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Abstract: Expanding eco-friendly approaches to improve plant growth and crop productivity is
of great important for sustainable agriculture. Therefore, a field experiment was carried out at
the Faculty of Agriculture Farm, Mansoura University, Egypt during the 2018 and 2019 growing
seasons to study the effects of different bio- and organic fertilizers and their combination on hybrid
maize growth, yield, and grain quality. Seeds were treated with Azotobacter chrocoocum, arbuscular
mycorrhizal fungi (AMF), Bacillus circulans, biogas slurry, humic acid (HA), and their combination
aiming to increase the growth and yield of maize and to reduce the need for chemical fertilizers.
The results showed that combined application of the biofertilizer mixture (Azotobacter chrocoocum,
AMF, and Bacillus circulans) with organic fertilizers enhanced maize growth, yield, and nutrient
uptake. Moreover, the bio-organic fertilization has improved the soluble sugars, starch, carbohydrates,
protein, and amino acid contents in maize seeds. Additionally, the bio-organic fertilization caused
an obvious increase in the microbial activity by enhancing acid phosphatase and dehydrogenase
enzymes, bacterial count, and mycorrhizal colonization levels in maize rhizosphere as compared
with the chemical fertilization. Additionally, the bio-organic fertilizers has improved α-amylase
and gibberellins (GA) activities and their transcript levels, as well as decreased the abscisic acid
(ABA) level in the seeds as compared to the chemical fertilizers. The obtained results of bio-organic
fertilization on the growth parameters and yield of maize recommend their use as an alternative tool
to reduce chemical fertilizers.

Keywords: bio-organic fertilizers; chemical fertilizer; enzymes activities; nutrients uptake; maize
yield; seed metabolism

1. Introduction

Maize (Zea mays L.) is one of the most important cereal crops in the world both as food and feed.
Its total world production ranks third, following wheat and rice, and it is consider a staple food in
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many countries, especially those in the tropics and sub-tropics [1–4]. In Egypt, maize is considered the
second most important crop, where the annual production of the grain reached about 6.8 million tons
from 315,000 hectares in 2018 [5]. Maize protein belongs to prolamines which are the most abundant
type of proteins stored in cereal seeds, like wheat, maize, sorghum, rice, and barley [6]. Sugar-rich
varieties called sweet corn are usually grown for fresh consumption, while field-corn varieties are
used for animal feed and as chemical feedstocks. Moreover, maize is also a major source of oil, gluten,
and starch, which can be hydrolyzed and enzymatically treated to produce syrups, particularly high
fructose corn syrup. The corn steep liquor, a plentiful watery byproduct of the maize wet milling
process, is widely used in the biochemical industry and research purposes as a culture medium to
grow many kinds of microorganisms [7]. Recently, high consumption of the nitrogen fertilizers by
new cultivars of maize plant has significantly increased by 59.60% in the last few years, which causes
serious environmental problems [8].

Hence, in order to maximize the use of fertilizers economically and reduce the traces of chemical
fertilizers in the environment, biofertilizers are considered as a promising alternative approach for maize
and other crop species production. These biofertilizers are mainly based on beneficial microorganisms
in a viable state applied to seed or soil aiming to increase soil fertility and plant growth by increasing
the number and biological activity of desired microorganisms in the rhizosphere [9]. As soil is a
complex system which can be affected by several factors [10,11], improving such beneficial microbial
communities in the soil is an important factor in the biogeochemical cycling of both inorganic and
organic nutrients, specifically, in the rhizosphere zone which can increase the availability of nutrients
to plants and also improve the soil quality [12]. The plant growth-promoting rhizobacteria (PGPR) was
used for the first time at the end of the 1970s in many key ecosystem processes, such as bio-fertilizers
and bio-pesticides [13]. Recent studies have reported that the bio-fertilizers can promote plant
growth through nitrogen fixation, phytohormone, phosphate (P), and potassium solubilization [14,15].
This study reports that using Azotobacter chroococcum and Bacillus circulans as biofertilizers have a
promising effect on maize growth and yield as compared with non-inoculated plants.

Among the different biofertilizers, arbuscular mycorrhizal fungi (AMF) is the most effective
microbial symbioses for improving the growth and yield of the majority (90%) of plants, including
flowering plants, bryophytes, and ferns [16–18]. Under the P deficiency in the soil, the AMF can influence
plant community development, nutrient uptake, water relations, and above-ground productivity, and
can also act as bio-protectants against pathogens and toxic stresses [12]. Moreover, AMF can improve
the plant growth by enhancing the photosynthetic rate and gas exchange-related traits [19], or by
increasing the availability and translocation of various nutrients [20]. The extrametrical fungal hyphae
can deeply extend into the rhizosphere of the soil leading to the absorption of large amounts of various
nutrients, increasing the availability and uptake of P and micro-nutrients, and alleviating the stress
effects on plant, as well as improve the soil fertility [21]. The symbiotic relationship between plants
and mycorrhizal has its consequences by linking the biotic and geochemical portions of the ecosystem,
and such relationship can be considered as a bridge connecting the root with the surrounding soil
microhabitats [14,22]. A recent study reported that inoculating soil with AMF forms more constant
masses and significantly higher extra-radical hyphal mycelium as compared to the non-AMF-treated
soils [23].

In addition to the biofertilizers, the use of organic fertilizers can also reduce the application of
chemical fertilizers to a great extent. With the increasing interest in using renewable energy, the
production and subsequent use of biomass energy is an important organic source [24]. Biogas slurry
is one of the best organic fertilizers to revitalize soils, since it is a rich source of both plant nutrients
and organic matter. By using this source as an organic fertilizer, it is possible to reduce the use of
the chemical fertilizers up to 50%, which will reduce the production costs as well as increase the soil
fertility for high crop productivity [25]. Biogas slurry has a large amount of macronutrients, such as N,
P, and K, for crop growth and can be also used as a nitrogen fertilizer [26]. Several studies reported
that the application of biogas slurry could bring significant changes to different plant species, such as
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tomato [27], corn [28], and rice [29]. Another study showed that the biogas slurry has the ability to
improve the physical and biological characteristics of the soil and can provide both macro and micro
nutrients to crops, and the sustainability of the biogas chain would be greatly improved if a suitable
method of utilizing the digestate was developed [24].

Seed priming has been frequently used to improve seed germination and seedling development
and can also improve plant growth in a wide range of environmental conditions [30–35]. As a priming
agent, humic acid (HA) are usually used as a kind of hormone that promotes plant growth rather than
improving the chemical or the physical conditions of the soil. Moreover, HA has an important function
for improving plant growth via increasing the plant nutrient uptake, transport, and availability of
micronutrients. In addition, HA may have an important role for inducing the metabolic activity-related
enzymes of soil microorganisms [36]. A recent study has shown that seed germination, seedling
growth, soluble protein, sugar, and starch contents were significantly improved by HA priming [37].
Moreover, HA priming has the potential to maintain the balance between the ABA and GA biosynthesis
and catabolism [37]. Several studies have reported that HA increased the activities of superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase [38], and reduced the transpiration rate
and water use efficiency of the roots [39].

Though there are many studies on the effect of different organic and biofertilizers on different plant
species, no information is available on their combined effects with respect to the relative expression
level of seed metabolism-related genes, as well as their interaction effects on the rhizosphere microbial
communities. The hypothesis of the present study was that the organic fertilizers, biofertilizers,
and their combination could improve the plant growth, nutrient uptake, grain yield, quality, and the
rhizosphere microbial ecology of hybrid maize using a low dose of the chemical fertilizers. Therefore,
to test this hypothesis, different physiological and biochemical, as well as molecular, approaches were
investigated. Moreover, the ABA, GA, and α-amylase at both physiological and molecular levels were
analyzed to further understand the mechanism by which bio- and organic fertilizers could improve
seed vigor of hybrid maize. Additionally, changes in the activities of soil enzymes (acid phosphatase
and dehydrogenase), mycorrhizal root colonization, and bacterial counts in the rhizosphere of soil were
also determined to provide a better insight into changes in rhizosphere activity and microbial biomass.

