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Abstract: One of the main causes of climate change is the emission of GHGs, and one of the sources
for the generation of such gasses is agriculture via plant production. Considering the foregoing,
a study was conducted to assess PGPRs in strawberry cultivation which were able to limit GHG
emissions. The first experimental factor was the inoculation of plant roots with the Bacillus sp. strains
DLGB3, DKB26, DKB58, and DKB 84; the Pantoea sp. strains DKB63, DKB64, DKB65, and DKB68;
Azotobacter sp. AJ 1.2; and Pseudomonas sp. PJ 1.1. The second experimental factor constituted the
different moisture levels of the growth substrate. In the experiment, emissions of NH3, CO2, N2O,
and CH4 were measured. In light of the conducted research, five strains were selected (Azotobacter sp.
AJ 1.2; Pantoea sp. DKB64, DKB63, and DKB68; and Pseudomonas sp. strain PJ 1.1) that showed the
greatest potential for reducing GHG emissions depending on the prevailing environmental conditions.
The application of the tested bacterial strains under different moisture conditions in the substrate
either reduced or did not affect GWP. This research on PGPR, which was conducted to select strains
of rhizosphere bacteria that would be able to reduce GHG emissions, may form the basis for creating
an inoculum and can be employed as an effective strategy for mitigating certain abiotic stresses.

Keywords: greenhouse gases; plant-growth-promoting rhizobacteria; strawberry; water deficit

1. Introduction

Climate change is increasingly affecting the environment and constitutes one of the
most important problems of the last decade. It also adversely affects food production [1],
as agriculture is one of the spheres of the economy whose links with the climate are partic-
ularly strong. This is due to the biological nature of the production processes employed in
agriculture [2,3]. One of the main causes of global climate change is the emission of green-
house gases (GHGs), which include nitrous oxide (N2O), methane (CH4), ammonia (NH3),
and carbon dioxide (CO2), among others. The main sources of these gases include the use
of nitrogen fertilizers, CH4 emissions by animals and animal excrement, and deforestation
carried out in order to obtain more land for plant cultivation [4,5]. A significant share of
the GHGs stemming from agriculture is generated by plant production. Soils act as sources
of and sinks for GHGs [6]. About 35% of CO2, 47% of CH4, 53% of N2O, and 21% of NO of
the respective total annual emissions relate to soil degassing [7].
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With the increase in the global temperature, the risk of abiotic stresses adversely
affecting plant production increases. Water and nutrient deficiencies or increased soil
salinity can significantly reduce the size and quality of crop yields [8,9]. Water deficits
are among the most important factors limiting crop productivity [10]. In recent years,
droughts and related phenomena have also become significant problems for agriculture
in the European continent. Strawberries are among the most popular dessert fruits in
the world, and their cultivation is economically important on a global scale [11]. The
garden strawberry is sensitive to drought stress because it has a shallow root system,
large leaf area, and produces juicy fruit [12]. Methods and means that could mitigate
the impact of stresses on plants have long been sought. The adaptation of agricultural
systems to climate change has required and will continue to require cross-disciplinary
action; new knowledge bases, practices, and technologies that integrate agronomic, envi-
ronmental, and molecular dimensions will be required [2]. Many authors have indicated
that the use of rhizosphere microorganisms can be very helpful for mitigating unfavorable
environmental conditions during plant cultivation [13]. It has also been shown that microor-
ganisms stimulate plant growth through the production of phytohormones and protect
plants against pathogens [14–17]. The most commonly used plant-growth-promoting rhi-
zobacteria include Agrobacterium, Azotobacter, Bacillus, Burkholderia, Caulobacter, Chromobac-
terium, Flavobacterium, Micrococcous, Pseudomonas, Cellulomonas [18–21], Pantoea, Azoarcus,
Paenibacillus, and Methylobacterium [22]. When searching for rhizosphere microorganisms
that can alleviate stress conditions and thus improve the size and quality of crop yields, one
should also pay attention to their impact on the ecosystem. Strains that can reduce GHG
emissions from crop production should be sought. One should also look for an answer to
the question of how the emission of the most important GHGs is influenced by the tested
strains of soil microorganisms and their interactions with the soil and the plants grown
in it.

