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Abstract: The overuse of chemical pesticides and fertilizers in crop farming has led to a decrease
in crop quality and negative impacts on soil and the environment. It is crucial to adopt alterna-
tive strategies to maintain soil and environmental quality while enhancing crop growth and yield.
To explore this, a study was conducted under greenhouse conditions to investigate the effect of
Rhizobium tropici CIAT 899 alone, as well as in association with mycorrhizae (Rhizophagus irregularis)
and endophytic fungus (Serendipita indica), on the growth, yield, and nutrient status of snap bean
plants. At harvest, the rhizobial strain CIAT 899 demonstrated the highest effectiveness. It signifi-
cantly increased the number of nodules in both Contender and Garrafal Enana varieties by 6.97%
and 14.81%, respectively, compared with the control without inoculation. Furthermore, the results in-
dicated that co-inoculation of Rhizobium and symbiotic fungi had positive effects on nitrogen content,
phosphorus availability, and overall plant growth. Regardless of the variety, plants inoculated with
R. tropici CIAT 899 and Serendipita indica exhibited the highest values for plant growth parameters.
This combination resulted in 168% and 135% increases in root dry biomass, as well as 140% and
225% increases in the number of pods for Contender and Garrafal Enana, respectively, compared
with the control at harvest. Additionally, this study highlights the potential benefits of combining
R. tropici with either Serendipita indica or Rhizophagus irregularis in terms of nitrogen and phosphorus
uptake. These symbiotic microorganisms demonstrated synergistic interactions with snap bean
plants, leading to improved mineral nutrition and enhanced growth. Overall, these findings suggest
that utilizing these symbiotic microorganisms can effectively enhance the mineral nutrition and
growth of snap bean plants.

Keywords: mycorrhizae; endophytic fungus; mineral nutrition; plant–microbe interactions

Agronomy 2023, 13, 2619. https://doi.org/10.3390/agronomy13102619 https://www.mdpi.com/journal/agronomy

https://doi.org/10.3390/agronomy13102619
https://doi.org/10.3390/agronomy13102619
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0009-0003-9976-0236
https://orcid.org/0000-0002-2668-6165
https://orcid.org/0000-0003-3100-463X
https://orcid.org/0000-0002-8509-8953
https://orcid.org/0009-0006-8516-0389
https://doi.org/10.3390/agronomy13102619
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy13102619?type=check_update&version=2


Agronomy 2023, 13, 2619 2 of 16

1. Introduction

Phaseolus vulgaris L. (common bean) is among the most important legumes with great
nutritional value. It plays a crucial role in ensuring global food security [1]. Beans are recog-
nized for their exceptional nutritional value, particularly due to their high protein content,
which surpasses that of cereal grains by two to three times. In addition, beans possess
elevated levels of dry matter, dietary fiber, minerals, starch, and vitamins in comparison
to rice crops [2]. Among the bean varieties, snap beans stand out for their abundance of
antioxidant activities and phytochemicals. These include a diverse array of flavonoids
such as anthocyanins, proanthocyanidins, flavanols, and phenolic acids, all contributing to
snap beans’ remarkable nutritional profile [3]. Thus, common bean cultivation is recom-
mended to reduce starvation and food insecurity worldwide [4]. To achieve this, efforts
have been made to enhance bean cultivation and increase productivity globally [5]. In fact,
the adoption of chemical inputs in agriculture after the green revolution aimed to achieve
higher agricultural yields. Meanwhile, the excessive use of chemical inputs like fertilizers,
herbicides, and pesticides has detrimental effects on soil health, environmental quality,
plant growth, nutrient availability, and crop yield [6]. For example, in Tunisia, the total
use of pesticides has been steadily increasing, from 909 tons in 1990 to 2175 tons in 2010
and further rising to 3511 tons in 2020 [7]. Globally, the total use of pesticides has reached
3.5 million tons, a 4 percent increase in a year, 11 percent in a decade, and a doubling since
1990 [8]. Excessive chemical use disrupts the ecosystem’s balance and functionality, leading
to environmental pollution [9]. Residual and unused chemicals become pollutants in the
air, water, and soil [10]. Over the past 400 million years, mycorrhizal fungi and rhizobac-
teria have played a vital role in maintaining soil health and promoting plant growth and
productivity [11]. The use of these microorganisms is a significant advancement in modern
farming practices [12]. These plant-growth-promoting microorganisms (PGPMs) have been
recognized for their potential to enhance crop productivity, nutrient uptake, disease resis-
tance, and overall plant health [13,14]. As it is known that organic matter, specifically the
carbon fraction, plays a critical role in preserving soil health [15,16]. The presence of these
microorganisms enhances soil structure, increases organic matter levels, and improves
nutrient cycling. Consequently, this leads to long-term advantages in terms of soil health
and fertility, thereby encouraging the adoption of sustainable agricultural practices [17].
This innovative approach has profound implications for sustainable agriculture and food
security [18,19]. Molecular advances over the last decade have led to new insights into
the ecology of mycorrhizal fungi, such as the obligatory biotrophism of mycorrhizal fungi
and their ability to adapt to terrestrial ecosystems by colonizing, often simultaneously,
a wide range of plant species [20]. Mycorrhizae establish a mutualistic symbiosis with
plant roots and can colonize around 80% of terrestrial plants [21]. They are known for
their ecological importance. Fungi, through their mycelium, stimulate plant growth by
expanding the root surface area [22]. Similarly, rhizobacteria play a vital role in enhancing
nutrient availability in the rhizosphere, the soil region surrounding plant roots [23,24].
These beneficial microorganisms engage in various mechanisms that improve nutrient
access for plants, particularly for nutrients that may be limited or scarce in the soil [25]. In
this interaction, symbiotic fungi receive approximately 20–25% of photosynthetic carbohy-
drates from plants, as fungi are unable to synthesize them on their own [26]. These fungi,
acting as plant-growth promoters, enhance the availability and uptake of multiple essential
nutrients, particularly carbon, nitrogen, and phosphorus [27]. They also act as bioprotectors,
safeguarding plants against various biotic and abiotic stresses. Additionally, the utilization
of rhizobia as legume bioinoculants is a technique that enhances nitrogen bioavailability
by fixing atmospheric nitrogen N2 [28]. When legumes form a dual association with both
rhizobia and symbiotic fungi, the uptake of mineral elements, particularly nitrogen and
phosphorus, is enhanced, leading to improved crop yields [29]. However, the performance
of these interactions varies depending on the plant species and the specific microbial strains
involved. Scientific understanding of these microorganisms is increasing. Their applica-
tions are expanding. Challenges remain in commercial production, application techniques,
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and adaptation to different crops and environmental conditions [30]. So far, most scientific
studies have focused on understanding the effects of microorganisms on crop growth in
controlled environments [31]. Furthermore, research has shown that interactions between
nitrogen and phosphorus can impact root morphology, physiology, and nodule formation
in field-grown soybeans [32]. There is also evidence of genotypic variation in microbial
colonization associated with the root architecture of soybean plants [33]. Currently, lim-
ited studies have been conducted on the effects of mycorrhizal and rhizobial strains on
legume cultivation in Tunisia. These studies have the potential to identify specific strains
suitable for legume cultivation in the country [34]. Enhancing symbiotic interactions and
selecting efficient plant–microorganism association can lead to increased biomass yield and
improved natural soil fertilization, reducing the need for chemical inputs [35]. To promote
widespread snap bean cultivation in Tunisia, it is crucial to assess the symbiotic community
of the species and gather information on its development and symbiotic status at various
growth stages. This study examined the interaction between symbiotic fungi, Rhizobium,
and the snap bean crop. Different microbial inoculation approaches were used: single,
double, and triple inoculation. The goal was to understand how these microorganisms
influence each other in a tripartite relationship. Simultaneous inoculations were performed
using R. tropici CIAT 899 and two fungal strains. The study considered the impact of the
tripartite symbiosis. Moreover, the effect on plant nutrition of combining Rhizobium and
arbuscular mycorrhizal fungi (AMF) for phosphorus and nitrogen was investigated.

