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Abstract: Calcareous soil had sufficient phosphorus and potassium (PK) in different forms due to the
high contents of PK-bearing minerals; however, the available PK state was reduced due to its PK-
fixation capacity. Compost, coupled with high PK solubilization capacity microbes, is a sustainable
solution for bioorganic fertilization of plants grown in calcareous soil. A 2-year field experiment was
conducted to investigate the effect of compost (20 t ha−1) with Aspergillus niger through soil drenching
(C-AN) along with partial substitution of PK fertilization on quinoa performance in normal and
calcareous soils. Treatments included PK100% (72 kg P2O5 ha−1 + 60 kg K2O ha−1 as conventional
rate), PK100%+C-AN, PK75%+C-AN, PK50%+C-AN, PK25%+C-AN, and only C-AN in normal and
calcareous soils. Results showed that C-AN and reduced PK fertilization (up to 75 or 50%) increased
photosynthetic pigments and promoted nutrient acquisition in quinoa grown in calcareous soil.
Reduced PK fertilization to 75 or 50% plus C-AN in calcareous soil increased osmoprotectants, nonen-
zymatic antioxidants, and DPPH scavenging activity of quinoa’s leaves compared to the PK0%+C-AN
treatment. The integrative application of high PK levels and C-AN enhanced the quinoa’s seed
nutritional quality (i.e., lipids, carbohydrates, mineral contents, total phenolics, total flavonoids,
half maximal inhibitory concentration, and antiradical power) in calcareous soil. At reduced PK
fertilization (up to 75 or 50%), application of compost with Aspergillus niger through soil drenching
increased plant dry weight by 38.7 or 53.2%, hectoliter weight by 3.0 or 2.4%, seed yield by 49.1 or
39.5%, and biological yield by 43.4 or 33.6%, respectively, compared to PK0%+C-AN in calcareous soil.
The highest P-solubilizing microorganism’s population was found at PK0%+C-AN in calcareous soil,
while the highest Azotobacter sp. population was observed under high PK levels + C-AN in normal
soil. Our study recommends that compost with Aspergillus niger as a bioorganic fertilization treatment
can partially substitute PK fertilization and boost quinoa’s tolerance to salt calcareous-affected soil.
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1. Introduction

Areas with arid and semiarid climates often have soils that are considered calcareous,
which pose a problem for crop production. These soils are estimated to account for more
than a third of the Earth’s land surface [1]. Calcareous soil contains large quantity of
calcium carbonate (CaCO3) exceeds 14–17% as total CaCO3 or 4–7% as active CaCO3 [2].
This substantial proportion of CaCO3, regardless of its form, alters soil’s different properties
and hence limits its cropping range and productivity. However, crusting, the composition of
a hard, cemented layer of CaCO3 particles on soil surface, is the major problem of calcareous
soils. Soil crust affects soil properties by retarding seed germination and slowing down
root development [3], resulting in poor infiltration and accelerating surface runoff [4,5].
Calcareous soil additionally has pH values of soil paste ranging from 7.4 to 9.2 [6,7], low
organic matter content (<0.4%), and mostly decreases with depth [8]. High CaCO3 of
calcareous soil fixes the nutrient availability (e.g., Zn+2, Fe+2, Mn+2, B, Mg+2, P, K+, and
N) affecting plant performance [9]. Thus, applying an integrated management package is
essential to enhance calcareous soil quality and achieve sustainable productivity [1].

Plants need phosphorus (P) as the second most essential macronutrient. However,
many soils have low amounts of phosphate that plants can use, even if they have high
amounts of total P [10,11]. Increased pH and CaCO3 levels lead to direct and/or indirect
nutrient immobilization. Higher pH boosts the transformation of P into insoluble forms [12],
consequently reducing P availability and P use efficiency [13], which strongly impacts soil
productivity. Microorganisms that can make insoluble P soluble can act as biofertilizers
to use the P stored in soils and increase the amount of soluble P [14]. Inoculation of fungi
that can solubilize phosphate can improve plant growth and P uptake, as shown in pot
experiments [15] and field trials [16]. Some Aspergillus species have already been described
for their P solubilization ability and potential use as soil P solubilizers from different sources
(i.e., rock phosphate, aluminum phosphate, tricalcium phosphate, etc.), thus supplying
available P and enhancing plant growth [17,18]. Additionally, the United States Food and
Drug Administration generally regards the 19 Aspergillus species in the section Nigri, which
includes A. niger [19], as safe.

Potassium (K) is the key essential macronutrient for biological growth and develop-
ment [20]. However, plants take up K from the soil solution as K ions, and the quantities
of soluble K in soil are usually very low, while most of the K in soil are rocks, minerals,
and other deposits that are not soluble [21,22]. Despite these sources making up the largest
pools of K in soil, under suitable conditions, they can be dissolved and become accessible
for plants. Calcareous soils, however, have minor content (<150 mg kg−1 soil) of available K,
reflecting their deficiency [21]. Microorganisms are vital in the natural K cycle [23,24]. Some
fungal strains possess the capacity to dissolve rock potassium and potassium aluminum
silicate [25]. Filamentous fungal species, especially those from Aspergillus and Penicillium,
produce large amounts of organic acids and have a key role in the K cycle by dissolving
insoluble substrates containing K [26,27]. These findings support the use of K-dissolving
fungi to dissolve native K minerals in the soil in an environmentally friendly and more
sustainable approach [28]. Furthermore, microorganisms including many K-dissolving
fungi can enhance plant growth by secreting phytohormones such as indole-3-acetic acid
(IAA) [29]. Therefore, the interaction between applied P or K fertilizers and soil minerals
results in low nutrient use efficiency [30].

However, to meet plant nutrient requirements in calcareous soils, huge quantities
of mineral fertilizers must be used, creating an economic and environmental risk [31].
However, to achieve sustainability of arable lands and to replenish the productivity of
such degraded soils, it is critical to adopt ecofriendly and cost-effective solutions for the
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efficient exploitation of P and K fertilizers. Aspergillus niger is a multipurpose fungus
involved in the solubilization of K and P [32] as well as the stimulation of phytohor-
mone biosynthesis [33,34]. Application of A. niger exhibited improvements in soil quality,
microbial community, and lettuce yield in barrier soil [35]. A. niger can dissolve many
elements such as P, K+, Ca2+, and other elements present in rocks and minerals, releasing
them in a form that is easily absorbed by plants. In addition, A. niger was found to be
synthesized in plant growth-promoting and growth-protecting molecules such as sesquiter-
penes (β-caryophyllene), IAA, and gibberellins, as well as 2-carboxymethyl-3-hexyl-maleic
anhydride and 2-methylene-3-hexyl-butanedioic acid [34].

Adding compost with nutrient-solubilizing fungi have a positive effect on soil proper-
ties and the availability of nutrients (especially P and K) to plants under calcareous soil
conditions. Compost application on calcareous soil has been described to improve soil
physicochemical properties and intensifies microbial population and its activity [2,36]. It
has also been reported that compost raises soil nutrient availability through decreasing soil
pH, maintains soil health and fertility, and increases crop yields [37,38]. Recently, using
microorganisms with compost as a bioorganic fertilizer outperformed conventional com-
post, which eventually boosted crop yield. Furthermore, microorganism-enriched compost
has increased the soil nutrient availability compared with the unenriched compost [39].
When nutrient-solubilizing microorganisms are added or inoculated with compost, the en-
hanced bio-input obtained offers extra long-term benefits when it is applied to the soil [40].
Therefore, combining application of bioorganic fertilizer (herein; A. niger with compost)
and reduced chemical fertilization promises to reduce the use of mineral K and P fertilizers
in an ecofriendly and more sustainable manner.

Quinoa (Chenopodium quinoa Willd.) is a herbaceous, pseudo-cereal C3 tetraploid
halophyte crop belonging to the Chenopodiaceae family [41,42]. Quinoa grain production
has high economic value due to its composition of protein, oil, essential amino acids,
carbohydrates, fatty acids, vitamins, and minerals. With protein ranges between 11 and 19%,
it plays a vital role in boosting the immune system, thus fighting various diseases [43,44].
The whole quinoa plant can be used as livestock feed, and the leaves can be eaten as
leafy vegetables as a source of nutrients. Despite quinoa’s ability to grow under harsh
conditions [45,46], it is not well known whether or not quinoa can grow effectively in
calcareous soil.

Although many studies have been conducted on compost supplanted with nutrient-
solubilizing microbes, scarce literature is found investigating the influence of compost with
P- and/or K-solubilizing fungi (e.g., A. niger) with different PK levels on agronomic, physio-
biochemical attributes, and seed quality of quinoa seeded in calcareous soil. This study
hypothesized that inoculation of compost with nutrient-solubilizing fungus would improve
quinoa growth and yield under calcareous soil conditions by boosting nutrient acquisition,
osmoprotectants, and antioxidants. It is also expected that integrative application of
PK-solubilizing A. niger could partially substitute PK chemical fertilizer. Therefore, the
current study aimed at investigating the impact of co-application of compost with P-
and K-solubilizing fungus under different mineral PK levels on photosynthetic pigments,
osmolyte and antioxidant accumulation, nutrient acquisition, growth, seed yield, and the
nutritional quality of quinoa under normal and calcareous soil conditions.

2. Results
2.1. Photosynthetic Pigments

The illustrated data in Table S5 reveal that the leaf chlorophylls, carotenoids, and total
photosynthetic pigments were similar during both growing seasons. Regarding the soil
type effect, data exhibited that the plants grown in calcareous soil recorded lower contents
of leaf chlorophyll a, chlorophyll b, total chlorophylls, carotenoids, and total photosynthetic
pigments than those grown in normal soil. Regarding the co-applied PK+C-AN effect,
there was an increase in the aforementioned photosynthetic parameters when increasing
the level of PK plus C-AN, highlighting that the highest values were obtained under
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PK100%+C-AN, while the lowest values were obtained under PK0%+C-AN. In the case of
soil type and PK+C-AN interaction (Table 1), application of PK100%+C-AN to quinoa plants
grown in normal soil resulted in the highest values of chlorophyll a, total chlorophylls,
carotenoids, and total photosynthetic pigments, whereas the application of PK0%+C-AN
to plants grown in calcareous soil resulted in the lowest values. However, application
of A. niger with compost and reduced PK fertilization (75 or 50% of PK) and reversed
the negative impacts of calcareous soil on quinoa plants by increasing chlorophyll a by
24.8 or 17.4%, total chlorophylls by 25.1 or 17.1%, carotenoids by 26.5 or 14.5%, and total
photosynthetic pigments by 25.4 or 16.7% compared to the plants treated with PK0%+C-AN.
They also recorded similar or higher values to the quinoa plants treated only with full PK
fertilization (PK100%) in normal soil (Table 1).

