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Abstract:

The mitigation mechanisms of a kind of controlled-release nitrogen fertilizer
(sulfur-coated controlled-release nitrogen fertilizer, SCNF) in response to O3 stress on
a winter wheat (7riticum aestivum L.) variety (Nongmai-88) were studied in crop
physiology and soil biology through the ozone-free-air controlled enrichment (Os-

FACE) simulation platform and soil microbial metagenomics. The results showed that
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SCNF could not delay the Os-induced leaf senescence of winter wheat, but could

enhance the leaf size and photosynthetic function of flag leaves, increase the




accumulation of nutrient elements, and lay the foundation for yield by regulating the
release rate of nitrogen (N). By regulating the soil environment, SCNF could maintain
the diversity and stability of soil bacterial and archaeal communities, but there was no
obvious interaction with the soil fungal community. By alleviating the inhibition effects
of O3 on N-cycling-related genes (ko00910) of soil microorganisms, SCNF improved
the activities of related enzymes, and might have great potential in improving soil N
retention. The results demonstrated the ability of SCNF to improve leaf photosynthetic
function and increase crop yield under Os-polluted conditions i the farmland
ecosystem, which may become an effective nitrogen fertilizer management measure to
cope with the elevated ambient O3 and achieve sustainable production.

Keywords: ozone; controlled-release nitrogen fertilizer] flowering period; flag leaf;

soil microorganisms; nitrogen-cycling

1. Introduction

Ozone (0O3) is a kind of atmospheric photochemical pollutant with strong oxidation
and toxic effects on plant growth and/production(Ashmore et al., 2004). In recent years,
the extensive use of fossil fuels has led to a;general increase in ambient Oz concentration
worldwide (Biswas et al., 2008). At present, we are facing a severe situation of elevated
ambient O3 (Lu et al., 2018). It is reported that the concentration of ambient O3 in China
has reached 41 ppb and is rising at a rate of 3 ppb per year. Especially in economically
developed areasisuch as Jiangsu Province, it has reached 60 — 70 ppb, which seriously
threatens agricultural production and food security (Wang et al., 2019).

Up to now, the stress effects of elevated ambient O3 on plant apparent traits
(Araminien¢ et al., 2019), soil nutrient cycling processes (Aguiar-Silva et al., 2016),
and soil microbial communities (Chen et al., 2019) have been well studied. Relevant
studies have shown that O3 inhibits crop growth and biomass accumulation, affecting
crop quality and yield (Zhu et al., 2011; Mills et al., 2018), ultimately reducing the
carbon sequestration capacity of farmland ecosystems (Ainsworth, 2017). O3 directly
acts on plant leaves and inhibits photosynthesis, which will reduce the chlorophyll

content and stomatal conductance of leaves (Booker et al., 2009); and indirectly affects



the underground process of plants by reducing the carbon content in root exudates and
changing the types of root exudates (Mccrady et al., 2000). In addition, O3 can also
change the soil physical and chemical properties, affect the circulation of nutrients and
the activity of related enzymes, and destroy the stability of microbial community
structure by inhibiting the supply of nutrients and energy from the environment to
microorganisms (Li, et al., 2013).

Soil microorganisms provide power and guarantee for nutrient cycling and energy
flow between plants and soil by participating in the decomposition and transformation
of soil nutrients, which is an important part of the farmland ecosystem (Miltner et al.,
2012). More importantly, due to the sensitivity of soil microorganisms to environmental
changes, changes in microbial community structure and metabolic processes occur
before plants exhibit observable O3 stress symptoms(Andersen, 2003), which is of
great value for exploring O3 mitigation options for erop production stress. However,
previous studies on soil microbial communities under O; stress have mostly focused on
soil bacterial and fungal communities (Chen et al., 2019; Liu et al., 2022), the
researches on soil archaea are still limited. Compared with soil bacterial community,
although the abundance of soil archacal community in soil is quite low, it is involved
in important is involved in important processes and plays a vital role in the soil nutrient
cycling processes (Wang et al., 2015a; Baker et al., 2020; Chelsea et al., 2016).
Therefore, it is a‘potential seil nutrient pool (Berg et al., 2007), and also an important
topic of soil ‘microbial research. The emergence of metagenomics provides a new
perspective for analyzing the responses of soil microbial communities to various
environmental stresses. The metagenomic sequencing process can omit the separation
and purification process of microorganisms, and simultaneously perform the
sequencing and assembly of soil bacteria, fungi and archaea (Pei et al., 2018),
intuitively showing the differences of soil microbial community structure under
different field management modes. Moreover, the sequences obtained by metagenomic
sequencing can be compared with the Kyoto encyclopedia of genes and genomes
(KEGG) and enzyme databases to further explore the changes in metabolic functions

of microorganisms from the perspective of functional genes and enzymes (Zou et al.,



2018).

