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Abstract
Background: Global tropospheric ozone has doubled due to emissions from fossil fuel and biomass burning, and thus reduces plant primary productivity and
crop yields. In contrast, little is known about how elevated tropospheric ozone affects soil microbial communities in the cropland ecosystem and whether such
effects are sensitive to nitrogen (N) supply. Here, we examined the responses of bacterial and fungal communities in maize soils to elevated ozone (+60 ppb
ozone) across different levels of N fertilization (+60, +120, and +240 kg N ha-1yr-1).

Results: Proteobacteria, Actinobacteria, Bacteroidetes, Chloro�exi, Elusimicrobia, and Planctomycetes were altered by N fertilization or elevated ozone (P <
0.05). No interactive effects between N fertilization and elevated ozone were observed for bacterial and fungal communities (P > 0.1). While bacterial
responses to N fertilization were phylogenetically conserved, bacterial and fungal responses to elevated ozone were phylogenetically conserved, showing
universal homogeneous selection (homogeneous environmental conditions leading to more similar community structures). The ozone-responsive phyla were
generally correlated (P < 0.05) with plant biomass, plant carbon (C) uptake, and soil dissolved organic C.

Conclusions: Our study highlighted that microbial response to elevated ozone displayed a phylogenetic clustering pattern, suggesting that response strategies
to elevated ozone stress may be a phylogenetically conserved ecological trait.

Background
Although nitrogen (N) fertilization improves crop production [1], its overuse has resulted in excessive N accumulation in soil, leading to higher N emissions
from soil to the atmosphere [2]. To date, tropospheric deposition of N in global ecosystems has increased and is projected to increase continuously within the
�rst half of the 21st century [3]. Nitrogen fertilization in agricultural soils also contributes to nitrous oxide emissions, representing a signi�cant greenhouse
gas [4]. Therefore, reducing N fertilization is necessary to mitigate global climate changes. Meanwhile, tropospheric ozone has increased since the industrial
revolution because of the increased levels of reactive N oxide radicals and reduced volatile organic compounds [5, 6]. As an essential component of air
pollution and greenhouse gas, many countries face elevated tropospheric ozone problem [7], with the maximum daily average ozone concentration at up to 70
ppb across China in 2018 [8] and increasing 1-2% annually throughout the 21st century [9, 10]. Tropospheric ozone can inhibit crop growth, photosynthesis,
and �owering [11], reducing crop production [12]. In accordance, the elevated tropospheric ozone has decreased approximately 10% maize yields in the United
States from 1980 to 2011 based on historical observations [12] and reduced 6-8% annual crop yields in China [13]. The N use e�ciency of crops decreased by
elevated tropospheric ozone through decreasing N uptake, which is one of the main reasons that drop crop yields [8].

Both N fertilization and elevated tropospheric ozone might affect the soil microbial community, which plays critical roles in mediating geochemical cycles of
C, N, phosphorus, and sulphur [14] that support the plant growth [15]. Long-term N fertilization decreased soil microbial biomass and diversity [16], and
increased the ratio of Gram-positive bacteria to Gram-negative bacteria [3]. In contrast, elevated ozone can either decrease [11] or increase [17] soil microbial
diversity. The relative abundance of certain soil bacterial populations was altered by elevated ozone. For example, nitrifying bacteria and N-�xing bacteria
a�liated to Sphingomonadaceae, Rhizobiaceae, and Nitrospiraceae were increased by elevated ozone in maize soils [10]. In addition, soil nutrient availability
and resource distribution were altered under elevated ozone due to alterations in the ratio of fungi to bacteria [18]. Five-year elevated ozone treatment reduced
soil organic C (5.6-17%) and N contents (8.2-27.8%), which reduced the N fertilization e�ciency of crops [19]. However, our previous studies found no
interactive effects of N fertilization and elevated ozone on maize biomass and production [8]. Whether there are interactive effects of N fertilization and
elevated ozone on soil microbial communities remains obscure.

A meta-analysis study suggests that microbial response to N fertilization is phylogenetically conserved [20], i.e., closely related microbial taxa respond more
similarly to N fertilization than those that are distantly related. Microbial responses to other environmental changes, such as drought, extreme desiccation, and
rewetting, are also phylogenetically conserved [21-23]. In contrast, it is unclear whether microbial responses to elevated ozone are also phylogenetically
conserved. . In this study, three N fertilization levels (60, 120, and 240 kg N ha-1yr-1) and two ozone levels (ambient and ambient + 60 ppb ozone) were
employed to investigate the effect of N fertilization levels and elevated ozone on soil microbial community during the whole growth cycle of maize. We aim to
address the following questions: (i) whether and how interactions of N fertilization and elevated ozone alter soil microbial community; (ii) whether both soil
microbial responses to N fertilization and elevated ozone are phylogenetically conserved in maize agro-ecosystem; (iii) which microbial populations are
involved in response to N fertilization and elevated ozone, and whether there are similarity or difference between microbial populations that responded to N
fertilization and elevated ozone.  

Methods
The study site and experimental manipulations

The soils used in the present study were collected from an agricultural station located in Tangjiapu (40◦ 48’ N, 115◦ 99’ E), China [8]. The most commonly used
maize cultivar (Zhengdan 958) in China was planted in a 6.1 L pot. Three N fertilization treatments were randomly distributed in the open-top chambers
(OTCs): N60, 60 kg N ha-1yr-1; N120, 120 kg N ha-1yr-1; and N240, 240 kg N ha-1yr-1. After the growth status of plants reached the 4-leave stage (4 maize leaves
were grown), elevated ozone treatments were performed on June 30, 2019 to elevate the tropospheric ozone concentration by 60 ppb. Elevated ozone
treatments were applied with an electrical discharge ozone generator (HY003, Chuangchen Co., Jinan, China), whose concentrations were monitored by an
ultraviolet absorption ozone analyzer (Model 49i; Thermo Scienti�c, Franklin, Massachusetts, USA). The OTCs supplied with ambient air were used as control.
Six OTCs made by the toughened glass were used in this study; thus, there were three OTCs for elevated ozone treatments. In addition, three replicates for
each N fertilization treatment were distributed in each OTC. In total, six treatments and nine replicates for each treatment in this study were conducted until the
mature stage (September 24, 2019).
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Sample collection

Soil samples were collected at the end of September 2019. The soil samples were sieved (2 mm) to remove litter, roots, and stones. They were then put into
airtight polypropylene bags, and placed in a cool box at 4°C during transportation to the laboratory. Soil samples were then divided into two subsamples.
Subsamples for soil geochemical analyses were stored at 4 °C. Subsamples for microbial community composition analysis were stored at -80 °C.

