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Abstract

Lima bean (Phaseolus lunatus), an important legume in semiarid environments, often exhibits low
yield, requiring strategies to enhance symbiotic nitrogen fixation and nutrient use efficiency. This
study evaluated the effects of single and combined inoculation with Bradyrhizobium elkanii (strain BR
2003) and Azospirillum brasilense (strain Ab-V5) on nitrogen metabolism, nutrient uptake, plant
growth, and residual soil fertility in P. lunatus. Four varieties were subjected to four treatments:
control (nitrogen fertilization), single inoculation with B. elkanii or A. brasilense, and co-inoculation.
All inoculation strategies significantly increased root nodulation, nitrogen assimilation, and the
accumulation of P, K, Ca, and Mg in plant tissues, demonstrating a robust symbiotic performance
superior to mineral fertilization. The ‘Raio de Sol’ and ‘Manteiga’ varieties exhibited the most
pronounced increases in growth and biomass. Additionally, inoculation improved post-cultivation
soil indicators, including pH and available P and K in specific genotype-microbe combinations, and
reduced electrical conductivity. These results support the use of microbial inoculation, either single
or co-inoculation, as a promising alternative to conventional nitrogen fertilization, enhancing
symbiotic nitrogen fixation and nutrient-use efficiency in lima bean cultivation.

Keywords: biological nitrogen fixation; lima bean; plant growth-promoting rhizobacteria; root nodulation

1. Introduction

Legumes play a crucial role in agricultural systems due to their ability to establish symbiotic
associations with nitrogen-fixing bacteria, thereby reducing dependence on mineral fertilizers and
enhancing soil fertility [1,2]. However, the efficiency of biological nitrogen fixation (BNF) varies
considerably among species, genotypes, and edaphoclimatic conditions, which has prompted the
development of microbial strategies to optimize this interaction [3,4].
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Lima bean (Phaseolus lunatus L.), a member of the Fabaceae family, is a legume of high nutritional
value and broad adaptability to tropical environments [5]. Despite this potential, its productivity in
Brazil remains low, averaging 329 kg hain 2024 [6], often limited by poor nodulation efficiency and
low nitrogen and organic matter availability in soils [7-9]. Although P. [unatus can establish symbiotic
relationships with diazotrophic bacteria for BNF, this potential is frequently underexploited due to
the absence of specific inoculants and the variability in nodular response among varieties [10-12].

In this context, co-inoculation with plant growth-promoting rhizobacteria (PGPR) has emerged
as an effective approach to improve nodulation, nitrogen metabolism, nutrient uptake, and plant
growth, while reducing the dependence on chemical fertilizers and enhancing soil quality [13-16].
The efficiency of PGPR is strongly influenced by the compatibility between plant genotype and
microorganism, as well as by environmental conditions, leading to variable responses across varieties
and cultivation sites [13,14].

Among the most studied PGPR, Bradyrhizobium elkanii is widely recognized for its role in
symbiotic nitrogen fixation, whereas Azospirillum brasilense promotes root growth and nutrient
uptake through the synthesis of phytohormones such as indole-3-acetic acid (IAA) and abscisic acid
(ABA), in addition to phosphate solubilization and siderophore production [17-22]. Studies in
soybean, common bean, and cowpea have shown that co-inoculation with Rhizobium and Azospirillum
species can produce synergistic effects, enhancing nodulation, biomass accumulation, and tolerance
to abiotic stresses [21-25]. These effects are often attributed to increased availability of assimilable
nitrogen, greater root surface area, and modulation of biochemical processes associated with nutrient
assimilation and energy metabolism [26-28].

Despite the promising evidence in other legumes, the potential of co-inoculating these PGPR in
P. lunatus remains poorly explored. Given the physiological and symbiotic particularities of this
species, it is essential to understand how different inoculation strategies (single or combined)
influence nodulation, nitrogen metabolism, nutrient uptake, and soil quality parameters. Assessing
these factors together allows for the investigation of plant-soil feedback mechanisms and the
potential of microbial practices to enhance physiological performance over the medium to long term.

From this perspective, this study aimed to evaluate the effects of single and combined
inoculation with strains of Bradyrhizobium elkanii and Azospirillum brasilense on root nodulation,
nitrogen metabolism, macronutrient uptake, and morphological traits in different lima bean
(Phaseolus lunatus) varieties, as well as on soil fertility indicators after cultivation.

2. Results
2.1. Root Nodulation

Four lima bean (Phaseolus lunatus) varieties, known in Brazil as ‘Raio de Sol’, ‘Manteiga’, ‘Orelha-
de-v¢’, and ‘Cearense’, were subjected to inoculation with Bradyrhizobium elkanii (strain BR 2003) and
Azospirillum brasilense (strain Ab-V5), their co-inoculation, and a non-inoculated nitrogen-fertilized
control. Factorial ANOVA revealed significant effects of both variety and inoculation treatment on
nodule number and nodule dry mass.

All inoculation treatments significantly increased both parameters compared with the non-
inoculated control (Figure 1). In the control, the mean numbers of nodules per plant were 12, 2, 1, and
1 for ‘Raio de Sol’, ‘Manteiga’, ‘Orelha-de-vd’, and ‘Cearense’, respectively (Figure 1a). Inoculation
with B. elkanii, A. brasilense, or their combination resulted in substantial increases in nodulation and
nodule biomass across all varieties. The varieties ‘Raio de Sol’, ‘Manteiga’, and ‘Orelha-de-v¢’
produced averages of 277, 154, and 195 nodules, respectively, with no significant differences among
inoculation treatments. In ‘Cearense’, the mean number of nodules under all inoculated conditions
was 147. Nodule dry mass followed the same trend, showing pronounced increases for all inoculated
plants (Figure 1b).
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Figure 1. Number of nodules (a) and nodule dry mass (b) of four Phaseolus lunatus varieties subjected to the
following treatments: control (fertilization with nitrogen), inoculation with Bradyrhizobium elkanii, inoculation
with Azospirillum brasilense, and co-inoculation (B. elkanii + A. brasilense). Different lowercase letters indicate
significant differences among inoculation treatments within each variety, and uppercase letters indicate
significant differences among varieties within each inoculation, according to Tukey’s HSD test (p < 0.05). Bars

represent the standard error of the mean (n = 4). CV: coefficient of variation.

