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Abstract: Biochar derived from poultry manure increases nutrient availability and promotes plant
growth. This study investigated the effect of biochar with mycorrhizal and/or plant growth-
promoting rhizobacteria on soil fertility, chemical properties, oil, and seed yield of Black Cumin
(Nigella sativa L.) plants. A split-plot design with three replicates was employed, with biochar derived
from poultry litter (BC) applied at rates of 0, 5, and 10 t ha−1, with beneficial microbes such as
arbuscular mycorrhizal fungi (AMF) and plant growth-promoting rhizobacteria (PGPR) affecting
the growth of Black Cumin plants, and some soil properties, such as pH, electrical conductivity
(EC), soil organic matter (SOM) and fertility index (FI), showing significant differences (p ≤ 0.05)
among biochar and/or bio-fertilizer treatments. All biochar treatments with or without bio-fertilizers
significantly increased pH, EC, OM and FI in comparison to the control treatment. The results
demonstrated that applying biochar at the highest rate (10 t ha−1) increased fresh and dry capsule
weights by 94.51% and 63.34%, respectively, compared to the control treatment (C). These values
were significantly increased by 53.05 and 18.37%, compared to untreated plants when combined
with AMF and PGPR. Furthermore, when biochar was applied in conjunction with both AMF and
PGPR, fresh and dry capsule weights saw significant increases of 208.84% and 91.18%, respectively,
compared to the untreated control treatment. The interaction between biochar, AMF, and PGPR
significantly improved plant growth, yield, soil properties, and the fixed and volatile oil content of
Black Cumin. These findings suggest that the combined application of biochar, AMF, and PGPR
enhances nutrient availability and uptake, leading to improved growth and higher yields in Black
Cumin plants, resulting in increased yield production.

Keywords: arbuscular mycorrhizal fungi (AMF); biochar; Black Cumin; plant growth-promoting
rhizobacteria (PGPR); bio-fertilizers

1. Introduction

In arid and semi-arid regions, most of the soils contain less than 1% organic matter
(OM), and the rate of decomposition and mineralization is high as a result of the high tem-
perature. Poultry manure is produced by the decomposition of chicken droppings, which
contain essential nutrients for plant growth due to their high organic matter content [1].
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Moreover, the addition of manure improves both the chemical and physical properties
of the soil, consequently leading to increased yield production [2,3]. Biochar made from
animal-origin feedstocks, such as poultry litter, has a higher quality and nutrient status
than that made from plant residues [4,5].

Biochar could improve soil fertility, enhance agricultural production, secure envi-
ronmental sustainability, and convert organic matter into more stable materials. Poultry
manure-derived biochar is regarded as a useful soil amendment and stable carbon; thus,
it has high potential use as an organic fertilizer for soil improvement [6,7]. It is a carbon-
rich substance formed through the pyrolysis process of biomass materials under either
oxygen-free or oxygen-limited conditions [8]. Additionally, biochar contains many nutri-
ents, improves soil quality and productivity, amplifies microorganisms’ colonies, and has
great adsorption capacity [9,10]. Biochar could significantly increase root parameters by
significantly increasing the number of root tips, the most active part of the root system that
increases a plant’s ability to uptake soil nutrients [11].

Arbuscular mycorrhizal fungi (AMF) are essential components of the microbial colony,
which has a close symbiotic relationship with plant roots. It uses plants to effectively
uptake soil nutrients that are useful for plant growth and development and increase yield
production. This is achieved by using organic compounds that strengthen the interaction
between AMF and plants. AMF have both positive and negative impacts on rhizosphere
fungal structures [12–14]. There is a significant improvement in the absorption of some
macronutrients such as N, P, K Ca, and Mg by plants after inoculation with AMF [15,16].

The incorporation of biochar with arbuscular mycorrhizal fungi (AMF) enhances
plant growth factors, such as root length, improves fungal colonization rate, and boosts
nutrient uptake through the mycorrhizal pathway [17,18]. Moreover, biochar addition
enhances soil bacterial populations by providing a porous structure for microbial habitats,
improving nutrient retention, soil aeration, and water retention, while also buffering soil
pH. These improved conditions create a more favorable environment for nitrogen-fixing
microbes, which convert atmospheric nitrogen into ammonia, a form usable by plants.
The presence of biochar promotes microbial diversity and fosters symbiotic relationships
between nitrogen-fixing bacteria and plant roots, ultimately increasing biological nitrogen
fixation and enhancing soil fertility. Bacteria involved in nitrogen-fixation (e.g., Rhizobium,
Azospirillum, etc.) and nitrification (ammonia-oxidizing and nitrite-oxidizing bacteria)
(e.g., Nitrospira, Nitrobacter) as well as methanotrophic bacteria (e.g., Methylobacterium)
were reported to increase in soil amended with biochar [19]. Thus, biochar improves
the biological nitrogen fixation processes by stimulating bacterial nitrification rates and
increasing the nitrogen available for plant uptake.

Adding several microbial strains (bio-fertilizers) plays an important role in improving
soil health, plant growth, and enhancing food quality [20–22].

Plant growth-promoting rhizobacteria (PGPR) are advantageous microbes that can
potentially improve soil environment and enhance plant growth by transferring nutrients
from the soil to plants [23,24]. Soil fertility was improved by AMF with PGPR through
direct and indirect mechanisms, such as nitrogen transformation and the solubilization
process of phosphate and potassium [25,26].

Biochar and PGPR are used as amendments to increase nutrient availability and the
diversity of bacterial communities within soil [27]. Bacillus species are among the most
preponderant plant growth-promoting bacteria. Bacillus sp. inoculated with biochar appli-
cation increased nutrient availability, growth parameters, nutrient uptake, and yield [28,29].

Black Cumin (Nigella sativa L.) is an annual plant of the species of the Ranunculaceae
family. Black Cumin is native to the Eastern Mediterranean countries, especially to Egypt.
It is considered one of the most vital medicinal plants, utilized for diverse purposes, partic-
ularly prized for oil production, and mainly cultivated for its seeds [30,31]. Black Cumin
plants have been widely used as a condiment on bread and pickles, and it has important
components such as metarbin, nigellin, glycosides, anthraquinones, saponines, melanthin,
fixed oils, volatile oils, tannin, albuminous, proteins, glucose, and mucilage resins, which
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are known to promote human health [32,33]. Furthermore, it is considered in modern
pharmaceutical and food industries as well as in the preparation of functional cosmetics
and medicine [34,35]. Furthermore, the seeds of Black Cumin are mainly characterized by
the spicy taste and smell. The seeds have also been found to contain minerals such as P, K,
Ca, Mg, Cu, Zn, Na, and Fe [36,37].

