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Abstract: Agriculture is a fundamental activity for human development. However, its sustainable
practice is required to ensure the perpetuity of future resources. In this way, bacteria can benefit
crops by making available nutrients and metabolites, mainly contributing to reducing the demand for
chemical fertilizers. This study aimed to evaluate the biofertilizing capacity of Azospirillum brasilense,
Bacillus megaterium, and Brevibacillus fluminis and their effects on improving the physiological and
morphoanatomical properties of strawberry seedlings. In vitro tests were performed to evince their
potential to supply nutrients (P and K) and produce siderophores and indole-acetic acid. In an
inoculation experiment, these strains were inoculated in isolation and mixed in pairs and triples.
This experiment was carried out in a greenhouse in a completely randomized design (CRD). The
inoculated treatments were fertilized with 30% N and P demands; the uninoculated control received
30% and 100% of these demands. Leaf gas exchange, total chlorophylls, and crown diameter were
evaluated during cultivation. After 138 days, leaf number, nutrient content, root length, root and
shoot fresh and dry weight, and total seedlings were evaluated. The bacteria tested positive in all
in vitro evaluations except for siderophore production. The strawberry responded positively to
inoculation. The inoculation, either in isolation or in a mixture, improved stomatal conductance, leaf
transpiration, internal CO2 concentration, leaf N and Mg contents, crown diameter, leaf area, and
root elongation. We can conclude that the intermediation of microorganisms improves nutrient use
efficiency and reduces the strawberry’s fertilizer demand by up to 70%, leading to plant development
and yields comparable to complete fertilization.

Keywords: sustainable agriculture; microbial consortium; metabolic screening; plant–microorganism
interaction; gas exchange

1. Introduction

Agriculture is a fundamental activity for society, constituting the livelihood of about
40% of the world population [1]. Alexandratos and Bruinsma [2] estimated that the global
population will grow 35% by 2050, requiring a 60% increase in agricultural production.

In this sense, strawberry characterizes a market of global interest. The fruit is highly
appreciated due to its unique organoleptic characteristics, being cultivated on a large scale
in different countries [3,4]. In 2020, 385,000 ha across the globe were cultivated with this
crop, with about 8.9 million tons harvested [5].

Nevertheless, the current agricultural model is very dependent on the use of chemical
fertilizers to ensure crop productivity [6]. In many cases, these fertilizers are applied in
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excess, with a small fraction used by the plants [7,8]. However, this excessive application
risks the environment and the overall quality of the agricultural system [9]. In addition,
it is essential to note that resources, such as phosphate rock deposits, are finite, and their
indiscriminate exploitation risks their perpetuity [10,11].

Bacteria can interact with plants beneficially, and this interaction happens through
several mechanisms that provide them the ability to make essential nutrients available
to plants, such as N, through nitrogen fixation [12], and P, through phosphate solubiliza-
tion [13]. In addition, these microbes also synthesize plant hormones and affect the plant’s
hormonal balance [14], among other mechanisms. As a consequence, these bacteria are
known as plant growth-promoting bacteria.

The use of microorganisms as inoculants, alone or in consortia, has been explored
in many crops [15–17]. Bacteria such as Azospirillum brasilense have been components of
product formulations and targets of studies due to their nitrogen-fixing and plant growth-
promoting abilities [18,19]. The genus Bacillus also demonstrates interesting capabilities
for phosphate solubilization and the production of metabolites such as antifungal sub-
stances [20,21].

Microorganisms also benefit plant physiology. For example, studies indicate they can
improve leaf gas exchange [22–24]. In addition, the use of plant growth-promoting microor-
ganisms as biofertilizers contributes to reducing the demand for the application of chemical
fertilizers [25]. Their inoculation can reduce nitrogen and phosphorus fertilizations by
25–50% [26,27] and 50–75% [28], respectively, showing performances that match those of
fully fertilized plants.

Thus, the interaction between plants and microorganisms becomes a viable alternative
for agricultural production as it is currently unfeasible to establish agriculture that does
not guarantee resource sustainability [29,30].

Within this context, this study aimed to investigate the ability of Azospirillum brasilense,
Bacillus megaterium, and Brevibacillus fluminis to promote strawberry growth and improve
its physiological properties related to leaf gas exchange. These bacteria were inoculated
alone or in combinations in strawberry seedlings with reduced N and P fertilization to
verify whether their use allows a reduction in part of the nutrient demand necessary
for strawberry growth. The results indicate that bacterial inoculation benefits several
physiological and morphoanatomical properties, providing a reduction of up to 70% in N
and P demands.

2. Materials and Methods
2.1. Cultivation Conditions of Isolates and Standardization of Inoculum

The microorganisms used in this study were A. brasilense (Ab-v5) and B. megaterium
(CCMA 0004), from the Agricultural Microbiology Culture Collection at the Federal Uni-
versity of Lavras, and B. fluminis (MET12M2), previously isolated from strawberry.

The microorganisms were preserved in a solution containing nutrient broth (1 g/L
of beef extract, 1 g/L of yeast extract, 5 g/L peptone, 5 g/L of NaCl, pH = 6.8–7) and 40%
glycerol, and refrigerated at −20 ◦C. Inoculum preparation was carried out in a nutrient
broth medium. The incubation temperature was 30 ◦C, and the pH was adjusted to 6.8
with shaking of the culture vessels in an orbital shaker at 120 rpm.

After 12 h of cultivation, the cultures had their optical density standardized in a spec-
trophotometer at a wavelength of 600 nm at a value of 0.5, equivalent to 1 × 108 CFU/mL
on the McFarland scale. Aliquots were collected from these inocula containing an approxi-
mate number of colony-forming units to carry out the growth promotion tests and inoculate
strawberry seedlings.

2.2. Metabolic Profile of Growth-Promoting Bacteria
2.2.1. Phosphate Solubilization

The methodology of Nautiyal [31] was used to evaluate the ability of the isolates
to solubilize phosphate. First, the isolates were cultivated in an NBRIP culture medium
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(10 g/L of glucose, 5 g/L of MgCl2·6H2O, 5 g/L of Ca3(PO4)2, 0.25 g/L of MgSO4·7H2O,
0.2 g/L of KCl, 0.1 g/L of (NH4)2SO4, and 15 g/L of agar, pH = 6.8–7); then, 10 µL of each
cell suspension was inoculated separately at three equidistant points in a petri dish. Lastly,
the treatments in triplicate were stored for 15 days at 30 ◦C.

The ability to solubilize phosphate was measured by observing the translucent halo
around the colonies, which is evidence of tricalcium phosphate Ca3(PO4)2 solubilization.
The significance of element degradation was measured by calculating the solubilization
index (SI) [31–33].

SI =
Colony diameter + Halo diameter

Colony diameter
(1)

2.2.2. Potassium Solubilization

Potassium solubilization was verified according to the methodology of Sun et al. [34]
using the modified Aleksandrov medium. The medium used was composed of 5 g/L of
KNO3, 0.2 g/L of KCl, 0.5 g/L of (NH4)2SO4, 0.1 g/L of MgSO4.7H2O, 0.1 g/L of MnSO4,
0.125 g/L of bromocresol purple, and 10 g/L of glucose, pH = 6.8–7. A positive result is
shown by a change in pH indicated by bromocresol purple.

2.2.3. Siderophore Production

Siderophore production was checked according to Louden et al. [35] with modifi-
cations in their methodology. For this, the B-King culture medium was used with the
following processes:

B-King medium: 1.5 g/L of K2HPO4, 1.5 g/L of MgSO47H2O, 15 mL/L of glycerol,
15 g/L of agar;

Solution A (CAS): 72.9 mg of HDTMA (hexadecyltrimethylammonium bromide)
dissolved in 40 mL of distilled water;

Solution B: 60.5 mg of chrome azurol sulfonate, dissolved in 50 mL of distilled water,
added to a solution of 0.0027 g of FeCl3 in 10 mL of HCl (10 mM).

The two solutions were mixed and autoclaved separately. After sterilization, the
culture medium and solutions were mixed in a ratio of 9:1, respectively, thus being poured
into Petri dishes. The production of siderophores was evaluated by observing yellowish
halos after the inoculation of bacteria in the medium.

2.2.4. Acidification of the Culture Medium

The pH change was measured following Vincent [36]. In this way, the ELMABT
medium (mannitol yeast extract, bromothymol blue agar) was used, composed of 1 g/L of
K2HPO4, 0.18 g/L of MgSO4.7H2O, 0.2 g/L of NaCl, 9 g/L of mannitol, 1.5 g/L of yeast
extract, 5 mL of bromothymol blue solution, and 15 g/L of agar, pH = 7. This culture
medium has a greenish color due to a pH of 7. If the cultured microorganism causes an
acidification of the medium, it will become yellowish. If it alkalizes the medium, it will
have bluish tones.

2.2.5. Indole-Acetic Acid (IAA) Synthesis

IAA production was evaluated using the Salkowski colorimetric method [37,38]. The
culture medium for this test was nutrient broth with 100 µg/mL of tryptophan. The isolates
were cultured and had their optical density standardized. Afterward, an aliquot of 250 µL
of the cell suspension was inoculated, and each treatment was performed in triplicate. The
isolates were incubated in a BOD (bio-oxygen demand incubator) for seven days at 30 ◦C
and then centrifuged at 12,000 rpm for 5 min.

The phytohormone production was evaluated by mixing 1 mL of the supernatant with
2 mL of Salkowski reagent (1.875 g of FeCl3·6H2O, 150 mL of 35% H2SO4, and 100 mL of
water). The cultures were incubated in BOD at 30 ◦C for 15 min without light. The pink
color of the samples is a positive indication of the presence of auxins.
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2.3. Microbial Inoculation on Strawberry Seedlings

The experiment was conducted in a completely randomized design (CRD), with one
strawberry plant per pot with six replicates per treatment. The experiment was conducted
for 138 days, covering the entire strawberry cycle, in a greenhouse of the Tissue Culture
Laboratory of the Department of Agriculture of the Federal University of Lavras.

The inoculation of the tested lines was carried out in seedlings of the cultivar Aromas
of neutral day. The seedlings were planted in sterile sand and vermiculite mixed in a 1:1
ratio (v/v). The substrate was autoclaved three times at 121 ◦C for 1 h, with 24 h intervals
between autoclavations. The seedlings were acclimatized in the substrate for 30 days before
their inoculation.

The inocula were applied close to the roots according to the treatments and amounts
expressed in Table 1. They were reapplied at intervals of 15 days, ensuring the viability of
the microorganisms until the end of the experiment. The culture medium was centrifuged,
and the pellet was resuspended in potassium phosphorus buffer (16.282 g/L of K2HPO4,
0.9 g/L of KH2PO4, pH = 7.4). Inoculation was performed according to the methods of
cultivation and standardization of microorganisms mentioned above. Different volumes
of inoculum were adopted to standardize the concentration of cells expressed in each
treatment, thus establishing a maximum total volume of inoculated cells.

Table 1. Experimental treatments applied.

Treatment Description of Fertilization Inoculum Inoculum Concentration

Control 1 (C1) Complete fertilization (100% N and P) No inoculum -
Control 2 (C2) Reduced fertilization (30% N and P) No inoculum -

Treatment 1 (T1) Reduced fertilization (30% N and P) Ab-v5 6 mL (1 × 108)
Treatment 2 (T2) Reduced fertilization (30% N and P) 0004 6 mL (1 × 108)
Treatment 3 (T3) Reduced fertilization (30% N and P) MET12M2 6 mL (1 × 108)
Treatment 4 (T4) Reduced fertilization (30% N and P) Ab-v5 + 0004 3 mL (1 × 108) + 3 mL (1 × 108)
Treatment 5 (T5) Reduced fertilization (30% N and P) Ab-v5 + MET12M2 3 mL (1 × 108) + 3 mL (1 × 108)
Treatment 6 (T6) Reduced fertilization (30% N and P) 0004 + MET12M2 3 mL (1 × 108) + 3 mL (1 × 108)
Treatment 7 (T7) Reduced fertilization (30% N and P) Ab-v5 + 0004 + MET12M2 2 mL (1 × 108) + 2 mL (1 × 108) + 2 mL (1 × 108)

Ab-v5: Azospirillum brasilense, 0004: Bacillus megaterium, MET12M2: Brevibacillus fluminis. The inoculum concen-
tration represents the concentration of cells measured by optical density (0.5 at 600 nm).

The seedlings were grown in pots with a volume of 5 L. Irrigation occurred regularly
every 2 days. Ten milliliters of Hoagland and Arnon’s solution [39] was applied every
15 days. The complete solution was used in Control 1 (no inoculation with complete
fertilization), composed of 2 mL/L of KH2PO4 2 mol/L, 5 mL/L of KNO3 1 mol/L, 10 mL/L
of Ca(NO3)2 1 mol/L, 4 mL/L of MgSO4 1 mol/L, 2 mL of micronutrient solution (2.86 g/L
of H3BO3, 1.81 g/L of MnCl2, 0.22 g/L of ZnSO4·7H2O, and 0.08 g/L of NaMoO·4H2O),
and 2 mL of Fe-EDTA (24.1 g/L of FeSO4·7H2O and 25.1 g/L of EDTA). Control 2 (without
inoculation with reduced fertilization) and the inoculated treatments received a reduced
solution, with 30% of the original N and P concentrations. Thus, the formulation of the
Hoagland and Arnon reduced solution included 6 ml/L of 1 mol/L KCl, 5 ml/L of 1 mol/L
CaCl2, 0.3 mL/L of 1 mol/L KH2PO4, 4.5 mL/L of 1 mol/L NH4NO3, 2 mL/L of 1 mol/L
MgSO4, 1 mL/L of micronutrient solution, and 1 mL/L of Fe-EDTA.

A natural reactive phosphate from Algeria with 29% P2O5 and solubility equal to 2%
in citric acid was added to all treatments in a dose corresponding to 350 mg P/dm3 (13.8 g
of phosphate per pot).

2.4. Physiological Evaluation of Foliar Gas Exchange

The physiological evaluation of foliar gas exchange was performed with a portable
photosynthesis measurement system (IRGA, Infrared Gas Analyzer-Licor-6400 XT). The
analyses were conducted on a sunny day without cloudiness from 7 a.m. to noon. Each
treatment was composed of six repetitions, with three readings per plant. The chamber flux
was set at 500 µmol·s−1, the internal photosynthetically active radiation (PAR) was set at
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1200 µmol·m−2·s−1, the temperature was set at 25 ◦C, and the CO2 reference was set at
400 µmol·m−2·s−1.

The photosynthetic efficiency (PE, µmol CO2·m−2·s−1), stomatal conductance (gs,
mol CO2·m−2·s−1), internal CO2 concentration (Ci, µmol·mol−1), and leaf transpira-
tion rate (T, CO2·m−2·s−1) were measured. In addition, water use efficiency (WUE
(µmol·m−2·s−1) (mmol H2O·m−2·s−1)−1) was calculated as the relationship between
internal CO2 concentration and leaf transpiration, and carboxylation efficiency (CUE
(µmol·m−2·s−1) (µmol·mol−1)−1) was calculated as the relationship between photosyn-
thetic efficiency and internal CO2 concentration.

