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Abstract

Quinoa (Chenopodium quinoa Willd.) is a strategic crop for climate-smart agriculture in the
Andes, yet yield gains are constrained by soil degradation and low-input systems. We
tested whether synergistic bioinoculation with a plant growth-promoting rhizobacterium
(Azospirillum brasilense) and an arbuscular mycorrhizal fungus (Glomus iranicum var. tenuihy-
pharum) enhances root function and grain productivity under field conditions. A split-plot
RCBD was conducted in Ayacucho, Peru (2735 m a.s.l.) using four cultivars, Blanca de
Junin (BJ), INTA 441 Serior del Huerto (SH), INIA 415 Pasankalla (RP) and INIA 420 Ne-
gra Collana (NC) and four treatments: uninoculated control, Azospirillum, Glomus and
co-inoculation. Vegetative, root and yield traits were quantified; ANOVA, Tukey/Dunnett
contrasts, correlations and PCA were applied. Co-inoculation consistently outperformed
single inoculants, increasing root diameter, length, branching, dry weight and volume dry
weight, while also enlarging panicle dimensions and raising grain weight per panicle and
thousand-seed weight. Grain yield reached 4.94 + 0.59 t ha~! under co-inoculation, almost
triple that of the control (1.71 + 0.28 t ha~!) and about 1.5 times higher than single inocu-
lations. Genotypic effects were pronounced; B] and SH combined superior root biomass
with higher yield, RP maximized grain size and hectoliter weight, whereas NC responded
weakly. Significant genotype x treatment interactions indicated cultivar-dependent micro-
biome benefits. Correlation and PCA linked root biomass and stem/panicle architecture

) Check for updates to yield formation, positioning co-inoculation along trait vectors associated with below-

ground vigor and productivity. These results demonstrate a robust microbial synergy that
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1. Introduction

Quinoa (Chenopodium quinoa Willd.) is an ancient pseudocereal domesticated more
than 7000 years ago in the Andean highlands of Peru and Bolivia [1,2]. It has recently
gained worldwide attention for its exceptional adaptability to diverse environments and
its outstanding nutritional value [3,4]. The crop’s capacity to thrive under extreme abiotic
stress, including drought, salinity, low temperatures and nutrient-poor soils, makes it one
of the most resilient species within the Amaranthaceae family and a model for sustainable
agriculture in marginal lands [5-7]. This adaptability has enabled quinoa to expand beyond
its native range, being cultivated today across all continents, from arid regions of North
Africa to saline lowlands in Asia and temperate zones in Europe [8,9]. In parallel, quinoa’s
nutritional and functional composition has positioned it as a globally relevant superfood.
Its seeds contain high-quality proteins (14-18%) and a balanced amino acid profile rich in
lysine and methionine, unsaturated fatty acids, dietary fiber, minerals such as iron, zinc
and magnesium and numerous antioxidant and anti-inflammatory compounds [10-13].
Importantly, it is gluten-free, offering an alternative source of plant-based proteins for
populations with celiac disease or gluten intolerance [14,15].

In Peru, quinoa cultivation has expanded substantially in the last decade, consoli-
dating the country as one of the main global exporters, with a 5.6% production increase
between 2020 and 2024, mainly driven by European and North American markets [16].
However, this rapid expansion has occurred in parallel with growing environmental pres-
sures, including soil erosion, loss of organic matter and increasing salinization—especially
in highland valleys exposed to erratic rainfall and rising temperatures [17]. The overreliance
on synthetic fertilizers to sustain yields has accelerated soil degradation and disrupted mi-
crobial community balance, leading to nutrient leaching and contamination of groundwater
resources [18,19]. Consequently, there is an urgent need for low-input, environmentally
sound alternatives that can maintain productivity while restoring soil health and functional
biodiversity in Andean agroecosystems.

Plant growth-promoting microorganisms (PGPMs) have emerged as a cornerstone of
sustainable intensification strategies. They include beneficial bacteria and fungi capable of
stimulating plant growth, enhancing nutrient acquisition and mitigating abiotic and biotic
stress through multiple mechanisms [20,21]. Within this group, plant growth-promoting
rhizobacteria (PGPR), particularly Azospirillum spp., play a critical role in establishing
beneficial plant-microbe interactions. Azospirillum brasilense is a diazotrophic bacterium
widely studied for its ability to fix atmospheric nitrogen, solubilize phosphorus and other
minerals and synthesize phytohormones such as indole-3-acetic acid (IAA), gibberellins
and cytokinins that regulate root system architecture and shoot development [22,23].
Its colonization of root surfaces and internal tissues triggers physiological responses
that improve nutrient uptake efficiency, water status and photosynthetic capacity, lead-
ing to increased biomass and yield in numerous crops including maize, wheat, rice
and quinoa [24-26].

Complementarily, arbuscular mycorrhizal fungi (AMF) form obligate symbioses with
plant roots, facilitating nutrient and water acquisition through a highly specialized net-
work of hyphae and arbuscules. Glomus iranicum var. tenuihypharum is an AMF species
recognized for its exceptional root colonization efficiency and persistence even under high-
input agricultural systems [27,28]. AMF improve phosphorus and zinc uptake, enhance
plant water-use efficiency, modulate antioxidant enzyme activity and increase tolerance to
salinity and drought stress [29,30]. In quinoa, AMF colonization has been associated with
improved growth, nutrient acquisition and grain yield under nutrient-deficient or saline
conditions [31]. However, colonization efficiency can vary widely among genotypes and
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environmental contexts, and in some cases, the association may shift from mutualistic to
neutral or parasitic, depending on nutrient availability and soil temperature [32,33].

Recent studies have suggested that combining PGPR and AMF inoculation can pro-
duce synergistic effects that surpass the benefits of single inoculants. The dual application
of these microorganisms can enhance root biomass, nutrient acquisition and stress resilience
by integrating bacterial nitrogen fixation and phytohormone synthesis with fungal nutri-
ent foraging and osmotic regulation [34,35]. Such microbial consortia can improve the
plant’s adaptive capacity and contribute to soil ecological restoration, especially in de-
graded Andean soils where the natural abundance of beneficial microorganisms is limited.
Nonetheless, the effectiveness of these interactions remains poorly characterized in quinoa
cultivated under high-altitude field conditions, where low temperatures, alkaline pH and
nutrient imbalances may restrict microbial colonization and activity [7,36,37].

Growing evidence indicates that the synergy between Azospirillum brasilense and ar-
buscular mycorrhizal fungi (AMF) arises from direct mechanistic complementarities rather
than simply the additive effect of two beneficial inoculants. PGPR-induced increases in
root exudation, rhizosphere metabolism, and lateral root initiation create highly favor-
able conditions for AMF entry and colonization, while AMF-derived improvements in
plant nutritional and water status enhance carbohydrate allocation to the rhizosphere,
sustaining larger and more active Azospirillum populations. These reciprocal feedbacks
reinforce each their synergistic activity, strengthening resource-acquisition pathways and
amplifying hormonal and metabolic signals involved in root development—ultimately
producing greater biomass and yield than single inoculations [38,39]. Experimental evi-
dence demonstrates that these microorganisms can co-colonize root tissues, altering cell
wall architecture and enabling intra- and intercellular coexistence that increases microbial
abundance and nitrogenase activity—thereby stimulating root biomass and whole-plant
growth [40]. Similar synergistic outcomes have been observed in cherry tomato, where
co-inoculation with A. brasilense and Glomus intraradices increased leaf area, dry biomass,
and fruit yield beyond single inoculations [41]. Recent field research in Andean crops
further confirms that co-inoculation with A. brasilense and G. iranicum var. tenuihypharum
substantially improves root volume, diameter, and branching, resulting in greater nutrient
uptake efficiency and grain yield under high-altitude conditions [42]. These mechanistic
insights provide a solid biological foundation for hypothesizing synergistic benefits in
quinoa grown under Andean field conditions.

Therefore, the present study was designed to evaluate the effects of single and com-
bined inoculation with Azospirillum brasilense and Glomus iranicum var. tenuihypharum on
four Andean quinoa cultivars under field conditions in Ayacucho, Peru. We hypothesized
that co-inoculation would promote synergistic interactions leading to greater root biomass,
improved nutrient uptake and higher grain yield compared with single inoculations or
uninoculated controls. By integrating microbiological, physiological and agronomic eval-
uations, this research aims to provide evidence on the potential of microbial consortia
for enhancing the productivity and sustainability of quinoa-based systems in the Andean
highlands—thereby contributing to the broader goal of resilient, low-input agriculture in
fragile mountain ecosystems.

2. Materials and Methods
2.1. Study Site

The study was conducted at the Canaan Agricultural Experimental Station of the
National Institute of Agrarian Innovation (INIA), Andrés Avelino Caceres Dorregaray
District, Huamanga Province, Ayacucho Region, Peru (13°9'49.557” S; 74°12'6.405” W; 2735
m a.s.l.) (Figure 1).
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Figure 1. Geographic location of the experimental site. The red-shaded area indicates the department
and province, while the green-shaded area represents the district where the experimental site is
located. Field trials were conducted on plots managed by Canadn Agrarian Experimental Station
the National Institute for Agricultural Innovation (INIA) in the Andrés Avelino Céceres Dorregaray
District, Huamanga Province, Ayacucho, Peru.

Key meteorological parameters were recorded by the INIA-Canaan automatic weather
station, which is jointly managed by National Meteorology and Hydrology Service of
Peru (SENAMHI) and the Regional Government of Ayacucho. The study site exhibited a
typical Andean highland pattern, with maximum temperatures averaging 24.23-26.54 °C
and minimum values around 7.13-12.24 °C throughout the growing season. Rainfall was
concentrated between December and March, reaching peaks above 194.6 mm in February
and March, while evapotranspiration and soil moisture followed complementary seasonal
trends (Figure S1).

2.2. Soil Physicochemical Properties

Prior to the establishment of the experiment, a representative composite soil sample
was collected at a depth of 20 cm and analyzed at the Soil, Water and Foliar Analysis
Laboratory of the Canaan Experimental Station (LABSAF-CANAAN) to determine its
physicochemical characteristics (Table 1). The assessed parameters included soil texture,
pH [43] and electrical conductivity [44]. Organic matter content [45] and total nitrogen [46]
were also quantified. Cation exchange capacity, as well as available phosphorus [47] and
potassium [48] were extracted.

All soil analyses were performed using certified and traceable instruments to ensure
analytical rigor. Soil pH and electrical conductivity were measured with a pH meter (WTW
INOLAB, model pH 7310, Xylem Analytics Germany Sales GmbH & Co. KG., Weilheim
in Oberbayern, Germany) and a conductivity meter of the same brand (model Cond 7310,
Xylem Analytics Germany Sales GmbH & Co. KG., Weilheim in Oberbayern, Germany).
Organic matter content was determined using a digital burette (BDeco, model DCB5000,
Boeckel, Hamburg, Germany). Soil texture was assessed with a hydrometer (THERMCO
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ASTM, model 152H, HB Instrument/Gilson Company Inc., Reading, PA, USA) in combina-
tion with a mechanical dispenser (Hamilton Beach, model HMD400, Hamilton Company,
Reno, NV, USA). Total nitrogen quantification was carried out using a digestion block
(BERT, model Heizblock K24, Heizbiac GmbH, Ulm, Germany) and distillation (Wasser-
dam, model Destillere 52, Grupo WESDOM, Wenzhou, China). Available phosphorus was
measured colorimetrically using a spectrophotometer (Thermo Scientific, model Genesys
150, Thermo Fisher Scientific, Rochester, NY, USA). Exchangeable bases and potassium
were analyzed by atomic emission spectrometry (Agilent Technologies, model 4210, Santa
Clara, CA, USA). Mass measurements were obtained with an analytical balance (Bell, model
M214Ai, BEL Engineering S.r.l., Monza, Italy).

Table 1. Soil physicochemical characteristics before planting the quinoa crop.

Parameter Result
Sand (%) 40
Silt (%) 46
Clay (%) 14
Texture Franco
pH 7.80
Electrical conductivity (mS m~1) 0.13
Organic matter (%) 2.30
N (%) 0.12
P (ppm) 15.79
K (ppm) 380.26
Ca (cmol(+) kg™1) 37.63
Mg (cmol(+) kg’l) 6.10
K (cmol(+) kg’l) 1.99
Na (cmol(+) kg’l) 0.46
CEC (cmol(+) kg™ 1) 46.48

2.3. Plant Material

Four quinoa varieties were evaluated in this study and seeds were provided by the
National Institute of Agrarian Innovation (INIA). The first, Blanca de Junin (BJ), was
developed by the Universidad Nacional del Centro del Perti. The second, INIA 441 Sefior
del Huerto (SH), was released by the National Institute of Agrarian Innovation (INIA) at
the Canadn Experimental Station and originates from the Ayacucho Region. The remaining
two varieties, INIA 415 Pasankalla (RP).and INIA 420 Negra Collana (NC), were released
by INIA at the Illpa Experimental Station in Puno (Figure 2).

2.4. Experimental Design

The main plots were assigned to the four quinoa varieties, while the subplots cor-
responded to four treatments: Control, Azospirillum brasilense and Glomus iranicum var.
tenuihypharum and the combination of both microorganisms. This design resulted in a
total of 48 experimental units. Each unit covered an area of 12.80 m? and comprised
four rows, each 3.20 m in length, with 0.80 m spacing between rows and accommodating
approximately 256 plants per plot (Table 2)

Table 2. Treatment Combination.

Microorganism Code
Uninoculated (control) TR1
Azospirillum brasilense TR2

Glomus iranicum TR3

Azospirillum brasilense and Glomus iranicum TR4
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Figure 2. Quinoa genotypes: (A) INIA 415 Pasankalla (RP), (B) INIA 420 Negra Collana (NC),
(C) Blanca de Junin (BJ) and (D) INIA 441 Sefior del Huerto (SH).

