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Abstract: Near-surface O3 has negative effects on plant productivity; however there were few studies
on the effects of O3 pollution on the belowground part of the ecosystem. The effect of O3 stress on
the belowground parts of poplar is unclear. We investigated the effects of O3 pollution on poplar
rhizosphere soil in open-top chambers (OTC). Two kinds of plants with different O3 sensitivity were
selected, i.e., high-sensitive poplar clone 546 and low-sensitive poplar clone 107. The control group
and high-concentration O3 group were set up: charcoal-filtered air, CF; unfiltered air + 60 ppb O3, NF.
Poplar rhizosphere soil was taken after 96 days (15 June to 17 September 2020) of cultivation in OTCs.
Oj stress decreased the amplicon sequence variations (ASVs) of microorganisms in poplar 107 and
poplar 546 rhizosphere soil, with no significant interspecific difference. The effect of O3 fumigation
on the fungal community was greater than that on the bacterial community. The correlation between
the bacterial community and rhizosphere soil physicochemical indices was closer than that of the
fungal community. Some fungi, such as Clitopilus hobsonii, Mortierella sp., and Minimedusa, might help
poplar resist the O3 stress. Os stress had direct impacts on the pH, nutrients, and enzyme activities
of rhizosphere soil, while it had indirect negative impacts on microbial community composition by
nutrients. There was no difference in sensitivity between rhizosphere soil response to O3 stress of
poplar clone 107 and clone 546, which might take a longer accumulation time to show the effect. This
study provides a certain basis for accurately evaluating the ecological effects of O3 pollution.

Keywords: ozone stress; rhizosphere soil; microorganism; poplar

1. Introduction

Since the 20th century, the concentration of near-surface ozone (O3) has increased sharply
due to the rapid development of cities and the gradual completion of industrialization [1,2].
From June to August 2016, ozone replaced PM;jy and PM;5 as the primary pollutant
in the three urban agglomerations of Beijing-Tianjin-Hebei, Yangtze River Delta, and
Pearl River Delta in China [3]. Many studies have found that near-surface O3 could
destroy photosynthetic pigments and damage chloroplasts in plants [4,5], change carbon
metabolism [6,7], affect enzyme activities [8,9] and microbial communities [10,11], which
might reduce production of crops and trees, and even lead to the degradation of forest
ecosystem [12].

As an air pollutant with high toxicity to plants [13-15], near-surface O3 might cause
plant-soil-microbial changes by disrupting photosynthesis and reducing antioxidant ac-
tivity, thus adversely affecting plant growth [16]. In recent years, the effects of O3 on these
plant processes and aboveground resource allocation have been increasingly studied [4,7,17].
However, the mechanism of how this ubiquitous pollutant changes the nutrient cycle and
microbial community in subsurface soil remains to be fully clarified since there were few
studies on the effects of O3 on subsurface processes, especially in forest ecosystems [18,19].
In those limited studies, the conclusions were not consistent. In terms of nutrient uptake,
Singh et al. [20] found that O3 had a positive effect on the content of total nitrogen and
organic matter in the soil of Michelia chapensis, while the study of Dolker et al. [8] showed
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that O3 had a negative effect on total nitrogen and phosphorus in tropical semi-natural
grassland. In terms of enzyme activities, elevated ozone decreased the extracellular enzyme
and antioxidant enzyme activities in the rhizosphere soil of L. leucocephala [20], while it
increased extracellular enzyme and antioxidant enzyme activities in the rhizosphere soil
of Elaeocarpus sylvestris [21]. Under different conditions, O3 increased or decreased soil
microbial diversity or had no effect. Elevated Oj elicited changes in soil microbial commu-
nity structure and decreased fungal diversity in both M. ichangensis and T. chinensis [22].
Elevated Oj significantly decreased bacterial abundance of poplar saplings [23]. However,
the overall functional structure of soil microbial communities of wheat Yannong 19 and
wheat Yangmai 16 did not significantly change by elevated O3 [24].

