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Editorial on the Research Topic
Greenhouse gas emissions and mitigation: microbes, mechanisms
and modeling

The soil, holding ~1500 Pg of total carbon (C) and 136 Pg of total nitrogen (N),
represents the largest terrestrial reservoirs of these elements (Nieder and Benbi, 2008).
Yet, it also stands as a significant source of greenhouse gas (GHG) emissions, contributing
over 350 Pg CO,-equivalents annually and thereby significantly impacting global warming.
Over the years, atmospheric N,O concentrations have risen by more than 20%, and CHy
concentrations have nearly tripled to 1900 ppb, primarily attributed to microbial activities
(Schaefer et al., 2016). Understanding the microbial mechanisms alongside the production
and reduction of GHGs is crucial. Recent discoveries, such as atypical nitrous oxide
reductase (NosZ II), comammox, and novel processes like oxygenic denitrification and
anaerobic oxidation of CHy linked to the reduction of nitrate, nitrite, iron, and manganese
oxides, underscore the pivotal role of soil microbes in regulating the biogeochemical cycles
of C and N, and highlight avenues for targeted strategies to reduce GHG emissions and
mitigate global warming. This Research Topic comprises nine articles that offer insights on
the factors that influencing the emission of GHGs, especially N,O, and the potential roles
of microorganisms.

Nitrification and denitrification are the main processes producing N,O. Fertilizer
applications, especially N-fertilizers, fuel the emission of this potent greenhouse gas.
Thus, nitrification inhibition can be a potential approach to reduce N,O emissions.
In this Research Topic, Lei et al. analyzed over 200 datasets from 48 studies
and found that application of nitrification inhibitors on average reduced about
60% of total N,O emission, increased over 70% of soil ammonium concentration,
and decreased about 50% of AOB abundances. The findings emphasize AOB’s
significant role in N>O emissions, and can be a better indicator and target for
N,O mitigation. Xie et al. compared N,O emissions from grasslands featuring a
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tropical grass species Brachiaria humidicola, whose root exudates
with the capacity of biological nitrification inhibition, and a native
grass Eremochloa ophiuroide, in Hainan, China. Interestingly, the
N, O emission rate of the B. humidicola grassland was significantly
higher, especially under N-fertilization treatment. Nevertheless, its
yield-scaled N, O emission was significantly lower than the native
E. ophiuroide grassland.

Nitrogen fertilizer application is also critical in influencing
soil organic carbon (SOC) stability. Song et al. reported that
nitrate addition enhanced the abundance and activity of SOC
decomposers, thus, stimulating SOC decomposition in deep soils
(>1m), particularly when nitrate presented as the dominant
electron acceptor over oxygen. This suggests the link between
above-ground anthropogenic N input and deep soil carbon
dynamics. Xu et al. demonstrated that delayed N fertilizer
application in pea and maize intercropping reduced soil respiration
rates and altered soil microbial community structures, thereby
decreasing carbon emissions. This shed lights on agriculture
management strategies in achieving carbon neutrality goals.

In addition, moisture plays important role in influencing
greenhouse gas emissions and soil organic carbon (SOC) stability.
Through laboratory incubations and literature synthesis, Wang
et al. quantified N,O emission rates from nitrification and
denitrification under different soil moisture levels (40% to 120%
WEPS, water-filled pore space), and found that N,O emitting rate
peaked at 80%—95% WEPS, while the dominating process switched
from nitrification to denitrification when moisture increased over
about 60% WEFPS. Moisture as a major driver controls the relative
contribution of nitrification and denitrification to N,O emissions
was evident from synthesized 80 groups of data.

Han et al. investigated the responses of total microbial
community and ammonium oxidizing microbes to short-term
moisture level changes and nitrogen fertilizer application in paddy
soils. Moisture influenced the abundance and composition of total
soil microbes, and nitrogen fertilizer reduced the connectivity and
complexity of the total bacteria network. The community structures
of ammonium-oxidizing-bacteria (AOB) and -archaea (AOA) were
largely influenced by ammonium and nitrate, respectively, which
play crucial roles in nitrification, indicating a differential response
of these microbes.

Qu et al. investigated the respiration rates of different layer
soils of the Loess Plateau, and underscored soil temperature
and moisture as critical factors influencing soil respiration rates,
suggesting a positive feedback loop amplifying global warming.
Yang et al. investigated the impact of maize and rice straw
biochar on N,O emissions during paddy soil freeze-thaw cycles
via simulating microcosm incubations. Results showed that biochar
application decreased 10% of AOB abundance and reduced about
two thirds of the total N,O emissions, revealing the application
potential of biochar in decreasing soil N, O emissions.
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By employing '°N tracing and N,O isotopocule methods,

Karlowsky et al. dissected the contribution of bacterial
denitrification and nitrifier denitrification to N,O emissions
in hydroponic tomato cultivation system. Results indicated that
bacterial denitrification, nitrifier denitrification and coupled
nitrification and denitrification all contributed to the N,O
emissions in the system.

In essence, these studies collectively offer profound insights
into microbial mechanisms governing GHG emissions, presenting
avenues for targeted mitigation strategies. More comprehensive
and large-scale investigations are necessary to understand
the intricate microbial processes driving GHG emissions,
including methane, and to devise effective approaches to combat

climate change.
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A meta-analysis to examine
whether nitrification
inhibitors work through
selectively inhibiting
ammonia-oxidizing
bacteria

Jilin Leif, Qianyi Fanf, Jingyao Yu, Yan Ma, Junhui Yin and
Rui Liu*

College of Resources and Environmental Sciences, China Agricultural University, Beijing,
China

Nitrification inhibitor (NI) is often claimed to be efficient in mitigating nitrogen
(N) losses from agricultural production systems by slowing down nitrification.
Increasing evidence suggests that ammonia-oxidizing archaea (AOA) and
ammonia-oxidizing bacteria (AOB) have the genetic potential to produce
nitrous oxide (N»O) and perform the first step of nitrification, but their
contribution to N>O and nitrification remains unclear. Furthermore, both AOA
and AOB are probably targets for Nls, but a quantitative synthesis is lacking
to identify the “indicator microbe” as the best predictor of NI efficiency under
different environmental conditions. In this present study, a meta-analysis to
assess the response characteristics of AOB and AOA to NI application was
conducted and the relationship between NI efficiency and the AOA and AOB
amoA genes response under different conditions was evaluated. The dataset
consisted of 48 papers (214 observations). This study showed that Nls on
average reduced 58.1% of N,O emissions and increased 71.4% of soil NHQ‘L
concentrations, respectively. When 3, 4-dimethylpyrazole phosphate (DMPP)
was applied with both organic and inorganic fertilizers in alkaline medium
soils, it had higher efficacy of decreasing NoO emissions than in acidic soils.
The abundance of AOB amoA genes was dramatically reduced by about 50%
with NI application in most soil types. Decrease in N>O emissions with NI
addition was significantly correlated with AOB changes (R% = 0.135, n = 110,
P < 0.01) rather than changes in AOA, and there was an obvious correlation
between the changes in NHI concentration and AOB amoA gene abundance
after NI application (R2 = 0.037, n = 136, P = 0.014). The results indicated
the principal role of AOB in nitrification, furthermore, AOB would be the best
predictor of NI efficiency.

nitrous oxide, DMPP, ammoxidation, edaphic conditions, microorganism
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Introduction

Nitrification is a crucial process in the nitrogen (N) cycle,
involving the oxidization of ammonium (NHI) to nitrate
(NO3) through nitrite (NO; ). The process supplies significant
amounts of N to be taken up by growing crops. However,
unabsorbed N is lost to the atmosphere or the soil below
the root zone. These unwanted losses of N have significant
implications for the environment, for example NO; leaching
and greenhouse gas emissions (GHG), particularly nitrous oxide
(N20). N,O is a potent GHG which greatly contributes to
global climate change, it has a 265-fold higher global warming
potential than CO, (IPCC, 2014) and it is involved in the
destruction of the protective ozone layer (Ravishankara et al.,
2009), which has become one of society’s most important
challenges (Desloover et al., 2012).

The application of nitrification inhibitor (NI) is a promising
technology to reduce N losses in different kinds of soil
systems. In agriculture, several chemical compounds were
designed to delay the steps of microbial oxidation of NH;
to NO3 in the soil to decrease N, O emissions, such as 3, 4-
dimethylpyrazole phosphate (DMPP), dicyandiamide (DCD),
and 2-chloro-6-(trichloromethyl) pyridine (nitrapyrin). Of
these, DMPP is the most efficient commercial compound, which
is applied as dihydrogen phosphate salt to reduce its loss
through evaporation. NIs target the first step, i.e., the enzyme
ammonia monooxygenase (AMO) in the case of DMPP (and
other N-containing inhibitors) presumably through reversible
complexation of the enzymes Cu center (McCarty, 1999;
Beeckman et al.,, 2018). Ammonia-oxidizing archaea (AOA) and
bacteria (AOB) both perform the first step of nitrification and
are probably targets for NIs. The impact of NIs in delaying
nitrification and reducing N,O emissions has been widely
reported (Huang et al., 2014; Cai and Akiyama, 2017; Xu et al,,
2019). However, the effectiveness of NIs varies greatly within
different soils (Shi et al., 2017; Zhu et al., 2019), fertilizers
(Pereira et al., 2010), and moisture content (Chen et al., 2010;
Hu et al., 2015a; Fan et al,, 2019). Soil temperature is another
key factor controlling NT efficiency, which can subside after 1
week at 35°C (Barth et al., 2008; Chen et al., 2015). Furthermore,
many studies focused on the impact and contribution of soil
microorganisms on N, O emissions (Chen et al., 2019; Lazcano
et al., 2021; Yang et al, 2021; You et al, 2022). However,
there is still a lack of direct evidence on whether soil microbial
community, especially AOA and AOB, affects NI efficacy (Chen
et al., 2010; Guardia et al., 2018; Lam et al., 2018).

Within the major N-cycling microbes, AOA and AOB are
important functional strains, and both carry the amoA gene
which encodes AMO (Xia et al, 2018). Due to its strong
conserved nature, the amoA gene is often used as a biomarker
for exploring ammonia-oxidizing microorganisms (Schleper
and Nicol, 2010). This has certain advantages in analyzing the
genetic diversity of ammonia-oxidizing microorganisms. The
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differences in cellular biochemistry and physiology between
AOA and AOB lead to their different ecological niches in
different agroecosystems in terms of sensitivity to soil pH, soil
texture, N forms, moisture, temperature and other conditions
(Morimoto et al., 2011; Prosser and Nicol, 2012; Hu et al.,
2015b). Hu et al. (2013) showed that the increase of nitrification
activity in most acidic soils was positively correlated with the
increase of AOA quantity, but not with AOB. In general,
AOB dominates nitrification in neutral and alkaline soils,
while AOA is more suitable to the acidic environment (Lu
et al,, 2012; Li et al., 2018). Increasing the NHZr concentration
will enhance the nitrification activity of AOB (Okano et al.,
2014), while AOA prefers an environment with a lower NHI
concentration. For example, a low pH environment is favorable
for the formation of NH] and changes the utilization of
NH; by AOB (Ying et al., 2017). Therefore, different edaphic
and environmental conditions would influence AOA and AOB
nitrification activity, and in turn affect the response of AOA and
AOB to NI application.

To date, most studies on the inhibitory effect of NIs on AOA
and AOB have focused either on the change of the amoA gene
population (Prosser and Nicol, 2008; Kleineidam et al., 2011) or
on the change of the AOA and AOB community (Zhang et al,,
2012a; Liu et al., 2015). There is very little research available
with respect to the “indicator microbe,” AOA or AOB, as the
best predictor of NI efficiency under different environmental
conditions. In acidic soils, AOA played a dominant role in
nitrification and N,O production (Liu et al., 2016; Gu et al.,
2019; Zhou et al,, 2020), but NIs especially DMPP showed a
lower inhibitory effect in acidic soils. Furthermore, many studies
showed that NIs effectively decreased the AOB population, but
not AOA (Gong et al., 2013; Liu et al,, 2015, 2017; Dong et al,,
2018; Yin et al., 2021). Hence, it was hypothesized that AOB are
more sensitive to NIs than AOA and NIs would work through
selectively inhibiting AOB.

Using a meta-analytical approach, results of 48 individual
studies were combined to estimate the variations of NI efficiency
in different edaphic and experimental conditions. Moreover, the
general trends in the response of AOA and AOB abundance
to NI addition were explored. Lastly, the efficiency of NIs
was investigated by looking at the relationship among AOA
or AOB amoA gene abundance and N,O emissions. This
approach will help to identify the “indicator microbe,” AOA
or AOB, as the best predictor of NI efficiency under different
environmental conditions.

Materials and methods

Data compilation

The databases used for the data collection included
Web of Science, WanFang digital database and China
knowledge Resource Integrated to search for relevant studies
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Selection of studies for inclusion in the meta-analysis.

published between 2010 and 2021. The key search terms were:
nitrification inhibitors, nitrification, N,O, amoA gene, AOA,
AOB, ammonia-oxidizing. The number of studies selected at
various stages is shown in the flow diagram in Figure 1. After
screening the literature, the database consisted of 214 selected
pairwise comparisons reported in 48 studies (Supplementary
Table 1), which met predetermined quality criteria (studies with
replication, with detailed information, and performed under
greenhouse, field and controlled laboratory conditions) (Abalos
et al., 2022). All the studies included pairwise comparisons
in which treated soil (with NI addition) was compared to
an untreated control (without NI addition). Furthermore, the
collated observations which were screened should measure
the abundance of the amoA functional gene for AOB and
AOA and the studied ecosystem type belonged to pastoral or
agricultural environments.

In these present analyses, to take full advantage of
published results, multiple experimental treatments from the
same study were included (e.g., treatments that varied by N
fertilizer type). However, only one measurement from each

Frontiers in Microbiology

experimental replicate was included to maximize independence
among measurements (Carey et al, 2016). For instance, the
highest NH/ concentration was selected from the studies
where NH; concentration was measured multiple times from
the same treatment.

The mitigation of cumulative N,O emissions and the
changes in NHj concentrations were considered as the
evaluation variables of the NI inhibitory effect. The change
of amoA gene abundance was reflected as the influence of
NIs on microorganisms. Of all the 214 observations in the
present study, observations 155, 174, 166, 147 concerned N,O
yield, NH;r concentration, AOB amoA and AOA amoA gene
abundance, respectively. Data on soil physical and chemical
properties and experimental conditions were also collected from
the original literature to analyze their influence on NI efficacy.
Soil pH, soil organic matter (SOM), soil texture, soil moisture
content (water filled pore space, WFPS and water holding
capacity, WHC), soil temperature (TEMP), N fertilizer type, N
application rate (NR), and NIs type were chosen to assess how
edaphic conditions and management measures influenced NI
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efficacy. The following were the categorical variables classified
into different groups:

- Soil pH: (1) soil pH < 6, (2) 6 < soil pH < 8, (3) soil
pH=>8

- SOM (g kg™1): (1) SOM < 20, (2) 20 < SOM < 40, (3)
SOM > 40

- Soil texture: (1) coarse (sand, loamy sand, sandy loam,
loam, silt loam, and silt), (2) medium (sandy clay loam,
clay loam, and silty clay loam), (3) fine (sandy clay, silty
clay, and clay)

- WFPS and WHC: (1) WFPS and WHC < 40%, (2)
40% < WFPS and WHC < 60%, (3) 60% < WFPS and
WHC < 80%, (4) WFPS and WHC > 80%

~ TEMP (°C): (1) TEMP < 20, (2) 20 < TEMP < 25, (3)
TEMP > 25

- N fertilizer type: (1) NHZr based fertilizer (including
ammonium chloride (NH4Cl), ammonium nitrate
(NH4NOj3) and ammonium sulfate [(NH4),SO04)], (2)
organic fertilizer (including livestock manure and
urine), (3) urea, (4) both (combination of organic and
inorganic fertilizer)

- NR (kg Nha™!): (1) NR < 100, (2) 100 < NR < 150, (3)
NR > 150

- Nis type: (1) DMPP, (2) DCD, (3) nitrapyrin and others

Data analysis

The natural logarithmic response ratio (InRR) as an effect
size for each observation was calculated as Equation (1) (Luo
et al., 2006):

Xt
InRR=In— =InXt — InXc (1)
Xc

where Xt is the average value of index X from NIs treatments
and Xc is the average from the control treatments.

The results were expressed by using the conversion equation
according to Equation (2) as percentage change:

% change = (eMRR _ 1) x 100 (2)

A positive percentage change indicated increases in N, O vyield,
NHI concentration, and amoA gene abundance after NI
addition, while a negative percentage change indicated decreases
in these variables (Sha et al., 2020). Replication-based weighting
was used to avoid the effect of extreme weightings, using the
following Equation (3) (Groenigen et al., 2011):

X 1
W:nt ﬂc’V:7:”t+”c 3)
ny + ne W ny X ne

where n; and n, were the number of replications in the treatment
group and control group, respectively.

The mean effect size of environmental and management
variables on NI efficacy was calculated by a random-effect model
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TABLE 1 Between-group heterogeneity (Qy,) illustrating the effects of
NIs additions on N, O emission and NHj‘r concentration across
categorical modifiers.

Explanatory variables N,O NH}
Qv Qb/Qt Q Qb/Qt

Soil pH 16.06** 0.09 3.11 0.02
Soil texture 24.82%* 0.16 0.64 0.006
Soil organic matter 3.45 0.03 15.02%* 0.11
Moisture 2.60 0.02 9.15* 0.06
Temperature 3.81 0.02 18.99** 0.10
N application rate 3.47 0.02 13.30** 0.08
Fertilizer type 9.71* 0.06 7.24 0.04
NIs type 2.63 0.02 6.28* 0.04

Qp/Qq describes the proportion of total variation explained by each modifier. The P-value
is the probability value for randomization tests (999 permutations) with sample size as
the weighting function, calculated only for the Q, values; *P < 0.05; **P < 0.01.

and 95% of confidence intervals (CIs) were produced by a
bootstrapping procedure with 4,999 iterations (Sha et al., 2020).
In the present meta-analysis, Metawin 2.1 software (Rosenberg
et al., 2000) was applied to perform all the calculations. If the
95% Cls did not overlap zero, the effects of NIs on the evaluation
variables were considered significant. When the 95% Cls of
each categorical group did not overlap, there were significantly
different from each other. For each categorical variable, total
heterogeneity (Q;) was segmented into within-group (Q,)
and between-group (Qp). Qp/Q; describes the proportion of
total variation explained by each modifier. The P-value is the
probability value for randomization tests (999 permutations)
with sample size as the weighting function, calculated only for
the Qp, values. A particular categorical variable was considered
to have a significant impact on the response ratio when Qp
was significant (P < 0.05) and was larger than the critical value
(Carey et al, 2016). The heterogeneity in different categorical
groups for each explanatory variable was also reported in
Tables 1, 2. Of all observations (from the 48 studies) included
in this meta-analysis, 113 and 110 measured the effect of NIs
on N,O emissions, and AOA and AOB amoA gene abundance
simultaneously. Of those, 133 and 136 measured NI effects
on NH] concentration changes in addition to AOA and
AOB amoA gene abundances, respectively. Based on these
observations, a regression analysis was conducted in Origin 9.0
to explore the relationship between the effects of NIs on NH;
concentration, N, O emission and amoA gene abundance.

Results

Inhibitory effect of nitrification
inhibitors on nitrous oxide emissions

NIs effectively decreased N,O emissions across all
experimental and edaphic conditions. For the efficacy of
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TABLE 2 Between-group heterogeneity (Qy,) illustrating the effects of
NIs additions on ammonia oxidizer across categorical modifiers.

Explanatory variables AOB AOA
Qo Q/Q Q@ Q/Q

Soil Ph 3.53 0.03 0.16 0.002
Soil texture 1.37 0.01 5.99* 0.10
Soil organic matter 2.04 0.02 2.63 0.06
Moisture 331 0.02 1.39 0.02
Temperature 3.06 0.02 0.50 0.007
N application rate 0.89 0.006 3.00 0.04
Fertilizer type 43.76** 0.22 1.86 0.02
NIs type 0.80 0.01 0.17 0.002

Qy/Q; describes the proportion of total variation explained by each modifier. The P-value
is the probability value for randomization tests (999 permutations) with sample size as
the weighting function, calculated only for the Qy, values; *P < 0.05; **P < 0.01.

NIs, soil pH, soil texture and fertilizer type were the best
explanatory variables (Table 1 and Figures 2A, 3A). N,O
emissions were reduced by 54.9, 51.4, 77.4% by NIs in acidic,
neutral and alkaline soils, respectively (Figure 2A), indicating
that NIs performed better in alkaline soils than in neutral and
acidic soils. The efficacy of NIs on reducing N,O emissions
reached 75.2% in medium soil (Figure 2A, 95% CIs ranged
8.0-10.62%) while it only reached 46.9 and 47.7% in coarse
and fine soils, respectively. The combined application of
NIs with both organic and NHI fertilizer or urea (at a
relatively high N rate above 100 kg N ha™!) performed better
(71.7%) than the combined application of NIs with organic
or inorganic fertilizer alone (43.8 and 52.2%) (Figure 3A).
Of all observations, DMPP was the best NI to mitigate N,O
emissions (63.3%).

Effect of nitrification inhibitors on NHI
concentration

NH concentration was increased by 71.4% on average with
NI application across all experimental and edaphic conditions.
NIs had a stronger ability to restrain the oxidization of NH; in
soil with low SOM (below 20 g kg~!) when the soil WHC/WFEPS
was lower than 40% (Figures 2B, 3B). The effect of NIs in
slowing nitrification was better when the temperature was lower
than 20°C (Figure 3B and Table 1, P < 0.01). Different NIs
showed different efficacies in inhibiting nitrification, and DMPP
was the most effective inhibitor compared with others (98.9%
average change, 95% ClIs range 36.5-48.8%, Figure 3B and
Table 1, P < 0.05). The greater soil NH, retention by DMPP
was associated with a lower N application rate (below 100 kg
N ha~!) (Figure 3B and Table 1, P < 0.05). In addition, NHI
concentration in alkaline and neutral soils was more responsive
to NI addition than in acid soils.
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Effect of nitrification inhibitors on
ammonia-oxidizing bacteria and
archaea

AOB amoA gene abundance negatively responded to NI
addition (Figures 2C, 3C). The response ratio was always lower
than or equal to zero, the magnitude significantly depended
on fertilizer type (P < 0.01; Table 2). The efficacy of NIs on
reducing AOB amoA gene abundance reached up to 90.08%
when NIs were applied with organic fertilizer, which was higher
than in NI application combined with inorganic fertilizer alone
and with both organic and inorganic fertilizers (Figure 3C).
However, no significant differences were observed in the
response of AOB gene abundance to NIs across most of the
categorical variables (P > 0.05; Table 2), including soil pH, NI
type, SOM, moisture, TEMP, and NR.

The response ratio of AOA amoA gene abundance was
always slightly lower than or equal to zero. It was observed that
only soil texture had significant impact on the responses of AOA
to NIs (P < 0.05; Table 2). Under certain experimental and
edaphic conditions, NIs increased AOA amoA gene abundances
(Figures 2D, 3D). Notably, AOA amoA gene abundance
positively responded to NIs in medium and fine soils (P < 0.05;
Table 2). Furthermore, when soil moisture was between 60 and
80% WHC/WEFPS or NR was below 100 kg N ha—!, NIs could
increase AOA amoA gene abundance (Figure 3D).

Relationship between nitrous oxide
emissions, the efficiency of nitrification
inhibitors and amoA gene response

The response ratio of AOB was significantly
and positively correlated with N,O emissions (N,O
emission[InR] = 0.42 x AOB[InR]—0.78, R? = 0.14, P < 0.01;
Figure 4A). In contrast, there was no significant correlation
observed between the response ratio of AOA and N,O
emissions (N,O emission[InR] = —0.06 x AOA[InR]—1.05,
R?> < 0.00, P = 0.71; Figure 4A). There was an obvious
correlation between the changes in NH, concentration and
AOB amoA gene abundance after NI application (NH;
concentration[InR] = —0.17 x AOB[InR] + 0.47, R? = 0.04,
P =0.014; Figure 4B).

Discussion

Effect of edaphic and experimental
conditions on nitrification inhibitor
efficacy

Soil pH was an important explanatory variable for NI
efficacy in reducing N, O emissions (Cui et al., 2021). The results
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FIGURE 2

Mean response ratios (% change) and bootstrapped 95% Confidence Intervals (Cl) for the effects of soil properties on the N, O emissions (A),
NH3 concentration (B), AOB gene abundance (C) and AOA gene abundance (D) after Nis application. Values in parentheses represent the
number of observations.

from the current meta-analysis showed that NIs had different pH has been considered as one of the most important factors
effects on decreasing N,O emissions under different soil pH controlling NI efficacy, because pH has potential to impact the
(Figure 2A and Table 1, P < 0.01), and NIs efficacy had a degradation rate of the NIs in soils. Cui et al. (2021) showed
positive response to soil pH. Firstly, it may be attributed to that DMPP performed better in alkaline soil compared to acid
NIs being retained for longer in alkaline soils (pH > 8). Soil soil conditions, which may be caused by the shorter half-life
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Mean response ratios (% change) and bootstrapped 95% Confidence Intervals (Cl) for the effects of experiment conditions on the response of
N>O (A), NHA‘1 (B), AOB (C), AOA (D) after Nls treatment. Values in parentheses represent the number of observations.

time of DMPP in acidic soil compared to alkaline soil. DMPP
undergoes degradation in soil through chemical reaction steps,
potentially involving reactive oxygen species (ROS) generated
through abiotic and/or biotic processes (Sidhu et al., 2021),
which would possibly be affected by pH. Secondly, soil pH
played a vital role in controlling N,O emissions from soils
(Morkved et al., 2007). Wang Y. et al. (2018) demonstrated that
soil pH was negatively correlated with N, O emission, indicating
less N, O emission from alkaline soils. In the current research,
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the inhibition efficacy of NIs on reducing N,O emissions
increased with soil pH, indicating that NIs were more effective in
alkaline soils. It may be also attributed to the less N, O emissions
from alkaline soils.

SOM and soil texture were also considered as main factors
affecting NI performance (Jarvis et al., 2007). Previous studies
have reported a negative correlation between NI efficacy and
SOM and clay content (Barth et al., 2008; Zhu et al., 2019).
High SOM and clay content could easily adsorb NIs, which
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would influence their availability and effectiveness (Zhang
et al., 2020; Cui et al, 2021). Furthermore, SOM could be
used by soil microorganisms as energy, carbon (C), and
N source, which improve microbial bioactivity, leading to
accelerated biodegradation of NIs (Fisk et al., 2015). Clay had a
protective effect on nitrifying oxidizers (Neufeld and Knowles,
1999). Higher clay content might make microorganisms less
susceptible to being affected by inhibitors, thus weakening NIs
inhibitory effects. Therefore, the current study found that NIs
delayed ammonia oxidation and inhibited N> O emissions more
efficiently in medium soils with lower SOM.

Soil temperature had a significant effect on NIs inhibition
on nitrification (P < 0.01). Temperature influenced the rate of
nitrification, which might affect the inhibitory effect of NIs on
nitrification and NH; retention (Mathieu et al., 2006). Irigoyen
et al. (2003) reported that the nitrification rate accelerated
at 20°C, but slowed down when the temperature reached up
to 30°C. A lower temperature (< 20°C) was favorable for
improving the efficacy of NIs on delaying the nitrification rate,
which may also be attributed to the rapid decomposition of NIs
by microorganisms in high temperature (Irigoyen et al., 2003;
Wang X. et al,, 2018). Yu et al. (2015) found that the increased
NH] concentration by DMPP at 15°C was 56 times higher than
that at 25°C due to better persistence of the molecule of DMPP
at 15°C. Hauser and Haselwandter (1990) also demonstrated
that the degradation rate of DCD reached its highest between
25°C and 33°C. The above studies were consistent with the
results in this study, in which the addition of NIs increased NHI
concentration in temperatures below 20°C.

Kirschke et al. (2019) found that the effect of NIs on
nitrification was negatively correlated with soil moisture, which
was consistent with this study. The probable reason was that
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higher water content may increase the distance between NI
and NH; because of faster diffusion of NH, than that of
NIs (Azam et al, 2001). On the other hand, the soil was
supposed to be hypoxic at high water content (80% WEFPS),
inducing denitrification occurrence and dominance (Menéndez
et al., 2008). Nitrification dominated at 40% WFPS, which was
conducive to the effect of NIs on NH;r retention (Menéndez
et al., 2012). This would also explain the negative correlation
between the effect of NIs on NH] retention and soil moisture
in the current study.

The combined application of NIs with the appropriate N
fertilizers could improve their efficacy (Vinzent et al., 2018).
The present results showed that the combined application
of NIs with organic fertilizer could enhance NIs inhibitory
effect on N,O emissions. On the one hand, the application of
organic fertilizer significantly improved soil pH, which could
prolong the retention time of NIs and thus improve the efficacy
of NIs in inhibiting N,O emissions (Zhang et al., 2012b).
On the other hand, as observed in the current study, the
efficacy of NIs in reducing AOB amoA gene abundance was
highest when NIs were applied with organic fertilizer, thus
N,O emission mitigation by NIs reaching its maximum. NR
significantly influenced the effect size of NIs on NH] retention.
Better NI efficacy in increasing NH, concentration could be
observed at a lower N application rate (<100 kg N ha™!).
This is in accordance with previous findings by Rowlings
et al. (2016), which revealed that N application which was less
than the conventional rate could increase DMPP performance.
Inappropriate N application rates may result in a large N
surplus, providing adequate substrate of NH, for ammonia
volatilization and thus reducing the efficacy of the NI in
increasing NH4+ concentration (Nauer et al., 2018).
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Response of ammonia oxidizers to
nitrification inhibitors

AOB amoA gene abundance negatively responded to NI
addition under different edaphic and experimental conditions.
However, in contrast to AOB, AOA amoA gene abundance
responded positively to NI addition in medium and fine soils.
Fan et al. (2019) found an increase in AOA abundance after
DMPP application in the tested soils, which was consistent
with our results. Our results were also in good agreement with
the study by Hink et al. (2018) and Fan et al. (2022), which
reported that AOA growth were accelerated while AOB were
inhibited with NIs. The growth of AOA might be promoted
by organic compounds (Tourna et al, 2011; Ai et al.,, 2013),
and it is possibly because that NIs such as acetylene and
DMPP could be available C substrates for AOA (Florio et al.,
2014; Hink et al,, 2017). Compared to coarse soils, fine and
medium soils showed a generally higher accumulation potential
of SOM which provided sufficient C and N substrates for
AOA proliferation (Kogel-Knabner et al., 2008; Dieckow et al.,
2009). In line with results of this study, Shen et al. (2013)
illustrated that most of the NIs appeared to have no effect
on AOA in agricultural soils. Shi et al. (2016) also discovered
that DMPP could strongly influence the metabolic activity
of AOB by using DNA-stable isotope probing (SIP) but did
not influence AOA. The potential physiological or metabolic
differences between AOA and AOB (Prosser and Nicol, 2012)
may explain the different responses of AOB and AOA to NIs.
Furthermore, the most commonly used inhibitors suppressed
microbial activity by chelating Cu active sites in AMO, and
the periplasmic AmoB, a subunit of ammonia monooxygenase,
presumably contains a copper-catalyzed active site (Monaghan
et al., 2013; Beeckman et al., 2018). Lawton et al. (2014)
found that archaea AmoB is a non-active enzyme and NIs tend
to chelate on the active site of AOB to inhibit its activity,
which indicated that the structural difference of the AmoB
subunit and the ecophysiological differences also possibly lead
to the variation in sensitivity among AOA and AOB to NIs
(Tolar et al., 2017).

Fertilizer forms significantly affected the response of AOB
to NIs, rather than the response of AOA (Tao et al., 2017). The
results from the current study demonstrated that NIs showed
the best performance in slowing down AOB growth in the
case of organic fertilizer application, however, there was no
difference observed on AOA abundance with NI application
under different fertilizer forms. Wang et al. (2014) found an
obvious stimulating effect of manure fertilization on the efficacy
of NIs in reducing the population of AOB rather than AOA ina
paddy soil, which was confirmed by the results of the current
analysis. The application of organic fertilizer would provide
an ideal alkaline environment for NIs to reduce AOB amoA
gene abundance, which may be attributed to better activity and
sensitivity of AOB to NI addition under alkaline conditions.
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But AOA adapted to low pH conditions (i.e., have a pH optima
below 7; Hatzenpichler, 2012).

The best-fit regression in this study showed that N,O
mitigation and NHZr concentration increase by NIs was
positively correlated with the decrease of AOB-amoA gene
abundance by NI application but not AOA-amoA. This
supported the hypothesis that AOB are more sensitive to NIs
than AOA and NIs would work through selectively inhibiting
AOB. Previous studies illustrated that although the number of
AOA far exceeds that of AOB in most terrestrial ecosystems,
the N,O production capacity of AOB was 10-1,000 times
higher than that of AOA (Leininger et al., 2006; Jung et al,
2011; Xia et al., 2011; Gu et al, 2019). The main reason for
that was that AOB-related N,O was produced via nitrifier-
denitrification and incomplete NH,OH oxidation (Shaw et al.,
2006; Wu et al,, 2018), while the N, O produced by AOA could
not be attributed to nitrifier-denitrification, due to a lack of
NO reductase (Tourna et al., 2011; Jung et al., 2014; Stieglmeier
et al., 2014). Kozlowski et al. (2016) showed direct evidence that
N,O produced by AOA was attributed to abiotic reactions of
released NO under anoxic conditions, in which Nitrososphaera
viennensis EN76(T) (a Thaumarchaeon) was used as a test
AOA. There was an obvious correlation between NH; and
AOB (P < 0.05; Figure 4B), indicating the high inhibitory
effect of NIs on nitrification through inhibiting AOB, which
was consistent with the results reported by Zerulla et al. (2001)
and Di and Cameron (2011). The obvious correlation between
NH] concentration and AOB also revealed the dominate role of
AOB in nitrification. Although the relationship between AOA
amoA gene abundance and N, O emissions, NHZr concentration
after NI application was found to be insignificant in this study,
AOA was also important for nitrification in soils. AOA had
been shown to play an integral role in soil nitrification of some
unmanaged soils (Huang et al., 2011; Isobe et al., 2015), with
the greatest contribution likely occurring in N-limited scenarios.
As observed in this study, AOB was more sensitive to NIs than
AOA, even in soils where AOA were more abundant.

Conclusion

Soil pH, soil texture, SOM, soil temperature, and N
application rate were identified to be the factors most affecting
the efficacy of NIs. There was a significant positive correlation
between NIs efficacy on decreasing N,O emissions, increasing
NH] concentration and AOB amoA gene abundance reduction
after NIs. Taken together, for both soil and experimental
conditions, AOB plays a key role in nitrification and NIs
specifically inhibit AOB rather than AOA, which indicates AOB
would be the best predictor of NI efficiency. These results would
provide a scientific basis for better modeling and N management
strategies to reduce N, O emissions and improve N use efficiency
in agricultural systems.
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Delayed application of N
fertilizer mitigates the carbon
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Intercropping via altering soil
microbial diversity

Ke Xu'?, Falong Hu'?, Zhilong Fan'2, Wen Yin'2, Yining Niu?,
Qiming Wang'? and Qiang Chai*?*
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Strategiestoreduce carbonemissionshavebeenahotspotinsustainableagriculture
production. The delayed N fertilizer application had the potential to reduce
carbon emissions in pea (Pisum sativum L.)/maize (Zea mays L.) intercropping, but
its microbial mechanism remains unclear. In this study, we investigated the effects
of delayed N fertilizer application on CO, emissions and soil microbial diversity in
pea/maize intercropping. The soil respiration (Rs) rates of intercropped pea and
intercropped maize were decreased by 24.7% and 25.0% with delayed application
of N fertilizer, respectively. The total carbon emissions (TCE) of the pea/maize
intercropping system were also decreased by 21.1% compared with that of
the traditional N fertilizer. Proteobacteria, Bacteroidota, and Chloroflexi were
dominant bacteria in pea and maize strips. Heatmap analysis showed that the soil
catalase activity at the pea flowering stage and the soil NH} =N at the maize
silking stage contributed more to the variations of bacterial relative abundances
than other soil properties. Network analysis demonstrated that Rs was positively
related to the relative abundance of Proteobacteria and Bacteroidota, while
negatively related to the relative abundance of Chloroflexi in the pea/maize
intercropping system. Overall, our results suggested that the delayed application
of N fertilizer combined with the pea/maize intercropping system altered soil
bacterial community diversity, thereby providing novel insights into connections
between soil microorganisms and agricultural carbon emissions.

KEYWORDS

N fertilizer postponing application, pea/maize intercropping, soil properties, soil
microbial diversity, carbon emission

Introduction

Agricultural production activities are the major source of CO,, N,O, and CH,
emissions, accounting for approximately 14% of the total worldwide (IPCC, 2014). Although
agricultural N,0O and CH, emissions contribute a higher percentage than CO,, reducing CO,
to net-zero by 2050 is imperative due to its long-lasting effect (IPCC, 2018; Lynch et al., 2021).
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Additionally, CO, is the main source of agricultural GHGs in arid
regions of China (Qu et al., 2013). Therefore, exploring ameliorated
agronomic practices with low carbon emissions is an urgent
technique for the sustainability of modern agriculture.
Agricultural CO, emissions can be decreased by optimizing the
management practices of cropping systems. Intercropping,
cultivating multiple crop species in a field, can boost crop
productivity (Li et al., 2001), improve resource use efficiency (Yin
et al,, 2015; Gou et al.,, 2017), and most importantly, decrease
carbon emissions (Qin et al., 2013; Chai et al., 2014; Wang X. et al.,
2021). cropping
intercropping models, such as maize-soybean, maize-wheat,

Among various systems, maize-based
maize-rape, maize-potato, and maize-pea can achieve lower carbon
emissions compared to monocropping patterns (Chai et al., 2014;
Shen et al,, 2018; Sun et al.,, 2021; Wang X. et al., 2021; Yin et al,,
2022). In particular, pea/maize intercropping, widely practiced in
northwestern China (Zhao et al., 2016), has been demonstrated to
reduce carbon emissions by 31% compared to monoculture maize
(Chai et al., 2014). Therefore, further research on mechanisms to
mitigate CO, emissions in the cereal-legume intercropping system
has emerged as a priority point in modern agricultural production.

Intercropping improves microbial diversity and alters soil
microbial community composition by indirectly changing soil
properties (Song et al, 2007; Gong et al, 2019). Soil
microorganisms perform various ecological functions, including
N and C cycling, profoundly impacting soil productivity and
sustainability (Theuerl and Buscot, 2010; Nimmo et al., 2013).
With the development of bioinformatics, the diversity and
structure of microorganism have been widely used to indicate
their ecological function and changes in soil quality (Chu et al.,
2007). Since the microorganisms involved in soil carbon
degradation are extremely abundant, the composition of microbial
community structures can explain soil degradation (Nannipieri
etal., 2017). It is still a research hotspot to explore the role of soil
microorganisms of agricultural greenhouse gas (GHG) emissions
(Jiang et al., 2021). However, there is little research on how
intercropping pattern reduces soil GHG emissions by altering soil
microorganisms. Fertilization management, another main factor
of causing the GHG on farmland, can greatly influence microbial
diversity, soil properties, and enzyme activity (Luo et al., 2018;
Huang et al., 2020). The application of the steel slag and biochar
has altered the composition of soil bacterial communities, thus
mitigating CO, emissions in paddies (Chen et al., 2016; Wang
et al., 2020). Moreover, biochar and controlled irrigation can
be applied to mitigate GHG emissions and mediate the structures
of soil microbial communities (Jiang et al., 2021). In addition,
organic fertilizer combined with monotypic controlled-release
urea can reduce soil CO, emissions by satisfying plant and soil
microbial C and N demands (Zhang et al., 2020). However, little
information is available about the underlying microbial
mechanisms for integrating N fertilizer into the intercropping
system to reduce CO, emissions in agricultural ecosystems.

