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Soil bacterial community
composition is altered more by
soil nutrient availability than pH
following long-term nutrient
addition in a temperate steppe
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and Dianlin Yang'*
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Although aboveground biodiversity has been extensively studied, the impact
of nutrient enrichment on soil microbial populations remains unclear. Soil
microorganisms serve as important indicators in shaping soil nutrient cycling
processes and are typically sensitive to nutrient additions. For this, we employed
a factorial combination design to examine the impact of nutrient additions on
the composition and function of soil bacteria in a temperate steppe. Nitrogen
addition promoted the growth of copiotrophic bacteria (Proteobacteria,
Firmicutes, and Bacteroidota) but inhibited the growth of oligotrophic bacteria
(Acidobacteria, Chloroflexi, and Verrucomicrobiota). Phosphorus addition
alleviated phosphorus deficiency, resulting in a decrease in the abundance
of phoD-harboring bacteria (Actinobacteria and Proteobacteria). Significant
enhancement of soil bacterial alpha diversity was observed only in treatments
with added phosphorus. Changes in NO;-N, NH,*-N, available phosphorus, and
dissolved organic carbon resulting from nutrient addition may have a greater
impact on microbial community structure than changes in soil pH caused by
nitrogen addition. Moreover, nutrient addition may indirectly impact microbial
ecological function by altering nutrient availability in the soil. In conclusion, our
study suggests that soil nutrient availability, particularly available phosphorus,
affects soil bacterial communities and potentially regulates the biogeochemical
cycles of soil ecosystems.

KEYWORDS

nutrient addition, bacterial diversity, nutrient cycling, bacterial community
composition, temperate steppe

1 Introduction

Natural or semi-natural grasslands have higher biodiversity and lower spatial homogeneity
compared to intensively managed cropland (Fan et al., 2018; Peng et al., 2024). However,
grassland degradation has been accelerating due to the growth of livestock production driven
by the ever-increasing demand for ruminant meat and milk (Bouwman, 2013; Sattari et al.,
2016). This will lead to a sustained reduction in soil fertility because grass harvesting or

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2024.1455891&domain=pdf&date_stamp=2024-09-13
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1455891/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1455891/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1455891/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1455891/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1455891/full
mailto:zhanghaifang01@caas.cn
mailto:yangdianlin@caas.cn
https://doi.org/10.3389/fmicb.2024.1455891
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2024.1455891

Zhang et al.

grazing removes nutrients from the ecosystem (Zhang et al., 2022).
Nutrient additions are common management activities aimed at
maintaining the sustainability of grassland production and increasing
the input of limiting nutrients into grassland ecosystems (Mayel et al.,
2021). Supplementing nutrients compensates for soil nutrient loss and
maintains nutrient availability at optimal levels. Generally, the
introduction of limiting nutrients (e.g., N and P) results in rapid
biomass growth, coupled with a decrease in plant diversity (Elser et al.,
2007; Fang et al., 2023). Previous research has mainly focused on
changes in aboveground plant biomass and diversity to understand
ecosystem feedback to nutrient enrichment (Chen et al., 2022).
Mounting evidence suggests that soil microorganisms play a key role
in maintaining ecosystem multifunctionality and preserving soil

fertility by performing almost all soil biochemical processes (Leff

etal,, 2015). Soil microbes serve as both a source and a sink of readily
available nutrients (Li et al., 2015).

The transformation of soil nutrients depends on soil
microorganisms, which are often sensitive to nutrient inputs (Chen
et al.,, 2022; Yan et al.,, 2022). Previous studies have focused on
exploring how single nutrient addition (e.g., N and P) influences soil
bacterial community composition (Wang et al., 2018a; Zhang et al.,
2019). These studies have yielded mixed results, with alterations in
community composition and taxonomy not consistently trending in
the same direction or extent with the addition of single nutrients
(Fierer et al., 2012; Leff et al., 2015; Prober et al., 2015). These
variations could be explained by factors, such as vegetation
composition, environmental conditions, and climate, but might also
indicate that the impact on soil bacterial communities is influenced
by the combined addition of mineral nutrients (Egan et al., 2018). For
example, the addition of P and K together, as well as N-only addition,
can significantly change the composition of soil bacterial communities
(Cuhel et al., 2019; Sarula Yang et al., 2022). Dai et al. (2018) showed
that multi-nutrient (N, P, and K) additions could mitigate the adverse
effects of adding N-only on bacterial communities. Recent studies are
increasingly focusing on how nutrient additions influence microbial
communities in soil. In addition to climatic factors, soil pH is a crucial
determinant of soil microbial community composition and function
on both global and regional scales (Fierer and Jackson, 2006; Liu et al.,
2020). Most bacteria typically exhibit optimal growth at neutral pH
values, and soil acidification induced by N addition often leads to a
reduction in soil bacterial diversity (Dai et al., 2018). A previous study
found that pH significantly influences changes in soil bacterial
communities, with an average decrease of 0.16 units in soil pH at 25
grassland sites when N was added (LefT et al., 2015). In addition, there
are differences in the life history strategies of soil microorganisms,
such as the response to nutrients, which can be categorized into
oligotrophic and copiotrophic bacteria (Fierer et al., 2007; Stone et al.,
2023). Consequently, changes in soil nutrient availability resulting
from nutrient addition may further impact the structure and
metabolic processes of soil microbial communities (Wang et al., 2017;
Xiao et al., 2022). Previous studies have also indicated that soil
bacterial communities may be affected by variations in nutrient
availability and plant-derived carbon resulting from nutrient additions
(Philippot et al., 2013; Wang et al., 2018a).

Hulunbuir grassland is located in the east of Eurasian Steppes,
building an ecological security barrier in northeast China. However,
land degradation is a prevalent issue in this region, primarily driven
by climate conditions and the growth of livestock production. Zhang
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etal. (2018) discovered a potential mechanism for plant-microbe-soil
interactions regarding nitrogen deposition and precipitation change
in this region. Therefore, we examine whether and how soil bacterial
community composition and functional traits have been influenced
by different nutrient addition treatments compared to grasslands with
no nutrient addition. Based on the existing findings, we hypothesized
the following: (1) soil bacteria are more sensitive to long-term
nitrogen addition than to phosphorus addition and that the decline in
soil pH resulting from nitrogen addition is associated with a decrease
in soil bacterial diversity and (2) the changes in the soil bacterial
community structure and functions are induced by altered soil pH and
nutrient availability.

2 Materials and methods
2.1 Study site and soil sampling

This study took place at a typical location in the Stipa Baicalensis
steppe (119°42’E, 48°30'N) in Hulunbuir, Inner Mongolia. A
temperate continental monsoon climate is a characteristic of this
region, with warm summers and cold winters. The annual rainfall is
329 mm, and the average temperature is —0.7°C. The vegetation is a
typical temperate meadow steppe dominated by S. baicalensis and
Leymus chinensis. This region had never been fertilized before 2010.

In June 2010, a comprehensive factorial experiment involving N,
P, and K additions was initiated at the study site. It included eight
treatment combinations (N, P, K, NP, NK, PK, NPK, and Control) and
was designed using a randomized block design. Four blocks
(replicates) were established, giving a total of 32 plots. Specifically,
nitrogen (as urea), phosphorus (as triple superphosphate), and
potassium (as potassium sulfate) fertilizers were applied at a rate of
100kgha™". All fertilizer nutrient values were determined by the
standard protocol of NutNet (Borer et al., 2014). From 2010 to 2021,
the nutrients were added annually in the second week of June.

Soil sampling was performed on 12 August 2021, and soil
subsamples were collected with a soil probe from 10 random positions
at a depth of 0-20 cm and combined, with 4 replicates per treatment.
Each soil sample was passed through a 2 mm sieve. Then, composite
samples were divided into two parts: One part was used to measure
soil physicochemical properties by natural drying, and the other part
was stored at —80°C for later DNA extraction. Soil pH, organic carbon
(SOC), total N (TN), total P (TP), inorganic N (NH,*-N and NO; -
N), available P (TP), available K (AK), dissolved organic carbon
(DOC), and soil water content (SWC) were measured according to
previously described methods (Bao, 2000), and the results are shown
in Supplementary Table 1.