Determination of plant properties and soil geochemical properties

Soil pH was measured with a pH meter (Model PHS-3C, Shanghai Precision and Scienti�c Instrument Co. Ltd., Shanghai, China) after shaking the soil in
deionized water (1:2.5 w/v) suspensions for 30 min. Soil total organic carbon (TOC) was determined by the potassium dichromate-volumetric method.
Dissolved organic carbon (DOC) was extracted by adding 120 ml of deionized water to 40 g soil samples (1:3 w/v) as described [24]. After being centrifuged at
4000 rpm for 10 min and passed through a 0.45 μm membrane, the �ltered extracts were used for DOC analysis. Total N (TN) was determined by Kjeldahl
digestion. Ammonium (NH4

+) and nitrate (NO3
-) were extracted by 0.01 M potassium chloride (1:10 w/v) for 30 min and then detected by auto-analyzer

(Alpkem, Perstorp Analytical Company, Wilsonville, OR, USA). Total phosphorus (TP) was measured using the molybdenum-antimony colorimetric method
after being treated by melted sodium hydroxide. Available phosphorus (AP) was measured after being treated by hydrochloric acid-ammonium �uoride
extraction. Total potassium (TK) was determined by atomic absorption spectrophotometer (Z-2300, Hitachi, Japan) after being treated by melted sodium
hydroxide, and available potassium (AK) was extracted by ammonium acetate. Plant biomass, plant carbon uptake, and plant N uptake were measured by an
elemental analyzer (Vario EL III, Elementar, Germany) as described before [8]. 

Illumina sequencing of 16S rRNA genes and ITS amplicons

Following the instructions, the whole soil DNA was extracted from 0.5 g soil samples by PowerSoil Kit (MOBIO, Carlsbad, CA, USA). Bacterial 16S rRNA gene
V4-V5 hypervariable regions were ampli�ed using primers 515F (5’-GTGCCA GCM GCC GCG GTA A-3’) and 907R (5’-CCG TCA ATT CCT TTG AGT TT-3’)
combined with adapter sequences and barcode sequences. The ITS2 regions were ampli�ed using primers ITS3 (5’-GCA TCG ATG AAG AAC GCA GC-3’) and
ITS4 (5’-TCC TCC GCT TAT TGA TAT GC-3’). Puri�ed amplicons were sequenced by Magigene Inc., Guangzhou, China, on a HiSeq2500 platform (Illumina Inc.,
San Diego, CA, USA). Chimera detection and removal were accomplished using the Gold Chimera-Free reference database via the USEARCH option in the
UCHIME algorithm. Quality-�ltered reads were truncated to an equal length. Unosie3 were applied to generate ASV table, and ASVs were calculated using the
usearch -unoise3 command. The representative sequence of each ASV was assigned to a taxonomic lineage by classi�ed against the SILVA database (version
132) for 16S rRNA gene and UNITE database (version 7.2) for ITS sequences. 

Statistical analyses

ANOVA was applied to test the effects of N fertilization and elevated ozone on plant and soil geochemical properties, microbial diversity. FDR correction was
performed to adjust the P-values obtained for multiple comparisons.

The alpha diversity indices were calculated using R functions ‘alpha.g’ in the ‘vegan’ and ‘ieggr’ packages. The nonmetric multidimensional scaling (NMDS)
analysis based on the abundance weighted Bray-Curtis distance was used for comparing the microbial communities in different treatments. Permutational
multivariate analysis of variance (Adonis) based on Bray–Curtis distance was used to determine the microbial differences between treatments [25]. Canonical
correlations analysis (CCA) was conducted to detect the interactions of plant properties, soil geochemical properties, and microbial communities [25]. The
function ‘env�t’ in the ‘vegan’ package evaluated the association of microbial community variation and each environmental variable in CCA. The function
‘permutest’ in the ‘vegan’ package was used to test the signi�cance of the CCA model.

The signi�cance of ASVs changed by elevated ozone or N fertilization was determined by the Student t-test. For N fertilization treatments, the signi�cantly
changed ASVs were �rstly selected by P < 0.05 between N240 and N60. Then, ASVs that increased with N fertilization levels and ASVs that decreased with N
fertilization levels were selected, respectively. For ozone treatments, the signi�cantly changed ASVs were selected by P < 0.05 between ambient and elevated
ozone treatments. The ASVs increased by N fertilization or elevated ozone treatments were de�ned as positive responses. The ASVs decreased by N
fertilization, or elevated ozone treatments were de�ned as negative responses. Pearson correlation analysis was conducted to evaluate correlations between
the signi�cantly changed microbial populations with plant and soil geochemical properties. FDR correction was performed to adjust the P-values.