The activity of soil extracellular enzymes was closely related to microbial metabolism
and the biochemical cycle of nutrients. 3-Glucosidase (3G) [25], f-N-acetylglucosaminidase
(NAG) [26], cellobiose hydrolase (CBH) [27], leucine aminopeptidase (LAP), and alkaline
phosphatase (AKP) [28] were key soil extracellular enzymes. The ability of key extracellular
enzymes to respond to the environment was an important potential indicator to evaluate
soil microbial quality [29].

More than 98% of forest area in China is threatened by O3 pollution [4]. The fast-
growing poplar plantation is the second-largest plantation in China [30]. The production
physiology and morphology of poplar have been studied in-depth [31]. At present, the
studies on the responses of poplars to O stress mainly focused on nutrient content changes
in different parts of poplar [6,32,33] and photosynthesis index [4,32,34], etc. However,
there were few studies on the changes in belowground parts of poplar under O3 stress.
O3 breaks down rapidly when exposed to plants or soil; therefore, it is unlikely that O3
reaches biologically significant depths in the soil. Thus, we hypothesized that the effect
of O3 on the belowground part of poplar may be indirect. Therefore, in this study, two
poplar genotypes with different sensitivity to O3 were selected as the research objects, and
open-top chambers (OTCs) were used to simulate the condition of O3 stress. After 96 days
of cultivation, the rhizosphere soil was sampled to determine the soil physicochemical
indices and enzyme activities. At the same time, MiSeq sequencing was used to analyze the
changes of bacterial and fungal communities in rhizosphere soil, thus fully understanding
the response of poplar to Os stress.

2. Materials and Methods
2.1. Soil Collection and Sample Treatment

The experimental site is located at Yanqing Ozone Research Base in Beijing (40°47' N,
116°34’ E). Poplars with different sensitivity to O3 but similar leaf morphology and phe-
nological characteristics [33] were selected as poplar clone ‘107" (Populus. euramericana cv.
‘74/76’, low sensitive type) and poplar clone ‘546" (P. deltoides cv. '55/56" x P. deltoides
cv. ‘Imperial’, high sensitive type). Open-top chambers (OTC) were used for fumiga-
tion, and two groups of ozone treatment were set up: charcoal-filtered air, CF; unfiltered
air + 60 ppb O3, NFE. The average daily O3 concentrations for CF and NF treatments were
22.9 £ 0.72 ppb and 85.1 & 1.88 ppb, respectively. The four groups of treatments were
marked as Y107CF, Y107NEF, Y546CF, and Y546NF, respectively. Each group had 3 OTC
replicates of 6 saplings. The O3 fumigation time was 10 h per day (8:00-18:00). Poplar
saplings were well watered during the trial period (15 June-17 September 2020) as needed.

The root cuttings of poplar clones ‘107" and ‘546" were planted for 5 weeks and then
moved to round plastic pots filled with natural brown sandy loam. After 10 days of OTCs
(12.5 m?, 3.0 m high, covered with toughened glass), they were randomly assigned to
OTCs for 96 days of cultivation, and the rhizosphere soil was taken from the poplars
after cultivation.

The roots of poplars were taken out from the potted plants and shaken to remove the
loose soil at the roots. The soil that remained attached to the roots, about 1 mm thick and
defined as the rhizosphere soil [35], was removed with a sterile brush and collected. The
rhizosphere soil was placed on ice for transport to the laboratory. The rhizosphere soil was
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divided into two parts: one was stored at 4 °C for chemical analysis, and the other was
stored at —20 °C for molecular analysis.

