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Abstract: The excessive application of mineral fertilizers in maize cultivation leads to progressive soil
contamination in the long term and increases the cost of production. An alternative to reduce over-
fertilization is to perform a partial replacement with microbes that promote nutrition and growth,
such as Arbuscular Mycorrhizal Fungi (AMF). A pot experiment which was followed by two field
experiments was performed with and without the application of indigenous AMF in combination
with five nitrogen—phosphorus—potassium (NPK) fertilization rates (100% NPK = N120P60K60; 75%
NPK = N90P45K45; 50% NPK = N60P30K30; 25% NPK = N30P15K15; control = NOPOKO0). The
objective was to investigate whether the soil application of indigenous mycorrhizal fungi inoculum
combined with NPK fertilization can provide higher maize yields and soil-available N, P, and K than
chemical fertilization can alone. The greenhouse results showed that the application of AMF with a
50% NPK treatment significantly increased the plant’s growth, root colonization, leaf chlorophyll
content, and N, P, and K tissue content. The results from the field conditions showed that there
was a highly significant yield after the treatment with AMF + 50% NPK. The study also revealed
that mycorrhizal fungi inoculation increased the available soil N and P concentrations when it was
combined with a 50% NPK dose. This suggests that the inoculation of fields with AM fungi can reduce
the chemical fertilizer application by half, while improving soil chemistry. The results suggested that
AMF inoculation can be used in integrated soil fertility management strategies.

Keywords: biofertilizer; inorganic fertilizer; mycorrhizal inoculant; plant nutrition; soil health; soil
microorganisms; soil nutrients; sustainable agriculture

1. Introduction

Maize (Zea mays) is one of the most commonly grown crops in the world. It is a rich
source of carbohydrates and proteins, and it is consumed as a staple food by millions of
people on every continent. Maize is also used in a variety of industrial products, from
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animal feed to biofuels [1]. It is a popular crop in Africa and its production is of great
importance in terms of the calorie intake that is provides in Uganda. The maize yields
in Uganda are relatively low (2 tons/ha) when it is compared to countries like South
Africa with average yields of 4-6 tons/ha [2-4]. The main reasons for the low maize
yields in Uganda are due to the effects of climate change factors such as poor management,
pests, and diseases, the low rate of the utilization of improved seeds, drought, heat, and
erratic rainfall [5,6]. Furthermore, two of the main constraints to increasing the maize
productivity among Uganda’s smallholder farmers are soil infertility (phosphorus-deficient
soils) and economic constraints on farmers who have limited incentives to purchase mineral
fertilizers [7,8]. The current nutrient use estimates are low, with Uganda applying less
than 10 kg/ha of NPK fertilizers (0.8; 0.3; 0.3 kg/ha of N, P, and K, respectively) [9,10].
The inappropriate use of mineral fertilizers has resulted in reduced yields and reduced
soil fertility. In contrast, the overuse of inorganic fertilizers is associated with major
environmental and health problems such as water pollution and reduced soil microbial
diversity [11,12]. Improving productivity through novel cropping system approaches
that integrate in situ soil fertility improvement techniques is, therefore, a top priority. Soil
microbes that improve the nutrient availability and uptake efficiency are, therefore, valuable
technologies. Attempts are now being made to increase the yields to increase productivity
and reduce the use of chemical fertilizers [13]. One strategy to improve the plants” growth
and yield is their inoculation with Arbuscular Mycorrhizal Fungi (AMF) [14].

AMEF is a group of soil microbes that live symbiotically with most crop species and
trees. These microorganisms play important roles in soil processes such as nutrient cycling
and uptake, maintaining soil health, and affecting the plant’s growth by altering their
root structure [14,15]. These fungi have been widely shown to play an important role in
promoting plant water and nutrient uptake, mainly phosphorus (P), and also they influence
the plant’s growth by maintaining the soil health [16]. This is due to the extensive mycelial
network of the symbiont in the soil and its association with phosphorus-solubilizing mi-
croorganisms (PSMs) to release organic acids and dissolve the less-soluble phosphates or
other minerals that are immobilized by soil constituents [17]. Improved AMF-mediated
growth is a result of an improved soil structure and nutrient status by the mycelium, which
acts as a soil binder, reducing the nutrient and organic matter loss, increasing the water
and mineral retention and increasing the plant productivity [18]. AMF are considered to
be a bioremediation agent of stress as they can stimulate growth under extreme condi-
tions [19,20]. They play an important role in overcoming the depletion of non-renewable
phosphorus resources, so this technology reduces the quantitative use of chemical fertiliz-
ers [21,22]. Studies have shown that mycorrhizal fungi inoculation significantly increases
the biomass accumulation and yield [23-25]. Several studies that have been conducted in
Senegal and Kenya have reported significant increases in the yield with long-term mycor-
rhizal inoculation [26-28]. Selecting efficient microorganisms to produce qualitative and
quantitative biofertilizers is a key point to consider when one is applying AMF technology
to African agriculture. However, most commercial mycorrhizal inoculants either contain
species from another region or do not contain viable reproductive organs, and thus, do
not result in mycorrhizal colonization [29]. Therefore, the efficacy of AMF inoculation
declines due to the environmental changes the occur. Moreover, inoculation with exotic
commercial mycorrhizal inoculants is not successful in the presence of high levels of native
arbuscular fungi [30,31]. An alternative to this problem is to use indigenous mycorrhiza
from the soil. This approach has many advantages in restoration programs such as a high
adaptability to the physicochemical conditions and a low environmental risk. Moreover,
several examples have highlighted the benefits of the double inoculation of AMF and NPK
for promoting plant growth [32-34]. However, to our knowledge, a double inoculation
with AMF and NPK in maize has not been practiced in Uganda. A previous study selected
AMF strains (Gigaspora, Scutellospora, Glomus, Acaulospora, Archaospora, Enttrophosporaa, and
Paraglomus) that had been isolated from the rhizosphere of maize which was grown in
eastern Uganda [35]. This study aimed to evaluate the use of these indigenous mycorrhizal
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fungi as inoculants in combination with different NPK doses to improve the maize yields.
The objective of this study was to investigate the minimum NPK fertilizer application rate
that would be required to improve the maize productivity. With this in mind, it was hy-
pothesized that the indigenous AMF inoculation performance would increase or decrease
depending on the N, P, and K ratios. It was also hypothesized that a double fertilization
with AMF and NPK would improve the plant tissue’s N, P, and K status, biomass, leaf
chlorophyll content, grain yield, and soil chemical properties.

