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• E-O3 led to lower bacterial abundance,
N addition decreased bacterial α-
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• N alone and in combination with E-O3
altered bacterial community composi-
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It is widely documented that elevated ground-level ozone (O3) has negative effects on tree physiological charac-
teristics, and in return, affects forest ecosystem function. However, the effect may be modified by soil nitrogen
(N) availability. Numerous studies have focused on the aboveground part of trees under elevated O3 alone or
in combination with soil N; however, little is known about the response of soil bacterial communities. Here,
we investigated the effects of O3 (charcoal-filtered air, CF, versus ambient air +40 ppb of O3, E-O3), N addition
(0 kg ha−1 yr−1, N0, versus 200 kg ha−1 yr−1, N200), and their combination on rhizosphere soil bacterial com-
munities of hybrid poplar, using anMiSeq targeted amplicon sequencing of the bacterial 16S rRNA gene. E-O3 sig-
nificantly decreased bacterial abundance, andN200 significantly decreased theα-diversity. The negative impacts
of N200 on α-diversity were alleviated by E-O3. Nitrogen and E-O3-N200 combination altered bacterial commu-
nity composition, with a significant increase in the relative abundance of Proteobacteria and Bacteroidetes and a
decrease in the abundance of Firmicutes. From an ecological network analysis, E-O3, alone and in combination
with N200, complicated the co-occurrence network of bacterial communities by inducing a microbial survival
strategy, shifting the hub species from RB41 to Bacillus and Blastococcus. Conversely, N200 led to simplification
and decentralization of the co-occurrence network. These findings demonstrate that the rhizosphere bacterial
communities exhibit divergent responses to E-O3 and N200, suggesting the need to consider the stability of
the belowground ecosystem to optimize plantation management in response to environmental changes.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Ground-level ozone (O3) is considered one of the most phytotoxic
air pollutants (Burkey et al., 2020) in terms of adverse effects on
(semi-)natural vegetation and cultivated crops and thus biodiversity
(Agathokleous et al., 2020). Due to fast urbanization and industrializa-
tion, dramatic increases in concentrations of O3 have occurred (Young
et al., 2018; Ziemke et al., 2019). The majority of forests in northern
China have been exposed to high concentrations of O3 during the
plant growing season (Li et al., 2018), which inhibits trees performance,
including visible injury, photosynthesis, plant growth and biomass ac-
cumulation (Feng et al., 2014, 2019).

In contrary, nitrogen (N), as an essential macronutrient for plant
growth, usually tends to have positive effects on plant growth and pho-
tosynthesis when soil N content is limited (Tripathi and Raghubanshi,
2014). According to previous study, it was found that higher soil N avail-
abilitymay relieve the negative effects of O3 by enhancingplant capacity
to repair O3-induced damage and detoxify (Mills et al., 2016). Con-
versely, higher soil N may exacerbate the negative effects of O3 by in-
creasing leaf N content, which leads to higher photosynthetic rate and,
thus, enhanced gas uptake (Marzuoli et al., 2016, 2018). Several studies
also reported no effect of N addition on plant response to O3, inwhich N
addition showed no impact on O3-induced reduction in root biomass
(Dai et al., 2019; Harmens et al., 2017; P. Li et al., 2020). While the
above-ground responses have received much attention, researches
concerning the interactive effects of O3 and N on below-ground pro-
cesses remain limited (P. Li et al., 2020), especially in relation to the
soil microbial communities.

As the principal drivers of soil biogeochemical processes, decompo-
sition, and energy flow, microbes play a key role in the maintenance of
soil fertility and ecosystem function (Ye and Tomas, 2001; Sun et al.,
2015). Therefore, maintaining soil microbial diversity is of great impor-
tance for sustainable forestry (Bhat, 2013). Attention has been particu-
larly devoted to microbes which inhabit the rhizosphere and enhance
plant nutrient uptake, improve root architecture and protect the host
plant against both biotic and abiotic stresses (Bakker et al., 2018). In re-
turn, rhizospheremicrobes benefit from a stable niche and the supply of
primary and secondary metabolites, carbon (C) and N from root exu-
dates (Philippot et al., 2013). Rhizosphere microbes are dynamically af-
fected by the surrounding edaphic conditions and the host plant, and
can serve as a suitable proxy for the study of plant-soil feedbacks
under elevated O3 and N addition (S. Chen et al., 2019).

Elevated O3 reduces the allocation of C derived from the soil, which
reduces the amount of resources for heterotrophic microbes and
thereby affects belowground processes driven by microbes
(Agathokleous et al., 2020). There is evidence suggesting adverse effects
of elevated O3 on soil microorganisms, such as by decreasing the bio-
mass aswell asα-diversity of bacterial, archaeal, and fungal groups (es-
pecially ectomycorrhizae fungi) (Bao et al., 2015; Chen et al., 2019; Feng
et al., 2013;Wang et al., 2015, 2019), reducingmicrobialmediated C and
N cycling in soils, and shifting their community composition in different
ecosystems (He et al., 2014; Li et al., 2013; Mark et al., 2019; Wu et al.,
2016; Qiu et al., 2018). However, some studies suggest that elevated
O3 can stimulate the bacterial α-diversity in agro-ecosystems (Feng
et al., 2015; Li et al., 2015; Zhang et al., 2019). Particularly, a significant
change in bacterial community composition in the rhizosphere soil of
rice was found by Ueda et al. (2016), and changes in root exudates
and nutrients from the root surface as well as root morphology were
suggested as possible effect factors. These contrasting results indicate
that additional studies are needed for a comprehensivemechanistic un-
derstanding of how soil microorganisms respond to elevated O3.