The strains used in this study were assessed as PGPR based on their properties
demonstrating the potential to promote plant growth and the ability of these bacterial
strains to reduce the effects of water stress on strawberries [23]. With the above in mind, we
conducted research to select those rhizosphere bacteria that are both capable of stimulating
plant growth and potentially reducing greenhouse gas emissions; the results of this research
can form the basis for the creation of an inoculum and can be employed as an effective
strategy for mitigating certain abiotic stresses that can affect crop growth and production.

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

A two-factor experiment with a completely randomized design and consisting of four
replications was performed at the West Pomeranian University of Technology in Szczecin,
Poland (53◦25′ N, 14◦32′ E, 25). Each replication was represented by a single plant. The
experiment began on 5 October 2021, when individual plantlets of the ‘Polka’ strawberry
cultivar (from J.G. Mendyk Strawberry Plant Nursery, Koronowo, Poland) were planted
in plastic 19 cm diameter containers with a 3 dm3 capacity. The strawberry plantlets were
cultivated in a peat substrate (Substral Osmocote, Evergreen Garden Care Poland Sp. z
o.o.) mixed with perlite (in a ratio 15:1). The peat substrate (pH 6.2) was fertilized with a
2 g·dm−3 mixture of Osmocote NPK 15-09-09 and Plant Starter NPK 10-52-10. Throughout
the experiment, no additional fertilizers were added to the substrate. The plants were
grown in a greenhouse until 20 April 2022 under natural (day/night) conditions at 17–20 ◦C.

2.2. Experimental Factors

The first experimental factor was the inoculation of strawberry roots with different rhi-
zosphere bacteria. Promotional traits (IAA production, siderophore production, phosphate
solubilization, and ACCD activity), which were characteristic of PGRP, of the bacterial
strains used in experiment were confirmed under the conditions of water deficit in our
earlier studies. The ability of these bacterial strains to reduce the effects of water stress in
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strawberry plants was also investigated on the basis of chlorophyll fluorescence parame-
ters [23]. The following variants were used: C0—control plants, which were not inoculated;
CMg— soil application of a 10 mM KMgSO4 solution without bacteria (40 cm3/plant);
DLGB 2—inoculation with Bacillus sp. strain DLGB 2; DLGB 3—inoculation with Bacillus sp.
strain DLGB 3; DKB 26—inoculation with Bacillus sp. strain DKB 26; DKB 58—inoculation
with Bacillus sp. strain DKB 58; DKB 84—inoculation with Bacillus sp. strain DKB 84; DKB
63—inoculation with Pantoea sp. strain DKB 63; DKB 64—inoculation with Pantoea sp. strain
DKB 64; DKB 65—inoculation with Pantoea sp. strain DKB 65; DKB 68—inoculation with
Pantoea sp. strain DKB 68; DKB 70—inoculation with Pantoea sp. strain DKB 70; A.J 1.2—
inoculation with Azotobacter sp. strain A.J 1.2; and P.J 1.1—inoculation with Pseudomonas sp.
strain P.J 1.1.

The inoculum was applied to the substrate in the vicinity of the root system (40 cm3/plant
minimum bacterial density of 107 CFU/g) seven weeks after the plants were planted. The
inocula of Bacillus sp. and Pantoea sp. came from the Department of Microbiology and
Rhizosphere of the Institute of Horticulture in Skierniewice (Poland); Azotobacter sp. and
Pseudomonas sp. came from the Laboratory of Experimental Environmental Research of the
Institute of Marine and Environmental Sciences of the University of Szczecin.

The second experimental factor was the varied level of moisture in the substrate.
Different substrate moisture levels were introduced six weeks after inoculation of the root
system. The water potential was maintained at a level of −10 to −15 kPa under the control
conditions (optimal substrate moisture—variant OP) and from −40 to −45 kPa under the
conditions of water deficit (variant DF). The substrate moisture content was determined
using contact soil tensiometers.

