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Abstract

Crop productivity can be affected by biotic and abiotic stressors, and plant growth-
promoting bacteria (PGPB) from the genera Bacillus and Burkholderia have the potential
to maintain fruit yield and quality, as these bacteria can promote plant growth by solu-
bilizing nutrients, fixing atmospheric nitrogen, producing phytohormones, and exhibit-
ing antagonistic activity against pathogens. This study aimed to evaluate the effects of
inoculating plants with Bacillus subtilis and Burkholderia seminalis on their morphologi-
cal characteristics, fruit technological attributes and yield of common cherry tomatoes
(Solanum lycopersicum L.) subjected to induced water deficit. The study was arranged on a
split-plot randomized block design, with four water replacement levels (40%, 60%, 80%
and 100% of crop evapotranspiration, ETc) and three inoculation treatments (Bacillus subtilis
ATCC 23858, Burkholderia seminalis TC3.4.2R3 and non-inoculation). Data were subjected to
analysis of variance using the F-test and compared using Tukey’s test (p < 0.05) and multi-
variate statistics from principal component analysis. Inoculation with Burkholderia seminalis
increased the plant fresh and dry shoot and root mass, as well as root volume. Inoculation
with Bacillus subtilis increased carotenoid and chlorophyll b contents. Both inoculations
enhanced leaf water content in plants experiencing severe water deficit (40% of ETc). The
use of these strains as PGPB increased the fruit soluble solids content. Higher productivity
in inoculated plants was achieved through a greater number of fruits per cluster, despite the
individual fruits being lighter. Treatments with higher water replacement levels resulted in
greater yield. Inoculations showed biotechnological potential in mitigating water deficit in
cherry tomatoes.
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1. Introduction
Crop productivity can be affected by biotic and abiotic stressors, especially salinity

and water deficit in tropical conditions [1–4]. Some crops are more susceptible to anatomi-
cal, physiological and productive changes when subjected to these stressors [5–7]. Water
stress compromises plant health and productivity by altering its biochemical and molec-
ular functions [8]. This condition, arising from low soil water availability due to high
evapotranspiration rates [9,10], manifests in several ways. Key effects include chlorophyll
degradation, lowered photosynthetic efficiency, reduced leaf water potential, loss of turgor
and consequent stomatal closure, all of which contribute to stunted growth and diminished
yields [11,12].

To mitigate the impacts caused by water deficit, the inoculation of plant growth-
promoting bacteria (PGPB) can be employed as a sustainable technique, as microorgan-
isms can colonize the rhizosphere and/or plant tissues, conferring beneficial properties
that enhance plant performance under environmental adversities [13–16]. PGPB em-
ploys direct and indirect mechanisms to promote plant growth, such as (i) phytostim-
ulation through the synthesis of phytohormones (e.g., auxins, cytokinins, gibberellins) and
1-aminocyclopropane-1-carboxylate (ACC) deaminase, an enzyme that modulates ethylene
levels; (ii) biofertilization by making macro- and micronutrients such as nitrogen (N), phos-
phorus (P) and iron (Fe) more available; and (iii) biological control through competition
with phytopathogens for nutrients, induction of systemic resistance in plants and produc-
tion of secondary metabolites with antimicrobial properties and siderophores [2,12,17–23].

However, despite the importance of microorganisms in vegetable crops, studies on the
use of PGPB to mitigate the effects of water deficit remain limited, with few PGPB strains
available for commercialization on a large scale [24]. Further research is needed to assess
the potential of microorganisms to promote plant growth and development under abiotic
stress conditions, such as water deficit, in tropical conditions [25]. Water deficit occurs
when soil water availability decreases, usually resulting from evapotranspiration due to
high temperatures [9]. The deficit stresses the plant, alters its biochemical and molecular
properties, and can lead to stunted plant growth and low yield [8].

The cherry tomato (Solanum lycopersicum L.) is a key agricultural crop due to its
global popularity and widespread consumption [26–28]. The crop is widely cultivated,
particularly in protected environments, and requires management strategies to mitigate
the impacts of abiotic stressors, such as water deficit. Using PGPB in tomato production
can enhance crop yield, fruit resistance, antioxidant activity and secondary metabolite
concentration [29–31], ultimately improving fruit quality [32]. Fruit quality is the primary
determinant of consumer purchase preference and is influenced by pre- and post-harvest
management, which can affect the fruit’s nutritional composition, size and aroma [32,33].
In this context, Bacillus and Burkholderia have the potential to enhance productivity and fruit
quality, as these bacteria can promote plant growth either directly or indirectly [22,34–42].

This study aimed to analyze the morphological characteristics, technological attributes
and productivity of cherry tomatoes inoculated with Bacillus subtilis strain ATCC 23858 and
Burkholderia seminalis strain TC3.4.2R3 under induced water deficit conditions. Additionally,
we determined the optimal water replenishment levels using regression analysis and
principal component multivariate analysis.
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2. Materials and Methods
2.1. Characterization of the Study Area

The experiment was conducted in a greenhouse located in the experimental area of the
Goiano Federal Institute of Education, Science and Technology (IF Goiano–Campus Ceres)
in the municipality of Ceres, Goiás, Brazil (15◦21′01.5′′ S latitude, 49◦35′55.2′′ W longitude,
580 m altitude), from February to July of 2023 (Figure 1).