Representative root samples of the ‘Raio de Sol” variety are shown in Figure 2. Roots from the
non-inoculated control (Figure 2a) and those inoculated with B. elkanii (Figure 2b) illustrate the
difference in nodulation intensity, confirming the quantitative results of Figure 1a. Inoculated plants
developed a markedly higher number of nodules, which were distributed along both primary and
lateral roots, predominantly spherical, smooth-surfaced, and light brown externally. When sectioned,
nodules exhibited a pink interior, indicative of active nitrogen fixation.

(b)

Figure 2. Representative photographs of Phaseolus lunatus (‘Raio de Sol’ variety) roots at 80 days after sowing

(DAS) under non-inoculated control (a) and inoculation with Bradyrhizobium elkanii (b).

2.2. Nitrogen Accumulation in Different Plant Organs

Factorial ANOVA showed that the interaction between variety and inoculation treatment
significantly affected nitrogen contents in shoots, roots, and nodules, as well as NHs* and NOs
concentrations in shoots. In the ‘Raio de Sol’ variety, plants inoculated with B. elkanii or A. brasilense
exhibited shoot nitrogen contents 84% and 91% higher than the control, respectively (Figure 3a).
Similarly, in ‘Cearense’, the same treatments increased shoot nitrogen contents by 79% and 87%. Co-
inoculation significantly increased shoot nitrogen only in the ‘Orelha-de-v¢’ variety, by 77% relative
to the control, while none of the inoculation treatments affected shoot nitrogen in ‘Manteiga’.
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In roots, nitrogen contents in ‘Raio de Sol’ and ‘Orelha-de-v¢” did not differ significantly among
treatments (Figure 3b). In ‘Cearense’, B. elkanii inoculation increased root nitrogen content by 78%
compared with the control, whereas other treatments showed no differences. In contrast, in
‘Manteiga’, root nitrogen contents under A. brasilense inoculation alone and co-inoculation were 32%
and 29% lower, respectively, than the control.

Nodule nitrogen contents were higher in all inoculated plants compared with the control (Figure
3c). In ‘Raio de Sol’, the control treatment showed 0.7 g kg1, while in “Manteiga’, ‘Orelha-de-v¢’, and
‘Cearense’ controls, no nodule nitrogen was detected. In ‘Raio de Sol’, all inoculated treatments
increased nodule nitrogen by an average of 221%, reaching 2.25 g N kg dry weight. Across the
inoculated treatments of ‘Raio de Sol’, ‘Orelha-de-v¢’, and ‘Cearense’, nitrogen contents ranged from
1.07 to 2.56 g N kg, with no significant differences among bacterial treatments.

Regarding inorganic nitrogen forms, only the ‘Manteiga’ variety showed no significant
differences in shoot NH4* (Figure 3d) and NOs (Figure 3e) contents among treatments. In the other
varieties, inoculation enhanced both variables, although the magnitude varied by genotype. In ‘Raio
de Sol’, A. brasilense and B. elkanii individually promoted the highest NHs* and NOs- levels, increasing
them by 92% and 84% relative to the control. In ‘Orelha-de-v¢’, co-inoculation produced the highest
ammonium and nitrate concentrations, both increasing by 77%. In ‘Cearense’, all inoculated
treatments enhanced NH4* and NOs- contents by an average of 81% over the control.

H Control @ Bradyrhizobivwm elkanii O Azospirillum brasilense B Co-inoculation

+ (a) s  CV-233% 4 (b V- 18.6% 4 [(e) v =309%

a
a2ab

Nitrogen in shoot (g kg 1)
Nitrogen in root (g kg
Nitrogen in nodules (g kg )

Raio de Sol Manleiga Orelha-de-vé  Cearense Raio de Sol Manteiga  Orclha-devé  Cearense Raio de Sol Manteiga  Orelha-de-ve  Cearense

180 \(d) ay SYRRAX (e) v =224%
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Raio de Sol Manteiga  Orelha-de-vo  Cearense Raio de 5ol Manleiga Qrelha-de-vd  Cearense

Figure 3. Nitrogen contents in shoots (a), roots (b), and nodules (c), and NHs* (d) and NOs" (e) in shoots of four
Phaseolus lunatus varieties subjected to the following treatments: control (fertilization with nitrogen), inoculation
with Bradyrhizobium elkanii, inoculation with Azospirillum brasilense, and co-inoculation (B. elkanii + A. brasilense).
Different lowercase letters indicate significant differences among inoculation treatments within each variety, and
uppercase letters indicate significant differences among varieties within each inoculation, according to Tukey’s
HSD test (p < 0.05). Bars represent the standard error of the mean (n = 4). CV: coefficient of variation.

2.3. Nutrient Contents in Different Plant Organs

Macronutrient accumulation in lima bean plants was significantly influenced by inoculation
treatments and varied among cultivars. Factorial ANOVA revealed significant effects of treatment on
phosphorus, potassium, calcium, and magnesium concentrations in shoots, roots, and nodules.

Shoot phosphorus (Figure 4a) responses varied among cultivars. In ‘Raio de Sol’, no significant
differences were detected between inoculated and control plants. In ‘Manteiga’, inoculation with B.
elkanii increased shoot P by 48% relative to the control. All inoculation treatments enhanced shoot P
in ‘Orelha-de-vd’ by an average of 61%, with no significant differences among treatments. In
‘Cearense’, only co-inoculation significantly increased shoot P, by 26% compared with the control.
Root P (Figure 4b) was significantly higher following B. elkanii inoculation in ‘Raio de Sol’ and
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‘Orelha-de-v¢’, with increases of 58% and 54%, respectively. In ‘Orelha-de-v¢’, A. brasilense also
increased root P by 46% compared with the control.

