02 0.90 ± 0.01

GE (Mcal kg−1)
Leaf 388.83 ± 1.94 385.15 ± 3.66 391.72 ± 1.75 377.02 ± 2.29

2.0 ns 324.4 *** 28.9 ***Stem 411.09 ± 0.91 414.76 ± 0.71 400.35 ± 2.15 424.25 ± 2.09

DCP: digestible crude protein, TDN: total digestible nutrients, DE: digestible energy, ME: metabolized energy, NE:
net energy and GE: gross energy. F-values demonstrate the two-way analysis of variance (ANOVA); ** p < 0.01;
*** p < 0.001; ns: not significant (i.e., p > 0.05).

4. Discussion

One of the global goals is to ensure the long-term sustainability of agricultural systems.
Organic fertilizers can help to improve sustainability by lowering the usage of chemical
fertilizers. Keeping this in mind, the addition of vegetative waste to the soil during rose
cultivation aims to the return of nutrients removed by the plants, which can help to reduce
the contamination of the environment and play a role in the operation of this industry
as a component of a bioeconomy [36]. As shown by the current results, the plant height
and crown diameter increased with the increase in the farm age. The effect of age on
the biomass of the plant stems and leaves was higher. The AGB value of 1.32–5.21 t/ha,
due to the yearly pruning of rose plants in Taif, should be exploited in soil fertilization
or animal feeding. The application of organic fertilizers can reduce the cost of chemical
fertilizers, as well as the energy consumption during their production [37]. Composting
rose waste is, in theory, an excellent way of producing stable organic fertilizers. This
compost is usually rich in numerous microbial communities, including bacteria, fungi, and
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actinomycetes, which decompose organic matter in the presence of oxygen, resulting in
a sustainable humic substance with a high nutritive quality [38]. Recently, following an
unregulated biodegradation process, several industries have begun to add rose waste to
the soil as compost.

The application of organic amendments, such as sewage sludge is, required in order
to maintain the high organic matter content of rose-growing soils, but these amendments
must be sustainable [36]. Since the same fertilization practices were applied to the four
farms, the old farms accumulated more mineral nutrients than the youngest ones over the
same time and, thus, the N contents in the old soils were higher than those in the young
soils. The macronutrient contents of rose pruning wastes are promising for their use as
compost and for increasing soil quality. Our results revealed that the age of the farms had
a significant effect on the nutrient content of Taif rose plants, but without an exponential
increase with age. The nutrient content of the Taif rose was lower than that reported for
herbal plant residues [39] and olive mill waste [40]. However, in general, composting
agriculture residue and converting it into organic fertilizer can help to reduce the need
for chemical fertilizers and nutrient requirements [41]. Despite the importance of organic
fertilizers to soil quality, they may not be an absolute substitute for chemical fertilizers,
since their nutrient release rate is too slow to meet the crop requirements within a short
time [42].

Forage quality, expressed mainly by the levels of crude protein (CP), crude fiber (CF),
digestibility, and other associated characteristics, are essential for animal productivity [43].
CP and CF are classically viewed as indicators of the nutritional value of food for grazing
animals [44]. CP is used as energy and helps to build tissue. Its calculation is based
on a laboratory nitrogen analysis, from which the total protein content in foodstuff can
be calculated by multiplying the total nitrogen by 100/16 or 6.25. This works on the
assumption that nitrogen is derived from protein containing 16% nitrogen [45]. However,
a certain portion of the N in most feeds is non-protein nitrogen and, therefore, the value
calculated by multiplying N × 6.25 is referred to as the crude rather than true protein.
According to MAFF [46], the minimum protein level in animal diets ranges between 6 to
12% DM, and accordingly, most of the recorded values of the CP content in the leaves and
stems of the Taif rose lie within this range. Additionally, Taif rose has higher CP than that
reported for certain grasses, such as Hyperrhenia hirta and Chloris pycnothrix [47]. Taif rose
lies within the required range of CP for gestating cows (7–9%), as reported by NRC [25].
The crude fiber (CF) in plants represents all the cell wall fractions that are resistant to
the action of digestive enzymes and includes the insoluble residue of acid hydrolysis, as
well as alkaline hydrolysis [48]. The CF content is considered as a major indicator of the
chemical composition when determining the energy feeding value of the forage [49]. In
this study, the crude fiber was higher in the leaves than in the stems of young plants (F1
and F2), while the opposite was true for old plants (F3 and F4). The range of the CF in
Taif’s rose (13.27–45.90% DM) was either within or slightly higher than that which has
been reported for some known wild forage plants, such as Phragmites australis (29.9% DM),
Panicum repens (27.3% DM), and Cynodon dactylon (20.5% DM) [50,51]. Moreover, the range
of the CF content in the young leaves and old stems of Taif’s rose was higher than the mean
content of temperate legumes (25.3%) and grasses (20.0%) [52].

Based on the plant age, the CP, ash, and CF contents were significantly affected,
whereby they increased according to the N fertilization practices. Similar results were
reported by Čop et al. [53] on the CF, Mohammed et al. [54] on the ash content, and
Dindová, et al. [55] on the CP, CF, ash, and lipids. The lipid, or fat, percentage in Taif’s rose
in this study was very low compared to the dry leaves and shoots of Vossia cuspidaa [56,57]
and corn stover (2.2%) [58]. The NFE was considerably high in Taif’s rose leaves and stems
(38.37–72.71%), similarly to other studied plants, such as Echinochloa. stagnina and Eichhornia
crassipes (≈54%), and higher than C. demersum (33.4%) [59]. This high carbohydrate content
is effective in providing the rumen microbes with enough energy, which finally benefits
lactating cows [60].
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The nutritive value of forage is mainly the result of the chemical composition, including
the CP content and fiber fractions such as NDF, ADF, and ADL [46]. Long-term fertilization
showed consistent effects on the NDF, ADF, hemicellulose, cellulose, and ADL, as did
the whole plant ash content [61]. After the ignition and/or oxidation of plant organic
matter at a high temperature, the inorganic residue of the remaining chemical elements is
called ash. The ash content in Taif’s rose pruning waste was comparable with that of many
plants, such as V. cuspidata (10.44%, [56]), Panicum turgidum (9.1%) [62], and E. stagnina
(12.9%) [59]. In this study, the ADF was lower than that of wheat straw (46.5–50.8%, [63]),
but the NDF was comparable to that reported for Trifolium alexandrinum [64] and Leucaena
lanceolata (32.1%) [65]. Additionally, it was found that the ADF, NDF, and ADL increased,
to some extent, with the farm age, receiving more long-term fertilization, in line with the
study of Coblentz et al. [61] on oat plants. Furthermore, the percentages of CP, NDF, and
ADF of Taif’s rose were lower than 4.9%, 74.4%, and 44.4%, respectively, which were the
values recorded in central Oklahoma [66], while values of 10.0%, 57.5 %, and 31.6 % were
reported in western Washington [67] for forage intermediate wheatgrass. In the same
context, Favre et al. [68] reported values of 11.4% CP, 59.7% NDF, and 33.7% ADF for
Kernza intermediate wheatgrass in Wisconsin.

The DCP is an important component of proteins that is ingested and absorbed by the
animal and not excreted in feces [69]. In this study, Taif’s rose had a low DCP content
(1.08–6.43%), which is comparable to that reported for E. stagnina (2.8%) and E. crassipes
(3.7%) [60]. Additionally, it was lower than that reported for the shoots of T. alexandrinum
(9 %) [70] and the leaves of V. cuspidata (13.82%, [56]). The total digestible nutrients (TDN)
are defined as the energy content of the feeds available to animals after the digestion-
induced losses [49]. The calculated TDN values of Taif’s rose in this study (54.7–60.8%)
were comparable to or higher than those of certain investigated plants, such as the leaves
of P. australis (41.58%) [71], the shoots of E. crassipes and L. stolonifera (54.2% and 51.5%,
respectively) [72], and the shoots of C. demersum (48.6%) [60]. This study revealed that
Taif’s rose has suitable contents of TDN for mature dry gestating beef cows, which require
55–60% [73].

The estimated values of the DE and ME of Taif’s rose pruning waste were comparable
to the values of 2.65, and 2.17 Mcal kg−1 DM, respectively, recorded for the hay of alfalfa
(Medicago sativa), and 2.43 and 1.99 Mcal kg−1 DM for red clover (Trifolium pratense) [25].
The values of GE of Taif’s rose pruning waste (377.02–424.25 Mcal kg−1 DM) were remark-
ably higher than those reported for Cynodon dactylon (389 Mcal kg−1 DM) and Panicum
repens (398 Mcal kg−1 DM) [51] and the shoots of many grazable plants on the western
Mediterranean coast of Egypt (399 Mcal kg−1 DM) [74].

5. Conclusions

The AGB value of 1.32–5.21 t/ha, due to the yearly pruning of rose plants in Taif,
should be exploited in soil fertilization or animal feeding. The recycling of Taif rose
pruning waste could be used in the manufacturing of organic fertilizer as a co-compost
cover material. Taif rose pruning waste can also be considered as an interesting raw material
due to its high content of digestible proteins and high energy compared with other sources
of protein frequently used in animal feed. Moreover, the positive response, in terms of
the growth performance of the rose plants, to the soil nutrient contents may allow us to
consider the safe use of soil amendments, such as sewage sludge and treated wastewater,
for improving production.

174



Agriculture 2022, 12, 1481

Author Contributions: Conceptualization, E.A.F., E.F.A. and T.M.G.; methodology, E.A.F., E.F.A.,
T.M.G., E.M.E., A.M. and H.M.A.-Y.; software, T.M.G. and E.M.E.; validation, E.A.F.; E.F.A., T.M.G.,
E.M.E., A.M. and H.M.A.-Y.; formal analysis, E.A.F., E.F.A., T.M.G., E.M.E. and H.M.A.-Y.; investi-
gation, E.A.F., E.F.A. and A.M.; resources, E.F.A., T.M.G., A.M. and H.M.A.-Y.; data curation, E.F.A.,
E.M.E., A.M., H.M.A.-Y. and F.A.; writing—original draft preparation, E.A.F., E.F.A., T.M.G., E.M.E.,
A.M., H.M.A.-Y. and F.A.; writing—review and editing, E.F.A. and T.M.G., visualization, E.M.E.,
A.M., H.M.A.-Y. and F.A.; supervision, E.F.A. and T.M.G.; project administration, E.F.A. and T.M.G.;
funding acquisition, E.A.F., E.F.A. and T.M.G.; methodology, E.A.F., E.F.A., T.M.G., E.M.E. and A.M.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the High-Altitude Research Centre at Taif University, Taif,
Saudi Arabia, under project number 1-442-42.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the Dean of Scientific Research at Taif University,
Taif, Saudi Arabia, for funding this work through the High-Altitude Research Centre, under project
number 1-442-42.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wang, B.; Dong, F.; Chen, M.; Zhu, J.; Tan, J.; Fu, X.; Wang, Y.; Chen, S. Advances in recycling and utilization of agricultural
wastes in China: Based on environmental risk, crucial pathways, influencing factors, policy mechanism. Procedia Environ. Sci.
2016, 31, 12–17. [CrossRef]

2. Varma, V.S.; Yadav, J.; Das, S.; Kalamdhad, A.S. Potential of waste carbide sludge addition on earthworm growth and organic
matter degradation during vermicomposting of agricultural wastes. Ecol. Eng. 2015, 83, 90–95. [CrossRef]

3. Wang, H.Y.; Liu, S.; Zhai, L.M.; Zhang, J.Z.; Ren, T.Z.; Fan, B.Q.; Liu, H.B. Preparation and utilization of phosphate biofertilizers
using agricultural waste. J. Integr. Agric. 2015, 14, 158–167. [CrossRef]

4. Mengqi, Z.; Shi, A.; Ajmal, M.; Ye, L.; Awais, M. Comprehensive review on agricultural waste utilization and high-temperature
fermentation and composting. Biomass Convers. Biorefinery 2021, 1–24. [CrossRef]

5. Yaqoob, H.; Teoh, Y.H.; Din, Z.U.; Sabah, N.U.; Jamil, M.A.; Mujtaba, M.A.; Abid, A. The potential of sustainable biogas production
from biomass waste for power generation in Pakistan. J. Clean. Prod. 2021, 307, 127250. [CrossRef]

6. Koul, B.; Yakoob, M.; Shah, M.P. Agricultural waste management strategies for environmental sustainability. Environ. Res. 2022,
206, 112285. [CrossRef] [PubMed]

7. De Corato, U. Agricultural waste recycling in horticultural intensive farming systems by on-farm composting and compost-based
tea application improves soil quality and plant health: A review under the perspective of a circular economy. Sci. Total Environ.
2020, 738, 139840. [CrossRef]

8. Torkashvand, M.A.; Alidoust, M.; Mahboub Khomami, A. The reuse of peanut organic wastes as a growth medium for ornamental
plants. Int. J. Recycl. Org. Waste Agric. 2015, 4, 85–94. [CrossRef]

9. Duan, Y.; Mehariya, S.; Kumar, A.; Singh, E.; Yang, J.; Kumar, S.; Li, H.; Kumar Awasthi, M. Apple orchard waste recycling and
valorization of valuable product—A review. Bioengineered 2021, 12, 476–495. [CrossRef]

10. Sharma, B.; Vaish, B.; Singh, U.K.; Singh, P.; Singh, R.P. Recycling of organic wastes in agriculture: An environmental perspective.
Int. J. Environ. Res. 2019, 13, 409–429. [CrossRef]

11. Galal, T.M.; Al-Yasi, H.M.; Fawzy, M.A.; Abdelkader, T.G.; Hamza, R.Z.; Eid, E.M.; Ali, E.F. Evaluation of the Phytochemical and
Pharmacological Potential of Taif’s Rose (Rosa damascena Mill var. trigintipetala) for Possible Recycling of Pruning Wastes. Life
2022, 12, 273. [CrossRef] [PubMed]

12. Hamza, R.Z.; Al-Yasi, H.M.; Ali, E.F.; Fawzy, M.A.; Abdelkader, T.G.; Galal, T.M. Chemical Characterization of Taif Rose (Rosa
damascena Mill var. trigintipetala) Waste Methanolic Extract and Its Hepatoprotective and Antioxidant Effects against Cadmium
Chloride (CdCl2)-Induced Hepatotoxicity and Potential Anticancer Activities against Liver Cancer Cells (HepG2). Crystals 2022,
12, 460. [CrossRef]

13. Ali, E.F.; Al-Yasi, H.M.; Issa, A.A.; Hessini, K.; Hassan, F.A.S. Ginger extract and fulvic acid foliar applications as novel practical
approaches to improve the growth and productivity of damask rose. Plants 2022, 11, 412. [CrossRef]

14. Kurkcuoglu, M.; Baser, K.H.C.; Akterian, S.G.; Fidan, H.N.; Stoyanova, A.S. Chemical composition, sensory evaluation and
antimicrobial activity of Taif rose (Rosa damascena Mill.) essential oils. Bulg. Chem. Commun. 2020, 460.