2.3. GHG Emission Measurement Methods

During the experiment, the emissions of NH3, CO2, N2O, and CH4 were measured.
For this purpose, a field photoacoustic gas meter 1412 INNOVA Air Tech Instruments
(Denmark) with application software (Gas Monitoring Software 7304 for Control of Photoa-
coustic Gas Monitors 1314 and 1412, Innova Air Tech Instruments A/S) enabling remote
control was used; the meter was connected to a static chamber to measure the emission and
immission of gases from the soil surface [24] (Figure 1). The concentration of gases in the
chamber was recorded 10 min after placing a pot in the measurement chamber. Chamber
air temperature was recorded with each set of emission measurements. GHG concentra-
tions for NH3, N2O, and CH4 are given in mg·m−2·h−1, whereas those for CO2 are given
in g·m−2·h−1 [25]. Measurements of gas emissions by the substrates with plants were
conducted 26 weeks after planting the strawberry plants. Afterwards, the aboveground
part of the plants was removed, and one week after the first measurement (27 weeks after
planting), the second measurement was made, which concerned the emission of gases by
the substrate.
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Figure 1. Photoacoustic gas meter 1412 INNOVA Air Tech Instruments with a static chamber for
measuring gas emissions and immissions.

2.4. Statistical Methods

The collected measurement results were statistically analyzed using the Statistica
13.1PL program. In order to detect changes between the experimental variants, an analysis
of variance (ANOVA) and Tukey’s post hoc HSD test were performed. To determine
whether there were statistically significant differences between the effects of each tested
strain of bacteria on the emission of the tested gases, the Mann–Whitney U test was carried
out. In order to determine the homogeneity of the variants, their variability, and their
structures, a cluster analysis was performed using the Ward method and the square of
the Euclidean distance. Cluster analysis is a type of statistical analysis that groups a set
of objects such that objects in the same group (called a cluster) are more similar to each
other than to objects in other groups (clusters). It is commonly used in machine learning,
data mining, and other fields to identify patterns in data and make predictions or other
decisions based on those patterns [26,27].

In addition, a frequency analysis was performed. It consisted of determining the
percentage of statistically significant changes from all the analyses carried out in order to
determine the significant strains from all the tests.

To clearly illustrate the results, the values presented in Figures 2–7 are given as the
mean value and the standard error (SE) defined as the standard deviation of the distribution
of the sample mean. SE was calculated using Formula (1), where s2 denotes sample variance
and n denotes sample size.

SE =

√
s2

n
(1)
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sphere bacteria; and CMg—soil application of a 10 mM KMgSO4 solution without bacteria in the 
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Figure 2. Emission of CO2 from peat substrate with (A) and without (B) strawberry plant: OP—
optimal moisture; DF—water deficit; C0—control plants, which were not inoculated with rhizosphere
bacteria; and CMg—soil application of a 10 mM KMgSO4 solution without bacteria in the amount of
40 cm3/plant.
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Figure 7. Frequency of statistically significant changes; green-the most important strains, blue-
other strains.

The global warming potential (GWP) is an indicator that quantifies the CF (carbon
footprint) and describes the radiation-forcing impact of one mass-based unit of a given
greenhouse gas related to an equivalent unit of carbon dioxide over a 100-year period
(GWP100) based on a relative scale that compares a specific GHG with an equivalent
mass of CO2, whose GWP, by definition, is equal to 1 [28–30]. GWP was calculated using
Formula (2).

GWP =
Heat trapped by the greenhouse gas over the time period being considered

Heat trapped by the same amount o f carbon dioxide over the same time period
(2)

3. Results

The results of the statistical analyses are presented in Tables 1 and 2 and Figures 2–8.
Table 1 provides descriptive statistics and Table 2 provides the results of the conducted ANOVA.

Table 1. Descriptive statistics.