2.2. Determination of Rhizosphere Soil Physicochemical Indices

Soil water content (SWC) was determined by the drying method. Soil pH was deter-
mined by ST3100 soil pH meter (Ohaus, Shanghai, China) (soil water ratio 2.5:1). Soil total
nitrogen (TN) and alkali-hydrolyzable nitrogen (AN) were determined by Kjeldahl method
and hydrochloric acid standard solution. Soil organic matter (SOM) was determined by
oxidation of potassium dichromate-sulfuric acid solution for the fresh soil samples from air
drying and sieving (0.25 mm). Soil total phosphorus (TP) and total potassium (TK) were
determined according to molybdenum antimony resistance colorimetry and hydrofluoric
acid digestion methods. Available phosphorus (AP) and available potassium (AK) were
determined by the Mo-Sb colorimetric method and flame photometer, while soil enzyme
activities were determined by the microplate fluorescence method, and the selection of soil
enzymes and reaction substrates (RHAWN, Shanghai, China) were shown in Table S1.

2.3. 165 rRNA and Fungal ITS Amplification for MiSeq Sequencing

16s rRNA gene of bacteria in V3-V4 region was amplified by primers 338F (5'-
ACTCCTACGGGAGGCAGCAG-3') and 806R (5-GGACTACHVGGGTWTCTAAT-3') [36].
The primers ITSIF (5'-CTTGGTCATTTAGAGGAA GTAA-3') and ITS2R (5'-GCTGCGTTCT
TCATCGATGC-3') were selected to amplify the fungal ITS gene in the ITS1 region [37].
The sequencing was performed by the Illumina MiSeq PE250 sequencing platform by
Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China). The original sequence data
has been uploaded to the NCBI SRA database and can be obtained with the accession code
PRJNA819584 for bacteria and PRJNA819497 for fungi.

2.4. Data Analysis

Excel 2020 and SPSS (23.0) were used for statistical analysis. The Venn diagram of
the ASV table was processed on the I-SANGER http://www.i-sanger.com/ (accessed on
21 August 2021) platform. The box diagram of the microbial diversity index and Mantel
test were analyzed and plotted using R language.

A structural equation model (SEM) was used to evaluate the effects of elevated O3
concentration and plant types on soil nutrients, pH, enzyme activities, and microbial
community composition. The O3 variable was built by assigning the value 1 to the NF
treatment and 0 to the CF treatment. Bacterial and fungal communities were represented
by the first axis of their corresponding nonmetric multidimensional scale analysis (NMDS).
All variables were standardized by Z transformation (mean = 0, standard deviation = 1)
using the “scale” function. The fitting degree of SEM was determined by a non-significant
Chi-square test (x* <3, p > 0.05), the goodness of fit index (GFI > 0.80), and root mean
square error of approximation (RMSEA < 0.05).

3. Results
3.1. Physicochemical Indices and Enzyme Activities of Rhizosphere Soil

Table 1 showed that there was no significant difference in physicochemical indices of
rhizosphere soil among poplar groups except TK, AN, and pH. The content of TK in the
NF group was significantly higher than that in the CF group (p = 0.006), while the amount
of AN in the NF group was significantly lower than that in the CF group (p = 0.032). The
pH of Y107 in the NF group was lower than that in the CF group, while the pH of Y546 in
the NF group was higher than that in the CF group, and there was a significant difference
in the pH of the CF group with two different poplar genotypes.
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Table 1. Physicochemical indices of rhizosphere soil of poplar clones 107 and 546.

Physicochemical Poplar Clone 107 CF Poplar Clone 107 NF Poplar Clone 546 CF Poplar Clone 546 NF
Indices Y107CF Y107NF Y546CF Y546NF
SWC (%) 22.21% £ 2.75% a 21.29% £ 3.36% a 22.54% £+ 1.59% a 19.78% =+ 2.03% a
SOM (g/kg) 3732+ 140a 36.74 = 4.58 a 3596 +4.49 a 3401 +£215a
TN (g/kg) 1.61 +£0.10a 1.60 +0.08 a 1.58 £0.17 a 1.54 £0.09a
TP (g/kg) 0.97 £0.02a 0.96 £ 0.04 a 0.95+0.03a 091+0.04a
TK (g/kg) 18.53 - 0.88 a 20.53 £ 0.55b 1855 £1.03 a 20.15+0.87b
AN (mg/kg) 139.72 £13.70 a 129.63 £12.50b 138.60 £17.52 a 132.62 £9.40b
AP (mg/kg) 6.80 £0.92a 919+ 448a 6.48 +2.06 a 8.50 £ 0.48a
AK (mg/kg) 153.46 +29.93 a 158.25 + 12.68 a 147.06 +24.60 a 156.65 +19.95 a
pH 753 £0.02a 7.25 +0.02 be 715+ 0.03c 740 £0.19 ab