2.5. Fertilization and Agronomic Management

The experiment was established on 27 November 2023. Land preparation involved
plowing with a disc plow, followed by harrowing and leveling. Rows were spaced at
0.80 m and sowing was carried out in continuous furrows. At sowing, 175 kg ha~!
of organic fertilizer (NPK with micronutrients) was applied along the furrow to avoid
negative interactions with the microorganisms. A seeding density of 13 kg ha~! was used.
Immediately after sowing, irrigation was performed by gravity according to the crop’s
water requirements. Thinning was conducted to maintain 15-20 plants per linear meter.

To avoid suppressing the activity and establishment of the inoculated microorgan-
isms, synthetic fertilizers were not applied, as mineral NPK sources can negatively af-
fect soil microbial communities by altering pH, reducing organic matter, and decreasing
microbial diversity [49,50].

The first phytosanitary treatment was applied as a preventive measure against downy
mildew (Peronospora spp.) and quinoa moth (Eurysacca meganocampta), using metalaxyl
and mancozeb (50 g), fipronil (20 mL) and an adherent (40 mL) in a spray volume of 20 L.
Harvesting was performed once the panicles reached a grain moisture content of 13-15%,
depending on the variety.

2.6. Microbial Seed Inoculation Procedure

The Azospirillum brasilense strain Az007 was provided by the FOCAM project “Use of
Microorganisms for the Sustainable Organic Production of Quinoa, Maize and Avocado
in the Ayacucho Region” of the Universidad Nacional San Cristébal de Huamanga [51].
The inoculum was prepared in NFb (nitrogen-free medium) liquid medium at a bacterial
concentration of 1 x 108 CFU g~ !, following the method described by Condori et al. [52].
For each experimental unit, 126 g of quinoa seeds were inoculated as follows: 4 g of
solid inoculant (peat), 3 mL of liquid inoculant and 15 mL of adhesive (gum arabic) were
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thoroughly mixed before adding the seeds. To pelletize the seeds and protect them from
direct solar radiation, 50 g of dolomite was incorporated.

The arbuscular mycorrhizal fungus Glomus iranicum var. tenuihypharum was applied
using the commercial biological inoculant MycoUp (agricultural biotechnology company,
Coterva Agriscinece, Indianapolis, IN, USA; 120 propalules g 1) was applied at the begin-
ning of the panicle initiation stage. The product was prepared by diluting 384 g in 192 L of
water and applied directly to the plant collar.

2.7. Agronomic Measurements
2.7.1. Vegetative Parameters

At physiological maturity, ten randomly selected plants from the two central rows of
each experimental unit were evaluated. The following traits were recorded: (i) plant height
(PH; cm), measured from the plant collar to the last node bearing the tassel; (ii) panicle
length (cm), measured from the supporting node to the tip of the main panicle; both param-
eters were measured using a measuring tape. (iii) Panicle diameter (cm) was determined
at the widest part of the panicle using a ruler. With a digital caliper (DCLA 1205 VINCA,
model DCLA-1205, Los Angeles, CA, USA), we further measured: (iv) stem diameter (mm)
at the lower third of the stem and (v) central glume length (mm).

2.7.2. Yield Parameters

Ten randomly selected plants from the two central rows of each experimental unit
were assessed. The following traits were considered: (i) panicle weight (g panicle~!). Each
tassel was then threshed and debris removed to obtain (ii) grain weight (g panicle™).
(iii) Fifty kernels were counted and weighed and the result extrapolated to determine
thousand-seed weight (g), using an analytical balance (OHAUS, model AX4202, Newark,
NJ, USA). (iv) Grain yield (t ha~!) was estimated from the average grain weight per tassel
and plot size and converted to kg ha=!. (v) Grain diameter (mm) was measured with
the digital caliper (DCLA 1205 VINCA). (vi) Hectoliter weight (kg hL~1) was determined
using a SEEDBURO Filling Hopper balance (model 0201045, Chicago, IL, USA). Finally, the
harvest index (HI) was calculated as:

HI (%) = (Grain yield / Total weight) x 100 (1)

2.7.3. Root Development Parameters

Root traits were measured from ten randomly selected plants in the two central rows
of each experimental unit. The following parameters were recorded: (i) root dry weight
(g plant 1), after drying the samples in paper bags at 105 °C for 24 h; (ii) main root length
(cm), measured with a measuring tape; (iii) root diameter (mm), measured at the root collar
with a digital caliper (DCLA 1205 VINCA); (iv) number of lateral roots (units); and (v) root
volume (VR, cm® plant~!), determined by water displacement in a 500 mL graduated
cylinder, calculated as:

VR (cm® plant_l) = Volumengy,; — Volumen;pisiq (2)

2.8. Statistical Analysis

Prior to performing the analysis of variance (ANOVA), the assumptions of homogene-
ity of variances (homoscedasticity) and data normality were verified. The statistical analysis
was carried out according to a split-plot arrangement within a randomized complete block
design (RCBD). ANOVA was used to evaluate the effects of treatments, genotypes and
their interactions. Mean comparisons were performed using Tukey’s test (p < 0.05) to detect
differences among genotypes, whereas Dunnett’s test (p < 0.05) was applied to compare
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each inoculation treatment against the uninoculated control. All statistical analyses were
conducted using RStudio software (version 4.5, R Core Team, Vienna, Austria) [53].

For graphical representation, only variables or factors showing statistically significant
effects (p < 0.05) were plotted. Interaction plots were presented exclusively for traits where
the genotype x treatment interaction was significant in the mixed model.

3. Results
3.1. Correlation Analysis

The correlation matrix revealed strong and significant associations among several
agronomic and root-related traits of quinoa (Figure 3). Panicule diameter (PD) exhibited
a strong positive correlation with stem diameter (SD, ¥ = 0.70) and grain diameter (GD,
r = 0.76). Similarly, SD was positively associated with panicle weight (PW, r = 0.80) and all
root traits such as RDW (r = 0.82) and RV (r = 0.85), indicating that thicker stems favored
panicle development and root expansion.
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Figure 3. Correlation matrix among agronomic and physiological traits in quinoa. PH, plant
height; PL, panicle length; PD, panicle diameter; SD, stem diameter; CGL, central glomerule length;
PW, panicle weight; GWP, grain weight per panicle; TSW, thousand-seed weight; GD, grain di-
ameter; GY, grain yield; HW, hectoliter weight; RDW, root dry weight; RL, root length; RD, root
diameter; NRB, number of root branches; RV, root volume. The color intensity inside square rep-
resents the strength of Pearson’s correlation coefficients (r), with blue indicating positive and red
negative associations.

Grain yield (GY) showed the closest relationships with grain weight per panicle (GWP,
r=0.90) and panicle weight (PW, r = 0.74), highlighting these variables as primary yield
determinants. Thousand seed weight (TSW) was moderately correlated with GY (r = 0.63),
reinforcing its contribution to yield formation. In contrast, Plant Height (PH) exhibited
little negative or positve associations with most agronomic traits, including grain diameter
(GD, r = —0.20) and central glomerule length (CGL, r = —0.21).
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Root traits were highly interrelated: Root volume (RV) showed strong positive cor-
relations with all root parameters, particularly with RDW (r = 0.87) and number of root
branches (NRB, r = 0.71). Additionally, RV was positively associated with vegetative traits
such as panicule length (PL, = 0.77) and stem diameter (SD, r = 0.85), as well as with
yield-related traits, especially panicle weight (PW, » = 0.76).

3.2. Response of Vegetative Parameters
3.2.1. Genotypic Effects

Significant differences among genotypes were observed for all vegetative traits
(Table S1). The tallest plants were recorded in SH (106.0 &= 2.81 cm) and BJ (103.0 £ 3.24 cm),
clearly exceeding RP (72.10 £ 3.34 cm) and NC (62.50 £ 2.71 cm) (Figure 4A). A contrasting
trend was observed for central glomerule length (mm), where RP showed the largest mean
(11.77 £ 0.85 mm), while BJ (8.57 £ 0.59 mm) and NC (7.98 £ 0.23 mm) occupied an
intermediate range and SH (6.72 £ 0.51 mm) presented the shortest glomerules (Figure 4B).
In terms of panicle length (PL), BJ (63.40 £ 2.66 cm) and SH (62.50 £ 4.09 cm) formed
the upper tier, RP (54.40 £ 1.98 cm) was intermediate and NC (44.80 £ 2.55 cm) showed
the smallest values (Figure 4C). For panicle diameter (PD), RP displayed the largest mean
(11.79 4+ 0.75 cm), while BJ (8.33 & 0.66 cm) and SH (7.29 + 0.83 cm) were lower but still
clearly above NC (5.55 £ 0.53 cm). Thus, NC consistently trailed the other three genotypes
for this trait (Figure 4D). Finally, stem diameter (SD) also varied significantly among geno-
types: BJ (6.76 & 0.26 mm) and RP (6.25 & 0.29 mm) exhibited thicker stems compared with
SH (6.10 £ 0.35 mm) and NC (5.09 £ 0.36 mm) had the thinnest (Figure 4E). Together, these
results indicate that B] and SH stand out for plant stature and panicle development, BJ
additionally excels in stem thickness and RP shows superior glomerule elongation, while
NC consistently displays the smallest vegetative dimensions (Table S2).

3.2.2. Treatment Effects

The ANOVA revealed significant differences among treatments for most vegetative
traits of quinoa, with the co-inoculation of Azospirillum brasilense and Glomus iranicum
var. tenuihypharum (TR4) showing the most consistent and pronounced improvements
(Table S1). Although plant height did not differ significantly among treatments, a slight
upward trend was evident in inoculated plants, particularly in TR2 (89.00 4= 7.41 cm), TR3
(87.10 £ 6.11 cm), TR4 (87.60 & 7.05 cm) with co-inoculation, compared with the control
TR1 (80.50 £ 4.87 cm) (Figure 5A). In contrast, central glomerule length (CGL) exhibited
a marked response to microbial inoculation. The co-inoculated treatment (TR4) achieved
the highest mean (10.50 £ 0.85 mm), significantly exceeding the control (p < 0.0001), while
single inoculations with A. brasilense (TR2) and G. iranicum (TR3) also promoted substantial
increases with 9.14 &+ 0.83 mm and 8.77 & 0.54 mm, respectively (Figure 5B).

A similar pattern was observed for panicle length (PL), where TR4 (64.01 £ 3.90 cm)
outperformed all other treatments, followed by TR2 (58.10 + 3.28 c¢cm) and TR3
(56.20 £ 3.05 cm), with highly significant differences relative to the control (p < 0.01)
(Figure 5C). The panicle diameter (PD) also increased markedly under inoculation, rising
from 5.56 + 0.78 cm (TR1) to 8.86 & 0.72 cm (TR2), 8.25 4= 0.96 cm (TR3) and 10.30 £ 0.86 cm
(TR4) (Figure 5D). Likewise, stem diameter (SD) exhibited a clear positive response, reach-
ing 6.07 £ 0.30 cm (TR2), 6.28 & 0.25 cm (TR3) and 6.91 & 0.37 cm (TR4) compared with
4.49 £ 0.26 cm in the control (Figure 5E). Overall, these results indicate that both single and
dual inoculations significantly enhanced the vegetative development of quinoa (Table S3).
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Figure 4. Vegetative traits of quinoa by genotype (BJ, NC, RP, SH). Panels show: (A) Plant height
(cm), (B) Central glomerule length (mm), (C) Panicle length (cm), (D) Panicle diameter (cm) and
(E) Stem diameter (mm). Boxplots display the interquartile range (box), median (horizontal line),
experimental unit (gray points) and the mean (triangle), while distinct letters indicate significant
differences between means analyzed by Tukey’s HSD (« = 0.05).

3.2.3. Genotype by Treatment for Glomerule Central Length (mm)

The analysis of variance (ANOVA) revealed significant effects (p = 0.003) for central
glomerule length (CGL) among genotypes, treatments and their interaction (Table S1).
The genotype X treatment interaction indicated that the response to treatments varied
depending on the genetic background. In BJ, the highest mean glomerule length was
recorded under TR4 (10.0 = 0.17 mm), followed by TR2 (9.68 £ 0.86 mm), both significantly
higher than the control TR1 (5.48 =+ 0.28 mm) according to the Dunnett test (p < 0.001). In RP,
glomerule length increased markedly from 8.14 £ 0.40 mm (TR1) to 15.2 & 0.20 mm (TR4),
representing nearly a twofold increase over the control (p < 0.0001). Similarly, in SH, a
gradual increase was also observed, ranging from 4.85 £ 0.95 mm (TR1) to 8.49 & 0.68 mm
(TR4), showing a significant difference in improvement under co-ioculation (p = 0.0017).

