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Abstract: The use of microorganisms capable of promoting the growth and development of crops is
generating interest at a global level as a sustainable technique in modern agriculture, especially in
intensive farming systems, where the excessive use of synthetic fertilizers has led to environmental
problems. The objective of this research was to evaluate the biofertilizing power of formulations
enriched with plant growth-promoting bacteria (PGPB) (Azotobacter spp. to fix N and strains of
Bacillus spp. to solubilize P and K not bioavailable for plants) to improve the fertility, quality, and
productivity of a tomato crop and their potential use as an alternative to conventional fertilizers.
Thus, NPK levels in soils, leaves, and fruits were evaluated; various parameters of fruit quality were
measured; and an exhaustive analysis of the production and economic yields of the harvest was
carried out. The results showed that the periodic supply of biofertilizers based on PGPB increased
the harvest yield (20-32%) and favored the development of larger fruit sizes, which are economically
more valuable, and the incomes increased even more than production (32-52%). The biofertilizers
also demonstrated a positive effect on the solubilization of P and K in the soil, and the levels of P
in leaves were also promoted. The capacity to mobilize the nutrients from soil to fruits was clearly
favored when PGPB were inoculated periodically, and a reduction of up to 20% in synthetic fertilizers
was accomplished (16, 34, and 23% increases for N, P, and K, respectively, against the treatment
without PGPB and no fertigation reduction). Finally, the use of PGPB did not show appreciable
differences regarding fruit quality parameters.

Keywords: plant growth-promoting microorganism; biofertilizer; reduced inorganic fertigation

1. Introduction

The model of intensive agriculture in plastic greenhouses used in southeastern Spain
exploits the advantage of good regional climate characteristics to, together with techno-
logical and innovative developments, obtain vegetable yields that supply the European
market during much of the year [1]. Within horticultural crops, tomato (Solanum lycoper-
sicum) stands out, with an estimated global production of more than 180 billion tons and a
cultivation area of more than 5 million ha in 2021 [2]. Spain is one of the largest tomato
producers, with a production of 4,754,380 tons and a cultivation area of 56,106 hectares,
with Andalusia being the community with the largest tomato cultivation area in the coun-
try, with 21,356 ha [3]. At the provincial level, Almeria has the largest surface area of
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8201 ha [4]. The majority of this crop is grown in an intensive greenhouse cultivation
system. These cultivation systems, although they have yielded great results in terms of
production, have caused negative effects on the ecosystem, including salinization and
contamination of aquifers and the generation of waste derived from the intensive use of
fertilizers and phytosanitary treatments [5-7]. Therefore, developing a more sustainable
agriculture model will lead to the implementation of strategies that will increase the effi-
cient use of resources, such as water and fertilizers. For example, the use of biofertilizers or
bacterial inoculants (plant growth-promoting bacteria, PGPB) capable of promoting the
growth and development of crops is generating interest at the global level as a sustainable
modern agricultural technique [8,9]. The positive effects of the application of certain mi-
croorganisms on the productivity of crops are known [10-12]. However, the extent to which
microorganisms can offer plant protection [9] and the ability to increase the availability of
nutrients through the biological fixation of N or the solubilization of forms of P and K that are
not bioavailable for plants remain unclear [13-15]. The use of PGPB in intensive agriculture is
of great interest for two reasons: PGPB can increase crop yields and help reduce the inputs
of fertilizers and pesticides. It has been demonstrated that the use of biofertilizers enriched
with microorganisms can stimulate growth and increase crop yields through different direct
or indirect mechanisms of action. They can increase nutrient availability in the rhizosphere,
biological nitrogen fixation, siderophore production, nutrient uptake, and translocation [16],
and can enhance the photosynthetic activity and growth parameters [17]. Additionally, some
PGPRs are able to decrease ethylene levels, and the biosynthesis and signaling of phytohor-
mones (such as indole-3-acetic acid (IAA)) that can boost plant growth and fruit size [18-20].
Although there are studies on the potential of PGPB for crop improvement, they are limited
to intensively cultivated crops [21]. Thus, the objectives of this study are to analyze the use
of biofertilizer products based on PGPB to improve the production of a commercial tomato
crop and reduce the use of synthetic fertilizers and to evaluate the influence of PGPB on soil
fertility and fruit quality.