2. Materials and Methods
2.1. Plant, Microbial Materials and Experimental Site

The plant material utilized in this study consisted of two varieties of snap beans: Con-
tender and Garrafal Enana. Contender is an early snap bean variety that has been registered as
a fixed variety in Tunisia since 2005. It is known for its productivity and traditional cultivation
practices. On the other hand, Garrafal Enana is a hardy and traditional variety characterized
by vigorous growth and high seed production, contributing to its overall productivity.

During this research, the following microorganisms were utilized: Rhizobium tropici
CIAT 899 (C), which was obtained from the Spanish Type Culture Collection CECT 4654,
and two strains of fungi, i.e., Serendipita indica (Si), an endophytic fungus obtained from the
culture collection of the Ecology Laboratory at the Department of Plant Biology, Faculty
of Science, Lisbon, Portugal, and Rhizophagus irregularis (Ri), an arbuscular mycorrhizal
fungus provided as a commercial inoculum by the European Bank of Glomales (BEG 163).

The current research study took place at the experimental station of the Higher School
of Agriculture of Kef, located at a longitude of 8.720434◦ and a latitude of 36.1208467◦. For
the experiment, soil samples were collected from a depth of 0–20 cm and mixed with sand
in a ratio of 3:1. The pots used for the experiment had a height of 20 cm and a diameter of
25 cm at the top and 19 cm at the base. They were filled with the soil mixture at a rate of
6 kg per pot to prepare for the experiment. Before starting the experiment, the soil samples
were analyzed to determine their physicochemical properties, which are listed in Table 1.

Table 1. Physicochemical properties of the soil used.

Parameters Unit Value

Sand
%

29.5

Clay 47.0

Silt 24.5

Texture -- Clay

pH -- 8.3

Organic matter
%

1.73

Total N 0.04

P
mg kg−1

180.41

K 241.80
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2.2. Plant Growth

The common bean seeds underwent a thorough washing process, first with tap water
and then with sterile distilled water, repeated twice. To ensure surface sterilization, the
seeds were immersed in 70% ethanol for 1 min, followed by a ten-minute immersion
in a 3% sodium hypochlorite solution to eliminate any potential contamination. The
seeds were then rinsed five times with sterile distilled water. Subsequently, the sterilized
seeds were sown in pots filled with sterile sand. After ten days, the seedlings were
transplanted into pots filled with a soil substrate consisting of a mixture of sand and soil in a
3:1 ratio. During the seedling transplantation, symbiotic fungi strains Serendipita indica and
Rhizophagus irregularis (Ri and Si) as well as R. tropici strain CIAT 899 (C) were inoculated.
The research trial was conducted using a split-plot design with three blocks and two factors
(variety and treatment). During the study, five treatments were maintained to assess the
impact of inoculation on the growth and yield parameters of snap bean varieties.

(1) Non-inoculated plants (control),
(2) Plants inoculated with R. tropici CIAT 899 (C),
(3) Plants inoculated with R. tropici CIAT 899 and Rhizophagus irregularis (C+Ri),
(4) Plants inoculated with R. tropici CIAT 899 and Serendipita indica (C+Si),
(5) Plants inoculated with R. tropici CIAT 899, Serendipita indica, and Rhizophagus irregularis

(C+Ri+Si).

2.2.1. Inoculation with Bacterial Strains

To initiate R. tropici CIAT 899 inoculation, a 2 mL volume of bacterial inoculum
containing approximately 109 cells per mL was carefully applied to the roots of each
individual plant. The bacterial suspension had been previously cultured on Yeast Ex-
tract Mannitol (YEM) medium [36]. Inoculation with Serendipita indica involved the ad-
dition, directly to the plant roots, of a 2 mL volume of its pre-prepared liquid culture,
cultivated in KM medium [37], which had a spore concentration of 5 × 105 spores/mL.
The combined treatment (C-Ri-Si) involving R. tropici, Rhizophagus irregularis, and
Serendipita indica was administered on the same day. The roots were enriched with
50 g of Rhizophagus irregularis inoculum in the substrate using the layering method [38],
providing approximately 1000 spores, followed by the addition of 2 mL of Serendipita indica
liquid culture. Lastly, 2 mL of R. tropici was introduced around the roots.

2.2.2. Enumeration of Autochthonous Rhizobia

The quantification of native rhizobia was carried out using the most probable number
(MPN) technique, which assumes that nodulation of a host plant originates from a single
rhizobium [36]. For this study, a greenhouse experiment was conducted using plastic bags
filled with sterile sand as the culture medium. Four bean seeds were sown in each plastic
bag and placed in the greenhouse. After one week of setting up the system, the number of
plants per plastic bag was reduced to one, and they were aseptically inoculated with soil
suspensions ranging in concentration from 5−1 to 5−6.

To prepare the soil suspension, 30 g of soil was mixed with 100 mL of distilled water.
The mixture was allowed to settle for 15 min, and then dilution series were prepared.
Four repetitions per dilution were performed, using 1 mL of each dilution to inoculate a
plant. The number of native rhizobial populations was calculated using Brockwell’s MPN
tables [39].

2.3. Studied Parameters
2.3.1. Biomass Yield

At both the flowering stage (25 days after transplanting) and the fruiting stage (60 days
of growth), the above-ground and below-ground organs of the plants were meticulously
separated, and their biomass was measured individually. Additionally, the number of pods
was also recorded.
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2.3.2. Nodulation

Upon reaching the flowering and harvesting stages, the plant roots underwent ex-
tensive washing procedures to remove any soil or debris. Subsequently, nodules were
carefully extracted from the roots to determine their numerical abundance per plant. In
total, six samples were collected for each treatment, and their mean values were calculated.

2.3.3. Nitrogen and Phosphorus Contents

To analyze the total nitrogen (N) content in the aerial biomass and roots, the pow-
dered samples were finely ground and subjected to analysis using a Kjeltec analyzer unit
(Kjeltec 8400 Autoanalyzer, Foss Tecator AB, Höganäs, Sweden) [40].