2. Materials and Methods

2.1. Experimental Site and Field Management

Two-year field experiments were carried out from May to September of 2018 and 2019 growing
seasons at the Experimental Farm, Faculty of Agriculture, Mansoura University, Egypt (27.00 ◦N
30.00◦ E). The meteorological data of the study area during both growing seasons are presented in
Table 1. Soil at the experimental site was clay loam in texture. Soil samples from 0–30 cm depth from the
soil surface were randomly collected before soil preparation and analyzed for various physicochemical
and biological properties during both growing seasons as presented in Table 2. The field was prepared
through well conventional tillage to a depth of 15 cm, leveling, ridging, and then divided into the
specific experimental units.

The treatments were applied using a Completely Randomized Block Design (CRBD) with three
replications. The size of the plot was 3 × 3.5 m2 consisting of four ridges of 2.5 length. Nitrogen
fertilizer in the form of urea (46%N) at the rate of 285 Kg urea/hectare was applied in two equal doses,
in which the first dose was applied after thinning and before the first irrigation, whereas the second
dose was applied before the second irrigation. Calcium superphosphate (15.5% P2O5) at the rate of
476 kg/hectare was applied during soil preparation. Potassium fertilizer in the form of potassium
sulfate (48% K2O) at the rate of 120 kg/hectare was applied after thinning together with the first dose
of nitrogen fertilizer.
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Table 1. Meteorological data for the two summer growing seasons 2018 and 2019.

Year 2018 2019

Month
Temperature (◦C)

RH (%)
Temperature (◦C)

RH (%)
Max Min Max Min

May 34 19 50 35 20 43
June 34 22 52 37 22 56
July 36 23 57 39 22 59

August 35 22 64 39 22 62
September 34 21 64 34 20 66

RH, Relative humidity.

Table 2. Physicochemical and biological properties of soil used in the two growing seasons, 2018
and 2019.

Property 2018/2019 2019/2020

pH 7.66 8.80
OM% 1.86 1.95

EC 1.97 1.81
Ca2+ 15.79 11.84
Mg2+ 7.04 9.90
Na+ 9.03 5.13
K+ 1.05 0.34

CO32– 0.0 0.0
HCO3– 4.01 1.42

Cl– 13.56 16.10
SO42– 15.34 9.69
TBC 1.79 1.98
AC 0.30 0.38

PSBC 4.90 5.43
KRC 15.26 21.63

pH (1:2.5); OM: organic matter; EC (electrical conductivity dsm−1); TBC: total bacterial count (cfu × 106 g−1 dry soil);
AC: Azotobacter count (cfu × 104 g−1 dry soil); PDBC: phosphate solubilizing bacterial count (cfu × 104 g−1 dry soil);
and KRC: potassium releasing bacterial count (cfu × 104 g−1 dry soil).

Maize seeds (Hageen Fardy No.1) were obtained from the research station, Giza, Egypt. Thereafter,
the seeds were surface sterilized with 1% sodium hypochlorite for 5 min, washed with sterilized
water, and then treated with the microbial inoculants before planting. Then, seeds were sowed on
15 May 2018 and 2019 in hills, the distance between hills was 25 cm, and 2–3 grains were applied per
hill on one side of the ridge. Three weeks and before the first irrigation, the plants were thinned to a
one healthy plant per hill. Plots were irrigated as needed according to the optimize recommendations
for maize production, in which the first irrigation was applied after 21 days from sowing and the
following irrigations were applied at 15 day intervals in both growing seasons and the weeds were
controlled by hand.

2.2. Source of Bio- and Organic Fertilizers

Azotobacter chroococcum SARS 101 and Bacillus circulans ARC-SWERI- 2 were obtained from the
Laboratory of Bacteriology, Sakha Agricultural Research Station, Kafr El-Sheikh, Egypt. AMF inoculum
containing a mixture of different spores of Glomus clarum, Glomus mosseae and Gigaspora margarita was
obtained from Botany Department, Faculty of Science, Mansoura University, Egypt.

Liquid biogas slurry produced from fresh rabbits manure was obtained from the biogas unit,
Faculty of Agriculture, Mansoura University, Egypt. HA (85%) contain 56% C, 4.5% H, 31% O, and
4.5% N was obtained from Sphinx International Trade Company, Cairo, Egypt.
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2.3. Morpho-Physiological Traits

Four plants were randomly collected from each block on 15 August and used to measure plant
height (cm), number of leaves per plant, leaf dry weight, root dry weight, leaf area, and chlorophyll
content. The plant height was measured from ground level to the collar of the upper leaf with
developed leaf sheath using a meter rule. Chlorophyll content was determined on the midpoint of the
youngest fully-expanded leaf and on the ear leaf at 12 weeks after planting using SPAD-502 (Minolta
Co. Ltd., Osaka, Japan). The mature leaf in the middle quadrant of the plant was used to measure the
leaf area according to the method of Amanullah et al. [40] according to the following formula:

LAI = L ×W × K (1)

where L = Length of leaf, W = Width of leaf, K = constant ≈ 0.75.

2.4. Yield and Its Attributes

The cob length was immediately measured after harvesting using a ruler. The cob weight and 100
grain weight was calculated after the moisture content of the grain of each plot was adjusted to 15.5%.
Number of rows per cob was calculated by counting rows of ten selected cobs and then the average
was calculated.

2.5. Efficacy of Bacterial Strains for Phosphate Solubilization and Indole Acetic Acid Production

Solubilization of tricalcium phosphate was measured in Pikovskaya liquid medium [41]. Tricalcium
phosphate was added at the rate of 0.25 g/100 mL liquid medium, i.e., 50 mg P2O5/100 mL medium. One
milliliter (1 × 108 cfu mL−1) of 48 hour-old liquid cultures of bacterial strains was transferred to each
flask and incubated on a rotary shaker operating at 150 rpm at 30 ◦C for 3, 7, 14, 21, and 28 days. After
the incubation period, the liquid cultures were centrifuged at 4000 rpm for 20 min. The concentration
of soluble phosphate was determined colorimetrically at 660 nm.

For the indole acetic acid (IAA) determination, A. chroococcum SARS 101 and B. circulans
ARC-SWERI- 2 were grown on Ashby’s medium [42] and nutrient broth medium, respectively.
Each medium was supplemented with 0.1% L-tryptophan according to Ahmad et al. [43]. One milliliter
(1 × 108 cfu mL−1) of 48 hours old liquid cultures of bacterial strains was transferred to each flask
and incubated on a rotary shaker operating at 150 rpm at 30 ◦C for 1, 2, 3, 4, 5, 6, 7, and 8 days. After
the incubation period, bacterial cells were centrifuged at 4000 rpm for 20 min. IAA was assayed
colorimetrically at 530 nm in the supernatant using Salkowaski reagent [43].

2.6. The Treatment of Seeds and Soils with the Chemical, Bio-, and Organic Fertilizers

Treatments were performed as follows: T1 = 100% NPK, T2 = 50% NPK, T3 = Biogas slurry + 50%
NPK, T4 = Humic acid + 50% NPK, T5 = Biogas slurry + Humic acid + 50% NPK, T6 = Biofertilizer
mixture (A. chrococcum + AMF + B. circulans) + 50% NPK, T7 = Biogas slurry + Biofertilizers + 50% NPK,
T8 = Humic acid + Biofertilizers + 50% NPK, and T9 = Biogas + Humic + Biofertilizers + 50% NPK.

2.7. Preparation and Application of Bio- and Organic Fertilizers

Azotobacter chroococcum SARS 101 was grown on Ashby’s liquid medium [42] for five days at 30 ◦C
(4.6 × 108 cfu/mL). Bacillus circulans ARC-SWERI-2 was grown on nutrient broth medium for three
days at 30 ◦C (8.7 × 108 cfu/mL). Equal volumes were mixed to make the mixture of the inoculum.
Seeds were soaked in microbial inoculants for 30 min. Arabic gum (16%) was used as an adhesive
agent. An extra of 10 mL culture was added to each plant with the second irrigation. The non-bacterial
treatments received equal amounts of autoclaved inoculum to provide the same nutrients.