 

Figure 1. Spatial location of the study area at continental, regional, and local levels: Brazil (a), state
of Goiás (b), municipality of Ceres (c), and the greenhouse (d), with an overview of the tomato
(Solanum lycopersicum L.) experiment at the IF Goiano–Campus Ceres.

The region’s climate is classified as Aw, tropical with a dry season during winter
according to the Köppen–Geiger climate classification [43]. Temperatures inside the green-
house were recorded using a weather station (Vantage Pro 2; Davis; Hayward, CA, USA).
The recorded air temperature throughout the study ranged from a minimum of 10.5 ◦C to a
maximum of 41.3 ◦C, with an average of 24.4 ◦C (Figure 2).
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Figure 2. Maximum (Temp. Max.), minimum (Temp. Min.), and average (Temp. Avg.) daily
temperature during the greenhouse experiment with cherry tomato (Solanum lycopersicum L.) at the
IF Goiano–Campus Ceres.

2.2. Experimental Design and Layout

The inoculation treatments used in this study were determined using the overlay
method [44], which revealed antagonism between the Bacillus subtilis ATCC 23858 and
Burkholderia seminalis TC3.4.2R3 strains. Therefore, the strains were inoculated separately
rather than in combination.

The study was arranged in a split-plot randomized block design (RBD) with
four blocks. The main plots consisted of four water replacement levels (40%, 60%, 80% and
100% of crop evapotranspiration, ETc), and the subplots comprised three inoculation treat-
ments: (i) inoculation with Bacillus subtilis ATCC 23858, (ii) Burkholderia seminalis TC3.4.2R3
and (iii) non-inoculation (NI). Each experimental plot consisted of four plants, totaling
192 plants.

2.3. Microbiolization

The bacterial strains were cultured in nutrient broth (Kasvi®; Pinhais, PR, Brazil) and
incubated at 28 ◦C in a shaker incubator (SL 222; Solab, Piracicaba, SP, Brazil) at 150 rpm
for 24 h. The inoculum was adjusted to an optical density (O.D.) of 1.0 at 600 nm using
a spectrophotometer (Dual-Beam UV-Visible Global Analyzer model GTA-101; Calgary,
Canada) to obtain a final concentration of 109 colony-forming units (CFU) mL−1.

Cherry tomato seeds (Blueline series; TopSeed Garden, Monte Alto, SP, Brazil) were
surface-disinfected by immersion in a 1% sodium hypochlorite (NaOCl) solution for 1 min,
followed by immersion in 70% ethanol for 1 min [45]. The seeds were then rinsed with
sterile distilled water and placed on sterile filter paper for natural drying in a laminar flow
hood. After this process, the seeds were inoculated with bacterial suspensions for 20 min
at a ratio of 1 mL of bioinoculant per gram of seed. For the non-inoculated treatment, the
seeds were soaked in sterile nutrient broth under the same conditions.

2.4. Seeding, Transplanting and Experimental Management

The inoculated cherry tomato seeds were sown in expanded polystyrene trays with
128 cells (Isoeste, Castanhal, PA, Brazil), containing substrate (Tropstrato HA Hortaliças; Vida
Verde, Mogi Mirim, SP, Brazil). This substrate was composed of pine bark, vermiculite,
14-16-18 fertilizer, potassium nitrate, single superphosphate and peat.



Horticulturae 2025, 11, 1157 5 of 19

At 15 days after sowing (DAS), the seedlings were transferred to 200 cm3 contain-
ers filled with the same substrate and re-inoculated with 5 mL of bacterial suspension
(109 CFU mL−1) via drenching at the base of the seedling stem. The non-inoculated
treatment received 5 mL of sterile nutrient broth. At 30 DAS, the seedlings were trans-
planted into 16 L commercial flexible pots (23.5 cm height, 27 cm upper width and 23.5 cm
base) filled with a substrate composed of soil and sand in a 2:1 ratio. The soil used in
the substrate preparation had the following characteristics: 24.2% sand, 8.2% silt and
67.5% clay; pH in H2O of 4.4; organic matter: 3.8 g dm−3; calcium: 0.7 cmolc dm−3;
magnesium: 0.6 cmolc dm−3; potassium: 25.9 mg dm−3; phosphorus: 2.6 mg dm−3; base
saturation: 35.84%.

Following transplanting into the pots, reinoculation with a bacterial suspension
(109 CFU mL−1) was performed by drenching the plant base around the stem with 10 mL
of bacterial solution, with additional inoculations conducted biweekly until 90 days after
transplanting (DAT). The non-inoculated treatment received sterile nutrient broth under
the same conditions.

Before transplanting, the substrate moisture content in the pots was raised to pot ca-
pacity (0.37 m3 m−3) [46,47] from transplanting until 105 DAT. A drip irrigation system was
used, employing button-type drippers with a flow rate of 2 L h−1 and self-compensating
flux. Irrigation was manually managed based on climatic conditions using a Class A mini
pan installed at the center of the greenhouse. Daily readings from the pan were taken
and the irrigation was applied according to the water replenishment levels (40%, 60%,
80% and 100% of ETc). The water deficit began at 30 DAT and ended at 115 DAT, totaling
85 days. The amount of water deficit was specific to each of the 192 pots. Therefore, we
highlight here only calculations of proportional values of the deficit, based on the field
capacity adopted in the experiment, with water deficit levels corresponding to 40%: 0.148
(m3 m−3) irrigated/0.222 (m3 m−3) deficit; 60%: 0.222 (m3 m−3) irrigated/0.148 (m3 m−3)
deficit; 80%: 0.296 (m3 m−3) irrigated/0.074 (m3 m−3) deficit; 100%: 0.370 (m3 m−3) irri-
gated/0.000 (m3 m−3) deficit.

