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Abstract: Hard yellow maize is a crucial crop in Peruvian agriculture, playing a significant role in food security
and livestock production. However, intensive fertilization practices in agronomic management have negatively
impacted soil health. To explore more sustainable agricultural technologies, researchers have investigated
using microorganisms to enhance plant growth. This study assessed the synergistic effects of microbial
inoculants and mineral fertilization on INIA 619 and Dekal B-7088 maize varieties' yield and nutritional quality.
A split-plot design was employed, incorporating four inoculation treatments—no inoculant, Bacillus subtilis,
Trichoderma viride, and Pseudomonas putida—combined with fertilization levels of 0%, 50%, 75%, and 100%. The
findings revealed that Bacillus subtilis boosted yields by 13.1% in INIA 619 and 55.5% in Dekal B-7088.
Additionally, combined with 100% fertilization, microbial inoculation increased protein content by 47% and
carbohydrates by 6% in INIA 619, while maintaining nutritional quality with 75% fertilization. Similarly, in
Dekal B-7088, inoculation with total fertilization enhanced protein content by 54% and fiber by 27%. These
results demonstrate that microbial inoculation can reduce mineral fertilization by up to 25% while sustaining
high yields and improving the nutritional quality of maize.

Keywords: hard yellow maize; Trichoderma; Bacillus; Pseudomonas; biofertilizers; grain protein

1. Introduction

Hard yellow maize (Zea mays L.) is one of the most important crops globally, known for its high
productivity per unit area compared to other cereals [1]. Peru accounts for 14% of the total
agricultural area [2], with over 275,000 hectares sown last year, resulting in 883,000 tonnes of
production [3]. This crop is crucial in Peru's agricultural economy, serving as a significant input for
human consumption and animal feed [4].

Agronomic management of maize typically involves conventional fertilization aimed at
optimizing soil nutrient availability to promote vigorous and rapid plant development [5]. In global
agriculture, inorganic fertilizers play a critical role in increasing the yield of crops like maize [6].
However, intensive fertilizer use negatively impacts soil health by reducing organic matter,
impairing water infiltration, and leading to nutrient imbalances, soil acidity, and contamination [7].
Consequently, there is an ongoing search for innovative and sustainable agricultural practices to
enhance maize’s yield and nutritional quality [8].

Microbial soil inoculant implementation offers a novel, promising, and environmentally friendly
approach [9,10]. Microorganisms play a vital role in soil biogeochemical processes, supporting
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ecological balance [11]. Microbial inoculant technology, which involves the artificial incorporation of
beneficial microorganisms, aims to improve soil quality by enhancing enzymatic activity in the
rhizosphere and facilitating nutrient release [12], positively impacting the nutritional quality of crops
[13]. Additionally, inoculants can protect plants by inducing resistance to diseases caused by
pathogens and environmental stresses [9]. As a result, their use has become widespread in both
natural and organic agriculture [14].

Among the most extensively studied microorganisms are rhizobacteria, specifically the genera
Bacillus and Pseudomonas, which inhabit the plant rhizosphere [15]. Known as Plant Growth-
Promoting Rhizobacteria (PGPR) [16], these bacteria biostimulate crop growth by producing plant
hormones such as indole-3-acetic acid (IAA), gibberellins, and cytokinins [17]. Additionally, they
contribute to the solubilization of nutrients like phosphorus and potassium by releasing siderophores
[18] and secreting antibiotic substances that inhibit pathogenic fungi and bacteria [19]. The
application of PGPR in maize cultivation has positively affected grain quality and overall yield [20].

Fungi of the genus Trichoderma also employ various mechanisms that support plant growth and
development [21]. These mechanisms include the synthesis of phytohormones like indole-3-acetic
acid and other auxin analogs that promote root development, enhance nutrient uptake [22], and
produce essential vitamins [23]. Trichoderma fungi also contribute to nutrient solubilization by
secreting organic acids that lower soil pH, thereby increasing phosphorus availability [24].

Microbial inoculant application presents a promising approach to enhancing soil health and, in
turn, maximizing agricultural productivity and maize quality. This study evaluates the effects of
microbial inoculation with Bacillus subtilis, Pseudomonas putida, and Trichoderma viride, complemented
with four levels of mineral fertilization (0%, 50%, 75%, and 100% of the recommended dose of N,
P,0s, and K>O at 240-120-140), on the yield and nutritional quality of the grain in two commercially
significant hard yellow maize varieties in Peru. This research contributes to pursuing sustainable and
innovative agricultural practices that optimize soil fertility.