The mixture of different AMF spores (Glomus clarum, Glomus mosseae and Gigaspora margarita)
were left to multiply for six months on Sudan grass (Sorghum sudanenses Pers.) roots as the suitable
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trap plants under controlled conditions and then used as AM fungal inoculum. The AMF inoculum
consisted of a mixture of soil, spores, hyphae, and infected Sudan grass root fragments. Five grams of
trapped soil (~50 spores per one gram soil) and 0.5 g of infected roots of Sudan grass with an infection
level of 70% were then inoculated to each hill. The inoculum was placed 5 cm below the surface of the
soil before sowing. The non-mycorrhizal treatments received equal amounts of autoclaved inoculum
to provide the same nutrients other than mycorrhizal spores.

Biogas slurry was added at the rate of 0.5 m3 /hectare with the second irrigation. The pH of
the biogas fertilizer used in this study was 8.23 and the full description of its nutrients composition
is shown in Table S1. HA was added at the rate of 12 kg/hectare with the first dose of chemical
fertilizers [36].

2.8. Staining and Estimation of Mycorrhizal Root Colonization

Fresh roots for each treatment were rinsed repeatedly in tap water to remove the adhering soil
particles, 30 root segments 0.5–1 cm were cleared with 10% KOH solution and stained with 0.05%
trypan blue (SIGMA) in lacto-phenol for 15 min at 90 ◦C [44]. The stained segments were placed on
slides and were observed with a microscope (Carl Zeiss, Milan, Italy) at 40×magnification. They were
visually allocated to six classes of AMF colonization (from 0 to 5, depending on the occurrence of AMF
structure in the root segment) and to four levels of AMF abundance (from A0 to A3). Mycorrhizal
colonization levels of the stained roots were estimated by the method of Trouvelot et al. [45] using
Mycocalc software (Wuhan, Hubei, China). This method calculates three parameters of mycorrhizal
colonization, F: Frequency of root colonization (percentage of root segments colonized), M: Intensity of
cortical colonization (proportion of cortical colonization in all the mycorrhizal root system) and A:
Arbuscule frequency in roots (percentage of arbuscular colonization of the root system.

2.9. Microbial Count Determination

In the maize plant rhizosphere, total bacterial count was counted on nutrient agar medium (oxoid)
after three days of incubation, phosphate-dissolving bacteria were counted on Pikovskaya medium [41]
after five days of incubation, and potassium-releasing bacteria were counted on Alexandrov’s
medium [46] after five days of incubation by using pour-plate method, while Azotobacter was counted
on Ashby’s medium [41] using the most probable number (MPN) technique after 15–21 days of
incubation. Each was performed at 30 ◦C.

2.10. Determination of Acid Phosphatase and Dehydrogenase Enzymes

Acid phosphatase and dehydrogenase activities were determined as the method described
by [47]. To determine acid phosphatase activity dry soil was incubated in disodium phenyl
phosphate for 2 h, and the results are expressed as the µg of P2O5 released per 1 g of dry soil
using 4-aminoantipyrine colorimetry at 510 nm. To determine dehydrogenase activity dry soil was
incubated in triphenyl-tetrazolium chloride (TTC) for 24 h, and the results were expressed as the mg
of triphenyl formazan (TPF) released per 1 g of dry soil. The concentration of TPF in the extract was
measured using a colorimeter at 485 nm.

2.11. Biochemical Analysis of the Seeds

Total soluble sugar and starch contents were determined in the grains according to the method of
Zhu et al. [48]. Soluble protein contents were measured in the grains according to the method portrayed
by Bradford [49]. The amino acids were determined according to the methods of Ahmed et al. [50].
The soluble carbohydrates were determined according to Dubois et al. [51].
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2.12. Nutrient Uptake

In order to determine the NPK content in the leaves and roots, the oven dried samples of maize
were finely ground, and 0.1 g of samples was moved to the digestion tubes for digestion using
H2SO4 and H2O2 [52]. Nitrogen was determined from plant filtrate using Kjeldhal method [53].
The phosphorus was determined according to Ashraf et al. [54]. Potassium was determined by flame
photometer [55].

2.13. Plant Hormones, α-Amylase Activities, and Their Transcript Levels

The ABA levels were determined in the seeds with or without priming using the method of
Zhu et al. [48]. For the GA analysis, seed sample (0.1 g) were frozen in liquid nitrogen and finely ground
with 15 mL methanol containing 20% water (v/v) at 4 ◦C for 12 h and GA analysis was measured as
depicted by Zhu et al. [48]. For α-amylase activity, seeds were frozen in liquid nitrogen and then stored
at −80 ◦C. The seeds were hulled and ground into fine powder, followed by fine homogenization with
10 mL distilled water, after which the mixtures were centrifuged at 5000× g for 10 min. Supernatant
was collected in 10 mL centrifuge tube for chromogenic reaction. The α-amylase activity was measured
by the 3, 5-dinitrosalicylic acid colorimetric (DNS) method [56].

The transcript levels of ABA, GA, and α-amylase were analyzed in maize seeds, and total RNA
was isolated by using RNA isolation (Takara, Japan). Briefly, a frozen seed sample (100 mg) was ground
in liquid nitrogen using a mortar and pestle and QRT-PCR was carried out according to the method
of Salah et al. [30]. Primers used in QRT-PCR and shown in Table S2 were the same as those used in
a recent study [2]. ACT1 was used as a control to measure the transcript levels of the other studied
genes. The PCR program used in this study was the same as described by Salah et al. [30].

2.14. Statistical Analysis

The obtained results are the means of three replicates ± standard deviation (SD). The data were
analyzed using one-way analysis of variance (ANOVA) by SPSS v16.0 (SPSS, Inc., Chicago, IL, USA),
and means were separated using Duncan’s multiple range tests (α = 0.05).

3. Results

3.1. Plant Growth Promotion Traits

The result presented in Figure 1 showed that tri-calcium phosphate was solubilized by the two
bacterial strains A. chroococcum SARS 101 and B. circulans ARC-SWERI-2. The maximum release of
soluble phosphorus was 11.68 mg P2O5 /100 mL culture after 28 days by A. chroococcum SARS 101 and
16.70 mg P2O5/100 mL culture after 14 days by B. circulans ARC-SWERI-2 (Figure 1). Moreover, these
strains could also produce IAA and showed a different pattern in their efficacy (Figure 1). As such, IAA
was detected from the first day and reached the highest level at the 7th day (162.11 µg/mL culture) for
A. chroococcum SARS 101 and up to the 6th day (27.05 µg/mL) for B. circulans ARC-SWERI-2, then the
IAA production was decreased by both strains (Figure 1).

3.2. Effects of Bio- and Organic Fertilizers on Morpho-Physiological Parameters

The effect of chemical fertilization and bio-organic fertilization on growth parameters of maize
are presented in Table 3. Taken together, the plant height, number of leaves per plant, leaf and root dry
weight, and leaf area, as well as chlorophyll content were significantly improved by the bio-organic
fertilization treatments. The results reveal that he application of biogas slurry, humic acid, biofertilizer
mixture, and their combination resulted in significant increases in the plant height, leaf and root dry
weight, leaf area, and chlorophyll content as compared with the chemical fertilizers at both 100%
and 50% levels (Table 3). Maximum plant height (276.20 cm and 300.17 cm) was observed with T6
(Biofertilizers + 50% NPK), followed by T7 (Biogas slurry + Biofertilizers + 50% NPK) (269.00 cm
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and 295.83 cm) in both growing seasons, respectively. However, the maximum number of leaves per
plant was observed in T8 (Humic acid + Biofertilizers + 50% NPK) (16.66 and 13.33), followed by T7
(15.33 and 14.33) and T6 (15.33 and 14.33) in both growing seasons, respectively (Table 3). Moreover,
maximum leaf dry weight (44.85 g and 45.59 g) was observed in the plants those treated with T7
in both seasons, respectively. Similarly, maximum root dry weight (17.11 g and 18.94 g) was also
observed with T7-treated plants in both seasons, respectively (Table 3). Furthermore, maximum leaf
area was observed with T7 (1238.2 cm2 and 1147.7 cm2), followed by T6 (1199.1 cm2 and 1143.7 cm2)
and T8 (1212.4 cm2 and 1147.7 cm2) in both seasons, respectively (Table 3). Total chlorophyll of maize
leaves was affected by the application of biogas slurry, humic acid, biofertilizer mixture, and their
combinations during the two seasons (Table 3). The results show that the interaction between biogas
slurry and biofertilizers recorded the highest values of total chlorophyll (98.20 and 102.20) in both
growing seasons, respectively, as compared with their individual treatments and control plants (Table 3).
These results suggested that the organic and biofertilizer mixture both alone or in combination have the
potential to improve seedlings growth of maize by using only the half dose of recommended quantity
of the chemical fertilizers.
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Table 3. Morpho-physiological traits of maize treated with organic and biofertilizers alone or in combination.