2.5. Quantification of Chlorophylls

The measurement of total chlorophylls was performed using a nondestructive method.
For this, a Falkner chlorophyll meter CFL 1030 was used. Six strawberry plants of each
treatment were sampled, and the inference was performed with a reading in the largest
leaflet of three distinct leaves. The result of this analysis is expressed as the Falkner
chlorophyll index (FCI), according to the instructions of the equipment.

2.6. Evaluation of Plant Morphological Characters

The first morphological evaluation performed on the strawberry plants was the mea-
surement of the diameter of the crown. Two days after the application of the first bacterial
inoculum, the distance between the two largest opposite leaves was measured using a
digital pachymeter. Fifteen days later, this evaluation was reperformed, seeking to analyze
the increase in leaf extension.

The mean crown diameter of the treatments was compared on day 0 and day 15.
Furthermore, the variation in growth provided by each treatment was verified in relation to
the initial value of the crown length between seedlings. The statistical methodology used
to perform these comparisons is described in Section 2.8.

At the end of the experiment, the seedlings were removed from the pots to evaluate
the total biomass increment provided by the microorganisms.

The number of leaves and root length (measured with a digital caliper) were counted.
The leaf area was also measured. For this, six experimental units of each treatment were
collected, from which the largest leaf present on the plant was sampled and scanned. The
image generated was processed in ImageJ v1.53 software [40], where the area of each leaf
was measured in cm2.

The total fresh matter of the shoot and root were also measured using an analytical
balance. This weighing was performed again to measure the dry matter of these variables,
for which the seedlings were conditioned in a forced circulation oven at a temperature of
60 ◦C until their weight stabilized.

2.7. Foliar Nutrient Analysis

Foliar nutrient analysis was performed from the stabilized dry matter. The leaf mate-
rial from each plant was grouped according to its treatment, thus originating a composite
sample. Afterward, they were ground, and the N, P, K, Ca, and Mg contents were deter-
mined according to the methodology of Malavolta et al. [41].

Total nitrogen was determined using the Kjeldahl method. The other nutrients were
extracted via nitroperchloric digestion and determined using inductively coupled plasma
optical emission spectrometry (ICP-OES).

2.8. Experimental Design and Data Analysis

Statistical inferences were performed using RStudio [42] and IBM SPSS Statistics
20 software [43]. The normality and homogeneity of the residuals were checked for all
variables. Nonparametric data were analyzed with the Kruskal–Wallis test (p ≤ 0.05)
followed by Dunn’s test (p ≤ 0.05) for multiple comparisons. For parametric data, a
one-way analysis of variance was performed, followed by the Dunnet test comparing
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inoculated treatments and controls (p ≤ 0.05). Lastly, Duncan’s test (p ≤ 0.05) was used
as a multiple comparison test. The graphs were plotted using SigmaPlot 12.3 [44] and the
RStudio software.

Specifically, the mean crown diameter of the treatments was compared on day 0 and
day 15 with Duncan’s test (p ≤ 0.05). In addition, the crown diameters from days 0 and
15 were compared with a paired Student’s t-test (p ≤ 0.01). Furthermore, the variation
in growth was compared with the overall crown diameter on day 0 using Dunnet’s test
(p ≤ 0.05).

A principal component analysis (PCA) on the correlation matrix was performed
to check the correlations among the measured variables. The following variables were
included in this analysis: morphological variables: crown diameter (day 15), leaf area,
number of leaves, root length, shoot fresh and dry weights, root fresh and dry weights,
and total fresh and dry weights; physiological variables: internal CO2 concentration,
leaf transpiration, stomatal conductance, photosynthetic efficiency, water use efficiency,
carboxylation efficiency, foliar nitrogen, phosphorus, potassium, calcium, magnesium, and
total chlorophylls. The variables had their measures standardized by subtracting the mean
and dividing by the standard deviation, thus resulting in the mean of the standardized
variables being equal to 0 and the standard deviation equal to 1. The correlation matrix was
built from that, and the graphs were finally plotted with the first two principal components.

The similarity of the treatments was verified. For this purpose, a dendrogram was
prepared gathering the average of all variables analyzed in the study. The grouping was per-
formed using the Euclidean distance combined with Ward’s method for minimum variances.

3. Results
3.1. Metabolic Screening

According to the results, it was seen that the microorganisms have several mechanisms
with the potential to stimulate plant growth, as presented in Table 2.

Table 2. Results of in vitro tests for growth promotion.

Bacterium Phosphate
Solubilization (IS)

Potassium
Solubilization

Siderophore
Production pH IAA Production

Azospirillum brasilense (Ab-v5) 16.67 ± 9.81a + − Acid +
Bacillus megaterium (0004) 14.33 ± 2.89a + − Acid +

Brevibacillus fluminis (MET12M2) 15 ± 3a + − Acid +

The symbols (+) and (−), indicate that the strain was positive or negative for a given character. IAA: indole-acetic
acid. The ± symbol indicates the standard deviation. Means followed by the same letters do not differ according
to Duncan’s test (p ≤ 0.05).

All microorganisms were positive for phosphate and potassium solubilization, and
none produced siderophores. In addition, the microbial growth of all strains resulted
in acidification of the culture medium. Furthermore, the microorganisms were able to
synthesize indole-acetic acid.

3.2. Physiological Assessment

The results of the gas exchange analysis of the strawberry plants are shown in Table 3.
Bacterial inoculation improved stomatal conductance, internal CO2 concentration, and
leaf transpiration.

The PE of all treatments was equivalent to the means of C1 and C2. However, signifi-
cant differences were observed between treatments. T4 and T3 provided the highest and
the lowest PEs, with T4 having a PE 32.74% higher. In the same way, T7 also improved
photosynthesis compared to T3, with the values 27.11% higher. The other treatments were
statistically similar.

The gs was 39.29% and 48.10% higher in T5 than in C1 and C2, respectively. This
treatment also had a larger stomatal opening than T6 (31.46%), and these two treatments
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were statistically different. In general, all other inoculated treatments showed results that
were at least equivalent to those in the controls.

Table 3. Photosynthetic efficiency (PE), stomatal conductance (gs), internal CO2 concentration (Ci),
leaf transpiration (T), water use efficiency (WUE), and carboxylation efficiency (CUE) in strawberries
inoculated with Azospirillum brasilense, Bacillus megaterium, and Brevibacillus fluminis, alone and in
mixtures. Means are followed by their standard deviations.
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) circles indicate comparisons withs Controls 1 and 2, respectively. Green, yellow, and
red circles indicate that the values are higher than, equivalent to, or lower than those observed in the controls,
according to the Kruskal–Wallis test (p ≤ 0.05) and pairwise comparison with the Dunn test (p ≤ 0.05). Means
followed by the same letter do not differ statistically. Control 1: control without inoculation + fertilization 100% of
N and P; Control 2: control without inoculation + fertilization 30% of N and P; Treatment 1: Azospirillum brasilense
(Ab-v5), Treatment 2: Bacillus megaterium (0004); Treatment 3: Brevibacillus fluminis (MET12M2); Treatment 4:
Ab-v5 + 0004; Treatment 5: Ab-v5 + MET12M2; Treatment 6: 0004 + MET12M2; Treatment 7: Ab-v5 + 0004 +
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No significant differences in Ci were observed among treatments. Nevertheless,
strawberries associated with T3 and T5 concentrated more CO2 in their leaves than controls.
The greatest difference was observed between T5 and C2, with 40.82% more CO2 in T5. No
significant differences were observed in T, but the values found in T5 were again higher
than those of C1 (35.65%) and C2 (41.82%).

T3 had a lower yield than the controls, as indicated by its lower WUE and CUE.
Regarding WUE, this treatment was similar to other inoculated treatments except for T4.
CUE differed between T3 and T7.

Furthermore, it is important to emphasize that the controls were equivalent for all variables.

3.3. Total Chlorophyll

The chlorophyll concentration was higher in C2 than in C1, accounting for 9.67% more
chlorophyll (Figure 1). Initially, the chlorophyll concentration in all inoculated treatments
was comparable to that in C1; however, the concentrations in T1, T2, T3, T4, and T5 were
lower than in C2 and other equivalent treatments. T7 showed the highest chlorophyll
concentration (44.24 FCI).

3.4. Concentration of Leaf Nutrients

Leaf nutrient content was influenced by bacterial activity (Table 4). T4 was the treat-
ment that best benefited the accumulation of macronutrients, in contrast to T1.

Except for T1, leaf N content in all treatments was equivalent to C1. N content in T4
was 11.64%, 54.01%, and 12.83% higher than in T1, T2, and C2, respectively, indicating the
consortium’s effectiveness. Treatments T1, T2, and T5 showed a lower K content than both
controls. However, T1 had the lowest K content among the inoculated treatments (41.29%
lower than T4). No significant differences were observed for P.
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Figure 1. Total chlorophyll concentration in strawberries inoculated with Azospirillum brasilense,
Bacillus megaterium, and Brevibacillus fluminis, alone and in mixtures. The concentration is expressed
as the Falkner chlorophyll index (FCI). Closed (
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Leaf Ca concentration was lower in T1 and T2 compared to the uninoculated controls.
Following the same trend, the levels of this nutrient in T1 and T2 were lower than in other
inoculation treatments. Ca concentration was lower in T1 than in T3, T4, T5, T6, and T7.
The greatest difference was between T4 and T1, which showed 78.31% higher Ca levels. T2
was statistically smaller only than T4, being 20.32% lower.
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For Mg, its concentration in T1 was lower than the two controls and the lowest
compared to all other treatments. T2, on the other hand, had an Mg content lower than C2
but equivalent to C1. Lastly, T4 and T5 provided values above the average of C1 but lower
than C2.

3.5. Crown Diameter Measurement

Figure 2 displays the effects of inoculation on crow diameter. No significant differences
were observed in crown diameter among the treatments on the first and 15th days, allowing
us to infer that the seedlings had similar leaf diameters at the beginning of the experiment
and that this proportion remained the same until the 15th day. Plants responded individ-
ually to each treatment, and C1, T1, T2, T4, and T7 showed significantly higher averages
on day 15. The inoculation treatments that most contributed to crown growth were T6, T1,
and T7 with 5.94, 4.72, and 4.06 cm, respectively. C1 accounted for an increment of 4.25 cm.
C2, on the other hand, accounted for an increase of 2.87 cm.

Figure 2. Crown diameter extension in strawberries inoculated with Azospirillum brasilense, Bacillus
megaterium, and Brevibacillus fluminis, alone and in mixtures on days 0 and 15. Means followed by
the same letter do not differ significantly according to Duncan’s test (p ≤ 0.05). Means on Day 15
followed by asterisks (*) differ statistically from the corresponding mean on Day 0 according to the
paired Student’s t-test (p ≤ 0.01). C1: control without inoculation + fertilization 100% of N and P;
C2: control without inoculation + fertilization 30% of N and P; T1: Azospirillum brasilense Ab-v5;
T2: Bacillus megaterium 0004; T3: Brevibacillus fluminis MET12M2; T4: Ab-v5 + 0004; T5: Ab-v5 +
MET12M2; T6: 0004 + MET12M2; T7: Ab-v5 + 0004 + MET12M2.

Figure 3 displays the variation in diameter between the first and 15th days. The overall
mean crown diameter was 14.3 cm, as represented by MED. All treatments, except for
C2, had a higher average variation in crown diameter if compared to the MED (p ≤ 0.05).
Therefore, it is possible to infer that the 30% N and P fertilization negatively affected leaf
growth in the first 15 days.

3.6. Number of Leaves and Leaf Area

According to Figure 4A, there was high variability in the number of leaves within the
treatments. For example, some treatments, such as T5, had plants with four and nine leaves.
Consequently, the average number of leaves did not differ among the evaluated treatments
(Figure 5, Table 5).
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Figure 3. Crown diameter extension in strawberries inoculated with Azospirillum brasilense, Bacillus
megaterium, and Brevibacillus fluminis, alone and in mixtures. MED: Cluster with measurements of
all treatments on day 0. Clusters of controls and treatments represent their respective mean crown
diameter at day 15. Closed circles (
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Figure 4. Number of leaves (A) and foliar area (B) of strawberries inoculated with Azospirillum
brasilense, Bacillus megaterium, and Brevibacillus fluminis, alone and in mixtures. In (A), the values next
to the bars represent the number of samples with a given number of leaves. The percentages express
the proportion of the number of leaves among all observations. In (B), closed (
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statistically similar. 

The gs was 39.29% and 48.10% higher in T5 than in C1 and C2, respectively. This 
treatment also had a larger stomatal opening than T6 (31.46%), and these two treatments 
were statistically different. In general, all other inoculated treatments showed results that 
were at least equivalent to those in the controls. 

No significant differences in Ci were observed among treatments. Nevertheless, 
strawberries associated with T3 and T5 concentrated more CO2 in their leaves than 
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in T5. No significant differences were observed in T, but the values found in T5 were again 
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T3 had a lower yield than the controls, as indicated by its lower WUE and CUE. 
Regarding WUE, this treatment was similar to other inoculated treatments except for T4. 
CUE differed between T3 and T7. 

Furthermore, it is important to emphasize that the controls were equivalent for all 
variables. 
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Figure 5. Leaf area and number of leaves in strawberries inoculated with Azospirillum brasilense,
Bacillus megaterium, and Brevibacillus fluminis, alone and in mixtures. The red triangles represent the
leaf area. The colored circles represent the experimental units and their respective number of leaves.
Control 1: control without inoculation + fertilization 100% of N and P; Control 2: control without
inoculation + fertilization 30% of N and P; Treatment 1: Azospirillum brasilense (Ab-v5), Treatment 2:
Bacillus megaterium (0004); Treatment 3: Brevibacillus fluminis (MET12M2); Treatment 4: Ab-v5 + 0004;
Treatment 5: Ab-v5 + MET12M2; T6: 0004 + MET12M2; Treatment 7: Ab-v5 + 0004 + MET12M2.

Table 5. Number of leaves in strawberries inoculated with Azospirillum brasilense, Bacillus megaterium,
and Brevibacillus fluminis, alone and in mixtures. Means are followed by their standard deviations.

