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Abstract

In order to fully realize the potential of beneficial microorganisms in the agricul-
tural system, there remains a huge research gap in understanding the factors shap-
ing their functional activities in the rhizosphere. Recently, native microorganisms
retrieved from healthy soils have shown a thriving effect in plant growth stimulation.
This study aimed to compare the outcome of two commercially available native
microbial products (namely LBM) on the growth and yield of Phaseolus vulgaris in
an open-field experiment. The research hypothesis suggested that microbial inocu-
lants could increase the efficiency of water use in beans, thereby leading to seed
yield augmentation in the total absence of chemical fertilization. The results of the
study indicated that plant growth and productivity parameters were clearly affected
by the LBM application. Moreover, the organic fertilizer (OF) enhanced the effec-
tiveness of microbial consortia significantly by increasing leaf area (89%), above
ground biomass (56%), pod number per plant (50%), pod weight (73%), and seed
mass (78%), compared to the control. This study highlights a rise in WUE by 44-54%
subsequently to microbial treatments versus 6.7% recorded with the mineral fertil-
izer in normal irrigation conditions. The hypothesis of this study was positively
confirmed by a high correlation between WUE and seed mass per plant (r = 0.84)
or 1000-seed weight (r = 0.61). In conclusion, the co-incorporation of native micro-
bial inoculants and organic amendments can help to meet the requirements of
beans crops, thus allowing the replacement of mineral fertilizers while safeguarding
the yields and quality of the final product (pods and seeds).

Keywords
microbial product; plant growth; beans; field trial; biofertilizer; beneficial
microorganisms

1. Introduction

Common bean (Phaseolus vulgaris sp.) is one of the most popular crop legumes
worldwide (Gonzalez & Paredes-Lapez, 2009). Besides its antioxidant activities, bean
grains are packed with proteins, fibers, essential vitamins, and minerals such as potas-
sium, vitamin B6, and folic acid (Cardador-Martinez, et al., 2002; Garden-Robinson
& McNeal, 2013). Beans are considered the main staple food, especially in the Mediter-
ranean countries, owing to their valuable abundance of plant-based proteins.

Recently, the increasing concerns for food security, particularly in Lebanon, have inten-
sified the need for crop production with low management costs and higher yields, com-
bined with a wide-ranging nutritional value. Hence, the common bean crop emerged
with a huge potential and its production is boosted in most regions of the country. How-
ever, the cultivation of crop vegetables is one of the most demanding cropping systems
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in terms of agrochemicals and pesticides (Zhao et al, 2005). Nowadays, the expansion of
crop production in Lebanon relies basically on the over-consumption of chemical fertil-
izers (El-Alam et al., 2018) and high exploitation of agricultural lands. This mismanage-
ment of fertilizer application can be harmful to the nature through contamination of wa-
ter resources (Nehme et al,, 2014) and soil salinization and to biodiversity by the
appearance of resistant pathogens destabilizing the soil microbiota (Shukla et al, 2019;
Thakur et al,, 2020). A new relevant challenge related to water scarcity for irrigation has
emerged (Condon, 2020), particularly in Mediterranean conditions (hot, dry summer
and cool, wet winter), highlighting the need for further investigation towards innovative
solutions. Given the global environmental variation and challenges, agricultural prac-
tices must be evolving to an eco-friendly and sustainable system. Therefore, an efficient
use of existing land and available water, animal and green manures, off-farm organic
wastes, and the use of bio-fertilization to maintain soil productivity are promoted.

Nowadays, microbial biofertilizers are receiving particular interest and are consid-
ered the best alternative to chemical fertilizers (Yadav et al, 2023). This may be attrib-
uted to the fact that most microbial products applied to crops stimulate plant growth
and productivity. Microbial preparations may include a large variety of microorgan-
isms, such as plant growth-promoting rhizobacteria (PGPR), mycorrhizal and non-
mycorrhizal fungi, and bacterial endosymbionts, all of which adopt diverse mecha-
nisms and strategies to promote plant development in normal conditions and en-
hance tolerance to biotic and abiotic stress (Al et al., 2022).