Treatments Plant Height (cm) Number of Leaves/Plant LDW (g) RDW (g) LA (cm) Chl. Content (mg L−1)

2018
T1 100% NPK 176.8 ± 12gh 10.6 ± 0.5f 23.5 ± 1cd 7.9 ± 0.4g-i 767.1 ± 29e 47.4 ± 1e
T2 50% NPK 125.3 ± 19i 8.3 ± 1.5g 12.8 ± 1.9e 3.6 ± 0.1i 516.4 ± 10f 26.9 ± 3f
T3 Biogas slurry + 50% NPK 167.0 ± 25h 11.0 ± 1ef 22.2 ± 2d 5.7 ± 0.5ij 1026.6 ± 14bc 45.5 ± 2e
T4 Humic acid + 50% NPK 206.9 ± 5e 13.0 ± 1cd 23.2 ± 2cd 8.8 ± 0.6f–h 1038.0 ± 42bc 59.8 ± 1d
T5 Biogas + Humic + 50% NPK 245.3 ± 12d 13.6 ± 0.5c 33.4 ± 2b 11.3 ± 0.4d–f 1010.7 ± 17c 70.8 ± 1c
T6 Biofertilizers + 50% NPK 276.2 ± 7bc 15.3 ± 0.5ab 42.2 ± 5.0a 15.7 ± 0.6bc 1199.1 ± 106a 86.1 ± 3b
T7 Biogas + Biofertilizers + 50% NPK 269.0 ± 6c 15.3 ± 0.5ab 44.8 ± 1a 17.1 ± 0.7ab 1238.2 ± 26a 98.2 ± 4a
T8 Humic + Biofertilizers + 50% NPK 246.8 ± 13d 16.6 ± 0.5a 35.2 ± 2b 15.1 ± 2bc 1212.4 ± 72a 69.9 ± 1c
T9 Biogas + Humic+Biofertilizers + 50% NPK 199.0 ± 10f 11.0 ± 1ef 26.7 ± 1cd 10.8 ± 0.5e–g 995.4 ± 52cd 52.2 ± 1de

2019
T1 100% NPK 179.5 ± 12f–h 11.3 ± 1ef 25.7 ± 3cd 8.7 ± 0.5f–h 893.3 ± 67d 45.4 ± 4e
T2 50% NPK 142.8 ± 18i 9.0 ± 1g 15.2 ± 3e 4.0 ± 0.2j 618.8 ± 79f 30.4 ± 7f
T3 Biogas slurry + 50% NPK 193.3 ± 2e–g 12.6 ± 1c–e 23.5 ± 3cd 7.2 ± 0.7h–i 1142.9 ± 11ab 47.1 ± 1e
T4 Humic acid + 50% NPK 287.1 ± 1a–c 12.0 ± 1d–f 25.0 ± 2cd 12.2 ± 2de 1136.9 ± 41ab 56.4 ± 8d
T5 Biogas + Humic + 50% NPK 293.9 ± 10ab 12.6 ± 1c–e 35.6 ± 2b 13.3 ± 1c–e 1032.6 ± 19bc 70.1 ± 3c
T6 Biofertilizers + 50% NPK 300.1 ± 5a 14.3 ± 0.5bc 43.3 ± 3a 16.9 ± 0.3ab 1143.7 ± 20ab 84.8 ± 8b
T7 Biogas+ Biofertilizers + 50% NPK 295.8 ± 7ab 14.3 ± 0.5bc 45.5 ± 4a 18.9 ± 1a 1147.7 ± 57ab 102.2 ± 7a
T8 Humic + Biofertilizers + 50% NPK 286.3 ± 12a–c 13.3 ± 0.5cd 33.9 ± 2b 15.9 ± 2bc 1055.5 ± 13bc 68.8 ± 3c
T9 Biogas + Humic + Biofertilizers + 50% NPK 201.5 ± 28e 11.3 ± 1ef 27.8 ± 2c 13.9 ± 4cd 1046.6 ± 86bc 51.6 ± 2de

Different letters following the data within each column mean significant difference at p < 0.05. LDW (leaf dry weight); RDW (root dry weight); LA (leaf area) and Chl (Chlorophyll).
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3.3. Effects of Bio- and Organic Fertilizers on Yield and Their Attributes

Mean data regarding the yield and its attributes of maize as affected by organic and biofertilizers
both alone and in combination are presented in Table 4. The results show that cob weight, cob length,
rows number/cob, and 100 grain weight were improved by the application of biogas slurry, humic
acid, biofertilizers, and their combinations. Maximum values of the aforementioned parameters was
achieved by the application of biogas slurry, humic acid, biofertilizer mixture and their combination
as compared with the chemical fertilizers at both 100% and 50% levels (Table 4). The results show
that highest cob weight (227.56 g and 237.64 g) was observed with the application of T7 followed by
T6 (219.87 g and 235.07 g) and T8 (211.11 g 214.67 g) in both growing seasons, respectively (Table 4).
A similar trend was also observed by application of T7 for cob length (20.53 cm and 19.76 cm), rows
numbers (13.66 and 14.66), and 100 grain weight (35.48 g and 31.99 g) in both growing seasons,
respectively (Table 4). It could be concluded that the application of the organic and biofertilizers beside
50% NPK has improved the maize yield parameters as compared with the control plants.

3.4. Effects of Bio- and Organic Fertilizers on Grains Quality

The effects of bio-organic and chemical fertilization on the maize grain quality are presented
in Table 5. The results revealed that the bio-organic fertilization has an effective role in improving
the content of soluble sugars, starch, carbohydrates, and amino acids in maize grains. The highest
soluble sugars content of maize grains (18.35 and 25.58 µgg−1 FW) was achieved by the application of
T8 followed by T9 (23.36 and 19.86 µgg−1 FW) and T7 (20.59 and 20.37 µgg−1 FW) in both growing
seasons, respectively (Table 5). The protein content was highly significantly improved by T6 (342.60
and 260.70 mgg−1 FW) followed by T9 (282.71 and 216.66 mgg−1 FW), T8 (243.08 and 247.10 mgg−1 FW)
and T7 (190.53 and 167.71 mgg−1 FW) in both growing seasons, respectively (Table 5). Interestingly,
the highest content of the starch (47.65% and 26.31%) in the maize grains was observed in T5 (Biogas
slurry + Humic acid + 50% NPK) followed by T6 (40.94% and 35.53%) and T7 (35.71% and 27.60%) in
both growing seasons, respectively (Table 5). The highest carbohydrates content (64.49% and 53.44%)
was observed in T6 followed by T8 and T9 in both growing seasons, respectively (Table 5). On the
other hand, highest content of amino acids was achieved by T6 (18.92 and 21.39 mgg−1) followed by
T9, T8 and T7 in both growing seasons, respectively (Table 5). Thus, the application of organic and
biofertilizers may have the potential to improve the grain quality via improving photosynthesis and
nutrient uptake, which ultimately translocated to the seed and contributes to improving the grain
nutrient status, amino acids, starch, carbohydrates, and protein of the grains.