Studies on how to alleviate the impact of ambient O3 on agricultural production
mainly focus on optimizing varieties to improve resistance and tolerance to Oz (Wang
et al., 2023a), regulating water and fertilizer management to optimize the growth
environment (Tahamolkonan et al., 2021), and using exogenous chemical protectants
to enhance the antioxidant capacity (Wang et al., 2023b; Manning et al., 2011). Our
research is not comprehensive enough on the effects of ambient O3 on crop production
and soil microbial functions, as well as the mechanisms of various mitigation measures.
O3 is mainly absorbed into the crops through the stomata on the leaves, so the leaves
are the initial sensor of crops under O3 stress and the entry pointto alleviate.its effects
(Booker et al., 2009). The feasibility of controlled-release nitfogen fertilizer alleviating
Os stress is that controlling the release rate of nitrogen fertilizer to.coordinate the supply
of soil nitrogen may alleviate the decrease of chlorophyll and leaf area, and reduce the
inhibition of O3 on photosynthesis of crop leaves (Peng et al., 2020). Sulfur-coated
controlled-release nitrogen fertilizer (SCNF) is a long-acting nitrogen fertilizer that
delays the release rate of N element. It 1s considered to be an effective product to reduce
N loss and field management pressure by.controlling the balance between the supply
rate of soil inorganic-N and the absorption demand of crops (Guo et al., 2017; Li et al.,
2021a). Previous studies have shown that the twice-split application of SCNF can
improve crop yield and N'useefficiency while reducing the fertilization times compared
to the multiple application of urea in conventional planting management (Ma et al.,
2023). Therefore, wehypothesized that substituting SCNF for urea, which is commonly
used today, may alleviate the inhibitory effect of elevated ambient O3 on farmland
ecosystems.

Wheat (Triticum aestivum L.) is a typical Os-sensitive crop in the world's
important food crops (Hu et al., 2020). According to statistics, from 2014 to 2019, the
loss of wheat yield caused by ambient O3 stress in the Yangtze River Delta region
accounted for about 20 % of the actual production (Ren et al., 2020). The reduction of
wheat yield caused by elevated ambient O; is one of the important problems affecting

world food security that need to be solved urgently (Avnery et al., 2011). Some reports



have shown that photosynthesis is the physiological basis of high yield of crops, and
the contribution of photosynthetic products of functional leaves to yield can reach 70 —
80 % in the late growth period of wheat (Gelang et al., 2000). The flag leaf is the first
leaf below a wheat ear. Although the shortest leaf age and smallest leaf area, the flag
leaf contains more chlorophyll than others, which directly affects the accumulation of
carbohydrates in wheat grains and plays a decisive role in yield (Yang et al., 2007).
Therefore, it is of great significance to alleviate the effect of O3 on the morphology and
physiology of flag leaves and maintain photosynthetic function to stabilize wheat yield.
In summary, it is of great theoretical and practical significance to carry out.research

on the responses and mitigation technologies to the elevated ambient Os._in typical
farmland ecosystems in Jiangsu Province, and to clarify the eéffects of SCNF on wheat
production and soil biological characteristics under O3 stress. In this study, ozone-free-
air controlled enrichment (O3-FACE) facilities and meteorological monitoring devices
were used to simulate the scenario of elevated ambient O; and conduct field
experiments. Combined with soil microbial metagenomics, the effects of fertilizer
management mode with SCNF instead of urea on the photosynthetic function of wheat
flag leaves, yield components and,soil bielogical characteristics under O3 stress were
explored, and the effect mechanisms on above-ground physiological and under-ground

biological processes were elucidated.

2. Materials and ' methods
2.1<Expeérimental site, materials, and treatments

The experimental site is located in the research and demonstration base of green
agriculture(119°43' E, 32°25'N) in Jiangdu District, Yangzhou City, China. The local
implementation of a long-term rice-wheat rotation system is one of the typical farmland
ecosystems in China. The ozone-free-air controlled enrichment (O3-FACE) simulation
platform was built up in 2019, has been pre-tested for many years to consistently
simulate elevated ambient O3 in field environment. The introduction and detailed
construction of this experimental site are shown in Section A of Supplementary Material.

The experimental material was Nongmai-88, which is one of the main and superior



cultivated varieties of winter wheat in Jiangsu Province, China. The whole growth
period was about 208 days, and the planting density was 225 x 10* per hectare after
removing excess seedlings manually at the three-leaf stage. The experimental soil was
silt loam, and the basic soil productivity of the topsoil (0 —20cm) was evaluated before
sowing (Table S1).

A two-factor randomized block design was used to explore the interaction effects
between O3 and SCNF on the physiology of winter wheat and soil biological
characteristics. A treatment structure comprising two main-plot faetors (normal
atmospheric environment (A) and elevated ambient O3 concentration (E)), and.two sub-
plots factors (urea (CK) and SCNF (S)) arranged in a split-plot designiwas used for this
study: 1) A CK, normal atmospheric environment + urea$ 2)A S, normalatmospheric
environment + SCNF; 3) E_CK, elevated ambient Ozsconcentration + urea; 4) E_S,
elevated ambient O3 concentration + SCNF (Table S2). Each treatment was repeated
three times. The field experiment was carried out under simulated elevated ambient Os.
The amount of fertilizer applied in this experiment was 225 — 100 — 120 kg ha ! (N —
P>0s — K20), which was consistent(with the optimum amount of fertilizer applied in
local wheat cultivation. According to wheat industry development report in Jiangsu
Province (http://www.jsnjy.net.cn/newsDetail.html?newld=3cf5ac14-869a-4af9-942c-
861b6ec8b180, accessed on 10" September 2022), the nitrogen fertilizer used in
treatment CK was urea (46% of N content), and the application proportion of basal
fertilizer: tillering fertilizer: jointing fertilizer: panicle fertilizer was 5:1:2:2. This
method can achieve better coordination between quality and yield, has great economic
benefits, and is one of the high-yield practices vigorously promoted in long-term
agricultural production in Jiangsu Province. SCNF (37% of N content) was used instead
of urea in treatment S, with 60% applied as basal fertilizer and 40% topdressing at the
re-greening stage. From 1 March 2023 to the wheat harvest (3 June 2023), O3 gas was
sprayed daily from 8 a.m. to 5 p.m., and the real-time monitoring data of the
accumulated hourly ozone concentrations over a cut-off threshold of 40 ppb (AOT40)
are shown in Fig. S2a. During the wheat-growing season from 2022 to 2023, the

