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Abstract: The soil microbial community is critically important in plant nutrition and health. However,
this community is extremely sensitive to various environmental conditions. A pot experiment was
conducted during the wheat seedling stage to better understand the influences of the coupled appli-
cation of nitrogen (N) and microbial decomposing inoculants (MDI) on the soil bacteria community
under different water regimes. There were two levels of water and six levels of fertilization. The
results reveal that water stress increased the relative abundance of Acidobacteria and decreased that of
Firmicutes and Proteobacteria. The application of 250 kg N ha−1 altered the diversity of the bacterial
community but increased the relative abundance of nitrifying bacteria. Nitrous oxide (N2O) and
carbon dioxide (CO2) emissions were negatively correlated with Myxococcota and Methylomirabilota
while positively correlated with Patescibacteria. These two gases were also positively correlated with
nitrifying bacteria, and the correlation was more significant under the full irrigation regime. These
findings indicate that MDI does not substantially influence the soil bacterial community and its
relationship with greenhouse gas emission at the wheat seedling stage and that the abundance of
the soil bacterial community would mainly depend on the rational control of the amount of N and
water applied.

Keywords: water regimes; nitrogen fertilization; microbial decomposing inoculants; soil bacterial
community; greenhouse gas emissions

1. Introduction

Drought is a natural disaster that can affect all aspects of life. It is a very complex
climatic phenomenon that has yet to be fully understood [1,2]. Statistical data show that
drought affected over 25% of the world’s population and induced an overall economic loss
of 175.1012 dollars between 1900 and 2019 [3]. According to predictions, such climatic events
will continue to occur more frequently in the coming years [4,5]. The agricultural sector
is one of the most vulnerable to water deficits [6]. Indeed, water is an essential resource
for crop production [7–9], and its absence or deficit leads to considerable yield losses. The
yield loss caused by drought annually exceeds that caused by all crop pathogens [10].
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According to Ullah, et al. [11], water is the second limiting factor in crop production
after soil. For Hussain, et al. [12], yield losses induced by water deficit can range from
30 to 92%, depending on the considered crop. However, the sensitivity of yield to this
climatic event mainly depends on the type of agricultural product harvested (root, leaf,
grain, etc.) [13]. This climatic stress also deteriorates the quality of cereal products, such
as winter wheat, by reducing the size of the grains and their organic matter content [14].
Drought negatively affects crop production by inducing considerable changes in the plant
environment, particularly by negatively influencing soil nutrient availability [15].

Among the essential nutrients for plant growth and development, nitrogen (N) ap-
pears to be the most limiting nutrient in crop production. This nutrient plays a crucial role
in the various biochemical reactions within the plant, including photosynthesis [16,17],
which makes it a determining factor in yield formation [18,19]. The plant’s efficiency of
nitrogen use (NUE) depends on its application technique. For example, split N applica-
tion improves physiological characteristics and yield [20,21], and the effectiveness of this
technique increases as input timing becomes optimal [22]. Deep N application improves
NUE and crop yield while reducing ammonium N losses [23–25]. Previous studies on the
combined application of N fertilizers and microbial decomposing inoculants (MDI) have
reported improved crop growth and productivity with reduced greenhouse gas (GHG)
emission [26–28]. These different N supply techniques benefit plants only under favorable
climatic conditions.

Water and N are essential for adequate yield formation [29,30]. Unavailability or low
soil moisture significantly affects the availability of different forms of N in the soil [31].
Previous studies have shown that drought inhibits soil N ammonization and nitrification
reactions [32,33] but decreases soil N loss [34]. This climatic stress impacts the biogeochemi-
cal processes of nitrogen in the soil by negatively influencing the biological agents involved
in the biogeochemical cycle of nutrients in the soil, as well as the rate of GHG emissions.

Soil microbial organisms play an essential role in forming and protecting soil quality.
These organisms are present in negligible quantities in the soil but ensure soil nutrient
mineralization [35–37]. Several studies have reported the central role of soil microorganisms
in the mineralization of organic matter [38–40], nitrogen [41–43] and phosphorus in the
soil [44,45]. Nevertheless, soil microbes are susceptible to different environmental stresses.
Several studies have been conducted to demonstrate the impact of drought on the soil
microbial community. It has been proven that drought significantly alters the structure,
size, and composition of the soil microbial community, leading to undesirable changes
in the biogeochemical cycling of soil nutrients [46,47]. Xu, et al. [48] have shown that
drought leads to a 17% drop in microbial biomass, whereas high precipitation leads to
an 18% increase. Moreover, the influence of water stress is more pronounced on bacteria
than fungi [47,49,50]. Siebielec, et al. [51] have reported significant changes in the relative
abundance of different soil bacterial phyla under water deficit conditions. Other factors,
including soil fertilization, also influence the response of the soil microbial community
to drought. It is currently known that an optimal application of N fertilizer mitigates
the impact of drought on the microbial community of the soil [52,53]; meanwhile, as its
excessive application increases in the long term, so does the sensitivity of the microbial
community to various environmental stresses [54]. Other studies have reported a significant
improvement in microbial biomass and an alteration in the composition of the soil microbial
community under suitable N fertilization in drought conditions [55,56]. Despite these
numerous previous studies, the combined effect of biological and mineral fertilizers on the
soil microbial community under water deficit conditions remains less clear.