2. Materials and Methods
2.1. Pot Experiment

The pot experiments were conducted from March to June 2021 at the Faculty of
Agriculture, Uganda Martyrs University, Nkozi (6°52'00” N and 3°43'00” E), Central
Uganda. The soil that was used in this experiment is characterized as being clay-loam, and
it was collected from a maize farm in Serere, eastern Uganda (1°32'0” N and 33°27'3" E).
The soils were collected from the top layer at 0-30 cm and had a pH of 5.0 and total N, P,
and K concentrations of 930.00, 4.62, and 73.7 mg/kg soil, respectively. The soil was sieved
(2 mm sieve), sterilized at 60 °C for 48 h, and mixed homogeneously. About 6 kg of dry
soil (plastic bag) was used to fill the pot. The pot size was 4021.24 cm® (diameter = 16 cm;
height = 20 cm).

A factorial complete randomized design included the NPK fertilizer and AMF inocu-
lum treatments with 4 replicates (5 x 2). The treatments were: (1) 100% NPK = N120P60K60,
consisting of 120 kg/ha N as urea, 60 kg/ha P as triphosphate, and 60 kg/ha K as potash;
(2) 75% NPK = N90P45K45; (3) 50% NPK = N60P30K30; (4) 20% NPK = N30P15K15;
(5) control = NOPOKO. These five levels of fertilizer were combined or not with AMF. The
100% NPK dose corresponded to the recommended rate that is adequate to reach the
greatest economic yield in Uganda [36]. The fertilizers used were triple phosphate (TSP
46% P»0O,, Falcon fertilizer), urea (Bora Bora Fertilizer 46% N), and potash (MOP 60% K,O,
Falcon fertilizer).

The inoculum was prepared using traditional pot culture techniques [37]. The AMF
genera from the morphological identification were propagated in maize roots [35]. This
is because maize is the most commonly used host plant for the mass propagation of AM
fungi [38]. The maize was grown in plastic pots (13 cm x 9 cm) supporting 2.5 kg of a
3:2 soil-sand mixture. The soils were preheated to destroy the native mycorrhizal spores
and their corresponding mycoparasites. The maize plants were allowed to grow to field
capacity for five weeks with regular irrigation. We stopped watering them for 4 weeks to
ensure that the harsh conditions promoted the AMF sporulation [39]. The indigenous AMF
inoculum contained 50 infectious AMF propagules/g representing 7 genera (Gigaspora,
Carpospore, Glomus, Acrospora, Archaeospora, Enttrophospora, and Paraglomus) [35].

Longe 5 maize cultivars that were published on by the Namulonge Research Institute
(Kampala, Uganda) were used in this study. This maize variety was chosen because it
has been described as being widely adapted and preferred by smallholder farmers in
Uganda [40]. Before the planting stage, the seeds were surface sterilized using 70% ethanol
for 5 min and washed 5 times with sterile distilled water. The seeds were sown in the center
of each pot. The average minimum and maximum temperatures inside the greenhouse
during plant growth were 20 °C and 29 °C, respectively, and the average relative humidity
was 75% and in a 11:13 h light: dark photo-period. The plant shoot height was measured
using a tape measure which was placed between the collar and the sheath of the last fully
emerged leaf during the 8-week growth period, after which the plants were harvested.
The shoot samples were oven dried at 60 °C for 72 h, and the dry biomass was recorded.
Next, the dried shoots were ground, and the N, P, and K tissue contents were quantified.
The pot contents were washed using a 2 mm sieve to isolate the roots which were kept in
ethanol (70%) at 4 °C for a further evaluation of the mycorrhizal root colonization. The
roots were stained with 0.05% trypan blue [41], and the percentage of the colonization was
determined using the method that was described by Trouvelot et al. [42]. The stained root
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tissue was examined using a compound microscope (Motic, MIPLUS20, Speed Fair Co.,
Ltd., Causeway Bay, Hong Kong) at 400 x magnification. The chlorophyll index of maize
leaves was measured using a soil plant analysis development meter (SPAD meter) (SPAD
502 plus, Konica Minolta, Osaka, Japan).

2.2. Field Experiments

The best-performing AMF-NPK combination (AMF + 50% NPK) was selected from
the pot trial and it was compared with the recommended dose of NPK (120:60:60 kg /ha)
and the control (no treatment). The field tests were conducted at two locations (Kumi and
Nkozi) in central and eastern Uganda during the 2 rainy seasons from June to August
2021 and from March to May 2022. The experimental area was divided into 6 m X 6 m
plots which were separated by a 1 m wide alley and laid out in a Randomized Complete
Block Design (RCBD). The NPK fertilizers were applied manually and incorporated into
the soil. Inoculum (50 g/hole) was placed at the time of seeding. The maize plants (variety
Longe 5) were sown at a plant density of 4 plants m~2 with there being a row spacing of
approximately 50 cm and 75 cm between the rows. The weeds were manually controlled
4 weeks after sowing. The effects of the treatments on the mycorrhizal root colonization
were evaluated 5 weeks after planting on four plants which were randomly selected along
a 1 m transect within each plot. The mycorrhizal root colonization was measured using
the same method as described for the pot experiments. The grain yield was assessed at the
harvest stage after reaching physiological maturity. The maize cobs from each plot were
shelled, labeled, and stored in a solar dryer for 5 days. After sun drying, the grains were
weighed, and this is expressed in tons/ha.

The soils were sampled from each plot after two growing seasons. The soils were
then placed in a zip-lock freezer bag and stored at 4 °C until they were used. Soil chemical
properties such as pH, organic matter (O.M), total N, total P, and total K were determined
using the methods that were described by Okalebo et al. [43]. The soil pH was measured
in a 2.5:1 soil-water suspension. The content of the total N and P was measured in a
digest which was obtained by treating the soil samples with hydrogen peroxide, sulpuric
acid, selenium, and salicylic acid. The total K contents of the soils were measured by the
complete oxidation of the samples using Kjeldahl procedures, which was followed by a
spectrometric analysis.

An analysis of variance (ANOVA) was performed using Minitab 21 software to de-
termine the effect of the AMF-NPK combinations on the root colonization, maize yield,
and soil chemical properties. A Tukey’s comparison test was used to compare means
at a p < 0.05 significance level. A Pearson correlation coefficient was used to determine
the effect of the root colonization on the shoot nutrient content, shoot dry weight, leaf
chlorophyll content, and maize yield.