average temperature and total precipitation in the experimental site were 10.6 °C and
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412.3 mm, respectively (Fig. S2b). There was no additional irrigation except for
rainwater, and other conventional field measures were consistent with the local high-
yield practices.

2.2. Plant sampling and analysis

The net photosynthetic rate (Pn) of wheat flag leaf was measured by Li-6400
portable photosynthesis system (Li COR, Lincoln, NE, USA) under natural light from
nine to eleven a.m. every 7 days in sunny weather (Cai et al., 2020). The photosynthetic
light-response curves were created using ten light intensity gradients at 1800, 1500,
1200, 900, 600, 300, 100, 50, 20, and 0 umol m2 s~!. The SPAD-502 Plus chlorophyll
meter (Minolta, Japan) was adopted to measure the SPAD values‘to reflect.the relative
content of chlorophyll in flag leaves (Liu et al., 2022).

Plant samples were collected at the flowering andymaturitysstage, and the dry
weight, nutrient content and accumulation (total nitrogen, TN; total phosphorus, TP;
total potassium, TK) of wheat organs (stem and sheath, leaf, grain, ear axis and glume)
were measured after drying. The contents of TN, TP and TK were determined by
indophenol blue method, molybdenum antimony colorimetric method and flame
photometry, respectively (Bao, 2000). Ten representative rows were selected in each
field, the wheat yield components were measured at the maturity stage, and the 1000-
grain weight and yield were calculated at 13% moisture content.

2.3. Soil sampling and assessment of chemical properties

At the flowering (19 April 2023) and mature period (3 June 2023), top soil (0-20
cm) samples were collected by a five-point sampling method (Zhou et al., 2016). After
visible plant roots and organic residues were removed, fresh soil was taken by
quartering method, and the enzyme activities (soil urease, SUE; soil nitrate reductase,
SNR) of soil samples were determined according to the instructions of the detection
kits (Keming Biotechnology Co., Ltd., Suzhou, China). The remaining soil samples
were dried and the soil chemical properties were determined. The soil pH was measured
by the glass electrode method. A continuous flow injection analyzer (Model
AA3—-A001—-02E, Bran—Luebbe, Germany) was used to determine the contents of

nitrate nitrogen (NO3; —N) and ammonium nitrogen (NHs"—N) in soil (Zhang et al.,



2022). The potassium dichromate volumetric method, flame photometric method and
molybdenum antimony colorimetric method were adopted to measure the contents of
soil organic matter (OM), available potassium (AK) and available phosphorus (AP),
respectively (Bao, 2000).
2.4. Soil metagenomic DNA extraction, sequencing and data analysis

Part of the mixed fresh soil samples were sub-packed in a sterilized 15 ml
centrifuge tube and stored in liquid nitrogen (Zhong et al., 2015). After about 3 hours,
they were transported to the laboratory (Major Bio-Pharm Technology, Co., Ltd.,
Shanghai, China) for soil microbial metagenomic sequencing: The  detailed
metagenomic sequencing and analysis process are described sin the Section B of
Supplementary Material, including DNA extraction and<Sequencing; data quality
control and splicing assembly, non-redundant gene-setrconstruction, and species and
functional annotation.
2.5. Statistical analyses and bioinformatics

The data of plant agronomic parameters and soil chemical properties were
analyzed and processed with the SPSS 20.0 software (IBM Corp, Armonk, NY, USA),
and the related images were drawniin Origin'8.0 (Origin Lab Corporation, Northampton,
MA, USA). The significantly different means were separated using variance analysis
(one-way ANOVA) followed by Duncan's multiple-range tests at 5% level of
probability (Chen et al., 2018).

The microbial abundance was calculated by the reads per kilobase million (RPKM)
method(Lawson et al., 2017). Bioinformatics data were analyzed using the R statistical
software package in RStudio version 0.99.446 (Rstudio, Inc., Boston, USA, 2015).

Detailed analysis methods are provided in Section 1.5 of Supplementary Material B.

3. Results
3.1. Effect of O3 and SCNF on agronomic parameters

The photosynthetic functions of wheat flag leaves at the flowering period,
accumulation of nutrient elements and yield components at the maturity stage were

measured under different treatments (Fig. 1). The results showed that leaf size (LS), net



photosynthetic rate (Pn) and SPAD value decreased significantly (p < 0.05) under the
Os-polluted conditions (E CK and E S); while leaf mass per area (LMA) was
significantly increased. Compared with E CK, the LS, Pn and SPAD values of E_S
were significantly improved (Fig. 1 a — d).