The soil microbial community contributes in various ways to the GHG emissions, and
their contribution varies depending on the stresses to which they are subjected. For example,
soil moisture, salinity, and N availability are all factors that influence the relationship
between soil microbes and GHG emissions [57–59]. In addition, the different stages of plant
development influence in various ways the soil microbial community [60–62]. However,
very little research has taken into account these different stages until now. In fact, the
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seedling stage is very critical for the proper development of wheat and is sensitive to various
environmental stresses [63–66]. The present study aims to characterize the soil microbial
community at the seedling stage of winter wheat and its contribution to greenhouse
gas emissions under the combined application of biological and mineral fertilizers. We
hypothesize that applying bacillus-based microbial inoculants combined with a high dose
of nitrogen would increase the abundance of bacillus and soil-nitrifying bacteria under full
irrigation and reduce their contribution to GHG emissions. This hypothesis is based on
previous work, which has shown that, under the proper irrigation regime, the application
of MDI attenuates the emission of GHG [27], whereas the opposite effect followed by an
increase in the abundance of nitrifying bacteria is observed with the excessive application
of nitrogen fertilizer [67,68].

2. Materials and Methods
2.1. Description of the Site and Experimental Design

The study was conducted in a controlled greenhouse at the Xinxiang Comprehensive
Experimental Station of the Chinese Academy of Agricultural Sciences (35.09◦ N, 113.48◦ E,
and altitude 81 m). The humidity inside the greenhouse was maintained between 40–50%,
the photoperiod at 12 h, and the ambient temperature between 30 ◦C and 20 ◦C, day and
night, respectively. Seeds were sown in 6.5 kg air-dried sandy loam soil (USDA-NRCS
Soil survey division) contained in 5.3 L pots with 15 cm diameter and 30 cm height. The
experimental soil’s sand, silt, and clay averaged 55.59, 40.39, and 4.11%, respectively. The
average soil bulk density was 1.52 g cm−3. The field capacity (31.62%) and the average
value for soil permanent wilting point was (17.34%). The soil’s average values of available
soil N, phosphorous and potassium were 43.77, 16.43 and 129.83 mg kg−1, respectively.
The average values of soil electric conductivity, pH, and organic matter were 142.87 s cm−1,
8.59, and 1.01%, respectively. Seedlings were trimmed to four seedlings per pot after ten
days post germination. Two-factorial design with six replicates per treatment was adopted
for the experiment implementation. The first factor included two irrigation levels, and the
second included six fertilization levels. A total of 12 treatments were defined for this study
(Table 1).

Table 1. Description of the experimental treatments.

Treatments Irrigation Regime (%FC) Nitrogen Rate (%) MDI

R1N1 80 0 No
R1N2 80 0 Yes
R1N3 80 100 Yes
R1N4 80 50 Yes
R1N5 80 100 No
R1N6 80 50 No
R2N1 50 0 No
R2N2 50 0 Yes
R2N3 50 100 Yes
R2N4 50 50 Yes
R2N5 50 100 No
R2N6 50 50 No

Note: FC = field capacity; MDI = microbial decomposing inoculants.

The two irrigation levels were, respectively, 80% and 50% of the field capacity of the
soil. Based on the soil’s dry weight in each pot and the field capacity, soil moisture was
determined with daily changes in the pot’s weight, weighed with an electronic balance
at 8:00 a.m. Regarding fertilization, different doses of N (urea) were combined with MDI
and applied to crops by fertigation. The local dose of N fertilization of wheat or maize
in northern China, set at 250 kg N ha−1 or 100 mg kg−1, was considered to estimate
the maximum amount of N to be applied [69]. Using urea (46% N), 217 mg kg−1 was
applied for plants receiving 100% N and 108 mg kg−1 for plants receiving 50% N. BioTech
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Medics Inc (BMCS) Co., Ltd. (Tokyo, Japan) supplied the MDI. This inoculant with high
N fixing capacities is composed of Bacillus brevis (1.6 × 109 cells g−1), Bacillus laterosporus
(3.2 × 109 cells g−1), and Saccharomyces (5.2 × 109 cells g−1), and was applied after dilution
at a concentration of 1 L of inoculant for 50 L of water. The Zhoumai22 winter wheat variety
served as plant material for the experiment.