2.2 DNA extraction, amplification, and
sequencing

The AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
United States) was used to extract the DNA of each soil sample. The
bacterial V3-V4 region of 16S rRNA genes was amplified using primer
pairs 338F (5-ACTCCTACGGGAGGCAGCAG-3") and 806R
(5-GGACTACHVGGGTWTCTAAT-3"; Yan et al.,, 2022). Sequencing
was performed using the Illumina MiSeq PE 300 platform (Illumina,
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San Diego, CA, United States) by Majorbio (Shanghai, China).
Detailed information on the PCR protocols and subsequent
bioinformatics analysis are based on the methods described by Zhang
et al. (2024). In total, 1,300,367 (40,637 +4,291 on average) high-
quality and valid 16S sequences were obtained for the 32 soil samples.
After rarefying the same number of sequences, 1,095,008 (34,219 on
average) sequences were obtained. Alpha diversity was calculated
using the indexes of Shannon, Chaol, observed OTUs, and
phylogenetic diversity (PD). Annotations of the ecological functions
of C and N cycling were made using the FAPROTAX database on the
Majorbio Cloud Platform." Sequencing data were deposited in the
NCBI under the accession number PRINA928583.

2.3 Statistical analyses

All statistical analyses were performed using the R environment
v4.2.1 (R Core Team, 2022) unless otherwise stated. One-way ANOVA
was used to analyze the soil and bacterial variables. Tukey’s honestly
significant difference (HSD) test was then used to evaluate differences
between the different nutrient addition treatments, and Student’s ¢-test
was employed to determine significant differences between single and
multiple additions. Three-way ANOVA was performed using SPSS
23.0 (SPSS, Chicago, IL, United States) to further determine the
interaction effects of N, P, and K additions. Principal coordinate
analysis (PCoA) and PERMANOVA were performed by the package
of “vegan” The environmental factors significantly correlated with
community composition (abundance of OTUs) were identified using
a Mantel test of Bray—Curtis similarity distance values, which provided
a correlation measure between each variable and the bacterial
community structure (ry;). In the dbRDA analysis, the explanatory
variables were analyzed one by one to assess their respective
contributions to explaining variance ((bRDA % variance explained).
Then, we simplified the model containing all explanatory variables by
forward-model selection using the function ordiR2ste (Blanchet et al.,
2008). Variance partitioning analysis (VPA) was performed to assess
the relative contributions of variables (Lai et al., 2022). Models were
developed from the measurements and tested using structural
equation modeling (SEM) with regression analysis and previous
experience to reveal the effects of soil properties on microbial
communities under nutrient addition, using AMOS 22.0 software.
Model adequacy was determined using the chi-square ()?) test,
comparative fit index (CFI), goodness of fit index (GFI), and root-
mean-square error of approximation (RMSEA). Pearson’s correlation
analysis between microbial genera and soil properties was performed
using the “corr.test” function of the R psych package. The correlation
network was visualized using Cytoscape 3.9.1 software.

3 Results

3.1 Effects of nutrient additions on the main phyla and genera of
soil bacteria

1 https://report.majorbio.com/meta/FAPROTAX/
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The grassland soil environment was composed of 35 phyla for the
bacterial community. Actinobacteriota (40.07%) was the most
abundant phylum, followed by Proteobacteria (25.07%),
Acidobacteriota (11.20%), Chloroflexi (6.01%), Verrucomicrobiota
(3.59%), Firmicutes (3.31%), Gemmatimonadota (2.54%), Bacteroidota
(1.92%), Patescibacteria (1.44%), Myxococcota (1.24%), and other
bacterial phyla (3.61%; Figures 1A,B). Among the top 10 most
Chloroflexi, and
Bacteroidota varied significantly (Figure 2). The P-only addition led to

abundant bacterial phyla, Acidobacteriota,

an increase in Acidobacteriota and Chloroflexi. However, the N-only
and NK addition treatments showed an opposite trend, although this
effect was not statistically significant (Figures 2A-C). In comparison
with the P-only addition, Acidobacteriota significantly decreased with
the N-only, NK, PK, and NPK addition treatments (Figure 2A), while
Chloroflexi decreased with the N-only and NK addition treatments
(Figure 2B). The abundance of Bacteroidota increased with all nutrient
addition treatments, rising by 50.13, 54.82, and 49.56% with NP, NK,
and PK additions, respectively (Figure 2C). In addition, N and P
additions  significantly affected multiple bacterial phyla
(Supplementary Table 4). Furthermore, our study suggested that
Bacteroidota and Patescibacteria showed significant differences
between single nutrient additions and multiple nutrient additions
(p<0.05; Supplementary Table 3).

Among those OTUs that could be classified into genera,
Sphingomonas (4.77%) was the most abundant genus, followed by
Rubrobacter (4.70%), Mycobacterium (3.94%), RB41 (3.55%),
Candidatus_Udaeobacter (3.09%), Bradyrhizobium (3.06%), Bacillus
(2.13%), Gaiella (1.71%), and other bacterial genera (Figure 1C). In
addition, several unranked bacterial genera also exhibited relatively
high abundances, including unranked 67-14 (6.06%), unranked
Gaiellales (4.42%), unranked Vicinamibacterales (3.59%), and unranked
Xanthobacteraceae (3.54%; Figure 1C). The relative abundances of six
genera within the top 10 most abundant bacterial genera were
significantly altered by different nutrient addition treatments
(Figure 2). N and multiple nutrient additions (NP, NK, PK, and NPK)
significantly decreased Rubrobacter (Figure 2D;
Supplementary Table 3). Moreover, both N and NPK additions
significantly decreased RB41 (Figure 2H), and PK addition
significantly decreased unranked Xanthobacteraceae (Figure 2G). P
addition had a marginally positive effect on unranked Vicinambacterales
and RB4I but significantly decreased the unranked Gaiellales
(Figure 2). N, P, and K additions, along with their interactive effects,
significantly affected multiple bacterial genera (Supplementary Table 6).
In addition, our study indicated that multiple bacterial genera showed
significant differences between single nutrient additions and multiple
nutrient additions (Figure 1; Supplementary Table 3).

3.1 Effects of nutrient additions on soil
bacterial diversity and community
structure

We analyzed the differences in bacterial diversity among different
nutrient addition treatments. Nutrient addition treatments tended to
have higher Shannon diversity, Chaol, and observed OTU richness
than the control, but the differences were not significant (Table 1). P
addition and the interaction between P and K addition significantly
affected multiple diversity indicators (Supplementary Table 2). In
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addition, P-only addition significantly increased phylogenetic
diversity (p <0.05; Table 1), and there was no significant difference in
bacterial alpha diversity between single additions and multiple
additions (p <0.05; Supplementary Table 3). There was a significant
correlation between bacterial diversity and soil chemical properties
(TP, AP, NO;™-N, C/P, and C/N; Supplementary Table 4).

PERMANOVA results showed variations in bacterial structure
under different nutrient addition treatments (R*=0.4729, p=0.001;
Figure 3). The PCoA showed that samples of the control, P, and K
clustered together and were separated from N and multiple nutrient
additions (NP, NK, PK, and NPK) along PCoAl. In addition, the
samples of N and PK clustered together and were separated from NP
and NPK along PCoA2 (Figure 3).