Different lowercase letters in the table indicate significant differences between groups (p < 0.05). Soil Water
Content, SWC; Soil Organic Matter, SOM; Total Nitrogen, TN; Total Phosphorus, TP; Total Potassium, TK;
Available Nitrogen, AN; Available Phosphorus, AP; Available Potassium, AK; Potential of Hydrogen, pH.

As shown in Figure 1, five rhizosphere soil extracellular enzymes were analyzed in
this study, and only the activities of AKP and NAG in Y107NF were significantly lower
than those in Y107CF. Among the five enzymes, NAG had the strongest activity, which
was as high as 345.32 nmol~g_1-h_1 in Y107CF (Figure 1E). The activities of 3G, CBH,
and LAP in the rhizosphere soil of YI07NF were also lower than those of the CF group;
however, the difference was not significant (Figure 1B-D). The above results indicated that
O3 fumigation decreased the enzyme activities in the rhizosphere soil of poplar clone 107.
The five enzymes in the rhizosphere soil of poplar clone 546 showed no significant changes,
indicating that O3 fumigation had little effect on the enzyme activities in the rhizosphere
soil of poplar clone 546.
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Figure 1. Activities of five enzymes in rhizosphere soil of different poplar varieties. (A) AKP, (B) G,
(C) CBH, (D) LAP, (E) NAG. Different lowercase letters in the figure indicate significant differences
between groups (p < 0.05). The lines crossing the bars were error lines.



Forests 2024, 15, 205

50f 16

As illustrated in Table S2, there was a significant negative correlation between LAP and
pH (p < 0.05) and a significant positive correlation between NAG and SOM (p < 0.05). There
was no significant correlation between the activities of other enzymes and the measured
soil physicochemical indices.

3.2. ASV Analysis of Soil Microorganisms

Amplicon sequence variations (ASVs) were widely used as the method for analyzing
microbial communities, which could reach a finer classification level [38]. At the ASV level,
a total of 7405 ASVs were obtained from bacterial samples after screening and flattening,
and the ASVs contained in each group were 4947, 4844, 4639, and 4285, respectively
(Figure 2A), while 1698 ASVs were obtained from fungal samples after screening, and the
ASVs contained in each group was 1131, 1044, 1160 and 1146 respectively (Figure 2D). This
showed that the increase in O3 concentration could reduce the ASVs of poplar rhizosphere
soil; however, there was no significant difference. The Venn diagram in Figure 2B showed
that the four groups of bacteria shared 2331 ASVs, accounting for 31.48% of the total. The
four groups of fungi shared 289 ASVs (Figure 2E), accounting for 17.02% of the total. Those
shared bacterial and fungal groups played a key role in maintaining the stability of the
microbial community in poplar rhizosphere soil and responding to environmental changes.
The proportion of shared bacteria was one time higher than that of fungi, indicating that
the effect of high concentration O3 on bacterial community was less than that on fungal
community. Among the shared ASVs, the richest 20 bacterial ASVs are shown in Figure 2C.
Most of these microbial floras came from Proteobacteria, Actinobacteriota, Acidobacteriota,
Gemmatimonadota, and Nitrospirae. The top 20 most abundant fungi ASVs are shown
in Figure 2F. The above fungal communities belonged to Ascomycota, Mortierellomycota,
Rozellomycota, and Basidiomycota.