For the quantification of phosphorus in leaves and roots, a 0.5 g ground sample,
previously placed in an oven at 60 ◦C overnight, was crushed and calcined at successive
temperature steps of 150 ◦C, 250 ◦C, 300 ◦C, and 400 ◦C, each lasting 30 min. It was then
further calcined at 550 ◦C for 2 h. The resulting ash was moistened with 3 mL of distilled
water and 1 mL of concentrated HCl solution, followed by heating to 80 ◦C. The extract was
filtered and then reduced to 50 mL by adding distilled water before the assay determination.
The total phosphorus was determined calorimetrically using the Murphy and Riley method,
with a spectrophotometer reading at a wavelength of 882 nm [41].

2.3.4. Mycorrhization Rate

To estimate the mycorrhizal colonization frequency, root fragments were washed and
stained with trypan blue. Thirty root fragments per sample, each measuring 1 cm in length,
were randomly selected at different levels and observed under a microscope [42]. The
frequency of mycorrhizal colonization (M%) was calculated using the following formula:

M% = (number of mycorrhizal root fragments/total number of fragments) × 100.

2.4. Statistical Analysis

The data obtained for growth, yield, and nutrient content were subjected to statistical
analysis using SAS software version 9.4 (SAS Institute, Cary, NC, USA) [43]. A two-way
analysis of variance (ANOVA) was performed on the two factors of variety and treatment,
to find the best combination between microorganisms and snap beans that enhanced the
mineral nutrition and plant growth.

3. Results
3.1. Plant Growth Parameters
3.1.1. Shoot Dry Biomass

The results from this study indicate that the shoot dry biomass of the snap beans
was significantly influenced by the different inoculations (Figure 1). Notably, the plants
inoculated with R. tropici CIAT 899 in association with either Serendipita indica (C+Si) or
Rhizophagus irregularis (C+Ri) had a significantly higher biomass compared with the other
treatments. Conversely, the control group, which was not inoculated, produced the low-
est biomass regardless of the stage of development. The analysis of variance confirmed
that the double inoculation had a significant effect on the shoot dry biomass. Inoculating
with the Rhizobium tropici strain CIAT 899 in association with Serendipita indica or
Rhizophagus irregularis resulted in a significant improvement (p ≤ 0.001) in the dry biomass
of the aerial organs, both during the flowering stage and the pod stage (Table 2). Fur-
thermore, a highly significant interaction (p ≤ 0.01) between variety and treatment was
observed at the flowering stage, where inoculation with Serendipita indica yielded the high-
est means in both the Contender and Garrafal Enana varieties. However, this interaction
effect was not significant during the pod stage of development (Figure 1).
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icantly are indicated with a different letter (p ≤ 0.05). Midline shows the median, box shows the 25th 
and 75th percentiles, error bars show minimum and maximum values. 
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tributed primarily to the emergence of nodules on the roots and the proliferation of mycelial 
mass from symbiotic fungi. However, by the pod stage, the symbiotic relationship between 
R. tropici and the host plant had ceased, leading to a gradual disappearance and disintegra-
tion of the nodules within the soil. The analysis of variance revealed that the variety had no 
significant effect on the root dry biomass of the common bean (Table 2). Overall, the double 
inoculation significantly enhanced the root dry mass of snap bean, regardless of its devel-
opmental stage, with this effect being statistically significant (p ≤ 0.001). 

Table 3. The effect of rhizobial and mycorrhizal strains inoculation on root dry biomass and nodule 
numbers of common bean species. 
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Contender 

Control 1.37 ± 0.47 d 1.11 ± 0.15 d 97 ± 5.21 e 86 ± 0.47 b 5 ± 0.002 d 
C 2.39 ± 0.17 c 2.80 ± 0.06 b 251 ± 4.5 c 92 ± 5.13 a 9 ± 0.007 b 

C+Ri 2.76 ± 0.09 b 2.97 ± 0.08 a 273 ± 2.84 b 91 ± 6.6 a 11 ± 0.009 a 
C+Si 3.05 ± 0.03 a 2.98 ± 0.18 a 295 ± 4.63 a 87 ± 1.05 b 12 ± 0.01 a 

C+Ri+Si 2.37 ± 0.13c 2.11 ± 0.17 c 185 ± 5.29 d 83 ± 6.8 c 7 ± 0.006 c 

Garrafal 
Enana 

Control 1.19 ± 0.06 d 1.21 ± 0.02 d 100 ± 1.52 d 81 ± 2.12 c 4 ± 0.002 d 
C 2.47 ± 0.19 b 2.43 ± 0.06 b 253 ± 7.37 b 93 ± 3 a 11 ± 0.008 b 

C+Ri 2.98 ± 0.12 a 2.84 ± 0.01 a 303 ± 3.18 a 92 ± 7.09 a 13 ± 0.01 a 
C+Si 2.99 ± 0.01 a 2.85 ± 0.02 a 313 ± 2.96 a 91 ± 1.41 ab 13 ± 0.008 a 

C+Ri+Si 2.33 ± 0.05 c 2.15 ± 0.1 c 199 ± 3.5 c 90 ± 6.55 ab 8 ± 0.003 c 

Figure 1. Box plots and Tukey HSD post-hoc test showing the effects of different inoculations on
the above-ground biomass of snap bean at flowering and pod stages. Control: no inoculation;
C: only R. tropici CIAT 899 inoculation; C+Ri: inoculation with R. tropici CIAT 899 and
Rhizophagus irregularis; C+Si: inoculation with R. tropici CIAT 899 and Serendipita indica; C+Ri+Si:
inoculation with R. tropici CIAT, Rhizophagus irregularis, and Serendipita indica. Within each graph,
treatments that differ significantly are indicated with a different letter (p ≤ 0.05). Midline shows the
median, box shows the 25th and 75th percentiles, error bars show minimum and maximum values.

Table 2. ANOVA summary of mean response by treatment group using the Tukey test.