Among all soil chemical variables, soil pH (13.9%, r\;=0.368) and
TP (9.9%, 1;=0.363) were the best individual predictors, followed
closely by AP (9.3%, r\y=0.245), NH,"-N (9.2%, r\;=0.241), and C/P
(8.2%, ry=0.225; Table 2). The distance-based redundancy analysis
(dbRDA) based on forward-model selection retained six environmental
factors, namely, NO;™-N, DOC, TP, pH, N/P, and TN, and the results
indicate that all factors, except TN, were significantly correlated with the
variations in bacterial community structure (Figure 4A). The VPA
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indicated that all factors together explained 30.9% of the total variation
(Figure 4B). Moreover, TP explained the highest proportion of variation
in all bacterial community composition (Figure 4B, explained
variation=8.73%). In addition, SEM was used to examine the underlying
pathways through which nutrient addition influences both bacterial
diversity and community structure (Figure 5A). The SEM showed that
increased NH,*-N after N addition directly induced changes in soil pH
and DOC. In addition, the increased AP content after P addition
promoted an increase in DOC. The pathways involving NH,"-N, AP,
AK, pH, and DOC together explained 31 and 72% of the total variance
in bacterial Shannon diversity and bacterial community structure,
respectively. Nutrient addition can alter soil microbial diversity both by
the direct impact of changes in soil AP levels and by indirect effects via
change of soil DOC. Furthermore, the alteration of nutrient availability
(NH,*-N, AP, and AK) and DOC can affect the soil bacterial community
composition. We further investigated the relationships between
microbial genera and soil properties in the form of network visualizations
(Figure 5B). NH,*-N (node degree=20), AP (node degree=18), pH
(node degree=16), and DOC (node degree=13) were significantly
correlated with more than 10 microbial genera. However, we found that
TK and AK were not significantly correlated with any microbial genera.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1455891
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

10.3389/fmicb.2024.1455891

Zhang et al.
0.125
0251A Acidobacteriota B Chloroflexi 0.041C Bacteroidota
8 0.100 a
2 0. a
E 020 é ab b b a X 0.03 a a
g ab 2 0075 abc ab  ap g ab
—?3 015 g b b = ==~ bc = 20 ab b
S Q ¢ E| o0.02 $ é
2010 b 0.050 B B -
g = b
[5) . ° -——
& 0.05 . 0.025 0.01
0.00 0.000 0.00
ControlN P K NP NK PK NPK ControlN P K NP NK PK NPK ControlN P K NP NK PK NPK
0.15|D 0.100[E 0.100 [F
Rubrobacter norank_f norank_o__Gaiellales norank_f norank o Vicinamibacterales
8 0.10 b 0.075 0.075
g 0.1 a
= a a b
< . ab a
3 abe ==
=] . 0.050
s =, é o 0.050 $ i ‘ *
ST Bt bs
2 0.025 0.025
P = al=1= "
& .
0.00 0.000 0.000
ControlN P K NP NK PK NPK ControlN P K NP NK PK NPK ControlN P K NP NK PK NPK
0.100 G 0.100 H 0.06{}
norank_f Xanthobacteraceae RB41 Bradyrhizobium
80075 0.075 T
5] . 0.04
g a ab ab ab é ab
£o0s0f @ oAb ap " . 0.050{ E3 abc b be b = b
2 é = = b 8 c = 5 ¢l 002
£0.025 = | 00s| =9 $
-2
0.000 0.000 0.00
ControlN P K NP NK PK NPK ControlN P K NP NK PK NPK ControlN P K NP NK PK NPK
FIGURE 2
Analysis of significant differences among the top 10 species in the phylum and genus of soil bacteria under different nutrient addition treatments. The
significance of differences at the phylum (A—C) and genus (D-1) levels. Different lowercase letters above each box in the same subfigure indicate
significant differences between treatments (Tukey's HSD test, p <0.05).

TABLE 1 Soil bacterial a-diversity under different nutrient addition treatments.

Treatments Shannon Chaol PD Number of observed OTUs
Control 5.95+0.04a 2894.12+89.65a 165.11+3.32b 2122.75+40.84a
N 5.96+0.18a 3050.45+266.62a 170.74+14.46ab 2167.50+220.41a
P 6.15+0.08a 3262.66+30.47a 185.48+5.03a 2394.25+65.74a
K 6.06+0.06a 3236.97+192.96a 179.00 +6.15ab 2315.25+50.69a
NP 6.22+0.07a 3171.52+155.73a 182.20£4.59ab 2337.50+88.42a
NK 6.00+0.19 2958.27+218.06a 170.52+10.37ab 2187.25+129.25a
PK 6.10+0.26a 3199.44+170.64a 183.78 £8.47ab 2355.00+161.73a
NPK 6.08+0.10a 2949.64+318.23a 170.93 +9.4ab 2173.50+168.04a

Data are presented as mean + standard deviation (SD). Different labeled letters indicate significant differences between different treatments according to one-way ANOVA with Tukey’s HSD
test (p <0.05).

3.2 Effects of nutrient additions on soil
functional groups

chemoheterotrophy, aerobic chemoheterotrophy, nitrate reduction,
and nitrogen fixation, accounting for 39.16, 38.35, 6.84, and 3.72%,
respectively. Long-term nutrient addition significantly changed
bacterial functions related to the C-cycle, including aerobic
chemoheterotrophy, aromatic compound degradation, phototrophy,
photoheterotrophy, hydrocarbon degradation, aromatic hydrocarbon
degradation, and aliphatic non-methane hydrocarbon degradation
(Figure 6). The relative abundance of functional groups involved in

To explore whether and how long-term nutrient addition affects
ecosystem community function, FAPROTAX was used to predict
microbial functions. The results from FAPROTAX indicated the
identification of 42 microbial pathways, with 30 linked to the cycling
of C and N. The four most common functional groups were
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Bacterial community composition in different nutrient addition
treatments. PCoA plots based on the Bray—Curtis distance showing
the overall distribution pattern of the bacterial community.

TABLE 2 Statistical results of Mantel tests and distance-based
redundancy analyses (dbRDA) evaluating the effects of soil chemical
properties on bacterial community structure.

Explanatory Mantel dbRDA % variation
variables r-statistic explained
NO;-N 0.262% 7.7574%
NH,*-N 0.241% 9.2158%
TP 03637 9.9255%
AP 0.245% 9.2807*
pH 0368 13.879%
DOC 0.307%* 7.7055%
C/p 0.225%* 8.2065*
N/P 0.214%% 8.1438*
™N 0.110 3.6349
TK 0.011 3.8085
AK 0.001 3.4426
Nele —0.002 3.5604
C/IN 0.116 23649
SWC 0.073 7.1203%

Asterisks indicate the significance level: *p <0.05, *¥p <0.01, and **¥p<0.001.

chemoheterotrophy, aerobic chemoheterotrophy, phototrophy, and
photoheterotrophy increased in the N-only addition treatment.
Aromatic compound degradation, phototrophy, photoheterotrophy,
and fermentation functional groups increased in the P-only addition
treatment, but chemoheterotrophy and aerobic chemoheterotrophy
were inhibited. In addition, we noted that multiple additions (NP, NK,
PK, and NPK) increased most of the C-cycle functional groups, but
the fermentation functional group was inhibited in the PK and NPK
addition treatments. Moreover, we observed that a considerable
proportion of functional groups involved in N cycling exhibited
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changes with different nutrient addition treatments. All nutrient
addition treatments exhibited varying degrees of reduction in nitrate
ester functional groups compared to the control. The nitrate reduction
functional group decreased to varying degrees across all nutrient
addition treatments. In addition, N-only, P-only, and NP additions
improved soil denitrification (Figure 6).

When correlations between soil chemical properties and bacterial
functions were explored, it was found that DOC was the most
important factor correlated with all C-cycle functional groups, except
for cellulolysis. Furthermore, a high correlation existed between most
bacterial functional groups of C cycling and AP, NH,*-N, and
SWC. Except for the nitrate reduction and nitrogen fixation groups,
no significant relationship was observed between the relative
abundance of other bacterial functional groups involved in N cycling
and soil chemical properties (Supplementary Figure 1).

