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Abstract

The rising global demand for food, including potatoes, necessitates increased crop pro-
duction. To achieve higher yields, farmers frequently depend on regular applications of
nitrogen and phosphate fertilizers. As people seek more environmentally friendly alterna-
tives, biofertilizers are gaining popularity as a potential replacement for synthetic fertilizers.
This study aimed to determine how Glomus iranicum affects the growth of potatoes (Solanum
tuberosum L.) and the nutritional value of potato tubers when grown alongside broad beans
(Vicia faba L.). An experiment was conducted using potatoes tested at five dosage levels of
G. iranicum, ranging from 0 to 4 g, to see its impact on the plants and soil. Inoculation with
G. iranicum produced variable results in associated potato and bean crops, with significant
effects on some variables. In particular, inoculation with 3 g of G. iranicum produced
an increase in plant height (24%), leaf dry weight (90%), and tuber dry weight (57%) of
potatoes. Similarly, 4 g of G. iranicum produced an increase in the foliar fresh weight (115%),
root length (124%), root fresh weight (159%), and root dry weight (243%) of broad beans
compared to no inoculation. These findings suggest that G. iranicum could be a helpful
biological tool in Andean crops to improve the productivity of potatoes associated with
broad beans. This could potentially reduce the need for chemical fertilizers in these crops.

Keywords: associated crop; arbuscular mycorrhizae; interchangeable bases; phosphorus
available in the soil; Solanum tuberosum; Vicia faba

1. Introduction
The escalating global demand for food is driving the need for higher crop yields, often

achieved through unsustainable agricultural practices, such as the overuse of fertilizers,
herbicides, and pesticides [1–3]. These practices can significantly alter the soil’s physi-
cal, chemical, and biological properties [4–6]. Herbicide use can diminish the microbial
community, including key organisms like ammonium-oxidizing bacteria and archaea [7].

Potato production often relies on continuous applications of nitrogen and phosphate
fertilizers to maintain high yields, a practice ingrained with the green revolution model [8].
However, this practice of fertilizer use can negatively affect biodiversity, nutrient balance,
soil compaction, and erosion [4]. Additionally, it can alter the soil’s chemical properties,
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including cation exchange capacity, organic carbon content, and mineral levels [9]. Low
levels of organic carbon in soil can decrease crop productivity [7].

Intercropping is a common practice that offers multiple benefits, such as nitro-
gen fixation [10], increased nutrient availability [11], improvement in agroecosystem
services [12], and improved productivity and sustainability in smallholder farming
systems [13]. In the high Andes, staple crops including potato (S. tuberosum), wheat
(Triticum aestivum), maize (Zea mays), and broad bean (V. faba) are normally produced
using monocultures or alternating crops [14].

Legumes offer a sustainable solution to nitrogen deficiencies in soil by forming sym-
biotic relationships with nitrogen-fixing bacteria (rhizobia). The development of nodules
on legume roots is a direct indicator of their nitrogen-fixing ability [15–17]. Beyond ni-
trogen fixation, legumes also promote sustainable agriculture by efficiently utilizing land
resources, increasing soil biodiversity, and improving nutrient cycling [18]. Moreover,
legume residues decompose more rapidly than cereal residues, contributing significantly
to soil organic carbon levels [19].

Arbuscular mycorrhizal fungi (AMF) establish symbiosis with most terrestrial
plants [10,11], promoting their growth and the uptake of nutrients such as phosphorus and
nitrogen [20–22]. They improve the root network through the extraradical mycelium [23],
release organic acids and phosphatases that solubilize essential nutrients [5], and stimulate
the production of phytohormones such as auxins, cytokinins, and gibberellic acid [24].
In addition, they increase tolerance to biotic and abiotic stresses [25–27] and contribute
to soil aggregation by forming micro- and macroaggregates through their extraradical
hyphae [28,29].

The search for diversified agricultural systems that optimize soil resource use and
minimize dependency on external inputs is increasingly important [30,31]. In the Andes,
rotational and intercropping systems have been widely adopted due to their ability to
enhance sustainability and productivity [14,32,33].