Parameter Variables DF F Value (Pr > F)

SDB
(at flowering)

Treat 4 28.46 <0.0001

Var 1 32.13 0.02

Treat*Var 4 4.91 0.008

SDB
(at harvest)

Treat 4 32.48 <0.0001

Var 1 0.50 ns

Treat*Var 4 2.84 ns

RDB
(at flowering)

Treat 4 27.14 <0.0001

Var 1 6.20 ns

Treat*Var 4 3.77 0.02

RDB
(at harvest)

Treat 4 102.12 <0.0001

Var 1 1.01 ns

Treat*Var 4 4.34 0.01

NOD numbers
(at flowering)

Treat 4 55.04 <0.0001

Var 1 4.00 ns

Treat*Var 4 3.16 0.04

NOD numbers
(at harvest)

Treat 4 7.68 0.001

Var 1 0.28 ns

Treat*Var 4 3.30 0.03

POD numbers

Treat 4 177.06 <0.0001

Var 1 121.00 0.008

Treat*Var 4 7.02 0.001
SDB: shoot dry biomass; RDB: root dry biomass; Treat: treatment; Var: variety; Treat*Var: interaction between
treatment and variety; ns = not significant at the 5% level.
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3.1.2. Root Dry Mass

The results for root dry mass are summarized in Table 3. Notably, R. tropici in asso-
ciation with Serendipita indica (C+Si) and Rhizophagus irregularis (C+Ri) demonstrated the
highest biomass at both the flowering and pod stages. The increased biomass observed
in plants subjected to double or triple inoculation, compared to non-inoculated plants,
can be attributed primarily to the emergence of nodules on the roots and the prolifera-
tion of mycelial mass from symbiotic fungi. However, by the pod stage, the symbiotic
relationship between R. tropici and the host plant had ceased, leading to a gradual disappear-
ance and disintegration of the nodules within the soil. The analysis of variance revealed
that the variety had no significant effect on the root dry biomass of the common bean
(Table 2). Overall, the double inoculation significantly enhanced the root dry mass of snap
bean, regardless of its developmental stage, with this effect being statistically significant
(p ≤ 0.001).

Table 3. The effect of rhizobial and mycorrhizal strains inoculation on root dry biomass and nodule
numbers of common bean species.

Treatments
Root Dry

Biomass at
Flowering (g)

Root Dry
Biomass at
Harvest (g)

Nodule
Number/Plant
at Flowering

Nodule
Number/Plant

at Harvest

POD
Number/Plant

Contender

Control 1.37 ± 0.47 d 1.11 ± 0.15 d 97 ± 5.21 e 86 ± 0.47 b 5 ± 0.002 d

C 2.39 ± 0.17 c 2.80 ± 0.06 b 251 ± 4.5 c 92 ± 5.13 a 9 ± 0.007 b

C+Ri 2.76 ± 0.09 b 2.97 ± 0.08 a 273 ± 2.84 b 91 ± 6.6 a 11 ± 0.009 a

C+Si 3.05 ± 0.03 a 2.98 ± 0.18 a 295 ± 4.63 a 87 ± 1.05 b 12 ± 0.01 a

C+Ri+Si 2.37 ± 0.13c 2.11 ± 0.17 c 185 ± 5.29 d 83 ± 6.8 c 7 ± 0.006 c

Garrafal Enana

Control 1.19 ± 0.06 d 1.21 ± 0.02 d 100 ± 1.52 d 81 ± 2.12 c 4 ± 0.002 d

C 2.47 ± 0.19 b 2.43 ± 0.06 b 253 ± 7.37 b 93 ± 3 a 11 ± 0.008 b

C+Ri 2.98 ± 0.12 a 2.84 ± 0.01 a 303 ± 3.18 a 92 ± 7.09 a 13 ± 0.01 a

C+Si 2.99 ± 0.01 a 2.85 ± 0.02 a 313 ± 2.96 a 91 ± 1.41 ab 13 ± 0.008 a

C+Ri+Si 2.33 ± 0.05 c 2.15 ± 0.1 c 199 ± 3.5 c 90 ± 6.55 ab 8 ± 0.003 c

Control: no inoculation; C: only R. tropici CIAT 899 inoculation; C+Ri: inoculation with R. tropici CIAT 899 and
Rhizophagus irregularis; C+Si: inoculation with R. tropici CIAT 899 and Serendipita indica; C+Ri+Si: inoculation with
R. tropici CIAT 899, Rhizophagus irregularis, and Serendipita indica. Values are mean ± standard errors of replicates;
(±): standard deviation from the average value presented (n = 6). Different letters within each column indicate
significant differences (p ≤ 0.05) using Tukey tests.

3.1.3. Number of Nodules

The MPN of autochthonous rhizobia ranged from 1397 to 9446 rhizobia per gram of
soil, indicating a relatively low count. Interestingly, the introduction of R. tropici, whether
alone or in combination with fungal strains, significantly increased the number of nodules
compared with non-inoculated plants. Regardless of the bean variety, plants inoculated
with R. tropici strain CIAT 899 exhibited the highest nodule counts at harvest time, as
shown in Table 3. Additionally, the number of nodules tended to be higher during the
flowering stage than the pod stage. Typically, nodule numbers peaked early in the flowering
phase, remained relatively stable until approximately three weeks after flowering, and then
declined significantly towards the end of the growth cycle.

The analysis of variance revealed that the variety had no significant effect on nodule
count across different developmental stages, as outlined in Table 2. However, there was a
noteworthy and statistically significant interaction (p ≤ 0.05) between cultivar and treatment
during both the flowering and harvest stages. The number of nodules appears to have been
influenced more by the combined effects of the cultivar and the type of inoculation rather
than being solely dependent on either the variety or the isolated effect of inoculation.
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3.1.4. POD Number

The comparative analysis of different treatments reveals that the application of dou-
ble inoculation, involving R. tropici CIAT 899 combined with either Serendipita indica or
Rhizophagus irregularis fungi, led to a significant increase in pod yield. This is supported
by statistical significance levels of p ≤ 0.001, as shown in Tables 2 and 3. The Contender
variety displayed a pod range of 5 to 12 pods per plant, while the Garrafal Enana variety
exhibited a range of 4 to 13 pods. Notably, plants that remained uninoculated had the
lowest pod counts.

Among the various inoculations, it is worth noting that plants inoculated with
R. tropici CIAT 899 in association with Rhizophagus irregularis (C+Ri) achieved higher pod
yield than non-inoculated plants. This increase in yield was independent of the variety,
highlighting the significant impact of this specific double-inoculation treatment on pod
production per plant.

The statistically significant enhancement in pod yield brought about by the combined
effects of Rhizobium tropici and Rhizophagus irregularis underscores the potential of such
symbiotic interactions in boosting agricultural productivity.

3.1.5. Percent Mycorrhization

The microscopic investigation of snap bean roots revealed notable cytological dif-
ferences. In the absence of inoculation (as depicted in Figure 2a), the root systems of
plants did not display any fungal structures. However, when mycorrhizal plants were
stained with trypan blue, distinct structures characteristic of endomycorrhizal associations
became evident.
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Figure 2. Microscopic observation of bean roots after 60 days of growth. (a): uninoculated snap
bean root; (b,e,f): root inoculated with Rhizophagus irregularis; (c): root inoculated with Serendipita
indica; (d): root co-inoculated with Rhizophagus irregularis and Serendipita indica. S: spore; V: vesicle;
AM: arbuscular mycorrhizae; Int H: intercellular hyphae; Intra H: intracellular hyphae.
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These mycorrhizal structures include spherical spores, intracellular hyphae
(Figure 2b,c), arbuscular mycorrhizae, and oval vesicles interspersed between the cell
cortexes (Figure 2d,e). Additionally, intercellular hyphae were observed branching along
the root cortex (Figure 2f).