3.3. Analysis of Soil Microbial Diversity

Soil microbial diversity is one of the key factors affecting the structure and function
of the belowground ecosystem [39]. The boxplot (Figure 3A) showed that there was
no significant difference in the diversity, richness, and evenness of bacteria in poplar
rhizosphere soil. The average levels of the Chaol index and Shannon index of the NF
group were lower than those of the CF group, while the Simpson index of the NF group
was slightly higher than that of the CF group. The results indicated that the increased
O3 concentration caused a decrease in the diversity and richness of bacteria in poplar
rhizosphere soil; however, with little effect.

The results of fungal a-diversity indices (Figure 3B) showed that the increase of O3
resulted in a significant difference in the Chaol index between Y107NF and Y546NF. The
increase of O3 concentration significantly decreased the Simpson index of highly sensitive
poplar clone 546, indicating that the soil fungal diversity of poplar clone 546 increased
significantly. Shannon index also showed a similar trend but with no significant difference
in the results. There was no significant difference in the Shannoneven index among the
four groups. The results showed that the effect of O3 fumigation on the fungal diversity in
poplar rhizosphere soil was greater than that on the bacterial diversity.

3.4. Community Composition and Species Difference of Soil Bacterial Community

At the phylum level, after averaging the relative abundance of each kind of bacteria in
the sample, there were 12 phyla with a relative abundance of more than 1% (Figure 4A-L).
Among them, only the relative abundance of Methylomirabilota changed significantly and
increased with the increase of O3 concentration (p < 0.05, Figure 4L). Most of the bacteria
in Methylomirabilota are related to the nitrogen cycle. The interaction between the changes
in tree species and the increase of O3 concentration significantly affected the relative
abundance of Actinobacteriota and Chloroflexi (Figure 4C,D). Overall, the O3 concentration
had little effect on the relative abundance of bacteria.
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Figure 2. Venn diagrams for distribution of microbial ASV levels and the list of the top 20 ASVs
shared in all treatments. (A) The number of bacterial ASVs in each group, (B) the Venn diagram of
bacteria, (C) the top 20 ASVs of shared bacterial ASVs, (D) the number of fungal ASVs in each group,
(E) the Venn diagram of fungi, (F) the top 20 ASVs of common fungal ASVs.
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At the genus level, LEfSe (linear discriminant analysis effect size) was used to an-
alyze the differences among different treatments. Compared with the CF group, the
relative abundances of Vicinamibacteraceae, Vicinamibacterales, and Rokubacteriales in the high-
concentration O3 treatment (NF) increased significantly in poplar clone 107 (Figure 4M). In
the NF group of poplar clone 546, the relative abundance of Vicinamibacteraceae, KD4-96,
JG30-KF-CM45, MB-A2-108, S085, Nitrospira, JG30-KF-CM66, TK10, Roseiflexaceae, Nocar-
dioides, Rokubacteriales, Gitt-GS-136, 67-14, and Micromonosporaceae increased (Figure 4N).

3.5. Community Composition and Species Difference of Soil Fungal Community

In the phylum level of fungi, there were 8 phyla, which made up more than 90%
of the total sequence. The results showed that the relative abundance of Ascomycota
in the rhizosphere soil of poplar clone 546 was significantly higher than that of poplar
clone 107 (Figure 5A). The relative abundance of Basidiomycota changed significantly with
the increase of O3 concentration and different tree species (Figure 5D). However, the O3
concentration change did not cause a significant increase or decrease in these eight fungal
phyla (Figure 5A-H), indicating that the increase of O3 concentration had no significant
effect on fungi communities at the phylum level in poplar rhizosphere soil.
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Figure 5. Relative abundance of main fungal phyla in rhizosphere soil of each group (%) and LEfSe
analysis of soil fungal community at the genus level. SZ in (A-H) represents tree species. The boldface
p values indicate significant treatment effects (p < 0.05) (n = 3 OTCs per treatment group). Error bars

denote standard error. (I) poplar clone 107, (J) poplar clone 546. The lines crossing the bars were
error lines.
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At the fungal genus level, the LEfSe analysis showed that the relative abundance of
Alternaria in the NF group of poplar clone 107 increased significantly (Figure 5I), and the
relative abundance of Didymella, Pezizella, Tausonia, and Arthopyreniaceae in the NF group of
poplar clone 546 also increased significantly (Figure 5]). During the data processing, it was
found that the relative abundance of Minimedusa in poplar clone 107 was about 1.97% in
the CF group, but it was 0 in the NF group. In addition, Clitopilus has not been detected in
the soil of poplar clone 107, but its proportion in the CF group and the NF group of poplar
clone 546 was about 1.61% and 1.04%, respectively.