2.2. Soil Sampling and Measurement of Inorganic Nitrogen and GHG Emissions

Soil samples were collected between 0–10 cm soil depth under each treatment using
an auger. A first sample was used to measure the soil’s NH4 and NO3. A second sample
(collected in the root environment) was stored in liquid nitrogen just after sampling, trans-
ferred to the laboratory, and then stored again at a temperature of −80 ◦C for the extraction
of DNA. The soil NH4 and NO3 concentrations were measured by continuous flow analyzer
as described by Ning, et al. [70]. GHG (N2O and CO2) emissions were measured by the
static chamber method [71]. For this, three plants were randomly selected under each
treatment for measurement, and Li-6400-01 Liquefaction small steel bottle was used for gas
collection [27]. The collection of soil samples for chemical and microbial analysis and the
GHS measurements were carried out on the day of harvesting (46th day after germination).

2.3. DNA Extraction and Sequencing

DNA extraction was performed in 0.5 g of soil using E.Z.N.A Soil DNA Kit (Omega
Bio-tek, Norcross, GA, USA), and purity was assessed using ultraviolet–visible spectropho-
tometer (Thermo Scientific, Wilmington, NC, USA). DNA quality was checked by 1%
agarose gel electrophoresis. The hypervariable region V3-V4 of the bacterial 16S rRNA
was amplified using specific primers (338F: 5′-ACTCCTACGGGAGGCAGCAG-3′; 806R:
5′-GGACTACHVGGGTWTCTAAT-3′) (GeneAmp 9700, ABI, Cambridge, MA, USA). The
PCR amplification was performed using the following process: 27 cycles of denaturation at
95 ◦C for 30 s, annealing at 55 ◦C for 30 s, extension at 72 ◦C for 30 s, and final extension
at 72 ◦C for 10 min. The PCR mixtures contained 4 µL of 5 × TransStart FastPfu buffer,
2 µL of 2.5-mM deoxynucleoside triphosphates (dNTP), 0.8 µL of forward primer (5 µM),
reverse primer (5 µM) 0.8 µL, 0.4 µL of TransStart FastPfu DNA Polymerase, and 10 ng of
template DNA. The PCR products were extracted from a 2% agarose gel and quantified
using a Quantus Fluorometer system (Madison, WI, USA). Purified amplicons were pooled
in equimolar and were paired-end sequenced on a MiSeq platform (Illumina, San Diego,
CA, USA) by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

2.4. Statistical Analysis

Three replicates per treatment were used for the statistical analysis. The alpha diver-
sity indices of each replicate were calculated using the online Majorbio Cloud Platform,
www.majorbio.com (accessed on 10 July 2023), and one-way ANOVA allowed us to discrim-
inate the averages of the indices at the 5% threshold using R software (4.3.1). Ordination
Bray–Curtis distance was performed to visualize the dissimilarity using principal coor-
dinate analysis (PCoA) with the Vegan package contained in R [72]. The relationships
between the different environmental parameters and the soil microbial abundance were
determined using the Pearson correlation. All graphics were made using R software.

3. Results
3.1. Bacterial Community Diversity

The diversity of a soil’s microbial community is an essential parameter for assessing
its biological and functional state. In the present study, the alpha diversity within bacterial
communities and the dissimilarity between these communities were tested. Figure 1 shows
the variation of the Shannon, Ace, and observed species number indices under the various
water and fertilization treatments. The fertilization modes significantly influenced the
diversity indices rather than the water regime.

www.majorbio.com
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points with different alphabets are significantly different.

The high values of alpha diversity indices were obtained with the N1, N2, N4, and N6
fertilization modes under the two water regimes and their maximum values under R2N1.
Low values of these indices were obtained under treatments with N3 and N5 fertilization
modes under both water regimes. Alpha diversity was, therefore, high under the treatments
without N or with a 50% N supply and low under the treatments with a 100% N supply.

Principal coordinate analysis (PCoA) was used to compare the distance between the
bacterial communities of the different treatments (Figure 2). The two axes of each subfigure
explain more than 50% of the dissimilarity between the bacterial communities subjected to
various fertilization modes under each of the water regimes. The communities under the
treatments N1, N2, N4, and N6 were relatively similar and differed from those under N3
and N5 in both water regime conditions. A similar trend was observed for alpha diversity.
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Figure 2. Principal coordinate analysis plot of Bray–Curtis among the different fertilization strategies
under a full water regime (a) and a deficit water regime (b). The same color points represent the
repetitions of the same fertilization strategies. The closer the points are, the greater the similarity
between the bacterial communities they represent.