The spacing used was 0.7 m between plants, 0.7 m between rows and 1.0 m between
double rows, equivalent to a plant density of 20,408 plants per hectare. The plants were
trellised using a vertical string system, and preventive disease management was carried
out through the application of Bordeaux mixture at 10 DAT and the application of systemic
fungicide (Score®; Syngenta, Basel, Switzerland) and the systemic, contact, and ingestion
insecticide Platinum Neo (Lagare®; Syngenta, Basel, Switzerland), following label recom-
mendations. Lateral shoot removal (pruning) was performed weekly from 30 DAT. Weed
management was conducted manually throughout the experimental period, both in the
pots and on the greenhouse floor.

2.5. Experimental Analyses
2.5.1. Plant Morphometric Analyses

Plant morphometric analyses were performed at 105 DAT, assessing root volume (RV),
root length (RL, cm), root fresh weight (RFW), root dry weight (RDW), shoot fresh weight
(SFW) and shoot dry weight (SDW). Fresh mass was maintained in a forced-air circulation
oven for 72 h at 65 ◦C [48].

2.5.2. Fruit Morphometric Analyses, Productivity and Quality

Fruit harvests were also performed biweekly starting at 60 DAT, totaling four harvests
throughout the experimental period. After each harvest, the fruit longitudinal diameter (LD)
and equatorial diameter (ED) were measured using a digital caliper (King Tools, Pompéia,
SP, Brazil), average fruit weight (FW), number of clusters per plant (NCP), number of fruits
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per cluster (NFC), number of seeds per fruit (NSF) and total fruit productivity. The tomato
fruit quality parameters were assessed through physicochemical analyses of pH, soluble
solids content (SSC), water activity (WA) and titratable acidity (TA), using 10 fruits from
each treatment per harvest. The evaluations were conducted in triplicate.

The fruit pH was measured directly in the samples by the electrometric method [49].
The total soluble solids content was quantified using a digital refractometer (Brix/RI-Check;
Reichert Technologies, Munich, Germany), with results expressed in ◦Brix [49].

For fruit titratable acidity, 5 g of homogenized tomato juice was used in a 100 mL
volumetric flask, with the volume completed with distilled water. A 10 mL aliquot of this
solution was transferred to a 50 mL Erlenmeyer flask and 2 to 3 drops of phenolphthalein
indicator were added. The sample was titrated with a 0.01 N sodium hydroxide solution
until a pink color was reached. WA was measured by direct reading of the sample on a
digital device (AquaLab CX-2; Meter Group, Pullman, WA, USA).

The texture of the whole tomato was evaluated using a texture analyzer (TA-XT Plus,
Surrey, UK) to assess fruit compression and puncture properties. The pre-test, test and
post-test speeds were set at 1, 2 and 10 mm s−1, respectively. The maximum sample height
for calibration was 20 mm, with compression P100 and puncture P2. No lubrication was
used and the deformation was set to 50%.

2.5.3. Physiological Analyses

For the pigment analysis (chlorophyll a and b and carotenoids), six leaf disks with a
6 mm diameter were placed in a solution of dimethyl sulfoxide (DMSO) saturated with
calcium carbonate in a water bath at 65 ◦C for 24 h before readings were taken on a
spectrophotometer at wavelengths of 649, 665 and 480 nm [50].

To determine the relative water content, six leaf disks with a diameter of 1 cm were
used. After weighing, the disks were immersed in distilled water and stored in a refrig-
erator for 6 h. The disks were then weighed again to determine their turgid weight, and
subsequently, they were placed in a forced-air circulation oven at 80 ◦C for 24 h to deter-
mine their dry weight. After obtaining the fresh, turgid and dry weights of the leaf disks,
the leaf water content (LWC) was determined according to Equation (1) from Smart and
Bingham [51].

LWC = (FW − DW)/(TW − DW) × 100 (1)

where FW—Fresh weight of the leaf disks; DW—Dry weight of the leaf disks and
TW—Turgid weight of the leaf disks.

2.6. Statistical Analyses

The data were subjected to the Shapiro–Wilk normality test (5% significance) to verify
homoscedasticity. Subsequently, they were subjected to analysis of variance (ANOVA)
using the F test and significant variables were compared using the Tukey mean comparison
test for inoculation types and regression analysis for water replacement levels (WRL) at
5% and 1% significance levels. All analyses were performed using statistical software (R
version R-4.2.1 for Windows, R Foundation, Kaysville, UT, USA).