One promising approach is combining potato as the main crop with broad beans,
leveraging the latter’s capacity for nitrogen fixation. This synergy has potential benefits that
remain underexplored in practice [34]. Furthermore, introducing inoculations of arbuscular
mycorrhizal fungi could amplify these advantages by promoting nutrient uptake and
enhancing soil health [35–37].

This combination not only improves soil fertility but also offers an ecological advantage
by creating a more balanced and sustainable cropping system. Such benefits are particularly
significant in areas with less fertile soil, where maintaining long-term productivity is a
critical challenge for farmers [38,39].

This study aimed to explore novel combinations of the main crop, potato, in asso-
ciation with a leguminous plant, such as the fava bean, inoculated with the commercial
biostimulant MycoUp with the fungus G. iranicum to maximize crop growth performance.
Specifically, the objectives were to (1) assess the effect of the mycorrhizal fungus on potato
yield, (2) evaluate the influence of the fungus on broad bean growth, and (3) examine the
content of phosphorus (P) and potassium (K) in tubers and their availability in the soil.

Importance and Applications of Biofertilizers in Agricultural Crops

Biofertilizers have emerged as a promising solution to the challenges of sustainable
agriculture, especially in the context of a growing world population and limitations on
the availability of agricultural land. These products, which use beneficial microorganisms,
offer an ecological alternative to synthetic fertilizers, which have been shown to have
adverse effects on the environment and human health [40–42]. These biofertilizers can be
grouped according to their functions and mode of action, the most commonly used being
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nitrogen fixers, potassium solubilizers, phosphorus solubilizers, and rhizobacteria that
promote plant growth [43]. In our case, we will focus on (i) nitrogen fixers, (ii) phosphorus
solubilizers, and (iii) potassium solubilizers.

As for (i) nitrogen fixers, the most commonly used inoculants are Azotobacter,
Rhizobium, Azospirillum, and Azolla. These inoculants help in nitrogen fixation by con-
verting atmospheric nitrogen into a form usable by the plant [44]. A global meta-analysis
study showed that biofertilizers increase the average yield of plants (16.2 ± 1.0%) compared
to non-inoculated plants, as well as efficiency in the use of nitrogen and phosphorus, where
legumes showed a superior trend compared to other plants [45]. In terms of productivity,
the use of Cyanobacteria and Azolla complements the nitrogen requirements of rice plants,
replacing between 30 and 50% of synthetic nitrogen [46]. In another more extensive trial, the
effects of biofertilizer produced from strains of Bradyrhizobium spp. and Streptomyces spp.
were tested on legume, cereal and vegetable crops, where a significant increase was found
in plant growth, nodulation, nitrogen fixation, and the absorption of nitrogen, phosphorus,
and potassium in soy and beans [47].

Similarly, (ii) phosphorus solubilizers contribute to disease resistance and help plants
to be more resistant [48,49]; phosphorus can be solubilized by many microorganisms,
such as bacteria, some fungi, and actinomycetes [50]. The most commonly used inoc-
ulates are mainly from the genera Pseudomonas, Bacillus, Rhodococcus, Chryseobacterium,
Phyllobacterium, and Xanthomona [51,52]. As an example of applications, we can mention
the exploration of the role of Bacillus spp. in improving the availability of phosphorus and
promoting the growth of sugarcane plants in Thailand [53], as well as the improvement of
soil fertility, nutrient absorption, and the yield of Sesamum indicum through the application
of purple bacteria biofertilizers compared to the application of synthetic fertilizers [54].
Dual applications of biofertilizers with phosphorus promote the absorption of nutrients by
chickpeas and the accumulation of nutrients in the soil after harvest, which vary according
to the doses applied [55].

Potassium is one of the most important nutrients for plant growth [56]. As for
(iii) potassium solubilizers, the literature reports that Aspergillus, Bacillus, Clostridium,
Burkholderia, and Pseudomonas, among others, are the main ones that transform potassium
into a form accessible to plants [57]. Various studies in different parts of the world report
the beneficial effects of potassium-solubilizing bacteria on the growth of various crops.
For example, grapes and cotton plants showed a significant increase in plant height, leaf
length/width, fruit size, and the number of fruits per plant compared to controls [58]. In
wheat, bacterial inoculation significantly increased the nitrogen, phosphorus, and potas-
sium content [59] to levels very similar to those found in Sorghum vulgare, where an
increase in biomass and nutrient acquisition was found with co-inoculation applications of
waste mica with B. mucilaginosus and A. chroococcum [60]; trials with Bacillus inoculations in
nutrient-limited soils planted with cucumber and pepper showed a significant improve-
ment in the availability of phosphorus and potassium in the soil and the absorption of N, P,
and K by shoots and roots [61].

