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Abstract: Drought presents a critical challenge to global crop production, exacerbated by the effects
of global warming. This study explores the role of rhizospheric bacteria (Bacillus, Pantoea, and
Pseudomonas) in enhancing the drought resistance and nutrient absorption of strawberry plants. The
experimental approach involved inoculating plant roots with various strains of rhizobacteria and
assessing their impact under different water potential conditions in two substrates: optimal moisture
and water deficit. The results showed significant changes in the nutrient content of strawberry plants,
influenced by the type of bacterial strain and moisture conditions. Phosphorus and potassium content
in the leaves varied considerably, with the highest levels observed in plants inoculated with specific
bacterial strains under both optimal and water-deficit conditions. Similarly, calcium and magnesium
content in the leaves also changed notably, depending on the bacterial strain and moisture level.
The water deficit cluster, featuring the PJ1.1, DKB63, and DKB65 strains, showed PGPR’s role in
maintaining nutrient availability and plant resilience. The study demonstrates that inoculation with
PGPR can markedly influence the nutrient profile of strawberry plants. These findings underscore
the potential of using rhizobacteria to enhance crop resilience and nutritional status, especially in the
context of increasing drought conditions due to climate change.

Keywords: plant growth-promoting rhizobacteria; strawberry nutrition; drought stress; soil microbial
interaction; cluster analysis

1. Introduction

Plants experience many environmental stresses that can affect their vital functions
at every stage of development. Such stressors include, for example, salinity, drought,
excessively high or low temperatures, and contamination with toxic compounds because of
natural or anthropogenic activities [1].
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Drought is an example of acute abiotic stress that plants suffer over their lifetime due
to insufficient water supply. This stress negatively affects the physiological, morphological,
and biochemical characteristics of plants, and limits the quantity and quality of yields [2]. It
is estimated that by 2052, about half of cultivated areas will be severely affected by drought,
which will significantly affect plant growth and development [3].

One of the plants of temperate climate, of global importance, being at the same time
especially sensitive to high levels of drought stresses due to its herbaceous nature and
shallow root system [4], is the strawberry (Fragaria × ananassa Duch.) This is the most
popular berry plant, grown worldwide and extremely profitable from an economic point
of view. Among strawberry producers, Poland ranks 9th in the world and 2nd in the
European Union with 185.4 thousand tonnes in 2022 [5]. It is highly regarded for the health,
quality, and taste benefits of fruits [6,7]. Many authors have shown that both the leaves
and fruits of strawberries possess a rich chemical profile, including readily absorbable
sugars, dietary fibers, vitamins (especially vitamin C), and a range of bioactive compounds
with antioxidant properties [8–11]. A prospective option for improving plant growth and
drought tolerance is the application of plant growth-promoting rhizobacteria (PGPR) as
inocules. Over the last decade, the use of such microorganisms has repeatedly been shown
to increase plant tolerance to environmental stresses [12]. Consequently, employing these
bacteria presents an efficient and economical method to bolster food security under drought
conditions [13].

PGPR has been proven to be an environmentally friendly way to increase yields by
promoting plant growth and development through various direct and indirect mecha-
nisms. These mechanisms encompass soil nutrient mobilization through nitrogen fixa-
tion, facilitating nutrient solubilization for easier plant absorption, regulating plant hor-
mones, and providing biological control, including the induction of resistance against plant
pathogens [14,15]. Mineral nutrients play a crucial role in plant growth and differentiation
throughout all developmental stages. The water deficit reduces the absorption, extraction,
and redistribution of nutrients [16,17].

Biofertilization and phytostimulation are two direct mechanisms in which PGPR
increases soil fertility by binding atmospheric nitrogen, dissolving inaccessible nutrients
(such as phosphates, zinc, potassium, and iron), and synthesizing phytohormones. Nutrient
uptake by plants is enhanced by siderophores, and phytohormone production assists in the
sequestration of microelements [18–20].

Although phosphorus (P) is present in large quantities in agricultural soils, a sig-
nificant proportion (30–65%) is present in insoluble organic form. To compensate for
this, a significant amount of phosphorus is often added to soils in the form of fertilizers.
Phosphate-solubilizing bacteria, including species from the genera Pseudomonas, Alcaligenes,
Bacillus, Corynebacterium, and others, are capable of transforming these non-absorbable
forms into ones that plants can readily uptake [21]. The bacteria use one of two mecha-
nisms: acidification of the external environment by releasing low molecular weight organic
acids, which causes chelation of cations bound to phosphates, or production of phos-
phatases/phytases that hydrolyze organic forms of phosphorus compounds [22]. In soils
experiencing drought stress, the mobility of phosphorus is diminished as it predominantly
moves through diffusion. Thus, adequate soil moisture is a critical factor in enhancing the
mobility and uptake of this nutrient [23,24].

Potassium (K) plays a key role in water relations, osmotic regulation, and the move-
ments of the stomatal apparatus, so in the end—the resistance of plants to drought. Plants
reported reduced K+ content under water stress, mainly due to membrane changes and ion
imbalance [25]. Plants with low K+ concentrations are less tolerant to water deficiency [26].
Rhizospheric microorganisms, especially bacteria—potassium-solubilizing microorgan-
isms (KSM), have the potential to solubilize potassium, for easy uptake by the plant [27].
Among others, K-solubilizing rhizobacteria include Bacillus, Agrobacterium, Burkholderia,
Enterobacter, Myroides, Pseudomonas, and Pantoea [28,29]. Some bacteria, by improving the
bioavailability of this element, caused an increase in the potassium content in plants [30].
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Many experiments have indicated that drought stress inhibits active transports of
Mg2+, Ca2+, and K+ ions by changing the membrane permeability and limiting the ab-
sorption of these nutrients by roots [31]. Water stress results not only in a deficiency of
macronutrients but also in some micronutrients (Zn, Cu, Fe Mn, and B) [32], more soluble
and available for plants in conditions of optimal soil moisture. PGPR can increase their
mobility and availability through the production of siderophores [33,34]. Considering
the above aspects, our studies were carried out to identify such strains of rhizospheric
bacteria that, while improving the plant’s resistance to drought, allow them to increase the
absorption of nutrients necessary for the growth and development of strawberry plants.

2. Materials and Methods
2.1. Location of the Experiment and Plant Material and Growth Conditions Employed

The research was conducted in a greenhouse at the Department of Horticulture of
West Pomeranian University of Technology in Szczecin (Poland). The study was conducted
as a detailed two-factor experiment using a completely randomized design, which included
four replicates. This experiment focused on assessing the effects of plant growth-promoting
rhizobacteria (PGPR) and different moisture levels of the growth substrate on the macro-
and micro-nutrient levels in the leaves of the ‘Polka’ strawberry.

The experiment began on 5 October 2020 and the plants were grown until 20 April
2021 at 17–20 ◦C (under natural day/night conditions). The strawberry plantlets were
cultivated in a peat substrate (Substral Osmocote, Evergreen Garden Care Poland Sp. z o.o.,
Warsaw, Poland) mixed with perlite (in a ratio 15:1) in black PVC pots with a diameter of 19
cm (capacity of 3.0 dm3). The substrate was enriched with a 2 g mixture of Osmocote NPK
15-09-09 and Plant Starter NPK 10-52-10 fertilizer (Evergreen Garden Care Poland Sp. z
o.o., Warsaw, Poland), no additional fertilization was used in the vegetative growth phase.