4 Discussion

4.1 Nitrogen and phosphorus addition
alters soil bacterial composition

It is well established that soil bacterial communities are extremely
sensitive to N addition globally (Dong et al., 2021; Leff et al., 2015).
Furthermore, we discovered that P addition can cause significant
changes in the bacterial community structure in the soil (Figure 3).
Our findings are supported by previous studies in alpine grassland and
semi-arid steppe (Chen et al., 2020; Ling et al., 2017). Differences in
dominant bacterial taxa can serve as indicators of changes in bacterial
communities resulting from nutrient addition (Ling et al., 2017).
Actinobacteria (~40%) was the most prevalent phylum in the temperate
grassland region where our research was conducted, followed by
Proteobacteria (~25%) and Acidobacteriota (~11%). Dai et al. (2018)
suggested that N addition is beneficial for the growth of Actinobacteria,
but it suppresses Acidobacteriota. Our findings were partially consistent
with this. Since multiple clusters of genera exhibited contrasting
responses, Actinobacteria did not show a clear pattern in response to N
addition (Figure 1B; Supplementary Table 5). Among dominant genera
in Actinobacteria, N addition resulted in an increase in Mycobacterium
while decreasing Rubrobacter. Actinobacteria is recognized as one of
the richest bacterial taxa in soil (~22%), thriving in diverse ecological
zones (Araujo et al., 2020; Delgado-Baquerizo et al., 2017; Ho et al.,
2017). Considering the divergent living strategies in Actinobacterial
communities, the different responses of the majority of Actinobacterial
taxa to N addition obscured the overall trend. This is supported by the
oligotrophic—copiotrophic theory (Fierer et al., 2007; Stone et al.,
2023), which demonstrates that N addition promoted the growth of
copiotrophic bacteria (Proteobacteria, Firmicutes, Bacteroidota, etc.)
but inhibited the growth of oligotrophic bacteria (Acidobacteria,
Chloroflexi, Verrucomicrobiota, etc.; Figure 1B). Moreover, changes in
bacterial composition at the phylum and dominant genera levels were
consistent. P additions did not conform to this pattern, and only
Acidobacteria, Firmicutes, and Chloroflexi showed positive responses
to P addition. However, the abundances of Actinobacteria and
Proteobacteria were negatively impacted by P addition. It has been
previously reported that these bacterial phyla contain phoD genes
(Tkoyi et al.,, 2018; Jiang et al., 2023; Wang et al., 2023). According to
Chen et al. (2019), long-term P addition significantly altered soil
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FIGURE 4
Relationship between environmental factors in the bacterial community. The effects of environmental factors on bacterial community composition by
using (A) redundancy analysis (RDA) and (B) variation partition analysis (VPA).

microbial communities and reduced the proportion of phoD-harboring
bacteria. The phenomenon supports the idea that long-term mineral P
input inhibits the growth of phoD-harboring bacteria. According to the
results, many soil bacterial taxa were affected oppositely by N-only and
P-only additions at the phylum or genus levels. However, when
nitrogen and phosphorus are added together, the divergent changes
caused by single additions can be alleviated or counterbalanced.
Moreover, compared to N and P additions, it was noted that K
additions did not alter soil bacterial communities. Previous research
has also indicated that soil microorganisms demand more N and P
than K while being less susceptible to potassium deficiency compared
to crops (Moro et al,, 2014; Paul et al., 2021).

4.2 Phosphorus addition rather than
nitrogen addition can change soil bacterial
alpha diversity

Soil microorganisms serve as important indicators for shaping soil
C and N cycling processes. They are typically sensitive to nutrient
additions, especially soil bacteria (Dai et al., 2018). This study presents
novel findings that contribute to our understanding of how nutrient
additions impact bacterial communities in temperate steppe
environments. The o-diversity of bacteria displayed a positive
response under N and P addition treatments. Mounting evidence
suggests that N enrichment can result in a reduction in bacterial
a-diversity (Dai et al., 2018; Elser et al., 2007; Fierer et al., 2012). It was
discovered in the study that N addition had no significant effect on
multiple a-diversity indices of soil bacteria (Table 1). This could
be due to the fact that bacterial a-diversity may not exhibit a significant
decreasing trend before reaching the critical threshold of nitrogen
enrichment (Scheffer et al., 2012; Zhou et al., 2020).

According to research by Zeng et al. (2016) and Liu et al. (2020)
on typical temperate steppes, the response thresholds of soil bacterial
diversity to nitrogen enrichment were found to be 12g-Nm™yr.”' and
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16g-Nm yr.”', respectively. Furthermore, Dong et al. (2021) found
the threshold for N enrichment at 30g-Nm™ yr.”! in the meadow
steppes. Despite observing no significant negative impact on bacterial
a-diversity from N-only addition, the Chaol, Shannon, and PD
indices showed a great promotion when N and P were added together.
However, the bacterial a-diversity did not change when N was applied
with K. These varying results indicate that the effects of different
nutrient addition treatments on soil bacteria were inconsistent,
potentially influenced by specific environmental conditions and soil
nutrient status (Fang et al., 2023).

Increasing evidence has demonstrated that the alterations in soil
pH and nutrient content resulting from nutrient addition are crucial
parameters in changing soil bacterial a-diversity and community
composition (Fierer and Jackson, 2006; Hou et al., 2021). A previous
meta-analysis suggested that N addition primarily shapes bacterial
a-diversity by altering soil pH (Zhou et al., 2020). Soil pH directly
limits or constrains the physiological activities of microorganisms,
and exceeding a certain range (i.e., ecological niche) leads to a
decrease in the net growth of individual taxa that are incapable of
surviving under such conditions (Zhou et al., 2020). Bacteria
generally exhibit optimal growth at neutral pH (Fierer and Jackson,
20065 Zhou et al., 2020). The pH values of soil samples in the study
area were found to be neutral to slightly alkaline. Despite the fact that
soil acidification can occur with single-N addition, the additions of
NP, NK, and NPK did not significantly affect soil pH
(Supplementary Table 1). Therefore, slight fluctuations in soil pH
values may not result in significant changes in soil bacterial
communities, contrary to our initial hypothesis. Soil bacterial
diversity is more sensitive to P addition than N addition. Moreover,
bacterial diversity indices including Shannon and PD did not
correlate with soil pH but showed a significant correlation with
available P, C/P, and N/P. This may be because phosphorus plays a
crucial role in the normal growth and metabolic processes of living
organisms, participating in various biological processes, including
the synthesis of nucleotides and the regulation of enzyme activity
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FIGURE 5

Effects of environmental factors on bacterial community structure in a meadow Steppe. (A) Structural equation modeling (SEM) analysis of the effects
of nutrient addition on soil bacterial community structure and Shannon diversity via pathways related to soil chemical attributes. Solid red and solid
blue arrows indicate positive and negative relationships, respectively. Thickness of the arrows is proportional to the strength of standardized path
coefficients. R2 represents the proportion of variance explained. Asterisks indicate the significance level: *p <0.05, **p < 0.01. (B) Correlation network
between environmental variables and their directly connected nodes from the entire nutrient addition treatments. Nodes in the outer ring represent
different environmental variables, and nodes in the three inner ring represent different bacterial genera. Node size of environmental variables is
proportional to node connectivity. Node color in the three inner ring represent various phylogenetic phyla. The line linking nodes represent significant
correlations between environmental factors and bacterial genera, with line width varying proportionally to the absolute value of the correlation
coefficient. Orange lines indicate positive interactions and purple lines indicate negative interactions.

(Elser et al., 2003; Penuelas and Sardans, 2009; Xia et al., 2023). As ~ phosphorus limitation caused by increased phosphorus input,
rapidly growing organisms, bacteria have a higher demand for = promoting the growth of the microbial community (Cui et al., 2022).
phosphorus. Therefore, changes in bacterial diversity as a result of P This further indicates that soil P availability is potentially the major
addition could be attributed to the alleviation of microbial factor influencing bacterial diversity under nutrient addition.
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The potential ecological function changes of soil bacterial communities under different nutrient addition treatments. Error bars indicate standard
deviations (n = 4). Significance levels: *p <0.05, **p <0.01, and ***p <0.001.

4.3 Nitrogen and phosphorus addition
alters the structure and function of soil
bacterial communities

The growth and metabolic activities of microorganisms are
influenced by various environmental factors (Wang et al., 2017; Xiao
etal., 2022). Our study suggested that the most significant influences
on the structure of bacterial communities were found to be available
nitrogen, phosphorus content, pH, and DOC, as validated by both
RDA and Mantel analyses. This finding is consistent with our second
hypothesis. A previous study indicated that N addition led to an
average decrease of 0.16 units in soil pH across 25 grassland sites (Leff
et al., 2015). However, pH might not be the only factor driving
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community changes in our study. Evidence from SEM findings
suggested that pH had a limited influence on bacterial community
transformations under N addition (Figure 5A). In addition, numerous
significant correlations were observed between soil-available nutrients
(e.g., NH,*-N, AP, and DOC) and bacterial genera based on the
correlation network analysis in this study. These results suggested that
bacterial community composition was not only strongly altered by soil
pH but also regulated by nutrient availability under long-term N and
P addition. Our findings are consistent with those of Zhou et al. (2017),
suggesting that N addition mainly affects microbial communities by
enhancing resources instead of acidifying the soil. Meanwhile,
increasing P availability through exogenous P addition has resulted in
changes to the soil bacterial communities. Moreover, both N and P
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additions led to an increase in DOC (Supplementary Table 1),
suggesting that the accelerated mineralization of soil carbon through
N and P additions can provide additional energy and nutrients for soil
microorganisms. The alteration of nutrient availability and DOC can
affect soil bacterial community structure (Kaspari et al., 2017; Philippot
etal,, 2013; Wang et al., 2018b).