3.6. Correlation Analysis of Soil Indices and Microbial Composition

Redundancy analysis (RDA) on the soil indices was carried out at the genus level of
bacteria and fungi. The results showed that the first two ranking axes of bacteria explained
84.70% (84.30%, 0.40%, Figure 6A) of the total variance. The main factor affecting the change
in bacterial community composition was TP (p = 0.014). The first two ranking axes of fungi
explained 57.25% of the total variance (35.36%, 21.89%, Figure 6B), but the soil indices
that affected the composition of fungal communities did not change significantly, which
was consistent with the results of Mental experiment (Table S3). Spearman’s correlation
analysis (Figure 6C) showed that most of the dominant bacterial genera were positively
correlated with soil indices, except for TP with Vicinamibacterales and Rhodocyclaceae, while
there was a significant negative correlation between AP and Pseudomonas. Among which
SOM with Ellin6067 and Comamonadaceae, TP with Pseudomonas and Blastococcus, TK with
Vicinamibacteraceae and Rokubacteriales, AP with Vicinamibacterales, MND1, Rhodocyclaceae
and TRA3-20, AK with Rmlibacter and Comamonadaceae, pH with Gaiella and Blastococcus,
were all positively correlated. In the fungal genuses (Figure 6D), unclassified_k__Fungi
with about 20% (14.32%~28.60%) relative abundance had a significant positive correlation
with TP, a negative correlation for Titaea with TP and a positive correlation for Titaea with
AP, and a positive correlation for Tausonia with TK and pH.

YS546NF

RDA1(35.36%)

Figure 6. Correlation analysis between the rhizosphere soil indices and the microbial composition.
(A) RDA analysis for the soil indices and the bacteria, (B) RDA analysis for the soil indices and
the fungi, (C) Spearman correlation heatmap for the bacterial community composition and the soil
indices, (D) Spearman correlation heatmap for the fungal community composition and the soil indices.
*p <0.05*p<0.01.
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3.7. Structural Equation Model

As shown in Figure 7, the increase in O3 pollution had a positive effect on pH (path
coefficient = 0.77, p < 0.001) and enzyme activity (path coefficient = 1.15, p < 0.001); however,
it had a significantly negative effect on soil nutrients (path coefficient = —0.64, p < 0.001).
Soil nutrients had significantly positive effects on pH (path coefficient = 1.29, p < 0.001) and
enzyme activity (path coefficient = 1.88, p < 0.001), while pH had significantly negative
effects on enzyme activity (path coefficient = —1.40, p < 0.001). Soil nutrients had signifi-
cantly negative effects on the community composition of bacteria (path coefficient = —1.12,
p < 0.05) and fungi (path coefficient = —1.26, p < 0.05). The type of vegetation had a nega-
tive effect on soil nutrients (path coefficient = —0.47, p < 0.05), and the composition of the
bacterial community had a negative effect on soil enzyme activity (path coefficient = —0.46,
p < 0.05).

Plants

2=0.73"w_v
Bacterial Community *~.u| Fungal Community
Composition | ~~77777T77C > Composition

x2=0.219, P=0.928, CFI=1.000, RMSEA=0.000

Figure 7. Structural equation model of Oj affected poplar rhizosphere soils. * p < 0.05, ** p < 0.01,
*** p < 0.001. Lines illustrate all of the potential variable interactions; solid lines were significant, and
dashed were not.