To assess whether the microbial responses to N fertilization or elevated ozone are phylogenetically conserved, representative sequences of these signi�cantly
changed ASVs were aligned using the DECIPHER package [26]. An ML tree with 100 bootstrap replications was constructed with RAxML v8.0, using the GTR + 
Gamma distribution model [27]. We then applied consenTRAIT analysis to test whether an ASV’s response to N fertilization or elevated ozone was related to
the microbial phylogeny [28]. The tree was traversed from the root to the tips, recording the deepest nodes where >90% of the descending tips (ASVs) shared
the same directional response (a ‘consensus’ clade). The genetic depth (average distance of the node to its descending tips) and each consensus clade's size
(total number of the descending tips) were calculated. The genetic depth of clades with a single descending tip (i.e., ASV) was calculated as half the branch
length to the nearest neighbor as previously recommended [28]. Finally, the mean genetic depth, τD, of the consensus clades sharing positive or negative
responses was calculated. Simulated τD values were calculated by randomizing the responses among the tips 1000 times, to assess the statistical
signi�cance of phylogenetic conservation of N fertilization levels or elevated ozone. The probability of phylogenetic conservation (non-randomness) of the
traits was calculated as the fraction of simulated τD values that were greater than or equal to the observed τD [20].

The taxonomy of clades whose response to N fertilization levels or elevated ozone was signi�cantly more positive or negative than expected by chance was
calculated based on the number of ASVs that had a positive or negative response at each taxonomic level. We performed a two-tailed �sher’s exact test
against each taxonomic level's equal distribution of positive and negative responses. 
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Results
Plant and soil geochemical properties

Both N fertilization and elevated ozone exhibited signi�cant effects on most plant and soil geochemical properties (Table S1). Speci�cally, N fertilization
increased plant biomass, plant N uptake, plant C uptake, and soil ammonium (NH4

+) concentration, whereas decreased soil available phosphorus (AP) (P <

0.05, Table S2). In contrast, elevated ozone decreased plant biomass, plant C uptake, soil pH, dissolved organic carbon (DOC), and AP but increased soil NH4
+

and nitrate (NO3
-). No interactive effects of N fertilization and elevated ozone were observed on plant and soil geochemical properties except for soil total

potassium (TK) and available potassium (AK) (P < 0.05, Table S1).

Microbial community composition and diversity 

After resampling at 45 000 reads per sample, a total of 2 430 000 amplicon sequences for 16S rRNA gene representing bacterial communities were generated,
resulting in 18 260 amplicon sequence variants (ASVs). Most of these sequences were a�liated to Proteobacteria (24.8-26.3%), Acidobacteria (15.6-17.7%),
and Chloro�exi (12.7-14.6%) (Fig. S1a). The most abundant genera included Anaerolineaceae UTCFX1 (3.1-3.8%), Nitrosomonadaceae MND1 (1.8-2.5%), and
Pyrinomonadaceae RB41 (1.9-2.3%) (Fig. S1b). Bacterial alpha diversity (Shannon index) was decreased (P < 0.05) by N fertilization (Fig. 1a) but was not
affected by elevated ozone (Fig. 1b). No interactive effect between N fertilization and elevated ozone was observed on bacterial alpha diversity (Table S3). 

Similarly, a total of 1 684 152 ITS sequences were generated after resampling at 31 188 reads per sample, resulting in 4 036 ASVs representing fungal
communities. Most sequences were a�liated to Ascomycota (42.3-48.8%), Glomeromycota (9.6-16.8%), and Basidiomycota (3.6-6.4%) (Fig. S1c). The most
abundant genera included Gibberella (6.0-9.4%), Claroideoglomus (4.1-6.4%), and Fusarium (4.0-5.0%) (Fig. S1d). Contrary to bacteria, fungal alpha diversity
was not affected by N fertilization (Fig. 1a) but was decreased (P < 0.05) by elevated ozone (Fig. 1b). No interactive effect between N fertilization and elevated
ozone was observed on fungal alpha diversity (Table S3). 

There were signi�cant (Adonis, P < 0.05) main effects of N fertilization and elevated ozone on both bacterial and fungal communities (Table S4). The effects
of N fertilization (F = 1.58) and elevated ozone (F = 1.66) on the bacterial community were generally equal, but the effect of elevated ozone on the fungal
community (F = 2.09) was much larger than that of N fertilization (F = 1.36) (Fig. 1c). There was no interaction between N fertilization and elevated ozone on
microbial communities (P > 0.1, Table S4). 

Phylogenetic conservation of microbial responses to N fertilization

A total of 1 593 bacterial ASVs were changed in relative abundance by N fertilization (P < 0.05, Fig. 2a). These ASVs were mainly a�liated to
Proteobacteria (31.3%), Planctomycetes (10.5%), Chloro�exi (10.4%), and Bacteroidetes (10.2%). 26.0% of the signi�cantly changed ASVs were increased
relative abundances by at least two-fold by N fertilization, and 45.3% of the signi�cantly changed ASVs were decreased by at least 50% by N fertilization (Fig.
S2a). 86.2% of the ASVs a�liated with Actinobacteria was increased by N fertilization (two-tailed exact test, P < 0.05, Fig. 2c). On the contrary, most of the
ASVs a�liated to Gammaproteobacteria (69.2%), Deltaproteobacteria (75.5%), Bacteroidetes (69.3%), Elusimicrobia (91.3%), and Planctomycetes (65.5%)
were decreased by N fertilization, suggesting that bacterial response to N fertilization was largely at the phylum level. We also examined other taxonomic
levels and found a consistent response to N fertilization (Fig. 2c). The mean genetic depth (τD) of ASVs with both positive and negative responses ranged
from 0.041 to 0.049 (average τD = 0.045, permutation test, P < 0.05, Table 1), demonstrating around 9% of average sequence dissimilarity in the 16S rRNA
gene amplicon showed consistent response to N fertilization.

A total of 96 fungal ASVs were changed in relative abundance by N fertilization, which was mainly a�liated to Ascomycota (26.0%) and
Glomeromycota (20.8%) (Fig. 2b). Even though 64% (16 out of 25 ASVs) of the ASVs a�liated to Ascomycota and 80% (16 out of 20 ASVs) of the ASVs
a�liated to Glomeromycota were decreased by N fertilization (Fig. S2a), the changes were not signi�cant (two-tailed exact test, P > 0.05, Fig. 2c). Besides, The
τD of ASVs with both positive and negative responses were not signi�cant (permutation test, P > 0.05, Table 1), indicating that fungal responses to N
fertilization were not phylogenetic conserved. 