This study hypothesizes that both organic and bio-fertilizers offer sustainable and
eco-friendly solutions to improve low soil productivity, as they are cost-effective materials.
The objectives of this study are to (i) evaluate the effects of co-inoculating arbuscular
mycorrhizal fungi (AMF) and plant growth-promoting rhizobacteria (PGRP) with biochar
on the availability and uptake of nitrogen (N), phosphorus (P), and potassium (K) by
Black Cumin plants, and (ii) examine the impact of AMF and PGRP co-inoculation, along
with biochar, on a soil’s chemical properties, as well as the oil and seed yield of Black
Cumin plants.

2. Materials and Methods
2.1. Experimental Site and Design

This study was carried out at a private farm in Qena governorate, Upper Egypt
(26◦3′10.28′′ N, and 32◦5′13.95′′ E) during the 2020/21 and 2021/22 winter seasons. The
region dominates arid climate conditions, with winter temperatures ranging from 7 to 28 ◦C
and summer temperatures from 27 to 49 ◦C. Annual rainfall is extremely low, averaging
between 0.01 and 4 mm per year, while the daily evaporation rate is high at 8.97 mm day−1.
Relative humidity stands at 36.62%, and wind speeds range from 2.3 to 3.8 m s−1 throughout
the year. The soil texture of the studied area is the sandy loam class and has good drainage
conditions. The soil’s physical and chemical properties are shown in Table 1.

Table 1. Physical and chemical properties of the initial soil.

Properties 1st Season * 2nd Season *

Sand (g kg−1) 786 785
Silt (g kg−1) 143 141

Clay (g kg−1) 71 74
Texture Sandy loam Sandy loam

Soil reaction (pH) 7.83 7.81
Electrical Conductivity (EC, dS m−1) 0.98 1.1

CaCO3 (g kg−1) 35.1 35.5
Organic matter (OM, g kg−1) 4.3 4.5

Available-N (mg kg−1) 24 29
Available-P (mg kg−1) 3.25 3.37
Available-K (mg kg−1) 98 105

* Each value represents a mean of three replicates. Available-N, available nitrogen; Available-P, available phospho-
rus; Available-K, available potassium.

The tested bio-fertilizers consist of arbuscular mycorrhizal fungi (AMF), Azotobacter
chroococcum, and Bacillus circulars (PGPR), and a mixture of both. The bio-fertilizers contain
potassium-solubilizing bacteria obtained from the National Research Center, Giza, Egypt.
The bio-fertilizers contain Bacillus circulars and this was confirmed by the 16S Ribosomal
DNA Sequence Analysis (16S rDNA).

The bio-fertilizers used in the study were sourced from the National Research Cen-
ter in Giza, Egypt. The spores were previously recovered from alkaline soil. The my-
corrhizal fungi were colonized with Glomus mosseae (NRC31) and Glomus fasciculatum
(NRC15) originally isolated from Egyptian soils and multiplied on sterilized 1:1:1 (v:v:v)
peat:vermiculite:perlite [38]. Mycorrhizal inoculum material comprises 109 spores per gram,
in addition to fragments of colonization roots. The bio-fertilization used was Azotobacter
chroococcum + Bacillus circulars 8 × 107 and 8 × 106 CFU mL−1, respectively.

The Black Cumin (Nigella sativa L., local variety) seeds were acquired from the Al-
Awamer Research Station, Agricultural Research Center, Assiut, Egypt, and were sown
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on the 9th and 11th November of the 2020 and 2021 winter growing seasons. The seeds
underwent a 5-min surface sterilization process using 1% sodium hypochlorite. This was
followed by a sterilized water wash with the addition of bacterial inoculants at a rate of
3 kg ha−1 of seed and with bacterial inoculants containing Arabic gum solution at a rate of
5 g L−1. This was added to the Black Cumin seeds, which were spread on a clean plastic
sheet under shade for 30 min before sowing, followed immediately by irrigation, according
to Gao et al. (2020) [39]. Each plot (3 × 3.5 m2) consisted of four ridges spaced at 60 cm;
the hills were 30 cm apart, and 5–7 seeds were sown on one side of the ridge. In the end,
every plot contained five ridges and 55 plants. The second inoculations of plants using 2 g
of AMF and PGPR inoculant 2 cm below the soil surface were performed 3 weeks after
cultivation. Weeds were controlled by hand hoeing when it was necessary. Biochar derived
from poultry manure was added during soil preparation. Three levels of biochar, i.e., BC0
(without any addition), BC1 (at a rate of 5 t ha−1), and BC2 (at a rate of 10 t ha−1) were
recorded as main plots, while the bio-fertilizers were recorded as sub-main plots, i.e., (C,
AMF, PGPR, and AMF + PGPR) with four bio-fertilizers each (Figure 1).

A split-plot experimental design was used with three replicates (R1, R2, and R3). The
main plot factor was the application rate of biochar derived from poultry litter (BC), and
the sub-plot factor was the microbial inoculation (AMF, PGPR, or a combination). The
experiment consisted of the following two factors and treatment combinations:

1. Biochar application (main plot factor):

• BC0 (Control): no biochar applied.
• BC1: biochar applied at 5 t ha−1.
• BC2: biochar applied at 10 t ha−1.

2. Microbial inoculation (sub-plot factor):

• C (Control): no microbial inoculation.
• AMF: arbuscular mycorrhizal fungi (AMF) inoculation.
• PGPR: plant growth-promoting rhizobacteria (PGPR) inoculation.
• AMF + PGPR: a combination of AMF and PGPR inoculation.

3. Treatment combinations:
The combinations of these factors resulted in 12 treatment groups, as follows:

• BC0 + C (control: no biochar, no microbes),
• BC0 + AMF,
• BC0 + PGPR,
• BC0 + AMF + PGPR,
• BC1 + C,
• BC1 + AMF,
• BC1 + PGPR,
• BC1 + AMF + PGPR,
• BC2 + C,
• BC2 + AMF,
• BC2 + PGPR,
• BC2 + AMF + PGPR.