Table 1. Interactive effect of soil type (ST) and compost with phosphate (P)–potassium (K)-solubilizing
Aspergillus niger (PK+C-AN) level on leaf chlorophylls, and carotenoids of quinoa grown in (SI)
2021/22 and (SII) 2022/23 winter seasons.

ST PK+C-AN
Chl a Chl b Total Chl Carotenoids TPP

(mg cm−2)

Nor

PK100% 27.0 ± 0.4 cd 5.39 ± 0.27 a 32.4 ± 0.4 e 9.03 ± 0.16 ab 41.4 ± 0.5 de
PK100%+C-AN 34.3 ± 0.4 a 7.64 ± 0.29 a 41.9 ± 0.5 a 9.48 ± 0.28 a 51.4 ± 0.7 a
PK75%+C-AN 28.7 ± 0.6 c 7.37 ± 0.16 a 36.0 ± 0.7 bc 8.57 ± 0.08 bc 44.6 ± 0.7 bc
PK50%+C-AN 27.6 ± 0.5 c 7.15 ± 0.19 a 34.8 ± 0.6 cd 8.41 ± 0.15 c 43.2 ± 0.7 cd
PK25%+C-AN 27.0 ± 0.5 cd 6.93 ± 0.11 a 33.9 ± 0.6 de 8.51 ± 0.17 c 42.4 ± 0.5 d
PK0%+C-AN 22.5 ± 0.3 f 6.01 ± 0.60 a 28.5 ± 0.4 fg 7.92 ± 0.13 d 36.4 ± 0.3 fg

Calc

PK100% 23.6 ± 0.7 ef 4.61 ± 0.36 a 28.2 ± 0.4 g 7.13 ± 0.38 fg 35.3 ± 0.8 gh
PK100%+C-AN 30.6 ± 1.2 b 6.80 ± 0.31 a 37.4 ± 1.0 b 9.01 ± 0.17 ab 46.5 ± 1.1 b
PK75%+C-AN 28.7 ± 0.8 c 5.74 ± 0.21 a 34.4 ± 0.8 cd 8.44 ± 0.14 c 42.9 ± 0.8 cd
PK50%+C-AN 27.0 ± 0.8 cd 5.25 ± 0.13 a 32.2 ± 0.8 e 7.64 ± 0.11 de 39.9 ± 0.8 e
PK25%+C-AN 25.2 ± 0.5 de 4.96 ± 0.11 a 30.2 ± 0.5 f 7.36 ± 0.16 ef 37.6 ± 0.4 f
PK0%+C-AN 23.0 ± 0.3 f 4.56 ± 0.14 a 27.5 ± 0.4 g 6.67 ± 0.17 g 34.2 ± 0.3 h

p-value for ST × PK+C-AN 0.007 ** 0.073 ns 0.047 * <0.001 ** 0.016 *

Values are means ± standard error (n = 3). * and ** indicate differences at p ≤ 0.05 and p ≤ 0.01 probability level,
respectively. ns = no significant difference. Mean values for each factor followed by the same lowercase letter in
each column are not significantly different according to the Duncan test (p ≤ 0.05). PK100% = 72 kg P2O5 ha−1 +
60 kg K2O ha−1, PK75% = 54 kg P2O5 ha−1 + 45 kg K2O ha−1, PK50% = 36 kg P2O5 ha−1 + 30 kg K2O ha−1,
PK25% = 18 kg P2O5 ha−1 + 15 kg K2O ha−1, PK0% = 0 kg P2O5 ha−1 + 0 kg K2O ha−1, and compost was added
with a rate of 20 t ha−1. Normal (Nor), calcareous (Calc), chlorophyll a (Chl a), chlorophyll b (Chl b), total
chlorophyll (Total Chl), and total photosynthetic pigments (TPP).

2.2. Total Soluble Proteins, Osmoregulatory Compounds, and Nonenzyme Antioxidants

In both seasons, the total soluble proteins, total soluble sugars, proline, reduced
glutathione (rGSH), ascorbic acid (AsA), total phenolics, and total antioxidant activity in
quinoa leaves were at similar levels (Table S6). As for soil type, quinoa plants grown under
calcareous soil had higher concentrations of total soluble proteins, total soluble sugars,
AsA, and total antioxidant activity compared to those grown under normal soil that had
higher rGSH and total phenolics contents. With respect to the PK+C-AN effect, it was
observed that there is a general trend of increasing the contents of total soluble proteins,
total soluble sugars, proline, rGSH, AsA, total phenolics, and total antioxidant activity in
line with increasing the PK level when fortified with the C-AN (Figure 1). In this regard, the
highest and the lowest values of the abovementioned biochemical attributes corresponded
with the PK100%+C-AN and PK0%+C-AN treatments, respectively. Application of PK
plus C-AN generated a stimulatory action on the quinoa plant cultivated in calcareous
soil. Contextually, highlighting that PK75%+C-AN- or PK50%+C-AN-treated calcareous
soil showed higher total soluble proteins (50.0 or 42.6%), total soluble sugars (31.4 or
14.4%), proline (37.3 or 31.0%), rGSH (16.5 or 7.5%), AsA (11.4 or 4.0%), total phenolics
(10.0 or 36%), and total antioxidant activity (54.2 or 44.7%), respectively, compared to the
PK0%+C-AN treatment. Additionally, at reduced PK fertilization (75 or 50%), compost with
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A. niger increased osmoprotectants and antioxidants more than those recorded under full
PK fertilization without C-AN application in calcareous soil (Figure 1).
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Figure 1. Interactive effect of soil type (ST) and compost with phosphate (P)–potassium (K)-
solubilizing Aspergillus niger (PK+C-AN) level on leaf biochemical attributes, e.g., (a) total soluble
proteins (TSPs), (b) total soluble sugars (TSSs), (c) free proline (FPro), (d) reduced glutathione (rGSH),
(e) ascorbic acid (AsA), (f) total phenolics (TPs), and (g) 2,2-diphenyl-1-picrylhydrazyl-scavenging
activity (DPPH-SA). PK100% = 72 kg P2O5 ha−1 + 60 kg K2O ha−1, PK75% = 54 kg P2O5 ha−1 + 45 kg
K2O ha−1, PK50% = 36 kg P2O5 ha−1 + 30 kg K2O ha−1, PK25% = 18 kg P2O5 ha−1 + 15 kg K2O ha−1,
PK0% = 0 kg P2O5 ha−1 + 0 kg K2O ha−1, and compost was added with a rate of 20 t ha−1. Normal
(Nor) and calcareous (Calc). Each bar is expressed as the mean ± standard error of the mean (n = 3).
Bars labeled with same letters are not significantly different according to the Duncan test (p ≤ 0.05).
Values based on average of 2021/22 and 2022/23 seasons.
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2.3. Quinoa Leaf Nutrient Contents

Data of quinoa leaf macro- and micronutrient analysis in response to growing season,
soil type, PK+C-AN application, and soil type and PK+C-AN interaction are illustrated in
Table S7. The N, K+, and Fe2+ acquisitions in quinoa were higher in the SI season, while
the Mn2+ was higher in the quinoa plant grown during SII. The contents of N, P, K+, Ca2+,
Fe2+, Zn2+, and Mn2+ were higher in quinoa leaves grown in normal soil than in calcareous
soil. Regarding the PK+C-AN level, a significant increase in macro- and micronutrient
acquisition was observed, corresponding to an increase in the PK level plus C-AN. As for
soil type and PK+C-AN level interaction, adding PK100%+C-AN under normal soil resulted
in the maximum nutrient acquisition, while adding PK0%+C-AN under calcareous soil
achieved the lowest values of nutrient acquisition. Calcareous soil treated with PK75%+C-
AN or PK50%+C-AN increased the contents of N by 6.6 or 5.4%, P by 28.5 or 23.7%, K+ by
22.0 or 12.5%, Ca2+ by 46.6 or 38.3%, Fe2+ by 7.8 or 7.1%, Zn2+ by 6.5 or 6.2%, and Mn2+ by
7.1 or 7.2% compared to the PK0%+C-AN treatment, and also recorded higher values than
the PK100% treatment (Figure 2).

2.4. Seed Quality

In the case of soil type effect, seeds of quinoa plant grown in normal soil had higher
protein, fiber, total phenolic compounds, total flavonoid compounds, and half maximal
inhibitory concentration whereas those grown in calcareous soil recorded higher ash, lipid,
water-soluble carbohydrates, and antiradical power (Tables S8 and S9). As for PK+C-AN
level, the highest seed protein, ash, fiber, and water-soluble carbohydrates corresponded to
the PK25%+C-AN, PK100%+C-AN, PK0%+C-AN, and PK100% treatment, respectively, while
the seed lipid content was not varied by the PK+C-AN level. Additionally, the total phenolic
compounds, total flavonoid compounds, and half maximal inhibitory concentration were
significantly increased with increasing PK+C-AN level.