2. Materials and Methods
2.1. Trial Set-Up

The research was conducted at the Universidad Nacional Agraria La Molina (UNALM), located
in La Molina district, Lima Province, Lima Department, Peru, on an experimental plot situated at 76°
56' 21" W and 12° 04' 55" S, at an elevation of 247 masl. The site experiences no rainfall (0 mm) and
has an average temperature of 19.89°C (June-December) and relative humidity of 79.43%. These
climatic data were obtained from the Alexander Von Humboldt Meteorological Station at UNALM
(Figure 1).
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Figure 1. Climatological data of the project site on a monthly scale. Includes precipitation (rainfall),
maximum temperature, minimum temperature, and relative humidity.

The experimental site had been primarily used for agriculture, with hard yellow maize
cultivation over the past three years. It is worth mentioning that before soil preparation, the corn
residues from the previous season were incorporated. Soil preparation included initial irrigation,
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plowing, harrowing, and furrow formation. Notably, the first irrigation of the season method was
applied.

The hard yellow maize hybrids used were the INIA 619 Simple Megahybrid, developed by the
National Institute for Agrarian Innovation (INIA) at the Vista Florida Agricultural Experimental
Station in Chiclayo between 2006 and 2009, and the Dekal B-7088 Simple Hybrid, developed by
Bayer®.

The sowing occurred in the first week of June 2023, outside the regular season, with a spacing of
0.30 m between hills and 0.8 m between furrows. The trial was conducted over a 1440 m? area, divided
into 48 plots of 30 m? (5 m x 6 m), each containing 7 furrows per variety.

2.2. Soil Characteristics

A soil characterization analysis revealed a sandy loam texture with 56.1% sand, 21.3% silt, and
22.6% clay [25]. The soil had a pH of 8.0 [26] and an electrical conductivity (EC) of 42.2 mS-m™.
Exchangeable cations were measured as 7 meq-100 g-! Ca?, 2.9 meq 100-g™* K*, 2.2 meq-100 g™ Mg?,
and 0.5 meq-100 g™* Na*, with a cation exchange capacity (CEC) of 12.6 meq-100 g™ [25]. The total soil
carbon content was 1.7%, organic carbon was 0.79%, and organic matter was 1.5% [27]. Total nitrogen
content was 0.03%, and available phosphorus was measured at 28.2 mg-kg™ [25].

2.3. Experimental Design

A randomized complete block design with a split-plot arrangement was employed. Three
microbial species and a control without microorganisms were assigned to the main plots, while four
levels of complete mineral fertilization were applied to the sub-plots. This setup resulted in 16
treatments with three replicates, generating 48 experimental units for each maize variety (INIA 619
and Dekal B-7088). Each variety was treated as an independent experiment. The specific treatment
descriptions are presented in Table 1.

Table 1. Microorganisms and fertilization doses for the different treatments for maize hybrids.

Treatment Main Plot Subplot
catme Microorganisms Fertilization (%)
1 0 (0-0-0) *
2 50 (120-60-70) *
Without inoculation (M0)
3 75 (180-90-105) *
4 100 (240-120-140) *
5 0
6 50
Bacillus subtilis (B)
7 75
8 100
9 0
10 50
Trichoderma viride (T)
11 75
12 100
13 0
14 50
Pseudomonas putida (P)
15 75
16 100

* The values in parenthesis represent the percentage of the mineral fertilizer dose of N, P,Os, and K20.
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2.4. Crop Fertilization

The fertilizers used were diammonium phosphate, urea, and potassium chloride, serving as
sources of N, P,Os, and K;O, respectively. They were applied one month after sowing, when the
plants were at the V4 phenological stage, and adjusted according to the specific treatments for each
plot. Notably, nitrogen was applied in two stages, with the second application conducted one month
after the first.

2.5. Microorganism Inoculation

Microorganism inoculation was performed twice during the trial: the first ten days after sowing
and the second fifty days after sowing. The methodology involved applying each microorganism
using a specialized fumigation backpack to prevent contamination. Inoculation was conducted in a
ring around the base of the plant, positioned 5 cm from the neck.

For Pseudomonas putida and Bacillus subtilis inoculation, pure cultures of each strain were
prepared and incubated in nutrient broth for three days at 28 °C, achieving a concentration of 10°
CFU-mL. 1% (v/v) dilutions were made for each microorganism from these cultures.