Each treatment was replicated three times, as shown in Figure 1. This experimental
design allowed for the evaluation of individual and interactive effects of biochar and
microbial inoculation on the soil fertility, chemical properties, and growth performance
(including oil and seed yield) of Black Cumin (Nigella sativa L.) plants.
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Figure 1. The design of field plots.

2.2. Biochar Preparation

For this experiment, the poultry manure was collected from a local private farm. The
BC was made from poultry manure at 350 ◦C for 3 h under oxygen isolation, which refers
to conditions where oxygen is either completely excluded or minimized. The physical and
chemical properties of the obtained biochar were measured before handling (Table 2). The
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biochar was crushed and subsequently mixed into the soil. Plots where no biochar was
applied were considered as the control treatment.

Table 2. Chemical composition of the tested biochar.

Property Value

Soil reaction (pH 1:10) 10.11
Electrical conductivity (EC 1:10 dS m−1) 6.25

Total C (g kg−1) 360
Organic matter (g kg−1) 620.64
Total nitrogen (g kg−1) 29.51

C:N ratio 12.20
Total phosphorous (g kg−1) 18.31

Total potassium (g kg−1) 19.5
Total Fe (g kg−1) 0.337
Total Mn (g kg−1) 0.453
Total Zn (g kg−1) 0.291
Total Cu (g kg−1) 0.17

2.3. Soil and Plant Analysis

During the harvest period (180 days after planting (DAP)), 36 surface soil samples
(0–30 cm) were randomly collected from each plot for both seasons. The samples were
air-dried, crushed up, and then passed through a 2 mm sieve. Soil texture was deter-
mined using the pipette method, as described by Sparks et al. (2020) [40]. Soil pH was
determined in a soil:water solution of 1:2.5 with a digital pH meter. Soil salinity (EC) was
measured in soil:water extract of 1:2.5 using an EC meter model AD310, brand Adwa
(Szeged, Hungary). Soil Organic Carbon (SOC) content was determined according to
the method of Walkley and Black (1934) [41]. Available Nitrogen (N) was determined
following the Kjeldahl method [42], which involves digesting the sample in sulfuric acid
with a catalyst, followed by distillation and titration to determine ammonium content.
Phosphorus (P) was estimated according to the Olsen and Sommers (1982) [43] method,
where a sodium bicarbonate solution at pH 8.5 is used, followed by shaking, filtration, and
spectrophotometric measurement at 640 nm. Potassium (K) was extracted using 1 M of
ammonium acetate (NH4OAc) at a pH of 7.0, with the solution shaken and filtered and
potassium levels measured by flame photometry [42]. Biochar (2 g) was digested with
H2O2 and H2SO4, and then, total N, P, and K concentrations were measured in the digested
extract [42]. The dried ground plant material was digested using a mixture of sulfuric and
perchloric acids in a 7:3 ratio to determine the nutritional contents in Black Cumin shoots.
Total N, P and K were determined as described by Burt (2004) [42].

2.4. Relative Water Content (RWC)

At the matured phase of Black Cumin plants, leaves were collected to determine the
fresh weight (FW) of each treatment, the samples were immediately weighed and then
soaked in a dark test tube for 24 h. After using filter paper to wipe them dry, their turgid
weight (TW) was calculated by weighing them. To determine the dry weight (DW) of the
leaves, they were oven-dried for 24 h at 70 ◦C. The leaf RWC was estimated according to
Smart and Bingham (1974) [44] using the following equation:

RWC =
FW − DW
TW − DW

× 100

2.5. Fertility Index (FI)

The fertility index was estimated according to the formula of Abdellatif et al. (2021) [45]
as follows:

FI = (FN ∗ FP ∗ FK ∗ FOM)1/5
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where FI, fertility index; FN, FP and FK, available nitrogen, phosphorus and potassium,
respectively; FOM, organic matter (%).

2.6. Fixed Oil Determination

The seeds (50 g) were powdered mechanically and extracted with petroleum ether
(250 mL) at 40–60 ◦C over the 4 h period in the Soxhlet apparatus, and then, the solvent
was removed under reduced pressure to estimate the percentage of the fixed oil [46].

2.7. Volatile Oil Determination

The volatile oil % of seeds was determined by hydro-distillation in a Clevenger
apparatus in five samples (100 g) for each replicate in both seasons, according to methods
described by the Egyptian Pharmacopoeia (1984) [47].

2.8. Plant Sampling and Analysis

In both seasons, the plants were harvested after 180 DAP. Harvest time was deemed
when the plants started to turn yellow and at least 90% of the capsules were dry and yellow
before the capsules opened and dropped seed. Ten plants were randomly selected from
each experimental plot and transferred to the laboratory to record the data. Some plant
growth parameters (branch number, plant height, capsule number and fresh and dry plant
weights) were recorded. Threshing was performed manually by gently beating the pods
with a wooden stick on a clean, dry surface. The seeds were then meticulously cleaned and
further dried in a well-aired shady room. Chlorophyll in fresh plant leaves was measured
by using a chlorophyll meter (Soil Plant Analysis Development (SPAD) 502 plus, Konica
Minolta, Inc., Osaka, Japan). Black Cumin seeds from the whole plant were separated to
calculate two important measurements: economic and biological yields.

2.9. Data Analysis

The Analysis of Variance (two-way ANOVA) and Duncan multiple range tests at 5%
level of probability were performed to find the significant differences among the treatments.
Statistical analyses were performed using CoStat 6.45 statistical software (CoHort; the cells
in cultured bacterial software, Monterey, CA, USA).

3. Results
3.1. Biochar and Microbial Inoculants Effects on Soil Chemical Properties

At the time of harvest, the soil properties (pH, EC, OM and FI) showed significant
differences (p ≤ 0.05) among biochar and/or bio-fertilizer treatments (Tables 3 and 4). All
biochar treatments with or without bio-fertilizers significantly increased pH, EC, OM and
FI in comparison to the control treatment. Adding biochar at the high rate (BC2) slightly
changed the soil pH values. In the same context, BC2 increased the EC values from 0.62
to 1.18 dS m−1, OM content increased from 4.25 to 11.24 g kg−1, and the fertility index
increased from 6.57 to 11.70%, respectively, in the second season.