In a previous study, a mixture of native microbial inoculants was identified, exerting
stimulatory effects on vegetative growth and yield production in tomato and pepper
(Makhlouf et al, 2023). The type of product used, called LBV, is a solution based on
naturally assembled multi strain species which appeared effective in the total absence
of chemical fertilizers and revealed higher outcomes when combined with organic
compounds. Exploiting the efficacy of the combined microbial consortia-organic fer-
tilizer is very promising in the development of plant biofertilizers. Although micro-
bial products can provide an option to safeguard sustainable crop yields, farmers
would not be able to adopt biofertilizers so easily. One of the major problems with the
use of biofertilizers is that, in almost all cases, biofertilizers have been tested in green-
house conditions, thus leading to different results when applied in field conditions.
The beneficial effect of microbial inoculants on plants is known to be dependent on
several factors, such as soil type and plant species (Ortiz & Sansinenea, 2022). More-
over, the literature does not provide adequate information since it is a new practice in
the traditional agricultural system, especially in Lebanon. Therefore, there is a poten-
tial pathway to explore the feasibility of microbial biofertilizers applied on a large
scale, mainly on the productivity of high-nutritive crop species.

In this regard, this study was performed to (1) investigate the effect of two commer-
cially available LBM products on the productivity of Borlotti beans in an agro-ecolog-
ical zone where beans are typically grown on farms, (2) explore an alternative fertil-
ization strategy for beans under challenging environmental factors, and (3) have
more insights into the mode of action of microbial biofertilizers related to their ability
to ameliorate the water use by plants. The hypothesis was that the use of microbial
consortia combined with organic compounds will improve plant nutrient acquisition,
leading to productivity enhancement and amelioration of the outcome quality, thus
allowing the replacement of mineral fertilization.

2. Material and methods
2.1. Trial establishment

The field experiment was conducted during the growing season of summer-autumn
2019 in the Lebanese Agricultural Research Institute, in Tal Amara station, located in
central Bekaa, Lebanon. The average altitude of the site is 943 m above sea level, lati-
tude 33°5123" N and longitude 35°59'5" W. The climate in this region is typically
Mediterranean, characterized by hot and dry summer (from June to October) and
rainy winter. Long-run data indicate an average seasonal rain of 592 mm, with 95%
of the rain occurring between November and March.
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Long-run data indicate an average seasonal rain of 592 mm, with 95% of the rain oc-
curring between November and March. The soil of the study field is clayey (60%),
alkaline (pH 7.4) with low-organic content (0.07%); available macroelements include
(mg kg soil) phosphorus - 40, potassium - 311, and magnesium - 511.

The Borlotti bean cultivar (Dwarf variety) available in the market was used in this
experiment. This variety is medium-early, very productive with a growing season of
75-80 days. Seeds of Borlotti beans (Phaseolus vulgaris L.) were sown on 14 August
in the soil at a density of 24 plants per m?* (8 sowing holes at 3 seeds per hole).

A drip irrigation system was adopted using JR Pipes (16 mm - Dripper spacing: 25 cm -
Dripper Flow rate: 4 L/h) with flowmeters set in the system. The water amount re-
quirement was determined based on the volumetric soil water content using Decagon
sensors at 20 cm soil depth (Field capacity considered Fc = 32%). The mineral fertil-
izer and microbial products were applied separately using Dosatron and Venturi
Pumps.

2.2. Experimental design and treatments

The experimental design adopted in this study was the Randomized Completely
Block Design (RCBD) with four replicates. The experimental plot had an area of
50 m? (10 x 5 m), consisting of 6 rows at a space of 50 cm between two rows. The total
area of the experimental field was 1196 m?.