Phylogenetic conservation of microbial responses to elevated ozone

A total of 1 387 bacterial ASVs were changed by elevated ozone (Fig. 3a). 25.6% (355 out of 1 387 ASVs) of these ASVs were increased in relative abundances
by at least two folds by elevated ozone, and 29.0% (402 out of 1 387 ASVs) of these ASVs were decreased at least 50% by elevated ozone. Most of the ASVs
a�liated to Alphaproteobacteria (71.6%), Actinobacteria (69.4%), and Chloro�exi (81.6%) were increased, whereas most of the ASVs a�liated to
Gammaproteobacteria (68.1%), Bacteroidetes (90.1%), and Elusimicrobia (88.9%) were decreased by elevated ozone (two-tailed exact test, P < 0.05, Fig. S2b). ,
These suggested that bacterial responses to elevated ozone occurred at the phylum level. We also examined other taxonomic levels and found a consistent
response to elevated ozone (Fig. 3c). The mean τD of ASVs with positive and negative responses ranged from 0.050 to 0.052 (average τD = 0.051,
permutation test, P < 0.05, Table 1), demonstrating around 10.2% of average sequence dissimilarity in the 16S rRNA gene amplicon showed consistent
response to elevated ozone. 

A total of 220 fungal ASVs were signi�cantly changed by elevated ozone (Fig. 3b). Among them, 33.6% of these ASVs were increased in relative abundances
by at least two folds by elevated ozone, and 45.9% of these ASVs were decreased by at least 50% (Fig. S2b). These 220 fungal ASVs were mainly a�liated to
Ascomycota (27.3%) and Glomeromycota (25.9%). 71.7% (43 out of 60 ASVs) of the ASVs a�liated to Ascomycota were increased, whereas 93.0% (53 out of
57 ASVs ) of the ASVs a�liated to Glomeromycota were decreased by elevated ozone (two-tailed exact test, P < 0.05, Fig. S2b). All taxonomic levels showed
consistent responses to elevated ozone (Fig. 3c). The mean τD of ASVs with positive and negative responses ranged from 0.18 to 0.26 (average τD = 0.22,
permutation test, P < 0.05, Table 1). 
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Comparison of microbial responses to N fertilization and elevated ozone

Phylum Proteobacteria, Actinobacteria, and Bacteroidetes were signi�cantly changed by both N fertilization and elevated ozone (Figs. 2 and 3). However, only
3% of bacterial ASVs and 2% of fungal ASVs were overlapped in response to N fertilization and elevated ozone (Fig. S3), suggesting that N fertilization and
elevated ozone changed different microbial populations. The average τD of bacterial response to N fertilization was 0.045, suggesting that bacterial response
to N fertilization was between family and genus levels (Fig. S4). However, the average τD of bacterial response to elevated ozone was 0.051, suggesting a
bacterial response to N fertilization was between family and order levels. Hence, bacterial response to elevated ozone was slightly more deeply conserved than
to N fertilization. 

Relationships of the signi�cantly changed microbial populations with plant and soil geochemical properties

Plant biomass, plant N uptake, and plant C uptake were positively correlated with Actinobacteria, which were increased by N fertilization (P < 0.05, Table 2). In
contrast, those properties were negatively correlated with Gammaproteobacteria, Deltaproteobacteria, Bacteroidetes, Elusimicrobia, and Planctomycetes, all of
which were decreased by N fertilization.

Plant biomass and plant C uptake were also negatively correlated with the phylum Alphaproteobacteria and Chloro�exi (P < 0.05, Table 3), both of which were
increased by elevated ozone. However, they were positively correlated with all phyla that showed negative responses to elevated ozone. Soil DOC was
positively correlated with bacterial phyla that showed positive responses to elevated ozone but was negatively correlated with Alphaproteobacteria, which was
increased by elevated ozone. For fungal communities, plant biomass and plant C uptake were marginally and positively correlated (P < 0.1) with
Glomeromycota, showing a negative response to elevated ozone. Plant biomass and plant C uptake were negatively correlated (P < 0.05) with Ascomycota,
positively responding to elevated ozone. 

Discussion
Long-term N fertilization usually decreased both bacterial and fungal alpha diversity [29, 30], especially under high N fertilization levels [29]. In this study, N
fertilization also decreased (P < 0.05) bacterial alpha diversity (Fig. 1). In contrast, no signi�cant effect of N fertilization on fungal alpha diversity was
observed, despite a decreasing trend of fungal alpha diversity with increasing N fertilization levels. This may be due to the shorter duration of N fertilization
than other studies [30]. Elevated ozone decreased (P < 0.05) fungal alpha diversity, which was also found in soils of two endemic trees in subtropical
China [31]. No interactive effects of N fertilization and elevated ozone were observed on plants and most soil geochemical properties closely correlated with
microbial community [32], indicating that N fertilization could not alleviate the adverse effect of elevated ozone on plant and microbial communities. Together,
our �ndings revealed no interactive effect of N fertilization and elevated ozone at the tested levels on soil microbial community.

Microbial responses to environmental changes can be phylogenetic conserved, including drought, speci�c carbon resources utilization, precipitation, and N
fertilization [20, 22, 23, 28]. In this study, bacteria with positive and negative responses to N fertilization were phylogenetically conserved at a genetic depth
(τD) of 0.041 and 0.049 (Table 1). A previous study showed that the positive response of bacteria to over three years’ N addition was conserved at a genetic
depth of 0.020 [23]. A meta-analysis of soil bacterial communities from 13 �eld experiments across �ve continents was conducted. Results showed that
bacterial responses to N addition were phylogenetically conserved within (τD = 0.018) and across sites (τD = 0.017) [20], which are comparable but smaller
than our observation (τD = 0.045), probably owing to the larger more signi�cant amount of N used in this study. Bacterial responses to elevated ozone were
also phylogenetically conserved. Bacterial positive and negative responses to elevated ozone were phylogenetically conserved at a genetic depth (τD) of 0.051
and 0.052, which are slightly higher than the conserved genetic depths in response to N fertilization. Similarly, bacterial responses to drought and nitrogen
fertilization were also conserved in similar phylogenetic depth based on �eld manipulation of precipitation and nitrogen fertilization for over three years [23]. 