Treatment Average Number of Leaves

Control 1 5.33 ± 0.52
Control 2 5.83 ± 1.47
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variables. 
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Treatment 3 7.123 ± 0.89b   ⬤ 〇 0.096 ± 0.02ab ⬤ 〇 266.29 ± 23.99a  ⬤ 〇 1.39 ± 0.26a  ⬤ 〇 5.28 ± 1.10b    ⬤ 〇 0.027 ± 0.005b   ⬤ 〇 
Treatment 4 9.353 ± 1.92a   ⬤ 〇 0.102 ± 0.03ab ⬤ 〇 233.77 ± 37.40a  ⬤ 〇 1.37 ± 0.32a  ⬤ 〇 7.02 ± 1.47a    ⬤ 〇 0.041 ± 0.012a   ⬤ 〇 
Treatment 5 9.169 ± 3.22ab ⬤ 〇 0.117 ± 0.02a   ⬤ 〇 263.9 ± 29.96a    ⬤ 〇 1.56 ± 0.26a  ⬤ 〇 5.86 ± 1.49ab  ⬤ 〇 0.036 ± 0.017ab ⬤ 〇 
Treatment 6 7.749 ± 1.17ab ⬤ 〇 0.089 ± 0.02b   ⬤ 〇 240.08 ± 37.85a  ⬤ 〇 1.25 ± 0.32a  ⬤ 〇 6.51 ± 1.63ab  ⬤ 〇 0.033 ± 0.006ab ⬤ 〇 
Treatment 7 9.052 ± 1.47a   ⬤ 〇 0.108 ± 0.02ab ⬤ 〇 250.46 ± 25.46a  ⬤ 〇 1.46 ± 0.21a  ⬤ 〇 6.24 ± 0.88ab  ⬤ 〇 0.037 ± 0.007a   ⬤ 〇 

Closed (⬤) and open (〇) circles indicate comparisons withs Controls 1 and 2, respectively. Green, 
yellow, and red circles indicate that the values are higher than, equivalent to, or lower than those 
observed in the controls, according to the Kruskal–Wallis test (p ≤ 0.05) and pairwise comparison 
with the Dunn test (p ≤ 0.05). Means followed by the same letter do not differ statistically. Control 
1: control without inoculation + fertilization 100% of N and P; Control 2: control without inoculation 
+ fertilization 30% of N and P; Treatment 1: Azospirillum brasilense (Ab-v5), Treatment 2: Bacillus 
megaterium (0004); Treatment 3: Brevibacillus fluminis (MET12M2); Treatment 4: Ab-v5 + 0004; 
Treatment 5: Ab-v5 + MET12M2; Treatment 6: 0004 + MET12M2; Treatment 7: Ab-v5 + 0004 + 
MET12M2. 

The PE of all treatments was equivalent to the means of C1 and C2. However, 
significant differences were observed between treatments. T4 and T3 provided the highest 
and the lowest PEs, with T4 having a PE 32.74% higher. In the same way, T7 also improved 
photosynthesis compared to T3, with the values 27.11% higher. The other treatments were 
statistically similar. 

The gs was 39.29% and 48.10% higher in T5 than in C1 and C2, respectively. This 
treatment also had a larger stomatal opening than T6 (31.46%), and these two treatments 
were statistically different. In general, all other inoculated treatments showed results that 
were at least equivalent to those in the controls. 

No significant differences in Ci were observed among treatments. Nevertheless, 
strawberries associated with T3 and T5 concentrated more CO2 in their leaves than 
controls. The greatest difference was observed between T5 and C2, with 40.82% more CO2 
in T5. No significant differences were observed in T, but the values found in T5 were again 
higher than those of C1 (35.65%) and C2 (41.82%). 

T3 had a lower yield than the controls, as indicated by its lower WUE and CUE. 
Regarding WUE, this treatment was similar to other inoculated treatments except for T4. 
CUE differed between T3 and T7. 

Furthermore, it is important to emphasize that the controls were equivalent for all 
variables. 

Treatment 2 6.67 ± 1.51a
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All microorganisms were positive for phosphate and potassium solubilization, and 
none produced siderophores. In addition, the microbial growth of all strains resulted in 
acidification of the culture medium. Furthermore, the microorganisms were able to 
synthesize indole-acetic acid. 

3.2. Physiological Assessment 
The results of the gas exchange analysis of the strawberry plants are shown in Table 

3. Bacterial inoculation improved stomatal conductance, internal CO2 concentration, and 
leaf transpiration. 

Table 3. Photosynthetic efficiency (PE), stomatal conductance (gs), internal CO2 concentration (Ci), 
leaf transpiration (T), water use efficiency (WUE), and carboxylation efficiency (CUE) in 
strawberries inoculated with Azospirillum brasilense, Bacillus megaterium, and Brevibacillus fluminis, 
alone and in mixtures. Means are followed by their standard deviations. 

Treatment PE gs Ci T WUE CUE 

 (µmol CO2·m−2·s−1) (mol CO2·m−2·s−1) (µmol·mol−1) (CO2·m−2·s−1) 
(µmol·m−2·s−1) 

(mmol H2O·m−2·s−1)−1 
(µmol·m−2·s−1) 
(µmol·mol−1)−1 

Control 1 8.171 ± 1.90 0.084 ± 0.02 231.76 ± 14.44 1.15 ± 0.30 7.179 ± 0.53 0.035 ± 0.009 
Control 2 8.282 ± 0.94     ⬤ 0.079 ± 0.03     ⬤ 189.1 ± 89.30     ⬤ 1.1 ± 0.41      ⬤ 8.72 ± 3.58      ⬤ 0.065 ± 0.048     ⬤ 

Treatment 1 8.017 ± 1.08ab ⬤ 〇 0.093 ± 0.02ab ⬤ 〇 245.9 ± 20.06a   ⬤ 〇 1.3 ± 0.28a    ⬤ 〇 6.31 ± 0.74ab  ⬤ 〇 0.033 ± 0.004ab ⬤ 〇 
Treatment 2 8.039 ± 2.24ab ⬤ 〇 0.095 ± 0.03ab ⬤ 〇 244.9 ± 35.12a   ⬤ 〇 1.26 ± 0.39a  ⬤ 〇 6.58 ± 1.37ab  ⬤ 〇 0.034 ± 0.014ab ⬤ 〇 
Treatment 3 7.123 ± 0.89b   ⬤ 〇 0.096 ± 0.02ab ⬤ 〇 266.29 ± 23.99a  ⬤ 〇 1.39 ± 0.26a  ⬤ 〇 5.28 ± 1.10b    ⬤ 〇 0.027 ± 0.005b   ⬤ 〇 
Treatment 4 9.353 ± 1.92a   ⬤ 〇 0.102 ± 0.03ab ⬤ 〇 233.77 ± 37.40a  ⬤ 〇 1.37 ± 0.32a  ⬤ 〇 7.02 ± 1.47a    ⬤ 〇 0.041 ± 0.012a   ⬤ 〇 
Treatment 5 9.169 ± 3.22ab ⬤ 〇 0.117 ± 0.02a   ⬤ 〇 263.9 ± 29.96a    ⬤ 〇 1.56 ± 0.26a  ⬤ 〇 5.86 ± 1.49ab  ⬤ 〇 0.036 ± 0.017ab ⬤ 〇 
Treatment 6 7.749 ± 1.17ab ⬤ 〇 0.089 ± 0.02b   ⬤ 〇 240.08 ± 37.85a  ⬤ 〇 1.25 ± 0.32a  ⬤ 〇 6.51 ± 1.63ab  ⬤ 〇 0.033 ± 0.006ab ⬤ 〇 
Treatment 7 9.052 ± 1.47a   ⬤ 〇 0.108 ± 0.02ab ⬤ 〇 250.46 ± 25.46a  ⬤ 〇 1.46 ± 0.21a  ⬤ 〇 6.24 ± 0.88ab  ⬤ 〇 0.037 ± 0.007a   ⬤ 〇 

Closed (⬤) and open (〇) circles indicate comparisons withs Controls 1 and 2, respectively. Green, 
yellow, and red circles indicate that the values are higher than, equivalent to, or lower than those 
observed in the controls, according to the Kruskal–Wallis test (p ≤ 0.05) and pairwise comparison 
with the Dunn test (p ≤ 0.05). Means followed by the same letter do not differ statistically. Control 
1: control without inoculation + fertilization 100% of N and P; Control 2: control without inoculation 
+ fertilization 30% of N and P; Treatment 1: Azospirillum brasilense (Ab-v5), Treatment 2: Bacillus 
megaterium (0004); Treatment 3: Brevibacillus fluminis (MET12M2); Treatment 4: Ab-v5 + 0004; 
Treatment 5: Ab-v5 + MET12M2; Treatment 6: 0004 + MET12M2; Treatment 7: Ab-v5 + 0004 + 
MET12M2. 

The PE of all treatments was equivalent to the means of C1 and C2. However, 
significant differences were observed between treatments. T4 and T3 provided the highest 
and the lowest PEs, with T4 having a PE 32.74% higher. In the same way, T7 also improved 
photosynthesis compared to T3, with the values 27.11% higher. The other treatments were 
statistically similar. 

The gs was 39.29% and 48.10% higher in T5 than in C1 and C2, respectively. This 
treatment also had a larger stomatal opening than T6 (31.46%), and these two treatments 
were statistically different. In general, all other inoculated treatments showed results that 
were at least equivalent to those in the controls. 

No significant differences in Ci were observed among treatments. Nevertheless, 
strawberries associated with T3 and T5 concentrated more CO2 in their leaves than 
controls. The greatest difference was observed between T5 and C2, with 40.82% more CO2 
in T5. No significant differences were observed in T, but the values found in T5 were again 
higher than those of C1 (35.65%) and C2 (41.82%). 

T3 had a lower yield than the controls, as indicated by its lower WUE and CUE. 
Regarding WUE, this treatment was similar to other inoculated treatments except for T4. 
CUE differed between T3 and T7. 

Furthermore, it is important to emphasize that the controls were equivalent for all 
variables. 
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All microorganisms were positive for phosphate and potassium solubilization, and 
none produced siderophores. In addition, the microbial growth of all strains resulted in 
acidification of the culture medium. Furthermore, the microorganisms were able to 
synthesize indole-acetic acid. 

3.2. Physiological Assessment 
The results of the gas exchange analysis of the strawberry plants are shown in Table 

3. Bacterial inoculation improved stomatal conductance, internal CO2 concentration, and 
leaf transpiration. 

Table 3. Photosynthetic efficiency (PE), stomatal conductance (gs), internal CO2 concentration (Ci), 
leaf transpiration (T), water use efficiency (WUE), and carboxylation efficiency (CUE) in 
strawberries inoculated with Azospirillum brasilense, Bacillus megaterium, and Brevibacillus fluminis, 
alone and in mixtures. Means are followed by their standard deviations. 

Treatment PE gs Ci T WUE CUE 

 (µmol CO2·m−2·s−1) (mol CO2·m−2·s−1) (µmol·mol−1) (CO2·m−2·s−1) 
(µmol·m−2·s−1) 

(mmol H2O·m−2·s−1)−1 
(µmol·m−2·s−1) 
(µmol·mol−1)−1 

Control 1 8.171 ± 1.90 0.084 ± 0.02 231.76 ± 14.44 1.15 ± 0.30 7.179 ± 0.53 0.035 ± 0.009 
Control 2 8.282 ± 0.94     ⬤ 0.079 ± 0.03     ⬤ 189.1 ± 89.30     ⬤ 1.1 ± 0.41      ⬤ 8.72 ± 3.58      ⬤ 0.065 ± 0.048     ⬤ 

Treatment 1 8.017 ± 1.08ab ⬤ 〇 0.093 ± 0.02ab ⬤ 〇 245.9 ± 20.06a   ⬤ 〇 1.3 ± 0.28a    ⬤ 〇 6.31 ± 0.74ab  ⬤ 〇 0.033 ± 0.004ab ⬤ 〇 
Treatment 2 8.039 ± 2.24ab ⬤ 〇 0.095 ± 0.03ab ⬤ 〇 244.9 ± 35.12a   ⬤ 〇 1.26 ± 0.39a  ⬤ 〇 6.58 ± 1.37ab  ⬤ 〇 0.034 ± 0.014ab ⬤ 〇 
Treatment 3 7.123 ± 0.89b   ⬤ 〇 0.096 ± 0.02ab ⬤ 〇 266.29 ± 23.99a  ⬤ 〇 1.39 ± 0.26a  ⬤ 〇 5.28 ± 1.10b    ⬤ 〇 0.027 ± 0.005b   ⬤ 〇 
Treatment 4 9.353 ± 1.92a   ⬤ 〇 0.102 ± 0.03ab ⬤ 〇 233.77 ± 37.40a  ⬤ 〇 1.37 ± 0.32a  ⬤ 〇 7.02 ± 1.47a    ⬤ 〇 0.041 ± 0.012a   ⬤ 〇 
Treatment 5 9.169 ± 3.22ab ⬤ 〇 0.117 ± 0.02a   ⬤ 〇 263.9 ± 29.96a    ⬤ 〇 1.56 ± 0.26a  ⬤ 〇 5.86 ± 1.49ab  ⬤ 〇 0.036 ± 0.017ab ⬤ 〇 
Treatment 6 7.749 ± 1.17ab ⬤ 〇 0.089 ± 0.02b   ⬤ 〇 240.08 ± 37.85a  ⬤ 〇 1.25 ± 0.32a  ⬤ 〇 6.51 ± 1.63ab  ⬤ 〇 0.033 ± 0.006ab ⬤ 〇 
Treatment 7 9.052 ± 1.47a   ⬤ 〇 0.108 ± 0.02ab ⬤ 〇 250.46 ± 25.46a  ⬤ 〇 1.46 ± 0.21a  ⬤ 〇 6.24 ± 0.88ab  ⬤ 〇 0.037 ± 0.007a   ⬤ 〇 

Closed (⬤) and open (〇) circles indicate comparisons withs Controls 1 and 2, respectively. Green, 
yellow, and red circles indicate that the values are higher than, equivalent to, or lower than those 
observed in the controls, according to the Kruskal–Wallis test (p ≤ 0.05) and pairwise comparison 
with the Dunn test (p ≤ 0.05). Means followed by the same letter do not differ statistically. Control 
1: control without inoculation + fertilization 100% of N and P; Control 2: control without inoculation 
+ fertilization 30% of N and P; Treatment 1: Azospirillum brasilense (Ab-v5), Treatment 2: Bacillus 
megaterium (0004); Treatment 3: Brevibacillus fluminis (MET12M2); Treatment 4: Ab-v5 + 0004; 
Treatment 5: Ab-v5 + MET12M2; Treatment 6: 0004 + MET12M2; Treatment 7: Ab-v5 + 0004 + 
MET12M2. 

The PE of all treatments was equivalent to the means of C1 and C2. However, 
significant differences were observed between treatments. T4 and T3 provided the highest 
and the lowest PEs, with T4 having a PE 32.74% higher. In the same way, T7 also improved 
photosynthesis compared to T3, with the values 27.11% higher. The other treatments were 
statistically similar. 

The gs was 39.29% and 48.10% higher in T5 than in C1 and C2, respectively. This 
treatment also had a larger stomatal opening than T6 (31.46%), and these two treatments 
were statistically different. In general, all other inoculated treatments showed results that 
were at least equivalent to those in the controls. 

No significant differences in Ci were observed among treatments. Nevertheless, 
strawberries associated with T3 and T5 concentrated more CO2 in their leaves than 
controls. The greatest difference was observed between T5 and C2, with 40.82% more CO2 
in T5. No significant differences were observed in T, but the values found in T5 were again 
higher than those of C1 (35.65%) and C2 (41.82%). 

T3 had a lower yield than the controls, as indicated by its lower WUE and CUE. 
Regarding WUE, this treatment was similar to other inoculated treatments except for T4. 
CUE differed between T3 and T7. 

Furthermore, it is important to emphasize that the controls were equivalent for all 
variables. 

Treatment 3 5.33 ± 0.52a
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All microorganisms were positive for phosphate and potassium solubilization, and 
none produced siderophores. In addition, the microbial growth of all strains resulted in 
acidification of the culture medium. Furthermore, the microorganisms were able to 
synthesize indole-acetic acid. 

3.2. Physiological Assessment 
The results of the gas exchange analysis of the strawberry plants are shown in Table 

3. Bacterial inoculation improved stomatal conductance, internal CO2 concentration, and 
leaf transpiration. 

Table 3. Photosynthetic efficiency (PE), stomatal conductance (gs), internal CO2 concentration (Ci), 
leaf transpiration (T), water use efficiency (WUE), and carboxylation efficiency (CUE) in 
strawberries inoculated with Azospirillum brasilense, Bacillus megaterium, and Brevibacillus fluminis, 
alone and in mixtures. Means are followed by their standard deviations. 