3. Results
3.1. Pot Experiment
3.1.1. Effects of the Application of AMF-NPK Fertilizer Combinations on the Maize Shoot
Height and Shoot Dry Weight

Significant variations in the final plant height and shoot dry weight of the maize plants
are recorded in Table 1. The indigenous AMF inoculation which was combined with the
NPK fertilizers resulted in significant improvement in the growth in terms of height and
dry weight when it is compared to the controls. Based on Table 1, it is observed that each
treatment had a significant effect (p < 0.05) on the mean maize height. The highest plant
height was found with the treatment with AMF + 50% NPK (97 cm), while the lowest plant
height was found with the control treatment (no mycorrhizae and no NPK fertilizer), with
is reaching 75 cm. The treatment with AMF + 50% NPK was shown to be significantly
different from the controls and the other treatments (p < 0.05). The average height of the
AMEF + 50% NPK-treated maize was 28% higher than it was for the control.
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Table 1. Effect of AME-NPK fertilizer combinations on shoot height (cm), dry weight (g), root AMF
colonization, and leaves chlorophyll content in maize.

Treatment Final Plant Height (cm) Shoot Dry Weight (g) Root Colonization % C'::;Zfli glgzg%;ﬁltls)
Control 75.75e 75.00 d 0.0f 31+5¢
100%NPK 85.00 d 84.25c¢ 0.0f 41 £8b
AMF 87.50d 86.00 c 45.6 ¢ 39+4b
AMEF + 25% NPK 89.25d 88.75¢ 345e 40+5b
AMF + 50% NPK 97.00 a 99.00 a 63.0a 47+5a
AMF + 75% NPK 92.25¢ 90.00 b 39.7d 46t4a
AMF + 100% NPK 94.00 b 91.50Db 58.6 b 46+ 4a

SPAD units: soil plant analysis development. The means that share the same letters within a group in each column
are not significantly different by ANOVA and Tukey’s multiple comparison test (p < 0.05).

In terms of the biomass production of the maize, there were also significant effects of
the different treatments, in which the AMF + 50% NPK treatment presented the highest
values of the dry weight of the shoots (99 g), while the lowest shoot dry weight was found
in the control (75 g).

3.1.2. Effects of the Application of AMF-NPK Fertilizer Combinations on the Maize Root
Colonization and Leaf Chlorophyll Content

The colonization of the plant roots by indigenous mycorrhizae was affected by the
inoculum (p < 0.001) (Table 1). The AMF + 50% NPK treatment (63%), which was followed
by the AMF + 100% NPK treatment (58.6%), the AMF treatment (45.6%), the AMF + 75%
NPK treatment (39.7%), and the AMF + 25% NPK treatment (34.5%), had significant high
root colonization rates when they were compared to that of the control (Table 1).

The effects of different treatments on leaf chlorophyll content are shown in Table 1.
The chlorophyll concentrations were highest (47 &= 5 SPAD units) with the AMF + 50% NPK
treatment and they were the lowest (31 £ 5 SPAD units) with the control (no AMF and no
NPK fertilizer). The treatments with AMF + 75% NPK and AMF + 100% NPK had similar
effects on the leaf chlorophyll content with concentrations of 46 & 4 SPAD units.

3.1.3. Effects of the Application of Indigenous AMF and NPK Fertilizer on the N, P, and K
Uptake in the Maize Shoots

Based on the analysis of variance, the application of AMF and different doses of NPK
fertilizers had a significant (p < 0.05) effect on the content of phosphorus, nitrogen, and
potassium in the shoots of maize plants when they were compared with the control (Table 2).
The results show that the accumulation of N, P, and K in plants that were treated with AMF
+ 50% NPK was the highest.

Table 2. Effect of AMF-NPK combinations on mean N, P, and K content (mg/g plant dry shoot
weight).

Treatment P Uptake in the N Uptake in the K Uptake in the
Shoots Shoots Shoots
Control 1.15e 11.3f 941le
100%NPK 1.71d 18.62 e 10.74d
AMF 241c 19.25e 1190 ¢
AMF + 25% NPK 1.85d 20.44 d 11.72 ¢
AMEF + 50% NPK 317 a 28.00 a 16.55a
AMF + 75% NPK 243 ¢ 23.10c 1223 ¢
AMF + 100% NPK 2.53b 27.58 b 14.11b

Values that are not followed by the same letters in the same column are significantly different according to Tukey
test (p < 0.05).
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3.2. Field Experiment

After the pot experiment, the AMF + 50% NPK treatment performed well and was
therefore selected for a comparison in the field trials with the recommended dose of NPK
(120:60:60 kg/ha) and the control (no AMF and no NPK fertilizer).

3.2.1. Effect of AMF+ 50% NPK and 100% NPK on Maize Root AMF Colonization and
Density of AMF Spores in the Soil

The effect of the inoculation and the NPK application on the maize was significant
in terms of the mycorrhizal colonization percentage. AMF with 50% of the recommended
dose of NPK significantly (p < 0.05) increased the mycorrhizal colonization percentages of
the maize that was grown on farms in Kumi and Nkozi (Table 3). The root colonization was
more extensive in the plants that were treated with AMF + 50% NPK than in the plants that
were treated with 100% NPK and in the control in both of the fields. The treatment of 100%
of the recommended dose of NPK also increased the mycorrhizal colonization percentage
in Kumi and Nkozi.

Table 3. Effect of treatments on mean spores and root colonization.

Spore per 100 g Soil % of Root Colonization

Treatments Kumi Nkozi Kumi Nkozi
Control 3464 ¢ 2343 ¢ 40+ 15¢ 30+20b
AMEF + 50% NPK 4327 a 4175 a 75+09a 68 =13 a
100% NPK 3894 b 2956 b 65+ 11b 63+ 08a

Values that are not followed by the same letters in the same column are significantly different according to Tukey
test (p < 0.05).

In both of the fields, the number of spores in the soil was significantly different
according to the treatment that was applied (Table 3). The maize plots that received the
AMF + 50% NPK treatment showed the highest number of AMF spores in the soil, which
was followed by the one that received 100% NPK, and the control had the lower number of
spores.

3.2.2. Effect of AMF + 50% NPK and 100% NPK on Maize Yield

A significant difference was observed among the treatments (p < 0.05) (Table 4). In both
fields, the highest yield was observed for the maize that was treated with the combination
of AMF and 50% NPK, and the lowest yield was observed for the control. Similarly, the
weight of 1000 grains varied depending on the treatment that was used. The average
weight of 1000 grains which was obtained was higher in the “AMF + 50% NPK’ treatment
than it was the control and 100% NPK treatments.

Table 4. Effect of treatments on mean dry grain yield (tons/ha) and weight of 1000 dry grains (kg).

Grain Yield (tons/ha) Weight of 1000 Dry Grains (kg)
Treatments Kumi Nkozi Kumi Nkozi
Control 27+20c¢ 26+20c 22+04c 08+03a
AMEF + 50% NPK 6.5+09a 62+10a 28+01a 1.1+02a
100% NPK 29+11b 37£11b 24+02b 05+£02b

Mean comparisons were performed by the Tukey multiple comparison test. Values that are not followed by the
same letters in the same column are significantly different according to Tukey test (p < 0.05).