The fungal community was more in�uenced by elevated ozone than N fertilization (Fig. 1), with more prominent τD value in response to elevated ozone. These
results indicated that the fungal responses to elevated ozone are more phylogenetically conserved than N fertilization. Similarly, the response of fungal
community to drought was more conserved than that to N fertilization [23]. Hence, microbial stress response might be more conserved than resource
utilization [20], as reactions to stress may involve the interactions of many parts of the genome [33], more than what is required for resource utilization.

Nitrogen fertilization increased the relative abundance of Actinobacteria, but decreased the relative abundance of Gammaproteobacteria, Deltaproteobacteria,
Bacteroidetes, Elusimicrobia, and Planctomycetes (Fig. 2). The increase of Actinobacteria by N fertilization was consistent with a previous study showing that
Actinobacteria was increased by N addition [20]. The rise of Actinobacteria by N fertilization was highly correlated with the increase of plant biomass and soil
NH4

+. This is consistent with a long-term N fertilization study showing that N fertilization promoted the growth of Actinobacteria in agro-ecosystems,
coinciding with increased soil available N by N fertilization [16]. The phylogenetically conserved phyla showing negative responses to N fertilization were
Gammaproteobacteria, Deltaproteobacteria, Bacteroidetes, Elusimicrobia, and Planctomycetes, also broadly consistent with a previous study [20]. Some
bacterial populations a�liated with Proteobacteria and Planctomycetes are N-�xing populations [34], dispensable upon N fertilization. 

Elevated ozone increased the relative abundance of Alphaproteobacteria, Actinobacteria, and Chloro�exi, but decreased Gammaproteobacteria, Bacteroidetes,
and Elusimicrobia (Fig. 3). Chloro�exi, increased by elevated ozone in this study, was also found as one of the dominant bacterial phyla after treatment with
ozone in the bioreactor [35], suggesting strong resistance of Chloro�exi to ozone. The increase of soil NO3

- by elevated ozone can be attributed to the increase
of nitrite-oxidizing Chloro�exi [36], thus favoring nitrate-reducing Chloro�exi [37]. Actinobacteria was increased by elevated ozone. The increase of
Actinobacteria was mainly correlated with the increase of soil NH4

+ and NO3
-, which provide more available N for the growth of Actinobacteria [16].

Bacteroidetes was decreased by elevated ozone in this study. Bacteroidetes utilizes complex algal and plant-derived polysaccharides as carbon and energy
resources [38]. Hence, the decrease of plant biomass and soil DOC by elevated ozone might induce the decrease of Bacteroidetes, consistent with our
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observations of positive correlation (P < 0.05) between plant biomass, soil DOC and Bacteroidetes (Table 3). The relative abundance of Actinobacteria was
increased, while those of Gammaproteobacteria, Bacteroidetes, and Elusimicrobia were decreased by both N fertilization and elevated ozone. However, only
3% of bacterial ASVs were changed by N fertilization and elevated ozone, indicating that N fertilization and elevated ozone in�uenced different bacterial
populations at lower taxonomic levels.

Only fungal response to elevated ozone was phylogenetically conserved (Table 1). Elevated ozone increased the relative abundance of Ascomycota, but
decreased the relative abundance of Glomeromycota (Fig. 3). Plant properties and soil DOC showed signi�cant correlations with fungal populations changed
by elevated ozone (Table 3). Ascomycota, one of the major components of plant pathogenic fungi [39], presented a negative correlation (P < 0.001) with plant
properties, suggesting a potential threat to plant health under increasing ozone. Glomeromycota, dominated by arbuscular mycorrhizal fungi (AMF), showed a
negative response to elevated ozone. Recent study also found that elevated ozone changed AMF community composition and decreased AMF
colonization [40]. The growth of Glomeromycota depends on soil DOC, also mainly derived from root exudation of plant [41]. A recent analysis including 239
studies exploring dry root mass of woody plants found that elevated ozone generally decreased root biomass [42]. Hence, elevated ozone reduces typically the
allocation of plant C resources to the soil, consistent with the reduced soil DOC by elevated ozone in this study. Glomeromycota forms symbioses with the
roots and contribute to plant growth and production [43, 44], and enhance environmental adaption of the plant to complicated environment [45]. The
inoculation of AMF increased 68% of shoot biomass and 131% of root biomass when the ozone concentrations were over 80 ppb, and then increased crop
production under elevated ozone stress based on a meta-analysis including 20 studies [46]. Therefore, the increase of Ascomycota and the decrease of
Glomeromycota under elevated ozone might result in stunted growth and plant disease and further decrease plant biomass and production.

Conclusions
In summary, we provide evidence that microbial responses to elevated ozone are phylogenetically conserved. As no interactive effect of N fertilization and
elevated ozone on microbial community and plant and soil geochemical properties, the adverse effect of elevated ozone on plant and microbial community
could not be alleviated by N fertilization. Furthermore, the decrease of AMF induced by elevated ozone would aggravate the adverse effect on crops if no
policy were proposed to retard the increase of tropospheric ozone. Moreover, the decrease of speci�c microbial species may result in the extinction of
microbial species, warranting attention to protecting microbial diversity and agriculture development from the damage of increasing tropospheric ozone.

Declarations
Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Availability of data and materials

The raw sequence reads of 16S rRNA gene and ITS amplicons were deposited to the National Center for Biotechnology Information (NCBI) Sequence Read
Archive (SRA), with BioProject ID PRJNA791240. The R scripts are publicly available at https://github.com/yuzs8911/ozone_maize.

Competing interests 

The authors declare that they have no competing interests.