2. Materials and Methods
2.1. Description of Site, Plants, and Fungi

The experiment was carried out at the National Institute of Agricultural Innovation
(INIA), Santa Ana Agricultural Experimental Station, located in the district of Tambo,
Province of Huancayo, Department of Junin, which is geographically located at 12◦00′40′′ S,
longitude 75◦13′17′′ W, at 3295 m s.a.l. The average temperature inside the greenhouse
was 18.6 ◦C, with a relative humidity of 46% measured with a Boeco® thermohygrometer
(BOECO, Hamburg, Germany).
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Physicochemical analyses of soil samples were performed for the following param-
eters: electrical conductivity (EC), pH, organic matter (OM, %), phosphorus content (P,
mg/kg), potassium content (K, mg/kg), and texture (% sand, clay and silt). The EC was
assessed according to ISO 11265 [62]. The pH was determined using method 9045D [63].
OM was determined by the Walkley–Black method [64]. Phosphorus content was eval-
uated by the method of Bray and Kurtz [65]. Potassium content was determined by
method NOM-021-RECNAT-2000 [66]. Soil texture was determined using the Bouyoucos
method [67]. These analyses were carried out at the Soil Laboratory of the Santa Ana
Experimental Station of the National Institute for Agrarian Innovation (INIA).

A moderately acid pH was found, which could influence the assimilation of some
elements. Normal electrical conductivity was found, without restriction on the crops. We
used medium organic matter, suitable for agricultural soils. The available phosphorus was
high and accessible to plants. Available potassium was low, and total nitrogen was very
low. The soil was loam-textured and suitable for agricultural cultivation due to its balance
between water retention, drainage, aeration, and fertility. For more details, see Table 1.

Table 1. Basic physiochemical properties of cultivated soil.

pH CE
(mS/m)

OM
(%)

P
(mg/kg)

K
(mg/kg)

Sand
(%)

Silt
(%)

Clay
(%) Texture

6.1 7.3 1.8% 68.3 98.8 33 47 20 Loamy

Results were issued by the Soil, Water and Foliar Laboratory of the National Institute
for Agrarian Innovation (INIA), where EC = electrical conductivity, OM = medium organic
matter (OM), P = phosphorus, and K = potassium.

The biological material used in this research was the potato (S. tuberosum) “revolution”
variety and the broad bean (V. faba) of the “yellow” variety. The seeds came from the
previous harvests of the INIA stations; seeds were selected to be as uniform as possible in
size and free of wounds and rotting.

The commercial biostimulant MycoUp® (Symborg, Murcia, Spain) was used, com-
posed exclusively of the arbuscular mycorrhizal fungus G. iranicum var. Tenuihypharum.
According to the product indications, the substrate was a clay mineral, with a concentration
of 120 propagules per gram of substrate.

2.2. Experimental Design

The trial was conducted from September to December 2023 under greenhouse condi-
tions, using a completely randomized design (CRD). It included five levels of commercial
biostimulant MycoUp and four replicates: T1 (0 g); T2 (1 g); T3 (2 g), T4 (3 g) and T5 (4 g).
The experimental unit was composed of 5 kg of sieved soil, one potato seed associated with
two broad bean seeds, and various doses of the biostimulant MycoUp, according to the
treatments (Figure 1). Inoculation was performed at the beginning of the trial, and irrigation
was carried out three times a week with 250 mL of tap water per experimental unit.
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Figure 1. Processes carried out in the greenhouse and in the laboratory. In (a), the development of
potato and bean plants in the greenhouse is shown; (b) shows the evaluation of the height of the bean
plant; (c) shows the obtainment of the number of tubers and length of the potato root and beans; and
(d) shows the cleaning and preparation of the bean root for drying in the oven.