2.2. Experimental Factors

The first experimental factor was the inoculation of plant roots with rhizospheric
bacteria. Among the tested strains of bacteria in this study, Pantoea sp. DKB64, P. sp.
DKB65, P. sp. DKB70, P. sp. DKB63, P. sp. DKB68, and Pseudomonas sp. PJ1.1. showed the
ability to convert insoluble inorganic phosphorus compounds, such as tricalcium phosphate,
to bioavailable forms. Some Bacillus strains such as B. sp. DLGB2, B. sp. DLGB3, B. sp.
DKB26, B. sp. DKB58, B. sp. DKB84, and Pseudomonas sp. PJ1.1. showed very promising
to produce siderophores, and iron chelating compounds, thus increasing its availability.
Detailed characteristics of the bacterial strains used in the experiment were described
in our earlier studies [35]. The inoculum was applied, in the amount of 40 cm3/plant
and minimum bacterial density of 107 CFU/g, to the substrate near the root system of
strawberry plantlets. The inoculation was applied seven weeks after planting the plants.

The following variants of the first factor were applied: plants not inoculated with
rhizospheric bacteria (variant CO), application of solution that was used to prepare a
bacterial suspension—10 mM MgSO4 without bacteria in the amount of 40 cm3/plant
(variant CMg), inoculation with Bacillus sp. strains: DLGB2 (variant DLGB2), DLGB3
(variant DLGB3), DKB26 (variant DKB26), DKB58 (variant DKB58), DKB84 (variant DKB84),
inoculation with Pantoea sp. strains: DKB63 (variant DKB63), DKB64 (variant DKB64),
DKB65 (variant DKB65), DKB68 (variant DKB68), DKB70 (variant DKB70), and inoculation
with Pseudomonas sp. strain P.J1.1 (variant P.J1.1). Bacillus sp. and Pantoea sp. strains were
isolated from the sandy soil of the United Arab Emirates, near Dubai. The soil is light
yellow in colour, very low in organic matter content, and has low water holding and run-off
capacity, high infiltration, and extremely low fertility. The isolated microorganisms from
sandy, non-fertile soil are adapted to water shortage, and drought stress and tolerant to
salinity and acidity. The applied beneficial microorganisms can survive in dry environments
due to their biochemical properties in enhancing the phosphorus content under water
deficit conditions and their potential to mitigate the impacts of environmental stressors.
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Pseudomonas sp. strain was isolated from the rhizosphere of wheat grown in Poland,
Western Pomerania. The soil was medium-heavy with an average organic matter content.

The second experimental factor was the different levels of water potential in the
substrate. The water potential was maintained at −10 to −15 kPa under optimal soil
moisture (control water potential, variant CWP), and at −40 to −45 kPa under conditions
of water deficit in the substrate (deficit water potential, variant DWP). Each pot was
watered using individual drippers when the water potential in the substrate increased
above −15 kPa under optimal conditions or above −45 kPa under water deficit conditions.
Irrigation was carried out to a value of −10 kPa in the control variant and to −40 kPa under
water deficit conditions. The water potential in the substrate was determined using contact
soil tensiometers.

2.3. Measurement Methods

Samples of the substrate and strawberry leaves were collected on April 20, at the end
of the experiment.

The peat substrate samples were dried to an air-dry state and then ground. In the
substrate, the samples were determined percentage loss on ignition (LOI) of soil material at
550 ◦C, taken as content of organic matter (CWP), in accordance with PN-EN 15935:2022-01
standard [36], by weight method in three repetitions for each sample. The pH in H2O
and pH in potassium chloride solution with a concentration of 1 mol·dm−3 (pH in KCl)
were determined by potentiometric method in accordance with PN-EN ISO 10390:2022-09
standard [37] using an Orion Star A 211 pH meter. Electrical conductivity (EC), taken as
salinity, in accordance with the PN-ISO 11265:1997 standard [38] was determined using the
Orion 3Star conductivity meter.

The content of available plant forms of elements (K, Mg, Fe, Mn, Zn, and Cu) was
determined using an IC 3000 Thermo Scientific Series AAS Spectrophotometer (Waltham,
MA, USA). The content of Mg, Fe, Mn, Zn, and Cu was determined by the AAS method
and the content of available forms of K by the AES method. The content of available forms
of P was determined by the vanadium–molybdenum method (using Metertech UV-WIS
SP 8001 Spectrophotometer, Nangang, Taipei, Taiwan). The elements were extracted using
0.5 mol HCl·dm−3 in accordance with the PN-R-04024:1997 standard [39].

The plant samples (leaves of strawberries), after drying to an air-dry state, were ground
and hot mineralized. Samples of 1 g of plant material were mineralized with the addition of
10 mL of a mixture of concentrated nitric and perchloric acids (in 3:1 ratio). The total content
of P was determined using a spectrophotometer by the vanadium-molybdenum method.
The total content of K and Na in the leaves of strawberries was determined by the ESA
method, and the total Fe, Mn, Mg, Ca, Zn, and Cu were determined by the ASA method.

2.4. Statistical Methods

Data analysis commenced with the computation of descriptive statistics for a suite of
soil parameters, utilizing the Python programming language (Python Software Foundation,
version 3.9). The mean values and standard deviations were calculated to provide insights
into the central tendencies and dispersion of data, respectively. Data distribution was
assessed via histograms, and potential outliers were identified through box plots, created
using the Matplotlib library (version 3.8.2.) [40] and Seaborn library (version 0.13.0) [41],
which are powerful tools for generating a wide range of static, animated, and interactive
visualizations in Python.

An analysis of variance (ANOVA) was conducted to detect significant differences
across soil moisture variants and combinations. This analysis was performed using the
stats module from the SciPy library [42], a Python-based ecosystem of open-source software
for mathematics, science, and engineering. Subsequent post hoc pairwise comparisons
were facilitated by Tukey’s honest significant difference (HSD) test, implemented via the
StatsModels (version 0.14.1) library [43], which is designed for estimating and testing
statistical models.
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Eta squared (η2η2) values were calculated to quantify the magnitude of the observed
differences, using functionalities provided by the NumPy (version 1.23.1) library [44], which
adds support for large, multi-dimensional arrays and matrices, along with a collection of
mathematical functions to operate on these arrays.

Hierarchical clustering was performed with Ward’s method, using the linkage and
cluster functions from the SciPy library, which provides algorithms for hierarchical and
agglomerative clustering. The results were visualized in a dendrogram using the Matplotlib
library, elucidating the clustering structure of the dataset.

For outlier detection, interquartile range (IQR) criteria and Z-scores were used, em-
ploying methods from the NumPy and SciPy libraries. The identification and handling of
outliers were integral to maintaining the integrity and robustness of our analysis.

3. Results
3.1. Physicochemical Parameters of the Substrate
3.1.1. The Content of Organic Matter in Substrate

For the organic matter content, the mean value in optimal moisture conditions (CWP)
was 32.87% with SD 1.62 and CV 4.92%, while under the water deficiency conditions (DWP),
the mean value was recorded at 32.56% with SD 2.23 and CV 6.85%. The maximum value
was observed in CWP for the CMg variant and DWP at inoculation with the DKB63 strain.
The minimum value was observed in CWP for the DKB64 strain and DWP in the C0 variant
(Figure 1).
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3.1.2. The pH of the Substrate

The pHH2O mean value in the optimal moisture conditions of substrate (CWP) was
6.91 with SD 0.31 and CV 4.48%. In the water deficit conditions (DWP), we observed 6.70
with SD 0.42 and CV 6.28%. The maximum value was observed in CWP after inoculation
with the DKB70 strain and for DWP at the DKB58 strain. The minimum value was observed
in CWP for the C0 variant, and DWP at inoculation with DLGB2 strain (Figure 2, Table 1).
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Table 1. ANOVA results for the substrate.