2. Materials and Methods
2.1. Location and Crop Characteristics

The trial was carried out in an intensive long-life tomato cultivation cycle from
September 2020 to May 2021. Cultivation was performed in a commercial “raspa and
amagado” greenhouse (13,700 m?) with a north-south orientation at the following coor-
dinates: 36°52/37.3"” N and 2°23'40.5” W (Almeria, Spain). The plant material used was
tomato (Solanum lycopersicum L.) var. Rebellion VI-3831 grafted on Emperador rootstock;
plants were transplanted on 20 September 2020 at the 4-leaf stage to a “sanded” soil system
(Figure 1). The planting density was 0.8 plants/m? (1.6 stems/m?). The agronomic manage-
ment of the crop was similar to the conventional techniques recommended in commercial
greenhouses in the Almeria region [22].
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Figure 1. Sand cultivation system used in the trial and typical of intensive agriculture in Almeria
(Spain).



Agronomy 2023, 13, 2286

30f13

2.2. Fertigation System

The supply of irrigation water and fertilizers was carried out through an automated
fertigation system, consisting of an irrigation head, 4 fertilizer tanks with a capacity of
1000 L each, and a Venturi system that allowed the modification of the proportional injection
from each tank and the division of the cultivation area into different irrigation sectors,
making it possible to apply a different nutrient formula in each sector.

The tanks contained the following fertilizer preparations: Tank 1, 100 kg of calcium
nitrate per 1000 L; Tank 2, 100 kg of potassium nitrate per 1000 L; Tank 3, 25 L of phosphoric
acid and 25 kg of magnesium sulfate; and Tank 4, 50 kg of ammonium nitrate (33.5%) and
50 kg of ammonium sulfate (21%).

Fertilization was modified throughout the stages of the cultivation cycle. Table 1 lists
the injection rates used for each tank during each cultivation phase.

Table 1. Distribution of percentages (%) of the use of the irrigation tanks according to the cultiva-

tion phase.

Phase Tank 1 Tank 2 Tank 3 Tank 4
Growth 17 33 33 17
Setting 33 33 20 13

Collection 33 33 11 22

The concentration of the fertilizers was regulated by the values of the electrical conduc-
tivity (EC) and pH established in the irrigation programmer, which controlled the irrigation
time and duration. For this study, the irrigation water had a conductivity of 4.1 mS/cm,
and a base increase in the EC was established by inorganic fertilizers (1.2 mS/cm) (Table 1).

The provision of irrigation water and fertilizers was carried out through a system of
self-compensating drippers (the flow was independent of the pressure) separated by 50 cm.
The duration of the irrigation was 30 min, with a flow of 1.5 L/h.

2.3. Biofertilizers

The microorganisms used were the bacteria Azotobacter vinelandii (atmospheric ni-
trogen fixer), Bacillus aerius (phosphorus solubilizer), and Bacillus aerophillus (potassium
solubilizer). The selection of an Azotobacter strain as N biofertilizer is based on its known
ability to fix atmospheric N [23]. The identification and selection of the bacteria were carried
out by morphological (color, texture, size, margins of the colony, elevation on the agar, and
shape of the colony) and biochemical (catalase activity, motility test, oxidase activity, citrate
test, indole test, methyl red test, Voges—Proskauer test, triple sugar ion test, and nitrate
reduction test) characteristics [24]. Potential P and K solubilizing bacteria were selected and
tested, placing colonies in Reyes and Aleksandrow agar media, respectively, and incubated
at 28 £ 2 °C for fifteen days and checked daily. Bacterial colonies with clear halos (zones)
indicated solubilizing activity. The phosphate (PSI) and potassium solubilization indices
(KSI) were calculated as colony diameter + halo diameter/colony diameter. Bio P showed a
PSI value of 3.58 and Bio K a KSI value of 4.01.

The microorganisms were applied on the basis of the commercial products Bio N®,
Bio P®, and Bio K® from Nostoc Biotech SL. The products consist of 1 L bottles with culture
medium and a bacterial concentration of 108 UFC/mL. The application of the biofertilizers
was carried out using the same drip irrigation system that was used for inorganic fertigation,
and there was no mixing of fertilizer types.