15. Ali, E.F.; Issa, A.A.; Al-Yasi, H.M.; Hessini, K.; Hassan, F.A.S. The efficacies of 1-methylcyclopropene and chitosan nanoparticles
in preserving the postharvest quality of damask rose and their underlying biochemical and physiological mechanisms. Biology
2022, 11, 242. [CrossRef] [PubMed]

175



Agriculture 2022, 12, 1481

16. Ali, E.F.; Alyasi, H.M.; Hassan, F.A.; Alamer, K.H.; Hessini, K.; Attia, H.; Elshazly, S. Effect of the Pruning System and P-Fertilizer
on Growth and Productivity of Rosa damascena mill. Egypt. J. Bot. 2021, 61, 565–578. [CrossRef]

17. Al-Yasi, H.; Attia, H.; Alamer, K.; Hassan, F.; Ali, E.; Elshazly, S. Impact of drought on growth, photosynthesis, osmotic adjustment,
and cell wall elasticity in damask rose. Plant Physiol. Biochem. 2020, 150, 133–139. [CrossRef]

18. Hassan, F.; Al-Yasi, H.; Ali, E.; Alamer, K.; Hessini, K.; Attia, H.; El-Shazly, S. Mitigation of salt-stress effects by moringa leaf
extract or salicylic acid through motivating antioxidant machinery in damask rose. Can. J. Plant Sci. 2020, 101, 157–165. [CrossRef]

19. El-Sharnouby, M.E.; Montaser, M.M.; Abdallah, S.M. Oil and Flower Production in Rosa damascena trigintipetala Dieck under
Salinity Stress in Taif Region, Saudi Arabia. Sustainability 2021, 13, 4547. [CrossRef]

20. Hessini, K.; Wasli, H.; Al-Yasi, H.M.; Ali, E.F.; Issa, A.A.; Hassan, F.A.S.; Siddique, K.H.M. Graded moisture deficit effect on
secondary metabolites, antioxidant, and inhibitory enzyme activities in leaf extracts of Rosa damascena Mill. var. trigintipetala.
Horticulturae 2022, 8, 177. [CrossRef]

21. Dragoev, S.; Vlahova-Vangelova, D.; Balev, D.; Bozhilov, D.; Dagnon, S. Valorization of waste by-products of rose oil production
as feedstuff phytonutrients. Bulg. J. Agric. Sci. 2020, 27, 209–219. [CrossRef]

22. Chapman, H.D.; Pratt, P.F. Methods of Analysis for Soils, Plants, and Water; Department of Soil, Plant Nutrition, University of
California Press: Berkeley, CA, USA, 1961.

23. Allen, S.E. Chemical Analysis of Ecological Materials; Blackwell Scientific Publications: London, UK, 1989.
24. Le Houérou, H.N. Chemical composition and nutritive value of browse in tropical West Africa. In Browse in Africa, the Current

State of Knowledge; Le Houérou, H.N., Ed.; ILCA: Addis Ababa, Ethiopia, 1980; pp. 261–289.
25. NRC (National Research Council). Nutrient Requirements of Dairy Cattle, 8th ed.; NRC (National Research Council): Ottawa, ON,

Canada, 2001.
26. Goering, H.K.; Van Soest, P.J. Forage Fiber Analyses (Apparatus, Reagents, Procedures, and Some Applications); Agriculture Handbook

No. 379; ARSUSDA: Washington, DC, USA, 1970.
27. Van Soest, P.J.; Robertson, J.B.; Lewis, B.A. Methods for dietary fiber, neutral detergent fiber and non-starch polysaccharides in

relation to animal performance. J. Dairy Sci. 1991, 74, 3583–3597. [CrossRef]
28. Blaxter, K.L. The Energy Metabolism of Ruminants, 2nd ed.; Charles Thomas Publisher: Spring Field, IL, USA, 1968.
29. McDonald, P.; Edwards, R.A.; Greenhalgh, J.F.D.; Morgan, C.A.; Sinclair, L.A.; Wilkinson, R.G. Animal Nutrition, 7th ed.; Harlow,

Pearson: London, UK, 2011.
30. NRC (National Research Council). Nutrient Requirements of Beef Cattle, 7th ed.; updated 2000; The National Academies Press:

Washington, DC, USA, 2000.
31. Maff, R. The Analysis of Agricultural Materials, 3rd ed.; HMSO: London, UK, 1986; p. 427.
32. Leps, J.; Šmilauer, P. Multivariate Analysis of Ecological Data using CANOCO; Cambridge University Press: Cambridge, UK, 2003;

p. 269.
33. Ter Braak, C.J.F.; Smilauer, P. CANOCO Reference Manual for User’s Guide to Canoco for Windows: Software for Canonical Community

Ordination (Version 4.0); Microcomputer Power: Ithaca, NY, USA, 1998; p. 352.
34. Ter Braak, C.J. Canonical correspondence analysis: A new eigenvector technique for multivariate direct gradient analysis. Ecology

1986, 67, 69–77. [CrossRef]
35. SPSS. IBM SPSS statistics version 21.0. Copyright of IBM and other(s); IBM Corp.: Armonk, NY, USA, 2012.
36. Idrovo-Novillo, J.; Gavilanes-Terán, I.; Veloz-Mayorga, N.; Erazo-Arrieta, R.; Paredes, C. Closing the cycle for the cut rose industry

by the reuse of its organic wastes: A case study in Ecuador. J. Clean. Prod. 2019, 220, 910–918. [CrossRef]
37. Galal, T.M.; Gharib, F.A.; Al-Yasi, H.M.; Al-Mutairi, K.A.; Mansour, K.H.; Eid, E.M. Nutrient Remediation Efficiency of the Sedge

Plant (Cyperus alopecuroides Rottb.) to Restore Eutrophic Freshwater Ecosystems. Sustainability 2022, 14, 2823. [CrossRef]
38. Bernal, M.P.; Sommer, S.G.; Chadwick, D.; Qing, C.; Guoxue, L.; Michel, F.C., Jr. Current approaches and future trends in compost

quality criteria for agronomic, environmental, and human health benefits. In Advances in Agronomy; Sparks, D.L., Ed.; Academic
Press: Burlington, NY, USA, 2017; Volume 144, pp. 143–233.

39. Khater, E.S.G. Some physical and chemical properties of compost. Int. J. Waste Resour. 2015, 5, 172. [CrossRef]
40. Roig, A.; Cayuela, M.L.; Sánchez-Monedero, M.A. An overview on olive mill wastes and their valorisation methods. Waste Manag.

2006, 26, 960–969. [CrossRef]
41. Chang, K.H.; Wu, R.Y.; Chuang, K.C.; Hsieh, T.F.; Chung, R.S. Effects of chemical and organic fertilizers on the growth, flower

quality and nutrient uptake of Anthurium andreanum, cultivated for cut flower production. Sci. Hortic. 2010, 125, 434–441.
[CrossRef]

42. Naeem, M.; Ansari, A.; Gill, S. (Eds.) V Role of Organic Fertilizers in Improving Soil Fertility. In Contaminants in Agriculture;
Springer: Cham, Switzerland, 2020. [CrossRef]

43. Vasileva, V.; Naydenova, Y.; Stoycheva, I. Nutritive value of forage biomass from sainfoin mixtures. Saudi J. Biol. Sci. 2019, 26,
942–949. [CrossRef]

44. Heneidy, S.Z.; Halmy, M.W. The nutritive value and role of Panicum turgidum Forssk. in the arid ecosystems of the Egyptian
desert. Acta Bot. Croat. 2009, 68, 127–146.

45. A.O.A.C. Official Methods of Analysis. Association of Official Analytical Chemists, 14th ed.; A.O.A.C.: Arlington, TX, USA, 1984.
46. MAFF (Ministry of Agriculture, Fisheries, and Food). Energy Allowances and Feeding Systems for Ruminants; Technical Bulletin 33;

Her Majesty’s Stationary Office: London, UK, 1975.

176



Agriculture 2022, 12, 1481

47. Lee, M.A. A global comparison of the nutritive values of forage plants grown in contrasting environments. J. Plant Res. 2018, 131,
641–654. [CrossRef] [PubMed]

48. Wu, G. Principles of Animal Nutrition; CRC Press: Boca Raton, FL, USA; London, UK; New York, NY, USA, 2018.
49. Krachunov, I. Estimation of energy feeding value of forages for ruminants II. Energy prediction through crude fiber content. J. Mt.

Agric. Balk. 2007, 10, 122–134.
50. El-Kady, H.F. Seasonal variation in phytomass and nutrient status of Phragmites australis along the watercourses in the Middle

Delta region. Taekholmia 2000, 20, 123–138. [CrossRef]
51. Shaltout, K.H.; Galal, T.M.; Komi, T.M. Nutrients and heavy metals accumulation in the aboveground biomass of two perennial

grasses along the watercourses of Nile Delta, Egypt. In Journal of Botany, 3rd International Congress 17–18 April 2013; Helwan
University: Cairo, Egypt, 2013; pp. 201–218.

52. Norton, B.W. Differences between species in forage quality. In Nutritional Limits to Animal Production from Pastures; Hacker, J.B., Ed.;
CAB: Farnham Royal, UK, 1982; pp. 98–110.
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Abstract: Concrete is mainly employed as a construction material. Due to the manufacturing of
cement and the extent of concrete usage, numerous environmental issues and water suction have pre-
sented challenges. There is an immediate need to overcome these problematic issues by substituting
natural resources with wastes and by-products of different biological processes in the production of
concrete in order to make green concrete. Green concrete provides a relatively low-impact material to
satisfy potential concrete demand and offers a cheaper, robust and highly reliable alternative that
could fulfil future construction requirements in an environmentally safer way. The present review
highlights the possible use of waste residues of agricultural origin from cereal farming in concrete as
alternative materials to cement, fine aggregate and fiber reinforcement. The review also considers
appropriate methods of treatment, the selection of residual resources and the blending ratios that may
allow the development of next-generation green concrete with better physicochemical and mechanical
properties. It also explores in-depth studies and the wider range of innovations in cereal farming
residues for appropriate use in green construction for environmental sustainability. Green concrete
could be an alternative material that could replace those used in conventional methods of construction
and help make a further step towards environmental sustainability and a circular bioeconomy.

Keywords: green concrete; wheat straw; corn cob; rice husk; barley; crop residues

1. Introduction

Due to the rapid rate of urbanization, the demand for construction and infrastructure
development is increasing around the world. To fulfill this demand, large amounts of
concrete are being employed; however, there are numerous demerits to this usage, such
as higher water utilization and CO2 emissions. Continuous urban development and
negative environmental issues have led researchers to look for a better eco-friendly option
of green concrete for construction purpose to reduce the environmental burden on nature
due to current practices. One of the main motives is the mitigation of the undesirable
environmental impact of the use of building materials, such as sand, aggregates and cement.
Furthermore, the production of cement is totally dependent upon natural resources, the
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exhaustion of which harms flora and fauna and leads to negative environmental impacts
in the long run. In addition, excessive and illegal mining, as well as processing in the
extraction of these resources, have led to the mutilation of eco-systems and to air, water
and soil pollution, with consequences for human health [1–3].

The conventional methods of cement production are energy-intensive processes and
have the drawbacks of emitting particulate matter and greenhouse gases (GHGs), mainly
CO2. Cement manufacturing is a key contributor, which is reported to contribute around
1.8 gigatons (GT) of CO2 per annum, accounting for roughly 5–7% of the CO2 generated
all across the world [4]. Life cycle reports indicate that approximately 0.8 tons of CO2 is
released in the manufacture of 1 ton of cement [5]. Presently, eco-friendly initiatives are
being implemented all over the world to bring forward the sustainable and efficient reuse
of waste in order to reduce overall energy consumption in the conventional brick industry.
Recent research and development efforts have supported the concept of green concrete and
taken a pragmatic approach in addressing the effective and efficient use of industrial waste,
agricultural waste and municipal waste resources [6–8]. Massive quantities of industrial
waste, such as residual ash, have been predominantly used globally [9–12], while the use
of industrial waste in concrete making can easily be approved and developed. However,
the assimilation of waste residues in concrete manufacture is still under-developed and in
the investigation phase. In this regard, there has been specific interest in utilizing waste
residues from the cereal farming industries.

India is an agricultural country and has larger farms devoted to agriculture where
farming and cultivation are the prime sources of occupation in rural areas; however, no
effort has been made to dispose of the bio-degradable waste generated by agricultural
processes [13]. The major proportion of such waste is either fed to livestock as food or is
dried and burnt. These harmful processes create environmental issues, such as smog, air
pollution and contamination, which is evident from the pollution levels during winter in
the northern states of India, including Haryana, Punjab, Delhi and Rajasthan. Therefore,
waste utilization is an issue of high priority that needs to be addressed in the wake of
alarming environmental conditions. Several studies have been undertaken over the past few
years regarding the utilization of agricultural waste residues in concrete [2,3,6–8]. Cereal-
farming waste residues may represent the best alternatives to cement, sand, aggregate,
fiber reinforcement and supplementary cementitious material (SCM) as binding elements.
Nowadays, there is an emerging trend of utilization of farming waste residues as substitutes
in concrete making, such as the straw of wheat, rice, corn and barley [13,14]. Agriculture
residues from cultivation have widely been used by researchers as partial cement substitutes
in concrete. Vegetation growing in soil receives certain amounts of inorganic compounds,
including silica (SiO2) and minerals, and silica, specifically, is obtained at high levels per
annum in full-grown vegetation [15]. Farming residues can be a good potential source
of cement replacement materials with good binding properties as well as pozzolanic
reactivity [15]. Another benefit is that they can also be used for fiber reinforcement, which
may strengthen the eventual concrete structures. The reasons for the employment of natural
fibers in cement making are due to various beneficial factors, such as the ones mentioned
below [16]:

(i) Low cost and ease of availability;
(ii) Does not require high degrees of industrialization;
(iii) Eco-friendly waste utilization;
(iv) Few natural fibers have greater strength than synthetic fibers.

Some cereal waste resources have already been utilized as partial sand and aggregate
substitutes in building materials to help the environment as well as minimize reliance on
traditional aggregates (i.e., natural sand, gravel and granite) [17–19].

Whether a substance such as cereal waste is pozzolanic or not depends on the re-
active quality of silicon and alumina, as well as the percentage of amorphous structure.
Other common parameters, such as fineness modulus, maximum grain size and reaction
between pozzolana and calcium hydroxide, are considered [20–22]. Danchenko et al. (2020)
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has observed that a blend of buckwheat and oat husk forms a uniform filled-composite
structure with minimum internal stresses [23]. Mixtures of sorghum husk ash and recycled
concrete aggregate were used in a concrete mixture which showed better strength and
other mechanical properties. A similar kind of research was performed with kenaf fiber
and sorghum husk ash in concrete by Ogunbode et al. (2021); the resultant material was
found to be technically and environmentally sustainable [24,25].