The alterations in bacterial communities observed during long-
term nutrient addition, by extension, lead to shifts in microbial
metabolic functions (Wang et al, 2017; Xiao et al, 2022).
Chemoheterotrophy is the primary pathway of carbon flow in microbial
communities. N addition treatments (only-N, NP, NK, and NPK)
increased the chemoautotrophy functional group, while the only-P
addition treatment had a negative effect on it (Figure 6). Chen et al.
(2021) also found that the process of decomposing unstable and
recalcitrant organic matter was significantly enhanced with increased N
addition. In addition, unstable organic carbon showed a more sensitive
response to N addition. Moreover, the negative response of
Actinobacteria and Proteobacteria to P addition may be the cause of the
weakening of the chemoheterotrophy functional group as soil organic
matter decomposition is highly dependent on Proteobacteria and
Actinobacteria (Dai et al., 2018). Furthermore, our research found that
the phototrophy, aromatic compound degradation, and fermentation
functional groups increased in the P-only addition treatment (Figure 6).
The increase in aromatic compound degradation and fermentation
functional groups indicates that P addition can enhance the ability of
soil to degrade complex organic compounds. However, the increase in
phototrophy functional groups can contribute to the accumulation of
soil organic carbon (Sun et al., 2023).

Microorganisms are crucial contributors to nitrogen-fixing and
transforming processes in soil (Lin et al., 2023). N-only, P-only, and
NP additions improved soil denitrification (Figure 6). The increased
abundance of denitrifiers under nutrient-rich conditions is likely
attributed to the fact that many of them are copiotrophs, which prefer
such conditions for growth (Che et al., 2018; Liu et al., 2012; Morrissey
and Franklin, 2015). Furthermore, nutrient addition could lead to
increased anaerobic environments through enhanced microbial
respiration (Liu et al., 2012; Lu et al, 2011), thereby indirectly
stimulating the expression of denitrification genes. Moreover,
denitrifiers are influenced by many environmental factors (Wallenstein
etal.,, 2006), and previous studies have revealed inconsistent responses
of denitrification genes to N and P additions (Tang et al., 2016; Wang
et al, 2019). This discrepancy indicated that denitrification-relevant
gene expression might be linked to ecosystem types and environmental
factors (Tang et al., 2016; Wallenstein et al., 2006). However, it should
be noted that current functional gene annotation tools based on 16S
rRNA gene amplicons usually have limited predictive power due to
the unculturable nature of most bacteria in soils (Louca et al., 2019).
Therefore, more accurate methods are essential to enhance the
precision of functional profiles in future studies. In brief, our findings
emphasized the importance of soil phosphorus in determining
bacterial communities in temperate steppe. Numerous studies have
primarily focused on how nitrogen deposition affects regions globally
(Hu et al., 2021; Nie et al., 2019; Sun et al., 2023; Zhou et al., 2017),
while research on phosphorus addition has mainly focused on
phosphorus-limited tropical forests (O'Neill et al., 2022; Wang et al.,
2018b). Therefore, it is of critical importance to conduct further
systematic research on P addition on soil microbial involvement in C
and N cycling in grassland ecosystems. Furthermore, long-term
studies incorporating different rates and frequencies of phosphorus
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addition would enhance our understanding of its impact on soil
microbial communities.

5 Conclusion

Soil bacterial diversity exhibited differential responses to the addition
of N and P in a steppe meadow. Soil bacterial a-diversity was more
sensitive to P addition than to N addition, primarily due to alterations in
soil P availability resulting from P addition. Moreover, 11 years of nutrient
addition shifted the structure and function of soil bacterial communities.
Soil bacterial communities are altered more by soil resource enhancement
(e.g., nutrient availability and DOC) than pH following long-term N and
P addition. In addition, nutrient addition may indirectly impact the
functions of C and N cycling in microorganisms by changing nutrient
availability in the soil. N addition treatments (only-N, NP, NK, and NPK)
increased the chemoautotrophy functional group, while P-only addition
treatment increased the phototrophy, aromatic compound degradation,
and fermentation functional groups. Furthermore, N-only, P-only, and
NP additions enhanced soil denitrification. Overall, these findings
suggest that long-term phosphorus addition significantly affects soil
microbial communities that regulate key C and N cycling processes,
providing fresh perspectives on the response of meadow ecosystems to
nutrient additions.

Data availability statement

The original contributions presented in the study are included in the
article/Supplementary material; further inquiries can be directed to the
corresponding authors. The names of the repository/repositories and
accession number(s) can be found at: https://www.ncbinlm.nih.gov/,
PRJNA928583.

Author contributions

HZ: Conceptualization, Formal analysis, Investigation,
Methodology, Visualization, Writing — original draft, Writing - review
& editing. NJ: Formal analysis, Validation, Visualization, Writing —
review & editing. SZ: Formal analysis, Writing - review & editing. XZ:
Funding acquisition, Visualization, Writing — review & editing. HW:
Formal analysis, Project administration, Resources, Supervision,
Visualization, Writing - review & editing. WX: Methodology,
Resources, Supervision, Writing - review & editing. JZ: Methodology,
Resources, Supervision, Writing - review & editing. HL: Methodology,
Resources, Supervision, Writing - review & editing. HFZ:
Conceptualization, Funding acquisition, Investigation, Methodology,
Supervision, Writing - review & editing. DY: Conceptualization,
Methodology,

Supervision, Writing - review & editing.

Funding acquisition, Project administration,

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study was
supported by the National Natural Science Foundation of China (Nos.

42007046, 41877343, and 32101446).

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1455891
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/

Zhang et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Araujo, R., Gupta, V. V. S. R,, Reith, F, Bissett, A., Mele, P, and Franco, C. M. M.
(2020). Biogeography and emerging significance of Actinobacteria in Australia and
northern Antarctica soils. Soil Biol. Biochem. 146:107805. doi: 10.1016/j.
50ilbi0.2020.107805

Bao, S. D. (2000). Soil and agricultural chemistry analysis. Beijing: Agriculture Press
of China.

Blanchet, E. G., Legendre, P, and Borcard, D. (2008). Forward selection of explanatory
variables. Ecology 89, 2623-2632. doi: 10.1890/07-0986.1

Borer, E. T., Harpole, W. S., Adler, P. B., Lind, E. M., Orrock, J. L., Seabloom, E. W,
et al. (2014). Finding generality in ecology: a model for globally distributed experiments.
Methods Ecol. Evol. 5, 65-73. doi: 10.1111/2041-210x.12125

Bouwman, L. (2013). Exploring global changes in nitrogen and phosphorus
cycles in agriculture induced by livestock production over the 1900-2050 period
(vol 110, pg 20882, 2011). P Natl Acad Sci USA. 110:21195. doi: 10.1073/
pnas.1206191109

Che, R. X, Qin, J. L., Tahmasbian, I., Wang, E, Zhou, S. T., Xu, Z. H,, et al. (2018).
Litter amendment rather than phosphorus can dramatically change inorganic nitrogen
pools in a degraded grassland soil by affecting nitrogen-cycling microbes. Soil Biol.
Biochem. 120, 145-152. doi: 10.1016/j.s0ilbio.2018.02.006

Chen, X. D,, Jiang, N., Condron, L. M., Dunfield, K. E., Chen, Z. H., Wang, . K,, et al.
(2019). Impact of long-term phosphorus fertilizer inputs on bacterial phoD gene
community in a maize field. Northeast China. Sci Total Environ. 669, 1011-1018. doi:
10.1016/j.scitotenv.2019.03.172

Chen, Y. C,, Yin, S. W, Shao, Y., and Zhang, K. R. (2022). Soil bacteria are more
sensitive than fungi in response to nitrogen and phosphorus enrichment. Front.
Microbiol. 13:999385. doi: 10.3389/fmicb.2022.999385

Chen, Q. Y, Yuan, Y. L, Hu, Y. L., Wang, ], Si, G. C., Xu, R,, et al. (2021). Excessive
nitrogen addition accelerates N assimilation and P utilization by enhancing organic
carbon decomposition in a Tibetan alpine steppe. Sci. Total Environ. 764:142848. doi:
10.1016/j.scitotenv.2020.142848