3.2.3. Effects of AMF + 50% NPK and 100% NPK on the Soil Chemical Properties

There were significant effects of the different treatments on the soil nutrient status
(N and P) contents of the soil of the rhizosphere in both of the maize fields (p < 0.05)
(Table 5). In general, there is a tendency that the highest values of the soil nutrient status,
which were measured after two rainy seasons, were the highest under the AMF + 50%
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NPK treatment. The values of the soil nutrient status in this treatment were higher than
those in the control and the 100% NPK treatment (Table 5). In contrast, the different
treatments had no significant effects on the soil pH (p > 0.05), O.M (p > 0.05), and K (p > 0.05)
(Tables 5 and 6).

Table 5. Effect of treatments on soil chemical properties.

Kumi Nkozi
Treatments Treatments
AMF + 50% o AMF + 50% o
Control NPK 100% NPK Control NPK 100% NPK
pH 6.15a 6.10 a 6.13 a 5.80 a 5.67 a 5.73a
% TN 047 ¢ 0.64 a 0.60 b 0.31c¢ 0.46 a 0.44b
% O.M 2.09a 211a 2.13a 093 a 0.93 a 0.93 a
P (mg/kg) 9.52 ¢ 32.6a 13.3b 6.21 ¢ 13.7 a 104 b
K (mg/kg) 108.3 a 111.1a 113.2a 167.7 a 161.8 a 1709 a
CEC 8.6 - - 4.32 - -

TN—total nitrogen; OM—organic matter. Data within a row that are not followed by the same letter are statistically
different according to Tukey test (p < 0.05).

Table 6. Pearson correlation between root colonization on shoot nutrient content, shoot dry weight,
and leaf chlorophyll content.

P Uptake N Uptake K Uptake Final Plant Height (cm)  Shoot Dry Weight (g)  Leaf Chlorophyll

% root colonization

0.866 0.877 0.881 0.854 0.742

4. Discussion

In both of the field experiments, the best root mycorrhizal colonization was achieved
with the AMF + 50% NPK treatment. These results confirmed those from the pot experi-
ments. The low mycorrhizal fungi colonization at the recommended dose of 100% NPK
indicates that the over-application of mineral fertilizers in agroecosystems adversely affects
the AMF symbionts, thus reducing the AMF abundance and benefits that are provided by
the symbionts [44]. Excessive fertilization significantly reduced the AMF colonization due
to the higher nutrient availability in the soil after the chemical addition [45]. According
to [46-49], after applying the chemical fertilizers, the plant can directly absorb enough
nutrients to reduce its dependency on AMF symbiosis. The plant reduces the allocation
of photosynthates and reduces the AMF colonization after the chemical fertilizers [22].
All of these studies that are cited have previously shown that the excessive application of
chemical fertilizers significantly reduced the AMF colonization.

In this study, the performance of indigenous AMF inoculants in combination with
different doses of NPK fertilization led to significant changes in the plant growth parame-
ters. Previous studies also showed the significant response of AMF + NPK fertilization to
the plant’s growth and yield [50,51], suggesting that the AMF activity is sensitive to the
number of nutrients in the soil.

Plants that are grown under P-limited conditions are better prepared for colonization
by mycorrhizal fungi [52]. In this study, the amount of P in the soil was lower than that
which is required for optimal growth and maize production, resulting in a significant in-
crease in the colonization rate when it is compared to the application of high concentrations
of NPK. Moreover, the number of AMF spores that were found in field soils indicated
that the native AMF population was not negligible (~3464 and 2343 spores per 100 g of
dry soil for Kumi and Nkozi, respectively). The uninoculated control plants in both of the
field studies showed the presence of native AMF propagules and relatively little natural
mycorrhizal colonization. In this study, it was found that inoculated indigenous fungal
colonization was not site-specific, but it depended on the infectivity of the species in the
inoculum. Moreover, native AMF in both of the fields might not be better adapted to the
local conditions than the indigenous inoculated fungi are. This is consistent with a study by
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Bender et al. [53], showing that an exotic AMF inoculum could be established in the field.
The establishment of exotic AMF may be due to the low density of native AMF in soil or a
moderate P content in the soil. Thus, native AMF communities can be stimulated when the
exotic species are also adapted to local niche requirements and work in synergy with native
species. The mycorrhizal colonization of plant roots is also determined by several factors,
including the presence and quality of native populations. Although exotic AMF strains
often do not form mycorrhizal associations [54], this was not seen in this study, and all of
the treatments with AMF significantly increased the maize root mycorrhizal colonization
when they were compared to the control. The same results from different field sites may
also be related to a lack of trophic competition with native strains, as reported in another
study [55].

Regarding the effect of the treatments on the leaf chlorophyll content, the total chloro-
phyll was, on average, 47 SPAD units in the AMF + 50% treatment. This value is above
the minimum (25.44 SPAD units) that is required by maize [56]. Furthermore, nutrient
uptake by the plants depends on the root system growth and nutrient availability in the
rhizosphere. An appropriate strategy for the plants to adapt to nutrient deficiencies is
to establish symbiosis with the mycorrhizal fungi which can extend the nutrient uptake
beyond the level of root system development and expansion [19]. Chu et al. [57] reported
that the phosphorus concentrations in plants with mycorrhizae with a low phosphorus
supply were significantly higher than they were in the treatments without mycorrhizae.
The results showed that improved N, P, and K tissue contents are positively correlated with
mycorrhizal colonization (Pearson correlation = 0.91). In other words, the tissue contents of
N, P, and K increased with an increasing mycorrhizal colonization. This strong positive
correlation between the mycorrhizal root colonization and the shoot NPK content was also
reported by Abdel-Fattah et al. [58]. The results of this study can be seen as positive for
researchers, and they also demonstrate the importance of using AMF in maize production.
However, this study did not elucidate the effects of the AMF + NPK combination on the
intake of other essential nutrients such as Zn, Ca, Cu, and S.

Reducing the use of artificial fertilizers and adding AMF resulted in higher grain yields.
The best results were obtained with a 50% reduction in the fertilizer in combination with
the AMF inoculant, thereby increasing the grain yields by more than 140% in both of the
fields in comparison to that of the control. This result is relevant when one is considering
that the yield increase was obtained by reducing the fertilizer by 50%. The results that are
presented in this study demonstrate the environmental benefits of using AMF to improve
maize productivity. AMF can mobilize and deliver nutrients to the maize to achieve the best
results in terms of growth and grain yield with half of the full NPK fertilizer recommended
dose. Similar results were reported for pineapple, with the AMF inoculation and application
of half of the fertilizer dose promoting the highest levels of fruit mass and organoleptic
variables. An increase in the sorghum yield was reported by Ramadhani et al. [59], who
also showed that soil degradation can be reduced by significantly reducing the fertilizer in
combination with AME. Using this indigenous inoculant, the results appear to indicate that
maize responds better to the inoculant when it is combined with the N60P30K30 fertilizer.