Bheel et al. [26,27] utilized millet ash with other materials in concrete, and it was noted
that the compressive and split tensile strength were significantly enhanced, which shows
the importance of blending the agricultural residual materials with conventional concrete
to produce green concrete.

There has been research on the compressive strength of different Portland cement
combinations, which may constitute a step towards the future development of an envi-
ronmentally friendly concrete that integrates and optimizes cereal-farming residues [28].
This review brings forward the holistic approach of utilizing cereal waste by effective and
efficient methods for the production of green concrete. The research and development in
this domain have to be examined with regard to the common behavior of different waste
resources, including their advantages and disadvantages, in concrete making, as well as
their characterization, such as physical and chemical composition.

2. Manufacturing of Green Concrete

The production procedure for green concrete varies and mainly depends on the ingredi-
ents used and the projected applications. The required properties of concrete and cement
quality must be described in the first phase. The properties of the raw materials must be exper-
imentally analyzed, characterized and calculated [29]. There are five steps to be followed,
as listed below [29,30]:

I. Estimation of optimal relevant properties of chosen concrete ingredients;
II. Obtainment of a suitable water–cement ratio on the basis of the strength of the concrete

and cement contents;
III. Determination of the close interconnections within the particle grain distribution;
IV. Determination of the packing density appropriate to the decreased water content;
V. Production of fresh concrete and estimation of its properties related to compactness

and predicted compressive strength.

The methods of optimization that can be used in green concrete production require the
development of atom packaging by granular optimization of all concrete ingredients [30,31].
After microanalysis data have been obtained, mathematical modeling and calcium silicate
hydrate (CSH) gel evaluation are to be conducted [32–34]; other forms of optimization
require the micro-optimization of ranking fine gradient arrangements [35]. The allocation
of grain size for all granular elements by the mixture of grain size templates should be
optimized. The packing density of grain structures is closely intertwined with grain size
distribution. Therefore, it is necessary to choose the percentages of materials available
according to an optimal distribution for grain size compaction [30]. The benefit of opti-
mization in green concrete lies in the relation of air pressure to maximum strength and
optimizing the properties of end-product materials. It was suggested to separately grind
each supplementary cementitious material (SCM) to obtain higher compressive strengths
for ternary mixed cement concrete [36]. Few properties, such as physical, thermochemical,
mechanical, workmanship and fire resistance properties, of concrete are altered in the
manufacturing of green concrete, as is shown in Figure 1. These properties define the
capability and life of the concrete in all aspects. Mechanical properties of materials include
strength (tensile and compressive), stiffness, elasticity, plasticity, hardness, brittleness and
resilience, which describes the behavior under the action of external loads. Thermal and
fire resistance are also considered as important parameters in the manufacture of green
concrete of high quality.
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Figure 1. Properties of concrete.

2.1. Cereal-Farming Residues

Cereal farming is highly prevalent in India, with most of the cereal crops harvested
being used as sources of food grains for Indian people. States such as Haryana, Punjab, Uttar
Pradesh, Bihar and West Bengal are India’s largest producers of cereal-based agricultural
products. However, after the crops are reaped and gathered in the fields and they are
effectively and efficiently segregated, there is a lot of waste left over, such as straw, husks,
stalks and leaves, depending on the cereals in question. These residues also reduce the
fertility and biodiversity of agricultural soil. Therefore, efforts to promote efficient collection
and transportation must be prioritized to increase soil fertility and the amounts of valuable
products that can be obtained from it [30]. Scientists have recently started to use the
aforementioned waste materials as partial substitutes for traditional concrete products and
have come up with interesting results [3]. The following section reviews the major crop
residues used in concrete production and their characterization.

2.1.1. Waste from Wheat Cereal Harvesting

Wheat is one of the main cereal sources of food production and consumption in
India. According to the Ministry of Agriculture (Government of India), wheat production
increased to a record 101.20 million tons for the 2018–2019 (July–June) crop year and by
1.3 percent year-on-year in the third annual crop output survey. Wheat straw (WS) residue
is one of the primary by-products of wheat production and is usually burnt by farmers in
open areas, with a major impact on environmental pollution and human health [37]. Wheat
straw ash (WSA) is obtained when it is burnt at a high temperature. Ash has an excess silica
content and higher fineness compared to cement [17]. Therefore, wheat straw ash may
be a source of alternative material that can be used in concrete production processes [38].
However, depending on the process of ignition, WSA has different chemical properties. The
burning temperature of WS was found to be in the range of 570–670 ◦C for 5 h (Figure 2);
hence, the color of white and grey ash denoted the absolute burning of ash [15].
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(a) 

 
(b) 

Figure 2. Wheat straw (a). Wheat straw ash (WSA) (b).

Further, it has been observed that if WS is burnt at 900 ◦C for 6 h it gives a black-
colored ash [15,18,38,39]. It has also been reported that cement hydration was accelerated
when WSA was pretreated in a comparison with untreated WSA, which retards cement
hydration. Results also demonstrated a significant (32%) surge in compressive strength
when WSA was treated and compared with normal concrete mortar made with untreated
WSA [39]. The positive outcomes for WSA as an accompanying concrete material in mortar
were reflected in a superior compressive strength of around 25% [39]. Moreover, when 8%
of WSA was mixed in cement, the achieved compressive strength was quite satisfactory
as compared to concrete made without WSA after the 180th day [40]. The primary reason
was a slow chemical reaction between pozzolana and calcium hydroxide. When WSA was
mixed in cement up to 16%, the flexural strength of the concrete was enhanced on the 28th
day [40].

The most important criterion of concrete quality is its durability, and many researchers
have been conducting studies on the durability of concrete material combined with WSA
as a partial cement substitute. It was found that when WSA was mixed in concrete
with magnesium sulfate solution, the concrete showed up to 8% higher performance [40].
A further positive result for the freezing and thawing resistance of WSA mixed concrete
as compared to normal concrete was also shown [41]. The WSA replacement level was
increased from 5–15%, which helped to increase the freezing and thawing resistance of the
concrete. Furthermore, the resistance of WSA mixed concrete to deterioration by alkali
and silica was a bit higher compared to equivalent normal concrete made without WSA. If
the WSA content is increased to 15%, it has a higher resistance to the reactions that occur
between alkali and silica [42].

Most important is the influence of WSA on the oxidation of alkali and silica in concrete
mixed with a lower water–cement ratio [42]. In due course, some researchers have also
explored the prospect of the efficient usage of WSA as a partial substitute for sand in
concrete. Promising results were achieved when WSA was partly mixed with cement up
to 10.9%, due to the higher fineness of WSA as compared to cement, which has reduced
workability, though water demand was found to be increased [17]. Along with this, another
important factor, namely, setting time of new concrete, was enhanced by up to 92% given
the presence of WSA as 10.9% of a sand substitute, the effect on setting time being one
of the major reasons for the particular binding characteristics of WSA [17]. In terms of
strength features or properties, up to 10.9% mixing of WSA with fine aggregate showed
increments in tensile, flexural and compressive strengths of concrete of up to 67, 71 and
87%, respectively [17]. Similarly, as reported by Binici et al. [18], with partial replacement
with WSA up to 6%, WSA concrete’s compressive strength was enhanced in comparison
with normal concrete after the 28th day, and it was observed that the compressive strength
on the 7th day was similar [17]. It was found that mixing of WSA as a partial fine aggregate
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replacement (6%) resulted in the concrete with the best durability. According to reports
in the literature, sulphate resistance is the main area of concern in concrete production
and in which WSA has shown promising results, with water penetration and abrasion
resistance having been found to be increased in concrete made with WSA due to denser
pore formation [18]. Concrete exposed to a thermal cycling process shows a decrease in
compressive strength and it was found that this decrease was less sharp for WSA concrete
in comparison with normal concrete. It has been well reflected that WSA concrete has
better resistance when exposed to thermal cycling, even when WSA as a fine aggregate
partial substitute was used up to 15% [43]. Moreover, the cracks in WSA concrete were
observed to develop at a much later stage due to the presence of fibers in WSA, which helps
in binding the other ingredients of concrete as well. Electrical resistivity further enhances
the resistance of WSA concrete at higher temperatures [42]. With regard to the use of WS
for fiber reinforcement in concrete, it was concluded that the tensile strength of wheat
straw fiber (WSF) was around 40 megapascals (MPa) (Table 1) [44]. This was ascribed to
the irregular surface attributes of WSF promoting bond formation in the cement and fiber
matrix, which was composed of a mix of low-strength fibers, and the breakdown of the
concrete was considered to involve the pulling out of fibers rather than their rupture [44].

Table 1. Natural fiber properties of WS [44–46].

Physical
Properties

Bulk Density
(kg/m3)

Moisture
Content (%)

Tensile
Strength (MPa)

Modulus of
Elasticity (GPa)

Wheat straw 160.75 6.4 40 3.1–3.7
MPa: Megapascal, GPa: Gigapascal.

Effect of the mixing ratio of WSA with Cement, Sand and Fiber

The mixing of WSA with cement and sand may alter the chemical and physical as
well as the mechanical composition of cement because WSA has its own oxide composition
and physical, chemical and natural fiber properties. Varying the percentage of WSA mixed
in cement affects the final properties of concrete to different extents. Hence, the study
of the different ratios is essential to establish the appropriate proportions of WSA and
adequate cement mixing is required to achieve desired properties in concrete. Previous
studies have revealed the blending ratios for the desirable properties of concrete, which are
mentioned below.

Effect of partial replacement of WSA with Cement

When cement was replaced with 8, 16 and 24% WSA [40], the compressive strength
was reduced on 28th day; the equivalent strength at 180 days confirmed the superiority of
the replacement level of 8%. This provides higher flexural strength and also enhanced the
sulfate tolerance along with the compressive strength. When cement was replaced with
5, 10 and 15% WSA [42], the reliability of alkali–silica reactions was improved, and when
cement was replaced with 20% pretreated WSA [39], the compressive strength was raised.

Effect of partial replacement of WSA with Sand

When sand was replaced with 3.6, 7.3 and 11% WSA [17], the flow properties were
reduced, initial setting time improved and the compressive, flexural and splitting tensile
strengths increased. When sand was replaced with 5, 10 and 15% WSA [43], resistance to
thermal cycling was strengthened. When sand was replaced with 2, 4 and 6% WSA [18],
compressive strength, sulfate resistance and abrasion resistance were improved and the
rate of water penetration was reduced.

Effect of partial replacement of WSF addition in Cement

When wheat straw fiber was added to cement (0.19%) [44], a nominal rise in fracture
strength was observed.
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The oxide composition and physical and chemical properties of wheat straw materials
are detailed in Tables 1–4.

Table 2. Oxide composition of WSA [15–18,40–42].

Oxide
Composition

SiO2 CaO Al2O3 Fe2O3 Na2O MgO K2O LOI

WSA (%) 4.9–7.8 9.4–24.4 0.1–4.6 0.1–1.3 0.1–5.4 0.6–4.6 0.7–24.7 1.1–29

Table 3. Physical properties of WSA [17,18,39,41,42].

Physical Properties Specific Gravity Blaine’s Specific Surface Area (m2/Kg) BET Specific Surface Area (m2/g)

WSA 1.97–2.89 430–552 8.3–168

Table 4. Natural fiber chemical and morphological characteristics of WS [44,47–55].

Chemical Properties Lignin (%) Cellulose (%) Hemicellulose (%) Length (mm) Width (%)

Wheat straw 6.5–22 30.1–49.1 22.2–34 40 -

2.1.2. Waste from Rice Cereal Harvesting

As per the Ministry of Agriculture, India, rice production was projected at 115.6 million
tons in 2018–2019, which was higher than in 2017–2018. There is a lot of waste generated in
rice production, such as the straw and husks left after harvesting. Rice husks (RH)—a cereal
waste obtained from the crushing of rice—constitute another good substitute material for
cement manufacturing [56]. They are considered one of the major globally accessible waste
residues. RH from rice fields is one of the best alternative materials that can be used as
a partial replacement for ash to enhance the properties of concrete in terms of strength,
workability and durability and can also reduce the quantity of cement by weight.

RH is an exterior paddy grain cover and accounts for 20–30% of the weight of paddy
rice collected [56]. RH is usually used as a fuel in boilers due to heat generation during
combustion (13–16 MJ/kg) [57]. Rice husk ash (RHA) is obtained after the burning of RH,
which accounts for 18–25% of RH’s preliminary weight. RHA presents a land-filling prob-
lem, as it is not utilized. Generated by rice mills, it is a source of environmental contamination
and there has been debate over the issue of dumping [58]. If this accessible waste is not
treated or handled properly, it may contribute to pollution. The color of RHA depends
on the raw material resources and can vary from black to white gray depending on the
incineration process, the duration of burning and burning temperature. RH is exposed to a
self-controlled high temperature between 600–800 ◦C for 1 h in a closed environment in
a furnace/incinerator. The ash produced is cooled after the firing process, either slowly
or quickly. The quick cooling process is carried out by continuously spreading the ash in
dishes at an ambient lab temperature of 21◦C after achieving the appropriate temperature
of 800 ◦C for 1 h. In this way, RHA is obtained when the furnace/incinerator is cooled
down at a lower rate [59–61].

In RHA, silica content is a major factor in producing C-S-H gel through reaction
with calcium hydroxide and lime. C-S-H is mostly essential for the strength and other
micro-structural properties of concrete [62]. RHA has a similar character to WSA in that
it has excess silica content. It consists of 80–95% silica, which is an important factor in
concrete; however, when compared to conventional concrete, ordinary Portland cement
only contains 21% silica [63–65]. Due to the higher silica content of RHA, it can be used to
enhance the transition zone and surface area between the cement paste and the microscopic
framework [39]. Thermo-chemicals, such as dilute acid, increase the rate of pozzolanic
reactions by increasing the surface area and volume of amorphous silica and reducing
RHA carbon content [66]. Researchers are committed to finding economic routes to extract
nano-silica from RHA due to an increasingly extensive market for amorphous silica.
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Alkali extraction is a cheap method that can be used to prepare high-purity silica sol
or nano-silica powder for various mullite ceramics [67–69]. When RHA is treated well, a
C-S-H gel is formed which can fill the gaps between cracks in concrete and protect it from
leaching degradation and corrosion. The silica present in RHA reacts with Ca(OH)2 to form
a resistive layer that acts as a protective layer for the materials when subjected to acidic
conditions. When RHA was used as a partial replacement concrete-making material, it was
found that it enhanced the tensile strength, compressive strength and modulus of elasticity
of the mixed concrete as compared to normal concrete [70]. RHA consists of minerals that
are used as SCMs in mortar and concrete making. The water absorption and porosity of the
two samples decreased with an improvement of up to 15% in the RHA content and then
began to increase. For the normal concrete, water absorption was 6.4, 4.8 and 4.3% at the
7th, 28th and 91st day and declined to 5.5, 3.7 and 3.5%, respectively, after mixing with 15%
RHA. On the other hand, the porosity analysis revealed a decrease of 26, 17 and 14% for
concrete mixed with 15% RHA as compared to the control combination at the 7th, 28th and
91st day. Such changes are due to the creation of additional C-S-H gel by the pozzolanic
reaction between calcium hydroxide and silica found in RHA, with decreased pores and
improved concrete capacity [71,72]. When RHA was at a partial replacement level of 15%,
water demand was increased because of the lower fineness modulus and higher surface
area of RHA particles. Nonetheless, decreased concrete workability likely resulted in pores
and voids being created, which in effect improved the concrete’s susceptibility to water
absorption [71]. In fact, there is a lack of Ca(OH)2 to react with the higher amount of
SiO2 present at such high doses. Consequently, a significant amount of silica remains
unreacted, which, through growing porosity, breaks down the consistency of the concrete’s
micro-structure. The maximum water permeability of concrete mixed with 15% RHA was
72, 64.7 and 87.5% lower than that of normal concrete at the 7th, 28th and 91st day. Concrete
water permeability is a feature of porosity and mixing of RHA up to 15% as partial cement
replacement decreased the voids in concrete due to pozzolanic action and micro-filling,
thereby decreasing water permeability [72].