2.3. Measurement of Plant Growth Parameters

In December 2024, the harvest was carried out according to the physiological maturity
of the potato (100 days after planting), contrasting with the wilting of leaves, adopted
from [68]. The height of the fresh vegetative parts was measured with a 50 cm metal ruler,
and their fresh weight was obtained on an analytical balance with a precision of 0.01 g; in
the case of the broad bean, the number of flower buds was counted. Root length, root fresh
weight, and the number of tubers in the potato were obtained from the terrestrial part.

The vegetative parts, roots, and tubers were dried at 65 ◦C for 24 h to determine the
dry matter content. Phosphorus (P) and potassium (K) contents in potato tubers were
determined in the soil, water and foliar laboratory (LABSAF) of INIA Santa Ana, and the
available phosphorus and potassium in the post-harvest soil were also analyzed.

2.4. Statistical Analysis

To determine if the data followed a normal distribution, the Shapiro–Wilk test was
used (p-value > 0.05 indicated a normal distribution). Levene’s test was employed to check
for equal variances (p-value > 0.05 indicated equal variances). To compare the means
between groups, a one-way analysis of variance (ANOVA) was conducted, followed by
Tukey’s post-hoc test (statistical significance was defined as a p-value < 0.05). All statistical
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analyses, including descriptive statistics, the ANOVA, and post-hoc tests, were performed
using the R programming language (version 4.3.3 for Windows) with publicly available
libraries and custom-written scripts. In addition, a principal component analysis (PCA) was
performed in order to see which variables were most associated with each type of treatment.

3. Results
3.1. Plant Growth Parameters

The MycoUp biostimulant demonstrated a dose-dependent increase in efficacy, with
higher doses (2 g and 3 g) showing a more pronounced effect compared to the control
(0 g). In some instances, the increase became statistically significant (p-value < 0.05) at
moderate doses of 2 g and 3 g of MycoUp biostimulant. Significant increases occurred in
plant height (24%, Figure 2a), foliar dry weight (90% g, Figure 2d), and tuber fresh weight
(57%, Figure 2g), while no significant differences were found in root length (Figure 2b),
foliar fresh weight (Figure 2c), root fresh weight (Figure 2e), root dry weight (Figure 2f),
tuber dry weight (Figure 2h), and the number of tubers (Figure 2i).

Microbiol. Res. 2025, 16, x FOR PEER REVIEW  7  of  17 
 

 

 

Figure 2. Effect of the biostimulant MycoUp mycorrhization on S. tuberosum plant characteristics: 

plant height (a), root length (b), foliar fresh weight (c), foliar dry weight (d), root fresh weight (e), 

root dry weight (f), tuber fresh weight (g), and dry weight (h) of potato, and number of tubers for 

treatment (i). Values with the same  letter represent means that did not differ significantly (95%), 

according to Tukey’s HSD test. Error bars represent the standard deviation.The growth of V. faba 

plants treated with the biostimulant MycoUp exhibited significant increases in several parameters, 

including root length (cm), fresh leaf weight (g), fresh root weight (g), and dry root weight (g), as 

illustrated in Figure 3. In particular, significant increases (p-value < 0.05) were found in root length 

(Figure 3b) with a concentration of 3 g (120%) and 4 g (124%), and similarly in foliar fresh weight 

(Figure 3c), (115%), root fresh weight (Figure 3e) (159%), and root dry weight (Figure 3f) inoculated 

with 4 g (243%). 

Figure 2. Effect of the biostimulant MycoUp mycorrhization on S. tuberosum plant characteristics:
plant height (a), root length (b), foliar fresh weight (c), foliar dry weight (d), root fresh weight (e), root
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dry weight (f), tuber fresh weight (g), and dry weight (h) of potato, and number of tubers for
treatment (i). Values with the same letter represent means that did not differ significantly (95%),
according to Tukey’s HSD test. Error bars represent the standard deviation.The growth of V. faba
plants treated with the biostimulant MycoUp exhibited significant increases in several parameters,
including root length (cm), fresh leaf weight (g), fresh root weight (g), and dry root weight (g), as
illustrated in Figure 3. In particular, significant increases (p-value < 0.05) were found in root length
(Figure 3b) with a concentration of 3 g (120%) and 4 g (124%), and similarly in foliar fresh weight
(Figure 3c), (115%), root fresh weight (Figure 3e) (159%), and root dry weight (Figure 3f) inoculated
with 4 g (243%).