Furthermore, based on the results from the fields, the highest N and P soil contents
were found with the treatment with AMF + 50% NPK, whereas the lowest N and P soil
contents were found with the control treatment. The application of a double inoculation
(AMF + NPK) is effective in increasing the soil N and P contents (p < 0.05), but not in
increasing the soil pH and the K content (p > 0.05). The soil nutrient content (N and P) was
significantly correlated with the root colonization, and it was significantly higher when the
chemical fertilizer quantity was moderate, suggesting that different responses of AMF may
be mediated by the amount of fertilizer that is applied.
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5. Conclusions

The results support the hypothesis that plants inoculated with indigenous AMF
inoculum that is combined with 60, 30, and 30 Kg/ha of N, P, and K, respectively, will
achieve higher productivity and exhibited growth and yield values when they are compared
to the plants that were inoculated with inorganic fertilizer alone or without fertilizer. The
combination of AMF and 50% NPK also improved the soil’s chemical properties. Therefore,
AMF appears to be a good alternative to NPK fertilization, or at least, it can cut the
need for large amounts of synthetic fertilizer (NPK) by half. Agricultural management
practices based on AMF treatment can provide an economical, environmentally friendly,
and sustainable ways to increase the soil fertility and yields.

However, further studies using biomolecular tools are needed to determine whether
the plant roots were simultaneously colonized by multiple AMF strains in the field. Further
studies are needed to determine whether the introduced AMF species persist in the field.

Author Contributions: Conceptualization, A.EF, G.N,, ].S. and M.N.; methodology, A.FF. and G.N;
software A.B. and O.G.A; validation, G.N., HF-M. and ].S.; formal analysis, A.FF.,, A.B. and O.G.A.;
investigation, A.FF.,, AN. and PK; data curation, O.G.A.; writing—original draft preparation, A.FF.;
writing—review and editing, C.K., AKR. and J.E.; supervision, G.N., H.E-M. and ].S.; funding
acquisition, A.EF. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the authors thank the Regional Academic Exchange for
Enhanced Skills in Fragile Ecosystems Management in Africa (REFORM), grant number: 2017-2861.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available within the article.

Acknowledgments: The authors thank the principal investigator of the African Center of Excellence
in Agroecology and Livelihood Systems (Jude Sebawufu).

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

References

1. Veljkovi¢, V.B.; Biberdzi¢, M.O.; Bankovi¢-1li¢, LB.; Djalovi¢, I.G.; Tasi¢, M.B.; Njezi¢, Z.B.; Stamenkovi¢, O.S. Biodiesel production
from corn oil: A review. Renew. Sustain. Energy Rev. 2018, 91, 531-548. [CrossRef]

2. Epule, T.E; Dhiba, D.; Etongo, D.; Peng, C.; Lepage, L. Identifying maize yield and precipitation gaps in Uganda. SN Appl. Sci.
2021, 3, 537. [CrossRef]

3.  Adisa, O.M.; Botai, C.M.; Botai, J.O.; Hassen, A.; Darkey, D.; Tesfamariam, E.; Adisa, A.F.; Adeola, A.M.; Ncongwane, K.P.
Analysis of agro-climatic parameters and their influence on maize production in South Africa. Theor. Appl. Climatol. 2017, 134,
991-1004. [CrossRef]

4. Mityobile, M.; Mhlontlo, S. Evaluation of tillage practices on selected soil chemical properties, maize yield and net return in O. R.
Tambo District, South Africa. J. Agric. Ext. Rural. Dev. 2021, 13, 158-164. [CrossRef]

5. Lobell, D.B.; Schlenker, W.; Costa-Roberts, J. Climate trends and global crop production since 1980. Science 2011, 333, 616—620.
[CrossRef]

6. Fatma, HK,; Tileye, F; Patrick, A.N. Insights of maize lethal necrotic disease: A major constraint to maize production in East
Africa. Afr. J. Microbiol. Res. 2016, 10, 271-279. [CrossRef]

7. Okoboi, G.; Muwanga, J.; Mwebaze, T. Use of improved inputs and its effect on maize yield and profit in Uganda. Afr. ]. Food
Agric. Nutr. Dev. 2012, 12, 6931-6944. [CrossRef]

8. Mfitumukiza, D.; Barasa, B.; Kiggundu, N.; Nyarwaya, A.; Muzei, ].P. Smallholder farmers’ perceived evaluation of agricultural
drought adaptation technologies used in Uganda: Constraints and opportunities. J. Arid Environ. 2020, 177, 104137. [CrossRef]

9. Masso, C.; Baijukya, E; Ebanyat, P; Bouaziz, S.; Wendt, J.; Bekunda, M.; Vanlauwe, B. Dilemma of nitrogen management for
future food security in sub-Saharan Africa—A review. Soil Res. 2017, 55, 425-434. [CrossRef]

10. Berge, H.T.; Hijbeek, R.; van Loon, M.; Rurinda, J.; Tesfaye, K.; Zingore, S.; Craufurd, P.; van Heerwaarden, J.; Brentrup, F;
Schroder, J.; et al. Maize crop nutrient input requirements for food security in sub-Saharan Africa. Glob. Food Secur. 2019, 23, 9-21.
[CrossRef]

11.  Savci, S. Investigation of Effect of Chemical Fertilizers on Environment. APCBEE Procedia 2012, 1, 287-292. [CrossRef]


http://doi.org/10.1016/j.rser.2018.04.024
http://doi.org/10.1007/s42452-021-04532-5
http://doi.org/10.1007/s00704-017-2327-y
http://doi.org/10.5897/JAERD2020.1199
http://doi.org/10.1126/science.1204531
http://doi.org/10.5897/AJMR2015.7534
http://doi.org/10.18697/ajfand.55.10505
http://doi.org/10.1016/j.jaridenv.2020.104137
http://doi.org/10.1071/SR16332
http://doi.org/10.1016/j.gfs.2019.02.001
http://doi.org/10.1016/j.apcbee.2012.03.047

Sustainability 2023, 15, 2243 10 of 12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Tayoh, L.N. Destruction of soil health and risk of food contamination by application of chemical fertilizer. In Ecological and
Practical Applications for Sustainable Agriculture; Springer: Singapore, 2020; pp. 53-64. [CrossRef]