The different bio-fertilizer treatments affected the soil pH, which increased by 0.12%,
while EC, OM, and FI values increased by 29.87, 24.43 and 24.35%, respectively, in the sec-
ond season when applying AMF + PGPR in comparison to the control treatment (C). More-
over, in the second season, soil pH, EC, OM and FI were significantly affected (p ≤ 0.05)
by the interaction among biochar and bio-fertilizer treatments. The lowest decrease in pH
(8.05) was observed in (BC0) with AMF + PGPR, whereas the highest increase in EC (1.29),
OM (12.22) and FI (12.74) were found in the BC2 with AMF + PGPR.
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Table 3. Impact of biochar and/or bio-fertilizer on some soil chemical properties after cultivating
Black Cumin plants.

Treatment
pH EC OM (g kg−1) FI

1st 2nd 1st 2nd 1st 2nd 1st 2nd

Biochar
A

BC0 8.09C 8.08C 0.61C 0.63C 4.35C 4.25C 6.50C 6.57C
BC1 8.15B 8.16B 0.82B 0.99B 9.05B 10.25B 10.11B 10.49B
BC2 8.20A 8.22A 0.98A 1.18A 10.04A 11.24A 11.34A 11.70A

Bio-fertilizer
B

C 8.14A 8.15A 0.67C 0.79C 6.58B 7.34B 8.03C 8.25C
AMF 8.15A 8.15A 0.81B 0.95B 8.04A 8.80A 9.54B 9.76B
PGRP 8.15A 8.16A 0.84AB 0.98AB 8.26A 9.03A 9.78A 10.08A

AMF + PGRP 8.16A 8.16A 0.89A 1.03A 8.38A 9.14A 9.92A 10.26A

In
te

ra
ct

io
n

BC0

C 8.11def 8.10e 0.58g 0.56f 4.51e 4.41e 6.46f 6.42g
AMF 8.10def 8.08e 0.60g 0.64ef 4.41e 4.31e 6.50f 6.50g
PGRP 8.09ef 8.08e 0.61g 0.65ef 4.31e 4.24e 6.53f 6.69g

AMF + PGRP 8.07f 8.05e 0.65g 0.69e 4.17e 4.04e 6.50f 6.66g

BC1

C 8.14cde 8.10e 0.68fg 0.84d 7.18d 8.38d 8.63e 8.94f
AMF 8.15bcd 8.08e 0.83de 0.99bc 9.38c 10.58c 10.24d 10.58d
PGRP 8.15bcd 8.08e 0.86de 1.02bc 9.68bc 10.88bc 10.67c 11.06c

AMF + PGRP 8.17bc 8.05e 0.92cd 1.10b 9.95abc 11.15abc 10.90c 11.39c

BC2

C 8.18abc 8.20bcd 0.75ef 0.97c 8.04d 9.24d 8.99e 9.40e
AMF 8.19abc 8.22abc 0.99bc 1.21a 10.32abc 11.52abc 11.88b 12.19b
PGRP 8.21ab 8.23ab 1.05ab 1.27a 10.78ab 11.98ab 12.15ab 12.48ab

AMF + PGRP 8.23a 8.25a 1.11a 1.29a 11.02a 12.22a 12.35a 12.74a

BC0, BC1 and BC2, biochar at rates of 0, 5 and 10 t ha−1; pH, soil reaction; EC, electrical conductivity; OM, organic
matter and FI, fertility index; 1st, first season; 2nd, second season. Means in each column followed by the same
letters are not significantly different (p ≤ 0.05) by Duncan’s multiple range tests.

Table 4. Analysis of variance of soil chemical properties.

ANOVA

pH EC OM N P K FI

A ns *** *** * ns ns ***
B *** *** *** *** *** *** ***
C ns *** *** *** *** *** ***

A × B ns *** ** ns ns ns ns
A × C ns ns ns ns ns ns ns
B × C * *** *** *** *** *** ***

A × B × C ns ns ns ns ns ns ns

A, year; B, biochar; C, bio-fertilizer; pH, soil reaction; EC, electrical conductivity; OM, organic matter and FI,
fertility index. Where ns refers to non-significant; * p < 0.05, ** p < 0.01, *** p < 0.001.

3.2. Effects of Biochar and/or Microbial Inoculants on Nutrient Availability and Their Uptake

Nutrient availability and uptake (N, P, and K) were affected by both the biochar
treatments and microbial inoculants (Table 5).

Concerning the biochar treatments, the addition of the high rate of biochar (BC)
resulted in significant increases in available nutrients (N, P, and K) compared to the control
treatment by 131.63, 77.92, and 63.28%, respectively. In the same trend, the nutrient uptake
increased by 2.77, 2.84, and 4.62 times, respectively, in the second season over the control
treatment (Figure 2a–c).
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Table 5. Impact of biochar and/or bio-fertilizer on soil nutrient availability after cultivating Black
Cumin plants.

Treatment
N (mg kg−1) P (mg kg−1) K (mg kg−1)

1st 2nd 1st 2nd 1st 2nd

Biochar
A

BC0 28.91C 30.79C 4.96C 5.03C 190.02C 191.04C
BC1 57.37B 60.21B 7.21B 7.26B 287.17B 289.75B
BC2 69.93A 71.31A 8.83A 8.93A 310.25A 312.75A

Bio-fertilizer
B

C 36.28B 37.12C 6.06B 6.12B 237.33C 237.89C
AMF 54.59A 55.15B 7.31A 7.38A 260.97B 263.23B
PGRP 58.20A 61.00A 7.24A 7.28A 272.41A 275.32A

AMF + PGRP 59.21A 63.16A 7.39A 7.50A 279.20A 281.61A

In
te

ra
ct

io
n

BC0

C 28.29e 28.19g 4.89c 4.88c 186.00e 184.00e
AMF 28.37e 28.57g 4.99c 5.08c 189.90e 190.70e
PGRP 29.48e 33.08fg 4.96c 5.04c 191.90e 194.30e