Microbiol. Res. 2025, 16, x FOR PEER REVIEW  8  of  17 
 

 

 

Figure 3. Effect of biostimulant on V. faba plant characteristics: plant height (a), root length (b), foliar 

fresh weight  (c),  foliar dry weight  (d), root  fresh weight  (e), root dry weight  (f), and number of 

flower nodes (g). Values with the same letter represent means that did not differ significantly (p-

value < 0.05) according to Tukey’s HSD test. Error bars represent the standard deviation. 

3.2. Tuber and Soil Nutrient Contents 

The analysis of phosphorus and potassium content in the tubers showed that there 

was no significant statistical difference with increasing inoculant concentration (Figure 4). 

Figure 4a shows that T3 (2 g) presented higher phosphorus content  in the tubers (9%), 

while the smallest value was observed at T1 (0 g). Regarding potassium content (Figure 

4b), an increase was observed as the dose increased from 0 g to 3 g (22%). 

Soil phosphorus content at the end of harvest remained within the  initial range of 

68.3 mg/kg.  In general,  there was a decrease  in soil phosphorus content as  the dose of 

biostimulant increased (Figure 4c); the highest value was found at T1 (75.5 mg/kg) and 

the minimum  in T3  (63.31 mg/kg). The potassium content  in  the soil at  the end of  the 

harvests was higher  than  the  initial  content of  98.8 mg/kg, but  the potassium  content 

decreased as the dose of biostimulant increased (Figure 4d). For example, T1 presented a 
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nodes (g). Values with the same letter represent means that did not differ significantly (p-value < 0.05)
according to Tukey’s HSD test. Error bars represent the standard deviation.

3.2. Tuber and Soil Nutrient Contents

The analysis of phosphorus and potassium content in the tubers showed that there
was no significant statistical difference with increasing inoculant concentration (Figure 4).
Figure 4a shows that T3 (2 g) presented higher phosphorus content in the tubers (9%), while
the smallest value was observed at T1 (0 g). Regarding potassium content (Figure 4b), an
increase was observed as the dose increased from 0 g to 3 g (22%).
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Darker shades of gray represent higher levels of G. iranicum.

Soil phosphorus content at the end of harvest remained within the initial range of
68.3 mg/kg. In general, there was a decrease in soil phosphorus content as the dose of
biostimulant increased (Figure 4c); the highest value was found at T1 (75.5 mg/kg) and the
minimum in T3 (63.31 mg/kg). The potassium content in the soil at the end of the harvests
was higher than the initial content of 98.8 mg/kg, but the potassium content decreased
as the dose of biostimulant increased (Figure 4d). For example, T1 presented a value of
216.8 mg/kg, T3 165.69 mg/kg, and T5 141.14 mg/kg. In addition, the variability followed
the same pattern. For example, with T1, a minimum value of 94.97 mg/kg and a maximum
value of 393 mg/kg were observed. In contrast, with T5, the variability was lower, with a
minimum value of 106.93 mg/kg and a maximum value of 198.62 mg/kg (Figure 4c).

In PCA (Figure 5a), the first component (Dim1) explains 41.4% of the total variability
in the potato data. This component is mainly related to the fresh and dry weight of tubers
and roots. The second component (Dim2) explains 23.5% of the total variability and seems
to be more associated with root length and dry leaf weight of the potato crop. Together
(Dim1 and Dim2), they explain 64.9% of the total variability, which means that they capture
most of the relevant information of the study.

The first component (Dim1) shows clusters of tuber fresh/dry weight and root
fresh/dry weight associated with positive values, suggesting that intermediate doses
of the inoculant may be related to increased tuber and root development. On the contrary,
Dim2 indicates that root length is favored by moderate inoculations.