2.4. Treatments and Experimental Design

The greenhouse surface was divided into four zones with similar areas (approximately
3400 m? each, 2700 tomato plants in each area, with a 0.8 plant m~2 density); the zones were
delimited by the irrigation sectors and placed in the same orientation as the greenhouse. The
treatments applied in each area were as follows: TO (control), application of conventional
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fertigation throughout the crop cycle and without biofertilizers (EC made equal to that of
the irrigation water (+1.2 mS/cm) by inorganic fertilizers); T1, application of conventional
fertigation throughout the cycle and only an initial inoculation of bacteria 12 days after
transplantation; T2, same fertigation system as in the previous treatments and inoculation
of bacteria every approximately 40 days, starting 12 days after transplantation; and T3,
inoculation of bacteria as in the previous treatment (T2) and a 20% reduction in fertigation
with inorganic fertilizers (EC made equal to that of irrigation water (+0.96 mS/cm) by
inorganic fertilizers). In each biofertilizer application, a 1 L bottle of each of the Bio N®,
Bio P®, and Bio K® products was used, with the first application in 3 of the 4 greenhouse
treatments and the remaining applications in half of the treatments (Table 2). The bacterial
density was 108 UFC ml~! in each bottle, which resulted in the number of each bacterial
type per plant and inoculation ranging theoretically between 1.23 and 1.84 x 10”7 UFC.

Table 2. Application of biofertilizers by treatment.

Inoculation with

*
PGPR DAT TO T1 T2 T3
Ist 12 X X X
2nd 52 X X
3rd 92 X X
4th 120 X X
5th 162 X X

DAT: Days after transplanting. TO: control treatment; T1: inoculation with bacteria once, without a reduction
in fertigation; T2: inoculation with bacteria every 40 days, without a reduction in fertigation; T3: inoculation
with bacteria every 40 days and a 20% reduction in fertigation. * In this treatment, fertigation based on inorganic
fertilizers was reduced by 20%.

2.5. Fruit Production and Quality

Nineteen tomato fruit collections were performed between January and May of 2021
(114, 120, 127, 135, 139, 144, 150, 157, 164, 171, 178, 184, 190, 197, 215, 219, 226, 233,
and 289 DAT). For each collection, data from 4 groups of 10 plants (totaling 20 stems)
per treatment were recorded. The equatorial diameter of the fruit was measured by
calipers, according to the sales criteria of the marketing company CASI: G (67-82 mm); GG
(82-102 mm); GGG (>102 mm), and lower categories (<67 mm). These values correspond
to categories lower than 8, 8 (G), 9 (GG), and 10 (GGG), respectively, of the standard Codex
Stan 293-2008 [25]. The fruits were counted and subsequently weighed with an ADAM
BCKT-48K-001 scale (resolution 2 g). The production data were normalized to the ratio of
kg m~2 of surface area, and after the farmer supplied the sales data by size, the income for
each treatment was extrapolated (Table 2).

Several of the fruits were used to determine various quality parameters. The equatorial
firmness of the fruits was measured with a penetrometer (PCE-PTR 200 N, Albacete, Spain)
with an 8 mm diameter strut and a surface area of 0.5 cm?. The pH, electrical conductivity,
°Brix (total soluble solids, % TSS), and titratable acidity were measured in the juice of
liquefied fruits. The pH and EC were measured with Laqua pH 1100-S and EC2000 sensors
(Horiba Advanced Techno, Co., Kisshoin, Japan), respectively. The percentage TSS was
obtained with a hand-held refractometer (Atago Co., Tokyo, Japan). For titratable acidity
(TA), 20 mL of the filtered juice was collected under vacuum for subsequent titration with
0.1 N NaOH, and the maturity index (%) was calculated as the TSS/TA ratio [26].

2.6. NPK Macronutrient Analysis in Soils, Leaves, and Fruits

Before the establishment of the crops, soil samples were taken at 4 random points
within the greenhouse to determine the initial values of soil nutrients. Later, during the
development of the crop, five points were randomly selected within each treatment sector,
and two samplings were carried out on different dates, one in the vegetative growth phase
(99 DAT) and the other in the fruit harvesting season (171 DAT, on the date of the tenth
cut). To obtain the samples, pits were made in the area of the irrigation bulb, approximately
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10 cm from a dripper and between 5 and 15 cm deep after the surface sand layer was
removed. Approximately 1.5 kg of soil was collected from the 5 sampling points in each
sector, and the soil was divided into 3 replicates of 500 g for laboratory analysis.