Bendjebbar, P; Fouilleux, E. Exploring national trajectories of organic agriculture in Africa. Comparing Benin and Uganda. J.
Rural Stud. 2021, 89, 110-121. [CrossRef]

Meena, VS.; Mishra, PX,; Bisht, ] K; Pattanayak, A. Agriculturally important microbes for sustainable agriculture. In Agriculturally
Important Microbes for Sustainable Agriculture; Springer: Singapore, 2017; Volume 1, pp. 1-356. [CrossRef]

Kumar, A.; Verma, ].P. The Role of Microbes to Improve Crop Productivity and Soil Health. In Ecological Wisdom Inspired Restoration
Engineering; Springer: Singapore, 2019; pp. 249-265. [CrossRef]

Bhantana, P.; Rana, M.S.; Sun, X.-C.; Moussa, M.G.; Saleem, M.H.; Syaifudin, M.; Shah, A.; Poudel, A.; Pun, A.B.; Alam
Bhat, M.; et al. Arbuscular mycorrhizal fungi and its major role in plant growth, zinc nutrition, phosphorous regulation and
phytoremediation. Symbiosis 2021, 84, 19-37. [CrossRef]

El Maaloum, S.; Elabed, A.; El Alaoui-Talibi, Z.; Meddich, A.; Filali-Maltouf, A.; Douira, A.; Ibnsouda-Koraichi, S.; Amir, S.; El
Modafar, C. Effect of Arbuscular Mycorrhizal Fungi and Phosphate-Solubilizing Bacteria Consortia Associated with Phospho-
Compost on Phosphorus Solubilization and Growth of Tomato Seedlings (Solanum lycopersicum L.). Commun. Soil Sci. Plant Anal.
2020, 51, 622-634. [CrossRef]

Dierks, J.; Blaser-Hart, W.].; Gamper, H.A.; Nyoka, I.B.; Barrios, E.; Six, J. Trees enhance abundance of arbuscular mycorrhizal
fungi, soil structure, and nutrient retention in low-input maize cropping systems. Agric. Ecosyst. Environ. 2021, 318, 107487.
[CrossRef]

Bahadur, A.; Batool, A.; Nasir, E; Jiang, S.; Mingsen, Q.; Zhang, Q.; Pan, J.; Liu, Y.; Feng, H. Mechanistic Insights into Arbuscular
Mycorrhizal Fungi-Mediated Drought Stress Tolerance in Plants. Int. J. Mol. Sci. 2019, 20, 4199. [CrossRef]

Fall, A.F.; Nakabonge, G.; Ssekandi, J.; Founoune-Mboup, H.; Apori, S.O.; Ndiaye, A.; Badji, A.; Ngom, K. Roles of Arbuscular
Mycorrhizal Fungi on Soil Fertility: Contribution in the Improvement of Physical, Chemical, and Biological Properties of the Soil.
Front. Fungal Biol. 2022, 3, 723892. [CrossRef]

Ghobadi, M.; Dehnavi, M.M.; Yadavi, A.R.; Parvizi, K.; Zafari, D. Reduced P fertilization improves Fe and Zn uptake in potato
when inoculated with AMF in P, Fe and Zn deficient soil. Rhizosphere 2020, 15, 100239. [CrossRef]

Trejo, D.; Sangabriel-Conde, W.; Gavito-Pardo, M.E.; Banuelos, J. Mycorrhizal Inoculation and Chemical Fertilizer Interactions in
Pineapple under Field Conditions. Agriculture 2021, 11, 934. [CrossRef]

Lee, Y.; Krishnamoorthy, R.; Selvakumar, G.; Kim, K.; Ramasamy, K. Alleviation of salt stress in maize plant by co-inoculation of
arbuscular mycorrhizal fungi and Methylobacterium oryzae CBMB20. ]. Korean Soc. Appl. Biol. Chem. 2015, 58, 533-540. [CrossRef]
Chen, X,; Song, F; Liu, F; Tian, C.; Liu, S.; Xu, H.; Zhu, X. Effect of different arbuscular mycorrhizal fungi on growth and
physiology of maize at ambient and low temperature regimes. Sci. World J. 2014, 2014, 956141. [CrossRef] [PubMed]

Begum, N.; Akhtar, K.; Ahanger, M. A ; Igbal, M.; Wang, P.; Mustafa, N.S.; Zhang, L. Arbuscular mycorrhizal fungi improve
growth, essential oil, secondary metabolism, and yield of tobacco (Nicotiana tabacum L.) under drought stress conditions. Environ.
Sci. Pollut. Res. 2021, 28, 45276-45295. [CrossRef] [PubMed]

El, L.; Malick, H.; Malick, N.; Macoumba, D.; Tahir, D. Etude Comparative de I’effet de Souches de Champignons Mycorhiziens
Arbusculaires sur la Croissance et la Nutrition Minérale du Sésame Cultivé au Sénégal. Afr. Crop Sci. J. 2015, 23, 211-219.
[CrossRef]

Nyaga, J.; Jefwa, ].M.; Muthuri, CW.; Matiru, V.N.; Wachira, PM.; Okoth, S.A. Arbuscular mycorrhizal fungi with different soil
fertility amendment practices in agricultural landscapes of Kenyan highlands. Nutr. Cycl. Agroecosystems 2015, 103, 229-240.
[CrossRef]

Njeru, E.M.; Muthini, M.; Muindi, M.M.; Ombori, O.; Nchore, S.B.; Runo, S.; Maingi, ]. M. Exploiting Arbuscular Mycorrhizal
Fungi-Rhizobia-Legume Symbiosis to Increase Smallholder Farmers” Crop Production and Resilience Under a Changing Climate.
In Climate Impacts on Agricultural and Natural Resource Sustainability in Africa; Springer: Cham, Switzeland, 2020; pp. 471-488.
[CrossRef]

Salomon, M.; Demarmels, R.; Watts-Williams, S.; McLaughlin, M.; Kafle, A.; Ketelsen, C.; Soupir, A.; Biicking, H.; Cavagnaro, T.;
van der Heijden, M. Global evaluation of commercial arbuscular mycorrhizal inoculants under greenhouse and field conditions.
Appl. Soil Ecol. 2021, 169, 104225. [CrossRef]

Pellegrino, E.; Bedini, S.; Avio, L.; Bonari, E.; Giovannetti, M. Field inoculation effectiveness of native and exotic arbuscular
mycorrhizal fungi in a Mediterranean agricultural soil. Soil Biol. Biochem. 2011, 43, 367-376. [CrossRef]