Soil N addition may alter the community structure of soil microor-
ganisms by influencing microbial-regulated processes. For example,
soil microbes can facilitate plant N acquisition by using labile C to de-
compose recalcitrant organic matter (Craine et al., 2007). This process,
however, can be suppressed by increased N availability and can result
in a decrease in the relative abundance of oligotrophic taxa that are
able to catabolize recalcitrant C (Li et al., 2019; Nie et al., 2018; Zeng
et al., 2016), coupled with an increase in the relative abundance of
copiotrophic taxa characterized by rapid growth rates and lower C utili-
zation (Dai et al., 2018). Conversely, no effect of N addition on the com-
position of the soil microbial community has been found in some
studies (Freedman et al., 2015; McHugh et al., 2017). Responses of mi-
crobial community α-diversity to N addition are also inconsistent. For
example, N addition significantly decreased the bacterial diversity
(Shannon index) in an agricultural ecosystem but had no effect in a
grassland ecosystem (Fierer et al., 2012), indicating that responses to
N addition are likely soil- and vegetation-dependent (Dai et al., 2018;
X.Wang et al., 2018). How soil microbial communities respond to N ad-
dition in broadleaf forests remains under-explored (P. Li et al., 2020;
Oulehle et al., 2018), and the response of rhizosphere soil bacterial com-
munity to the interaction of elevatedO3 andN addition remains unclear,
indicating a missing piece in the puzzle of understanding ecosystem re-
sponse and feedback to climate change in an air-polluted world
(Andersen, 2003).

Interactions among microbial communities are essential for ecosys-
tems functioning (Wagg et al., 2019). The widely used co-occurrence
ecological network analysis can identify potential interactions among
microbial taxa, shared physiologies, or habitat affinities (Dini-
Andreote et al., 2014; Yu et al., 2018). It can also provide important in-
sights into the community structure, which extend beyond what the
traditional composition and diversity metrics can offer (Davison et al.,
2016). Studying microbe-microbe interactions permits understanding
their functioning, vulnerability to environmental changes, as well as
adaptive strategies. Zhang et al. (2019) found that elevated O3 induced
changes in the soil bacterial co-occurrence network; however, how co-
occurrence network of bacterial communities responds to elevated O3

and N addition remains elusive.
As the second largest plantations in China, poplar plantations occupy

a large proportion of the broadleaf forests in northern and central China.
Previous studies indicated negative effects of elevated O3 and positive
effects of N addition photosynthetic traits in older leaves (Xu et al.,
2020), root biomass (P. Li et al., 2020), and isoprene emission (Yuan
et al., 2020) of poplar saplings; only a high level of N addition
(200 kg N ha−1 year−1) could alleviate the inhibition of isoprene emis-
sion by elevatedO3 (Yuan et al., 2020). ElevatedO3 also altered the foliar
chemical profiles of poplar saplings, with an enhanced accumulation of
foliar nitrogen, soluble sugar, and lignin (Z.Z. Li et al., 2020). In this
study, we investigated the effects of elevated O3 and N addition on rhi-
zosphere bacterial community composition associated with a hybrid
broadleaf poplar clone, which is susceptible to elevated O3 and N addi-
tion (Feng et al., 2019). Specifically, the following hypotheses were
tested: 1) elevated O3, N addition, and their interaction would alter
the abundance,α-diversity and the community structure of rhizosphere
bacteria, and 2) different responses of bacterial co-occurrence network
patterns to elevated O3, N addition and their combination would occur.
Results of this study will provide a deeper insight into understanding
how rhizospheric soil bacteria respond to elevated O3 and N addition.

2. Materials and methods

2.1. Experiment site and plant culture

The experiment was conducted in the YanQing district, Beijing,
China (40°47′N, 116°34′E, elevation 485 m a.s.l.), with an annual aver-
age temperature of 10 °C and an annual rainfall of 400–500 mm in the
last 30 years. Poplar clone ‘107’ (Populus euramericana cv. ‘74/76’) was
used as the model tree (P. Li et al., 2020). Root cuttings of poplar clone
‘107’ were planted on April 10th, 2019, and then transplanted into a
20-L circular plastic pots containing a native brown sandy loam soil col-
lected from a nearby farmland at a depth of 0–10 cm on May 15th.
Plants with similar growth were selected for each treatment. After
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being pre-acclimatized to the OTCs (open-top chambers, 12.5m2, 3.0 m
tall, covered by toughened glass) environment for 10 days, the plants
were randomly distributed into OTCs.