AMF + PGRP 29.51e 33.31fg 5.00c 5.10c 192.27e 195.17e

BC1

C 39.29d 39.36ef 6.53b 6.65b 261.00de 261.67d
AMF 57.80c 59.19d 7.42b 7.44b 282.33c 286.00c
PGRP 65.33bc 68.54c 7.37b 7.39b 296.67bc 301.00b

AMF + PGRP 67.07b 73.76bc 7.53b 7.55b 308.67b 310.33b

BC2

C 41.27d 43.80e 6.78b 6.82b 265.00d 268.00d
AMF 77.60a 77.68ab 9.52a 9.61a 310.67b 313.00b
PGRP 79.80a 81.37a 9.38a 9.41a 328.67a 330.67a

AMF + PGRP 81.07a 82.40a 9.64a 9.86a 336.67a 339.33a
N, nitrogen; P, phosphorous; K, potassium. All values are the mean of three replicate analyses. Means in each
column followed by the same letters are not significantly different (p ≤ 0.05) by Duncan’s multiple range tests.
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(c) potassium K of Black Cumin plants. BC0, BC1 and BC2, biochar at rates of 0, 5 and 10 t ha−1;
AMF, arbuscular mycorrhizal fungi and PGPR, plant growth-promoting rhizobacteria. Means in each
column followed by the same letters are not significantly different (p < 0.05) by Duncan’s multiple
range test.

Compared to the control treatment in the second season, the PGPR + AMF treatment
significantly increased the nutrient (N, P and K) availability by 70.17, 22.69, and 18.38%,
respectively. Adding BC2 and AMF + PGPR resulted in a maximum increase in nutrient
(N, P, and K) availability by 186.56, 97.06, and 81.00%, respectively, compared to the
control treatment.

3.3. Effect of Biochar and/or Bio-Fertilizers on Black Cumin Growth Attributes

Data presented in (Tables 6–8) detail the impact of biochar and bio-fertilizer applica-
tions on Black Cumin plant growth parameters. The morphological growth parameters of
a plant increased when BC + PGPR was with AMF.

Table 6. Impact of biochar and or/bio-fertilizer on some growth parameters of Black Cumin plants.

Treatment
Fresh Weight

Plant−1 (g)
Dry Weight
Plant−1 (g)

Plant Height
Plant−1 (cm)

1st 2nd 1st 2nd 1st 2nd

Biochar
A

BC0 54.28C 54.10C 26.41C 26.42C 61.24C 61.25C
BC1 70.48B 71.79B 50.54B 50.63B 87.69B 87.80B
BC2 83.35A 84.07A 74.01A 74.16A 109.01A 109.28A

Bio-fertilizer
B

C 64.04C 64.27C 44.54D 44.58D 68.28D 68.33D
AMF 68.44 B 69.65B 48.08C 48.17C 81.91C 82.02C
PGRP 71.03AB 71.50AB 51.93B 52.02B 93.07B 93.22B

AMF + PGRP 73.79A 74.53A 56.73A 56.84A 100.65A 100.88A

In
te

ra
ct

io
n

BC0

C 52.54f 51.83e 25.33g 25.31g 58.88f 58.85f
AMF 53.56f 53.57e 26.36g 26.37g 59.90f 59.92f
PGRP 54.54f 54.55e 26.91g 26.93g 62.61f 62.64f

AMF + PGRP 56.47f 56.48e 27.02g 27.05g 63.55ef 63.60f

BC1

C 63.64e 64.84d 40.33f 40.34f 70.75def 70.82def
AMF 68.39de 71.13cd 45.96f 46.06f 81.70cd 81.80cd
PGRP 72.62cd 73.13c 53.07e 53.18e 93.11bc 93.25bc

AMF+PGRP 77.27bc 78.07bc 62.79d 62.92d 105.18b 105.34b

BC2

C 75.95c 76.15c 67.95cd 68.07cd 75.20de 75.31de
AMF 83.35ab 84.25ab 71.93bc 72.08bc 104.13b 104.33b
PGRP 85.94a 86.84a 75.81ab 75.96ab 123.48a 123.78a

AMF + PGRP 88.14a 89.04a 80.38a 80.53a 133.20a 133.71a

Means in each column followed by the same letters are not significantly different (p ≤ 0.05) by Duncan’s multiple
range tests.

In the second season, the application of a high rate of biochar (BC) increased the fresh
weight, plant height, capsule number and capsule weight by 55.37, 78.41, 55.97, 94.51 and
63.34%, respectively, compared to the control treatment.

Meanwhile, adding bio-fertilizer (AMF + PGRP) enhanced the growth parameters
of fresh weight, plant height, capsule number, capsule fresh and plant dry weight by
15.96, 47.64, 41.57, 53.05 and 18.37%, respectively, compared to the control treatment in the
second season.

Concerning the combinations of biochar and bio-fertilizers, the added high rate of BC
with PGPR + AMF increased fresh weight, plant height, capsule numbers, capsule fresh
and plant dry weight by 71.79, 127.19, 108.28, 208.84, and 91.18%, respectively, compared to
untreated plants.
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Table 7. Impact of biochar and/or bio-fertilizer on some growth parameters of Black Cumin plant capsules.

Treatment
Capsule Numbers

Plant−1
Capsule Fresh

Weight Plant−1
Capsule Dry

Weight Plant−1

1st 2nd 1st 2nd 1st 2nd

Biochar
A

BC0 52.67C 53.75C 21.38C 20.80C 17.22C 17.23C
BC1 73.08B 74.25B 32.46B 32.48B 24.52B 24.64B
BC2 82.33A 83.83A 40.38A 40.45A 28.02A 28.15A

Bio-fertilizer
B

C 57.78C 58.00C 25.41C 23.63C 21.07B 21.14B
AMF 72.11B 73.66B 33.47AB 33.66AB 24.12A 24.22A
PGRP 67.78B 68.66B 31.05B 31.50B 22.90AB 22.97AB

AMF + PGRP 79.78A 82.11A 35.70A 36.17A 24.92A 25.02A

In
te

ra
ct

io
n

BC0

C 51.00f 48.33h 20.90f 15.52g 15.97d 15.96d
AMF 53.33ef 55.67gh 21.68ef 22.14fg 18.34d 18.36d
PGRP 52.67f 54.00gh 21.08f 22.35fg 16.80d 16.81d