The premise of wheat yield is the photosynthetic capacity and nutrient
accumulation of functional leaves. The accumulation of TN, TP and TK (Fig. 1 e — g)
at the maturity stage were significantly positively correlated with yield, respectively
(Spearman's » value = 0.97, 0.58, 0.89, respectively). Under O3 stress, the nutrient
accumulation and wheat yield components (Fig. 1 h — k) decreased significantly.
However, the O3 stress was alleviated by the fertilizer management. mode of SCNF
replacing urea, which was reflected in the agronomic parameéters of E S were

significantly higher than those of E_CK.
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Fig. 1. ) Mtosynthetic functions of wheat flag leaves at flowering period, (e —

g) nutrient accumulation of functional leaves and (h — k) yield components at maturity
stage. A CK, normal atmospheric environment + urea; A S, normal atmospheric
environment + sulfur-coated controlled release nitrogen fertilizer (SCNF); E CK,
ozone-free-air controlled enrichment (O3-FACE) + urea; E S, O3-FACE + SCNF.
Different lowercase letters indicate significant differences between various treatments
based on a one-way ANOVA followed by Duncan's multiple-range tests (p < 0.05).

Error bars means the standard error.



3.2. Effect of Oz and SCNF on soil chemical properties

The soil chemical properties of each treatment at flowering and maturity stages
are shown in Fig. 2 a — b. In these two growth stages, soil pH and content of OM were
relatively stable, while the content of inorganic-N (NO3 —N and NH4'—N) fluctuated
significantly. Both O3 and SCNF significantly promoted the activity of SUE at the
wheat flowering period, but had no significant effect on the activity of SNR (Fig. 2c¢).

Multiple variance analysis showed that the interaction of O3 and SCNF had a
significant effect on the photosynthetic function of wheat flag leaves andsoil chemical
properties at the flowering period, and then on nutrient accumulation/and yield at the

mature period (Table 1).
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treatments, and (c) activities of soil urease and soil nitrate reductase at the flowering
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Table 1
Multivariate variance analysis of the effects of O3 combined with SCNF on wheat

agronomic parameters and soil properties.

Os; SCNF O3 x SCNF

Flowering period Leaf photosynthetic function LS EOX NS
LMA ** NS NS
Pn * * NS
SPAD value NS NS ok
Soil enzyme activity SUE * * NS
SNR NS NS NS
Soil chemistry property pH * NS ka
oM NS * NS
NO3_—N * %ok *k
NH, N NS NS < NS
AK * * NS
AP NS NS ok
Mature period Yield structure Spike NS * NS
Grainper spike, ** = * *
TGW * * NS
Yield * ok NS
Plant nutrient accumulation | TN ko wx *
TP NS * ok
TK ** NS NS
Soil chemistry property pH R wx *
oM * NS NS
NO; -N NS NS
NH, N NS NS NS
AK NS ** NS

Note: O3, ozone-free-air controlled enrichment; SCNF, sulfur-coated controlled-release nitrogen fertilizer.
LS, leaf size; LMA, leaf mass per area; Pn, net photosynthetic rate; SUE, soil urease; SNR, soil nitrate
reductase; QM, organic matter; NO; —N, nitrate nitrogen; NH; *—N, ammonium nitrogen; AK, available
potassium; AP, available phosphorus; TGW, 1000-grain weight; TN, total nitrogen; TP, total phosphorus;
TK, total potassium. NS, no significance; asterisk mark denotes the significance level: ** p <0.01 and *

p<0.05.



3.3. Effect of O3 and SCNF on microbial diversity and community structure
3.3.1. Quality evaluation of metagenomic sequences

Nucleobase quality and distribution maps of the original sequences (Fig. S3)
showed that contents of base pair G — C and A — T were equal, and remained stable
throughout the entire sequencing process with horizontal lines. After quality control,
different samples were processed to obtain a total sequence reads of 28.9 — 38.5 million
bp, and the average length of each sample was about 400 bp (Table S3). It is indicated
that the construction quality of the metagenomic library was relatively, high and the
results were reliable. The genetic libraries of bacteria, fungi and archaea were extracted
and constructed for subsequent analysis.
3.3.2. a diversity analysis of soil microbial communities

High a diversity is a reflection of the health of mierobial.communities and the
stability of soil ecosystem functions (Delgado et al., 2016). In this study, the commonly
used a diversity metrics (Chao, Shannon and Simpson index) were used to measure the
richness and diversity of microbial communities in'€ach treatment. The Chao index
measures the richness of the number of species in the community; the Shannon and
Simpson index reflects the diversity and stability of the community from the
perspective of the status and role.of dominant species in the community. In general, the
Simpson index is negatively correlated with other o diversity indices.

In this study, it was observed that the response of the soil bacterial community to
O3 was not reflected in a diversity. However, O3 had obvious stress on soil fungal and
archaeal communities, reducing the Chao and Shannon index (Table S4). Replacing
urea with SCNF significantly changed the diversity and stability of soil bacterial and
archaeal communities, while the effect on a diversity of fungal community was not
obvious.
3.3.3. Structural compositions and differences of soil microbial communities

The Venn diagrams (Fig. S4) reflected the composition similarity and overlap of
microbial communities at the genus level in each treatment. The number of unique
microbial genera in the four treatments was lower than that in the common. And the

number of unique microbial genera in the two treatments under O3-FACE conditions



was slightly lower than that in the two control treatments (normal atmospheric
environment).