As for soil type and PK+C-AN level interaction, the seeds of quinoa plant grown
in normal soil and treated with PK100%+C-AN had the highest protein content, while
the highest ash contents were observed from the seeds obtained from the plant treated
with PK100%+C-AN under calcareous soil. The maximum seed lipid and fiber content
corresponded to the plant treated with PK25%+C-AN and PK0%+C-AN under normal soil
as well as the greatest amount of water-soluble carbohydrates (Table 2). The highest values
of total phenolic compounds, total flavonoid compounds, and half maximal inhibitory
concentration were obtained under normal soil × PK100%+C-AN treatment while the
highest value of antiradical power was obtained under calcareous soil × PK100%+C-AN
treatment (Table 3). In comparison to the PK0%+C-AN treatment, quinoa plants grown
under calcareous soil treated with PK75%+C-AN or PK50%+C-AN generated positive results
such as increased total phenolic compounds, total flavonoid compounds, half maximal
inhibitory concentration, and antiradical power by 32.6 or 34.4%, 64.4 or 37.0%, 40.6 or
34.4%, and 36.1 or 27.3%, respectively (Table 3).
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(K)-solubilizing Aspergillus niger (PK+C-AN) level on leaf nutrients, e.g., nitrogen—N (a),
phosphorus—P (b), potassium—K+ (c), calcium—Ca2+ (d), iron—Fe2+ (e), zinc—Zn2+ (f), and
manganese—Mn2+ (g) contents. PK100% = 72 kg P2O5 ha−1 + 60 kg K2O ha−1, PK75% = 54 kg
P2O5 ha−1 + 45 kg K2O ha−1, PK50% = 36 kg P2O5 ha−1 + 30 kg K2O ha−1, PK25% = 18 kg P2O5 ha−1

+ 15 kg K2O ha−1, PK0% = 0 kg P2O5 ha−1 + 0 kg K2O ha−1, and compost was added with a rate of
20 t ha−1. Normal (Nor) and calcareous (Calc). Each bar is expressed as the mean ± standard error
of the mean (n = 3). Bars labeled with same letters are not significantly different according to the
Duncan test (p ≤ 0.05). Values based on average of 2021/22 and 2022/23 seasons.
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Table 2. Interactive effect of soil type (ST) and compost with phosphate (P)–potassium (K)-solubilizing
Aspergillus niger (PK+C-AN) level on proximate chemical composition of quinoa’s seeds grown in (SI)
2021/22 and (SII) 2022/23 winter seasons.

ST PK+C-AN
Crude Protein Ash Crude Lipid Crude Fiber Carbohydrates

(%)

Nor

PK100% 14.7 ± 0.10 f 2.61 ± 0.03 e 6.35 ± 0.15 a–c 3.57 ± 0.04 f 64.5 ± 0.44 f
PK100%+C-AN 16.1 ± 0.12 a 3.20 ± 0.07 c 6.48 ± 0.15 ab 3.61 ± 0.04 e 62.4 ± 0.52 i
PK75%+C-AN 15.2 ± 0.11 d 2.91 ± 0.06 d 6.55 ± 0.15 ab 3.70 ± 0.04 d 63.9 ± 0.46 g
PK50%+C-AN 15.4 ± 0.11 c 2.97 ± 0.04 d 6.45 ± 0.22 ab 3.82 ± 0.04 c 63.1 ± 0.47 h
PK25%+C-AN 15.6 ± 0.11 b 2.41 ± 0.03 f 6.59 ± 0.25 a 4.00 ± 0.04 b 63.3 ± 0.47 h
PK0%+C-AN 14.9 ± 0.10 e 1.48 ± 0.10 h 6.13 ± 0.15 c–e 4.13 ± 0.05 a 65.2 ± 0.43 e

Calc

PK100% 11.9 ± 0.08 k 2.00 ± 0.03 g 5.90 ± 0.14 e 3.24 ± 0.04 l 71.1 ± 0.35 a
PK100%+C-AN 12.4 ± 0.13 j 3.67 ± 0.04 a 6.03 ± 0.14 de 3.27 ± 0.04 k 68.5 ± 0.40 b
PK75%+C-AN 13.3 ± 0.11 i 3.34 ± 0.04 b 6.03 ± 0.14 de 3.36 ± 0.04 j 67.7 ± 0.39 cd
PK50%+C-AN 13.4 ± 0.09 i 2.94 ± 0.03 d 5.87 ± 0.15 e 3.40 ± 0.04 i 68.1 ± 0.37 bc
PK25%+C-AN 13.6 ± 0.10 h 2.60 ± 0.06 e 6.15 ± 0.15 c–e 3.74 ± 0.04 h 68.3 ± 0.37 b
PK0%+C-AN 14.0 ± 0.10 g 2.57 ± 0.05 e 6.28 ± 0.15 b–d 3.52 ± 0.04 g 67.6 ± 0.39 d

p-value for ST × PK+C-AN <0.001 ** <0.001 ** 0.003 ** <0.001 ** <0.001 **

Values are means ± standard error (n = 3). ** indicates difference at p ≤ 0.01 probability level. Mean values for
each factor followed by the same lowercase letter in each column are not significantly different according to the
Duncan test (p ≤ 0.05). PK100% = 72 kg P2O5 ha−1 + 60 kg K2O ha−1, PK75% = 54 kg P2O5 ha−1 + 45 kg K2O ha−1,
PK50% = 36 kg P2O5 ha−1 + 30 kg K2O ha−1, PK25% = 18 kg P2O5 ha−1 + 15 kg K2O ha−1, PK0% = 0 kg P2O5 ha−1

+ 0 kg K2O ha−1, and compost was added with a rate of 20 t ha−1. Normal (Nor) and calcareous (Calc).

Table 3. Interactive effect of soil type (ST) and compost with phosphate (P)–potassium (K)-solubilizing
Aspergillus niger (PK+C-AN) level on phytochemicals and antioxidant activity of quinoa’s seeds grown
in (SI) 2021/22 and (SII) 2022/23 winter seasons.

ST PK+C-AN
TPC TFC

IC50 (mg mL−1) ARP
(mg 100−1 g Dry Seed)

Nor

PK100% 66.0 ± 0.53 f 26.2 ± 0.38 f 0.43 ± 0.00 e 2.08 ± 0.02 g
PK100%+C-AN 84.0 ± 0.56 a 44.5 ± 0.41 a 0.54 ± 0.01 a 2.78 ± 0.05 c
PK75%+C-AN 74.9 ± 0.50 c 39.6 ± 0.41 b 0.50 ± 0.01 b 2.40 ± 0.04 d
PK50%+C-AN 75.4 ± 0.52 c 33.7 ± 0.41 d 0.47 ± 0.01 c 2.42 ± 0.03 d
PK25%+C-AN 69.9 ± 0.52 d 30.4 ± 0.32 e 0.43 ± 0.01 e 2.21 ± 0.03 ef
PK0%+C-AN 53.6 ± 0.36 i 30.0 ± 0.28 e 0.37 ± 0.01 f 1.91 ± 0.03 h

Calc

PK100% 57.1 ± 0.43 h 23.6 ± 0.55 g 0.35 ± 0.00 g 2.28 ± 0.02 e
PK100%+C-AN 77.7 ± 0.52 b 43.6 ± 0.44 a 0.48 ± 0.01 c 3.21 ± 0.03 a
PK75%+C-AN 68.3 ± 1.24 e 36.0 ± 1.12 c 0.45 ± 0.00 d 2.94 ± 0.03 b
PK50%+C-AN 69.2 ± 0.72 de 30.0 ± 0.27 e 0.43 ± 0.00 e 2.75 ± 0.03 c
PK25%+C-AN 63.6 ± 0.43 g 25.1 ± 0.30 f 0.38 ± 0.00 f 2.42 ± 0.03 d
PK0%+C-AN 51.5 ± 0.35 j 21.9 ± 0.27 h 0.32 ± 0.00 h 2.16 ± 0.02 f

p-value for ST × PK+C-AN <0.001 ** <0.001 ** 0.005 ** <0.001 **

Values are means ± standard error (n = 3). ** indicates difference at p ≤ 0.01 probability level. Mean values for
each factor followed by the same lowercase letter in each column are not significantly different according to the
Duncan test (p ≤ 0.05). PK100% = 72 kg P2O5 ha−1 + 60 kg K2O ha−1, PK75% = 54 kg P2O5 ha−1 + 45 kg K2O ha−1,
PK50% = 36 kg P2O5 ha−1 + 30 kg K2O ha−1, PK25% = 18 kg P2O5 ha−1 + 15 kg K2O ha−1, PK0% = 0 kg P2O5 ha−1

+ 0 kg K2O ha−1, and compost was added with a rate of 20 t ha−1. Normal (Nor), calcareous (Calc), total phenolic
compounds (TPC), total flavonoid compounds (TFC), half maximal inhibitory concentration (IC50), and antiradical
power (ARP).

Calcareous soil had a negative impact on the mineral contents of quinoa seeds, given
that the P, K+, Ca2+, Mg2+, Na+, Fe2+, and Zn2+ levels significantly decreased compared
to quinoa grown in normal soil. Regardless of soil type, increasing the level of PK+C-AN
significantly increased seed’s mineral content (Table S10). Under calcareous soil, appli-
cation of high PK+C-AN levels mediated ameliorating impact on quinoa plant (Table 4).
Additionally, the PK75%+C-AN or PK50%+C-AN treatments, under calcareous soil condi-
tions, significantly (except for Ca2+) increased the aforementioned seed mineral content by
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82.6 or 73.9%, 22.3 or 12.3%, 50.5 or 47.6%, 21.2 or 13.6%, 62.5 or 50.0%, and 19.5 or 17.1%,
respectively, compared to the PK0%+C-AN treatment (Table 4).

Table 4. Interactive effect of soil type (ST) and compost with phosphate (P)–potassium (K)-solubilizing
Aspergillus niger (PK+C-AN) level on seed mineral (i.e., phosphorus—P; potassium—K+; calcium—
Ca2+; magnesium—Mg2+, sodium—Na2+, iron—Fe2+, and zinc—Zn2+) contents of quinoa grown in
(SI) 2021/22 and (SII) 2022/23 winter seasons.