AMF + PGRP 53.67ef 57.00g 21.88ef 23.17efg 17.79d 17.80d

BC1

C 58.00ef 59.33fg 25.90def 25.91ef 21.00cd 21.10cd
AMF 77.33bc 78.33cd 35.91bc 35.94bcd 25.85abc 25.98abc
PGRP 70.67cd 70.67de 30.63cd 30.65cde 24.60bc 24.71bc

AMF + PGRP 86.33b 88.67b 37.38bc 37.42bc 26.62ab 26.76ab

BC2

C 64.33de 66.33ef 29.42cde 29.47def 26.24ab 26.36ab
AMF 85.67b 87.00b 42.82ab 42.89ab 28.18ab 28.33ab
PGRP 80.00bc 81.33bc 41.44ab 41.50ab 27.30ab 27.38ab

AMF + PGRP 99.33a 100.66a 47.86a 47.93a 30.35a 30.51a

Means in each column followed by the same letters are not significantly different (p ≤ 0.05) by Duncan’s multiple
range tests.

Table 8. Analysis of variance of growth parameters.

ANOVA

Fresh Weight
Plant−1 (g)

Dry Weight
Plant−1 (g)

Plant Height
Plant−1 (cm)

Capsule Numbers
Plant−1

Capsule Fresh
Weight Plant−1

Capsule Dry
Weight Plant−1 SPAD RWC

A *** ns ns ns ns ns ns ns
B *** *** *** *** *** *** *** ***
C *** *** *** *** *** *** *** ***

A × B *** ns ns ns ns ns ns ns
A × C ns ns ns ns ns ns ns ns
B × C ** *** *** *** ** ns ** ns
A × B
× C ns ns ns ns ns ns ns ns

A, year; B, biochar; C, bio-fertilizer; ns, non-significant; ** p < 0.01; *** p < 0.001.

3.4. Effect of Biochar and/or Bio-Fertilizers on Chlorophyll Contents of Black Cumin Plants

Biochar and bio-fertilizers significantly increased the total chlorophyll levels SPAD
(p ≤ 0.05). Compared to the untreated plants, an increase of 40.40 and 40.78% in chlorophyll
levels was noticed due to adding the high level of BC, respectively, in the first and second
seasons (Table 9).

Regarding bio-fertilizer treatments, chlorophyll (SPAD) increased by 19.90 and 19.93%,
respectively, in the first and second seasons due to AMF + PGPR treatments compared to
the control treatment. However, adding PGPR and AMF alone or in combination increased
the chlorophyll. Co-inoculation of AMF and PGPR along with BC1 and BC2 showed a
drastic surge in the level of SPAD chlorophyll by 40.95 and 58.45%, respectively, in the
second season compared to untreated plants.
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Table 9. Impact of biochar and or/bio-fertilizer on chlorophyll content of Black Cumin leaves.

Treatment
SPAD RWC

1st 2nd 1st 2nd

Biochar
A

BC0 31.67C 31.74C 66.53C 66.68C
BC1 39.67B 39.82B 73.13B 73.28B
BC2 44.47A 44.68A 75.96A 76.16A

Bio-fertilizer
B

C 34.29B 34.40B 68.60B 68.72B
AMF 38.62A 38.77A 72.81A 72.99A
PGRP 40.40A 40.55A 71.81A 71.95A

AMF + PGRP 41.11A 41.26A 74.29A 74.49A

In
te

ra
ct

io
n

BC0

C 30.41e 30.40f 61.67f 61.74f
AMF 31.50e 31.59ef 67.84de 68.00de
PGRP 32.11e 32.20ef 66.79e 66.93e

AMF + PGRP 32.67e 32.76ef 69.83cde 70.04cde

BC1

C 36.12de 36.27de 70.97bcde 71.09bcde
AMF 38.43cd 38.58cd 73.74abc 73.89abc
PGRP 41.44bcd 41.59bcd 72.89abcd 73.00abcd

AMF + PGRP 42.70abc 42.85abc 74.93abc 75.13abc

BC2

C 36.33de 36.54de 73.16abc 73.32abc
AMF 45.92ab 46.13ab 76.85a 77.06a
PGRP 47.67a 47.88a 75.74b 75.93ab

AMF + PGRP 47.96a 48.17a 78.10a 78.31a
SPAD, Soil Plant Analysis Development; RWC, relative water content. Means in each column followed by the
same letters are not significantly different (p ≤ 0.05) by Duncan’s multiple range tests.

3.5. Effects of Biochar and Microbial Inoculants on Black Cumin Yield

Seed yields were positively affected by all biochar and/or bio-fertilizer treatments
compared to untreated plants (Table 10). The seed yield significantly increased as the
applied biochar rate increased since it increased from 724 kg ha−1 without biochar to
1807 kg ha−1 at a high biochar rate in the second season.

Table 10. Impact of biochar and or/bio-fertilizer on Black Cumin yield.

Treatment
Seed Yield kg ha−1 Fixed Oil % Volatile Oil %

1st 2nd 1st 2nd 1st 2nd

Biochar
A

BC0 713.21C 724.63C 19.93C 21.71C 0.75C 0.78C
BC1 1287.26B 1309.87B 22.61B 23.97B 0.89B 0.93B
BC2 1796.82A 1807.53A 23.89A 25.39A 1.21A 1.25A

Bio-fertilizer
B

C 1066.77C 1080.73C 19.62D 20.51D 0.79D 0.83D
AMF 1327.62AB 1350.78AB 22.93B 24.52B 0.98B 1.00C
PGRP 1259.60B 1261.51B 22.03C 23.74C 0.95C 0.97B

AMF + PGRP 1409.07A 1429.69A 23.98A 25.98A 1.08A 1.14A

In
te

ra
ct

io
n

BC0

C 604.84g 601.98g 17.87g 19.10h 0.69i 0.97d
AMF 755.57g 772.71g 20.60ef 22.37e 0.76gh 1.28b
PGRP 714.95g 726.38g 19.67f 21.57f 0.74h 1.25b

