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Metagenomic insights into nitrification and urease inhibitors promote
glyphosate degradations and reduce soil nitrous oxide emissions
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Abstract

Organic herbicide pollution and greenhouse gas emission are major concerns in achieving sustainable
agriculture and forestry. Nitrification and urease inhibitors have been used to improve fertilizer nitrogen (N) use
efficiency, but their interactions with herbicides have rarely been studied. A comprehensive understanding of the
impacts of N-cycling inhibitors on pesticide degradation and nitrous oxide (N2O) emission could help minimize the
environmental risks of herbicide pollution and global climate change. In this study, we investigated glyphosate
residues and N2O emission in camellia plantation soils, as influenced by nitrification inhibitors 3,4-dimethyl
pyrazole phosphate (DMPP) and dicyandiamide (DCD) and urease inhibitor thiophosphoric triamide (NBPT), under
60% and 90% water holding capacity (WHC). The soil properties, glyphosate residues, NoO emissions, microbial
communities and their comprehensive linkages were also analyzed. Compared with the control treatment, applying
DMPP, DCD and NBPT significantly decreased glyphosate residues by 32.9%, 60.3% and 35.6% under 90% WHC,
respectively. Soil glyphosate residues were negatively correlated to the abundances of Acidobacteria and phnX gene.
Contributions of soil moisture to glyphosate degradation were correlated to increases in phnlJ, soxA and soxD genes.
Relative to the control treatment, NBPT applications decreased cumulative N,O emissions by 56.6% and 91.4%
under 60% and 90% WHC, respectively. Soil N,O emissions were regulated by soil water contents partly through
affecting changes in soil DOC, DON, NH4*-N and NOs™-N contents as well as abundances of functional nosZ, narG,
norB and norH genes. The promotion of glyphosate degradation and suppression of soil N2O emission by the N-
cycling inhibitors suggested that applying N-cycling inhibitors might be an effect strategy to simultaneously reduce
environmental pollution of pesticides and global climate change.

1. Introduction

Herbicides and nitrogen (N) fertilizers are commonly used for improving crop productivity. Glyphosate (V-
phosphonometylglycine) is an effective herbicide that is widely applied for suppressing weed growth!- 2. However,
over-application of glyphosate can lead to substantially adverse impacts including soil pollution and microbial
activity inhibition.? 3 Meanwhile, the glyphosate can stimulate soil denitrification and accelerate greenhouse gas
emission.* 3 The degradation of glyphosate is affected by soil properties, microbial activity and functional genes. !>
69 In addition, soil N managements could also affect agrochemical transformations and translocations in soil-plant
systems; for instance, a previous study confirmed that N-cycling inhibitors could accelerate carbendazim
degradation by affecting functional microbes. !0

Fertilizer N usually has inefficient utilization due to processes like nitrification, nitrate (NO3™-N), leaching and
denitrification.!!> 1> Nitrification is a vital process in which ammonium nitrogen (NH4-N) is converted to NO3-N
that is the substrate of denitrification, a major pathway for nitrous oxide (N,O) emissions.!313 N,O is a potent
greenhouse gas with 273 times greater global warming potential than carbon dioxide over a 100-year time.!6 17

Applying nitrification or urease inhibitors is an effective practice for reducing N,O emissions and improving N
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utilization efficiency via slowing nitrification or denitrification, urea hydrolysis.!® Nitrification inhibitors 3,4-
dimethyl pyrazole phosphate (DMPP) and dicyandiamide (DCD) and urease inhibitor thiophosphoric triamide
(NBPT) are the main commercial N-cycling inhibitors and are widely applied to inhibit nitrification and decrease
soil N;O emissions.!*?! The N-cycling inhibitors might also modify the dissipation rates of agrochemicals. 1°
However, the effects of N-cycling inhibitors on glyphosate degradation and the related functional mechanisms were
rarely studied.

Soil moisture substantially affects N-cycling genes, N>O emissions and microbial communities.?22* For
example, studies suggested that increasing water holding capacity (WHC) from 60% to 120% significantly increased
s0il N>O emissions by stimulating nirS genes.?> Liu et al. proposed that soil moisture regulates N,O emissions via
influencing N-cycling related genes expression and microbiological activity.?® Nonetheless, how variation in soil
moisture modifies the impacts of N-cycling inhibitors on agrochemical dissipation and the related functional
mechanisms are unknown.