Variable Variant Strain 1 Strain 2 Mean 1 Mean 2 Effect

pH in KCl DWP *

DKB63 C0 5.885 6.561

DOWN

DKB63 CMg 5.885 6.559
DKB65 C0 5.918 6.561
DKB65 CMg 5.918 6.559

C0 PJ1.1 6.561 5.880
CMg PJ1.1 6.559 5.880

pH in H2O DWP

DKB63 C0 6.110 6.911

DOWN

DKB63 CMg 6.110 6.906
DKB65 C0 6.140 6.911
DKB65 CMg 6.140 6.906

C0 PJ1.1 6.911 6.127
CMg PJ1.1 6.906 6.127

Salinity
[mS·cm−1] DWP

DKB63 C0 1888.250 986.222

UP
DKB63 CMg 1888.250 996.125
DKB65 C0 1817.500 986.222
DKB65 CMg 1817.500 996.125

Fe [mg·kg−1] CWP * CMg C0 1743.625 1732.444 DOWN

Cu [mg·kg−1] CWP C0 PJ1.1 40.178 26.400 DOWN

P [mg·100 g−1] DWP
DKB65 C0 159.200 102.811

UPDKB65 CMg 159.200 102.538
* CWP—optimal moisture; DWP—water deficit.

For pH in KCl, the mean value in the optimal moisture conditions of the substrate
(CWP) was 6.58 with SD 0.26 and CV 3.96%. The maximum value was observed in CWP
after inoculation with the DKB63 strain, and the minimum value was observed in CWP for
the C0 variant. In the water deficit conditions (DWP), we observed a mean value of 6.39
with SD 0.36 and CV 5.65%. The maximum value was observed in DWP after inoculation
with the DKB58 strain, and the minimum value was observed in DWP for the DLGB2
variant (Figure 3, Table 1).



Agriculture 2024, 14, 46 7 of 31

Agriculture 2024, 14, 46 7 of 33 
 

 

For pH in KCl, the mean value in the optimal moisture conditions of the substrate 
(CWP) was 6.58 with SD 0.26 and CV 3.96%. The maximum value was observed in CWP 
after inoculation with the DKB63 strain, and the minimum value was observed in CWP 
for the C0 variant. In the water deficit conditions (DWP), we observed a mean value of 
6.39 with SD 0.36 and CV 5.65%. The maximum value was observed in DWP after 
inoculation with the DKB58 strain, and the minimum value was observed in DWP for the 
DLGB2 variant (Figure 3, Table 1). 

 
Figure 3. The pHKCl of the substrate where CWP is the optimal moisture and DWP is the water deficit. 
♦—minimum and/or maximum values. 

3.1.3. The Salinity of Substrate  
The substrate salinity mean value in the optimal moisture conditions (CWP) was 1.19 

mS·cm−1 with SD 0.38 and CV 32.2%. In the water deficit conditions (DWP), we recorded 
a mean of 1.27 mS·cm−1 with SD 0.42 and CV 33.2%. The maximum value was observed in 
CWP for the CMg variant, and DWP after inoculation with DKB63 strain. The minimum 
value was observed in CWP at the DLGB3 strain, and for DWP when inoculated with the 
DKB58 strain (Figure 4, Table 1). 

Figure 3. The pHKCl of the substrate where CWP is the optimal moisture and DWP is the water
deficit. ♦—minimum and/or maximum values.

3.1.3. The Salinity of Substrate

The substrate salinity mean value in the optimal moisture conditions (CWP) was
1.19 mS·cm−1 with SD 0.38 and CV 32.2%. In the water deficit conditions (DWP), we
recorded a mean of 1.27 mS·cm−1 with SD 0.42 and CV 33.2%. The maximum value was
observed in CWP for the CMg variant, and DWP after inoculation with DKB63 strain. The
minimum value was observed in CWP at the DLGB3 strain, and for DWP when inoculated
with the DKB58 strain (Figure 4, Table 1).
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3.2. The Content of Macronutrients in the Substrate

The mean value of the content available for plant forms of phosphorus in the optimal
moisture conditions (CWP) was 119.0 mg·100 g−1 with SD 22.6 and CV 19.0%, while under
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the water deficiency conditions (DWP), it was recorded at 117.1 mg·100 g−1 with SD 30.1
and CV 25.7%. The maximum value was observed in CWP for the C0 variant, and DWP at
DKB65 strain. The minimum value was observed in CWP at inoculation with the DKB68
strain and for DWP at the DKB64 strain (Figure 5, Table 1).
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The mean value of the content available for plant forms of potassium in the optimal
moisture conditions (CWP) was 740.7 mg·kg−1 with SD 274.2 and CV 37.0%. In the water
deficit conditions (DWP), the mean value was observed at 818.03 mg·kg−1 with SD 312.07
and CV 38.15%. The maximum value in CWP was found for the CMg variant, and for DWP
when inoculated with the DLGB2 strain. The lowest value was observed in CWP at the
DKB63 strain, and for DWP in the C0 variant (Figure 6).
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The mean value content of available forms of magnesium in the optimal moisture
conditions (CWP) was 728.7 mg·kg−1 with SD 95.6 and CV 13.1%. In the water deficit
conditions (DWP), the mean value was 673.0 mg·kg−1 with SD 86.8 and CV 12.9%. The
maximum value of this macronutrient was observed in CWP at inoculation with the DLGB2
strain and for DWP in the C0 variant. The minimum value was observed in CWP for the
C0 variant, and DWP in the CMg variant (Figure 7).
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3.3. The Content of Micronutrients in the Substrate

The iron mean value in the optimal moisture conditions (CWP) was 1715 mg·kg−1

with SD 166.1 and CV 9.68%. In the water deficit conditions (DWP), we observed a mean
of 1579 mg·kg−1 with SD 82.8 and CV 5.25%. The maximum value was observed in CWP
for the DLGB2 strain and DWP at inoculation with the DLGB3 strain. The minimum value
was observed in CWP for the DKB68 strain, and DWP in the C0 variant (Figure 8, Table 1).
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For the available forms of manganese, the mean value in the optimal moisture con-
ditions (CWP) was 167.9 mg·kg−1 with SD 21.07 and CV 12.55%. In the water deficiency
conditions (DWP), it was recorded at 153.2 mg·kg−1 with SD 21.73 and CV 14.18%. The
highest value in the CWP variant was recorded after inoculation with the DLGB2 strain
and for DWP with the DKB58 strain. The minimum value was observed in CWP after
inoculation with the DKB65 strain and for DWP with the DLGB2 strain (Figure 9).
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The mean value of zinc content in the CWP variant was 33.6 mg·kg−1 with SD 21.4
and CV 63.64%. In the DWP variant, we recorded a mean of 21.6 mg·kg−1 with SD 6.7
and CV 30.80%. The maximum value was observed in the CWP variant after inoculation
with the DKB63 strain and for DWP in the CMg variant. The lowest value was observed
in the CWP variant with the DKB63 strain and for the DWP variant with the PJ1.1 strain
(Figure 10).
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For the available forms of copper, the mean value in the optimal moisture conditions
(CWP) was 37.9 mg·kg−1 with SD 6.65 and CV 17.52%. Under the water deficiency condi-
tions (DWP), we recorded a mean of 31.4 mg·kg−1 with SD 7.64 and CV 24.33%. The highest
value in the CWP variant was recorded for the C0 variant, and DWP after inoculation with
the DKB70 strain. The lowest value was observed in CWP with the PJ1.1 strain and for
DWP with the DKB84 strain (Figure 11, Table 1).
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3.4. Summary Analysis Effect Substrate

In our comprehensive analysis of the soil’s response to various treatments, ANOVA
has unveiled distinct dependencies between the treatments and soil characteristics. Notably,
the last column of our dataset, which denotes the direction of the effect, illustrates these
relationships in detail (Table 1).