The top ten dominant phyla (Fig. 3) and genera (Fig. S5) were selected for
comparison. Each treatment had the same dominant strains, and the total relative
abundance of the top five dominant phyla was more than 90%. However, the relative
abundance of the same dominant strain in each treatment was different. The use of
SCNF increased the relative abundance of dominant phyla in soil bacterial and fungal
communities (Fig. 3 a — b). While the soil archaeal community showed awvery different
response (Fig. 3 c), the relative abundance of the top two archaea (p_Eurvarchaeota
and p_Thaumarchaeota) was significantly affected by O3 and SCNF. Circosgrams (Fig.
S5) reflected the proportion of dominant genera among different treatments. The
differences in the relative abundance of the top ten bacteria.and fungi in each treatment
were more obvious only in ¢ Beta- and Delt-aproteobacteria (Fig. S5 a),
g Claroideoglomus and g Rhizophagus (Fig. S5 b). And the top ten genera in the

archaeal community varied greatly among treatments (Fig. S5 c).
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The linear discriminant analysis effect size (LEfSe) was adopted to determine
biomarkers that could best explain the differences between treatments, and to visualize
the influencing degree and evolution law of these biomarkers (Fig. 4). The results
showed that there were fewer biomarkers with extremely significant correlation in soil
bacteria and fungi communities, while there were clear and definite differences and
hierarchical relationships in biomarkers of archaeal community among the four
treatments. More biomarkers appeared in the control treatments of non-ozone,
classified in p_Euryarchaeota, p_Thaumarchaeota and p_Candidatus Bathyarchaeota
(Fig. 4c). The use of SCNF instead of urea increased the competitiveness of

p_Thaumarchaeota to p_Euryarchaeota in soil archaeal phyla (Fig. 3¢, Fig. 4c¢).
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Fig. 4. Cladograms of soil (a) bacterial; (b) fungal; (c) archaeal communities in four

treatments. The colored dots represent the microbial biomarkers that are significantly

enriched in the corresponding treatment, and from the center outward, they represent

the phylum, class, order, family, and genus levels. The colored shadows represent trends

of the biomarkers. Yellow nodes represent microbial taxa that have no significant effect

on differences between treatments.



3.3.4. B diversity analysis of soil microbial communities

The principal co-ordinates analysis (PCoA) was carried out on the four treated soil
microorganisms at the species level. The p values of permutational multivariate
analysis of variance (PERMANOVA) of bacterial and archaeal communities were less
than 0.05, indicating that there were significant differences among the sample groups
(Fig. 5). The results display that the samples in different treatments represent obvious
intra-group aggregation and inter-group dispersion.

It is worth noting that the PCoA results of the fungal community showed that the
explanation of PCl-axis (21.50%) and R? value (0.33) were significantly lower than
those of bacterial and archaeal communities, and P_value (0.061 )y was greater.than 0.05
(Fig. 5 b), indicating that the effects of O3 and SCNF on seil fungal community were
much weaker than those on bacterial and archaeal communities. The explanation for
the differences in soil fungal communities among the four treatments may not be the

different atmospheric environments or nitrogen management.models.
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Fig. 5. The principalreomponent analysis (PCoA) and PERMANOVA at 99% level
based on Bray-Curtis<distance of soil (a) bacterial; (b) fungal; (c) archaeal communities
at species,levelin the various treatments.
3.3.5. Interaction among soil microbial commupnities, soil chemical properties and
agronomic parameters

Many of the environmental factors commonly analyzed in the study related to the
changes of microbial communities are autocorrelated. Therefore, before the interaction
analysis of microorganisms and environmental factors, the variance inflation factor
(VIF) is used to screen environmental factors to avoid the influence of autocorrelation

environmental factors on the accuracy of subsequent analysis results (Feng et al.,



2018a). The VIF values of the eight environmental factors (pH, OM, NO3; —N, NH4"—N,
AK, AP, SUE, SNR) selected in this experiment were all less than 10 (Table S5),
indicating that the selection of environmental factors was scientific and there was no
autocorrelation among them.

Redundancy analysis (RDA) was used to quantify the effect of soil environmental
factors on soil microbial communities at the genus level (Fig. 6). The two
environmental factors (pH and SUE) showed a positive correlation (the arrows were in
the same direction), and their effects on the microbial communities showed opposite
trends to four environmental factors (AK, OM, NOs; —N, NHs'—N) (th¢ arrows were in
the opposite direction). Soil pH, SUE and AK are all long arrowsdn Fig. 6 a.— ¢, which
can be considered as the three important environmental factots that have'great impacts
on soil microbial communities. The effect of soil NHz'=N ‘on. bacterial and fungal
communities was stronger than that of NO3z —N; however, in the archaeal community,
the opposite was true, and it was found that SCNEF had a very significant effect on a
high-abundance archaea genus (g unclassified f Nitrososphaeraceae) which directly

involved in the N-cycling.
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Fig. 6. Redundancy analysis (RDA) of soil (a) bacterial; (b) fungal; (c) archaeal genera
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ordination plots using a 999—permutationtest (p_value). OM, soil organic matter;
NOs —N, nitrate nitrogen; NHg' =N, ammonium nitrogen; AP, available phosphorus;

AK, available potassium; SUE, soil urease; SNR, soil nitrate reductase.