We evaluated the effect of inoculation types (Bacillus subtilis ATCC 23858, Burkholderia
seminalis TC3.4.2R3 and non-inoculated—control treatment) and water replacement levels
on several variables: carotenoid content, chlorophyll a and b, shoot and root fresh weight,
shoot and root dry weight, root volume, fruit soluble solids content, total productivity, num-
ber of clusters per plant, number of seeds per fruit, number of fruits per cluster, average fruit
weight, leaf water content, stem diameter, longitudinal diameter and equatorial diameter.
Multivariate statistical analysis was performed using principal component analysis (PCA).
To identify the variables that showed correlation, Kaiser’s criterion was applied, based on
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eigenvalues greater than 1, which generate principal components with a relevant amount
of information contained in the original data [52]. Thus, the possible relationships and/or
differences among the set of variables were observed through correlation. These analyses
and PCA were conducted using statistical software (R version R 3.3.0+ for Windows, R
Foundation, Kaysville, UT, USA) [53].

3. Results and Discussion
The results highlight the great biotechnological potential of inoculations, which are

promising in mitigating water deficit in cherry tomato cultivation, especially under severe
water deficit conditions, such as at a water replacement level of 40% of crop evapotranspi-
ration. The total volume of water applied to cherry tomato plants in both inoculated and
non-inoculated treatments was 256.66 mm, 343.06 mm, 429.47 mm, and 515.88 mm at the
following water replacement levels of 40%, 60%, 80%, and 100% of ETc, respectively.

3.1. Plant Morphometric Analyses

There was no significant interaction between water replacement levels and inocu-
lations for the variables shoot fresh and dry weight, root fresh and dry weight and root
volume. This suggests that the effects of water availability and microbial inoculation can
act independently on plant development. Therefore, these factors were analyzed sepa-
rately. Interestingly, inoculation with Burkholderia seminalis strain TC3.4.2R3 increased the
shoot dry and fresh weight and root fresh weight by 135%, 122% and 58%, respectively,
compared to non-inoculated plants, whereas inoculation with Bacillus subtilis strain ATCC
23858 did not differ from inoculation with Burkholderia seminalis strain TC3.4.2R3 or the
non-inoculated treatment in terms of shoot and root fresh weight (p < 0.05) (Table 1).

Table 1. Shoot fresh weight (SFW), shoot dry weight (SDW), root fresh weight (RFW), root dry
weight (RDW) and root volume (RV) of cherry tomato (Solanum lycopersicum L.) plants inoculated
with Bacillus subtilis ATCC 23858, Burkholderia seminalis TC3.4.2R3 and non-inoculation plants.

Variables Bacillus subtilis Burkholderia seminalis Non-Inoculated

SFW *

(g)

578.6 ± 150.43 ab 648.05 ± 168.49 a 291.33 ± 75.74 b

SDW * 209.06 ± 39.72 a 205.79 ± 39.10 a 87.27 ± 16.58 b

RFW * 69.25 ± 5.88 ab 75.15 ± 6.39 a 47.46 ± 4.03 b

RDW ns 12.15 ± 2.67 a 13.84 ± 3.04 a 9.37 ± 2.06 a

RV * (cm3) 113.13 ± 29.59 a 121.87 ± 31.88 a 70.00 ± 18.31 b
Note: Different letters in the line indicate significant differences according to Tukey’s test. * Significant at 5% by
Tukey’s test (p < 0.05); ns Not significant. Results shown as mean ± standard deviation.

A linear increasing trend was observed for root volume (Figure 3b) and root fresh
weight (Figure 3a). Being higher in plants under more severe water deficit or near 100%
water replacement (Figure 3). The same was observed in the cultivation of cherry tomato
‘Sweet Heaven’ and ‘Mascot F1’ [54]. However, in this study, root fresh weight was also not
affected by the different water replacement levels. Another study reported that the water
deficit did not affect the yield parameters of cherry tomato plants [55]. However, the crop
responses to the water deficit are closely related to the deficit exposure time [56].
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Figure 3. (a) Root fresh weight and (b) root volume of cherry tomato (Solanum lycopersicum L.) plants
subjected to different water replacement levels.

These findings indicate that the plant growth-promoting effect is strain-dependent, re-
inforcing previous reports that not all beneficial microorganisms exert the same magnitude
of response in tomato plants [57–61]. Overall, plants inoculated with either Bacillus subtilis
or Burkholderia seminalis exhibited increases in shoot fresh and dry weight, root fresh weight,
and root volume, highlighting the potential of the tested strains to enhance tomato growth
under varying water regimes.

The positive impact of Burkholderia seminalis on shoot and root weight may be at-
tributed to multiple mechanisms, including the production of phytohormones, enhanced
nutrient acquisition, and improved stress tolerance [58]. Several studies have demonstrated
that bacterial endophytes can enhance photosynthetic efficiency and stimulate root system
architecture, thereby improving water and nutrient uptake [59,60]. Such effects are consis-
tent with the significant improvements in shoot fresh and dry weight observed in inoculated
plants. A plant endophytic bacterium, Burkholderia seminalis strain 869T2, promoted plant
growth in Arabidopsis thaliana, pak choi (Brassica rapa subsp. chinensis), Chinese amaranth
(Amaranthus dubius), lettuce (Lactuca sativa), hot pepper (Capsicum annuum), increasing leaf
size, weight, number, and area, in addition to longer and heavier roots [62]. Inoculation
with Burkholderia seminalis, either alone or in combination with arbuscular mycorrhizal
fungi (Rhizophagus spp.), significantly increased biomass, root and shoot length, as well as
chlorophyll content in tomato and bell pepper under drought stress [63].