Leaf sampling was carried out at 157 and 171 DAT (on the dates of the eighth and tenth
fruit cuts). On each date and in each treatment, 45 fully developed leaves were randomly
taken from the plants located in the central lines of each treatment sector, thus eliminating
the edge effect [27]. Subsequently, they were placed in plastic bags in isothermal containers
until analysis in the laboratory. The leaves were washed and dried at 65 °C to a constant
weight. They were then sorted into groups of 15 and ground in a mill (Bosch TSM6A011 W,
Germany) to a fine powder.

Fruit sampling was carried out approximately halfway through the harvesting season
(10th cut, 171 DAT), and 18 fruits were randomly taken per treatment. Parts of different
fruits were cut into pieces, and three samples of 200 g per treatment were dried at 65 °C to
a constant weight and then ground into a fine powder.

Finally, the levels of nitrogen, phosphorus, and potassium in the soil, leaves, and
fruits were determined using the Kjeldahl method [28], Olsen method [29], and atomic
absorption [30], respectively.

2.7. Statistical Analysis

The sampling described above was established in a completely randomized block
design. The results obtained were subjected to analysis of variance (ANOVA) to assess the
differences between treatments. If significant differences existed, the separation of means
was evaluated by a Tukey test at p < 0.05. Statistical analysis was carried out using the
Statgraphics Centurion 18 software.

3. Results and Discussion
3.1. Harvest Productivity

Although the production data in all treatments were initially similar, after cut 8
(157 DAT), the recurrent treatments with biofertilizers (T2 and T3) began to stand out
(Figure 2), with final accumulated production values of 13.21 kg m~2 and 14.69 kg m 2.
This represented a production increase of 20 and 33%, respectively, compared to the control
treatment TO (11.00 kg m~2). The enhancing and cumulative effects of the PGPB used in
this study were evident in the T1 treatment, for which a production of 12.00 kg m~2 was
obtained after a single application (9% more productive than T0).

One key factor in the higher production achieved in treatments T2 and T3 was the
production of higher percentages of fruits of the largest sizes (GGG and GG) (>40%, 6.68
and 8.16 kg m 2, respectively). On the other hand, in the TO treatment, the smallest sizes (G
and lower categories) represented up to 70% of the fruits, totaling 6.62 kg m~2 (Figure 3).

The average weight of the fruits by treatment and commercial category (Figure 4) did
not show significant differences, except in the lower categories. However, the T3 treatment
showed, on average, slightly heavier fruit weights.

The ability of selected bacteria to promote productivity has been demonstrated in
previous studies [31-33]. Luna et al. [34] studied the influence of the application of different
PGPB (Bacillus sp., Bacillus licheniformis, Bacillus amyloliquefaciens, and Gluconacetobacter
diazotrophicus) on the harvest yield, the number of fruits, and the weight of the fruits in
tomato, reporting increases of 52%, 13%, and 31%, respectively. The authors pointed out,
as a probable cause of these increases, the stimulation of the synthesis of phytohormones
(IAA, gibberellic acid, ethylene, etc.). Other authors showed that bacteria could be key in
increasing the synthesis of hormones, such as auxins, cytokinins, and gibberellins [35-37].
In this study, it was not possible to analyze the values of phytohormones in plants, but we
suspect that the bacteria used in this study could also influence the production of some of
the hormones described above. This would explain the higher fruit production and larger
fruit sizes.
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Figure 2. Evolution of the cumulative and total production of tomato during the cultivation cycle.
DAT: Days after transplanting. TO: control treatment; T1: inoculation with bacteria once, without
a reduction in fertigation; T2: inoculation with bacteria every 40 days, without a reduction in
fertigation; T3: inoculation with bacteria every 40 days and a 20% reduction in fertigation. Different
letters indicate significant differences at p < 0.05 (Tukey’s test).
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Figure 3. Distribution of fruits by treatment and commercial size. TO: control treatment; T1: inoc-
ulation with bacteria once, without a reduction in fertigation; T2: inoculation with bacteria every
40 days, without a reduction in fertigation; T3: inoculation with bacteria every 40 days and a 20%
reduction in fertigation. Different letters indicate significant differences at p < 0.05 (Tukey’s test).
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Figure 4. Average weight of fruits by treatment and commercial category. TO: control treatment; T1:
inoculation with bacteria once, without a reduction in fertigation; T2: inoculation with bacteria every
40 days, without a reduction in fertigation; T3: inoculation with bacteria every 40 days and a 20%
reduction in fertigation. Different letters indicate significant differences at p < 0.05 (Tukey’s test).