In "Manteiga’, ‘Orelha-de-vd’, and ‘Cearense’, the extremely low nodulation observed in non-
inoculated controls (Figure 1a) resulted in negligible P (Figure 4c), K (Figure 4f), Ca (Figure 4i), and
Mg (Figure 41) contents in nodules. In contrast, all inoculated plants exhibited marked increases in
nodule macronutrient contents, with “Raio de Sol’ showing the highest overall values. In this variety,
which also presented the greatest number of nodules among control plants, nodule P content
increased from 0.56 mg kg in the control to 2.28 mg P kg dry mass following B. elkanii inoculation,
a 307% increase.
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Figure 4. Phosphorus contents in shoots (a), roots (b), and nodules (c); potassium contents in shoots (d), roots
(e), and nodules (f); calcium contents in shoots (g), roots (h), and nodules (i); and magnesium contents in shoots
(j), roots (k), and nodules (1) of four Phaseolus lunatus varieties subjected to the following treatments: control
(fertilization with nitrogen), inoculation with Bradyrhizobium elkanii, inoculation with Azospirillum brasilense, and
co-inoculation (B. elkanii + A. brasilense). Different lowercase letters indicate significant differences among
inoculation treatments within each variety, and uppercase letters indicate significant differences among varieties
within each inoculation, according to Tukey’s HSD test (p < 0.05). Bars represent the standard error of the mean

(n=4). CV: coefficient of variation.

Shoot potassium (Figure 4d) generally increased under inoculation. In ‘Raio de Sol’ and
‘Manteiga’, inoculation with B. elkanii, A. brasilense, or their combination produced similar shoot K
concentrations, averaging 100% and 48% higher than the control, respectively. In ‘Orelha-de-vé’ and
‘Cearense’, A. brasilense alone did not differ from the control, whereas B. elkanii and co-inoculation
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increased shoot K by 38% and 31%, respectively. Root potassium (Figure 4e) also rose significantly in
co-inoculated plants, with increases of 90% in ‘Raio de Sol” and 70% in “Manteiga’. In ‘Orelha-de-v¢’,
A. brasilense increased root K by 112%, while in ‘Cearense’, all inoculated treatments showed similar
root K levels, averaging 45% higher than the control.

Shoot calcium (Figure 4g) exhibited cultivar-specific patterns. No significant differences were
observed in ‘Raio de Sol’ or ‘Manteiga’. In ‘Orelha-de-v&’, A. brasilense increased shoot Ca by 50%. In
‘Cearense’, shoot Ca contents were similar among control, A. brasilense, and co-inoculated plants,
whereas B. elkanii reduced shoot Ca by 32% compared with the control. Root Ca (Figure 4h) largely
mirrored these trends. Treatments did not differ in ‘Raio de Sol’ or ‘Manteiga’. In ‘Orelha-de-v¢’, all
inoculations produced similar root Ca, increasing it by approximately 660% compared with the
control. In ‘Cearense’, root Ca was highest in the control and statistically similar to B. elkanii; A.
brasilense and co-inoculation produced lower, though still comparable, levels to the higher values
observed in other cultivars.

Magnesium accumulation showed clear organ- and cultivar-specific trends. Foliar Mg (Figure
4j) was not enhanced by inoculation in any cultivar and was 37% lower than the control in ‘Manteiga’.
Root Mg (Figure 4k) remained unaffected in ‘Raio de Sol’, ‘Manteiga’, and ‘Cearense’, but in ‘Orelha-
de-v¢’, A. brasilense increased root Mg by 48%.

2.4. Plant Growth and Biomass Accumulation

Growth and biomass traits were significantly influenced by the interaction between lima bean
varieties and inoculation treatments, as revealed by factorial ANOVA. In ‘Raio de Sol’, inoculation
with B. elkanii increased plant height by 70% compared with the control (Figure 5a). The ‘Manteiga’
variety exhibited the most pronounced response, with A. brasilense, B. elkanii, and co-inoculation
increasing plant height by 707%, 453%, and 440%, respectively. Conversely, ‘Orelha-de-v¢’ displayed
an opposite trend, with the control producing the tallest plants, although co-inoculated plants did
not differ significantly from the control. In ‘Cearense’, plant height was similar among the control, A.
brasilense, and co-inoculated treatments, while B. elkanii inoculation alone resulted in the lowest
values.

W Control M Bradyrhizobium elkanii. 0 Azospirillum brasilense M Co-inoculation

18 CV=212% a CV=224% C CV=229%
@ ® ; L@

9
5

Plant height (m)
i
5 B
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@

=3

Raio de Sol Manteiga  Orelha-de-vé  Cearense Raio de Sol Manleiga  Orelha-de-vé  Cearense Raio de Sol Manteiga  Orelha-de-vé  Cearense

Figure 5. Plant height (a), shoot dry mass (b), and root dry mass (c) in four Phaseolus lunatus varieties subjected
to the following treatments: control (fertilization with nitrogen), inoculation with Bradyrhizobium elkanii,
inoculation with Azospirillum brasilense, and co-inoculation (B. elkanii + A. brasilense). Different lowercase letters
indicate significant differences among inoculation treatments within each variety, and uppercase letters indicate
significant differences among varieties within each inoculation, according to Tukey’s HSD test (p < 0.05). Bars

represent the standard error of the mean (n = 4). CV: coefficient of variation.