3.5. The Content of Macronutrients and Sodium in Strawberry Leaves

The average level of phosphorus content in leaves of strawberries in optimal moisture
conditions (CWP) was 6530 mg·kg−1 with SD 2235 and CV 34.23%, and under water deficit,
it was a mean of 10,149 mg·kg−1 with SD 853 and CV 8.40%. The maximum value was
observed in CWP after inoculation with the DKB65 strain, and for DWP after inoculation
with the DKB63 strain. The minimum value was observed in CWP for the DKB70 strain,
and DWP in the DKB84 variant (Figure 12, Table 1).

For the potassium content in the leaves, the mean value in optimum moisture condi-
tions (CWP) was 23,390 mg·kg−1 with SD 3445 and CV 14.73%. In water deficit conditions
(DWP) we observed a mean of 19,022 mg·kg−1 with SD 466 and CV 2.45%. The highest
value was recorded in CWP after inoculation with the DLGB3 strain and for DWP with the
PJ1.1 strain. The minimum value was observed in CWP for the DKB84 strain, and DWP in
the C0 variant (Figure 13).
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Figure 13. The content of the total form of potassium (K) in the leaves of strawberries where CWP is
the optimal moisture and DWP is the water deficit. ♦—minimum and/or maximum values.

The average level of content for the calcium mean value in the optimal moisture
conditions (CWP) was 22,911 mg·kg−1 with SD 2827 and CV 12.34%, and under water
deficit (DWP) it was a mean of 21,596 mg·kg−1 with SD 2864 and CV 13.26%. The maximum
value was observed in CWP for the DKB68 strain, and DWP in the DLGB2 variant. The
minimum value was observed in CWP after inoculation with DKB70 stain, and for DWP
after inoculation with the DKB65 strain (Figure 14, Table 1).
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the optimal moisture and DWP is the water deficit. ♦—minimum and/or maximum values.

For the magnesium content in the leaves of strawberries, the mean value in the optimal
moisture conditions (CWP) was 5707 mg·kg−1 with SD 286.6 and CV 5.02%. In water deficit
conditions (DWP), we observed a mean of 5610 mg·kg−1 with SD 395.1 and CV 7.04%. The
maximum value was observed in CWP after inoculation with the PJ1.1 strain and for DWP
in the C0 variant. The minimum value was observed in CWP for the DKB70 strain, and
DWP after inoculation with the DKB64 strain (Figure 15, Table 1).
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Figure 15. The content of the total form of magnesium (Mg) in the leaves of strawberries where CWP
is the optimal moisture and DWP is the water deficit. ♦—minimum and/or maximum values.

The average level of sodium content in leaves of strawberries in the optimal moisture
conditions (CWP) was 720.5 mg·kg−1 with SD 110.7 and CV 15.37%. In the water deficit
conditions (DWP), we recorded a mean of 639.8 mg·kg−1 with SD 244.25 and CV 38.18%.
The maximum value was observed in CWP for the DKB64 strain, and in DWP for the DKB63
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strain. The lowest values, both for the CWP variant and DWP variant, were observed after
inoculation with the DKB70 strain (Figure 16, Table 1).
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3.6. The Content of Micronutrients in Strawberry Leaves

For the iron content in leaves, the mean value in the optimal moisture conditions (CWP)
was 236.0 mg·kg−1 with SD 130.58 and CV 55.33%. In water deficit conditions (DWP), we
observed a mean of 248.6 mg·kg−1 with SD 77.85 and CV 31.32%. The maximum value
was recorded in CWP after inoculation with the PJ1.1 strain and for DWP in the DKB63
variant. The minimum value was observed in CWP for the DKB70 strain, and in DWP for
the DKB84 variant (Figure 17).
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optimal moisture and DWP is the water deficit. ♦—minimum and/or maximum values.

For the manganese content in leaves, the mean value in the optimal moisture con-
ditions (CWP) was 29.05 mg·kg−1 with SD 15.56 and CV 53.58%. In the water deficit
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conditions (DWP), it was recorded at 48.52 mg·kg−1 with SD 7.72 and CV 15.90%. The
maximum values, both for the CWP variant and the DWP variant, were observed after
inoculation with the PJ1.1 strain. The minimum value was observed in CWP for the DKB70
strain, and in DWP for the DKB84 strain (Figure 18).
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Figure 18. The content of the total form of manganese (Mn) in the leaves of strawberries where CWP
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The average level of zinc content in the leaves of strawberries in the optimal moisture
conditions (CWP) was 54.43 mg·kg−1 with SD 18.47 and CV 33.92%. In the water deficit
conditions (DWP), it was recorded at 63.70 mg·kg−1 with SD 15.36 and CV 24.11%. The
maximum value was observed in CWP for the DLGB2 strain, and in DWP for the DKB63
strain. The minimum values, both for the CWP and DWP variants, were observed after
inoculation with the DKB84 strain (Figure 19).
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The average level of content for the copper mean value in the optimal moisture
conditions (CWP) was 21.00 mg·kg−1 with SD 7.12 and CV 33.92%. Under water deficit
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(DWP), the mean was 30.18 mg·kg−1 with SD 15.06 and CV 49.90%. The maximum value
was observed in CWP for the DKB63 strain, and in DWP for the DKB63 strain. The
minimum value was observed in CWP for the DKB26 strain, and DWP after inoculation
with the DLGB3 strain (Figure 20, Table 1).
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3.7. The Leaf Nutrients Ratios

For the K:[Ca+Mg] ratio in the leaves of strawberries, the mean value in the optimal
moisture conditions (CWP) was 0.87 with SD 0.12 and CV 13.76%, and under water deficit
(DWP), it was 0.61 with SD 0.10 and CV 17.12%. The maximum value was observed in
CWP for the DKB26 strain, and in DWP for the DKB64 strain. The minimum value was
observed in CWP for the DKB68 strain, and DWP in the C0 variant (Figure 21).
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For the K:Ca ratio in the leaves, the mean value in optimal moisture conditions (CWP)
was 1.52 with SD 0.19 and CV 12.53%. Under the conditions of water deficit in the substrate
(DWP), we observed a mean of 0.99 with SD 0.08 and CV 8.08%. The maximum value was
recorded in CWP for the DKB26 strain, and DWP in the DKB70 variant. The minimum
value was observed in CWP for the DKB68 strain, and DWP in the C0 variant (Figure 22,
Table 1).
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The average K:Mg ratio mean value in the optimal moisture conditions (CWP) was 2.04
with SD 0.32 and CV 15.79%. Under the conditions of water deficit (DWP), we observed a
1.82 mean with SD 0.45 and CV 24.68%. The maximum value was observed in CWP for the
DKB26 strain, and DWP after inoculation with the DKB64 strain. The minimum value was
observed in CWP for the DKB68 strain, and DWP in the C0 variant (Figure 23, Table 1).
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For the Ca:Mg ratio mean value in the optimal moisture conditions (CWP) was 2.68
with SD 0.35 and CV 13.08%, and under water deficit (DWP), it was 2.66 with SD 0.02 and
CV 0.75%. The highest value was recorded in CWP for the DKB68 strain, and DWP in the
DLGB2 strain. The lowest value was observed in CWP for the DKB26 strain, and DWP
after inoculation with the DKB65 strain (Figure 24, Table 1).
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For the Ca:P ratio, the mean value in the optimal moisture conditions (CWP) was 4.50
with SD 0.58 and CV 12.97%. In the conditions of water deficit in the substrate (DWP), we
observed a 3.91 mean with SD 0.28 and CV 7.11%. The maximum value was observed in
CWP for the DKB68 strain, and DWP in C0 variant. The minimum value was observed in
CWP for the DKB26 strain, and in DWP for the DKB63 strain (Figure 25, Table 1).
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For the Fe:Mn ratio mean value in CWP was 12.75 with SD 0.95 and CV 7.43%. In
DWP we observed a 12.06 mean with SD 7.19 and CV 59.63%. The maximum value was
observed in CWP for the DLGB3 strain, and in DWP for the DKB64 strain. The minimum
values, both for the CWP and DWP variants, were observed after inoculation with the PJ1.1
strain (Figure 26, Table 1).
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3.8. Leaf Analysis Effect Summary