Treatment PE gs Ci T WUE CUE 

 (µmol CO2·m−2·s−1) (mol CO2·m−2·s−1) (µmol·mol−1) (CO2·m−2·s−1) 
(µmol·m−2·s−1) 

(mmol H2O·m−2·s−1)−1 
(µmol·m−2·s−1) 
(µmol·mol−1)−1 

Control 1 8.171 ± 1.90 0.084 ± 0.02 231.76 ± 14.44 1.15 ± 0.30 7.179 ± 0.53 0.035 ± 0.009 
Control 2 8.282 ± 0.94     ⬤ 0.079 ± 0.03     ⬤ 189.1 ± 89.30     ⬤ 1.1 ± 0.41      ⬤ 8.72 ± 3.58      ⬤ 0.065 ± 0.048     ⬤ 

Treatment 1 8.017 ± 1.08ab ⬤ 〇 0.093 ± 0.02ab ⬤ 〇 245.9 ± 20.06a   ⬤ 〇 1.3 ± 0.28a    ⬤ 〇 6.31 ± 0.74ab  ⬤ 〇 0.033 ± 0.004ab ⬤ 〇 
Treatment 2 8.039 ± 2.24ab ⬤ 〇 0.095 ± 0.03ab ⬤ 〇 244.9 ± 35.12a   ⬤ 〇 1.26 ± 0.39a  ⬤ 〇 6.58 ± 1.37ab  ⬤ 〇 0.034 ± 0.014ab ⬤ 〇 
Treatment 3 7.123 ± 0.89b   ⬤ 〇 0.096 ± 0.02ab ⬤ 〇 266.29 ± 23.99a  ⬤ 〇 1.39 ± 0.26a  ⬤ 〇 5.28 ± 1.10b    ⬤ 〇 0.027 ± 0.005b   ⬤ 〇 
Treatment 4 9.353 ± 1.92a   ⬤ 〇 0.102 ± 0.03ab ⬤ 〇 233.77 ± 37.40a  ⬤ 〇 1.37 ± 0.32a  ⬤ 〇 7.02 ± 1.47a    ⬤ 〇 0.041 ± 0.012a   ⬤ 〇 
Treatment 5 9.169 ± 3.22ab ⬤ 〇 0.117 ± 0.02a   ⬤ 〇 263.9 ± 29.96a    ⬤ 〇 1.56 ± 0.26a  ⬤ 〇 5.86 ± 1.49ab  ⬤ 〇 0.036 ± 0.017ab ⬤ 〇 
Treatment 6 7.749 ± 1.17ab ⬤ 〇 0.089 ± 0.02b   ⬤ 〇 240.08 ± 37.85a  ⬤ 〇 1.25 ± 0.32a  ⬤ 〇 6.51 ± 1.63ab  ⬤ 〇 0.033 ± 0.006ab ⬤ 〇 
Treatment 7 9.052 ± 1.47a   ⬤ 〇 0.108 ± 0.02ab ⬤ 〇 250.46 ± 25.46a  ⬤ 〇 1.46 ± 0.21a  ⬤ 〇 6.24 ± 0.88ab  ⬤ 〇 0.037 ± 0.007a   ⬤ 〇 

Closed (⬤) and open (〇) circles indicate comparisons withs Controls 1 and 2, respectively. Green, 
yellow, and red circles indicate that the values are higher than, equivalent to, or lower than those 
observed in the controls, according to the Kruskal–Wallis test (p ≤ 0.05) and pairwise comparison 
with the Dunn test (p ≤ 0.05). Means followed by the same letter do not differ statistically. Control 
1: control without inoculation + fertilization 100% of N and P; Control 2: control without inoculation 
+ fertilization 30% of N and P; Treatment 1: Azospirillum brasilense (Ab-v5), Treatment 2: Bacillus 
megaterium (0004); Treatment 3: Brevibacillus fluminis (MET12M2); Treatment 4: Ab-v5 + 0004; 
Treatment 5: Ab-v5 + MET12M2; Treatment 6: 0004 + MET12M2; Treatment 7: Ab-v5 + 0004 + 
MET12M2. 

The PE of all treatments was equivalent to the means of C1 and C2. However, 
significant differences were observed between treatments. T4 and T3 provided the highest 
and the lowest PEs, with T4 having a PE 32.74% higher. In the same way, T7 also improved 
photosynthesis compared to T3, with the values 27.11% higher. The other treatments were 
statistically similar. 

The gs was 39.29% and 48.10% higher in T5 than in C1 and C2, respectively. This 
treatment also had a larger stomatal opening than T6 (31.46%), and these two treatments 
were statistically different. In general, all other inoculated treatments showed results that 
were at least equivalent to those in the controls. 

No significant differences in Ci were observed among treatments. Nevertheless, 
strawberries associated with T3 and T5 concentrated more CO2 in their leaves than 
controls. The greatest difference was observed between T5 and C2, with 40.82% more CO2 
in T5. No significant differences were observed in T, but the values found in T5 were again 
higher than those of C1 (35.65%) and C2 (41.82%). 

T3 had a lower yield than the controls, as indicated by its lower WUE and CUE. 
Regarding WUE, this treatment was similar to other inoculated treatments except for T4. 
CUE differed between T3 and T7. 

Furthermore, it is important to emphasize that the controls were equivalent for all 
variables. 
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Control 1 8.171 ± 1.90 0.084 ± 0.02 231.76 ± 14.44 1.15 ± 0.30 7.179 ± 0.53 0.035 ± 0.009 
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Closed (⬤) and open (〇) circles indicate comparisons withs Controls 1 and 2, respectively. Green, 
yellow, and red circles indicate that the values are higher than, equivalent to, or lower than those 
observed in the controls, according to the Kruskal–Wallis test (p ≤ 0.05) and pairwise comparison 
with the Dunn test (p ≤ 0.05). Means followed by the same letter do not differ statistically. Control 
1: control without inoculation + fertilization 100% of N and P; Control 2: control without inoculation 
+ fertilization 30% of N and P; Treatment 1: Azospirillum brasilense (Ab-v5), Treatment 2: Bacillus 
megaterium (0004); Treatment 3: Brevibacillus fluminis (MET12M2); Treatment 4: Ab-v5 + 0004; 
Treatment 5: Ab-v5 + MET12M2; Treatment 6: 0004 + MET12M2; Treatment 7: Ab-v5 + 0004 + 
MET12M2. 

The PE of all treatments was equivalent to the means of C1 and C2. However, 
significant differences were observed between treatments. T4 and T3 provided the highest 
and the lowest PEs, with T4 having a PE 32.74% higher. In the same way, T7 also improved 
photosynthesis compared to T3, with the values 27.11% higher. The other treatments were 
statistically similar. 

The gs was 39.29% and 48.10% higher in T5 than in C1 and C2, respectively. This 
treatment also had a larger stomatal opening than T6 (31.46%), and these two treatments 
were statistically different. In general, all other inoculated treatments showed results that 
were at least equivalent to those in the controls. 

No significant differences in Ci were observed among treatments. Nevertheless, 
strawberries associated with T3 and T5 concentrated more CO2 in their leaves than 
controls. The greatest difference was observed between T5 and C2, with 40.82% more CO2 
in T5. No significant differences were observed in T, but the values found in T5 were again 
higher than those of C1 (35.65%) and C2 (41.82%). 

T3 had a lower yield than the controls, as indicated by its lower WUE and CUE. 
Regarding WUE, this treatment was similar to other inoculated treatments except for T4. 
CUE differed between T3 and T7. 

Furthermore, it is important to emphasize that the controls were equivalent for all 
variables. 

Treatment 4 5.33 ± 1.03a

Agronomy 2022, 12, x FOR PEER REVIEW 7 of 23 
 

 

All microorganisms were positive for phosphate and potassium solubilization, and 
none produced siderophores. In addition, the microbial growth of all strains resulted in 
acidification of the culture medium. Furthermore, the microorganisms were able to 
synthesize indole-acetic acid. 

3.2. Physiological Assessment 
The results of the gas exchange analysis of the strawberry plants are shown in Table 

3. Bacterial inoculation improved stomatal conductance, internal CO2 concentration, and 
leaf transpiration. 

Table 3. Photosynthetic efficiency (PE), stomatal conductance (gs), internal CO2 concentration (Ci), 
leaf transpiration (T), water use efficiency (WUE), and carboxylation efficiency (CUE) in 
strawberries inoculated with Azospirillum brasilense, Bacillus megaterium, and Brevibacillus fluminis, 
alone and in mixtures. Means are followed by their standard deviations. 

Treatment PE gs Ci T WUE CUE 

 (µmol CO2·m−2·s−1) (mol CO2·m−2·s−1) (µmol·mol−1) (CO2·m−2·s−1) 
(µmol·m−2·s−1) 

(mmol H2O·m−2·s−1)−1 
(µmol·m−2·s−1) 
(µmol·mol−1)−1 

Control 1 8.171 ± 1.90 0.084 ± 0.02 231.76 ± 14.44 1.15 ± 0.30 7.179 ± 0.53 0.035 ± 0.009 
Control 2 8.282 ± 0.94     ⬤ 0.079 ± 0.03     ⬤ 189.1 ± 89.30     ⬤ 1.1 ± 0.41      ⬤ 8.72 ± 3.58      ⬤ 0.065 ± 0.048     ⬤ 

Treatment 1 8.017 ± 1.08ab ⬤ 〇 0.093 ± 0.02ab ⬤ 〇 245.9 ± 20.06a   ⬤ 〇 1.3 ± 0.28a    ⬤ 〇 6.31 ± 0.74ab  ⬤ 〇 0.033 ± 0.004ab ⬤ 〇 
Treatment 2 8.039 ± 2.24ab ⬤ 〇 0.095 ± 0.03ab ⬤ 〇 244.9 ± 35.12a   ⬤ 〇 1.26 ± 0.39a  ⬤ 〇 6.58 ± 1.37ab  ⬤ 〇 0.034 ± 0.014ab ⬤ 〇 
Treatment 3 7.123 ± 0.89b   ⬤ 〇 0.096 ± 0.02ab ⬤ 〇 266.29 ± 23.99a  ⬤ 〇 1.39 ± 0.26a  ⬤ 〇 5.28 ± 1.10b    ⬤ 〇 0.027 ± 0.005b   ⬤ 〇 
Treatment 4 9.353 ± 1.92a   ⬤ 〇 0.102 ± 0.03ab ⬤ 〇 233.77 ± 37.40a  ⬤ 〇 1.37 ± 0.32a  ⬤ 〇 7.02 ± 1.47a    ⬤ 〇 0.041 ± 0.012a   ⬤ 〇 
Treatment 5 9.169 ± 3.22ab ⬤ 〇 0.117 ± 0.02a   ⬤ 〇 263.9 ± 29.96a    ⬤ 〇 1.56 ± 0.26a  ⬤ 〇 5.86 ± 1.49ab  ⬤ 〇 0.036 ± 0.017ab ⬤ 〇 
Treatment 6 7.749 ± 1.17ab ⬤ 〇 0.089 ± 0.02b   ⬤ 〇 240.08 ± 37.85a  ⬤ 〇 1.25 ± 0.32a  ⬤ 〇 6.51 ± 1.63ab  ⬤ 〇 0.033 ± 0.006ab ⬤ 〇 
Treatment 7 9.052 ± 1.47a   ⬤ 〇 0.108 ± 0.02ab ⬤ 〇 250.46 ± 25.46a  ⬤ 〇 1.46 ± 0.21a  ⬤ 〇 6.24 ± 0.88ab  ⬤ 〇 0.037 ± 0.007a   ⬤ 〇 

Closed (⬤) and open (〇) circles indicate comparisons withs Controls 1 and 2, respectively. Green, 
yellow, and red circles indicate that the values are higher than, equivalent to, or lower than those 
observed in the controls, according to the Kruskal–Wallis test (p ≤ 0.05) and pairwise comparison 
with the Dunn test (p ≤ 0.05). Means followed by the same letter do not differ statistically. Control 
1: control without inoculation + fertilization 100% of N and P; Control 2: control without inoculation 
+ fertilization 30% of N and P; Treatment 1: Azospirillum brasilense (Ab-v5), Treatment 2: Bacillus 
megaterium (0004); Treatment 3: Brevibacillus fluminis (MET12M2); Treatment 4: Ab-v5 + 0004; 
Treatment 5: Ab-v5 + MET12M2; Treatment 6: 0004 + MET12M2; Treatment 7: Ab-v5 + 0004 + 
MET12M2. 

The PE of all treatments was equivalent to the means of C1 and C2. However, 
significant differences were observed between treatments. T4 and T3 provided the highest 
and the lowest PEs, with T4 having a PE 32.74% higher. In the same way, T7 also improved 
photosynthesis compared to T3, with the values 27.11% higher. The other treatments were 
statistically similar. 

The gs was 39.29% and 48.10% higher in T5 than in C1 and C2, respectively. This 
treatment also had a larger stomatal opening than T6 (31.46%), and these two treatments 
were statistically different. In general, all other inoculated treatments showed results that 
were at least equivalent to those in the controls. 

No significant differences in Ci were observed among treatments. Nevertheless, 
strawberries associated with T3 and T5 concentrated more CO2 in their leaves than 
controls. The greatest difference was observed between T5 and C2, with 40.82% more CO2 
in T5. No significant differences were observed in T, but the values found in T5 were again 
higher than those of C1 (35.65%) and C2 (41.82%). 

T3 had a lower yield than the controls, as indicated by its lower WUE and CUE. 
Regarding WUE, this treatment was similar to other inoculated treatments except for T4. 
CUE differed between T3 and T7. 

Furthermore, it is important to emphasize that the controls were equivalent for all 
variables. 
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All microorganisms were positive for phosphate and potassium solubilization, and 
none produced siderophores. In addition, the microbial growth of all strains resulted in 
acidification of the culture medium. Furthermore, the microorganisms were able to 
synthesize indole-acetic acid. 

3.2. Physiological Assessment 
The results of the gas exchange analysis of the strawberry plants are shown in Table 

3. Bacterial inoculation improved stomatal conductance, internal CO2 concentration, and 
leaf transpiration. 

Table 3. Photosynthetic efficiency (PE), stomatal conductance (gs), internal CO2 concentration (Ci), 
leaf transpiration (T), water use efficiency (WUE), and carboxylation efficiency (CUE) in 
strawberries inoculated with Azospirillum brasilense, Bacillus megaterium, and Brevibacillus fluminis, 
alone and in mixtures. Means are followed by their standard deviations. 