ST PK+C-AN
P K+ Ca2+ Mg2+ Na+ Fe2+ Zn2+

(g 100−1 g Dry Seed)

Nor

PK100% 0.35 ± 0.00 ef 2.52 ± 0.02 g 1.63 ± 0.02 a 0.84 ± 0.05 e 0.30 ± 0.01 c 0.92 ± 0.02 h 0.46 ± 0.01 e
PK100%+C-AN 0.48 ± 0.01 a 3.19 ± 0.11 a 1.95 ± 0.04 a 1.42 ± 0.12 a 0.37 ± 0.02 a 1.15 ± 0.08 a 0.50 ± 0.01 a
PK75%+C-AN 0.44 ± 0.01 b 2.70 ± 0.03 c 1.74 ± 0.02 a 1.08 ± 0.12 b 0.34 ± 0.01 b 1.01 ± 0.02 c 0.49 ± 0.01 b
PK50%+C-AN 0.42 ± 0.00 c 2.64 ± 0.02 e 1.69 ± 0.02 a 0.87 ± 0.07 c 0.30 ± 0.00 c 0.95 ± 0.00 f 0.47 ± 0.01 c

PK25%+C-AN 0.33 ± 0.00 f 2.59 ± 0.00 f 1.49 ± 0.03 a 0.84 ± 0.07
de 0.29 ± 0.00 d 0.89 ± 0.01 i 0.47 ± 0.01 c

PK0%+C-AN 0.27 ± 0.01 h 2.30 ± 0.04 i 1.23 ± 0.02 a 0.63 ± 0.01 k 0.25 ± 0.01 g 0.86 ± 0.01 j 0.43 ± 0.00 g

Calc

PK100% 0.36 ± 0.01 e 2.21 ± 0.02 k 1.42 ± 0.02 a 0.68 ± 0.04 i 0.21 ± 0.02 j 0.82 ± 0.01 k 0.45 ± 0.00 f
PK100%+C-AN 0.47 ± 0.00 a 2.89 ± 0.01 b 1.72 ± 0.03 a 0.85 ± 0.04 d 0.28 ± 0.01 e 1.08 ± 0.04 b 0.47 ± 0.00 c
PK75%+C-AN 0.42 ± 0.01 c 2.69 ± 0.08 d 1.55 ± 0.02 a 0.80 ± 0.05 f 0.26 ± 0.00 f 0.98 ± 0.03 d 0.46 ± 0.00 d
PK50%+C-AN 0.40 ± 0.01 d 2.47 ± 0.03 h 1.52 ± 0.02 a 0.75 ± 0.02 g 0.24 ± 0.01 h 0.96 ± 0.01 e 0.45 ± 0.00 ef
PK25%+C-AN 0.30 ± 0.01 g 2.22 ± 0.03 j 1.38 ± 0.02 a 0.70 ± 0.02 h 0.22 ± 0.01 i 0.94 ± 0.01 g 0.46 ± 0.01 e
PK0%+C-AN 0.23 ± 0.01 i 2.20 ± 0.00 k 1.03 ± 0.02 a 0.66 ± 0.02 j 0.16 ± 0.03 k 0.82 ± 0.00 k 0.44 ± 0.01 g

p-value for ST × PK+C-AN <0.001 ** <0.001 ** 0.220 ns <0.001 ** <0.001 ** <0.001 ** <0.001 **

Values are means ± standard error (n = 3). ** indicates difference at p ≤ 0.01 probability level. ns = no sig-
nificant difference. Mean values for each factor followed by the same lowercase letter in each column are not
significantly different according to the Duncan test (p ≤ 0.05). PK100% = 72 kg P2O5 ha−1 + 60 kg K2O ha−1,
PK75% = 54 kg P2O5 ha−1 + 45 kg K2O ha−1, PK50% = 36 kg P2O5 ha−1 + 30 kg K2O ha−1, PK25% = 18 kg P2O5 ha−1

+ 15 kg K2O ha−1, PK0% = 0 kg P2O5 ha−1 + 0 kg K2O ha−1, and compost was added with a rate of 20 t ha−1.
Normal (Nor) and calcareous (Calc).

2.5. Microbial Community

The total population of phosphate-solubilizing microorganisms and Azotobacter sp. in
the rhizosphere soil of quinoa were higher in normal soil than in calcareous soil (Table S11).
The highest phosphate-solubilizing microorganisms corresponded to the PK0%+C-AN level,
while the highest Azotobacter sp. quantity was observed in PK100%+C-AN (Table S11). A
significant interaction was observed when adding PK+C-AN in both soil types. The highest
phosphate-solubilizing microorganisms were found in calcareous soil at PK0%+C-AN levels,
whereas higher PK+C-AN levels did not produce any activity, compared to when applied
in normal soil. The highest Azotobacter sp. population was observed under PK100%+C-AN
followed by PK75%+C-AN then PK50%+C-AN in normal soil (Figure 3).

2.6. Quinoa’s Growth, Yield and Yield-Related Attributes, and Harvest Index

Calcareous soil significantly decreased quinoa plant height, hectoliter weight, seed
yield, and biological yield, but resulted in higher HI in comparison to plant grown under
normal plant (Table S11). Statistical analysis showed significant increase in the plant
height, hectoliter weight, seed yield, and biological yield when increasing the PK+C-AN
level. The HI was lower in the PK25%+C-AN treatment, while the other levels recorded
similar results (Table S11). There were significant differences in the plant height, plant
dry weight, hectoliter weight, seed yield, and biological yield between PK+C-AN levels
under calcareous and normal soil (Table 5). The application of PK100%+C-AN in normal
soil and PK0%+C-AN in calcareous soil yielded the highest and lowest values of all growth
and yield parameters, respectively. At reduced PK fertilization, co-application of A. niger
and compost in calcareous soil generated positive results, with similar or higher recorded
values to the PK100% in normal soil. Also, they increased plant height by 11.7 or 10.5%,
hectoliter weight by 3.0 or 2.4%, seed yield by 49.1 or 39.5%, and biological yield by 43.4 or
33.6%, respectively, compared to the application of PK0%+C-AN in calcareous soil (Table 5).
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Figure 3. Interactive effect of soil type (ST) and compost with phosphate (P)–potassium (K)-
solubilizing Aspergillus niger (PK+C-AN) level on total microbial community, e.g., (a) phosphorus-
solubilizing microorganisms (PSMs) and (b) Azotobacter sp. at the end of experiment in rhizosphere
soil of quinoa grown in (SI) 2021/22 and (SII) 2022/23 winter seasons. PK100% = 72 kg P2O5 ha−1

+ 60 kg K2O ha−1, PK75% = 54 kg P2O5 ha−1 + 45 kg K2O ha−1, PK50% = 36 kg P2O5 ha−1 + 30 kg
K2O ha−1, PK25% = 18 kg P2O5 ha−1 + 15 kg K2O ha−1, PK0% = 0 kg P2O5 ha−1 + 0 kg K2O ha−1,
and compost was added with a rate of 20 t ha−1. Normal (Nor) and calcareous (Calc). Each bar is
expressed as the mean± standard error of the mean (n = 3). Bars labeled with same letters are not
significantly different according to the Duncan test (p ≤ 0.05). Values based on average of 2021/22
and 2022/23 seasons.
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Table 5. Effect of soil type, compost with phosphate (P)–potassium (K)-solubilizing Aspergillus niger
(PK+C-AN) level, and their interaction on yield and yield-related attributes of quinoa grown in (SI)
2021/22 and (SII) 2022/23 winter seasons.

ST PK+C-AN
Plant Height
(cm)

Plant Dry
Weight (g) HW (kg hL−1)

Seed Yield Biological Yield
HI (%)

(t ha−1)

Nor

PK100% 96.8 ± 1.3 d 26.5 ± 0.2 c 67.6 ± 0.4 fg 2.24 ± 0.04 e 4.95 ± 0.24 d 45.7 ± 1.9 a
PK100%+C-AN 112.5 ± 1.3 a 39.3 ± 0.4 a 70.1 ± 0.5 b 3.27 ± 0.05 a 7.70 ± 0.20 a 42.6 ± 1.8 a
PK75%+C-AN 109.8 ± 1.0 b 29.9 ± 0.8 b 69.3 ± 0.5 b–d 3.20 ± 0.04 a 6.96 ± 0.26 b 46.1 ± 1.4 a
PK50% + C-AN 108.8 ± 0.7 b 26.5 ± 0.2 c 68.5 ± 0.5 d–f 3.01 ± 0.06 b 6.64 ± 0.43 b 46.3 ± 3.2 a
PK25%+C-AN 107.3 ± 0.8 bc 24.2 ± 0.4 d 68.2 ± 0.4 e–g 2.01 ± 0.09 f 5.42 ± 0.25 c 37.4 ± 1.8 a
PK0%+C-AN 104.8 ± 1.0 c 23.7 ± 0.5 d 66.5 ± 0.5 h 1.76 ± 0.05 g 4.21 ± 0.27 ef 42.5 ± 1.9 a

Calc

PK100% 80.3 ± 1.0 g 13.0 ± 0.4 i 67.6 ± 0.6f g 1.57 ± 0.04 h 3.01 ± 0.04 g 52.3 ± 1.5 a
PK100%+C-AN 93.0 ± 1.4 e 21.2 ± 0.5 e 72.4 ± 1.03 a 2.50 ± 0.07 c 4.79 ± 0.04 d 52.2 ± 1.0 a
PK75%+C-AN 91.8 ± 1.3 e 19.0 ± 0.2 f 69.4 ± 0.1 bc 2.43 ± 0.07 cd 4.56 ± 0.10 de 53.3 ± 0.8 a
PK50%+C-AN 90.8 ± 1.5 ef 17.2 ± 0.4 g 69.0 ± 0.5 c–e 2.27 ± 0.07 de 4.25 ± 0.11 ef 53.7 ± 1.8 a
PK25%+C-AN 88.3 ± 1.8 f 16.2 ± 0.3 h 68.4 ± 0.4 d–f 2.12 ± 0.15 ef 4.02 ± 0.19 f 52.4 ± 1.3 a
PK0%+C-AN 82.2 ± 1.0 g 12.4 ± 0.2 i 67.4 ± 0.2 g 1.63 ± 0.09 gh 3.18 ± 0.10 g 51.3 ± 2.8 a

p-value for ST × PK+C-AN 0.034 * <0.001 ** 0.002 ** <0.001 ** <0.001 ** 0.077 ns

Values are means ± standard error (n = 3). * and ** indicate differences at p ≤ 0.05 and p ≤ 0.01 probability level,
respectively. ns = no significant difference. Mean values for each factor followed by the same lowercase letter in
each column are not significantly different according to the Duncan test (p ≤ 0.05). PK100% = 72 kg P2O5 ha−1

+ 60 kg K2O ha−1, PK75% = 54 kg P2O5 ha−1 + 45 kg K2O ha−1, PK50% = 36 kg P2O5 ha−1 + 30 kg K2O ha−1,
PK25% = 18 kg P2O5 ha−1 + 15 kg K2O ha−1, PK0% = 0 kg P2O5 ha−1 + 0 kg K2O ha−1, and compost was added
with a rate of 20 t ha−1. Hectoliter weight (HW) and harvest index (HI).