Dry matter accumulation across organs followed the same general trend as plant height. In both
‘Raio de Sol’ and ‘Manteiga’, all inoculation treatments produced the highest shoot (Figure 5b) and
root (Figure 5c) biomass. In ‘Raio de Sol’, the three inoculation treatments did not differ significantly
from each other and increased shoot and root dry mass by 68% and 78%, respectively, compared with
the control. In “Manteiga’, B. elkanii, A. brasilense, and co-inoculation increased shoot dry mass by
166%, 343%, and 348%, respectively, while root dry mass rose by an average of 527% across
inoculated treatments.
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In contrast, ‘Orelha-de-vd’ exhibited the highest shoot and root biomass in control plants,
indicating a negative response to inoculation. In ‘Cearense’, the control, A. brasilense, and co-
inoculated plants showed greater biomass accumulation in both organs, whereas B. elkanii alone
produced the lowest shoot and root dry masses.

2.5. Principal Components Analysis (PCA) of Plant Traits

was conducted on the standardized dataset comprising variables related to nodulation, nutrient
contents, and plant growth and biomass traits, with the objective of summarizing multivariate
patterns among lima bean varieties and inoculation treatments. The first two components explained
45.8% (PC1) and 13.5% (PC2) of the total variance, cumulatively accounting for 59.3% (Figure 6).

Calcium.in\shoot

Magnesium.img

Root.dry.a B3

Shoot.dry.mass

50 25
PCI (45.8%)

Figure 6. Principal component analysis (PCA) of nitrogen metabolism, nutritional, and growth variables in four
Phaseolus lunatus varieties subjected to inoculation with Bradyrhizobium elkanii, Azospirillum brasilense, their co-
inoculation, and a nitrogen-fertilized control. Colors represent distinct groups formed according to treatment
responses (green = Group 1; blue = Group 2; red = Group 3). Treatment identification: green group —4 (‘Cearense’,
Control), 8 (‘Manteiga’, Control), 12 (‘Orelha-de-v¢’, Control), and 16 (‘Raio de Sol’, Control); blue group — 9
(‘Orelha-de-v¢’, A. brasilense), 10 (‘Orelha-de-vd’, B. elkanii), 14 (‘Raio de Sol’, B. elkanii), and 15 (‘Raio de Sol’, co-
inoculation); red group — 1 (‘Cearense’, A. brasilense), 2 (‘Cearense’, B. elkanii), 3 (‘Cearense’, co-inoculation), 5
(‘Manteiga’, A. brasilense), 6 (‘Manteiga’, B. elkanii), 7 (‘Manteiga’, co-inoculation), 11 (‘Orelha-de-v¢’, co-

inoculation), and 13 (‘Raio de Sol’, A. brasilense).

PC1 represented a gradient contrasting nutrient accumulation and nodule development with
growth and biomass traits. Nodulation parameters and shoot nutrient contents projected toward the
positive direction of PC1, while total shoot and root biomass loaded negatively. PC2 captured
additional variation associated with calcium and phosphorus uptake in shoots and potassium
accumulation in roots.

The ordination revealed treatment-related clustering. Uninoculated controls and nitrogen-
fertilized plants from all four varieties were grouped in the biplot region associated with lower
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nodulation and reduced nutrient contents (green cluster). The blue cluster, concentrated in the upper
quadrants, included ‘Orelha-de-v¢’ inoculated with A. brasilense (single inoculation) and B. elkanii
(single inoculation), as well as ‘Raio de Sol’ inoculated with B. elkanii or co-inoculated, showing
enhanced phosphorus and calcium uptake in shoots. The red cluster, primarily located in the lower
right quadrant, comprised ‘Cearense’” and ‘Manteiga’ under all inoculation treatments, ‘Orelha-de-
vo’ under co-inoculation, and ‘Raio de Sol” with A. brasilense, associated with greater nodulation,
higher nutrient accumulation in nodules, and increased nitrogen and phosphorus assimilation.
Overall, the PCA clearly differentiated uninoculated treatments, characterized by lower
nutritional profiles, from inoculated treatments, which segregated into two performance clusters.
However, no consistent distinction was observed between single and co-inoculation treatments.

2.6. Soil Fertility Indicators

In addition to plant traits, soil fertility parameters were evaluated after the cultivation of lima bean
varieties inoculated with B. elkanii, A. brasilense, their co-inoculation, and the non-inoculated control.
Factorial ANOVA revealed significant treatment effects on soil pH, electrical conductivity of the saturated
paste extract (ECe), and the concentrations of phosphorus, potassium, calcium, and magnesium.

In soils cultivated with the variety ‘Raio de Sol’, co-inoculation with B. elkanii and A. brasilense
increased pH to 7.42 compared with 6.7 in the non-inoculated control (Figure 7a). Conversely, in
‘Cearense’, inoculation with A. brasilense and co-inoculation resulted in a mean pH of 6.7, while the
control soil reached 7.4. No significant pH differences were detected among treatments for the
remaining varieties.

For soils cultivated with ‘Raio de Sol’, “‘Manteiga’, and ‘Cearense’, the highest ECe values were
observed in the control, whereas single and combined inoculations markedly reduced EC. (Figure
7b). In ‘Raio de Sol’, inoculation with A. brasilense and co-inoculation reduced ECe by an average of
45%. In “‘Manteiga’, all inoculation treatments decreased EC. by approximately 55%, and in ‘Cearense’
by about 40% relative to the control. In contrast, in ‘Orelha-de-vd’, higher EC. values were recorded
in soils from plants inoculated with A. brasilense or co-inoculated.

In soils cultivated with ‘Raio de Sol’, inoculation with B. elkanii increased phos-phorus
concentration by 67% compared with the control (Figure 7c). Similarly, in ‘Orelha-de-vd’, both single
and combined inoculations raised soil P by an average of 81% relative to the control. For the other
varieties, phosphorus (Figure 7c) and potassium (Figure 7d) concentrations did not differ
significantly among treatments. Regarding potassium, inoculation effects were particularly notable:
in ‘Raio de Sol’, B. elkanii inoculation increased soil K by 50% relative to the control, and in ‘Orelha-
de-v¢’, co-inoculation enhanced soil K by 48%.
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Figure 7. Soil pH (a), electrical conductivity of the saturated paste extract (ECe) (b), phosphorus (c), potassium
(d), calcium (e), and magnesium (f) contents in soil after cultivation with four Phaseolus lunatus varieties
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subjected to the following treatments: control (fertilization with nitrogen), inoculation with Bradyrhizobium
elkanii, inoculation with Azospirillum brasilense, and co-inoculation (B. elkanii + A. brasilense). Different lowercase
letters indicate significant differences among inoculation treatments within each variety, and uppercase letters
indicate significant differences among varieties within each inoculation, according to Tukey’s HSD test (p <0.05).