2.2. Ozone and N treatments

There were six OTCs with two O3 treatments (charcoal-filtered air,
CF, and non-filtered air +40 ppb O3, E-O3) and two N addition regimes
(0 kg N ha−1 yr−1, N0, and 200 kg N ha−1 yr1 added as ammonium ni-
trate, N200). Each O3 treatment had three OTC replicates, and six plants
were randomly assigned to each combination of O3 and N addition
treatments in each OTC. Ozone was generated from pure O2 with an
electrical discharge O3 generator (HY003, Chuangcheng Co., Jinan,
China) and released into the OTCs with a fan (1.1 kW, 1080 Pa, CZR,
Fengda, China). Concentrations of O3 in the OTCs were continuously
measured by ultraviolet absorption O3 analyzers (Model 49i; Thermo
Scientific, MA, USA) (Peng et al., 2020). Ozone treatments lasted from
June 12th to September 16th, 2019, for 10 h per day (08:00–18:00), ex-
cept for rainy days. During the whole experimental period, the average
daily O3 concentrations and AOT40 (i.e., the accumulated O3 exposure
over a threshold of 40 ppb in daylight hours) (08,00-18,00) within the
OTCs were 24.4 ± 1.2 ppb and 3.0 ± 0.5 ppm h for CF, and 98.8 ±
1.4 ppb and 58.8 ± 1.2 ppm h for E-O3, respectively. Within each OTC,
half of the plants were supplied with 100 mL ammonium nitrate solu-
tion (containing 0.806 g ammonium nitrate) four times (June 26th,
July 7th, July 17th, July 30th) to sum up to the total amount of N of
200 kg N ha−1 yr1 (Xu et al., 2020), while the remaining plants were
supplied with an equal amount of water. All the pots were irrigated
daily to keep uniform soil moisture.

2.3. Soil collection and chemical analysis

At the endof the present study, therewerefive to six plants grown in
each OTC, three without N addition, two to three with N addition.
Rhizospheric soil of each plant was collected on September 16th,
2019, according to the method of S. Chen et al. (2019). Finally, nine
soil samples were collected for CF × N0 and EO3 × N0 treatment, eight
soil sampleswere collected for CF ×N200, and six soil sampleswere col-
lected for EO3 × N200. Each sample was then divided into two parts:
one stored at 4 °C for chemical analysis and the other one at −80 °C
for molecular analysis. Soil pH was determined with a fresh soil to dis-
tilled water ratio of 1:5 using a pH meter (PHS-3CT, Shanghai, China).
For analysis of total carbon (TC) and total nitrogen (TN), fresh soil was
air dried, sieved (2-mmmesh), and then determined by elemental ana-
lyzer (Vario MAX, Elementar, Germany). Soil nitrate (NO3

−-N) and am-
monium (NH4

+-N), dissolved organic nitrogen (DON), and dissolved
organic carbon (DOC) were extracted with 2 M KCl, and analyzed by
continuous flow analytical system (San++ System, Skalar, Holland) ac-
cording to themethod of Sun et al. (2015). Soil available potassium (AK)
was extracted by 1 M of ammonium acetate and determined by flame
photometry (FP640, INASA, China). Available potassium phosphorus
(AP) was determined in 0.5 M NaHCO3 extract by using molybdenum
blue method.

2.4. DNA extraction and quantification of 16S rRNA gene abundance

Soil genomic DNAwas extractedwith a Fast®DNA SPIN Kit (MP Bio-
medicals, Santa Ana, CA), verified by agarose gel electrophoresis, quan-
tified by NanoDrop™ 2000 spectrophotometer (Thermo Scientific,
USA), and stored at −80 °C for further use. Quantitative real-time PCR
(qPCR) of bacterial 16S rRNA gene abundance was carried out with
the primer set 536F/907R (Holben et al., 2004) on a C1000TM Thermal
Cycler equippedwith a CFX96Optical Real-TimeDetection System (Bio-
Rad, CA, USA). The details for amplification conditions were described
by Sun et al. (2015). Each PCR reaction was performed in triplicate.
After the amplification, the specificity of PCR products was tested
through melting curve analyses and agarose gel electrophoresis. The
amplification efficiencies were 98.1–102%, and R2 values ranged from
0.978 to 0.996.

2.5. 16S rRNA amplification for MiSeq sequencing

Amplification of bacterial 16S rRNA genes was conducted by using
primers 338F and 806R, targeting the V3-V4 region (Xu et al., 2016).
To distinguish different samples, a unique 7-bp barcode sequence was
fused to the forward primer. PCRwas carried out in 50-μL reaction mix-
tures, containing 25 μL PrimeSTAR Max Premix (2×) (Takara, Dalian,
China), 1 μM primer set (Invitrogen, Shanghai, China), and 10 ng tem-
plate DNA. After initial denaturation at 95 °C for 2 min, 25 cycles of
95 °C for 20 s, 55 °C for 20 s, 72 °C for 45 s were performed with a
final extension at 72 °C for 3min. PCR products were verified by agarose
gel electrophoresis, purified with an AxyPre PCR Clean-up System
(Axygen, Hangzhou, China), and then pooled in equimolar amounts,
and paired-end sequenced on a MiSeq personal sequencing system
(Illumina, San Diego, CA). The raw sequences are available in the NCBI
SRA database with the accession code PRJNA641529.

2.6. Statistical analysis

The Miseq raw data were processed on the i-Sanger platform
(http://www.i-sanger.com/), with default parameters for the analyses
of α- and β-diversity as well as bacterial community composition. The
Chao 1 index (Chao, 1984) and abundance-based coverage estimator
(ACE) index (Chao and Yang, 1993) were used to compare bacterial
α-diversity of rhizosphere soil. Based on calculated Bray-Curtis dis-
tances, non-metric multidimensional scaling (NMDS) was used to ana-
lyzeβ-diversity across thedifferent treatments, followedby significance
tests by permutational multivariate analysis of variance (PERMANOVA;
Yu et al., 2018). Mantel test was applied to estimate the correlation be-
tween environmental variables and bacterial community structure.
Spearman's correlation coefficients were used to analyze correlations
among abundance, diversity, and soil properties (Sun et al., 2015). The
coefficients of Spearman's correlation were calculated by SPSS (Version
23), and resultswere subjected to student t-test for significance. For sta-
tistical hypothesis testing, a 95% confidence level was selected a priori.