3.5. Effects of Bio- and Organic Fertilizers on Nutrient Uptake

Mean data regarding the nutrient uptake (N, P and K) in the root and leaves of maize as affected by
bio-organic and chemical fertilization are presented in Figure 2. Results revealed that the bio-organic
fertilization has significantly improved the content of N, P, and K in leaves and roots of maize in
both growing seasons as compared with chemical fertilizers at both 50% and 100% rates. The NPK
contents were significantly increased by inoculation with the biofertilizer mixture alone (T6) and its
combinations with biogas slurry alone (T7), humic acid alone (T8) and both humic acid and biogas
slurry (T9) as compared to the individual application of humic or biogas or the dual application (T3,
T4 and T5). Moreover, the highest values of N, P, and K contents in leaves and roots was observed
in maize plants those inoculated with T6 in the both seasons (Figure 2). Accordingly, this results
explored that the interaction between the organic and biofertilizers resulted in enhanced nutrients
uptake specifically N content which could contribute to increasing amino acids content and thereby
the protein content of the maize grains.
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Table 4. Yield and its attribution to maize treated with organic and biofertilizers alone or in combination.

Treatments Cob Weight (g) Cob Length (cm) Row Number/Cob 100 Grain Weight (g)

2018
T1 100% NPK 61.5 ± 3hi 14.7 ± 2f–h 11.3 ± 2e–h 25.8 ± 0.3ef
T2 50% NPK 43.4 ± 17j 12.2 ± 0.2i 9.6 ± 2.51h 19.7 ± 5.8h
T3 Biogas slurry + 50% NPK 78.0 ± 4g 14.9 ± 0.6f–h 11.0 ± 1.0f–h 25.6 ± 1.2f
T4 Humic acid + 50% NPK 126.2 ± 5f 15.5 ± 0.2fg 11.3 ± 0.5e–h 26.3 ± 1.3ef
T5 Biogas + Humic + 50% NPK 162.1 ± 23d 16.1 ± 0.5ef 11.6 ± 0.5d–h 33.4 ± 0.5ab
T6 Biofertilizers + 50% NPK 219.8 ± 5bc 20.5 ± 0.2a 13.3 ± 1.1a–e 33.0 ± 1.3ab
T7 Biogas + Biofertilizers + 50% NPK 227.5 ± 7ab 20.5 ± 0.9a 13.6 ± 0.5a–d 35.4 ± 1.1a
T8 Humic + Biofertilizers + 50% NPK 211.1 ± 7c 18.5 ± 0.2b–d 12.0 ± 0.1c–g 33.7 ± 2.6ab
T9 Biogas + Humic + Biofertilizers + 50% NPK 71.3 ± 7gh 14.0 ± 0.3g–h 11.3 ± 0.5e–h 22.7 ± 0.6g

2019
T1 100% NPK 72.9 ± 7gh 17.4 ± 0.9 c–f 12.3 ± 1.5b–g 28.5 ± 0.2d–f
T2 50% NPK 50.3 ± 2ij 13.6 ± 0.7hi 10.3 ± 0.5gh 20.1 ± 0.2gh
T3 Biogas slurry + 50% NPK 85.1 ± 8g 17.4 ± 1.9c–e 12.6 ± 1.1a–f 28.9 ± 0.8c–e
T4 Humic acid + 50% NPK 140.9 ± 3e 18.7 ± 0.9b–d 13.3 ± 1.1a–e 28.9 ± 0.8c–e
T5 Biogas + Humic + 50% NPK 167.0 ± 9d 18.6 ± 0.3b–d 14.0 ± 0.1a–c 31.4 ± 1.3b–d
T6 Biofertilizers + 50% NPK 235.0 ± 6a 19.0 ± 0.9a–d 14.3 ± 0.5ab 29.9 ± 0.6cd
T7 Biogas + Biofertilizers + 50% NPK 237 ± 2a 19.7 ± 0.4ab 14.6 ± 0.5a 31.9 ± 0.7bc
T8 Humic + Biofertilizers + 50% NPK 214.6 ± 7bc 19.1 ± 0.9a–c 13.6 ± 1.5a–d 29.0 ± 0.6c–e
T9 Biogas + Humic+ Biofertilizers + 50% NPK 78.8 ± 8g 17.3 ± 0.5de 12.6 ± 1.1a–f 26.3 ± 0.4ef

Different letters following the data within each column mean significant difference at p < 0.05.

Table 5. Grain quality of maize treated with organic and biofertilizers alone or in combination.

Treatments Soluble Sugars (µgg−1 FW) Protein Content (mgg−1 FW) Starch Content (%) Carbohydrates (%) Amino Acids (mgg−1)

2018
T1 100% NPK 12.8 ± 0.5g 114.0 ± 3.5ij 23.1 ± 0.7i 37.4 ± 0.9gh 10.2 ± 0.1k
T2 50% NPK 9.0 ± 0.5j 94.4 ± 3.1kl 17.9 ± 1.6k 29.1 ± 0.71k 9.4 ± 0.3l
T3 Biogas slurry + 50% NPK 12.5 ± 0.2g 107.1 ± 1.6jk 20.9 ± 0.3j 35.7 ± 1.2hi 12.3 ± 0.1gh
T4 Humic acid + 50% NPK 11.8 ± 0.3gh 113.9 ± 1.4ij 23.4 ± 1.1i 40.3 ± 0.8f 11.0 ± 0.2ij
T5 Biogas + Humic + 50% NPK 13.8 ± 0.5f 133.0 ± 11.0h 47.6 ± 0.9a 46.4 ± 0.8d 13.1 ± 0.5g
T6 Biofertilizers + 50% NPK 17.1 ± 0.5e 342.6 ± 19.3a 40.9 ± 0.6b 64.4 ± 3.5a 18.9 ± 0.5c
T7 Biogas + Biofertilizers + 50% NPK 20.5 ± 0.5c 190.5 ± 5.0f 35.7 ± 0.8c 51.4 ± 1.1c 15.5 ± 0.7f
T8 Humic + Biofertilizers + 50% NPK 18.3 ± 0.3d 243.0 ± 4.2d 29.0 ± 0.4fg 55.5 ± 1.2b 16.41 ± 0.2e
T9 Biogas + Humic + Biofertilizers + 50% NPK 23.3 ± 0.7b 282.7 ± 5.8b 33.2 ± 0.5d 52.9 ± 0.5c 17.9 ± 0.2d

2019
T1 100% NPK 14.2 ± 0.3f 128.1 ± 2.4hi 19.1 ± 0.8k 32.0 ± 1.6j 11.2 ± 0.2i
T2 50% NPK 10.1 ± 0.7i 85.8 ± 5.4l 14.3 ± 0.9l 22.3 ± 0.8m 9.2 ± 0.1l
T3 Biogas slurry + 50% NPK 11.4 ± 0.2h 110.4 ± 4.7jk 15.5 ± 0.7l 25.3 ± 1.0l 10.4 ± 0.7jk
T4 Humic acid + 50% NPK 12.0 ± 0.2gh 130.7 ± 1.6hi 19.5 ± 0.8jk 32.8 ± 1.1j 12.3 ± 0.3h
T5 Biogas + Humic + 50% NPK 14.6 ± 0.5f 128.7 ± 1.4hi 26.3 ± 1.5h 33.8 ± 0.6ij 12.4 ± 0.1gh
T6 Biofertilizers + 50% NPK 18.1 ± 0.4d 260.7 ± 16.7c 35.5 ± 0.9c 53.4 ± 2.6bc 21.3 ± 1.0a
T7 Bioga s+ Biofertilizers + 50% NPK 20.3 ± 0.8c 167.7 ± 17.6g 27.6 ± 1.0gh 39.5 ± 1.9fg 16.4 ± 0.4e
T8 Humic + Biofertilizers + 50% NPK 25.5 ± 0.7a 247.1 ± 17.6cd 30.8 ± 1.6e 46.4 ± 1.8d 18.5 ± 0.7cd
T9 Biogas + Humic + Biofertilizers + 50% NPK 19.8 ± 0.4c 216.6 ± 5.0e 30.4 ± 0.6ef 43.4 ± 1.0e 19.7 ± 0.5b

Different letters following the data within each column mean significant difference at p < 0.05.
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difference at p < 0.05. 
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biofertilizers either alone or in combination in both growing seasons (Figure 3D). Similar trend was 
observed in transcription levels of the genes involved in the GA biosynthesis, namely ZmGA20ox1 and 
ZmGA3ox2 in both growing seasons (Figures 3E,F). These genes were highly up-regulated in T9-treated 
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Figure 2. Nutrients (N, P, and K) contents in the leaves (A, C, and E) and in the roots (B, D, and F)
of maize plants treated with organic and biofertilizers alone or in combination. (T1 = 100% NPK,
T2 = 50% NPK, T3 = Biogas slurry + 50% NPK, T4 = Humic acid + 50% NPK, T5 = Biogas slurry +

Humic acid + 50% NPK, T6= Biofertilizer mixture + 50% NPK, T 7= Biogas slurry + Biofertilizers +

50% NPK, T8 = Humic acid + Biofertilizers + 50% NPK, T9 = Biogas + Humic + Biofertilizers + 50%
NPK). Different letters mean significant difference at p < 0.05.