In contrast, NC exhibited minimal variation among treatments, with values ranging
between 7.67 & 0.34 mm and 8.48 & 0.73 mm, showing no significant differences (p > 0.05).
Overall, treatments TR2, TR3 and particularly TR4 promoted greater central glomerule
elongation in most genotypes, highlighting a differential physiological response among the
evaluated materials (Figure 6 and Table 54).
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Figure 5. Effect of microbial inoculation on quinoa growth traits under field conditions. Treatments
correspond to TR1 = Control, TR2 = Azospirillum brasilense, TR3 = Glomus iranicum var. tenuihypharu
and TR4 = combined inoculation (Azospirillum brasilense + Glomus iranicum var. tenuilypharum). Panels
show (A) Plant height (cm), (B) Central glomerule length (mm), (C) Panicle length (cm), (D) Panicle
diameter (cm) and (E) Stem diameter (mm). Boxplots display the distribution of values per treatment;
dots represent individual experimental units, median (horizontal line), and blue triangles indicate
mean values. Significance levels were determined using Dunnett’s test compared with the control:
p <0.05 (*), p <0.01 (**), p <0.001 (***), p < 0.0001 (****) and ns = not significant.
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Figure 6. Central glomerule length (mm) by genotype (BJ, NC, RP, SH) across treatments: TR1 = control,
TR2 = Azospirillum brasilense, TR3 = Glomus iranicum var. tenuihypharum, TR4 = co-inoculation. Boxplots
show the interquartile range (box), median (horizontal line), mean (triangle) and experimental units
(gray points). Significance levels were determined using Dunnett’s test compared with the control:
p <0.05 (*), p <0.01 (**), p <0.001 (***), p < 0.0001 (****) and ns = not significant.
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3.3. Response of Yield Parameters
3.3.1. Genotype Effects

The genotypic contrasts for yield-related traits revealed distinct but trait-specific
patterns (Table S1). Although panicle weight (g panicle ') showed no significant differences
among genotypes according to Tukey’s HSD (« = 0.05), the mean values suggested a
mild gradient. RP exhibited the highest mean (28.10 £ 3.05 g), closely followed by BJ
(26.9 = 3.10 g), whereas NC (23.4 & 3.15 g) and SH (23.4 £ 3.71 g) displayed similar, slightly
lower values (Figure 7A). By contrast, grain weight per panicle (g) varied significantly
across genotype (p < 0.05). BJ ranked first (10.85 & 1.40 g), with NC (8.62 &= 1.21 g) and RP
(8.25 £ 1.10 g) forming an intermediate tier and SH (7.88 £ 1.07 g) presenting the lowest
mean recorded the lowest performance (Figure 7B).
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Figure 7. Yield traits of quinoa by genotype (BJ, NC, RP, SH). (A) Panicle weight (g panicle™!),
(B) Grain weight (g paniclefl), (C) Thousand-seed weight (g), (D) Grain diameter (mm), (E) Grain
yield (t ha~1) and (F) Hectoliter weight (g hL™!). Boxplots display the interquartile range (box),
median (horizontal line), experimental unit (gray points) and the mean (triangle). while distinct
letters indicate significant differences between means analyzed by Tukey’s HSD (x = 0.05).

Marked genotypic differentiation also appeared for thousand-seed weight (g). BJ
displayed the heaviest seeds (3.07 &+ 0.09 g), whereas SH (2.65 £ 0.17 g), NC (2.64 + 0.10 g)
and RP (2.59 £ 0.14 g) were statistically lower and mutually similar (Figure 7C). Inter-
estingly, this pattern was inverted for grain diameter (mm): RP achieved the largest
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grains (2.13 £ 0.03 mm), while BJ (1.70 + 0.02 mm), NC (1.60 £ 0.01 mm) and SH
(1.60 £ 0.01 mm) exhibited smaller and comparable dimensions (Figure 7D). In terms
of grain yield (t ha~?!), B] stood out with the highest productivity (3.99 & 0.55 t ha~!), fol-
lowed by SH (3.09 & 0.44 t ha—') and RP (3.02 & 0.53 t ha~!), while NC (2.81 + 0.51 tha™!)
yielded roughly 30% less than BJ (Figure 7E). Finally, Hectoliter weight favored RP
(595 + 2.41 kg hL 1), followed by BJ (574 + 10.80 kg hL~!) and SH (558 + 10.00 kg hL~1);
NC (483 £ 12.7 kg hL~1) exhibited the lowest bulk density (Figure 7F). Collectively, B] and
RP emerged as the most productive genotypes, combining superior grain yield and seed
quality attributes, while SH performed moderately and NC consistently lagged behind
(Table S2).

3.3.2. Treatment Effects

Analysis of variance revealed highly significant treatment effects across most yield-
related traits (p < 0.001), highlighting the strong influence of microbial inoculation
(Table S1). Among treatments, the co-inoculation of Azospirillum brasilense and Glomus
iranicum var. tenuihypharum (TR4) consistently outperformed both single inoculations
and the uninoculated control. Under TR4, plants achieved the highest values for pan-
icle weight (35.30 £ 3.62 g plantfl), grain weight per panicle (13.20 + 1.30 g plantfl),
grain diameter (1.82 £ 0.06 mm), thousand-seed weight (3.27 £ 0.11 g) and grain yield
(4.94 £ 0.59 t ha~!). These improvements represent a 190% increase in yield relative to
the control (1.71 + 0.28 t ha™!), confirming a strong synergistic interaction between the
bacterial and fungal inoculants. The only exception was the hectoliter weight, which
slightly decreased (545.0 + 13.1 g hL~!) compared with the control (570.0 4 10.3 g hL. 1),
suggesting that grain density was unaffected by the yield gains driven by co-inoculation.

Single inoculations produced intermediate but trait-specific responses. The application
of A. brasilense alone (TR2) significantly enhanced panicle weight (25.50 4= 1.98 g), grain
weight per panicle (8.33 £ 0.53 g), thousand-seed weight (2.76 & 0.08 g) and grain diameter
(1.82 4= 0.08 mm), resulting in a 75% yield increase (2.98 + 0.31 t ha~!) compared with the
control. However, the hectoliter weight (552 + 24.10 g hL~!) did not differ significantly
from the control. The fungal inoculation (G. iranicum var. tenuihypharum, TR3) also im-
proved grain diameter (1.75 = 0.05 mm), panicle weight (26.80 & 2.26 g), grain per panicle
(9.28 4 0.79 g) and grain yield (3.27 4 0.32 t ha~!), corresponding to a 91% increase over
the control. Interestingly, TR3 (540.00 4= 10.50 ¢ hL~!) reduced hectoliter weight compared
with the control (Figure 8A-F; Table S3).

3.3.3. Genotypes by Treatment for Grain Diameter and Hectoliter Weight

Additionally, significant differences (p < 0.001) were detected in grain diameter among
genotypes, treatments and their interaction, indicating genotype-dependent responses to
the applied treatments (Table S1). Mean grain diameter ranged from 1.51 to 2.29 mm, with
the highest values observed in the genotype RP and the lowest in NC and SH. In BJ, a
gradual increase for B] was observed from 1.56 &= 0.01 mm (TR1) to 1.83 £ 0.00 mm (TR4),
with all treatments showing significant differences compared with the control (p < 0.001).
Similarly, in NC, TR2-TR4 produced slightly higher diameters (1.64-1.65 mm) than TR1
(1.51 mm), although the magnitude of the response was smaller. The RP genotype exhibited
the greatest variability, reaching 2.29 £ 0.01 mm under TR2, which represented an increase
of more than 10% compared with the control (1.99 & 0.05 mm). In SH, grain diameter also
increased significantly from 1.51 4+ 0.00 mm (TR1) to 1.65 £+ 0.00 mm (TR4) (p < 0.001).
Collectively, treatments TR2-TR4 promoted thicker grains across most genotypes, with
TR4 consistently showing the highest response (Figure 9 and Table S5).
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Figure 8. Effect of microbial inoculation on quinoa growth traits under field conditions. Treatments
correspond to TR1 = Control, TR2 = Azospirillum brasilense, TR3 = Glomus iranicum var. tenuihypharum
and TR4 = combined inoculation (Azospirillum brasilense + Glomus iranicum var. tenuihypharum).
Panels show (A) panicle weight (g paniclefl), (B) grain weight (g paniclefl), (C) thousand-seed
weight (g), (D) grain diameter (mm), (E) Grain yield (t ha~1) and (F) hectoliter weight (g hL-1).
Boxplots display the distribution of values per treatment; dots represent individual experimental
units, median (horizontal line), and blue triangles indicate mean values. Significance levels were
determined using Dunnett’s test compared with the control: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***),
p < 0.0001 (****) and ns = not significant.

Significant effects (p < 0.001) were detected for genotype, treatment and their interac-
tion, indicating that the response of hectoliter weight depended on the genetic background
(Table S1). Mean values ranged from 418.33 to 603.00 g-hL~!, with B] and RP showing the
highest averages, whereas NC exhibited the lowest values across treatments. In BJ, hecto-
liter weight decreased notably from 595.00 =+ 23.0 g-hL~! (TR1) to 546.67 & 13.30 g-hL !
(TR3) and 553.33 & 16.70 g-hL~! (TR4). Conversely, NC presented a sharp reduction un-
der TR2 (418.33 & 1.67 g-hL~!) compared to TR1 (534.67 + 6.36 g-hL™!), representing a
decrease of nearly 22% (p < 0.001). In RP, values remained relatively stable across treat-
ments (583.33-602.00 g-hL~!), with no significant differences from the control (p > 0.05).
For SH, hectoliter weight showed a declining trend from 569.33 + 24.5 g-hL~! (TR1) to
536.67 & 16.7 g-hL~! (TR4), although differences were not statistically significant (p > 0.05).
Overall, the interaction pattern indicates that NC and B] were more sensitive to treatment
effects, while RP maintained higher weight stability (Figure 10 and Table S6).
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Figure 9. Grain diameter (mm) by genotype (BJ, NC, RP, SH) across treatments: TR1 = control,
TR2 = Azospirillum brasilense, TR3 = Glomus iranicum var. tenuihypharum, TR4 = co-inoculation. Box-
plots show the interquartile range (box), median (horizontal line), mean (triangle) and experimental

units (gray points). Significance levels were determined using Dunnett’s test compared with the
control: p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****) and ns = not significant.
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Figure 10. Hectoliter weight (g-hL~!) by genotype (BJ, NC, RP, SH) across treatments: TR1 = control,
TR2 = Azospirillum brasilense, TR3 = Glomus iranicum var. tenuihypharum, TR4 = co-inoculation. Box-
plots show the interquartile range (box), median (horizontal line), mean (triangle) and experimental

units (gray points). Significance levels were determined using Dunnett’s test compared with the
control: p < 0.05 (*), p < 0.0001 (****) and ns = not significant.

3.4. Root Parameters
3.4.1. Genotype Effects

Genotypes differed significantly for most root traits (Table S1). Root dry weight was
highest in BJ (4.04 4 0.46 g plant™!), clearly exceeding the intermediate genotypes RP
(3.17 £ 0.40 g plant~!) and SH (3.27 + 0.46 g plant~!), while NC showed the smallest
value (1.60 £ 021 g plant_l), less than half of BJ. For root length, BJ (20.00 & 0.37 cm)
and SH (19.00 £ 1.07 cm) formed an upper tier with similar means; RP was intermediate
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(18.30 £ 0.64 cm) and NC had the shortest roots (16.30 £ 1.28 cm). Root diameter also
distinguished the genotypes: RP presented the thickest roots (7.59 & 0.92 mm), followed
closely by BJ (7.47 &+ 0.35 mm). SH was intermediate (6.88 & 0.49 mm) and NC had the
thinnest roots (5.17 &+ 0.35 mm).

No significant differences were found in the number of root branches, with means rang-
ing narrowly from 14.10 £ 1.38 (BJ) to 12.40 = 1.60 (SH), while NC and RP each averaged
around 14 branches. In contrast, root volume revealed clear separation among geno-
types: BJ attained the highest value (7.08 & 0.85 cm? plant_l), RP (5.38 4 0.63 cm? plant_l)
and SH (5.71 4+ 0.87 cm® plant™!) were intermediate and NC recorded the lowest
(3.57 £ 0.50 cm?® plant~!). Overall, B] combines the greatest root biomass and volume
with long roots, RP contributes the largest diameters, SH tends to be intermediate to high

for length and volume and NC consistently underperforms across root attributes—patterns
(Figure 11 and Table S2).
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Figure 11. Root traits of quinoa by genotype (B, NC, RP, SH). (A) Root dry weight (g plant 1), (B) Root
length (cm), (C) Root diameter (cm), (D) Number of root branches, (E) Root volume (em3 plantfl).
Boxplots display the interquartile range (box), median (horizontal line), experimental unit (gray
points) and the mean (triangle, while distinct letters indicate significant differences between means
analyzed by Tukey’s HSD (o = 0.05).

3.4.2. Treatment Effects

Root development responded strongly to microbial inoculation (Table S1). Co-
inoculation with Azospirillum brasilense and Glomus iranicum var. tenuihypharum (TR4)
delivered the largest and most consistent gains, with highly significant differences versus
the control (Dunnett; p < 0.001) across all traits. Under Co-inoculation, roots exhibed a
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diameter 7.78 £ 0.48 mm, length 20.40 £ 0.89 cm, number of branches 18.20 & 1.28, dry
weight 4.24 4 0.60 g plant ! and volume 8.06 & 0.85 cm?® plant ~! (Figure 12A-E).
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Figure 12. Effect of microbial inoculation on quinoa growth traits under field conditions. Treatments
correspond to TR1 = Control, TR2 = Azospirillum brasilense, TR3 = Glomus iranicum var. tenuihypharum
and TR4 = combined inoculation (Azospirillum brasilense + Glomus iranicum var. tenuilypharum). Panels
show (A) Root dry weight (g plant~!), (B) Root length (cm), (C) Root diameter (cm), (D) Number
of root branches, (E) Root volume (cm? plant~!). Boxplots display the distribution of values per
treatment; dots represent individual experimental units, median (horizontal line), and blue triangles
indicate mean values. Significance levels were determined using Dunnett’s test compared with the
control: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****) and ns = not significant.