For Trichoderma viride (Strain SCT-11), a spore suspension was prepared by washing maize
inoculated with the fungus. Four 800 g bags of the product Trichomax®, containing a concentration
of 1 x 102 conidia per kg, were used.

Subsequently, 2 L of concentrated suspensions of Pseudomonas, Bacillus, and Trichoderma viride
were each diluted in three separate cylinders containing 200 L of non-chlorinated water, with pH
adjusted to 7.02 and electrical conductivity (EC) set to 60.97 mS-m-.

2.6. Phytosanitary Management

A pre-emergent broadleaf herbicide, atrazine 50% suspension concentrate, was applied
alongside the fungicide combination of azoxystrobin (250 g-kg') and tebuconazole (500 g-kg?), as
well as the insecticides spinosad (12% soluble concentrate) and emamectin benzoate (19 gL
concentrate).

2.7. Evaluated Parameters

Harvesting was conducted once the maize reached full physiological maturity, with grain
moisture falling below 14%, approximately seven months after planting. Ear characteristics were
assessed, including length, diameter, number of rows per ear, number of grains per row, ear weight,
total grain weight, and cob weight. The yield was calculated as follows Centro Internacional de
Mejoramiento de Maiz y Trigo (CIMMYT) [28]:

. kg total grain weight — Moisture content
Yield (—) = x 10

M

ha Area

The Physicochemical Laboratory of the Institute for Nutritional Research conducted a proximate
analysis to analyze nutritional quality. The tests included protein content [29], ash [30], fat [31], fiber
[32], carbohydrates [33], total energy, and energy contributions from fat, carbohydrates, and protein
(in kcal).

2.8. Statistical Analysis

The factors of different treatments were analyzed using block complete randomized design in
Split-Plot array ANOVA (alpha = 0.05) from R software version 4.3.1, following verification of data
normality assumptions and homogeneity of variances. Multiple comparisons of means were made
with the Least Significant Difference Test (alpha = 0.05) using the LSD.test function from the agricolae
library in R [34].
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3. Results
3.1. Ear Characteristics and Yield

The results indicate no interaction between study factors for the INIA 619 and Dekal B-7088
varieties. However, a significant effect of microbial inoculation on ear weight (p < 0.05) and grain
weight (p <0.05) was observed in the INIA 619 variety. Inoculated treatments produced heavier ears,
with increases of 17.5%, 16.8%, and 12.2% compared to the control when inoculated with Pseudomonas
putida, Bacillus subtilis, and Trichoderma viride, respectively. However, differences among these
treatments were not significant. Similarly, grain weight increased by 17.6% with Pseudomonas putida
inoculation, 12.4% with Trichoderma viride inoculation, and 18.23% with Bacillus subtilis inoculation
relative to the control, with no significant differences observed between microorganisms.

Regarding mineral fertilization, significant effects were observed on the number of grains per
row (p < 0.05), ear weight (p < 0.01), and grain weight (p < 0.01) in the INIA 619 variety, with the
highest values achieved in treatments with 100%, 75%, and 50% fertilization. No significant
differences were found among these fertilization levels.

Table 2. Ear Characteristics of INIA 619 Variety.

Factor EL ED RE GR EW GW CcwW
(cm) (cm) (8) (8 (8)
Factor 1. Microorganisms
15.48 + 13.65 + 292 + 158.72 + 135.15 +
MO 131 401015 0.35 255 20.6b 1714p 2357406
2933 + 18531 + 159.79 +
B 1554088 4.04+007 13.75+04 S 516 gL | 2352:215
15.63 + 13.77 + 2901 + 17819 + 151.86 +
T 1.21 40201 0.45 2.74 1844 a l61a 2200301
29.57 + 186.48 + 158.96 +
P 1564089 4.08+0.14 13.9+0.34 S reen oo 2669%444
(%) Factor 2. Fertilization Dose
14.99 + 13.86 + 2734 + 160.85 + 136.75 +
0 133 4.04x0.15 0.33 211b 2042 b 1747p  2A1x348
15.97 + 13.91 + 3031 + 182,11 + 155.78 +
>0 1.07 40501 0.22 253a 1957 a 17300 2033262
15.77 + 13.65 + 29.88 + 179.53 + 154.39 +
75 0.69 404009 0.38 193a 17.87a 15272 2431333
1365+  298+251 1862+ 158.82 +
100 1547409 4.01+0.14 . . rose sop. | 2075442
Interaction 0.95 0.61 0.51 0.86 0.88 0.92 0.66

Note: Ear length= EL, Ear diameter = ED, number of rows per ear = RE, number of grains per row = GR, ear
weight=EW, grain weight = GW, and cob weight = CW. Husk weight was not considered in the ear weight (only
cob + grains weight). Means with the same lowercase letter are statistically equal according to Tukey's test 0.05.
+ Standard deviation.