4. Discussion
4.1. Effects of Ozone on Physicochemical Indices and Enzyme Activities of Rhizosphere Soil

It has been confirmed that O3 significantly reduced the biomass and net photosynthetic
rate of poplar clone 107 and clone 546 [40]. In this study, the AN content of the rhizosphere
soil of two poplar clones decreased significantly after O3 fumigation (p < 0.05), which was
consistent with the results of soil nitrogen dynamics of the studies on T. chinensis [22] and
on L. leucocephala [20]. It might be due to the decrease of root biomass and root carbohy-
drate concentration with the increase of O3 concentration, which resulted in the effect of
photosynthate transportation to the belowground part [41]. After the O3 fumigation, the
pH changed differently.

The results of enzyme activities showed that the activity of NAG was the highest
among the five enzymes, indicating that the content of available nitrogen in the soil
was insufficient, and the microorganisms accelerated the decomposition of soil organic
nitrogen to meet their needs [42]. The results of fG:NAG (or fG:(NAG + LAP)), BG:AKP
measured the enzymatic resources directed towards the acquisition of nitrogen (N) and
phosphorus (P) relative to C, reflecting the limitation of C, N, P on microbial survival [43,44].
In this study, although O3 had no significant influence on some enzymes, the ratio of
InBG/In(LAP + NAG) in soil decreased significantly (p < 0.01), indicating that the increase
of O3 could stimulate the production of more enzymes in rhizosphere soil to obtain organic
nitrogen [43]. There are relatively few studies on the response of extracellular enzyme
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activity to the increase of O3 concentration; however, the results are not the same. In
the study of poplar and birch forest ecosystems by [45], it was reported that the increase
of O3 had no effect on enzyme activity in the second year of treatment. Ten years later,
cellobiohydrolase activity on the forest floor was affected, but N-acetyl-glucosaminidase
was still not affected [46]. In addition, Williamson et al. [47] measured the decomposition
rate of wetland plants exposed to high concentrations of O3 and found that the response
of hydrolase activity to O3 was related to plant species. Therefore, the effects of O3 on
extracellular enzymes still need further study.

4.2. Effects of Ozone on Microorganisms in Rhizosphere Soil

According to the SEM analysis, O3 had a significant negative effect on soil nutrients.
Soil nutrients also had significant negative effects on the composition of the rhizosphere
bacterial and fungal communities. Thus, the elevated O3 had indirect negative effects
on bacterial and fungal communities by soil nutrients. The interactions among plants,
soils, and microorganisms played a key role in the biogeochemical cycles [48], the soil
microorganisms supporting plant fitness and sustainable ecosystems [49]. A recent review
by Agathokleous et al. [16] showed that O3 altered plant properties (such as leaf and root
litter input, plant secretions, and root turnover) and soil processes (such as soil enzyme
activity and decomposition rate). These processes defined plant-soil-microbial interactions
and plant-soil feedback, thus threatening the function of soil ecosystems. As shown in
Figure 2, the increase of O3 concentration would decrease the ASVs of poplar rhizosphere
soil, however, with no significant difference. Some studies have shown that the O3 stress
could inhibit the resource allocation of plant roots [50,51], thereby limiting the level of
nutrients available to microorganisms to change belowground microbial processes [52,53].

This study also found that the proportion of shared bacteria in rhizosphere soil of low-
sensitive poplar clone 107 and high-sensitive poplar clone 546 was one time higher than
that of shared fungi before and after O3 fumigation, respectively. There were significant
differences in the partial diversity of the fungal community. However, there were no
significant differences in bacterial community diversity. Many studies [22,51,54] also found
that O3 stress could change microbial diversity. Results in this study indicated that the
stability of the bacterial community in poplar rhizosphere soil was very high. The response
of the fungal community to O3 stress was greater than that of the bacterial community,
which was consistent with the results of Kanerva [55], Li [24], and Phillips [56]. The increase
of O3 concentration significantly increased the fungal diversity of high-sensitive poplar
clone 546, which might be due to the decrease of soil organic carbon storage caused by
O3 exposure [6,24,57], since fungi could assimilate more C into biomass than bacteria [58].
Therefore, the increase in fungal diversity might be a survival strategy to cope with limited
carbon resources.