Chen, W. ], Zhou, H. K., Wu, Y., Wang, J., Zhao, Z. W,, Li, Y. Z, et al. (2020). Direct
and indirect influences of long-term fertilization on microbial carbon and nitrogen
cycles in an alpine grassland. Soil Biol. Biochem. 149:107922. doi: 10.1016/j.
50ilbi0.2020.107922

Cuhel, J., Maly, S., and Kralovec, J. (2019). Shifts and recovery of soil microbial
communities in a 40-year field trial under mineral fertilization. Pedobiologia 77:150575.
doi: 10.1016/j.pedobi.2019.150575

Cui, Y. X, Bing, H. J., Moorhead, D. L., Delgado-Baquerizo, M., Ye, L. P, Yu, J. L., et al.
(2022). Ecoenzymatic stoichiometry reveals widespread soil phosphorus limitation to
microbial metabolism across Chinese forests. Commun Earth Environ. 3:184. doi:
10.1038/s43247-022-00523-5

Dai, Z. M., Su, W. Q., Chen, H. H., Barberan, A., Zhao, H. C., Yu, M. |, et al. (2018).
Long-term nitrogen fertilization decreases bacterial diversity and favors the growth of
Actinobacteria and Proteobacteria in agro-ecosystems across the globe. Glob. Chang.
Biol. 24, 3452-3461. doi: 10.1111/gcb.14163

Delgado-Baquerizo, M., Eldridge, D. J., Ochoa, V., Gozalo, B., Singh, B. K., and
Maestre, E T. (2017). Soil microbial communities drive the resistance of ecosystem
multifunctionality to global change in drylands across the globe. Ecol. Lett. 20,
1295-1305. doi: 10.1111/ele.12826

Dong, C. C,, Shi, Y., Wang, J. J., Zeng, H., and Wang, W. (2021). Divergent responses
of the soil bacteria community to multi-level nitrogen enrichment in temperate
grasslands under different degrees of degradation. Land Degrad. Dev. 32, 3524-3535.
doi: 10.1002/1dr.3935

Egan, G., Zhou, X., Wang, D. M,, Jia, Z. ], Crawley, M. ., and Fornara, D. (2018).
Long-term effects of grassland management on soil microbial abundance: implications
for soil carbon and nitrogen storage. Biogeochemistry 141, 213-228. doi: 10.1007/
$10533-018-0515-1

Frontiers in Microbiology

11

10.3389/fmicb.2024.1455891

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1455891/
full#supplementary-material

Elser, J. J., Acharya, K., Kyle, M., Cotner, J., Makino, W., Markow, T., et al. (2003).
Growth rate-stoichiometry couplings in diverse biota. Ecol. Lett. 6, 936-943. doi:
10.1046/j.1461-0248.2003.00518.x

Elser, J. J., Bracken, M. E. S., Cleland, E. E., Gruner, D. S., Harpole, W. S., Hillebrand, H.,
et al. (2007). Global analysis of nitrogen and phosphorus limitation of primary
producers in freshwater, marine and terrestrial ecosystems. Ecol. Lett. 10, 1135-1142.
doi: 10.1111/§.1461-0248.2007.01113.x

Fan, K. K., Weisenhorn, P, Gilbert, J. A., and Chu, H. Y. (2018). Wheat rhizosphere
harbors a less complex and more stable microbial co-occurrence pattern than bulk soil.
Soil Biol. Biochem. 125, 251-260. doi: 10.1016/j.s0ilbio.2018.07.022

Fang, Z., Yu, H. L., Wang, B, Jiao, F,, and Huang, J. Y. (2023). Response of plant-
bacteria-soil system to phosphorus addition under simulated nitrogen deposition:
evidence from a dryland ecosystem. Plant Soil 489, 593-611. doi: 10.1007/
s11104-023-06043-1

Fierer, N., Bradford, M. A., and Jackson, R. B. (2007). Toward an ecological
classification of soil bacteria. Ecology 88, 1354-1364. doi: 10.1890/05-1839

Fierer, N., and Jackson, R. B. (2006). The diversity and biogeography of soil bacterial
communities. P Natl Acad Sci USA. 103, 626-631. doi: 10.1073/pnas.0507535103

Fierer, N., Leff, J. W., Adams, B. J., Nielsen, U. N, Bates, S. T., Lauber, C. L., et al.
(2012). Cross-biome metagenomic analyses of soil microbial communities and their
functional attributes. P Natl Acad Sci USA. 109, 21390-21395. doi: 10.1073/
pnas.1215210110

Ho, A., Di Lonardo, D. P,, and Bodelier, P. L. E. (2017). Revisiting life strategy concepts
in environmental microbial ecology. FEMS Microbiol. Ecol. 93:fix006. doi: 10.1093/
femsec/fix006

Hou, E. Q, Wen, D. Z,, Jiang, L. E, Luo, X. Z., Kuang, Y. W,, Lu, X. K,, et al. (2021).
Latitudinal patterns of terrestrial phosphorus limitation over the globe. Ecol. Lett. 24,
1420-1431. doi: 10.1111/ele.13761

Hu, Y, Jiang, H. M., Chen, Y. C., Wang, Z. W,, Yan, Y,, Sun, P, et al. (2021). Nitrogen
addition altered the microbial functional potentials of carbon and nitrogen
transformation in alpine steppe soils on the Tibetan plateau. Glob Ecol Conserv.
32:€01937. doi: 10.1016/j.gecco.2021.e01937

Ikoyi, L., Fowler, A., and Schmalenberger, A. (2018). One-time phosphate fertilizer
application to grassland columns modifies the soil microbiota and limits its role in
ecosystem services. Sci. Total Environ. 630, 849-858. doi: 10.1016/j.scitotenv.2018.02.263

Jiang, Y. Y., Yang, X. D., Ni, K., Ma, L. E, Shi, Y. Z., Wang, Y,, et al. (2023). Nitrogen
addition reduces phosphorus availability and induces a shift in soil phosphorus cycling
microbial community in a tea (Camellia sinensis L.) plantation. J. Environ. Manag.
342:118207. doi: 10.1016/j.jenvman.2023.118207

Kaspari, M., Bujan, J., Weiser, M. D., Ning, D., Michaletz, S. T., He, Z. L., et al. (2017).
Biogeochemistry drives diversity in the prokaryotes, fungi, and invertebrates of a
Panama forest. Ecology 98, 2019-2028. doi: 10.1002/ecy.1895

Lai, J. S., Zou, Y., Zhang, J. L., and Peres-Neto, P. R. (2022). Generalizing hierarchical
and variation partitioning in multiple regression and canonical analyses using the
rdacca.Hp R package. Methods Ecol. Evol. 13, 782-788. doi: 10.1111/2041-210x.13800

Leff, J. W, Jones, S. E., Prober, S. M., Barberan, A., Borer, E. T, Firn, J. L., et al. (2015).
Consistent responses of soil microbial communities to elevated nutrient inputs in
grasslands across the globe. P Natl Acad Sci USA. 112, 10967-10972. doi: 10.1073/
pnas.1508382112

Li, J., Li, Z. A, Wang, E. M., Zou, B., Chen, Y,, Zhao, J., et al. (2015). Effects of nitrogen
and phosphorus addition on soil microbial community in a secondary tropical forest of
China. Biol. Fertil. Soils 51, 207-215. doi: 10.1007/s00374-014-0964-1

Lin, X. C, Song, B. Q, Adil, M. E, Lal, M. K,, Jia, Q. E., Wang, Q. H,, et al. (2023).
Response of the rhizospheric soil microbial community of sugar beet to nitrogen
application: a case of black soil in Northeast China. Appl. Soil Ecol. 191:105050. doi:
10.1016/j.aps0il.2023.105050