3.2. NPK Contents in Soils, Leaves, and Fruits
3.2.1. NPK Contents in Soils

The results of the initial soil analysis prior to the establishment of the crop reflected a
moderate fertility level for N (0.15 = 0.02%) and high fertility levels for P (260.43 & 37.79 ppm)
and K (316.25 & 70.16 ppm), according to the ranges found in soils with similar charac-
teristics in greenhouses of the Almeria region [6,38]. Figure 5 shows the variations in the
levels of soil fertility in samples taken in two crop stages (vegetative growth phase and fruit
collection phase) after the application of PGPB, showing the fertilizing effect of the bacteria.
In Figure 5A, the levels of total nitrogen (%) are shown. There were no relevant differences
between treatments, and all showed an ostensible decrease towards the end of the crop
life, probably because of a greater demand for and extraction of this nutrient in the fruit
formation stage. Regarding the assimilable P in the soil (Figure 5B), in the treatments with
the inoculation of bacteria, the levels of this macronutrient were maintained in the fruit
harvesting stage, while in the control treatment (T0), P was clearly reduced, as occurred
for N. On the other hand, K levels increased notably with respect to the initial values
in all treatments in the vegetative growth phase, but they also decreased significantly in
the fruit collection stage in all treatments (Figure 5C). However, the availability of K was
significantly higher (p < 0.05) in the treatments with bacteria than in the control treatment
without biofertilizers (T0) in the fruit collection phase. Comparatively higher NPK contents
were measured in the T1 treatment than in the other treatments; this may not be due to the
effect of a single inoculation of the bacteria, but rather due to the fact that the soil sampling
in this sector was carried out in an area of overfertilization due to a malfunction of the
drippers or because it was an area where subsurface drainage accumulated.
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Figure 5. NPK fertility levels in soil. (A) Nitrogen (%); (B) Available Phosphorus; (C): Potassium
content. TO: control treatment; T1: inoculation with bacteria once, without a reduction in fertigation;
T2: inoculation with bacteria every 40 days, without a reduction in fertigation; T3: inoculation with
bacteria every 40 days and a 20% reduction in fertigation. The dashed line indicates the initial NPK
values prior to the establishment of the culture. Different letters indicate significant differences at
p < 0.05 (Tukey’s test).

In general, discounting the effect of previous overfertilization in the T1 treatment, the
results show that the T2 treatment (periodic inoculation of PGPB and without a reduction
in inorganic fertigation) was the most effective in maintaining or improving the fertility of
the soils in terms of NPK nutrients. This is not surprising since the bacteria contained in
the Bio K and Bio P products remobilize those inorganic fertilizers, which precipitate into
non-bioavailable forms for plants after being applied by fertigation. Results similar to those
presented in this work have been described by Reyes-Castillo et al. [11], who mentioned
that with the inoculation of a tomato culture with endemic rhizobacteria strains (N,-fixing
bacteria Pseudomonas, strain Tmt-16 and K solubilizing bacteria, strains P. gessardi, Ls-C21,
P. koreensis, Ltj-62 P. brassicacearum Acinetobacter: LsC-58, and A. calcoaceticus), the levels of
N and K available to plants in soil with a low level of fertility were maintained and even
increased. To explain these results, the authors cited the acidifying effect of PGPB on the
soil and the higher root growth promoted by the N,-fixing bacteria. Saia et al. [39] found
an increase in the availability of P (over 300%) and a significant improvement in the growth
and accumulation of biomass in tomato and corn plants when using different consortiums
of PGPB (Micrococcus, Pantoea, and Pseudomonas) and a low-solubility P fertilizer (Gafsa rock
phosphate). These results demonstrate the strong capacity of PGPB to solubilize P from
recalcitrant sources, probably due to the greater release of organic acids, such as gluconic
and acetic acids and citric and 2-ketogluconic acids. On the other hand, Mehta et al. [10]
reported a significant increase in NPK levels in the soil, with increases greater than 95% for
N, 30% for P, and 60% for K with B. circulans CB7 inoculation. They explained the increase
in N by the capacity of the CB7 strain to fix N based on its nitrogenase activity and the
increase in the availability of phosphorus by the decrease in soil pH due to the production
of organic acids by said bacteria.