As the developmental stages progressed to flowering and fruiting, a notable expansion
of infection spread was observed. This expansion in infection spread serves as confirmation
of the successful establishment of arbuscular mycorrhizal fungi and the endophyte within
the root systems. Remarkably, the colonization patterns indicated robust infection by
Serendipita indica, Rhizophagus irregularis, and their combined association, as depicted in
Figure 3. Specifically, the colonization by these fungi was strikingly extensive, underscoring
the effectiveness of their interaction. This is particularly evident when considering the
combined association of the two strains. At the flowering stage, the colonization rate by this
association did not surpass 65%, reflecting the ongoing establishment process. However, by
the time of harvest, the colonization rate exceeded 80%, indicating the progressive success
of this combined inoculation strategy in promoting fungal colonization within the root
systems. Only inoculation with fungal strains showed a highly significant effect (p ≤ 0.001)
at both the flowering and podding stages.
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Figure 3. Box plots and Tukey HSD post-hoc test showing the frequency of mycorrhizal colonization.
Control: no inoculation; C: only R. tropici CIAT 899 inoculation; C+Ri: inoculation with R. tropici CIAT
899 and Rhizophagus irregularis; C+Si: inoculation with R. tropici CIAT 899 and Serendipita indica; C+Ri+Si:
inoculation with R. tropici CIAT 899, Rhizophagus irregularis, and Serendipita indica. Within each graph,
treatments that differ significantly are indicated with a different letter (p ≤ 0.05). Midline shows the
median, box shows the 25th and 75th percentiles, error bars show minimum and maximum values.

3.1.6. Nitrogen Content

The mean nitrogen concentrations in leaves and roots during the flowering and
harvesting stages are depicted in Figure 4. It is noteworthy that uninoculated plants
consistently exhibited nitrogen concentrations below or close to 0.15%, regardless of the
stage of growth, both in leaves and roots. In contrast, the introduction of R. tropici CIAT
899 inoculation or symbiotic fungi resulted in a noticeable increase in nitrogen levels
in both leaves and roots. This increase in nitrogen availability indicates the positive
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impact of these inoculation strategies on nutrient acquisition by the plants. The results
highlight the importance of symbiotic associations and inoculation practices in enhancing
nitrogen uptake and utilization. While uninoculated plants struggled to maintain nitrogen
concentrations above 0.15%, the introduction of beneficial microorganisms significantly
improved nitrogen availability. The analysis of variance in Table 4 demonstrates that there
were significant differences among the treatments (p ≤ 0.001), although the differences
between bean varieties were not found to be significant at the 5% level.
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Figure 4. Box plots and Tukey HSD post-hoc test showing the nitrogen content per plant in bean
leaves and roots at the flowering and pod stages. Control: no inoculation; C: only R. tropici CIAT
899 inoculation; C+Ri: inoculation with R. tropici CIAT 899 and Rhizophagus irregularis; C+Si: inocu-
lation with R. tropici CIAT 899 and Serendipita indica; C+Ri+Si: inoculation with R. tropici CIAT 899,
Rhizophagus irregularis, and Serendipita indica. Within each graph, treatments that differ significantly
are indicated with a different letter (p ≤ 0.05). Midline shows the median, box shows the 25th and
75th percentiles, error bars show minimum and maximum values.

3.1.7. Phosphorus Content

The phosphorus content is illustrated in Figure 5. Notably, during the flowering
stage, plants inoculated with Serendipita indica and R. tropici exhibited higher phosphorus
content in leaves (0.82 mg/g dry matter, DM) and roots (0.047 mg/g DM) compared with
non-inoculated plants. Subsequently, at the harvest stage, these inoculated plants had the
highest phosphorus content, averaging 1.89 mg/g DM in leaves and 0.108 mg/g DM in
roots. The analysis of variance, presented in Table 4, focused on the phosphorus content in
aerial organs and roots during the flowering and pod stages. Specifically, inoculation with
the Rhizobium tropici strain CIAT 899, either alone or in combination with symbiotic fungi,
resulted in increased phosphorus levels during the flowering stage. This increase reached
significance (p ≤ 0.05) in leaves and was highly significant (p ≤ 0.01) in roots. Notably,
the interaction between variety and treatment did not have a significant effect. Overall,
throughout the developmental stages, it is evident that single, double, or triple-inoculation
strategies led to higher phosphorus content in leaves compared with roots. Additionally,
significant differences between treatments (p ≤ 0.001) were observed in both leaves and
roots during the flowering and pod stages.
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Table 4. ANOVA summary of mean response by treatment group for phosphorus and nitrogen
uptake, according to Tukey test.

Parameters Variables DF F Value (Pr > F)

Leaves phosphorus content
(flowering stage)

Treat 4 21.70 <0.0001
Var 1 0.01 ns

Treat*Var 4 0.47 ns

Leaves phosphorus content
(at harvest)

Treat 4 40.55 <0.0001
Var 1 0.22 ns

Treat*Var 4 2.95 ns

Root phosphorus content
(flowering stage)

Treat 4 30.35 <0.0001
Var 1 4.95 ns

Treat*Var 4 2.92 ns

Root phosphorus content
(at harvest)

Treat 4 39.13 <0.0001
Var 1 2.67 ns

Treat*Var 4 3.77 ns

Leaves nitrogen content
(flowering stage)

Treat 4 9.08 0.0005
Var 1 0.04 ns

Treat*Var 4 0.34 ns

Leaves nitrogen content
(at harvest)

Treat 4 22.86 <0.0001
Var 1 17.64 0.05

Treat*Var 4 1.28 ns

Root nitrogen content
(flowering stage)

Treat 4 18.93 <0.0001
Var 1 37.64 0.02

Treat*Var 4 5.11 0.007

Root nitrogen content
(at harvest)

Treat 4 10.88 0.0002
Var 1 7.29 ns

Treat*Var 4 0.63 ns

Treat: treatment; Var: variety; Treat*Var: interaction between treatment and variety; ns = not significant at the
5% level.
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Figure 5. Box plots and Tukey HSD post-hoc test showing the leaf and root phosphorus levels of
Phaseolus vulgaris L. at the flowering and pod stages. Control: no inoculation; C: only R. tropici
CIAT 899 inoculation; C+Ri: inoculation with R. tropici CIAT 899 and Rhizophagus irregularis; C+Si:
inoculation with R. tropici CIAT 899 and Serendipita indica; C+Ri+Si: inoculation with R. tropici
CIAT 899, Rhizophagus irregularis, and Serendipita indica. Within each graph, treatments that differ
significantly are indicated with a different letter (p ≤ 0.05). Midline shows the median, box shows the
25th and 75th percentiles, error bars show minimum and maximum values.
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4. Discussion

As important tools for sustainable agriculture, mycorrhizae and rhizobacteria are used
to improve plant productivity and reduce chemical inputs. The present study was con-
ducted to explore the potential of beneficial microorganisms for improving the productivity
of common bean crops.