Bars represent the standard error of the mean (n = 4). CV: coefficient of variation.

For soil calcium (Figure 7e), no significant differences were detected between control and
inoculated treatments in ‘Raio de Sol” and ‘Orelha-de-v¢’. In ‘Manteiga’, inoculation with A. brasilense
increased soil Ca by 53% compared with the control. Conversely, in ‘Cearense’, the control exhibited
the highest soil Ca, with all inoculated treatments averaging 44% lower.

For soil magnesium (Figure 7f), no significant differences were observed among treatments in
‘Raio de Sol’, ‘Manteiga’, and ‘Orelha-de-vd’. However, in ‘Cearense’, soil Mg was highest in the
control and decreased by approximately 47% under A. brasilense inoculation and co-inoculation.

3. Discussion
3.1. Nodulation and Nitrogen Metabolism

Overall, inoculation with Bradyrhizobium elkanii and Azospirillum brasilense strains, ei-ther
individually or in combination, significantly enhanced nodulation and nitrogen accumulation in
different compartments of Phaseolus lunatus, with responses varying by genotype (Figures 1 and 3).
This pattern aligns with previous reports of improved nitrogen uptake and yield in legumes subjected
to co-inoculation, particularly under conditions of limited mineral nitrogen availability [21,22,29,30].

While B. elkanii directly forms root nodules, A. brasilense acts mainly through indirect
mechanisms, including phytohormone synthesis, modulation of root architecture, and alteration of
nutrient availability, which can promote rhizobial infection and the formation of functional nodules
[20-22,31]. These mechanisms partially explain the increases in nodule number and leaf N content
observed under A. brasilense inoculation, despite its limited direct contribution to BNF [32].

Inoculation treatments induced distinct redistributions of nitrogen among nodules, roots, and
shoots, following genotype-specific patterns. In the ‘Raio de Sol” and ‘Cearense’ varieties, higher N
concentrations in the shoot (Figure 3a) were associated with increased nodule number (Figure 1) and
greater nodular N content (Figure 3c), indicating enhanced N transfer to aerial tissues via active
nodular metabolism. The concurrent elevation of N levels in nodules and shoots suggests efficient
translocation of reduced N and its incorporation into foliar reserves [33-35].

Root responses also varied among genotypes. In “‘Cearense’, B. elkanii inoculation in-creased root
N content (Figure 3b), likely reflecting enhanced inorganic N uptake or retention [36]. Conversely, in
‘Manteiga’, A. brasilense and co-inoculation treatments reduced root N relative to the control, possibly
due to greater N remobilization toward shoots or shifts in N partitioning, though this response
remains poorly characterized in the literature.

The data on nodules reinforces the central role of inoculation in modulating nitrogen
metabolism. In all inoculated varieties, nodular N content was significantly higher than in the control
(Figure 3c). Combined with the pink coloration observed in the nodules, this finding indicates
elevated metabolic activity, reflecting increased leghemoglobin synthesis and nitrogenase activity
that facilitate the export of reduced N to plant tissues [37,38]. The observed nodular and foliar N
accumulation points to an improvement in both symbiotic fixation and systemic nitrogen
assimilation.

The low nodular N content in ‘Raio de Sol’ and the absence of nodules in non-inoculated
(mineral N control) plants (Figure 3c) likely result from mineral nitrogen inhibition of nodule
organogenesis and function, mediated by autoregulation pathways and nitrate-dependent signaling
that suppress early nodulation stages [33,39—-41]. This mechanism plausibly explains the differences
between fertilized and inoculated plants.

The increases in foliar NHs* (Figure 3d) and NOs- (Figure 3e) pools observed in inoculated
treatments provide additional insight into nitrogen metabolism after uptake, suggesting enhanced
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symbiotic N input, greater root absorption, and/or altered assimilation dynamics [29,40,41]. These
results indicate that inoculation and co-inoculation affect both nitrogen acquisition and post-uptake
processing, though distinguishing the relative contributions of BNF, assimilation, and redistribution
would require isotopic or enzymatic approaches.

In summary, most inoculated plants exhibited concurrent increases in N content across nodules,
roots, and leaves, demonstrating improved integration of nitrogen fix-ation, uptake, and
redistribution. Elevated nodular N reflects intensified symbiotic ac-tivity, while higher root and foliar
N denote efficient translocation of assimilated nitrogen to the shoots. Although confirmation via "N
tracing and enzymatic assays would refine this interpretation, the current evidence clearly supports
the potential of inoculation to optimize nitrogen allocation in lima bean..

3.2. Plant Nutrition and Growth

Inoculation with B. elkanii and A. brasilense, individually or in combination, induced complex
adjustments in the uptake and redistribution of mineral nutrients, reflected in variations in P, K, Ca,
and Mg contents across P. lunatus organs (Figure 4). These effects were strongly genotype-dependent,
indicating that host-microbe compatibility influences nutrient transport and metabolic regulation
[42-44].

The nutritional improvements were particularly evident in the increased P and K contents in
shoots (Figures 4a and 4d) in specific varieties and inoculation combinations, suggesting enhanced
nutrient mobilization and allocation to metabolically active tissues. The rise in P content aligns with
the known roles of these bacteria in promoting phosphate solubilization and transport, either via
organic acid production or by upregulating high-affinity phosphate transporters in roots [45-47].
Such effects increase P availability for phosphorylation reactions, ATP synthesis, and ribulose-1,5-
bisphosphate regeneration, thereby supporting photosynthesis and vegetative growth [48-50].