Kouadio, A.N.M.-S.; Nandjui, J.; Krou, SM.; Séry, D.J.-M.; Nelson, P.N.; Zézé, A. A native arbuscular mycorrhizal fungus
inoculant outcompetes an exotic commercial species under two contrasting yam field conditions. Rhizosphere 2017, 4, 112-118.
[CrossRef]

Abdullahi, R. Effect of Arbuscular Mycorrhizal Fungi and Chemical Fertilizer on Growth and shoot nutrients content of Onion
under Field Condition in Northern Sudan Savanna of Nigeria Isolation of indigenous arbuscular mycorrhizal fungi and selection
of host plant for inoculum production View project Effect of Arbuscular Mycorrhizal Fungi and Chemical Fertilizer on Growth
and shoot nutrients content of Onion under Field Condition in Northern Sudan Savanna of Nigeria. |. Agric. Vet. Sci. 2013, 3,
85-90. Available online: www.iosrjournals.orgwww.iosrjournals.org (accessed on 14 September 2022).


http://doi.org/10.1007/978-981-15-3372-3_3/COVER
http://doi.org/10.1016/j.jrurstud.2021.11.012
http://doi.org/10.1007/978-981-10-5589-8
http://doi.org/10.1007/978-981-13-0149-0_14
http://doi.org/10.1007/s13199-021-00756-6
http://doi.org/10.1080/00103624.2020.1729376
http://doi.org/10.1016/j.agee.2021.107487
http://doi.org/10.3390/ijms20174199
http://doi.org/10.3389/ffunb.2022.723892
http://doi.org/10.1016/j.rhisph.2020.100239
http://doi.org/10.3390/agriculture11100934
http://doi.org/10.1007/s13765-015-0072-4
http://doi.org/10.1155/2014/956141
http://www.ncbi.nlm.nih.gov/pubmed/24895680
http://doi.org/10.1007/s11356-021-13755-3
http://www.ncbi.nlm.nih.gov/pubmed/33860891
http://doi.org/10.4314/acsj.v23i3
http://doi.org/10.1007/s10705-015-9744-z
http://doi.org/10.1007/978-3-030-37537-9_27
http://doi.org/10.1016/j.apsoil.2021.104225
http://doi.org/10.1016/j.soilbio.2010.11.002
http://doi.org/10.1016/j.rhisph.2017.10.001
www.iosrjournals.orgwww.iosrjournals.org

Sustainability 2023, 15, 2243 11 of 12

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Subhashini, D.V. Effect of NPK Fertilizers and Co-inoculation with Phosphate-Solubilizing Arbuscular Mycorrhizal Fungus and
Potassium-Mobilizing Bacteria on Growth, Yield, Nutrient Acquisition, and Quality of Tobacco (Nicotiana tabacum L.). Commun.
Soil Sci. Plant Anal. 2016, 47, 328-337. [CrossRef]

Ziane, H.; Hamza, N.; Meddad-Hamza, A. Arbuscular mycorrhizal fungi and fertilization rates optimize tomato (Solanum
Iycopersicum L.) growth and yield in a Mediterranean agroecosystem. . Saudi Soc. Agric. Sci. 2021, 20, 454-458. [CrossRef]

Fall, A.F,; Nakabonge, G.; Ssekandj, J.; Founoune-Mboup, H.; Badji, A.; Balde, I.; Ndiaye, M. Diversity of Arbuscular Mycorrhizal
Fungi Associated with Maize in the Eastern Part of Uganda. Biol. Life Sci. Forum 2022, 15, 12. [CrossRef]

Godfrey, S.; Dickens, O. Fertilizer Consumption and Fertilizer Use by Crop in Uganda. 2015, p. 29. Available online: https:
/ /africafertilizer.org /wp-content/uploads /2017 /05/FUBC-Uganda-final-report-2015.pdf (accessed on 21 February 2021).
Wood, T. Commercial microbial inoculants and inoculated transplants for reclamationl. J. Am. Soc. Min. Reclam. 1985, 314-321.
[CrossRef]

Kumar, M.; Saxena, A.K. Conventional methods for mass multiplication of AME. In Mycorrhiza-Nutrient Uptake, Biocontrol,
Ecorestoration; Springer: Cham, Switzerland, 2017; pp. 287-300. [CrossRef]

Santos-Gonzalez, ].C.; Finlay, R.D.; Tehler, A. Seasonal dynamics of arbuscular mycorrhizal fungal communities in roots in a
seminatural grassland. Appl. Environ. Microbiol. 2007, 73, 5613-5623. [CrossRef] [PubMed]

Edema, R.; Tusiime, G.; Asea, G.; Gibson, P. Response to two cycles of S 1 recurrent selection for turcicum leave blight in an open
pollinated maize variety population (Longe 5). Adv. Appl. Sci. Res. 2015, 6, 4-12.

Phillips, ].M.; Hayman, D.S. Improved procedures for clearing roots and staining parasitic and vesicular-arbuscular mycorrhizal
fungi for rapid assessment of infection. Trans. Br. Mycol. Soc. 1970, 55, 158-161, IN16-IN18. [CrossRef]

Trouvelot, A.; Kough, ].L.; Gianinazzi-Pearson, V. Estimation of vesicular arbuscular mycorrhizal infection levels. Research for
methods having a functional significance. In Physiological and Genetical Aspects of Mycorrhizae= Aspects Physiologiques et Genetiquies
des Mycorhizes: Proceedings of the 1st European Symposium on Mycorrhizae, Dijon, France, 1-5 July 1985; Institut National de le
Recherche Agronomique: Paris, France, 1986. [CrossRef]

Okalebo, J.R.; Gathua, K.W.; Woomer, P.L. Laboratory Methods of Soil and Plant Analysis. A Working Manual, TSBF; Soil Science
Society of East Africa Publ.: Nairobi, Kenya, 1993; p. 88.