3.2.2. NPK Contents in Leaves

The analysis of NPK contents in leaves is also very useful for understanding the
nutritional status of plants. Regarding the levels of N and K, significantly lower values
were observed in treatment T3 (probably due to the 20% reduction in EC from fertigation)
than in the other treatments, between which there were no significant differences (Table 3).
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For all treatments, the contents were within the range sufficient for plants [36,38]. Likewise,
the N values were slightly higher than those published by Reyes-Castillo et al. [11] for
tomato plants. These researchers found the highest N content (>2.6%) in plant tissue when
using N-fixing bacteria (Pseudomonas as the Tmt-16 strain). On the other hand, the PGPB
used in this study did show a good capacity for the mobilization and absorption of P by
plants, increasing P by 46% on average in the treatments with the inoculation of bacteria
(T1, T2, and T3) compared to the control (T0).

Table 3. NPK contents in dry weight in leaves and fruits.

Treatment Leaf Fruit
N P K N P K
% %

TO 3544+0.17b 029 4+0.01a 345+020b 1.83+0.01b 032+0.02a 3.17+0.11b

T1 3.61 £0.14b 039 £0.06b 3.12+034b 1.62+0.08a 033+0.03a 3.34+0.07c

T2 347 £0.12b 042 +£0.09b 338+ 0.51b 1.66 +£0.03a 0.35+0.02a 3.06 £ 0.09 ab

T3 3.08+0.13a 046 +£0.07b 264 +0.15a 159 +0.05a 0.32+0.01a 291 +0.11a
Mean values + standard deviations, (n = 6 in leaves, n = 3 in fruits). TO: control treatment; T1: inoculation with
bacteria once, without a reduction in fertigation; T2: inoculation with bacteria every 40 days, without a reduction
in fertigation; T3: inoculation with bacteria every 40 days and a 20% reduction in fertigation (20%). Different
letters indicate significant differences at p < 0.05 (Tukey’s test).

Kalozoumis et al. [12] evaluated the effect of a consortium of microorganisms (En-
terobacter sp.; Paenibacillus sp.; Enterobacter mori.; and Lelliottia sp.) against stress induced
by a 50% reduction in water and nutrients (N and P) in a greenhouse tomato cultivation.
The results showed a general decrease in the levels of NPK in the leaves; nevertheless, the
treatments with bacteria were able to maintain the levels of N and P absorption due to the
biosynthesis of metabolic compounds in response to induced stress. Mehta et al. [10] also
found a significant increase in absorption and nutrient content (NPK, 0.76, 0.44, and 2.87%,
respectively) in tomato plants inoculated with Bacillus circulans CB7.

3.2.3. NPK Contents in Fruits

The NPK contents in fruits did not show clear differences among treatments when
expressed in the percentage of dry weight (Table 3). However, it was possible to calculate
the amounts of macronutrients NPK extracted from the soils by the fruits (gm~2) (Table 4)
when combining the previous data with the production (kg m~2) and liquid contents (%).
Referring to the absorption values against the control treatment (T0), the treatment with
the recurrent inoculation of bacteria and a 20% reduction in fertigation (T3) resulted in a
greater extraction of all nutrients (16%, 34%, and 23% for N, P, and K, respectively). In the
other treatments with bacterial inoculations, positive increases were also observed with
respect to TO for P and K, although the result was not as marked as that for T3. However,
for N, the T2 and T1 treatments did not improve the extractions compared to TO (Table 4).

Table 4. Contents of macronutrients (NPK) (gmfz) in fruits and variations relative to the TO control

treatment.
Increase Increase Increase
2 2 2

Treatment N (g/m?) (%) P (g/m?) (%) K (g/m?) (%)
TO 9.26 - 1.62 - 16.01 -
T1 8.63 —6.81 1.76 8.73 17.78 11.09
T2 8.93 —-3.5 1.88 16.54 16.47 2.85
T3 10.74 16.01 2.16 33.73 19.65 22.77

TO: control treatment; T1: inoculation with bacteria once, without a reduction in fertigation; T2: inoculation with
bacteria every 40 days, without a reduction in fertigation; T3: inoculation with bacteria every 40 days and a 20%
reduction in fertigation. The increase refers to the TO treatment.
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In other studies, increases in these macronutrients have also been found in fruits.
Ordookhani et al. [40] showed a significant improvement in the K content in tomato fruits
(4.1%) when the plants were inoculated with PGPB and arbuscular mycorrhizae (AMF).
Zhao et al. [41] also found that the application of microorganisms (Bacillus megaterium
and Bacillus mucilaginous) increased the levels of P and K in fruits. They attributed this
improvement in the absorption of nutrients to different mechanisms of bacteria, such as
the production of phytohormones, organic acids, and enzymes.