Based on the Spearman correlation coefficient between soil microorganisms and
soil ‘chemical. properties, the correlation networks of soil microbial genera-soil
environmental factors were constructed to analyze the possible interactions. In addition
to soil pH, SUE and AK, NO3; —N and OM were also important soil environmental
factors affecting bacteria community structure at the genus level (Fig. 7 a). Many genera
of p_Actinobacteria were positively correlated with soil pH and SUE, but negatively
correlated with AK and OM. There was maybe an inhibitory relationship between
p_Proteobacteria and p_Actinobacteria, which showed that many of these genera tend
to adapt to an environment of low SUE and pH, and high AK and OM environment.

Many bacterial genera in p_Chloroflexi only showed significant positive correlations



with soil NO3; —N level, and were not significantly affected by other soil environmental
factors. The correlation networks between soil fungal and archaeal communities and
environmental factors were clearer and simpler than those of soil bacteria. In soil fungal
communities, p Ascomucota and p Mucoromucota showed strong responses to
changes in soil environmental factors (Fig. 7 b). For the correlation network of archaeal
genera, many genera of p_Thaumarchaeota and p_Euryarchaeota showed an obvious
preference for an environment of high NO; —N, AK and OM, and low AP and SUE
(Fig. 7¢).
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O3 and SCNF jointly affect the wheat yield by affecting the above-underground
ecological processes. Spearman correlation analysis and mantel test were used to
examine the possible interaction effects between environmental factors and soil
microbial communities on the agronomic parameters of wheat in this study (Fig. 8).
Among these soil environmental factors, pH and OM showed opposite influencing
mechanisms on photosynthetic function (LS, LMA, Pn and SPAD value) of flag leaves
at flowering period and wheat yield. Unsurprisingly, the photosynthetic function of flag
leaves showed extremely strong correlations with yield.

From another aspect, the results of mantel tests verify the reliability,of RDA
analysis results (Table S6). The community structure of soil«microbial, phyla and
metabolic function at KEGG level 2 were strongly correlated with /Soil chemical
properties and wheat agronomic parameters, respectivelysThe difference was especially
shown in the results of mantel tests on wheat yield. Although the soil microbial
community at the flowering period did not show a significant association with yield,

the metabolic functions of soil microorganisms had shown responses.
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Fig. 8. Pairwise comparisons of soil variables, agronomic parameters and wheat yield.
LS, leaf size; LMA, leaf mass per area; Pn, net photosynthetic rate. Mantel tests depict

the association between soil microbial phyla and metabolic functions at the KEGG level



2 with environmental factors, respectively. The width of each edge matches Mantel's »
statistic, and the color represents the Mantel's P value (Table S6).
3.3.6. Comparison of abundance differences of N-cycling genes

At the same N supply level in all treatments, we believe that in addition to the
effect of O3, the difference in the release rate of inorganic-N by urea and SCNF would
also affect the N-cycling process of soil microorganisms, and the significant difference
in SUE was evidence (Fig. 2 c¢). By comparing the sequences of metagenomic
sequencing with the KEGG library, the metabolic pathways related to the N-cycling
(ko00910) were screened for significant difference tests (Fig. S6). The results showed
that each process of soil N-cycling was affected by environmental, factors, and the
abundances of related functional genes were significantly. different among different
treatments.

The abundance of 14 key functional genes involved in the important processes of
N-cycling were selected for variance analysis, including ammoxidation (amoA, amoB),
denitrification (nitrosation (napA, narG), NO reduction to NO (nirK, nirS), and N>O
reduction (nosZ)), assimilatory (nirB, nrfA) and dissimilatory (nird, nasA) nitrate
reduction ammonia, and nitrogen fixation(znifD, nifH, nifK) (Zou et al., 2018) (Fig. 9).
Under O3-FACE condition, excépt for amoA gene, the abundances of other 13
functional genes were significantly reduced, indicating that the activities and metabolic
functions of soil microorganisms were significantly inhibited. In addition, under a
normal atmospheric environment, the responses of N-cycling-related genes to different
fertilizer management modes were not significant. However, under the O; stress, SCNF
could significantly increase the abundances of these genes, which once again proved

the mitigation effects of SCNF on Os inhibition.
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4. Discussion
4.1. Effects of O3 and SCNF on photosynthetic parameters of wheat flag leaves
Os-induced changes in parameters of leaf photesynthetic function are important
indicators for assessing crop adaptiye traits and can be widely used in conventional
field surveys (Agathokleous et ak, 2020). Ia this study, the O; stress environment had
obvious damage to the photosynthetic function of wheat flag leaves at the flowering
period, especially for ES'and LMA (Table 1). LS is an indicator to measure the material
transmission capacity between leaves and the environment; LMA is negatively
correlated with photosynthetic rate, but positively correlated with leaf longevity (Feng
et al., 2018). The changes of LS and LMA in this study indicated that wheat sacrificed
the photosynthetic rate self-regulation strategy to reduce ozone uptake amount and
prolong leaflife under ozone stress. The changes of LS and LMA in this study indicated
the self-regulation strategy of wheat sacrifices photosynthetic rate in order to reduce
ozone absorption and prolong leaf life under O3 stress. Similar results were reported by
Feng et al. (2018b) and Li et al. (2021c): as an important leaf attribute index, LMA
indicates the risk of a stressful environment, and the improvement of LMA is a "slow
return" strategy for leaves to improve resource utilization in stress environments.