3.6. Effects of Bio- and Organic Fertilizers on Hormone Activities and Their Transcription Levels

In order to further study the beneficial role of the organic and biofertilizers for maize growth,
the hormones involving in the control of seed germination, such as GA, ABA, and α-amylase,
were investigated at the both physiological and molecular levels (Figure 3). The results showed that
the ABA activity was significantly decreased in the plants those treated with organic and biofertilizers
either alone or in combination as compared with the chemical fertilizers in both growing seasons
(Figure 3A). The minimum level of the ABA activity was observed with T9 in 2018/2019 and with T7
in 2019/2020 growing season. These results of the ABA activity are consistent with its transcription
levels in terms of ZmCYP707A2 and ZmCPK11 genes (Figure 3B,C). On contrast, GA activity was
improved by the application of organic and biofertilizers either alone or in combination in both growing
seasons (Figure 3D). Similar trend was observed in transcription levels of the genes involved in the
GA biosynthesis, namely ZmGA20ox1 and ZmGA3ox2 in both growing seasons (Figure 3E,F). These
genes were highly up-regulated in T9-treated plants in both growing seasons, except for ZmGA3ox2 in
the 2019/2020 season, which was highly up-regulated in T8-treated plants. Similarly, the α-amylase
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activity and their transcription levels were improved by the organic and biofertilizers in both growing
seasons (Figure 3G–I). These results revealed that the seeds produced from the plants those treated with
both organic and biofertilizers are more healthy and developed through the solubilizing of starch to a
simple form by the amylase enzyme for providing the energy to the germinating embryo. Additionally,
the higher activity of GA in these seeds could break dormancy and promote germination upon seeds
exposed to the appropriate conditions for germination.

3.7. Effects of Bio- and Organic Fertilizers on Dehydrogenase and Phosphatase Activities

The activities of dehydrogenase and phosphatase were affected by the application of both organic
and biofertilizers either alone or in combination in both growing seasons (Figure 4). The activities of
dehydrogenase and phosphatase enzymes in the maize rhizosphere were significantly increased by
combined applications of humic acid and/or biogas slurry with the bio-fertilizers (T9) as compared
to its individual application. Maximum values of the dehydrogenase and phosphatase activities
were observed in T9 and T8 in 2018/2019 and 2019/2020, respectively, while minimum values of
the dehydrogenase and phosphatase activities were observed with 50% of the chemical fertilizers
(T2) in both growing seasons (Figure 4A,B). Accordingly, this study suggests that the application of
organic and biofertilizers either alone or in combination could stimulate soil microbes to synthesize
dehydrogenase and phosphatase, thus promoting microbial metabolic activity.

3.8. Effects of Bio- and Organic Fertilizers on Mycorrhizal Colonization Levels

Mycorrhizal colonization levels (F%, frequency of mycorrhizal colonization; A%, intensity of
mycorrhizal colonization and A%, arbuscular frequency) were highly affected by different tested
treatments (Table 6). Among the different treatments, all levels of mycorrhizal colonization were
increased by the application of biogas slurry (T7) during both growing seasons, followed by the
biofertilizer mixtures (T6). Structures of arbuscular mycorrhizal fungi (arbuscules, vesicles, and internal
hyphae) were observed in stained roots of maize plants (Figure 5). No mycorrhizal colonization was
observed in the non-mycorrhizal maize plants.

Table 6. Mycorrhizal colonization levels in the roots of maize treated with organic and biofertilizers
alone or in combination.

Treatments

Mycorrhizal Colonization Levels (%)

30 DAP 60 DAP 90 DAP

F M A F M A F M A

2018
T1 100% NPK – – – – – – – – –
T2 50% NPK – – – – – – – – –
T3 Biogas slurry + 50% NPK – – – – – – – – –
T4 Humic acid + 50% NPK – – – – – – – – –
T5 Biogas + Humic + 50% NPK – – – – – – – – –
T6 Biofertilizers + 50% NPK 70.0d 35.0bc 16.6de 75.0d 45.3d 24.7c 90.0d 70.0e 40.5e
T7 Biogas + Biofertilizers + 50% NPK 75.0c 38.0a 17.6cd 85.0b 55.7b 29.6b 100.0a 82.0b 52.8b
T8 Humic + Biofertilizers + 50% NPK 65.0e 32.0d 15.0f 70.0e 41.2f 22.6e 85.0e 67.0f 34.4g
T9 Biogas + Humic + Biofertilizers + 50% NPK 60.0f 28.0e 12.5g 63.0 38.0g 18.6f 81.0f 55.0h 31.8h

2019
T1 100% NPK – – – – – – – – –
T2 50% NPK – – – – – – – – –
T3 Biogas slurry + 50% NPK – – – – – – – – –
T4 Humic acid + 50% NPK – – – – – – – – –
T5 Biogas + Humic + 50% NPK – – – – – – – – –
T6 Biofertilizers + 50% NPK 80.0b 36.3b 22.0b 85.0b 49.0c 29.0b 95.0b 80.0c 47.9c
T7 Biogas + Biofertilizers + 50% NPK 86.0a 39.0a 24.0a 91.0a 59.0a 30.7a 100.0a 94.0a 57.4a
T8 Humic + Biofertilizers + 50% NPK 75.0c 34.0c 19.0c 80.0c 46.0d 24.0cd 93.0c 75.0d 43.0d
T9 Biogas + Humic + Biofertilizers + 50% NPK 65.0e 31.0d 15.7ef 72.0e 43.0e 23.0de 86.0e 65.0g 37.4f

(–) means no result was detected, different letters following the data within each column mean significant difference
at p < 0.05. F: Frequency of root colonization (percentage of root segments colonized), M: Intensity of cortical
colonization (proportion of cortical colonization in all the mycorrhizal root system) and A: Arbuscule frequency in
roots (percentage of arbuscular colonization of the root system.
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levels (E,F); α-amylase activity (G) and its transcription levels (H,I) in maize grains. (T1 = 100% NPK, T2 = 50% NPK, T3 = Biogas slurry + 50% NPK, T4 = Humic
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Figure 4. Acid phosphatase (A) and dehydrogenase (B) activities as affected by organic and/or
bio-fertilization. (T1 = 100% NPK, T2 = 50% NPK, T3 = Biogas slurry + 50% NPK, T4 = Humic acid
+ 50% NPK, T5 = Biogas slurry + Humic acid + 50% NPK, T6 = Biofertilizer mixture + 50% NPK,
T7 = Biogas slurry + Biofertilizers + 50% NPK, T8 = Humic acid + Biofertilizers + 50% NPK, T9 = Biogas
+ Humic + Biofertilizers + 50% NPK). Different letters mean significant difference at p < 0.05.