The association of legume and rhizobia is an effective N,-
fixing system that can reduce chemical fertilizer inputs and the
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negative impacts of agriculture on the environment. However, in
practice, farmers often apply N fertilizer for pea-maize
intercropping according to tactics of sole maize, which may
restrict the growth of the two crops (Hu et al., 2020). Therefore, N
fertilizer management needs to be optimized, which is paramount
not only to meet the requirement of the early-maturing crop (pea)
but also to attend to the later-maturing crop (maize). It has been
demonstrated that in an optimized N management practice, the
allocations at the jointing stage and 15-day post-silking stage are
1:3 and 2:2, which can boost system productivity of wheat/maize
intercropping (Xu et al., 2021). According to the previous study by
our team, the combination of N fertilizer management (jointing
top-dress N at 45kgNha™" and 15-day post-flowering top-dress N
at 135kgNha™') and pea/maize intercropping shows the best
effect on CO, emission mitigation, mainly regulating the content
of inorganic N, soil moisture, and soil temperature. However, little
microbial information was available on the effect of optimizing N
management on the carbon emission of pea/maize intercropping.

Based on the previous studies related to soil carbon emissions
and microbes in other ecosystems, we hypothesized that the
delayed application of N-fertilizer could alter the carbon emission,
mainly by modifying the compositions of soil bacterial
communities. Thus, the objectives of this study were to (1)
determine the effects of delayed N-fertilizer application and pea/
maize intercropping on soil carbon emissions; (2) compare the
responses of bacterial diversity and community composition to
delayed N-fertilizer application and intercropping patterns; (3)
evaluate the relationships between soil chemical properties,
carbon emissions, and soil microbial communities.

Materials and methods
Site description

The experiments were conducted at the Oasis Agricultural Trial
Station (37°30'N, 103°5'E, 1,776 ma.s.l.) of Gansu Agricultural
University, Gansu Province, China. The long-term (1960-2020)
mean annual air temperature is 7.3°C, with a mean annual sunshine
duration of 2,945h, and an accumulated temperature (above 10°C)
of 2,985°C. Abundant heat and light resources provide advantages
for developing intercropping, and pea/maize intercropping is the
most typical intercropping pattern (Chai et al.,, 2021). The soil at the
experimental site is Aridisol 50 and the properties of the topsoil
(0-30cm) are as follows: pH (1:2.5 soil, water) 8.0, soil organic
matter 11.3gkg™, soil bulk density 1.44gcm™, total N 0.94gkg™,
available phosphorous (P; Olsen-P) 29.2mgkg™", and available
potassium (K; NH4OAc-extractable-K) 152.6 mgkg™.

Experimental design

The experiment was a two-factor factorial experimental design
in both seasons from 2019 to 2020, including cropping pattern and
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delayed N fertilizer application. The cropping pattern was arranged
in the main plots, including pea/maize intercropping (three rows of
maize alternating with four rows of pea), sole planting of maize, and
sole planting of pea. The row spacing between crops in the treatments
is shown in Supplementary Figure S1. Based on the treatment,
delayed application of N-fertilizer was arranged in the subplots of
the experiment, including three application treatments designed
according to the main growth stages of maize [i.e., pre-planting,
jointing stage (V6), pre-tasseling stage (V12), and 15-day post-
silking stage (R2)]. Three kinds of N-fertilizer application for sole
maize were applied at the rate of 360 kgha™". The allocations at these
four stages were 2:1:4:3 for N1, 2:2:4:2 for N2, and 2:3:4:1 for N3.
Among them, N3 treatment was the conventional N input of maize
production in the region. The application of N fertilizer for pea was
at the rate of 90kgha™', in which 80% was base applied at sowing and
20% at flowering stage [i.e., jointing stage of maize (V6)]. The
application of N fertilizer for pea/maize intercropping was calculated
by the bandwidth ratio. The field experiment included seven
treatments with tree replicates (Supplementary Table S1).

Field management

The maize cultivar “Xianyu 335” and the pea cultivar “Longwan
1” were used in the research. The planting densities were 90,000 and
1,800,000 plants ha™' for monoculture maize and pea, respectively.
For intercropping maize and pea, they were 52,000 and 760,000
plants ha™', respectively. In 2019, the pea was sowed on 30 March
and maize on 19 April; the pea was harvested on 9 July and maize on
27 September. In 2020, the pea was sowed on 1 April and maize on
20 April; the pea was harvested on 9 July and maize on 27 September.
Maize was covered by plastic films (0.01 mm thick and 120 cm wide)
that are largely adopted in arid areas to conserve water and promote
maize productivity (Gan et al.,, 2013).

Each experimental plot for intercropping was 34.2m?
(6mx5.7m), and the sole cropping plot was 36 m? (6 mx 6 m). Each
neighboring plot has a ridge 50 cm wide and 30 cm high to eliminate
potential water movement. Chemical fertilizers, such as urea
(46-0-0, N-P-K) and diammonium phosphate (18-46-0, N-P,O;-
K,0), were applied in the research. Phosphorus was applied to the
soil before planting maize and pea each year, with application rates
of 180kg P,Os ha™' and 45kg P,Os ha™', respectively. Supplemental
irrigation was applied to the experimental plot through the drip
irrigation method owing to low precipitation (<156 mm annually)
in this region. Except for the fertilizer application, other agronomic
practices were kept uniform.

Soil sampling

At the full flowering stage of pea (PF) and silking stage of
maize (MS), specifically on 5 June and 18 July 2019, five topsoil
samples (0-20 cm) in an S-shaped sampling pattern were collected
randomly in each field plot using an auger (5 cm in diameter) and

Frontiers in Microbiology

20

10.3389/fmicb.2022.1002009

then mixed thoroughly as a composite sample. The soil samples in
the intercropping system were collected separately according to
each crop strip. Then, each soil sample was sieved into two parts
through a 2mm mesh. A portion of topsoil samples was stored at
—80°C for molecular analysis, while the other sample was
air-dried and stored at room temperature before property analysis.

Soil properties

Soil organic matter (SOM) was determined by oxidizing with
potassium dichromate (Zhang et al., 2020). Total N (TN) was
measured using an Elementar vario MACRO cube (Elementar,
Hanau, Hessen, Germany; Wang et al., 2020). Soil NO3 —N and
NHf —N were extracted with 2M KCl and analyzed using a
continuous flow analyzer (Skalar, Breda, Netherlands; Wang
J. etal,, 2021). Labile organic matter (LOM) was measured by the
potassium permanganate oxidation method (Xu et al.,, 2011). Soil
catalase activity (CAT) was estimated according to the method of
Nowak et al. (2004).

Soil respiration and total carbon
emissions

Soil respiration was measured using an LI-8100A system
(LI-COR, 4647 Superior Street Lincoln, Nebraska United States)
with a proprietary 20 cm diameter polyvinyl chloride chamber.
Specifically, Rs was measured every 2h from 8:00a.m. to18:00 p.m.
on sunny days based on 15-day intervals before pea harvest and
20-day intervals after pea harvest to monitor seasonal shifts in soil
CO, fluxes. The average data of measurement time represented
CO, fluxes for 1 day. Measurements were taken for pea and maize
strips, and the average of two strips was used for Rs in the
intercropping plot (Supplementary Figure S1).

The TCE was calculated based on Rs by adopting the following
formula (Zhai et al., 2011):

Rsi+1

+ Ry;
TCE = z{(r,-+1 —z,-)T” x 0.1584 x 24} x02727x10 (1)

where t is days after the sowing stage, i+ 1 and 7 are the current
and the last monitoring date, respectively; Rs is soil respiration
(pmol CO, m™s7'); 0.1584 converts mol CO, m s to g CO,
m~>h7';0.2727 converts g CO,m>h™'togCm>h";and 10 and
24 converts carbon emissions from g Cm>h™"' to kg Cha™".

Soil DNA extraction, PCR amplification,
and illumina sequencing

Microbial community DNA was extracted from 0.5g samples
(fresh soil) using the FastDNA® SPIN Kit for Soil (MP Biomedicals
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Co., Ltd, Santa Ana, CA, United States) according to the
manufacturer’s instructions. The quality of DNA extraction was
checked on a 1% agarose gel. The final DNA concentration and
purification were determined with a NanoDrop 2000 UV-vis
spectrophotometer (Thermo Scientific, Wilmington, United States).

The hypervariable region V3-V4 of the bacterial 16S rRNA
gene was amplified with primer pairs 338F (5'-ACTCCTACGGG
AGGCAGCAG-3") and 806R (5-GGACTACHVGGGTWTCT
AAT-3’) by an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA,
United States). The PCR amplification of the 16S rRNA gene was
performed under the following conditions: initial denaturation at
95°C for 3min, followed by 27 cycles of denaturing at 95°C for
30s, annealing at 55°C for 30s, extension at 72°C for 45s, single
extension at 72°C for 10 min, and end at 4°C. The PCR mixtures
contained 4 pl of 5x TransStart FastPfu buffer, 2pl of 2.5mM
dNTPs, 0.8l of forward primer (5puM), 0.8 ul of reverse primer
(5pM), 0.4 pl of TransStart FastPfu DNA Polymerase, 10 ng of
template DNA, and 20 pl of ddH,O. The PCR product, extracted
from 2% agarose gels, was purified by the AxyPrep DNA Gel

Extraction Kit (Axygen Biosciences, Union City, CA,
United States) according to the manufacturer’s instructions and
quantified using Quantus™  Fluorometer  (Promega,

United States). The PCR reaction was performed in triplicate.

Each purified PCR was sequenced on the Illumina MiSeq PE
300 platform (San Diego, CA, United States) at Majorbio
Bio-Pharm Technology Co., Ltd. (Shanghai, China). The raw reads
were deposited into the NCBI Sequence Read Archive (SRA)
database (Accession Number: PRINA842905).

Sequencing data analysis

The raw 16S rRNA sequencing reads were demultiplexed,
quality-filtered using fastp version 0.20.0 (Chen et al., 2018), and
merged by FLASH version 1.2.7 (Mago and Salzberg, 2011).
Sequences were merged when they met the following criteria: (i)
high-quality score (Q>50); (ii) overlapping sequences longer than
10bp; (iii) exact barcodes and primers. Operational taxonomic units
(OTUs) based on ~97% similarity were clustered using UPARSE
version 7.1 (Edgar, 2013). The taxonomy of each OTU representative
sequence was identified by the Ribosomal Database Project (RDP)
Classifier version 2.2 against the 16S rRNA database (silval38/16s-
bacteria) using a confidence threshold of 0.7 (Wang et al., 2007).

Statistical analysis

The variance was analyzed by Duncan’s multiple range tests at
p<0.05 with SPSS 25.0 software (SPSS Inc., Armonk, NY,
United States). The data were analyzed using a one-way analysis
of variance (ANOVA) for different treatments (p < 0.05), including
soil carbon emissions, soil properties, and microbial characteristics.

Taxonomic alpha diversity was measured by the estimated
community richness (Chao 1 index) and community diversity
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(Shannon index) by the Mothur software package (v.1.30.2).
Non-metric multi-dimensional scaling (NMDS) based on the
Bray-Curtis distance was calculated using the “vegan” package
(v.3.3.1) in R and selected to refer to microbial beta diversity. The
relative abundance at the phylum level was performed in Circos-
0.67-7. In addition, heatmap analysis based on Spearman’s
correlation was applied using the “pheatmap” package in Rv.3.3.1.
Network analysis was completed in Cytoscape v3.7.1 (Top 50
dominant bacterial class; Spearman correlation coefficient > 0.5
and p <0.05). Moreover, Origin 2021 and R language were used to
draw figures.

Results
Seasonal dynamics of Rs

Pea strip

For both research years, the seasonal variation of Rs in pea strips
was typically consistent (Figure 1). The average Rs of pea strips was
significantly affected by cropping patterns (p=0.042), N fertilizer
applications (p=0.002), and the interactions of the two factors
(p=0.002). The influence of pea/maize intercropping on Rs differed
from that of sole pea. Compared to the sole pea, the 2-year average
Rs of the intercropped pea strip was increased by 22.4% during
co-growth periods and was decreased by17.5% after harvesting pea.
In the whole growth period, the mean Rs of intercropped pea under
N1 treatment was 6.8% lower than that of sole pea, while it was 3.2%
and 16.7% higher under N2 and N3, respectively.

The Rs of intercropped pea with different fertilizer N
management practices did not differ among years but varied by
treatments. Compared to the N3 treatment, the N1 and N2
treatments decreased the average Rs by 25.1% and 14.6% during
the pea-maize co-growth period, by 23.9% and 10.2% after
harvesting pea, and by 24.7% and 12.9% throughout the growth
period, respectively. Compared with the intercropped pea under
N1 treatment, the sole pea decreased by 9.8% in the mean Rs
during the pea-maize co-growth period but increased by 24.1%
after pea harvest. As a result, sole pea increased the average Rs by
6.3% throughout the growth period.

Maize strip

The average Rs of maize strips was significantly affected by
cropping patterns, N fertilizer applications (p<0.001), and their
interaction (p=0.022). The Rs of maize strips was influenced by the
intercropped pea (Figure 2). During the co-growth stage, Rs of the
intercropped maize was 14.6%-21.1% lower than that of
monocropping while 4.1%-7.4% higher than that of monocropping
after harvesting pea. Throughout the period, the Rs of intercropped
maize with N1, N2, and N3 treatments was 4.0%, 7.4%, and 6.1%
lower than that of monocropping maize, respectively.

A similar trend was found in both cropping patterns, with the
N1 treatment featuring the lowest Rs compared to N2 and N3
treatments. During the co-growth stage, N1 and N2 treatments
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FIGURE 1

Seasonal dynamics of soil respiration of pea strips in 2019 (A) and 2020 (B). |, pea/maize intercropping, SP, sole planting of pea. N1, N2, and N3 in
the intercropping pattern represent the allocation of four-stage (sowing, jointing stage, pre-tasseling stage, and 15days post-silking stage) was
2:1:4:3, 2:2:4:2, and 2:3:4:1, respectively. N1 in sole pattern represents 80% base fertilizer + 20% topdressing fertilizer at flowering stage. Error bars
indicate the standard deviation of three replications. The red arrow shows the harvest time of pea. The description keeps uniform in the following
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figures.

decreased Rs by 28.3% and 14.9%, 32.4% and 12.2% in
intercropping and monocropping patterns compared to N3,
respectively, with a similar reduction of 20.0% and 11.6%, 22.2%
and 10.2% after pea harvest. Regarding average Rs throughout the
growing season, N1 and N2 treatments reduced Rs of
intercropping by 25.0% and 12.7% compared to N3, respectively,
with a similar reduction of monocropping by 27.6% and 11.3%.

Total carbon emissions

The TCE was significantly influenced by cropping systems, N
management practices, and their interactions (p <0.001; Table 1).
By comparison the three cropping patterns, the TCE of pea/maize
intercropping was 31.1%-58.8% higher than that of monoculture
pea but 31.0%-35.0% lower than monoculture maize. The carbon
reduction effect was highly significant in N1 and N2, compared to
N3 treatment, reducing the TCE of the intercropping system by
21.1% and 10.9% and the monoculture maize by 23.2% and 9.5%,
respectively.

In terms of TCE in pea and maize strips of the intercropping
pattern, maize strips emitted 63.5% more carbon than pea strips,
demonstrating that maize strips contribute more to TCE in the
intercropping pattern. Additionally, the TCE of the three cropping
patterns showed that the contribution before pea harvest was
lower than that after harvest (Supplementary Figure S2). In the
intercropping pattern, the TCE before pea harvest accounted for
41.1% and 58.8% after pea harvest. The N1 and N2 treatments
decreased the TCE of the intercropping pattern by 27.9% and
14.4% before pea harvest and by 16.7% and 8.6% after harvest,
compared to N3 treatment, respectively.
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Soil properties of pea and maize strip

Pea strip

The soil NO3 =N, NHZ — N, TN, and CAT at the PF stage
were significantly influenced by the cropping system, N management
practices, and their interactions, while just CAT was influenced at
the MS stage (p<0.05; Table 2). Soil NO3 =N, NHZ —N, TN,
and CAT were increased by 31.2%, 19.1%, 5.7%, and 25.0% in the
intercropping pattern compared with sole pea at the PF stage but
were decreased by 10.4%, 31.8%, 5.2%, and 14.1% at the MS stage.
The pea/maize intercropping pattern increased soil SOM and LOM
compared with monocropping plots during the period. In the pea/
maize intercropping pattern, different levels of N application
influenced the soil properties, which was remarkably significant at
the high fertilizer level (N3) than at the low fertilizer level (N1).

Maize strip

The cropping patterns significantly influenced NO3 — N,
NH} — N, SOM, and CAT (p<0.05), and N fertilizer application
significantly influenced all soil properties at the PF stage (p <0.05;
Table 3). At the MS stage, cropping patterns and N fertilizer
application significantly influenced LOM and CAT (p<0.05).
Their interaction did not influence soil properties during the
period (p>0.05). In general, compared to the sole maize, the
intercropping pattern decreased the contents of NO3 —N and
NHZ — N by 11.1% and 15.4% at the PF stage and by 12.4% and
9.4% at the MS stage, respectively. However, the content of TN,
SOM, LOM, and CAT in intercropping pattern were 1.7%, 7.5%,
10.6%, and 33.5% lower than that of sole maize at the PF stage but
were 3.5%, 2.6%, 3.2%, and 13.5% higher at the MS stage. The
influence of different levels of N application on soil properties was
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2:3:4:1, respectively. Error bars indicate the standard deviation of three replications. The red arrow shows the harvest time of pea.

consistent, with the N1 level being lower than N2 and N3. On
average, N1 treatment decreased the content of NO3 —N ,
NHX — N, TN, SOM, LOM, and CAT in pea/maize intercropping
by 22.0%, 13.7%, 5.1%, 14.0%, 5.4%, and 27.4% compared to N3,
respectively. Similarly, it decreased by 16.6%, 9.4%, 7.5%, 7.7%,
4.6%, and 26.5% in the monoculture maize, respectively.

Bacterial community diversity

Bacterial alpha diversity

After quality sequencing, both bacterial communities (a total
of 1,271,742,085 sequences) were obtained using the 338F/806R
(bacterial 16S rRNA) primer sets in all soil samples. The number
of bacterial sequences ranged from 213 to 535 per sample
(mean=416.9). The datasets were rarefied to 3,049,811 sequences
for downstream analysis of bacterial sequences.

The OTU level approach was used to calculate the microbial
diversity under different treatments. Variance analysis showed
that cropping patterns significantly affected bacterial richness
index (Chao 1) and diversity index (Shannon; p <0.05; Table 4).
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The pea/maize intercropping pattern reduced OTUs but increased
the Shannon and Chao 1 indices compared with the sole pea at
the PF stage. However, the intercropping pattern increased OTUs
and the Chao 1 index at the MS stage. In addition, N1 treatment
in the intercropping pattern decreased OTUs, Shannon, and
Chaol indices at the PF stage compared to N3; it increased the
Shannon and Chaol indices at the MS stage.

The cropping system significantly affected the bacteria richness
index (OTUs), N management practices significantly affected the
diversity index (Shannon; p<0.01), and their interactions did not
show an influence (p>0.05; Table 5). Compared with the
monocropping maize, the intercropping pattern increased the
Shannon and Chaol indices at the PF stage. However, at the MS
stage, OTUs were higher under the intercropping pattern than under
the monocropping pattern. Compared with the N3 treatment, N1
treatment in the intercropping pattern increased OTUs by 2.9% at
the PF stage and increased OTUs and the Chaol index by 3.7% and
0.8% at the MS stage. Additionally, OTUs and the Shannon index
were 1.1% and 1.7% higher in the sole planting pattern than under
N3 treatment at the PF stage, whereas the Shannon and Chaol were
1.5% and 6.7% higher at the MS stage.
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TABLE 1 Total carbon emission (TCE; kgha) of pea and maize in intercropping and monoculture patterns affected by N management practice in

2019 and 2020.

Treatments® 2019 2020
Maize Pea Total* Maize Pea Total
Intercropping
IN1 4,329+83¢" 2,380 + 48c 3,354 + 66f 4,097 + 61d 2,352 +33b 3,225 +27f
IN2 4,653 + 116d 2,619 £ 19b 3,636 + 63e 4,494 £ 91c 2,599 + 61b 3,547 £ 71e
IN3 5,187 £ 103b 2,938 + 112a 4,063 + 94d 4,873 +47b 2,943 £ 137a 3,908 + 87d
Monoculture
SMN1 4,438 + 94e - 4,438 + 94c 4,178 + 142d - 4,178 + 142¢
SMN2 4,897 + 38c - 4,897 + 38b 4,802 + 91b - 4,802 +91b
SMN3 5,364 + 76a - 5,364 + 76a 5,259 + 104a - 5,259 + 104a
SPN1 - 2,533 + 104bc 2,533 +104g - 2,487 + 161b 2,487 + 161g
Significance (p value)
Cropping pattern 0.001 0.020 0.000 0.000 0.036 0.000
N management 0.000 0.001 0.000 0.000 0.007 0.000
practice (N)
CxN NS¢ 0.001 0.000 0.042 0.007 0.000

“I, pea/maize intercropping, SM, sole planting of maize, SP, sole planting of pea. N1, N2, and N3 for maize represent the allocation of four-stage (sowing, jointing stage, pre-tasseling stage,
and 15 days post-silking stage) was 2:1:4:3, 2:2:4:2, and 2:3:4:1, respectively. N1 for pea represents 80% base fertilizer +20% topdressing fertilizer at flowering stage. The description keeps

uniform in the following tables.

°In the same column, the different lowercase letters indicate significant differences in the same year (p <0.05).
“The total carbon emission of pea/maize intercropping was calculated by the average of pea strip and maize strip.

INS indicates not significant at p <0.05.

TABLE 2 Soil chemical properties of pea strips under pea/maize intercropping (l) and sole cropping (S) at different N application treatments.

Period Treatments® NOF N NHI N TN SOM LOM CAT (0.01 mol/L
(g/kg) (g/kg) (g/kg) KMnO, ml/g)
(mg/kg) (mg/kg)

PF IN1 19.5de" 6.43bc 0.85cd 9.7ab 2.25bc 1.34c

IN2 21.7cd 6.97b 0.893ab 10.6ab 2.50ab 1.53b

IN3 24.3abc 9.04a 0.909a 11.6a 2.66a 1.82a

SPN1 16.6e 6.28¢ 0.836cde 9.2b 1.63e 1.25d
Significance (p value)
Cropping system (C) 0.000 0.000 0.000 0.002 0.000 0.000
N management practice (N) 0.022 0.000 0.000 NS NS 0.000
CxN 0.022 0.000 0.000 NS NS 0.000
MS IN1 23.0bc 3.96f 0.798e 9.6b 1.51ef 0.97f

IN2 23.7abc 4.14ef 0.824de 10.0ab 1.85de 1.05e

IN3 26.2ab 4.65e 0.854bcd 10.8ab 2.10cd 1.18d

SPN1 26.7a 5.58d 0.868bc 9.4b 1.20f 1.21d
Significance (p value)
Cropping system (C) 0.017 0.000 0.020 NS 0.000 0.000
N management practice (N) NS¢ NS NS NS NS 0.000
CxN NS NS NS NS NS 0.000

N1, N2, and N3 for intercropping pattern represent the allocation of four-stage (sowing, jointing stage, pre-tasseling stage, and 15 days post-silking stage) was 2:1:4:3, 2:2:4:2, and 2:3:4:1,

respectively. N1 for sole pattern represents 80% base fertilizer +20% topdressing fertilizer at flowering stage.

°In the same column, the same lowercase letters indicate significant differences (p<0.05).
NS, not significant at the p <0.05 level.

Bacterial beta diversity

The NMDS analysis was conducted to reflect microbial beta
diversity (Figure 3). An evident separation of soil bacteria in the
pea strip between intercropping and sole planting was observed
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in the NMDS plot (Figures 3A,B), suggesting the changed
community composition by cropping mode. Moreover, the NMDS
ordination plot showed that the bacterial community composition
varied greatly among treatments at the two growth stages. For
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TABLE 3 Soil chemical properties of maize strips under two cropping systems [pea/maize intercropping (I) and sole cropping (S)] and at different N

application treatments.

Period Treatments® NO3 -N NHZ N TN SOM LOM CAT (0.01 mol/L
(g/kg) (g/kg) (g/kg) KMnO, ml/g)
(mg/kg) (mg/kg)

PF IN1 17.0e® 5.38f 0.827cde 9.2d 1.57f 171g
IN2 19.0de 5.63ef 0.866abcd 9.4cd 1.77ef 1.82efg
IN3 19.8de 6.28de 0.887ab 10.5abcd 2.09cd 2.08de
SMN1 19.0de 6.25de 0.839bcde 9.9bcd 1.77ef 2.24cd
SMN2 21.0cde 6.69cd 0.879abc 10.6abed 1.99de 2.45bc
SMN3 22.0bed 7.00bc 0.907a 10.8abcd 2.25bcd 2.81a

Significance (p value)

Cropping system (C) 0.018 0.000 NS 0.014 NS 0.000

N management practice (N) 0.023 0.003 0.006 0.012 0.004 0.000

CxN NS¢ NS NS NS NS NS

MS IN1 19.5de 6.71cd 0.797ef 10.8abed 2.59a 2.00def
IN2 22.8abcd 7.04bc 0.811e 11.5ab 2.39ab 2.36¢
IN3 24.8abc 7.47ab 0.820de 12.2a 2.30bc 2.66ab
SMN1 22.9abed 7.53ab 0.753f 10.8abcd 2.41ab 1.75fg
SMN2 25.6ab 7.59ab 0.785ef 11.1abc 2.34abc 2.06de
SMN3 26.8a 8.09a 0.805ef 11.6ab 2.29bc 2.24cd

Significance (p value)

Cropping system (C) NS 0.006 NS NS 0.028 0.003

N management practice (N) 0.040 NS NS NS 0.001 0.001

CxN NS NS NS NS NS NS

N1, N2, and N3 represent the allocation of four-stage (sowing, jointing stage, pre-tasseling stage, and 15 days post-silking stage) was 2:1:4:3, 2:2:4:2, and 2:3:4:1, respectively.

°In the same column, the same lowercase letters indicate significant differences (p<0.05).
NS, not significant at the p <0.05 level.

TABLE 4 Alpha-diversity indices of the soil bacteria in pea strips under
three N application treatments.

Period  Treatments OTUs" Shannon  Chaol

PF IPN1* 38,387+5,965b° 6.82+0.05a 4,359 + 74a
IPN2 39,240 £ 2,648ab  6.75+0.03b 4,247 + 173ab
IPN3 40,608 + 1,505ab  6.84 £ 0.03a 4,384 £ 123a
SPN1 56,180 +2,073ab 6.7 £ 0.01b 4,044 = 99¢

MS IPN1 55,785 +2,529ab  6.74 +0.06b 4,174 + 68bc
IPN2 53,753 £ 1,608ab  6.73 +0.02b 4,092 + 58bc
IPN3 58,644 £ 8,937a  6.70 £ 0.05b 4,074 + 43bc
SPN1 52,662 + 26,350ab  6.74 £ 0.06b 3,800 + 75d

Significance (p value)

Cropping system (C) NS¢ 0.021 0.000

N management practice (N) NS NS NS

CxN NS NS NS

‘I, pea/maize intercropping, SP, sole planting of pea. N1, N2, and N3 for
intercropping pattern represent the allocation of four-stage (sowing, jointing stage,
pre-tasseling stage, and 15 days post-silking stage) was 2:1:4:3, 2:2:4:2, and 2:3:4:1,
respectively. N1 for sole pattern represents 80% base fertilizer +20% topdressing
fertilizer at flowering stage.

*OTUs: operational taxonomic units (97% similarity).

‘In the same column, the same lowercase letters indicate significant differences
(p<0.05).

NS, not significant at the p <0.05 level.
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instance, N1 and N2 were separated from N3 at the PF stage,
whereas just N1 was separated from N3 at the MS stage. An
evident separation of soil bacteria in maize strips with different N
applications was observed in the NMDS plot (Figure 3C; for
instance, the separation of N1 and N3 from N2 at the PF stage),
suggesting the changed community composition by N
managements. However, a similar trend was not found at the MS
stage (Figure 3D).

Bacterial community structures

Pea strips

The dominant bacterial phyla at the PF stage were consistent
with that at the MS stage (Figure 4). Additionally, the dominant
bacterial phyla in the treatments were Proteobacteria,
Actinobacteriota, Acidobacteriota, Chloroflexi, Bacteroidota,
Gemmatimonadota, Firmicutes, Myxococcota, Methylomirabilota,
and Planctomycetota (relative abundance >1%; Figures 4A,B;
Supplementary Table S2). It was noticeable that Proteobacteria,
Actinobacteriota, and Bacteroidota were more abundant in the
monocrop soil than in the intercropped soil at the PF stage. In
Chloroflexi,
Bacteroidota, and Planctomycetota were more abundant in the

contrast, Proteobacteria,  Actinobacteriota,
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TABLE 5 Alpha-diversity indices of the soil bacteria in maize strips
under three N application treatments.

Period  Treatment® OTUs" Shannon  Chao 1

PF IMN1 38,925+863e¢ 6.69+0.02ab 4,247 +97ab
IMN2 44,883+ 1,432cde  6.39+0.10c  4,035+262b
IMN3 40,718 +2,772de 6.61+£0.07b 4,144 +281b
SMNI1 54,107 £10,396abc  6.63+0.01ab  4,190+97b
SMN2 63,139+4,731a 6.40+0.08c 4,033 +81b
SMN3 59,310+5,141ab ~ 6.62+0.06ab 4,095+ 59b

MS IMN1 46,932+5,002cde  6.69+0.06ab  4,092+173b
IMN2 58,590+9,296ab  6.63+0.02ab 4,249 + 142ab
IMN3 54,759 £4,65labc  6.59+0.08b 4,206+ 172b
SMNI1 58,247+9,782ab  6.64+0.05ab 4,300+ 78ab
SMN2 51,202+1,819bcd  6.61+0.03b 4,124 +94b
SMN3 50,534+2,962bcd  6.73+0.06a  4,494+118a

Significance (p value)

Cropping system (C) 0.003 NS NS

N management practice (N) NS¢ 0.001 NS

CxN NS NS NS

“I, pea/maize intercropping, SM, sole planting of maize. N1, N2, and N3 represent the
allocation of four-stage (sowing, jointing stage, pre-tasseling stage, and 15 days post-
silking stage) was 2:1:4:3, 2:2:4:2, and 2:3:4:1, respectively.

®QTUs: operational taxonomic units (97% similarity).

“In the same column, the same lowercase letters indicate significant differences (p <0.05).
INS, not significant at the p<0.05 level.

intercropped soil than in the monocrop soil at the MS
stage. At the class level, the relative abundance of
Thermoanaerobaculia, KD4-96, Dehalococcoidia, TK10, Gitt-GS-
136, and Gemmatimonadetes at the PF stage was significantly
higher in the monocropping system than in the intercropping
Chloroflexi,
Gemmatimonadota, respectively. However, the relative abundance

system, belonging to Acidobacteriota, and
of Actinobacteria, Anaerolineae, and Bacteroidia at the MS stage
was significantly higher in the intercropped system than in the
monocropping system.

In the intercropping pattern, N1 treatment increased the
relative abundance of Acidobacteriota, Acidobacteriota,
Choroflexi, Gemmatimonadota, Firmicutes, and Planctomycetota
at the PF stage compared with N3. Furthermore, at the class level
(Supplementary Figure S3; Supplementary Table S2), the relative
abundance of Acidimicrobiia, MB-A2-108, Vicinamibacteria,
KD4-96,

Gemmatimonadetes, and Bacilli were increased in N1 treatment.

Blastocatellia, Anaerolineae, Dehalococcoidia,
In addition, N1 treatment increased the relative abundance of
Chloroflexia, Anaerolineae, KD4-96, Dehalococcoidia, and

Bacteroidia, which belong to Choroflexi and Bacteroidota.

Maize strips

According to bacterial community compositions, the
dominant bacterial phyla of maize were Proteobacteria,
Acitinbacteriota, Acidobacteriota, Choroflexi, Bacteroidota,
Gemmatimonadota, Firmicutes, and Myxococcota (relative
abundance >1%; Figures 4C,D; Supplementary Table S2). The
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relative abundance of Proteobacteria, Gemmatimonadota,
Firmicutes, and Myxococcota was increased at both sampling
stages for pea/maize intercropping than for monoculture maize.
Furthermore, at the class level (Supplementary Figure S3;
Supplementary Table S3), the intercropping pattern increased the
relative abundance of Alphaproteobacteria and Acidimicrobiia but
decreased that of Vicinamibacteria, Chloroflexia, and KD4-96
compared to monoculture maize.

The comparison of different N fertilizer managements showed
that the relative abundance of Proteobacteria in the intercropping
pattern was decreased by the N1 treatment at the PF stage but
increased at the MS stage (Supplementary Figure S3;
Supplementary Table 52). However, no similar trend was found in
the dominant Acidobacteriota and Myxococcota. For the class
level, N1 reduced the relative abundance of Alphaproteobacteria
and Gammaproteobacteria, the branch of Proteobacteria, in the
intercropping system at the PF stage, and increased their
abundance at the MS stage compared to N3 treatment.

Correlation relationship among
dominant class, soil properties, and Rs

A Spearman correlation heatmap was applied to show the
correlations between soil properties and dominant class. The soil
properties that correlated with most soil bacteria at the PF stage
were CAT (8 classes in total), followed by SOM (2), NO3 =N,
TN, and LOM (1 in each; Figure 5A). Additionally, CAT showed
the most negative correlation (6), mainly with Chloroflexia,
Methylomirabilia, Thermoanaerobaculia, Unclassified Bacteria,
Acidobacteriae, and Nitrospiria and positive correlation (2) with
Gammaproteobacteria and  Saccharimonadia. Moreover,
NO3 —N and SOM presented significantly negative correlations
with Gemmatimonadetes. Interestingly, LOM showed a
significantly positive correlation with Acidobacteriae.

The correlation between soil properties and dominant class at
the MS stage differed from that at the PF stage (Figure 5B). The
soil properties correlated with most soil bacteria at the MS stage
were NH4 —N (17 classes in total), followed by SOM (10), TN
(8), LOM and CAT (6 in each), NO3 —N (1). In addition,
NH} —N had significantly negative correlations (12), mainly
with Blastocatellia, Gemmatimonadetes, Bacilli, Methylomirabilia,
Dehalococcoidia, Holophagae, Unclassified Bacteria, MB-A2-108,
TK10, Nitrospiria, Uorank NB1-j, and JG30-KF-CM66. Moreover,
SOM showed only significantly positive correlations except for
Actinobacteria and Verrucomicrobiae; TN and CAT showed only
significantly negative correlations except for Actinobacteria,
Phycisphaerae, and Bacteroidia, respectively. Interestingly, LOM
and NO3 —N only presented negative correlations.

To identify the relationships between the main bacterial
classes and environmental factors, network analyses were
conducted between the top 50 microbial classes, soil properties,
and Rs to explore interactions (Figure 6). The complexity of the
network increased from the PF stage (number of nodes=12,
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Changes in soil bacterial beta diversity (NMDS) of pea strips (A,B) and maize strips (C,D) under different treatments. |, pea/maize intercropping, SP,
sole planting of pea, SM, sole planting of maize. N1, N2, and N3 for maize represent the allocation of four-stage (sowing, jointing stage, pre-
tasseling stage, and 15days post-silking stage) was 2:1:4:3, 2:2:4:2, and 2:3:4:1, respectively. N1 in sole pea represents 80% base fertilizer + 20%

topdressing fertilizer at flowering stage.

number of edges=17, average path length=1.787, and
diameter = 3) to the MS stage (number of nodes =23, number
of edges =37, average path length =2.300, and diameter =4).
The network at the PF stage showed that Rs had strong
positively significant correlations with Gammaproteobacteria
belonging to Proteobacteria (r=0.752, p<0.01). Additionally,
Rs with
Acidobacteriae, Subgroup_5 (belonged to Acidobacteriota),

showed negatively significant correlations
and S0134_terrestrial_group (belonging to Gemmatimonadota;
|r|>0.7, p<0.01). However, the Rs at the MS stage only showed
positively significance with Bacteroidia (r=0.562, p <0.01). In
contrast, Rs had a significantly negative correlation with
Gemmatimonadetes, Methylomirabilia, Unclassified Bacteria,
Nitrospiria, JG30-KF-CM66, Norank Latescibacterota,
bacteriap25, and Norank RCP2-54 (|r|>0.5, p<0.01). Most
importantly, the Rs at PF stage and MS stage were negatively
significant correlated with the Chloroflexia (|r|=0.646) and
JG30-KF-CM66 (|r|=0.519), which were both belong

to Chloroflexi.
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Discussion

Impacts of delayed N fertilizer
application on the CO; emission of pea/
maize intercropping systems

Agricultural soil has been considered as the “source” of
atmospheric CO, since its beginning (Yang et al, 2021).
Optimization agronomy measures to decrease soil Rs from farmland
acts as a critical strategy in mitigating CO, emissions in agricultural
production (Gan et al.,, 2011). Previous studies demonstrated that
intercropping patterns could significantly mitigate the Rs rate from
the production of field crops (Chai et al., 2014; Yang et al., 2021).
Moreover, Rs serves as an effective way to measure carbon emissions
from soil (Raich and Tufekciogul, 2000). In the present study, the Rs
of intercropping pea was significantly higher than that of
monoculture during the co-growth stage, while that of intercropping
maize was significantly lower than that of monoculture. This
phenomenon could be explained by three driving factors. Firstly,
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pea, an early-maturing, cool-season crop, had a higher competitive
edge than maize, a late-maturing, warm-season crop, thereby
intercropped pea had a relatively higher competition for resources
(Hu et al., 2016). Secondly, applying legumes to the intercropping
system could reduce the application of N fertilizer for intercropping
systems owing to symbiotic N, fixation, thus reducing carbon
emission compared to a monoculture (Hauggaard-Nielsen et al.,
2016; Hu et al, 2017). Finally, intercropped maize would not
be suppressed by the interspecific competition and usually exhibited
compensatory growth when pea was harvested, so as to increase
carbon emission (Zhao et al, 2019). Therefore, pea/maize
intercropping was an effective strategy to achieve carbon
emission reduction.

The application of N fertilizers has been commonly adopted to
boost crop yield, and excessive application is a crucial influencing
factor of GHG in farmland (Yao et al,, 2012; Chen et al,, 2014; Daly
and Hernandez-Ramirez, 2020). The most direct practice to lower
GHG is to reduce the amount of N fertilizer applied to farmland.
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However, when the N fertilizer was not applied to farmland, CO,
emissions unexpectedly significantly increased (Wang X. et al,
2021), indicating that an excessive reduction of N fertilizer was not
a good strategy for mitigating CO, emissions in agricultural
production. On the premise of the same amount of N application,
optimizing N fertilizer management was a possible measure to
reduce GHG emissions in farmland. In the present study, delayed
application of N fertilizer could decrease the Rs rate of the pea/maize
intercropping system, which was consistent with the results in
previous study that optimized management practices of N fertilizer
could mitigate CO, emission (Zhang et al., 2021). One possible
reason was that the increasing root respiration and root C inputs as
a consequence of N fertilization stimulated soil CO, emission
(Bicharanloo et al.,, 2020; Zhang et al.,, 2020). Another possible
reason was that N fertilizer offers C and N substrates as the primary
energy sources for microorganism growth, thus stimulating CO,
emissions (Zang et al., 2016). Furthermore, the delayed application
of N fertilizer could match fertilizer N supply with crop N
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requirement, which were crucial to achieve high productivity and
mitigate carbon emission (Chai et al., 2014; Hu et al., 2020). Further
studies were needed to explore the potential mechanism of
mitigating carbon emissions in pea/maize intercropping by delayed
application of N fertilizer.