The inoculation of the tested bacteria did not influence root dry weight, suggesting
that the inoculation primarily influenced water-related tissue accumulation rather than
structural biomass. Similar results were reported by Ünlü et al. [64] with B. thuringiensis
U4-3, B. megaterium strain EU.U21, and Bacillus strain EU.5 in tomato plants.

The root volume was affected by inoculation with the Bacillus subtilis strain ATCC
23858 and the Burkholderia seminalis strain TC3.4.2R3, resulting in increases of 61.61% and
74.10%, respectively, compared to non-inoculated plants (p < 0.05). Inoculation with other
strains of the Bacillus genus significantly increased the fresh weight of stems and roots of
tomato plants [33,57] and the fresh, dry weight and root volume of ‘Cherry 261’ cherry
tomato [58]. Increases in root and aerial part dry matter indices of tomatoes have already
been reported in plants inoculated with Burkholderia gladioli and Bacillus subtilis [59]. In
another Solanaceae species, Capsicum frutescens, certain Burkholderia strains have shown
promise in enhancing plant growth parameters [60].

Inoculation with plant growth-promoting microorganisms, especially from the Bacillus
and Burkholderia genus, increases root volume and surface area, as well as the fresh and
dry mass production of tomato roots and aerial parts [59,61]. Other research reports that
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tomato growth may be associated with the ability of Bacillus and Burkholderia bacteria to
produce indoleacetic acid, solubilize phosphate and fix nitrogen [19,65].

Taken together, these findings demonstrate that inoculation with selected PGPBs
can significantly enhance tomato growth regardless of water availability, probably due to
the greater availability of nutrients and phytohormones from the bacteria [66–69]. These
results have practical implications for sustainable tomato production, as microbial inocu-
lation represents a promising strategy to increase crop resilience and productivity under
variable irrigation regimes. Future studies should focus on elucidating the physiological
and molecular mechanisms involved, as well as evaluating the long-term effects under
field conditions.

3.2. Fruit Morphometric Analyses, Productivity and Quality

There was no significant interaction between water replacement levels and inocula-
tions for the variables average fruit weight, soluble solids content, number of seeds per fruit,
equatorial and longitudinal diameters. Therefore, these factors were analyzed separately.
Plants inoculated with Bacillus subtilis ATCC 23858 and Burkholderia seminalis TC3.4.2R3
exhibited higher soluble solids content but also showed lower average fruit weight and
number of seeds per fruit (p < 0.05) (Table 2). Fruits from plants inoculated with the bacterial
strains had greater equatorial and longitudinal diameters (p < 0.05). Additionally, under
greenhouse conditions, results from Chandrasekaran et al. [33] demonstrated that Bacillus
subtilis CBR05 has the potential to enhance plant growth and modify certain quality char-
acteristics of tomato fruit. Studies by Yang et al. [70] using 57 different tomato accessions
demonstrated that fruit weight is negatively correlated with soluble solids, possibly due to
a dilution effect, where a higher sugar content resulted from increased dry matter content
and reduced water content. Similarly, our findings evidenced that, as fruit weight increases,
the dilution effect reduces soluble solids content.

Table 2. Fruit weight (FW), soluble solids content (SSC), number of seeds per fruit (NSF), equatorial
diameter (ED) and longitudinal diameter (LD) of cherry tomato (Solanum lycopersicum L.) inoculated
with Bacillus subtilis ATCC 23858, Burkholderia seminalis TC3.4.2R3 and non-inoculation plants.

Variables Bacillus subtilis Burkholderia seminalis Non-Inoculated

FW * (g) 4.18 ± 0.79 ab 3.58 ± 0.68 b 4.72 ± 0.89 a

SSC * (◦BRIX) 7.04 ± 0.65 a 6.97 ± 0.64 a 5.10 ± 0.47 b

NSF * (unitary) 30.06 ± 6.39 ab 26.77 ± 5.69 b 36.52 ± 7.77 a

ED *
(mm)

22.63 ± 3.39 a 21.80 ± 3.27 ab 20.49 ± 3.07 b

LD * 22.40 ± 3.10 a 22.28 ± 3.09 a 20.99 ± 2.91 b
Note: Different letters in the line indicate significant differences according to Tukey’s test. * Significant at 5%
according to Tukey’s test (p < 0.05). Results shown as mean ± standard deviation.

Inoculation with Bacillus subtilis ATCC 23858 and Burkholderia seminalis TC3.4.2R3,
as well as the water replacement levels, did not affect the number of clusters per plant.
There was significant interaction between water replacement levels and inoculations for
the number of fruits per cluster (p < 0.01) (Table 3). Cherry tomato plants inoculated with
Bacillus subtilis ATCC 23858, regardless of water replacement levels, exhibited a similar
number of fruits per cluster. In contrast, non-inoculated plants showed a higher number of
fruits per cluster only when receiving 100% water replacement (Table 3).
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Table 3. Number of fruits per cluster (NFC) of cherry tomato (Solanum lycopersicum L.) plants
inoculated with Bacillus subtilis ATCC 23858, Burkholderia seminalis TC3.4.2R3 and non-inoculation
plants under different water replacement levels (WRL).