3.2. Abundance and Composition of the Bacterial Community

At the phylum level, Proteobacteria (22–33%), Actinobacteria (22–25%), Acidobacteria
(9–22%), Chroroflexi (9–12%), and Firmicutes (2–7%) were the five most dominant phyla
under all treatments and represent more than 80% of all microbial taxa (Figure 3). A
low relative abundance of Firmicutes was observed under treatments with water deficit.
Acidobacteria, unlike Proteobacteria, were more abundant under all treatments with water
deficit and full water regime without N supply. An exceptionally high proportion of
Proteobacteria and a low proportion of Acidobacteria were observed under R1N3. Although
not among the most abundant phyla under all treatments, relatively low proportions of
Myxococcota and Methylomirabilota and high proportions of Pastescibacteria were observed
under treatments with N3, N4, and N5 from both water regimes.
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At the genus level, high proportions of Vicinamibacteraceae, Vicinamibacterales, RB41,
and low proportions of Bacillus were obtained under the deficit irrigation regime. The pro-
portion of Sphingomonas and Bacillus was exceptionally high under R1N3, while that of Vici-
namibacteraceae and Vicinamibacterales was the lowest under this treatment (Figure 4). Com-
pared with the control treatment, MDI had no significant influence on the soil
microbial community.
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3.3. Correlation Analysis between Bacteria Community and Environmental Parameters

Under the two irrigation regimes, the concentrations of soil nitrate (NO3) and ammo-
nium (NH4), as well as of nitrous oxide (N2O) and carbon dioxide (CO2), were high under
the treatments, with 100% N application rates as compared with other treatments [27]. The
correlation between the relative abundance at the phylum level of bacteria and environmen-
tal parameters is shown in Figure 5. Regardless of the irrigation regime and the fertilization
strategies, NO3 and NH4 on one side and N2O and CO2 on the other side were correlated
in a substantially similar way with the different soil microorganisms. N2O and CO2 were
negatively correlated with Myxococcota and Methylomirabilota and positively correlated with
Patescibacteria (Figure 5).

Under the two water regimes, the correlation of NH4 and NO3 with the different phyla
of bacteria was insignificant. In contrast, a significant positive correlation was observed
between Acidobacteria, and N2O and CO2 under water stress. Bacteroidota and Patescibacteria
were positively correlated with NH4 and NO3, respectively, under the treatments with the
microbial inoculant. However, only Patescibacteria was significant and positively correlated
with available forms of N under all fertilization strategies (Figure 5).
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Figure 5. Pearson’s correlation between environmental parameters and bacterial abundance at the
phylum level according to full water regime (a), deficit water regime (b), treatments with micro-
bial decomposing inoculants (c), treatments with 50% N fertilizer (d) and treatments with 100%
N fertilizer (e).

3.4. Nitrifying Bacteria and Their Relationship to Environmental Parameters

The relative abundance, according to the treatments, of nitrifying bacteria Nitrolancea,
Nitrosomonas, Nitrosospira, and Nitrospira was evaluated in this study (Figure 6A). The
different fertilization modes influenced the relative abundance of these bacteria more
than the water regime. R1N3, R1N5, R2N3, and R2N5 treatments increased the relative
abundance of nitrifying bacteria compared with the other treatments. A significant positive
correlation was observed between nitrifying bacteria and GHG emissions, which was
more significant under the full irrigation regime. The correlation of these bacteria with
soil-available N forms was insignificant under the two water regimes (Figure 6B).
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4. Discussion
4.1. Influences of Various Water Regimes and Fertilization Modes on the Diversity of the Soil
Bacterial Community

Knowing the factors influencing the diversity of the soil microbial community is es-
sential for a better understanding of the changes within this community. Several factors,
including soil texture, depth, acidity, and salinity, induce changes in the diversity of the
soil microbial community [73–77]. In the present study, the alpha diversity and dissim-
ilarity between the microbial communities under the different treatments varied much
more depending on the dose of nitrogen supply rather than the irrigation regime and the
application of the microbial decomposing inoculants. The application of the maximum
nitrogen dose reduced the diversity (Figure 1) while increasing the distance between the
bacterial communities of the different treatments (Figure 2). Previous studies have also
reported the negative influence of nitrogen supply on the diversity of the soil microbial
community [53,78,79]. Indeed, the application of nitrogen fertilizers composed of ammonia
acidifies the soil [80,81], and the intensity of this acidity increases with the dose of nitrogen
applied [82]. However, soil acidity is one of the factors that most influence the soil’s mi-
crobial community. Thus, nitrogen fertilizers reduce soil microbial diversity by promoting
increased soil acidity [83]. Wang, et al. [84] have shown that a drop in the microbial biomass
of the soil accompanies this reduction in diversity under the application of nitrogen. Other
studies have also reported the negative impact of reduced bacterial community diversity
on soil health and nutrient cycling [85,86].