In the leaf analysis of the nutrient content in leaves, certain treatments stood out
due to their pronounced and frequent effects. Notably, ‘PJ1.1’, ‘DKB68’, ‘DKB65’, and
‘DKB63’ were treatments that consistently showed a significant impact the last column of
our dataset, which denotes the direction of the effect and illustrates these relationships in
detail (Table 2).

Table 2. ANOVA for the leaves of strawberries.

Variable Variant Strain 1 Strain 2 Mean
Value 1

Mean
Value 2 Effect

Mg CWP *

DKB68 C0 5244.40 3693.88

UP
DKB68 CMg 5244.40 3617.79

C0 PJ1.1 3693.88 5706.55
CMg PJ1.1 3617.79 5706.55

Ca CWP

DKB68 C0 22,911.27 9477.90

UP
DKB68 CMg 22,911.27 10,103.08

C0 PJ1.1 9477.90 22,587.73
CMg PJ1.1 10,103.08 22,587.73

Na CWP DKB70 C0 299.19 600.02 DOWN

Ca:P CWP

DKB68 C0 4.50 1.76

UP
DKB68 CMg 4.50 1.73

C0 PJ1.1 1.76 4.12
CMg PJ1.1 1.73 4.12
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Table 2. Cont.

Variable Variant Strain 1 Strain 2 Mean
Value 1

Mean
Value 2 Effect

K:Ca CWP
DKB68 C0 0.42 1.15 UP
DKB68 CMg 0.42 1.06 DOWN

C0 PJ1.1 1.15 0.47 DOWN

K:Mg CWP

CMg PJ1.1 1.06 0.47

DOWN
DKB68 CMg 1.11 1.81

C0 PJ1.1 1.80 1.14
CMg PJ1.1 1.81 1.14

Ca:Mg CWP

DKB68 C0 2.68 1.58

UP
DKB68 CMg 2.68 1.73

C0 PJ1.1 1.58 2.42
CMg PJ1.1 1.73 2.42

Cu DWP *
DKB63 C0 30.18 10.39

UPDKB63 CMg 30.18 13.44
C0 PJ1.1 10.39 26.20

Mg DWP

DKB26 C0 4210.68 5610.40

DOWN

DKB26 CMg 4210.68 5267.34
DKB58 C0 4193.80 5610.40
DKB58 CMg 4193.80 5267.34
DKB63 C0 3777.40 5610.40
DKB63 CMg 3777.40 5267.34
DKB64 C0 3183.37 5610.40
DKB64 CMg 3183.37 5267.34
DKB65 C0 3780.70 5610.40
DKB65 CMg 3780.70 5267.34
DKB68 C0 3668.17 5610.40
DKB68 CMg 3668.17 5267.34
DKB70 C0 3667.00 5610.40
DKB70 CMg 3667.00 5267.34
DKB84 C0 4163.43 5610.40
DKB84 CMg 4163.43 5267.34
DLGB3 C0 4484.60 5610.40

C0 PJ1.1 5610.40 3950.80
CMg PJ1.1 5267.34 3950.80

Ca DWP

DKB26 C0 11,745.15 21,415.13

DOWN

DKB26 CMg 11,745.15 19,522.86
DKB58 C0 10,942.10 21,415.13
DKB58 CMg 10,942.10 19,522.86
DKB63 C0 12,337.80 21,415.13
DKB63 CMg 12,337.80 19,522.86
DKB64 C0 10,129.50 21,415.13
DKB64 CMg 10,129.50 19,522.86
DKB65 C0 8819.90 21,415.13
DKB65 CMg 8819.90 19,522.86

Ca DWP

DKB68 C0 10,129.40 21,415.13

DOWN

DKB68 CMg 10,129.40 19,522.86
DKB70 C0 9166.80 21,415.13
DKB70 CMg 9166.80 19,522.86
DKB84 C0 10,643.60 21,415.13
DKB84 CMg 10,643.60 19,522.86

C0 PJ1.1 21,415.13 12,796.30
CMg PJ1.1 19,522.86 12,796.30
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Table 2. Cont.

Variable Variant Strain 1 Strain 2 Mean
Value 1

Mean
Value 2 Effect

Na DWP DKB63 CMg 639.75 338.09 UP

P DWP

DKB63 C0 10,149.00 5534.48

UP
DKB63 CMg 10,149.00 5383.28

C0 PJ1.1 5534.48 9392.40
CMg PJ1.1 5383.28 9392.40

Ca:P DWP

DKB26 C0 2.00 3.91

DOWN

DKB26 CMg 2.00 3.65
DKB58 C0 1.71 3.91
DKB58 CMg 1.71 3.65
DKB63 C0 1.22 3.91
DKB63 CMg 1.22 3.65
DKB64 C0 1.87 3.91
DKB64 CMg 1.87 3.65
DKB65 C0 1.61 3.91
DKB65 CMg 1.61 3.65
DKB68 C0 1.72 3.91
DKB68 CMg 1.72 3.65
DKB70 C0 1.53 3.91
DKB70 CMg 1.53 3.65
DKB84 C0 2.01 3.91
DKB84 CMg 2.01 3.65
DLGB3 C0 2.91 3.91

C0 PJ1.1 3.91 1.37
CMg PJ1.1 3.65 1.37

K:Ca DWP

DKB26 C0 0.78 0.40

UP

DKB26 CMg 0.78 0.44
DKB58 C0 0.82 0.40
DKB58 CMg 0.82 0.44
DKB63 C0 0.79 0.40
DKB63 CMg 0.79 0.44
DKB64 C0 0.93 0.40
DKB64 CMg 0.93 0.44

K:Ca DWP

DKB65 C0 0.98 0.40

UP

DKB65 CMg 0.98 0.44
DKB68 C0 0.96 0.40
DKB68 CMg 0.96 0.44
DKB70 C0 0.99 0.40
DKB70 CMg 0.99 0.44
DKB84 C0 0.85 0.40
DKB84 CMg 0.85 0.44

C0 PJ1.1 0.40 0.77
CMg PJ1.1 0.44 0.77

K:Mg DWP

DKB63 C0 1.58 0.94

UP

DKB63 CMg 1.58 1.00
DKB64 C0 1.82 0.94
DKB64 CMg 1.82 1.00
DKB65 C0 1.40 0.94
DKB68 C0 1.62 0.94
DKB68 CMg 1.62 1.00
DKB70 C0 1.52 0.94
DKB70 CMg 1.52 1.00

C0 PJ1.1 0.94 1.51
CMg PJ1.1 1.00 1.51
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Table 2. Cont.