Variable WRL Bacillus subtilis Burkholderia seminalis Non-Inoculated

NFC *

40% 3.50 ± 0.27 Ab 5.27 ± 0.41 Aba 2.95 ± 0.22Bb
60% 3.54 ± 0.27 Ab 5.04 ± 0.39 Aba 3.57 ± 0.27 Bb
80% 3.05 ± 0.23 Ab 6.24 ± 0.48 Aa 2.94 ± 0.22 Bb

100% 4.59 ± 0.35 Aa 4.31 ± 0.33 Ba 5.55 ± 0.43 Aa
Note: Different lowercase letters in rows and uppercase letters in columns indicate significant differences
according to Tukey’s test. * Significant at 5% according to Tukey’s test (p < 0.05). Results shown as
mean ± standard deviation.

Regarding inoculation with Burkholderia seminalis TC3.4.2R3, the highest number of
fruits per cluster was observed at water replacement levels of 80%, 40% and 60%, in that
order. The 100% water replacement resulted in the lowest number of fruits per cluster.
Additionally, inoculation with Burkholderia seminalis TC3.4.2R3, except at 100% water
replacement, increased the number of fruits per cluster compared to plants inoculated with
Bacillus subtilis ATCC 23858 and non-inoculated plants. The number of fruits per cluster
exhibited a quadratic response to water replacement levels (Figure 4a). Cherry tomato yield
also showed a quadratic response to different water replacement levels, with the maximum
productivity point corresponding to 92.5% water replacement (Figure 4b).

Figure 4. (a) Number of fruits per cluster and (b) productivity in cherry tomato (Solanum lycopersicum
L.) plants inoculated with Bacillus subtilis ATCC 23858, Burkholderia seminalis TC3.4.2R3 and non-
inoculation (NI), subjected to different water replacement levels.

There was no significant interaction between water replacement levels and inoculation
regarding fruit quality. Likewise, the physicochemical characteristics of cherry tomatoes,
under the conditions of this study, did not differ significantly (Table 4).

Table 4. Water activity (WA), titratable acidity (TA), pH, puncture (PN) and compression (CP) of
cherry tomato (Solanum lycopersicum L.) inoculated with Bacillus subtilis ATCC 23858, Burkholderia
seminalis TC3.4.2R3 and non-inoculation plants under different water replacement levels (WRL).

WRL Inoculation WA TA pH PN CP

40%

Bacillus subtilis 0.98 0.42 3.73 4.09 11.13

Burkholderia seminalis 0.99 0.41 4.07 4.30 10.63

Non-inoculated 0.98 0.58 4.09 4.42 14.90

60%
Bacillus subtilis 0.99 0.52 3.73 5.18 16.05

Burkholderia seminalis 0.99 0.40 4.14 4.86 12.83
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Table 4. Cont.

WRL Inoculation WA TA pH PN CP

60% Non-inoculated 0.99 0.44 4.20 4.88 12.47

80%

Bacillus subtilis 0.99 0.52 4.30 4.51 17.86

Burkholderia seminalis 0.99 0.52 4.12 4.49 15.08

Non-inoculated 0.99 0.50 4.07 4.60 17.13

100%

Bacillus subtilis 0.99 0.52 4.10 4.12 13.25

Burkholderia seminalis 0.99 0.47 4.10 3.96 12.25

Non-inoculated 0.99 0.47 4.10 3.96 12.25

The fruit soluble solids content was not affected by water deficit irrigation, but it
was influenced by inoculation with Bacillus subtilis ATCC 23858 and Burkholderia seminalis
TC3.4.2R3. The increase in soluble solids content was higher under water deficit
conditions in tomatoes, with increases of 17.9%, 12.2% and 12.4%, respectively, com-
pared to the control treatment [66,71,72]. An increase in soluble solids content in
fruits was reported in tomato plants inoculated with PGPB (Azotobacter chroococcum,
Azospirillum brasilense, Pseudomonas fluorescens and Bacillus subtilis) [73], which is in agree-
ment with the present work.

The nutritional quality of cherry tomatoes can be affected by changes in the production
of amino acids or other secondary metabolites under deficit irrigation or dry conditions,
as these pathways are modified under such circumstances [74,75], which may impact the
soluble solids content.

Fruit size was not affected by water deficit; however, it was influenced by inocula-
tion with Bacillus subtilis ATCC 23858 and Burkholderia seminalis TC3.4.2R3. On the other
hand, the reduction in fruit size (equatorial diameter and longitudinal diameter) of cherry
tomatoes was directly proportional to the water replacement levels, resulting in smaller
fruits in situations of induced water deficit [54,66,76]. The average fruit weight of tomato
plants that were not inoculated was slightly higher than fruits from plants inoculated with
Bacillus subtilis ATCC 23858 and Burkholderia seminalis TC3.4.2R3. However, similar fruit
sizes have been observed in inoculated and non-inoculated tomato plants [77].

Overall, there was an increase in the number of fruits per cluster in cherry tomato
plants inoculated with Burkholderia seminalis TC3.4.2R3 compared to the non-inoculated
treatment and the inoculated treatment with Bacillus subtilis ATCC 23858. Inoculation
with a mix of plant growth-promoting rhizobacteria (PGPR) (Azotobacter chroococcum,
Azospirillum brasilense, Pseudomonas fluorescens and Bacillus subtilis) increased the number
of clusters per plant, which may be directly related to the number of fruits per cluster [73].
The NC did not differ between inoculated and non-inoculated plants in this study.