The detrimental impact of water stress on the diversity of the soil microbial community
has been widely documented by previous studies [87–89]. In the present study, water deficit
did not significantly influence the diversity of the soil bacterial community. This can be
explained by the fact that the present study focused on the seedling stage, whereas most
previous studies on drought have considered only the maturity stage of wheat. Several
studies have shown the influence of different plant development stages on the response of
the soil microbial community to different environmental stresses [90–93]. Therefore, future
studies on drought need to consider the different stages of plant development to provide a
clearer understanding of this climatic stress on the soil microbial community.

4.2. Effects of Different Water Regimes and Fertilization Modes on the Abundance of Various
Soil Bacteria

Bacillus is a bacterial genus belonging to the Firmicutes phylum. The MDI used in this
study is composed of 48% Bacillus. A small proportion of Firmicutes, particularly bacteria
of the genus Bacillus, were observed under water stress conditions (Figures 3 and 4). In
addition, the application of MDI or N fertilizer showed insignificant influence on the
relative abundance of soil Bacillus under the different treatments (Figure 4). Previous
studies have revealed that Bacillus-based microbial inoculants help mitigate the effects of
drought on crop growth and productivity while increasing their disease resistance [94–97].
Other research has also reported the contribution of several species of bacteria of the genus
Bacillus in the fixation of atmospheric N [98–100]. Nevertheless, the effect of Bacillus-based
microbial inoculants application on the relative abundance of soil Bacillus remains less
documented. The results of this study reveal that Bacillus-based microbial inoculants have
no significant impact on the relative abundance of Bacillus in the soil. At the same time,
water stress negatively influences its abundance in the soil.

Acidobacteria was mainly represented by bacteria of the genus Vicinamibacteraceae,
Vicinamibacterales, and RB41, while Proteobacteria was represented by bacteria of the genus
Lysobacter and Sphingomonas in the present study. The relative abundance of Acidobacteria
was high, and that of Proteobacteria was low under water stress conditions and full irrigation
without N supply (Figure 3). Previous studies have reported similar results [101,102]. Water
stress compromises the biogeochemical cycle of various soil nutrients and hinders their
bioavailability [103,104]. In addition, Acidobacteria generally abounds in oligotrophic and
acidic environments [105–109], while Proteobacteria prefer copiotrophic environments with
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an acidity relatively neutral or slightly alkaline [106,110–112]. This would explain the
high proportion of Acidobacteria and low proportion of Proteobacteria observed under water
stress conditions and a full irrigation regime without nitrogen supply. On the other hand,
this would also explain the exceptionally high proportion of Sphingomonas (Proteobacteria),
Bacillus (Firmicutes), and the meager proportions of Vicinamibacteraceae and Vicinamibacterales
(Acidobacteria) observed under the R1N3 treatment (Figure 4).

4.3. Relationship between the Relative Abundance of Soil Microorganisms
and Environmental Parameters

The contribution of soil microorganisms in the production of greenhouse gases remains
a less documented subject. Myxococcota, Methylomirabilota, Pastescibacteria, and Bacteroidota
were the bacterial phyla that mostly correlated with environmental parameters in this
study (Figure 5). Results of previous work on the interaction between microbial abundance
and GHG emissions remain divergent. Wang, et al. [113], who investigated biochar and
microbial agent additives, observed that Chloroflexi, Myxococcota, Acidobacteriota, Firmicutes,
and Gemmatimonadota are the phyla of bacteria that most influence GHG emissions. Other
research on intermittent aeration during composting processes reports that Proteobacteria,
Chloroflexi, Bacteroidetes, and Actinobacteria are the phyla most linked to GHG emission [114].
Thus, the interaction between GHG emissions and soil microbial community mainly de-
pends on the factors studied. GHG emissions were negatively correlated with Myxococcota
and Methylomirabilota, and positively correlated with Pastescibacteria (Figure 5). In addition
to an increase in N2O and CO2 emissions, there is a rise in the abundance of Pastescibacteria
and a reduction in Myxococcota and Methylomirabilota under the treatments with the 100% N
application rate (Figure 3). These observations indicate that Myxococcota, Methylomirabilota,
and Actinobacteria would have mitigating effects on GHG emissions, unlike Pastescibacteria.
Regardless of irrigation regimes, Patescibacteria and Bacteroidetes were positively correlated
with soil inorganic N (Figure 5). This result agrees with the finding of Ren et al. [115], who
showed that Patescibacteria and Bacteroidetes have a positive influence on the availability
of soluble forms of N in the soil.