The effects of O3, N addition, and their interaction on rhizosphere soil
chemical properties, bacterial abundance, α-diversity index of bacterial
community as well as distribution of dominant bacterial phyla were an-
alyzed with split-plot ANOVA (R 4.0.2, http://www.r-project.org).
Ozone was the whole-plot factor, while OTC was a random factor
(whole-plot replicates). Nitrogen was a sub-plot factor within whole-
plot. Tukey's Honestly Significant Difference (HSD) post-hoc test was
used to test for potential differences among experimental conditions
(treatment combinations) when an effect was significant and the factor
contained more than two levels (groups). Before the analyses, the
Shapiro-Wilk's and Levene's tests were conducted to check the data
for normal distribution and homogeneity of variance.

2.7. Co-occurrence network analysis

Phylogenetic molecular ecological networks (pMEN) were con-
structed using SPIEC-EASI pipeline (https://github.com/zdk123/
SpiecEasi) to reveal the changes in the interactions between phylotypes
responding to N addition, elevated O3, and their combination, according
to Kurtz et al. (2015). All the obtained operational taxonomic units
(OTUs)were included in the network analysis. Network graphswere vi-
sualized with igraph package v1.0.1 (Spearman |ρ| > 0.9 and P< 0.001)
(Csárdi and Nepusz, 2006). To further assess the topology of the
co-occurrence networks, density, average centralization of degree, tran-
sitivity, average degree, and average path distance were selected to
evaluate interactions within the rhizosphere bacterial community.

http://www.i-sanger.com/
http://www.r-project.org
https://github.com/zdk123/SpiecEasi
https://github.com/zdk123/SpiecEasi
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3. Results

3.1. Soil physiochemical properties and bacterial abundance response to el-
evated O3 and N addition

Generally, no significant effects of O3 and N addition on soil pH and
contents of TC, TN, and DONwere observed (Fig. 1A–C, E). N200 led to a
significant increase in soil contents of DOC, NH4

+-N andNO3
−-N in the CF

regimens (Fig. 1D, F–G), compared to N0, and a significant decrease in
soil contents of AP and AK in the E-O3 regimens (Fig. 1H–I). In addition,
N addition also significantly increased AP content in the CF regimen
(Fig. 1H). However, O3 had no significant effect, except that it led to a
significant increase in the NO3

−-N content in the N0 regimen (Fig. 1G).
The interaction of O3 and N addition regimens was significant for the
contents of NH4

+-N and AK (Fig. 1G, I).
Fig. 1. Effects of ozone (charcoal-filtered air, CF, versus ambient air +40 ppb of O3, E-O3) and n
characters, including (A) pH, and contents of (B) total carbon (TC), (C) total nitrogen (TN), (D
(NH4

+-N), (G) nitrate (NO3
−-N), (H) available P, and (I) available K, as well as (J) 16S rRNA g

treatment effects (P < 0.05) (n = 3 OTCs per treatment combination). Error bars denote stand
Significant Difference (HSD) post-hoc test following significant interaction effects (P < 0.05).
The copy number of 16S rRNA gene differed under the different
treatments, ranging from 4.09 × 1011 to 5.31 × 1011 copy g−1 soil, but
it was affected significantly by O3 (Fig. 1J). Compared with CF, E-O3 sig-
nificantly decreased the16S rRNA gene copy number in the N0 and
N200 treatments. The data indicated that elevated O3 significantly de-
creased the bacterial abundance within the rhizospheric soil.
3.2. The α-diversity index of bacterial community response to elevated O3

and N addition

A total of 1,215,084 high-quality reads targeting the V3-V4 region
16S rRNA gene were obtained from 32 soil samples (28, 538 to 50,
274 sequence per sample). A total of 99.7% of these sequences were af-
filiatedwith 504 genera, belonging to 20 phyla. The fourmost abundant
itrogen addition (0 kg ha−1 yr−1, N0, versus 200 kg ha−1 yr−1, N200) on soil biochemical
) dissolved organic carbon (DOC), (E) dissolved organic nitrogen (DON), (F) ammonium
ene copies of rhizosphere soil of poplar clone. The boldface P values indicate significant
ard error; different letters represent significant differences according to Tukey's Honestly
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phyla were Actinobacteria, Proteobacteria, Chloroflexi, and
Acidobacteria, which accounted for over 82% of the total sequences.

The α-diversity indices were determined by the observed OTUs,
Chao1 index, and the ACE index, all of them calculated with 28, 538 se-
quences per sample. The Chao1 and ACE indices were significantly de-
creased by N addition in the CF treatment (Fig. 2A, B). However, O3

had no significant effect. The interaction of O3 and N addition regimens
was statistically significant for the Chao 1 and ACE indices. No signifi-
cant difference in the number of observedOTUswas found among treat-
ments (Fig. 2C). These results indicated that bacterial α-diversities of
rhizosphere soil significantly decreased under N addition as compared
Fig. 2. Effects of elevatedO3 (charcoal-filtered air, CF, versus ambient air+40 ppb of O3, E-
O3) andN addition (0 kg ha−1 yr−1, N0, versus 200 kgha−1 yr−1, N200) on the bacterialα-
diversity index, including (A) Nonparametric-estimation of the number of classes in a
population (Chao 1 index), (B)abundance-based coverage estimator (ACE) index, and
(C) the number of unique operational taxonomic units (OTU). Diversity indices were
calculated using random selections of 28, 538 sequences per sample. The boldface P
values indicate significant treatment effects (P < 0.05) (n = 3 OTCs per treatment
combination). Error bars denote standard error; different letters represent significant
differences from Tukey's Honestly Significant Difference (HSD) post-hoc test (P < 0.05).
with elevated O3 treatments, and elevated O3 alleviated the decrease
of bacterial α-diversities caused by N addition.