The total productivity of cherry tomatoes was not affected by inoculation with
Bacillus subtilis ATCC 23858 and Burkholderia seminalis TC3.4.2R3; however, it was influ-
enced by water replacement levels. Cherry tomatoes under water deficit had reduced
productivity. In contrast, the productivity of tomato plants, without water deficit condi-
tions, showed a 36.36% increase in productivity per plant when inoculated with a high
concentration of Bacillus velezensis 83 (108 CFU/mL) [78]. A reduction in the productivity
of cherry tomatoes from the ‘Sweet Heaven’ and ‘Mascot F1’ cultivars under water deficit
conditions was also reported [54].

3.3. Physiological Analyses

The significant interaction between water replacement levels and inoculations with
Bacillus subtilis ATCC 23858 for chlorophyll a content stands out (p < 0.05). There was no
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significant interaction between water replacement levels and inoculations for chlorophyll b
and carotenoid content (Table 5). Therefore, these factors were analyzed separately. The
chlorophyll b content was higher in plants inoculated with Bacillus subtilis ATCC 23858,
while carotenoid content was higher in plants inoculated with Bacillus subtilis ATCC 23858
or in non-inoculated plants (p < 0.05) (Table 5). The study by Chandrasekaran et al. [33]
showed that the PGPR strain Bacillus subtilis CBR05 was versatile in improving tomato
production, mainly increasing antioxidant activities and carotenoid levels in the fruit.

Table 5. Chlorophyll a and b and carotenoid contents of cherry tomato (Solanum lycopersicum L.) plants
inoculated with Bacillus subtilis ATCC 23858, Burkholderia seminalis TC3.4.2R3 and non-inoculation
plants under different water replacement levels (WRL).

Variable WRL Bacillus subtilis Burkholderia
seminalis Non-Inoculated

Chlorophyll a * (µg g−1 plant)

40% 7.04 Aa 5.83 ABab 4.73 Bb

60% 7.46 Aa 3.98 Bb 5.39 ABb

80% 8.09 Aa 4.89 Bb 6.88 Aa

100% 7.89 Aa 7.52 Aa 6.57 Aba

Chlorophyll b *
µg g−1 plant

4.07 a 2.92 b 3.29 b

Carotenoid * 1.58 a 1.22 b 1.50 a

Note: For chlorophyll a content—Different lowercase letters in rows and uppercase letters in columns indicate
significant differences according to Tukey’s test; For chlorophyll b and carotenoid contents—Different letters in
the row indicate significant differences according to Tukey’s test. * Significant at 5% according to Tukey’s test
(p < 0.05).

Plants inoculated with Bacillus subtilis ATCC 23858 showed similar chlorophyll a levels
across all water replacement levels, higher than those inoculated with Burkholderia seminalis
TC3.4.2R3 and non-inoculated plants (Table 5). The chlorophyll a content exhibited a
quadratic response in both inoculated and non-inoculated plants (Figure 5a). The maximum
chlorophyll a content in plants inoculated with Bacillus subtilis ATCC 23858 was found at a
water replacement of 88.37%. Akila et al. [79] showed a significant increase in Chlorophyll
a and b, and carotenoid contents, due to Bacillus subtilis more pronounced inhibition
of bacterial spot and tomato leaf spot. The chlorophyll b (Figure 5b) and carotenoid
contents (Figure 5c) also showed quadratic behavior, with higher levels observed in water
replacement close to 40% or 100%.

A significant interaction was observed between water replacement levels and inocula-
tions with Bacillus subtilis ATCC 23858 for leaf water content (p < 0.01, Table 6). Regardless
of inoculation, the highest leaf water content was observed in plants that received 100%
water replacement. In contrast, plants inoculated with Bacillus subtilis ATCC 23858 and
Burkholderia seminalis TC3.4.2R3 that received 40% water replacement showed higher leaf
water content than non-inoculated plants (Table 6). The leaf water content exhibited a
quadratic response to water replacement levels in plants inoculated with Bacillus subtilis
ATCC 23858 and Burkholderia seminalis TC3.4.2R3 and in non-inoculated plants (Figure 6).

The severe water deficit (40%) did not reduce the levels of chlorophyll a, b and
carotenoid content, but lower levels were observed in plants under intermediate water
deficit conditions (60% and 80%). An intermediate water deficit in tomatoes resulted
in a reduction in these pigments, even under conditions of inoculation with PGPB [80].
Inoculation with Bacillus subtilis ATCC 23858 increased the levels of chlorophyll b and
carotenoids, while inoculation with Burkholderia seminalis TC3.4.2R3 increased carotenoid
levels compared to non-inoculated plants. However, no differences were reported in the
concentration of photosynthetic pigments in cherry tomato cultivars Cherry 261 and Santa
Clara 230, whether inoculated or not with Bacillus [58].
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Figure 5. (a) Chlorophyll a, (b) Chlorophyll b and (c) Carotenoid contents in cherry tomato
(Solanum lycopersicum L.) plants inoculated with Bacillus subtilis ATCC 23858, Burkholderia seminalis
TC3.4.2R3 and non-inoculated plants as a function of water replacement levels.