Gas Statistic DF Plant (+) * OP Plant (+) DF Plant (−) OP Plant (−)

CO2

Mean ± SD 1921 ± 185 2096 ± 189 1886 ± 107 1953 ± 126

Range 1777–2899 1748–2619 1724–2211 1765–2426

CV 10% 9% 6% 6%

N2O

Mean ± SD 2.32 ± 0.21 2.29 ± 0.2 2.07 ± 0.18 2.35 ± 0.13

Range 2.01–3.11 1.94–2.97 1.78–2.83 2.14–2.85

CV 9% 9% 9% 5%

CH4

Mean ± SD 4.2 ± 2.09 6.44 ± 3.49 5.48 ± 2.41 4.94 ± 1.69

Range 1.45–10.64 0–19.68 2.8–11.53 2.3–9.22

CV 50% 54% 44% 34%

NH3

Mean ± SD 0.56 ± 0.07 0.54 ± 0.11 0.5 ± 0.08 0.56 ± 0.08

Range 0.43–0.85 0.24–0.85 0.37–0.77 0.37–0.76

CV 13% 20% 15% 15%

GWP

Mean ± SD 797.1 ± 89.4 844.5 ± 104.7 754.8 ± 108.3 824.7 ± 45.7

Range 691–1073 645–1131 615–1132 758–997

CV 24% 28% 19% 15%
* DF—water deficit, OP—optimal moisture, plant (+)—peat substrate with plant, and plant (−)—peat substrate
without plant.
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Table 2. Two-way ANOVA results.

Variable Sum of Squares df Mean Square Error F p

CO2 2,146,922 3 715,640.6 29.43622 >0.001

N2O 4 3 1.4 40.02875 >0.001

CH4 224 3 74.7 11.83576 >0.001

NH3 0 3 0.1 8.89481 >0.001

C0 38.7 3.0 12.9 4.792 0.003

CMg 35.5 3.0 11.8 17.352 >0.001

DLGB2 18.2 3.0 6.1 18.168 >0.001

DLGB3 21.9 3.0 7.3 30.772 >0.001

DKB26 4.8 3.0 1.6 5.410 0.002

DKB58 15.5 3.0 5.2 9.873 >0.001

DKB84 3.5 3.0 1.2 2.381 0.073

AJ 1.2 8.9 3.0 3.0 7.891 >0.001

DKB64 3.8 3.0 1.3 4.146 0.008

DKB65 8.4 3.0 2.8 3.710 0.013

DKB70 14.0 3.0 4.7 7.891 >0.001

DKB63 11.3 3.0 3.8 13.676 >0.001

DKB68 0.6 3.0 0.2 0.529 0.663

PJ 1.1 9.6 3.0 3.2 2.638 0.053
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3.1. Emission of CO2

The average level of CO2 emission from the peat substrate including a plant under op-
timal moisture levels was 2096 g·m−2·h−1, while under water deficit it was 1921 g·m−2·h−1.
The coefficients of variation (CV) were 9% and 10% (Table 1).The lowest CO2 emission level
under drought stress (variant DF) was recorded after inoculation with Azotobacter sp. strain
AJ 1.2 (1778 g·m−2·h−1) (Figure 2A). Under optimal moisture conditions (OP variant), the
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lowest CO2 emission level was recorded in the variant C0 (1747 g·m−2·h−1). The maxi-
mum values of CO2 emissions under water deficit were recorded in the control variant
(2898 g·m−2·h−1) and after inoculation with Pantoea sp. strain DKB 65 (2619 g·m−2·h−1).

The average CO2 emission level from the peat substrate without a plant under optimal
moisture levels reached 1953 g·m−2·h−1, whereas under drought it was 1885 g·m−2·h−1.
The coefficients of variation (CV) were 6% and 6% (Table 1). The lowest CO2 emission
level in the DF variant was recorded after inoculation with Azotobacter sp. strain AJ 1.2
(1723 g·m−2·h−1) (Figure 2B). Under optimal substrate moisture levels, the lowest emission
was found in the CMg variant (1764 g·m−2·h−1). The maximum values of CO2 emissions
under water deficit were recorded in the CMg variant (2210 g·m−2·h−1), whereas under
optimal conditions they were observed after inoculation with Pantoea sp. strain DKB 63
(2426 g·m−2·h−1).