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1455891
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1455891/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1455891/full#supplementary-material
https://doi.org/10.1016/j.soilbio.2020.107805
https://doi.org/10.1016/j.soilbio.2020.107805
https://doi.org/10.1890/07-0986.1
https://doi.org/10.1111/2041-210x.12125
https://doi.org/10.1073/pnas.1206191109
https://doi.org/10.1073/pnas.1206191109
https://doi.org/10.1016/j.soilbio.2018.02.006
https://doi.org/10.1016/j.scitotenv.2019.03.172
https://doi.org/10.3389/fmicb.2022.999385
https://doi.org/10.1016/j.scitotenv.2020.142848
https://doi.org/10.1016/j.soilbio.2020.107922
https://doi.org/10.1016/j.soilbio.2020.107922
https://doi.org/10.1016/j.pedobi.2019.150575
https://doi.org/10.1038/s43247-022-00523-5
https://doi.org/10.1111/gcb.14163
https://doi.org/10.1111/ele.12826
https://doi.org/10.1002/ldr.3935
https://doi.org/10.1007/s10533-018-0515-1
https://doi.org/10.1007/s10533-018-0515-1
https://doi.org/10.1046/j.1461-0248.2003.00518.x
https://doi.org/10.1111/j.1461-0248.2007.01113.x
https://doi.org/10.1016/j.soilbio.2018.07.022
https://doi.org/10.1007/s11104-023-06043-1
https://doi.org/10.1007/s11104-023-06043-1
https://doi.org/10.1890/05-1839
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1073/pnas.1215210110
https://doi.org/10.1073/pnas.1215210110
https://doi.org/10.1093/femsec/fix006
https://doi.org/10.1093/femsec/fix006
https://doi.org/10.1111/ele.13761
https://doi.org/10.1016/j.gecco.2021.e01937
https://doi.org/10.1016/j.scitotenv.2018.02.263
https://doi.org/10.1016/j.jenvman.2023.118207
https://doi.org/10.1002/ecy.1895
https://doi.org/10.1111/2041-210x.13800
https://doi.org/10.1073/pnas.1508382112
https://doi.org/10.1073/pnas.1508382112
https://doi.org/10.1007/s00374-014-0964-1
https://doi.org/10.1016/j.apsoil.2023.105050

Zhang et al.

Ling, N., Chen, D. M., Guo, H., Wei, J. X,, Bai, Y. E, Shen, Q. R, et al. (2017).
Differential responses of soil bacterial communities to long-term N and P inputs in a
semi-arid steppe. Geoderma 292, 25-33. doi: 10.1016/j.geoderma.2017.01.013

Liu, L., Gundersen, P., Zhang, T., and Mo, J. M. (2012). Effects of phosphorus addition
on soil microbial biomass and community composition in three forest types in tropical
China. Soil Biol. Biochem. 44, 31-38. doi: 10.1016/j.s0ilbio.2011.08.017

Liu, W. X,, Jiang, L., Yang, S., Wang, Z., Tian, R., Peng, Z. Y., et al. (2020). Critical
transition of soil bacterial diversity and composition triggered by nitrogen enrichment.
Ecology 101:¢03053. doi: 10.1002/ecy.3053

Louca, S., Mazel, E, Doebeli, M., and Partrey, L. W. (2019). A census-based estimate
of Earth's bacterial and archaeal diversity. PLoS Biol. 17:106. doi: 10.1371/journal.
pbio.3000106

Lu, M., Zhou, X. H,, Luo, Y. Q, Yang, Y. H., Fang, C. M., Chen, J. K,, et al. (2011).
Minor stimulation of soil carbon storage by nitrogen addition: a meta-analysis. Agric.
Ecosyst. Environ. 140, 234-244. doi: 10.1016/j.agee.2010.12.010

Mayel, S., Jarrah, M., and Kuka, K. (2021). How does grassland management affect
physical and biochemical properties of temperate grassland soils? A review study. Grass
Forage Sci. 76, 215-244. doi: 10.1111/gfs.12512

Moro, H., Kunito, T,, Saito, T., Yaguchi, N., and Sato, T. (2014). Soil microorganisms
are less susceptible than crop plants to potassium deficiency. Arch. Agron. Soil Sci. 60,
1807-1813. doi: 10.1080/03650340.2014.918960

Morrissey, E. M., and Franklin, R. B. (2015). Resource effects on denitrification are
mediated by community composition in tidal freshwater wetlands soils. Environ.
Microbiol. 17, 1520-1532. doi: 10.1111/1462-2920.12575

Nie, Y. X., Han, X. G., Chen, J., Wang, M. C., and Shen, W. J. (2019). The simulated N
deposition accelerates net N mineralization and nitrification in a tropical forest soil.
Biogeosciences 16, 4277-4291. doi: 10.5194/bg-16-4277-2019

O'Neill, R. M., Duff, A. M., Brennan, F. P, Gebremichael, A. W., Girkin, N. T,,
Lanigan, G. J., et al. (2022). Linking long-term soil phosphorus management to
microbial communities involved in nitrogen reactions. Biol. Fertil. Soils 58, 389-402.
doi: 10.1007/s00374-022-01627-y

Paul, C. S., Monidipta, S., Szakova, J., Chandra, S., and Tlustos, P. (2021). Response of
some characteristics of selected beneficial soil microorganisms under different
potassium fertilizer applications. Int Agrophys. 35, 289-299. doi: 10.31545/intagr/143426

Peng, Z. H,, Qian, X,, Liu, Y,, Li, X. M., Gao, H., An, Y. N,, et al. (2024). Land
conversion to agriculture induces taxonomic homogenization of soil microbial
communities globally. Nat. Commun. 15:3624. doi: 10.1038/s41467-024-47348-8

Pefiuelas, J., and Sardans, J. (2009). ECOLOGY elementary factors. Nature 460,
803-804. doi: 10.1038/460803a

Philippot, L., Spor, A., Hénault, C., Bru, D., Bizouard, E, Jones, C. M., et al. (2013).
Loss in microbial diversity affects nitrogen cycling in soil. ISME J. 7, 1609-1619. doi:
10.1038/isme;j.2013.34

Prober, S. M., Leff, J. W,, Bates, S. T, Borer, E. T, Firn, J., Harpole, W. S, et al. (2015).
Plant diversity predicts beta but not alpha diversity of soil microbes across grasslands
worldwide. Ecol. Lett. 18, 85-95. doi: 10.1111/ele.12381

R Core Team. (2022). R: a language and environment for statistical computing.
Available at: https://www.R-project.org

Sarula Yang, H. S., Zhang, R. E, Li, Y. Y., Meng, F. H., and Ma, J. H. (2022). Impact of
drip irrigation and nitrogen fertilization on soil microbial diversity of spring maize.
Plants-Basel. 11:3206. doi: 10.3390/plants11233206

Sattari, S. Z., Bouwman, A. E, Rodriguez, R. M., Beusen, A. H. W,, and van
Ittersum, M. K. (2016). Negative global phosphorus budgets challenge sustainable
intensification of grasslands. Nat. Commun. 7:10696. doi: 10.1038/ncomms10696

Scheffer, M., Carpenter, S. R., Lenton, T. M., Bascompte, J., Brock, W., Dakos, V., et al.
(2012). Anticipating critical transitions. Science 338, 344-348. doi: 10.1126/
science.1225244

Stone, B. W. G., Dijkstra, P, Finley, B. K., Fitzpatrick, R., Foley, M. M., Hayer, M., et al.
(2023). Life history strategies among soil bacteria-dichotomy for few, continuum for
many. ISME J. 17, 611-619. doi: 10.1038/541396-022-01354-0

Sun, M. Y, Li, M. C, Zhou, Y. Q, Liu, J. L, Shi, W. C., Wu, X. L,, et al. (2023). Nitrogen
deposition enhances the deterministic process of the prokaryotic community and

increases the complexity of the microbial co-network in coastal wetlands. Sci. Total
Environ. 856:158939. doi: 10.1016/j.scitotenv.2022.158939

Frontiers in Microbiology

12

10.3389/fmicb.2024.1455891

Tang, Y. C,, Zhang, X. Y, Li, D. D., Wang, H. M., Chen, E. S,, Fu, X. L,, et al. (2016).
Impacts of nitrogen and phosphorus additions on the abundance and community
structure of ammonia oxidizers and denitrifying bacteria in Chinese fir plantations. Soil
Biol. Biochem. 103, 284-293. doi: 10.1016/j.s0ilbio.2016.09.001

Wallenstein, M. D., Myrold, D. D., Firestone, M., and Voytek, M. (2006).
Environmental controls on denitrifying communities and denitrification rates: insights
from molecular ~ methods.  Ecol. Appl. 16, 2143-2152. doi:
10.1890/1051-0761(2006)016[2143,Ecodca]2.0.Co