3.3. Quality Parameters in Fruits

There were no significant differences in the quality parameters of the fruits studied,
except for pH and EC (Table 5), with the values of these parameters decreasing in the order
of the treatments from TO to T3. The reason for this result is that the average size of the
fruits also increased according to this treatment order; therefore, the content of liquids
was higher, and the proportions of components that influenced the pH and conductivity
were diluted.

Table 5. Quality parameters of fruits.

Treatment pH EC (mS/cm) Firmness (N) TSS (%) TA (%) Maturity Index
T0 452+ 0.03b 7.00£0.13 ¢ 3491 +412a 610+ 1.01a 0.59 £ 0.05a 1027 £1.10a
T1 4.43 £ 0.09 ab 6.70 £ 0.44 bc 38.78 £8.92a 6.00 £1.00 a 0.58 £0.02a 1039+ 143 a
T2 4.42 4 0.09 ab 647 +0.15b 3320 £5.88a 6.33+0.58 a 0.59 +£0.03 a 10.65 £ 042 a
T3 437 £0.05a 597 £0.07 a 36.19 £ 6.64a 6.17+029a 0.53 £0.04a 11.65£0.29 a

TSS: total soluble solids; EC: electrical conductivity; TA: titratable acidity; maturity index: TSS%/TA%. TO: control
treatment; T1: inoculation with bacteria once, without a reduction in fertigation; T2: inoculation with bacteria
every 40 days, without reduction in fertigation; and T3: inoculation with bacteria every 40 days and a 20%
reduction in fertigation. Different letters indicate significant differences at p < 0.05 (Tukey’s test). n = 3.

However, other authors did find significantly positive influences of PGPB on parame-
ters such as °Brix, pectin methyleneterase activity, polygalacturonase activity, antioxidant
activity, lycopene content, percentage citric acid, and firmness [31-33].

3.4. Economic Performance

The fact that the treatments with recurrent applications of bacteria favored the devel-
opment of larger fruits with better sale prices resulted in higher economic yields for the
farmer. Thus, while the T2 treatment yielded an increase of 22% in terms of production
compared to the control treatment (T0), there was a 32% increase in terms of economic
income compared to that in T0. More prominent was the difference for the T3 treatment,
going from a 32% increase in production to a 52% increase in income (Figure 6). These
results highlight that the application of commercial products based on microorganisms
presents advantages not only from the environmental point of view, but also from the
economic point of view, suggesting that they are especially profitable. In fact, it must also
be considered that in the T3 treatment, there was also a reduction in costs due to the savings
in inorganic fertilizers, and according to communications from the farmer and the company
supplying the commercial formulations, the savings in inorganic fertilizers were similar
to the costs of the Bio N, Bio P, and Bio K products used in the experiment. Thus, the 52%
increase in income in the T3 treatment can be considered a net benefit for the farmer.
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Figure 6. Economic income derived from the sale of the fruits. TO: control treatment; T1: inoculation
with bacteria once, without a reduction in fertigation; T2: inoculation with bacteria every 40 days,
without a reduction in fertigation; T3: inoculation with bacteria every 40 days and a 20% reduction
in fertigation.

4. Conclusions

The use of biofertilizers represents a more ecofriendly management of crops, as their
use can favor the reduction of inorganic fertilizers, which is demanded by international
environmental policies (e.g., European Green deal, Agenda 2030). In this study, the use
of PGPB was profitable in terms of fruit production and economic income in a highly
intensified commercial tomato crop under greenhouse conditions. The results also showed
that the reduction in conventional fertilization is key to maximizing the activity of biofertil-
izers, as plants form stronger associations with soil microorganisms when there is a deficit
of nutrients. Almeria Province (Southeast Spain) accounts for 35,000 ha of greenhouses,
mainly devoted to intensive horticulture production. This represents an important potential
market for the use of biofertilizers, which has resulted in the appearance of biotechnological
companies that are continuously developing new products based on microorganisms and
organic fertilizers. The possibilities for developing new biofertilizer products are extremely
high; however, it is necessary to test them under real crop conditions and using a scientific
approach. This study supports this point of view and points out interesting results in terms
of soil fertility, plant nutritional status, and tomato fruit production when using PGPB and
reducing inorganic fertilizers.
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