3.2. Emission of CH4

The average level of emission of CH4 from the peat substrate with a plant under
optimal moisture conditions was 6.44 mg·m−2·h−1, whereas under drought stress it was
4.2 mg·m−2·h−1. The coefficients of variation (CV) were 54% and 50% (Table 1). The lowest
CH4 emission in the DF variant was recorded after inoculation with Pantoea sp. strain
DKB 70 (1.45 mg·m−2·h−1) (Figure 3A). Under optimal moisture levels, the lowest emission
of this gas was found after inoculation with Pantoea sp. strain DKB 63 (0.80 mg·m−2·h−1).
The highest CH4 emission in the DF variant was found after inoculation with Bacillus
sp. strain DLGB 2 (10.64 mg·m−2·h−1), whereas in the OP variant it was observed after
inoculation with Azotobacter sp. strain AJ 1.2 (19.68 mg·m−2·h−1).

The average CH4 emission level from the peat substrate without a plant in the OP vari-
ant reached 4.96 mg·m−2·h−1, whereas under water deficit this value was 5.48 mg·m−2·h−1.
The coefficients of variation (CV) were 34% and 44% (Table 1). The lowest CH4 emis-
sion in the DF variant was recorded after inoculation with Pantoea sp. strain DKB65
(2.80 mg·m−2·h−1) (Figure 3B). Under optimal moisture conditions, the lowest emission of
this GHG was measured from the substrate after inoculation with Azotobacter sp. strain
AJ 1.2 (2.30 mg·m−2·h−1). The maximum emission of CH4 in drought conditions (DF) was
recorded in variant C0 (11.53 mg·m−2·h−1), whereas under optimal substrate moisture
levels it was observed after inoculation with Pantoea sp. strain DKB 68 (9.22 mg·m−2·h−1).

3.3. Emission of N2O

The average level of N2O emission from the peat substrate with a plant under op-
timal substrate moisture conditions was 2.29 mg·m−2·h−1, and under water deficit it
was 2.32 mg·m−2·h−1. The coefficients of variation (CV) were 9% and 9% (Table 1). The
lowest emission of this gas in the DF variant was recorded after inoculation with the
Pantoea sp. strain DKB 70 (2.01 mg·m−2·h−1) (Figure 4A). In the OP variant, the lowest
N2O emission was found in the substrate after inoculation with Bacillus sp. strain DKB 84
(1.94 mg·m−2·h−1). The highest emission levels of this gas were recorded in variant C0:
3.11 mg·m−2·h−1 (DF) and 2.97 mg·m−2·h−1 (OP).

The average N2O emission level from the peat substrate without a plant under op-
timal moisture and water deficit was, respectively, 2.35 and 2.07 mg·m−2·h−1. The co-
efficients of variation (CV) were 5% and 9% (Table 1). In the DF variant, the lowest
emission of this gas was from the substrate after inoculation with Bacillus sp. strain DKB 84
(1.78 mg·m−2·h−1), whereas in the OP variant after inoculation with Pantoea sp. strain DKB
63 (2.14 mg·m−2·h−1) (Figure 4B). The maximum N2O emission values of 2.83 mg·m−2·h−1

(DF) and 2.85 mg·m−2·h−1 (OP) were found in the control variant.

3.4. Emission of NH3

The average level of NH3 emission from the peat substrate with a plant in the OP
variant was 0.54 mg·m−2·h−1, whereas in the DF variant it was 0.56 mg·m−2·h−1. The
coefficients of variation (CV) reached 20% and 13% (Table 1). Under the conditions of
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water deficit in the substrate, the lowest emission of NH3 was recorded after inoculation
with Pantoea sp. strain DKB 64 (0.43 mg·m−2·h−1), whereas in the OP variant it was
recorded after inoculation with Azotobacter sp. strain AJ 1.2 (0.24 mg·m−2·h−1) (Figure 5A).
The highest emission of this gas was recorded in variant C0—0.85 mg·m−2·h−1 (DF) and
0.85 mg·m−2·h−1 (OP).