Effects of delayed N fertilizer application
on soil bacterial diversity and community
structures

Bacteria are the most abundant and dominant of the primary
soil microbes in terms of biodiversity and their influence on
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essential soil processes (Gong et al., 2019). In the present study,
the bacterial richness and diversity of intercropped pea and
intercropped maize was higher than the corresponding
monoculture at the PF stage, while the same trend was not
observed at the MS stage. This was probably attributed to the
enhancement of crop diversity during the co-growth stage and the
strong interspecific relationship, which promoted the growth of
soil microorganisms, thus increasing the bacterial diversity and
abundance. However, delayed N fertilizer application did not show
a positive effect at this stage compared to the conventional N
management. Soil nutrient supply capacity was a critical impact
factor for soil microbial diversity (Fu et al., 2019). Soil properties
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might explain the variations. The delayed N fertilizer application
decreased the amount of N fertilizer at the first topdressing
compared with the conventional N management. Meanwhile,
conventional N management substantially enhanced soil
properties which promoted the growth of microorganisms.
Previous study had similarly demonstrated that soil properties are
improved in N fertilizer application, thereby promoting the
growth of microorganisms (Xue et al., 2006). Both cropping
patterns and N management influenced the bacterial beta diversity
of pea strips, but only the latter affected maize strips. The major
reason was that the intercropping pattern changed the soil
microenvironment and nutrient content, thus affecting the growth
of the soil microorganisms (Cuartero et al., 2022). Moreover,
fertilization management regimes could affect microbial beta
diversity by altering soil properties, including soil pH, bulk
density, electrical conductivity, water content, total nitrogen,
organic carbon, NO3 — N, and available potassium (Ren et al.,
2021). Therefore, the soil bacterial diversity was regulated by the
cropping patterns and N fertilizer application managements, but
the regulation varied with the crops and the growth period.

Changes in bacterial community composition are usually used
to reflect nutritional contents and structural features of soils
(Mouhamadou et al., 2013). Our analysis revealed that the
abundance of Bacteroidota and Chloroflexi in pea strips were
regulated by intercropping pattern, but delayed N fertilizer
application just increased the abundance of Chloroflexi. The
relative abundance of Proteobacteria in intercropped maize was
increased at two sampling stages, but increased by the delayed N
fertilizer application at MS stage. The universality and importance
of these phyla have been demonstrated in previous research (Fu
et al.,, 2019; Guo et al.,, 2021). These results were consistent with
other cereal-legume intercropping system (Gong et al., 2019). The
main reason for this phenomenon was the combination of delayed
N fertilizer application and the pea/maize intercropping pattern
could alter soil properties, thus regulating the structure of bacterial
communities. Changes in the chemical properties and nutrient
status of soil, mainly the CAT activity at the PF stage and
ammonium at the MS stage, are the most important factors
causing differences in microbial community structure.
Consequently, the composition of bacteria was stimulated by
enzyme activities and soil properties with considerable change
under cereal-legume intercropping systems (Gong et al., 2019; Yu
etal, 2021).

Impacts of applying the delayed N
fertilizer application to pea/maize
intercropping on CO, emissions and the
underlying mechanisms

Our results suggested that the delayed application of N
fertilizer could decrease the CO, under the pea/maize
intercropping pattern. A previous study showed that the reduction
in CO, emissions was mainly due to the changes in bacterial
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community composition (Wang et al., 2020). Network analysis
showed that the Rs rate mainly related to the phylum
Proteobacteria and Chloroflexi at the PF stage and the phylum
Bacteroidota and Chloroflexi at the MS stage, which were the most
abundant bacterial phyla in soil environments (Guo et al., 2021;
Cuartero et al., 2022). Furthermore, the relative abundance of
Proteobacteria decreased with the reduction in the CAT activity,
thereby mitigating the Rs rate at the PF stage. The result was
probably because low N input conditions (N1) at co-growth
period suppressed the growth of eutrophic bacteria, mainly
Proteobacteria, thus reducing the CO, emission (Ying et al., 2010).
In contrast, the Rs rate at the MS stage decreased by promoting
and inhibiting the growth of Chloroflexi and Bacteroidota with
the reduction in ammonium content, indicating that the
relationship between the Rs rate and the dominant bacterial group
might depend on specific soil properties. Based on the data of
environmental factors, soil bacterial community, and correlation
network analysis, these bacterial groups could be promising
biological indicators in soil carbon emissions. Moreover, the
results revealed that the combined system could alter soil
properties and these bacterial groups, thereby mitigating CO,
emissions. Further research was needed to regard the overall effect
of this N management practice on the bacteria community by
increasing sampling time.

Conclusion

This study provided previously unavailable information on the
correlation between bacterial communities and CO, fluxes in the
pea/maize intercropping system. Soil CO, emissions were lower
in the delayed N fertilizer application than in traditional N
fertilizer application. Moreover, a close relationship existed
between soil properties (catalase activity and NHZ — N ) and the
dominant group (Proteobacteria, Chloroflexi, and Bacteroidota).
Furthermore, the correlation between CO, fluxes and the
dominant group revealed by the network might imply the
mitigation of CO, emissions by suppressing the growth of
Proteobacteria and Bacteroidota but promoting the growth of
Chloroflexi. In conclusion, our results supported the hypothesis
that soil CO, emissions were influenced by delayed N fertilizer
application and cropping patterns, mainly affected the bacterial
communities and properties of soils. Further research of these
interactions may provide a new horizon for achieving synergy
between cropping patterns and N fertilization to mitigate
GHG emissions.
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Biochar applied to soil can reduce nitrous oxide (N,O) emissions produced by
freeze—thaw processes. Nonetheless, how biochar modification affects N,O
emissions during freeze—thaw cycles is not completely clear. In our research,
during freeze—thaw cycles, microcosm experiments were conducted to
investigate the effects of maize straw biochar (MB) or rice straw biochar
(RB) addition on soil N,O emissions under different water conditions. The
N,O emissions peaked at the initial stage of thawing in all the soils, and the
total N,O emissions were considerably greater in the flooded soils than in
the nonflooded soils. Compared with the soils without biochar addition, RB
and MB amendments inhibited N,O emissions by 69 and 67%, respectively.
Moreover, after biochar addition, the abundance of AOB amoA genes
decreased by 9-13%. Biochar addition significantly decreased the content of
microbial biomass nitrogen (MBN) in flooded soil during thawing, which was
significantly correlated with N,O emissions and nitrification and denitrification
communities. The PLS-PM further revealed that biochar can inhibit the
production and emission of soil N,O by reducing soil MBN during soil thawing.
In addition, soil moisture directly significantly affects N,O emissions and
indirectly affects N,O emissions through its influence on soil physicochemical
properties. Our results revealed the important function of biochar in decreasing
the emission of N,O in flooded soil during freeze—thaw cycles.

KEYWORDS

freezing—thawing, soil moisture, biochar, nitrous oxide, paddy soil

Introduction

Freeze-thaw alternation, as a familiar natural phenomenon, affects more than 70%
of the land area in cold regions and high latitudes (Mellander et al., 2007). Global
climate warming has exacerbated the intensity and frequency of freeze-thaw cycles,
leading to an increase in nitrous oxide (N,O) release in soil. On a 100-year timescale,
the global warming potential of N,O, a significant greenhouse gas, is 298 times higher

frontiersin.org
33


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.1033210%EF%BB%BF&domain=pdf&date_stamp=2022-10-18
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1033210/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1033210/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1033210/full
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.1033210
mailto:hyyao@iue.ac.cn
https://doi.org/10.3389/fmicb.2022.1033210
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Yang et al.

than that of carbon dioxide (CO,; Gao et al., 2015; Pelster et al.,
2019). Soil-sourced N,O emissions account for 60% of total N,O
emissions, and up to 70% of the annual N,O flux could
be emitted in temperate regions during the freeze-thaw period
(Yao et al., 2010). In a laboratory experiment, Gao et al. (2015)
found that the total N,O emissions from peatland and meadow
soils in the Qinghai-Tibet Plateau sharply increased by 5.8 and
3.9 times after freezing and thawing, respectively. In forest
fields, Peng et al. (2019) conducted high-frequency monitoring
of N,O emissions on Changbai Mountain and found that the
average daily N,O emissions rate in the freeze—thaw period was
up to 2618.3 ugN m~d™", and the cumulative emissions in the
freeze—thaw period accounted for approximately 58% of the
annual emissions. Based on a model, Wagner-Riddle et al.
(2017) predicted that farmland soils undergoing seasonal
freeze-thaw contributed approximately 1.07 +0.59 Tg of N,O
per year, which is considered the largest anthropogenic source
of N,O to date. The enhanced metabolism of substrate
microorganisms accumulated during thawing is considered the
most likely cause of the high risk of N,O emission (Kim et al.,
2012). Ice films are formed on the surface of soil granules in the
process of soil freezing, leading to an anoxic environment and
promoting microbial denitrification, hence generating
N,O. Nevertheless, the presence of ice film also inhibited the
release of N,0. While the soil commenced to melt, all captured
N,O was quickly released into the atmosphere (Goldberg
et al., 2010).

For the past few years, numerous studies have reported that
biochar applied to soils affects the emission of N,O
(Purakayastha et al., 2019; Ahmad et al., 2021; Zhang et al,,
2022a). Although biochar contains a-pinene and ethylene,
volatile organic compounds called nitrification inhibitors
(Spokas et al., 2011; Taghizadeh-Toosi et al., 2011), these
influences differ across biochar and soil types and environmental
conditions. For example, Bruun et al. (2011) and Clough et al.
(2010) discovered that biochar combined with bovine urine or
anaerobically digested slurry enhanced soil N,O emissions.
However, it was also asserted that biochar addition did not
influence soil N,O emissions in subtropical grasslands (Scheer
et al, 2011). Until now, the impact of biochar on nitrification
and denitrification related to N,O formation remained unclear.
For example, Case et al. (2015) found that biochar addition
accelerated nitrification and soil N mineralization to produce
N,O, but this practice decreased the total emissions of N,O by
91% by inhibiting denitrification, which was probably due to the
different properties of biochar. Therefore, it is important to
investigate the effects of different types of biochar on N,O
emissions during thawing.

As an important environmental factor related to oxygen
availability in soil, moisture is closely coupled with biogeochemical
cycles (Song et al, 2020). Soil moisture directly affects soil
microorganism activity and indirectly regulates nitrification and
denitrification processes by affecting soil substrate availability and
oxygen diffusion capacity (Chen et al., 2018). Chen et al. (2018)
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found that soil moisture was positively related to N,O flux in the
nongrowing period and explained approximately 32% of the
change in N,O flux. Initial soil moisture conditions also affect the
dynamics of N transformation during freeze-thaw (Stres et al,
2008). Anaerobic or anoxic microenvironments were generally
beneficial for denitrifiers to produce N,O. With the gradual
increase in water content, the degree of damage caused by water
molecules to soil aggregates becomes more pronounced during
freezing. Accordingly, the higher amount of active organic carbon
released by the aggregates probably promotes the metabolic
activity of heterotrophic microorganisms, including denitrifying
microorganisms (Song et al., 2020). In this experiment, maize
straw biochar and rice straw biochar were selected to explore the
regulatory effect of different biochars on N,O emissions during
the soil freeze-thaw cycles under different water conditions.
We hypothesized that biochar addition can reduce N,O emissions
by decreasing the abundance of functional genes related
to denitrification.

Materials and methods
Soil analysis

The studied soil was gathered from a typical paddy field that
has a long history of rice cultivation in Shuguang Village
(123°5831” E, 47°2315” N), Qiqihar City, Heilongjiang Province,
China. Influenced by the mid-temperate continental monsoon
climate in this area, the average annual temperature was 3.2°C (the
monthly average temperature ranged from —20.5°C in January to
22.2°CinJuly), and the average annual precipitation was 415 mm.
The topsoil normally begins to frost around October and thaws in
March of the following year due to rising temperatures (Song
et al., 2008). We collected surface-layer soil (0-20 cm) after the
thawing period in March 2019. Part of the soil samples were
air-dried and then sieved through a 2-mm mesh to remove
observable stones and roots for physicochemical analysis. The
other part of the soil sample was stored at 4°C for subsequent
incubation experiments. The soil texture was silty loam. The pH,
total nitrogen and total carbon contents of the soil were 6.4, 0.22,
and 2.37%, respectively. The basic chemical and physical
properties of the soil are listed in Table 1.

TABLE 1 Physicochemical properties of soil samples and biochar.

C(%) N(%) C/N pH Soil texture
ratio
Sand  Silt  Clay
(%) (%) (%)
Soil 237 0.22 10.4 6.4 38 26 36
MB 75.3 1.35 55.9 8.5 - - -
RB 46.5 0.76 60.9 10.4 - - -

MB, maize straw biochar; RB, rice straw biochar.
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Experimental design

Soil samples of 15.0 g (dry weight) were accurately weighed in
a 120-ml brown serum flask, and the soil water content was
adjusted to 60% water holding capacity (WHC), 100% WHC, and
flooding with a 1-cm water layer thickness. Maize straw biochar
(MB) and rice straw biochar (RB) with a mass concentration of 2%
were added before incubation. The basic physicochemical
properties of the biochar used in this study are listed in Table 1.
The surface morphology and structural characteristics of biochar
were observed by scanning electron microscopy (SEM; Figure 1).
All treatments were precultured at 25°C for 7 days in the dark (the
culture vessel was ventilated, and water loss was replenished) to
fully recover the microbial activity in the soil. After preculture, the
soils were frozen at —20°C for 7 days to simulate winter freezing,
and then the temperature was set to 4°C for 12days to
simulate thawing.

Gas sampling and analysis

Nitrous oxide emissions were measured within 12 days after
thawing. A gas chromatograph with an electron capture detector
(ECD) was used to analyze the concentration of N,O produced by
the soil. Then, the total N,O emissions of the entire culture period
were calculated by the daily emission rate described by Yu
et al. (2022).

Soil mineral nitrogen measurement

The cultured fresh soil samples on the first day after thawing
were weighed to approximately 3g, 1 mol/L KCI solution was
added at a ratio of 1:10 (w:v), and the sample was fully mixed. The

1SkU  X1,008  1Bnm 14 26 SEI |

15kU. 14/26 Sex

X3,808 ~ Snm

FIGURE 1

Surface morphology and structural characteristics of biochar
observed by scanning electron microscopy (SEM; MB: maize
straw biochar; RB: rice straw biochar).
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samples were placed on a horizontal oscillator to fully oscillate for
30min (180r/min). After shaking, the filtrate was collected by
centrifugation at 3,000 r/min. Finally, a flow analyzer determined
the contents of nitrate (NO;”) and ammonium (NH,"; Zhang
et al., 2022b).

Soil dissolved organic carbon and
microbial biomass nitrogen
measurements

The microbial biomass nitrogen (MBN) contents in the soil
were determined by potassium sulfate extraction and chloroform
fumigation (Jenkinson et al.,, 2004). Approximately 3 g of fresh soil
on the first day after thawing was weighed and placed in a clean
centrifuge tube, and 0.5 ml of ethanol-free chloroform was added
and fully mixed. The soils were placed at 25°C for sealed culture
in the dark for 24 h, and 10 ml potassium sulfate solution with a
concentration of 0.5 mol/l was added. After shaking extraction for
30min (180 r/min) on the vibrating machine, centrifugal filtration
was carried out, and finally, the measurement was carried out on
the machine. The control group was extracted without fumigation
and determined by potassium sulfate solution. The soil dissolved
organic carbon and nitrogen contents were analyzed by a total
organic carbon analyzer (MULTI-N/C 21008, Analytik Jena, Jena,
Germany). The organic carbon concentration of the unfumigated
sample group is the dissolved organic carbon (DOC) content of
the soil sample. The MBN contents were obtained from the
difference in total nitrogen (TN) between the fumigated and
unfumigated soils multiplied by the corresponding conversion
coefhicient (KEN =0.45; Jenkinson et al., 2004).

DNA extraction and quantitative PCR
analysis

DNA was extracted from 0.5g freeze-dried soil using the
FastDNA® for Soil Kit (MP Biomedicals, California, United States)
strictly according to the manufacturer’s instructions. The DNA of
the soil samples before freezing and on the first and seventh days
of thawing was extracted. Quantitative analysis of functional genes
is based on extracted DNA as templates at the gene level. Thus,
DNA was used as a template for quantitative analysis of
nitrification [ammonia-oxidizing archaea (AOA) amoA,
ammonia-oxidizing bacteria (AOB) amoA] and denitrification
(nirS, nirK, and nosZ) functional genes (Zhang et al., 2021). The
detailed amplification system, conditions and primers are shown
in Table 2.

Quantitative PCR (qPCR) was carried out for analysis using
the LightCycler® 48011 system (Roche Diagnostics, Basel,
Switzerland). The amplification system contained 10 pl Absolute
SYBER Fluorescein Mix (Thermo Scientific, New York,
United States), 0.5pl primer, 7 pl nuclease-free water, and 2 pl
10-fold diluted DNA stock as a template (6-26ng). Negative
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TABLE 2 Primers for nitrifier (AOA and AOB amoA) and denitrifier (nirK, nirS and nosZ) genes and their thermal cycling conditions for qPCR.

Target genes  Primer Sequence (5'-3) Product length (bp) Amp}iflcation References
condition

AOA amoA CrenamoA23f ATGGTCTGGCTWAGACG 635 95°C 155; 53°C 455; 72°C Francis et al. (2005)
CrenamoA616r GCCATCCATCTGTATGTCCA 455; 83°C 15s; 45 cycles

AOB amoA amoA1F GGGGTTTCTACTGGTGGTCCC 491 95°C 155; 54°C 405 72°C Francis et al. (2005)
amoA2R CTCKGSAAAGCCTTCTTC 455; 84°C 155; 40 cycles

nirS nirS-cd3aF GTSAACGTSAAGGARACSGG 425 95°C 15s; 50°C 4555; 72°C Throback et al. (2004)
nirS-R3cd GASTTCGGRTGSGTCTTGA 45s5; 88°C 155; 50 cycles

nirK FlaCu ATCATGGTSCTGCCGCG 514 95°C 10s; 53°C 455; 72°C Throback et al. (2004)
R3Cu GCCTCGATCAGRTTGTGGTT 45s; 86°C 15s5; 45 cycles

nosZ nosZ-F CGYTGTTCMTCGACAGCCAG 453 95°C 155; 50°C 30s; 72°C Scala and Kerkhof
nosZ-1662R CGSACCTTSTTGCCSTYGCG 30s; 83°C 15s; 55 cycles (1998)

controls were replaced with the same amount of nuclease-free
water. The functional gene plasmids related to bacterial
nitrification and denitrification were extracted by DNA template,
and the plasmids were continuously diluted 10 times to form a
standard curve for gene quantitative analysis (Yin et al., 2019).

Statistical analysis

The software used for data processing and analysis mainly
included Excel 2016, OriginPro 2018, R4.2.1 and SPSS 20.0 (IBM,
Chicago, United States). Univariate ANOVA (Tukey’s HSD,
p<0.05) was used to analyze significant differences in soil
chemical and physical properties and abundance of functional
genes during thawing. The Mantel test established through the
“linkET” program package in R language was used to analyze the
interaction influences of different factors. Partial least squares
path modeling (PLS-PM) was established through the “plsm”
program package in R language to analyze the influence of biochar
addition and moisture on N,O emissions during the
thawing process.

Results
Soil N,O emissions

After different biochar treatments, N,O gas emissions peaked
at the initial stage of soil thawing (within 1 day), declined rapidly,
and then tended to be stable (Figure 2). The addition of both
biochar types had a remarkable influence on cumulative N,O
emissions during soil thawing in flooded conditions, while there
was no remarkable difference in total N,O emissions between the
two nonflooded conditions (Figure 3). The MB and RB treatments
inhibited cumulative N,O emissions by 67 and 69%, respectively.
No significant difference was found between the inhibition effects
of these two biochars on N,O emissions during the soil freeze—
thaw process.
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Soil mineral N and DOC

In our study, contrasted with the control treatment, the NO;~
content in the nonflooded soil under the MB treatment decreased
at 1 day of thawing, while the NO;™ content in the nonflooded soil
increased under the RB treatment. There was no significant
difference in NO;~ content between the different treatments under
flooded conditions (Figure 4A). Both biochar amendments
increased NH," content, but there was no significant difference in
NH," content between the two treatments (Figure 4B). Compared
with the control treatment, biochar addition increased the content
of DOC by 0.32-1.55 times. Moreover, the soil DOC content with
RB addition was higher than that with MB addition (Figure 4D).
Last, biochar addition reduced the soil MBN content under 100%
WHC and flooded soils but did not affect MBN content under
60% WHC soil (Figure 4C).

Microbial functional genes

There was no significant difference in functional gene
abundance related to nitrification and denitrification processes on
the first day after thawing compared with before freezing, but
most of the gene abundance decreased on the seventh day after
thawing (Figure 5). The addition of biochar increased the
abundance of the nitrifying gene AOA amoA (Figure 6A) but
reduced AOB amoA (Figure 6B). Biochar treatment did not
observably influence the abundance of the denitrifying functional
gene nirS (Figure 6C) but increased the abundance of nirK
(Figure 6D) and nosZ (Figure 6E). In addition, soil moisture had
no significant effect on functional gene abundance (Figures 7, 8).

Relationship among different factors and
N,O emissions

The Mantel test showed that biochar, soil moisture, MBN,
NO;~, AOA amoA, and AOB amoA had significant influences on
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N,O emissions. Moreover, soil moisture had negative effects on
the content of NO;~ (Figure 7). PLS-PM showed that the addition
of biochar had significant negative effects on nitrifiers and MBN
content and indirectly affected N,0 emissions through its effect
on soil MBN (Figures 8A,B). Soil moisture directly significantly
affects N,O emissions and indirectly affects N,O emissions
through its influence on soil physicochemical properties
(Figures 8A,B).

Discussion

Effect of soil moisture on N,O emissions
during thawing

Previous studies observed peaks of N,O emission at the start
of thawing during the freeze-thaw periods (Prieme and
Christensen, 2001; Wu et al., 2020). In the present study, N,O gas
emissions peaked at the initial stage of soil thawing, which mainly
contributed to the release of N,O during the freeze-thaw period.
There was no significant difference in N,O emissions (< 2 pgkg™)
found in this study between soil moisture contents of 60 and 100%
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WHC during the freeze—thaw process, but the cumulative N,O
emissions significantly increased to 10.9 ugkg™ in the flooded soil.
This result was consistent with Bhowmik et al. (2016), who found
that N,O emissions from pasture soil increased from 5.43 to
12.3 pgkg™" during freeze-thaw when the soil moisture content
increased from 40 to 80%. This result was probably due to
denitrification dominating the N,O production under saturated
water content and then inducing a high risk of N,O emission
during the thawing process (Mathieu et al., 2006; Braker et al.,
2010). Overall, our results highlight the importance of water
conditions in regulating N,O emissions during thawing, and it is
necessary to develop an efficient approach to inhibit the
production of N,O under flooded conditions.

Soil moisture controls the emission of N,O mainly by
regulating the content of soil oxygen (O,) and thereby affects the
transformation of denitrification and nitrification processes (Li
et al., 2021). The flooding conditions with high water content in
soil reduced O, diffusion and formed anoxic or anaerobic
environments, which are conducive to denitrification (Ma and
Fan, 2020). However, in this study, there was no significant
difference in the abundance of functional genes related to

nitrification and denitrification processes. But the

soil
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NO;™ content, as a substrate for denitrifiers, decreased sharply
under flooding conditions during thawing. This result showed that
soil moisture probably affects N,O production/reduction by
controlling denitrifying microbial activity rather than denitrifying
microbial gene abundance.

Effect of biochar addition on N,O
emissions during thawing

Previous studies found that biochar can effectively reduce soil
greenhouse gas production (Yin et al., 2021), which might be a
possible method to decrease soil N,O emissions during freeze—
thaw. Our results demonstrated that biochar amendment
significantly inhibited soil N,O production by 67-69% during
freeze-thaw, which was consistent with the results of Liu et al.
(2016), who confirmed that biochar addition inhibited soil N,O
emissions by 20-70% during freeze—thaw. In another experiment,
Hou et al. (2020) found that the application of biochar to

A B
25 20
CK XX CK
HHE MB S MB
20 EEE RB HE RB
a 15 a
154 T
2 R o0
) SRR £
g 8K =10+
104 XX v
) 555 £
z 3K z
ool
000
51 B 5
R
0%
3%
04 XXX
T T T 0-
c 60%WHC 100%WHC Flooded D 60%WHC 100%WHC Flooded
120 1000 -
CK CK
HHEE MB HiE MB
5 RB
a a 800 -
901 a a
= o
g‘n 4 600
oo o0
£ 60 £ I
z o a b K
8 S 400 b XS
= 2 : IR
b X
PO
304 ' RS
: i B
022 200 < &
KX XX
) KKK
KX S
ol fosees 0. o2ets
60%WHC 100%WHC Flooded 60%WHC 100%WHC Flooded
FIGURE 4
Contents of soil NOs~ (A), NH4* (B), microbial biomass nitrogen (MBN; C), and dissolved organic carbon (DOC; D) with biochar amendments on
the first day after thawing. (CK: control; MB: maize straw biochar; RB: rice straw biochar; a and b indicate significant differences among the
different biochar treatments, p<0.05; error bars represent the standard error, n=3).

Frontiers in M

icrobiology

frontiersin.org
38


https://doi.org/10.3389/fmicb.2022.1033210
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Yang et al.

10.3389/fmicb.2022.1033210

== ck

== 7D

AOA amoA gene
(g"" soil, log,, scale)

nirS gene
(g"" soil, log, scale)

nosZ gene
(g soil, log,, scale)

FIGURE 5

standard error, n=3).

Abundance of the AOA amoA (A), AOB amoaA (B), nirS (C), nirK (D), and nosZ (E) genes at different times (CK: control; 1D: the first day after
thawing; 7D: the seventh day after thawing; a and b indicate significant differences among the different period, p<0.05; error bars represent the

= cK
e 1D
2 70

AOB amoA gene
(g soil, log,, scale)

124 = cK
NN 1
2 7a
10 1
o
®
=
g
o 2
£ o
=2
)
=8
&

seasonally frozen farmland soil directly reduced cumulative N,O
emissions by 24%. However, Zhou et al. (2017) found that biochar
with high porosity interacted with freezing and increased N,O
emissions by microbial lysis. This difference indicated that the
effect of biochar amendments on N,O emissions during the
freeze—thaw process varied with their type. Moreover, based on a
meta-analysis, Brassard et al. (2016) found that biochar with a
lower nitrogen content and higher C/N ratio (>30) was more
suitable for mitigating soil N,O emissions. In this study, compared
with MB, although RB contained lower nitrogen content but
higher porosity, there was no significant difference in N,O
mitigation potential between the two treatments amended with
MB or RB biochar under flooded conditions. This result indicates
that the anaerobic environment probably masked the actual
impact of biochar properties on N,O emissions.
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It has been reported that biochar can reduce N,O emissions
by affecting soil N availability (Liu et al., 2016). However, under
near-saturated conditions, Case et al. (2015) found that biochar
inhibited the release of N,O emissions, but the change in soil
inorganic nitrogen (including NH," and NO;') was not able to
explain the reduction in N,O emissions. In this study, the
amendment of rice straw biochar significantly increased NH," and
NO; contents but had a negligible effect on N,O emissions,
indicating that biochar amendment did not affect inorganic N
availability for N,O production (Case et al., 2015; Xie et al., 2020).
Moreover, under flooded conditions, the amendment of biochar
increased the NH," content, which supplied an N source for
nitrification to produce N,O. However, the application of biochar
significantly reduced N,O emissions, indicating that the reduction
in N,O was probably due to the inhibitory compounds of biochar
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on nitrifiers and denitrifiers (Taghizadeh-Toosi et al., 2011;
Quilliam et al., 2013; Case et al., 2015) rather than the N substrates.

The inhibitory effect of biochar on N,O formation was mainly
due to its inhibitory compounds on denitrification (Case et al., 2015;
Edwards et al., 2018). However, in this study, biochar amendments
significantly increased the abundance of the AOA armoA gene but
reduced AOB amoA gene abundance during the freeze—thaw period.
In neutral and alkaline soils, Shen et al. (2012) found that AOB
dominate nitrification rather than AOA using the DNA stable
isotope probing (DNA-SIP) method. Therefore, it is expected that
biochar can reduce N,O production, probably by limiting the
nitrification caused by AOB. During the denitrification process, the
amendment of biochar significantly increased the abundance of the
nosZ gene encoding N,O reductase, indicating that biochar reduced
N,O emission through enhanced N,O reduction during thawing. In
addition, the addition of biochar significantly decreased the content
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of MBN, indicating that biochar reduced N,O emissions by
inhibiting the substrates for N mineralization. Overall, based on the
PLS-PM model, although biochar significantly affects the abundance
of nitrifiers and denitrifiers, the change in functional genes related to
nitrification and denitrification was not able to explain the reduction
in N,O emissions. Further study should focus on the impact of
biochar on the activity of nitrifiers and denitrifiers.

Conclusion

In the absence of biochar, there was no significant difference in
N,O emissions between soil water holding capacities of 60 and 100%
during the freezing-thawing period. However, microbial-mediated
denitrification and nitrification processes in flooded soil led to a
large increase in N,O produced by freeze-thaw processes. During
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FIGURE 7 Direct effects.

Pairwise comparisons of different factors are shown, with a color
gradient denoting Spearman'’s correlation coefficients. N,O
emissions were related to each factor by Mantel tests. Edge width
corresponds to Mantel's r statistic for the corresponding distance
correlations, and edge color denotes the statistical significance
based on 9,999 permutations. *, ** and *** indicate p < 0.05, p <
0.01, and p < 0.001, respectively.

the thawing period, the application of biochar to soil had a negligible
effect on N,O emissions under nonflooded conditions but
significantly reduced cumulative N,O emissions by 67-69% under
flooded condition. The reduction in N,O emissions in the flooded
environment was mainly due to biochar reducing N,O production
by decreasing the AOB amoA gene abundance and enhancing N,O
reduction by increasing the nosZ gene, which encodes N,O
reductase. However, across the different water conditions, the change
in functional genes related to nitrification and denitrification
processes was not able to explain the reduction in N,O emissions.
Further study should focus on the impact of biochar on the activity
of nitrifiers and denitrifiers. Overall, our study showed that field
water management was important for the release of N,O in the
freezing-thawing stage of paddy soil, and biochar addition could
alleviate the N,O produced in the freezing-thawing stage of
flooding soil.
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tomato cultivation: Evidence
from stable isotope analyses
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Introduction: Hydroponic vegetable cultivation is characterized by high intensity
and frequent nitrogen fertilizer application, which is related to greenhouse gas
emissions, especially in the form of nitrous oxide (N,O). So far, there is little
knowledge about the sources of N,O emissions from hydroponic systems, with
the few studies indicating that denitrification could play a major role.

Methods: Here, we use evidence from an experiment with tomato plants
(Solanum lycopersicum) grown in a hydroponic greenhouse setup to further
shed light into the process of N,O production based on the N,O isotopocule
method and the °N tracing approach. Gas samples from the headspace of rock
wool substrate were collected prior to and after **N labeling at two occasions
using the closed chamber method and analyzed by gas chromatography and
stable isotope ratio mass spectrometry.

Results: The isotopocule analyses revealed that either heterotrophic bacterial
denitrification (bD) or nitrifier denitrification (nD) was the major source of N,O
emissions, when a typical nutrient solution with a low ammonium concentration
(1-6 mgL™) was applied. Furthermore, the isotopic shift in *N site preference
and in 80 values indicated that approximately 80—-90% of the N,O produced
were already reduced to N, by denitrifiers inside the rock wool substrate. Despite
higher concentrations of ammonium present during the *N labeling (30-60
mgL™), results from the *N tracing approach showed that N,O mainly originated
from bD. Both, *N label supplied in the form of ammonium and N label supplied
in the form of nitrate, increased the >N enrichment of N,O. This pointed to the
contribution of other processes than bD. Nitrification activity was indicated by the
conversion of small amounts of ®*N-labeled ammonium into nitrate.

Discussion/Conclusion: Comparing the results from N,O isotopocule analyses
and the N tracing approach, likely a combination of bD, nD, and coupled
nitrification and denitrification (cND) was responsible for the vast part of N,O
emissions observed in this study. Overall, our findings help to better understand the
processes underlying N,O and N, emissions from hydroponic tomato cultivation,
and thereby facilitate the development of targeted N,O mitigation measures.

KEYWORDS

glasshouse vegetable production, horticulture, greenhouse gas emission, N,O
isotopocules, °N labeling, denitrification
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1. Introduction

Based on a variety of technical innovations in greenhouse
vegetable production, the use of soilless culture systems
(commonly referred to as “hydroponics”) has grown in importance
during the last 30-40years (Gruda, 2009; Savvas et al., 2013;
Savvas and Gruda, 2018). Controlled environment systems are
considered by some as key part of future food production (Lakhiar
etal,, 2018; Cowan et al., 2022). This is largely due to the possibility
of operating hydroponic systems in greenhouses in regions with
unfavorable climatic conditions and in urban areas (Sharma et al.,
2018; Small et al., 2019). Closed hydroponic systems also allow the
re-utilization of drained nutrient solution from the root zone by
recirculating the collected drain after mixing with stock solution.
The high water and nutrient efficiency of closed hydroponic
systems as well as the reduction of soil-borne diseases are
considered as major advantages compared to soil-based cultivation
(Gruda, 2009; Savvas and Gruda, 2018). Besides, the high water
and nutrient efficiency makes hydroponic systems also interesting
for the production of supplemental fresh food during space
missions (Wheeler, 2017). Nonetheless, there are still losses
occurring in the form of gaseous nitrogen (N) emissions, which
may sum up to more than 10% of the N applied in the nutrient
solution (Daum and Schenk, 1996a). Due to the high N application
rate and dosage frequency in hydroponics, there is also a high
potential for gaseous N emissions, in particular nitrous oxide
(N,O) from microbial processes such as nitrification (Ni) and
heterotrophic bacterial denitrification (bD; Daum and Schenk,
1996b; Lin et al., 2022). If bD is complete, N losses in the form of
molecular nitrogen (N,) due to N,O reduction might also occur.
So far, only a few studies investigated volatile N losses from
hydroponic systems. Some of these studies found N,O emission
factors higher than the IPCC estimate of 1% N,O-N for applied N
fertilizer in soil cultivation (Daum and Schenk, 1996a; Hashida
et al., 2014; Yoshihara et al., 2016), while others found lower N,O
emission factors (Llorach-Massana et al., 2017; Halbert-Howard
et al., 2021; Karlowsky et al., 2021).

The specialty of hydroponic systems is that inert substrates
such as sand, perlite, or rock wool can be used, which limits the
availability of organic carbon for heterotrophic denitrifiers. In this
case, the hydroponic growing medium consists only of the
substrate matrix and the supplied nutrient solution, which is
mostly composed of mineral fertilizers dissolved in water.
Nevertheless, bD has been considered as the main source of
gaseous N emissions from hydroponic systems with inert
substrates (Daum and Schenk, 1996a, 1996b, 1998). Whereas a
more recent study by Lin et al. (2022) with tomato plants
cultivated on peat and coir substrates found also significant shares
of N,O produced by Ni, which depended on the substrate used.
In hydroponic systems with inert growing media, various factors
may favor bD over Ni activity, i.e,, (i) frequent irrigation pulses,
(ii) slightly acidic pH values (pH 5-6.5) in the nutrient solution,
(iii) often high nitrate (NO;~) to ammonium (NH,*) ratios, and
(iv) the presence of root exudates and debris. Yet, there is little
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knowledge on the processes underlying gaseous N emissions from
hydroponic systems. In particular, it is unclear to which extend
other processes such as fungal denitrification (fD), nitrifier
denitrification (nD), or coupled nitrification and denitrification
(cND) play a role in hydroponic systems. A study of functional
microbial genes by Hashida et al. (2014) found 3-5 times higher
gene copy numbers for denitrifiers than for nitrifiers, but the
abundance of functional Ni and bD genes had no clear
relationship with measured N,O emissions. N, emissions from
bD, which are more difficult to analyze due to the high
atmospheric concentration of N,, have only been researched by
Daum and Schenk (1996a, 1996b, 1997, 1998) in hydroponic
systems, using the acetylene inhibition method. However, today,
it is known that this method is not suitable to quantify N,
production, mainly due to catalytic decomposition of NO in
presence of O, (Felber et al., 2012; Nadeem et al., 2013), which
cannot be excluded in the setup used in the Daum and Schenk
studies (ibid.).

Alternative methods for detecting N, emissions include (i) the
use of closed chambers filled with other inert gases such as helium
and the analysis of N, in gas samples on a gas chromatograph
(helium incubation method) (Scholefield et al., 1997), (ii) the
labeling with "N supplied by the fertilizer and the measurement
of N contents in N,O and N, (N tracing approach) (e.g., Stevens
and Laughlin, 1998; Buchen et al., 2016), and (iii) the analysis of
the isotopic composition (80, &“Nbulk value and the
intramolecular distribution of N in N,0) of the four most
abundant N,O isotopocules, which are indicative for N,O
production pathways, but also altered during the N,O reduction
process (N,O isotopocule method) (e.g., Decock and Six, 2013;
Lewicka-Szczebak et al, 2017). Unfortunately, the helium
incubation method to directly measure N, emissions requires a
high technical effort and is very prone to leakage and is therefore
mainly used for the analysis of soil cores in the laboratory
(Groffman et al., 2006). Both, the N,O isotopocule method and
the N tracing approach, require little technical effort in the field
or greenhouse, can be combined with the usual chamber-based
gas flux measurements for detecting N,O emission rates, and are
suitable to assess the microbial processes that drive the N,O
emission (Lewicka-Szczebak et al., 2020). The N, isotopocule
method works well with natural abundance stable isotope ratios
and only requires the capacity for stable isotope analyses. However,
due to the multitude of possible N,O processes (Butterbach-Bahl
et al,, 2013) and the variability found in isotope contents and
fractionation factors, uncertainties of its results have to be taken
into account (Wu et al., 2019). The "N tracing approach allows to
quantify the conversion of *N-enriched substrates such as NO;~
or NH,* to different products, including N,0 and N, (*N mass
balance). Though to obtain sufficient "N enrichment of N, for
detection of N, production, high amounts of expensive °N tracer
have to be applied, limiting the use of the °N tracing approach for
detecting N, fluxes by the experimental budget. Moreover, under
ambient atmosphere, its sensitivity is quite low (Zaman
etal.,, 2021).
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In this study, we used a combination of the N,O isotopocule
method and the "®N tracing approach to further shed light into the
processes underlying gaseous N emissions from hydroponic
systems. Analyzing the N,O isotopocules and using the dual
isotope plot (“isotopocule mapping approach”) is the most
common interpretation strategy to estimate the fractions of N,O
produced by bD and/or nD, {D, and Ni (e.g., Lewicka-Szczebak
etal., 2017). The results from N,O isotopocule analysis were also
recently found to be in good accordance with the analysis of
functional nitrifier and denitrifier genes (Lin et al., 2022). In
contrast to the isotopocule method, the "N tracing approach
allows to estimate the fraction of N,O derived from bD, without
overlapping nD (e.g., Deppe et al., 2017). Hence, by combining the
N,O isotopocule method and the "N tracing approach, it is
possible to assess potential contributions of not well-studied
microbial processes such as nD or ¢ND in N,O formation.
Furthermore, we used two types of N label, ie., "NH," and
"NO;7, to determine the contribution of each N form in the
emitted N,O and to gain additional insights into N transformation
processes. In our study, we focused on rock wool hydroponics and
used tomato plants as a model, as the use of rock wool substrate is
widespread in modern production greenhouses (Dannehl et al.,
2015; Savvas and Gruda, 2018) and tomato is the most important
vegetable crop worldwide (Schwarz et al., 2014). We conducted
two sampling campaigns: (i) at the beginning of flowering and (ii)
during fruit ripening, at which we expected different N,O
emission rates. In previous studies with rock wool substrate,
higher N,O emissions were found during tomato fruit ripening
compared to earlier plant stages (Hashida et al., 2014; Karlowsky
etal., 2021), and were attributed to shifts in plant physiology.

Overall, our aim was to better understand which microbial
processes contribute to N,O emission from hydroponic systems
to enable tailored mitigation measures. We hypothesized that bD
is the main source of N,O emissions from hydroponic tomato
cultivation on rock wool, and that NO;™ is contributing to a higher
share to N,O emissions than NH,*. Furthermore, we assumed that
most of the applied "N tracer can be recovered in the labeled
nutrient solution, plant biomass, and gaseous N emissions in a
hydroponic system with inert rock wool substrate.