Treatment PE gs Ci T WUE CUE 

 (µmol CO2·m−2·s−1) (mol CO2·m−2·s−1) (µmol·mol−1) (CO2·m−2·s−1) 
(µmol·m−2·s−1) 

(mmol H2O·m−2·s−1)−1 
(µmol·m−2·s−1) 
(µmol·mol−1)−1 

Control 1 8.171 ± 1.90 0.084 ± 0.02 231.76 ± 14.44 1.15 ± 0.30 7.179 ± 0.53 0.035 ± 0.009 
Control 2 8.282 ± 0.94     ⬤ 0.079 ± 0.03     ⬤ 189.1 ± 89.30     ⬤ 1.1 ± 0.41      ⬤ 8.72 ± 3.58      ⬤ 0.065 ± 0.048     ⬤ 

Treatment 1 8.017 ± 1.08ab ⬤ 〇 0.093 ± 0.02ab ⬤ 〇 245.9 ± 20.06a   ⬤ 〇 1.3 ± 0.28a    ⬤ 〇 6.31 ± 0.74ab  ⬤ 〇 0.033 ± 0.004ab ⬤ 〇 
Treatment 2 8.039 ± 2.24ab ⬤ 〇 0.095 ± 0.03ab ⬤ 〇 244.9 ± 35.12a   ⬤ 〇 1.26 ± 0.39a  ⬤ 〇 6.58 ± 1.37ab  ⬤ 〇 0.034 ± 0.014ab ⬤ 〇 
Treatment 3 7.123 ± 0.89b   ⬤ 〇 0.096 ± 0.02ab ⬤ 〇 266.29 ± 23.99a  ⬤ 〇 1.39 ± 0.26a  ⬤ 〇 5.28 ± 1.10b    ⬤ 〇 0.027 ± 0.005b   ⬤ 〇 
Treatment 4 9.353 ± 1.92a   ⬤ 〇 0.102 ± 0.03ab ⬤ 〇 233.77 ± 37.40a  ⬤ 〇 1.37 ± 0.32a  ⬤ 〇 7.02 ± 1.47a    ⬤ 〇 0.041 ± 0.012a   ⬤ 〇 
Treatment 5 9.169 ± 3.22ab ⬤ 〇 0.117 ± 0.02a   ⬤ 〇 263.9 ± 29.96a    ⬤ 〇 1.56 ± 0.26a  ⬤ 〇 5.86 ± 1.49ab  ⬤ 〇 0.036 ± 0.017ab ⬤ 〇 
Treatment 6 7.749 ± 1.17ab ⬤ 〇 0.089 ± 0.02b   ⬤ 〇 240.08 ± 37.85a  ⬤ 〇 1.25 ± 0.32a  ⬤ 〇 6.51 ± 1.63ab  ⬤ 〇 0.033 ± 0.006ab ⬤ 〇 
Treatment 7 9.052 ± 1.47a   ⬤ 〇 0.108 ± 0.02ab ⬤ 〇 250.46 ± 25.46a  ⬤ 〇 1.46 ± 0.21a  ⬤ 〇 6.24 ± 0.88ab  ⬤ 〇 0.037 ± 0.007a   ⬤ 〇 

Closed (⬤) and open (〇) circles indicate comparisons withs Controls 1 and 2, respectively. Green, 
yellow, and red circles indicate that the values are higher than, equivalent to, or lower than those 
observed in the controls, according to the Kruskal–Wallis test (p ≤ 0.05) and pairwise comparison 
with the Dunn test (p ≤ 0.05). Means followed by the same letter do not differ statistically. Control 
1: control without inoculation + fertilization 100% of N and P; Control 2: control without inoculation 
+ fertilization 30% of N and P; Treatment 1: Azospirillum brasilense (Ab-v5), Treatment 2: Bacillus 
megaterium (0004); Treatment 3: Brevibacillus fluminis (MET12M2); Treatment 4: Ab-v5 + 0004; 
Treatment 5: Ab-v5 + MET12M2; Treatment 6: 0004 + MET12M2; Treatment 7: Ab-v5 + 0004 + 
MET12M2. 

The PE of all treatments was equivalent to the means of C1 and C2. However, 
significant differences were observed between treatments. T4 and T3 provided the highest 
and the lowest PEs, with T4 having a PE 32.74% higher. In the same way, T7 also improved 
photosynthesis compared to T3, with the values 27.11% higher. The other treatments were 
statistically similar. 

The gs was 39.29% and 48.10% higher in T5 than in C1 and C2, respectively. This 
treatment also had a larger stomatal opening than T6 (31.46%), and these two treatments 
were statistically different. In general, all other inoculated treatments showed results that 
were at least equivalent to those in the controls. 

No significant differences in Ci were observed among treatments. Nevertheless, 
strawberries associated with T3 and T5 concentrated more CO2 in their leaves than 
controls. The greatest difference was observed between T5 and C2, with 40.82% more CO2 
in T5. No significant differences were observed in T, but the values found in T5 were again 
higher than those of C1 (35.65%) and C2 (41.82%). 

T3 had a lower yield than the controls, as indicated by its lower WUE and CUE. 
Regarding WUE, this treatment was similar to other inoculated treatments except for T4. 
CUE differed between T3 and T7. 

Furthermore, it is important to emphasize that the controls were equivalent for all 
variables. 

Treatment 5 5.50 ± 1.87a
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All microorganisms were positive for phosphate and potassium solubilization, and 
none produced siderophores. In addition, the microbial growth of all strains resulted in 
acidification of the culture medium. Furthermore, the microorganisms were able to 
synthesize indole-acetic acid. 

3.2. Physiological Assessment 
The results of the gas exchange analysis of the strawberry plants are shown in Table 

3. Bacterial inoculation improved stomatal conductance, internal CO2 concentration, and 
leaf transpiration. 

Table 3. Photosynthetic efficiency (PE), stomatal conductance (gs), internal CO2 concentration (Ci), 
leaf transpiration (T), water use efficiency (WUE), and carboxylation efficiency (CUE) in 
strawberries inoculated with Azospirillum brasilense, Bacillus megaterium, and Brevibacillus fluminis, 
alone and in mixtures. Means are followed by their standard deviations. 

Treatment PE gs Ci T WUE CUE 

 (µmol CO2·m−2·s−1) (mol CO2·m−2·s−1) (µmol·mol−1) (CO2·m−2·s−1) 
(µmol·m−2·s−1) 

(mmol H2O·m−2·s−1)−1 
(µmol·m−2·s−1) 
(µmol·mol−1)−1 

Control 1 8.171 ± 1.90 0.084 ± 0.02 231.76 ± 14.44 1.15 ± 0.30 7.179 ± 0.53 0.035 ± 0.009 
Control 2 8.282 ± 0.94     ⬤ 0.079 ± 0.03     ⬤ 189.1 ± 89.30     ⬤ 1.1 ± 0.41      ⬤ 8.72 ± 3.58      ⬤ 0.065 ± 0.048     ⬤ 

Treatment 1 8.017 ± 1.08ab ⬤ 〇 0.093 ± 0.02ab ⬤ 〇 245.9 ± 20.06a   ⬤ 〇 1.3 ± 0.28a    ⬤ 〇 6.31 ± 0.74ab  ⬤ 〇 0.033 ± 0.004ab ⬤ 〇 
Treatment 2 8.039 ± 2.24ab ⬤ 〇 0.095 ± 0.03ab ⬤ 〇 244.9 ± 35.12a   ⬤ 〇 1.26 ± 0.39a  ⬤ 〇 6.58 ± 1.37ab  ⬤ 〇 0.034 ± 0.014ab ⬤ 〇 
Treatment 3 7.123 ± 0.89b   ⬤ 〇 0.096 ± 0.02ab ⬤ 〇 266.29 ± 23.99a  ⬤ 〇 1.39 ± 0.26a  ⬤ 〇 5.28 ± 1.10b    ⬤ 〇 0.027 ± 0.005b   ⬤ 〇 
Treatment 4 9.353 ± 1.92a   ⬤ 〇 0.102 ± 0.03ab ⬤ 〇 233.77 ± 37.40a  ⬤ 〇 1.37 ± 0.32a  ⬤ 〇 7.02 ± 1.47a    ⬤ 〇 0.041 ± 0.012a   ⬤ 〇 
Treatment 5 9.169 ± 3.22ab ⬤ 〇 0.117 ± 0.02a   ⬤ 〇 263.9 ± 29.96a    ⬤ 〇 1.56 ± 0.26a  ⬤ 〇 5.86 ± 1.49ab  ⬤ 〇 0.036 ± 0.017ab ⬤ 〇 
Treatment 6 7.749 ± 1.17ab ⬤ 〇 0.089 ± 0.02b   ⬤ 〇 240.08 ± 37.85a  ⬤ 〇 1.25 ± 0.32a  ⬤ 〇 6.51 ± 1.63ab  ⬤ 〇 0.033 ± 0.006ab ⬤ 〇 
Treatment 7 9.052 ± 1.47a   ⬤ 〇 0.108 ± 0.02ab ⬤ 〇 250.46 ± 25.46a  ⬤ 〇 1.46 ± 0.21a  ⬤ 〇 6.24 ± 0.88ab  ⬤ 〇 0.037 ± 0.007a   ⬤ 〇 

Closed (⬤) and open (〇) circles indicate comparisons withs Controls 1 and 2, respectively. Green, 
yellow, and red circles indicate that the values are higher than, equivalent to, or lower than those 
observed in the controls, according to the Kruskal–Wallis test (p ≤ 0.05) and pairwise comparison 
with the Dunn test (p ≤ 0.05). Means followed by the same letter do not differ statistically. Control 
1: control without inoculation + fertilization 100% of N and P; Control 2: control without inoculation 
+ fertilization 30% of N and P; Treatment 1: Azospirillum brasilense (Ab-v5), Treatment 2: Bacillus 
megaterium (0004); Treatment 3: Brevibacillus fluminis (MET12M2); Treatment 4: Ab-v5 + 0004; 
Treatment 5: Ab-v5 + MET12M2; Treatment 6: 0004 + MET12M2; Treatment 7: Ab-v5 + 0004 + 
MET12M2. 

The PE of all treatments was equivalent to the means of C1 and C2. However, 
significant differences were observed between treatments. T4 and T3 provided the highest 
and the lowest PEs, with T4 having a PE 32.74% higher. In the same way, T7 also improved 
photosynthesis compared to T3, with the values 27.11% higher. The other treatments were 
statistically similar. 

The gs was 39.29% and 48.10% higher in T5 than in C1 and C2, respectively. This 
treatment also had a larger stomatal opening than T6 (31.46%), and these two treatments 
were statistically different. In general, all other inoculated treatments showed results that 
were at least equivalent to those in the controls. 

No significant differences in Ci were observed among treatments. Nevertheless, 
strawberries associated with T3 and T5 concentrated more CO2 in their leaves than 
controls. The greatest difference was observed between T5 and C2, with 40.82% more CO2 
in T5. No significant differences were observed in T, but the values found in T5 were again 
higher than those of C1 (35.65%) and C2 (41.82%). 

T3 had a lower yield than the controls, as indicated by its lower WUE and CUE. 
Regarding WUE, this treatment was similar to other inoculated treatments except for T4. 
CUE differed between T3 and T7. 

Furthermore, it is important to emphasize that the controls were equivalent for all 
variables. 
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All microorganisms were positive for phosphate and potassium solubilization, and 
none produced siderophores. In addition, the microbial growth of all strains resulted in 
acidification of the culture medium. Furthermore, the microorganisms were able to 
synthesize indole-acetic acid. 

3.2. Physiological Assessment 
The results of the gas exchange analysis of the strawberry plants are shown in Table 

3. Bacterial inoculation improved stomatal conductance, internal CO2 concentration, and 
leaf transpiration. 

Table 3. Photosynthetic efficiency (PE), stomatal conductance (gs), internal CO2 concentration (Ci), 
leaf transpiration (T), water use efficiency (WUE), and carboxylation efficiency (CUE) in 
strawberries inoculated with Azospirillum brasilense, Bacillus megaterium, and Brevibacillus fluminis, 
alone and in mixtures. Means are followed by their standard deviations. 

Treatment PE gs Ci T WUE CUE 

 (µmol CO2·m−2·s−1) (mol CO2·m−2·s−1) (µmol·mol−1) (CO2·m−2·s−1) 
(µmol·m−2·s−1) 

(mmol H2O·m−2·s−1)−1 
(µmol·m−2·s−1) 
(µmol·mol−1)−1 

Control 1 8.171 ± 1.90 0.084 ± 0.02 231.76 ± 14.44 1.15 ± 0.30 7.179 ± 0.53 0.035 ± 0.009 
Control 2 8.282 ± 0.94     ⬤ 0.079 ± 0.03     ⬤ 189.1 ± 89.30     ⬤ 1.1 ± 0.41      ⬤ 8.72 ± 3.58      ⬤ 0.065 ± 0.048     ⬤ 

Treatment 1 8.017 ± 1.08ab ⬤ 〇 0.093 ± 0.02ab ⬤ 〇 245.9 ± 20.06a   ⬤ 〇 1.3 ± 0.28a    ⬤ 〇 6.31 ± 0.74ab  ⬤ 〇 0.033 ± 0.004ab ⬤ 〇 
Treatment 2 8.039 ± 2.24ab ⬤ 〇 0.095 ± 0.03ab ⬤ 〇 244.9 ± 35.12a   ⬤ 〇 1.26 ± 0.39a  ⬤ 〇 6.58 ± 1.37ab  ⬤ 〇 0.034 ± 0.014ab ⬤ 〇 
Treatment 3 7.123 ± 0.89b   ⬤ 〇 0.096 ± 0.02ab ⬤ 〇 266.29 ± 23.99a  ⬤ 〇 1.39 ± 0.26a  ⬤ 〇 5.28 ± 1.10b    ⬤ 〇 0.027 ± 0.005b   ⬤ 〇 
Treatment 4 9.353 ± 1.92a   ⬤ 〇 0.102 ± 0.03ab ⬤ 〇 233.77 ± 37.40a  ⬤ 〇 1.37 ± 0.32a  ⬤ 〇 7.02 ± 1.47a    ⬤ 〇 0.041 ± 0.012a   ⬤ 〇 
Treatment 5 9.169 ± 3.22ab ⬤ 〇 0.117 ± 0.02a   ⬤ 〇 263.9 ± 29.96a    ⬤ 〇 1.56 ± 0.26a  ⬤ 〇 5.86 ± 1.49ab  ⬤ 〇 0.036 ± 0.017ab ⬤ 〇 
Treatment 6 7.749 ± 1.17ab ⬤ 〇 0.089 ± 0.02b   ⬤ 〇 240.08 ± 37.85a  ⬤ 〇 1.25 ± 0.32a  ⬤ 〇 6.51 ± 1.63ab  ⬤ 〇 0.033 ± 0.006ab ⬤ 〇 
Treatment 7 9.052 ± 1.47a   ⬤ 〇 0.108 ± 0.02ab ⬤ 〇 250.46 ± 25.46a  ⬤ 〇 1.46 ± 0.21a  ⬤ 〇 6.24 ± 0.88ab  ⬤ 〇 0.037 ± 0.007a   ⬤ 〇 

Closed (⬤) and open (〇) circles indicate comparisons withs Controls 1 and 2, respectively. Green, 
yellow, and red circles indicate that the values are higher than, equivalent to, or lower than those 
observed in the controls, according to the Kruskal–Wallis test (p ≤ 0.05) and pairwise comparison 
with the Dunn test (p ≤ 0.05). Means followed by the same letter do not differ statistically. Control 
1: control without inoculation + fertilization 100% of N and P; Control 2: control without inoculation 
+ fertilization 30% of N and P; Treatment 1: Azospirillum brasilense (Ab-v5), Treatment 2: Bacillus 
megaterium (0004); Treatment 3: Brevibacillus fluminis (MET12M2); Treatment 4: Ab-v5 + 0004; 
Treatment 5: Ab-v5 + MET12M2; Treatment 6: 0004 + MET12M2; Treatment 7: Ab-v5 + 0004 + 
MET12M2. 