In the Dekal B-7088 variety, significant differences were observed in ear length (p < 0.05), ear
diameter (p < 0.05), ear weight (p < 0.01), and grain weight (p < 0.01) due to the effect of mineral
fertilization. The highest values for these traits were achieved with 100% fertilization, although these
results were statistically similar to those obtained with the 75% dose. Conversely, in the absence of
fertilization, the lowest values for these variables were recorded.

Table 3. Ear Characteristics of Dekal B-7088 Variety.

Factor EL ED RE GR EW GW CW
(cm) (cm) (8 (8 &)
Factor 1. Microorganisms
MO 111401 43901 1664:047 oo+ 18093% 1643« 1533+

2.79 14.52 13.25 2.03
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A1+ 19114+  175.09+ 1642 +
B 1147431 444401 1681407 3‘;7(: 918.0; ngJ' 63.764'
T 1129+422 4424013 16.65+037 321“?2 * 1?;515; 171262229 ’ 12'.26%1t
p 11134406 4394012 1673+0.71 321"‘;6; 1?51"6621 16?5;1 * 161'%5;
(%) Factor 2. Fertilization dose
0 131640420 P i 011 6364035 311?1 8 1;;;?; 116&'9675 Ci 141'.763; *
50 13.4+0.69 b 4'41;)0'11 16.64 + 0.64 322'2? ﬁzfza E 116;'60[9): 16.86 +3.6
75 13.455 0.71 4.43; 0.1 16.86 + 0.61 32].'(;21 12992 z 11732'.9925 122;91
100 139240640 -4 j 011 16084049 335’76 * 119;5’:; 11758.;57; 1621+1.8
Interaction 0.55 0.39 0.22 0.95 0.83 0.66 0.85

Note: Ear length= EL, Ear diameter = ED, number of rows per ear = RE, number of grains per row = GR, ear
weight=EW, grain weight = GW, and cob weight = CW. Husk weight was not considered in the ear weight (only
cob + grains weight). Means with the same lowercase letter are statistically equal according to Tukey's test 0.05.
+ Standard deviation.

The yield of the INIA 619 variety was significantly affected by microbial inoculation (p < 0.05).
Bacillus subtilis inoculation resulted in the highest yield, with a 13.1% increase compared to the
control. Similarly, Pseudomonas putida also improved yield, with a 10.3% increase relative to the
control. In contrast, Trichoderma viride inoculation did not produce significant differences from the
non-inoculated treatment (Figure 2A). Regarding mineral fertilization, results indicated that
fertilizers significantly increased yields compared to treatments without fertilization (p < 0.01).
However, no significant differences were found between the different fertilizer doses, with the 100%,
75%, and 50% doses all resulting in comparable yields (Figure 2B).
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Figure 2. Hard yellow maize INIA 619 variety yield under the effect of microbial inoculants(A) and

mineral fertilization (B). Means with the same lowercase letter are statistically equivalent according

to Tukey's test at a 0.05 significance level.

For maize yield, no significant interaction was observed between the two study factors for either
variety. However, inoculation with Bacillus subtilis, Trichoderma viride, and Pseudomonas putida
significantly increased yield by 55.5%, 45.9%, and 40.5%, respectively, compared to the control in the
Dekal B-7088 variety (p < 0.01) (Figure 3A). Furthermore, yield increased with the application of the
total fertilizer dose, with a decreasing trend observed as the dose was reduced (Figure 3B).
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Figure 3. Hard yellow maize Dekal B-7088 variety yield under the effect of microbial inoculants (A)
and mineral fertilization (B). Means with the same lowercase letter are statistically equivalent
according to Tukey's test at a 0.05 significance level.

3.2. Nutritional Quality

A significant interaction between factors was observed for protein concentration (p = 0.01),
protein energy (kcal) (p = 0.01), and carbohydrate concentration (p < 0.01) in the INIA 619 variety
(Figure 4). Soil inoculation with microorganisms significantly increased protein content, protein
energy (kcal), and carbohydrate levels compared to non-inoculated treatments. The combined
treatments of Pseudomonas putida + 100% fertilization and Trichoderma viride + 100% fertilization
showed the highest protein concentrations. However, when the fertilization dose was reduced to
75%, no significant differences were found between inoculated treatments and the control (Figure
4A).