4.4. Nitrifying Bacteria and Their Relationship with Environmental Parameters

The soil microbial community ensures the oxidation of ammonia to nitrate. The relative
abundances of nitrifying bacteria of the genera Nitrolancea, Nitrosomonas, Nitrosospira,
and Nitrospira, following water regime and fertilization strategies, were evaluated in this
study (Figure 6A). The results show no significant influence of the water regimes or the
application of MDI on the relative abundance of nitrifying bacteria and only the treatments
with 100% N application rate had positive influences on the abundance of these bacteria.
These observations agree with previous work, which also report a positive influence of
N application on the abundance of soil nitrifying bacteria [3,67,116,117]. This could be
explained by the addition of nitrogenous fertilizers forcing the nitrifying bacteria to multiply
to meet the growing need for nitrification of the available ammonia.

A positive correlation was observed between nitrifying bacteria and N2O and CO2
emissions, which was more significant under a full irrigation regime (Figure 6B). Similar
results have been obtained by Sabba, et al. [118]. Furthermore, the nitrification reaction
is one of the primary sources of N2O emissions into the atmosphere [68,119] and are
sensitive to soil moisture [120]. Under a full irrigation regime, the oxygen content of
the soil decreases, which accelerates the processes of denitrification and the emission of
N2O [121,122]. Additionally, more studies have reported a positive relationship between
N2O and CO2 emissions [123–125]. These previous works explain the significant positive
interaction between nitrifying bacteria and the GHG emissions observed under the full
irrigation regime in this study. Thus, the excessive application of nitrogen fertilizer under
a full irrigation regime would increase GHG emissions by increasing the abundance of
nitrifying bacteria in the soil.
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5. Conclusions

The effect of different fertilization strategies and water regimes on the soil micro-
bial community and its relationship with GHG emissions in the wheat seedling stage
was explored in this study. The results show that application of the maximum dose of
N (250 kg N ha−1) with or without MDI reduced the diversity of the soil bacterial com-
munity while increasing the relative abundance of nitrifying bacteria. The application of
MDI had no significant influence on the bacterial community and its contribution to the
emission of GHG. Moreover, unlike Pastescibacteria and nitrifying bacteria, the phyla of
Myxococcota and Methylomirabilota seemed to attenuate N2O and CO2 emissions. At the
wheat seedling stage, maintaining the balance of bacterial community in the soil would
intrinsically depend on rational control of N application rates and water levels to crops.
Furthermore, research on the optimal dose of nitrogen capable of improving crop yield
requires considering the protection of soil microorganisms.
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57. GAŁCZYŃSKA, M.; Gamrat, R.; Burczyk, P.; Michalcewicz, W. Effect of nitrogen fertilization types on the soil microbial biomass
and greenhouse gases emission. Agric. For./Poljopr. I Sumar. 2016, 62, 57–64.

58. Haj-Amor, Z.; Araya, T.; Kim, D.-G.; Bouri, S.; Lee, J.; Ghiloufi, W.; Yang, Y.; Kang, H.; Jhariya, M.K.; Banerjee, A.; et al. Soil
salinity and its associated effects on soil microorganisms, greenhouse gas emissions, crop yield, biodiversity and desertification:
A review. Sci. Total Environ. 2022, 843, 156946. [CrossRef]

59. Martins, C.S.; Nazaries, L.; Macdonald, C.A.; Anderson, I.C.; Singh, B.K. Water availability and abundance of microbial groups
are key determinants of greenhouse gas fluxes in a dryland forest ecosystem. Soil Biol. Biochem. 2015, 86, 5–16. [CrossRef]

60. Houlden, A.; Timms-Wilson, T.M.; Day, M.J.; Bailey, M.J. Influence of plant developmental stage on microbial community
structure and activity in the rhizosphere of three field crops. FEMS Microbiol. Ecol. 2008, 65, 193–201. [CrossRef]

61. Sugiyama, A.; Ueda, Y.; Zushi, T.; Takase, H.; Yazaki, K. Changes in the bacterial community of soybean rhizospheres during
growth in the field. PLoS ONE 2014, 9, e100709. [CrossRef]