The experimental design including the different treatments is indicated in Table 1.
The microbial inoculation was carried out using different products available com-
mercially (NESCO, National Environmental Solution Company, Lebanon) and re-
ferred to as LBM, Lebanese beneficial microorganisms, (Makhlouf et al, 2023). In this
field experiment, two microbial products (SR, NFPC) were used in addition to an or-
ganic fertilizer:

SR (Soil Regenerator) with declared active ingredients: lactic acid bacteria, acetic
acid bacteria, Cyanobacteria, phototrophic bacteria, symbiotic nitrogen-fixing
bacteria, Saccharomyces, enzymes, organic acids, and minerals.

« NFPC (Nitrogen Fixator and Pest Controller): lactic acid bacteria, nitrogen-fix-
ing bacteria, acetic acid bacteria, phototrophic bacteria, yeast, alcohol, enzymes,
and organic metabolites.

Organic fertilizer (OF) based on chicken manure with 4% nitrogen, 3% phosphorus,
and 3% potassium (quantified using the Kjeldahl method for N, the Oslen method
for P, and flame photometry for K). The microbial products were used in the trial
starting from 21 days after sowing (DAS) and were diluted following the supplier’s
instructions. SR was applied one time per week (0.4 L/m?) with the irrigation water.
2.5 ml of NFPC were diluted in one liter of water; afterwards, using 400 ml sprayers,
the diluted NFPC solution was applied on leaves at 10-day intervals. OF were spread
on the soil two times (at 30 and 56 DAS) at the dosage of 0.24 kg/m?. The mineral
fertilizer was applied once per week according to the recommended protocols for
beans cultivation starting on 21 DAS. Phosphorus fertilization in the form of ammophos
(nitrogen content 12%, phosphorus 61%) was applied at the dosage of 125 kg ha! P,O,,
and potassium fertilization in the form of potassium nitrate (potassium content 46%)
was applied at dose of 350 kg ha' K,O. Nitrogen fertilizers in the form of urea (46%)
were applied at 20 kg ha'.

Table 1 Experimental design.

Treatment Product used
T1 Control - without application of fertilization
T2 Soil application of SR + foliar application of NFPC
T3 Soil application of SR + foliar application of NFPC + OF
T4 NPK (mineral fertilizer)
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2.3. Harvest, biomass, and productivity

To estimate the leaf cover area, many pictures were taken at 70 DAS in each plot re-
lated to the treatments. The images were analyzed by the canopeo tool measuring the
fractional green canopy cover (FGCC) as described by Patrignani & Ochsner (2015),
and expressed in percentage.

The harvest of green pods took place at marketable maturity at 75 DAS for all treat-
ments. The inner area of each plot was reserved to harvest sampling, while the re-
maining plot area was used for growth sampling. Nine plants were taken randomly
from each plot at 2-day-intervals, grouped according to their treatment, and weighed
to measure the biomass. The pod number, seed number, and 1.000-seed weight were
determined. After determination of the mass of seeds for each treatment, their yield
was obtained by extrapolation to productivity kg ha™. The pods and seeds were
counted by plant, and the samples were oven-dried at 75°C for 48 h.

To analyze the pod quality, pods from 1 m? quadrates in three replicates were sampled
randomly from each treatment using the procedure given in Foroud et al. (1993). The
pods were categorized depending on their size and the number of seeds inside. Then,
the parameters related to the pod number and the number of seeds per pod were de-
termined and weighed in each category.

Water use efficiency representing the amount of biomass produced per unit of water
used by a plant was calculated for the seed yield. The values were determined as a ra-
tio of fresh seed yield per hectare to the total amount of water monitored by sensors
during the experiment and were expressed in units of kg ha’ mm™.

2.4. Statistical analysis

The data were subjected to a one-factor analysis of variance ANOVA using the SAS
package (SAS 2002) to evaluate the effect of the treatments on the studied parameters.
The significance of differences between evaluated mean values was determined by the
Tukey test at a significance level of 0.05.