2.7. Relationship among Applied Treatments and Studied Attributes

Principal component analysis was carried out to study the relationship between
applied treatments and studied attributes (Figure 4). The first two principal components
described 81.6% of the variability. The PC1 displayed 62.2% of the variation and was
correlated to soil type (i.e., normal and calcareous; Figure 4). The PC1 divided the applied
treatments based on soil type into two groups; treatments in the normal soil were located
on the positive side while those of Calc soil were situated on the negative side. On the
other hand, PC2 exhibited 19.4% of the variation and was related to mineral PK fertilization
combined with C-AN at both soil types. Treatments of mineral PK fertilization combined
with C-AN in normal soil were located at the bottom part of PC2 while those of Calc
soil were located at the top. The increase in mineral PK fertilization from 0 to 100%
corresponded with PC2 from the bottom to the top at both sections of soil type. The
best treatments were assigned for T8 (PK100%+C-AN) followed by T9 (PK75%+C-AN) in
calcareous soil and T2 (Nor+PK100%+C-AN) followed by T3 (PK75%+C-AN) in normal soil.
The adjacent vectors of studied characters reflected a positive correlation with each other.
Quinoa seed yield and its related-attributes (e.g., PLH, PDW, HW, and BioY) displayed a
strong relationship with photosynthetic pigments (e.g., chl a, chl b, total chl, carotenoids,
TPP), leaf nutrients (e.g., N, P, K+, Ca2+, Fe2+, Zn2+, and Mn2+), and bacterial (e.g., PSMs
and Azotobacter sp.) count in soil. Otherwise, seed yield and its related attributes exhibited
a negative correlation with osmoprotectants and nonenzymatic antioxidants (e.g., TSPs,
TSSs, FPro, rGSH, AsA, and TPs), as well as DPPH-SA.

The Pearson correlation coefficients, which are displayed in the correlogram found
in Figure 5, were calculated to find out the level of association among selected attributes
of quinoa plants based on the data obtained from the interaction of soil type and bio-
organo-mineral treatments as averaged over both seasons. Significant, whether positive
or negative with a p-value ≤ 0.05, or nonsignificant correlations were noticed between
SY and each of the other chosen quinoa crop attributes. The SY had significant (p ≤ 0.05)
positive correlations with each of the photosynthetic pigments (e.g., Chl a, Chl b, total chl,
carotenoids, and TPP), osmoprotectants and nonenzymatic antioxidants (e.g., TSPs, rGSH,
and TPs), leaf nutrients (e.g., N, P, K+, Ca2+, Fe2+, Zn2+, and Mn2+), soil Azotobacter sp.
population count, and seed yield-related attributes (e.g., PLH, PDW, HW, and BioY), while
being nonsignificantly negatively correlated with HI.
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Figure 4. Principal component biplot (PCA) for applied treatments (soil type + bio-organo-mineral ap-
plications) and studied attributes. T1: Nor + PK100% = the normal soil received the full recommended
dose (FRD) of phosphorus (P) and potassium (K) fertilizers; T2: Nor + PK100%+C-AN = the normal
soil received PK100% + 20 t compost ha−1 + PK-solubilizing Aspergillus niger; T3: Nor + PK75%+C-AN
= the normal soil received 75% out of FRD of P and K fertilizers + 20 t compost ha−1 + PK-solubilizing
Aspergillus niger; T4: Nor + PK50%+C-AN = the normal soil received 50% out of FRD of P and K
fertilizers + 20 t compost ha−1 + PK-solubilizing Aspergillus niger; T5: Nor + PK25%+C-AN = the
normal soil received 25% out of FRD of P and K fertilizers + 20 t compost ha−1 + PK-solubilizing
Aspergillus niger; T6: Nor + PK0%+C-AN = neither P nor mineral K fertilizer was added to the
tested normal soil; T7: Calc + PK100% = the calcareous soil received FRD of P and K fertilizers; T8:
Calc + PK100%+C-AN = the calcareous soil received PK100% + 20 t compost ha−1 + PK-solubilizing
Aspergillus niger; T9: Calc + PK75%+C-AN = the calcareous soil received 75% out of FRD of P and K
fertilizers + 20 t compost ha−1 + PK-solubilizing Aspergillus niger; T10: Calc + PK50%+C-AN = the
calcareous soil received 50% out of FRD of P and K fertilizers + 20 t compost ha−1 + PK-solubilizing
Aspergillus niger; T11: Calc + PK25%+C-AN = the calcareous soil received 25% out of FRD of P and
K fertilizers + 20 t compost ha−1 + PK-solubilizing Aspergillus niger; T12: Calc + PK0%+C-AN =
neither P nor mineral K fertilizer was added to the tested calcareous soil. Chl a: chlorophyll a; Chl b:
chlorophyll b; Total chl: total chlorophyll; TPP: total photosynthetic pigments; TSPs: total soluble
proteins; TSSs: total soluble sugars; Fpro: free proline; rGSH: reduced glutathione; AsA: ascorbic
acid; TPs: total phenolics; DPPH-SA: 2,2-diphenyl-1-picrylhydrazyl-scavenging activity; N: nitrogen;
P: phosphorus; K+: potassium; Ca2+: calcium; Fe2+: iron; Zn2+: zinc; Mn2+: manganese; PSMs:
phosphorus-solubilizing microorganisms; PLH: plant height; PDW: plant dry weight; HW: hectoliter
weight; SY: seed yield; BioY: biological yield; and HI: harvest index. Col.: color. Values based on
average of 2021/22 and 2022/23 seasons. Each dot (•) indicates a treatment number.
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Figure 5. Pairwise comparisons among selected quinoa crop traits based on the data of soil types
× bio-organo-mineral treatments shown in the correlogram are based on Pearson’s correlation
coefficients. The circle color in the correlogram corresponds to the correlation coefficient, wherein
a positive correlation coefficient is closer to 1 (purple end of the scale) and a negative correlation
coefficient is closer to −1 (red end of the scale). The circle size matches the significance level. Chl a:
chlorophyll a; Chl b: chlorophyll b; Total chl: total chlorophyll; TPP: total photosynthetic pigments;
TSPs: total soluble proteins; TSSs: total soluble sugars; Fpro: free proline; rGSH: reduced glutathione;
AsA: ascorbic acid; TPs: total phenolics; DPPH-SA: 2,2-diphenyl-1-picrylhydrazyl-scavenging activity;
N: nitrogen; P: phosphorus; K+: potassium; Ca2+: calcium; Fe2+: iron; Zn2+: zinc; Mn2+: manganese;
PSMs: phosphorus-solubilizing microorganisms; PLH: plant height; PDW: plant dry weight; HW:
hectoliter weight; SY: seed yield; BioY: biological yield; and HI: harvest index. (*) refers to significant
Person’s correlation at p ≤ 0.05. Values based on average of 2021/22 and 2022/23 seasons.

3. Discussion

Calcareous soils are commonly found in arid areas with hot weather, drought, and
low precipitation [2,47]. This soil is characterized by poor hydro- and physicochemical
properties [48,49], as well as low P and K availability [2]; therefore, microorganisms,
particularly bacteria and fungi, help to chelate, acidify, and process P and K into soluble
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forms [50–52]. Hence, the application of compost supplemented with A. niger as a bio-
organic fertilizer and reduced chemical fertilizers could be an important approach for
sustainable agriculture development [53].

In the present study, quinoa plants were cultivated in calcareous soil, leading to physio-
biochemical abnormalities. Quinoa plants responded to the stress induced by calcareous
soil by reducing their photosynthesis pigments and biochemical traits (Tables S5 and S6),
nutrient acquisition (Table S7), and, consequently, dry biomass and seed yield (Table S11).
Similar observations have also been reported in sunflower plants grown in calcareous
soil [54]. Moreover, the incorporation of bioorganic fertilizer into soil has been widely used
to improve its hydrological, physicochemical, and biota properties, as well as nutrients’
availability and crop productivity [55,56]. In this experiment, A. niger was inoculated with
compost, which has the ability to secrete tartaric acid, oxalic acid, and citric acid as well as
dissolve elements in rocks and minerals, releasing the elements in a form that plants can
easily absorb [57].

Our results revealed that the co-application of compost with A. niger as a bioorganic
fertilizer product proportionally saved mineral P and K fertilizers and mitigated the harmful
effect of calcareous soil on quinoa plants. In this context, combined A. niger with compost
and reduced chemical fertilizer (75 or 50% of PK) achieved yields equivalent or superior to
those obtained using full PK fertilizers without bioorganic fertilizers. Our findings were
confirmed by those reported by Qaswar et al. [58], who found that application of organic
amendments (e.g., wheat straw or swine manure) partially substituted NPK chemical
fertilizers and improved soil quality and rice grain yield.

Under calcareous soil, increasing the PK rate plus C-AN enhanced the photosynthetic
pigments. Although, the integrative application of A. niger and compost with reduced PK
fertilization up to 25 or 50% (PK75%+C-AN or PK50%+C-AN) promoted the photosynthetic
pigment contents compared to the application of sole full PK synthesized form. Bioorganic
compost was found to improve root growth via secretion of auxins by microorganisms [31],
along with the compost’s promotion of water holding capacity [48], which increases water
absorption for higher chlorophyll biosynthesis [59]. Furthermore, increased chlorophyll and
carotenoid content may be related to increased nutrient acquisition (Figure 2 and Table S7)
in response to the co-application of compost with A. niger and higher PK fertilization.