2. Materials and methods

2.1. Experimental setup and hydroponic
tomato cultivation

The experiment took place in an experimental glasshouse
consisting of multiple heated cabins, each with a size of 64 m* and
a roof top height of 4m. Two of these cabins were used for this
study, cabin no. 7 for pre-cultivating tomato plants (Solanum
lycopersicum cv. ‘Cheramy F1’) and cabin no. 5 for conducting the
experiment. Temperature in the cabins was set to 20/18°C (day/
night), and roof top ventilation was opened at temperatures above
23/20°C (day/night). Shading was done automatically at
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photosynthetically active radiation (PAR) values above
900 pmolm™ s~" and artificial lighting was applied between 5:00
and 12:00 CET, if PAR values were below 180 pmolm™ s™". Air
temperature and humidity in the cabins as well as roof top PAR
were continuously monitored by a climate computer
(Supplementary Figure S1). Tomato plants were sown on 26th July
2021 and after germination in moistened sand, 64 seedlings were
transplanted into pre-weighed rock wool cubes (10 x 10 x 6.5 cm;
Grodan B.V,, Roermond, Netherlands) for further cultivation. On
2nd September each two planted rock wool cubes were put on one
rock wool slab (100 x20x7.5cm; Grodan Vital, Grodan B.V,
Roermond, Netherlands) at a distance of 50 cm. One-half of the
planted rock wool slabs were installed in eight hydroponic units
with elevated gutters in cabin no. 5, which included separate
fertigation systems and were later used for the °N labeling. The
other half was further cultivated in cabin no. 7 in four gutters on
the ground, which shared one fertigation system. In both cases,
the collected drain solution (i.e., leachate) was re-used and mixed
with fresh nutrient solution in storage tanks as needed (closed
hydroponic system with re-circulating nutrient solution). The
nutrient solution from the storage tanks was supplied to plants via
pumps, PE tubes, and drippers inserted into the rock wool cubes.
The tomato plants were supplied with a custom-made nutrient
solution modified after the recipe of de Kreij et al. (2003), which
had a high NO,™ to NH," ratio (~20:1) that was found optimal for
tomato cultivation. Macro and micro nutrients were dissolved in
de-ionized water targeting a pH of 5.6 and an electrical
conductivity (EC) of 2 mS cm™. The pH and EC values in the
storage tanks were regularly monitored (Supplementary Figure S2).
Tomato seedlings were supplied with an N concentration of
361 mgL™" at the beginning (starter solution; 338 mgL™"' NO;™-N
and 23mgL~" NH,*-N). After the development of the 5th truss
and the first green fruits on, from 4th October, the N concentration
in the nutrient solution was reduced to 165 mg L™ (refill solution;
151mgL~" NO;™-N and 14 mgL~" NH,*-N). The composition of
the different nutrient solutions used in this study can be found in
Supplementary Table S1. Each hydroponic unit in cabin no. 5
consisted of a 4m gutter in which three rock wool slabs, two with
plants and one unplanted, were placed and a nutrient solution
tank  filled 40L
(Supplementary Figure S3). Two sampling periods were selected

storage up to  approximately
according to expected differences in plant N uptake and associated
assimilate distribution in the root-shoot system, representing high
growth and N uptake rates during early development and a more
balanced assimilate distribution during fruit ripening. The first
sampling and "N labeling campaign were performed on 22nd and
23rd September, when the tomato plants developed the 3rd truss
and first flowers. Subsequently, the 16 planted rock wool slabs (32
plants) in cabin no. 5 were completely removed (destructive
sampling, described below) and replaced by the other 16 planted
rock wool slabs pre-cultivated in cabin no. 7 on 24th September.
The eight unplanted rock wool slabs were also exchanged with
fresh rock wool slabs. To avoid carryover of "N label, the
hydroponic gutters were covered with plastic film below the rock
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wool slabs until 23rd September to reduce contact with the
""N-enriched nutrient solution. Both, the gutters and pumps for
nutrient solution, were thoroughly cleaned with a detergent/
disinfectant (MENNO Florades®, MENNO CHEMIE-VERTRIEB
GMBH, Langer Kamp, Germany) before installing the unlabeled
plants and rock wool slabs. Furthermore, the storage tanks and the
tubing as well as the drippers for nutrient solution were completely
replaced with new material. To ensure the supply of further
growing plants with water and nutrients, larger storage tanks were
used (Supplementary Figure S4) and filled up to approximately
2001. The experiment ended with the second sampling and N
labeling campaign on 3rd and 4th November, when the tomato
plants developed the 8th truss and the first fruits were ripe.

2.2. Gas flux measurements

For measuring the gas fluxes, the closed chamber method as
described by Karlowsky et al. (2021) was used. Acrylic glass
chambers with two small openings for plant stems were fitted
around the rock wool slabs (planted and unplanted) and sealed
with foam rubber to obtain a closed headspace with a volume of
approximately 161 (Supplementary Figure S5). Over a period of 1
hour after closing, four gas samples (each 30 ml) were taken in
20 min intervals with a 30 ml syringe through a sampling port on
top of the chamber. The gas samples were transferred to 20 ml
glass vials with silicone/PTFE septa (type N17, MACHEREY-
NAGEL GmbH & Co. KG, Diiren, Germany) for transport and
were analyzed on the same day by a gas chromatograph (GC 2010
Plus, Shimadzu Corporation, Kyoto, Japan) equipped with an
electron capture detector (ECD) for N,O. The measured
concentrations in pmolmol™" were converted to pmolm™ by
applying the ideal gas law, including a correction for the
temperature at the time of sampling. Afterward, gas fluxes were
calculated using the R package “gasfluxes” [version 0.4-4; (Fuss
etal., 2020)] by robust linear regression (except one case with only
3 time points, for which standard linear regression had to be used).
Input variables used were gas concentration (pmolm™), chamber
volume (m?), time after closing the chamber (h), and area covered
(m?). The latter was set to 1 m? assuming a typical density of
greenhouse-cultivated tomato plants of 2 plants m™ The resulting
gas fluxes in pmol m™ h™' were further converted to g ha™' d™'

based on molar masses.

2.3. Sampling and N labeling

Natural abundance samples were taken on 22nd September
and 3rd November shortly before the N labeling from each
hydroponic unit in cabin no. 5 (from here on called “experimental
unit”). These included plant samples, nutrient solution samples,
and gas samples from planted rock wool slabs. For the latter,
140ml of air was collected from the headspace of rock wool
substrate with a syringe at the end of gas flux measurements after
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1 h of N,O enrichment in the closed chambers. The gas samples
were transferred into 120 ml crimp-cap glass vials closed with gray
butyl septa (type ND20, IVA Analysentechnik GmbH & Co. KG,
Meerbusch, Germany) for later stable isotope analysis. To
determine natural abundance 8N values of plants, the tips (first
three leaflets) of 2-3 fully developed leaves from one plant in each
experimental unit were sampled and dried at 80°C for at least 48 h.
Approximately 15 ml of nutrient solution (mixture with leachates)
was sampled from the storage tank of each experimental unit and
then stored at —20°C for later "°N analyses. In addition, three
samples of de-ionized water were taken to determine the natural
abundance "0 values of the nutrient solution water.

On both dates, the N labeling took place directly after the
natural abundance sampling at approximately 12:00 pm CET. The
remaining nutrient solution in the experimental units was
removed as far as possible and 151 of °N-labeled nutrient solution
was added in the storage tanks of each unit. In a randomized way;,
four units received a nutrient solution with ®N-enriched NH,*
(*NH,") and four units received a nutrient solution with
N-enriched NO;™ ("NO;"). This was done by adding ammonium
nitrate (NH,NO,;; SIGMA-ALDRICH, Saint Louis, MO,
United States) with 10.5/11 atom-% "N (*NH,"/"*NO;") as only
N source. The composition of the nutrient solution used for the
"N labeling can also be found in Supplementary Table S1. In total,
115mg of "N was applied to each "NH," unit and 120 mg of °N
to each "NO;™ unit (3.1g NH,NO; per unit), yielding an N
concentration of 146 mgL™" (comparable to the standard refill
solution). To distribute the "N label in the hydroponic system,
drip fertigation was run continuously for 30 min after adding the
>N labeled nutrient solution to the experimental units. After 4 h,
a first sampling to determine the "N enrichment in plant, nutrient
solution and gas samples took place. The sampling was done
analogously to the natural abundance sampling, including the
determination of gas flux rates and the collection of gas samples
for isotopic analyses as well as leaf and nutrient solution samples.
Following the same scheme, the last sampling took place 24 h after
the labeling. This time, also samples from the tomato stems, roots
and fruits were taken. From the middle of the tomato plant ca.,
10 cm of the stem was cut. Around 0.5 g of fresh roots was sampled
from the interface of rock wool cubes and rock wool slabs, where
a dense root net allowed to obtain root material without rock wool
fibers. Root samples were washed in de-ionized water and dried
with lint-free cellulose wipes to remove the "N label from
adhering nutrient solution. During the second sampling
campaign, each three green fruits from different positions (top,
mid, and bottom) of one plant per experimental unit were
sampled. All plant samples were dried for a minimum of 48 h at
80°C before later processing for analysis. Different plants were
used for obtaining plant material before labeling, 4 h after labeling,
and 24h after labeling in order to minimize sampling effects on
"N uptake. Gas samplings for stable isotope analysis always took
place on the rock wool slab in the middle of each experimental
unit, from which plant samples were taken only after the last gas
sampling (24 h after labeling). On the unplanted rock wool slabs,
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additional gas flux measurements took place shortly before the
24h sampling to determine the N,O emission potential from
re-circulated nutrient solution with leachate and therein contained
organic carbon.

2.4. Analyses on nutrient solution, plant,
and gas samples

The concentrations of NO;~ and NH,"* [mgNL"'] were
determined using flow injection analysis with photometric
detection (FIAmodula; MLE GmbH, Dresden, Germany).
Measurements of 3'°0 values in water samples were done by TC/
EA coupled to a Delta V plus IRMS (Thermo Finnigan, Bremen,
Germany) via a ConFlo IV interface. The §"°N values of NH," and
NO;™~ were determined according to Dyckmans et al. (2021) using
a sample preparation unit for inorganic nitrogen (SPIN) coupled
to a membrane inlet isotope ratio mass spectrometer (MIRMS;
Delta plus; Thermo Finnigan) via a ConFlo III interface.
Additional nutrient solution samples taken one day after the
labeling were analyzed for their dissolved organic carbon content
(DOC) using a liquiTOC analyzer (Elementar Analysensysteme
GmbH, Langenselbold, Germany). Dried plant samples were
transferred into 20ml HDPE vials (Zinsser Analytic GmbH,
Eschborn, Germany) and ground to a fine powder using a steel
ball mill (MM400; RETSCH GmbH, Haan, Germany). Plant
samples were analyzed for total N content (N,) and their 8N
values using an Elemental Analyzer (EA) Flash 2000 (Thermo
Fisher Scientific, Bremen, Germany), coupled with a Delta V
isotope ratio mass spectrometer via a ConFlo IV interface
(Thermo Fisher Scientific, Bremen, Germany). Data were
normalized to the international scale for atmospheric nitrogen, by
analysis of the international standards USGS40 and USGS41
(L-glutamic acid). Gas samples were analyzed for N,O
isotopocules (8"*Ny0, 8'®Ox,0) using a Delta V Isotope ratio mass
spectrometer (Thermo Scientific, Bremen, Germany), coupled to
an automatic preparation system with Precon plus Trace GC
Isolink (Thermo Scientific, Bremen, Germany). In this setup, N,O
was pre-concentrated, separated, and purified, and afterward m/z
44, 45, and 46 of the intact N,O" ions as well as m/z 30 and 31 of
NO* fragment ions were determined (Lewicka-Szczebak et al.,
2014). All measured delta values (8) were expressed in permil (%o)
deviation from the "N/"N and '®O/'O ratios of the international
reference standards (i.e., atmospheric N, and Vienna Standard
Mean Ocean Water (VSMOW), respectively).

2.5. Data processing and calculations

Data from the analysis of natural abundance gas samples
were evaluated for §"°Na (8"°N of the central N position of the
N,O molecule), §°Np (8"°N of the peripheral N position of the
N,0), and 80 according to Toyoda and Yoshida (1999) and
Rockmann et al. (2003). The "*N site preference (8'°N*?) was
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defined as the difference of 8'°Na and 8"°Nf. The §'*0 values
of N,O depend on 80 values of precursors, i.e., for
denitrification to >80% on H,0-O of the nutrient solution
(Lewicka-Szczebak et al., 2016). Therefore, 8'%0 values of the
emitted N,O (8'80y,0) were corrected for the 8O values
measured in the de-ionized water (8"*Oy,0) and expressed as
85" O0nz0/120 Values:

8" 0N20/120 = 6" ON20 — 6"%0m20 (1)

In the case of nitrification, the §"Oy,o values depend on
atmospheric oxygen (O,) as a precursor (Kool et al., 2007). In
contrast to bulk 8 Ny,0, 8"°N* is known to be independent from
source processes. During chamber air sampling, the collected N,O
was a mixture of atmospheric and substrate-emitted N,O. Thus, &
values of substrate-emitted N,O were corrected using a basic
isotope mixing model according to Well et al. (2006). To calculate
the contribution of N,O production pathways and N,O reduction
to N, the isotopocule mapping approach based on §°N*y,, and
80,0 values was applied (Lewicka-Szczebak et al., 2017; Buchen
etal,, 2018). For the mapping approach, literature values for 8O
and 8"°N*"y,, of bD, fD, nD, and Ni were used as proposed by Yu
et al. (2020) and Lewicka-Szczebak et al. (2020). To account for
differences in oxygen precursors between denitrification and Ni,
the literature values for §'*Oy,o of bD, D, and nD were adjusted
by the addition of 8'*Oy, (Lewicka-Szczebak et al., 2020). Based
on the sample position in the map, the contribution of bD and/or
nD, Ni, and fD was calculated based on mixing equations, while
the contribution of N,O reduction to N, was calculated from the
Rayleigh equation. All calculations were done as described in
detail by Buchen et al. (2018) and Zaman et al. (2021) (Chapter 7:
“Isotopic Techniques to Measure N,O, N, and Their Sources). Two
possible cases of N,O mixing and reduction were assumed: (i)
N,O, which is produced by bD is first partially reduced to N,,
followed by mixing of the residual N,O with N,O from other
pathways or (ii) N,O produced by various pathways is first mixed
and then reduced to N,. A detailed description is given in the
supplement of Wu et al. (2019). Five samples from sampling 1 and
four samples from sampling 2 with a low fraction of substrate-
derived N,O were excluded from the data analyses because the
uncertainty in substrate-derived 6 values increases exponentially
as sample and atmospheric N,O concentrations converge. Similar
to Buchen et al. (2018), a threshold was used for the minimum
difference between sample and atmospheric N,O concentrations,
which was determined based on measured N,O concentrations in
ambient air during the sampling. For sampling 1, the threshold
was 337 ppb and for sampling 2, it was 359 ppb (65 ppb above the
ambient air N,O concentration). This was supported by a Gaussian
error propagation, with the threshold limiting the propagated
errors of 8""N%y,, and §'*Oy,0 to <6%o and < 5%o, respectively.

Data from the analysis of "N-enriched gas samples were only
evaluated for bulk 8"*Ny,o. For further calculations, §"°N values
were converted to atom-%;sy to express the ’N enrichment:
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with Rgyp being the isotopic ratio ("N/"N=0.0036765) of
atmospheric nitrogen. Calculations of the contributions of
N,O originating from the labeled and non-labeled pools were
based on the non-equilibrium distribution of N,O
isotopocules, as described by Spott et al. (2006) and Bergsma
et al. (2001). For labeling with "NO,, this approach directly
determines the "N enrichment of the labeled N pool
producing N,O (apxz0) and the fraction of N,O derived from
that pool. Considering, the fraction of atmospheric N,O in the
samples, the fraction of NO;™-derived N,O in the emitted N,0
(frn20) can be calculated. A detailed procedure is given in
Deppe et al. (2017). However, due to the experimental setup,
labeled N,O could originate from two pools (NO;~ NH,*, or a
mixture of both pools). Thus, for labeling with "NH,*, fpxz0
was estimated based on the *N atom fraction of emitted N,0O
("ay,0) using a mixing equation:

lsaNZO _ lsaNHZ

fPN2O =77 . _— 1= -
BSanos —SaNH ]

with “aNO;™ being the "N enrichment of the NO;~ pool and
aNH," being the "N enrichment of the NH,* pool (cf. Eq. 2). The
N,O flux from the NO;~ pool (NO, -derived N,0) was calculated
from fpy,0 by ordinary linear regression using the measured N,O
concentrations at t0 and after 1h of chamber closure to determine
the total N,O flux (total N,O), assuming that the increase in the
N,O emitted from the "N-labeled pool was also linear as shown
for the emission of total N,O (Buchen et al., 2016). The N,O flux
from the NH," pool (NH,"-derived N,O) was calculated
analogously based on the fraction of NH,"-derived N,O in the
emitted N,O (fyu,), which was deduced from fpy,0 (fay=1 -
fonao0). Thus, the NH,*-derived N,O was calculated as the difference
between total N,O and NO; -derived N,O.

2.6. Calculation of excess **N and **N
mass balance
To determine the amount of **N tracer, which was recovered

in the different pools 4 and 24h after the labeling (excess °N),
atom-%;sy values were used to calculate atom-% "N excess (APE):

(4)

APE = atom'%'sN,labeled - atom'%15N,natural abundance

with atom-%syapeca being the atom-%sy values of labeled
samples and atom-% sy natural abundance D€ING the atom-% sy values of
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natural abundance samples. Afterward, excess N [mg "N unit™']
for each pool was calculated:

APE
100%

excess PN = X N poot (5)

with N, being the N amount in each pool [mgN unit™'] at the
time of sampling (4/24h after labeling). The N,,,; values for plant
biomass were calculated by multiplying the measured dry weight
[g] of shoots (leaves + stems), roots and fruits per unit with their
N, content [gN gy weigh ‘1. The N,y values for NO;™-N and
NH,"-N from the nutrient solution were calculated by multiplying
the measured N concentrations [mgN L] with the total volume
of nutrient solution per unit [L]. The latter was a mixture of
nutrient solution added for the labeling and remaining (unlabeled)
nutrient solution in the rock wool substrate. The total volume of
the nutrient solution was estimated based on the dilution of
NH,*-N concentrations from the labeled nutrient solution
(73mgNL™" in 151) at the 4h sampling point, assuming that
NH,*-N concentrations in the unlabeled nutrient solutions were
negligible (measured concentrations in natural abundance samples
<2.5mgNL™" at first sampling campaign and <7 mgN L™ at second
sampling campaign) and that the N, content as well as composition
in the mixed nutrient solution did not substantially change during
the 4 h. For the calculation of excess "°N, two neighboring units
were excluded from the second sampling campaign, because of a
spillover of labeled nutrient solution between these units. The N,
values for N,O were calculated from the measured gas flux rates
[mgNh™'] of planted and unplanted rock wool slabs. For the
planted rock wool slabs, cumulative N,O emissions [mgN] were
calculated by linear integration between the natural abundance
(0h), 4h, and 24 h samplings, and summation of hourly gas fluxes.
For unplanted rock wool slabs, constant N,O emission rates were
assumed and used to calculate cumulative N,O emissions, as they
were not affected by plant activity. For calculating the N, value
per unit, cumulative N,O emissions from planted rock wool slabs
were multiplied by 2 (two planted slabs per unit) and the
cumulative N,O emissions from unplanted slabs (one per unit)
were added. Finally, the excess °N values from the different pools
were summed up to obtain the total amount of *N recovered from
the labeling ("’Ni,,;) and the N recovery rate [%] was calculated:

15
Niotal

By recovery rate = 1z x100%

Niabel

(6)

with N, being the amount of N tracer [mg "N unit™']
added during the labeling.

2.7. Statistical analyses

All statistical analyses were done using the R software (version
4.2.0). Linear mixed-effects models were done using the R package
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‘lme4’ (version 1.1-29), including the effects of individual
hydroponic units as random intercept. Post-hoc tests on linear
mixed-effects models were done using the R package “emmeans”
(version 1.7.4-1), applying the Holm-Bonferroni correction
method for multiple comparisons. If necessary, data were log- or
square root-transformed prior to analysis to fulfill the
requirements of normality and variance homogeneity.

3. Results

3.1. N,O flux, isotopocule, and N tracer
analyses

The N,O flux measurements from this study are summarized
in Table 1. In general, all fluxes were in the same range, except for
the measurement 24h after labeling during the first sampling,
which was significantly (p<0.05) higher than the other
measurements. There was no significant difference between
planted and unplanted rock wool slabs from the same sampling
campaign. The trend to higher N,O emissions from unplanted
substrate during sampling 2 was reflected by higher DOC contents
in the nutrient solution compared to sampling 1 (Table 1).

Results from isotopic analyses of N,O are shown in Figure 1
as a 8" N*y,0/8"Oy,0 map. The & values from both samplings
clearly scatter around the reduction line of N,O derived from bD,
indicating that either bD or nD or a mixture of both was the main
source of N,O. Moreover, the increased §'°N*"y,o and 6"*Oy;0
values compared to the literature value for bD indicate that a high
share of N,O was reduced before emitted to the atmosphere.
Altogether, the differences in isotopic results between the first and
the second sampling campaign were negligible (Table 2).
Depending on which scenario (mixing of bD and fD or bD and

TABLE 1 N,O fluxes (determined by gas chromatography) and
dissolved organic carbon (DOC) concentrations at the two sampling
campaigns (sampling 1, S1; sampling 2, S2).

Sampling, N,O flux DOC

sample (9-Nha=td?) (mgL™?)
2021-09-22 | SI1,TO 0.21+0.22* -

S1, T4 0.44 +0.27 -
2021-09-23 | S1, unplanted 0.52 + 0.55™ 8.9+0.6"

S1, T24 2.59 + 1.32° -
2021-11-03 | S2,TO 0.38 +0.30® -

2, T4 0.29 +0.13® -
2021-11-04 | S2, unplanted 0.91 +0.76" 16.8+0.9°

S2,T24 0.27 +0.16™ -

*<Small letters indicate significant differences (p <0.05) between individual gas flux/

DOC measurements. N,O fluxes from planted rock wool slabs were measured before N
labeling (T0), 4h after N labeling (T4), and 24 h (T24) after N labeling. N,O fluxes
from unplanted rock wool slabs (unplanted) and DOC concentrations were measured

once during each sampling campaign. Shown are average values +SD of 1 =8 replicates

(including low N,O fluxes removed for stable isotope analysis of natural abundance

samples).
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Ni) and case (first reduction than mixing or first mixing than
reduction) was assumed, the fraction of bD varied between 0.85
and 0.90, while the N,O/(N,O +N,) ratio of bD (ry,o) varied
between 0.08 and 0.14. In consequence, the calculated N, fluxes
were between six to ten times higher than the measured
N,O fluxes.

Although the same amounts of NO;™-N and NH,*-N were
added in the form of NH,NO; during each N labeling, NOs-
concentrations were clearly higher than NH,+ concentrations in
the nutrient solution after labeling (Table 3). This indicated that a
significant amount of unlabeled nutrient solution with a high
NO;™ to NH," ratio was still present in the rock wool substrate
during "N labeling. Regardless of the higher dilution of "NO;~
label (Table 3; Supplementary Figure S6), the ®N tracer could
be detected in the emitted N,O independent of the applied form
("NH," or ®"NO;"). The "®ay, values mirrored the °N enrichments
of the labeled NO;™ and NH,* pools, with higher values in of
“NH,*-labeled units compared to NO; -labeled units
(Supplementary Figure S6). The label dilution was considered for
calculating NO;™-derived N,0 and NH,*-derived N,0. The NO;™-
derived N,O (Figures 2A,B) reflected the N,O emission rates
measured by GC (Table 1), with highest values found 24 h after the
first labeling. There was no clear difference in NO; -derived N,O
between the "NH," and "NO, labels. In general, the NH,*-
derived N,O values (Figures 2C,D) were lower than the NO;™-
derived N,O values, but also followed the dynamics of N,O
emission rates measured by GC. Notably, NH,*-derived N,O was
higher for "NO;-labeled units compared to "NH,*-labeled units
during sampling 2. Consequently, the calculated average fpnz0
values varied from 0.4 to 0.9 between the applied label forms,
sampling times, and sampling campaigns (Figures 2C,D). During
both sampling campaigns, an increase of fpy,0 from 4h to 24h
after labeling was present for the "NO;-labeled units, while there
was no effect of sampling time for the "NH,*-labeled units. The
latter showed higher fpn,o values during the second sampling
campaign, which was also significantly higher than for the "NO,™-
labeled units at 4h after labeling.

3.2. Recovery of N tracer in different
pools

The natural abundance §"°N values from both samplings were
equal (leaves) or slightly lower (NH,*, NO;~ and N,0) at the
second sampling, indicating that no carryover of "N label
occurred from the first sampling. The amount of °N tracer from
the N-enriched NH,NO; added during the labelings that was
recovered in different pools (dissolved NH,* and NO;~, N, 0, plant
biomass) was calculated as excess *N (*N,,.). At both samplings,
most of the N label remained in its original form after 24h, i.e.,
as dissolved NH," and NO;~ (Table 4). There was a notable
increase of °N,. of dissolved NO;~ in the "NH,*-labeled units,
indicating the conversion of NH,* to NO;™~ by Ni (up to 2% of
added label during sampling 1). On the other side, the "N, of
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FIGURE 1

Results from N,O isotopocule analysis of natural abundance **N gas samples illustrated as §°N"\,0/8"*Oy,0 map. The vertical axis shows the **N
site preference of N,O (8°N*Fy,0) and the horizontal axis the abundance of the '*O isotope in the N,O molecules (5'*0y.0). Sample §'°0y,0 values
were corrected for the **O composition of water from the nutrient solution (8*Oy0.120) as described in Eq. 1. Closed circles represent the
measurement-derived values and the corresponding error bars the estimated uncertainty. Other symbols indicate literature values as compiled in
Lewicka-Szczebak et al. (2020) for N,O produced from different microbial processes and the surrounding boxes reflect their variation (based on
SD): Ni, nitrification (Yoshida, 1988; Sutka et al., 2006; Mandernack et al., 2009; Frame and Casciotti, 2010); fD, fungal denitrification (Sutka et al.,
2008; Rohe et al,, 2014; Maeda et al., 2015; Rohe et al.,, 2017); nD, nitrifier denitrification (Sutka et al., 2006; Frame and Casciotti, 2010); and bD,
bacterial denitrification (Barford et al.,, 1999; Toyoda et al,, 2005; Sutka et al., 2006; Lewicka-Szczebak et al., 2014, 2016; Rohe et al., 2017).
According to Lewicka-Szczebak et al. (2020), the literature values of bD, fD and nD were adjusted by addition of the §*O of water (—8.5%.)
measured in this study to display expected endmember ranges. The solid line indicates the isotopic shift of N,O due to fractionation from the
partial reduction of N,O to N, by bD (Menyailo and Hungate, 2006; Ostrom et al., 2007; Jinuntuya-Nortman et al., 2008; Well and Flessa, 2009;
Lewicka-Szczebak et al., 2014, 2015) and is shown for theoretical ry,o values of 1 to 0.05. The dotted and the dashed lines represent expected

values for different mixing ratios of N,O from bD and fD (bD-fD line) and N,O from bD and Ni (bD-Ni line), respectively.

dissolved NH," in the "NO;-labeled units was comparably low
(at maximum 0.3% of added label during sampling 1). The "N,
of N,O strongly differed between the two samplings, with up to 20
times higher values at sampling 1, reflecting the APE values of
N,O (Supplementary Figure S7). Despite the higher dilution of "N
tracer in the NO;™ pool (Table 3) and the resulting lower N
enrichments in the "NO; -labeled units compared to "NH,*-
labeled units (Supplementary Figure S6), there were no significant
differences between the label types regarding the amount of *N
tracer found in N,O, as shown by the N, values (Table 4). In all
cases, the "N, of total plant biomass was higher than the "N, of
N,O. The highest plant "N uptake was observed during the second
sampling in "NH,"-labeled units. Irrespective of the generally
higher "N-enrichment of roots (Supplementary Table S2), most
5N tracer was found in shoots (i.e., the sum of stem leaf biomass;
Table 4), as a consequence of the biomass difference (root to shoot
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ratio of 0.23). Only marginal amounts of °N tracer were found in
tomato fruits during sampling 2. Overall, the majority of "N
added during labelings was recovered in the studied pools, with
the calculated N recovery rates varying around 100%.

4. Discussion

In this study, we applied the N,O isotopocule and N tracing
approaches to better understand the sources of N,O emission
from hydroponic vegetable production systems, using tomato
cultivation on rock wool substrate as a model. Furthermore, in
our study, we determined ry,, using the isotopocule mapping
method (Lewicka-Szczebak et al., 2017), which had been shown
to be in good agreement with the "N gas flux method (Buchen
et al, 2018; Lewicka-Szczebak et al., 2020). Therefore, for
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TABLE 2 Measured N,O flux, estimated fraction of N,O from bacterial denitrification (f,,), estimated N,O/(N,O+N,) ratio of denitrification (ry,o), and
estimated N, flux for different mixing scenarios (bacterial denitrification and fungal denitrification, bD-fD; bacterial denitrification and nitrification,
bD-Ni) and cases (reduction of N,O from denitrification followed by mixing with N,O from other sources, red-mix; mixing of N,O from
denitrification and other source followed by N,O reduction, mix-red).

Variable Scenario Case Value sampling1l  Value sampling 2 Unit
fip bD-fD All 0.85+0.05 0.87+0.13 -
bD-Ni All 0.88+0.04 0.90+0.10
o bD-fD Red-mix 0.09+0.01 0.10:£<0.01
Mix-red 0.13+0.02 0.14+0.04
bD-Ni Red-mix 0.08+0.01 0.09+0.01
Mix-red 0.11+0.01 0.12+0.02
N,O flux All All 1.7+0.2 2.5+1.0 pgNm=h™'
N, flux bD-fD Red-mix 14.5+0.2 19.9+£10.2
Mix-red 114£1.0 17.8+11.7
bD-Ni Red-mix 17.0£1.0 21.9+88
Mix-red 13.8+0.2 19.6+10.4

Shown are average values +SD (n =3 for Sampling 1; n =4 for Sampling 2).

TABLE 3 Concentrations and *N-enrichment of dissolved ammonium and nitrate in the nutrient solution during the two sampling campaigns,
including samples taken before **N labeling (T0) and 4/24h afterward (T4/T24).

Sampling Dissolved NH,* Dissolved NO;~
N content ’N-enrichment N content 5N-enrichment
(mgL-?) (atom-% >N excess) (mgL™?) (atom-% *N excess)
ISNH,* S1 ToO 16407 - 166+12 -
T4 3649 10.04+0.04 1111 0.012+0.008
T24 3346 9.96+0.06 122416 0.061+0.024
s2 To 59407 - 25811 -
T4 6149 6.59+0.04 232414 0.0004+0.0018
T24 53+12 6.53+0.07 25015 0.009+0.007
5NO, St To 1.0+0.6 - 161+8 -
T4 36+8 0.025+0.005 124+17 33+12
T24 3249 0.033+0.004 131419 2.8+1.0
s2 ToO 58+0.8 - 248+8 -
T4 59+11 0.007+0.001 21+16 20+04
T24 50+10 0.007+0.001 246+18 17403

Shown are mean values + SD of n=4 replicates (n=3 for T4 and T24 at S2 due to spillover of labeled nutrient solution between two rows).

hydroponic systems, we determined this ratio for the first using isotopic composition of water and N substrates). Thus, the
an appropriate method. calculated f,p could actually be a mixture of bD and nD. The

As we hypothesized, the results from both N,O isotope same is true for the fraction of Ni in N,O emission (fy;), which
analyses (non-labeled and ’N-labeled) point to bD as main cannot be clearly separated from the fraction of fD (fp) in the
source of N,O emissions from the hydroponic units. The mapping approach. However, a mixed fraction (fyym=1 - fip)
scattering of the values around the reduction line of bD in the can be calculated, as previously done by Buchen et al. (2018).
mapping approach of the N,O isotopocules (Figure 1) suggests Depending on the mapping scenario and sampling campaign,
that most of the N,O was produced by bD. Unfortunately, nD the fymp values vary between 0.10 and 0.15 in our study. In
cannot be clearly separated from bD by the N,O isotopocule consequence, the contribution of fD and/or Ni seems small
mapping approach (Lewicka-Szczebak et al., 2017), due to the under typical tomato growing conditions in rock wool
overlap of endmember values (i.e., theoretical values hydroponics with low NH," supply. For better distinction of bD,
determined from literature values of pure cultures and the we used the N tracing approach to determine the fraction of
Frontiers in Microbiology frontiersin.org
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FIGURE 2

NO;~-derived N,O fluxes (A,B), NH,*-derived N,O fluxes (C,D), and the estimated share of NO;~-derived N,O fluxes [fonz0; (E,F)l. Bars show the
mean of n=4 replicates and error bars the corresponding SD. Small letters indicate levels of significance for differences between label and
sampling with p<0.05 from linear mixed-effects models and Tukey post-hoc tests.
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NO; -derived N,O fluxes, i.e., fpnz0. While fpna0 can principally
also include contributions from fD, we assume its impact was
minor as shown by the isotopocule map (Figure 2). Therefore
we assume fpy,o is equivalent to fyp from the isotopocule
mapping approach but does not include N,O fluxes from
nD. Although the fpy,0 values are relatively variable
(Figures 2E,F), they generally show that bD was the main
source of N,O emissions, even under increased NH,* supply.
Hence the results from N,O isotope analysis and N tracing
were in good accordance with each other. On the other hand,
the results from the ""N-labeling also show that a large part of
N,O can be formed from NH," (Figures 2C,D), suggesting
processes other than denitrification of added NO,~ (Firestone
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and Davidson, 1989). Possibly, the increase of the NH,*
concentration in the nutrient solution used for '*N-labeling
compared to the non-labeled nutrient solution could have
increased Ni and the associated N,O formation from NH,*. This
is supported by the slight "N-enrichment of NO;™ found in
units labeled with "NH,* (Table 4), indicating the presence of
Ni. Notably, the average f,, values of ~0.87 from N,O
isotopocule analysis (Table 2) were higher than the average fyx,0
values of ~0.68 from "N tracing (Figure 2). Assuming that
microbial activities did no significantly change after adding the
NH,"-rich N label, we hypothesize that the observed difference
in fp and fpy,0 values is due to microbial processes other than
Ni that are associated with the release of N,O from NH,".
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TABLE 4 Excess **N (**N,,) found in different pools 24h after labeling with **NH,* and **NO;", total recovered **N and recovery rate of **N tracer
from the labeling.

Parameter Sampling 1 Sampling 2
5NH,* label ’NO;~ label ’NH,* label NO;~ label
“N in NH," 96+2 0.33+£0.03 94+13% 0.09+0.01%* mg "N unit™'
N in NO5~ 2.1+£0.6 112+£5.42 0.54+0.34* 107 £5%
N in N,O 5.0+0.8" 4.4+2,0° 0.22+0.17* 0.33+£0.17*
N in shoots 5.6+4.4° 6.4+1.9% 18+13° 3.6+0.9°
“N in roots 3.9+1.7° 1.3+£0.4° 8.1+2.1° 1.940.7%
N in fruits - - 0.79+0.45 BDL
Total plant "N 9.5+5.4* 7.6+2.0° 26+15° 55+0.9°
Total recovered N 112+5 124+4 120+ 16 1116
N recovery rate 98+4 103+3 105+ 14 93+5

*Only n=3 replicates due to spillover of nutrient solution between two hydroponic units. *“Small letters indicate significant differences (p <0.05) between labeling and added "*N tracer
for all parameters except dissolved NH," and NO;~ (**N source from labeling). BDL, below detection limit. Presented are mean values +SD of n =4 replicates.

Besides the conversion of hydroxyl amine (NH,OH) to
N,O during Ni, there are several known pathways that explain
the production of N,O derived from NH,*, in particular nD
and cND (Baggs, 2011). Wrage-Monnig et al. (2018) argue in
their review that nD can be the predominant source of N,O
emissions under certain conditions. For example, this includes
“environments with fluctuating aerobic-anaerobic conditions”,
which are likely to occur in hydroponic systems with regular
irrigation intervals (Schroder and Lieth, 2002). In contrast,
Bakken and Frostegard (2017) fundamentally disagree with
the concept of nD, based on the preferential electron flow in
nitrifiers, and rather suggest that it is cND that accounts for
the observations after all. In this sense, the O, consumption by
Ni could lead to anoxic conditions facilitating bD (Zhu et al.,
2015). Additionally, a process that also needs to be taken into
account is co-denitrification (coD), i.e., the formation of
hybrid N,0 and N, molecules with each one N atom derived
from the classical denitrification pathway (N species: nitrite,
NO,7; nitric oxide, NO) and one N atom from another N
species such as NH,OH or amino compounds (Spott et al,,
2011). In our study, coD may have been stimulated by the
increased NH," availability after adding the nutrient solutions
for "N labeling. This is supported by the lower apy,o values
compared to the *aNO,™ values found in *NO;"-labeled units
(Supplementary Figures S6A,B,E,F; Spott and Stange, 2007),
suggesting that part of the emitted N,O was derived from
non-labeled NH,*. Albeit the use of NH," in coD was found
quite rarely and organic N sources are thus perceived as the
main source for forming hybrid N,O/N, molecules with
NO,™-N or NO-N (Spott et al., 2011). Therefore, the combined
fraction of nD and c¢cND (f,p,np) can be estimated from fpn,0
and £, as described by Deppe et al. (2017), i.e., by calculating
the difference of f,, and fpnz0 (faprenp = fon — fenzo). Depending
on the scenario for f,p, the values of f,p,p vary between 0.40-
0.48 at T4 and 0.09-0.24 at T24 for the *'NO, -labeled units
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during both sampling campaigns. For the '"NH,'-labeled
units, this comparison seems not appropriate because the
estimated fpn,0 values were partially higher than f,p values.
This is probably due to the assumption used in Eq. 3, i.e., that
the labeled pool (*"NO;™ and "NH,") is the same as the active
pool. In contrast, the fyy,0 values of "NO; -labeled units were
determined via the non-random distribution of N,O
isotopologues and delivered the fraction of the active labeled
pool used for N,O production, which is not necessarily
identical to the bulk NO;™ pool (Deppe et al., 2017; Zaman
et al., 2021).

Notably, measured N,O emissions from the experimental units
we used were low compared to previous studies of hydroponic
systems (Daum and Schenk, 1996a; Hashida et al., 2014; Karlowsky
et al,, 2021), which reported emission rates that were one to two
orders of magnitude higher. The low N,O emission rates could have
been a result of unfavorable conditions for denitrifier activity, such
as low organic carbon contents and/or high oxygen availability in
the substrate (Morley and Baggs, 2010). The accumulation of
organic carbon due to root exudation and root decay might be key
to N,O emissions from inert substrates like rock wool, as we found
in a previous study a steep increase of N,O emission rates after 5
months of tomato cultivation following a phase of low N,O
emission rates (Karlowsky et al., 2021). In this study, we found an
increase of DOC in the re-circulating nutrient solution from
sampling 1 to sampling 2, but this was not related to higher N,O
emissions. Here, the slightly acidic conditions (pH values <4.6;
Supplementary Figure S2) during sampling 2 may have limited
denitrification, considering that N emissions from denitrification
typically decrease at low pH values (Daum and Schenk, 1998;
Farquharson and Baldock, 2007), which is also associated with a
higher ry,o value (e.g., Liu et al., 2010), but this was only visible in
trend (Table 2). In general, N,O fluxes were highly variable
(Table 1), with a trend to higher emissions from planted rock wool
slabs compared to unplanted rock wool slabs, especially during
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sampling 1. Thus, our findings indicate that considerable N,O
emissions may also occur from re-circulated nutrient solution, e.g.,
in collection and storage tanks or bio-filtration/disinfection units.
Although it is unclear to which extent the rock wool matrix with its
high pore space volumes (Dannehl et al., 2015) and a large surface
area for microbial biofilms (Brand and Wohanka, 2001) might have
promoted N,O emissions from the re-circulated nutrient solution.