All three microbial species significantly increased their protein energy (kcal) at the 100%
fertilization dose. However, Bacillus subtilis produced a statistically comparable response even at the
75% fertilization rate (Figure 4B).

Additionally, carbohydrate levels declined when fertilization was reduced to 25% of the total
dose in the presence of microorganisms (Figure 4C).
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Figure 4. Interaction between mineral fertilization and microbial inoculation on (a) protein content,
(b) kcal protein, and (c) fiber. Means with the same lowercase letter are statistically equivalent
according to Tukey's test at a 0.05 significance level.

Table 4 presents significant differences in ash and total energy content, with the highest values
recorded in grains treated with 100% fertilization. Both variables display an upward trend, where
increasing fertilization levels correspond to significant increases in ash and total energy content.
Carbohydrate energy (kcal) was significantly influenced by both microbial inoculation (p < 0.01) and
mineral fertilization (p < 0.001), with inoculated treatments showing a 2.6% improvement over the
control. Additionally, carbohydrate energy increased progressively with higher fertilization doses.

Table 4. Nutritional quality of the INIA 619 Variety.

Fertilization . kcal
Dose Ash Fat Fiber Total Energy kcal Fat Carbohydrate
(%) (g-100 g1 (g'100g")  (g'100g')  (kcal-100 g (kcal'100g')  (kcal-100 g1)
0 117+01c 346+027 1.88+0.22 35942+1.68c  31.08+243 284.5+5.5
50 1'24;_; 013 339+0.37 1.85+0.26 359.83+1.7bc 30.5+3.18 289+5.19
75 1'25;)0'09 336+026 1.89+0.19 360'7;)1 209 30.25+2.38 292.08+2.75
100 1.3+0.11a 3.33+0.23 1.81£0.2 361.17+1.85a 29.92+2.19 296.42+4.1
Interaction 0.21 0.28 0.09 0.85 0.36 0.47

Note: Ear length= EL, Ear diameter = ED, number of rows per ear = RE, number of grains per row = GR, ear
weight=EW, grain weight = GW, and cob weight = CW. Husk weight was not considered in the ear weight (only
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cob + grains weight). Means with the same lowercase letter are statistically equal according to Tukey's test 0.05.
+ Standard deviation.

Nutritional quality results for the Dekal B-7088 variety showed a significant interaction between
factors for protein (p = 0.001) and fiber (p < 0.05) content. Microbial inoculation improved grain
protein quality, with Trichoderma viride, Bacillus subtilis, and Pseudomonas putida applied alongside
total fertilization, increasing protein by 31%, 25%, and 26%, respectively, compared to the non-
inoculated treatment (Figure 5A). Inoculated treatments combined with 100% fertilization showed a
significant effect relative to the non-inoculated treatment at the same fertilization level for grain fiber.
The combined inoculation treatment with Pseudomonas putida + 75% fertilization yielded superior
fiber content to the other microorganisms at this level. Additionally, without mineral fertilization,
microbial inoculation alone significantly affected fiber content (Figure 5B).
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Figure 5. Interaction between mineral fertilization and microbial inoculation on (a) protein and (b)
fiber content in Dekal B-7088 variety. Means with the same lowercase letter are statistically equivalent
according to Tukey's test at a 0.05 significance level.

Regarding the effect of mineral fertilization, a gradual increase in ash concentration (p < 0.01),
carbohydrate (p <0.01), protein energy (kcal) (p <0.01), and carbohydrate energy (kcal) (p <0.01) was
observed with increasing fertilization doses. The 100% dose (240-120-140 kg-ha™! of N-P-K) yielded
the highest values for these variables (Table 5).

Table 5. Nutritional quality of the Dekal B-7088 Variety.