It is clear that compost with microorganisms (in this case A. niger) can increase release
elements in the soil and promote nutrient availability for plants in calcareous soil [60].
This was more evident in calcareous soil-treated C-AN, which increased the amount of
osmoprotectants (Fpro, TSSs, and TSPs), nonenzymatic antioxidants (rGSH and AsA), and
DPPH-scavenging activity (Figure 1 and Table S6). In this study, reduced PK fertilizers (75
or 50%) coupled with C-AN enhanced the accumulation of TSPs, FPro, and TSSs compared
to full PK fertilization (PK100%) without C-AN in calcareous soil (Figure 1). These osmolytes
are involved in maintaining cell turgor for osmotic adjustment, facilitating water and nu-
trient uptake, and thus stimulating the biosynthesis of photosynthetic pigments [61–64].
Moreover, accumulation of such compatible solutes together with nonenzymatic antioxi-
dants (e.g., AsA, rGSH, and total phenolics; Figure 1) aids in stabilizing proteins, cellular
membrane structure, and mitigating oxidative damage under stress conditions [49,65,66],
consequently reflected in the increased yield and quality of quinoa. The AsA, rGSH, TPs,
proline, and carotenoids are effective ROS scavengers that can protect stressed quinoa
plant tissues under abiotic stress [67,68], and in this experiment, all increased in line with
increasing PK levels when integrated with compost with A. niger (Tables S5 and S6). Fur-
thermore, quinoa plants cultivated in calcareous soil treated with PK (particularly at higher
levels) and C-AN displayed greater total antioxidant activity (68.6-77.9%) compared to
those fertilized only with PK100%. The total antioxidant activity was analyzed as DPPH
radical scavenging, which is broadly applied to screen antioxidant activity for the inhibition
of lipid peroxidation [69].

Integrative compost with A. niger and higher PK fertilization enhanced the macro-
and micronutrient acquisition in quinoa plant leaves under calcareous soil (Figure 2). In
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this respect, increasing nutrient acquisition may be linked to the impact of application of
bioorganic fertilizers on soil pH, soil biota, and organic matter, boosting the breakdown and
availability of macro- and micronutrients for plant uptake [70,71]. Integrative application
of phosphate-solubilizing microorganisms with poultry manure was found to raise nutrient
availability (i.e., Ca and P) in the calcareous soil [72]. After the addition of A. niger
fermentation broth, the soil’s pH value decreased, and the soil’s effective P, exchangeable
Ca2+, Mg2+, and effective Fe2+, Cu2+, and Zn2+ were efficiently liberated in the low pH
condition, leading to an increase in the amount of nutrient elements present in the soil [58].
Partial exchange of mineral fertilization with organic fertilizers provides more macro- and
micronutrient availability, resulting in stimulated photosynthetic capacity, growth, and
yield of the common bean plant [73].

The improvements in nutrient acquisition by the integrative high PK level and C-
AN were simultaneously associated with higher nutritive contents of quinoa seeds under
calcareous soil, given the increased crude protein, crude lipid, carbohydrate (Table 2), and
mineral contents (Table 4) of quinoa seeds. Moreover, the combination of A. niger with
compost and reduced PK fertilization up to 75% enhanced the total phenolic compounds,
total flavonoid compounds, half maximal inhibitory concentration, and antiradical power of
quinoa seeds produced in calcareous soil (Table 3). Half maximal inhibitory concentration
denotes the amount of a particular inhibitor that is needed to reduce a certain biological
activity by 50%; thus, the higher the half maximal inhibitory concentration value, the less
potent the inhibitor [74]. Additionally, the antiradical potential provides insights into
lipid peroxidation and oxidative processes [75]. Therefore, our results indicated that the
co-application of compost with A. niger plus reduced PK fertilization could enhance the
chemical composition and antioxidant capacity of quinoa seeds grown in calcareous soil.
Our findings are in harmony with the results reported by Youssef and Farag [76], and
Yang et al. [77].

In the current research, the phosphate-solubilizing microorganism population in-
creased in calcareous soil treated with C-AN without PK fertilization, while the Azotobacter
sp. population increased in normal soil treated with high levels of PK fertilization plus
C-AN (Figure 3a and b). Long-term NPK mineral fertilization decreased the community of
phosphate-solubilizing microorganisms compared to long-term manure fertilization, which
increased total carbon and N, regulated the soil pH, and provided favorable conditions for
microorganisms [48,78].

In the present study, at reduced PK fertilization levels (50 or 75%), compost with
inoculated A. niger notably increased the dry biomass accumulation, seed yield, and
biological yield of quinoa plants compared to those only fertilized with mineral PK in
calcareous soil (Table 5). These outcomes might be explained by an increase in osmolytes
and antioxidant accumulation (Figure 1), nutrient acquisition (Figure 2), leading to an
increase in photosynthetic pigments. In this context, our results agree with those reported
by Qaswar et al. [58] on rice and Mohamed et al. [73] on common bean. Coupling poultry
manure or farmyard manure with phosphate-solubilizing microbes elevated the maize
shoot and root biomass over sole mineral source [79].

The current study demonstrated the efficacy of bioorganic fertilizers (in this case,
A. niger with compost) as a valuable strategy for enhancing the performance and nutritive
content of quinoa plants grown in calcareous soil. Therefore, in the future, growers can
reduce P and K chemical fertilization up to 25–50% along with the application of bioorganic
fertilizer for maintaining or even increasing quinoa yield in calcareous soil.

4. Materials and Methods
4.1. Experimental Location and Climatic Conditions

The current study was carried out at the Agriculture Faculty’s Research Farm, Fayoum
province, Egypt (29◦02′ and 29◦35′ N latitudes and 30◦23′ and 31◦05′ E longitudes) during
the 2021/22 and 2022/23 cropping seasons. Based on the aridity index [80], the region has a
semiarid Mediterranean climate characterized by wet winters and arid summers. The main
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agrometeorological data recorded during the quinoa growing seasons (November–May)
in 2021/22 and 2022/23 are presented in Figure S1. Based on their basic properties for
0–0.3 m depth (Table 6), determined according to the methodology described by Klute and
Dirksen [81] and Page et al. [82], two different soils at the experimental sites were selected
to conduct this experiment. The first is normal (i.e., noncalcareous) sandy loam and the
other is calcareous sandy loam (>15% CaCO3 content), which are referred to hereafter as
normal and calcareous, respectively.

Table 6. Initial physicochemical and microbial properties (n = 3) for the upper 0.3 m soil horizon
of both experimental soils (i.e., normal and calcareous) at pre-sowing over both 2021/22 and (SII)
2022/23 winter seasons.

Property Unite
Soil Type

Normal Calcareous

Sand
(%)

79.90 ± 0.72 79.00 ± 0.91
Silt 9.60 ± 0.51 10.10 ± 0.75
Clay 10.50 ± 0.46 10.90 ± 0.42
Texture class S.L S.L
Dry bulk density (g cm−3) 1.65 ± 0.06 1.59 ± 0.04
pH (in 1:2.5 soil: water (w:v) suspension) 7.52 ± 0.03 7.69 ± 0.05
ECe (in soil past (1:2.5, w:v) extract) (dS m−1) 3.56 ± 0.05 3.19 ± 0.05
Cation exchange capacity (meq/100 g soil) 9.35 ± 0.32 9.89 ± 0.45
CaCO3

(%)
6.58 ± 0.07 15.54 ± 0.09

Organic carbon 47.09 ± 0.95 43.60 ± 0.81
Organic matter 0.81 ± 0.02 0.75 ± 0.03

** Exchangeable cations

Ca2+

(meq L−1)

12.89 ± 0.24 17.66 ± 0.33
Mg2+ 9.54 ± 0.36 10.59 ± 0.18
Na+ 11.25 ± 0.18 12.75 ± 0.26
K+ 0.78 ± 0.01 1.00 ± 0.02

** Exchangeable anions

Cl−

(meq L−1)

8.17 ± 0.62 14.21 ± 0.56
SO4

2− 25.07 ± 0.74 21.54 ± 0.66
HCO3

− 1.22 ± 0.03 6.25 ± 0.08
CO3

2− - -

Available soil nutrients

N (%) 0.08 ± 0.01 0.04 ± 0.01
P

(mg kg−1 soil)

7.54 ± 0.10 5.44 ± 0.12
K+ 50.00 ± 1.4 42.08 ± 1.2
Fe2+ 2.20 ± 0.05 2.00 ± 0.06
Mg2+ 4.10 ± 0.22 3.90 ± 0.18
Zn2+ 0.79 ± 0.03 0.70 ± 0.05
Cu2+ 0.51 ± 0.05 0.44 ± 0.06

Total microbial count

PSMs
(cfu × 103 g−1 soil)

0.00 0.00
Azotobacter sp. 2.00 ± 0.46 0.00

** measured in soil paste for soil analysis (1:2.5 soil: water, w/v, respectively) extract. Values are means± standard
error (n = 3). Sandy loam (S.L); Phosphate-solubilizing microorganisms (PSMs).

4.2. Fungi Isolation and Assessment of Its Phosphate and Potassium Solubilizing Ability

Fifteen fungal isolates were obtained from soil samples randomly collected from
normal and calcareous agricultural soils in Fayoum Governorate, Egypt using potato
dextrose agar (PDA) media. Morphologically distinct fungal colonies on the plates were
chosen, purified through repeated culturing, relocated to a new PDA slant, and incubated
at 4 ◦C.
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Screening for phosphate and potassium solubilizing activity of all fungal isolates was
carried out by allowing the fungi to grow on fresh Pikovskaya and Aleksandrov selective
agar media, respectively, for 7 to 10 days at a temperature of 25 ◦C. The formation of a
transparent halo zone surrounding the fungal colonies is indicated their ability to solubilize
tri-calcium phosphate and potassium aluminum silicate, respectively [83,84]. Out of the
15 fungal isolates, the most promising phosphate and potassium solubilizing fungal isolate
was selected based on its higher ability to solubilize phosphate and potassium, expressed as
the solubilization index. The phosphate solubilization index (P-SI) was determined using
the method of Premono et al. [85] and Elias et al. [86] as follows: P-SI = (colony + halo
zone diameter)/colony diameter, while the potassium solubilization index was calculated
via Khandeparkar’s selection ratio (KSR) according to Prajapati and Modi [87] as follows:
KSR = diameter of clearance zone/diameter of fungus colony growth.