In addition to the above-discussed findings, we performed a
"N mass balance to check the plausibility of ry, and the calculated
N,O and N, emissions from the mapping approach, and to gain
more insights into N dynamics in the hydroponic units.
Unfortunately, the proportion of applied "N label recovered as N,O
strongly varied between the two samplings, which can be attributed
to temporal fluctuations resulting in a peak of N,O emission rates
at 24h after labeling during sampling 1. This peak probably led to
an overestimation of cumulative N,O fluxes, especially considering
that N,O emission rates are typically lower during nighttime when
no fertigation is done (Daum and Schenk, 1998; Yoshihara et al.,
2016; Karlowsky et al., 2021). Due to highly variable and generally
very moderate N,O emissions as well as the high variability of "N
excess in plant material, the "N mass balance in our case proved to
be too uncertain to validate the calculated gas fluxes from the
isotopocule mapping approach. In general, the results of the *N
mass balance reflect the findings from the *N tracing approach and
show in addition that the majority of "N tracer applied to the
hydroponic units was recovered in the nutrient solution, plant
biomass, and N,O emissions after 24 h. However, since only short-
term N dynamics are included in the "N mass balance, N use
efficiency cannot be calculated with these data.

5. Conclusion

The findings of our study clearly show that bD was the major
source of N,O emissions from hydroponic tomato cultivation on
rock wool substrate, and that up to 90% of initially produced
N,O was reduced to N, before gas emission. The combined
results of N,O isotopocule analysis and "N tracing suggest that
other microbial processes related to N,O formation from NH,*
(i.e,, Ni, nD, and cND) play only a moderate role. However, with
the methods used, it was not possible to determine the individual
contribution of each of these processes to the observed N,O
emissions. Furthermore, the involvement of fD and coD remains
unclear, but seems less likely since organic matter is supplied
only by plant roots in the rock wool substrate. Therefore, future
studies are needed to better distinguish N,O sources other than
bD, possibly combing isotopic approaches with molecular
genetic methods such as functional gene analysis. As we also
found N,O emissions from root-less rock wool substrate,
potential N,O emissions from drained nutrient solution should
be further researched. Ultimately, on the basis of our study,
measures to reduce denitrifier activity appear to be the most
promising option to mitigate N,O emissions and N losses from
hydroponic cultivation.
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Quantifying nitrous oxide
production rates from
nitrification and denitrification
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conditions in agricultural soils:
Laboratory study and literature
synthesis
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Jinbo Zhang?, Siliang Li*? and Xia Zhu-Barker®

!School of Earth System Science, Institute of Surface-Earth System Science, Tianjin University,
Tianjin, China, 2Critical Zone Observatory of Bohai Coastal Region, Tianjin Key Laboratory of Earth
Critical Zone Science and Sustainable Development in Bohai Rim, Tianjin University, Tianjin, China,
SCollege of Tropical Crops, Hainan University, Haikou, China, *State Key Laboratory of Urban and
Regional Ecology, Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences, Beijing, China, *School of Geography Sciences, Nanjing Normal University, Nanjing,
China, ®Department of Soil Science, University of Wisconsin-Madison, Madison, WI, United States

Biogenic nitrous oxide (N,O) from nitrification and denitrification in agricultural
soilsisamajorsource of N,O intheatmosphere, and its flux changes significantly
with soil moisture condition. However, the quantitative relationship between
N,O production from different pathways (i.e., nitrification vs. denitrification)
and soil moisture content remains elusive, limiting our ability of predicting
future agricultural N,O emissions under changing environment. This study
quantified N,O production rates from nitrification and denitrification under
various soil moisture conditions using laboratory incubation combined with
literature synthesis. °*N labeling approach was used to differentiate the N,O
production from nitrification and denitrification under eight different soil
moisture contents ranging from 40 to 120% water-filled pore space (WFPS)
in the laboratory study, while 80 groups of data from 17 studies across global
agricultural soils were collected in the literature synthesis. Results showed
that as soil moisture increased, N,O production rates of nitrification and
denitrification firstincreased and then decreased, with the peak rates occurring
between 80 and 95% WFPS. By contrast, the dominant N,O production
pathway switched from nitrification to denitrification between 60 and 70%
WEFPS. Furthermore, the synthetic data elucidated that moisture content was
the major driver controlling the relative contributions of nitrification and
denitrification to N,O production, while NH,* and NO;~ concentrations mainly
determined the N,O production rates from each pathway. The moisture
treatments with broad contents and narrow gradient were required to capture
the comprehensive response of soil N,O production rate to moisture change,
and the response is essential for accurately predicting N,O emission from
agricultural soils under climate change scenarios.
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1. Introduction

Nitrous oxide (N,O) is a potent long-lived greenhouse gas,
with global warming potential 296 times higher than carbon
dioxide (CO, Tian et al, 2020). Agricultural soil has been
identified as a major source of atmospheric N,O, accounting for
approximately 60% of the global anthropogenic N,O emissions
(Reay et al., 2012; Cui et al,, 2021). Soil moisture content is a
primary regulator to control N,O emissions from agricultural
systems (Congreves et al., 2019). Particularly, the N,O emissions
from the soils under high moisture conditions (e.g., after rainfall
or irrigation events) can constitute more than 30% of the annual
emission (Trost et al., 2013; Ju and Zhang, 2017); this proportion
will likely increase with the intensive use of irrigation under
droughts and the increase in the frequency of heavy rainfalls, both
of which were projected as a consequence of climate change
(Reichstein et al., 2013; Siebert et al., 2015). However, the
quantitative relationships between soil N,O emissions from
various biological processes, including nitrification, dentification,
dissimilatory nitrate reduction to ammonium (DNRA) and
anaerobic ammonia oxidation, and soil moisture content remain
understudied (Castellano et al., 2010; Hall et al., 2018; Li et al,,
2022), impeding our ability to predict the future N,O emission
from agricultural systems.

Nitrification and denitrification are two of the most important
biological processes to produce N,O (Butterbach-Bahl et al.,
2013), and soil moisture content substantially controls the relative
contributions of these two pathways and their production rates of
N,O (Ciarlo et al., 2007; Congreves et al., 2019). Therefore, how to
accurately describe the relationships between N,O production
rates of nitrification and denitrification and moisture content in
mathematical models is crucial for estimating and predicting the
N,O emission from soils (Yue et al., 2019). Current models, such
as DNDC (Li et al., 2000) and DayCent (Parton et al., 1996), have
used various types of relationships, including linear, parabolic,
and exponential ones, to depict the response of N,O production
rate to moisture change (Wang et al., 2021), regardless of the fact
that the N,O production rates from nitrification and denitrification
were theoretically expected to first increase and then decrease as
moisture content increases (Davidson et al., 2000). These divergent
relationships inevitably result in large uncertainty in simulating
soil N,O emission (Gaillard et al., 2018), and accurately
quantifying the relationships between N,O production rate and
moisture content is urgently required.

Although many studies have measured the response of total
N,O production rate to changes in moisture content (Dobbie and
Smith, 2001; Schaufler et al., 2010; Cheng et al., 2014; Hall et al,,
2018; Kuang et al., 2019), only a few quantified the N,O production
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rates of nitrification and denitrification under different moisture
conditions (Pihlatie et al., 2004; Bateman and Baggs, 2005). In
these studies, unidirectional increases in the N,O production rates
of denitrification and nitrification were often reported as moisture
increased, which contrasted with the classic hole-in-pipe model
(Davidson et al., 2000). This inconsistency can be attributed to
many factors such as soil physicochemical properties and
measurement approaches (Liu et al., 2018; Qin et al., 2021).
Among these factors, moisture treatments used in different studies
should be the primary driver, since the majority of these studies
adopted insufficient gradients and inadequate levels of soil
moisture (Bateman and Baggs, 2005; Chen et al.,, 2014), which
failed to capture the comprehensive change in N,O production
rates in response to varied moisture conditions (Smith, 2017).
Therefore, sufficient moisture treatments with broad range and
narrow gradient are required to fill the gap between measurements
and expectations.

This study hypothesizes that the production rates of N,O from
both nitrification and denitrification first increase and then
decrease as moisture content increases. We tested this hypothesis
by using both laboratory incubation and literature synthesis. In
the laboratory study, a ’N-labeled technique was applied to
distinguish the nitrification and denitrification under eight
moisture levels in the agricultural soils from the North China
Plain. For the literature synthesis, data derived from different
differentiation approaches under various moisture conditions
across global agricultural soils were analyzed. The results refined
the quantitative relationships between N,O production rate and
moisture content from both nitrification and denitrification, and
laid a foundation to improve the modeling of N,O emissions from
agricultural soils.

2. Materials and methods
2.1. Site description and soil sampling

Soil samples (0-15cm) were collected from agricultural fields
in two locations: Shang Zhuang (SZ), Beijing (39°48'N, 116°28'E)
and Luan Cheng (LC), Hebei (37°53" N, 114°41’E), North China
Plain, in October 2020.The annual average temperature is 12.5°C,
and the annual precipitation is 500-700 mm with high variation
among different years. The cropping system in this region is winter
wheat-summer maize rotation. The fertilizer application rates were
280 and 600kgNha™ year™ in SZ and LC soils, respectively.
Collected soils were air-dried and sieved to 2 mm. Visible roots and
leaves were removed with tweezers and the soil was immediately
stored at 4°C until the beginning of laboratory experiment. The soils
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are both classified as silt loam, with 36.1% sand, 56.4% silt, and 7.5%
clay for the SZ soil and 29.2% sand, 64.1% silt, and 6.7% clay for the
LC soil. For the SZ soil, pH was 7.89, bulk density was 1.02 g cm™,
soil organic carbon was 10.93 g kg™', total N was 1.13 g kg™,
NH,'-N was 3.07 mg kg™', and NO;™-N was 22.5 mg kg™". For the
LC soil, pH was 7.92, bulk density was 1.00 g cm™, soil organic
carbon was 19.82 g kg™', total N was 2.11 g kg™!, NH,"-N was
2.08 mg kg™, and NO;™-N was 30.49 mg kg™

2.2. N tracing incubation experiment

Soils (20 g oven-dry equivalent) were placed into 120 ml
incubation flasks and distilled water was added to the soils to below
the target moisture contents [i.e., 40, 60, 70, 80, 90, 95, 100, and
120% water-filled pore space (WFPS)]. The microcosms were then
pre-incubated at 25°C for 7 days to initiate microbial activity. For
each moisture content treatment, *NH,CI (10.08 atom%) + KNO,
or K”NO; (10.16 atom%) + NH,Cl were applied at a rate of 50 mg
NH,*-N kg™" and 50 mg NO;™-N kg™' after pre-incubation. To
assure uniform distribution, 2ml of N solution was applied in
water solution and sprayed onto the soils to obtain the target
moisture content. The experimental design and treatment
application were set up as completely randomized blocks and
incubated in dark for 48 h at 25°C after "N application.

Each treatment was replicated three times for gas analyses,
with gas samples collected at 12, 24, and 48 h. Before sampling, the
flasks were flushed with ambient air using a multiport vacuum
manifold, and the N,O concentration in the headspace was then
measured. Thereafter, the flasks were immediately sealed for 12 h
and N,O concentration was measured again. The difference
between the two N,O concentrations was used to calculate the
N,O production rate. The concentrations of N,O and CO, were
determined using gas chromatography (Agilent 7,890, Santa
Clara, CA, United States) and the N signature of N,O was
determined using a Thermo Finnigan MAT-253 spectrometer
(Thermo Fisher Scientific, Waltham, MA, United States). Another
group of flasks, also replicated three times, were used for soil
sampling at 0.5, 12, 24, and 48 h after N application. Soils were
extracted with 1 M KCI (20 g soil to 100 ml KCl solution), shaken
for 1 h, and filtered. The concentrations of NH,"-N and NO,™-N
in the extracts were measured using a continuous-flow analyzer
(Skalar Analytical, Breda, Netherlands). Isotope analysis of
NH,*-N and NO,™-N were performed on aliquots of the extracts
using a diffusion technique (Brooks et al., 1989) and the "N
isotopic signature was measured by isotope ratio mass
spectrometry (IRMS 20-22, Sercon, Crewe, United Kingdom).

2.3. Calculation

Nitrous oxide and CO, fluxes (F, pg N kg™ h™' or mg C
kg™ h™') were determined from the concentrations at each
sampling time, using the background N,0 and CO, concentrations
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in the ambient air as the initial time point, which were calculated
as follows:

_ pxAcxV =273

T WxArx(273+T) (1)

where p is the density of gas under standard conditions
(kg m™®), AC s the variation in gas concentration during the flask-
covering period (the units of N,O and CO, are ppbv and ppmv,
respectively), and V is the effective volume of a given flask (m?), T
is the incubation temperature (°C), At is the incubation time (h),
and W is the weight of soil (oven-dried basis, kg).

The contributions of denitrification, C,;, and nitrification,
Cy, to the production of N,O were calculated using the following
equation (Stevens et al., 1997):

(aNZO - aNH,)

C,=
¢ (aNO_;_aNH4)

with a NO, # aNH,

anl—cd (3)

where axo is the ®N atom% enrichment of the N,O produced
by both processes, and Ao, and Ay, are the "N atom% enrichment
of soil NO;~and NH," at the time of gas sampling.

Rates of N,O production from nitrification (N,O,) and
denitrification (N,O,) were calculated as follows:

N0, =C, x N,Or (4)

N>O4; =C4 x N,Or (5)

where N,Or is the total N,O production rate from the soils,
N,Or =N,0, + N,0,.

Since the concentrations and abundances of NH," at 48 h
could not be reliably determined in most treatments, the average
Cyq, C,, N2O, and N,O; over the first 24 h incubation were
used to analyze the rates of N,O production from nitrification
and denitrification.

2.4. Literature synthesis

Data on the N,O production rates of nitrification and
denitrification were collected from published peer-reviewed
journal articles. The following criteria were used for data
collection: (1) incubation experiments used agricultural soils
)

WPEFPS. Meanwhile, soil characteristics and incubation conditions,

solely; soil moisture metric was expressed as

including pH, BD, clay content, SOC content, concentrations of
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TN, NH,*, and NO;~, incubation temperature and WEFPS, were
collected. GetData Graph Digitizer 2.26 was used when data were
only graphically shown. The autotrophic nitrification and
heterotrophic nitrification were summed and treated as
nitrification during the data analysis if they were reported as
individual pathways in the literature. In total, 80 groups of data
from 17 studies were obtained (Supplementary Table S1).

2.5. Statistical analysis

All statistical analyses were evaluated by one-way analysis of
variance (ANOVA) for comparisons among multiple factors and
t-test for contrasts between two factors, followed by the least
significant difference test at P<0.05. The relationships between the
contributions of nitrification and denitrification to N,O
production or their rates and the controlling factors were
examined by correlation and regression analysis. All statistical
analyses were carried out in SPSS v25.0 software for Windows
(SPSS Inc., Chicago, United States).

3. Results

3.1. Changes in concentrations of NH,*
and NO;~ and production rate of nitrous
oxide

The concentration of soil NH,* decreased over the incubation
course in all moisture treatments (Figures 1A,B). For both SZ and
LC soils, the declining rates of NH,* over the first 24 h were nearly
twice larger in the treatments of WFPS <80% than in the
treatments of WEPS >90%. After the first 24 h, the declining rate
slowed down clearly when WFPS <80%, especially for the LC soil
(Figure 1B), while it nearly kept constant under WFPS >90%.
Among all the WFPS treatments, the largest consumption rate of
NH," occurred at 60% WEPS for both SZ and LC soils.

The concentration of soil NO;™ increased as NH,* was nitrified
(Figures 1C,D). In correspondence to the changes in NH,"
concentration, NO,~ concentration increased faster when WFPS
<80% than when WFPS >90%, especially for the LC soil during the
first 24 h. The initial NO;~ concentration exhibited large variances
for different moisture contents, since nitrification increased NO;~
concentration under low moisture content while denitrification
reduced NO,~ concentration under high moisture during the
pre-incubation period. As the initial NO;~ concentration markedly
reduced as WFPS increased, the NO;™ concentration varied largely
at the end of incubation especially for the LC soil, changing from
170.3 to 75.0 mg N kg™' as WFPS increased from 60 to 120%.

The N,O production rate changed substantially with moisture
content and time (Figure 2). At the beginning of incubation, high
N,O production rates (> 5 pg N kg™ h™') occurred under
80% < WEFPS <100% in the SZ soil and under 70% < WEFPS <100%
in the LC soil, whereas the rates remained low under the lower or
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higher moisture conditions. As the incubation proceeded, the N,O
production rate first increased and then decreased under the
intermediate moisture conditions (e.g., WFPS=70, 90, and 95%) in
the SZ soil, but consistently reduced under all moisture conditions
in the LC soil. Finally, the N,O production rates declined to below
5 pg N kg™ h™" under all moisture contents for both soils at the end
of incubation. By contrast, CO, production rates were higher at
WEPS >90% than at WFPS <90% for both soils, except for 95%
WEPS in the LC soil (P<0.05; Supplementary Figure S1).

3.2. Nitrous oxide production from
nitrification and denitrification

The N enrichment of N,O remained between the "N
enrichments of NH," and NO;™ during the first 24 h, illustrating
that N,O was derived from both nitrification and denitrification
(Supplementary Figure S2). The average contribution of
denitrification to N,O production, Cy , increased with moisture
content in the SZ and LC soils up to 100 and 95% WFEFPS,
respectively, after which C; declined significantly (Figure 3). In
both soils, nitrification was the main pathway producing N,O
under low moisture conditions while denitrification dominated
N,O production under high moisture conditions, with the
threshold occurred at 70 and 60% WEPS for the SZ and LC soils,
respectively. Denitrification contributed more than 65% of the
total N,O production when WFPS >70%, and this percentage
promoted as the incubation proceeded (Supplementary Table S2).

Nitrous oxide production rates derived from nitrification
(N0,), denitrification (N,0,) and the combined processes (N,Or)
responded to moisture change in a pattern similar to Gaussian
function in both SZ and LC soils (Figure 4). As moisture increased,
the N,O, increased slowly, reaching peaks around 2.5 uyg N kg™ h™'
in both SZ and LC soils, while the N,0O, increased steeply, reaching
peaks of 10.1 and 12.5 pg N kg™'h™"' in the SZ and LC soils,
respectively. Correspondingly, the optimal WEPS with respect to
the peak rates were the same for the nitrification and denitrification
processes (90% WEPS) in the SZ soil, but diverged for the two
pathways (80 and 95% WEPS, respectively) in the LC soil. The
N,O production rates remained below 3 pg N kg™'h™! under either
low or flooded moisture condition.

3.3. Literature synthesis: Nitrous oxide
production from nitrification and
denitrification across agricultural soils

By synthesizing literature data across global agricultural soils,
moisture (WFPS) and incubation temperature (T) were found to
be the most significant factors controlling the contributions of
nitrification and denitrification to N,O production (Table 1), with
WEPS exerting a stronger correlation (R=0.45) than T (R=0.37;
Figure 5; Supplementary Figure S3). Compared with the literature
data (R=0.36), the measured data in this study exhibited a
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Changes in N,O production rate over 48h of incubations from SZ (A) and LC (B) soils. Vertical bars are the standard deviations of the means (n=6).

stronger positive correlation between C; and WFPS (R=0.73; and denitrification and WFPS were fitted by Gaussian function.
Figure 5). Furthermore, a stronger correlation between C; and Compared with nitrification (Figure 6A), denitrification
WFPS occurred in alkaline soils than in acidic soils (Figure 6B) showed a smaller standard deviation, 5% vs. 14%, and
(Supplementary Figure S4A). Similarly, compared with carbon- a higher maximum rate, 106 vs. 12pug Nkg™" h™', though both of
rich soils with SOC > 4%, mineral soils with SOC <4% showed a their peak rates occurred at around 85% WEFPS. The correlations
stronger correlation (Supplementary Figure S4B). between N,O production rates and various soil properties were

Based on the literature synthesis, the N,O, and N,O, generally also analyzed (Supplementary Table S3). The results indicated that
first increased and then decreased as WFPS increased (Figure 6). NH," and NO;™ concentrations were the most powerful drivers to
The relationships between the N,O production rates of nitrification explain the changes in N,O, and N,O, Both N,O, and N,O,
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62


https://doi.org/10.3389/fmicb.2022.1110151
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Wang et al.

10.3389/fmicb.2022.1110151

>
—
S
S

[INitrification
B

o]
(=]
1

(o)
(=]
1

IS
=]
1

Contribution to N,O production (%)
)
S
1

(=]
|

40% 60% 70% 80% 90% 95% 100%120%
WEPS

FIGURE 3

The contributions of nitrification and denitrification to N,O production in SZ (A) and LC (B) soils.

[ Denitrification
100

o2}
(=]
1

D
(=]
1

IS
=
1

33
(=

Contribution to N,O production (%)

(=]
I

40% 60% 70% 80% 90% 95% 100%120%
WEFPS

>

15

0.3
0.24
0.1

12 +

=

2

4

8 9400+

3 >0A1:10°/ 50%  60%

E o 6 50%  60%

=

2

5]

2 31

2

o 0-

Z 1 1 1 1 I
40% 60% 80% 100%  120%

WEFPS

FIGURE 4

under different WFPS.

The N,O production rates derived from nitrification (N,O,), denitrification (N,O,4) and the combined processes (N,Oy) in the SZ (A) and LC (B) soils

154 —= N0,

i —0—N,0,

on 154 2~d

; 124, —A—N,0,
0.5+

ife 9 4004

% 40%  50%  60%

= 6

2

g

5 34

2

8,

o, 04

Z T 1 1 1 1
40% 60% 80% 100%  120%

WEPS

increased positively with the increases in NH," (P<0.05;
Supplementary Figures S5A,C) and NO;~ concentrations (P<0.01;
Supplementary Figures S5B,D), though the variances of rates were
large as the concentrations were high.

4. Discussion

4.1. Contributions of nitrification and
denitrification to nitrous oxide
production

Both laboratory incubation and literature synthesis showed
that nitrification and denitrification dominated N,O production
under low and high moisture conditions, respectively. Under high
moisture conditions as soil oxygen availability was constrained,
denitrification outcompeted nitrification as the main source of
N,O production (Smith, 2017; Song et al., 2019; Chang et al.,
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2022), which was aligned with other experiments (Pihlatie et al.,
2004; Friedl et al, 2021). The dominant pathway of N,O
production switched between 60 and 70% WEFPS (Figure 5),
depending on soil properties and climatic conditions. For
instance, the thresholds for SZ and LC soil were 70 and 60% WEPS
(Figure 3), respectively. This is because the SOC content was
higher in the LC soil (19.82 gkg™) than in the SZ soil (10.93 gkg™),
stimulating N,O production by promoting denitrification process
(Ruser et al., 2006; Chantigny et al., 2013). Besides, the N,O
production rate in the LC soil (1.02pgNkg™' h™") was almost 10
times that in SZ soil (0.1 pgNkg™ h™') under 60% WEPS, further
indicating the dominating effects of denitrification in the N,O
production in the LC soil. The literature synthesis also confirmed
that large SOC content increased the contribution of
denitrification to N,O production under relatively low soil
moisture content (Supplementary Figure S4B). Besides SOC, other
factors such as BD, NH," and NO;™ concentrations, and especially
incubation temperature, also modulated the contributions of
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TABLE 1 Correlations between the contribution of denitrification ( Cy ) and soil properties as well as environmental conditions, which include soil
pH, bulk density (BD), clay content, soil organic carbon (SOC), total nitrogen (TN) concentrations, NH,* and NO;~ concentrations, incubation

temperature (T) and water-filled pore space (WFPS), across agricultural soils.

pH BD Clay SOC TN NH,* NO;~ T WFPS
R 0.076 —0.147 —0.022 0.112 0.088 0.198 —0.249 0.369 0.446
Cyg P 0.462 0.335 0.858 0.340 0.414 0.187 0.096 <0.01 <0.01
n 96 45 70 75 89 46 46 94 96
integrative impacts will significantly improve our understanding
M0 T S Tenr109371 Reods P<001 O this study of N,O emission dynamics and facilitate N,O abatement (Mathieu
Y=0.7709x+4.2216 R=0.73 P<0.01 O collected data 1
1204 y=0.4447x+17.5861 R=032 P<0.01 —all data et al., 2006).
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FIGURE 5

Changes in the contribution of denitrification to N,O production
(Cd ) with WFPS across global agricultural soils. The shaded
region represents the 95% confidence interval for all data.

nitrification and denitrification to N,O production (Table 1),
which might explain why the contribution proportions between
nitrification and denitrification varied significantly among
different soils even though the soil moisture status were similar
(Figure 5).

Accurately determining the contributions of nitrification and
denitrification to N,O production is crucial to evaluate N,O
emissions from agricultural soils (Zhu et al., 2013). Currently,
different approaches were used to quantify these contributions,
including "N site preference (Thilakarathna and Hernandez-
Ramirez, 2021), acetylene inhibition (Pihlatie et al., 2004), and
N tracing techniques (Friedl et al., 2021). The applications of
these approaches often caused large discrepancies in quantifying
C, and C,, under different moisture conditions (Butterbach-
Bahl et al,, 2013), and likely resulted in different contribution
proportions even though the experimental setup and the
operating conditions were the same (Zhu et al., 2013). Therefore,
a careful comparison among different approaches and developing
a guideline or protocol for using these approaches merit further
investigations. Although certain factors such as pH value and N
concentrations exerted insignificant impacts on the contribution
of different pathways to N,O production (Table 1), their
integrative impacts remain unclear (Hu et al., 2015). In addition,
factors such as moisture and temperature, often changed
synchronously in fields (Song et al., 2018), and studying their

Frontiers in Microbiology

64

4.2. Nitrous oxide production rates of
nitrification and denitrification

Both laboratory study and literature synthesis validated the
hypothesis that the rates of N,O production from both nitrification
and denitrification first increased and then decreased as soil
moisture increased (Figures 4, 6). The relationships between N,O
production rate and moisture content followed the classic hole-in-
pipe model (Davidson et al., 2000), though the rates changed with
soil properties (Figure 4). For instance, the LC soil produced
generally larger N,O, than the SZ soil, since it contained more
NO,™ and SOC, which stimulated N,O production from
denitrification under high moisture content (Smith, 2017). By
comparison, the two soils exhibited approximate N,O, due to the
similar NH," concentrations. The literature synthesis further
confirmed that NO,~ and NH," were the two most important
N,O
(Supplementary Table S3). Interestingly, NO;~ concentration was

factors to determine production rates
the most powerful driver to explain the changes in N,O derived
from nitrification, although its explaining power was close to that
of NH," concentration. This result might be caused by the large
N,O production rates from nitrification under high NO,~
concentrations and large soil moisture  contents
(Supplementary Figure S5) and warrant further investigations.
However, the rates of N,O, and N,O, depended on not only the
above factors but also moisture content, and their interactions
control N,O emission from soils (Zhu et al., 2013). Therefore,
higher substrate concentration unnecessarily resulted in larger
N,O emissions, as being observed in many laboratory and field
experiments (Senbayram et al., 2012; Liu et al., 2018).

In contrast to the first increased and then decreased N,O
production rates in response to increase in soil moisture
content from the laboratory incubation in this study, the
studies in the collected literatures presented divergent
consequences different

(Supplementary Table S1). Among the 17 collected studies, as

among experiments
moisture increased, only five reported a decline in N,O
production rate for nitrification and no study found a decline
for denitrification. The underrepresented decline in the rates
can be mainly attributed to the insufficient gradients and
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inadequate levels of moisture content applied in these studies,
which commonly used soil moisture containing less than four
levels and below 90% WEFPS (Supplementary Table S1). Such
sparse moisture levels likely did not capture the inflection
point of N,O production rate (Barton et al., 2015), while the
low moisture condition might not be adequate to capture the
turning point (Bateman and Baggs, 2005; Liu et al., 2016).
Therefore, N,O emission under relatively high moisture
conditions with sufficient moisture treatments deserves
further investigations. The interactions of soil moisture with
other factors such as SOC content (Qin et al., 2017), nutrient
availability (Senbayram et al., 2012), and pH value (Zhang
etal., 2015) together determine the relationship between N,0O
emission rates and moisture contents (Zhu et al., 2020).

4.3. Implications and looking forward

Both laboratory study and literature synthesis illustrated
that N,O emissions declined as moisture content exceeded
certain threshold. Current models using linear or exponential
relationships between N,O production rate and moisture
content could significantly overestimate N,O emissions from
agricultural systems (Yue et al., 2019; Wang et al., 2021),
especially as the intensive irrigation and extreme rainfall are
projected to increase under climate change scenarios (Smith
et al.,, 2017). Therefore, comprehensive relationships that can
capture the first increased and then decreased N,O production
rates in response to elevated soil moisture content are required.
However, the large variances in N,O production rates of both
nitrification and denitrification among different studies
induce great challenges to develop such a relationship. One
potential breakthrough can be to quantify this relationship for
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different types of soils by incorporating intense moisture
treatments similar to this study. Meanwhile, additional
experiments are required to quantify the impacts of other key
factors, such as temperature, NO,™ and NH,* concentrations
and their interactions, on the relationship. Once sufficient
data measured using the same experimental protocol are
collected, it will be possible to derive quantitative relationships
between N,O production rate and moisture content across
different soils by using a general function, such as Gaussian
function, with parameters depending on key edaphic and
climatic drivers (Yan et al., 2018).

5. Conclusion

This study quantified the response of soil N,O production
rates from nitrification and denitrification to changes in a
broad range of moisture contents using both laboratory study
and literature synthesis. The results showed that the N,O
production rates of nitrification and denitrification first
increased and then decreased as moisture increased for both
particular and global agricultural soils, following the classic
hole-in-pipe model. The inflection points of moisture content,
under which the N,O production rate maximized, for the two
pathways occurred between 80 and 95% WEPS, which value
depended on incubation temperature and soil properties. By
contrast, the switching point of soil moisture from
nitrification-dominating  to  denitrification-dominating
occurred between 60 and 70% WEFPS. The unidirectional
increase in N,O production rates reported in most literatures
should be attributed to the insufficient gradients and
inadequate levels of moisture content applied in the incubation
experiments, and moisture treatments containing broad

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1110151
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Wang et al.

moisture contents with narrow gradient are required to obtain
the comprehensive relationship between soil N,O production
rate and moisture content, which is crucial to accurately
predict future N,O emission from global agricultural soils in
response to climate change.
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acceptor destabilizes the mineral
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moisturized deep soil depths
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Numerous studies have investigated the effects of nitrogen (N) addition on soil
organic carbon (SOC) decomposition. However, most studies have focused on the
shallow top soils <0.2 m (surface soil), with a few studies also examining the deeper
soil depths of 0.5-1.0 m (subsoil). Studies investigating the effects of N addition on
SOC decomposition in soil >1.0 m deep (deep soil) are rare. Here, we investigated
the effects and the underlying mechanisms of nitrate addition on SOC stability in
soil depths deeper than 1.0 m. The results showed that nitrate addition promoted
deep soil respiration if the stoichiometric mole ratio of nitrate to O, exceeded the
threshold of 6:1, at which nitrate can be used as an alternative acceptor to O, for
microbial respiration. In addition, the mole ratio of the produced CO, to N>,O was
2.57:1, which is close to the theoretical ratio of 2:1 expected when nitrate is used
as an electron acceptor for microbial respiration. These results demonstrated that
nitrate, as an alternative acceptor to O,, promoted microbial carbon decomposition
in deep soil. Furthermore, our results showed that nitrate addition increased the
abundance of SOC decomposers and the expressions of their functional genes,
and concurrently decreased MAOC, and the ratio of MAOC/SOC decreased from
20% before incubation to 4% at the end of incubation. Thus, nitrate can destabilize
the MAOC in deep soils by stimulating microbial utilization of MAOC. Our results
imply a new mechanism on how above-ground anthropogenic N inputs affect
MAQOC stability in deep soil. Mitigation of nitrate leaching is expected to benefit the
conservation of MAOC in deep soil depths.

nitrate leaching, global warming, greenhouse gas emission, MAOC, deep soil
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1. Introduction

Globally, the stock of soil organic carbon (SOC) is estimated to
be as high as 2300 Pg in the 3 m depth, which is about 3-fold the
size of the atmospheric carbon dioxide (CO3) pool (770 Pg) (Lal,
2004). The annual CO; emissions due to soil respiration are reported
to range from 60 to 100 Pg C yr~!, which is an order of magnitude
greater than current fossil fuel CO, emissions (Bond-Lamberty and
Thomson, 2010; Oertel et al., 2016; Xu and Shang, 2016) and account
for 5~25% of total annual CO, emissions globally (Raich and Potter,
1995; Wang et al,, 2018). CO; is the dominant greenhouse gas and
the atmospheric concentration of CO; has increased from 277 117!
in 1750 to 411 pl 1-1in 2019 (Friedlingstein et al., 2020; Walker et al.,
2021). Thus, any enhanced loss of CO; via SOC decomposition has
significant implications for global warming (Zhang et al., 2020).

Anthropogenic nitrogen (N) inputs are reported to significantly
affect SOC content (Mazzoncini et al., 2011; Riggs and Hobbie, 20165
Chen et al,, 2021). Globally, anthropogenic N inputs have increased
from 156 Tg N yr~! in 1995 to 193 Tg N yr™! in 2010 (Galloway
et al,, 2008; Fowler et al,, 2015), and it is estimated that by 2050
the global rate of N inputs will double the rate in 1995 (Penuelas
etal, 2020). A considerable portion of the anthropogenically derived
N is transformed into nitrate, which can leach to depth (>1 m)
within the soil profile (Van Meter et al,, 2016; Xin et al.,, 2019;
Yang et al,, 2020; Gao et al, 2021). As the soil profile deepens,
persistent hypoxia or even anoxia can establish, potentially resulting
in nitrate being reduced via the denitrification or dissimilatory nitrate
reduction to ammonium (DNRA) pathways, which require SOC
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as an electron donor (Laursen and Seitzinger, 2002; Giblin et al,
2013). Consequently, anthropogenic N inputs potentially affect SOC
decomposition not only at the soil surface but also in the deeper soil
profile.

The SOC in deep soil is expected to respond to N addition
differently from that of surface soil due to carbon sources being
distinctively different between the surface soil and deep soil (Salomé
et al,, 2010). In surface soil, plant residues and root exudates are
important sources of SOC. In line with this, increased CO;, emission
following N addition were found to be derived from plant residues
and root exudates (Schulte-Uebbing and de Vries, 2018; Xu et al,,
2021). This mechanism would be expected to be less significant in
deep soil since the contribution of plant residue and roots to SOC
sharply decreased with the increasing soil depth (Poirier et al., 2018).
Furthermore, oxygen (O3), an electron acceptor for SOC oxidation,
is more available to SOC decomposers in surface soil than in deep
soil. The soil O, concentration generally declines sharply from the
surface to a depth of approximately 1.0 m, then continues to decline
slowly with the increase of soil depth (Sierra and Renault, 1998; Orem
et al, 2011; Kautz, 2015). Thus, nitrate in deep soil has a larger
opportunity to replace O3 as an alternative electron acceptor for SOC
oxidation. Compared with the SOC in surface soil, the SOC in deep
soil is generally absorbed or co-precipitated with minerals as mineral
associated organic carbon (MAOC), which potentially decreases its
accessibility for soil microbial decomposition (Stuckey et al., 2018;
Jilling et al., 2021). The observed increase in decomposers, induced
by N addition in deep soil, is expected to enhance the potential for
decomposers to destabilize MAOC (Feng et al., 2022).
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Thus, the response of the carbon following N addition differs
since the distinct SOC in surface and deep soils. Most previous studies
have only investigated the response of SOC following N addition in
the surface soil (<1.0 m depth). Many of these studies reported that
N addition increased SOC content (Riggs et al., 2015; Philben et al,,
2019), while other studies reported that N addition decreased (Mo
et al., 2008; Treseder, 2008; Bulseco et al., 2019) or did not affect SOC
content (Hogberg, 2007; Lu et al., 2011), this may be attributed to the
form of N, the level of application and soil type. While, few studies
have investigated the effects of N addition on carbon decomposition
in deep soil (Li et al, 2014; Xu et al,, 2021). Such information is
relevant for understanding MAOC stability in the deep soil and
carbon sequestration.

In this study, we investigated the responses and relevant
mechanisms of MAOC stability following nitrate addition to deep
soil. Nitrate was selected as the N source because it is the main form
of anthropogenic N that leaches into deep soil.

2. Materials and methods

2.1. Experimental site and sample
collection

Soil samples were collected from the campus of the Fujian
Agriculture and Forestry University, Fuzhou, China (26°06’ N,
119°13’ E). Three depths of soil (1.5-1.7,2.0-2.2, and 2.5-2.7 m) were
collected. Deep soil in this study is defined as soil depths >1.0 m. The
soil samples were passed through a 2 mm sieve to remove as much live
and dead root material, then basic soil physicochemical properties
were determined, which are shown in Table 1. Soils were placed in
sealed ziplock bags, with excess air removed using vacuum package
machine to minimize exposure to O,, and stored at —20°C about
3 days, then we started the experiments. Soils were thawed at 4°C and
preincubated at 20°C (Fontaine et al., 2007; Condron et al., 2014) for
5 days under anaerobic condition to recover microbial activity prior
to commencing experiments.

The SOC content was determined using an elemental analyzer
(Vario Macro Cube, Elementar, Germany). Soil moisture content

TABLE 1 The basic physicochemical properties of the soil.

Soil depth

15-17m | 2.0-22m

SOC (g Ckg™! dry soil) 4.25 4 0.09a 4.14 +0.01a 3.50 £ 0.04b
DOC (mg Ckg~! dry soil) 7381 +11.78a | 68.33 £5.75a 59.69 & 6.19a
NO;~ (mg N kg~ ! dry soil) 3.09 +0.19b 11.20 £ 0.26a 2.22+0.21c
NO,~ (mg N kg~ dry soil) 1.14 £ 0.06b 2.20+0.48a 1.34 £ 0.08b
NH; " (mg N kg~! dry soil) 15.26 £ 0.73a 16.91 £+ 3.63a 14.85 4 0.90a
Moisture content 19.98% 26.96% 23.87%
EC(mScm™!) 79.1 94.5 50.9

pH 5.17 5.05 5.15
Sand (%) 69.13 59.62 46.16

Silt (%) 29.27 37.46 48.47
Clay (%) 1.6 2.92 5.36

Different letters indicate significant differences (P < 0.05) among the soil depths.
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was determined by drying fresh soil samples to constant weight at
105°C oven. Soil samples were extracted with 1 M KCl solution (soil:
liquid ratio was 1:5) and then filtered (0.45 pm, Jinteng, China). The
soil extracts were then analyzed for dissolved organic carbon (DOC)
concentration using a total organic carbon analyzer (TOC-LCPH,
Shimadzu, Japan), for nitrate, nitrite and ammonium concentrations
using a UV-1800 spectrophotometer (Shimadzu, Japan) and the
colorimetric method (Norman and Stucki, 1981; Dorich and Nelson,
1983; Norman et al., 1985), and for pH using a pH meter (LeiCi PHS]J-
3E China). After extracting soil samples with distilled water (soil:
water ratio was 1:5) and filtering, the electrical conductivity (EC)
was determined with a conductivity meter (LeiCi DDSJ-308F, China).
Soil texture was determined using a laser particle analyzer (Malvern
Mastersizer 3000, UK) according to the protocol (Pieri et al., 2006).

2.2. Experimental design

2.2.1. Experiment 1: Effects of nitrate addition on
deep soil respiration, microbial community
structure and key functional genes responsible for
C degradation

In order to determine the effect of nitrate addition on CO,
emission from deep soil, two treatments were conducted: (1) nitrate
addition treatment: 15 g of fresh soil was placed in to 120 ml flasks
and a KNOj; solution was added to the flasks to reach 100 mg
NO3;~-N kg’1 dry soil; (2) control treatment: 15 g fresh soil received
an equal amount of distilled water. Moisture is reported to be the
most important factor affecting SOC mineralization (Huang and Hall,
2017). Thus, three gravimetric water contents were applied: 35%
(2 ml 50 mM KNO3), 70% (5 ml 20 mM KNO3), and 200% (20 ml
5 mM KNO3). There was a total of 54 flasks (2 treatments x 3 soil
depths x 3 soil moisture contents x 3 replicates). All flasks were
sealed with air-tight butyl rubber septa and aluminum caps. The
headspace gas was alternatively evacuated (0.1 kPa) and flushed with
pure helium (99.999%, 120 kPa) five times to remove O, (Yuan et al,,
2019), the initial O, concentrations was 35.5 pumol L™! at this time.
All flasks were incubated at 20°C (Fontaine et al.,, 2007; Condron
etal, 2014) in the dark for 55 days.