Variable Variant Strain 1 Strain 2 Mean
Value 1

Mean
Value 2 Effect

Ca:Mg DWP

DKB26 C0 1.71 2.34

DOWN

DKB26 CMg 1.71 2.27
DKB58 C0 1.60 2.34
DKB58 CMg 1.60 2.27
DKB65 C0 1.44 2.34
DKB65 CMg 1.44 2.27
DKB68 C0 1.62 2.34
DKB68 CMg 1.62 2.27
DKB70 C0 1.53 2.34
DKB70 CMg 1.53 2.27
DKB84 C0 1.57 2.34
DKB84 CMg 1.57 2.27

* CWP—optimal moisture; DWP—water deficit.

3.9. Cluster Analysis
3.9.1. Substrate Composition Clusters

The cluster analysis revealed two main clusters which were defined as the optimal
condition cluster and the water deficit cluster (Figure 27).

Agriculture 2024, 14, 46 23 of 33 
 

 

3.9. Cluster Analysis 
3.9.1. Substrate Composition Clusters 

The cluster analysis revealed two main clusters which were defined as the optimal 
condition cluster and the water deficit cluster (Figure 27). 

 
Figure 27. Hierarchical clustering dendrogram for substrate where CWP is the optimal moisture 
and DWP is the water deficit. 

1. Optimal Condition Cluster 
The grouping of the control (C0) and magnesium-supplemented control (CMg) 

within the ‘Optimal’ cluster indicates a baseline soil mineral profile conducive to the 
healthy growth of strawberry plants. This cluster signifies soil conditions where essential 
nutrients are likely in balance, and the addition of magnesium does not dramatically alter 
this equilibrium. 

The obtained results suggest that under non-stress conditions, the soil’s capacity to 
support strawberry cultivation is robust, with or without the solution of MgSO4 that was 
used to prepare a bacterial suspension. The cluster shows the potential homogeneity in 
nutrient uptake by the plants in these two fundamental groups, serving as a reference 
point for the rest of the treatments. 
2. Water Deficit Clusters 

In contrast, the ‘Water Deficit’ cluster, comprising specific bacterial strains such as 
PJ1.1, DKB63, and DKB65, reflects the soil’s response to microbial intervention under wa-
ter scarcity. This cluster is vital in demonstrating how certain PGPR strains may influence 
mineral availability and plant resilience under stress. 

The clustering of these treatments suggests a pattern where PGPR may aid in main-
taining or enhancing nutrient availability or uptake, potentially mitigating the adverse 
effects of water deficit on plant nutrition and stress response. 
3. Diverse Response Clusters (‘Others’): 

The ‘Others’ cluster, which encapsulates a range of other treatments, shows the var-
iability in substrate and plant response to different PGPR strains. This diversity highlights 
the complex interplay between bacterial inoculants and substrate mineral content, empha-
sizing that not all PGPR strains influence the soil and plant systems uniformly. 

Through the lens of the dendrogram, was unraveled critical interactions between soil 
composition, bacterial inoculation, and plant nutrition. The distinct clustering of treat-
ments provides insights into which PGPR strains may be beneficial in specific environ-
mental contexts. For example, under optimal conditions, the necessity of magnesium 

Figure 27. Hierarchical clustering dendrogram for substrate where CWP is the optimal moisture and
DWP is the water deficit.

1. Optimal Condition Cluster

The grouping of the control (C0) and magnesium-supplemented control (CMg) within
the ‘Optimal’ cluster indicates a baseline soil mineral profile conducive to the healthy
growth of strawberry plants. This cluster signifies soil conditions where essential nutrients
are likely in balance, and the addition of magnesium does not dramatically alter this
equilibrium.

The obtained results suggest that under non-stress conditions, the soil’s capacity to
support strawberry cultivation is robust, with or without the solution of MgSO4 that was
used to prepare a bacterial suspension. The cluster shows the potential homogeneity in
nutrient uptake by the plants in these two fundamental groups, serving as a reference point
for the rest of the treatments.

2. Water Deficit Clusters

In contrast, the ‘Water Deficit’ cluster, comprising specific bacterial strains such as
PJ1.1, DKB63, and DKB65, reflects the soil’s response to microbial intervention under water
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scarcity. This cluster is vital in demonstrating how certain PGPR strains may influence
mineral availability and plant resilience under stress.

The clustering of these treatments suggests a pattern where PGPR may aid in main-
taining or enhancing nutrient availability or uptake, potentially mitigating the adverse
effects of water deficit on plant nutrition and stress response.

3. Diverse Response Clusters (‘Others’):

The ‘Others’ cluster, which encapsulates a range of other treatments, shows the vari-
ability in substrate and plant response to different PGPR strains. This diversity highlights
the complex interplay between bacterial inoculants and substrate mineral content, empha-
sizing that not all PGPR strains influence the soil and plant systems uniformly.

Through the lens of the dendrogram, was unraveled critical interactions between soil
composition, bacterial inoculation, and plant nutrition. The distinct clustering of treatments
provides insights into which PGPR strains may be beneficial in specific environmental con-
texts. For example, under optimal conditions, the necessity of magnesium supplementation
is brought into question, whereas under water-limited conditions, certain PGPR treatments
emerge as potential allies in sustaining plant health.

Moreover, the dendrogram elucidates the nuanced role of bacterial inoculants in
influencing soil nutrient dynamics. By correlating clusters with precise atomic spectroscopy
data, we have illuminated the potential of PGPR to either maintain nutrient homeostasis or
shift the nutrient profile in a manner that supports plant growth under varying conditions
(Figure 27).

3.9.2. Ward Dendrogram Interpretation for Plant Tissue Analysis

The dendrogram for leaf tissue analysis, structured with two principal branches,
encapsulates the nutritional status and elemental composition of ‘Polka’ strawberry leaves
under different treatment conditions (Figure 28).
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1. Optimal Branch:

Predominantly characterized by the control group ‘C0’, this branch signifies plant
samples that most likely exhibit a nutritional profile considered standard or ideal under
non-stressful conditions.
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The clustering of ‘C0’ within the ‘Optimal’ branch suggests that the leaves under
control conditions maintain a nutrient composition that could be deemed as a reference for
healthy growth.

2. Water Deficit Branch:

This branch is distinctively marked by treatments experiencing water stress, specif-
ically highlighting ‘DKB65’, ‘DKB63’, ‘PJ1.1’, and ‘DKB68’. These labels represent leaf
samples from plants inoculated with selected bacterial strains known for their growth-
promoting and stress-resilience qualities.

The clustering of these treatments indicates a shared response to water deficit, poten-
tially showcasing the effectiveness of these PGPR strains in altering leaf nutrient content
to cope with stress. It may imply that these bacterial strains help in maintaining essential
mineral levels or in optimizing nutrient ratios, which are crucial for plant survival and
stress tolerance.

Through this dendrogram, we gain valuable insights into how different PGPR treat-
ments affect the mineral nutrition of strawberry leaves, particularly under varying environ-
mental conditions. It reveals patterns and relationships between treatments that are not
immediately apparent without such hierarchical clustering analysis.

The optimal branch reflects the baseline nutritional status of the leaves, which serves
as a crucial comparison against which the impact of water deficit and PGPR treatments can
be measured.

The water deficit branch highlights the potential of specific bacterial strains to support
plant health in less-than-ideal conditions, suggesting strategies for mitigating adverse
effects through microbial intervention.

3.9.3. Scientific Importance

Within the ambit of our study, was instituted a robust significance analysis protocol,
pivotal in enumerating the scientifically salient discrepancies manifest between control
cohorts—untreated ‘C0’ and magnesium-augmented ‘CMg’—and the myriad bacterial
treatments under scrutiny. This analytical apparatus has been engineered to provide a
stringent statistical appraisal, delineating the extent of variability attributable to microbial
intervention versus stochastic fluctuation.