3. Results
3.1. Growth parameters and water use efficiency

The results obtained from the leaf cover area analysis (Table 2, Figure 1) in the differ-
ent treatments indicate that T2, T3, and T4 differed significantly from the control
with no added fertilizer. The bean leaf area increased depending on the microbial
preparation applied, from 22.2% in the control to 28.7% in T2 and 42.2% in T3. Over-
all, T3 produced the highest mean value of leaf covering, followed by T4 (mineral
fertilizer) and T2, respectively. In parallel, a significant increase in the fresh mass of
the aboveground part of plants was recorded in T3, about 56% higher than the con-
trol, whereas T2 and T4 did not show a significant effect on the value of fresh
biomass. Likewise, a remarkable extension of the vegetative growth was detectable in

Table 2 Effect of treatments on P. vulgaris leaf area, biomass and water use efficiency.

Treatments Leaf cover area (%) Aboveground biomass (g.plant™) WUEi (kg. mm™)
T1 (control) 22.25+4.21°* 61.49+£9.352 597+0.61°
T2 (SR + NFPC) 28.75+1.52° 59.11£7.42* 9.25+2.07 ¢
T3 (SR + NFPC+ OF) 4225+ 1.70¢ 96.52 + 8.23° 8.62+1.15"%
T4 (NPK) 37.00 £ 3.05¢ 71.31+£242% 6.37 £0.94 %

The readings were expressed as mean + SD (n = 36). In each column, values with the same letter are not significantly different (Tukey test, p > 0.05)
when compared to control. WUE: water use efficiency. SR: soil regenerator, NFPC: nitrogen fixator and pests controller, OF: organic fertilizer, NPK:
mineral fertilizer.
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Figure 1 Effect of microbial treatments and mineral fertilizer on P. vulgaris plants. Pictures related to plots of beans plants were
taken at 60 days after sawing. T1: control, T2: SR+NFPC, T3: SR+NFPC+OEF T4: NPK. SR: soil regenerator, NFPC: nitrogen fixator
and pests controller, OF: organic fertilizer, NPK: mineral fertilizer.

T3 combined with a clear intensification in the color of leaves, as evidenced in the
pictures of the Borlotti plants, compared to the other treatments (Figure 1).

Irrigation-related water use efficiency averaged 5.97 kg. mm™ in the control, while the
WUE of microbial treatments T2 and T3 were 54 and 44% higher, respectively. How-
ever, the chemical fertilizer (T4) had a WUE value of 6.7% higher than the control.

3.2. Pod yield and productivity

The microbial treatments and mineral fertilization had a significant positive effect on
yield and seed productivity (Table 3). The highest values of yield, compared to the
control, were noted in microbial treatment T3, reflected by an increase in the pod
number and weight as well as seed production. The average number of pods per plant
increased in the applied microbial product treatment by about 16% in T2 and 50% in

Table 3 Influence of chemical fertilizer and microbial preparation on P. vulgaris productivity.

Treatments Pod number Pod weight Seed mass 1000-seed Seed yield
(nb.plant’) (g.plant?) (g.plant?) weight (g) (that)
T1 (control) 6.87+1.11% 2643 +4.4°* 9.64+2.1* 914.4 +41* 1.87+0.6*
T2 (SR + NFPC) 8.00 £ 0.94 % 35.6 £2.41% 13.88 £2.2® 1082.2 + 88" 3.00£0.5°
T3 (SR + NFPC+ OF) 10.37 £ 1.55¢ 4589 +4.8° 17.25+3.2° 1072.9 +93° 4.12+£0.3°¢
T4 (NPK) 9.50 + 1.38 ¢ 37.29+1.9® 12.74 £2.5%® 972.6 £ 44* 2.78+0.6°

The results were expressed as mean + SD (n = 36). Values in each column followed by the same letter are not significantly different (Tukey test, p > 0.05)

when compared to control. SR: soil regenerator, NFPC: nitrogen fixator and pests controller, OF: organic fertilizer, NPK: mineral fertilizer.
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T3 versus an increase of 38% induced by the mineral fertilizer (T4). Similarly, the mi-
crobial product increased the mean pod weight per plant. For this parameter, T3 had
the greatest effect with a 73% increase in the pod weight per plant, compared to the
control, whereas T2 and T4 displayed comparable results with a 34 and 41% increase,
respectively.