During the incubation, the headspace CO, concentrations were
periodically determined using a robotized sampling and analysis
system (Molstad et al., 2007). Briefly, the robotized system consisted
of an incubation system linked with a gas collection and analysis
system. It enabled sampling of the headspace gas by puncturing the
butyl rubber septa of the anaerobic flasks and then pumping of 2 ml
sample gas through the loop of the GC with a peristaltic pump. An
electron capture detector (ECD) was used for determination of N,O
and a thermal conductivity detector (TCD) was used to measure CO,
02 and Nz.

At the end of the 70%
samples from the nitrate addition and control treatments, for

water content incubation, soil
each soil depth, were collected to determine the soil microbial
community structure, and the key functional genes responsible
for C degradation. Soil microbial DNA was extracted from
these samples using the PowerSoil DNA isolation kit (MoBio,
Carlsbad, CA) according to the manufacturers instructions.
V3-V4 variable region of the 16S rRNA gene were amplified
with  primers 338F (ACTCCTACGGGAGGCAGCAG)/806R
(GGACTACHVGGGTWTCTAAT). The sequencing operation was
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completed by Beijing Allwegene technology Co., Ltd. (Beijing,
China). Sample sequences were clustered with a threshold of 97%
similarity to obtain representative operational taxonomic units
(OTUs). Paired-end sequencing was performed using an Illumina
Miseq PE300 platform (Wu et al., 2019).

The total RNA was extracted from 1 g soil samples using the
RNA Extraction Kit (Tiangen Biochemical Science Technologies
Co., Ltd., Beijing, China) according to the manufacturer’s protocols.
The RNA concentration and purity were determined using an ND-
2000 spectrophotometer (Thermo Scientific), then RNA integrity
was assessed using a Tanon 1600 imaging system (Tanon Science
and Technology Co., Ltd., Shanghai, China). The primers were
synthesized by Invitrogen (Shanghai, China), subsequently, RNA
was converted to cDNA using the Prime Script™ RT reagent Kit
with gDNA Eraser (TaKaRa). Then quantitative Real-Time PCR
(qQRT-PCR) was performed using an ABI7500 quantitative PCR
system (Applied Biosystems, USA) with each sample conducted
in triplicate. The relative abundances of genes responsible for the
degradation of starch, hemicellulose, cellulose, chitin, aromatics,
lignin and lignin from labile to recalcitrant (amyA, arA, cbhl, chi,
AceB, lip, and laccase-like multi-copper oxidase (Lmco), respectively)
were determined using the 2= AACt phethod (Wang et al., 2019),
with the 16S rRNA gene used as an internal reference gene, the
denitrification genes for qRT-PCR were narG, nirK, and nosZ genes.
The primer sequences of qRT-PCR are presented in Supplementary
Tables 1, 2.

10.3389/fmicb.2023.1120466

2.2.2. Experiment 2: Effects of supplemental
amount of nitrate on deep soil CO, emissions

We further tested whether the increase in soil CO, emissions
was linearly correlated with the supplemental rate of nitrate addition,
using the soil sample from 2.0 to 2.2 m depth with a 70% water
content, including the subsequent experiments. The reason for
continuing using 2.0-2.2 m depth was the higher level of nitrate
concentration in this layer than other layers and the reason for
continuing using 70% moisture content was more reasonable and
a real condition to explore the mechanism. Five nitrate levels were
applied: 0, 10, 20, 50, and 100 mg NO3;~-N kg*1 dry soil. Each
level was replicated three times and flasks were incubated in the
dark at 20°C for 98 days. The CO; concentration was determined
every 7 days and analysis methods were identical to that used
in Experiment 1.

2.2.3. Experiment 3: Effects of ammonium addition
on deep soil CO, emissions

We further tested if other inorganic N types beside nitrate,
e.g., ammonium, could promote deep soil CO, emissions. Three
treatments were applied, (1) nitrate addition treatment: 15 g fresh
soil of the 2.0-2.2 m depth was cultured in 120 ml flasks with 5 ml
of 20 mM KNOs3 (the final nitrate content was 100 mg NO3™ -
N kg=! dry soil); (2) ammonium addition treatment: 15 g fresh
soil of the 2.0-2.2 m depth was cultured in 120 ml flasks with
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FIGURE 1

Nitrate addition effects on the cumulative CO, emissions from deep soil depths: 1.5-1.7 m (A,D,G), 2.0-2.2 m (B,E,H), and 2.5-2.7 m (C,F,l) with soil
gravimetric water contents of 35% (A—C), 70% (D—F), and 200% (G-1) in Experiment 1. The blue lines and red lines represent control and nitrate addition
treatments, respectively. Data are shown as the mean + standard deviation (n = 3).
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5 ml of 20 mM NH4ClI (the final ammonium content was 100 mg
NH,4*-N kg! dry soil); (3) control treatment: 15 g fresh soil of the
2.0-2.2 m depth received 5 ml of distilled water. The flasks were
incubated in the dark at 20°C for 98 days and headspace gas sampling
occurred every 7 days.

2.2.4. Experiment 4: Effects of O, level on the
stimulation of nitrate on deep soil CO, emissions
We further determined if nitrate acted as an alternative electron
acceptor to Oy in stimulating deep soil CO, emission. The initial
O, concentration in the flasks was set at 1% by volume. During the

10.3389/fmicb.2023.1120466

incubation, the O, concentration was expected to gradually decrease.
Two treatments were set up: (1) 1% O, treatment: 15 g fresh soil from
the 2.0 to 2.2 m depth was incubated with 5 ml of distilled water in
120 ml flasks; (2) 1% Oy + NO3; ™~ treatment: 15 g fresh soil from
the 2.0 to 2.2 m depth was incubated with 5 ml of 20 mM KNO3
solution in 120 ml flasks. The headspace of the flasks was alternatively
evacuated (0.1 kPa) and re-flushed with high-purity helium/O,
mixture gas (1% O3 and 99% helium, 120 kPa) five times, the initial
0, concentrations was 565 jtmol L~ at this time, and supplemented
with 1% O, again when O3 concentrations declined below 100 pmol
L=, A total of 96 flasks were prepared (48 flasks for each treatment)
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FIGURE 2

Correlation between the rate of the supplemented nitrate and the increasing concentration of ACO, under the nitrate addition treatment in
Experiment 2 (A); correlation between the increasing amounts of the produced ACO, and AN,O at 100 ppm NOz~-N treatment in Experiment 2 (B);
ammonium versus nitrate addition effects on the cumulative CO, emissions from deep soil in Experiment 3 (C); dynamics of CO; (D), O, (E) and NOz~
(F) concentrations in flasks under 1% O, and 1% O, + NOz~ treatments in Experiment 4. Delta indicates the value of nitrate addition treatment minus
non-nitrate control within each sampling day. The gray areas in panels (A,B) indicate 95% confidence intervals. The gray areas in panels (D—F) indicate
anaerobic conditions with O, concentrations below 100 pmol L~1. Asterisk denotes significant difference (P < 0.05) between the two treatments. Data
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FIGURE 3
Dynamics of NO3~ (A), N,O (B), and N (C) concentrations in flasks under control and nitrate addition treatments. NH4 ™ concentrations at initial and end
of the incubation under two treatments (D).

and incubated under dark conditions at 20°C for 98 days. At the
beginning of the incubation, three flasks from each treatment were
randomly selected for periodically determining the headspace O,
and CO, concentrations at a frequency of four measurements per
month, using the robotized sampling and analyzing system as noted
above in Experiment 1. To calculate the stoichiometric mole ratio of
nitrate and oxygen when nitrate was used as an electron acceptor,
during the incubation, three flasks of each treatment were randomly
selected each week to destructively sample the soil for determining
the nitrate concentrations.

2.2.5. Experiment 5: Effects of nitrate addition on
microbial biomass N and C contents, MAOC, and
redox potential in deep soil

We further tested whether the promotion of microbial respiration
by nitrate would stimulate microbial proliferation and consequently
increase the microbial utilization of on MAOC in deep soil. Two
treatments were conducted: (1) 15 g soil samples from the 2.0
to 2.2 m depth were incubated with 5 ml of 20 mM KNOs; (2)
15 g soil samples from the 2.0 to 2.2 m depth were incubated
with 5 ml of distilled water. A total of 54 flasks (27 flasks
for each treatment) were prepared and their headspaces were
exchanged with high-purity helium as described in Experiment 1.
The flasks were incubated in the dark at 20°C for 98 days. Three
flasks for each treatment were randomly selected every 14-day for
destructive sampling to determine the MAOC content using the
citrate-bicarbonate-dithionite (CBD) method (Lalonde et al., 2012).
At the end of the incubation, three flasks from each treatment
were used to measure the microbial biomass carbon (MBC) and
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nitrogen (MBN) using the fumigation-extraction method (Vance
et al,, 1987) and perform 16S DNA gene copy numbers together
to estimate microbial proliferation. The last three flasks for each
treatment were used to measure soil redox potential (Eh) using an Eh
meter (Model HLY-216, China) and pH by using the probe inserted
into the soil.

2.3. Statistical analysis

The statistical package SPSS 24.0 (SPSS Inc., Chicago, IL, USA)
was used to perform all statistical analysis. Analysis of variance
(ANOVA) was used to determine the difference (P < 0.05) among
treatments after the Shapiro-Wilk and Levene tests were used to
confirm the normality and homogeneity of the data.

3. Results and discussion

3.1. Nitrate addition promote microbial
respiration in deep soil by acting as an
alternative electron acceptor to O,

The results of Experiment 1 showed that there was little difference
in the cumulative CO, emissions from deep soil between the nitrate
addition treatment and the control treatment during the initial
10 days of incubation (Figure 1). With increasing incubation time,
the cumulative CO;, emissions differed significantly between the two
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treatments (Figure 1). At the end of Experiment 1 (55 days of
incubation), the cumulative CO, emissions under the nitrate addition
treatment had increased 40-140% relative to the control treatment,
with the increase dependent on soil water moisture content and
soil depth (Supplementary Figure 1). The 200% water content
significantly contributed to ACO; at three depths compared to the 35
and 70% water contents, soil moisture affects the various life activities
of soil microorganisms, under low soil moisture conditions microbial
activity may be limited, while increased moisture could significantly
enhance microbial activity, leading to an improvement in soil
respiration. Compared to depths 1.5-1.7, 2.0-2.2, and 2.5-2.7 m
depth had higher ACO; at 35, 70, and 200% water content, reaching
60, 120, and 150%, respectively, indicating a higher sensitivity for
the deeper soils. These results demonstrate that nitrate addition
stimulated the microbial respiration in the deep soil depths under
anaerobic conditions. Results of Experiment 2, where the increase in
CO; emission was significantly correlated (P < 0.01) with the nitrate
addition rate (Figure 2), also support this.

There was a lag in the CO emission response to nitrate addition
during the incubation (Figure 1). This lag was probably caused by the
residual O3 in the soil pores which removed the need for nitrate to
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be used as an alternative electron acceptor (Parkin and Tiedje, 1984;
Song et al,, 2019). This was tested by monitoring the responses of
soil respiration to varying O, concentration. The results showed that
the promoting effects of nitrate addition on soil respiration appeared
when the headspace O, concentration was below 100 pmol L1,
then disappeared after the injection of additional O,, and finally
re-appeared after the O, concentration was again below 100 pmol
L~! (Figure 2). By calculation, we found that the role of nitrate
was activated when the stoichiometric mole ratio of nitrate to O,
exceeded 6:1 (77.4 pmol/12.7 pwmol). Further evidence supporting
the effect of nitrate in promoting soil respiration was the mole ratio
of the CO; to N,O produced under the nitrate addition treatment,
which was 2.57:1 and close to the theoretical mole ratio 2:1 (Maorkved
et al., 2006) when nitrate is used as an electron acceptor for microbial
respiration (Figure 2).

Apart from acting as an alternative electron acceptor for
microbial respiration, nitrate is a key N source for soil microbes
(Geisseler etal., 2010; Wang et al., 2015). Previous studies have shown
that N addition can promote surface soil respiration by serving as
a nutrient (Soong et al,, 2018). In order to test whether the positive
effects of nitrate on soil respiration were caused as the result of
enhanced N supply, equal amounts of nitrate-N or ammonium-N
were added into the 2.0-2.2 m depth soil in Experiment 3. The results
showed that, contrary to the nitrate-N treatment, the ammonium-N
treatment did not significantly increase soil respiration (Figure 2).
These results indicated that deep soil respiration could not be
facilitated by merely changing the soil N status without acting as an
electron acceptor. Briefly, above results suggested that the positive
effects of nitrate on deep soil respiration were the result of it acting
as an electron acceptor.

3.2. The enhancement of microbial
respiration by nitrate promotes microbial
growth and consequently destabilize
MAOC in deep soil

The increase in microbial access to an electron acceptor for
respiration following nitrate addition tends to promote microbial
assimilation and reproduction (Dyckmans et al., 2006). As Figure 3
shows, the soil ammonium concentration did not change significantly
(P > 0.05) between the beginning and end of the incubations,
which indicated that dissimilatory nitrate reduction to ammonium
(DNRA) was negligible. In addition, study showed that DNRA
may be a minimal pathway at high nitrate concentrations
(Handler et al,, 2022), it is generally believed that low nitrogen
and high carbon will tilt the balance to DNRA (Van Den Berg
et al, 2016; Pandey et al,, 2020; Wei et al,, 2022), the opposite
is the high nitrogen and lower carbon contents in this study.
Denitrification was the main nitrate reduction pathway, the amount
of nitrate consumed (65 |umol N) was significantly larger than the
cumulative amount of the N,O plus N, (31 pmol N) produced
by day 98 (Experiment 2). This indicates that about ~50% of the
added nitrate could have been assimilated by microbes for cell
proliferation. In deep soils, microorganisms are expected to be in
short supply of both C and N, because the microbial available C
and N species, such as glucose, nitrate and ammonia, generally
decrease sharply from the surface soil to deep soil. Consequently,
the nitrate addition is expected to relief the microbial N starvation
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in deep soil and in turn promote the microbial growth there.
In support of this were the measured increases (P < 0.05) in
microbial DNA concentration (Supplementary Figure 2), MBC
and MBN, and 16S DNA gene copy numbers (Figure 4) under
nitrate addition relative to the control treatment at the end of
Experiment 1 and 5. Thus, nitrate addition promoted microbial
growth.

Apart from increasing microbial biomass, the nitrate addition
treatment in Experiment 1 also significantly changed the soil
microbial community composition (Supplementary Figure 2).
Compared with the control treatment, nitrate addition significantly
increased the relative abundances of Bacillus, Aquabacterium,
Sediminibacterium, and Acidibacter at the genus level across
all depths, and Caproiciproducens at 1.5-1.7 and 2.0-2.2 m
(Supplementary Figure 3). It has been suggested that Bacillus
and Aquabacterium contribute to denitrification in terrestrial and
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possibly other ecosystems (Verbaendert et al, 2011; Zhang et al,
2016). In addition, Bacillus and Aquabacterium were previously
reported to play a key role in accelerating SOC decomposition
(Lin et al,, 2019; Yin et al, 2019). Caproiciproducens genus could
accelerate the use of carbon sources for conversion to CO, (Kim et al.,
2015). In this study, the amounts of CO; and N,O emitted were
correlated with the relative abundances of Bacillus, Aquabacterium
and Sediminibacterium (Supplementary Figure 4), indicating that
these microbes could have contributed to the positive effects of
nitrate addition on deep soil respiration. In addition, the expressions
of functional genes of narG and nirK under the nitrate addition
treatment was significantly (P < 0.05) higher than control treatment,
while the nosZ gene was not significantly different between the
two treatments (P > 0.05) at 2.0-2.2 and 2.5-2.7 m depths except
for a decrease for the nitrate addition treatment at 1.5 m depth
(Figure 5).
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The SOC in deep soils is generally bound to soil minerals,
which protect SOC from microbial attack (Han et al., 2016; Gartzia-
Bengoetxea et al, 2020). Previously, it was reported that the
fluctuation of pH and Eh may also cause solubilization of MAOC,
with the solubilization rapidly activated when the Eh decreased
below 150 mV (Grybos et al, 2009). In this study, the pH and
Eh were not significantly different (P > 0.05) between the control
treatment (5.09 + 0.07 and 156.67 £+ 4.04 mV) and the nitrate
addition treatment (5.15 &= 0.06 and 153.00 £ 4.36 mV) at the end
of incubation (Supplementary Figure 5), indicating that the pH and
Eh were not responsible for the difference in MAOC between the
two treatments. On the contrary, the expressions of functional genes
typically responsible for carbon decomposition, such as amyA at 1.5-
1.7 and 2.5-2.7 m, AceB at 2.0-2.2 m and lip and Lmco at all three
depths were significantly greater (P < 0.05) under the nitrate addition
treatment than under the control treatment at the end of Experiment
1 (Figure 5). The increases in carbon decomposer abundance, as
noted above, and their functional gene expression were previously
reported to increase the microbial utilization of MAOC (Li H. et al,,
2021). Our results show that the content of the MAOC under the
nitrate addition treatment was significantly lower than that under
the control treatment from as early as day 28 of the incubation,
and the ratio of MAOC/SOC decreased from 20% before incubation
to 4% at the end of incubation (Figure 6), which is in accordance
with previous studies reporting that N addition not only modified
the composition and abundance of bacteria, but also decreased the
MAOC complexes (Qin et al., 2020; Li J. et al., 2021). These results
indicate that the increase in microbial utilization of MAOC, under
the nitrate addition treatment, destabilizes the MAOC.

4. Conclusion

This study demonstrated that nitrate acted as an alternative
electron acceptor to O, for microbial respiration and consequently
promoted the growth of SOC decomposers in deep soil
(depths > 1 m). The increases in SOC decomposer abundances
and functional genes known to align with SOC decomposition in
turn increased the microbial utilization of the MAOGC, resulting in
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the acceleration of SOC decomposition in deep soil. Our results
have implications for understanding the contribution of deep
SOC to atmospheric CO; in response to anthropogenic reactive
N enrichment of the environment. According to the results of
this study, increased nitrate leaching under anaerobic conditions
will enhance the decomposition of MAOC in deep soil. Since the
promoting effects of nitrate on soil respiration is derived from its
role as alternative respiration acceptor to O, the potential of nitrate
to destabilize MAOC is expected to be favored in deep soils with clay
texture and higher water content. Consequently, reducing nitrate
leaching will assist in preserving MAOC in deep soil.
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Soil microorganisms are critical biological indicators for evaluating soil health and
play a vital role in carbon (C)-climate feedback. In recent years, the accuracy of
models in terms of predicting soil C pools has been improved by considering the
involvement of microbes in the decomposition process in ecosystem models, but
the parameter values of these models have been assumed by researchers without
combining observed data with the models and without calibrating the microbial
decomposition models. Here, we conducted an observational experiment from April
2021 to July 2022 in the Ziwuling Mountains, Loess Plateau, China, to explore the
main influencing factors of soil respiration (Rs) and determine which parameters
can be incorporated into microbial decomposition models. The results showed
that the R rate is significantly correlated with soil temperature (Ts) and moisture
(Ms), indicating that Ts increases soil C loss. We attributed the non-significant
correlation between Rs and soil microbial biomass carbon (MBC) to variations in
microbial use efficiency, which mitigated ecosystem C loss by reducing the ability
of microorganisms to decompose organic resources at high temperatures. The
structural equation modeling (SEM) results demonstrated that Ts, microbial biomass,
and enzyme activity are crucial factors affecting soil microbial activity. Our study
revealed the relations between Ts, microbial biomass, enzyme activity, and Rs, which
had important scientific implications for constructing microbial decomposition
models that predict soil microbial activity under climate change in the future. To
better understand the relationship between soil dynamics and C emissions, it will
be necessary to incorporate climate data as well as Rs and microbial parameters into
microbial decomposition models, which will be important for soil conservation and
reducing soil C loss in the Loess Plateau.

climate change, carbon cycle, soil microbial activity, microbial decomposition model, soil
respiration (CO,)
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1. Introduction

The Intergovernmental Panel on Climate Change (IPCC)
assessment reports that global average temperatures will rise by
2.1-3.5°C, and the frequency and intensity of extreme heatwaves
and precipitation events are also likely to increase (Tollefson, 2021).
This climate change is expected to put general stress on ecosystems.
The soil ecosystem is an important part of the terrestrial ecosystem
and the hub of material and energy flow in the biosphere (Piao et al.,
2010b). Carbon (C) is the basic element of life forms, without which
life cannot exist, so the C cycle is one of the most important
biogeochemical cycles (Bot and Bernites, 2005), and terrestrial soil
C cycle research is an important component of global change
research. Soil microbes are largely involved in the soil C cycle and
play a crucial role in climate feedback (Jansson and Hofmockel,
2020), including CO,, N,0, and other greenhouse gas emissions. As
the most active component of soil, microorganisms are significant
biological indicators for evaluating soil health (Fierer et al., 2021).
In recent years, it has been proposed that soil microbial
characteristics can be used as biological indicators of soil health to
guide soil ecosystem management (Schloter et al., 2003; Cardoso
et al., 2013). Sicardi et al. (2004) believe that soil microbial
characteristics, such as soil respiration (Rg), microbial biomass, and
enzyme activity, vary significantly from season to season, suggesting
that they are sensitive and reliable indicators of changes in soil
physicochemical properties.

Rs refers to the process by which soil releases CO, into the
atmosphere and the most important component of Ry is the
heterotrophic respiration of soil microorganisms (Wang et al., 2019). C
is stored in the soil as organic matter, its storage is approximately twice
that of the atmospheric C pool and it plays a significant role in the C
cycle of the terrestrial ecosystem (Mahajan et al., 2021). Therefore, R
can significantly affect the global C cycle in terrestrial ecosystems (Zhou
etal., 2009). The world is now experiencing a period of rapid warming
due to the effects of human activities and CO, emissions, and Rg, which
releases more than 10 times more CO, into the atmosphere than the
combustion of fossil fuel (Marland, 1983), is the second-largest source
of continental C fluxes (Hu et al., 2019). Due to the enormous storage
capacity of soil organic carbon (SOC), even a small change in soil C
storage and R will significantly affect the CO, concentration in the
atmosphere, thereby affecting the feedback effect of terrestrial
ecosystems on climate change (Davidson et al., 2006).

In ecosystems, microorganisms play a crucial role in soil metabolism
as decomposers that drive nutrient turnover in soil ecosystems by
mineralizing organic matter (Wieder et al., 2015). Soil microbial biomass
is the active component of soil organic matter (SOM) and the most
active soil factor (Jenkinson and Ladd, 1981). Since soil microbial
biomass is very sensitive to environmental factors, slight changes in soil
can change it (Chander et al, 1998), so various environmental
disturbances can be predicted earlier.

All soil biochemical processes proceed because soil enzymes act as
the driving force. An essential soil microbial function is to decompose
key nutrients in litter and accumulate organic matter through soil
enzymes (Caldwell, 2005). For example, cellobiohydrolase (CBH) and
B-1,4-glucosidase (PG) are required to decompose cellulose in a litter
(Sinsabaugh et al., 1992), and peroxidase (PER) and polyphenol oxidase
(PPO) also play important roles in lignin decomposition (Lucas et al.,
2007). Green et al. demonstrated that oxidase is an important factor
affecting soil microbial respiration (Green and Oleksyszyn, 2002). In
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addition, Sinsabaugh et al. (2008) also demonstrated that soil microbial
biomass determines the organic matter decomposition process of soil
enzymes. Therefore, soil enzyme activity and other soil microbial
indicators can be used to identify early warnings of soil ecosystems
under stress conditions and anthropogenic disturbances (Boerner
R. et al., 2005).

The results of most ecosystem models show that climate change
will stimulate the microbial decomposition of SOM and generate
feedback on global climate change (Friedlingstein et al., 2006). The
positive feedback system model for climate change over time has a
poor effect in simulating the global SOC pool and has great
uncertainty (Voigt et al., 2016). Therefore, the global ecosystem
model needs to consider microbial effects to accurately predict the
feedback relationship between climate warming and SOM
decomposition (Ji et al., 2018). In recent researches, the accuracy of
the models in predicting soil C pools has been improved by
considering microbial involvement in the decomposition process in
ecosystem models (Abs et al., 2020; Guo et al., 2020), but the
parameter values of these models are assumed by researchers
without integrating the observed data with the models and
calibrating the microbial decomposition models. Therefore, to
improve the accuracy of microbial ecosystem models, it is also
necessary to calibrate microbial parameters, and Rg, microbial
biomass, and enzyme activity are the most reliable observations for
model calibration and validation (Hanson et al., 2000; Wang et al.,
2015). In addition, dynamic data (e.g., soil temperature and
moisture) can represent real-world climatic and environmental
conditions, which can be beneficial for the model and understanding
soil C cycling more realistically (Wang et al., 2020).

Forest soil microorganisms, which are vital part of forest ecosystems,
play an important role in the decomposition of litter and soil nutrient
cycling (Barberan et al., 2015). Forest Ry occupies an important
proportion of terrestrial ecosystems, and its dynamic changes will have
an important impact on the global C balance (Laganiére et al., 2012).
Forest R; is also one of the important research objects of the long-term
monitoring CO, flux network currently being established, which is of
great significance to scientific ecology and earth system research
(Schlesinger and Andrews, 2000).

The Loess Plateau is a mixture of arid, semiarid and semihumid
areas but is generally considered a semiarid area (Yu et al., 2020) and
has always been known for severe land degradation, low land
productivity, and soil erosion (Fu et al, 2016). The Ziwuling
Mountains are located in the hinterland of the Loess Plateau, which
is a well-preserved natural secondary forest area that plays a critical
role in improving the surrounding ecological environment and
climate regulation (Kang et al., 2014). From April 2021 to July 2022,
we carried out an observational experiment in the Ziwuling
Mountains, Loess Plateau, China, to record the monthly diurnal
changes in Ry and the monthly dynamic changes in soil microbial
biomass and enzyme activity. Since soil physicochemical properties
can vary significantly at different soil depths (Rahman et al., 2022),
we collected topsoil (0-30 cm) and subsoil (30-100 cm) respectively
in the process of collecting soil samples. We hypothesized that the
topsoil and subsoil physicochemical and microbial properties would
be significantly different, and soil microbial properties would also
change significantly in different months or seasons. The main goals of
this study were to I) explore the main influencing factors of Rg and II)
determine which parameters can be incorporated into a microbial
decomposition model.
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2. Materials and methods

2.1. Study site

Field sampling and observation experiments were conducted from
April 2021 to July 2022. The study site (Figure 1) was located in the
Shuanglong Forest Farm (35°39"~35°43’N, 108°56"~108°58E), a
natural secondary forest in the Ziwuling Mountains of North China
(Zhang et al., 2022). Our study site was 100 x 100 m. The climate of this
site was a warm temperate semihumid climate, with a mean annual
temperature of approximately 7.4°C and a mean annual precipitation of
587.6mm (Chai et al., 2016). The main soil type was loessial soil, which
was turbid brown or orange. The soil texture was loose and soft with few
roots and pores, which indicated silt loam. The typical arbor species
include Betula platyphylla, Swida macrophylla, Carpinus turczaninowii
Hance, Quercus aliena Bl, Quercus liaotungensis, Rhus potaninii Maxim,
and cer davidii Franch. The typical shrub species include Acer tataricum
subsp.ginnala, Viburnum dilatatum Thunb, Cotoneaster multiflorus Bge,
Rhamnus leptophylla Schneid, Lonicera hispida Pall. ex Roem. et Schult.

2.2. Rs observation experiment

Three sites with flat terrain were selected as sampling points for the
measurement of the Rg rate (pmolm™s™'). We installed ACE automatic
Ry monitoring systems on iron rings with the inner diameter of 20 cm

10.3389/fmicb.2023.1105723

and the height of 10 cm (ACE-200, Ecotech Ecological Technology Ltd)
and inserted 4-5 cm into the soil at each sampling point. Ry measurement
sites were chosen to be more than 50 cm away from the surrounding
vegetation, with each site being more than three meters away. To reduce
soil disturbance, we inserted the iron rings at least 24h before the
measurement, and the broken roots and litter on the soil surface were
removed. From April 2021 to July 2022, we used automatic Ry
monitoring systems to monitor the Rg rate every 30 min for all sample
points every month for 24h. The Ry monitoring systems could
simultaneously measure and record the soil temperature (Ts, °C) and
soil moisture (Mg, %vol) within 0-10 cm below the surface soil of the
sampling site. A meteorological monitoring station (CR200Series) was
established at the research site to collect air temperature and moisture
data from April 2021 to July 2022.

2.3. Soil sample collection

During the study period, from April 2021 to July 2022, soil
sampling was performed every 2 months. Five sampling points were set
at the research site using the five-point sampling method. To avoid edge
effects, the sampling points were neither close to the edge of the plot
nor far from the edge of the sample plot. Each sampling site was
5x0.5m plot. The sampling sites were surrounded by abundant
vegetation and the soil surface had obvious humus layers. We divided
each sampling point into 12 areas, assigned a random block to all the
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Map of study site. The Shuanglong Forest Farm is located in Shuanglong Town, Huangling County, Yan'an City, Shaanxi Province, China. It is located in the
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sampling points, and conducted sampling according to the random
block order (Supplementary Figure SI). The sampling depth was
divided into two types. The soil at a depth of 0-30 cm below the surface
soil was used as topsoil, and the soil at a depth of 30-100 cm was used
as subsoil. A total of five replicates were collected separately for topsoil
and subsoil. The soil from each depth at each sampling point was mixed
evenly after collection, and the broken roots and litter in the soil were
removed to reduce errors in the analysis process. Sterile gloves were
worn during soil collection to prevent soil contamination. The soil
samples were transported in sterile sampling bags, stored in a freezer,
and taken to a laboratory by car for further analysis.

2.4. Soil sample analysis

We used the Kjeldahl method (Bradstreet, 1965) to determine the
total soil nitrogen (TN), and the soil was hydrolyzed under alkaline
conditions in a diffusion dish (Wang, 2010) to calculate the content of
alkaline hydrolyzed nitrogen (HN). We used the alkali fusion-Mo-Sb
antispectrophotometric method (Chen et al., 2018) to determine the
total phosphorus (TP) and sodium bicarbonate solution (Cade-Menun
and Lavkulich, 1997) to determine the available phosphorus (AP). The
soil-available potassium (AK) was determined by ammonium acetate
flame photometry (Zanati et al., 1973).The potassium dichromate
oxidation-external heating method was used to determine soil organic
matter (SOM), and then the SOM was determined by titration with a
standard ferrous iron solution (Zhu et al., 2020). The soil pH was
measured by using a pH meter. Microbial biomass carbon (MBC),
microbial biomass nitrogen (MBN), and microbial biomass phosphorus
(MBP) were determined by using the chloroform fumigation extraction
method (Vance and Brookes, 1987). The soil samples were leached with
KCL solution and then analyzed using a continuous flow analyzer to
determine NH,*--N and NO;™--N (Liu et al., 2014).

We used a fluorometric method (Eivazi and Tabatabai, 1988) to
measure the B-1,4-glucosidase (fG) activity in the soil and a nitrophenol
colorimetric method (Wood and Bhat, 1988) to measure the
cellobiohydrolase (CBH) activity. Polyphenol oxidase (PPO) was
determined spectrophotometrically by using pyrogallol (1,2,3-trihydroxy
benzene) as a substrate (Bach et al., 2013). Peroxidase (PER) was
measured by calculating the rate of substrate oxidation after the addition
of H,0, (Burns et al., 2013).

2.5. Statistical analysis

The R mean value and error were calculated from three replicate
measurements. The mean values and errors of soil physicochemical and
microbial properties were calculated from five replicate measurements.
Pearson correlation analysis was used to examine the correlation of Ry
with Ts and M. Origin 2017 software was used to obtain the regression
equations between Rg rate, Ts, and soil M, and then these regression
relationships were plotted. Monthly and seasonal differences in Rg and
soil physicochemical and microbial properties were tested by
ANOVA. The datasets were checked for normality and homogeneity
assumptions before performing ANOVA. The magnitude of this
feedback largely depends on the temperature sensitivity of SOM
decomposition (Q).

Q) was measured by the exponential relationship between Rs and
T, and was calculated as follows:
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Rg =aebTyg (1)

Qip=€'” ()

where Ts is the soil temperature, a is the Rg rate when the soil
temperature is 0°C, and b is the temperature coefficient reflecting the
temperature sensitivity of R;.

To examine how soil microbial characteristics influenced R,
structural equation modeling (SEM) was performed with Amos software
(IBM SPSS Amos 26.0.0) for different soil layers. In stepwise multiple
regression (Supplementary Tables S1, S2), in order to optimize the
model, we removed the non-significant variables and paths.
We evaluated the goodness of fit of the model according to the low
chi-square ()% the model is a great fit when 0 < y?/df<2) (Tabachnick
and Fidell, 2007), the high whole-model p value (if p>0.05, there is no
path loss and the model was a great fit), the comparative fit index (CFJ;
the model is a great fit when 0.97 < CFI<1) (Hu and Bentler, 1999), and
a root mean square error of approximation (RMSEA; the model is a
great fit when 0 <RMSEA <0.05) (Vile et al., 2006).

3. Results

3.1. Atmospheric temperature and humidity
observation values and soil physicochemical
and microbial properties

The monthly variations in air temperature and air moisture are
shown in Figure 2. During the observation period from April 2021 to
July 2022, the average air temperature was 16.1°C, the highest
temperature was 22.2°C, and the lowest temperature was 4.9°C. The
average air moisture was 61.7%, the maximum moisture was 75.68%,
and the minimum moisture was 46.70% (Figure 2A).

During the observation period, the Ts showed a pattern consistent
with the seasonal variations in air temperature and air moisture. That
is, the Ts gradually increased from April to July 2021, reaching a
maximum value of 19.4°C in July 2021, and then the T decreased for
the rest of the year. The M had obvious monthly variations during the
observation period, reaching a maximum value in October 2021 and
minimum value in June 2021 (Figure 2B). The maximum and minimum
values were 92.44 and 42.20%, respectively.

The soil at the study site was alkaline, and there was no significant
difference in pH between the topsoil (0-30cm) and the subsoil
(30-100cm) (Table 1). The TP content in the subsoil was significantly
higher than that in the topsoil, while the other soil physicochemical
properties in the subsoil were lower than those in the topsoil, and AK
and SOM were significantly reduced in the subsoil (p <0.01).

3.2. Diurnal, monthly and seasonal variations
in Rg

The diurnal variation in the R rate in different months is shown in
Supplementary Figure S2. The Rg rate showed a multi-peak distribution
trend, and the Ry rate reached its peak at noon every day except in April
and May within the 24 h observation period of each month. Except in June
and August 2021, the R rate showed a minimum value in the morning
(approximately 5:00 to 8:00 AM), and then the R; rate gradually increased.
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FIGURE 2
Monthly variations in temperature and moisture. (A) The monthly changes in air temperature and moisture from April 2021 to July 2022. (B) The monthly
variations in soil temperature and moisture from April 2021 to July 2022.

TABLE 1 Soil physicochemical properties in the topsoil (0-30cm) and
subsoil (30-100cm).

Variables Soil layer

Topsoil Subsoil
TN (g/kg) 1.91+0.23 0.66+0.03
TP (mg/kg) 385.06+25.43%* 474.61 48,02+
HN (mg/kg) 194.91+21.32 49.04+2.73
AP (mg/kg) 6.27+1.02 2.20+0.49
AK (mg/kg) 208.84 +32.78%* 107.67 +8.87%%
SOM (g/kg) 27.77 £5.61%% 16.99 +5.11%*
pH 8.42+0.02 8.69+0.02

* denotes significant differences among different layers at p < 0.05. ** denotes significant
differences among different layers at p < 0.01. TN, total nitrogen; TP, total phosphorus; HN,
hydrolysable nitrogen; AP, available phosphorus; AK, available potassium; SOM, soil organic
matter. The data are expressed as the mean values + SEs.

The monthly variation in the Ry rate showed a trend of increasing and then
decreasing. The Ry rate gradually increased after April, reached a maximum
in July 2021, and then gradually decreased (Supplementary Figure S3).
The seasonal changes in the Rg rate are shown in Figure 3. On the
seasonal scale, there were significant differences between the R rates in
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different seasons. In 2021, the average Ry rate in summer was
0.75pmol m~ s™', which was significantly higher than that in spring
(0.52pmolm™ s7') and autumn (0.37 pmolm™s™") (p <0.05). In 2022,
the average Rs rate in summer was 0.97 pmolm ™ s™! (Figure 3).

3.3. Relationship between Ts, Mg, and R;

The correlation analysis results showed that there were significant
correlations between Ts, M, and Rs (p<0.01). The relationship between Tj
and the linear equation fitting the diurnal-scale variation in Ry is shown in
Figure 4, and the relationship between M; and the linear equation fitting
the diurnal-scale variation in Ry is shown in Supplementary Figure 54. The
Ry rate increased with T and decreased with M. According to Eq. (1), Qyo
is 2.61, which is within the normal range (Zhou et al., 2009).

3.4. Soil inorganic nitrogen, microbial
biomass, and enzyme activity
In the topsoil, the NO,;™--N from August 2021 to July 2022 was

significantly higher than that from April to June 2021, and the MBC
from October 2021 to July 2022 was significantly higher than that from
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Relationship between Rs and soil temperature.

April to August 2021. NH,"--N reached a maximum (12.59 mg/kg) in
August 2021, and there were no significant differences in NH,*--N
between other months except in August 2021. The MBP in the topsoil
in August 2021 was significantly higher than that in the other months.
The MBN reached the maximum (34.95mg/kg) in May 2022
(Figure 5A). In the subsoil, the NO;™--N from April 2021 to June 2021
was significantly higher than that in other months, and there was no
significant difference in NH,*--N among the 6 months. The MBC
reached a maximum (113.88 mg/kg) in October 2021. The MBN from
May to July 2022 was significantly higher than that from April 2021 to
August 2021. There were no significant changes in MBP from April 2021
to July 2022 (Figure 5B).

The soil enzyme activity in the topsoil and subsoil varied
significantly among different months (p <0.05). The PER activity in the
topsoil in May 2022 and July 2022 was significantly lower than that in
the other months, and in the subsoil there were significant differences
in the PER activity between April 2021 and July 2022. The PPO activity
in both the topsoil and subsoil varied significantly among different
months. Similar to that in the topsoil, in the subsoil, the G activity in
May 2022 was significantly higher than that in other months. The pG
activity in the topsoil in April, June, and August 2021 was significantly

Frontiers in Microbiology

10.3389/fmicb.2023.1105723

different from the PG activity in the subsoil. The CBH activity in the
topsoil in August 2021 was significantly lower than that in other months,
and in the subsoil, the CBH activity in May 2022 was significantly higher
than that from April to August 2021 but not significantly different from
that in other months. In addition, from April 2021 to August 2021, the
CBH and BG activities were significantly different in the topsoil and
subsoil, so we believe that the CBH and PG activities in the topsoil were
generally greater than those in the subsoil (Table 2).

3.5. Relationship between soil microbial
biomass, enzyme activity and Rs

Based on the results
(Supplementary Tables S1, S2), we determined the variables that mostly

stepwise multiple regression
explained the variation in Rs. Model optimization was performed
continually until the model fits well. SEM demonstrated the influence of
R in different soil layers (Figure 6). The model for topsoil showed values
of ¥*=2.809, p=0.422, df=3, RMSEA =0, and CFI=1 (Figure 6A); the
model for whole soil showed values of y*=4.339, p=0.362, df=4,
RMSEA =0, and CFI=1 (Figure 6B).

In the topsoil, Ts, BG, MBP, and PPO all directly affected Rg, except
for MBP, Ts, pG and PPO, which were significantly and positively
correlated with R, and Ts, PG were the variables that had the strongest
effects on R;. In the whole soil, Ts, G, MBP, MBN, and PPO all directly
affected R, except for MBP, Ts, BG, PPO, MBN, which were significantly
and positively correlated with R, and Ts, BG, PPO were the variables
that had the strongest effects on R;.

4. Discussion

4.1. Effects of Ts and M; on R¢

Global warming not only increases the temperature of the
atmosphere but also leads to changes in precipitation, which in turn
causes greater variation in Ts and M (Zhang et al., 2016). In this study,
the air temperature reached its highest value in summer and then
gradually decreased, and the atmospheric moisture showed a multipeak
trend, which experienced a decrease followed by an increase in the
summer (Figure 1A). This may be related to the specific climate of the
Loess Plateau. Since the Loess Plateau is an area sensitive to climate
change, changes in atmospheric temperature and precipitation caused
by global warming often lead to frequent droughts in many areas (Piao
etal,, 2010a). The climate of the Loess Plateau showed a trend of aridity
in spring and summer (Hou et al., 2021) and then experienced violent
precipitation in autumn, causing the air temperature to decrease after
August, while air moisture began to increase significantly after August,
reaching a maximum in October, and then gradually decreased again.
Ts and M also show similar trends to air temperature and moisture
(Figure 1B).