AMF + PGRP 777.47g 797.46g 21.57e 23.80d 0.79g 1.49a

BC1

C 1014.20f 601.98g 19.63f 20.23g 0.74h 0.79g
AMF 1386.75de 772.71g 23.33d 24.93c 0.92ef 0.94de
PGRP 1320.11e 726.38g 22.87d 24.67c 0.89f 0.92e

AMF + PGRP 1428.00de 797.46g 24.60bc 26.03b 1.01d 1.08c

BC2

C 1581.27cd 1606.02cd 21.37e 22.20ef 0.94e 0.97d
AMF 1840.53ab 1870.05ab 24.87ab 26.27b 1.25b 1.28b
PGRP 1743.75bc 1716.14bc 23.57cd 25.00c 1.21c 1.25b

AMF + PGRP 2021.73a 2037.91a 25.77a 28.10a 1.44a 1.49a
Means in each column followed by the same letters are not significantly different (p ≤ 0.05) by Duncan’s multiple
range tests.
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Moreover, bio-fertilizer application caused a noticeable increment in Black Cumin
yield by 32.29% compared to untreated plants.

The interaction between biochar level and/or bio-fertilizers resulted in a significant
positive effect on seed weight. The BC2 with AMF + PGPR treatment increased seed weight
from 1606 to 2037 kg ha−1 in the second season.

3.6. Effects of Biochar and/or Microbial Inoculants on Black Cumin Oil Content

The content of Black Cumin oil was significantly impacted by biochar, bio-fertilizers,
and their combination (Tables 10 and 11). Overall, all treatments of biochar significantly
increased the fixed and volatile oil compared to untreated plants during both seasons.

Table 11. Analysis of variance of yield attributes.

ANOVA

Seed Yield Fixed Oil Volatile Oil

A ns *** ***
B *** *** ***
C *** *** ***

A × B ns ns ns
A × C ns ns ns
B × C ns * ***

A × B × C ns ns ns
A, year; B, biochar; C, bio-fertilizer; ns, non-significant; * p < 0.05, *** p < 0.001.

Biochar application at a high rate resulted in significant effects on fixed and volatile
oil since they increased by 16.97 and 60.52%, respectively, in the second season over the
control treatment. In addition, adding bio-fertilizers increased the fixed and volatile oil
by 26.65 and 36.95%, respectively, compared to the control treatment. Furthermore, BC
added at high rate with PGPR + AMF increased fixed and volatile oil by 47.12 and 103.18%,
respectively, compared to untreated plants.

4. Discussion

Adding biochar and bio-fertilizers individually or in combination enhances soil fertility
through the superior positive impact on nutrient availability and growth parameters,
consequently increasing yield production. The addition of biochar improved soil properties
such as pH, electrical conductivity (EC), and soil organic matter (SOM), while enhancing the
availability and uptake of nutrients such as nitrogen (N), phosphorus (P), and potassium
(K). The soil pH increased slowly in the second season compared to the first season with
the increasing rate of biochar application due to several factors, including the inherently
high pH level of biochar, high alkaline mineral concentrations, the presence of functional
groups such as hydroxyl and carboxyl associated with active soil reactions, as well as the
presence of exchangeable basic cations within the biochar amendment [48–50]. Moreover,
biochar might provide a shelter for AMF and/or PGPR, causing it to be more helpful
for microorganisms; thus, the combination of biochar and bio-fertilizer raises the soil
pH [18,27,51]. Wen et al. (2022) [52] observed that the BC and AMF together increased soil
pH. The tested sandy loam soil was alkaline in reaction with a safe EC threshold. The high
concentration of soluble salts in biochar, which produces a higher EC value than the control
treatment, may be the cause of the increase in soil EC [1,2]. Plots treated with BC levels
alone or combined with bio-fertilizer generally had EC values that were greater than those
of untreated plots.

The biochar decomposition is slowed down with bio-fertilizer application; therefore,
increased soil organic matter content could be a plausible explanation for the high con-
tent of soil organic matter [53,54]. Moreover, this may be explained by the observation
that, compared to soil labile carbon from chicken manure, the high carbon stability of
soils treated with biochar increases soil persistence for organic material decomposition [1].
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Bai et al. (2024) [55] revealed that biochar amendment significantly mitigated the relative
mineralization amount by 22.7% likely due to its potent adsorption potential, which re-
duced the available and dissolved resources [56]. Chen et al. (2023) [57] revealed that
biochar amendment significantly increased the condensed aromatic structures in DOC and
the intensity of aromatic C:O functional groups in SOC—the magnitude of the increase cor-
related with the dosage of the biochar amendment. Our results revealed that the interaction
between AMF alone or a combination with PGPR increased organic matter. These results
are in agreement with Vahedi et al. (2022) [50], who indicated that the soil organic matter
content after AMF inoculation and biochar addition was 8.38% higher than after AMF
inoculation alone and that microbial inoculation strengthened this effect. Ortas (2012) [58]
showed that when organic matter was incorporated into the soil, mycorrhiza consumed
some of the organic matter to improve nutrient availability, while the remaining organic
matter improved soil texture via interactions with hyphae, thereby contributing to the
storage of organic matter in the soil. Accordingly, Ippolito et al. (2015) [59] found that
applying biochar increased the organic carbon content of the soil since biochar consists
mainly of carbon. In addition, root exudates, such as phenolic compounds, stimulate micro-
bial growth in the rhizosphere soil and can enhance soil organic matter and nutrients after
decomposing in the soil. Dry conditions significantly slow or inhibit the decomposition of
organic matter. Decomposition relies on the activity of microbes, fungi, and other organ-
isms that require moisture to thrive. Without sufficient moisture, these organisms cannot
function effectively, leading to a reduced breakdown of organic material. Additionally, in
dry conditions, organic matter may remain exposed to the air, further limiting microbial
activity and slowing the overall decomposition process. Moisture is essential because it
allows for chemical reactions and nutrient cycling, which are crucial for breaking down
organic materials [60].

The increase in nutrient availability by increasing biochar addition with or without
bio-fertilizer could be associated with various mechanisms and processes such as improved
nutrient retention, increased organic material decomposition, increased nutrient solubil-
ity, and improved uptake, which in turn leads to better root growth and increased seed
yield [3,61].