Following the pod weight augmentation due to the fertilizer and microbial treat-
ments, the increase in productivity could be expected. As can be seen from the data
related to this parameter, the microbial treatment induced a significant increase in the
mass of seeds per plant by about 43 and 78% in T2 and T3, respectively, while the
mineral fertilizer increased the value of this parameter by 32%. However, in terms of
the weight of 1000 seeds of beans, both microbial applications showed similar results
and exceeded the values obtained with the mineral fertilizer. The improvement of
plant growth parameters under the microbial treatments was finally reflected by sig-
nificant augmentation in total seed yield per hectare. The highest seed yield was ob-
tained in T3 with an average of 4.12 t ha™', whereas T2 and T4 scored 3 and 2.78 t ha”,
respectively.

3.3. Characterization of pods

The growth characteristics of pods and seeds were compared between untreated
plants and those treated with the microbial product or the mineral fertilizer. The har-
vested pods were classified in two categories (Table 4): category 1 included bigger
pods showing more than three beans per pod, while category 2 consisted of short
pods with less than three beans in each. It is notable that the total seed number per
m?* was positively affected by the application of the microbial inoculants, thus higher
values were obtained, compared to the control. The maximum increase in the total
seed number was attained by T2 (79%) and T3 (84%) followed by the chemical fertil-
izer T4 (32%). This significant rise in the total seed number per m? was attributed to
the higher number and weight of large pods (category 1) as well as the number of
seeds in each. For this latter category, the highest values were registered in T2 (146
pods and 295 seeds per m?) and T3 (140 pods and 301 seeds per m?), compared to the
control, whereas 114 pods and 187 seeds per m* were scored in the variant with the
chemical fertilizer. Similarly, in category 1, T2 and T3 exhibited higher pod weight
scoring 1108.6 and 1067.8 g.m?, respectively, differing statistically from the mineral
fertilizer treatment (T4) and the control.

On the contrary, the category of small pods (category 2) did not show any significant
difference between the treatments (T2, T3 and T4) in the pod number and number
of seeds per pod, although the lowest values were obtained in the control. In this cat-
egory of small pods, only the pod weight was significantly increased in both micro-
bial treatments, compared to the control, and the chemical fertilizer, counting
1186 g.m?* equally for T2 and T3.

Table 4 Categories of pods related to P. vulgaris seeds number recorded in each treatment.

Treatments Category 1 Category 2 Total seeds
number
Pod Pod weight Seed Pod Pod weight Seed 2
(nb.m%)
number (g.m?) number number (g.m?) number
(nb.m) (nb.m?) (nb.m?) (nb.m?)
T1 (control) 81.6+12* 526.3+£20° 140.0 £ 15* 167.0 £22* 636.3+£10* 68.0+16* 208.0£19*
T2 (SR + NFPC) 1463+ 18> 1108.6+59° 2950+33" 2040+41* 11869+39° 79.0+14° 374.0 +32%®

T3 (SR + NFPC+ OF) 140.6 £ 9°

T4 (NPK) 1143 £7®

1067.8 £84% 301.6+42° 211.3+32* 1186.1+18" 82072 383.6 £ 56°

6902 +75* 187.6+20™ 2243+39* 871.3+57%® 88.0+10* 276.0 £ 42

The results were expressed as mean + SD (n =

24). Values in each column followed by the same letter are not significantly different (Tukey test, p > 0.05)

when compared to control. Category 1: pods containing > 4 beans. Category 2: pods having < 3 beans. SR: soil regenerator, NFPC: nitrogen fixator and
pests controller, OF: organic fertilizer, NPK: mineral fertilizer.
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3.4. Correlation relationships between yield components, morphological
characteristics of plants, and water use efficiency

The results of the correlation between the yield elements and the morphological fea-
tures of Borlotti plants are represented in Table 5. The crop yield is basically depen-
dent on plant traits that improve carbon gain, such as greater biomass and leaf area,
under the influence of environmental factors. Our results show a strong positive cor-
relation between the seed yield and parameters of vegetative growth, such as above-
ground biomass (r = 0.66) and leaf cover area (r = 0.70) in addition to pod weight
(r=0.71).