In Tunisia, the yield of common beans is constrained by the lack of phosphorus
availability and the decline in native rhizobia that fix atmospheric nitrogen. The study
conducted provides valuable insights into how different snap bean varieties respond
to inoculation with rhizobia and symbiotic fungi. The findings demonstrate that inoc-
ulation effectively promotes plant growth, with the most pronounced effects observed
during the fruiting stage when plants have a heightened demand for essential mineral
elements. In fact, the combined inoculation of R. tropici CIAT 899 with Serendipita indica and
Rhizophagus irregularis fungi enhanced both aerial (Figure 1) and root dry mass (Table 3),
although the results remain comparable to single inoculations. However, accurately pre-
dicting plant responses to mycorrhizal inoculation poses a challenge due to the complex
nature of interactions between plants and mycorrhizal fungi [44]. This intricate interplay is
dependent on various factors, including plant species, fungal strains, the developmental
stage of the host plant, and environmental conditions [45].

Notably, there is a strong affinity between Rhizobium tropici CIAT 899 and
Serendipita indica, as evidenced by the highest biomass and pod yields achieved in the
two varieties. These findings align with recent research investigating plants that were
co-inoculated with plant-growth-promoting rhizobacteria (PGPRs) and root endophytic
fungi [46–48]. Numerous studies on bio-stimulants have confirmed their positive impact
on plant growth. These bio-stimulants increase production and yield while improving the
nutritional quality of the plants [49]. Specifically, they have been found to increase the
protein, flavonoid, and polyphenols content in snap bean [3] and faba bean seeds [50–52].

A noteworthy outcome of this study is that plants inoculated with Serendipita indica
and/or Rhizophagus irregularis exclusively exhibited fungal structures (Figure 2). The
absence of these structures could be due to the lack of fungi or a decrease in microbial
populations caused by excessive pesticide use [53]. In semi-arid zones, the soils often have
a limited number of ineffective rhizobia populations for Fabaceae plants [54]. Edaphic
factors play a significant role in influencing the mycorrhizal fungi spores’ density and root
colonization [55]. Previous studies suggest that pH and organic matter content regulate the
sporulation of arbuscular mycorrhizal fungi [56]. Many researchers have demonstrated
that the Rhizophagus irregularis genus is typically found in soils with neutral or alkaline
pH [57–59]. This aligns with the promising results observed in this study, where the inocu-
lation of bean varieties with Rhizophagus irregularis resulted in positive outcomes. Indeed,
inoculated plants revealed improvements across various parameters, particularly growth
and mineral nutrition. The effectiveness of the Rhizobium tropici strain CIAT 899 and the
symbiotic fungi used is demonstrated. There is clear potential for authentic symbiotic
fungi strains to act as biofertilizers and enhance mineral nutrition. The inoculation of snap
beans with R. tropici in combination with Serendipita indica or Rhizophagus irregularis leads
to favorable results for phosphorus uptake (Figure 5). This mutually beneficial associa-
tion gradually develops and thrives as accessible nutrients directly support the growth
of plant roots in the soil. Serendipita indica and Rhizophagus irregularis are known for their
effective assimilation of phosphorus. Meiyan et al. [59] demonstrated that mycorrhizal
fungi, once they reach a minimum threshold of rhizosphere invasion, play a crucial role in
phosphate nutrient assimilation as transport mediators. Robust evidence has shown that
Serendipita indica improves acid and alkaline phosphatase activities, leading to increased
phosphorus uptake in rice and rapeseed [60,61]. Serendipita indica not only boosts soil
phosphatase activities but also improves phosphorus absorption in Poncirus trifoliata by
increasing the expression of phosphate transporter genes (PT3, PT5, and PT6) [62]. The
endophyte Serendipita indica has the potential to enhance phosphorus uptake and plant
growth by mobilizing inorganic phosphorus and stimulating phosphatase enzyme activ-
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ity [63,64]. Indeed, enhanced phosphorus levels have a significant impact on not just plant
growth but also nodulation and biological nitrogen fixation [65,66]. Thus, the inoculation
with R. tropici CIAT 899, either alone or with Serendipita indica or Rhizophagus irregularis, in-
creased nitrogen content (Figure 4) compared with the control. Furthermore, the increased
phosphorus content resulted in higher numbers of nodules and greater root dry mass in
comparison to the control group (Table 3). This suggests an improvement in symbiotic
N2 fixation and/or nitrogen uptake, potentially reducing the need for excessive nitrogen
fertilizer application [67–69]. Additionally, Sheramati et al. [70] discovered that Serendipita
indica enhanced the growth of Arabidopsis and tobacco seedlings by promoting nitrogen
accumulation and increasing the expression of genes related to nitrogen reductase and
starch-degrading enzyme glucan–water dikinase in their roots. This enzyme plays a crucial
role in nitrogen and starch metabolism in seedlings, which are essential for their growth
and development. Numerous studies have highlighted that in situations of nitrogen defi-
ciency, the secretion of root exudates triggers a molecular communication that culminates
in symbiosis between soil bacteria and host plants [71,72]. This intricate process entails the
activation of Nod genes, which are pivotal in the synthesis of Nod factors. The growth of
nodules plays a crucial role in the activation of genes that influence nitrogen and carbon
metabolism, protein expression, and the production of secondary metabolites. Ultimately,
these mechanisms fortify the plant’s defense system [73].

In the future, to obtain a more comprehensive understanding, we can undertake func-
tional studies on genes associated with nitrogen and phosphorus transport, transcription
factors, phytohormones, and the signaling pathway of mycorrhizal symbiosis. Furthermore,
we can also examine physiological parameters such as phenol content and enzymes linked
to these processes.

5. Conclusions

In conclusion, this study sheds light on the dynamic interactions between bean va-
rieties, rhizobia, and symbiotic fungi. Inoculation positively impacts plant growth, par-
ticularly during the fruiting stage, addressing mineral requirements. Mycorrhizal sym-
biosis enhances nutrient uptake, potentially reducing symbiotic reliance under nutrient-
rich conditions. Unique fungal structures were observed in Serendipita indica and/or
Rhizophagus irregularis-inoculated plants, potentially influenced by microbial populations
and edaphic factors. The impressive phosphorus assimilation abilities of authentic symbi-
otic fungi strains such as Serendipita indica and Rhizophagus irregularis make them promising
biofertilizers. The combination of R. tropici CIAT 899 with these symbiotic fungi enhances
nodule numbers, thereby improving nitrogen fixation potential. Inoculating fungi into the
soil not only promotes plant growth but also balances the soil by decomposing organic
matter and transforming it into humus. However, predicting the effects of mycorrhizal sym-
biosis remains complex, and the physiological mechanisms underlying growth induction
need further exploration. Overall, these findings can contribute to sustainable agricul-
tural strategies and enhance crop performance. However, comprehensive information on
nutrient transport in Serendipita indica remains scarce.
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an Important Factor Enabling the Adaptation of Anthyllis vulneraria L. to Zn-Pb-Polluted Tailings. Plants 2023, 12, 2092. [CrossRef]