Similarly, increased K accumulation in shoots (Figure 4d) reflects improved uptake and xylem
translocation [51]. Potassium plays a critical role in osmotic balance, cell expansion, and enzymatic
activation during photosynthesis and protein synthesis [52,53], likely contributing to the enhanced
vegetative performance observed in some varieties (Figure 5). Microbial inoculation may have
stimulated root development, expanding the soil contact surface, and enhanced microbial potassium
solubilization, as reported in other crops [54-57]. Elevated P and K levels in roots under certain
inoculation treatments (Figures 4b and 4e) further indicate improved ion absorption and retention
capacity.

Changes in Ca and Mg contents further support the hypothesis of inoculant-induced nutritional
modulation. In the ‘Orelha-de-v¢’ variety, a 50% increase in shoot Ca under A. brasilense inoculation
suggests a genotype-dependent enhancement of Ca?* transport to aerial tissues. The 48% increase in
root Mg in the same variety following A. brasilense inoculation is particularly relevant, since
magnesium acts as a cofactor for enzymes involved in nitrogen assimilation and photosynthesis; this
increase may indicate improved integration of carbon-nitrogen metabolism mediated by microbial
activity [58-60].

In nodules, the substantial accumulation of macronutrients (Figures 4c, 4f, 4i, and 41) confirms
that inoculation not only enhances nodule formation (Figure 1) but also increases the internal
metabolic activity of these structures, as previously reported [33,61,62]. Higher P content in nodules
is crucial for ATP generation to sustain nitrogenase activity, whereas enrichment in K and Ca
contributes to ionic homeostasis and structural stability of the nodules, both essential for symbiotic
efficiency [63-65].

These nutritional changes, coupled with the effects on nitrogen metabolism de-scribed in Section
3.1, directly influenced plant growth and biomass accumulation (Figure 5). The ‘Raio de Sol’ and
‘Manteiga’ varieties exhibited marked increases in plant height (Figure 5a) and shoot (Figure 5b) and
root dry masses (Figure 5c), reflecting improved nutrient acquisition and redistribution promoted by
microbial activity. The positive association between N, P, and K contents and biomass reinforces the
role of these macronutrients in regulating vegetative growth in the evaluated plants.
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Conversely, the ‘Orelha-de-vd’ and ‘Cearense’ varieties displayed distinct and sometimes
inverse responses, suggesting intrinsic differences in symbiotic compatibility and nutrient uptake.
These variations indicate that inoculation efficiency depends on host genotype. In some genotypes,
resource allocation may favor reproductive rather than vegetative development [66-68], which could
explain the observed patterns. Further studies including yield evaluation are necessary to verify these
tendencies in lima bean.

Overall, the results demonstrate that inoculation with B. elkanii and A. brasilense significantly
influences mineral nutrition in P. [unatus, enhancing macronutrient uptake and redistribution and
promoting greater biomass accumulation. This response reflects the integration of increased root
absorption, intensified nodular metabolism, and improved nutrient translocation within the plant.

3.3. Multivariate Analysis of Plant Traits (PCA)

The PCA (Figure 6) integratively revealed that inoculation with B. elkanii, A. brasilense, and their
co-inoculation promoted plant responses superior to those of non-inoculated controls, indicating
greater efficiency in nutrient acquisition and redistribution. The close clustering of inoculated
treatments in the biplot confirms the consistency of microbial effects identified in the univariate
analyses (Figures 1-5), showing that all inoculation strategies improved plant nutritional
performance. The projection of growth-related variables (plant height and shoot and root dry masses)
on the negative side of PC1, opposite to the nutrient-related vectors, likely reflects differences in
biomass allocation strategies, as discussed in Section 3.2. This pattern suggests that enhanced
nutrient-use efficiency does not necessarily translate into greater total biomass accumulation [68-70],
depending on each genotype’s physiological strategy.

The association of inoculated treatments with vectors representing mineral accumulation across
plant organs reinforces that the microorganisms positively influenced nutrient assimilation,
transport, and partitioning, enhancing the integration between nodular activity, root uptake, and
translocation to aerial tissues [29,69,70]. However, the proximity of co-inoculation treatments to
single inoculations suggests that, although effective, the effects were not strictly additive. This
indicates that B. elkanii and A. brasilense may act through overlapping mechanisms, limiting the
expression of strong synergistic effects under the conditions tested.

In summary, the PCA corroborates that inoculation, either individual or combined, consistently
improves mineral nutrition and growth in P. Iunatus. The physiological outcomes of microbial
interaction are modulated by the host’s genetic characteristics and inoculation type, highlighting the
importance of considering genotype-microbe compatibility in bioinoculant design and the integrative
role of the rhizosphere microbiota in optimizing nutrient assimilation and growth efficiency.

3.4. Changes in Soil Fertility Indicators

The baseline soil conditions provide essential context for interpreting the observed effects.
Before cultivation, the soil exhibited a pH of 5.8, an EC. of 0.07 dS m™, and a cation exchange capacity
(CEC) of 5.04 cmole dm, characterizing it as moderately acidic, low in salinity, and with limited
cation exchange capacity. These properties indicate sensitivity to ionic fluctuations and microbial-
induced changes throughout the experiment.

The increase in pH observed after cultivation was consistent across several treat-ments, with
values rising from 5.8 to near or above 7.0 in certain cases (Figure 7a). In the “Raio de Sol’ variety, co-
inoculation elevated pH to 7.42, whereas in ‘Cearense’, A. brasilense inoculation and co-inoculation
produced mean pH values lower than those of the control. These results demonstrate genotype-
specific and treatment-dependent shifts, consistent with evidence that rhizosphere microorganisms
can modulate local H/OH- balance by altering proton fluxes, organic acid secretion, and root
exudation patterns, thereby influencing rhizosphere pH and ion uptake [71-73].