3.9. Effects of Bio- and Organic Fertilizers on Bacterial Counts

The effects of chemical and bio-organic fertilization on bacterial counts in maize rhizosphere
are presented in Table 7. Results revealed that the total bacterial counts for Azotobacter spp.,
phosphate-solubilizing bacteria, and potassium-releasing bacteria in the rhizosphere of the plants
treated with bio-organic was higher than those of chemical fertilizer-treated plants (Table 7). The highest
numbers of bacterial counts were recorded in the rhizosphere of the T9-treated plants. Additionally,
the highest bacterial numbers were obtained at 60 days after planting (DAP) under all applications, then
it decreased at 90 DAP, which might be due to the decrease of root exudates by old plants. Regardless of
the effects of bio-organic fertilization, the bacterial counts were increased as NPK-fertilizer was highly
supplied during all plant growth stages (Table 7). Moreover, the combined applications of humic acid
and/or biogas slurry with the bio-fertilizers (T9) significantly increased bacterial counts in the maize
rhizosphere as compared to its individual application. Thus, it could be stated that the bio-organic
fertilization has a pronounced increase in bacterial counts in comparison with the mineral fertilization.
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Table 7. Bacterial counts in the root rhizosphere of maize treated with organic and biofertilizers alone or in combination.

Treatments

Total Bacterial Counts
(106 cfu g−1 Dry Soil)

Counts of Azotobacter spp.
(104 cfu g−1 Dry Soil)

Counts of Phosphate-Solubilizing Bacteria
(104 cfu g−1 Dry Soil)

Counts of Potassium-Releasing Bacteria
(104 cfu g−1 Dry Soil)

30
DAP

60
DAP

90
DAP

30
DAP

60
DAP

90
DAP 30 DAP 60

DAP
90

DAP
30

DAP
60

DAP
90

DAP

2018
T1 100% NPK 9.35 81.14 52.21 0.57 5.02 4.57 50.84 88.42 68.22 98.84 143.74 102.90
T2 50% NPK 5.93 61.49 40.78 0.41 4.25 3.31 40.17 74.96 54.11 81.06 105.89 87.27
T3 Biogas slurry + 50% NPK 17.60 143.37 99.85 1.28 10.04 7.08 76.80 126.27 84.99 134.75 298.03 187.89
T4 Humic acid + 50% NPK 16.96 175.40 80.03 0.86 12.00 8.23 82.13 130.64 92.61 119.11 277.29 195.13
T5 Biogas + Humic + 50% NPK 18.02 179.03 97.18 1.81 15.28 9.26 88.53 179.03 81.56 158.22 265.64 165.02
T6 Biofertilizers + 50% NPK 13.90 152.47 94.13 0.74 9.17 6.74 86.04 127.00 94.90 186.66 268.19 182.55
T7 Biogas + Biofertilizers + 50% NPK 17.45 179.76 109.76 1.17 10.37 7.88 106.66 169.94 79.27 171.02 245.99 165.40
T8 Humic + Biofertilizers + 50% NPK 17.13 150.29 95.28 3.73 22.92 16.00 87.82 121.90 97.56 163.55 257.64 158.54
T9 Biogas + Humic + Biofertilizers + 50% NPK 18.48 190.32 106.71 5.76 30.56 19.43 135.82 200.14 100.99 166.75 283.47 216.47

2019
T1 100% NPK 8.85 121.52 80.78 0.79 6.49 4.82 55.66 107.88 63.06 112.84 173.66 117.06
T2 50% NPK 5.68 83.42 65.12 0.61 4.81 3.46 41.00 93.85 49.87 86.48 126.73 92.32
T3 Biogas slurry + 50% NPK 19.93 202.94 94.39 1.35 14.43 7.91 92.66 175.67 100.98 154.02 298.80 219.28
T4 Humic acid + 50% NPK 20.26 173.66 115.82 1.17 18.04 8.53 81.66 204.54 103.87 168.02 292.78 224.22
T5 Biogas + Humic + 50% NPK 16.80 157.22 119.12 2.71 21.65 11.74 79.00 180.08 122.00 190.67 331.28 196.19
T6 Biofertilizers + 50% NPK 15.64 153.61 112.52 1.03 11.43 10.38 102.33 187.30 111.28 179.96 315.24 183.00
T7 Biogas + Biofertilizers + 50% NPK 18.36 208.55 117.88 1.72 13.23 9.39 95.33 211.76 128.18 189.02 273.53 210.62
T8 Humic + Biofertilizers + 50% NPK 17.66 173.26 116.23 4.07 30.08 21.02 86.33 173.66 123.65 183.67 316.00 174.76
T9 Biogas + Humic + Biofertilizers + 50% NPK 20.50 222.99 117.47 5.31 42.11 22.25 106.00 208.55 129.42 221.56 323.66 157.45
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4. Discussion

Inoculation with plant growth-promoting micro-organisms and the use of organic fertilizers can
increase the productivity of maize and reduce chemical fertilizers usage. Therefore, the present study
focused on studying the effect of biogas slurry and humic acid as organic fertilizers, inoculation by
AMF, A. chrococcum, and Bacillus circulans, and their combinations, on the growth and productivity
of maize. The ability of rhizobacteria to solubilize phosphate and to produce IAA was tested in
this study. The potential ability of A. chrococcum and B. circulans to solubilize phosphate was also
investigated. The results showed that A. chrococcum reached its maximum activity after 28 days of
incubation, whereas B. circulans reached the maximum activity after 14 days of incubation, then was
decreased. The decrease in P content with the advance of the incubation period could be attributed
to the utilization of P resulting in the fluctuating levels of P release, and availability of soluble P in
the culture medium might also have an inhibitory effect on further P solubilization [57–60]. Excretory
toxic products may also responsible for such decline in P solubilization. Moreover, the correlation
between pH and P solubilization was tested in the present study. Generally, there was a rapid decrease
in pH values within the first three days of the experiment, reflecting the high activity of organic carbon
degradation bacteria leading to organic acids releasing which mainly contribute to the increasing
pH value. The increase in pH might be due to a subsequent oxidation of organic acids produced in
the culture media or might be due to the formation of other natural substances [57–59]. Moreover,
both bacterial strains can effectively produce IAA which may contribute to improving the nutrition of
maize plants.

Plant–microbe interactions in the rhizosphere are the main factor for plant growth and soil
fertility. The current study indicated that the plant growth, yield and grains quality of maize were
positively affected by the application of biogas slurry, humic acid, biofertilizers, and their combinations.
The effective role of biofertilizer inoculation on plant growth could be related to its ability to produce
high quantities of auxin, such as indole acetic acid. Moreover, these microorganisms and AMF have
the potential for N fixation, and P and K mobilization, leading to enhanced nutrient uptake and
plant growth [61–63]. Previous studies also reported that the N-fixing and P-solubilizing bacterial
strains had the ability to provide nutrients and stimulate each other through their physical and
biochemical activities and, subsequently, enhancing the physiological properties of plants [64]. A
similar study has also shown that application biofertilizers, humic acid, and their combinations
positively affected plant growth parameters [36]. As such, in the present study, plant growth and yield
of maize was improved by the humic acid application (Tables 3 and 4). These results are consistent
with a previous study reporting that increasing humic acid in the rhizosphere zone could improve the
plant growth and development by increasing the availability of essential nutrients and biomolecules
for root absorbance [39]. The stimulatory mechanisms may be that humic acid could increase the
cell membrane permeability, oxygen uptake, and root cell elongation [36,65], or by increasing water
retention and mobilizing nutrient availability [66].

Application of biogas slurry to farmland can effectively increase the availability of soil nitrogen,
and essential macro and micronutrients, which can enhance crop yield and grain quality. Such nutrients
from organic sources are more efficient in the different plant functions, such as protein and enzyme
synthesis, than those from chemical sources [67,68] The observed increase in the growth and yield of
maize in response to biogas slurry in the present study (Tables 3 and 4) might be due to its effect on
cell development, enzyme regulation, and induction of the photosynthetic process. These results are
consistent with the findings obtained by Lu et al. [69] who demonstrated that the application of biogas
slurry increased the rice yield by 24.0% and 4.9% as compared to no fertilization and conventional
fertilization treatments, respectively. Moreover, the high P content of the slurry might also contribute
to improving the biomass and yield of maize. In addition, these compounds can act as an energy
sources for carbohydrate metabolism and reproductive processes [25].