Table 5 Relationships between yields, morphological elements and water use efficiency.

Parameters PN SM TSW AB LCA WUE PW SY
PN 1.000 0.198 0.115 0.412 0.821 *¥** 0.077 0.636 ** 0.520 *
SM 1.000 0.683 *** 0.616 ** 0.255 0.844 *** 0.716 *** 0.444
TSW 1.000 0.368 0.293 0.617 ** 0.601 ** 0.489 *
AB 1.000 0.539* 0.385 0.766 *** 0.667 **
LCA 1.000 0.151 0.572* 0.701 **
WUE 1.000 0.446 0.348
PW 1.000 0.713 ***
SY 1.000

PN: pods number per plant, SM: seeds mass (g.plant™), TSW: 1000-seeds weight (g), AB: Aboveground biomass (g.plant), LCA: leaf cover area (%),
WUE: water use efficiency (kg.mm™), PW: pods weight (g.plant'), SY: seeds yield (t.ha"). Significance levels are represented as *** p < 0.001, ** p < 0.01,

*p<0.05.

A moderate correlation of the seed yield with the pod number (r = 0.52) and the
1000-seed weight (r = 0.48) was observed in this study. There were also high signifi-
cant correlations of the pod weight with the pod number (r = 0.63), the aboveground
biomass (r = 0.76), the seed mass (r = 0.71), and the 1000-seed weight (r = 0.60), while
a moderate correlation was observed with the leaf canopy cover (r = 0.57).

This study also found high correlations between the water use efficiency and the seed
mass per plant (r = 0.84) and the 1000-seed weight (r = 0.61).

4, Discussion

In recent years, considerable attention has been focused on the potential of microbial
inoculums in promoting plant growth and productivity in normal and stressful con-
ditions (Ali et al, 2022). To this point, specific microbial strains have been considered
in many studies, used singly or even combined with other strains and/or NPK fertil-
izers (Yeremko et al., 2024; Marques et al., 2022). Although some expected outcomes
are being generated, many inconsistent results have been obtained, as the microbial
stimulant effect might differ between crop species and in different environmental
conditions (Rouphael et al., 2015; Kunicki et al., 2010). Microorganisms found in the
rhizosphere offer a valuable resource for microbial biostimulants. Exploiting such
natural strain combinations to improve plant biomass and yield has been confirmed
using tomato and green pepper plants (Makhlouf et al, 2023). The above-mentioned
strains, so-called LBM, hold an agricultural prospective, since the mixture maintains
the natural interactions between microorganisms assisting their establishment in the
inoculated soil, thereby leading to greater biomass and yield. Despite the successful
contribution of LBM in promoting plant health and productivity, the underlying
mechanism that impacts their ability to increase nutrient uptake is still unclear. Fur-
thermore, there remains a major research gap in establishing a standardized protocol
for economically important crops, principally in the Mediterranean regions. Globally,

Acta Agrobotanica / 2025 / Volume 78 / Article 201391 7
Publisher: Polish Botanical Society & University of Warmia and Mazury in Olsztyn



S. Hala et al. / Impact of microbial fertilizer on beans productivity

it still the main challenge faced by the vast majority of microbial biostimulants (Yadav
et al, 2023; Ortiz & Sansinenea, 2022).