The PE of all treatments was equivalent to the means of C1 and C2. However, 
significant differences were observed between treatments. T4 and T3 provided the highest 
and the lowest PEs, with T4 having a PE 32.74% higher. In the same way, T7 also improved 
photosynthesis compared to T3, with the values 27.11% higher. The other treatments were 
statistically similar. 

The gs was 39.29% and 48.10% higher in T5 than in C1 and C2, respectively. This 
treatment also had a larger stomatal opening than T6 (31.46%), and these two treatments 
were statistically different. In general, all other inoculated treatments showed results that 
were at least equivalent to those in the controls. 

No significant differences in Ci were observed among treatments. Nevertheless, 
strawberries associated with T3 and T5 concentrated more CO2 in their leaves than 
controls. The greatest difference was observed between T5 and C2, with 40.82% more CO2 
in T5. No significant differences were observed in T, but the values found in T5 were again 
higher than those of C1 (35.65%) and C2 (41.82%). 

T3 had a lower yield than the controls, as indicated by its lower WUE and CUE. 
Regarding WUE, this treatment was similar to other inoculated treatments except for T4. 
CUE differed between T3 and T7. 

Furthermore, it is important to emphasize that the controls were equivalent for all 
variables. 

Treatment 6 5.00 ± 1.10a
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All microorganisms were positive for phosphate and potassium solubilization, and 
none produced siderophores. In addition, the microbial growth of all strains resulted in 
acidification of the culture medium. Furthermore, the microorganisms were able to 
synthesize indole-acetic acid. 

3.2. Physiological Assessment 
The results of the gas exchange analysis of the strawberry plants are shown in Table 

3. Bacterial inoculation improved stomatal conductance, internal CO2 concentration, and 
leaf transpiration. 

Table 3. Photosynthetic efficiency (PE), stomatal conductance (gs), internal CO2 concentration (Ci), 
leaf transpiration (T), water use efficiency (WUE), and carboxylation efficiency (CUE) in 
strawberries inoculated with Azospirillum brasilense, Bacillus megaterium, and Brevibacillus fluminis, 
alone and in mixtures. Means are followed by their standard deviations. 

Treatment PE gs Ci T WUE CUE 

 (µmol CO2·m−2·s−1) (mol CO2·m−2·s−1) (µmol·mol−1) (CO2·m−2·s−1) 
(µmol·m−2·s−1) 

(mmol H2O·m−2·s−1)−1 
(µmol·m−2·s−1) 
(µmol·mol−1)−1 

Control 1 8.171 ± 1.90 0.084 ± 0.02 231.76 ± 14.44 1.15 ± 0.30 7.179 ± 0.53 0.035 ± 0.009 
Control 2 8.282 ± 0.94     ⬤ 0.079 ± 0.03     ⬤ 189.1 ± 89.30     ⬤ 1.1 ± 0.41      ⬤ 8.72 ± 3.58      ⬤ 0.065 ± 0.048     ⬤ 

Treatment 1 8.017 ± 1.08ab ⬤ 〇 0.093 ± 0.02ab ⬤ 〇 245.9 ± 20.06a   ⬤ 〇 1.3 ± 0.28a    ⬤ 〇 6.31 ± 0.74ab  ⬤ 〇 0.033 ± 0.004ab ⬤ 〇 
Treatment 2 8.039 ± 2.24ab ⬤ 〇 0.095 ± 0.03ab ⬤ 〇 244.9 ± 35.12a   ⬤ 〇 1.26 ± 0.39a  ⬤ 〇 6.58 ± 1.37ab  ⬤ 〇 0.034 ± 0.014ab ⬤ 〇 
Treatment 3 7.123 ± 0.89b   ⬤ 〇 0.096 ± 0.02ab ⬤ 〇 266.29 ± 23.99a  ⬤ 〇 1.39 ± 0.26a  ⬤ 〇 5.28 ± 1.10b    ⬤ 〇 0.027 ± 0.005b   ⬤ 〇 
Treatment 4 9.353 ± 1.92a   ⬤ 〇 0.102 ± 0.03ab ⬤ 〇 233.77 ± 37.40a  ⬤ 〇 1.37 ± 0.32a  ⬤ 〇 7.02 ± 1.47a    ⬤ 〇 0.041 ± 0.012a   ⬤ 〇 
Treatment 5 9.169 ± 3.22ab ⬤ 〇 0.117 ± 0.02a   ⬤ 〇 263.9 ± 29.96a    ⬤ 〇 1.56 ± 0.26a  ⬤ 〇 5.86 ± 1.49ab  ⬤ 〇 0.036 ± 0.017ab ⬤ 〇 
Treatment 6 7.749 ± 1.17ab ⬤ 〇 0.089 ± 0.02b   ⬤ 〇 240.08 ± 37.85a  ⬤ 〇 1.25 ± 0.32a  ⬤ 〇 6.51 ± 1.63ab  ⬤ 〇 0.033 ± 0.006ab ⬤ 〇 
Treatment 7 9.052 ± 1.47a   ⬤ 〇 0.108 ± 0.02ab ⬤ 〇 250.46 ± 25.46a  ⬤ 〇 1.46 ± 0.21a  ⬤ 〇 6.24 ± 0.88ab  ⬤ 〇 0.037 ± 0.007a   ⬤ 〇 

Closed (⬤) and open (〇) circles indicate comparisons withs Controls 1 and 2, respectively. Green, 
yellow, and red circles indicate that the values are higher than, equivalent to, or lower than those 
observed in the controls, according to the Kruskal–Wallis test (p ≤ 0.05) and pairwise comparison 
with the Dunn test (p ≤ 0.05). Means followed by the same letter do not differ statistically. Control 
1: control without inoculation + fertilization 100% of N and P; Control 2: control without inoculation 
+ fertilization 30% of N and P; Treatment 1: Azospirillum brasilense (Ab-v5), Treatment 2: Bacillus 
megaterium (0004); Treatment 3: Brevibacillus fluminis (MET12M2); Treatment 4: Ab-v5 + 0004; 
Treatment 5: Ab-v5 + MET12M2; Treatment 6: 0004 + MET12M2; Treatment 7: Ab-v5 + 0004 + 
MET12M2. 

The PE of all treatments was equivalent to the means of C1 and C2. However, 
significant differences were observed between treatments. T4 and T3 provided the highest 
and the lowest PEs, with T4 having a PE 32.74% higher. In the same way, T7 also improved 
photosynthesis compared to T3, with the values 27.11% higher. The other treatments were 
statistically similar. 

The gs was 39.29% and 48.10% higher in T5 than in C1 and C2, respectively. This 
treatment also had a larger stomatal opening than T6 (31.46%), and these two treatments 
were statistically different. In general, all other inoculated treatments showed results that 
were at least equivalent to those in the controls. 

No significant differences in Ci were observed among treatments. Nevertheless, 
strawberries associated with T3 and T5 concentrated more CO2 in their leaves than 
controls. The greatest difference was observed between T5 and C2, with 40.82% more CO2 
in T5. No significant differences were observed in T, but the values found in T5 were again 
higher than those of C1 (35.65%) and C2 (41.82%). 

T3 had a lower yield than the controls, as indicated by its lower WUE and CUE. 
Regarding WUE, this treatment was similar to other inoculated treatments except for T4. 
CUE differed between T3 and T7. 

Furthermore, it is important to emphasize that the controls were equivalent for all 
variables. 
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3.2. Physiological Assessment 
The results of the gas exchange analysis of the strawberry plants are shown in Table 

3. Bacterial inoculation improved stomatal conductance, internal CO2 concentration, and 
leaf transpiration. 

Table 3. Photosynthetic efficiency (PE), stomatal conductance (gs), internal CO2 concentration (Ci), 
leaf transpiration (T), water use efficiency (WUE), and carboxylation efficiency (CUE) in 
strawberries inoculated with Azospirillum brasilense, Bacillus megaterium, and Brevibacillus fluminis, 
alone and in mixtures. Means are followed by their standard deviations. 

Treatment PE gs Ci T WUE CUE 

 (µmol CO2·m−2·s−1) (mol CO2·m−2·s−1) (µmol·mol−1) (CO2·m−2·s−1) 
(µmol·m−2·s−1) 

(mmol H2O·m−2·s−1)−1 
(µmol·m−2·s−1) 
(µmol·mol−1)−1 

Control 1 8.171 ± 1.90 0.084 ± 0.02 231.76 ± 14.44 1.15 ± 0.30 7.179 ± 0.53 0.035 ± 0.009 
Control 2 8.282 ± 0.94     ⬤ 0.079 ± 0.03     ⬤ 189.1 ± 89.30     ⬤ 1.1 ± 0.41      ⬤ 8.72 ± 3.58      ⬤ 0.065 ± 0.048     ⬤ 

Treatment 1 8.017 ± 1.08ab ⬤ 〇 0.093 ± 0.02ab ⬤ 〇 245.9 ± 20.06a   ⬤ 〇 1.3 ± 0.28a    ⬤ 〇 6.31 ± 0.74ab  ⬤ 〇 0.033 ± 0.004ab ⬤ 〇 
Treatment 2 8.039 ± 2.24ab ⬤ 〇 0.095 ± 0.03ab ⬤ 〇 244.9 ± 35.12a   ⬤ 〇 1.26 ± 0.39a  ⬤ 〇 6.58 ± 1.37ab  ⬤ 〇 0.034 ± 0.014ab ⬤ 〇 
Treatment 3 7.123 ± 0.89b   ⬤ 〇 0.096 ± 0.02ab ⬤ 〇 266.29 ± 23.99a  ⬤ 〇 1.39 ± 0.26a  ⬤ 〇 5.28 ± 1.10b    ⬤ 〇 0.027 ± 0.005b   ⬤ 〇 
Treatment 4 9.353 ± 1.92a   ⬤ 〇 0.102 ± 0.03ab ⬤ 〇 233.77 ± 37.40a  ⬤ 〇 1.37 ± 0.32a  ⬤ 〇 7.02 ± 1.47a    ⬤ 〇 0.041 ± 0.012a   ⬤ 〇 
Treatment 5 9.169 ± 3.22ab ⬤ 〇 0.117 ± 0.02a   ⬤ 〇 263.9 ± 29.96a    ⬤ 〇 1.56 ± 0.26a  ⬤ 〇 5.86 ± 1.49ab  ⬤ 〇 0.036 ± 0.017ab ⬤ 〇 
Treatment 6 7.749 ± 1.17ab ⬤ 〇 0.089 ± 0.02b   ⬤ 〇 240.08 ± 37.85a  ⬤ 〇 1.25 ± 0.32a  ⬤ 〇 6.51 ± 1.63ab  ⬤ 〇 0.033 ± 0.006ab ⬤ 〇 
Treatment 7 9.052 ± 1.47a   ⬤ 〇 0.108 ± 0.02ab ⬤ 〇 250.46 ± 25.46a  ⬤ 〇 1.46 ± 0.21a  ⬤ 〇 6.24 ± 0.88ab  ⬤ 〇 0.037 ± 0.007a   ⬤ 〇 

Closed (⬤) and open (〇) circles indicate comparisons withs Controls 1 and 2, respectively. Green, 
yellow, and red circles indicate that the values are higher than, equivalent to, or lower than those 
observed in the controls, according to the Kruskal–Wallis test (p ≤ 0.05) and pairwise comparison 
with the Dunn test (p ≤ 0.05). Means followed by the same letter do not differ statistically. Control 
1: control without inoculation + fertilization 100% of N and P; Control 2: control without inoculation 
+ fertilization 30% of N and P; Treatment 1: Azospirillum brasilense (Ab-v5), Treatment 2: Bacillus 
megaterium (0004); Treatment 3: Brevibacillus fluminis (MET12M2); Treatment 4: Ab-v5 + 0004; 
Treatment 5: Ab-v5 + MET12M2; Treatment 6: 0004 + MET12M2; Treatment 7: Ab-v5 + 0004 + 
MET12M2. 

The PE of all treatments was equivalent to the means of C1 and C2. However, 
significant differences were observed between treatments. T4 and T3 provided the highest 
and the lowest PEs, with T4 having a PE 32.74% higher. In the same way, T7 also improved 
photosynthesis compared to T3, with the values 27.11% higher. The other treatments were 
statistically similar. 

The gs was 39.29% and 48.10% higher in T5 than in C1 and C2, respectively. This 
treatment also had a larger stomatal opening than T6 (31.46%), and these two treatments 
were statistically different. In general, all other inoculated treatments showed results that 
were at least equivalent to those in the controls. 

No significant differences in Ci were observed among treatments. Nevertheless, 
strawberries associated with T3 and T5 concentrated more CO2 in their leaves than 
controls. The greatest difference was observed between T5 and C2, with 40.82% more CO2 
in T5. No significant differences were observed in T, but the values found in T5 were again 
higher than those of C1 (35.65%) and C2 (41.82%). 

T3 had a lower yield than the controls, as indicated by its lower WUE and CUE. 
Regarding WUE, this treatment was similar to other inoculated treatments except for T4. 
CUE differed between T3 and T7. 

Furthermore, it is important to emphasize that the controls were equivalent for all 
variables. 

Treatment 7 5.00 ± 0.63a
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Treatment 7 9.052 ± 1.47a   ⬤ 〇 0.108 ± 0.02ab ⬤ 〇 250.46 ± 25.46a  ⬤ 〇 1.46 ± 0.21a  ⬤ 〇 6.24 ± 0.88ab  ⬤ 〇 0.037 ± 0.007a   ⬤ 〇 

Closed (⬤) and open (〇) circles indicate comparisons withs Controls 1 and 2, respectively. Green, 
yellow, and red circles indicate that the values are higher than, equivalent to, or lower than those 
observed in the controls, according to the Kruskal–Wallis test (p ≤ 0.05) and pairwise comparison 
with the Dunn test (p ≤ 0.05). Means followed by the same letter do not differ statistically. Control 
1: control without inoculation + fertilization 100% of N and P; Control 2: control without inoculation 
+ fertilization 30% of N and P; Treatment 1: Azospirillum brasilense (Ab-v5), Treatment 2: Bacillus 
megaterium (0004); Treatment 3: Brevibacillus fluminis (MET12M2); Treatment 4: Ab-v5 + 0004; 
Treatment 5: Ab-v5 + MET12M2; Treatment 6: 0004 + MET12M2; Treatment 7: Ab-v5 + 0004 + 
MET12M2. 

The PE of all treatments was equivalent to the means of C1 and C2. However, 
significant differences were observed between treatments. T4 and T3 provided the highest 
and the lowest PEs, with T4 having a PE 32.74% higher. In the same way, T7 also improved 
photosynthesis compared to T3, with the values 27.11% higher. The other treatments were 
statistically similar. 

The gs was 39.29% and 48.10% higher in T5 than in C1 and C2, respectively. This 
treatment also had a larger stomatal opening than T6 (31.46%), and these two treatments 
were statistically different. In general, all other inoculated treatments showed results that 
were at least equivalent to those in the controls. 