The amount of nano-silica present in RHA changes the character of concrete made
with RHA and is responsible for the development of the rough surface texture as well as
the layered polymerized structure which enhances the cohesion between cement mortar
and aggregates. Using RHA to make green concrete would help to reduce global carbon
emissions from the manufacturing of concrete. RHA-modified concrete is currently in
the development stage at laboratory scale. RHA-mixed strong castable concrete has led
to economic and ecological advantages in the refractory industries [66]. However, the
manufacture of green concrete needs to be promoted to the upper level and be adopted in
mass manufacturing at commercial scale [29].

Effect of partial replacement of RHA in Cement

When partial replacement of cement with RHA is performed, the chemical and physi-
cal properties of the cement will be changed, different proportions of RHA influencing to
different degrees the final properties of the concrete. Previous reports in the literature have
revealed the outcomes of different blending percentages on the properties of concrete, as
described below. When cement replacement at 25% was performed [73]:

� The lowest water absorption rates on the 7th day were about 4.8% and on the 28th
day of curing about 3%;

• There was a change of 6.9% in compressive strength at the 7th day and 6.8% at
the 28th day;

• The most improved tensile strength was achieved with up to 6.8% RHA, then it
tended to fall;

• This contributed to a dramatic improvement in the permeability of the mixed
concrete relative to normal concrete;

• Water permeability was reduced to 26%;
• This led to a reduction in chloride permeation of 78%.
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� When cement replacement at 15% was performed [74–76]:

• The compressive strength rose by 15%; at the 7th, 28th, 56th and 91st day, by 9,
12, 13 and 16% above that of the control combination, respectively;

• The average elasticity element was 14% higher than the 0% combination;
• The 28th-day flexural strength of the maximum flexural strength was 21% higher

than that of the 0% combination.

The oxide composition and physical and chemical properties of RHA have been
summarized in Tables 5–7.

Table 5. Oxide composition of RHA [62–65,77].

Oxide
Compo-sition

SiO2 CaO Al2O3 Fe2O3 Na2O MgO K2O LOI

RHA (%) 85–95 0.31–1.5 0.05–0.3 0.06–0.2 0.06–1.36 0.35–0.6 1.4–2.3 0.8–1.4

Table 6. Physical properties of RHA [3,78–80].

Physical Properties Specific gravity Blaine’s Specific Surface Area (m2/Kg) BET Specific Surface Area (m2/g)

RHA 2.14 350–376.8 117.6

Table 7. Natural fiber chemical and morphological characteristics of RHA [41,81–85].

Chemical Properties Lignin (%) Cellulose (%) Hemicellulose (%) Length (mm) Width (%)

Rice husk 6.8–20.4 33.4–50.1 3.8–21.7 - -

2.1.3. Waste from Corn Cereal Harvesting

Corn is produced as a major cereal product in India, along with rice and wheat [86].
Corn cob is a cereal waste that is obtained from corn or maize. It is another substitute for
utilization in concrete making in place of cement, sand and coarse aggregate to reduce the
quantity of raw materials required for concrete production. Corn cob ash (CCA) is obtained
by burning maize cob waste at a temperature of 600 ◦C for 3 h and 650 ◦C for a period of
8 h [18,87]. It is pozzolanic in nature and has a significant quantity of loss on ignition (LOI)
and reactive amorphous silica content [18]. According to previous studies, the percentage
of silica contained in CCA is around 37–66% [18,86] (Table 8). When CCA was mixed with
cement up to a level of 25%, as the percentage of CCA increased, the LOI of the mixed
cement was enhanced due to an increase in the organic percentage present in CCA [88].
This has an undesirable effect on cement properties because cement works as a binding
material in concrete, providing strength [88]. Due to this phenomenon, the reliability of the
mixed cement will be compromised, while the soundness as well as the setting times of
the mixed cement will be enhanced [88]. The increase in the setting time and soundness of
cement was attributed to the CCA, which decreased the surface area of the cement. Since
CCA is very light-weight in comparison to cement, it delayed the hydration process [88].
Similarly, the workability decreased as the CCA percentage increased due to this. Water
demand also increased.

Table 8. Oxide composition of CCA [18,87,88].

Oxide
Composition

SiO2 CaO Al2O3 Fe2O3 Na2O MgO K2O LOI

CCA (%) 37–66.4 11.6–13 2.4–7.5 1.2–4.4 0.3–0.4 2.1–7.4 4.9–15 22.5

Regarding compressive strength, the production of mixed concrete with CCA worked
equally in comparison to normal cementitious materials. It was found that the early strength
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of CCA concrete was lower, but after some time it exhibited higher strength due to the
effective pozzolanic reactions between SiO2 and Ca(OH)2 in the CCA [87]. When CCA
and WSA were used up to 6% as partial fine aggregate replacements, it was found that the
compressive strength of CCA mixed concrete was enhanced by up to 40% in comparison
with WSA mixed concrete at the age of 365 days [33]. If we look CCA used as a partial
fine aggregate replacement, then the overall development factors and performance of CCA
concrete show it to be superior to WSA concrete. Similarly, it was also observed that the
durability performance, e.g., abrasion resistance, sulphate resistance, and water penetration
resistance, of CCA concrete was enhanced in comparison to WSA concrete [33]. It was
found that when CCA was used as a coarse aggregate replacement, better light-weight
concrete resulted as compared with other light-weight concretes made with long-drawn-
out clay aggregates [89]. Finally, it was observed that CCA concrete has a compressive
strength (0.12 MPa) that is lower in comparison with that of long-drawn-out clay concrete
(1.36 MPa). The overall thermal performance and density were consistent, suggesting that
CCA concrete might be used in light-weight structures or single-storey buildings.

Effect of Mixing of CCA with Cement, Sand and Aggregate

When partial replacement of CCA with cement, sand, and aggregate is performed,
then the chemical composition and physical properties of cement change because CCA
and cement have different chemical and physical properties. It is therefore important to
find different ratios to establish the idol composition of CCA and cement mixing neces-
sary to achieve appropriate concrete properties. These properties were shown above, in
Tables 8–10.

Table 9. Physical properties of CCA [18,88].

Physical
Properties

Specific
Gravity

Blaine’s Specific Surface Area
(m2/Kg)

BET Specific Surface
Area (m2/g)

CCA 2.97 270–385 -

Table 10. Natural fiber chemical and morphological characteristics of Cornstalk [85,90–95].

Chemical
Properties

Lignin (%) Cellulose (%) Hemicellulose (%) Length (mm) Width (%)

Cornstalk 3.8–21.7 37.5–49.3 22.5–30 0.7–0.9 0.023–0.029

Effect of partial replacement of Cement with CCA

� Cement replaced with 2 to 25% CCA [87,88]:

• Reduced workability;
• Decreased early strength;
• Improved strength gain;
• Enhanced initial and final setting time.

Effect of partial replacement of Sand with CCA

� Sand replaced with 2, 4 and 6% CCA [18,88]:

• Enhanced compressive strength;
• Improved sulfate resistance;
• Higher aberration resistance;
• Reduced rate of water penetration.

Effect of replacement of coarse aggregate with 100% CCA

� Coarse aggregate replaced with 100% CCA [89]:

• Similar thermal properties to lightweight concrete.
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2.1.4. Waste from Barley Cereal Harvesting

Barley is also produced in India as a key cereal crop, along with rice, corn and wheat.
Consequently, straw of barley is also accumulated excessively and burnt due to a lack
of efficient utilization methods [95]. Similar to wheat straw ash, barley straw could also
be utilized for ash generation and barley straw ash (BSA) may be used as a pozzolanic
substance for concrete production, though there has been insufficient investigative work
carried out on using BSA as SCM. In general, BSA has a high amount of potassium and a
slightly lower amount of silica (21.2%) in comparison to WSA, as shown in Table 11 [96].
Furthermore, BSA structure and crystallography can rely on pozzolanic reactivity. Similar
molecules undergo different reactions during the solution process in interaction with
saturated Ca(OH)2, impacting the speed and length of the reaction. Owing to the occurrence
of KCl, the pozzolanic action of BSA may be lesser in comparison to traditional pozzolans,
viz., fly ash, and it led to low divergence in compressive strength at the 7th day and the 28th
day [96]. Barley straw with a tensile strength of approximately 115 MPa and a modulus
of elasticity of 9.92 GPa was used as an alternative to wood shavings to produce sand
concrete of lower weight [97]. The findings of the study described that the addition of
barley straw fiber led to a 35% increase in thermal diffusivity, along with an improvement
in the compressive strength and toughness of the produced concrete. In this study, since
the pozzolanic substance had the same particle size and fineness, there was improved
pozzolanic reactivity throughout the BSA and fiber addition as compared to the other
samples [96].

Table 11. Oxide composition of BSA [96].

Oxide
Composition

SiO2 CaO Al2O3 Fe2O3 Na2O MgO K2O LOI

BSA (%) 21.2 10.0 2.8 3.5 4.1 - 38.0 -

Effect of Fiber addition in Concrete

When partial replacement of fiber addition in cement concrete is performed, the
chemical composition and physical properties of cement would be changed because BSA
and cement have different chemical and physical properties (Tables 11–13).

Table 12. Natural fiber chemical and morphological characteristics of WSA [97,98].

Chemical
Properties

Lignin (%)
Cellulose

(%)
Hemicellulose

(%)
Length (mm) Width (%)

Barley straw 13.72–15.8 37.6 34.9 35 -

Table 13. Natural fiber properties of barley straw [97,99].

Physical
Properties

Bulk Density
(kg/m3)

Moisture
Content (%)

Tensile
Strength (MPa)

Modulus of
Elasticity (GPa)

Barley straw 30–130 - 115 9.92

Fiber addition in concrete [97] leads to:

• Lower shrinkage;
• Increased porosity;
• Reduced thermal diffusivity;
• Improved ductility;
• Higher compressive strength.
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3. Inferences from the Literature Related to the Usage of Agricultural Waste Residue
Ash in Concrete

From the data reported in the literature, it can be inferred that natural agricultural
wastes obtained from cereals, such as wheat, rice, barley and corn, can serve as alternative
materials in the production of green concrete. The addition of residual ash to concrete
affects the mechanical and physicochemical properties of the end product. The compressive
strength of green concrete is reduced at first but becomes equivalent to conventional
concrete after 180 days due to the stability of the residue ash. Nevertheless, with appropriate
pretreatment of residues (mainly thermal treatment) the durability of concrete may be
improved. Similarly, the higher content of silica in waste residue ash promotes pozzolanic
reactivity, which leads to the higher strength of the final concrete. The foremost significance
of the utilization of waste residues lies in the mitigation of CO2, CH4 and NOx emissions,
reduced dependence on fossil fuels and increase in the recycling of materials, which
indirectly reduces the degradation of the environment. Additionally, it is reported that
the water absorption of green concrete (made with waste residue ash) is lower after the
7th, 15th and 28th days of curing as compared to conventional concrete. Moreover, the
early strength of green concrete is reduced, though it increases later on due to effective
pozzolanic reactions between SiO2 and Ca(OH)2.

4. Conclusions

Cereal waste handling and environmental degradation are major concerns for all
nations, especially agriculturally rich and developing countries, such as India. Cereal
waste residues have potential applications as partial substitutes for cement, sand, coarse
aggregate and fiber reinforcement as they have significant mechanical properties. Residues
from agriculture can be used to make green concrete, increasing the strength and properties
of the final concrete depending on the type and amount of residue used in its production.
In addition, if appropriate pretreatment of waste materials is carried out, the waste may be
incorporated into concrete to enhance its mechanical and durability properties. In addition,
optimization of the packing density of grain, the grain size distribution of blends, and water–
cement ratios may further improve the performance of cereal residue-based concrete. Green
concrete consisting of one-quarter customary cement may show adequate robustness with
respect to composition and conditions during corrosive exposures. Consequently, a more
productive design for green concrete made with cereal residues may be a promising area to
explore further in the future that will result in the recycling of waste and the reduction of
undesirable effects on the environment. Eventually, it will contribute to innovation in the
sustainable building sector and the construction industry and at the same time promote a
cleaner environment.

Green concrete with desirable properties and high sustainability may increase the possi-
bilities and the feasibility of using cereal crop residues in future applications. The limitations
include starting up, the economics of the process and the sustainable supply of agricultural
residues due to seasonal variations, geographical factors and climatic conditions.
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Abstract: Soluble bio-based substances (SBS) may be isolated from the anaerobic digestate of the
organic humid fraction of urban waste; from the whole vegetable compost made from gardening
residues and from the compost obtained after aerobic digestion of a mixture of urban waste digestate,
gardening residues and sewage sludge. These SBS can be used as sustainable and efficient plant
biostimulants in alternatives to the commercial products based on fossil sources such as the Leonardite.
The present review summarizes the main findings obtained from recent studies accomplished with
the SBS applied on several ornamental (Euphorbia; Lantana; Murraya; Hibiscus) and vegetable
species (tomato; red pepper; spinach; maize; bean; wheat; tobacco; oilseed rape) with the aim to
evaluate their effect on plant growth; fruit and ornamental quality. The main results from these
studies show that the non-commercial SBS are more efficient than commercial fossil-based products;
at equal applied doses; in enhancing plant growth; leaf chlorophylls; photosynthetic activity; fruit
ripening and yield and aesthetic effect; improving flower and fruit quality and optimizing water use
efficiency. Depending upon the plant species, increases of the plant performance indicators ranging
from zero to 1750% are reported for the plants cultivated in the presence of SBS, relatively to the
control plants cultivated in absence of SBS added to the cultivation substrate. The review suggests
that biowaste recycling is a sustainable and environmentally friendly source of plant biostimulants,
as an alternative to existing fossil sourced agrochemicals.