Fertilization Total kcal Kcal
Ash F h kcal F
Dose s at Carbohydrates Energy Protein cal Fat Carbohydrate
%) (g-1100 (g-l]OO (2100 g (kca11-100 (kcall'lOO (kcall-100 (keal 100 g7
g) ) g ) g")
1.09 + 3.87 + 363.92 + 30.33 £ 290.33 £2.23
0 0.09 ¢ 0.2 72.77 +0.59 d 1.88 323 ¢ 33.5+2.65 d
1.15+ 3.78 + 362.67 £ 33.67 +
50 01b 031 73.55+0.58 ¢ 161 183b 34+£295 29417 +2.33 ¢
1.16 + 39+ 363.42 + 35.17 + 295.08 +8.36
75 0.09b 031 73.75+0.63 b 156 244D 35+2.76 b
124+ 3.87 + 363.08 + 37.58 + 34.83 +
100 0.08a 0.28 74.6+0.57 a 1.08 297 4 233 2985+235a
Interacction 0.18 0.92 0.19 0.86 0.85 0.90 0.09

Note: Ear length= EL, Ear diameter = ED, number of rows per ear = RE, number of grains per row = GR, ear
weight =EW, grain weight = GW, and cob weight = CW. Husk weight was not considered in the ear weight (only

cob + grains weight). Means with the same lowercase letter are statistically equal according to Tukey's test 0.05.
+ Standard deviation.
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3.3. Heatmps
3.3.1. INIA 619

The presented heatmap for the INIA 619 variety provides an overview of treatments with
microorganisms under varying doses of mineral fertilization. Significant variables were analyzed,
resulting in three main clusters of treatments (Figure 6). Inoculation with Bacillus subtilis, Trichoderma
viride, and Pseudomonas putida in combination with 100% and 75% fertilization positively influenced
nutritional and yield characteristics, as shown in Clusters 2 and 3. Inoculated treatments without
fertilization positively affected total energy, particularly with Bacillus subtilis, although performance
varied across other variables (Cluster 1). Additionally, regardless of NPK presence, all treatments
without inoculation were grouped in Cluster 1, where adverse effects were observed. This cluster
also included inoculated treatments without fertilization.

Values

MO0-50

M0-75

. -

Bacillus -0

Pseudomonas -0

Trichoderma -0

M0-0

Trichoderma — 100

Bacillus — 100

Pseudomonas - 100

Pseudomonas - 75

Bacillus —75

Bacillus — 50

Trichoderma - 75
Trichoderma —50

Pseudomonas — 50

Figure 6. Heatmap with cluster analysis illustrating the combined effects of microbial inoculation and
chemical fertilization on the INIA 619 variety. The Y-axis lists all treatments resulting from the
combinations of factor levels, while the X-axis displays the evaluated parameters. The numbers 1, 2,
and 3 denote the three identified clusters. The vertical dotted line in the dendrogram represents the
cut-off level for determining these groups.

3.3.2. DEKAL B-7088

The heatmap (Figure 7) for the Dekal B-7088 variety highlights a notably positive impact of
inoculated treatments with 100% fertilization on ear characteristics, yield, and protein quality
(Cluster 2). Treatments without fertilization showed the poorest results across the evaluated
parameters, with Pseudomonas putida inoculation being the only exception, as it positively influenced
grain protein content (Cluster 1). However, it did not stand out in other variables. Cluster 3 displayed
a wide variability in treatment effects. Non-inoculated treatments generally showed no positive
impact on grain quality or yield; however, the MO + 100% fertilization treatment achieved the highest
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carbohydrate content and kcal values within this cluster. Additionally, the Trichoderma viride
inoculation combined with 75% fertilization demonstrated a favorable effect on ear diameter, while
Pseudomonas putida at the same fertilization level had a negative impact on ear length.

Values

2
1

0

Bacillus — 50

- Trichoderma - 75
J Bacillus - 75

Trichoderma — 50

Pseudomonas - 75

-

Pseudomonas - 50

M0-75

Bacillus — 100

Trichoderma — 100

Pseudomonas - 100

Bacillus -0

Pseudomonas -0

Trichoderma —0

M0-0

Figure 7. Heatmap with cluster analysis illustrating the combined effects of microbial inoculation and
chemical fertilization on the Dekal B-7088 variety. The Y-axis lists all treatments resulting from the
combinations of factor levels, while the X-axis displays the evaluated parameters. The numbers 1, 2,
and 3 denote the three identified clusters. The vertical dotted line in the dendrogram represents the
cut-off level for determining these groups.

4. Discussion

The high cost of chemical fertilizers and the adverse effects of their excessive use have driven
the search for new technologies to support sustainable agriculture [35]. Microbial inoculants have
emerged as a promising alternative to enhance nutrient use efficiency [36-39] and, consequently, to
stimulate crop growth.