3.3. Bacterial community composition response to elevated O3 and N
addition

Bacterial community composition shifted in response to elevated
O3, N addition, and their combination (Fig. 3A) revealed by NMDS
based on Bray-Curtis distances. The dissimilarity of Bray-Curtis dis-
tance did not differ between the control treatment (CF × N0) and
the elevated O3 treatment (E-O3 × N0). However, significant dissim-
ilarities occurred between the control treatment (CF × N0) and N ad-
dition treatment (CF × N200), between the control treatment
(CF × N0) and combined elevated O3 and N addition (E-
O3 × N200), and between the N addition treatment (CF × N200)
and the combined elevated O3 and N addition (E-O3 × N200)
(Fig. 3B), which were further confirmed by PERMANOVA (Supple-
mentary Table S1). The results indicated that, compared to elevated
O3, N addition played a more important role in affecting bacterial
community composition. Furthermore, their combined effect on bac-
terial community composition was greatest, suggesting an interac-
tive impact on the bacterial community of rhizospheric soil.

Mantel tests revealed significant positive correlations between bac-
terial community composition and the following soil properties listed
from highest to lowest Spearman's correlation scores: DON, AP, TN,
DOC, pH (Table S2). Bacterial abundance showed positive correlation
with soil AP and AK, but negative correlationwith NO3

−-N and DOC con-
tent (Table S3), while diversity indices were positively correlated with
soil AP content (r = 0.471–0.601, P < 0.05).

3.4. Bacterial groups significantly responded to elevated O3 and N addition

At the phylum level, the relative abundances of Proteobacteria,
Acidobacteria, Firmicutes, and Bacteroidetes were affected by N addi-
tion (Fig. 4B, D, E, G): N200 led to a significant increase in the relative
abundances of Proteobacteria and Bacteroidetes in the CF and E-O3

treatments, compared to N0, and a significant decrease in the relative
abundances of Acidobacteria and Firmicutes in the E-O3 treatment. In
addition, N200 significantly decreased the relative abundance of
Firmicutes in the CF treatment, compared to N0. However, O3 had no
significant effect, except that it led to a significant increase in the rela-
tive abundance of Firmicutes in the N200 treatment (Fig. 4E). The inter-
action of O3 and N addition regimens was significant for the relative
abundance of Firmicutes (P = 0.012). No significant effect of O3, N,
and their interaction was observed in the relative abundance of
Actinobacteria, Chloroflexi, Gemmatimonadetes, and Patescibacteria
(Fig. 4A, C, F, H). Generally, the results indicated that, comparedwith el-
evated O3, the dominant bacterial phyla may be more sensitive to N
addition.

Differences in composition at the genus level among different treat-
ments were analyzed by LEfSe (Linear Discriminant Analysis Effect
Size). Compared to the control treatment (CF × N0), an increase in the
relative abundances ofNitrolancea andMarmoricolawas found in the el-
evated O3 treatment (E-O3 × N0) (Fig. S1A). Nocardioides,Marmoricola,
Symbiobacterium, UTCFX1, Labrys, Longispora, and Rhodopseudomonas
were increased (P < 0.05) in the N addition treatment (CF × N200)
(Fig. S1B) compared to the control treatment (CF × N0). In addition,
the combination of elevated O3 and N addition (E-O3 × N200) signifi-
cantly increased the relative abundance of Nocardioides, Gaiella,
Dechloromonas, Marmoricola, Desulfitobacterium, Terrisporobacter,
Candidatus_Accumulibacter, Syntrophomonas, Egicoccus, Labrys,
Rhodococcus, Rhodoplanes, Methylocaldum, Haloplasma, Flindersiella,
Cohnella, Terribacillus,Neo_b11, Coxiella, and Sandaracinus (Fig. S1C). Al-
together, the responses of the poplar rhizosphere bacterial community
to elevated O3, N addition, and their combination were quite different,
with an enhanced effect of the combined treatment.



Fig. 3. Non-metric multidimensional analysis (NMDS) of community dissimilarities within different groups based on Bray-Curtis distance. (A) NMDS plot; (B) box plots based on
dissimilarity of bacterial communities under different treatments. Five horizontal lines from top to bottom represent the largest value within 1.5 times interquartile range above the
third quartile, the third quartile, the median, the first quartile and the smallest value within 1.5 times interquartile range below the first quartile, respectively. The experiments
involved the following four treatments for bacterial communities in the rhizospheric soil of poplar saplings: CF × N0, charcoal-filtered air without N addition; EO3 × N0, non-filtered
air +40 ppb O3 without N addition; CF × N200, charcoal-filtered air with 200 kg N ha−1 yr−1 added as ammonium nitrate; EO3 × N200, non-filtered air +40 ppb O3 with
200 kg N ha−1 yr−1 added as ammonium nitrate.
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3.5. Bacterial groups not sensitive to elevated O3 and N addition