20. Zhou, J.; Chai, X.; Zhang, L.; George, T.S.; Wang, F.; Feng, G. Different Arbuscular Mycorrhizal Fungi Cocolonizing on a Single
Plant Root System Recruit Distinct Microbiomes. mSystems 2020, 5, e00929-20. [CrossRef]

21. Huey, C.J.; Gopinath, S.C.B.; Uda, M.N.A.; Zulhaimi, H.I.; Jaafar, M.N.; Kasim, F.H.; Yaakub, A.R.W. Mycorrhiza: A natural
resource assists plant growth under varied soil conditions. 3 Biotech 2020, 10, 204. [CrossRef]

22. de Andrade, L.A.; Santos, C.H.B.; Frezarin, E.T.; Sales, L.R.; Rigobelo, E.C. Plant Growth-Promoting Rhizobacteria for Sustainable
Agricultural Production. Microorganisms 2023, 11, 1088. [CrossRef] [PubMed]

23. Chamkhi, I.; El Omari, N.; Balahbib, A.; El Menyiy, N.; Benali, T.; Cherki Ghoulam, C. Is the rhizosphere a source of applicable
multi-beneficial microorganisms for plant enhancement? Saudi J. Biol. Sci. 2022, 29, 1246–1259. [CrossRef] [PubMed]

24. Chiaranunt, P.; White, J.F. Plant Beneficial Bacteria and Their Potential Applications in Vertical Farming Systems. Plants 2023, 12,
400. [CrossRef]

25. Alrajhei, K.; Saleh, I.; Abu-Dieyeh, M.H. Biodiversity of arbuscular mycorrhizal fungi in plant roots and rhizosphere soil from
different arid land environment of Qatar. Plant Direct 2022, 6, e369. [CrossRef]

https://doi.org/10.1016/j.fcr.2023.108826
https://doi.org/10.1016/j.foodchem.2004.11.020
https://doi.org/10.3390/app12020776
https://doi.org/10.5772/intechopen.78737
https://doi.org/10.1016/j.ssaho.2023.100417
https://doi.org/10.17582/journal.pjar/2021/34.3.487.494
http://www.fao.org/faostat/en/#data/RP
https://doi.org/10.4060/cc6958en
https://doi.org/10.1007/s12633-023-02302-z
https://doi.org/10.3390/w13192746
https://doi.org/10.3390/plants12173102
https://doi.org/10.1016/j.foodcont.2023.109957
https://doi.org/10.1016/j.chemosphere.2022.134954
https://doi.org/10.3390/agronomy10081179
https://doi.org/10.3390/soilsystems6020033
https://doi.org/10.3390/agriculture13071314
https://doi.org/10.1016/j.biocontrol.2021.104775
https://doi.org/10.1016/j.envc.2021.100433
https://doi.org/10.3390/plants12112092
https://doi.org/10.1128/mSystems.00929-20
https://doi.org/10.1007/s13205-020-02188-3
https://doi.org/10.3390/microorganisms11041088
https://www.ncbi.nlm.nih.gov/pubmed/37110511
https://doi.org/10.1016/j.sjbs.2021.09.032
https://www.ncbi.nlm.nih.gov/pubmed/35241967
https://doi.org/10.3390/plants12020400
https://doi.org/10.1002/pld3.369


Agronomy 2023, 13, 2619 15 of 16

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

27. Soussani, F.E.; Boutasknit, A.; Ben-Laouane, R.; Benkirane, R.; Baslam, M.; Meddich, A. Arbuscular Mycorrhizal Fungi and
Compost-Based Biostimulants Enhance Fitness, Physiological Responses, Yield, and Quality Traits of Drought-Stressed Tomato
Plants. Plants 2023, 12, 1856. [CrossRef] [PubMed]

28. Ladha, J.K.; Peoples, M.B.; Reddy, P.M.; Biswas, J.C.; Bennett, A.; Jat, M.L.; Krupnik, T.J. Biological nitrogen fixation and prospects
for ecological intensification in cereal-based cropping systems. Field Crops Res. 2022, 283, 108541. [CrossRef] [PubMed]

29. Nadarajah, K.; Abdul Rahman, N.S.N. The Microbial Connection to Sustainable Agriculture. Plants 2023, 12, 2307. [CrossRef]
30. Jawahar, S.; Mariel, C.I.A.; Oswaldo, V.L. Harnessing the Potential of Symbiotic Associations of Plants in Phosphate-Deficient Soil

for Sustainable Agriculture. Plant Cell Physiol. 2023, 64, 850–857. [CrossRef]
31. El-Saadony, M.T.; Saad, A.M.; Soliman, S.M.; Salem, H.M.; Ahmed, A.; Mahmood, M.; El-Tahan, A.M.; Ebrahim, A.A.M.; Abd

El-Mageed, T.A.; Negm, S.H.; et al. Plant growth-promoting microorganisms as biocontrol agents of plant diseases: Mechanisms,
challenges and future perspectives. Front. Plant Sci. 2022, 13, 923880. [CrossRef]

32. Pu, Z.; Zhang, R.; Wan, H.; Li, Q.; Zhang, J.; Wang, X.X. Root morphological and physiological traits and arbuscular mycorrhizal
fungi shape phosphorus-acquisition strategies of 12 vegetable species. Front. Plant Sci. 2023, 14, 1150832. [CrossRef]

33. Hao, Z.; Xie, W.; Jiang, X.; Wu, Z.; Zhang, X.; Chen, B. Arbuscular Mycorrhizal Fungus Improves Rhizobium–Glycyrrhiza Seedling
Symbiosis under Drought Stress. Agronomy 2019, 9, 572. [CrossRef]

34. Mazoyon, C.; Firmin, S.; Bensaddek, L.; Pecourt, A.; Chabot, A.; Faucon, M.P.; Sarazin, V.; Dubois, F.; Duclercq, J. Optimizing
Crop Production with Bacterial Inputs: Insights into Chemical Dialogue between Sphingomonas sediminicola and Pisum sativum.
Microorganisms 2023, 11, 1847. [CrossRef] [PubMed]

35. Vincent, J.M. Amanual for the Practical Study of Root-Nodule Bacteria. J. Basic Microbiol. 1970, 12, 440. [CrossRef]
36. Kaefer, E. Meiotic and mitotic recombination in Aspergillus and its chromosomal aberrations. Adv. Genet. 1977, 19,

33–131. [CrossRef]
37. Jackson, N.E.; Franklin, R.E.; Miller, R.H. Effects of vesicular-arbuscular mycorrhizae on growth and phosphorus content of three

agronomic crops. Soil Sci. Soc. Am. J. 1972, 36, 64–67. [CrossRef]
38. Brockwell, J. Accuracy of a plant-infection technique for counting populations of Rhizobium trifolii. Appl. Microbiol. 1963, 11,

377–383. [CrossRef]
39. Sáez-Plaza, P.; Navas, M.J.; Wybraniec, S.; Michałowski, T.; Asuero, A.G. An Overview of the Kjeldahl Method of Nitrogen