The results indicated that individual inoculation with Bacillus subtilis, Trichoderma viride, and
Pseudomonas putida significantly increased ear and grain weight. Additionally, the presence of
mineral fertilizer in the soil positively impacted these variables and the number of rows in the INIA
619 hybrid (Table 2). Similarly, Araujo et al. [40] reported a significant increase in ear weight with the
presence of PGPR in maize. In the Dekal B-7088 variety, no statistical differences were observed
between inoculated and control treatments; however, a synergistic effect was noted between the
microorganisms and 100% fertilization, with favorable results trending in the inoculated + 100%
fertilization treatments, grouped within a single cluster (Figure 7). Furthermore, 100% and 75%
mineral fertilization levels positively influenced ear length, ear diameter, ear weight, and grain
weight, underscoring the importance of adequate nutrient availability to ensure effective nutrient
transfer to the grains, promoting their optimal development [41,42]. These findings highlight the
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significant role of microbial inoculation in enhancing ear characteristics when combined with mineral
fertilization.

In the Dekal B-7088 hybrid, yield surpassed the variety's average of 11 t-ha' [43], with higher
fertilizer doses demonstrating a positive effect. In contrast, INIA 619 did not reach its expected yield
of 14 t-ha’, as indicated in its datasheet [44]. However, applying microorganisms along with 100%,
75%, and 50% mineral fertilization brought the yield significantly closer to the optimum than the
control treatment.

Numerous studies emphasize the effectiveness of PGPR and Trichoderma in enhancing nutrient
utilization [45—48]. For instance, Oliveira-Paiva et al. [46] reported a 16% increase in grain yield in
soils inoculated with Bacillus subtilis. Similarly, Gholami et al. [47] found that inoculation with various
Pseudomonas species increased maize grain weight, demonstrating the capacity of these bacteria to
improve crop yield.

Chemical fertilization in soil provides rapid nutrient availability for plant uptake [49], a process
further enhanced by the solubilizing activity of Bacillus subtilis and Pseudomonas putida [39,45,50],
which increase the availability of nitrogen, phosphorus, and potassium, supporting better root
development and more efficient nutrient utilization [48]. Additionally, Trichoderma viride plays a key
role in protecting plants from adverse conditions, contributing to increased crop productivity, as
reported by Syamsiyah et al. [52]. However, Khalid et al. [53] observed that the effectiveness of
rhizobacteria and fungal inoculation varies with plant genotype and environmental conditions,
underscoring the importance of tailoring microbial applications to specific contexts.

Regarding grain nutritional quality, this study demonstrates the biostimulant effect of Bacillus
subtilis, Pseudomonas putida, and Trichoderma viride in enhancing grain protein, fiber, and carbohydrate
concentrations. The heatmap illustrates the synergistic effect between plant growth-promoting
microorganisms (PGPMs) and high fertilization doses in improving grain quality in both hybrids.
Specifically, inoculation with PGPMs alongside the highest fertilization dose (240-120-140 kg-ha™ of
N, P,Os, and K;O) yielded the highest protein content in both evaluated hybrids (Figures 3A and 4A).
Previous studies indicate that increased protein content in maize grain is closely linked to nitrogen
fertilization, with nitrogen sources playing a critical role [54,55]. For wheat, Monostori et al. [56]
found that higher nitrogen fertilization rates led to increased total protein in grains. In this study,
however, microbial inoculation without fertilization achieved protein content values similar to
complete fertilization without inoculation. Moreover, the combined effect of microbial inoculation
and fertilization produced higher protein content than fertilization alone, underscoring the
complementary benefits of this approach.

These findings align with previous studies suggesting that Bacillus, Pseudomonas, and
Trichoderma release organic acids with auxinic activity, which stimulate root growth, enhance nutrient
availability, and reduce fertilizer requirements [40,50,52,57-59]. Solérzano & Quispe [39] reported
that Bacillus and Pseudomonas enhance nitrogen uptake efficiency by promoting root growth, while
Akladious & Abbas [60] found that Trichoderma inoculation increases protein content in maize grain.
Consequently, Bacillus subtilis, Pseudomonas putida, and Trichoderma viride likely improve the
efficiency of nitrogen fertilizers and soil organic nitrogen use.