Single inoculations produced positive intermediate responses. Inoculation with
A. brasilense (TR2) significantly enhanced root length (19.40 £ 0.81 cm), number of
branches (14.70 + 0.73), root dry weight (3.21 + 0.34 g plant!) and root volume
(5.69 £ 0.81 cm?® plant ~!); root diameter also increased (6.80 + 0.33 mm). Inoculation
with G. iranicum (TR3) significantly improved root diameter (7.48 + 0.92 mm), number
of branches (13.60 + 0.73) and root volume (5.38 + 0.48 cm? plant ~!), with additional
significant gains for root length (18.30 + 0.86 cm) and root dry weight (2.83 & 0.31 g plant 1)
(Figure 12A-E).

Overall, the hierarchy of responses across below-ground traits followed the pattern
TR4 > TR2 Z TR3 > TR1, indicating a clear synergy under co-inoculation that enhances
both structural attributes (diameter, branching, volume) and biomass accumulation (length,
dry weight) of the root system (Table S3).
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3.4.3. Genotype by Treatment Root Dry Weight (g-plant~?)

Highly significant effects (p < 0.001) were observed for genotype, treatment and their in-
teraction, indicating differential root biomass responses among quinoa genotypes under the
evaluated conditions (Table S1). Mean root dry weight ranged from 1.10 to 6.46 g-plant~!,
with the highest values recorded in B] and SH and the lowest in NC. In BJ, root dry weight in-
creased markedly from 3.18 4 0.03 g-plant—! (TR1) to 6.46 + 0.77 g-plant~! (TR4), with the
co-inoculation nearly doubling biomass relative to the control (p = 0.0002). The NC genotype
exhibited a gradual increase from 1.10 4 0.62 g-plant ! (TR1) t0 2.06 + 0.64 g-plant ! (TR4),
though differences were not statistically significant (p > 0.05). In contrast, RP responded
strongly to single inoculations: TR2 (4.38 = 0.42 g-plant~!) and TR3 (3.75 4 0.69 g-plant~!)
both showed significantly higher values than the control. In contrast, SH displayed a
consistent increase from 1.54 + 0.09 g~plant’1 (TR1) to 5.28 £ 0.81 g-plant’1 (TR4), with
TR2 differing significantly from the control (Figure 13). Overall, treatments TR2 and TR4
substantially enhanced root biomass accumulation across most genotypes, particularly in
BJ and SH (Table S7).
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Figure 13. Root dry weight (g-plant~!) by genotype (BJ, NC, RP, SH) across treatments: TR1 = control,
TR2 = Azospirillum brasilense, TR3 = Glomus iranicum var. tenuihypharum, TR4 = co-inoculation. Box-
plots show the interquartile range (box), median (horizontal line), mean (triangle) and experimental

units (gray points). Significance levels were determined using Dunnett’s test compared with the
control: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****) and ns = not significant.

3.5. PCA

Principal Component Analysis (PCA) effectively summarized the multivariate re-
sponse of quinoa genotypes and yield-related traits under microbial inoculation. The
first two principal components Dim-1 (PC1) and Dim-2 (PC2) explained the major-
ity of the total variance (67.8%), separating genotypes according to belowground and
aboveground performance.

According to the contribution analysis, the ten variables that contributed most to PC1
were RV, SD, RDW, PW, PL, GWP, NRB, GY, PD and RD, reflecting the dominant influence
of belowground biomass and yield-related components on the first axis. Meanwhile, PC2
was mainly explained by GD, CGL, PH, PD and HW, indicating that aboveground growth
and reproductive attributes were major contributors to this axis. (Figures S2 and S3).

Genotype RP was positioned on the positive side of PCl1, in close association with
variables related to grain size and density, indicating superior grain morphology. In contrast,
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BJ occupied the negative side of PC1, showing strong association with root biomass and
panicle weight, typical of vigorous and high-yielding plants. NC and SH were located
near the biplot center, reflecting balanced contributions of both root and yield-related
components (Figure 14).

Dim1 (53.6%)
Figure 14. Principal component analysis (PCA) of traits by genotype. Scores are colored by genotype
(B], NC, RP, SH); shaded ellipses depict the 95% confidence region around each group centroid.
Arrows represent standardized variable loadings (vectors point toward increasing values of the trait;
arrow length is proportional to the loading magnitude).

Similarly, the biplot of treatments demonstrated clear separation patterns among the four
treatments. The co-inoculated treatment (TR4) was positioned on the negative side of PCl1,
closely associated with enhanced root biomass, panicle development, and yield formation, con-
firming a synergistic effect between A. brasilense and G. iranicum. The single fungal inoculation
(TR3) showed moderate association with grain structure and density traits, whereas the bacterial
inoculation (TR2) displayed intermediate responses across yield components. In contrast, the
uninoculated control (TR1) clustered on the opposite side of PC1, far from productivity-related
variables, reflecting lower vegetative vigor and grain yield (Figure 15).

Dim1 (53.6%)

Figure 15. Principal component analysis (PCA) of traits by treatment. Scores are colored by treatment
(TR1-TR4); shaded ellipses are 95% confidence regions. Arrows show standardized variable loadings;
vectors indicate the direction of increasing trait values and their lengths are proportional to the
contribution to the component.

https://doi.org/10.3390 /applmicrobiol6010012



Appl. Microbiol. 2026, 6, 12

20 of 32

4. Discussion

Our field results demonstrate that co-inoculation with Azospirillum brasilense and Glo-
mus iranicum var. tenuihypharum can substantially improve quinoa growth and productivity.
The combined microbial treatment produced marked increases in root development and
yield-related traits compared to uninoculated controls, aligning with previous studies in
quinoa [37,54-57]. For instance, [58] reported that inoculation with plant growth-promoting
rhizobacteria (PGPR) boosted quinoa yield by 40% and [36] observed greater improvement
in root biomass with a beneficial Pseudomonas strain than in non-inoculated treatments.
Likewise, several independent trials have documented significant quinoa yield enhance-
ments due to PGPR application (e.g., increased grain and panicle weight), as seen in both
greenhouse and field settings [35,59,60]. Our findings corroborate this positive trend; the
treated quinoa plants exhibited larger panicles and greater thousand-seed weight than the
controls, thereby reinforcing the evidence that quinoa is highly responsive to biofertiliza-
tion with beneficial microbes [57,61]. Notably, we observed root system expansion (longer,
thicker roots with more branches) under microbial inoculation, which likely underpins the
gains in yield. A more robust root system can explore soil resources more effectively and
support higher shoot and grain growth [62,63], a relationship also highlighted in correlation
analyses of quinoa traits (e.g., root volume correlating strongly with panicle size and yield
components). These results underscore that harnessing PGPR and other symbionts is a
promising strategy to improve quinoa’s agronomic performance in sustainable ways [6,64].

Importantly, the present study provides new insights into the synergy between A.
brasilense and G. iranicum in quinoa. While single inoculations of either microbe did enhance
certain growth parameters, the dual inoculation consistently produced the greatest im-
provements, indicating a complementary or synergistic interaction [65-67]. Co-inoculated
plants had the highest root biomass and grain yield, often exceeding the sum effect of
each microbe alone [68,69]. This synergism is biologically plausible: Azospirillum brasilense
is known to fix atmospheric nitrogen and secrete phytohormones (such as indole acetic
acid), which stimulate root proliferation and nutrient uptake [70-72]. Meanwhile, Glomus
iranicum (an arbuscular mycorrhizal fungus, AMF) greatly improves phosphorus acqui-
sition, water uptake and overall nutrient status of the host plant by extending the root’s
absorptive network [28,73].

Building on this biological complementarity, previous research provides deeper mech-
anistic evidence that reinforces the synergistic behavior observed in the present field
trial. Earlier studies demonstrated that Azospirillum and Glomus can simultaneously col-
onize emerging lateral roots, altering cell wall structure and increasing the density of
endophytic microbial populations, which enhances nitrogen fixation and root metabolic
activity [40]. These synergistic interactions also reshape the plant’s secondary metabolism
and stress-response signaling. For example, in maize, three-component consortia involving
Azospirillum, Pseudomonas, and Glomus induced stronger transcriptional and metabolic
responses than individual inoculants [74]. More broadly, PGPR-AMEF partnerships enhance
plant resilience by increasing metal chelation, solubilizing nutrients, modulating ethylene
levels through ACC deaminase activity, and improving water and ion homeostasis under
stress [75-78]. Collectively, these mechanisms explain why the combined inoculation in our
study produced a more integrated improvement in root development, nutrient acquisition,
and yield components, reflecting a well-established synergistic advantage compared to
single-microbe applications.

Arbuscular mycorrhizal fungi (AMF), such as Glomus iranicum var. tenuihypharum,
play a mechanistic role far beyond root colonization, functioning as active mediators of
phosphorus acquisition and transfer. Extensive extraradical hyphae explore soil microsites
inaccessible to roots, mobilizing inorganic phosphorus (Pi) and transporting it toward the
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root cortex [79]. AMF possess high-affinity phosphate transporters that load Pi into the
fungal cytoplasm and deliver it to arbuscules, where it is subsequently released and taken
up by plant Pi transporters located in the periarbuscular membrane [80,81]. Additionally,
AMEF can hydrolyze organic P to release plant-available Pi, particularly in acidic or nutrient-
limited soils [82].

Although nitrogen use efficiency (NUE), phosphorus use efficiency (PUE) and plant
hormone profiles were not directly quantified in this study, the agronomic responses
observed align with well-established mechanisms through which PGPR and AMF mod-
ulate plant physiology. PGPR are known to enhance plant growth through multiple
plant growth-promoting traits, including nitrogen fixation, hormone synthesis and nutri-
ent solubilization [83-85]. They also influence plant stress physiology via ACC deam-
inase activity, which regulates ethylene levels and promotes root development and
stress resilience [75,81,86]. Complementarily, AMF improve the acquisition of immobile
nutrients—particularly phosphorus—through extensive extraradical hyphae, enhancing
mineral uptake and rhizosphere enzymatic activity [76,86,87]. They additionally contribute
to nitrogen, potassium, magnesium, calcium and sulfur acquisition, especially under stress
conditions [88]. The synergistic action of AMF and PGPR has been consistently associ-
ated with improved root architecture, biomass accumulation and nutrient-use efficiency
across crops [78]. Therefore, although hormonal and nutrient-mobilization measurements
were not performed, the positive agronomic responses observed in quinoa are biologically
consistent with the documented capacity of these microbial groups to modulate hormone
production, enhance nutrient uptake and support plant performance under diverse envi-
ronmental conditions.

In our quinoa plants, the A. brasilense treatment alone promoted root elongation and
branching (consistent with auxin-mediated root growth), whereas G. iranicum alone mainly
enhanced root thickness and access to soil nutrients. When combined, these microbes
appear to reinforce each other’s benefits: the bacteria-induced increase in root surface
and exudation likely facilitated more extensive mycorrhizal colonization and in turn the
mycorrhiza-provided nutrients (especially phosphorus) supported greater overall plant
growth [35,73]. Indeed, previous work suggests that PGPR can actively promote AMF
symbiosis [89]. Single AMF or Rhizobium treatment dramatically increased shoot biomass by
36-281% and root biomass by 16-36% than non-inoculated control and dual inoculation of
Rhizobium and Paraglomus occultum or Rhizophagus intraradices further magnified the positive
effect, attributed to mutual reinforcement of the two symbionts. Our results align with
these findings, confirming that co-inoculation led to synergistic outcomes in quinoa. The
pronounced gains under dual inoculation, nearly two-fold increase in certain panicle traits
in some genotypes, highlight that these microbes provided complementary functions to the
plant rather than redundantly competing. This aligns with broader agricultural studies,
for example, a classic wheat field experiment by [90] showed that a triple inoculation of
a nitrogen-fixing bacterium (Azotobacter), a phosphate-solubilizing Bacillus, and an AMF
(Glomus fasciculatum) resulted in a two-fold grain yield increase over controls. In our case,
A. brasilense and G. iranicum presumably played analogous roles (biological nitrogen supply
plus enhanced phosphorus uptake), yielding a net positive effect on quinoa growth and
yield far beyond what either could achieve alone. Such evidence strongly supports the
use of microbial consortia as a means to amplify plant productivity through multiple
mechanisms acting in concert.

A closer look at plant responses reveals that the effects of co-inoculation extend
beyond root morphology and involve deeper physiological adjustments linked to stress
resilience. In our field conditions, the synergistic inoculation of Azospirillum brasilense
and Glomus iranicum significantly increased root length, root surface area and root dry
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biomass of quinoa, indicating that the microbial treatment modified root system architecture
toward a more exploratory and highly branched phenotype. Similar relationships between
enhanced root foraging capacity, deeper rooting and improved acquisition of water and
nutrients have been described for Andean Chenopodium species and cultivated quinoa
under water-limited or low-fertility environments [62,63]. Beyond these morphological
adjustments, our results are consistent with current knowledge that quinoa stress tolerance
relies on a coordinated suite of physiological and biochemical responses, including osmotic
adjustment via accumulation of soluble sugars and other compatible solutes, maintenance
of photosynthetic pigments and activation of antioxidant pathways that limit reactive
oxygen species build-up and membrane damage under drought or salinity stress [91-93].
The observed increases in root biomass and grain yield in co-inoculated plants, therefore,
likely reflect both improved physical soil exploration and microbially mediated priming of
canonical stress-response pathways, as reported for quinoa and other crops colonized by
plant-growth-promoting rhizobacteria and arbuscular mycorrhizal fungi [94-96]. Taken
together, these findings support the view that quinoa is a suitable model crop to study how
belowground microbial consortia modulate root system architecture and ecophysiological
responses to water and nutrient stress in deep soil layers.