In this study, a positive effect of LBM treatments on Phaseolus vulgaris growth was
reported. The microbial consortia contributed to a significant increase in plant
biomass (for T3) and the leaf cover area in T2 and T3 (Table 2). For both factors, the
outcome was amplified when organic compounds were incorporated (T3). Our results
are consistent with those obtained in tomato and green pepper where a significant
increase in the shoot length and the number of leaves were registered consequently to
LBM treatments (Makhlouf et al, 2023). A similar effect was also confirmed in other
studies where the application of Trichoderma herzianum ALL42 was associated with
higher shoot biomass in P. vulgaris (Pereira et al., 2014) and spinach (Ozbay et al.,
2018). In the study of Yeremko et al. (2024), the inoculum with microbial prepara-
tions had a positive effect on the formation of pea leaf area. Furthermore, our results
indicated that LBM consortia had a great impact on plant vigor, reflected by an inten-
sification of pigmentation producing dark green leaves, compared to the control,
which indicates an enhancement in the photosynthetic activity. Likewise, other au-
thors demonstrated a significant change in the chlorophyll content of P. vulgaris
leaves after treatment with a microbial inoculum (Marques et. al., 2022). Taken to-
gether, the expansion of leaf area and boost in photosynthetic efficiency reported in
this study could be explained by an adequate availability of nutrients to the plants,
which stimulate the growth process. Minerals such as nitrogen and phosphorus can
stimulate the root system activity and production of leaves (Choudhary et al, 2008;
Yeremko et al, 2024). It is known that common bean has low tolerance to low soil
fertility (Singh et al, 2003), and its productivity relies on external N supply due to its
poor capacity of fixing atmospheric nitrogen (Martinez-Romero, 2003). In this study,
the amelioration of beans growth associated with the microbial incorporation in the
absence of mineral supply (NPK) indicates that the microbial strains had a beneficial
effect on soil fertility. As a function of higher microbial activity in inoculated soils,
a rise in the availability of organic compounds occurs and can benefit plant nutrient
solubility and uptake (Rembiatkowska, 2007; Adediran et al., 2007). Moreover, or-
ganic amendments have been shown as effective means of improving water retention
capacity in semiarid regions (Zhao et al, 2018; Li et al, 2019). In this regard, it is worth
highlighting the significant rise in WUE by 44-54% subsequently to the microbial
LBM treatments, whereas 6.7% amelioration only was recorded in the NPK fertilizer
treatment (Table 2). This could be due to the amelioration of the soil structure (by
increasing macropores) after the microbial incorporation, improving water potential
and enhancing water and nutrient absorption by plants (Naseem and Bano, 2014).
Consequently, a vigorous leaf system can be developed, allowing a substantial im-
provement of plant yield by assisting seed sets and grain filling (Gao & Lynch, 2016).
In agreement with this hypothesis, our results showed a significant positive correla-
tion between the leaf covering surface and seed yield (r = 0.7) or the number of pods
per plant (r = 0.82) as well as between biomass and seed yield (r = 0.66) or seed mass
(r = 0.61). The tight relationship between the yield and the structural components of
bean plants was also confirmed in other studies (Shaban, 2021). On the other hand,
a strong correlation (r = 0.84) was obtained between WUE and the seed mass param-
eters. WUE, which is known as the ratio of carbon gains to water losses, displays high
plasticity to environmental factors. To maintain production in the face of climate
change, improved WUE associated with growth maintenance is today a key target
(Condon, 2020). Consistent with our results, water use efficiency and tolerance to-
wards drought conditions were shown to be improved by inoculating plants with mi-
crobial plant biostimulants (Batool et al. 2020; Begum et al., 2022).

The current study showed a significant impact of microbial application on beans pro-
ductivity and gain in yield-related parameters. Both microbial treatments T2 and T3
displayed a substantial influence on the yield evidenced by a rise in the pod number
and weight, seed mass, 1000-seed weight, and seed yield per hectare (Table 3). Ap-
proximately similar results were obtained between the NPK fertilizer and T2 treat-
ments with a significant increase, compared to the control variants. Furthermore, the
combination of the microbial inoculum with organic compounds (T3) proved to be
the most effective for all the yield parameters and produced the highest seed yield
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(4.12 tha). These findings could be most probably attributed to the fact that improv-
ing soil fertility by microbial inoculation generates greater biomass and extended leaf
area, which in turn promotes the rise in the production of photo-assimilates that were
further directed to the seeds. This could explain the higher total seed number per m?
obtained in T2 and T3, compared to the mineral fertilizer variant or the control. In-
deed, an augmentation in the supply of organic materials to reproductive organs dur-
ing their formation stimulates plant productivity (Symanowicz et al., 2017). This was
confirmed in this study, where the highest numbers of pods per plant and total seed
numbers were recorded in T3. In a study carried out by Marques et al. (2022), similar
results were found in bean plants treated with a microbial product, where the authors
obtained a 34% increase in the pod number, compared to the control, and showed
a significant increase in all productivity parameters. Russo et al. (2020) reported also
a significant elevation in pod productivity in P. vulgaris, compared to the control, fol-
lowing the application of bio-inputs.