Determination. Part II. Sample Preparation, Working Scale, Instrumental Finish, and Quality Control. Crit. Rev. Anal. Chem. 2013,
43, 224–272. [CrossRef]

40. Murphy, J.; Riley, J.P. A modified single solution method for the determination of phosphate in natural waters. Anal. Chim. Acta
1962, 27, 31–36. [CrossRef]

41. Cruz-Silva, A.; Figueiredo, A.; Sebastiana, M. First Insights into the Effect of Mycorrhizae on the Expression of Pathogen Effectors
during the Infection of Grapevine with Plasmopara viticola. Sustainability 2021, 13, 1226. [CrossRef]

42. SAS Institute Inc. SAS® 9.4 Language Reference: Concepts, 6th ed.; SAS Institute Inc.: Cary, NC, USA, 2016.
43. Guo, X.; Wang, P.; Wang, X.; Li, Y.; Ji, B. Specific Plant Mycorrhizal Responses Are Linked to Mycorrhizal Fungal Species

Interactions. Front. Plant Sci. 2022, 13, 930069. [CrossRef]
44. Merrild, M.P.; Ambus, P.; Rosendahl, S.; Jakobsen, I. Common arbuscular mycorrhizal networks amplify competition for phos-545

phorus between seedlings and established plants. New Phytol. 2013, 200, 229–240. [CrossRef]
45. Xu, Z.; Pehlivan, N.; Ghorbani, A.; Wu, C. Effects of Azorhizobium caulinodans and Piriformospora indica Co-Inoculation on Growth

and Fruit Quality of Tomato (Solanum lycopersicum L.) under Salt Stress. Horticulturae 2022, 8, 302. [CrossRef]
46. Heydari, S.; Pirzad, A. Mycorrhizal fungi and Thiobacillus co-inoculation improve the physiological indices of Lallemantia iberica

under salinity stress. Curr. Microbiol. 2020, 77, 2523–2534. [CrossRef] [PubMed]
47. Sheteiwy, M.S.; Abd Elgawad, H.; Xiong, Y.C.; Macovei, A.; Brestic, M.; Skalicky, M.; Shaghaleh, H.; Alhaj Hamoud, Y.; El-Sawah,

A.M. Inoculation with Bacillus amyloliquefaciens and mycorrhiza confers tolerance to drought stress and improve seed yield and
quality of soybean plant. Physiol. Plant. 2021, 172, 2153–2169. [CrossRef] [PubMed]

48. Kocira, A.; Lamorska, J.; Kornas, R.; Nowosad, N.; Tomaszewska, M.; Leszczyńska, D.; Kozłowicz, K.; Tabor, S. Changes in
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53. Stępkowski, T.; Banasiewicz, J.; Granada, C.E.; Andrews, M.; Passaglia, L.M.P. Phylogeny and Phylogeography of Rhizobial
Symbionts Nodulating Legumes of the Tribe Genisteae. Genes 2018, 9, 163. [CrossRef]

https://doi.org/10.3389/ffunb.2022.723892
https://doi.org/10.3390/plants12091856
https://www.ncbi.nlm.nih.gov/pubmed/37176914
https://doi.org/10.1016/j.fcr.2022.108541
https://www.ncbi.nlm.nih.gov/pubmed/35782167
https://doi.org/10.3390/plants12122307
https://doi.org/10.1093/pcp/pcad059
https://doi.org/10.3389/fpls.2022.923880
https://doi.org/10.3389/fpls.2023.1150832
https://doi.org/10.3390/agronomy9100572
https://doi.org/10.3390/microorganisms11071847
https://www.ncbi.nlm.nih.gov/pubmed/37513019
https://doi.org/10.1002/jobm.19720120524
https://doi.org/10.1016/s0065-2660(08)60245-x
https://doi.org/10.2136/sssaj1972.03615995003600010014x
https://doi.org/10.1128/am.11.5.377-383.1963
https://doi.org/10.1080/10408347.2012.751787
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.3390/su13031226
https://doi.org/10.3389/fpls.2022.930069
https://doi.org/10.1111/nph.12351
https://doi.org/10.3390/horticulturae8040302
https://doi.org/10.1007/s00284-020-02034-y
https://www.ncbi.nlm.nih.gov/pubmed/32435880
https://doi.org/10.1111/ppl.13454
https://www.ncbi.nlm.nih.gov/pubmed/33964177
https://doi.org/10.3390/agronomy10020189
https://doi.org/10.21608/jpp.2014.64669
https://doi.org/10.3389/fagro.2022.936032
https://doi.org/10.3390/genes9030163


Agronomy 2023, 13, 2619 16 of 16

54. Shrestha, S.; Gautam, T.P.; Raut, J.K.; Goto, B.T.; Chaudhary, S.; Mandal, T.N. Edaphic factors and elevation gradient influence
arbuscular mycorrhizal colonization and spore density in the rhizosphere of Shorea robusta Gaertn. Acta Ecol. Sin. 2023,
in press. [CrossRef]

55. Di Martino, C.; Torino, V.; Minotti, P.; Pietrantonio, L.; Del Grosso, C.; Palmieri, D.; Palumbo, G.; Crawford, T.W.J.; Carfagna, S.
Mycorrhized Wheat Plants and Nitrogen Assimilation in Coexistence and Antagonism with Spontaneous Colonization of
Pathogenic and Saprophytic Fungi in a Soil of Low Fertility. Plants 2022, 11, 924. [CrossRef] [PubMed]

56. Pellegrino, E.; Gamper, H.A.; Ciccolini, V.; Ercoli, L. Forage Rotations Conserve Diversity of Arbuscular Mycorrhizal Fungi and
Soil Fertility. Front. Microbiol. 2020, 10, 2969. [CrossRef] [PubMed]

57. Rosendahl, S.; McGee, P.; Morton, J.B. Lack of global population genetic differentiation in the arbuscular mycorrhizal fungus
Glomus mosseae suggests a recent range expansion which may have coincided with the spread of agriculture. Mol. Ecol. 2009, 18,
4316–4329. [CrossRef] [PubMed]

58. Chafai, W.; El Gabardi, S.; Douira, A.; Khalid, A. Diversity and mycorrhizal potential of arbuscular mycorrhizal fungi in two
natural soils in the eastern region of Morocco. Asian J. Agric. Biol. 2022, 2, 202102101. [CrossRef]

59. Wu, M.; Wei, Q.; Xu, L.; Li, H.; Oelmüller, R.; Zhang, W. Piriformospora indica enhances phosphorus absorption by stimulating acid
phosphatase activities and organic acid accumulation in Brassica napus. Plant Soil 2018, 432, 333–344. [CrossRef]

60. Das, J.; Ramesh, K.V.; Maithri, U.; Mutangana, D.; Suresh, C.K. Response of aerobic rice to Piriformospora indica. Indian J. Exp. Biol.
2014, 52, 237–251. [PubMed]
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