It is worth noting that the effect of inoculation varied among quinoa genotypes in our
study, which is an important consideration for practical applications. Three of the four
tested cultivars responded strongly to the bio-inoculants (showing significant improve-
ments in root and panicle metrics), whereas one variety (NC) exhibited minimal response.
This differential response mirrors findings by [17], who reported genotype-dependent
efficacy of endophytic bacterial consortia in quinoa. Some quinoa genotypes may inher-
ently benefit more from symbiotic associations, perhaps due to genetic differences in root
exudation patterns or immune tolerance to colonization [97,98]. In our results, for example,
genotype RP showed an exceptional increase in central glomerule length (nearly 2x the
control) under co-inoculation, whereas genotype NC’s glomerule length changed little with
inoculation (Figure 5). This suggests that plant breeding or selection could play a role in
maximizing the advantages of bioinoculants; breeders might target traits that improve
colonization efficiency or cooperation with beneficial microbes [98,99]. Conversely, the lack
of response in certain genotypes also reminds us that biofertilization is not a one-size-fits-all
solution; field evaluations should account for varietal interactions. Understanding why
some quinoa varieties do not respond to inoculation, maybe by differences in root architec-
ture or mycorrhizal signaling, could be a fruitful area for future research. On the whole,
however, even the least responsive variety in our trial did not suffer any yield penalty from
inoculation; it simply did not gain as much, indicating that microbial amendments are
generally safe to use across diverse germplasm, with the upside varying by genotype [100].

Our findings also contribute to the ongoing discussion about quinoa’s mycorrhizal
status and the conditions under which AMF inoculation is beneficial [32,35]. Quinoa
has been somewhat enigmatic in this regard; some authors classify it as a facultative or
inconsistently mycorrhizal species [32], noting that quinoa plants do not always form
abundant AMF associations in nature [31]. In fact, surveys of high-altitude Andean soils
report low native AMF colonization on roots [101]. This could be due to the extreme
environments (e.g., cold, low-phosphorus soils above 3700 m) where quinoa evolved, or
due to quinoa’s ability to compensate for nutrient uptake via its fine root system [17]. There
have even been suggestions that in certain high-stress conditions, AMF might act more
like carbon parasites on quinoa, offering little benefit (or even hindrance) to the plant [32].
However, our results clearly indicate a mutualistic outcome under the tested conditions, G.
iranicum inoculation, especially together with A. brasilense, significantly enhanced quinoa
growth and yield, implying that the fungus was effectively providing net positive services
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(nutrients, drought mitigation, etc.) to the host. One possible explanation is that the
inoculum strain we used (Glomus iranicum var. tenuihypharum) is native, particularly
effective and well-adapted, capable of forming a productive symbiosis with quinoa, even
if some native AMF strains cannot [28]. This strain has shown success in other crops and
environments; for example, [28], documented its use in intensive horticulture, and [102],
found that G. iranicum var. tenuihypharum conferred improved growth and stress tolerance
to ornamental shrubs under saline irrigation. Additionally, the presence of A. brasilense may
have facilitated better mycorrhizal establishment on quinoa’s roots, through mechanisms
like altered root exudation or immune modulation, tipping the balance towards a beneficial
interaction [96]. Such cross-talk has been observed in other systems, PGPR can induce plant
signals that favor AMF colonization [103,104], and might explain why our co-inoculated
plants realized the full benefit of the AMF. So, while quinoa is not an obligately mycorrhizal
crop, our evidence shows that under the right conditions and with effective microbial
partners, even this occasionally mycorrhizal species can gain substantial advantages from
AMF inoculation. This helps reconcile the debate, the outcome of quinoa~AMF interactions
likely depends on environmental context and the specific microbial strains involved. Under
Andean field conditions with moderate soil fertility, as in our study, the introduction of
a vigorous AMF strain clearly aided quinoa, suggesting a practical pathway to improve
quinoa yields on marginal soils where native symbiont populations are low.

Beyond quinoa, the positive effects of these microorganisms extend to other crops,
including those of agronomic importance in the Andean region. Azospirillum brasilense, in
particular, has a long history of use as a biofertilizer in cereals and other plants [70,105].
In our study, A. brasilense contributed significantly to quinoa’s performance and similarly
impressive results have been recorded in maize [44] report that inoculating purple maize
(Zea mays) with A. brasilense in the Peruvian highlands led to higher grain yields per
hectare, even allowing a reduction of nitrogen fertilizer inputs without sacrificing yield.
This is consistent with a body of research on Azospirillum—cereal interactions, for example,
field trials in corn and wheat have shown yield increases on the order of 5-15% from
A. brasilense inoculation, along with improvements in nitrogen-use efficiency and stress
tolerance [106,107]. Likewise, Glomus iranicum has demonstrated broad utility. In a recent
greenhouse study on Andean potatoes, [27] found that inoculation with G. iranicum, at
optimal doses, enhanced potato root biomass and tuber yield compared to non-inoculated
controls, particularly when potatoes were co-cropped with legumes. The AMF inoculum
improved nutrient uptake (notably phosphorus and potassium) in the potato rhizosphere,
contributing to more vigorous growth. These examples in maize and potato underscore that
the microbes studied here are not specific to quinoa; they can form beneficial associations
across a range of plant hosts, including other Andean crops. In practical terms, this
means that an integrated bioinoculant approach (using Azospirillum, mycorrhizae, or their
combination) could be deployed in diverse cropping systems of the Andean highlands, from
grains like quinoa and maize to tubers like potato, to boost productivity in an eco-friendly
manner. The concept of combined microbial inoculation is supported by extensive research
in non-Andean crops as well. Besides the earlier-mentioned wheat study [32], which
showed doubled yields with a bacteria~AMF mix, many legume crops also benefit from
dual inoculation (rhizobia plus AMF). For instance, co-inoculating peas (Pisum sativum) with
Bacillus PGPR and native AMF significantly improved pea shoot growth, photosynthetic
activity, and final seed yield [108,109]. Such cross-species evidence highlights a unifying
principle that harnessing multiple functional microbes can consistently enhance plant
nutrition and stress resilience, often translating into better yields. The present work
with quinoa adds to this literature by confirming that even a stress-hardened pseudo-
cereal can respond strongly to biofertilization. It encourages the broader application of
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these bioinoculants in sustainable agriculture, especially in regions like the Andes, where
traditional crops face soil fertility challenges and growers seek alternatives to expensive
chemical fertilizers.

Recent studies provide strong evidence that quinoa genotypes differ markedly in
their responses to microbial inoculation, supporting the relevance of evaluating multiple
varieties as performed in the present work. For example, PGPR application significantly
improved growth, nutrient uptake and salt tolerance in the quinoa variety Ames 13747 [96],
while arbuscular mycorrhizal fungi (AMF), functionally related to Glomus spp., enhanced
drought resilience, grain quality and physiological performance in quinoa cv. Titicaca [57].
Furthermore, a multispecies AMF experiment conducted across ten diverse quinoa geno-
types, such as K’ello, Rosa Junin, CQ119, QQ87, QQ61 and others, demonstrated clear
genotype-dependent differences in biomass accumulation, shoot height and leaf greenness,
even under very low colonization levels [32]. Collectively, these findings show that quinoa-
microbe interactions vary considerably across the genotypes, and they provide a broader
context that supports the biological plausibility of the positive microbial effects observed in
the four Andean varieties evaluated in the present study.

A growing body of evidence shows that the effectiveness of microbial inoculants is
strongly modulated by the composition and behavior of the native soil microbiota. Field
and microcosm studies have demonstrated that the introduction of AMF species can alter
the abundance, structure, and functioning of native fungal assemblages, with outcomes that
depend on environmental conditions such as water regime and soil disturbance [110,111].
In several cases, exogenous AMF such as Rhizophagus irregularis reduced the abundance of
native mycorrhizal species and modified root colonization dynamics, leading to changes
in plant biomass and nutrient uptake [110,112]. Likewise, the introduction of Azospirillum
brasilense has been shown to transiently disrupt native bacterial communities in bulk
soil and to induce more persistent shifts in rhizosphere network structure, particularly
when high inoculation doses are applied. Importantly, these changes also influence the
performance of the inoculant itself, as competition with resident microbes determines its
persistence, colonization success, and plant-growth-promoting effects [113]. Together, these
studies highlight that the outcomes of microbial inoculation depend not only on the plant
genotype and environmental context, but also on the pre-existing microbial community,
which can buffer, enhance, or counteract the activity of the introduced strain. Therefore,
the absence of native microbiome characterization in the present study is acknowledged as
a limitation, given that soil community composition can influence inoculant establishment
and plant response.

While the positive effects of the microbial inoculants were consistent across crops,
it is important to acknowledge a key limitation of this study. The field experiment was
conducted at a single high-Andean site and during only one agricultural season. Because
quinoa performance and plant-microbe interactions are strongly influenced by factors such
as drought stress and soil nutrient dynamics [31,57], the extent to which these results can
be generalized to other regions or production systems should be interpreted with caution.
Even so, independent research conducted at the same location using the same strain of
Azospirillum brasilense has reported similarly beneficial outcomes in purple maize, including
improvements in plant height, root development, biomass accumulation, leaf nitrogen
concentration and grain yield [52]. The alignment between the results of the present study
and those observed in maize under identical agroecological conditions reinforces the local
validity of the microbial responses described here, although broader multi-location and
multi-season trials remain essential for evaluating their wider applicability. Additionally,
field studies in perennial fruit crops have shown that Glomus iranicum applied over a single
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growing season in young nectarine trees increased root length density by 51% and irrigation
water-use efficiency by 19.5% compared with non-inoculated controls [114].

The clear growth and yield benefits observed with A. brasilense and G. iranicum in
quinoa point to several practical and research avenues. On the agronomic side, farmers
and stakeholders could incorporate such microbial inoculants into quinoa production
to achieve higher yields with lower chemical inputs. This is particularly valuable in
marginal environments, by improving nutrient uptake naturally, these bioinoculants can
help maintain yields while reducing reliance on synthetic fertilizers that contribute to soil
acidification and degradation [115]. Adopting microbial co-inoculants aligns with the goals
of sustainable intensification in Andean agriculture, offering a way to enhance productivity
and soil health concurrently. From a scientific perspective, our findings open up questions
about the long-term dynamics and optimization of quinoa-microbe symbioses. Field trials
over multiple seasons and locations would be beneficial to verify the consistency of the
yield gains and to determine whether any site-specific factors (soil type, native microbiome,
climate) influence the efficacy of the inoculants [116,117]. It would also be interesting
to explore if additional benefits emerge over time, for example, whether repeated use
of these inoculants could progressively improve soil structure or the resident microbial
community. Moreover, the mechanistic basis of the synergy merits further investigation.
Studies using molecular tools (e.g., transcriptomics or metabolomics) could elucidate how
A. brasilense and G. iranicum interact in the rhizosphere and how quinoa’s physiology
is altered in co-inoculated plants. Understanding these mechanisms might enable us
to fine-tune inoculation strategies (such as optimal timing, dosage, or formulation) for
even greater benefits. We also suggest exploring combinations with other bionoculants
or organic amendments. For instance, integrating PGPR-AMF inoculation with compost
or biochar could have additive or synergistic effects on quinoa, as hinted by research in
other crops [118,119]. Finally, given the genotype-specific responses observed, breeding
quinoa varieties with enhanced responsiveness to beneficial microbes could be a forward-
looking approach. By selecting for traits that favor symbiosis (such as root morphology
or exudate profile), it may be possible to develop new quinoa cultivars that derive even
greater yield boosts from bioinoculants. In conclusion, this study underscores the tangible
benefits of microbial synergy in quinoa and provides a foundation for both immediate
agricultural applications and future scientific exploration aimed at bolstering sustainable
food production in the Andes and beyond.

5. Conclusions

The combined inoculation of Azospirillum brasilense and Glomus iranicum var. tenui-
hypharum substantially improved quinoa growth, yield and root performance under field
conditions. The co-inoculated treatment consistently outperformed single inoculations and
controls, enhancing key vegetative and yield traits such as panicle diameter, stem diameter
grain yield, grain diameter, grain yield, number of root branches and root volume. The
strong statistical significance across multiple variables confirms a synergistic relationship
between both microorganisms, likely driven by complementary mechanisms of nutrient
acquisition and hormonal stimulation. Genotypic variation in responsiveness was evident,
with BJ and SH genotypes showing the greatest physiological and yield improvements,
while NC exhibited limited benefits. Overall, the results support the integration of mi-
crobial inoculants into sustainable quinoa production systems. The co-application of A.
brasilense and G. iranicum var. tenuihypharum represents a promising biofertilization strategy
capable of enhancing productivity while reducing reliance on synthetic fertilizers.
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(mm), soil moisture availability (mm) and adjusted evapotranspiration (ETP Ajust, mm). Figure S2.
Contribution of vegetative, yield and root traits to the principal component analysis 1 (PCA1). The
bar plot shows the relative contribution (%) of each variable to the total variance explained by the
first principal components. Variables above the red dashed line represent traits with the highest
influence on the multivariate differentiation among treatments. Figure S3. Contribution of vegetative,
yield and root traits to the principal component analysis 2 (PCA2). The bar plot shows the relative
contribution (%) of each variable to the total variance explained by the first principal components.
Variables above the red dashed line represent traits with the highest influence on the multivariate
differentiation among treatments. Table S1. Analysis of variance (ANOVA) for vegetative, root and
yield parameters of purple maize genotypes under different treatments. Table S2. Vegetative, yield
and root parameters of quinoa genotypes evaluated by. Tukey’s test. Table S3. Vegetative, yield and
root parameters of treatments evaluated by Dunnett’s test. Table S4. Central glomerule length (cm)
by genotype and treatment. Table S5. Grain diameter (mm) by genotype and treatment. Table Sé.
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genotype and treatment.
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Abbreviations

The following abbreviations are used in this manuscript:

PGPMs Plant growth-promoting microorganisms
PGPR Plant Growth-Promoting Rhizobacterium
BJ Blanca de Junin

SH INTA 441 Sefior del Huerto

RP INTA 415 Pasankalla

NC INTA 420 Negra Collana

PCA Principal Component Anaélisis

RCBD Randomized Complete Block Design
ANOVA Analysis of Variance

IAA Indole-3-Acetic Acid

INIA The National Institute of Agrarian Innovation

SENAMHI National Service of Meteorology and Hydrology of Peru
LABSAF Soil, Water and Foliar Analysis Laboratory
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CANAAN  Canaén Experimental Station

NPK Nitrogen, Phosphorus, Potassium
FOCAM Camisea Socioeconomic Development Fund
NFb Nitrogen-free medium
CFU Colony-Forming Units
PH Plant Height
PD Panicule Diameter
CGL Central Glomerule Length
PL Panicle Length
SD Stem Diameter
GD Grain Diameter
TSW Thousand Seed Weight
PW Panicle Weight
GWP Grain Weight per Panicle
GY Grain Yield
HW Hectoliter Weight
RD Root Diameter
RL Root Length
NRB Number of Roots
RDW Root Dry Weight
RV Root Volumen
References
1. Barba-Ostria, C.; Guaméan-Bautista, J.; Tosi-Vélez, A.A.; Puente-Pineda, J.A.; Cedefio-Zambrano, M.A.; Teran, E.; Guaman, L.P.