Keywords: bio-based substances; biostimulants; antifungal agents; municipal biowastes; ornamental
plants; food plants

1. Introduction

Cultivating plants is a human activity involving several sectors. Agriculture deals with
cultivation of crops for human consumption as well as animal production. Horticulture
strictly involves the cultivation of plants for food consumption, as well as plants not for
human consumption. Horticulture differs from floriculture. The former involves different
types of garden crops, while the latter involves flowering and foliage plants. Ornamental
horticulture is the cultivation of decorative plants of all kinds, including not only plants
with attractive flowers, but also plants with decorative leaves, stems, bark, or fruit. Basically,
floriculture and ornamental horticulture have decorative and aesthetic purposes. Aside
from categories’ definitions and differences in the cultivated species, all these categories’
activities share similar problems.

Common farming practice is to boost plant production with a fertilizer dose higher
than that adsorbed by soil and plant. Thus, noxious fertilizers’ components accumulate
in soil, reach the food chain, leach through soil into ground water, and ultimately affect
human and animal health. Mineral and organic fertilizers are used. The global fertilizer
market is 156 billion USD/year. [1]. Major ones are urea and mineral phosphates (80% of
the EU fertilizers’ market value), with 0.11–0.46 €/kg production cost. They are based on
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energy-intensive production processes or manufactured from non-renewable feedstock
imported from third countries [2]. Organic fertilizers belong to a niche market (0.15% of
the total fertilizer market) [3]. The world consumption of mineral fertilizers containing N,
P and K is ca. 200 Mt/year [4]. EU consumption of mineral fertilizers is 16 Mt/year [5].
From 70 to 250 kg/ha nitrates leaching may occur depending on fertilizer dose, soil, and
plant type [6]. Based on average 51 kg/ha applied surplus and total 175 Mha cultivated
area, 9 kt/year nitrate leach through soil and water. To improve the balance between
fertilizers dose and crop requirement, the max EU ruled dose is 150–350 kg/ha. Major
organic fertilizers are composts of biowastes from urban, animal, or agriculture sources,
manure, peat and leonardite hydrolysates. Composts are commonly applied to soil at
10–30 t/ha.year [7]. High doses that obtain the desired effects are due to compost insolubil-
ity causing slow nutrients’ uptake by plants. This causes leaching of excess major and trace
metal components through soil and water. Similarly, manure is applied at 70 t/ha dose. In
addition to leaching, manure causes greenhouse-gases emission due to fermentation in soil.
For example, typical aerial NH3 concentration in a pig farm is 5–35 ppm against a 25 ppm
threshold level [8]. A higher NH3 level harms both animal and human health. Emission of
420,000 t/year NH3 is estimated from a total 1400 Mt/year EU manure production [9]. Peat
and leonardite hydrolysates contain soluble organic and mineral matter. EU consumption
is 240 kt/year. These hydrolysates are obtained from fossil source. Based on average 40% C
content, their use causes 355 kt/year CO2 emission from fossil C and depletion of fossil
sources. Except for municipal biowastes (MBW), a common problem of all fertilizers is that
their sources are found in restricted sites, not available worldwide. This poses the problem
of product supply and cost. The problem is highly relevant in Europe, which imports most
of its mineral consumption from third countries.

One other important restraint on plant productivity is pests and diseases. These are
highly relevant for food plants. Food production loss due to plant diseases is estimated to
be 10–50%/year [10]. Plant protection relies on pesticides use, which increases food cost and
may cause hormonal disruption in human. A common problem of all fertilizers is the need
to use them together with pesticides. Together with lowering cost, there is much concern for
decreasing the exploitation and depletion of natural resources to produce fertilizers.

In the last ten years, relevant research has been focused on bio-stimulants. These
belong to a new functional product category (FPC6) contemplated in the New European
Fertiliser Regulation [11,12]. Bio-stimulants are supposed to stimulate the plant metabolism,
regardless of their nutrient content, and so improve plant growth, even under abiotic stress,
and resistance to diseases [13]. Applied at much lower doses than common mineral
and organo-mineral fertilisers, bio-stimulants are expected to induce plant resistance to
pathogens and provide high crop productivity at the same time. In this fashion, they
reduce/minimize the negative environmental impact of the excessive application of com-
mercial fertilisers and pesticides.

Work by the authors in the past fifteen years proves that soluble bioorganic substances
(SBS) obtained from urban and agriculture biowastes have both biostimulant and antifungal
properties [14]. No other known products have both properties. The research hypothesis
was that, by virtue of the solubility properties and organo-mineral composition, the SBS
could increase plant growth and crop production compared to current commercial mineral
and organo-mineral agrochemicals. The present paper reports the critical review of work
performed by the authors with SBS for the cultivation of food and non-food plants. The
review proves the research hypothesis. It demonstrates the SBS biostimulant properties
for all tested plants and discusses the economic and environmental benefits for agriculture
and horticulture.

2. SBS Composition and Properties

The SBS are obtained by hydrolysis at 60–90 ◦C and pH 13 of several different mixes
of urban food, green and sewage sludge wastes fermented under anaerobic and aerobic
conditions [14]. Under these conditions, the SBS were obtained together with the secondary
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insoluble (IR) product. The fermented wastes yielding the SBS described in the present
review were sampled from different streams of the Italian ACEA Pinerolese MBW treatment
plant. The SBS contain organic and mineral matter. The organic matter is a mix of molecules
with molecular weight from 5 to over 750 kDa. These molecules are constituted by several
different organic moieties made by aliphatic and aromatic C substituted by acid and basic
functional groups of different strengths. Mineral elements of groups 1 to 4 are bonded
to or complexed by the organic moieties. These chemical features are inherited from the
pristine biowastes. The molecules contained in SBS are water soluble memories of the
native recalcitrant lignocellulosic polysaccharides, proteins, fats, and lignin proximates
still present in the biowastes after anaerobic and aerobic fermentation. It is no wonder
that, due to their origin, richness of mineral elements, organic functional groups and
acquired water solubility, the SBS molecules exhibit a wide range of properties as plant
biostimulants, plant resistance inducers, bio-photosensitizers, oxidation catalysts, polymers
for manufacturing mulch films, composite pellets, composite plastic articles, and high
performance surfactants. Tables 1–4 report the compositional details of the SBS, IR and the
pristine fermented biowastes. Table 5 list the plants cultivated with the SBS and summarizes
the main SBS effects on the cultivated plants. All data in Tables 1–5 are extrapolated from
the references cited in Table 5. The data reported in Tables 1–4 were obtained through a
specifically designed analytical protocol [14]. This included calculation of moisture, ash
and volatile solids (VS) contents from the sample weight losses determined after heating to
105 and 650 ◦C, inorganic elements analysis by AAS and/or ICP, microanalyses for C, H, N
determination performed with a C. Erba (Rodano, Milan, Italy) NA-2100 elemental analyser.
The C types and functional groups reported in Table 4 were determined by solid-state
13C NMR spectroscopy. Solid-state 13C NMR spectra were acquired at 67.9 MHz on a
JEOL GSE 270 spectrometer equipped with a Doty probe. The cross-polarization magic
angle spinning (CPMAS) technique was employed, and for each spectrum, about 104 free
induction decays were accumulated. The pulse repetition rate was set at 0.5 s, the contact
time at 1 ms, the sweep width was 35 KHz, and MAS was performed at 5 kHz. Signals
assignment as a function of the resonance range were: 0–53 ppm aliphatic C, 53–63 ppm
O-Me or N-alkyl C, 63–95 ppm O-alkyl C, 95–110 ppm di-O-alkyl C, 110–140 ppm aromatic
C, 140–160 ppm phenol or phenyl ether C, 160–185 ppm carboxyl C, and 185–215 ppm
ketone C.

Table 1. Waste ingredients in pristine biowastes (PFB).

PFB Ingredients

D Digestate from anaerobic fermentation of unsorted food wastes

CV Compost of private gardening and public park trimming residues (V)

CVD Compost of D and V mix in 2/1 weight respective ratio

CVDF Compost of D, V and sewage sludge (F) mix in 5.5/3.5/1 respective ratio

ETP Exhausted tomato plants at the end of the crop harvesting season
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Table 2. Mineral elements and ash content (w/w%) in the pristine biowastes (PFB), in the soluble (SBS)
product and insoluble (IR) hydrolysates obtained.

Si Fe Al Mg Ca K Na Ash

CVDF PFB 6.27 ± 0.04 1.02 ± 0.01 1.06 ± 0.02 0.83 ± 0.01 3.23 ± 0.05 1.32 ± 0.03 0.07 ± 0.01 59.4

CVDF SBS 0.92 ± 0.03 0.53 ± 0.02 0.44 ± 0.02 0.49 ± 0.01 2.59 ± 0.03 5.49 ± 0.04 0.15 ± 0.01 27.3

CVDF IR 7.68 ± 0.06 1.23 ± 0.03 1.05 ± 0.01 1.15 ± 0.02 3.20 ± 0.03 1.32 ± 0.02 0.04 ± 0.01 77.6

D PFB 3.46 ± 0.05 0.77 ± 0.03 0.40 ± 0.02 0.88 ± 0.02 7.16 ± 0.08 0.53 ± 0.03 0.22 ± 0.02 34.5

D SBS 0.36 ± 0.03 0.16 ± 0.00 0.78 ± 0.04 0.18 ± 0.01 1.32 ± 0.05 9.15 ± 0.06 0.39 ± 0.01 15.4

D IR 4.73 ± 0.03 0.48 ± 0.01 0.47 ± 0.06 1.07 ± 0.02 9.54 ± 0.05 3.44 ± 0.05 0.16 ± 0.01 49.0

CVD PFB 10.70 ± 0.03 1.07 ± 0.02 0.71 ± 0.03 1.12 ± 0.01 4.27 ± 0.14 1.09 ± 0.03 0.08 ± 0.01 56.1

CVD SBS 2.49 ± 0.04 0.88 ± 0.02 0.60 ± 0.06 0.93 ± 0.02 4.70 ± 0.08 3.76 ± 0.07 0.17 ± 0.01 28.3

CVD IR 12.60 ± 0.05 0.95 ± 0.01 0.75 ± 0.03 1.13 ± 0.02 4.96 ± 0.05 2.13 ± 0.06 0.07 ± 0.01 56.8

CV PFB 12.14 ± 0.07 1.03 ± 0.02 0.59 ± 0.01 1.67 ± 0.25 4.86 ± 0.61 1.18 ± 0.07 0.06 ± 0.01 57.1

CV SBS 2.55 ± 0.01 0.77 ± 0.04 0.49 ± 0.04 1.13 ± 0.06 6.07 ± 0.38 3.59 ± 0.21 0.16 ± 0.01 27.9

CV IR 15.04 ± 0.33 1.10 ± 0.05 0.67 ± 0.01 1.45 ± 0.01 4.19 ± 0.09 1.49 ± 0.02 0.06 ± 0.01 71.3

ETP PFB 0.98 ± 0.03 0.30 ± 0.02 0.27 ± 0.02 0.42 ± 0.02 4.65 ± 0.03 3.30 ± 0.02 0.22 ± 0.01 20.2

ETP SBS 0.22 ± 0.03 0.33 ± 0.02 0.34 ± 0.03 0.80 ± 0.04 2.10 ± 0.02 9.15 ± 0.06 0.24 ± 0.01 23.3

ETP IR 0.85 ± 0.03 0.25 ± 0.01 0.17 ± 0.01 0.27 ± 0.01 4.41 ± 0.02 4.49 ± 0.06 0.15 ± 0.01 36.9

Table 3. Total C, N and P content (w/w%) in pristine biowastes (PFB), and in soluble (SBS) and
insoluble (IR) hydrolysates obtained.

C N C/N P2O5

CVDF PFB 24.36 ± 0.16 2.25 ± 0.11 10.83 1.30 ± 0.22

CVDF SBS 35.47 ± 0.09 4.34 ± 0.17 8.17 1.44 ± 0.03

CVDF IR 11.72 ± 0.22 1.02 ± 0.05 11.49 0.53 ± 0.05

D PFB 29.99 ± 0.20 3.81 ± 0.12 7.87 3.27 ± 0.15

D SBS 45.07 ± 0.12 7.87 ± 0.12 5.73 1.14 ± 0.10

D IR 27.68 ± 0.08 1.80 ± 0.05 15.38 2.75 ± 0.03

CVD PFB 27.07 ± 0.78 2.45 ± 0.07 11.05 0.75 ± 0.05

CVD SBS 37.51 ± 0.04 4.89 ± 0.03 7.67 0.84 ± 0.04

CVD IR 22.11 ± 0.24 1.64 ± 0.01 13.48 1.14 ± 0.18

CV PFB 22.43 ± 0.42 1.91 ± 0.03 11.74 0.39 ± 0.02

CV SBS 38.25 ± 0.09 4.01 ± 0.03 9.54 0.53 ± 0.05

CV IR 18.44 ± 0.67 1.15 ± 0.09 16.03 0.37 ± 0.02

ETP PFB 36.44 ± 0.24 3.51 ± 0.18 10.38

ETP SBS 47.30 ± 0.09 6.52 ± 0.13 7.25

ETP IR 28.83 ± 0.08 2.52 ± 0.10 11.44
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Table 4. Carbon types and functional groups content (w/w% of total C) a.

Cal OMe + NR OR OCO Ph PhOY COX CO

CVDF PFB 31.81 8.59 27.67 6.18 10.72 5.90 8.17 1.96

CVDF SBS 31.17 7.88 19.13 6.73 16.58 7.69 10.49 0.34

CVDF IR 28.90 8.32 27.14 7.46 13.23 7.01 6.79 1.16

D PFB 33.60 9.10 26.61 5.99 8.94 4.27 10.53 0.97

D SBS 43.38 9.86 14.01 3.37 9.60 3.23 15.89 0.66

D IR 50.80 5.52 18.95 4.00 8.54 3.28 7.23 1.68

CVD PFB 37.25 9.75 28.14 4.35 8.03 5.20 6.67 0.62

CVD SBS 40.90 7.34 14.18 3.85 12.27 5.97 12.92 2.56

CVD IR 31.73 9.39 29.32 6.39 9.78 6.21 5.87 1.31

CV PFB 32.86 8.33 23.85 6.34 12.30 6.73 8.21 1.37

CV SBS 36.90 7.24 13.22 4.18 13.39 6.84 13.53 4.69

CV IR 31.70 8.43 24.58 6.14 11.49 7.23 7.74 2.68

ETP PFB 14.34 7.22 49.60 11.62 6.89 3.44 6.28 0.61

ETP SBS 47.38 9.39 10.39 2.19 11.50 3.81 14.37 0.97

ETP IR 5.00 7.97 58.98 13.19 7.00 3.66 2.97 1.22
a Aliphatic (Cal), aromatic (Ph), anomeric (OCO), carboxylic and/or amide (COX), ketone (CO) carbon, and
carbon bonded to amine (NR), methoxy (OMe), alkoxy (OR), and phenolic and/or phenoxy (PhOY) groups.