At the OTU level, 6, 435 OTUs were detected. A total of 181, 73, 141,
and 138 OTUs were detected in the CF × N0, E-O3 × N0, CF × N200, and
E-O3 × N200 treatments, respectively (Fig. 5). Notably, 3906 OTUs (ac-
counting for 60.7% of the total OTUs) were shared by all the treatments,
suggesting that theymay not be sensitive to N addition and elevated O3.
Among the shared 3906 OTUs, the twenty most abundant OTUs were
assigned to Arthrobacter, Blastococcus, Bacillus, Hydrogenophaga,
Sphingomonas, Microvirga, Solirubrobacter, Gaiella, Streptomyces, and
Knoellia.
3.6. Co-occurrence network patterns of soil bacterial communities

Co-occurrence network analyses were conducted to reveal the
complexity of the interactions amongmembers of the bacterial commu-
nities in the various treatments (Fig. 6). Rhizospheric soil bacterial co-
occurrence patterns of all the treatments were distinctly different
from each other. Compared to the control treatment (CF × N0), N addi-
tion (CF × N200) significantly decreased the number of edges, network
diameter, average path length, average degree, and average clustering
coefficient (Table 1). This indicated that N addition simplified and
decentralized the bacterial network. However, both elevated O3 (E-



Fig. 4. Effects of elevated O3 (charcoal-filtered air, CF, versus ambient air +40 ppb of O3, E-O3) and N addition (0 kg ha−1 yr−1, N0, versus 200 kg ha−1 yr−1, N200) on the relative
abundance of the dominant bacterial phyla, including (A) Actinobacteria, (B) Proteobacteria, (C) Chloroflexi, (D) Acidobacteria, (E) Firmicutes, (F) Gemmatimonadetes,
(G) Bacteroidetes, and (H) Patescibacteria. The boldface P values indicate significant treatment effects (P < 0.05) (n = 3 OTCs per treatment combination). Error bars denote standard
error; different letters represent significant differences according to Tukey's Honestly Significant Difference (HSD) post-hoc test following significant interaction effects (P < 0.05).

Fig. 5. Venn diagrams showing the distribution of operational taxonomic units (OTU) in different treatments, and list of the twenty most observed OTUs shared by all treatments.
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Fig. 6.Network co-occurrence analysis of bacterial communities basing on operational taxonomic units (OTU). Red and blue lines respectively represent negative and position correlations
between nodes. The size of each node is proportional to the number of connections (that is, degree). Each node is labeled at phylum level.

8 Q. Wang et al. / Science of the Total Environment 754 (2021) 142134
O3×N0) and combined elevatedO3 andNaddition (E-O3 ×N200) treat-
ments exhibited a significantly increased number of edges, network di-
ameter, average path length, average degree, and average clustering
coefficient, indicating that elevated O3 and the combination of elevated
O3 and N addition resulted in increased complexity of the network.
Network hub members with maximum stress centrality shifted
among the different treatments with RB41 (affiliated to Acidobacteria),
Bacillus, Gaiella, and Blastococcus as the nodes with maximum stress
centrality within the control (CF × N0), elevated O3 (E-O3 × N0), N ad-
dition (CF × N200), and combined elevated O3 and N addition (E-
O3 × N200) treatments, respectively.

4. Discussion

4.1. Effects of elevated O3 and N addition on bacterial biomass and diversity

In this study, elevated O3 significantly reduced bacterial abundance.
Nitrogen addition, which increased soil NH4

+-N and NO3
−-N contents,
significantly decreased the α-diversity of the rhizosphere bacterial
community (Figs. 1, 2), in agreement with results of previous studies
conducted in subtropical forest and grassland ecosystems (Li et al.,
2019; Zeng et al., 2016). In this study, bacterial α-diversity showed a
significantly positive correlation with soil AP content, while N addition
led to significantly lower soil AP content, which is consistent with find-
ings of Li et al. (2016) that N addition increased the P limitation on the
productivity of terrestrial ecosystems. Based on a meta-analysis, Dai
et al. (2018) also found that soils under relatively aerobic conditions
lead to lower bacterial diversity with N fertilization. One possible expla-
nation is the stimulation of the expansion of nitrophilous bacterial spe-
cies and the competitive exclusion of others caused by N enrichment
(Bobbink et al., 2010).

It has been widely accepted that elevated O3 significantly decreases
soil bacterial biomass and diversity due to reduced root biomass, carbon
allocation and nutrient availability (Agathokleous et al., 2016, 2020;
Chen et al., 2019). In the present study, the absence of a notable de-
crease in bacterial diversity under elevated O3 and the combination of



Table 1
Topological properties of the microbiome networks.