Smith, S.E.; Read, D. Mycorrhizal Symbiosis, 3rd ed.; Academic Press: Cambridge, MA, USA, 2010; Volume 137. [CrossRef]
Zhang, S.; Luo, P; Yang, J.; Irfan, M.; Dai, J.; An, N.; Li, N.; Han, X. Responses of Arbuscular Mycorrhizal Fungi Diversity and
Community to 41-Year Rotation Fertilization in Brown Soil Region of Northeast China. Front. Microbiol. 2021, 12, 2941. [CrossRef]
Westphal, A.; Snyder, N.L.; Xing, L.; Camberato, ].J. Effects of inoculations with mycorrhizal fungi of soilless potting mixes during
transplant production on watermelon growth and early fruit yield. HortScience 2008, 43, 354-360. [CrossRef]

Nagahashi, G.; Douds, D.D. The effects of hydroxy fatty acids on the hyphal branching of germinated spores of AM fungi. Fungal
Biol. 2011, 115, 351-358. [CrossRef]

Begoude, D.A.B.; Sarr, P.S.; Mpon, T.L.Y.; Owona, D.A.; Kapeua, M.N.; Araki, S. Composition of arbuscular mycorrhizal fungi
associated with cassava (Manihot esculenta Crantz) cultivars as influenced by chemical fertilization and tillage in Cameroon. J.
Appl. Biosci. 2016, 98, 9270. [CrossRef]

Liu, J.; Zhang, J.; Li, D.; Xu, C.; Xiang, X. Differential responses of arbuscular mycorrhizal fungal communities to mineral and
organic fertilization. MicrobiologyOpen 2019, 9, e00920. [CrossRef] [PubMed]

Liu, L,; Li, C.; Zhu, S.; Xu, Y,; Li, H.; Zheng, X.; Shi, R. Combined application of organic and inorganic nitrogen fertilizers affects
soil prokaryotic communities compositions. Agronomy 2020, 10, 132. [CrossRef]

Raya-Hernandez, A.L; Jaramillo-Lopez, P.E; Lépez-Carmona, D.A.; Diaz, T.; Carrera-Valtierra, J.A.; Larsen, J. Field evidence for
maize-mycorrhiza interactions in agroecosystems with low and high P soils under mineral and organic fertilization. Appl. Soil
Ecol. 2020, 149, 103511. [CrossRef]

Higo, M.; Sato, R.; Serizawa, A.; Takahashi, Y.; Gunji, K.; Tatewaki, Y.; Isobe, K. Can phosphorus application and cover cropping
alter arbuscular mycorrhizal fungal communities and soybean performance after a five-year phosphorus-unfertilized crop
rotational system? Peer] 2018, 6, e4606. [CrossRef] [PubMed]

Bender, S.E,; Schlaeppi, K.; Held, A.; Van der Heijden, M.G. Establishment success and crop growth effects of an arbuscular
mycorrhizal fungus inoculated into Swiss corn fields. Agric. Ecosyst. Environ. 2018, 273, 13-24. [CrossRef]

Faye, A.; Stewart, Z.; Ndung'U-Magiroi, K.; Diouf, M.; Ndoye, I.; Diop, T.; Dalpé, Y.; Prasad, P.; Lesueur, D. Testing of Commercial
Inoculants to Enhance P Uptake and Grain Yield of Promiscuous Soybean in Kenya. Sustainability 2020, 12, 3803. [CrossRef]
Ortas, I. Comparative analyses of Turkey agricultural soils: Potential communities of indigenous and exotic mycorrhiza species’
effect on maize (Zea mays L.) growth and nutrient uptakes. Eur. J. Soil Biol. 2015, 69, 79-87. [CrossRef]

Hokmalipour, S.; Darbandi, M.H. Effects of Nitrogen Fertilizer on Chlorophyll Content and Other Leaf Indicate in Three Cultivars
of Maize (Zea mays L.). World Appl. Sci. ]. 2011, 15, 1780-1785.

Chu, Q.; Zhang, L.; Zhou, J.; Yuan, L.; Chen, E; Zhang, F,; Feng, G.; Rengel, Z. Soil plant-available phosphorus levels and maize
genotypes determine the phosphorus acquisition efficiency and contribution of mycorrhizal pathway. Plant Soil 2020, 449, 357-371.
[CrossRef]


http://doi.org/10.1080/00103624.2015.1123724
http://doi.org/10.1016/j.jssas.2021.05.009
http://doi.org/10.3390/IECD2022-12351
https://africafertilizer.org/wp-content/uploads/2017/05/FUBC-Uganda-final-report-2015.pdf
https://africafertilizer.org/wp-content/uploads/2017/05/FUBC-Uganda-final-report-2015.pdf
http://doi.org/10.21000/jasmr85010314
http://doi.org/10.1007/978-3-319-68867-1_15
http://doi.org/10.1128/AEM.00262-07
http://www.ncbi.nlm.nih.gov/pubmed/17630308
http://doi.org/10.1016/S0007-1536(70)80110-3
http://doi.org/10.3/JQUERY-UI.JS
http://doi.org/10.1097/00010694-198403000-00011
http://doi.org/10.3389/fmicb.2021.742651
http://doi.org/10.21273/HORTSCI.43.2.354
http://doi.org/10.1016/j.funbio.2011.01.006
http://doi.org/10.4314/jab.v98i1.4
http://doi.org/10.1002/mbo3.920
http://www.ncbi.nlm.nih.gov/pubmed/31397116
http://doi.org/10.3390/agronomy10010132
http://doi.org/10.1016/j.apsoil.2020.103511
http://doi.org/10.7717/peerj.4606
http://www.ncbi.nlm.nih.gov/pubmed/29682413
http://doi.org/10.1016/j.agee.2018.12.003
http://doi.org/10.3390/su12093803
http://doi.org/10.1016/j.ejsobi.2015.05.006
http://doi.org/10.1007/s11104-020-04494-4

Sustainability 2023, 15, 2243 12 of 12

58. Abdel-Fattah, G.M.; Shukry, W.M.; Shokr, M.M.; Ahmed, M.A. Application of Mycorrhizal Technology for Improving Yield
Production of Common Bean Plants. Int. J. Appl. Sci. Biotechnol. 2016, 4, 191-197. [CrossRef]

59. Ramadhani, I.; Widawati, S. Synergistic Interaction of Arbuscular Mycorrhizal Fungi and Phosphate-Solubilizing Bacteria with
NPK Fertilizer to Improve Sorghum bicolor (L.) Moench Growth under Saline Condition. Microbiol. Indones. 2020, 14, 73-82.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3126/ijasbt.v4i2.15103
http://doi.org/10.5454/mi.14.2.4

	Introduction 
	Materials and Methods 
	Pot Experiment 
	Field Experiments 

	Results 
	Pot Experiment 
	Effects of the Application of AMF–NPK Fertilizer Combinations on the Maize Shoot Height and Shoot Dry Weight 
	Effects of the Application of AMF–NPK Fertilizer Combinations on the Maize Root Colonization and Leaf Chlorophyll Content 
	Effects of the Application of Indigenous AMF and NPK Fertilizer on the N, P, and K Uptake in the Maize Shoots 

	Field Experiment 
	Effect of AMF+ 50% NPK and 100% NPK on Maize Root AMF Colonization and Density of AMF Spores in the Soil 
	Effect of AMF + 50% NPK and 100% NPK on Maize Yield 
	Effects of AMF + 50% NPK and 100% NPK on the Soil Chemical Properties 


	Discussion 
	Conclusions 
	References