4.3. Molecular Identification of the Tested Fungal Isolate

The fungal isolate was cultured in sterile Petri plates containing 20 mL of autoclaved
Czapek’s yeast extract agar (CYA) and incubated at 28 ◦C for 5 days [88]. Patho-gene-spin
DNA/RNA extraction kit (iNtRON Biotechnology Company, Sungnam, Korea) was used
to extract DNA at the Molecular Biology Research Unit, Assiut University, Egypt. The ex-
tracted DNA was kept in a 1.5 mL autoclaved Eppendorf tube prior to shipping to SolGent
Company, Daejeon, Republic of Korea, for polymerase chain reaction (PCR) and rRNA gene
sequencing. The PCR was performed using forward 5′-TCCGTAGGTGAACCTGCGG-3′

(ITS1) and reverse 5′-TCCTCCGCTTATTGATATGC-3′ (ITS4) primers, which were incorpo-
rated into the reaction mixture. The purified PCR product was sequenced with the same
primers with the addition of ddNTPs in the reaction mixture [89,90]. The Basic Local Align-
ment Search Tool (BLAST) available on the National Centre for Biotechnology Information
(NCBI) database was used to analyze the acquired sequences. The phylogenetic sequence
tree (Figure 6) was constructed using MegAlign software version 5.05 (DNA Star, Madison,
WI, USA) according to Tamura et al. [91]. Based on ITS sequences of rDNA, the genomic
sequence of our isolate was deposited in the NCBI GenBank database.

4.4. Preparation of Aspergillus niger Inoculum

Liquid formulations of A. niger were prepared by growing the fungus in potato
dextrose broth. Spore suspension was obtained by mixing vigorously, which was measured
using direct microscopic counting with a hemocytometer [92]. The fungal spore suspension
used as inoculum was adjusted at a 107-spore mL−1 concentration.

4.5. Compost Preparation

Compost was prepared following the entire procedure described by Idrovo-Novillo et al. [93]
with a slight modification using whole plants as raw material instead of plant shoots.
Twenty-five kg of Pelargonium graveolens waste material was well mixed with rice straw
bulking material (0.5 kg) to provide some free air pores within the composted material
required to maintain the aerobic conditions and potassium humate (0.5 kg) in addition
to cattle dung (12 kg) and green Trifolium alexandrinum L. plants (12 kg) as a source of
N element. All these components were well blended, which composed the compost to
a respective extent of 50, 0.5, 0.5, 24, and 24%, respectively. The components were then
composted in a pilot plant using a turning-pile technique in a pile measuring 20 m in
length, 2.5 m in width, and 1.5 m in height. The composting mixture pile was turned
over three times a month during the bio-oxidation stage using a front-end-loader tractor
and regularly sprinkled with water to maintain about 60% (v/w) moisture level. The
composting process lasted from mid-April to mid-July, up to the combined maturation of
all compost materials. The physicochemical properties of the prepared compost used in
this experiment are presented in Table 7.
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Figure 6. Phylogenetic tree of ITS sequences of rDNA from fungal isolate in the present study aligned
with related sequences accessed from the Gen Bank. Phylogenetic tree based on ITS sequences of
rDNA of Aspergillus niger AUMC15937 (red arrow) aligned with closely related sequences accessed
from the GenBank. This strain showed 99.83–100% identity and 99–100% coverage with strain
sequences of the same species. Penicillium chrysogenum is included in the tree as an outgroup
strain. Aspergillus niger AUMC15937 registered in NCBI GenBank under accession no. OR361771.
A. = Aspergillus and P. = Penicillium.

Table 7. The physicochemical characteristics of compost organic amendment used in this study.

Parameter Unite Mean Value ± SE

Bulk density (g cm−3) 0.75 ± 0.09
Moisture content

(%)
38.40 ± 0.93

Water holding pores 25.50 ± 0.65
pH (in 1:2.5 compost: water (w:v) suspension) 7.64 ± 0.05

ECe (dS m−1) 2.10 ± 0.05
CaCO3

(%)
1.65 ± 0.03

Organic carbon 27.06 ± 0.65
Organic matter 46.55 ± 0.70

Carbon/nitrogen ratio 20.81 ± 0.35
Total macro-and micronutrients

N
(%)

1.30 ± 0.03
P 0.95 ± 0.02

K+ 0.84 ± 0.01
Fe+2

(mg kg−1)
0.979 ± 18

Mg2+ 0.469 ± 26
Zn2+ 0.659 ± 33

SE= standard error (n = 3); ECe = electrical conductivity of the compost past extract.
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4.6. Treatments, Experimental Design, and Agronomic Management

The experimental treatments were laid out in the field as a completely randomized
block design (CRBD) replicated thrice. Six treatments were applied in both normal and
calcareous soils, for a total of twelve treatments. The treatments applied in this exper-
iment are bio-organo-mineral applications as follows: (1) PK100%: the soil received the
conventional full recommended dose (FRD) of mineral phosphorus (P) and potassium (K)
fertilizers; (2) PK100%+C-AN: the soil received PK100% + compost at a rate of 20 t ha−1 +
PK-solubilizing A. niger; (3) PK75%+C-AN: the soil received 75% out of conventional FRD
of mineral P and K fertilizers + compost at a rate of 20 t ha−1 + PK-solubilizing A. niger;
(4) PK50%+C-AN: the soil received 50% out of conventional FRD of mineral P and K fertiliz-
ers + compost at a rate of 20 t ha−1 + PK-solubilizing A. niger; (5) PK25%+C-AN: the soil
received 25% out of conventional FRD of mineral P and K fertilizers + compost at a rate
of 20 t ha−1 + PK-solubilizing A. niger; (6) PK0%+C-AN: neither mineral P nor mineral K
fertilizer was added to the tested soil but it only received compost at a rate of 20 t ha−1+
PK-solubilizing A. niger. For the P fertilizer, the FRD (72 kg P2O5 ha−1) was added basely
as calcium superphosphate (12% P2O5) at planting. For the K fertilizer, the FRD (60 kg K2O
ha−1) as potassium sulfate (48% K2O) was applied with 2/3 as a basal dose at planting,
and the remaining 1/3 was topdressed at the initiation stage of the main panicle. For
the nitrogen (N) fertilizer, 60 kg N ha−1 in the form of ammonium nitrate (33.5 N) was
added in three equal splits (1/3 at planting and the remaining 2/3 in two additions, 1/3
for each, during the vegetative growth stage before the beginning of panicle emergence).
The compost, as an organic amendment, with a rate of 20 t ha−1 (local recommendation
rate), was thoroughly incorporated and uniformly mixed into the soil (20 cm depth) a week
before the sowing for all treated plots using a manual harrow. The root rhizosphere zone of
quinoa for each plant hole was drenched twice with 50 mL (25 mL for each time) of freshly
prepared A. niger spore suspension (107 spores mL−1) at sowing time and after 21 days
from sowing (DFS).

The quinoa (Chenopodium quinoa Willd) cultivar Misr-1 (kindly provided by Crops
Research Institute, Ministry of Agriculture and Land Reclamation, Egypt) was chosen for
this experiment because it grows promptly and produces great productivity. The sowing
dates of quinoa seeds in this experiment were 23 November 2021 (cropping season 2021/22)
and 28 November 2022 (cropping season 2022/23) and the harvested dates were 31 March
2022 and 6 April 2023, respectively. About 4–6 quinoa seeds were sown on one side of the
ridges at a depth of 1–2 cm in holes 0.2 m apart, which thinned later into two healthy and
uniform seedlings per plant hole. The quinoa thinning process was performed at BBCH
12 stage (four true leaves) according to the scale of Sosa-Zuniga et al. [94] guided by the
Biologische Bundesanstalt, Bundessortenamt und CHemische Industrie (BBCH) coding
scale proposed by Meier et al. [95]. The net area of each experimental plot was 18 m2

(3.6 m × 5 m) and included six ridges, 0.6 m wide, 5 m long, and 0.15 m in height. In
this experiment, a surface flood irrigation system with fresh irrigation water having an
electrical conductivity of 1.58 dS m−1, on average over both seasons, was used to regular
irrigate quinoa plants on a needed basis. Following the Egyptian Agricultural Research
Center’s recommendations, the proper agronomic practices for local commercial quinoa
crop production were performed as needed.

4.7. Sampling and Measurements

At flowering initiation (BBCH 59/60) stage, according to Sosa-Zuniga et al. [94]
and Meier et al. [95], thirty-six fully expanded young leaves were collected randomly
from 18 plants from each treatment (6 plants per replicate) for the subsequent physio-
biochemical analyses.

4.7.1. Photosynthetic Pigment Assay

The chlorophyll a (Chl a) and chlorophyll b (Chl b), and total carotenoid content of
quinoa leaves were extracted and quantified using the N, N-dimethyl formamide (DMF)
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solvent following the protocol of Lichtenthaler and Buschmann [96]. Three leaf discs with
an area of 58.91 mm2 were submerged in 2 mL DMF (99.8% purity) solvent (Sigma-Aldrich,
St. Louis, MO, USA) and stored for 24 h at 4 ◦C in a dark place. The supernatant after
that was separated and its absorbance was read spectrophotometrically at 664, 647, and
480 nm wavelengths for quantification of Chl a, Chl b, and carotenoid contents, respectively,
using a double-beam VWR 6300 UV–Vis spectrophotometer (Palo Alto, CA, USA). The
total chlorophyll (Total chl; mg cm−2) content was computed by adding Chl a to Chl b [97],
while total photosynthetic pigment (TPP; mg cm−2) was calculated by totalizing the Chl a,
Chl b, and carotenoid contents.