The average NH3 emission level from the peat substrate without a plant under op-
timal moisture conditions was 0.56 mg·m−2·h−1, whereas in drought conditions it was
0.50 mg·m−2·h−1. The coefficients of variation (CV) reached 15% and 15% (Table 1). The
lowest emission of NH3 under the conditions of water deficit in the substrate was recorded
in variant C0 (0.37 mg·m−2·h−1), whereas under optimal conditions it was obtained after
inoculation with Pantoea sp. strain DKB 63 (0.37 mg·m−2·h−1) (Figure 5B). The high-
est emission levels of this gas were recorded in variant C0: 0.77 mg·m−2·h−1 (DF) and
0.76 mg·m−2·h−1 (OP).

3.5. GWP

The average GWP from the peat substrate with a plant under optimal substrate mois-
ture conditions was 1131 emission CO2 − eq·ha−1, and under water deficit it was 1073 emis-
sion CO2 − eq·ha−1. The coefficients of variation (CV) were 28% and 24% (Table 1). The
highest GWP was recorded in variant C0 and after inoculation with Azotobacter sp. strain AJ
1.2 (OP) and Bacillus sp. strain DLGB2 (DF) (Figure 6A). Only under optimal conditions did
Bacillus sp. strain DLGB3 and Bacillus sp. strain DLGB2 not cause a statistically significant
increase in GWP.

The average GWP emission levels from the peat substrate without a plant under
optimal moisture levels and water deficit were 997 and 1132 emission CO2 − eq·ha−1,
respectively. The coefficients of variation (CV) were 15% and 19% (Table 1). In the DF
variant, the lowest GWP level was from the substrate after inoculation with Pantoea sp.
strain DKB84, whereas in the OP variant it was observed after inoculation with Bacillus sp.
strain DLGB3 (Figure 6B). The maximum GWP values were found in the control variants.

3.6. Recommendations

The statistical analyses enabled the determination of the frequency at which the tested
strains showed statistically significant changes compared to the control conditions (C0
and CMg). The frequency analysis results showed that the strains Azotobacter sp. AJ 1.2,
Pantoea sp. DKB64, P. sp. DKB63, P. sp. DKB68, and Pseudomonas sp. PJ 1.1 were the ones
that showed significant differences most frequently (Figure 7).

3.7. Cluster Analysis

In order to facilitate the interpretation of the cluster analysis, the results were presented
in the form of an agglomeration tree. The analysis showed the isolation of two main
agglomerations (clusters) in which the following conditions were present: in cluster 1, there
were conditions of water deficit without a plant; in the first subgroup of cluster 2, 2a, there
were optimal conditions and a plant was present; and in the second subgroup of cluster
2, 2b, there were optimal conditions without a plant and conditions of water deficit in the
presence of a plant (Figure 8).

4. Discussion

An important source of CO2 in plant production is the emission of gases from the soil
as a result of the mineralization of dead organic matter and humus compounds [31,32]. The
activity of microorganisms involved in this process depends on the soil moisture content.
In many studies, a higher emission rate of this gas was attributed to increased soil aeration
in the presence of an adequate amount of water [33]. According to Norberg et al. [34], CO2
emissions from drained peat soils occur when the aerated top layer of peat decomposes,
whereas CH4, according Nie et al. [35], can be produced in the deeper, water-filled layer by
methanogens and can potentially be oxidized in the aerated top layer by bacteria oxidizing
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methane. In our study, in the substrate with strawberry plants under water deficit, the
inoculation with Bacillus sp. strain DKB26 and B. sp. strain DKB84 reduced CO2 emissions
by 17% compared to the control. In the substrate with the optimal moisture content, the
use of Pantoea sp. DKB70, P. sp. DKB65, and P. sp. DKB68 as well as Bacillus sp. DLGB3
and B. sp. DLGB2 increased CO2 emissions compared to the control. The application of
Pseudomonas sp. strain PJ 1.1, Azotobacter sp. strain AJ 1.2, and Pantoea sp. strain DKB63
had a varied impact on CO2 emission. Under drought, it caused a reduction in CO2
emission, whereas under optimal substrate moisture it precipitated an increase. In the case
of a substrate without plant, under drought conditions, CO2 emissions were 9.2% lower
compared to the control after the application of Pseudomonas sp. strain PJ 1.1. However, as
in the case of the substrate with a plant, this strain had no effect on the CO2 concentration
under optimal moisture.