CF × N0 E-O3 × N0 CF × N200 E-O3 × N200

Number of nodes a 203 202 203 202
Number of edges b 115 164 81 165
Positive edges c 91 120 67 121
Negative edges d 24 44 14 44
Modularity e 0.619 0.804 0.982 0.856
Network diameter f 8 15 6 13
Average path length g 2.905 4.941 2.010 4.653
Average degree h 1.133 1.623 0.798 1.457
Average clustering coefficient i 0.493 0.615 0.398 0.589
Density j 0.059 0.008 0.004 0.009
Nodes with max stress centrality RB41 Bacillus Gaiella Blastococcus

a Microbial taxa (at the genus level) with at least one significant (P < 0.001) and strong (r > 0.9 or ≤ 0.9) correlation.
b Number of connections obtained by R language analysis (R 2017, 4version 3.5.3).
c Positive correlation (> 0.9 with P < 0.01) between two microbial taxa.
d Negative correlation (≥0.9 with P < 0.01) between two microbial taxa.
e Structure with high-density connections between nodes (inferred by igraph).
f The longest distance between nodes in the network, measured in number of edges.
g Average network distance between all pair of nodes or the average length of all edges in the network (igraph).
h The average number of connections of every node in the network (igraph).
i The average clustering coefficient is defined as the mean value of individual coefficients (igraph).
j The density used to measure how close the network is to complete. A complete graph has all possible edges and density equal to 1 (igraph).
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elevated O3 with N addition (Fig. 2) may be due to the unaltered root
biomass of Poplar clone ‘107’ under these treatments, as previously
identified by P. Li et al. (2020).

4.2. Effects of elevated O3 and N addition on bacterial community
composition

By comparing effects of elevated O3 on the growth of Poplar clone
‘107’ with that of N addition, P. Li et al. (2020) found that O3 affected
shoots while N influenced roots because roots respond indirectly to O3

via changes in C allocation. This finding suggests that N may have a
more direct effect on the belowground system. Thus, it is reasonable
that N addition and the combination of elevated O3 with N addition
exert an enhanced influence on the composition of the rhizospheric
soil bacterial community, when compared to the elevated O3 treatment
(Fig. 3). However, the impacts of N addition on the rhizosphere bacterial
communitiesmay be underestimated in the present study, since ammo-
nium nitrate was applied into soil not once but four times.

In the present study, N addition led to a significant increase in the
relative abundance of Proteobacteria (Fig. 3), indicating that N addition
tended to favor this copiotrophic bacterial group due to their faster
growth and lower C use efficiency (Dai et al., 2018). In addition, mem-
bers of Proteobacteria are well-known denitrifiers (Chen et al., 2019;
Li et al., 2019) that may be favored by the significantly increased
NH4

+-N and NO3
−-N due to N addition (Fig. 1F–G). The relative abun-

dance of Bacteroidetes, which exhibit copiotrophic attributes and are fa-
vored by high C availability (Fierer et al., 2007), was also significantly
increased by N addition (Fig. 4). This may be due to the significant in-
crease in DOC content in rhizospheric soil with N addition (Fig. 1D). In
contrast to previous studies conducted in grassland (Ling et al., 2017;
Ramirez et al., 2012; Yao et al., 2014), a significant decrease in the rela-
tive abundance of Firmicutes, considered as copiotrophic bacteria, was
observed under N addition and the combination of elevated O3 with N
addition in this study. Zeng et al. (2016) found not only inhibited
growth of oligotrophic bacteria (e.g., Acidobacteria and Chloroflexi),
but also promoted growth of copiotrophic bacteria (e.g. Actinobacteria)
with N addition in grassland. Similarly, a decrease in the relative abun-
dance of Acidobacteria was found in the N addition treatment in the
present study, compared to the control treatment. However, the relative
abundance of Actinobacteria and Chloroflexi were not significantly al-
tered under N addition (Fig. 4). The unaltered relative abundance of
Actinobacteria and Chloroflexi may due to their adaption or resistance
to these environmental changes (Dai et al., 2018; Hug et al., 2012).
Finally, the discrepancy in findings among different studies may also
be attributed to differences in experimental designs and methods,
plant genotypes, ecosystem types and management regimes.

Although no significant difference was observed under elevated O3

treatment at the phylum level, a significant enrichment of Nitrolancea,
a nitrifying bacteria (Fang et al., 2019), was found at the genus level
(Fig. S1A). This suggests that elevated O3 alone may enhance microbe-
mediated nitrification, consistent with a significant decrease in NO3

−-N
content under the elevated O3 treatment (Fig. 1G). As mentioned
above, N addition tended to favor denitrifiers (Proteobacteria). These
results may be explained by the differences in soil moisture and redox
potential status in response to elevated O3 and N addition respectively,
which, however, were not determined in the present study. Both
soil moisture and redox potential status are considered as the most im-
portant factors affecting soil nitrification and denitrification (Korol et al.,
2016; Zhong et al., 2014). It was found that nitrifies remain “inactive” in
dry soil conditions (Placella and Firestone, 2013). Redox values above
330 mV, which may indicate the presence of oxygen, suggests a strong
oxidation condition and is suitable for nitrifies (Engelaar et al., 2000).
4.3. The potential community stability-maintaining bacterial groups

In the present study, some bacterial groups with high relative abun-
dance thatwere shared among all samples (Fig. 5) were not sensitive to
elevated O3 and N addition, indicating that they may play a key role in
maintainingbacterial community stability in response to environmental
changes. One possible explanation is that many of these groups may
have a putative ability to promote plant growth by producing a variety
of plant growth- promoting (PGP) molecules (e.g. siderophores, nitro-
genases, hormones, etc.) (Manzanera et al., 2015; Barreiro and
Martínez-Castro, 2019), and arewell adapted to environmental stresses,
especially nutrient depletion, desiccation, high temperate and radiation
(Msaddak et al., 2017; Ullah et al., 2019; Zhou et al., 2012). Some genera
(including Arthrobacter, Blastococcus, Gaiella, Knoellia, Solirubrobacter,
Streptomyces) belonging to Actinobacteria play an important role in
the direct antagonism of fungal pathogens due to the production of an-
tibiotics (Zhao et al., 2019; Gamalero et al., 2020; Barreiro andMartínez-
Castro, 2019). In particular, strains belonging to the genera Arthrobacter,
Streptomyces, and Sphingomonas performN fixation and aerobic denitri-
fication, indicating that they likely play an important role inmaintaining
the N balance of natural environments (Manzanera et al., 2015;
Patureau et al., 2010; Xu et al., 2018).
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4.4. Effects of elevated O3 and N addition on co-occurrence of bacterial
community