The microorganisms with high relative abundance shared among all samples (Figure 2)
were insensitive to the rise of O3 concentration, suggesting that they might play a key role
in maintaining community stability and responding to environmental changes. They might
promote plant growth through the production of various plant growth-promoting (PGP)
molecules (such as siderophores, nitrogenases, hormones, etc.) [59,60] in order to better
adapt to environmental stresses. Among them, Pseudomonas of Proteobacteria occupied
many ecological niches, and its strains could survive in different environments, which
could promote plant growth and improve disease resistance [61]. Strains of Arthrobacter,
Blastococcus, and Gaiella of Actinobacteriota played an important role in the direct antagonism
of antibiotics against fungal pathogens [60,62,63]. Strains of Methylomirabilota, Azospirillales,
Azovibrio, and Sphingomonas participated in the nitrogen cycle and were related to soil
nitrogen fixation and denitrification [64—69]. In the fungal community, C. hobsonii, a com-
mon saprophytic fungus, could promote the development of seedling roots and potassium
uptake and accumulation [70]. Mortierella sp. could release a variety of organic acids to
dissolve soil phosphorus [71]. After double inoculation with AMF in saline-alkali soil, it
could enhance soil phosphatase activity and promote plant growth [72]. Minimedusa could
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transport nutrients and concentrate trace elements such as N, P, S, K, and Ca from biological
origin [73]. Fusarium and Gibberella have been proven to be capable of denitrification [74].
These fungi could help poplars to resist the Oj stress.

The results of SEM (Figure 7) showed that O3 fumigation had direct impacts on
pH, nutrients, and enzyme activities of poplar rhizosphere soil, while O3 fumigation had
an indirect negative impact on microbial community composition due to the changed
nutrients. A study by Li et al. [11] has shown that increasing O3 indirectly affected the
microbial communities of plant rhizosphere soil by increasing soil pH rather than by
reducing available plant carbon sources. Therefore, the effects of O3 on the composition
and structure of microbial communities need to be further explored. In this study, the
effects of O3 on rhizosphere soil physicochemical indices and microbial community of
low-sensitive poplar clone 107 and high-sensitive poplar clone 546 were not significant,
which might be caused by the low O3 fumigation level (such as shorter exposure time).
The effect of O3 on plants is a cumulative process, which may take a longer time to verify.
The microbial responses to elevated O3 were phylogenetically conserved [75]. Therefore,
long-term experimental studies need to be carried out in the future, which is of great
significance for the scientific evaluation of the ecological effect of O3 on poplar.

5. Conclusions

In this study, O3 fumigation reduced the ASVs of microorganisms in poplar rhizo-
sphere soil. The response of the fungal community in poplar rhizosphere soil to O3 stress
was greater than that of the bacterial community. The stability of the bacterial community
was very high. In general, there was no obvious difference in sensitivity between the
response of poplar clone 107 and 546 rhizosphere soil to O3 after a high concentration of
O3 fumigation for 96 days. In the fungal community, C. hobsonii, Mortierella sp., and Min-
imedusa might help poplar resist O stress. Oj stress had direct impacts on pH, nutrients,
and enzyme activities of the rhizosphere soil while having an indirect negative impact on
microbial community composition due to the changed nutrient. Therefore, it is of great
significance to continue the study of the ecological effects of O3 on plants. This study could
provide a scientific basis for the subsequent accumulation process of O3 influence on plants
and provide some help for scientific evaluation of the ecological effect of O3 on poplar.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f15010205/s1, Table S1: Measured soil enzymes and correspond-
ing substrates. Table S2: Correlation between soil enzyme activities and soil physicochemical
indices. Table S3: Mental analysis of the relationship between microbial community composition and
soil indices.
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