The rational use of water in agricultural production, with a reduced amount and
frequency of irrigation, reduces the emission of CH4. Changes in CH4 emissions upon
shifts in water regimes have been explained through changes in redox potential and
microbial activity within the soil matrix [33]. In our study, in the substrate with strawberry
plants under drought conditions, we found no effect of inoculation on CH4 emissions. In
the case of optimal substrate moisture, CH4 emission increased by 103% after inoculation
with Azotobacter sp. strain AJ 1.2 compared to the control combination. In the case of
the substrate without a plant under drought conditions, each of the strains used reduced
the level of CH4 emission from the substrate in relation to the control combination. The
emission of this gas was reduced to the greatest extent by Pantoea sp. strain DKB64 (by
70.0%) and to the smallest extent by Bacillus sp. strain DLGB2 (by 38.6%). Jhala et al. [36]
showed that Bacillus aerius AAU M8, Bacillus amyloliquefaciens AAU M14, Bacillus subtilis
AAU M17, Bacillus megaterium AAU M29, and Paenibacillus illinoisensis AAU M17 present
in the rhizosphere of rice reduced CH4 emissions. The cited authors also proved that
in addition to reducing CH4 emissions, these microorganisms also have the ability to
positively stimulate plant growth through various mechanisms, such as the production
of phytohormones.

It is estimated that approx. 69% of anthropogenic N2O emissions originate from
agricultural soils [37–40]. N2O can be produced in the soil during the first stage of nitrifi-
cation, i.e., the oxidation of NH3 to nitrites (NO2) and heterotrophic denitrification under
anaerobic conditions, which in turn are affected by different soil moisture content, texture
and temperature [34,41–47]. The emission of harmful N2O can be reduced by microor-
ganisms capable of denitrification with N2O reductase. Hence, these microorganisms are
currently of particular interest [48,49]. It is assumed that the impact of climate change on
the natural nitrogen cycle and N2O emissions is particularly important in arid areas [50],
as these ecosystems are very sensitive due to deficiencies of water and nitrogen in the
soil [51,52]. In our study, in the substrates with strawberry plants, inoculation with each of
the tested strains of bacteria reduced N2O emissions; we found this relationship both under
conditions of water deficit and optimal substrate moisture. Under drought conditions, the
emission of this gas decreased to 70.2% (Pantoea sp. strain DKB65). Under optimal moisture
conditions, the level of N2O emission was reduced to the greatest extent by Pantoea sp.
strain DKB70 (by 23.8%). In the case of the substrates without plants, as in the case of
the substrates with plants, regardless of the substrate moisture content, the application of
each of the tested strains reduced N2O emissions. Under drought conditions, the greatest
reduction in the emission of this gas was found after the application of Bacillus sp. strain
DKB84 (29.0%) under conditions of optimal substrate moisture after the application of
Pantoea sp. DKB70 (14.8%).

NH3 has no effect on climate warming, but it significantly contributes to soil acidifica-
tion and the eutrophication of ecosystems [3]. In our study, in the case of the substrates with
plants, we showed that, under water deficit, inoculation with Bacillus sp. strain DLGB2
and B. sp. DLGB3; Pantoea sp. DKB64, P. sp. DKB63, P. sp. DKB70, and P. sp. DKB68;
and Pseudomonas sp. strain PJ 1.1 reduced NH3 emissions. In the case of optimal substrate
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moisture, we found such a relationship after using each of the different strains of bacteria.
In the case of substrates without plants, under drought conditions, we obtained NH3
emissions that were 25.7% lower than those of the control after the application of Pantoea sp.
strain DKB64. In the case of an optimally wetted substrate, similar decreases were observed
after applying Pantoea sp. strain DKB63, P. sp. DKB68, P. sp. DKB70, and P. sp. DKB65;
Bacillus sp. DKB26, B. sp. DLGB3, and B. sp. DLGB2; and Pseudomonas sp. strain PJ 1.1.