10.

11.

12.

13.

14.

Recent Advances in the Therapeutic Potential of Bioactive Molecules from Plants of Andean Origin. Nutrients 2025, 17, 1749.
[CrossRef] [PubMed]

De La Cruz-Arango, J. Quinoa in Peru: Andean Pseudocereal, a food for present and future generations. J. Selva Andin. Biosph.
2023, 11, 1-3. [CrossRef]

Gaur, M,; Yadav, S.; Soni, A.; Tomar, D.; Jangra, A.; Joia, S.; Kumar, A.; Mehra, R.; Trajkovska Petkoska, A. Quinoa (Chenopodium
quinoa Willd): Nutritional Profile, Health Benefits, and Sustainability Considerations. Discov. Food 2025, 5, 1-14. [CrossRef]
Afzal, 1.; Haq, M.Z.U.; Ahmed, S.; Hirich, A.; Bazile, D. Challenges and Perspectives for Integrating Quinoa into the Agri-Food
System. Plants 2023, 12, 3361. [CrossRef]

Kope¢, P. Climate Change—The Rise of Climate-Resilient Crops. Plants 2024, 13, 490. [CrossRef]

Slatni, T.; Ben Slimene, I.; Harzalli, Z.; Taamalli, W.; Smaoui, A.; Abdelly, C.; Elkahoui, S. Enhancing quinoa (Chenopodium
quinoa) Growth in Saline Environments through Salt-Tolerant Rhizobacteria from Halophyte Biotope. Physiol. Plant. 2024, 176, 4.
[CrossRef]

Haldar, S.; Kumari, A.; Ghosh, A.; Ghosh, A. Influence of Biotic and Abiotic Stresses on Quinoa Cultivation: Insights into
Microbe-Assisted Stress Tolerance. In Biology and Biotechnology of Quinoa; Varma, A., Ed.; Springer: Singapore, 2021; pp. 167-193.
[CrossRef]

Bazile, D. Global Trends in the Worldwide Expansion of Quinoa Cultivation. Biol. Life Sci. Forum 2023, 25, 13. [CrossRef]
Hinojosa, L.; Leguizamo, A.; Carpio, C.; Muiioz, D.; Mestanza, C.; Ochoa, J.; Castillo, C.; Murillo, A.; Villacréz, E.; Monar, C.; et al.
Quinoa in Ecuador: Recent Advances under Global Expansion. Plants 2021, 10, 298. [CrossRef]

Barakat, H.; Al-Qabba, M.M.; Algonaiman, R.; Radhi, K.S.; Almutairi, A.S.; Al Zhrani, M.M.; Mohamed, A. Impact of Sprouting
Process on the Protein Quality of Yellow and Red Quinoa (Chenopodium quinoa). Molecules 2024, 29, 404. [CrossRef]

Malek Mahdavi, A.; Javadivala, Z.; Khalili, Y.; Khalili, M. Effects of Quinoa (Chenopodium quinoa) on Inflammatory Mediators:
A Systematic Review of Pre-clinical Studies. Inflammopharmacology 2023, 31, 241-251. [CrossRef]

Pan, Y,; Zheng, J.; Wang, Z.; Lin, S.; Jia, H.; Pei, H.; Ju, R. Quinoa and Colonic Health: A Review of Bioactive Components and
Mechanistic Insights. Curr. Issues Mol. Biol. 2025, 47, 815. [CrossRef]

Sharma, S.; Kataria, A.; Singh, B. Effect of Thermal Processing on the Bioactive Compounds, Antioxidative, Antinutritional and
Functional Characteristics of Quinoa (Chenopodium quinoa). LWT 2022, 160, 113256. [CrossRef]

Irfan, M.; Ashiq Hussain, S.; Mubashir Ramzan, M.; Muzamil, M.; Aslam, S.; Fatima, E.; Bilal Haider, M.; Khaliq, B.; Murtaza, G.;
Saeed, M. Chenopodium Quinoa: Nutritional Benefits, Disease Remedies, and Product Development Applications with Emphasis
on Protein Supplementation. ]. Xi‘an Shiyou Univ. 2024, 20, 361-385. Available online: http://xisdxjxsu.asia (accessed on
20 November 2025).

https://doi.org/10.3390 /applmicrobiol6010012



Appl. Microbiol. 2026, 6, 12 28 of 32

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Wanniarachchi, P.C.; Pavalakumar, D.; Jayasinghe, M.A. Pseudocereals: Nutrition, Health Benefits, and Potential Applications in
Gluten-free Food Product Developments. Curr. Nutr. Food Sci. 2022, 19, 377-385. [CrossRef]

Ministerio de Agricultura y Riego. Perfil Productivo y Competitivo de los Principales Cultivos del Sector. Available online:
https:/ /siea.midagri.gob.pe/siea_bi/ (accessed on 20 November 2025).

Badran, A.; Eid, N.A.; Hassan, A.R.; Mahmoudi, H. Differential Responses in Some Quinoa Genotypes of a Consortium of
Beneficial Endophytic Bacteria against Bacterial Leaf Spot Disease. Front. Microbiol. 2023, 14, 1167250. [CrossRef]

Meena, R.S.; Kumar, S.; Datta, R.; Lal, R.; Vijayakumar, V.; Brtnicky, M.; Sharma, M.P.; Yadav, G.S.; Jhariya, M.K,; Jangir, C.K,; et al.
Impact of Agrochemicals on Soil Microbiota and Management: A Review. Land 2020, 9, 34. [CrossRef]

Bargaz, A.; Lyamlouli, K.; Chtouki, M.; Zeroual, Y.; Dhiba, D. Soil Microbial Resources for Improving Fertilizers Efficiency in an
Integrated Plant Nutrient Management System. Front. Microbiol. 2018, 9, 364232. [CrossRef] [PubMed]

Ali, S.; Hameed, S.; Shahid, M.; Igbal, M.; Lazarovits, G.; Imran, A. Functional Characterization of Potential PGPR Exhibiting
Broad-Spectrum Antifungal Activity. Microbiol. Res. 2020, 232, 126389. [CrossRef]

Maheshwari, D.K.; Dheeman, S.; Agarwal, M. Phytohormone-Producing PGPR for Sustainable Agriculture. In Sustainable
Agriculture: Reviews; Springer: Berlin/Heidelberg, Germany, 2015; pp. 159-182. [CrossRef]

Ganesh, J.; Hewitt, K; Devkota, A.R.; Wilson, T.; Kaundal, A. IAA-Producing Plant Growth Promoting Rhizobacteria from
Ceanothus velutinus Enhance Cutting Propagation Efficiency and Arabidopsis Biomass. Front. Plant Sci. 2024, 15, 1374877. [CrossRef]
Uzma, M,; Nisar, A.; Igbal, A.; Hasnain, S.; Mahmoud, M.H.; Rahim, M.A.; Gull, T.; Castro-Muiioz, R.; Zongo, E. Exploring the
Efficacy of Drought-Tolerant, IAA-Producing Plant Growth-Promoting Rhizobacteria for Sustainable Agriculture. Plant Signal.
Behav. 2025, 20, 1. [CrossRef]

Al-Turki, A.; Murali, M.; Omar, A.E; Rehan, M.; Sayyed, R.Z. Recent Advances in PGPR-Mediated Resilience toward Interactive
Effects of Drought and Salt Stress in Plants. Front. Microbiol. 2023, 14, 1214845. [CrossRef]

Calvo, P; Ormefio-Orrillo, E.; Martinez-Romero, E.; Zaiiiga, D. Characterization of Bacillus Isolates of Potato Rhizosphere from
Andean Soils of Peru and Their Potential PGPR Characteristics. Braz. ]. Microbiol. 2010, 41, 899-906. [CrossRef]

Yuan, J.; Zhang, N.; Huang, Q.; Raza, W.; Li, R,; Vivanco, ].M.; Shen, Q. Organic Acids from Root Exudates of Banana Help Root
Colonization of PGPR Strain Bacillus amyloliquefaciens NJN-6. Sci. Rep. 2015, 5, 13438. [CrossRef]

Contreras-Pino, D.L.; Pizarro, S.; Verastegui-Martinez, P.; Solérzano-Acosta, R.; Requena-Rojas, E.J. Effects of Glomus iran-
icum Inoculation on Growth and Nutrient Uptake in Potatoes Associated with Broad Beans Under Greenhouse Conditions.
Microbiol. Res. 2025, 16, 164. [CrossRef]

Ferndandez-Martin, F.,; Juarez-Molina, J.; Nicolds-Nicolas, E.; Alarcon, J.J.; Kirchmair, M.; Garcia, EJ.; Bernabe-Garcia, A.J.;
Bernal, C. Application of Arbuscular Mycorrhizae Glomus iranicum var. tenuihypharum var. nova in Intensive Agriculture:
A Study Case. J. Agric. Sci. Technol. B 2017, 7, 4. [CrossRef]

Parniske, M. Arbuscular Mycorrhiza: The Mother of Plant Root Endosymbioses. Nat. Rev. Microbiol. 2008, 6, 763-775. [CrossRef]
[PubMed]

Pivato, B.; Offre, P; Marchelli, S.; Barbonaglia, B.; Mougel, C.; Lemanceau, P; Berta, G. Bacterial effects on arbuscular mycorrhizal
fungi and mycorrhiza development as influenced by the bacteria, fungi, and host plant. Mycorrhiza 2009, 19, 81-90. [CrossRef]
[PubMed]

Garcia-Parra, M.; Cuellar-Rodriguez, L.A; Balaguera-Lopez, H.E. Arbuscular Mycorrhiza Symbiosis in Quinoa
(Chenopodium quinoa Willd.): A Systematic Review. Rev. Fac. Nac. Agron. Medellin 2022, 75, 9853-9865. [CrossRef]

Kellogg, J.A.; Reganold, ].P; Murphy, K.M.; Carpenter-Boggs, L.A. A Plant-Fungus Bioassay Supports the Classification of Quinoa
(Chenopodium quinoa Willd.) as Inconsistently Mycorrhizal. Microb. Ecol. 2021, 82, 135-144. [CrossRef] [PubMed]

Urcelay, C.; Acho, ].; Joffre, R. Fungal Root Symbionts and Their Relationship with Fine Root Proportion in Native Plants from the
Bolivian Andean Highlands above 3700 m Elevation. Mycorrhiza 2011, 21, 323-330. [CrossRef]

Belimov, A.A.; Shaposhnikov, A.I; Azarova, T.S.; Makarova, N.M.; Safronova, V.I; Litvinskiy, V.A.; Nosikov, V.V; Zavalin, A.A;
Tikhonovich, I.A. Microbial Consortium of PGPR, Rhizobia and Arbuscular Mycorrhizal Fungus Makes Pea Mutant SGECdt
Comparable with Indian Mustard in Cadmium Tolerance and Accumulation. Plants 2020, 9, 975. [CrossRef] [PubMed]
Sandepogu, P.; Mamatha, M. Effect of Vesicular-Arbuscular Mycorrhiza (VAM) and PGPR on Plant Growth Response of Two
Cultivars of Quinoa (Chenopodium quinoa Willd.) in Both Field and Pot Experiments. Open Access Res. ]. Sci. Technol. 2022, 4, 1-8.
[CrossRef]

Cai, D.; Xu, Y.; Zhao, F; Zhang, Y.; Duan, H.; Guo, X. Improved Salt Tolerance of Quinoa (Chenopodium quinoa Willd.) Contributed
by Pseudomonas sp. Strain M30-35. Peer] 2021, 9, €10702. [CrossRef]

Rafique, E.; Mumtaz, M.Z; Ullah, I.; Rehman, A.; Qureshi, K.A.; Kamran, M.; Rehman, M.U.; Jaremko, M.; Alenezi, M.A.
Potential of Mineral-Solubilizing Bacteria for Physiology and Growth Promotion of Quinoa (Chenopodium quinoa Willd.).
Front. Plant Sci. 2022, 13, 1004833. [CrossRef]

Hnini, M.; Rabeh, K.; Oubohssaine, M. Interactions between beneficial soil microorganisms (PGPR and AMF) and host plants for
environmental restoration: A systematic review. Plant Stress 2024, 11, 100391. [CrossRef]

https://doi.org/10.3390 /applmicrobiol6010012



Appl. Microbiol. 2026, 6, 12 29 of 32

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Tahiri, A.; Meddich, A.; Raklami, A.; Raklmi, A.; Alahmad, N.; Anli, M.; Gottfert, M.; Heulin, T.; Achouak, W.; Oufdou, K.
Assessing the potential role of compost, PGPR, and AMF in improving tomato plant growth, yield, fruit quality, and water stress
tolerance. J. Soil Sci. Plant Nutr. 2022, 22, 743-764. [CrossRef]

Bellone, C.H.; Carrizo de Bellone, S. Interaction of Azospirillum brasilense and Glomus intraradix in sugar cane roots. Indian ].
Microbiol. 2012, 52, 70-75. [CrossRef]

Lira-Saldivar, R H.; Herndndez, A.; Valdez, L.A.; Cardenas, A.; Ibarra, L.; Herndndez, M.; Ruiz, N. Azospirillum brasilense and
Glomus intraradices co-inoculation stimulates growth and yield of cherry tomato under shadehouse conditions. Phyton (B. Aires)
2014, 83, 133-138. Available online: https://www.scielo.org.ar/scielo.php?script=sci_arttext&pid=51851-56572014000100017
(accessed on 15 November 2025).