The addition of biochar and bio-fertilizer improved nitrogen availability and signifi-
cantly increased its soil content. This could be attributed to biochar, which promotes spore
germination and hyphal growth of arbuscular mycorrhizal fungi (AMF), consequently
enhancing the colonization rate of plant roots. Moreover, AMF can also take up extra
nitrogen from the soil to supply plants [17,18]. Moreover, the host plant was better able
to quickly and widely absorb inorganic nitrogen from the soil because the hyphal net-
work of AMF can extend more than 10 cm beyond the root surface [15,62,63]. In addition,
azotobacter bacteria might increase nitrogen availability [15,64]. Biochar with or without
bio-fertilizer significantly increased phosphorus availability and led to an increase in P
shoot content. Higher phosphorus content in soil and plant inoculation may be explained
by the fact that plants produce organic acids, fungi, and side effects of azotobacter bacteria
in the rhizosphere, which in turn stimulates P availability [65,66]. In sandy loam soil,
Agbede and Oyewumi (2022) [2] reported that the application of biochar increased pH,
OC, and available P by 25.92, 143.93, and 31.94%, respectively, by increasing the biochar
rate from 0 to 30.0 t/ha in sweet potato plants as an average value of both seasons. The
application of biochar alone and/or bio-fertilizer significantly improved the soil chemical
properties compared to the control treatment. The incorporation of biochar and AMF
hyphae increased the surface area for absorbing phosphorus by altering the morphology
of the roots to encourage phosphorus uptake and release organic acid, which dissolves
and mineralizes phosphorus [18,67,68]. Wang et al. (2015) [69] showed that the poultry-
derived biochar exhibited less than 10% phosphorus (P) release, further supporting the
notion that biochar serves as an effective alternative for the slow release of phosphorus (P)
from livestock manure. Biochar protects soil microorganisms, encourages the increase in
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microbial colonies and extra nutrients, and raises the P uptake by arbuscular mycorrhizal
fungi [10,70].

Nevertheless, biochar itself contains some of the available phosphorus, and the incor-
poration of biochar with bio-fertilizers might have increased the nutrient availability and
thus increased the Black Cumin seed yield. Mycorrhizal inoculation combined with biochar
can function as an innovative and sustainable phosphorus (P) source for plants [71,72].
The interactions between biochar and bio-fertilizers were found to be beneficial for soil
chemical properties, growth, seed yield, and oil % of Black Cumin, indicating the potential
of bio-fertilizers to improve biochar use efficiency and enhance better use of nutrients in
biochar. Vesicular arbuscular mycorrhizal fungus and bacteria interacting significantly
enhanced the beneficial effects of bio-fertilizer on marigold plant growth, flowering, yield,
and carotenoid content [73,74]. Wen et al. (2022) [52] demonstrated that the combining of
biochar with arbuscular mycorrhizal fungi boosted phosphorus availability. Biochar and
microbes act as a powerful duo, promoting plant growth through enzymes and secondary
metabolites they contribute [75]. Biochar with bio-fertilizer can act on various medicinal
and aromatic plants to increase seed yield production. The addition of biochar both with or
without bio-fertilizers significantly increased potassium availability and total potassium
in plants. The reason behind this is that biochar can effectively augment soil potassium
levels owing to its unique structure and properties [76]. The combination of BC and PGPR
notably boosts available potassium in the soil and facilitates its uptake by plants [16,77].
Biochar enhances plant growth and nutrient absorption, even in the absence of microbial
inoculation. Under different environmental conditions, biochar has gained great atten-
tion in recent years, which has changed the chemical properties of the soil and increased
plant growth [78,79]. It has been demonstrated that inoculation with azotobacter provides
appropriate conditions for plant root growth and biological functions.

The application of biochar derived from poultry manure promoted the growth and
productivity of Black Cumin. Growth, seed yield and oil were significantly increased by
the bio-fertilizer and biochar amendments and their application rate, with yield increments
relative to the control treatment. These results were attributed largely to increased native
soil N mineralization, available phosphorus, soil microbes, organic matter, soil productivity
by bio-fertilizer, higher concentrations of micro- and macronutrients after the application
of biochar with bio-fertilizer, and higher N supply from the biochar [80–82]. The highest
profitable net return in response to the application of a high rate from biochar with bio-
fertilizer AMF + PGPR may be attributed to the increment of soil nutrients status, thereby
the higher seed yields.

Chan et al. (2008) [4] observed that biochar derived from poultry increased dry matter
from 42% to 96% with increasing biochar from 10 to 50 t ha−1 in radish plants. In rice
plants, Kimani et al. (2021) [83] reported that poultry litter biochar significantly increased
the grain yield and total biomass by 32.4 and 24.4%, respectively, compared to the control
treatment. The grain and straw yields were significantly increased by 35.66 and 47.84%,
respectively, for poultry manure-derived biochar compared to the control treatment in
wheat plants [1]. Moradzadeh et al. (2021) [84] found that the utilization of bio-fertilizers
significantly enhanced growth parameters, seed production, and oil yields of Black Cumin.

5. Conclusions and Recommendations

The combined application of biochar and bio-fertilizers has shown significant benefits
in enhancing soil fertility, improving nutrient availability, and ultimately increasing crop
yields. The addition of biochar not only improved critical soil properties such as pH, elec-
trical conductivity (EC), and soil organic matter (SOM) but also facilitated the availability
and uptake of essential nutrients such as nitrogen (N), phosphorus (P), and potassium (K).
The increase in soil pH, attributed to the alkaline nature of biochar and the presence of
functional groups and basic cations, further enhances the soil’s capacity to support plant
growth. Additionally, biochar’s role in providing a favorable environment for beneficial
microorganisms like arbuscular mycorrhizal fungi (AMF) and plant growth-promoting rhi-
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zobacteria (PGPR) underscores its potential as a key amendment in sustainable agriculture.
The observed improvements in soil organic matter content, nutrient retention, and nutrient
solubility, particularly when biochar is used in conjunction with bio-fertilizers, highlight
the synergistic effects of these amendments. Therefore, it is recommended to incorporate
biochar and bio-fertilizers, either individually or in combination, into agricultural prac-
tices to enhance soil health, improve crop productivity, and promote sustainable farming
systems. Future research should focus on optimizing application rates and exploring the
long-term impacts of these amendments on different soil and crop types.
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