In the vanguard of significant findings stand strains ‘PJ1.1’, ‘DKB65’, and ‘DKB63’,
each exhibiting a pronounced influence on the nutritional milieu of both soil and foliar
domains. The strain ‘PJ1.1’ emerges as a preeminent agent, engendering the greatest
number of significant alterations within the leaf analysis, indicative of its potent efficacy in
modulating nutrient assimilation under variegated environmental conditions.

Similarly, ‘DKB65’ has demonstrated a paramount impact, with its pronounced pres-
ence in soil analysis resonating with a capacity to effectuate meaningful alterations in
soil chemistry, potentially redefining the nutrient bioavailability for ‘Polka’ strawberry
cultivars.

Figure 29 presents an infographic synthesis that crystallizes the comparative potency
of each PGPR strain, as adjudicated by our significance analysis. The delineation of impacts,
portrayed through gradations of verdant and umber hues, imparts a visual quantification
of the scientific import ascribed to each bacterial agent.

The concordance of multifaceted analyses coalesces to form a scientific edifice, sub-
stantiating the hypothesis that select PGPR strains wield a considerable influence on plant
mineral nutrition. The preeminence of ‘PJ1.1’, ‘DKB65’, and ‘DKB63’ within our findings
foregrounds their potential as bio-ameliorators, capable of ushering in an era of microbial-
augmented agronomy.

The elucidated significance through the present analysis serves as a beacon, illu-
minating the path towards deploying PGPR strains with targeted precision to enhance
plant resilience and nutritional equanimity, thereby fostering the development of more
sustainable agricultural paradigms.
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4. Discussion

Microbes associated with the plant roots are crucial for plant nutrition. The rhizo-
sphere bacteria participate in the geochemical cycling of nutrients and determine their
availability for plants and soil microbial communities [45]. The influence of PGPR inoc-
ulation on the mineral metabolism of plants may therefore be an element of increasing
resistance to water deficit. Plant nutrition and development are strictly influenced by
drought [46]. Drought stress exhibits efflux effects on soil nutrient availability and soil
nutrient adsorption [47]. In dry soils with a low-soil solution phase, nutrient mobility and
plant uptake are impeded [48]. Hinsinger et al. [49] reported that drought stress conditions
significantly reduce the content of macro- and micronutrients available for plants such as
N, P, K, B, Fe, Mn, and Zn. Our study showed a significant decrease in the content of the
available forms of Mg, Fe, Mn, Zn, and Cu in the substrate due to water deficiency. The
non-decrease of available phosphorus levels under drought conditions can be explained
by the traits of the microorganisms used for inoculation. Pantoea sp. DKB64, P. sp. DKB65,
P. sp. DKB70, P. sp. DKB63, P. sp. DKB68, and Pseudomonas sp. PJ1.1. showed the ability
to convert insoluble inorganic phosphorus compounds to bioavailable forms. Drought
conditions also reduced the pHH2O and pHKcCl but did not significantly affect the salinity of
the substrate. Ahluwalia et al. [50] demonstrated that drought stress in plants is intensified
by higher salt concentrations because salt-related solutes limit water uptake, which affects
its content in leaves.

PGPR colonizes the plant’s rhizosphere, adheres to the root surface, and forms stable
aggregates that maintain moisture and help plants absorb nutrients [51–53]. The PGPR
not only produces phytohormones but also sequesters iron-chelators (siderophores), and
by solubilizing insoluble minerals such as P, K, and Zn into the availability form for
plants, alleviates the negative effects of water deficit and salinity [15,54,55]. In our studies,
inoculation with the Pantoea sp. DKB 65 strain increased the available phosphorus content
in conditions of deficit water in the substrate, compared to the control variant, which
was due to the high tendency of the tested strain to effectively secrete phosphatases
and P chelation. Under conditions of optimal substrate moisture, inoculation with the
Pseudomonas sp. PJ1.1 strain reduced the available copper content in the substrate compared
to the control variant. In the present study, there was no unambiguous influence of
the experimental factors on salinity and the content of organic matter in the substrate.
Only in the substrate at inoculation with the DKB65 and DKB63 strains did we find
a higher organic matter content compared to the C0 variant. Phosphate solubilizing
rhizobacteria (PSRB), residing in the plant rhizosphere, are recognized as effective bio-
inoculants due to their capability to enhance the availability of phosphates like HPO4

−2
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or dihydrogen phosphate (H2PO4
−1) in the soil. These microorganisms are particularly

beneficial for plants under stress conditions. Notable PSRB species include Azotobacter,
Agrobacterium, Bacillus, Flavobacterium, Pseudomonas, Microbacterium, Enterobacter, Rhizobium,
Serratia, Arthrobacter, and Burkholderia [21,56–59].

According to Karlidag et al. [60], inoculation with rhizobacteria (Bacillus M3, B. OSU-
142, and Microbacterium FS01) significantly increases the content of N, P, K, Ca, Fe, Mn,
and Zn in the leaves of apples. However, inoculation with these microorganisms did
not affect the magnesium content in the leaves of this species. The authors also reported
that apple leaves inoculated with Burkholderia gladioli OSU-7 had the highest Mn content.
There is evidence that plants can acquire Mn in much the same way as iron, either via
acidification of the rhizosphere or the release of phytosiderophores [61]. Similar results of
research on the impact of PGR such as Bacillus simplex, B. megaterium, B. amyloliquefaciens, B.
velezensis, B. licheniformis, B. subtilis, and Paenibacillus castaneae on the oregano nutrition in
N, P, K, Ca, Mg, S, Fe, Cu, Mn, Zn, B, and Mo had been reported by Çakmakçı et al. [62].
In our study, inoculation with the Pantoea sp. DKB63 and Pseudomonas sp. PJ1.1 strains
increased the phosphorus content in the leaves of strawberries growing in water deficit.
According to Adedeji et al. [63], the Pseudomonas strains have been identified as phosphorus
solubilizers due to the production of organic acids and phosphatases, thereby facilitating
the solubilization of phosphorus and other nutrients. In our study, the effect of inoculation
with rhizosphere bacteria on the nutrient content in strawberry leaves depended on both
the soil moisture level and the strain. Under water deficit conditions, after inoculation
with Bacillus sp.: DKB26, DKB58, DKB84, DLGB3, Pantoea sp.: DKB63, DKB64, DKB65,
DKB68, DKB70, and Pseudomonas sp., PJ1.1 caused a reduction in the content of magnesium
and calcium in the leaves of the tested strawberry cultivar, compared to the plants from
the control variants (C0 and CMg). There was also evidence of a beneficial effect of
inoculation with the Pantoea sp. strains DKB68 and Pseudomonas sp. PJ1.1., on the increase
the content of these nutrients, relative to the control, in the strawberry leaves growing
under the conditions of water optimal moisture in the substrate. Creus et al. [64] and
Naveed et. al. [65] stated the potential of such PGPR strains as Azospirillum brasilense Sp 245
and Burkholderia phytofirmans PsJN, used for inoculation in drought, to increase the content
of Mg, K, Ca, and P in Triticum aestivum. According to Fonseca et al. [66], Bacillus subtilis
inoculation increased concentrations of P and Mg in sugarcane leaves, even growing under
water restriction. However, these authors did not demonstrate the effect of inoculation
with this microorganism on the concentrations of Ca and K in the leaves. Similarly, in
our study, there was no effect of inoculation with each strain, including Bacillus sp., on
the potassium content in the strawberry leaves. Perin et al. [67] demonstrated that water
deficit was not affected by Mg and P content in the leaves of strawberries. However,
cited authors also proved an increase in Mn and K content. Siderophores increase the
uptake of nutrients by plants, they can affect directly by improving the nutritional status
of plants, or indirectly by limiting the growth of phytopathogen by chelation of iron from
the surrounding environment [68–70]. According to Dotaniya and Meena [71] and Aketi
et al. [72], the availability of zinc in soil and its concentration in plant tissues is determined
by the abundance and microbiological composition of the rhizosphere therefore, PGPR
inoculation may increase Zn availability in soil and uptake by plants. Perin et al. [67]
showed a decrease in copper content in strawberry leaves exposed to water stress. In our
studies, under water deficit conditions, the strains of Pantoea sp. DKB63 and Pseudomonas
sp. PJ 1.1 increased the copper content in the leaves. Under the same substrate moisture
conditions, the Pantoea sp. DKB63 strain also increased the sodium content in the leaves
compared to the plants from the CMg variant. There was no effect of PGPR inoculation in
different water conditions of the substrate on the content of micronutrients such as iron,
manganese, and zinc. The lack of effect of inoculation with Bacillus thuringiensis strains on
the iron content and Bacillus sp. on the iron and zinc content in Lavandula dentata growing
in drought conditions was also demonstrated by Armanda et al. [73]. The lack of change of
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some elements after inoculation may be due to the lack of disturbance of these elements by
the water deficit.