No significant differences in Ci were observed among treatments. Nevertheless, 
strawberries associated with T3 and T5 concentrated more CO2 in their leaves than 
controls. The greatest difference was observed between T5 and C2, with 40.82% more CO2 
in T5. No significant differences were observed in T, but the values found in T5 were again 
higher than those of C1 (35.65%) and C2 (41.82%). 

T3 had a lower yield than the controls, as indicated by its lower WUE and CUE. 
Regarding WUE, this treatment was similar to other inoculated treatments except for T4. 
CUE differed between T3 and T7. 

Furthermore, it is important to emphasize that the controls were equivalent for all 
variables. 

Agronomy 2022, 12, x FOR PEER REVIEW 7 of 23 
 

 

All microorganisms were positive for phosphate and potassium solubilization, and 
none produced siderophores. In addition, the microbial growth of all strains resulted in 
acidification of the culture medium. Furthermore, the microorganisms were able to 
synthesize indole-acetic acid. 

3.2. Physiological Assessment 
The results of the gas exchange analysis of the strawberry plants are shown in Table 
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leaf transpiration. 

Table 3. Photosynthetic efficiency (PE), stomatal conductance (gs), internal CO2 concentration (Ci), 
leaf transpiration (T), water use efficiency (WUE), and carboxylation efficiency (CUE) in 
strawberries inoculated with Azospirillum brasilense, Bacillus megaterium, and Brevibacillus fluminis, 
alone and in mixtures. Means are followed by their standard deviations. 

Treatment PE gs Ci T WUE CUE 

 (µmol CO2·m−2·s−1) (mol CO2·m−2·s−1) (µmol·mol−1) (CO2·m−2·s−1) 
(µmol·m−2·s−1) 

(mmol H2O·m−2·s−1)−1 
(µmol·m−2·s−1) 
(µmol·mol−1)−1 

Control 1 8.171 ± 1.90 0.084 ± 0.02 231.76 ± 14.44 1.15 ± 0.30 7.179 ± 0.53 0.035 ± 0.009 
Control 2 8.282 ± 0.94     ⬤ 0.079 ± 0.03     ⬤ 189.1 ± 89.30     ⬤ 1.1 ± 0.41      ⬤ 8.72 ± 3.58      ⬤ 0.065 ± 0.048     ⬤ 
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Treatment 3 7.123 ± 0.89b   ⬤ 〇 0.096 ± 0.02ab ⬤ 〇 266.29 ± 23.99a  ⬤ 〇 1.39 ± 0.26a  ⬤ 〇 5.28 ± 1.10b    ⬤ 〇 0.027 ± 0.005b   ⬤ 〇 
Treatment 4 9.353 ± 1.92a   ⬤ 〇 0.102 ± 0.03ab ⬤ 〇 233.77 ± 37.40a  ⬤ 〇 1.37 ± 0.32a  ⬤ 〇 7.02 ± 1.47a    ⬤ 〇 0.041 ± 0.012a   ⬤ 〇 
Treatment 5 9.169 ± 3.22ab ⬤ 〇 0.117 ± 0.02a   ⬤ 〇 263.9 ± 29.96a    ⬤ 〇 1.56 ± 0.26a  ⬤ 〇 5.86 ± 1.49ab  ⬤ 〇 0.036 ± 0.017ab ⬤ 〇 
Treatment 6 7.749 ± 1.17ab ⬤ 〇 0.089 ± 0.02b   ⬤ 〇 240.08 ± 37.85a  ⬤ 〇 1.25 ± 0.32a  ⬤ 〇 6.51 ± 1.63ab  ⬤ 〇 0.033 ± 0.006ab ⬤ 〇 
Treatment 7 9.052 ± 1.47a   ⬤ 〇 0.108 ± 0.02ab ⬤ 〇 250.46 ± 25.46a  ⬤ 〇 1.46 ± 0.21a  ⬤ 〇 6.24 ± 0.88ab  ⬤ 〇 0.037 ± 0.007a   ⬤ 〇 

Closed (⬤) and open (〇) circles indicate comparisons withs Controls 1 and 2, respectively. Green, 
yellow, and red circles indicate that the values are higher than, equivalent to, or lower than those 
observed in the controls, according to the Kruskal–Wallis test (p ≤ 0.05) and pairwise comparison 
with the Dunn test (p ≤ 0.05). Means followed by the same letter do not differ statistically. Control 
1: control without inoculation + fertilization 100% of N and P; Control 2: control without inoculation 
+ fertilization 30% of N and P; Treatment 1: Azospirillum brasilense (Ab-v5), Treatment 2: Bacillus 
megaterium (0004); Treatment 3: Brevibacillus fluminis (MET12M2); Treatment 4: Ab-v5 + 0004; 
Treatment 5: Ab-v5 + MET12M2; Treatment 6: 0004 + MET12M2; Treatment 7: Ab-v5 + 0004 + 
MET12M2. 

The PE of all treatments was equivalent to the means of C1 and C2. However, 
significant differences were observed between treatments. T4 and T3 provided the highest 
and the lowest PEs, with T4 having a PE 32.74% higher. In the same way, T7 also improved 
photosynthesis compared to T3, with the values 27.11% higher. The other treatments were 
statistically similar. 

The gs was 39.29% and 48.10% higher in T5 than in C1 and C2, respectively. This 
treatment also had a larger stomatal opening than T6 (31.46%), and these two treatments 
were statistically different. In general, all other inoculated treatments showed results that 
were at least equivalent to those in the controls. 

No significant differences in Ci were observed among treatments. Nevertheless, 
strawberries associated with T3 and T5 concentrated more CO2 in their leaves than 
controls. The greatest difference was observed between T5 and C2, with 40.82% more CO2 
in T5. No significant differences were observed in T, but the values found in T5 were again 
higher than those of C1 (35.65%) and C2 (41.82%). 

T3 had a lower yield than the controls, as indicated by its lower WUE and CUE. 
Regarding WUE, this treatment was similar to other inoculated treatments except for T4. 
CUE differed between T3 and T7. 

Furthermore, it is important to emphasize that the controls were equivalent for all 
variables. 

Closed (

Agronomy 2022, 12, x FOR PEER REVIEW 7 of 23 
 

 

All microorganisms were positive for phosphate and potassium solubilization, and 
none produced siderophores. In addition, the microbial growth of all strains resulted in 
acidification of the culture medium. Furthermore, the microorganisms were able to 
synthesize indole-acetic acid. 

3.2. Physiological Assessment 
The results of the gas exchange analysis of the strawberry plants are shown in Table 

3. Bacterial inoculation improved stomatal conductance, internal CO2 concentration, and 
leaf transpiration. 

Table 3. Photosynthetic efficiency (PE), stomatal conductance (gs), internal CO2 concentration (Ci), 
leaf transpiration (T), water use efficiency (WUE), and carboxylation efficiency (CUE) in 
strawberries inoculated with Azospirillum brasilense, Bacillus megaterium, and Brevibacillus fluminis, 
alone and in mixtures. Means are followed by their standard deviations. 

Treatment PE gs Ci T WUE CUE 

 (µmol CO2·m−2·s−1) (mol CO2·m−2·s−1) (µmol·mol−1) (CO2·m−2·s−1) 
(µmol·m−2·s−1) 

(mmol H2O·m−2·s−1)−1 
(µmol·m−2·s−1) 
(µmol·mol−1)−1 

Control 1 8.171 ± 1.90 0.084 ± 0.02 231.76 ± 14.44 1.15 ± 0.30 7.179 ± 0.53 0.035 ± 0.009 
Control 2 8.282 ± 0.94     ⬤ 0.079 ± 0.03     ⬤ 189.1 ± 89.30     ⬤ 1.1 ± 0.41      ⬤ 8.72 ± 3.58      ⬤ 0.065 ± 0.048     ⬤ 

Treatment 1 8.017 ± 1.08ab ⬤ 〇 0.093 ± 0.02ab ⬤ 〇 245.9 ± 20.06a   ⬤ 〇 1.3 ± 0.28a    ⬤ 〇 6.31 ± 0.74ab  ⬤ 〇 0.033 ± 0.004ab ⬤ 〇 
Treatment 2 8.039 ± 2.24ab ⬤ 〇 0.095 ± 0.03ab ⬤ 〇 244.9 ± 35.12a   ⬤ 〇 1.26 ± 0.39a  ⬤ 〇 6.58 ± 1.37ab  ⬤ 〇 0.034 ± 0.014ab ⬤ 〇 
Treatment 3 7.123 ± 0.89b   ⬤ 〇 0.096 ± 0.02ab ⬤ 〇 266.29 ± 23.99a  ⬤ 〇 1.39 ± 0.26a  ⬤ 〇 5.28 ± 1.10b    ⬤ 〇 0.027 ± 0.005b   ⬤ 〇 
Treatment 4 9.353 ± 1.92a   ⬤ 〇 0.102 ± 0.03ab ⬤ 〇 233.77 ± 37.40a  ⬤ 〇 1.37 ± 0.32a  ⬤ 〇 7.02 ± 1.47a    ⬤ 〇 0.041 ± 0.012a   ⬤ 〇 
Treatment 5 9.169 ± 3.22ab ⬤ 〇 0.117 ± 0.02a   ⬤ 〇 263.9 ± 29.96a    ⬤ 〇 1.56 ± 0.26a  ⬤ 〇 5.86 ± 1.49ab  ⬤ 〇 0.036 ± 0.017ab ⬤ 〇 
Treatment 6 7.749 ± 1.17ab ⬤ 〇 0.089 ± 0.02b   ⬤ 〇 240.08 ± 37.85a  ⬤ 〇 1.25 ± 0.32a  ⬤ 〇 6.51 ± 1.63ab  ⬤ 〇 0.033 ± 0.006ab ⬤ 〇 
Treatment 7 9.052 ± 1.47a   ⬤ 〇 0.108 ± 0.02ab ⬤ 〇 250.46 ± 25.46a  ⬤ 〇 1.46 ± 0.21a  ⬤ 〇 6.24 ± 0.88ab  ⬤ 〇 0.037 ± 0.007a   ⬤ 〇 

Closed (⬤) and open (〇) circles indicate comparisons withs Controls 1 and 2, respectively. Green, 
yellow, and red circles indicate that the values are higher than, equivalent to, or lower than those 
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megaterium (0004); Treatment 3: Brevibacillus fluminis (MET12M2); Treatment 4: Ab-v5 + 0004; 
Treatment 5: Ab-v5 + MET12M2; Treatment 6: 0004 + MET12M2; Treatment 7: Ab-v5 + 0004 + 
MET12M2. 

The PE of all treatments was equivalent to the means of C1 and C2. However, 
significant differences were observed between treatments. T4 and T3 provided the highest 
and the lowest PEs, with T4 having a PE 32.74% higher. In the same way, T7 also improved 
photosynthesis compared to T3, with the values 27.11% higher. The other treatments were 
statistically similar. 

The gs was 39.29% and 48.10% higher in T5 than in C1 and C2, respectively. This 
treatment also had a larger stomatal opening than T6 (31.46%), and these two treatments 
were statistically different. In general, all other inoculated treatments showed results that 
were at least equivalent to those in the controls. 

No significant differences in Ci were observed among treatments. Nevertheless, 
strawberries associated with T3 and T5 concentrated more CO2 in their leaves than 
controls. The greatest difference was observed between T5 and C2, with 40.82% more CO2 
in T5. No significant differences were observed in T, but the values found in T5 were again 
higher than those of C1 (35.65%) and C2 (41.82%). 

T3 had a lower yield than the controls, as indicated by its lower WUE and CUE. 
Regarding WUE, this treatment was similar to other inoculated treatments except for T4. 
CUE differed between T3 and T7. 

Furthermore, it is important to emphasize that the controls were equivalent for all 
variables. 
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5: Ab-v5 + MET12M2; Treatment 6: 0004 + MET12M2; Treatment 7: Ab-v5 + 0004 + MET12M2.

The leaf area also showed a high variability (Figures 4 and 5). C1 showed the largest
area, 77.23% greater than C2 (Figure 4B). Among the inoculated treatments, T7 was statisti-
cally equivalent to C1 and increased the leaf area by 42.77% compared to C2. Leaf area in
other treatments was statistically equivalent to C2 and T7, although lower than C1.

3.7. Root Length

Root length did not differ significantly among the inoculated treatments and was
similar to that observed in C1 (Figure 6). However, the roots in T1, T3, T4, and T7 were
longer than in C2. Root length in T3 was 30.78% larger than in C2.
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Figure 6. Root length of strawberries inoculated with Azospirillum brasilense, Bacillus megaterium, and
Brevibacillus fluminis, alone and in mixtures. Closed (
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3.8. Fresh and Dry Weight
3.8.1. Shoot

C1 accumulated the highest fresh and dry weights (Figure 7). Nevertheless, no signifi-
cant differences were observed in the comparisons between treatments. Furthermore, all
inoculated treatments showed fresh weight equivalent to C2 and lower than C1 (Figure 7A).
C1 had a fresh weight of 52.05% and 90.06% higher than C2 and T1, respectively.

Figure 7. Shoot fresh (A) and dry (B) weights of strawberries inoculated with Azospirillum brasilense,
Bacillus megaterium, and Brevibacillus fluminis, alone and in mixtures. Closed (
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A similar trend was observed for the shoot dry weight (Figure 7B). In this case, C1 had
a shoot dry weight of 54.54% and 92.78% higher than C2 and T1, respectively.

3.8.2. Root

No statistically significant differences were observed for fresh (Figure 8A) and root
dry matter (Figure 8).

Figure 8. Root fresh (A) and dry (B) weights of strawberries inoculated with Azospirillum brasilense,
Bacillus megaterium, and Brevibacillus fluminis, alone and in mixtures. Closed (
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3.8.3. Total Weight

C1 showed the highest fresh and dry weights (Figure 9). On the other hand, T1 showed
the smallest total weight. Fresh weight in T1, T3, T5, and T6 was comparable to C2 and
lower than C1 (Figure 9A), and T2, T4, and T7 did not differ from the two controls. T2, T3,
T4, T7, and C2 had dry weights similar to C1 (Figure 9B). Nevertheless, treatments T1, T5,
and T6 were statistically different from C1 and showed lower dry weights. There were no
significant differences among the inoculated treatments, and no statistical differences were
observed between the inoculated treatments and C2.

3.9. Morphology of Seedling Growth

Seedling length and root development differed among the treatments (Figure 10).
Some showed less shoot development, while others provided greater root development.
For example, C2 plants had prominent primary roots.
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Figure 9. Total fresh (A) and dry (B) weights of strawberries inoculated with Azospirillum brasilense,
Bacillus megaterium, and Brevibacillus fluminis, alone and in mixtures. Closed (
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and the lowest PEs, with T4 having a PE 32.74% higher. In the same way, T7 also improved 
photosynthesis compared to T3, with the values 27.11% higher. The other treatments were 
statistically similar. 

The gs was 39.29% and 48.10% higher in T5 than in C1 and C2, respectively. This 
treatment also had a larger stomatal opening than T6 (31.46%), and these two treatments 
were statistically different. In general, all other inoculated treatments showed results that 
were at least equivalent to those in the controls. 