GWP is an important measure of how much energy the emissions of one ton of
a specific GHG will absorb, and it includes different types of GHGs (CH4, N2O, NH3
etc.) [53]. Since each GHG has its own radiative potential [54], the calculation of net
global warming potential (GWP) in a crop production system must include all three gases,
namely, CO2, CH4, and N2O [55]. In the substrates with plants, as in substrates without
plants, under water deficit, the application of the tested strains of bacteria reduced the
GWP. Under optimal substrate moisture levels, the GWP after inoculation with PGPR was
lower or similar to the GWP produced by the control. The use of PGPR, similar to organic
agriculture, increases the biodiversity of the soil environment. According to Clark [56],
organic agriculture increases the performance per unit area with regard to GHG emissions,
but such a relationship is not so unfavorable when compared per unit product.

The analysis of the frequency of statistically significant changes identified five strains
(Azotobacter sp. AJ 1.2, Pantoea sp. DKB64, P. sp. DKB63, P. sp. DKB68, and Pseudomonas
sp. PJ 1.1) that were responsible for 65% of the variability between drought conditions
and optimum substrate moisture in terms of GHG emissions. In light of the conducted
research, these strains, of all the tested strains, show the greatest potential for reducing
GHG emissions depending on the prevailing environmental conditions.

The cluster analysis enabled the illustration of the extent of the differences between
the test conditions, while accounting for the variability of the emissions of the tested gases.
Using the Sneath criterion, three clusters were distinguished. The first cluster consisted
of drought conditions without a plant (S); the second consisted of optimal conditions and
the presence of plant; and the third consisted of optimal conditions without a plant and
drought with a plant. Each isolated cluster entails a specific level of variability in terms of
gas emissions. Thus, the complete separateness of the first cluster was observed. First, this
was mainly due to the following strains: Azotobacter sp. strain AJ 1.2 (NH3), Pseudomonas
sp. strain PJ 1.1 (CO2), Pantoea sp. strain DKB 64, and Azotobacter sp. strain AJ 1.2 (N2O),
and Pantoea sp. strain DKB 64 (CH4). The other clusters showed less variability, but by
reducing NH3 emissions and increasing CO2 and CH4 emissions (via Azotobacter sp. strain
AJ 1.2 and Pseudomonas sp. strain PJ 1.1), optimal moisture with the presence of a plant
created a separate cluster. It should be noted that the last cluster showed a strong similarity
with respect to the variability of gas emissions in the third cluster. In particular, the strains
responsible for this were: Pantoea sp. strain DKB 63, Pantoea sp. strain DKB 65 (NH3), and
Pantoea sp. strain DKB 70 (N2O).

5. Conclusions

Understanding the interactions between microorganisms, soil, plant and atmosphere
is extremely important and offers opportunities to make use of their to develop strategies
for mitigating the ongoing climate change, for improving the efficiency of agricultural
and horticultural production, reduce its sensitivity to environmental stress factors and
reduce GHG emissions. In light of the conducted research, five strains that showed the
greatest potential for reducing GHG emissions depending on the prevailing environmental
conditions were selected from among all the tested PGPR strains (Azotobacter sp. AJ 1.2,
Pantoea sp. DKB64, P. sp. DKB63, P. sp. DKB68, and Pseudomonas sp. strain PJ 1.1). Impor-
tantly, the application of the tested bacterial strains under different moisture conditions
in the substrate either reduced or did not affect GWP. To the best of our knowledge, there
are no reports of this type of experiment in the literature. With the above in mind, the
research we have conducted on PGPR, i.e., the selection of strains of rhizosphere bacteria
capable of reducing greenhouse gas emissions, could form the basis for the creation of
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an inoculum and can be employed as an effective strategy for mitigating certain abiotic
stresses. The conducted research falls within the concept of climate smart agriculture (CSA)
that is developed to render agriculture more resilient to climate change, whose pillars are
a sustainable increase in productivity, adaptation to changes, and the mitigation of such
changes’ effects.
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