In PCA (Figure 5b), the first component (Dim1) explains 75.4% of the total variability.
This component is mainly related to the fresh and dry weight of roots and foliage, as well as
the number of flowers. The second component (Dim2) explains 10% of the total variability
and seems to be more associated with root length and plant height. Together (Dim1 and
Dim2), they explain 85.4% of the total variability, and this means that they capture the
relevant information in the dataset well.
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In the first component (Dim1), there are groupings of the fresh/dry weight of tubers
and fresh/dry weight of roots associated with positive values of the first component,
which suggests that high doses of the inoculant (3 and 4 g) may be related to greater
plant development. In contrast, (Dim2) indicates that root length is favored by moderate
inoculations (1 g).

4. Discussion
The analyses reveals that the biostimulant (containing G. iranicum) applied to inter-

cropped potato and bean crops yielded inconsistent results across the evaluated variables.
While significant responses were observed in specific cases and at certain doses, such
as plant weight, foliar dry weight, root dry weight, and root fresh weight, the overall
effects varied (Figures 2 and 3). This is attributed to arbuscular mycorrhizal fungi and
their symbiotic ability to provide essential nutrients to host plants, mainly phosphorus and
nitrogen, which favor their growth and development [69,70]. In addition, crops associated
with leguminous plants favor the growth and development of the main crop [71].

The beneficial effects on plant growth and nutrient absorption are driven by various
biological and biochemical mechanisms, such as (i) symbiotic associations of G. iranicum
with plant roots, expanding the effective root network through a structure called the
extraradical mycelium, which markedly improves the efficiency in the acquisition of these
nutrients [72], and (b) AMF, such as G. iranicum, which are able to release organic acids
and phosphatases that solubilize phosphorus and other essential elements present in
unavailable forms in the soil that help to transform insoluble phosphorus into forms
accessible to plants [5].

Crop association coupled with inoculation results in significant increases in plant
height, foliar dry mass, and tuber fresh weight compared to non-inoculated plants (Figure 2).
The increase in plant size by 24% compared with the non-inoculated plants was similar to
previous studies with different inoculants such as Rhizophagus intraradices and Funneliformis
mosseae [10,73–75], which demonstrates that inoculants of AMF benefit plant growth. As for
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the increase in foliar dry mass (Figure 2d), it was similar to that reported in other types of
agricultural crops such as corn, rice, lettuce, grapes, and potatoes [21,72,76–78]. This effect
is attributed to the fact that AMF produce several plant growth regulators, such as auxins,
cytokinins, and gibberellins, in the roots of host plants [69,78,79]. These hormones are
related to plant growth and development, promoting cell elongation and the development
of new roots, which optimize water and nutrient absorption capacity and consequently
improve overall plant productivity [24].

For the root parameters evaluated, an increase in root length, root fresh weight, and
root dry weight was observed when the AMF dose was increased from 0 g to 2 or 3 g,
although none of these changes were statistically significant (Figure 2b,e,f). These results
contrast with previous studies that reported significant increases in root length in Populus
species and Vitis vinifera cultivars [80,81]. Similarly, other studies have noted an increase in
the number of lateral roots in Acacia auriculiformis and Acer saccharum [82,83].

Regarding tuber numbers, a proportional increase was observed with increasing doses
of AMF up to 3 g (Figure 2i); however, these changes were not statistically significant. This
increase can be attributed to the ability of mycorrhizae to infect potato roots, enhancing
plant development and resulting in a higher number of tubers per pot [84], as reported
by [85], with a mean between 5 and 11.33 tubers per pot. This figure exceeds the number
reported in our study, which averaged 4.55 tubers. Arbuscular mycorrhizal fungi (AMF) re-
lease hormones that promote vegetative and root growth, leading to increased cell division,
tissue expansion, and ultimately a higher number of tubers in potato crops [84]. The dose of
3 g AMF seemed to be more effective than 4 g AMF, possibly because it facilitated a balanced
colonization of the roots without overloading the plants or creating excessive competition
among the fungi; therefore, we note that the efficiency of the symbiosis and the increases in
the analyzed potato variables did not always correlate with the amount applied.