Table 5. Plants cultivated with SBS and SBS effects: increase (w/w% relative to control) of total
biomass or crop production, unless otherwise indicated. Data for specific indicators in Section 3.

CVDF CVD CV D ETP

Euphorbia [15] 331 117

Lantana [16] 143 85

Hibiscus [13,17] a 15 23

Murraya [18] 67 35

Tomato Micro-Tom [19] b

Tomato Lycopersicon [7,20] c 16 4–13 21 5

Tomato Micro-Tom [21] 46 1 16

Red pepper [22] 66

Maize [23] 89

Bean [24] 109–1750 d,e

Grain [21] 10 9 9

Tobacco [21] 6 0 0

Spinach [25] 24–40 f

Oilseed Rape [10] 56 g 42 g

a Reference 13 for CV and 17 for D. b Used only as model plant (see below for results). c Reference 20 for CVD
and 21 for CVDF, CV and D. d Increase of enzyme activities and soluble proteins concentration in leaves and
roots. e Increase of root diameter (66%) by ETP PFB, SBS and IR, and of chlorophyll b (135%) by ETP SBS and IR.
f Reduction of nitric to total N ratio in leaves. g Reduction of plant lesions due to Leptosphaeria maculans.
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3. Demonstration of SBS Effects as Biostimulant/Photosensitizers in the Cultivation of
Tomato, Bean, Euphorbia, Lantana and Hibiscus Plants

3.1. Tomato Solanum Lycopersicum

The first trials to investigate SBS performance in the cultivation of food plants were
reported in 2012 [7]. The tomato Solanum Lycopersicum was used as a probe plant. The plant
was cultivated in a farm greenhouse using a commercial product obtained from animal
residues (RCP) as organic fertilizer. The experimental plan was designed to measure the
plant growth, and the crop production and quality in the cultivation soil treated with RCP
(the control treatment), in comparison with the soil treated alternatively with CVD SBS,
IR and PFB. Due to the different composition of the control RCP fertilizer and the SBS
test materials, the four materials were applied in different amounts to the soil in order to
contribute to each soil plot the same 1.1–1.2 organic matter t/ha dose.

The results showed that the plants grown on the CVD SBS treated soil performed
better than all others. The former ones exhibited 5–19 day earlier tomato ripening, 4–13%
higher production of per plant fruit and per cluster number of fruits, and 7–8% higher
leaves chlorophyll content. This result was achieved in spite of the fact that RCP contribute
more organic N to the cultivation soil (120 N kg/ha) than CVD SBS (80 N kg/ha). The
superior effect of CVD SBS was ascribed to two specific product properties. First, the
CVD SBS highest water solubility allowed faster nutrient uptake by the plant, compared
to RCP and the other two CVD PCB and IR products. Secondly, CVD SBS had a peculiar
photosensitizing properties. These properties had been reported in previous work where
the SBS was used to promote the photo oxidation in industrial organic waste waters [26].
In the case of the above tomato cultivation trials, the highest leaf chlorophyll content for
the plant cultivated in the CVD SBS indicated enhanced photosynthesis, compared to that
taking place in the plants cultivated in the soil treated with RCP, and with CVD PCB and
IR. The results of the tomato cultivation trials, coupled to those obtained for the photo
oxidation in industrial organic waste water, suggested the fascinating belief that SBS might
promote either C fixation or mineralization, according to operating conditions.

Further work was performed by cultivating tomato plants with the D SBS, CV SBS and
CVDF SBS [20] described in Tables 1–4. The cultivation trials were carried out in the same
farm and conditions as the CVD trials [7], except for the fact that the applied D SBS, CV
SBS and CVDF SBS doses were much lower and at three levels: 30 kg/ha, 145 kg/ha and
500 kg/ha [20]. The organic matter doses applied with the D, CV and CVDF SBS ranged
from 22–25 kg/ha to 360–420 kg/ha, from 46 to 3 times lower than the organic matter
applied with the CVD SBS in the previous work [7]. The control soil in the D, CV, CVDF
SBS trials was the same as for the CVD SBS trials. Compared to control, the following most
significant effects were measured for the plants grown on the soil treated with SBS: 9.4%
increase of plant diameter by 145 kg/ha CV SBS; 9.7% increase of chlorophyll content by
500 kg/ha CV SBS, not significantly different from the increase by the 145 kg/ha treatment;
21% increase of fruit yield by145 kg/ha CV SBS. Generally, for all other SBS treatments and
for the control soil, plant performance resulted not significantly different from or lower
than that measured for the 145 kg/ha CV SBS treated soil. Compared to the CVD SBS trials
carried out at 1.1 organic matter applied dose [7], the 104 kg/ha CV SBS organic matter
dose applied in the 145 kg/ha CV SBS treatment [20] gave almost double crop production
increase, relative to the control plants. At this regard, the data in Table 6 show that the
applied doses of the plant nutrient N, P, K element with the different CVDF, D and CV SBS
treatments are far lower than those applied with the CVD SBS [7] treatment, and that the
doses applied with the CV SBS are the lowest ones. Yet, the 145 kg/ha CV SBS treatment
produced the best performing plants. This fact added further argument to support the
belief that the SBS activity was not merely fertilizing the soil with mineral nutrient, but
most likely stimulating the plant metabolism. The analysis of the results [7] indicated the
CV SBS as the most efficient biostimulant, due to its specific organo-mineral composition
and solubility properties.
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Table 6. Supplied mineral elements (ME) and soil nutrients (kg/ha) in cultivation trials with CVD
SBS 1.1 t/ha organic matter [7] and CV, CVDF, D SBS 145 kg/ha dose [20].

Total ME Total NPK N P K

CVDF SBS 15.5 15.2 6.29 0.91 7.96

D SBS 17.8 25.4 11.4 0.72 13.3

CVD SBS 221 162 80 7.4 75

CV SBS 21.5 12.7 5.8 0.33 5.2

3.2. Red Pepper Capsicum Annuum, F1 Barocco

The CVD SBS was tested also in the cultivation of red pepper [22]. Compared to the
first previous tomato study [7], in the cultivation of red pepper [22] the same CVD SBS and
soil were used, but CVD SBS was applied to the soil at much lower doses. These were 7, 35,
70, 140, 350, and 700 kg/ha, corresponding to organic matter ranging from 5 to 500 kg/ha.
The SBS organic matter application range in the red pepper study [22] was slightly wider
than that tested for the CVDF, D and CV SBS in the second tomato study [20], but still from
46 to 3 times lower than that applied with the CVD SBS in the first tomato study [7].

In the red pepper study [22], plant size, leaves’ chlorophyll content and crop pro-
duction over the growing cycle were measured. Compared to the control cultivation, the
most significant effect in the presence of CVD SBS were shown at 140 kg/ha applied dose
from the leaves’ chlorophyll content and fruit production. The leaves chlorophyll content
reached a peak upon increasing the SBS dose up to 140 kg/ha and then decreased upon
increasing further the SBS dose to 700 kg/ha. Relatively to the control plant, for the plants
grown in the 140 kg/ha treated soil the following increases were observed: 12% for the
chlorophyll content, 90% for the 1st harvesting week crop, 66% for the total crop production,
17% for the per fruit weight. These effects were far higher than those obtained for the
tomato plant cultivations [7,20].

Particularly interesting in the red pepper study [22] was the trend of the leaf chloro-
phyll content and crop production, both showing a peak at 140 kg/ha CVD SBS applied to
the soil. The same trend was observed for the photodegradation of organic pollutants in the
presence of different concentrations of SBS [27,28]. In this case, the provided explanation
was that the added SBS to the polluted waste water catalysed the photo degradation of the
organic pollutant up to a peak added content. At higher SBS concentration, the self-photo
degradation of SBS occurred. This lowered the concentration of the pristine SBS, and
therefore its availability to catalyse the photo degradation of the organic pollutant in the
waste water. In the case of the red pepper study [22], the data confirm the correlation of
chlorophyll formation, photosynthesis and crop production. However, understanding the
mode of action of the CVD SBS in the biochemical system under investigation is far harder
than in the sterile homogenous aqueous system of the industrial waste water [27], where no
biochemical reaction took place. By comparison, in the red pepper cultivation system [22],
both chemical and biochemical reactions took place. There, the complex processes of pho-
tosynthesis and chlorophyll formation was regulated by the availability of enzymes and
light. In this respect, the red pepper study [22] did not provide data that could support the
effect of the CVD SBS on the natural enzymatic pool present in the system.

3.3. Bean Phaseolus Vulgaris

The biochemical response to the SBS was addressed in the study of the effects of
ETP SBS (Tables 1–6) on bean plants [24]. Specifically, the plant nitrogen metabolism
was studied by determining the nitrate reductase, glutamine synthetase, and glutamate
synthase activities and their relation with the content of soluble proteins in the plant leaves
and roots. In the bean study, the ETP SBS, ETP PFB and ETP IR were applied separately
to a substrate consisting of peat and sand in 14 cm × 14 cm × 15 cm pots. Four grams
ETP SBS per pot were applied. Eight grams of ETP PFB and IR per pot were applied.
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In this fashion, the three ETP materials contributed nearly equal N and C content to the
substrate. The results showed no statistically significant effect on the plant shoot and
root weights and leaves’ chlorophyll content by the substrate treatments, compared to
the control substrate. However, the leaves and roots of the plants grown on the ETP SBS
treated substrate exhibited the highest enzyme activities, compared to the control and the
other treatments. The increases of enzymes content by ETP SBS were remarkably high.
Relatively to the control plant, they ranged from 109 to1750%. The content of the soluble
proteins in the plant leaves and roots was also measured. Consistently with the data for the
enzyme activities, the plant grown on the substrate treated with ETP SBS had the highest
protein content. Relatively to the control plant, the protein increases were 77% in the leaves
and 226% in the roots. The data demonstrated that the ETP SBS promoted the highest N
assimilation by the plant. This fact was proposed as a possible indication of auxin-like
effect by ETP SBS.

3.4. Euphorbia x lomi Rauh

Further studies were carried out on the SBS in comparison with commercial products
claimed by the vendors as natural organic amendments or biostimulants. The D SBS and
CVDF SBS were tested for the cultivation of Euphorbia x lomi Rauh [15] in comparison with
a Leonardite derived commercial product (LND). The plants cultivation was carried out in
pots containing a substrate of sphagnum peat and perlite. Compared to the SBS, the chemi-
cal composition of LND was qualitatively similar, but quantitatively very different. The
latter had much lower N and P, and much higher K than the SBS. Under these circumstance,
the authors chose to apply the LND at the dose recommended by the vendor, and the SBS
at the nearly equal weight dose of the as-purchased LND. Coherently with this criterion,
the three products were applied in aqueous solution at the following doses (g/pant): 4.6 for
CVDF SBS applied as substrate drench, 3.1 and 1.5 for D SBS applied as substrate drench
and foliar spray, respectively, and 1.9 and 0.94 for LND applied as substrate drench and
foliar spray, respectively. This dose application scheme allowed comparing the CVDF SBS
versus LND at close crude product doses, and the two SBS, one with the other, at the same
applied N doses.

The following statistically significant effects were measured in the Euphorbia study [15].
The CVDF SBS treatment yielded the highest number of leaves per plant, leaf area, number
of flowers per plant, total stem, leaves, roots biomass production, water use efficiency,
leaf chlorophyll content and gas exchange than the control plant and the D SBS and LND
treatments. Increases relative to the control plants were: 95% for the number of leaves, 78%
for the leaf area, 233% for the number of flowers, 331% for total biomass production and
water use efficiency, 33% for leaves’ chlorophyll content, and 258% for leaf gas exchange.
The other treatments also gave significantly higher increases relative to the control plants,
but lower increases compared to CVDF SBS. The different effects arose from the different
applied products, regardless of the application modes being by foliar spray or substrate
application. For these reasons, the highest effects of CVDF SBS could lie on the highest
supplied N per plant and the highest content Fe, Ca, P, carboxylic, phenolic and amino
groups. Fe ions could have an important role for the plant photosynthesis. By virtue of
its organic acid and basic groups, the CVDF kept Fe ions in solution at circumneutral pH.
These were inferred responsible for the photosensitizing properties of SBS [21,27,28].

3.5. Lantana Camara and L. sellowiana

The results obtained in the Euphorbia study were replicated for the cultivation of
Lantana [16] in the presence of the same CVDF and D SBS, and LND products. Two
different plant species, Lantana camara (CAM) and L. sellowiana (SEL), were cultivated.
The same ranking order of performance by the tested products was reported for the two
plant species. Relative to the control plants, the increases of the measured indicators by
the CVDF SBS were: 45% for CAM and SEL plant height; 92% for CAM and 105% for
SEL number of leaves; 234% for CAM and 171% for leaf area; 176% for CAM and 326%
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for SEL number of flowers; 35% for CAM and 25% for SEL root length; 184% for CAM
and 176% for SEL root dry weight; 101% for CAM and 114% for SEL stem and leaves
total dry weight; 140% for CAM and SEL water use efficiency; 31% for CAM and 26% for
SEL leaf chlorophyll content; 190% for CAM and 181% for SEL leaf gas exchange. The
other treatments gave also significantly higher increases relatively to the control plants,
but lower increases compared to CVDF SBS. The greater effect of CVDF SBS on the plant
photosynthesis and leaf chlorophyll content of the Lantana plants, compared to the plants
treated with D SBS and with LND, could be related to the higher content of Si, Mg, Fe and
N in the CVDF SBS. Indeed, it is known that Fe and Mg play significant direct roles in
photosynthesis, whereas N is present in chlorophyll molecules. By virtue of the organic
acid and basic functional groups bonding and/or complexing the mineral elements, the
CVDF SBS improved the plant take up and availability of the mineral elements necessary
for chlorophyll biosynthesis and photosynthetic activity.

3.6. Hibiscus Moscheutos L. Subsp. Hibiscus Palustris

Other authors [13,17] applied the D and CV SBS in the cultivation of Hibiscus. In the
first study [17], the D and CV SBS were compared with the D and CV PFB and IR materials,
and with a commercial biostimulant (CB). According to the description of the vendor,
CB was a plant extract containing fulvic and humic substances, amino acids and glycine
betaine claimed to perform as biostimulants. As a consequence of the different products’
sources, CB contained 74% organic matter, 24% C and 5.3% N, against 41–66% organic
matter, 23–39% C and 1.4–6.6% N for the CV and D materials. Due to the large difference in
the chemical composition of the investigated products, different crude product doses were
applied in order to guarantee that the amount of added organic carbon contributed by the
D and CV products in the cultivation substrate was the possible closest to the amount of
C (0.42 kg/m3) contributed by the commercial product as suggested by its vendor. The
control (no added SBS or CB) and treated substrates received the same basic standard
mineral fertilization. Relevant for this study is the fact that the applied doses of the tested
products contributed to the substrate 5–15% of the minimum dose for common organic
fertilizers normally applied in agriculture.