In our study, a significant effect of inoculation on the ratios of nutrient content in
leaves was also proven. In water deficit, inoculation with the Bacillus sp. strains DKB26,
DKB58, DKB84, and DLGB3 and Pantoea sp. strains DKB63, DKB64, DKB65, DKB68, and
DKB70 and Pseudomonas sp. PJ1.1 decreased the ratio of calcium to phosphorus content
compared to the C0 and CMg variants. In the case of plants growing in conditions of
optimal substrate moisture, the strains Pantoea sp. DKB68 and Pseudomonas sp. PJ1.1
increased the value of this ratio. A reduction in the ratio of calcium to magnesium in
water deficit was demonstrated after inoculation with Bacillus sp. strains DKB26, DKB58,
DKB84, and Pantoea sp. DKB65, DKB68, DKB70. Under the conditions of optimal substrate
moisture, inoculation with the Pantoea sp. DKB68 and Pseudomonas sp. PJ1.1 strains
increased the ratio of the content of these nutrients. There was also evidence, under water
deficit conditions, that inoculation with Bacillus sp. strains DKB26, DKB58, DKB84, and
Pantoea sp. strains DKB63, DKB64, DKB65, DKB68, DKB70 and Pseudomonas sp. strain
PJ1.1 increased the ratio of potassium to calcium in leaves. In the case of plants growing in
optimal substrate moisture, inoculation with the Pseudomonas sp. PJ1.1 strain decreased
the value of this ratio. In water deficit, an increase in the potassium-to-magnesium content
ratio was demonstrated after inoculation with Pantoea sp. strains DKB63, DKB64, DKB65,
DKB68, DKB70, and Pseudomonas sp. PJ1.1. In the case of plants growing in the optimal
substrate moisture, inoculation with the Pseudomonas sp. PJ1.1 strain decreased the value
of this ratio. The optimal proportions of nutrients in plants for the K:Ca ratio should be
from 2 to 4, for K:Mg, from 2 to 6, for K:(Ca+Mg), from 1.62 to 2.2, for Ca:P, the ratio should
be 2, and for Fe:Mn, it should range from 1.5 to 2.5 [74]. The K:Ca ratio recorded in the
strawberry leaves was less than 2 in all experimental combinations. Similar values were
found for the K:Mg ratio. Only in the leaves of plants from the DLGB3 CWP and DKB26
CWP combination did it observe a value above 2. Lower values than those reported in
the literature were also found in the case of the K:(Ca+Mg) ratio. The optimal Ca:P ratio
was found in the leaves of plants from the experimental combination of DKB26 DWP and
DKB84 DWP.

Furthermore, the application of the cluster analysis (CA) in the present study, par-
ticularly involving strains like Pantoea sp. DKB63, Pseudomonas sp. PJ1.1, and Bacillus
sp. strains, offered profound insights into the interaction dynamics between different soil
conditions and PGPR strains. By categorizing treatments into distinct clusters, patterns in
environmental factors, and specific strains such as Pantoea sp. DKB65 and Pseudomonas sp.
PJ1.1 influences plant nutrition. This methodological approach enhanced the clarity of our
findings, highlighting the utility of advanced data analysis techniques in understanding
complex agricultural ecosystems.

The scientific importance of present findings, particularly regarding the strains Pantoea
sp. DKB65, Pseudomonas sp. PJ1.1, and Bacillus sp. DKB26 is significant. These results under-
score the critical role of specific microorganisms in agricultural systems, especially under
the challenging conditions of climate change and environmental stress. By demonstrating
the potential of these PGPR strains to improve plant nutrition and resilience to water deficit,
the present study contributes vital knowledge towards the development of sustainable
agricultural practices. It underscores the necessity of an integrated approach in agricul-
ture, where traditional methods are complemented by modern microbiological insights
and data analysis techniques, to optimize crop performance and uphold environmental
sustainability.

5. Conclusions

Faced with a growing population and ongoing climate change, which expose plants to
environmental stress, global food producers face enormous challenges in increasing crop
productivity and quality, as well as making them resilient to stress. Given the above, more
targeted studies are required to determine the interactions of rhizospheric strains with
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plants and soil and to identify potential candidates for field testing, which may increase
their widespread use in agriculture and horticulture on a large scale.

As we confront the dual challenges of a rapidly growing global population and es-
calating climate change, the urgency to enhance crop productivity and resilience under
environmental stress intensifies. The present study contributes significantly to this en-
deavor by highlighting the potential of rhizospheric strains, such as Pantoea sp. DKB63,
Pseudomonas sp. PJ1.1, and Bacillus sp. strains, in bolstering plant nutrition and stress
tolerance.

The application of the cluster analysis in the present study has provided a deeper
understanding of how these strains interact with varying soil conditions, elucidating
patterns that are critical for developing more efficient agricultural practices. Particularly,
the significant role of strains like Pantoea sp. DKB65 and Pseudomonas sp. PJ1.1 in enhancing
the phosphorus content under water deficit conditions underscores the potential of targeted
microbial inoculation in mitigating the impacts of environmental stressors.

Obtained results advocate for more nuanced and targeted studies to explore the
interactions between specific rhizospheric strains and plant-soil systems. This approach
is vital for identifying promising candidates for large-scale agricultural and horticultural
applications. The strategic use of beneficial microbial strains could be a game-changer in
enhancing crop resilience and productivity, especially in the face of climate change-induced
stresses such as drought and nutrient imbalances.

Furthermore, the present study underscores the need for a paradigm shift in agricul-
tural practices. Incorporating microbial technology into conventional farming methods
could lead to the development of more sustainable, efficient, and environmentally friendly
agricultural systems. This is not just a matter of enhancing crop yields; it is also about
ensuring food security and sustainability in an era of unpredictable climatic conditions.

In conclusion, the integration of advanced microbiological research with practical
agricultural applications offers a promising pathway toward meeting the twin goals of food
security and environmental sustainability. The insights gleaned from the present study
pave the way for more comprehensive field trials and the potential large-scale adoption of
microbial interventions, marking a significant step forward in the quest for resilient and
productive agricultural systems in the face of global challenges.
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