The current study reported that T6 (Biofertilizers + 50% NPK) had the highest values of N, P, and
K contents, followed by the combinations between either humic or biogas slurry with biofertilizers
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as compared to humic or/and biogas slurry without biofertilizers. Several studies reported the
beneficial roles of different bacterial strains to promote plant growth and nutrient uptake for different
plant species, such as wheat with Azospirillum, Pseudomonas, Providencia, and Anabaena [70–72];
sugar beet and barley with Bacillus, Paenibacillus, Pseudomonas, and Rhodobacter [73,74]; sugarcane
with Herbaspirillum [75]; sunflower with Bacillus [76]; and maize with Herbaspirillum, Trichoderma,
Pseudomonas, and Bacillus [77,78]. The increase of nutrients content in bio-organic-treated plants might
be due to the enhancement of the biological N2 fixation and/or production of organic acids which could
help in P and K solubilization. Moreover, the production of certain growth promoting substances using
bacterial inoculation such as A. chroococcum SARS and B. circulans ARC-SWERI-2, could effectively affect
root development and, consequently, their function in water and nutrient uptake. Accordingly, the
function of all mycorrhizal systems depends on the ability of the fungal symbiont to absorb inorganic
and/or organic nutrients available in the soil. These findings are consistent with those obtained by
Wu et al. [14] who stated that the use of biofertilizer containing Glomus mosseae, Azotobacter chroococcum,
Bacillus megaterium, and Bacillus mucilaginous has increased the nutritional assimilation of total N, P,
and K of maize plant. Similar observations showed that the application of humic acid and AMF has
improved the physical properties of the soil and increased the nutrient availability in the rhizosphere
to the plants [62,79]. Therefore, improving nutrient uptake of maize plants by bio-organic fertilizers
not only improves grain yield but can also increase grain quality.

As such, the present study indicated that the organic and biofertilizers have significantly increased
the grain quality and metabolism in both growing seasons (Table 5; Figures 3 and 4). This study is
consistent with a previous study suggesting that biogas slurry plays a role in the balance of carbon
and nitrogen metabolisms and, thus, improves the grain amino acid content [80]. Moreover, increased
nitrogen uptake of leaves due to the dual inoculation of both organic and biofertilizers may induce
phytohormone production, which stimulates the photosynthesis process and, consequently, increases
protein content [81]. Thus, the application of organic and biofertilizers may have the potential to
improve the grain quality via improving the photosynthetic and the nutrient uptake, which ultimately
translocates to the seed and contribute for improving the grain nutrient status, amino acids, starch,
carbohydrates and protein of the grains. In the current study, the organic and biofertilizers induce the
hormones related with seed metabolism, such as ABA, GA, and amylase, which contribute to vigorous
seeds as compared with the chemical fertilizers. In this context, our previous findings also found that
humic acid treatment could achieve a balance between ABA and GA and, thus, increase seed vigor
as compared with the control [37]. Improving the seed quality along with inducing amylase activity
by the biofertilizers can also contribute to seed development, as increasing protein, amino acids, and
starch can be used for the mobilization by the amylase to provide energy for the germinating embryo.
These findings are supported by the previous reports suggesting that partial disruption of humic acid
agglomerates by root-secreted organic acids may then release individual growth regulatory molecules
that are small enough to penetrate through the cell wall matrix to the cell membrane and effect changes
in gene expression or enzyme activities [37,82,83].

It was shown that adding biogas slurry to the biofertilizer mixture containing AMF has an effective
influence on increasing mycorrhizal colonization levels (frequency (F%), intensity (M%) of mycorrhizal
colonization, and arbuscular development (A%)) in root tissues of maize plants. These results are
in agreement with those obtained by Abou-aly et al. [36] and Habashy et al. [84] who reported that
organic fertilizers significantly increased colonization of mycorrhiza. However, the colonization was
slightly decreased by the application of the combination between biogas slurry and humic acid. These
results are in agreement with those obtained by Zhang et al. [85] and Wang et al. [86] who noted that
the population size of mycorrhizal colonization was significantly decreased at high rates of organic
fertilizer use.

Key soil enzymes, namely phosphatase and dehydrogenase, were mainly induced from microbial
activities in the rhizosphere, playing an important role for organic matter decomposition and nutrient
remobilization of rhizosphere soil [87]. The dehydrogenase activity is always only present in viable
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cells and essentially depends on the metabolic state of the soil microbial community, and may therefore
be considered a direct measure of soil microbial activity [47], while soil phosphatase enzyme plays
an important role in the mineralization of organic P [88]. The current study indicated that acid
phosphatase and dehydrogenase enzymes in maize rhizosphere were significantly increased by
combined application of humic acid and/or biogas slurry with the bio-fertilizers (Figure 4A,B). This may
be due to the mechanisms of bacteria and AMF in improving the physical and chemical soil properties,
especially the soil structure, which enhance the microbial activity in the soil. Additionally, biogas slurry
is a high-quality nutrient material that has the ability to improve the physical and biological quality of
the soil. Addition of HA may play an important role in restoring optimal levels of organic matter for
plant growth and for microbial activity, which is associated with enzymes activity. These results are in
agreement with those obtained by Abou-aly et al. [36], who observed an increase in the activities of
phosphatase and dehydrogenase enzymes with application of humic acid. Moreover, Zheng et al. [89]
and Abubakr et al. [90] reported that the addition of biogas residues as fertilizers resulted in an increase
of soil microbial activities. Similar reports have also indicated that soil health and microbial activity
was enhanced by the combination of biogas slurry and PGPR [68,91].

The current results showed that the combination of organic fertilizers (HA and/or biogas
slurry) with the bio-fertilizers has significantly increased bacterial counts in the maize rhizosphere.
An increase in bacteria might be due to nutrient viability and organic matter-favored content in the
reproduction of bacteria and other organisms, as they serve as sources of energy for the development
of microorganisms and supply certain essential nutrient elements and compounds required by soil
microorganisms. Furthermore, organic matter decomposition liberates heat which enhances the growth
of microorganisms. These results were in harmony with those obtained by Hauka et al. [92], who found
that the mixed inoculum of Azotobacter, Azospirillum, cyanobacteria, and AMF in the presence of compost
as organic fertilizer recorded the highest number of total bacteria, such as Azotobacter, Azospirillum,
and cyanobacteria, as well as increased the mycorrhizal infection. Similarly, the bio-fertilization has
increased the microbial count as compared with the mineral fertilization as observed in wheat [62] and
in onion [63].

5. Conclusions

Based on the obtained results, it could be concluded that application of biogas slurry, humic
acid, biofertilizer mixture, and their combination has improved seedling growth, maize yield, and
its attributes by using only half the dose of the recommended quantity of the chemical fertilizers.
The interaction between the organic and biofertilizers resulted in enhancing the soil nutrient content,
which might not only have increased the total N, P, and K contents in the soil, but also increased
the availability of these elements, thus enabling maize roots to absorb more nutrients. Increasing
the uptake of such essential nutrients by plants contributes to the increase in the grain quality by
translocating to the seed, thus improving the amino acid, starch, carbohydrate, and protein contents.
Hence, this study indicates that the seeds produced from the plants treated with both organic and
biofertilizers are healthier and better developed, having higher starch content, and having higher
activities of amylase and GA enzymes which could promote germination and seedling development.
This study suggests that organic and biofertilizers, either alone or in combination, could stimulate
soil microbial activity and metabolism of the substances in the soil by enhancing the activities of
dehydrogenase and phosphatase in the soil. Thus, the current research revealed that the integration of
bio-organic fertilizer + 50% chemical fertilizer can serve as an effective and alternative fertilizer in
order to reduce the consumption of chemical fertilizers for sustainable agriculture.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/3/319/s1,
Table S1. Nutrients composition of biogas fertilizer, Table S2. Sequences of oligonucleotide primers used
in QRT-PCR.
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