No significant differences in Ci were observed among treatments. Nevertheless, 
strawberries associated with T3 and T5 concentrated more CO2 in their leaves than 
controls. The greatest difference was observed between T5 and C2, with 40.82% more CO2 
in T5. No significant differences were observed in T, but the values found in T5 were again 
higher than those of C1 (35.65%) and C2 (41.82%). 

T3 had a lower yield than the controls, as indicated by its lower WUE and CUE. 
Regarding WUE, this treatment was similar to other inoculated treatments except for T4. 
CUE differed between T3 and T7. 

Furthermore, it is important to emphasize that the controls were equivalent for all 
variables. 

) circles
indicate comparisons withs Controls 1 and 2, respectively. Yellow and red circles indicate that the
values are equivalent to, or lower than those observed in the controls according to Dunnet’s test
(p ≤ 0.05). Means followed by the same letter do not differ statistically according to Duncan’s test
(p ≤ 0.05). C1: control without inoculation + fertilization 100% of N and P; C2: control without
inoculation + fertilization 30% of N and P; T1: Azospirillum brasilense (Ab-v5); T2: Bacillus megaterium
(0004); T3: Brevibacillus fluminis (MET12M2); T4: Ab-v5 + 0004; T5: Ab-v5 + MET12M2; T6: 0004 +
MET12M2; T7: Ab-v5 + 0004 + MET12M2.

Figure 10. Roots of strawberries inoculated with Azospirillum brasilense, Bacillus megaterium, and
Brevibacillus fluminis, alone and in mixtures. C1: control without inoculation + fertilization 100% of
N and P; C2: control without inoculation + fertilization 30% of N and P; T1: Azospirillum brasilense
(Ab-v5); T2: Bacillus megaterium (0004); T3: Brevibacillus fluminis (MET12M2); T4: Ab-v5 + 0004; T5:
Ab-v5 + MET12M2; T6: 0004 + MET12M2; T7: Ab-v5 + 0004 + MET12M2.

3.10. Correlations between Vegetative Data

The principal component analysis (PCA) with vegetative data explained 84.7% of data
variation (Figure 11). Three groups of variables can be observed: group 1, composed of
root length, crown diameter after 15 days, and leaf area; group 2, composed of the number
of leaves; group 3, referring to fresh and dry weights.
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Figure 11. Principal component analysis with the morphoanatomical variables. CD15: crown
diameter (Day 15), FA: leaf area, NL: number of leaves, RL: root length, SF: shoot fresh weight,
SD: shoot dry weight, RF: root fresh weight, RD: root dry weight, TF: total fresh weight, TD: total
dry weight.

C1 had the highest biomass, root length, crown diameter, and leaf area, followed by
T2, T3, T4, and T7. Meanwhile, T2 was associated with a larger number of leaves. T1, T6,
and T5 had the lowest biomass accumulation. C2 had a drastically reduced biomass gain
compared to C1.

3.11. Correlations among the Physiological Data

The PCA explained 76.7% of the data variation (Figure 12). Three groups of variables
can be delimited: group 1, formed exclusively by nutrient contents; group 2, consisting of
PE, Ci, T, and gs; group 3, related to total chlorophyll, WUE, and CUE. T1 differed from the
others and had the lowest nutrient contents; T3, T4, T6, and T7 showed nitrogen contents
similar to C1; T3 and T5 showed the highest Ci and T.

Figure 12. Principal component analysis with physiological variables. Ci: internal CO2 concentra-
tion, T: leaf transpiration, gs: stomatal conductance, PE: photosynthetic efficiency, WUE: water use
efficiency, CUE: carboxylation efficiency, N: nitrogen, P: phosphorus, K: potassium, Ca: calcium, Mg:
magnesium, TCHL: total chlorophylls.
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3.12. Similarity among Treatments

The similarity dendrogram shows two major treatment groups (Figure 13). One group
was formed by the controls and the other by the inoculation treatments. By associating
these results with the PCAs (Figures 11 and 12), it could be inferred which factors were
responsible for this grouping pattern. The formation of the groups was not delimited by
the number of species and their combinations.

Figure 13. Dendrogram displaying the distances between the different inoculation treatments of
strawberries. Ward’s method for minimum variances and the Euclidean distance were chosen.
Comparison between treatments and controls. C1: control without inoculation + fertilization 100% of
N and P; C2: control without inoculation + fertilization 30% of N and P; T1: Azospirillum brasilense
(Ab-v5); T2: Bacillus megaterium (0004); T3: Brevibacillus fluminis (MET12M2); T4: Ab-v5 + 0004; T5:
Ab-v5 + MET12M2; T6: 0004 + MET12M2; T7: Ab-v5 + 0004 + MET12M2.

Control plants had higher WUE and CUE in common, with C1 seedlings showing
greater biomass and C2 seedlings showing the highest amount of chlorophyll. Treatments
T4 and T7 had plants with similar shoot development (CD15 and FA) and nutrient contents,
which may be related to the inoculation of A. brasilense and B. megaterium, shared by
both treatments. T2 was the closest treatment, differing in that it received B. megaterium
only. This bacterium, under certain conditions, increased the number of leaves but not
nutrient accumulation. T5 showed better gas exchange (T, gs, Ci), which indicates that
the combination of A. brasilense and B. fluminis was responsible for this behavior. T3
and T6 were put in the same group but did not stand out significantly in the evaluated
aspects. However, B. fluminis inoculation in T3 stimulated root elongation. Lastly, T1
indicates that the isolated inoculation of A. brasilense did not benefit most aspects evaluated.
However, when applied in consortia, this species potentialized growth promotion as seen
in treatments T4, T5, and T7.

4. Discussion
4.1. Growth-Promoting Aspects of the Bacteria

As observed in the results, the three bacterial strains used here provide essential nutri-
ents for plant growth. Previous reports indicated that microbes from these species have
several plant-growth mechanisms. For example, Toffoli et al. [45] evinced the ability of sev-
eral Azospirillum strains to solubilize phosphate in NBRIP medium. B. megaterium is widely
reported as a phosphate solubilizer, and Kang et al. [46] reported that its solubilization halo
could be greater than 6 mm when cultured for 96 h. The study by Yadav et al. [47] demon-
strated the ability of a Brevibacillus strain to solubilize 223.1 mg of tricalcium phosphate
per liter.
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Siderophores are low-molecular-weight molecules that chelate iron in soils [48]. Var-
ious bacteria, including the species studied here, produce these molecules [49–51], al-
though not detected among our strains. In addition, Liu et al. [52] inoculated siderophore-
producing Paenibacillus illinoisensis and Bacillus sp. in peanuts (Arachis hypogaea) cultivated
in calcareous soils. The bacteria benefited the plant’s iron absorption from the soil, increas-
ing its content in leaves and promoting the accumulation of other nutrients.

Additionally, we observed a relationship between growth characteristics in the culture
media and nutrient solubilization ability. For example, all bacteria acidified the culture me-
dia, indicating organic acid production. These molecules assist in the release of phosphorus,
calcium, and potassium from sources not available for plant assimilation [53].

The inoculated strains also produce IAA, a hormone responsible for cell division,
elongation, and enlargement, affecting root development [54]. Its synthesis depends on the
tryptophan amount in the environment, regulated by the plant that exudes this amino acid
through the roots [55].

Furthermore, these mechanisms and the co-inoculations performed explain the growth
behavior of the seedlings, e.g., the production of IAA. This plant hormone is responsi-
ble for cell division, elongation and enlargement, being extremely responsible for root
development [54]. However, the synthesis of this auxin is dependent on the amount of
tryptophan in the environment; thus, the plant itself is responsible for regulating the syn-
thesis of this phytohormone by the bacteria since it manages to exude this amino acid
through the roots [55]. Furthermore, the addition of tryptophan favors the plant–microbe
interaction, influencing the modulation of the bacterial population in the soil. The study by
Przemieniecki et al. [56] evinced this interaction, where soils fertilized with L-tryptophan
benefited the proliferation of Bacillus spp., in addition to providing an improvement in the
quality of nutrient assimilation of perennial ryegrass (Lolium perenne).

Coupling several plant-growth promoting mechanisms is strategic in the development
of microbial inoculants, and several studies indicate that the inoculation of microorganisms
in combinations promotes better benefits to the plant [15,57,58].

4.2. The Impacts of Microorganisms on Strawberry Physiology

Three factors must be considered to discuss the results of this study: (1) the bacterial
inoculation effect, (2) the strawberry’s metabolism and physiology itself, and (3) the impact
of fertilization. In general, the results indicate that the inoculation of microorganisms
benefits the growth of the strawberry, but each combination of bacteria was responsible for
favoring specific aspects, with no treatment that stood out in all parameters of the others.

First, the photosynthetic efficiency (PE) varied between 7.1 and 9.3 µmol CO2·m−2·s−1,
with differences observed among the inoculated treatments, although these did not dif-
fer from the controls. Other studies indicated that microbial inoculation influenced PE,
resulting in higher rates than uninoculated plants [59,60].

Among the combinations, the consortium between A. brasilense and B. megaterium
(T4) improved PE if compared to the single inoculation of B. fluminis (T3). According to
Samaniego-Gámez et al. [60], the CO2 produced by microbial respiration can benefit photo-
synthesis. Furthermore, Rozpadek et al. [61] stated that plants change their photosynthetic
apparatus after endophytic colonization.

Considering that the PE was relatively equal among the controls, we can assume that
the C2 strawberries compensated for the nutritional deficit by allocating their resources
to produce chlorophylls. This may explain the higher concentration of total chlorophylls,
which were even higher than the rates observed in C1, and the considerably high values
of foliar N and Mg, i.e., structural components of chlorophyll. Agathokleous et al. [62]
suggested that the concentration of chlorophylls increases under low stress and that this
mechanism is adopted to minimize more severe stresses.

The stomatal conductance of T5 (A. brasilense + B. fluminis), with 0.117 mol CO2·m−2·s−1,
was higher than in the controls and T3. As a result of the higher stomatal conductance, T5
had a higher internal concentration of CO2 and a higher transpiration rate, corroborating
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the results of Mikiciuk et al. [63]. Morais et al. [64] also found higher transpiration and
stomatal conductance in plants inoculated with bacteria.

T3 also showed a higher internal concentration of CO2, although not superior for
other photosynthetic variables. On the other hand, it had lower water use efficiency (WUE)
and carboxylation efficiency (CUE), indicating a greater water loss for each absorbed CO2
molecule and lower affinity of RUBISCO with available CO2, respectively. Morais et al. [64]
also observed lower water use efficiency in plants inoculated with Bacillus strains (B106
and B167A). In addition, the lower CUE in T3 can be attributed to a condition of CO2
excess, where its accumulation in the leaves can provide a decrease in the rate of ATP/ADP
available in chloroplasts; consequently, the energy imbalance reduces the activation of
RUBISCO activase and the catalytic performance of the enzyme [65,66].

Regarding the concentration of nutrients, T4 promoted the highest nutrient accumula-
tion. This was possibly due to the consortium’s effectiveness in promoting the solubilization
of nutrients. Similar results were obtained in the study by Ribeiro et al. [67], where the
co-inoculation of A. brasilense and Bacillus provided better assimilation of nutrients in corn
compared to single inoculations.

4.3. Strawberry Growth Promotion

As observed, the microorganisms provided differentiation in shoot growth, benefiting
the initial growth of the crown diameter in the first 15 days of evaluation. Similar results
were observed by Andrade et al. [19], who described a positive inoculation effect on
strawberry’s development, where their inoculation contributed to increasing the plant’s
crown diameter. For example, A. brasilense increased this extension by approximately 30
cm in 80 days.

Regarding the number of leaves, all treatments had similar averages, with 70.37%
of the seedlings having a total of five or six leaves. Furthermore, the leaf area of T7 was
the only one that differed from C2, indicating a positive effect of the triple microbial
consortium. The effects of this treatment were equivalent to the uninoculated control with
complete fertilization (C1). Other studies highlighted the benefits of using microorganisms
to increase leaf area [68,69].

The inoculations, especially with B. fluminis (T3), increased root length significantly.
Above all, auxins are responsible for root elongation. Consequently, the more extensive
root surface enables the plant to better exploit the soil for nutrients [70]. Nevertheless, the
length of the roots did not necessarily represent roots with a greater weight. This may
be related to the plant’s strategy to explore the environment, especially when comparing
treatments T3 and C2. In a way, the plants with better resource access grew more vertically
and gained root length; these resources may be the hormones released by bacteria [71].
Conversely, when these resources are scarce, plants may prioritize horizontal growth, with
greater prominence of primary and voluminous roots [72].

Seedlings in C1 had a considerably higher shoot and total weight, showing that the
inoculation associated with the fertilization of 30% N and P could not provide a biomass
accumulation that surpassed the fertilization with 100% of these nutrients. On the other
hand, C2, which was not inoculated, was sometimes equivalent to inoculated treatments or
C1. This indicates that the strawberry does not depend exclusively on the applied inoculum
under our experimental conditions. Therefore, some factors can be suggested to explain this
result. Firstly, a more extended evaluation time would possibly result in a more significant
biomass accumulation by the inoculated treatments. Secondly, higher N and P fertilizations
associated with inoculations would also allow greater biomass assimilation.

Other studies indicated that microbial inoculation benefits plant biomass accumu-
lation [64,73]. Additionally, microbial inoculants may confer a more significant biomass
gain under higher fertilization. For example, Andrade et al. [19] showed that the inocula-
tion of A. brasilense + Burkholderia cepacia + Enterobacter cloacae supplemented with 50% N
fertilization increased strawberry’s biomass by 160.13% (12.54–32.62 g).
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We highlight the relevance that the use of microorganisms played in stimulating
strawberry’s development. The inoculations improved most of the variables analyzed;
the inoculated treatments with reduced fertilization showed higher yields than C2 and
were even equivalent to C1. Therefore, microbial inoculation compensates for the lower
fertilization, allowing its reduction by 70%. Similar results were achieved in other studies.
For example, Rosa et al. [74] showed that using A. brasilense and Bacillus subtilis reduced
sugarcane’s demand for phosphate fertilization by 75%. Likewise, Bona et al. [75] con-
cluded that the consortium application, composed of an arbuscular mycorrhizal fungus +
Pseudomonas sp. + Pseudomonas fluorescens, helped to reduce tomato fertilization in the field
by 30%.

5. Conclusions

The bacteria used in this study could solubilize phosphate and potassium, acidify the
culture medium, and synthesize indole-acetic acid. Compared to the uninoculated controls,
microbial inoculation increased gas exchange, especially the combination of A. brasilense
and B. fluminis. (T5), as expressed by the higher stomatal conductance, leaf transpiration,
and internal CO2 concentration. Regarding the concentration of leaf nutrients, inoculating
A. brasilense and B. megaterium (T4) increased N and Mg contents. Lastly, inoculation
stimulated crown growth, root elongation, and leaf area.

Bacterial inoculation could reduce fertilizer demand by up to 70% since most treat-
ments were statistically equivalent to 100% N and P application. Consequently, the use of
growth-promoting bacteria is increasingly necessary and viable for the development of
sustainable agriculture.

The selected microorganisms showed remarkable plant growth-promoting charac-
teristics, whereby either single or combined inoculations could lead to similar results
depending on the bacteria used and their interaction with the strawberry. In this way, new
studies should be carried out to better understand the interaction between the strawberry
and plant growth-promoting bacteria and even formulate bioinoculants based on these
microorganisms.
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