Wang, Y., Ji, H. E, Wang, R., and Guo, S. L. (2019). Responses of nitrification and
denitrification to nitrogen and phosphorus fertilization: does the intrinsic soil fertility
matter? Plant Soil 440, 443-456. doi: 10.1007/s11104-019-04108-8

Wang, C., Liu, D. W,, and Bai, E. (2018a). Decreasing soil microbial diversity is
associated with decreasing microbial biomass under nitrogen addition. Soil Biol.
Biochem. 120, 126-133. doi: 10.1016/j.s0ilbio.2018.02.003

Wang, H., Liu, S. R, Zhang, X., Mao, Q. G., Li, X. Z,, You, Y. M,, et al. (2018b).
Nitrogen addition reduces soil bacterial richness, while phosphorus addition alters
community composition in an old-growth N-rich tropical forest in southern China. Soil
Biol. Biochem. 127, 22-30. doi: 10.1016/j.s0ilbio.2018.08.022

Wang, Q,, Liu, Y. R., Zhang, C. J., Zhang, L. M., Han, L. L., Shen, J. P, et al. (2017).
Responses of soil nitrous oxide production and abundances and composition of
associated microbial communities to nitrogen and water amendment. Biol. Fertil. Soils
53,601-611. doi: 10.1007/s00374-017-1203-3

Wang, Y., Yang, L., Zhang, J. W,, Li, Y., Kang, H. B., Bai, X. X,, et al. (2023). Phod-
harboring bacterial communities mediated slow and fast phosphorus transformation in
alkaline soil of a Robinia pseudoacacia afforestation chronosequence. Plant Soil 488,
517-532. doi: 10.1007/s11104-023-05990-z

Xia, S. T, Jiang, J., Liu, E C., Chang, Z. B,, Yu, M. X,, Liu, C. Y,, et al. (2023).
Phosphorus addition promotes plant nitrogen uptake mainly via enhancing microbial
activities: a global meta-analysis. Appl. Soil Ecol. 188:104927. doi: 10.1016/j.
apsoil.2023.104927

Xiao, J. N,, Dong, S. K., Shen, H., Li, S., Wessell, K., Liu, S. L., et al. (2022). N addition
overwhelmed the effects of P addition on the soil C, N, and P cycling genes in alpine
meadow of the Qinghai-Tibetan plateau. Front. Plant Sci. 13:860590. doi: 10.3389/
fpls.2022.860590

Yan, Y, Sun, X. T, Sun, E W, Zhao, Y. A,, Sun, W,, Guo, J. X,, et al. (2022). Sensitivity
of soil fungal and bacterial community compositions to nitrogen and phosphorus
additions in a temperate meadow. Plant Soil 471, 477-490. doi: 10.1007/
s11104-021-05237-9

Zeng, J., Liu, X. ], Song, L., Lin, X. G., Zhang, H. Y,, Shen, C. C,, et al. (2016).
Nitrogen fertilization directly affects soil bacterial diversity and indirectly affects
bacterial community composition. Soil Biol. Biochem. 92, 41-49. doi: 10.1016/j.
50ilbi0.2015.09.018

Zhang, H., Jiang, N., Wang, H., Zhang, S. Y,, Zhao, J. N,, Liu, H. M,, et al. (2024).
Importance of plant community composition and aboveground biomass in shaping
microbial communities following long-term nitrogen and phosphorus addition in a
temperate steppe ecosystem. Plant Soil. doi: 10.1007/s11104-024-06881-7 [Epubh ahead
of print].

Zhang, Z. W., Li, Q., Gao, B., Hu, Y. Y., Wei, H. W,, Hou, S. L., et al. (2022). Immediate
responses of soil nematode community to addition of multiple nutrients in a degraded
grassland. Plant Soil 473, 123-136. doi: 10.1007/s11104-020-04679-x

Zhang, C., Song, Z. L., Zhuang, D. H., Wang, ], Xie, S. S., and Liu, G. B. (2019). Urea
fertilization decreases soil bacterial diversity, but improves microbial biomass,
respiration, and N-cycling potential in a semiarid grassland. Biol. Fertil. Soils 55,
229-242. doi: 10.1007/500374-019-01344-z

Zhang, H. E, Wang, L. L., Liu, H. M., Zhao, J. N,, Li, G., Wang, H., et al. (2018).
Nitrogen deposition combined with elevated precipitation is conducive to maintaining

the stability of the soil fungal diversity on the Stipa baicalensis steppe. Soil Biol. Biochem.
117, 135-138. doi: 10.1016/j.s0ilbio.2017.11.004

Zhou, Z. H., Wang, C. K., and Luo, Y. Q. (2020). Meta-analysis of the impacts of global
change factors on soil microbial diversity and functionality. Nat. Commun. 11:3072. doi:
10.1038/541467-020-16881-7

Zhou, Z. H., Wang, C. K., Zheng, M. H,, Jiang, L. E, and Luo, Y. Q. (2017). Patterns
and mechanisms of responses by soil microbial communities to nitrogen addition. Soil
Biol. Biochem. 115, 433-441. doi: 10.1016/j.s0ilbi0.2017.09.015

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1455891
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.geoderma.2017.01.013
https://doi.org/10.1016/j.soilbio.2011.08.017
https://doi.org/10.1002/ecy.3053
https://doi.org/10.1371/journal.pbio.3000106
https://doi.org/10.1371/journal.pbio.3000106
https://doi.org/10.1016/j.agee.2010.12.010
https://doi.org/10.1111/gfs.12512
https://doi.org/10.1080/03650340.2014.918960
https://doi.org/10.1111/1462-2920.12575
https://doi.org/10.5194/bg-16-4277-2019
https://doi.org/10.1007/s00374-022-01627-y
https://doi.org/10.31545/intagr/143426
https://doi.org/10.1038/s41467-024-47348-8
https://doi.org/10.1038/460803a
https://doi.org/10.1038/ismej.2013.34
https://doi.org/10.1111/ele.12381
https://www.R-project.org
https://doi.org/10.3390/plants11233206
https://doi.org/10.1038/ncomms10696
https://doi.org/10.1126/science.1225244
https://doi.org/10.1126/science.1225244
https://doi.org/10.1038/s41396-022-01354-0
https://doi.org/10.1016/j.scitotenv.2022.158939
https://doi.org/10.1016/j.soilbio.2016.09.001
https://doi.org/10.1890/1051-0761(2006)016[2143,Ecodca]2.0.Co
https://doi.org/10.1007/s11104-019-04108-8
https://doi.org/10.1016/j.soilbio.2018.02.003
https://doi.org/10.1016/j.soilbio.2018.08.022
https://doi.org/10.1007/s00374-017-1203-3
https://doi.org/10.1007/s11104-023-05990-z
https://doi.org/10.1016/j.apsoil.2023.104927
https://doi.org/10.1016/j.apsoil.2023.104927
https://doi.org/10.3389/fpls.2022.860590
https://doi.org/10.3389/fpls.2022.860590
https://doi.org/10.1007/s11104-021-05237-9
https://doi.org/10.1007/s11104-021-05237-9
https://doi.org/10.1016/j.soilbio.2015.09.018
https://doi.org/10.1016/j.soilbio.2015.09.018
https://doi.org/10.1007/s11104-024-06881-7
https://doi.org/10.1007/s11104-020-04679-x
https://doi.org/10.1007/s00374-019-01344-z
https://doi.org/10.1016/j.soilbio.2017.11.004
https://doi.org/10.1038/s41467-020-16881-7
https://doi.org/10.1016/j.soilbio.2017.09.015

	Soil bacterial community composition is altered more by soil nutrient availability than pH following long-term nutrient addition in a temperate steppe
	1 Introduction
	2 Materials and methods
	2.1 Study site and soil sampling
	2.2 DNA extraction, amplification, and sequencing
	2.3 Statistical analyses

	3 Results
	3.1 Effects of nutrient additions on soil bacterial diversity and community structure
	3.2 Effects of nutrient additions on soil functional groups

	4 Discussion
	4.1 Nitrogen and phosphorus addition alters soil bacterial composition
	4.2 Phosphorus addition rather than nitrogen addition can change soil bacterial alpha diversity
	4.3 Nitrogen and phosphorus addition alters the structure and function of soil bacterial communities

	5 Conclusion

	References