Table 6. Leaf water content (LWC) in cherry tomato (Solanum lycopersicum L.) plants inoculated
with Bacillus subtilis ATCC 23858, Burkholderia seminalis TC3.4.2R3 and non-inoculation plants under
different water replacement levels (WRL).

Variable WRL Bacillus subtilis Burkholderia seminalis Non-Inoculated

LWC ** (%)

40% 35.39 BCa 30.83 Ba 17.93 Cb
60% 34.11 Ca 36.57 Ba 32.35 Ba
80% 47.75 Aba 32.50 Bb 35.65 ABab
100% 53.68 Aab 64.27 Aa 47.34 Ab

Note: Different lowercase letters in rows and uppercase letters in columns indicate significant differences according
to Tukey’s test. ** Significant at 1% according to Tukey’s test (p < 0.01).

Figure 6. Leaf water content in cherry tomato (Solanum lycopersicum L.) plants inoculated with
Bacillus subtilis ATCC 23858, Burkholderia seminalis TC3.4.2R3 and non-inoculation plants as a function
of water replacement levels.
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The reduction in chlorophyll a, b and carotenoid contents is associated with stomatal
closure, the plant’s first response to water stress, to reduce water loss through transpiration.
Stomatal closure results in reduced stomatal conductance, which in turn reduces carbon
dioxide (CO2) assimilation and, consequently, photosynthesis, leading to smaller plants
with lower biomass [81,82].

3.4. Principal Component Analysis (PCA)

The PCA to assess the inoculation effect indicates that the variables under study
were concentrated in the bacterial inoculation treatments (Bacillus subtilis ATCC 23858
and Burkholderia seminalis TC3.4.2R3), showing greater dissimilarity compared to the non-
inoculation treatment (Figure 7a). The sum of the variances of principal components 1 (CP1)
and 2 (CP2) accounts for a total variance of 45.81%, meaning that the correlation explanation
rate of the information presented corresponds to almost 50% of the total dataset.

  
(a) (b) 

Figure 7. (a) Principal Component Analysis (PCA) of the variables as a function of the inoculations
and (b) irrigation treatments (water replacement levels = 40%, 60%, 80% and 100% of ETc). Leg-
end: shoot fresh weight (SFW), root fresh weight (RFW), shoot dry weight (SDW), root dry weight
(RDW), root volume (RV), soluble solids content (SSC), fruit yield (FY), number of clusters per plant
(NCP), number of fruits per cluster (NFC), average fruit weight (FW), leaf water content (LWC),
chlorophyll a (Ca), chlorophyll b (Cb), carotenoids content (Cc), fruit equatorial diameter (ED), fruit
longitudinal diameter (LD) and number of seeds per fruit (NSF).

Figure 7b shows that most variables were concentrated in treatments with 100 and
80% water replacement levels, highlighting a greater dissimilarity between treatments with
greater water deficit. According to the PCA biplot, chlorophyll a and b, and carotenoid lev-
els responded to water replacement levels of 40% and 100%, where the increase in the 40%
parameters may be associated with positive responses to inoculation with Bacillus subtilis
ATCC 23858 and Burkholderia seminalis TC3.4.2R3 (Figure 7).

PCA is of great importance for understanding the morphometric and yield character-
istics of the crop, such as shoot fresh weight, root fresh weight, shoot dry weight, root dry
weight, root length and root volume, especially when these accumulated values exceed
60% [83,84]. For this type of variable in cherry tomato cultivation, accumulated variances
of approximately 70% and 63% have already been found [30,85].

Chandrasekaran et al. [33] highlighted that plant growth-promoting microorganisms,
such as Bacillus subtilis, are highly effective microbial competitors, primarily by promoting
plant growth through the production of phytohormones and/or increasing nutrient avail-
ability via the production of secondary metabolites, or by acting as biocontrol agents to
protect plants from phytopathogen infection. The authors specifically emphasize the pro-
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ductive role of Bacillus subtilis CBR05 in significantly increasing the nutritional potential of
tomato fruits, total biomass, and root length under greenhouse conditions. Barahona-Pico
et al. [86] also observed that the application of vermicompost, either in conjunction with
the Bacillus consortium or individually, significantly increases the weight of the fruits, in
addition to improving the nutritional value of cherry tomatoes. Xiao-Ying et al. [87] high-
lights that the microbial effect of Bacillus subtilis is one of the most important in agriculture,
acting mainly as a PGPR in greenhouse-grown tomatoes.

4. Conclusions
Inoculation with Bacillus subtilis ATCC 23858 and Burkholderia seminalis TC3.4.2R3

demonstrated biotechnological potential in mitigating water deficit in cherry tomato culti-
vation, offering a practical application for more sustainable agriculture.

The use of Bacillus subtilis ATCC 23858 and Burkholderia seminalis TC3.4.2R3 as PGPB
did not affect fruit quality under the conditions of this study, except for the soluble solids
content. Burkholderia seminalis TC3.4.2R3 promoted an increase in the shoot and root fresh
and dry mass, as well as an increase in root volume. On the other hand, Bacillus subtilis
ATCC 23858 promoted an increase in carotenoid and chlorophyll b levels.

Both inoculations promoted an increase in the leaf water content of cherry tomato
plants under more severe water deficit conditions (40% of crop evapotranspiration). The
higher water replacement levels (80% and 100% of crop evapotranspiration) promoted
higher fruit productivity, which decreased with deficit irrigation.
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