Bhill Thofio Rondinel Huanaco; Quispe-Medina, E.R.; Garcia-Bldsquez Morote, C.; Quispe-Tenorio, J.A.; Veldsquez Mantari, J.;
Paitamala Campos, O.; Diaz Morales, L.A.; Matsusaka Quiliano, D.C. Efectos sinérgicos de bioinoculantes microbianos en el
desarrollo radicular de variedades de maiz morado (Zea mays L.). Rev. Investig. Agroprod. Sustentable 2025, 30, 1088. [CrossRef]
Neina, D. Role of Soil pH in Plant Nutrition and Soil Remediation. Appl. Environ. Soil Sci. 2019, 2019, 5794869. [CrossRef]
Molua, C.O. Investigating the Influence of Soil Electrical Conductivity on Crop Yield for Precision Agriculture Advancements.
Int. J. Agric. Anim. Prod. 2021, 12, 23-34. [CrossRef]

King, A.E.; Ali, G.A,; Gillespie, A.W.; Wagner-Riddle, C. Soil organic matter as catalyst of crop resource capture. Front. Environ.
Sci. 2020, 8, 50. [CrossRef]

Ali, A.; Jabeen, N.; Farruhbek, R.; Chachar, Z.; Laghari, A.A.; Chachar, S.; Ahmed, N.; Ahmed, S.; Yang, Z. Enhancing Nitrogen
Use Efficiency in Agriculture by Integrating Agronomic Practices and Genetic Advances. Front. Plant Sci. 2025, 16, 1543714.
[CrossRef]

Muindi, E.M. Understanding soil phosphorus. Int. J. Plant Soil Sci. 2019, 31, 1-18. [CrossRef]

Xu, X,; Du, X,; Wang, E; Sha, J.; Chen, Q.; Tian, G.; Zhu, Z.; Ge, S.; Jiang, Y. Effects of Potassium Levels on Plant Growth,
Accumulation and Distribution of Carbon, and Nitrate Metabolism in Apple Dwarf Rootstock Seedlings. Front. Plant Sci.
2020, 11, 904. [CrossRef]

Verma, R.C,; Singh, N.; Gangavati, A.R.; Ashoka, P.; Kesarwani, A.; Ali, I; Singh, B.V. A Review of Long-Term Effects of Mineral
Fertilizers on Soil Microorganisms. Int. J. Plant Soil Sci. 2023, 35, 1145-1155. [CrossRef]

Tripathi, S.; Srivastava, P.; Devi, R.S.; Bhadouria, R. Influence of Synthetic Fertilizers and Pesticides on Soil Health and Soil
Microbiology. In Agrochemicals Detection, Treatment and Remediation; Elsevier: Amsterdam, The Netherlands, 2020; pp. 25-54.
[CrossRef]

Palomino-Malpartida, J.R.; Esquivel-Quispe, R.; Huamancusi-Morales, J.L.; Alarcon-Romani, S.M.; Blasquez-Morote, C.G.
Azospirillum brasilense y dcido indol-3-butirico en el enraizamiento de tallos de palto (Persea americana Mill.). Bioagro 2022, 35,
69-74. [CrossRef]

Condori, T.; Alarcén, S.; Huasasquiche, L.; Garcia-Blasquez, C.; Padilla-Castro, C.; Velasquez, ], Solérzano, R.
Inoculation with Azospirillum brasilense as a Strategy to Reduce Nitrogen Fertilization in Cultivating Purple Maize (Zea
mays L.) in the Inter-Andean Valleys of Peru. Microorganisms 2024, 12, 2107. [CrossRef]

Posit Team. RStudio: Integrated Development Environment for R; Posit Software, PBC: Boston, MA, USA, 2025; Available online:
http:/ /www.posit.co/ (accessed on 20 October 2025).

Hou, Y;; Xu, D.; Xu, Y,; Cong, S.; Guo, X.; Wu, N. Using Phosphorus-Dissolving Microorganisms for Quinoa Quality Enhancement:
Effects on Root and Leaf Traits and Nutrient Composition of Quinoa Seedlings in Coastal Wetlands. Qual. Assur. Saf. Crops Foods
2025, 17,298-309. [CrossRef]

Karimi, G.; Pourakbar, L.; Siavash Moghaddam, S.; Rezaee Danesh, Y.; Popovi¢-Djordjevi¢, J. Effectiveness of Fungal Bacterial
Biofertilizers on Agrobiochemical Attributes of Quinoa (Chenopodium quinoa Willd.) under Salinity Stress. Int. ]. Environ. Sci.
Technol. 2022, 19, 11989-12002. [CrossRef]

Leon Ttacca, B.; Ortiz Calcina, N.; Pauro Flores, L.; Borja Loza, R.; Mendoza-Coari, P; Palao Iturregui, L. Inoculation Methods of
Native Strains of Trichoderma sp. and Their Effect on the Growth and Yield of Quinoa. Rev. Fac. Agron. (LUZ) 2022, 39, €223955.
[CrossRef]

Toubali, S.; Ait-El-Mokhtar, M.; Boutasknit, A.; Anli, M.; Ait-Rahou, Y.; Benaffari, W.; Ben-Ahmed, H.; Mitsui, T.; Baslam, M.;
Meddich, A. Root Reinforcement Improved Performance, Productivity, and Grain Bioactive Quality of Field-Droughted Quinoa
(Chenopodium quinoa). Front. Plant Sci. 2022, 13, 860484. [CrossRef] [PubMed]

Yang, A.; Akhtar, S.S.; Fu, Q.; Naveed, M.; Igbal, S.; Roitsch, T.; Jacobsen, S.E. Burkholderia Phytofirmans PsJN Stimulate Growth
and Yield of Quinoa under Salinity Stress. Plants 2020, 9, 672. [CrossRef] [PubMed]

Ortufio, N.; Castillo, J.; Claros, M.; Navia, O.; Angulo, M.; Barja, D.; Gutiérrez, C.; Angulo, V. Enhancing the Sustainability of
Quinoa Production and Soil Resilience by Using Bioproducts Made with Native Microorganisms. Agronomy 2013, 3, 732-746.
[CrossRef]

https://doi.org/10.3390 /applmicrobiol6010012



Appl. Microbiol. 2026, 6, 12 30 of 32

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Zahoor, S.; Naz, R.; Keyani, R.; Roberts, T.H.; Hassan, M.N.; Yasmin, H.; Nosheen, A.; Farman, S. Rhizosphere Bacteria Associated
with Quinoa (Chenopodium quinoa) Promote Resistance to Alternaria alternata in Tomato. Sci. Rep. 2022, 12, 19027. [CrossRef]
Amado-Rodriguez, J.L.; Humeje-Pan, N.P,; Blanco-Valbuena, J.O.; Torres-Merchan, N.Y.; Garcia-Parra, M. A. Effect of Plant
Growth Promoting Bacteria on the Phenology of the Amarilla Marangani Quinoa Cultivar. Rev. Colomb. Cienc. Horticolas
2022, 16, 1. [CrossRef]

Alvarez Flores, R.A.; Winkel, T; Nguyen-Thi-Truc, A.; Joffre, R,; Alvarez, R. Root Foraging Capacity Depends on Root System
Architecture and Ontogeny in Seedlings of Three Andean Chenopodium Species. Plant Soil 2014, 382, 415-428. [CrossRef]
Kakabouki, I.P,; Roussis, I.; Hela, D.; Papastylianou, P.; Folina, A.; Bilalis, D. Root Growth Dynamics and Productivity of Quinoa
(Chenopodium quinoa Willd.) in Response to Fertilization and Soil Tillage. Folia Hortic. 2019, 31, 285-299. [CrossRef]

Yang, P.; Condrich, A.; Scranton, S.; Hebner, C.; Lu, L.; Ali, M.A. Utilizing Plant Growth-Promoting Rhizobacteria (PGPR) to
Advance Sustainable Agriculture. Bacteria 2024, 3, 434-451. [CrossRef]

Koffi, G.A.; Anno, HFA.; Guei, NK.R.; N'Doye, E; Fall, D.; Diouf, D.; Dabonné, S. Synergistic Effects of Dual Inoculation with
Rhizobia and Arbuscular Mycorrhizal Fungi Selected on Peanut Seedlings Growth Parameters. Microbiol. Res. ]. Int. 2025, 35, 1-9.
[CrossRef]

Nanjundappa, A.; Bagyaraj, D.J.; Saxena, A K.; Kumar, M.; Chakdar, H. Interaction between Arbuscular Mycorrhizal Fungi and
Bacillus spp. in Soil Enhancing Growth of Crop Plants. Fungal Biol. Biotechnol. 2019, 6, 1-10. [CrossRef] [PubMed]

Xie, L.; Lehvévirta, S.; Timonen, S.; Kasurinen, J.; Niemikapee, J.; Valkonen, ].P.T. Species-Specific Synergistic Effects of Two
Plant Growth-Promoting Microbes on Green Roof Plant Biomass and Photosynthetic Efficiency. PLoS ONE 2018, 13, €0209432.
[CrossRef] [PubMed]

Timea, H.-].; Mirjana, J.; Simonida, D.; Dragana, S. Effect of Co-Inoculation with Different Groups of Beneficial Microorganisms
on the Microbiological Properties of Soil and Yield of Maize (Zea mays L.). Ratar. Povrt. 2012, 49, 183-188. [CrossRef]

Zeffa, D.M.; Fantin, L.H.; Koltun, A.; De Oliveira, A.L.M.; Nunes, M.P.B.A.; Canteri, M.G.; Gongalves, L.S.A. Effects of Plant
Growth-Promoting Rhizobacteria on Co-Inoculation with Bradyrhizobium in Soybean Crop: A Meta-Analysis of Studies from 1987
to 2018. Peer] 2020, 8, €7905. [CrossRef] [PubMed]

Cassén, F; Coniglio, A.; L6pez, G.; Molina, R; Nievas, S.; de Carlan, C.L.N.; Donadio, E; Torres, D.; Rosas, S.; Pedrosa, FO.; et al.
Everything You Must Know about Azospirillum and Its Impact on Agriculture and Beyond. Biol. Fertil. Soils 2020, 56, 461-479.
[CrossRef]

Ganusova, E.E.; Banerjee, I; Seats, T.; Alexandre, G. Indole-3-Acetic Acid (IAA) Protects Azospirillum brasilense from Indole-
Induced Stress. Appl. Environ. Microbiol. 2025, 91, 4. [CrossRef]

Igbal, R.; Valipour, M.; Ali, B.; Zulfiqar, U.; Aziz, U.; Zaheer, M.S; Sarfraz, A.; Javed, M.A.; Afridi, M.S,; Ercisli, S.; et al.
Maximizing Wheat Yield through Soil Quality Enhancement: A Combined Approach with Azospirillum brasilense and Bentonite.
Plant Stress 2024, 11, 100321. [CrossRef]

Fernandez, F.; Vicente-Sanchez, J.; Maestre-Valero, J.F.; Bernabé, A.J.; Nicolas, E.; Pedrero, F; Alarcén, J.J. Physiological and
Growth Responses of Young Tomato Seedlings to Drip-Irrigation Containing Two Low Doses of the Arbuscular Mycorrhizal
Fungus Glomus iranicum var. tenuihypharum sp. nova. J. Hortic. Sci. Biotechnol. 2014, 89, 679-685. [CrossRef]

Couillerot, O.; Ramirez-Trujillo, A.; Walker, V.; von Felten, A.; Jansa, ].; Maurhofer, M.; Keel, C.; Défago, G.; Prigent-Combaret, C.;
Spaepen, S.; et al. Comparison of Prominent Azospirillum Strains in Azospirillum—Pseudomonas—Glomus Consortia for Promotion of
Maize Growth. Appl. Microbiol. Biotechnol. 2013, 97, 4639-4649. [CrossRef]

Glick, B.R. Plant Growth-Promoting Bacteria: Mechanisms and Applications. Scientifica 2012, 2012, 1-15. [CrossRef]

Nadeem, S.M.; Ahmad, M.; Zahir, Z.A ; Javaid, A.; Ashraf, M. The Role of Mycorrhizae and Plant Growth-Promoting Rhizobacteria
(PGPR) in Improving Crop Productivity under Stressful Environments. Biotechnol. Adv. 2014, 32, 429-448. [CrossRef]

Wang, M.; Yang, B.; Wang, H.; Zhu, Y.; Cao, X.; Yuan, Y. Functioning Mechanisms of Ectomycorrhizal Fungi and Ectomycorrhiza
Associated with Plant in the Tolerance to Heavy Metal Toxicity. In Proceedings of the 2020 The 9th International Conference on
Informatics, Environment, Energy and Applications, Bangkok, Thailand, 10-12 March 2020; pp. 36—40. [CrossRef]