It has been demonstrated in previous studies that Rs is closely
related to Ts (Wang et al., 2006). During the observation period, the
monthly diurnal variation in Ry showed a multi-peak trend, and the R
rate reached its peak value at noon and decreased to a minimum value
in the morning (Supplementary Figure S2). This is consistent with the
results of Wang et al. (2018). A possible explanation for this phenomenon
is that the reaction process of Ry is mainly catalyzed by soil enzymes, and
temperature is the main limiting factor affecting soil enzyme activity
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TABLE 2 Peroxidase (PER), polyphenol oxidase (PPO), p-1,4-glucosidase (BG), and cellobiohydrolase (CBH) activities in the topsoil (0-30cm) and subsoil
(30—-100cm) from April 2021 to July 2022.

Soil depth PER PPO (hmol-g-1-h™) BG (nmol-g-1-h?) CBH (nmol-g-1-h)
(mg H,0>.g™)
April-21 Topsoil 428+0.05 3687.34+ 163.80a 181,65 +25.41b%* 38.01+13.33a%*
June-21 3.97+0.13a 3340.60+76.59b 122.77 +14.06bc** 18.96 + 4.66ab**
August-21 3.68+0.40a 20.50+1.20d 2.34+0.35¢%% 0.18+0.03¢**
October-21 3.41+0.29ab 476,30 +52.40¢ 73.92+11.07¢ 16.01 +4.00bc
May-22 2.78+0.37b 479.42+52.89¢ 291,16 +42.54a 26.13+2.42ab
July-22 2.28+0.36b 496.76 +48.71c 199.42+43.04b 28.75+2.15ab*
April-21 Subsoil 410+0.20a 2632.48+219.10b 11.69 +2.86d** 9.79.+8.52b%*
June-21 4.03+0.25ab 333598+ 156.34a 23.08:49.38cd** 1,62+ 1.25b%*
August-21 3.69+0.12ab 16.84+1.08d 0.31£0,03d** 0.02+0.01b**
October-21 3.21+0.22ab 507.90 +49.44c 7468+ 11.48¢ 11.11 +4.84ab
May-22 3.23+0.48ab 485.6+41.14c 248.73+20.69 22934245
July-22 3.15+0.50b 480.1+63.26¢ 202.42+39.42b 21.80+0.49ab*

The data are expressed as the mean values + SEs. Different letters indicate that the same variable differs significantly from month to month (P <0.05).

* indicates that the same variable in the same month is significantly different in different soil layers (p <0.05). ** indicates that the same variable in the same month is significantly different in
different soil layers (p <0.01).

(Melillo et al., 2018). When the T is low, the activities of some critical
enzymes that control Ry decrease, resulting in a lower Rg rate. On the

monthly scale, with increasing Ty, the Ry rate starts to increase in April,
reaches a maximum value in July, and then gradually decreases to a
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lower value in October, which is consistent with the results of Tong et al.
(2021). Our results differ from the results of Wen et al. (2018). A possible
explanation for this phenomenon is the sensitivity of the research site to
climate warming, resulting in a significantly higher rate of temperature
change than in the other areas (Cao et al., 2016), thereby increasing the
Ts to a maximum at an earlier time and leading to an increase in the R
rate. The temperature sensitivity (Q,) of Ry is often used as an important
parameter to measure the feedback of Rg to global warming (Hu et al.,
2013). During the whole study period, there was a significant statistical
relationship between the R rate and Ts (p<0.01; Figure 4), and the
fitting effect between the R rate and Ty also had some explanatory
significance (R*=0.2654). Increased temperature stimulates Rs because
climate warming may enhance the activity of soil microorganisms and
promote soil organic C and litter decomposition, which partly explains
why the R rate in summer is significantly higher than that in spring and
autumn (Figure 3). Our findings suggest that a sustained increase in
temperature may lead to greater soil C loss; that is, climate warming
reduces soil C sinks.

M; has been identified in previous studies as a major factor affecting
R, especially after drought rewetting events stimulate Rs (Hu et al.,
2019). Our results show that M is significantly negatively correlated
with Ry (Supplementary Figure S4), proving that Mg limits CO,
emissions from soil in a shorter period, which is different from the
results of Yu et al. (2021). There may be several reasons for this: first,
higher M inhibits the CO, transportation process from the atmosphere
to the soil (Yan et al., 2018). During the study period, the M variation
range was 92.44% ~42.20%, especially in summer and autumn, and the
M; remained at a high level (Figure 2B). It has been suggested in
previous studies that under anoxic conditions, soil organic carbon
(SOC) may be more persistent (Li et al., 2021), resulting in a decrease in
R, rate. Second, differences in SOC and microbial communities that
decompose specific soil SOC lead to different relationships between M;
and Rg (Yan et al,, 2018). Third, in this study, Ms may not be the main
factor affecting the Ry rate because Ry is often regulated by multiple
factors (Duan et al., 2021). For example, soil salinity and Ry show a
negative correlation. When in a salt-stress environment, the activities of
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plant roots and soil microorganisms are severely affected (Song
etal., 2021).

The correlations between T, M, and Ry demonstrate that T and Mg
data are useful for optimizing microbial decomposition models, which
facilitates soil microbial activity prediction much better in the context
of future climate change.

4.2. Physical and chemical properties in
different soil layers

Most previous studies have focused on the topsoil physicochemical
properties (Liu et al, 2021). In this study, there were significant
differences in the TP, AK, and SOM contents of different soil layers; TP
was higher in the subsoil, and AK and SOM were higher in the topsoil
(Table 1). The soil physicochemical properties changed with increasing
soil depth, and our results are consistent with the results of Rahman
etal. (2022). Microbial secretions can significantly affect soil potassium
availability (Zorb et al., 2014), and factors such as microbial abundance
and activity determine the pathway of soil litter conversion into SOM
(Witzgall et al.,, 2021). In addition, plant roots and soil microbial
communities can also dissolve P in the soil (Yang et al., 2021). Litter and
most of the plant roots in the study site are concentrated in the topsoil.
As shown in Figure 7, the microbial enzyme activity in the topsoil is
higher than that in the subsoil, which proves that the microorganisms
in the surface soil may be more active. Therefore, the AK and SOM
contents were significantly higher than those in the subsoil, and the TP
content was significantly lower than that in the subsoil. C and N cycle
and nutrient turnover in soil are carried out by microorganisms through
substrate (organic matter and litter) decomposition. In recent years,
microbial decomposition models have been commonly used to explore
the role of soil microorganisms in the coupled C and N cycle (Wang
etal, 2014; Buchkowski et al., 2015). Our results can provide a reference
for describing C, N, and P stocks and stoichiometry as well as soil
nutrient distribution patterns in Loess Plateau soils and provide initial
response data for soil microbial decomposition models.
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4.3. Effects of soil microbial biomass and
enzyme activity on Rg

The soil microbial biomass can regulate microbial biochemical
processes and nutrient cycling and affect soil physical and chemical
properties, which in turn affects soil quality (He et al., 2003). MBC is
often considered to be a crucial factor affecting R, reflecting the ability
of microorganisms to utilize SOC (Zeng et al., 2018). We found that,
whether in the subsoil or topsoil, the MBC content showed a gradually
increasing trend, and the MBC in May 2022 was significantly higher
than in the other 3 months (Figure 5). We found that the trend of R was
out of sync with that of the MBC. R decreased to a minimum value in
autumn 2021, but the MBC reached a peak value in 2021. Our multiple
stepwise regression results demonstrate that MBC is not a crucial factor
affecting Ry (Supplementary Tables S1, S2). The reason for this
phenomenon may be due to the decrease in the use efficiency of
microorganisms. Microbial carbon use efficiency (CUE) refers to the
distribution ratio between the MBC produced by organic matter
catabolism and the C allocated by microorganisms for aerobic
respiration (Schimel et al., 2022). The results of Manzoni et al.
demonstrated that high temperature reduces the CUE of microorganisms
(Manzoni et al., 2012) because the increase in Ts results in less C being
allocated for microbial growth, which in turn reduces the ability of
microbes to decompose organic resources to mitigate ecosystem C loss
(Allison et al., 2010). During the growing season, Ts gradually increased,
and microbes probably allocated more C for Ry than for MBC.

According to the results of the SEM, in addition to Ts, BG and PPO
also significantly influenced Rs. Soil enzymes and microorganisms are
involved in regulating the transformation of various organic matter and
material circulation processes. Enzyme activity can be used as an

10.3389/fmicb.2023.1105723

indicator of microbial activity and plays a crucial role in decomposing
organic compounds (Boerner R. E. J. et al., 2005). Previous studies have
demonstrated that G could participate in the decomposition of cellulose
in litter (Caldwell, 2005). Litter is the most important source of organic
matter input to the soil, and it can influence Rg by affecting the amount
of labile C in the soil (Zhang et al., 2020). Therefore, fG has a significant
positive effect on R. In addition, PPO can promote the accumulation of
SOC by depolymerizing or aggregating lignin molecules and phenolic
compounds in the soil (KIRK et al., 1987), thus positively influencing Rs.

Our results suggest that T, microbial biomass, and enzyme activity
may be the main factors influencing soil microbial activity, which has
important scientific implications for constructing microbial
decomposition models that predict soil microbial activity under climate
change in the future. To better understand the relationship between soil
dynamics and C emissions, it will be necessary to incorporate climate
data as well as Rg and microbial parameters into microbial
decomposition models, which will be important for soil conservation

and reducing soil C loss in the Loess Plateau.

5. Conclusion

We examined the soil physical and chemical properties at different
depths in the Ziwuling Mountains, Loess Plateau, China, and conducted
a soil observation experiment to record the temporal and spatial
dynamic changes in the soil microbial characteristics in this area. Our
results prove that Ry in the Ziwuling area has obvious diurnal and
seasonal variations and that the R rate is significantly correlated with Tj
and M. The strong effect of temperature on Rs leads to increased CO,
emissions from the soil to the atmosphere, which in turn leads to greater
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forest soil C loss. Our study reveals the main factors affecting R, in
order to better understand and predict changes in soil carbon dynamics
in the future, incorporating Ts, MBN, MBP, G, and PPO data into
microbial decomposition models is necessary.
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Introduction: Brachiaria humidicola, a tropical grass, could release root exudates
with biological nitrification inhibition (BNI) capacity and reduce soil nitrous oxide
(N,O) emissions from grasslands. However, evidence of the reduction effect in
situ in tropical grasslands in China is lacking.

Methods: To evaluate the potential effects of B. humidicola on soil N,O emissions,
a 2-year (2015-2017) field experiment was established in a Latosol and included
eight treatments, consisting of two pastures, non-native B. humidicola and a
native grass, Eremochloa ophiuroide, with four nitrogen (N) application rates. The
annual urea application rates were 0, 150, 300, and 450 kg N ha™.

Results: The average 2-year E. ophiuroides biomass with and without N fertilization
were 9.07-11.45 and 7.34 t ha™, respectively, and corresponding values for B.
humidicola increased to 31.97-39.07 and 29.54 t ha™, respectively. The N-use
efficiencies under E. ophiuroide and B. humidicola cultivation were 9.3-12.0
and 35.5-39.4%, respectively. Annual N,O emissions in the E. ophiuroides and
B. humidicola fields were 1.37 and 2.83 kg N,O-N ha™, respectively, under no N
fertilization, and 1.54-3.46 and 4.30-7.19 kg N,O-Nha™, respectively, under N
fertilization.

Discussions: According to the results, B. humidicola cultivation increased soil N,O
emissions, especially under N fertilization. This is because B. humidicola exhibited
the more effective stimulation effect on N,O production via denitrification primarily
due to increased soil organic carbon and exudates than the inhibition effect on
N,O production via autotrophic nitrification. Annual yield-scaled N,O emissions
in the B. humidicola treatment were 93.02-183.12 mg N,O-N kg~ biomass, which
were significantly lower than those in the E. ophiuroides treatment. Overall,
our results suggest that cultivation of the non-native grass, B. humidicola with
BNI capacity, increased soil N,O emissions, while decreasing yield-scaled N,O
emissions, when compared with native grass cultivation.

biological nitrification inhibition, Brachiaria humidicola, denitrification, N,O emissions,
yield-scaled N,O emission

1. Introduction

Nitrous oxide (N,0) is a potent greenhouse gas with a significant 100-year global warming
potential that is 265 times higher than that of carbon dioxide on a per-molecule basis (IPCC,
2013). In addition, N,O depletes stratospheric ozone, which protects the earth from biologically
damaging ultraviolet radiation (Ravishankara et al., 2009). Notably, the concentration of
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atmospheric N,O has increased from 270 ppb during the pre-industrial
era to 335.55ppb in 2022, with an average annual increase rate of
0.90ppb over the last 2 decades (Lan et al, 2022). Agriculture

1

reportedly emitted approximately 4.1 Tg N,O-Nyear™', accounting for
approximately 66% of total global anthropogenic N,O emissions
(UNEP, 2013). Using the dynamic land ecosystem model, Dangal et al.
(2019) estimated that the net N,O emission from the global grasslands
was 2.2 Tg N,O-Nyear™', which was responsible for 54% of the total
agricultural N,O emissions.

To meet the increasing food demands, nitrogen (N) fertilizer and
agricultural land are growing substantially (Foley et al., 2011). The
global synthetic N fertilizer consumption has increased from 12 to 112
Tg N while that has risen from 0.8 to 24 Tg N in China during the
1961-2020." However, the N-use efficiency (NUE) in China was only
28-35%, which is much lower than the global average (Liu et al., 2013;
Han et al,, 2015; Zhang et al., 2015).The heavy reliance of N fertilizers
in agriculture has contributed to the stimulation of nitrifier activity
and the trend toward high-nitrifying soil environments (Poudel et al.,
2002; Bellamy et al., 2005).

Nitrification is closely related to N utilization and loss, and has
become a key process to improve NUE and reduce N pollution
(Subbarao et al., 2006; Beeckman et al., 2018). Nitrification is a
microbes-driven process of oxidizing ammonia (NHj3) to nitrite and
further to nitrate (NO;™) and producing N,O as a byproduct (Stein,
2020). The NO;~ produced during nitrification serves as a substrate
and denitrification further reduces NO;™ to dinitrogen and produces
N,O as an intermediate product (Coskun et al., 2017a). Nitrification
inhibitors can depress the activities of nitrifiers in soil, thereby
delaying NH; oxidation and reducing N,O emissions and NO,~
production (Rodgers, 1986; Coskun et al., 2017b). To date, a few
synthetic nitrification-inhibiting compounds have been efficiently
adopted in the field, such as nitrapyrin, dicyandiamide, and
3,4-dimethyl pyrazole phosphate (Weiske et al., 2001; Zerulla et al.,
2001; Niu et al., 2018). Meta-analysis revealed that the combination
application of nitrification inhibitors and urea reduced NO;™ leaching
by 48% and N,O emissions by 44% (Burzaco et al., 2014), and
increased crop yields by 7.5% and NUE by 12.9% (Abalos et al.,
2014a). However, synthetic nitrification inhibitors have certain
limitations such as low cost-effectiveness, application challenges, poor
biological stability, and environmental pollution risks (Subbarao et al.,
2012; Coskun et al., 2017b; Wang et al., 2021).

Natural compounds with biological nitrification inhibition (BNI)
have been found from litters, root exudates, tissue extracts, and
rhizosphere of plants such as grasses, trees, and crops (Wang et al.,
2021), including methyl 3-(4 hydroxyphenyl) propionate (MHPP),
sorgoleone and sakuranetin from sorghum (Subbarao et al,, 2013),
1,9-decanediol from rice (Sun et al., 2016) and brachialactone from
Brachiaria humidicola grass (Subbarao et al., 2009). Some root-
secreted biological nitrification inhibitors (BNIs) like sorgoleone,
sakuranetin, and brachialactone as well as linolenic acid and linoleic
acid found in B. humidicola can inhibit both ammonia mono-
oxygenase and hydroxylamine oxidoreductase activities (Coskun
etal.,, 2017b), while 1,9-decanediol and MHPP only inhibits activity
of ammonia mono-oxygenase (Zakir et al., 2008; Nardi et al., 2013,

1 https://www.ifastat.org/databases/graph/1
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2020; Sun et al,, 2016; Lu et al., 2019). Up to date, the functional
validation of the BNIs is mainly performed in the pure culture system
of a single strain Nitrosomonas europaea, and the effect in the
complicated soil system remains to be tested (Subbarao et al., 2015).
For example, sakuranetin isolated from sorghum shows a strong
inhibitory activity in vitro-cultural bioassay but losses the inhibitory
effect in soil-assay (Subbarao et al., 2013). Gopalakrishnan et al.
(2009) found that the inhibition effect of BNIs is affected by soil type,
and the BNIs derived from B. humidicola in Cambisol can inhibit
90% nitrification with comparable effects to dicyandiamide
(50mgkg™ soil), but are less effective in Andosol during the
60-day incubation.

Forage grasses with biological nitrification inhibition (BNI)
capacity exhibit approximately 2-fold greater productivity than those
lacking such capacity in nutrient-limited ecosystems, based on an
estimate of a newly developed model (Lata et al., 1999; Boudsocq
etal., 2009). The B. humidicola, reportedly exhibits the strongest BNI
function among tropical grasses reduces the NH; oxidation rate and
N,O emissions significantly during a 3-year field experiment, when
compared with soybean-planted or plant-free soils (Subbarao et al.,
2009). During a short-term (29 days) monitoring period in Colombia,
cumulative N,O emissions from a B. humidicola cv. Tully field was
decreased by approximately 60% when compared with that in a
Brachiaria hybrid cv. Mulato field under bovine urine amendment
(Byrnes et al., 2017). In contrast, no significant effect on N,O
emissions of the two forage genotypes was observed under cattle dung
amendment in the same experimental site (Lombardi et al., 2022).

Latosol is a most widely distributed soil and covers 51.26% of the
total area in Hainan Province, China. In the present study, a 2-year
field experiment was conducted in a Latosol cultivated with
B. humidicola and a native grass species, Eremochloa ophiuroides.
We hypothesized that in situ N,O emissions from grasslands under
cultivation with Brachiaria with higher BNI capacity are lower than in
those cultivated with Eremochloa. The objectives of the present study
were: (1) to determine whether the N,O emissions from a
B. humidicola field are lower than those from an E. ophiuroides field in
tropical Hainan Province, China; and (2) to evaluate the mitigation
effects of B. humidicola on yield-scaled N,O emissions under the
different N application rates. We also established an incubation with
soils from the field experiment using a "N tracing technique to
evaluate the influence of B. humidicola on the N transformation
process rates and N,O production rates via nitrification and
denitrification (Xie et al., 2022).

2. Materials and methods

2.1. Study site

The field site was located in Danzhou, Hainan Province, China
(109°29" E, 19°30" N). The region is characterized by a tropical
monsoon climate, with a rainy season from May to October, and a dry
season from November to April. The mean annual temperature and
precipitation are 23.1°C and 1,823 mm, respectively. The soil is derived
from granite and classified as a Latosol, with a sandy loam texture.
Latosol is a most widely distributed soil in Hainan Province. The
properties of surface soil (0-20 cm) prior to the field experiment are
shown in Table 1.
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TABLE 1 Soil properties before field experiment.

SOC

BD (g cm~3)

Soil pH TN (g N kg™

10.3389/fmicb.2023.1127179

NH,*-N NO;-N Available P Available K

(g Ckg™)

1.29+0.18 5.42+0.02 5.70+0.05 0.27+0.01

(mg N kg™)

(mg N kg™)

6.03+0.17

(mg P kg™

20.76 £1.06

(mg K kg™

0.22+0.06 76.00+3.45

Means + standard errors (n=3). BD, soil bulk density; SOC, soil organic carbon; TN, total soil nitrogen; Available P, available phosphorus; and Available K, available potassium.

TABLE 2 Specific dates of field management during the 2-year field experiment.

Top-dressing

Planting Basal fertilization e Harvest
fertilization

2015-2016 15 August 15 Aug. 2015 15 Apr. 2016 14 April 2016; 27 Aug. 2016

2016-2017 28 Aug. 2016 13 Mar. 2017; 9 June 2017 12 Mar. 2017; 8 June 2017; 1 Sept. 2017

2.2. Experimental design

A field experiment was established in August 2015 and included
eight treatments, consisting of two pastures, Brachiaria humidicola
CIAT679 and Eremochloa ophiuroides, with four N application rates.
The annual urea application rates were 0, 150, 300, and 450kgNha™’,
which were designated as BCK, BN1, BN2, and BN3, respectively, for
B. humidicola, and ECK, EN1, EN2, and EN3, respectively, for
E. ophiuroides. The plots measured 3 m x4 m. The treatments, which
had three replicates, were set up based on a randomized complete
block design. During the first season from August 2015 to August
2016, 60 and 40% of urea was applied as basal fertilizer and
top-dressing fertilizer, respectively, in the fertilized treatments. In the
second season from August 2016 to August 2017, urea was added with
three splits: 40% as basal fertilizer, and 30% as top-dressing fertilizer
on 13 March and 9 June 2017, respectively. Calcium superphosphate
(150kg P,0Os ha™') and potassium chloride (105kg K,O ha™') were
applied as basal fertilizer. All the fertilizers were dissolved in water and
uniformly spread into the soil. Harvested plant samples were oven-
dried at 60°C to a constant weight, and then ground to less than
0.2 mm for analysis. Field management practices were similar to local
practices and standardized at all plots. Specific dates are listed in
Table 2.

2.3. Nitrous oxide flux measurement

Nitrous oxide fluxes were measured using the static chamber
method. Before grass planting, a stainless steel chamber with a
rectangular base (50 cmx50cmx 15c¢m) and a 5-cm groove around
the upper edge was permanently fit 10 cm into the soil. During gas
sampling, a stainless chamber (50 cm x 50 cm x 50 cm) was inserted
into the groove, which was filled with water to ensure airtightness. The
chamber was covered with reflective film and foam to minimize air
temperature change inside the chamber. A rubber plug with a mercury
thermometer was fit tightly into the hole on the top of the chamber
for use in measuring the chamber temperature while gas sampling.
Two vents welded with stainless tubes were punched on top of the
chamber, one connected to a rubber tube with a three-way stopcock
for gas collection, and another one for ensuring air pressure
equilibrium inside and outside the chamber. Gas samples were
obtained once every other day during 1 week after each fertilization
and once a week during the other period. Sampling was conducted
between 7:00am and 12:00 pm to minimize diurnal variation. Four gas
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samples were extracted from the chamber at 0, 10, 20, and 30 min after
chamber closure using airtight plastic syringes and instantly injected
into 20-ml pre-evacuated vials fitted with butyl rubber stoppers. The
N,O concentrations were analyzed using a gas chromatograph (GC;
Agilent 7890, Agilent Technologies, Santa Clara, CA, United States)
equipped with a ®Ni electron capture detector and a thermal
conductivity detector. The N,O fluxes were calculated using the
following equation (Niu et al., 2018):

F=px(V/S)x(AC/At)x[273/(273+T)]

where F is the flux in N,O (pg N,O-Nm™h™"); p is the density of
N,O at 0°C and 760 mm Hg (kgm™); V is the effective volume of the
chamber (m?); S is the soil area covered by the chamber (m?); AC/At
is the rate of N,O concentration increase in the chamber (ppbv
N,O-Nh™); and, T is mean air temperature inside the chamber during
sampling (°C).

2.4. Auxiliary variables measurement

Soil temperature was measured at 5cm depth using a
geothermometer. Soil water content was measured at three different
positions in each plot with time domain reflectometry (TDR) probes
and expressed as water-filled pore space (WFPS, %) as follows (Niu
etal., 2018):

WEFPS = volumetric water content / total soil porosity

where total soil porosity=1 - (soil bulk density/2.65), 2.65 being
the soil particle density (gcm™).

Surface (0-20cm) soil samples were collected at five different
positions in each plot fortnightly using a stainless steel soil sampler
and thoroughly mixed to form a composite sample. The samples were
taken to the laboratory immediately and stored at —20°C before
analysis. Soil exchangeable ammonium-N (NH,*-N) and nitrate-N
(NO;™-N) were extracted with 2 M KCl (soil/KCl solution ratio of 1:5)
by agitating for 1h on a rotary shaker, and the concentrations were
measured using a colorimetric method on a segmented flow analyzer
(Skalar, The Netherlands; Chen et al., 2014). Dissolved organic C
(DOC) was extracted with deionized water at a soil water ratio of 1:5,
which was shaken for 0.5h, followed by centrifugation for 15min at
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2,300xg and filtration (<0.45pm). Subsequently, the DOC was
analyzed using the combustion oxidation nondispersive infrared
absorption method on a TOC analyzer (vario TOC Cube, Elementar,
Hanau, Germany).

Soil samples were collected after the end of the field experiments.
Soil pH was determined from soil-water suspensions (1:2.5v/v) using
a pH meter (SevenCompact, Mettler Toledo, Swiss). Soil organic C
(SOC) was measured using the wet oxidation-redox titration method
(Walkley and Black, 1934). Total N content in soil and plant was
determined using an elemental analyzer (Vario MAX, Elementar,
Germany). Soil available P was extracted with 0.05M HCl and 0.025M
H,SO,, and determined using the molybdenum blue colorimetric
method (Ye et al., 2019). Available K was extracted with ammonium
acetate and analyzed using a flame photometer (Lu, 2000).

2.5. Data calculation and statistical analysis

Annual cumulative N,O emissions (Ex,0, kg N,O-Nha™') were
calculated using the following equation (Chen et al., 2014):

n
Enoo :Z(f’ +fi+l)/2x(ti+l —ti)X24><10_5
i=0

where f is the N,O flux (pg N,O-Nm™ h™'); i is the ith
measurement; (t;,, -t;) is the interval between the i th and the (i+1)
th measurement time (d);  is the total number of measurements; and
24 x 107° was used for unit conversion.

The N,O emission factor of applied fertilizer N (EE %) was
calculated using the following equation:

EF = (Efertilizer - control)/ Napplied

where Egpiizer and E.onio) are the cumulative N,O emissions from
the fertilized and control treatments, respectively; and Nyeq is the
amount of fertilizer N applied to the corresponding treatment.

The yield-scaled N,O emission (mg N,O-Nkg™' biomass) was
computed using the following equation (Venterea et al., 2011):

Yield - scaled N,O = En,o / yield

where Ey,o is the annual cumulative N,O emissions (kg
N,0-Nha™); and yield is the amount of grass biomass harvested
annually (kgha™).

Fertilizer N-use efficiency (NUE, %) was calculated as follows:

NUE = (Nfertilizer - Contral)/ Napplied

where Niier and Neonot are the amount of N uptake in
aboveground biomass (kgNha™) in the fertilized and control
treatments, respectively; and Ny is the amount of the N applied to
the corresponding treatment (kgNha™).

Significant differences among treatments were evaluated using
one-way ANOVA followed by the Duncan test at p <0.05. Spearman’s
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correlation analysis was used to determine the relationships between
N,O flux and soil WFPS, soil inorganic N, soil dissolved organic C,
and air temperature. All statistical analyses were performed using IBM
SPSS Statistics 26 for Windows (IBM corp., Armonk, NY,
United States).

3. Results
3.1. Soil characteristics

After 2years of grass cultivation, soil pH in all the treatments
increased when compared with that in the pre-treatment soil (Table 3).
The maximum soil pH was observed in the ECK treatment without N
fertilization, and soil pH decreased with an increase in N application
rate in both grasslands. SOC increased by 17.5-22.8% under
B. humidicola cultivation and only by 5.8-15.1% under E. ophiuroides,
when compared with the pre-treatment soil. Cultivation of both
pastures promoted soil N accumulation significantly (p<0.05);
however, there were no significant differences in soil N accumulation
among treatments under different N application rates (Table 3).

3.2. Grass yield

The biomass of B. humidicola ranged from 29.54 to 31.37tha™" in
the BCK treatment, which was 3.1-6.0-fold that of E. ophiuroide
during the two seasons (Table 4). The N application increased biomass
yield of B. humidicola by 11.3-25.8% (p <0.05) but did not increase
the biomass yield of E. ophiuroides, during the first season. During the
2016-2017 season, however, the biomass of both grasses was enhanced
with N fertilization, and increased with an increase in the N
application rate (p <0.05).

The amounts of N uptake by B. humidicola under no N fertilization
were 220.08 and 188.74kgNha™' during the 2015-2016 and 2016-
2017 seasons, respectively, and decreased to 44.22 and 69.82kgNha™
for E. ophiuroide, respectively (Table 4). The mean NUE of the N
applied under B. humidicola was 19.5-29.5% during the 2015-2016
season and increased to 47.9-59.2% during the 2016-2017 season,
which was significantly higher than that under E. ophiuroides during
both seasons.

3.3. Soil and environmental variables

Air temperature (AT) ranged from 5.4 to 32.6°C, with an average
of 24.8°C over the 2-year measurement period, and there was no
apparent difference between two growth seasons (Figure 1). Soil
temperature (ST) at 5cm depth ranged from 13.7 to 34.8°C, a trend
similar to that of AT (ST=0.758AT +7.062, R*=0.42, p<0.01). Mean
rainfall was 2,341 and 2,373 mm during the 2015-2016 and 2016-
2017 seasons, respectively. Precipitation mainly occurred in the rainy
season, from May to October, accounting for 87% of the total annual
precipitation. Soil moisture fluctuated from 5.1 to 58.3% WEFPS, and
the mean WFPS in all the treatments was 33.5-38.3%, with no
significant differences among treatments.

Soil NH,*-N concentration peaks occurred approximately 1 week
after each fertilization, and decreased to a constant level 40 days later
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TABLE 3 Soil properties before and after 2 years of Brachiaria humidicola and Eremochloa ophiuroides cultivation.

10.3389/fmicb.2023.1127179

Treatment SOC (g C kg™) TN (g N kg™ DOC (mg C kg™
Pre-soil 5.4240.02d 5.70+0.05b 0.27+0.01b 115.87+7.39d
BCK 637%0.17a 6.70%0.19ab 0.52+0.03a 161.45+3.70b
BN1 6.41+0.27a 6.78+0.65ab 0.55+0.02a 151.48 +1.95bc
BN2 5.75+0.05bcd 6.89+0.10a 0.55+0.02a 142.71£8.68¢
BN3 5.60+0.07cd 7.00+0.30a 0.58+0.04a 145.40 +0.66¢
ECK 6.49+0.16a 6.03+0.00ab 0.51£0.01a 160.15 +3.53bc
EN1 6.06+0.10abc 6.51+0.48ab 0.59£0.052 147.11+8.22¢
EN2 6.19+0.15ab 6.56+0.08ab 0.57+0.04a 156.53 +1.79bc
EN3 5.74+0.16bcd 6.48+0.38ab 0.55+0.04a 179.84+6.56a

Means + standard errors (n=3). BCK, no nitrogen application for B. humidicola; BN1, nitrogen application at 150kg N'ha™" for B. humidicola; BN2, nitrogen application at 300kgNha™' for B.
humidicola; BN3, nitrogen application at 450 kgNha™" for B. humidicola; ECK, no nitrogen application for E. ophiuroides; BN1, nitrogen application at 150 kg Nha™' for E. ophiuroides; EN2,
nitrogen application at 300 kg N'ha™" for E. ophiuroides; EN3, nitrogen application at 450kgNha™" for E. ophiuroides. Pre-soil, soil prior to field experiment; SOC, soil organic carbon; TN, total

soil nitrogen; DOC, dissolved organic carbon. Different letters within the same columns indicate significant differences between treatments (p <0.05).

TABLE 4 Yield, nitrogen uptake, and nitrogen use efficiency of Brachiaria humidicola and Eremochloa ophiuroides during two growth seasons.

2015-2016 2016-2017 Mean
Treatment Yield N uptake NUE (%)  Yield N uptake  NUE Yield N uptake NUE
(tha™?) (kg N ha™) (tha™) (kg N ha™) (%) (tha™?) (kg N ha™) (%)
BCK 31.37+0.30c 220.08 +£8.57b - 29.54+0.14d 188.74+17.65d - 30.45+0.21c 204.41+11.96d -
BN1 34.91+2.05b 249.37+10.77b 19.5+6.1ab 31.92+0.62¢ 277.47+9.81c 59.2+5.3a 33.41+0.81b 263.42+5.76¢ 39.3+5.5a
BN2 38.72+0.73a 308.59 +£23.54a 29.5+10.6a 37.01+0.76b 336.02+5.84b 49.1+6.5a 37.87+0.73a 322.3+13.79b 39.3+8.4a
BN3 39.47 +0.60a 324.02+12.00a 23.1+0.8ab 39.07+0.46a 404.07 £7.22a 47.9+3.5a 39.27+0.43a 364.05+5.74a 355+ 1.4a
ECK 5.24+0.51d 44.22+2.25¢ - 9.44+0.15g 69.82+1.63g - 7.34+0.31f 57.02+1.12f -
EN1 7.47 +0.34d 59.90+3.33¢ 10.5+3.0b 10.66+0.82¢g 90.08+1.59fg 13.5+0.3b 9.07+0.58¢ 74.99 +2.45f 12.0+1.4b
EN2 6.50+0.19d 63.11+4.27¢ 6.3+1.5b 12.77 £ 0.44f 106.68 +2.88f 12.3+0.7b 9.63+0.31e 84.9+1.18ef 9.3+0.5b
EN3 7.74+0.61d 72.15+2.99¢ 6.2+1.1b 15.15+£0.18e 138.07 +7.95e 15.2+2.1b 11.45+0.22d 105.11+2.48e 10.7+0.6b

Means + standard errors (n=3). BCK, no nitrogen application for B. humidicola; BN1, nitrogen application at 150 kg N ha™" for B. humidicola; BN2, nitrogen application at 300 kg N ha™" for B.
humidicola; BN3, nitrogen application at 450kgNha™' for B. humidicola; ECK, no nitrogen application for E. ophiuroides; BN1, nitrogen application at 150kgNha™' for E. ophiuroides; EN2,
nitrogen application at 300kg N ha™" for E. ophiuroides; EN3, nitrogen application at 450 kg N'ha™" for E. ophiuroides. Yield, grass aboveground biomass; N uptake, the amount of N uptake in

aboveground biomass; NUE, nitrogen use efficiency. Different letters in the same column indicate significant differences between treatments (p <0.05).
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FIGURE 1
Temporal variation in precipitation, air temperature, and soil temperature at 5cm depth, and water-filled pore space (WFPS). Vertical bars denote the
standard errors of the mean (n=3).
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(Figure 2A). The mean soil NH,*-N concentrations under the BCK  treatments, respectively, which were higher than the corresponding
and ECK treatments were 4.60 and 4.05 mgN kg™, respectively and  values under E. ophiuroides cultivation, excluding BN2 (p<0.05).
increased to 10.46-14.93 and 10.09-15.91 mgN kg™ in the BN and EN

treatments, respectively, increasing with increases in the N application

rate. Mean soil NH,*-N concentrations were not significantly different ~ 3.4. Nitrous oxide emissions

between the B. humidicola and E. ophiuroides fields under similar N

application rates. Soil NO;™-N concentrations in the BCK and ECK Nitrous oxide flux peaks emerged after each fertilization, and
treatments were on average 3.21 and 2.59mgNkg™, respectively  increased with an increase in the N application rates. The highest flux
(Figure 2B). Under N fertilization, mean soil NO;™-N concentrations ~ was 544.60 ug N,O-Nm™ h™" in the BN3 treatment on 31 August
increased to 5.61, 6.02, and 8.42mgNkg™ in the BN1, BN2, and BN3 2016, which was 3-fold that in the EN3 treatment (Figure 3). During
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FIGURE 2
Soil ammonium (A) and nitrate (B) concentration dynamics in the 0—20-cm layer. Vertical bars denote the standard errors of the mean (n=3). The solid
arrows indicate the N fertilization time.
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FIGURE 3
Temporal variation in nitrous oxide (N,O) flux in Brachiaria humidicola (A) and Eremochloa ophiuroides (B) soil. Solid line arrows indicate the timing of
fertilizer application. Vertical bars denote the standard errors of the mean (n=3). The solid arrows indicate the nitrogen (N) fertilization time.
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TABLE 5 Correlation between nitrous oxide (N,O) flux and soil moisture (WFPS), ammonium-nitrogen (NH,*-N), nitrate-nitrogen (NO;-N), inorganic
nitrogen (NH,*-N plus NO; -N), and air temperature (AT).

Treatment Inorganic N

BCK 0.232% 0.348%% 0.166 0.339%% 0.289%*
BN1 0.224* 0.325%% 0.310%* 0.390%* 0.224%
BN2 0.193* 0.335%% 0.264%* 0.363%* 0.415%%
BN3 0.245%% 0.290%* 0.360°* 0.370%* 0.238*
ECK 0.148 0.113 —0.043 0.030 0.188*
ENI1 0.171 0.290%* 0.131 0248 0.445%%
EN2 0.208* 0.4117%% 0.259%% 0358 0504
EN3 0.200% 0.457%% 0.246%% 0.379%* 0.475%%

*p<0.05, **p <0.01. BCK, no nitrogen application for B. humidicola; BN1, nitrogen application at 150kgNha™ for B. humidicola; BN2, nitrogen application at 300kg N'ha™' for B. humidicola;
BN3, nitrogen application at 450kgNha™" for B. humidicola; ECK, no nitrogen application for E. ophiuroides; BN1, nitrogen application at 150kgNha™" for E. ophiuroides; EN2, nitrogen
application at 300kg N ha™' for E. ophiuroides; and EN3, nitrogen application at 450 kg N'ha™' for E. ophiuroides.

the 2016-2017 season, the peak flux in the BN3 treatments (344.60 pg
N,O-Nm~h™!) was also observed on 20 June 2017, which, however,
was only 1.2-fold greater than that in the EN3 treatment. The N,O
fluxes were significantly (p<0.01) correlated with soil moisture,
NH,"-N, NO;™-N, and air temperature (Table 5).

Annual N,O emissions in the B. humidicola fields were higher
than those in the E. ophiuroides fields, regardless of N fertilization
rate (p<0.05; Figure 4A). They were also greater during the first
(2015-2016) season than during the second (2016-2017) season in
the case of B. humidicola but not in the case of E. ophiuroides.
Annual N,O emissions in the B. humidicola fields under BCK were
3.64 and 2.02kg N,0O-Nha™' during the 2015-2016 and 2016-2017
season, respectively, with an average of 2.83kg N,O-Nha™'. Under
N fertilization, annual N,O emissions from the B. humidicola field
increased to 5.72-9.54 and 2.88-4.84kg N,O-Nha™' during the
2015-2016 and 2016-2017 season, respectively. In the E. ophiuroides
field, N,O emissions under no N fertilization (ECK) were 1.38 and
1.35kg N,O-Nha™' during the 2015-2016 and 2016-2017 seasons,
respectively, and increased to 1.43-3.28 and 1.65-3.64kg N,O-Nha™'
under N fertilization, respectively. The annual N,O emissions
increased linearly with an increase in the N application rate in the
B. humidicola fields (Exy0=0.0092 Nea+2.76, R*=0.97);
conversely, they exhibited exponential correlations with the N
application rate in the E. ophiuroides fields (Eyx,o=1.24¢%02!Newplicd,
R*=0.95).

The N,O emission factor (EF) of the N applied ranged from 0.74
to 0.98% for B. humidicola, and decreased to 0.11-0.47% for
E. ophiuroides over the 2years (Figure 4B). The EF increased with an
increase in the N application rate only under E. ophiuroides cultivation.

3.5. Yield-scaled nitrous oxide emissions

The mean yield-scaled N,O emissions in the BCK and ECK
treatments were 95 and 206 mg N,O-N kg™ biomass, respectively, over
the 2years (Figure 5). Under N fertilization, they increased to 128,
132, and 183 mg N,O-Nkg™' biomass in the BN1, BN2, and BN3
treatments, respectively, which were significantly lower than the
corresponding values in the EN treatments by 26.76-46.04%. The
reduction increased with an increase in the N application rate.
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FIGURE 4
Annual soil nitrous oxide (N,O) emission (A) and emission factor of
the fertilizer nitrogen applied (B) in the Brachiaria humidicola and
Eremochloa ophiuroides fields. Vertical bars denote the standard
errors of the mean (n=3). Different letters indicate significant
differences between treatments for the same measurement year and
mean at p<0.05. *indicates the significant difference between 2years
for the same treatment at p<0.05.