Distinct responses in microbial co-occurrence patterns were ob-
served in response to elevated O3, N addition, and their interaction.
Edges,which connect two nodes, represent significant and strong corre-
lations between two species, and more edges suggest higher-level
species-species interactions in the network analyses (Newman, 2006).
Elevated O3 led to more edges, compared to the control, suggesting
greater complexity under elevated O3, which is supported by alterations
in the indices of average degree and average clustering coefficient. The
activation of stress signaling eventually permits organisms to respond
physiologically at some extent (magnitude) (Lapin and Van den
Ackerveken, 2013). The signaling cascade would define the system
complexity, an important index of sensing and responding to stress. In-
jury and pathology would translate to loss in system complexity,
whereas stimulation/health enhancement would translate to increased
system complexity (Moore, 2010; Moore et al., 2015). Biological varia-
tion increases under non-lethal environmental stress, as a strategy to in-
crease the genetic pool and promote evolutionary rescue, while
decreases by lethal stress (Agathokleous and Saitanis, 2020). The in-
creased complexity by elevated O3 and the combination of elevated O3

with N addition may be seen as an enhancement of the genetic pool
for rescue in the light of the predicted harsh environment. However,
what the implications of this strategy might be for the evolution of the
bacterial communities remains unknown. A similar result was observed
by Zhang et al. (2019) that elevated O3 resulted in a more complex and
centralized bacterial co-occurrence network, which represents the abil-
ity to avoid cascading collapses in response to environmental perturba-
tions (Deng et al., 2012) and may play a role in ecosystem stability
(Liang et al., 2016). This was presumed to be caused by a microbial sur-
vival strategy in response to limited resources due to decreased C alloca-
tion to belowground under elevated O3 (Akhtar et al., 2010; Tang et al.,
2015). Intensified resource competition could also stimulate the in-
creased interactions among different microbial members, according to
the streamlining theory (Giovannoni et al., 2014). Interestingly, a
lower proportion of negative connectionswas found inN addition treat-
ment, indicating that the extent of species-species interactions was
weaker under more sufficient N supply conditions. A deeper insight
into how the metabolic potential and ecological functions of bacterial
communities respond to elevated O3 and N addition need to be further
explored by metagenome analyses, in combination with co-occurrence
network analysis, in the future.

Hubs, which are nodes highly connected to other nodes, are critical
to the structure of the entire network (Dunne et al., 2002). In the pres-
ent study, the node with the maximum stress centrality shifted from
RB41 to Bacillus, Gaiella, and Blastococcus in response to elevated O3, N
addition and their combination, respectively. RB41, affiliated with the
Acidobacteria, may assist in maintaining the biogeochemical and meta-
bolic foundation of soil under long-term low-nutrient conditions (Sun
et al., 2020). Bacillus plays a key role in plant growth promotion, nitro-
gen fixation, mineralization of organic matter, and biological control of
pathogenic fungi (Q. Wang et al., 2018). They are also resistant to ex-
treme environments, including nutrient depletion, desiccation, fluctua-
tions in salinity and temperature, radiation, and changing redox
conditions (Teske, 2006). Thus, it is reasonable that Bacillus became
one of the hub phylotypes in response to lower C input into the soil
from plant roots caused by elevated O3. For the combination of elevated
O3 and N addition, Blastococcus sp. became the hub species in the net-
work. Blastococcus sp. distribute in various environments, particularly
prominent in rocks and desert sandy soils (Sghaier et al., 2016).
Blastococcus are considered as pioneers in extreme environments, as
they exhibit potential advantages in stress resistance, desertification
control and environmental remediation, which may secondarily pro-
vide other bacterial phylotypes with metabolic resources. Combined
with the response of the topological properties, these results indicate
that the shifts of network hub species from RB41 to Bacillus and
Blastococcus impart a more unstable rhizosphere microbial community
under elevated O3 and the combination of elevated O3 and N addition
treatments, respectively.

5. Conclusion

This study revealed that tropospheric O3 and soil N addition differ-
ently influenced soil bacterial community of poplar rhizosphere. Ele-
vated O3 led to lower rhizosphere soil bacterial abundance, and N
addition significantly decreased bacterial α-diversity. Soil N addition
and the combination of elevated O3 with N addition had significant ef-
fects on bacterial community composition, whereas elevated O3 alone
did not. Co-occurrence network analysis revealed that elevated O3 and
the combination of elevatedO3withN addition led to higher complexity
of the co-occurrence network of bacterial community. In contrast, N ad-
dition alone decreased the complexity and centralization of the co-
occurrence network in response to a sufficient N supply. All the distinct
responses may promote further understanding of the response and the
feedback of ecosystems to climate changes. It still remains necessary to
further explore the mechanisms underlying how rhizosphere bacteria
respond to atmospheric stresses, with particular focus on the relation-
ship between root exudates and the rhizosphere bacterial community
(Wang et al., 2017).
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