The initially very low EC. indicates that the increases observed in the soils of the control
treatments across all varieties (Figure 7b) were primarily attributable to salt inputs, likely associated
with the irrigation water used during the experiment, which had an electrical conductivity (ECw) of
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0.45 dS m. Despite the low ECw, the irrigation water still contributed salts to the soil. In contrast,
several inoculation treatments reduced soil ECe relative to the control in the ‘Raio de Sol’, “‘Manteiga’,
and ‘Cearense’ varieties. These reductions suggest that inoculation modulated the dynamics of
soluble salts in the soil, promoting lower ionic accumulation and decreased electrical conductivity,
even under initially very low salinity conditions, as reported in other studies [74-76].

Soil P contents (Figure 7c) exhibited distinct behaviors among treatments and va-rieties. In
control soils, values remained close to the pre-cultivation level (15.13 mg dm?), whereas certain
treatments increased P availability, particularly inoculation with B. elkanii in the “Raio de Sol” variety
and all three inoculation forms in the ‘Orelha-de-vd’ variety. These increases indicate alterations in
phosphorus availability within the soil-plant system associated with inoculation [48], although the
specific mechanisms cannot be determined without complementary data on mineralization, sorption,
or enzymatic activity.

For soil potassium (Figure 7d), the control showed a decrease relative to the initial value of 116.42
mg dm?3, whereas specific inoculations promoted relative increases in available K. Increases were
observed in ‘Raio de Sol” with B. elkanii and in ‘Orelha-de-v6” with co-inoculation. These results
suggest potential microbial mobilization or solubilization of K in the soil, consistent with reports that
microorganisms can release K from poorly available minerals and increase the soluble potassium
fraction in soil-plant systems [77,78].

Soil Ca contents (Figure 7e) increased relative to the initial level (1.40 cmolc dm?) in all
treatments, including the control. However, responses to inoculation varied among varieties. The
increases observed in ‘Manteiga’ and ‘Orelha-de-v¢’ indicate a positive effect of specific inoculations
on soil Ca availability, whereas the reductions in Ca (Figure 7e) and Mg (Figure 7f) recorded in
‘Cearense’ under inoculation suggest variety-specific changes in the dynamics of these ions. Further
studies are needed to elucidate the mechanisms underlying these responses.

The contribution of irrigation water as a source of salts likely explains the increases in ECe, Ca,
and Mg observed in the control. The low CEC and moderate organic matter content of the initial soil
(10.66 g kg') may have amplified these ionic variations, given the limited buffering capacity of the
system. Accordingly, the variations observed in P and K under inoculation can be interpreted in light
of this baseline, which favors rapid adjustments in the soluble nutrient fraction.

Overall, microbial inoculation modified soil fertility indicators in a strain- and P. lunatus variety-
dependent manner, starting from a moderately acidic soil with low salinity and limited buffering
capacity. The integration of soil and plant variables revealed correlations between nutrient
availability and plant nutritional parameters. Treatments that increased soil P and K availability
generally coincided with higher nutrient contents in shoots, whereas reductions in EC. under
inoculation occurred in treatments that also exhibited improved plant performance in certain
varieties. These associations suggest that inoculants influenced nutrient dynamics within the soil-
plant system, although the specific mechanisms cannot be fully elucidated with the current data.

4. Materials and Methods

4.1. Location and Experimental Conditions

The experiment was conducted in a greenhouse at the Center for Agricultural and
Environmental Sciences, Paraiba State University (UEPB), located in Lagoa Seca, Paraiba State, Brazil.
Plants were cultivated in polyethylene pots containing 5.0 kg of medium-textured soil, which
presented the following chemical characteristics prior to the experiment: pH =5.8; ECe = 0.07 dS m™;
P, K+, and Na*=15.13, 116.42, and 0.13 mg dm?, respectively; H* + Al*, Al*, Ca*, Mg?, and CEC =
2.56, 0.15, 1.40, 0.65, and 5.04 cmol. dm=; and organic matter = 10.66 g kg.

Soil was collected from a 0-20 cm depth, sieved to remove clods, roots, and other resi-dues, and
placed in pots. Before sowing, soil moisture was adjusted to field capacity, and plants were irrigated
manually on a daily basis using water from a reservoir (pH = 8.0, ECw = 0.45 dS m™). The irrigation
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volume was adjusted daily according to plant water requirements, determined through a drainage
lysimetry system.

4.2. Treatments and Plant Material

Four lima bean (Phaseolus lunatus L.) varieties (‘Raio de Sol’, “‘Manteiga’, ‘Orelha-de-v¢’, and
‘Cearense’) were evaluated under four cultivation conditions: non-inoculated control, inoculation
with Bradyrhizobium elkanii, inoculation with Azospirillum brasilense, and co-inoculation with B. elkanii
and A. brasilense. The experiment followed a completely randomized design in a 4 x 4 factorial
arrangement with four replicates, totaling 64 experimental units. Each experimental unit consisted of
one plant.

In the control treatment, nitrogen fertilization was performed 10 days after sowing (DAS),
following crop recommendations, with the application of 63.6 mg N kg of soil using ammonium
sulfate as the nitrogen source, without inoculants. The seeds of the studied varieties are shown in
Figure 8, highlighting their distinguishing characteristics.

Figure 8. Seeds of the four lima bean (Phaseolus lunatus) varieties used in the experiment, showing distinguishing
features: ‘Raio de Sol’ (a), ‘Manteiga’ (b), ‘Orelha-de-vd’ (c), and ‘Cearense’ (d).

4.3. Preparation of Inoculants

The inoculants were prepared using the bacterial strains Bradyrhizobium elkanii BR 2003 and
Azospirillum brasilense Ab-V5, both isolated and provided by the Brazilian Agricultural Research
Corporation (Embrapa Agrobiologia, Rio de Janeiro, Brazil). Initially, the bacteria were cultured on
YM agar plates (1% glucose, 2% agar, 0.5% peptone, 0.3% malt extract, and 0.3% yeast extract) for five
days at 28 °C in a BOD-type growth chamber. Subsequently, the microorganisms were transferred to
liquid Yeast Extract Malt (YEM) medium, with the same composition as the solid medium, and
incubated at 28 °C under constant agitation (150 rpm) for seven days, until reaching the late
exponential growth phase (1.0 x 10° CFU mL™"). The end of the growth phase was confirmed by a
color change in the medium caused by bacterial metabolic activity. After preparation, the inoculants
were ready for seed application.