It is notable that the microbial treatment of the bean plants may have contributed to
the significant increase in pod morphology; consequently, the number of large-sized
pods (category 1) per m* had the highest values in T2 and T3, compared to the min-
eral fertilizer and the control treatments (Table 4). In turn, this was reflected in the
greater number of high quality seeds per m? from this category, compared to the min-
eral fertilizer variant. This trend was not evident in the category of small pods, where
the control treatment produced the lowest values, but there were no significant differ-
ences between the treatments. The findings are consistent with other studies whose
authors found significant changes in the dimensions of P. vulgaris pods following mi-
crobial inputs (Marques et al, 2022, Russo et al, 2020). A significant increase in the
length of V. fava pods was also obtained by using biostimulants (Ali, 2019). Remark-
ably, the parameters related to the pod category exhibited similar values between T2
and T3, suggesting that the microbial inoculants applied favored the modifications in
the pod size rather than the organic supply. These findings strongly indicate once
again that, under microbial treatments, plants had the chance to efficiently use their
available resources in the process of biomass establishment, seed formation, and
grain filling (Poorter et al., 2012). It has been reported that nitrogen has a significant
effect on bean pod loading and yields (Chekanai et al, 2018). Furthermore, additional
plant nitrogen nutrition can extend the vegetative growth and increase the level of
nutrient supply to the seed during the maturation phase (Laghari et al., 2016).

However, in this study, the pod morphology values obtained with the NPK fertilizer
are lower than those obtained with the use of the microbial products, suggesting that
the efficacy of the microbial inoculants may reside in modulating soil fertility, as in-
dicated before, facilitating the mineral (nitrogen) and organic uptake by roots. This
could explain the highest values in the total productivity parameters, such as the total
seed yield per hectare, obtained by combining microbial inoculants with organic
compounds (T3).

5. Conclusion

In general, it can be concluded that the application of microbial products in the bean
crop exerted significant positive effects on the morphological features of plants (leaf
area, aboveground biomass), productivity, and pod morphology as well as yield com-
ponents and WUE. Overall, it can be assumed that an equal yield outcome can be
obtained using natural microbial strains (in T2), compared to the mineral fertilizer,
with a significantly greater influence on the studied parameters when combining or-
ganic matters with microbial inoculates (T3).

The co-incorporation of microbial inoculums and organic compounds seems to im-
prove soil water/nutrient uptake from subsoil, most probably by ameliorating soil fer-
tility and symbiotic relationships in the rhizosphere facilitated by a vigorous root sys-
tem. Consequently, the leaf area development is enhanced and the photosynthetic
characteristics are improved giving an extensive boost to the crop yield by assisting
seed sets and grain filling. The promotion of vegetative growth traits may translate to
enhanced WUE and grain yield of P. vulgaris crops. The risk of crop yield deficit
caused by water limitation is nowadays a real threat. Development of economical
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methods displaying high throughput while improving crop WUE is an on-going
challenge. In this regard, the incorporation of native microbial consortia combined
with organic compounds into the farming system could represent a promising strat-
egy to investigate on a large scale. This study highlights prospects for consideration of
microbial consortia combined with organic compounds in the replacement of chem-
ical fertilizers without penalizing yields and quality of the final products (pods and
seeds).
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