Funding

This work was supported by Guangdong Natural Science Funds for Distinguished Young Scholar (2021B1515020014); the Science and Technology Program
of Guangzhou (201904010084); the National Natural Science Foundation of China (41877350); National Key Technology R&D Program of China
(2020YFC1807604); and the China Postdoctoral Science Foundation (2020M673070). 

Authors’ contributions

H.L. and Z.F. conceived the study. H.L. designed the study. Z.Y. analyzed the data. J.P., Z.F., Z.Y., and M.G. contributed to preparing the materials and
sequencing. The paper was written by Z.Y., Q.G., X.G., and Y.Y. with help from Q.Q, M.W, and C. M.

Acknowledgments

We thank Dr. Xunwen Chen from school of Environmental Science and Engineering of Southern University of Science and Technology for proofreading the
manuscript.

References
1. Puntel LA, Sawyer JE, Barker DW, Dietzel R, Poffenbarger H, Castellano MJ et al. Modeling long-term corn yield response to nitrogen rate and crop rotation.

Frontiers in Plant Science 2016; 7: 1630.



Page 7/12

2. Yu G, Jia Y, He N, Zhu J, Chen Z, Wang Q et al. Stabilization of atmospheric nitrogen deposition in China over the past decade. Nature Geoscience 2019;
12: 424-429.

3. Zhou Z, Wang C, Zheng M, Jiang L, Luo Y. Patterns and mechanisms of responses by soil microbial communities to nitrogen addition. Soil Biology and
Biochemistry 2017; 115: 433-441.

4. Tian L, Cai Y, Akiyama H. A review of indirect N2O emission factors from agricultural nitrogen leaching and runoff to update of the default IPCC values.
Environmental Pollution 2019; 245: 300-306.

5. Cooper OR, Parrish DD, Ziemke J, Balashov NV, Cupeiro M, Galbally IE et al. Global distribution and trends of tropospheric ozone: An observation-based
review. Elementa: Science of the Anthropocene 2014; 2: 29.

�. Yeung LY, Murray LT, Martinerie P, Witrant E, Hu H, Banerjee A et al. Isotopic constraint on the twentieth-century increase in tropospheric ozone. Nature
2019; 570: 224-227.

7. Lu X, Hong J, Zhang L, Cooper OR, Schultz MG, Xu X et al. Severe surface ozone pollution in China: A global perspective. Environmental Science &
Technology Letters 2018; 5: 487-494.

�. Peng J, Xu Y, Shang B, Qu L, Feng Z. Impact of ozone pollution on nitrogen fertilization management during maize (Zea mays L.) production.
Environmental Pollution 2020; 266: 115158.

9. Sicard P, Anav A, De Marco A, Paoletti E. Projected global ground-level ozone impacts on vegetation under different emission and climate scenarios.
Atmospheric Chemistry and Physics 2017; 17: 12177-12196.

10. Wang P, Marsh EL, Ainsworth EA, Leakey AD, She�in AM, Schachtman DP. Shifts in microbial communities in soil, rhizosphere and roots of two major crop
systems under elevated CO2 and O3. Scienti�c reports 2017; 7: 1-12.

11. Agathokleous E, Feng Z, Oksanen E, Sicard P, Wang Q, Saitanis CJ et al. Ozone affects plant, insect, and soil microbial communities: A threat to terrestrial
ecosystems and biodiversity. Science Advances 2020; 6: eabc1176.

12. McGrath JM, Betzelberger AM, Wang S, Shook E, Zhu X-G, Long SP et al. An analysis of ozone damage to historical maize and soybean yields in the
United States. Proceedings of the National Academy of Sciences 2015; 112: 14390.

13. Ainsworth EA. Rice production in a changing climate: a meta-analysis of responses to elevated carbon dioxide and elevated ozone concentration. Global
Change Biology 2008; 14: 1642-1650.

14. Zhou J, Xue K, Xie J, Deng Y, Wu L, Cheng X et al. Microbial mediation of carbon-cycle feedbacks to climate warming. Nature Climate Change 2012; 2:
106-110.

15. Kuypers MM, Marchant HK, Kartal B. The microbial nitrogen-cycling network. Nature Reviews Microbiology 2018; 16: 263.

1�. Dai Z, Su W, Chen H, Barberán A, Zhao H, Yu M et al. Long-term nitrogen fertilization decreases bacterial diversity and favors the growth of Actinobacteria
and Proteobacteria in agro-ecosystems across the globe. Global Change Biology 2018; 24: 3452-3461.

17. Zhang J, Tang H, Zhu J, Lin X, Feng Y. Effects of elevated ground-level ozone on paddy soil bacterial community and assembly mechanisms across four
years. Science of The Total Environment 2019; 654: 505-513.

1�. Bao X, Yu J, Liang W, Lu C, Zhu J, Li Q. The interactive effects of elevated ozone and wheat cultivars on soil microbial community composition and
metabolic diversity. Applied Soil Ecology 2015; 87: 11-18.

19. Kou T, Wang L, Zhu J, Xie Z, Wang Y. Ozone pollution in�uences soil carbon and nitrogen sequestration and aggregate composition in paddy soils. Plant
and Soil 2014; 380: 305-313.

20. Isobe K, Allison SD, Khalili B, Martiny AC, Martiny JBH. Phylogenetic conservation of bacterial responses to soil nitrogen addition across continents.
Nature Communications 2019; 10: 2499.

21. Barnard RL, Osborne CA, Firestone MK. Responses of soil bacterial and fungal communities to extreme desiccation and rewetting. The ISME Journal
2013; 7: 2229-2241.

22. Placella SA, Brodie EL, Firestone MK. Rainfall-induced carbon dioxide pulses result from sequential resuscitation of phylogenetically clustered microbial
groups. Proceedings of the National Academy of Sciences 2012; 109: 10931.

23. Amend AS, Martiny AC, Allison SD, Berlemont R, Goulden ML, Lu Y et al. Microbial response to simulated global change is phylogenetically conserved and
linked with functional potential. The ISME Journal 2016; 10: 109-118.