62. Van Overbeek, L.; Van Elsas, J.D. Effects of plant genotype and growth stage on the structure of bacterial communities associated
with potato (Solanum tuberosum L.). FEMS Microbiol. Ecol. 2008, 64, 283–296. [CrossRef] [PubMed]

63. Ahmad, I.; Khaliq, I.; Mahmood, N.; Khan, N. Morphological and physiological criteria for drought tolerance at seedling stage in
wheat. JAPS J. Anim. Plant Sci. 2015, 25, 1041–1048.

https://doi.org/10.1111/gcb.13296
https://doi.org/10.1007/s00374-016-1174-9
https://doi.org/10.1016/j.still.2021.105203
https://doi.org/10.1038/s41598-021-95100-9
https://doi.org/10.1080/10643389.2021.1877976
https://doi.org/10.3389/fmicb.2019.01931
https://www.ncbi.nlm.nih.gov/pubmed/31543867
https://doi.org/10.1016/j.geoderma.2021.115376
https://doi.org/10.3390/agronomy12010189
https://doi.org/10.3390/jof8040384
https://doi.org/10.1016/j.ecolind.2019.01.059
https://doi.org/10.1038/s41396-022-01308-6
https://www.ncbi.nlm.nih.gov/pubmed/36085516
https://doi.org/10.3390/agronomy10091429
https://doi.org/10.1016/j.soilbio.2017.12.016
https://doi.org/10.1016/j.soilbio.2021.108349
https://doi.org/10.1007/s00248-022-02103-8
https://www.ncbi.nlm.nih.gov/pubmed/36044056
https://doi.org/10.1016/j.scitotenv.2022.156946
https://doi.org/10.1016/j.soilbio.2015.03.012
https://doi.org/10.1111/j.1574-6941.2008.00535.x
https://doi.org/10.1371/journal.pone.0100709
https://doi.org/10.1111/j.1574-6941.2008.00469.x
https://www.ncbi.nlm.nih.gov/pubmed/18355298


Agronomy 2023, 13, 2950 14 of 16

64. Bewley, J.D.; Bradford, K.; Hilhorst, H. Seeds: Physiology of Development, Germination and Dormancy; Springer Science & Business
Media: New York, NY, USA, 2012.

65. Hasseb, N.M.; Sallam, A.; Karam, M.A.; Gao, L.; Wang, R.R.; Moursi, Y.S. High-LD SNP markers exhibiting pleiotropic effects on
salt tolerance at germination and seedlings stages in spring wheat. Plant Mol. Biol. 2022, 108, 585–603. [CrossRef]

66. Song, J.; Fan, H.; Zhao, Y.; Jia, Y.; Du, X.; Wang, B. Effect of salinity on germination, seedling emergence, seedling growth and ion
accumulation of a euhalophyte Suaeda salsa in an intertidal zone and on saline inland. Aquat. Bot. 2008, 88, 331–337. [CrossRef]

67. Linton, N.F.; Ferrari Machado, P.V.; Deen, B.; Wagner-Riddle, C.; Dunfield, K.E. Long-term diverse rotation alters nitrogen cycling
bacterial groups and nitrous oxide emissions after nitrogen fertilization. Soil Biol. Biochem. 2020, 149, 107917. [CrossRef]

68. Torralbo, F.; Menéndez, S.; Barrena, I.; Estavillo, J.M.; Marino, D.; González-Murua, C. Dimethyl pyrazol-based nitrification
inhibitors effect on nitrifying and denitrifying bacteria to mitigate N2O emission. Sci. Rep. 2017, 7, 13810. [CrossRef]

69. An, T.; Wu, Y.; Xu, B.; Zhang, S.; Deng, X.; Zhang, Y.; Siddique, K.H.M.; Chen, Y. Nitrogen supply improved plant growth and
Cd translocation in maize at the silking and physiological maturity under moderate Cd stress. Ecotoxicol. Environ. Saf. 2022,
230, 113137. [CrossRef]

70. Ning, D.; Qin, A.; Duan, A.; Xiao, J.; Zhang, J.; Liu, Z.; Liu, Z.; Liu, Z. Deficit irrigation combined with reduced N-fertilizer rate
can mitigate the high nitrous oxide emissions from Chinese drip-fertigated maize field. Glob. Ecol. Conserv. 2019, 20, e00803.
[CrossRef]

71. Abubakar, S.A.; Hamani, A.K.M.; Chen, J.; Sun, W.; Wang, G.; Gao, Y.; Duan, A. Optimizing N-fertigation scheduling maintains
yield and mitigates global warming potential of winter wheat field in North China Plain. J. Clean. Prod. 2022, 357, 131906.
[CrossRef]