Conversely, fertilization at 50% and 75% of the total dose increased fiber content independently
of microbial inoculation. The fiber content in maize grain corresponds to the structural components
of the plant cell wall, specifically cellulose, hemicellulose, lignin, and pectin [61]. The cell wall is a
crucial plant structure, supporting and protecting plant cells [62]. Its formation and stability rely on
adequate levels of essential nutrients, particularly calcium and boron [63]. Excessive fertilization can
reduce calcium availability and uptake due to ionic competition with K* and NH4* or precipitation
with P [64]. Consequently, the total fertilization dose may have reduced grain fiber content (Figure
3B). These findings align with the observed positive effect of fertilization on increased ash content in
both maize hybrids. Ash is composed of mineral residues such as Ca, Mg, P, K, Na, and Fe, remaining
after the incineration of organic substances like proteins, carbohydrates, and lipids [65]. Therefore,
higher ash content may indicate enhanced Ca assimilation, stimulating cell wall components'
biosynthesis and increasing fiber content in maize grain [66]. However, the highest fiber content was
only achieved with the combined treatment of microbial inoculation and full-dose fertilization. This
suggests that complete fertilization with nitrogen, phosphorus, and potassium promotes the
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biostimulant activity of PGPMs in enhancing fiber content (Figure 3B), likely through improved
calcium assimilation and its role in cell wall component biosynthesis [67].

The fertilization effect on carbohydrate content varied between the two hybrids. In INIA 619,
significant differences were observed at 50% of the total fertilization dose, while higher rates showed
no additional impact. In contrast, Dekal B-7088 demonstrated a stronger response to fertilization,
with the total dose (100%) proving most effective for carbohydrate accumulation, yielding 74.6 + 0.57
g-100 g. Li et al. [68] reported that a nitrogen dose of 240 kg-ha'—similar to the used dose in this
study —increased starch concentration in wheat grains. This supports Feng et al. [55] suggestion that
higher soil nitrogen concentrations stimulate carbohydrate metabolism. Consequently, nitrogen
fertilization is crucial for optimizing the nutritional quality of maize grain [69], although excessive
nitrogen can degrade the grain quality of sensitive genotypes [70].

Both hybrids, sown off-season and exposed to temperatures below the optimal range during the
winter in Lima (Figure 1), exhibited differing responses to fertilization regarding carbohydrate
accumulation. INIA 619 showed the lowest response to fertilization in yield and grain quality, likely
due to reduced nutrient uptake [71]. However, microbial inoculation emerged as a beneficial
alternative for carbohydrate accumulation in the INIA 619 hybrid, achieving values between 73.22 +
0.10 and 75.07 + 0.50 g-100 g when applied at 50% and 100% of the fertilization dose, respectively.

This research results suggest that the fertilization system significantly affects yield and
nutritional quality, which must be tailored to each maize variety's specific soil characteristics and
unique requirements [5,72]. Furthermore, microorganism inoculation has proven to be an efficient
strategy for enhancing both average crop yield and the nutritional quality of hard yellow maize grain.
While microbial inoculants cannot fully replace chemical fertilization, they serve as a valuable
complement by enhancing nutrient uptake [73]. This approach contributes to more sustainable
agricultural practices by optimizing input use and promoting soil health, which is essential for the
sustainability of maize production in the livestock industry.

5. Conclusions

This study highlights the synergistic effects of microbial inoculants and mineral fertilization on
two maize varieties. The findings indicate that microbial inoculation generally enhanced grain and
ear weight in INIA 619, with yield increases of 13.1% for INIA 619 and 55.5% for Dekal B-7088, with
Bacillus subtilis showing notable effectiveness in both varieties. Mineral fertilization at 75% and 50%
doses does not differ from the total dose for INIA 619. Regarding nutritional quality, the interaction
of Bacillus subtilis, Trichoderma viridae, and Pseudomonas putida with 100% fertilization significantly
boosted protein and carbohydrate content in INIA 619 by 47% and 6%, respectively, while in Dekal
B-7088, protein increased by 54% and fiber by 27%. Notably, in INIA 619, nutritional quality was
sustained even with a reduced fertilization dose of 75%.

These findings may support more sustainable agricultural practices by reducing reliance on
synthetic fertilizers, potentially mitigating long-term soil fertility loss. Future research should
examine these strategies across diverse agro-climatic conditions and crops, assessing the effectiveness
of microbial inoculants on various varieties. Additionally, it is recommended that the cumulative
effects of combined mineral fertilization and long-term inoculant use on soil fertility and crop
sustainability should be investigated. Further studies optimizing inoculant and fertilizer dosages
could provide valuable insights for developing more efficient and environmentally sustainable
farming practices.
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