24. Kalbitz K, Schwesig D, Schmerwitz J, Kaiser K, Haumaier L, Glaser B et al. Changes in properties of soil-derived dissolved organic matter induced by
biodegradation. Soil Biology and Biochemistry 2003; 35: 1129-1142.

25. Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D et al. vegan: Community Ecology Package. R package version 2.5–6. 2019.

2�. Wright ES. Using DECIPHER v2. 0 to analyze big biological sequence data in R. R Journal 2016; 8: 1.

27. Stamatakis A. RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics 2014; 30: 1312-1313.

2�. Martiny AC, Treseder K, Pusch G. Phylogenetic conservatism of functional traits in microorganisms. The ISME Journal 2013; 7: 830-838.

29. Zeng J, Liu X, Song L, Lin X, Zhang H, Shen C et al. Nitrogen fertilization directly affects soil bacterial diversity and indirectly affects bacterial community
composition. Soil Biology and Biochemistry 2016; 92: 41-49.

30. Wang C, Liu D, Bai E. Decreasing soil microbial diversity is associated with decreasing microbial biomass under nitrogen addition. Soil Biology and
Biochemistry 2018; 120: 126-133.

31. Chen Z, Maltz MR, Cao J, Yu H, Shang H, Aronson E. Elevated O3 alters soil bacterial and fungal communities and the dynamics of carbon and nitrogen.
Science of The Total Environment 2019; 677: 272-280.



Page 8/12

32. Zhang R, Vivanco JM, Shen Q. The unseen rhizosphere root–soil–microbe interactions for crop production. Current opinion in microbiology 2017; 37: 8-
14.

33. Martiny JB, Jones SE, Lennon JT, Martiny AC. Microbiomes in light of traits: a phylogenetic perspective. Science 2015; 350: 6261.

34. Delmont TO, Quince C, Shaiber A, Esen ÖC, Lee STM, Rappé MS et al. Nitrogen-�xing populations of Planctomycetes and Proteobacteria are abundant in
surface ocean metagenomes. Nature Microbiology 2018; 3: 804-813.

35. Chen J, Yang Y, Liu Y, Tang M, Wang R, Zhang C et al. Bacterial community shift in response to a deep municipal tail wastewater treatment system.
Bioresource Technology 2019; 281: 195-201.

3�. Spieck E, Spohn M, Wendt K, Bock E, Shively J, Frank J et al. Extremophilic nitrite-oxidizing Chloro�exi from Yellowstone hot springs. The ISME Journal
2020; 14: 364-379.

37. Wrighton KC, Virdis B, Clauwaert P, Read ST, Daly RA, Boon N et al. Bacterial community structure corresponds to performance during cathodic nitrate
reduction. The ISME Journal 2010; 4: 1443-1455.

3�. Teeling H, Fuchs BM, Becher D, Klockow C, Gardebrecht A, Bennke CM et al. Substrate-controlled succession of marine bacterioplankton populations
induced by a phytoplankton bloom. Science 2012; 336: 608-611.

39. Dean R, Van Kan JAL, Pretorius ZA, Hammond-Kosack KE, Di Pietro A, Spanu PD et al. The Top 10 fungal pathogens in molecular plant pathology.
Molecular Plant Pathology 2012; 13: 414-430.

40. Qiu Y, Guo L, Xu X, Zhang L, Zhang K, Chen M et al. Warming and elevated ozone induce tradeoffs between �ne roots and mycorrhizal fungi and stimulate
organic carbon decomposition. Science Advances 2021; 7: eabe9256.

41. Lange M, Eisenhauer N, Sierra CA, Bessler H, Engels C, Gri�ths RI et al. Plant diversity increases soil microbial activity and soil carbon storage. Nature
Communications 2015; 6: 6707.

42. Agathokleous E, Saitanis CJ, Wang X, Watanabe M, Koike T. A review study on past 40 years of research on effects of tropospheric O3 on belowground
structure, functioning, and processes of trees: a linkage with potential ecological implications. Water, Air, & Soil Pollution 2016; 227: 33.

43. Smith SE, Smith FA, Jakobsen I. Mycorrhizal fungi can dominate phosphate supply to plants irrespective of growth responses. Plant Physiology 2003;
133: 16-20.

44. van der Heijden MGA, Klironomos JN, Ursic M, Moutoglis P, Streitwolf-Engel R, Boller T et al. Mycorrhizal fungal diversity determines plant biodiversity,
ecosystem variability and productivity. Nature 1998; 396: 69-72.

45. Pérez R, Tapia Y, Antilén M, Casanova M, Vidal C, Santander C et al. Interactive effect of compost application and inoculation with the fungus
Claroideoglomus claroideum in Oenothera picensis plants growing in mine tailings. Ecotoxicology and Environmental Safety 2021; 208: 111495.

4�. Wang S, Augé RM, Toler HD. Arbuscular mycorrhiza formation and its function under elevated atmospheric O3: A meta-analysis. Environmental Pollution
2017; 226: 104-117.

Tables
Table 1 Mean genetic depth (τD) of consensus clades as calculated with the consenTRAIT algorithm.

 Bacteria Fungi

Positive response Negative response Positive response Negative response

N fertilization 0.041 0.049 0.101 0.135

Elevated ozone 0.051 0.052 0.182 0.255

Bold indicates that the response is signi�cantly associated with phylogeny (permutation test; P <0.05). Consensus clades are the phylogenetic clades in which
>90% of the descendant ASVs show the same direction of response. 