Diagne, N.; Ngom, M.; Djighaly, P.I; Fall, D.; Hocher, V.; Svistoonoff, S. Roles of arbuscular mycorrhizal fungi on plant growth
and performance: Importance in biotic and abiotic stressed regulation. Diversity 2020, 12, 370. [CrossRef]

Saboor, A.; Ali, M.A,; Hussain, S.; Enshasy, H.A.E.; Hussain, S.; Ahmed, N.; Datta, R. Zinc nutrition and arbuscular mycorrhizal
symbiosis effects on maize (Zea mays L.) growth and productivity. Saudi J. Biol. Sci. 2021, 28, 6339-6351. [CrossRef]

Harrison, M.; Dewbre, G.R.; Liu, J. A phosphate transporter from Medicago truncatula involved in the acquisition of phosphate
released by arbuscular mycorrhizal fungi. Plant Cell 2002, 14, 2413-2429. [CrossRef]

Banasiak, J.; Jamruszka, T.; Murray, ].D.; Jasifiski, M. A roadmap of plant membrane transporters in arbuscular mycorrhizal and
legume-rhizobium symbioses. Plant Physiol. 2021, 187, 2071-2091. [CrossRef]

Chaturvedi, R.; Favas, P].; Pratas, J.; Varun, M.; Paul, M.S. Harnessing Pisum sativum-Glomus mosseae symbiosis for phytoremedia-
tion of soil contaminated with lead, cadmium, and arsenic. Int. J. Phytoremediation 2021, 23, 279-290. [CrossRef]

https://doi.org/10.3390 /applmicrobiol6010012



Appl. Microbiol. 2026, 6, 12 31 of 32

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Glick, B.R. Bacteria with ACC deaminase can promote plant growth and help to feed the world. Microbiol. Res. 2014, 169, 30-39.
[CrossRef]

Kaushal, M.; Wani, S.P. Rhizobacterial-plant interactions: Strategies ensuring plant growth promotion under drought and salinity
stress. Agric. Ecosyst. Environ. 2016, 231, 68-78. [CrossRef]

Ullah, S.; Bano, A.; Ullah, A.; Shahid, M.A.; Khan, N. A comparative study of plant growth promoting rhizobacteria (PGPR)
and sowing methods on nutrient availability in wheat and rhizosphere soil under salinity stress. Rhizosphere 2022, 23, 100571.
[CrossRef]

Saleem, M.; Arshad, M.; Hussain, S.; Bhatti, A. Perspective of Plant Growth Promoting Rhizobacteria (PGPR) Containing ACC
Deaminase in Stress Agriculture. J. Ind. Microbiol. Biotechnol. 2007, 34, 635-648. [CrossRef]

Bui, V.C,; Franken, P. Acclimatization of Rhizophagus irregularis enhances Zn tolerance of the fungus and the mycorrhizal plant
partner. Front. Microbiol. 2018, 9, 3156. [CrossRef]

Miransari, M. Arbuscular mycorrhizal fungi and heavy metal tolerance in plants. In Arbuscular Mycorrhizas and Stress Tolerance of
Plants; Wu, Q.S., Ed.; Springer: Singapore, 2017. [CrossRef]

Xie, M.M.; Zou, Y.N.; Wu, Q.S.; Zhang, Z.Z.; Ku¢a, K. Single or Dual Inoculation of Arbuscular Mycorrhizal Fungi and Rhizobia
Regulates Plant Growth and Nitrogen Acquisition in White Clover. Plant Soil Environ. 2020, 66, 287-294. [CrossRef]

Khan, M.S.; Zaidi, A. Synergistic Effects of the Inoculation with Plant Growth-Promoting Rhizobacteria and an Arbuscular
Mycorrhizal Fungus on the Performance of Wheat. Turk. J. Agric. For. 2007, 31, 355-362.

Aly, A.A.; Al-Barakah, EN.; El-Mahrouky, M.A. Salinity Stress Promotes Drought Tolerance of Chenopodium quinoa Willd.
Commun. Soil Sci. Plant Anal. 2018, 49, 1331-1343. [CrossRef]

Hinojosa, L.; Gonzélez, J.A.; Barrios-Masias, EH.; Fuentes, F.; Murphy, K.M. Quinoa Abiotic Stress Responses: A Review.
Plants 2018, 7, 106. [CrossRef] [PubMed]

Huan, X; Li, L.; Liu, Y;; Kong, Z.; Liu, Y.; Wang, Q.; Liu, J.; Zhang, P; Guo, Y.; Qin, P. Integrating Transcriptomics and
Metabolomics to Analyze Quinoa (Chenopodium quinoa Willd.) Responses to Drought Stress and Rewatering. Front. Plant Sci.
2022, 13, 988861. [CrossRef]

Al-Barakaha, EN.; Alghamdi, A.G. Plant-Growth-Promoting Rhizobacteria as a Sustainable Strategy for Enhancing Quinoa
Resilience to Salt Stress in Arid Regions. Sustainability 2025, 17, 9048. [CrossRef]

Backer, R.; Rokem, J.S.; Ilangumaran, G.; Lamont, J.; Praslickova, D.; Ricci, E.; Subramanian, S.; Smith, D.L. Plant Growth-
Promoting Rhizobacteria: Context, Mechanisms of Action, and Roadmap to Commercialization of Biostimulants for Sustainable
Agriculture. Front. Plant Sci. 2018, 9, 1473. [CrossRef]

Gonzales, V.; Huallpan, M.; Ramirez, X.; San Miguel, Y.; Dubey, M.; Jensen, D.F,; Karlsson, M.; Crespo, C. Rhizosphere bacteria
from the Bolivian highlands improve drought tolerance in quinoa (Chenopodium quinoa Willd.). ]J. Appl. Microbiol.
2024, 135, 1xae296. [CrossRef]

Maestro-Gaitén, I.; Granado-Rodriguez, S.; Redondo-Nieto, M.; Battaglia, A.; Poza-Viejo, L.; Matias, J.; Bolafios, L.; Reguera, M.
Unveiling Changes in Rhizosphere-Associated Bacteria Linked to the Genotype and Water Stress in Quinoa. Microb. Biotechnol.
2023, 16, 2326-2344. [CrossRef] [PubMed]

Zhalnina, K.; Louie, K.B.; Hao, Z.; Mansoori, N.; Da Rocha, U.N.; Shi, S.; Cho, H.; Karaoz, U.; Loqué, D.; Bowen, B.P; et al.
Dynamic Root Exudate Chemistry and Microbial Substrate Preferences Drive Patterns in Rhizosphere Microbial Community
Assembly. Nat. Microbiol. 2018, 3, 470—480. [CrossRef]

Gopal, M.; Gupta, A. Microbiome Selection Could Spur Next-Generation Plant Breeding Strategies. Front. Microbiol.
2016, 7, 209912. [CrossRef] [PubMed]

Moreno-Lora, A.; Velasco-Sédnchez, A.; Delgado, A. Effects of Microbial Inoculants and Organic Amendments on Wheat Nutrition
and Development in a Variety of Soils. J. Soil Sci. Plant Nutr. 2023, 23, 3329-3342. [CrossRef]

Schmidt, S.K.; Sobieniak-Wiseman, L.C.; Kageyama, S.A.; Halloy, S.R.P,; Schadt, C.W. Mycorrhizal and Dark-Septate Fungi in
Plant Roots above 4270 Meters Elevation in the Andes and Rocky Mountains. Arct. Antarct. Alp. Res. 2018, 40, 576-583. [CrossRef]
Gomez-Bellot, M.J.; Ortuiio, M.E; Nortes, P.A.; Vicente-Sanchez, J.; Martin, FEE,; Bafién, S.; Sanchez-Blanco, M.J. Protective Effects
of Glomus iranicum var. tenuihypharum on Soil and Viburnum tinus Plants Irrigated with Treated Wastewater under Field Conditions.
Mycorrhiza 2015, 25, 399-409. [CrossRef]

Ramasamy, K.; Joe, M.M.; Kim, K.-Y; Lee, S.-M.; Shagol, C.; Rangasamy, A.; Chung, J.-B.; Islam, M.R; Sa, T.-M. Synergistic Effects
of Arbuscular Mycorrhizal Fungi and Plant Growth Promoting Rhizobacteria for Sustainable Agricultural Production. Korean .
Soil Sci. Fertil. 2011, 44, 637-649. [CrossRef]

Savastano, N.; Bais, H. Synergism or Antagonism: Do Arbuscular Mycorrhizal Fungi and Plant Growth-Promoting Rhizobacteria
Work Together to Benefit Plants? Int. |. Plant Biol. 2024, 15, 944-958. [CrossRef]

Fukami, J.; Cerezini, P.; Hungria, M. Azospirillum: Benefits That Go Far Beyond Biological Nitrogen Fixation. AMB Express
2018, 8, 73. [CrossRef]

https://doi.org/10.3390 /applmicrobiol6010012



Appl.

Microbiol. 2026, 6, 12 32 of 32

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Filho, M.C.M.T,; Shintate Galindo, E; Buzetti, S.; Santini, ]. M.K. Inoculation with Azospirillum brasilense Improves Nutrition and
Increases Wheat Yield in Association with Nitrogen Fertilization. In Wheat Improvement, Management and Utilization; IntechOpen:
London, UK, 2017. [CrossRef]

Marinho Viana, M.; Matheus Araujo Silva, L.; Castro Ramos, K.A.; Barbosa, W.A.; Silva Carvalho, C.; Zonta, ].B.; Partelli, FL.;
de Oliveira Reis, E; Jones, D.L.; Braun, H. Maize Seed Inoculated with Azospirillum brasilense as Strategy to Improve Photosyn-
thetic Nitrogen Use Efficiency in the Amazonian Periphery. J. Plant Nutr. 2024, 47, 4017-4032. [CrossRef]

Geneva, M.; Zehirov, G.; Djonova, E.; Kaloyanova, N.; Georgiev, G.; Stancheva, I. The Effect of Inoculation of Pea Plants with
Mycorrhizal Fungi and Rhizobium on Nitrogen and Phosphorus Assimilation. Plant Soil Environ. 2006, 52, 435-440. [CrossRef]
Shinde, B.; Thakur, J. The Effect of Co-Inoculation of Pea Plants with Arbuscular Mycorrhizal Fungi and Rhizobium on the
Nodulation, Growth and Productivity. Int. J. Bioassays 2016, 5, 4954. [CrossRef]

Symanczik, S.; Courty, P.E.; Boller, T.; Wiemken, A.; Al-Yahaya ei’, M. Impact of water regimes on an experimental community of
four desert arbuscular mycorrhizal fungal (AMF) species, as affected by the introduction of a non-native AMF species. Mycorrhiza
2015, 25, 639-647. [CrossRef]

Antunes, PM.; Koch, A.M.; Dunfield, K.E.; Hart, M.; Dowing, A.; Rilling, M.; Klironomos, J. Influence of commercial inoculation
with Glomus intraradices on the structure and functioning of an AM fungal community from an agricultural site. Plant Soil
2009, 317, 257-266. [CrossRef]

Yao, Q.; Zhu, H.-H.; Hu, Y.-L,; Li, L.-Q. Differential Influence of Native and Introduced Arbuscular Mycorrhizal Fungi on Growth
of Dominant and Subordinate Plants. Plant Ecol. 2008, 196, 261-268. [CrossRef]

Trabelsi, D.; Mhamdi, R. Microbial inoculants and their impact on soil microbial communities: A review. Biomed Res. Int.
2013, 2013, 1-11. [CrossRef]

Conesa, M.R.; Loépez-Martinez, L.; Conejero, W.; Vera, J.; Ruiz-Sdnchez, M.C. Arbuscular Mycorrhizal Fungus Stimulates Young
Field-Grown Nectarine Trees. Sustainability 2021, 13, 8804. [CrossRef]

Giri, A.; Verma, R.; Mehta, S. Biofertilizers: A Sustainable Solution for Enhanced Crop Yield and Soil Health in Modern Agriculture.
Int. . Plant Soil Sci. 2025, 37, 562-576. [CrossRef]

O’Callaghan, M.; Ballard, R.A.; Wright, D. Soil Microbial Inoculants for Sustainable Agriculture: Limitations and Opportunities.
Soil Use Manag. 2022, 38, 1340-1369. [CrossRef]

Vasconcelos, J.C.S.; Arantes, C.S.; Gomes, E.A.; de Oliveira-Paiva, C.A.; de Sousa, S.M.; Speranza, E.A.; Antunes, ].FG,;
Lana, U.G.d.P; Cangado, G.M.d.A. Bacillus-Based Inoculants Enhance Drought Resilience in Soybean: Agronomic Performance
and Remote Sensing Analysis from Multi-Location Trials in Brazil. Front. Plant Sci. 2025, 16, 1630127. [CrossRef]

Malik, L.; Sanaullah, M.; Mahmood, F.; Hussain, S.; Siddique, M.H.; Anwar, F.; Shahzad, T. Unlocking the Potential of Co-Applied
Biochar and Plant Growth-Promoting Rhizobacteria (PGPR) for Sustainable Agriculture under Stress Conditions. Chem. Biol.
Technol. Agric. 2022, 9, 1-29. [CrossRef]

Nadeem, S.M.; Imran, M.; Naveed, M.; Khan, M.Y.; Ahmad, M.; Zahir, Z.A.; Crowley, D.E. Synergistic Use of Biochar, Compost
and Plant Growth-Promoting Rhizobacteria for Enhancing Cucumber Growth under Water Deficit Conditions. J. Sci. Food Agric.
2017, 97, 5139-5145. [CrossRef] [PubMed]

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.

https://doi.org/10.3390 /applmicrobiol6010012