72. Qiu, L.; Zhang, Q.; Zhu, H.; Reich, P.B.; Banerjee, S.; van der Heijden, M.G.; Sadowsky, M.J.; Ishii, S.; Jia, X.; Shao, M. Erosion
reduces soil microbial diversity, network complexity and multifunctionality. ISME J. 2021, 15, 2474–2489. [CrossRef]

73. Bei, Q.; Yang, T.; Ren, C.; Guan, E.; Dai, Y.; Shu, D.; He, W.; Tian, H.; Wei, G. Soil pH determines arsenic-related functional gene
and bacterial diversity in natural forests on the Taibai Mountain. Environ. Res. 2023, 220, 115181. [CrossRef]

74. Dang, Q.; Tan, W.; Zhao, X.; Li, D.; Li, Y.; Yang, T.; Li, R.; Zu, G.; Xi, B. Linking the response of soil microbial community structure
in soils to long-term wastewater irrigation and soil depth. Sci. Total Environ. 2019, 688, 26–36. [CrossRef] [PubMed]

75. Soothar, M.K.; Hamani, A.K.M.; Sardar, M.F.; Sootahar, M.K.; Fu, Y.; Rahim, R.; Soothar, J.K.; Bhatti, S.M.; Abubakar, S.A.; Gao,
Y. Maize (Zea mays L.) seedlings rhizosphere microbial community as responded to acidic biochar amendment under saline
conditions. Front. Microbiol. 2021, 12, 789235. [CrossRef] [PubMed]

76. Xia, Q.; Rufty, T.; Shi, W. Soil microbial diversity and composition: Links to soil texture and associated properties. Soil Biol.
Biochem. 2020, 149, 107953. [CrossRef]

77. Zhou, Z.; Wang, C.; Luo, Y. Meta-analysis of the impacts of global change factors on soil microbial diversity and functionality.
Nat. Commun. 2020, 11, 3072. [CrossRef]

78. Shen, W.; Lin, X.; Shi, W.; Min, J.; Gao, N.; Zhang, H.; Yin, R.; He, X. Higher rates of nitrogen fertilization decrease soil enzyme
activities, microbial functional diversity and nitrification capacity in a Chinese polytunnel greenhouse vegetable land. Plant Soil
2010, 337, 137–150. [CrossRef]

79. Zeng, J.; Liu, X.; Song, L.; Lin, X.; Zhang, H.; Shen, C.; Chu, H. Nitrogen fertilization directly affects soil bacterial diversity and
indirectly affects bacterial community composition. Soil Biol. Biochem. 2016, 92, 41–49. [CrossRef]

80. Han, J.; Shi, J.; Zeng, L.; Xu, J.; Wu, L. Effects of nitrogen fertilization on the acidity and salinity of greenhouse soils. Environ. Sci.
Pollut. Res. 2015, 22, 2976–2986. [CrossRef]

81. Schroder, J.L.; Zhang, H.; Girma, K.; Raun, W.R.; Penn, C.J.; Payton, M.E. Soil acidification from long-term use of nitrogen
fertilizers on winter wheat. Soil Sci. Soc. Am. J. 2011, 75, 957–964. [CrossRef]

82. Yang, X.-d.; Ni, K.; Shi, Y.-z.; Yi, X.-y.; Zhang, Q.-f.; Fang, L.; Ma, L.-f.; Ruan, J. Effects of long-term nitrogen application on soil
acidification and solution chemistry of a tea plantation in China. Agric. Ecosyst. Environ. 2018, 252, 74–82. [CrossRef]

83. Ling, N.; Chen, D.; Guo, H.; Wei, J.; Bai, Y.; Shen, Q.; Hu, S. Differential responses of soil bacterial communities to long-term N
and P inputs in a semi-arid steppe. Geoderma 2017, 292, 25–33. [CrossRef]

84. Wang, C.; Liu, D.; Bai, E. Decreasing soil microbial diversity is associated with decreasing microbial biomass under nitrogen
addition. Soil Biol. Biochem. 2018, 120, 126–133. [CrossRef]

85. Bhatia, C. Role of microbial diversity for soil, health and plant nutrition. In Molecular Mechanisms of Plant and Microbe Coexistence;
Springer: Berlin/Heidelberg, Germany, 2008; pp. 53–74.

86. Torsvik, V.; Øvreås, L. Microbial diversity and function in soil: From genes to ecosystems. Curr. Opin. Microbiol. 2002, 5, 240–245.
[CrossRef] [PubMed]

87. Bastida, F.; Torres, I.F.; Andrés-Abellán, M.; Baldrian, P.; López-Mondéjar, R.; Větrovský, T.; Richnow, H.H.; Starke, R.; Ondoño, S.;
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