4. Discussion

Annual N,O emissions from this tropical grassland varied from
1.35 to 9.54kg N,O-Nha™', which was within the 0-29.1kg
N,0O-Nha™' range in grasslands as reported previously (Mosier et al.,
1996; Wolf et al., 2010; Merbold et al., 2014; Luo et al., 2017). Out of
expectation, N,O emissions from the B. humidicola field were
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FIGURE 5
Yield-scaled N,O emissions from the Brachiaria humidicola and
Eremochloa ophiuroides field. Vertical bars denote the standard
errors of the mean (n=23). Different letters indicate the significant
differences between treatments for the same measurement year and
for mean at p<0.05. *indicates the significant difference between
two measurement years for the same treatment at p<0.05.

1.3-2.6-fold higher than those from the E. ophiuroides field under N
fertilization. Additionally, the N,O emission factor of the N applied
was increased to 0.74-0.98% under B. humidicola from 0.11-0.47%
under E. ophiuroides. Our results suggest that cultivation of exotic,
tropical forage grass B. humidicola with BNI capacity by replacing
native E. ophiuroides stimulated N,O emission. To our knowledge, this
is the first study to find the stimulation effect of B. humidicola on N,O
emissions in the field when compared with the native grass.
Apparently, more field studies are required to evaluate the impact of
plants with BNI capacity on N,O emissions at the ecosystem and
global scale, as suggested by Lata et al. (2022).

Previous study suggested that Brachiaria genotype with high BNI
capacity reduced almost 50% of N,O emission when compared with
soybean or plant-free soils (Subbarao et al., 2009). Byrnes et al. (2017)
reported that B. humidicola cv. Tully with high BNI capacity reduced
approximately 60% of N,O emissions in the field when compared
with the Brachiaria hybrid cv. Mulato having low BNI capacity
during the 29-day monitoring period. Planting B. humidicola with
high BNI capacity reduced soil N,O emissions by 18.3% when
compared with B. humidicola with low BNI capacity in a 21-day pot
experiment (Teutscherova et al., 2022). The active substances with
BNI capacity, such as methyl-p-coumarate, methyl ferulate, and
brachialactone, have been identified from exudates of B. humidicola
(Gopalakrishnan et al., 2009; Subbarao et al., 2009). Brachialactone
can simultaneously block the enzymatic pathways of ammonia
monooxygenase and hydroxylamino oxidoreductase (Subbarao et al.,
2009). The inhibitory potential reportedly increases with an increase
in grass root density (Subbarao et al., 2007; Boudsocq et al., 2009).
Subbarao et al. (2009) estimated that B. humidicola roots can
potentially release 2.6x10°-7.5x10° ATU (allylthiourea units)
ha™' day~' BNI activity in the South American savannas, which is
equivalent to the application of 6.2-18 kgha™" nitrapyrin based on 1
ATU being equal to 0.6pug of nitrapyrin. Karwat et al. (2017)
demonstrated that B. humidicola, like dicyandiamide, significantly
suppresses soil nitrification potential. In a previous study, using the
N tracing incubation with soils collected from the B. humidicola
and E. ophiuroides plots at the field experiment end, we found that
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B. humidicola decreased the autotrophic nitrification rate and N,O
production rate via nitrification by 27.3 and 14.7%, respectively when
compared with E. ophiuroides (Xie et al., 2022). This indicated that
in the test soil, B. humidicola efficiently inhibited nitrification and
N,O production via nitrification.

Subbarao et al. (2009) observed that cultivation of B. humidicola
reduced the abundance of both ammonia-oxidizing archaea (AOA)
and bacteria (AOB) in a Vertisol with pH 7.40 when compared with
soil cultivated with soybean. Hink et al. (2018) further reported that
although both AOA and AOB were capable of N,O production under
high NH,*-N concentrations, the contribution of AOB was greater in
a soil with pH 6.50. In the test acid soil with pH 5.42, it is likely that
both AOA and AOB participated in NH; oxidation and N,O
production. Further investigations are required to determine the
relative importance of AOA and AOB in N,O production, and the
suppression effects of B. humidicola on AOA and AOB activity (Nunez
etal., 2018).

Byrnes et al. (2017) suggested that by increasing N uptake,
B. humidicola with high BNI capacity more efficiently decreased soil
NO;™-N availability and potential denitrification than B. humidicola
with low BNI capacity, thereby reducing N,O emissions. Abalos et al.
(2014b) reported that mixed cultivation of Folium perennial L. and Poi
trivialize L. decreased soil NO;™-N concentrations and consequent
N,O emissions when compared with either monoculture at an N
application rate of 60kgNha™"'. They suggested that the trends were
attributed to L. perennial taking up N using the “scale strategy” by
increasing root biomass, and P. trivialize absorbing N via the
“precision strategy” by providing access to N hotspots that were not
emptied by L. perennial. In the present study, although B. humid cola
cultivation increased N uptake, N,O emissions were positively
correlated with pasture yield and N uptake, indicating that increased
N uptake by B. humid cola did not reduce N,O emissions. In the
present study, the mean soil NO;™-N concentration under N
fertilization ranged from 5.60mgNkg™" in the BN1 treatment to
8.45mgNkg™ in the BN3 treatment, which was higher than the
5mgNkg™ threshold for occurrence of denitrification (Dobbie and
Smith, 2003), and indicated that although B. humid cola efficiently
increased N uptake and partially inhibited nitrification, soil NO;™-N
under N fertilization was still higher than the threshold value for
denitrification in the test field.

Using "N paired incubation ("NH,NO; and NH,"*NO;), we found
that the N,O production rate during denitrification in the B. humid
cola soil increased by 7.7-fold when compared with the E. ophiuroides
soil and the contribution of denitrification to N,O emissions sharply
enhanced from 9.7% in the E. ophiuroides soil to 47.1% (Xie et al.,
2022). In the present study, B. humidicola biomass was 3-6-fold
greater than that of E. ophiuroides and SOC was more efficiently
increased under B. humidicola. Horrocks et al. (2019) also observed
that 1-year cultivation of B. humidicola increases SOC content and
improves aggregate stability in Colombia. Fisher et al. (1994) and
Amézquita et al. (2004) attributed the SOC enhancement to rapid
accumulation of B. humidicola roots and exudates. Plant reportedly
release as much as 40% of net photosynthetic C into the rhizosphere
(Marschner, 2011), which in turn provides more labile C substrates for
denitrifiers (Wu et al., 2017). Enhanced SOC at least exhibits two
stimulation effects on denitrification. Firstly, enhanced SOC promotes
the formation of anaerobic microsites for denitrification by stimulating
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FIGURE 6
Schematic diagram showing how Brachiaria humidicola cultivation stimulated the nitrous oxide (N,O) emission in the study grassland. Nitrogen
transformation rates and N,O production rates via autotrophic nitrification and denitrification are cited from Xie et al. (2022).

aggregation (Bollmann and Conrad, 2004). Secondly, increased
organic C availability reduces the soil moisture threshold for the
occurrence of denitrification (Rochette et al., 2000; Van Groenigen
etal., 2004; Chantigny et al., 2013) resulting in increased denitrification
potentials. Our results indicate that cultivation of exotic B. humidicola
with a much higher biomass compared with E. ophiuroides stimulated
N,O production during denitrification by providing more organic C,
which in turn masked N,O reduction by inhibiting nitrification,
thereby enhancing N,O emissions.

Comparing yield-scaled N,O emissions has been suggested to
be an effective way of evaluating the tradeoff between production and
environmental impacts and determining the economic feasibility of
N,O emission mitigation methods (van Groenigen et al.,, 2010;
Grassini and Cassman, 2012). In the present study, yield-scaled N,O
emissions from B. humidicola field with and without N fertilization
during two seasons were 128.80-183.02 and 93.02gN kg™ biomass,
respectively, which were significantly lower than the corresponding
values under E. ophiuroides cultivation (171.07-221.62 and
186.93gNkg™ biomass, respectively). In addition, we observed
interannual shifts in yield-scaled N,O emissions in both grasslands,
which was primarily driven by changes in annual N,O emission in
B. humidicola fields, whereas they were driven by changes in biomass
yield in E. ophiuroides fields. The lower yield-scaled N,O emissions
under B. humidicola cultivation compared with under E. ophiuroides
indicated that although B. humidicola increased annual N,O
emissions, it was more environmentally friendly based on its higher
forage productivity and NUE.

5. Conclusion

In the present study, B. humidicola exhibited higher yields and
NUE, and in contrast and unexpectedly, induced higher soil N,O
emissions when compared with E. ophiuroides. Although cultivation
of B. humidicola with high BNI capacity reduced N,O production rate
via nitrification, however, it more efficiently enhanced N,O production
rate than E. ophiuroides via denitrification due to increased SOC and
exudate concentrations, thereby increasing N,O emissions (Figure 6).
When compared with under E. ophiuroides, however, the lower yield-
scaled N,O emissions under B. humidicola cultivation indicated that
although B. humidicola increased annual N,O emissions, it was more
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environmentally friendly based on its higher forage productivity
and NUE.
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Water and fertilizer managements are the most common practices to maximize
crop yields, and their long-term impact on soil microbial communities has been
extensively studied. However, the initial response of microbes to fertilization and
soil moisture changes remains unclear. In this study, the immediate effects of
nitrogen (N)-fertilizer application and moisture levels on microbial community
of paddy soils were investigated through controlled incubation experiments.
Amplicon sequencing results revealed that moisture had a stronger influence
on the abundance and community composition of total soil bacteria, as well
as ammonia oxidizing-archaea (AOA) and -bacteria (AOB). Conversely, fertilizer
application noticeably reduced the connectivity and complexity of the total
bacteria network, and increasing moisture slightly exacerbated these effects.
NH,*-N content emerged as a significant driving force for changes in the
structure of the total bacteria and AOB communities, while NOs;™-N content
played more important role in driving shifts in AOA composition. These findings
indicate that the initial responses of microbial communities, including abundance
and composition, and network differ under water and fertilizer managements.
By providing a snapshot of microbial community structure following short-term
N-fertilizer and water treatments, this study contributes to a better understanding
of how soil microbes respond to long-term agriculture managements.

paddy soil, fertilization, moisture levels, microbial community, AOA, AOB, network
analysis

1. Introduction

Water and nutrients availability are two critical factors that limit global crop productivity.
Chemical fertilizer application has been one of the most important practices of modern
agriculture (Soman et al., 2017; Chen et al., 2019; Li G. C. et al., 2021). Fertilization enhances
soil fertility by increasing nutrient levels. However, current estimates suggest that the efficiency
of fertilizer use is relatively low, with only 40%-50% of the applied nitrogen (N)-fertilizer being
utilized by crops (Bijay-Singh and Craswell, 2021). Overfertilization not only depletes resources
but also gives rise to various environmental issues, including water pollution, soil degradation,
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greenhouse gas emissions, and loss of biodiversity (Francioli
etal., 2016).

Microorganisms, as an integral component of the soil ecosystem,
play a crucial role in maintaining soil quality and functions, and they
are highly sensitive to changes in soil conditions (Li et al., 2016; Pan
etal, 2016; Chen et al., 2017; Banerjee et al., 2018). Microorganisms
drive the biogeochemical cycles of soil carbon and nitrogen, thus
regulating the size of the soil carbon pool and the emissions of
greenhouse gases like methane and N,O into the atmosphere (Chai
etal, 2019). Different agriculture management practices influence soil
microbial communities through various mechanisms (Liang et al.,
2012). For instance, manure application improves soil texture and
organic matter content, thereby stimulating the growth and activity of
soil microorganisms (Gomiero et al., 2011; Tang et al., 2019). In
addition to benefiting crop yield, fertilization also provides nutrients
and substrates for soil microbes (Feng et al., 2015; Yu et al., 2019). Soil
moisture directly or indirectly affects microbial activities by regulating
oxygen concentration and nutrient availability (Drenovsky et al., 2004;
Pan et al., 2016). Furthermore, the presence of free water connecting
soil particles can facilitate the mobility of nutrient and microbial cell,
thereby shaping the structure of the soil microbial community (Zhou
et al., 2002; Yuan et al., 2016).

Both fertilizer application and water content play crucial roles in
sustaining crop productivity. However, their impact on soil microbial
community structure and associated ecosystem function is not always
positive. For instance, the addition of fertilizer can stimulate microbial
activity, leading to the decomposition of organic matter and
denitrification, which can result in soil carbon loss and the emission
of greenhouse gases (Canarini et al., 2016; Bastida et al., 2017; Tian
etal., 2017).

Moisture levels and the availability of N-compounds are
considered important factors in regulating the communities of
nitrifying and denitrifying microbes (Qin et al., 2021; Liu et al., 2022),
whose activities determine soil N,O emission fluxes (Wang et al., 2019;
Jia et al., 2021). Interestingly, the highest N,O emissions are often
observed at different moisture levels, suggesting that microbial
communities in diverse environments respond differently to the same
factor. This response is influenced by synergistic interactions with
other elements such as soil type, vegetation and historical conditions
(e.g., Liu et al,, 2018; Qin et al., 2020).

Contrasting responses in nitrification rates and denitrification
enzyme activities to moisture and N-fertilizer addition have been
reported in grassland soils from China and Australia (Long et al.,
2017). Additionally, a microcosm simulation study highlighted the
legacy effects of soil moisture on microbial community structure and
the transcription of genes encoding key enzymes involved in N-cycling
(Banerjee et al., 2016). In the Three Gorges Reservoir environment,
ammonia oxidizing archaea (AOA) have been suggested to be more
adaptive than ammonia oxidation bacteria (AOB) to water level
fluctuations, while AOB have shown greater competitiveness than
AOA in riparian soils of the Miyun Reservoir in Beijing (Wang et al.,
2016; Liu et al., 2018).

The effects of agricultural practices on soil microbial communities
and their activities are intricate, often requiring long-term
implementation to observe significant changes. For instance, changes
in microbial diversity have been captured after decades of organic
framing (Hartmann et al,, 2015) or reduced tillage (Tyler, 2019).
However, microbial community changes are dynamic and exhibit
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spatiotemporal heterogeneity. Therefore, snapshots taken after long-
term treatments provide limited insight into how microbes initiate
their responses and adapt to these conditions. Additionally, the initial
response of microbial communities to specific soil conditions
remains unclear.

In this study, we aimed to investigate the responses of soil
microbial communities and key ammonia-oxidizing microbes to
short-term changes in moisture levels, represented by different water
filled pore space (WFPS) values, and nitrogen fertilization, through
high-throughput 16S rRNA and amoA genes sequencing. The
abundance, community structure and network connections of total
bacteria and ammonia-oxidizing microbes were scrutinized to address
two primary objectives: (1) understanding how the soil bacterial
community responds to short-term N-fertilization and water
treatments, and (2) examining the combined effects of moisture levels
and fertilization on the indigenous microbial community.

2. Materials and methods
2.1. Soil sample preparation

Paddy soil samples were collected from the National
Agroecological Research Station (111°26” E, 28°55” N, altitude: 92.2-
1253m) in Taoyuan, Hunan Province, China. The region is
characterized by a subtropical humid monsoon climate, with an
average annual temperature of 16.5°C, an average annual precipitation
of 1,448 mm, an average daily sunshine duration of 15h and 13 min,
and an annual frost-free period of 283 days. Soil samples (0-20 cm)
were collected, sieved (<2mm), and stored. The soil is silty clay,
developed from red clay, comprising 31.1% clay (<0.002 mm), 53.0%
silt (0.002-0.05mm), and 15.9% sand (0.05-2.00 mm). The other main
soil properties were as follows: pH, 5.06; Soil Organic Matter,
34.73 gkg™"; Total Phosphorus, 0.66 gkg™; Total N, 2.22 gkg™; Total
Potassium, 11.76 gkg™ (Qin et al., 2020).

2.2. Experimental design

In order to initiate the activity of microorganisms, the soil was
pre-incubated for 2 days under dark conditions at 25°C, with 25%
WEPS. Then microcosm culture experiments were set up in 1000 mL
glass jars, each with 200g (dry weight) preconditioned soil and was
covered with a film to facilitate gas exchange. Two fertilization
conditions, with nitrogen-fertilizer (NF) and without (CK) were
prepared. For the NF treatment, NH,NO; was applied at 720 ugN/g
dry soil, which was equivalent to 200kgN/ha on a surface area basis
(200 g soils possess a surface area of 72 cm?). For each treatment, five
soil moisture levels, namely, 25%, 50%, 75%, 100%, and 125% WFPS
were maintained, as previously described (Qin et al., 2020). All
microcosms were incubated at 25°C for 96h.

2.3. DNA extraction

At the end of incubation, 0.5 g of soil samples were used for DNA
extraction as previously described (Qin et al., 2020), DNA quality and
concentration were measured using a spectrophotometer (NanoDrop
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ND-1000; ThermoFisher Scientific, Germany). For each incubation,
three extractions were performed, and the DNA were pooled and
stored at —80°C for further analysis.

2.4. PCR amplification

The AOA amoA gene, AOB amoA gene, and 16S rRNA gene
sequences were amplified from soil DNA by PCR. A 25 uL PCR reaction
contained 30mM Tris-HCl (pH 8.3), 50mM potassium chloride,
1.5mM magnesium chloride, 10 pg bovine serum albumin, 200 pM of
each deoxyribonucleoside triphosphate, 1.5 U of Taq DNA polymerase,
25ng soil DNA and respective primers. Deionized water instead of
DNA was used as a negative control. AOA, AOB amoA genes were
amplified using Arch-amoA 23F (5-ATGGTCTGGCTWAGACG-3")
and Arch-amoA 616R (5-GGGGTTTCTACTGGTGGT-3’); amoA-1F
(5-GGGG TTTCTACTGGTGGT-3') and amoA-2R
(5-CCCCTCKGSAAAGCCTTCTTC-3'), respectively; and for 16S
rRNA the primer pair 1369F (5-CGGTGAATACGTTCYCGG-3") and
1492R (5'-GGWTACCTTGTTACGACT-3") was used (Sahan and
Muyzer, 2008). The amplification conditions for amoA genes were as
follows: 95°C for 5min, followed by 40 cycles: 94°C for 455, 60°C for
1min, 72°C for 1 min; and a final extension at 72°C for 10 min. The
PCR procedure for 16S rRNA was the same, except the annealing
temperature was 54°C.

2.5.qPCR

qPCR was performed using ABI7900HT (Applied Biosystems,
Foster City, CA, United States). QPCR was performed by the SYBR
Green method. 16S rRNA-1369F/1492R was used to quantify total
bacteria abundance, using Arch-amoA 23F/A616R and amoA-1F/2R
for AOA and AOB, respectively (Rotthauwe et al., 1997; Tourna et al.,
2008). Plasmids containing the target fragments diluted in 10 x series
were used to make qPCR standard curves. The reaction systems are all
10p L, including:5 pL 2x SYBR green mix II (TaKaRa Biotechnology
Co. Ltd., Dalian, China), 1 pL (10 pM) of forward and reverse primers,
0.2pL 50x Rox Reference Dye (TaKaRa Biotechnology Co. Ltd.,
Dalian, China), 5ng DNA template and deionized water.

The 16S rRNA qPCR procedure was as follows: 95°C
pre-denaturation for 30s; followed by 40 cycles of 95°C denaturation
for 55, 60°C annealing for 30s, 72°C extension for 30s; and then a
final extension at 72°C for 1 min. The AOA and AOB amoA gene
qPCR procedures were the same, except that the annealing
temperature was 53°C and 55°C, respectively. Deionized water instead
of soil DNA was used as a negative control to determine DNA
contamination (Vestergaard et al., 2017). Three parallels were done for
each sample. The results were required to have an amplification
efficiency greater than 95%, R* >0.999, and a single peak for the
melting curve.

2.6. AOA, AOB amoA gene and total 16S
rRNA amplicon sequencing

The PCR processing, sequencing, and analysis of Illumina MiSeq
sequencing data were performed as described in Qin et al. (2020).
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PCR mixtures contained 4 pL of 5x TransStart FastPfu buffer, 0.8 pL
of forward primer (5uM), 0.8 pL of reverse primer (5pM), 2 uL of
2.5mM dNTPs, 10ng of template DNA and filled up to 20 uL with
ddH,O (TransGen, Beijing, China). PCR products were purified using
AxyPrep DNA purification kit (Axygen Bio, United States), and were
pooled in equimolar. Paired-end sequencing was performed on the
Mlumina Miseq platform (Illumina, San Diego, United States) at
Shanghai Majorbio BioPharm Technology Co., Ltd., Shanghai. Raw
FASTQ files were demultiplexed and quality filtered using QIIME2-
2021.4. Barcodes were trimmed, low quality and chimeric sequences
were deleted. All samples were normalized to a similar sequencing
depth using MOTHUR. Operational clustering of taxonomic units
(OTUs) was performed using UPARSE v7.1, based on a cut-off of 97%
similarity (Yang et al., 2018). Taxonomic classification was using RDP
and FunGene-amoA database for 16S rRNA and amoA sequences,
respectively. Representative sequences of each OTU were analyzed
using NCBI BLAST to further validate their taxonomy.

2.7. Network analysis

Co-occurrence network analyses were performed to explore how
nitrogen fertilization and moisture treatments affect the co-occurrence
patterns of microbial communities. Interaction networks were
constructed using CoNet v1.1.1 in Cytoscape v.3.6.1 based on the
Pearson and Spearman correlation values, mutual information similarity,
and Bray-Curtis and Kullback-Leibler dissimilarity measures. All
networks were visualized using the Fruchterman-Reingold layout with
9,999 permutations and implemented in Gephi. Global network
properties such as average path length, average clustering coefficient,
and positive and negative correlation of links are calculated.

2.8. Statistical analysis

Analysis of variance (ANOVA) was run in SPSS v. 18.0 and used
to test the significant effects of moisture and fertilization treatments
on soil physiochemical properties, microbial gene abundance and
diversity. The copy numbers of all functional genes were
log-transformed, and the normality of all data was checked before
ANOVA. Principal co-ordinates analysis (PCoA) was used to assess
the similarities between the community composition of AOA, AOB
and total bacteria. Redundancy analysis (RDA) was used to evaluate
the effect of soil properties (exchangeable NH,*-N, NO,™-N, and
DOC) on the community composition of AOA, AOB and total
bacteria. ANOSIM (analysis of similarities) based on the Bray—Curtis
distances of OTUs was used to measure the effects of moisture,
fertilization, and their interactions on the community composition of
AOA, AOB and total bacteria. PCoA, RDA and ANOSIM analysis
were performed using R statistical software.

3. Results
3.1. Soil characteristics

N-fertilizer application clearly increased inorganic N content in
the NF treatments, in which nitrate concentrations significantly
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dropped with the increasing WEPS, and was undetectable in the 125%
WEFPS incubations, indicating a higher nitrate-consuming activity in
higher moisture soils. Nitrate concentration was very low in all CK
incubations, regardless the WEPS levels. Ammonium concentration
peaked at moderate moisture level of 75% and 50% WEFPS for the CK
and NF incubations, respectively. However, if treating ammonium in
the CK incubations as indigenous background and deducting it from
corresponding NF incubations, the remaining ammonium (net NH,")
in NF incubations showed a decreasing trend along increasing WFPS
levels, suggesting a possible active net ammonium consumption under
higher moisture conditions (Table 1). DOC level in both treatments
was similar under low moisture condition (25% and 50% WFPS), and
it significantly increased when moisture was high (100% and 125%
WEPS), especially in these of the CK treatment (Table 1).

3.2. Soil microbial abundance and diversity

Compared to diversity, the abundance of soil bacteria was more
sensitive to water management, but not to N-fertilizer application
(Table 2). For total bacteria, the abundance, Shannon index and PD
index were affected by moisture levels. The total bacteria abundance
was the lowest at 25% WFPS, while the Shannon and PD indexes were
the lowest at 125% WEFPS, irrespective of fertilization. For AOA and
AOB communities, water management only affected their abundance,
but not Shannon and PD index. AOB was always more abundant than
AOA in all treatments (Figure 1). Fertilizer application had significant
effect on total bacteria diversity, and decreased their Shannon index,
especially under higher moisture conditions.

3.3. Soil bacterial community composition

Under 25% and 125% WEPS, the respective microbial composition
on phylum level remained very similar between the CK and NF
treatments. While under other WFPS conditions, fertilization
significantly enhanced the relative abundance of Firmicutes, mainly at
the expense of Proteobacteria abundance loss, when compared to the
non-fertilized incubations (Figure 2A). The most dominant bacteria
phyla were Firmicutes, Proteobacteria, Actinobacteria, Chloroflexi,
Planctomycetes, Acidobacteria, and Verrucomicrobia (Figure 2A). The
shift of relative abundance and composition of ammonia-oxidizing
microorganisms at the OT'U level appeared to be more responsive to
water content changes (Figures 2B,C).

10.3389/fmicb.2023.1130298

ANOSIM analysis indicated that both fertilization and water
content had a significant effect on total bacteria community (p <0.05),
while their influence on AOA and AOB was less significant (Table 3).
PCoA analysis showed that the total bacterial community of most
incubations were separated between treatments of fertilization and
non-fertilized controls (Figure 3A). The NF and CK treatments at
50%-100% WEPS were mostly grouped into respective clusters, albeit
the microbial communities of both treatments at 25% and 125%
WEPS were loosely distributed, indicating that “extreme” moisture
conditions exerted additional influence on the bacterial community
composition (Figure 3A). While, the communities of ammonia-
oxidizing microorganisms could not be clearly divided between
fertilization and non-fertilization treatments, nor among different
WEPS levels, presumably due to the relatively slow growth rate of
ammonia oxidizing microbes (Figures 3B,C). RDA analysis indicated
that NO;~, NH," and DOC played an important role in shaping the
community structure of total bacteria, AOA and AOB. Among them,
the content of NO;™-N had a greater effect on AOA, and NH,"-N had
the largest effect on total bacteria and AOB (Figure 4; Table 4).

3.4. Network analysis

Microbial network analyses showed that fertilizer application
reduced the connectivity and complexity of total bacterial networks
(Figure 5; Table 5). Compared to the CK treatments, the average
number of nodes and edges decreased by 45.37% and 75.84%,
respectively. Higher WFPS levels led to stronger decrease in the
network density and clustering coefficients in NF than in CK
treatment, suggesting that increasing moisture aggravated the effects
of fertilization on the complexity of bacterial networks. The
modularity pattern also changed with fertilization and high moisture.
In the non-fertilized incubations with relatively low WEPS, two large
modules were formed, each containing a number of OTUs with
relatively high connectivity (Figure 5A). And all dominant phyla were
represented by well-connected OTUs approximately according to their
relative abundances, suggesting a rather stable microbial community
was maintained. Increasing moisture or nitrogen fertilization
diminished modularity, with fewer nodes forming modules. And
Firmicutes, or Chloroflexi and Planctomycetes became the respective
dominant taxa with well-connected OTUs (Figures 5B,C). Under
simultaneous N-fertilization and high moisture, the microbial
network did not form clear modules, and highly connected nodes
were mostly Firmicutes.

TABLE 1 Physicochemical properties of soil under different WFPS and fertilization treatments.

NO;~-N (mg/kg)

NH,*-N (mg/kg) DOC (mg/kg)

CK

NF

CK

NF

CK

NF

25% 0.85+0.17, 343.65+42.23, 74.43+£2.93, 388.71£26.48,, 350.22+32.18, 317.32+30.5,
50% 0.49+0.03, 324.74+12.13, 135.53+2.72, 432.14+11.27, 311.2+20.9, 293.79£26.38,
75% — 131.96 £62.42, 142.93+3.11, 410.97 £13.41, 334.23+20.92, 405.42+44.45,
100% — 20.85+29.6, 127.05+4.94, 372.79+35.814 624.04+17.32, 458.62+53.18,
125% — — 96.05+6.344 344.1+£27.424 624.14+65.11, 439.14+45.42,

Data in the table are mean + standard deviation; different lowercase letters indicate significant differences between treatments for the same indicator (P<0.05). CK, non-fertilized soil samples;
NE soil samples received nitrogen fertilization.
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TABLE 2 Differences in the abundance and diversity indices of 16S rRNA, AOA and AOB affected by fertilization and water treatments.

Treatment DF SS MS F P-value
Gene abundance 16S rRNA Water 4 222 0.56 116.10 P <0.001
Fertilizer 1 <0.01 <0.01 0.85 P=0.45
Water x Fertilizer 4 0.33 0.08 18.43 P <0.001
AOA amoA Water 4 0.96 0.24 119.00 P <0.001
Fertilizer 1 <0.01 0.01 1.78 P=0.31
Water x Fertilizer 4 0.31 0.08 16.71 P <0.001
AOB amoA Water 4 0.06 0.02 4.82 P=0.03
Fertilizer 1 0.09 0.09 11.61 P=0.08
Water x Fertilizer 4 0.07 0.02 1.57 P=0.28
Shannon index 16S rRNA Water 4 5.92 1.48 32.61 P<0.001
Fertilizer 1 2.12 2.12 23.09 P=0.04
Water x Fertilizer 4 2.14 0.53 31.71 P <0.001
AOA amoA Water 4 0.01 <0.01 0.20 P=093
Fertilizer 1 0.11 0.11 5.44 P=0.14
Water x Fertilizer 4 0.18 0.05 1.56 P =028
AOB amoA Water 4 0.04 0.01 1.93 P=0.20
Fertilizer 1 0.01 <0.01 1.09 P=041
Water 4 0.03 <0.01 1.68 P=025
PD index 16S rRNA Fertilizer 4 1315.00 328.80 18.38 P <0.001
Water x Fertilizer 1 31.14 31.14 0.68 P=0.50
Water 4 56.13 14.03 2.05 P=0.18
AOA amoA Fertilizer 4 71.16 17.79 0.68 P=0.63
Water x Fertilizer 1 13.46 13.46 7.16 P=0.16
Water 4 134.20 33.55 2.14 P=0.17
AOB amoA Fertilizer 4 <0.01 <0.01 0.50 P=0.74
Water x Fertilizer 1 <0.01 <0.01 3.00 P=023
Water 4 <0.01 <0.01 0.50 P=0.74

4. Discussion

Soil microbial communities play an essential role in various
ecological processes, including nutrient cycling, organic matter
turnover, greenhouse gas emission, and soil fertility and structure
maintenance. Nitrogen compounds and moisture are considered key
factors shaping bacterial community in soils (Wang S. et al., 2018;
Wang R. et al., 2018). However, common agricultural practices aimed
at maximizing crop productivity, such as fertilization, can introduce
excessive nitrogen into agroecosystems, and may have adverse
ecological effects. Excessive nitrogen supply may reduce soil microbial
biomass, alter microbial diversity, community structure and enzyme
activity (Wang et al., 2023). Therefore, understanding how soil
microbial communities respond to nitrogen fertilization and moisture
fluctuations is crucial for developing sustainable agricultural practices.
While several studies have examined the long-term impact of nitrogen
addition on soil microbial diversity and richness in different
environments, the results have been inconsistent (Fierer and Jackson,
2006; Jing et al., 2015). Investigating the immediate changes in
microbial communities following short-term nitrogen fertilization
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and moisture variations can provide insights into the microbial
response processes under long-term agricultural management.

In this study, NH,NO; was provided as the nitrogen fertilizer,
introducing both nitrate and ammonium to the NF treatments.
However, after 96h incubation, nitrate concentration in the NF
incubations decreased with increasing WFPS and became
undetectable under 125% WEPS. The “net NH,"” in the NF treatments
also showed a decreasing trend with higher WFPS levels (Table 1),
indicating a higher consumption rate of both nitrate and ammonium
under increased moisture conditions. Rice paddies are well known
nitrogen cycling hotspots, and denitrification and anammox are likely
the main processes responsible for nitrate and ammonium
consumption, especially under high WEPS levels (Zhu et al., 2011).
Ammonium was available in significant concentrations, which likely
supported a higher abundance of AOB compared to AOA in all
incubations (Figure 1). AOA are more dominant in oligotrophic
environments, while AOB tend to dominate in eutrophic habitats
(Jung et al., 2022). Among the AOA OTUs, OTU276, OTU278 and
OTU279 were consistently abundant in almost all incubations, while
OTU323 was the most dominant AOB (Figure 2B). These OTUs had
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FIGURE 1
The abundance and diversity index of soil microbes under different WFPS and fertilization treatment conditions. Data are presented as mean and
standard error (n =3). Data labeled by different letters indicate significant differences (p <0.05). (A,C,E) None-fertilized soil samples (CK); (B,D,F) Soil
samples received nitrogen fertilization (NF).

their closest cultured relatives as Nitrososphaera viennensis EN76 and
Nitrosospira lacus (Tourna et al., 2011; Urakawa et al., 2015), with
amoA sequence similarities below 80 and 86%, respectively. Hence,
the AOA and AOB OTUs identified in this study were mostly
uncultured, indicating a vast unexplored diversity of ammonia-
oxidizing microbes in agriculture ecosystems. The abundance and
composition of AOA and AOB shifted after the short-term incubation,
but it remains unclear if these microbes directly contributed to the
removal of ‘net NH,", particularly under higher WFPS conditions that
were anoxic. Future studies should conduct a comprehensive analysis
of the rates of different N-cycling processes, including the recently
discovered oxygenic denitrification and nitrate-driven anaerobic
methane oxidation (Zhu et al., 2020), to better understand their
differential responses to N addition.

Soil moisture levels have been identified as a significant factor
influencing soil microbial composition and activity (Shi et al.,
2018). Adequate moisture levels can promote microbial growth and
metabolic activities (Francioli et al., 2016; Yang et al., 2019). In our
study, the microbial diversity and abundance responded differently
to short-term fertilization and water management. Our results
showed that total soil bacteria abundance was more responsive to
water content than to fertilization (Table 2). This suggests that
microbial growth was generally more strongly influenced by water
content than nitrogen addition in the short-term incubation. This
could be because the paddy soil was not N-limited, since there was
sufficient residual ammonium present (Table 1). However,
fertilization did increase bacteria diversity, likely due to the
introduction of nitrate, which serves as a favorable electron acceptor
for microbial respiration.
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Firmicutes were the most dominant bacteria, especially in the NF
treatments with higher WEPS (Figure 2). In the CK treatment with
saturated moisture (125% WFPS), the relative abundance of
Firmicutes (84.2%) was significantly higher than in other CK
incubations (approximately 40%). This indicates a favorable response
of Firmicutes to nitrogen addition and high moisture, consistent with
previous findings (e.g., Supramaniam et al., 2016). Many Firmicutes
are capable of forming spores, which confer high resistance to
environmental stresses and enable quick response to substrate
availability, making them one of the most common microbes in soils
(Filippidou et al., 2016; Donhauser et al., 2021). Proteobacteria were
abundant only in the CK treatments with moderate moisture levels
(50%, 75%, and 100% WEPS). Interestingly, the relative abundance of
Acidobacteria, Actinobacteria, Chloroflexi, and Planctomycetes was
significant in both the CK and NF treatments with the lowest moisture
(25% WEFPS) but diminished in all other higher moisture incubations
(Figure 2A). This indicates the influence of water management on soil
microbial community structure. Acidobacteria and Chloroflexi
members are often considered oligotrophs, and several studies have
reported a decrease in their abundance with increasing concentrations
of NO;™-N and NH,*-N (Zhou et al., 2015; Wang R. et al., 2018) and
higher water content (Zhalnina et al., 2015; Zhou et al., 2015; Li
H. etal., 2021). However, some long-term field studies have found had
no significant effect of water content on soil bacterial communities
(Zhang et al., 2021), possibly because there was sufficient time for the
local microbial community to recover from and adapt to moisture
changes (Azarbad et al,, 2020). These inconsistent findings highlight
the need to study the immediate responses of microbes to
environmental changes.
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FIGURE 2
Relative abundance of soil microbes at the phylum (total bacteria) or OTU (AOA and AOB) level. CK, none-fertilized soil samples; NF, soil samples with
nitrogen-fertilization; 25, 50, 75, 100, and 125 indicate the respective WFPS levels: 25%, 50%, 75%, 100%, and 125%. (A) total bacteria; (B) AOA; and
(C) AOB.

In the present study, after a four-day incubation, it was observed
that bacterial community structure, rather than total bacterial
abundance, showed a stronger response to fertilization. Nitrogen
fertilization has been demonstrated to be a significant factor in

Frontiers in Microbiology

shaping soil microbial community (Yuan et al., 2015; Wu et al,, 2021;
Jin et al., 2022), probably by providing substrates and energy sources
for indigenous microbes or due to nutrients imbalances resulting from
a pulse input of N (Eo and Park, 2016). The bacterial abundance
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microbial competition and are considered important for stabilizing
microbial communities and their ecological services (van der Heijden
et al., 2010; Hoek et al.,, 2016). These results indicated that both
fertilization and higher water content rapidly reduced the complexity
and stability of soil bacterial communities. Based on the degree of each
node, key taxa identified in the microbial network mostly belonged to
Chloroflexi and
Planctomycetes, indicating their crucial role in paddy soils under

Firmicutes, Proteobacteria, Actinobacteria,
fertilization and water management. In recent years, the construction
of microbial network has become increasingly popular for high-
throughput sequencing data analysis and been helpful in uncovering
interactions from complex datasets (Deng et al., 2012; Faust and Raes,

2012). However, it should be noted that the inference of biotic

10.3389/fmicb.2023.1130298

interactions from the cooccurrence or absence of sequences may not
always reliable, and conclusions should be drawn with caution
(Faust, 2021).

5. Conclusion

The composition and abundance of soil bacteria and ammonia-
oxidizing microorganisms in paddy fields demonstrated varying
degrees of response to fertilization and moisture, with a higher
sensitivity to changes in water content levels. The impact of
fertilization on the stability and complexity of bacteria networks was
evident and slightly exacerbated by elevated moisture. Changes in the

TABLE 4 Redundancy analysis (RDA) of the effect of different soil characteristics on microbial community composition.

RDA analyze RD! RD? R? P
Nitrite 0.998 -0.059 0.234 0.028
168 rRNA Ammonium 0.998 0.064 0.696 0.001
DOC ~0.780 0.626 0270 0.020
Nitrite 0.856 0.518 0.470 0.001
AOA Ammonium 1.000 0.005 0.293 0.003
DOC —0.977 0.211 0.282 0.014
Nitrite —0.599 —0.801 0.037 0.595
AOB Ammonium 0.903 ~0.430 0.063 0.430
DOC 0.885 ~0.466 0.042 0.573
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FIGURE 5
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Co-occurrence analysis of total bacteria. Nodes are colored according to microbial taxonomy (phylum), edges indicate correlations among nodes. CK,
none-fertilized soil samples; NF, soil samples received N-fertilization; 25, 50, 75, 100, 125 indicate respective WFPS level is 25%, 50%, 75%, 100%, 125%.
(A) CK 25%~75%; (B) CK 75%-125%; (C) NF25%~75%; (D) NF 75%-125%.
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TABLE 5 Node-level topological features of the co-occurrence network of fertilization and non-fertilized treatments grouped by moisture levels.

16S rRNA CK 25%-75% CK 75%-125% NF 25%-75% NF 75%-125%
Number of nods 123 108 82 46
Number of edges 1,634 764 458 155
Number of positive correlations 77.42% 85.08% 97.51% 81.29%
Number of negative correlations 22.58% 14.92% 2.49% 18.71%
Average degree 26.57 14.15 11.18 6.74
Network diameter 8 9 4 6

Average clustering coefficient 0.77 0.64 0.73 0.61
Average path distance 3.78 3.64 1.80 2.36
Network density 0.22 0.13 0.14 0.15

CK, soil samples with no nitrogen application; NF, soil samples with nitrogen-fertilization; WFPS level is used to divide low moisture (25%-75%) and high moisture (75%-125%) conditions.

total bacteria and AOB community showed significant correlations
with NH,*-N content, while NO;™-N content played a crucial role in
driving changes in the AOA community structure. Studying the initial
changes in microbial community composition and structure in
response to water and fertilizer applications can provide valuable
insights into how soil microbes adapt to long-term agricultural
practices, thus aiding in the development of more sustainable
agricultural approaches.
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