The results of the first Hibiscus study [17] showed that all treated substrates gave
significant increases of the plant biomass production and biometric parameters, compared
to the control substrate. The D SBS treatment gave the highest effects. It yielded 22–33%
increases for the dry weights of leaf, stem and flower, total shoot, and leaf, leaf area index.
The increase of the leaf chlorophyll was 8% and not statistically significant. The other
treatments gave equal or lower increases, compared to the D SBS treatment. The treatments
ranking order for the gas exchange activity order was different. In this case, the three
CV products gave the highest statistically significant increases, compared to the control
substrate: 24% for the photosynthetic activity rate, 46% for stomatal conductance, 31% for
the evapotranspiration rate.

Based on the results of the studies on tomato [7,20], Euphorbia [15] and Lantana [16],
in the above Hibiscus study [17] two important issues were discussed. First, the Hibiscus
data further support the properties of the municipal biowaste derived products as photo-
sensitizers, promoters of photosynthetic activity. Secondly, when products are applied to
the cultivation soil or substrate previously treated with the same basic standard mineral
fertilization, the mineral composition differences among the added products are likely to
be levelled out by the higher relatively amount of nutrients supplied by the conventional
chemical fertilizers. Thus, the relationship of the observed effects with the applied products
chemical nature and/or composition is likely to be dimmed.

To challenge more the performance of the CV and D SBS as biostimulants, the second
Hibiscus study [13] was carried out under nutrient stress conditions. Pot trials were
performed a substrate containing peat and pumice at pH 6 by calcium carbonate. Osmocote
was used as controlled release fertilizer (CRF). The experimental plan comprised four
substrate treatments: the standard fertilization (SF) treatment at 6 kg/m3 CRF dose, and
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the low fertilization (LF), the LF with added D SBS (LFD) and the LF with added CV SBS
(LFCV) treatments, all last three at 3 kg/m3 CRF dose. The nutrients’ supply (kg/m3) was
1.2 N, 0.8 P2O5, 0.7 K2O for SF, and 0.6 N, 0.3 P2O5, 0.3 K2O for LF, LFD and LFCV. Plant
performance indicators were biomass accumulation, biometric parameters, leaf gaseous
exchanges and elemental composition, and nitrogen (N)-use efficiency.

As expected, relatively to SF treatment, the performance indicators of the plant grown
in the LF substrate were measured significantly lower by 47% for plant dry weight, 19%
for plant height, 58% for plant volume, 46% for leaf area, 17% for relative growth rate, 22%
for N assimilation rate, 23% for the photosynthetic rate, 27% for the chlorophyll content,
60% for the stomatal conductance, and 50% for the evapotranspiration rate. However,
the values of the plant indicators measured for the plants cultivated in the LFCV treated
substrate were significantly different from those of the plant grown in the SF. The LFD
substrate performed significantly better than the LF substrate, but not as well as LFCV.
Only in the case of the evapotranspiration rate, the measured values for the plants grown
in both the LFD and LFCV treated substrates resulted significantly higher by 35%, relative
to the values measured for the SF plants. The treatments significantly also affected the N
use efficiency indexes. The LFD treatment gave 17% higher N physiological use efficiency
than the other treatments. Compared to the SF and LF treatments, the LFD and LFCV
treatments, respectively, enhanced the agronomic N use efficiency by 62% and 117%, and
the N recovery use efficiency by 50 and 134%.

The second Hibiscus study [13] established that the Hibiscus plant performance is
negatively affected by the low nutrient doses applied in the LF treatment, compared to
the SF treatment. It also confirmed that the negative effect of the LF treatment could be
well compensated by the SBS addition to the substrate, particularly in the case of the
LFCV treatment. Since, the added SBS in the LF substrate did not alter the N, P, and K
nutrient content, the positive effects of the added SBS could only arise from their property
to stimulate the plant metabolism. This result supported the auxin-like effect in the bean
cultivation study [24] proposed for the ETP SBS.

4. Replicability of SBS Effects in the Cultivation of Other Food and Ornamental Plants

4.1. Murraya Paniculata L. Jacq

Murraya paniculata L. Jacq was cultivated [18] under similar experimental conditions
as reported for the Euphorbia [15] and Lantana studies [16]. In the Murraya study, the D
SBS, CVDF SBS, and LND commercial product were applied at 3.1, 4.5 and 2 g per plant,
respectively. The CVDF SBS treatments resulted the most efficient. Relative to the control
plant, the plant grown in the CVDF SBS substrate exhibited increases of 61% in plant height,
72% number of stems, 116% number of flowers, 242% number of fruits, 63% number of
leaves, 95% leaf area, 67% total stem, leaf, root dry weight, 54% root length, 147% water
use efficiency, 88% leaf chlorophyll content, 196% net photosynthesis, and 933% stomatal
conductance. The D SBS and LND treatments ranked second and third, respectively, in
the order of decreasing efficiency. The products ranking order and the observed increases
replicated the results obtained in the previous Euphorbia [15] and Lantana studies [16]. The
strong correlation between the plant biometric parameters and the leaf chlorophyll content,
net photosynthesis and stomatal conductance, particularly evidenced for the CVDF SBS
treatment, strongly supports the hypothesis of the product “auxin-like effect”, which was
demonstrated in the previous hibiscus [17] and bean [24] studies, respectively, for the D
and CV, and for the ETP SBS.

4.2. Tomato cv. Microtom, Grain cv. Abate and Tobacco cv. Burley

The CV, CVDF and D SBS were also tested [21] in the cultivation tomato Micro-Tom, a
model cultivar for plant research [19]. The neat SBS were applied in pots of 15 cm diameter
at dose of 240 mg/pot corresponding to 140 kg/ha as the dose tested in the cultivation of
tomato Lycopersicon in green house farm soil [20]. The experimental plant also included
pots containing mixtures of SBS and NPK 20-20-20 mineral commercial fertilizer applied
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at 7 NPK/SBS ratio. The control was a sterile substrate. The D SBS + NPK and CV SBS
+ NPK treatments gave, respectively, 53% and 79% fruit production increment relative to
the control soil, followed by 46% increment by the plain CVDF SBS, 40% increment by the
plain NPK, 16% by the plain D SBS and CVDF SBS + NPK, and 1% plain CV SBS treatments.
The same experiments were performed for the cultivation of grain and tobacco with the
plain SBS only. Production increments were much lower: 10% for grain by the three SBS,
6% for tobacco only by CVDF SBS and no increment by the other two treatments.

Comparing the plain SBS treatments in the tomato Microtom study [21] to those with
the same doses of SBS in the tomato Lycopersicon study [20], the former ones gave much
higher fruit production. Additionally, in the Micro-Tom study [21], the CVDF SBS was
the most efficient (46% increment), whereas in the Lycopersicon study the CV SBS was the
most efficient (21%). These results and those obtained in grain and tobacco cultivation [21]
evidence how SBS effects strongly depend on the type of cultivar; i.e., different SBS produce
different effects in different cultivars. The high Micro-Tom fruit production increments by
the D SBS + NPK and CV SBS + NPK treatments reveals a strong synergy between SBS
and NPK mineral nutrients. This arises most likely from the biostimulant properties of
SBS coupled to their capacity to transfer faster and more efficiently the mineral nutrients
in soluble readily available form from the cultivation substrate to the plant. Particularly
relevant in the Micro-Tom study is the higher performance of plain CVDF SBS compared to
plain NPK, although the latter is applied at a dose seven times higher than the CVDF SBS.
This is in line with the SBS biostimulant properties demonstrated in the studies on the food
and ornamental plants reported in Section 3.

4.3. Zea Mays Maize

The CVDF SBS performance was also tested in the cultivation of maize [23], in com-
parison with urea, CVDF PFB and IR. The study was carried out in a farm in the province
of Torino (Italy). The plants were grown in a non-irrigated silty-loamy sol in the summer
season. Before seeding, the soil was fertilized with N-P-K (15-15-15) fertilizer at 260 kg/ha
dose to each parcel. The three SBS materials were applied to the farm soil at 7–9078 dry
matter kg/ha. Urea was applied at 200 kg/ha dose.

The results of the maize trials [23] performed in the farm field showed that all treat-
ments gave significant large increases of kernel production, compared to the control un-
treated soil. The highest 89% increase were recorded for the CVDF SBS treatment at
50 kg/ha dose. The urea 200 kg/ha treatment gave 38% increase. The other treatments
gave increases, which were lower than, although not significantly different from the CVDF
SBS 50 kg/ha treatment. Remarkably, the plants grown in the soil treated with 7 kg/ha
CVDF SBS dose exhibited the highest photosynthetic activity. Compared to the results
obtained in the tomato [7,20] and red pepper [22] cultivation studies, where the highest
crop production increases were obtained at 140 kg/ha SBS doses, in the maize study [23]
the most efficient SBS dose was lower by almost 3× factor. For all practical purposes, the
most remarkable result was the demonstration that 50 kg/ha CVDF SBS yielded higher
crop production than 200 kg/ha urea. This prospected high environmental and economic
benefits for farmers deriving from the substitution of the commercial urea fertiliser with
CVDF SBS. The same perspectives were offered by the tomato Micro-Tom study [21], which
pointed out the higher performance of CVDF SBS applied at dose seven times lower than
the commercial NPK fertilisers.

5. Other Effects of SBS in Agriculture: Healthy Plants and Food Crop Production

Two other studies carried out for the cultivation of spinach [25] and oil seed rape [10] have
disclosed other important effects of SBS, which are associated to the bio-stimulant properties.

5.1. Spinacia Oleracea L. “Gigante d’Inverno”

For the spinach studies, composite materials pellets containing D-SBS, sun flower
protein concentrate (SPC) and urea were fabricated and tested [25] for their performances
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as controlled release fertilizers (CRFs). The reason was that urea is a largely used fertilizers
worldwide. However, it has negative environmental effects due to release of excess nitrogen
over the plant uptake rate. In soil urea is hydrolysed to ammonia and then transformed
into nitrates, which accumulate in soil and the plant leaves. Excess nitrates leach from
soil into ground water and cause eutrophication. Excess nitrates in food plants may have
carcinogenic effects for humans. To overcome these drawbacks, CRFs are commercialized.
A typical largely used CRF is Osmocote in form of granules containing urea coated with
synthetic polymers. The composite D SBS-SPC-urea were fabricated and tested as biobased
CRFs materials, which could potentially substitute synthetic organic materials derived
from fossil sources.

The first study [25] disclosed the D-SBS property to retard the formation of ammonia
from urea hydrolysis and enhance the release of organic nitrogen from SPC. This effect was
explained to derive from a plausible chemical interaction of D-SBS functional groups with
urea and SPC. As these findings prospected the D-SBS-SPC-urea composites as potential
new biobased CRFs, the second study [25] was undertaken to test the above composites in
the cultivation of spinach. In this case, a commercial material (Evergreen TS) was used as
cultivation substrate. Several formulations containing different amounts of D-SBS, SPC and
urea were tested, in comparison with neat D-SBS, SPC, urea, and Osmocote. The cultivation
substrate containing no added products was used as control. The trials were carried out in
2 L pots. The test pots contained the same 280–285 mg amount of total N, against 28 mg in
the control pot. The plant weight, leaf chlorophyll content, total N and nitrate uptake in
leaves and roots were determined at the end of the cultivation trials.

The results of the spinach study [25] showed no statistically significant differences
by the substrate treatments compared to the control substrate in leaves and roots weight.
The neat SPC and SPC-urea pellets gave significantly the highest leaf chlorophyll content,
compared to the control substrate. The other treatments gave lower or not significantly
different values, compared to the neat SPC and SPC-urea treatment. The most relevant
results were for the nitrate content and nitrate/total N ratio in leaves. The leaves of the
plants grown in the substrate treated with the pellets containing D-SBS together SPC and
urea had high total N uptake with significantly lower nitric to total N ratio (9.6–12.0),
compared to that (15.3–16.5) for the plant grown in the substrates treated with the pellets
containing SPC and/or urea, but no D-SBS. The best plants containing high total N content
and low nitrates accumulation were those grown in the substrates treated with the SPC-BP,
SPC-BP-U, urea-BP and Osmocote® formulation. The nitrate concentration in the spinach
leaves of all these plant was below the limit of 2 g/kg recommended for preserved frozen
spinach by the European Commission. The results confirmed that all composites containing
D-SBS yield the safest crop coupled with high biomass production. These findings proved
that, although not supplying the plant as much nitrogen as SPC and urea, D-SBS strongly
affects the process of organic nitrogen mineralization in soil. Based on the results of the
two studies [25] carried out on the D-SBS-SPC-urea composites, a reaction scheme was
proposed encompassing the biochemical and chemical interaction properties of D-SBS.

5.2. Oilseed Rape Brassica napus L. cv. Columbus

The oil seed rape study [10] revealed the properties of D and CVDF SBS as plant disease
suppressant. Oilseed rape (Brassica napus L.) cv. Columbus plants were infected with the
fungal pathogen Leptosphaeria maculans. Plant cotyledons and roots were sprayed with 2 and
0.02% SBS aqueous solutions, respectively. For comparison with the SBS, Benzothiadiazole
(BTH) commercialized by Syngenta under the trade name Bion®, a widely used plant
disease suppressant, was also applied at the dose suggested be the vendor. Compared to
the control plan (no applied SBS or BTH), the plants treated with SBS showed the following
effects. The 2% D and CVDF SBS solutions caused 42 e 56% lower leaf necrosis, respectively.
The 0.02% D and CVDF SBS solutions caused 31 and 37% lower leaf necrosis, respectively.
By comparison, the BTH treatment caused 80–90% lower leaf necrosis, compared to the
control. The study assessed that the SBS induced plant defence by ethylene dependent
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signalling pathway. The results showed that the SBS effects were lower than BTH’s. On the
other hand, the SBS are bio-based products. On this ground, the study pointed out that,
in spite their lower effects compared to BTH’s, the SBS were environmentally suitable for
utilization in organic farming, whereas synthetic chemicals as BTH are not.

The findings of the oilseed rape study [10] spurred further R&D to produce SBS
with empowered antifungal properties. The D SBS was oxidized [28] to yield the Dox
SBS. Antimicrobial assays are being carried out to assess the Dox SBS power to reduce
the mycelial growth of nine targeted fungal phyto-pathogens, which represent serious
threats for food and ornamental plants. The efficiency of SBS as potential plant disease
suppressant, coupled to their properties as plant growth bio-stimulants and regulators of
mineral nutrients release in CRFs, prospect new farming practices with high environmental
and economic benefits.