4.4. Seed Disinfection, Inoculation, and Sowing

Before sowing, lima bean seeds were surface-sterilized by immersion in pure eth-anol for 30
seconds, followed by immersion in a 1% sodium hypochlorite solution for three minutes, and rinsed
ten times with sterile distilled water. Inoculation consisted of applying 1 mL of inoculant per seed
directly onto the seed surface using a micropipette, followed by covering with soil. Four seeds were
sown per pot, and ten days after germination, thinning was performed to maintain one plant per pot.

4.5. Experimental Analyses

At 80 DAS, plants were evaluated for root nodule formation, nitrogen accumulation in different
organs, macronutrient accumulation, growth, and biomass production. On the same day, soil
samples were collected from each pot for chemical analysis.
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4.5.1. Root Nodule Formation

Roots were carefully removed from the pots, washed, and nodules manually detached. Samples
were dried in a forced-air oven at 65 °C until constant weight and weighed on a precision analytical
balance to determine dry mass. The total number of root nodules and their dry mass were recorded.

4.5.2. Nitrogen Accumulation in Different Plant Organs

Nitrogen (N) accumulation in plant organs was determined using the Kjeldahl method,
following Tedesco et al. [79]. Plants were separated into shoots, roots, and nodules, dried at 65 °C
until constant weight, and ground in a Wiley mill.

For distillation, 20 mL of the digested extract were transferred to a digestion tube connected to
the distillation apparatus. In a 125 mL Erlenmeyer flask, 10 mL of boric acid solution containing
indicator were added, and 10 mL of 13 N NaOH were placed in the distiller inlet cup. The distiller
valve was opened gradually to mix the alkaline solution with the tube contents. Distillation was
performed, and the released ammonia was absorbed in the boric acid solution until reaching
approximately 50 mL. The absorbed ammonia was titrated with 0.07143 N HC], and the endpoint
was determined by a color change from green to dark pink.

Nitrogen content was calculated based on the volume of HCI consumed, determining N
concentration in shoots, roots, and nodules. Additionally, ammonium (NHs*) and nitrate (NOz)
contents in shoots were determined according to Thomas et al. [80] and Bremner et al. [81].

4.5.3. Accumulation of Other Nutrients in Different Plant Organs

Phosphorus, potassium, calcium, and magnesium were determined in shoot, root, and nodules.

Phosphorus was analyzed according to Murphy and Riley [82], potassium was measured by
flame photometry [83], and calcium and magnesium were quantified by atomic absorption
spectrometry [84].

4.5.4. Plant Growth and Biomass Accumulation

Plant growth was assessed by measuring the main stem length (plant height) from the collar to
the apex using a millimeter-graduated measuring tape. Shoot and root dry masses were determined
after drying in a forced-air oven at 65 °C until constant weight was achieved.

4.5.5. Soil Chemical Properties After Plant Cultivation

Soil pH, electrical conductivity of the saturated soil extract (EC.), and the contents of P, K, Ca,
and Mg were evaluated. The quantification of P, K, Ca, and Mg followed the procedures described
in the Manual of Chemical Analysis of Soils, Plants, and Fertilizers [83].

Soil pH in water was determined according to Donagema et al. [85], and the ECe was measured
following Silva [83]. For this purpose, 10 g of soil were mixed with 25 mL of deionized water, stirred
with a glass rod, and allowed to stabilize for 30 min. The suspension was then homogenized, after
which pH was measured using a pH meter, and EC. was determined with a bench-top conductivity
meter.

4.6. Statistical Analysis

Data normality was verified using the Shapiro-Wilk test, and homogeneity of variances was
assessed with Bartlett’s test. When assumptions were satisfied, data were analyzed by factorial
ANOVA (p £0.05). Mean comparisons were performed using Tukey’s HSD test (p < 0.05). Principal
component analysis (PCA) of plant-related variables was conducted in R version 4.5.0 using the
FactoMineR package.
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5. Conclusions

The results demonstrate that inoculation of Phaseolus lunatus with Bradyrhizobium elkanii (strain
BR 2003) and Azospirillum brasilense (strain Ab-V5), either individually or in combination,
significantly enhanced nodulation, nitrogen assimilation, and mineral nutrition, with genotype-
dependent responses. The inoculation treatments improved symbiotic nitrogen fixation and
promoted efficient nitrogen redistribution among plant organs, resulting in greater total nitrogen
accumulation. Moreover, marked increases in other macronutrients were observed, particularly in
the most responsive varieties, emphasizing the role of inoculation in enhancing nutrient-use
efficiency.

Multivariate analysis clustered co-inoculation treatments together with single inoculations,
indicating similar morphological and nutritional responses. The increased biomass and growth
observed in the ‘Raio de Sol’ and ‘Manteiga’ varieties reinforce the potential of inoculation to
stimulate vegetative development. Finally, the positive effects on soil chemical attributes after
cultivation suggest additional benefits to residual fertility, indicating that inoculation contributes to
improved soil quality.
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The following abbreviations are used in this manuscript:

BNF Biological nitrogen fixation

PGPR Plant growth-promoting rhizobacteria

TIAA Indole-3-acetic acid

ABA Abscisic acid

ANOVA  Analysis of variance

cv Coefficient of variation

DAS Days after sowing

PCA Principal components analysis

EC. Electrical conductivity of the soil saturated paste extract
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ECw Electrical conductivity of water
CEC Cation exchange capacity
UEPB Paraiba State University

YEM Yeast extract malt
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