4.7.2. Osmoprotectants, Nonenzymatic Antioxidants, and
2,2-diphenyl-1-picrylhydrazyl-Scavenging Activity (DPPH-SA)

Total soluble proteins (TSPs) as mg g−1 dry weight (DW) of quinoa leaf tissues was
measured following the Lowry–Folin method [98]. Total soluble sugars (TSSs; mg g−1

DW) content was measured spectrophotometrically following the anthrone sulfuric acid
method described by Fales [99] and Schlegel [100]. Free proline (FPro; mg g−1 DW)
content was measured following the acidic ninhydrin colorimetry method described by
Ábrahám et al. [101] using toluene as a blank solution and L-proline in plotting the stan-
dard curve. The reduced glutathione (rGSH; mg g−1 DW) content was quantified based on
GSH oxidation using Ellman’s reagent (i.e., 5,5′-dithiobis-2-nitrobenzoic acid) according to
Anderson’s [102] method. The rGSH concentrations in the samples were then computed us-
ing a standard calibration curve obtained from a series of pure GSH concentrations (Merck,
Darmstadt, Germany). Ascorbic acid (AsA; mg g−1 DW) was extracted and assessed
spectrophotometrically at 760 nm as per Jagota and Dani [103] using a Trichloroacetic acid
(5% by volume) solution and a Folin–Ciocalteu reagent solution diluted 10-fold (1:10 v:v).
A standard calibration curve using pure AsA was used to determine the AsA content in
the samples. Total phenolics (TPs; mg g−1 DW) were extracted from dried quinoa leaves
in 70% ethanol (v/v) at 40 ◦C overnight and quantified as per the colorimetric method
adopted by Sauvesty et al. [104], and the TPs concentrations in the samples were computed
using a pyrogallol standard calibration curve. The DPPH-SA (%), which is commonly
employed to reflect the overall free radical scavenging capacity of nonenzyme antioxidants,
was assessed following a modified version of the procedure given by Abe et al. [105].

4.7.3. Determination of Macro- and Micronutrient Contents in Quinoa’s Leaf and Seed

After drying and ground into a fine powdering, the quinoa’s leaf and seed samples
were wet digested in concentrated H2SO4 mixed with HClO4 (3:1, v/v, respectively) by
heating up to 280 ◦C until the plant material was colorless to determine their content
of nutrient elements. The total N content (mg g−1 DW) of leaf was determined fol-
lowing the Kjeldahl procedure [106], using Gerhardt’s micro Kjeldahl apparatus. The
total P content in leaf (mg g−1 DW) or in seed (g 100−1 g DW) was determined fol-
lowing the molybdenum-reduced molybdophosphoric blue colorimetric procedure [107].
The total content of cationic and trace elements (i.e., potassium—K+; sodium—Na+;
magnesium—Mg2+; calcium—Ca2+; iron—Fe2+;zinc—Zn2+; or manganese—Mn2+) in
quinoa leaves (mg g−1 DW) or seeds (g 100−1 g DW) was determined [108] using flame
atomic absorption spectroscopy (Spectra-55 AA, Agilent Technologies, CA, USA).

4.7.4. Quinoa Seed’s Proximate Chemical Composition

Following the Association of Official Analytical Chemists (AOAC) standard method-
ologies [109], the proximate chemical composition of raw seeds of quinoa was determined.
The moisture content in a 5 g crushed seed sample of quinoa was assessed using the AOAC
934.01 method with an electric oven at 105 ◦C until constant weight. The ash content
(incineration in muffle furnace at 550 ◦C until constant weight), lipids (extraction with
Merck petroleum ether has b.p. 40–60 ◦C using Soxhlet extractor for 6 h), and crude protein
(Kjeldahl digestion with the factor of 6.25 for conversion of the total N content to pro-
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tein) were determined according to the AOAC methods of 923.03, 920.39C, and 979.09A,
respectively. Total dietary fiber content was measured using the AOAC 978.10 method.
The following formula was used to compute the carbohydrates percentage: carbohydrates
(%) = 100 −moisture (%) + ash (%) + protein (%) + lipids (%) + dietary fiber (%).

4.7.5. Quinoa Seed’s Phytochemical and Antioxidant Activity

For quinoa seed extract preparation, a crushed seed sample with mass around 10 g
was homogenized with 50 mL 80% ethanol. The mixture was placed in agitation overnight
at 160 rpm in a shaker. Then, the homogenate was filtered, and the supernatant was
removed. Total phenolic content (TPC) was determined using Folin–Ciocalteu’s reagent
as outlined by Singleton et al. [110]. The liquid extract was diluted and mixed with Folin–
Ciocalteu’s reagent and 20% aqueous Na2CO3 solution, then incubated in the dark for
1 h at room temperature (25 ◦C). After incubation, the absorbance of the mixture was
measured at 765 nm using a spectronic 2000 spectrophotometer. The TPC was expressed
as mg gallic acid equivalent per 100 g on a dry weight basis. For total flavonoid content
(TFC) determination, briefly, one ml aliquot of extract was mixed with one ml 10% aqueous
AlCl3 solution. The mixture was incubated in the dark for 1 h at room temperature (25 ◦C).
Absorbance of the final mixture was determined at 510 nm against a blank reaction. The
TFC was expressed as mg quercetin equivalent per 100 g on a dry weight basis.

For assaying the total DPPH-SA, four aliquots (25, 50, 75, and 100 µL) of extract were
added to 3.9 mL of methanolic solution of DPPH radical. The mixture was agitated and then
kept in the absence of light for 30 min and the absorbance was determined at 517 nm using
a spectronic 2000 spectrophotometer. The total DPPH-SA was calculated according to the
following equation [111]: Total DPPH-SA (%) = [(Absblank − Abssample)/Absblank] × 100;
where Absblank = absorbance of DPPH radical + methanol at 0 min and Abssample = ab-
sorbance of DPPH radical + sample at 30 min.

The concentration of extract that corresponding to a 50% inhibition of DPPH• radical,
which is expressed as the half maximal inhibitory concentration (IC50), was obtained from
the graph plotted between the inhibition percentages and the extract concentrations [112].
The antiradical power (ARP) was determined as the efficient concentration IC50’s reciprocal
value and calculated as follows: 1/IC50.

4.7.6. Soil Microbial Evaluation

At the initial and end of the experiment, soil samples of the rhizosphere zone at
0–20 cm depth of each experimental plot from the normal and calcareous soils, totaling
thirty-six samples, were collected using a soil auger of 5 cm diameter. Each sample was
10-fold serially diluted up to 10−5 dilutions and the counts of the phosphorus-solubilizing
microorganisms (PSMs) and Azotobacter bacteria were determined, expressed as colony-
forming units per gram soil (cfu g−1 soil). The count of PSMs was determined by allowing
microorganisms in the soil samples to grow on Pikovskaya’s selective media for 7 to 10 days
at a temperature of 25 ◦C. Colonies rounded by clear halo zone were detected and the
number of cfu g−1 soil was counted. Serial dilution pour plate technique was used to
count Azotobacter sp. using Ashby’s N-free agar medium containing 0.5 g K2HPO4, 0.2 g
MgSO4, 0.2 g NaCl, 5 g CaCO3, 10 g sucrose, 12 g agar, 1000 mL distilled H2O, and traces
of manganese, iron, and molybdenum elements. The number of Azotobacter sp. as a cfu g−1

soil was counted after the formation of medium–large, moist colonies during the incubation
for 48–72 h at a temperature of 28 ◦C.

4.7.7. Quinoa’s Growth, Yield and Yield-Related Attributes, and Harvest Index

At the seed ripening (BBCH 89/90) stage, ten individual quinoa plants were randomly
sampled from each experimental plot. These individual plants were utilized to measure
plant height (in cm) from the base of the main shoot to the tip of uppermost shoot using a
meter scale and plant dry weight (in g) by oven-drying at 70 ± 3 ◦C to constant weight for
dry matter estimation. All the quinoa plants from a 12 m2 area representing the four central
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ridges of each experimental plot to avoid edge effects were harvested, sun-dried for three
days at the field, and weighed for biological yield (in t ha−1) estimation. Quinoa seeds
were threshed, cleansed, and weighed to quantify the seed yield (in t ha−1). For moisture
determination, a 150 g representative seed sample was oven-dried at 105 ◦C for 24 h until
a constant weight was attained and then weighed once more to determine the adjusted
seed yield based on 12% moisture. Seed harvest index (HI) percentage was calculated as
the following equation: HI (%) = [seed yield (t ha−1) based on 12% moisture/biological
yield (t ha−1)] × 100. The hectoliter weight of quinoa seeds expressed as kg hL−1 was
determined by placing the seeds in a 250 mL cylindrical vessel and weighed, and the
weight was multiplied by four hundred to obtain the kg weight of seeds per 100 L.

4.8. Statistical Analysis

Microsoft Excel® 2016 spreadsheet was utilized to compute means ± 1 standard error
(SE) and data visualization. The normality assumption for all obtained data in each season
was verified using the Shapiro–Wilk numerical normality test. Data that had a normal
distribution were statistically analyzed using a two-way analysis of variance (ANOVA)
followed by Duncan’s test (p ≤ 0.05 * or p ≤ 0.01 **). Before performing the combined
ANOVA [113], a homogeneity test of the two-season error variances of all variables was
assessed. The outputs of the homogeneity test for all measurements exhibited statistical
validity to perform further combined ANOVA (Tables S1–S4), using 11th edition Genstat
software (VSN International Ltd., Oxford, UK) as per Casella [114]. The soil type, bio-
organo-mineral treatments, and their interaction were considered fixed factors, while
replications, cropping seasons, and their interaction were considered random factors. The
PCA biplot and Pearson’s correlogram among the selected variables were performed by
using the statistical R (version 4.0.2) software package.

5. Conclusions

It can be concluded that co-application of compost with Aspergillus niger could help
to reduce phosphorus and potassium mineral fertilization to a notable extent without
limiting yield as well as mitigate the deleterious influence of calcareous soil on quinoa
plants. Furthermore, the combined use of Aspergillus niger and compost with reduced
phosphorus and potassium fertilization resulted in elevated osmolytes and antioxidant
accumulation, and nutrient acquisition, subsequently promoting the chlorophylls and
carotenoid contents, as well as increasing seed yield and quality of quinoa plants grown
in calcareous soil conditions. In calcareous soil, the application of bioorganic fertilizer
enhanced the population of P-solubilizing microorganisms, whereas in normal soil, PK
mineral fertilization with bioorganic fertilizers increased the Azotobacter sp. population.
Future research should focus on employing direct measures of enzyme activity related
to phosphorus/potassium solubilization since this will provide a deep understanding of
different pathways connected to the beneficial effects of Aspergillus niger inoculation.
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