The photosynthetic parameters of flag leaves at the flowering stage showed very



strong correlations with the wheat yield at the maturity stage (Fig. 8). Multivariate
variance analysis showed that different nitrogen fertilizer treatments had no significant
effect on LMA and SPAD value (Table 1), indicating that the nitrogen fertilizer
management mode of SCNF instead of urea could not delay the Os-induced leaf
senescence of winter wheat. However, SCNF could increase nutrient accumulation
amount by increasing LS and Pn, which was the physiological basis for alleviating the
inhibitory effect of O3 on wheat yield formation.

4.2. Regulation of O3 and SCNF on nutrient accumulation and wheat yield

The nitrogen fertilizer management method used in A_CK and E_CK treatments
is one of the high-yield practices vigorously promoted in long-term »agricultural
production in Jiangsu Province. In this experiment, undér a normal atmospheric
environment, compared with the four times application of urea, the twice-split
application of SCNF can reduce the management cost and provide a higher yield (Fig.
1 h — k). At the same level of nitrogen supply, we believe that the fundamental
difference between the urea and SCNF treatments is €ssentially related to the level and
timing of soil inorganic-N supply (Li et al., 2021a).

But surprisingly, SCNF showed effectiveness in alleviating O3 stress. Compared
with what of E_CK treatment, thé accumulation amount of nutrients and components
of wheat yield (Fig. 1) of the E_S treatment were significantly increased. The number
of spikes per hectare is one of the key factors of wheat yield components. Related
studies have reported that Os has a great side effect on the formation of productive ears
from tillers during the reproductive growth phase (Zhang et al., 2022b). Under the
condition of unifying the planting density of basic seedlings and the same field
managements, O3 significantly inhibited the formation of productive ears (Shang et al.,
2022), while SCNF could increase the tiller number and ear bearing tiller rate of wheat,
and greatly alleviate the decrease of wheat yield caused by O3 (Fig. 1).

4.3. Effects of O3 and SCNF on soil chemistry properties

Through conventional statistical analysis, it was found that the soil pH and OM

content were relatively stable, while the inorganic-N content fluctuated significantly

during the flowering and maturity stages of winter wheat (Fig. 2). Multivariate variance



analysis showed that soil pH and OM responded strongly (p < 0.01) to O3 (Table 1).
Similar conclusions have been reported that Os, as a strong oxide, can increase soil pH,
accelerate the oxidation, decomposition of organic matter and reduce the soil soluble
organic carbon by increasing soil redox potential (Li et al., 2021b). More importantly,
Os-induced soil pH increase is one of the most important factors affecting the
denitrification process and N>O production (Cuhel, et al., 2010). However, the effect
mechanism of SCNF on N-cycling needs to be further discussed in combination with
changes in the abundance of related genes.

Multivariate variance analysis also showed that the changes of soil morganic-N
did not show interaction with O3, but were significantly affected’by:SCNE (Table 1).
Consistent with previous studies, although the use of SCNE €ould not rapidly increase
the content of soil NO3 —N in the short term compared-with urea,.it provided a long-
term N supply and increased the retained soil inorganic-N by delaying the N release
rate (Fig. 2) (Ma et al., 2023).
4.4. Responses of soil microbial community structure to O3 and SCNF

Soil microbial communities are very sensitive to the change of soil environment.
The soil physical and chemical properties will directly affect the nutrient supply
capacity and living environment.of soil microorganisms (Wang et al., 2015). Studies
have mentioned that O3 exposure and different fertilizer management models can affect
the structure and/diversity of soil bacterial and fungal communities (Chen et al., 2019).
Similar results were also found in this study. Although the compositions and dominant
strains 'of soil microorganisms did not change, different treatments had significant
effects onthe a (Table S4) and £ (Fig. 5) diversity. In addition, PCoA results showed
that the § diversity of soil microorganisms was more sensitive to the effect of O3 than
SCNF (Fig. 5).

p_Proteobacteria, p_Actinobacteria and p Acidobacteria were the three most
abundant bacterial phyla in the soil, accounting for more than 80% of the total relative
abundance, which was consistent with the results of previous studies (Nacke et al.,
2017). p_Actinobacteria is a microbial community with a strong stress tolerance in the

soil bacterial community (Huang et al., 2019; Zhou et al., 2015). In this study, the



relative abundance of p_Actinobacteria in E_CK was significantly higher than that in
the other three treatments (Fig. 3), indicating that p_Actinobacteria was obviously more
adapted to the stress environment of elevated O; than other soil microbial phyla.
Moreover, it is also proven that SCNF can adapt microorganisms to a high O
environment by regulating the soil environment (Wang et al., 2015b).

Many crop-related studies have discussed the effects of different field management
methods on soil fungal community, and explored the interaction between crop
production and soil fungi (Chen et al., 2019; Ai et al., 2019). In this study, the PCoA
results showed that the PC1-axis interpretation of fungi was much lower than that of
bacteria and archaea (Fig. 5), indicating that soil bacteria and archaea,were more
sensitive to changes in environmental factors than fungi.» Relevant/ studies have
proposed an explanation that the main reason affecting,the soilsfungal community
structure is soil-borne fungal diseases rather than different fertilization systems or
rotation patterns (He et al., 2022; He et al., 2020).