Table 2 Pearson’s correlation of plant and soil geochemical properties with ASVs responded consistently to N fertilization at phylum level.
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Actinobacteria Gammaproteobacteria Deltaproteobacteria Bacteroidetes Elusimicrobia Planctomycetes

 r P r P r P r P r P r P

Plant biomass 0.54 <0.001 -0.55 <0.001 -0.59 <0.001 -0.39 0.016 -0.37 0.023 -0.59 <0.001

Plant N uptake 0.67 <0.001 -0.66 <0.001 -0.70 <0.001 -0.58 <0.001 -0.57 <0.001 -0.72 <0.001

Plant C uptake 0.56 <0.001 -0.56 <0.001 -0.60 <0.001 -0.39 0.016 -0.37 0.027 -0.58 <0.001

pH -0.05 0.832 0.13 0.590 0.02 0.922 0.09 0.780 0.14 0.538 -0.02 0.900

TOC 0.22 0.234 -0.18 0.404 -0.09 0.780 0.07 0.782 -0.03 0.900 0.00 0.975

TN 0.06 0.808 -0.03 0.900 0.03 0.900 -0.03 0.900 0.01 0.952 -0.04 0.900

TP 0.24 0.201 -0.05 0.832 0.02 0.900 0.15 0.516 0.09 0.780 0.06 0.832

TK -0.12 0.644 0.07 0.782 0.15 0.517 0.26 0.134 0.16 0.479 0.17 0.440

DOC 0.25 0.164 0.03 0.900 0.10 0.780 0.21 0.295 0.36 0.029 0.08 0.782

NH4
+ 0.29 0.098 -0.31 0.071 -0.26 0.134 -0.22 0.234 -0.27 0.134 -0.29 0.098

NO3
- 0.14 0.553 -0.09 0.782 -0.07 0.782 -0.08 0.782 -0.17 0.461 -0.06 0.832

AP -0.27 0.134 0.28 0.114 0.33 0.054 0.32 0.065 0.41 0.012 0.36 0.028

AK 0.08 0.782 -0.05 0.833 -0.06 0.808 -0.11 0.683 -0.08 0.782 -0.11 0.685

Bold values represent P < 0.05 after adjusted by FDR.

Table 3 Pearson’s correlation of plant and soil geochemical properties with ASVs responded consistently to elevated ozone at phylum level.

 Alphaproteobacteria Actinobacteria Chloro�exi Gammaproteobacteria Bacteroidetes Elusimicrobia Ascomycota Glome

r P r P r P r P r P r P r P r

Plant
biomass

-0.44 0.010 -0.24 0.194 -0.48 0.004 0.64 <0.001 0.35 0.046 0.40 0.017 -0.60 <0.001 0.32

Plant N
uptake

0.03 0.896 0.10 0.650 -0.09 0.699 0.28 0.112 -0.01 0.942 -0.08 0.714 -0.30 0.085 0.02

Plant C
uptake

-0.43 0.010 -0.22 0.244 -0.47 0.004 0.63 <0.001 0.35 0.046 0.41 0.015 -0.59 <0.001 0.33

pH -0.32 0.069 -0.35 0.046 -0.27 0.133 0.41 0.017 0.22 0.244 0.22 0.242 -0.33 0.059 0.19

TOC 0.09 0.713 0.13 0.542 -0.04 0.882 0.00 0.987 0.07 0.749 0.04 0.882 -0.03 0.896 0.08

TN 0.08 0.714 0.08 0.714 0.15 0.478 0.14 0.510 0.04 0.882 0.15 0.463 -0.05 0.821 -0.03

TP -0.10 0.641 0.02 0.914 -0.16 0.463 0.15 0.463 0.20 0.297 0.24 0.192 -0.01 0.945 0.15

TK -0.12 0.568 -0.09 0.705 -0.12 0.568 0.02 0.942 0.19 0.353 0.08 0.713 -0.13 0.542 0.19

DOC -0.36 0.042 -0.11 0.593 -0.24 0.196 0.42 0.014 0.35 0.046 0.44 0.010 -0.29 0.101 0.47

NH4
+ 0.31 0.082 0.29 0.094 0.21 0.266 -0.14 0.510 -0.13 0.542 -0.12 0.584 0.26 0.140 -0.15

NO3
- 0.44 0.010 0.27 0.133 0.33 0.059 -0.37 0.040 -0.35 0.046 -0.32 0.069 0.31 0.082 -0.13

AP -0.21 0.266 -0.26 0.155 -0.18 0.367 0.16 0.435 0.27 0.136 0.37 0.040 -0.08 0.714 0.30

AK -0.08 0.713 0.07 0.738 0.07 0.714 0.06 0.802 -0.01 0.942 0.18 0.366 0.17 0.424 0.02

Bold values represent P < 0.05 after adjusted by FDR.
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Figure 1

In�uence of N fertilization and elevated ozone on microbial diversity. Mean bacterial and fungal Shannon-Wiener indices under N fertilization (a) and elevated
ozone treatments (b); Nonmetric multidimensional scaling analysis and Adonis based on Bray-Curtis distance (c). Signi�cance: * P <0.05.
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Figure 2

Phylogenetic distribution of the ASVs changed by N fertilization. Phylogenetic tree of bacterial ASVs (a) and fungal ASVs (b) that changed by N fertilization.
Taxonomic levels of microbial response to N fertilization (c). The response signi�cantly more positive (red) or negative (blue) or no signi�cance (black) than
expected by chance (two-tailed exact test; P < 0.05) are shown. Only the phylum contains >10 bacterial ASVs are shown. The percent of ASVs that were
increased (red) or decreased (blue) by N fertilization are plotted in the bar graph to the right. Higher taxonomic levels are listed in black (e.g., the class
Alphaproteobacteria) when only the lower levels are signi�cant.
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Figure 3

Phylogenetic distribution of the ASVs changed by elevated ozone. Phylogenetic tree of bacterial ASVs (a) and fungal ASVs (b) that changed by elevated
ozone. Taxonomic levels of microbial response to elevated ozone (c). The response signi�cantly more positive (red) or negative (blue) or no signi�cance
(black) than expected by chance (two-tailed exact test; P < 0.05) are shown. Only the phylum contains >10 bacterial ASVs are shown. The percent of ASVs that
were increased (red) or decreased (blue) by elevated ozone are plotted in the bar graph to the right. Higher taxonomic levels are listed in black (e.g., the class
Verrucomicrobiae) when only the lower levels are signi�cant.
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