Figure 3 illustrates the positive effect of G. iranicum inoculations on several evaluated
parameters of the broad bean. We draw particular attention to root size and weight, as these
variables more effectively demonstrate the effect of the inoculations. In general, a positive
effect was observed as the concentrations increased from 0 to 3 and 4 g of AMF. Significant
effects were observed on root length (Figure 3b), foliar fresh weight (Figure 3c), and root
dry and fresh weight (Figure 3e,f). Our trials showed better results than that of Pereira
et al., (2019) [25] when applying dual inoculations with bacteria and fungi. In contrast, they
are similar to previous studies where foliar and root biomass increased with inoculation
of rhizobia, AMF, and co-inoculates [15,16,20]. In terms of biomass, the positive effect of
inoculations on the biomass of the associated crop is similar to that reported in other crops
such as bell pepper and maize [86–88]. Increases in dry matter can be attributed to increases
in nodulation and phosphorus fixation, as well as improved nutrient acquisition [20].
Certain arbuscular mycorrhizal fungi, such as G. iranicum, have been shown to enhance
nutrient uptake and improve tolerance to salt stress [89,90]. This may account for the
observed increase in fresh leaf weight without a corresponding rise in dry weight in faba
bean plants.

Figure 4a,b, shows an increase in phosphorus (9%) and potassium (22%) content in
tubers, but this was not significant compared to non-inoculated tubers. The efficacy of
inoculants can be assessed by the increase in root colonization and nutrient uptake upon
their application [91], on which many studies focus. For example, significant increases in
the P (3%) and K (77%) were associated with the colonization of native arbuscular mycor-
rhizae [78]. We also found an increase of 0.35% in P with the inoculation of Rhizophagus
irregularis [92].

The PCA analysis performed on the yield parameters of potato and broad bean
plants summarizes the different responses to inoculations with G. inaricum. The first two
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components of the PCA explained 64% of the total variance observed for potatoes and 75%
of that observed in broad beans (Figure 5a,b), similar to the variances reported for Nicotiana
tabacum, Vicia faba, and Cucumis melo [25,69,93]. These percentages exceeded 25% of the
total variance, according to [94], which is sufficient for a good interpretation. PCA analysis
showed that the most relevant variables in differentiating treatments are the fresh and dry
weight of tubers and roots, as well as plant height and number of tubers. Likewise, the
PCA analysis for the beans showed that the most important variables in the differentiation
of treatments are the fresh and dry weight of the root and the foliage and that these are
related to high doses of inoculant.

The presence of fava beans (Vicia faba) in the experimental system could have in-
fluenced the results observed due to their capacity to fix atmospheric nitrogen through
symbiosis with bacteria of the genus Rhizobium. This process improves the availability of
nitrogen in the soil, indirectly benefitting potatoes (S. tuberosum), which could explain part
of the increase in the growth and accumulation of nutrients in the tubers [95]. In addition,
V. faba can modify the soil microbiome, creating a more favorable environment for the
activity of arbuscular mycorrhizal fungi (G. iranicum), which amplifies the positive effects
in the mixed cropping system [96]. These interactions reflect real agricultural conditions,
where associated crops tend to benefit each other through the exchange of resources and
the improvement of soil properties [97]. However, although these interactions are complex,
studying them is essential for understanding and optimizing sustainable agricultural sys-
tems, particularly in regions such as the Andes, where intercropping is a common practice
to maximize the productivity and resilience of agroecosystems [98].

5. Conclusions
We conclude that the arbuscular mycorrhizal fungus G. iranicum can be used to

improve the production of potatoes associated with broad beans. A variable increase was
observed in the evaluated parameters, though the trends were not consistent across all cases.
Significant effects were detected at intermediate doses in potatoes and at high doses in
broad beans. Using the commercial inoculum at doses of 2 g and 3 g of AMF, we observed
an increase in plant height, dry biomass, and tuber weight. On the other hand, doses of 3 g
and 4 g of AMF produced an increase in root length, fresh foliar weight, and the fresh and
dry root weight of the broad beans. These results show the first signs of the potential of
this inoculum in Andean crops and as a biological tool with which to improve the growth
and yield of potato and fava bean production and suggest the need for further experiments
in other Andean crops to reduce the need for chemical fertilizers.
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