4.4. Interactions between environmental factors and soil microorganisms

The results of RDA showed that there were obvious symbiotic or inhibitory
relationships between some genera.in the bacteria (p_Actinobacteria, p_Actinomycetia,
p_Chloroflexi, etc.), fungi ((p_Mucoromycota, p_Ascomycota, etc.) and archaea phyla
(p_Euryarchaeota, p_Thaumarchaeota, etc.) (Fig. 6). Correlation network confirmed
that soil pH, AK{ SUE and NO3; —N as the key soil environmental factors that changed
the soil microbial community structure in this study (Fig. 7). Aller and Kemp (2008)
also ‘concluded that'pH and C/N were the key soil factors affecting the archaeal
community structure. Unsurprisingly, the results of mantel tests further verified the
correlations between key soil environmental factors and microbial genera.

It is worth noting that SCNF could affect the relative abundance of soil N-cycling-
related microorganisms by changing the nitrogen release rate. Many microbial genera
were identified to be significantly positively (p_Chloroflexi, p_Euryarchaeota, etc.) or
negatively (p_Proteobacteria,p Ascomycota, etc.) related to soil NO3 —N, respectively
(Fig. 7), suggesting that these genera may play an important role in soil N-cycling or

have a strong response to changes in soil NO3; —N content (Ma et al., 2023). SCNF had



a significant effect on p Thaumarchaeota, a high-abundance ammonia-oxidizing
archaea (AOA) directly involved in the N-cycling, in which multiple biomarkers
(f Nitrosopumilaceae, f Nitrososphaeraceae, etc.) with significantly increased relative
abundance were identified, suggesting a high impact of SCNF on the N-cycling process
(Reji and Francis, 2020).

4.5. Responses of soil microbial nitrogen metabolism to O3 and SCNF

The response of soil microorganisms to environmental stress usually reflects the
community structure and biological processes, and the response of biological processes
often occurs earlier than the change of community structure (Andersen/2003). Relevant
studies have suggested that O3 will destroy the N-cycling process driven by soil
microbial activity, which may inhibit many important proeesses of N transformation
such as nitrogen fixation, nitrification and denitrificationy,and have a negative impact
on N>O emissions from farmland (Agathokleous et al., 2020). Similar results were
obtained in this study. The genes controlling related enzymes in the nitrogen
metabolism pathway (ko00910) were significantly affected by Oz (Fig. S6), and the
abundances of functional genes related to N-¢ycling were significantly reduced (Fig.
9). Moreover, SCNF significantlyalleviated the inhibitory effects of O3 on these related
genes.

It is worth noting that under the same supply level of soil inorganic nitrogen, the
nitrogen fertilizér management mode of SCNF instead of urea could significantly
increase the inorganic nitrogen retained in the soil at the maturity stage of winter wheat
(Fig.“2). We believed that SCNF could increase the abundance of genes related to
nitrogen fixation (nifD) and ammoxidation (amoB) processes to retain more NO3; —N.
In addition, N>O emissions may be possible to indirectly reduced by inhibiting the
abundance of genes related to NO; reduction to NO (nirK, nirS) and N>O reduction
(nosZ) processes.

4.6. Applicability and Limitations

From the perspective of wheat production and soil biological characteristics, our

study confirmed that the use of SCNF instead of urea can promote the photosynthetic

function of flag leaves, improve the soil environment, stabilize the microbial



community, and increase the yield of winter wheat by providing long-term N supply.
This will become an effective mitigation measure to cope with the situation of elevated
ambient O3. However, these conclusions will require years of experimental verification.
These results will be presented in a future series of reports.

Additionally, it is undeniable that there are still some shortcomings in this study.
Some studies have proposed that the main climatic factors affecting the rice-wheat
rotation ecosystem in Jiangsu Province are not only the elevated ambient Os, but also
the continuous increase of atmospheric CO; and land surface temperature (Joshi, et al.,
2023). Miao et al. (2021) suggested that CO, and temperature even showed an
interactive superposition effect on farmland ecosystems. Thereforey the study of the
impact of climate change on farmland ecosystems urgently needs to consider the
combined effects of multiple climate factors on the entire structure and function of

farmland ecosystems.

5. Conclusion

In conclusion, the results of the field experiment showed that SCNF could promote
the photosynthetic function of wheat flag.leaves and improve the soil environment by
providing long-term nitrogen supply, and demonstrated the obvious potential of SCNF
to alleviate O3 stress on winter wheat production. O3 had significant inhibitory effects
on the physiology and production capacity of winter wheat, the stability of soil
microbial communities and the abundance of N-related metabolic functional genes, and
soil mierobial. metabolic functions responded earlier than the community structure of
soil microorganisms. Although SCNF could not delay the Os-induced leaf senescence
of winter wheat, it could effectively alleviate the damage to the photosynthetic function
of wheat flag leaves, increase the leaf size to enhance the accumulation of dry matter
and nutrients, lay the foundation for yield, and offset some of the effects on the wheat
yield. In addition, SCNF significantly alleviated the inhibitory effect of O3 on
functional genes related to the N-cycling, which means that SCNF has great potential
in regulating the soil N transformation process and increasing soil N retention. The

results showed that the replacement of urea by SCNF would be an effective field



nitrogen management strategy with both agronomic and ecological benefits under the

situation of continuous increase of ambient O3 in the future.
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