6. SBS Economic and Environmental Benefits, and Perspectives for Agriculture
and Horticulture

Mineral and organic products are marketed as fertilizers, plant biostimulants, and
plant disease suppressing agents. Prices of these products cover a wide range. Benzothiadi-
azole, used as plant disease suppressants [29], is the most expensive product. Its price is
at 800 USD/kg level [30]. By comparison, the production cost of mineral fertilizers is in
the 0.11–0.46 €/range. The increasing demand of mineral fertilizers depletes fossil sources.
The excessive applied doses to boost crop production causes accumulation in and leaching
through soil into natural waters, and consequent eutrophication. In the last few decades,
biostimulants have emerged as a new product category for agriculture [31]. This category
includes substance or microorganism that, regardless of their mineral nutrients content, are
supposed to enhance plant nutrition efficiency, abiotic stress tolerance and/or crop quality
traits. They are supposed to modify the plant physiology, and so to enhance the plant
growth and stress response. Compared with biofertilizers, biostimulants act at much lower
applied doses. Humic substances (HS), extracted from soil and fossil deposits, belong to
the biostimulants’ category.

The SBS, described in Sections 3–5 of the present review, bear similar origin and
chemical features as humic substances [32]. The advantages of SBS compared to HS and
other commercial products claimed or reported in the literature as biostimulants is that
the SBS are obtained from municipal biowastes available worldwide [33,34]. They do not
cause depletion of soil organic matter or fossil deposits, and their production cost is very
low. Thus, new eco-friendly and low cost perspectives are opening for novel SBS-based
farm practices to replace and/or decrease mineral fertilizers consumption in agriculture.

At the present time, the market turnover of organic fertilizers is small, compared to
the mineral fertilizers’. The US total fertilizer market is around 40 billion USD, with only
60 million USD contributed by organic fertilizers. Prices for various organic fertilizers
range [3,35–37] range from 140 USD/t for solid products containing 10% soluble organics
to 3000 USD/t for products sold in solution containing 35% organics and other mineral
elements. Based on information collected by the authors of the present review, through
interviews with major Italian distributors of peat derived organic fertilizers, the European
market turnover is 20–25 million EUR/year., the minimum sale price is 1000 EUR/t,
equivalent to 20–25 kt/year. sale. By comparison, the Euphorbia [15], Lantana [16] and
Murraya [18] studies demonstrate that SBS are more efficient biostimulants than commercial
products derived from Leonardite. The latter products containing 30% dry matter are
sold for 7 EUR/kg [15], which corresponds to over 23 EUR/kg dry matter. The SBS
production cost has been estimated about 0.1–0.5 EUR/kg [32]. The figures prospect
attracting economic benefits deriving from the allocation of SBS in the organic fertilizer
market. Further commercial opportunity for SBS may derive from the growth of the
bio-stimulants market [38,39], estimated to reach 5 billion euros in the current decade.

To fully appreciate the economic perspectives of marketing SBS in biostimulants’
product category, it should be considered that SBS contain all mineral nutrients needed by
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plants (see Section 2 above). These are bonded to the soluble lignocellulosic matter. The
research results (see Sections 3–5) point out that the reason of the observed effects on plant
growth and productivity is that the SBS supply the plants with the mineral nutrients in a
readily available soluble form, thus facilitating the nutrients uptake by the plant. Thus, the
SBS fall into the high price organic fertilizers’ category. It is also important to be aware of
the following fact exemplified for the Italian market. The SBS are obtained from composted
urban bio-wastes. Italy produces 4.2 million t/year. organic humid bio-waste [40]. This
can potentially yield 300–400 kt/year. SBS. This potential production exceeds the above
estimated organic fertilizers market size. It is evident that, at the present time, this market
cannot absorb all organic fertilizers that can be obtained from the produced compost.

It should also be considered that the SBS have been proven efficient plant disease
suppressants (see Section 5). The capacity to induce plant protection against pathogens adds
significant higher value to the potential SBS market [30], in comparison with fertilizers that
only enhance plant growth [36,37], but do not have at the same time antifungal properties.

The above literature survey however points out that the organic fertilizers market is in
the early stage. In this context, the SBS might be favoured for their capability to provide an
integrated complete plant nourishment, which contains both mineral and organic matter of
renewable sources. In principle, these products could replace current commercial mineral
and organic fertilizers, and also antifungal agents. To appreciate the full potential of SBS
uses in agriculture, it should be taken also in consideration the work [41–44] reporting SBS
as potential components of new composite mulch films. Used in agriculture, these films
might have multiple function, i.e., protecting plants against negative external influences,
creating an ideal microclimate, and slowly releasing the SBS into the soil to stimulate plant
and crop growth.

Environmental benefits from using of SBS derive mainly from the substitution of
mineral fertilizers. The tomato Micro-Tom [21] and maize [23] cultivation studies showed
that performance-wise 1 kg SBS is equivalent to 5–7 kg NPK fertilizers. The Euphorbia [15],
Lantana [16] and Murraya [18] studies showed that 1 kg SBS yields equal or better plant
productivity of at least 1 kg of organic fertilizers derived from fossil source. On this basis,
using 1 kg SBS in place of 5–7 kg mineral fertilizers or 1 kg of organic fertilizers from fossil
source would allow large reductions of nitrate leaching into natural waters and 100% CO2
emission in air, respectively.

7. Results’ Summary and Discussion

Five SBS have been tested as organo-mineral fertilizers in the cultivation of thirteen
food and ornamental plants (Table 5). The studies have been carried out in comparison with
their IR co-products and the pristine sourcing PFB materials (Tables 2–4), with conventional
NPK fertilizers, commercial organo-mineral fertilizers claimed by the vendor for their
biostimulant properties, and with synthetic controlled release fertilizers and antifungal
agents. The collected data demonstrate the performance of SBS as biostimulants (Section 3)
and antifungal agents (Section 5.2), and the replicability of their effects over the different
tested plants (Section 4).

The results of the trials described in Sections 3–5 evidenced that the performance rank-
ing order of the applied SBS products depended on the cultivated plant species. Overall,
ten not commercial SBS and IR research products, five different PFB pristine sourcing mate-
rials, and several commercial fertilizers and biostimulants were used for the cultivation of
thirteen plants. For each plant, several performance indicators were measured. The ranking
order of the applied products also depended on the plant performance indicators. Under
these circumstances, it is not possible to summarize the results of the present review results
in form of comprehensive figures. Specific data plots are given in each of the references
cited above for each trial. The authors feel that the results of the present review are more
easily and clearly summarized in form of the following text.

The first trial carried out for the cultivation of tomato [7] demonstrated that CVD SBS
performed better than CVD IR, CVD PFB and the commercial RCP product. The second
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tomato trial [20] demonstrated that CV SBS performed better than D and CVDF SBS, and
CVD SBS in the first trial, even though the applied N, P and K doses with CV SBS were the
lowest ones. Thus, the CV SBS seems the best choice for farmers adopting the SBS-based
practice for the cultivation of tomato Lycopersicon as part of their business activity. On the
other hand, potential stakeholders of the SBS-based practice should take in consideration
the results of the trials carried out for the cultivation of tomato Microtom and red pepper. In
the former case [21], the CVDF SBS performed better than the CV and CVD SBS. In the case
of red pepper [22], the results demonstrated that the plants cultivated in presence of CVD
SBS performed much better than tomato Lycopersicon cultivated in the presence of CVD
SBS [7], and tomato Lycopersicon cultivated in the presence of CV, D and CVDF SBS [20],
even though the CVD SBS dose applied in the red pepper study was much lower than
that applied in the first tomato study [7], and the same as the CV, D and CVDF SBS doses
applied in the second tomato study [20]. The four case studies [7,20–22] definitely prove
that the all three CV, CVD and CVDF SBS obtained from composted biowastes represent
the best choices depending on the type of food plant to cultivate.

The trials performed for the cultivation of maize, spinach and of the ornamental plants
disclosed a somewhat different product hierarchy, particularly in relation to D SBS that
never ranked first in the tomato and red pepper studies. The Euphorbia [15], Lantana [16]
and Murray [18] studies showed that the CVDF SBS performed better than the D SBS and
the commercial LND product. However, the first Hibiscus study [17] showed that D SBS
performed better than D IR and PFB, CV SBS, IR and PFB, and the commercial CB product.
The second Hibiscus study [10] showed that under nutrient deficiency conditions, both the
CV and D SBS treatments compensated the negative effects of the nutrient deficiency on the
plant performance indicators well, and that the CV SBS was more effective than the D SBS
treatment. The maize cultivation study [23] showed that CVDF SBS performed better than
CVDF IR and PFB. The spinach [26] and oilseed rape [10] studies demonstrated D and/or
CVDF SBS as regulators of the N release and oxidation and/or antifungal agents. As for
tomato and red pepper [7,20–22], the Euphorbia [15], Lantana [16], Murray [18], maize [23]
studies confirmed the optimum performance of the CVDF and CV SBS obtained from
the composted biowastes, whereas the hibiscus [10,17], spinach [26] and oilseed rape [10]
studies disclosed useful important effects by the D SBS.

Table 5 summarizes the SBS ranking order, based on the indicator that for each plant
was mostly affected by the applied SBS. It may be observed that, generally, the CVDF SBS
produced the highest increase of total biomass and crop production in all plants, which
were cultivated in its presence. The biomass and crop production increase ranged from 6%
in the case of tobacco to 331% in the case of Euphorbia. Generally, the ornamental plants
were more sensitive to the SBS application than the food plants. The other CV, CVD and
D SBS were also effective, although at lower level than the CVDF SBS. The former ones
produced biomass and crop production increases, which ranged from zero in the case of
tobacco to 117% in the case of Euphorbia cultivated in the presence of D SBS.

Although not as effective as CVDF SBS on biomass and crop production, the D SBS
exhibited other relevant effects, such as reduction of nitric to total N ratio in spinach
leaves and of lesions caused by Leptosphaeria maculans in oilseed rape. In the spinach
trial [25], the D SBS was used as a component of a composite pellet also containing urea and
sunflower protein concentrate. Although the SBS was a minor component in the pellet and
was not a significant source of N, relatively to N supplied by the other two components, the
D SBS was found to cause a number of effects. It slowed down the formation of ammonia
from urea hydrolysis and enhanced the release of organic nitrogen from the sunflower
protein concentrate in the cultivation substrate, and strongly affected the mineralization
of the total N supplied by the pellet. These effects were ascribed to the interaction of the
D SBS functional groups with urea and the protein concentrate. The hypothesis is quite
plausible considering the relative high content of carboxylate functional group coupled
to the other NR, OR and PhOY in the D SBS (Table 4). From the practical point of view,
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the final effect of D SBS was 24–40% reduction of nitric to total N ratio in leaves and the
production of the safest crop coupled with high biomass production.

The oilseed rape study [10] investigated the mechanism of the disease suppression
effect reported by both CVDF and D SBS. The two SBS did not show any antimicrobial
effect against L. maculans in vitro. This suggested different mechanisms underlying the
observed reduction of lesions caused by Leptosphaeria maculans reported in Table 5, among
which the induced resistance characterized by an increased resistance to infection occurring
after a previous pathogen attack.

Quantitatively, the most remarkable effects were exhibited by the ETP SBS. This
product produced 109–1750% increase of the of the enzyme activities and soluble proteins
concentration in the leaves and roots of bean plants. This effect demonstrated undoubtedly
the biostimulant properties of the applied product.

Reasons for the SBS performances have been proposed. These are based on chemical
and biochemical interactions/reactions catalysed by SBS thanks to their chemical composi-
tion. The SBS contain 15–30% minerals together with organic matter. They can, therefore,
add soluble plant nutrients to soil. They can also perform as bio-effectors, stimulate the
uptake from roots of soil nutrients with a hormone-like effect and/or plant growth by
promoting rhizobacteria, and catalyse the plant photosynthetic activity (see all references
in Section 3). Applied in mixtures [22,26] with urea, other organic fertilizers and NPK
conventional mineral fertilizers, they can regulate the release of N, P and K to the soil and
taken up by the plant, and so reduce the amount of nitrates leaching through the soil into
natural waters and taken up by the plant crop.

Whereas from the basic science point of view, the collected data do not allow demon-
strating the action mechanism for the observed performances of SBS in agriculture, from
the practical point of view, the most relevant result is that the highest SBS effect on the
plant performance indicators occurs at about 140 kg/ha applied dose to the cultivation soil
or substrate. Depending on the plant and the type of applied SBS, increases up to three
order of magnitude for the plant performance indicators are measured relatively to the
control plants. At higher dose levels, no further increases are observed. The remarkable
high effects occurring at relatively low treatment dose prospect using the SBS to augment
plant growth and productivity, and at the same time reduce the consumption and negative
environmental impact of conventional fertilizers applied at high dose.

The collected data offer ground to attempt establishing case-by-case correlations be-
tween the composition and the effects of the different SBS used for the cultivation of the
same plants. However, the SBS are complex mixtures of organic molecules differing for
molecular weight and chemical features. These molecules are in turn bonded to different
mineral elements. Under these circumstances, correlations between SBS chemical composi-
tion and effects as given in Sections 2–5 do not help much to identify the active molecules,
which are responsible for the observed effects. These difficulties are inherent to products
obtained from materials of biological origin.

8. Conclusions

Undoubtedly, the present review offers ground for scientists to pose many questions
needing explanations, particularly in relation to the action mechanism underlying the SBS
effects. Based on the different compositions of the 15 materials used to cultivated the
13 plant species (Tables 2–5), any scientist is aware that the answer to the many questions
required identification and isolation of the active principles in each of the 15 materials, and
testing them individually for each plant species. Such task would involve experimental
work requiring cost and time, which make rather doubtful achieving success. Under these
circumstances, the authors think that further tentative explanations of the many questions
posed by the present review would be only speculative. Yet, the data obtained from the
authors over the past 11 years are very useful to guide farmers in their new SBS-based
farm practices. Whereas the present review leaves many scientific questions answered, it
demonstrates the replicability of the SBS effects under different environmental conditions.
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In absence of the present review, potential stakeholders should search, read, study and
evaluate each of the single papers cited in the reference section of the present review, and
try to draw the conclusions that allowed them adopting successfully the SBS-based farm
practice. On the other hand, in spite of its mainly empirical nature, the present review
offers interesting and useful scope for scientific research.

At the present time, the implementation of SBS to operation level in real farm practices
must rely on the empirical findings reviewed in the present paper. To this end, the most
important factor is the replicability of the composition and performance of each SBS
dedicated to the cultivation of specific plant species. Potential stakeholders may rely on
the fact that a waste treatment plant may produce a wide variety of SBS tailored for the
cultivation of specific plants, depending on the variety of bio-waste sources and treatments
types. Further studies should assess how the variability of the bio-waste source, as a
function of the environmental and operational conditions where it is produced, may affect
the composition and performance of the intended SBS.
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