A comprehensive understanding of the impacts of N-cycling inhibitors on herbicide dissipation and N,O
emission will help to simultaneously deal with the environmental risks of organic pollution and global climate
change. Thereby, this study investigated the effects of the N-cycling inhibitors on soil glyphosate degradation and
N>O emission reduction and deciphered the comprehensive linkages among the functional genes and
microorganisms, glyphosate residues and N>O emissions under different soil moistures. Soil samples were collected
from a camellia plantation with long-term (7 years) glyphosate applications. The DMPP, DCD and NBPT were
applied to the test soil, and then soil properties, N2O emission, glyphosate residues and microbial metagenomics
were analyzed. This study aimed to: (1) quantify the impacts of N-cycling inhibitors on both soil glyphosate
degradation and N,O emissions reduction under various moistures; (2) identify the functional microbes and genes
associated with glyphosate degradation and N,O emissions; and (3) decipher the major mechanisms of N-cycling
inhibitors affecting glyphosate degradation under the different soil water contents. The results will help better
understand benefits of N-cycling inhibitor utilization and provide technical support to decrease the risks of
glyphosate pollution and mitigating greenhouse gas emissions.

2. Materials and methods

2.1 Soil sampling and experimental design

Experimental soil (0-20 cm) was collected from an intensively managed camellia plantation in Jiangxi, China
(27°74' N, 114°81" E). The site had received long-term (7 years) glyphosate application (15 kg hay!). The collected
soil was passed through a 2 mm sieve to remove stones and litter, and stored at -20 °C until used. Soil chemical
properties were given in Table S1, and the glyphosate content was190.74 mg kg™! dry soil.

The experimental design contained 4 different treatments: blank control (CK), DMPP application (DMP), DCD
application (DCP) and NBPT application (NBP) under two different soil water contents (60% and 90% WHC). Each
treatment was replicated 4 times. Fresh and sieved soil samples (equivalent to 40 g dried soil) were placed in 200
mL conical flasks, and each sample received 8 mg N as urea. The N-cycling inhibitors were applied at 1% of the
urea N. The urea and N-cycling inhibitors were dissolved in deionized water and then added into the flasks and
thoroughly mixed. Soil moistures were separately adjusted to 60% and 90%WHC, before the microcosms were
incubated at 25 °C in the dark. The moistures were maintained by adding deionized water every day. Soil N,O
emission rates were quantified on 0.5, 1, 4, 7, 14, and 28 days. Soil properties, glyphosate residues and microbial
metagenomic were analyzed at the end of the experiment.

2.2 Determination of soil glyphosate residue
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Soil glyphosate residues were extracted and then analyzed using an ultra-performance liquid chromatography.
28 In brief, test soils were freeze-dried and ground to < 0.25 mm. Approximately 5.0 g of the samples were added
into a 50 mL flask containing 25 mL of the extraction solution of sodium phosphate and sodium citrate, shaken and
filtered through filter paper. The filtered solutions were mixed with boric acid and 9-fluorenylmethoxycarbonyl
chloride solution and allowed to stand for 4 h before centrifuged and filtered through 0.22 pum filters for quantitative
glyphosate analysis by an ultra-performance liquid chromatography. The injection volume was 20.0 pL, and the
flow rate was 1 mL min-! with mobile phase A (acetonitrile solution) and B (phosphoric acid solution) in the Cjg
chromatographic column. The glyphosate was identified by matching the peak area of the glyphosate standard and
quantified with an external glyphosate standard curve.

2.3 N20 sampling and analysis

The gas was sampled and analyzed according to the method of Zheng et al ?° with minor modifications. Briefly,
an air blower was used to refresh the gas in the flask headspace before sampling, and each flask was immediately
sealed using a rubber stopper installed with a three-way stopcock. Plastic syringes were employed to collect initial
and final gas samples from the headspace of the sealed flasks during each 3 h incubation period. The N,O
concentrations were analyzed by a gas chromatograph (Agilent 7890B, Santa Clara, CA, USA).

2.4 Determinations of soil chemical properties

Soil pH was determined using an electronic pH meter. Soil dissolved organic carbon (DOC) and N (DON)
were determined by a Total Organic C/N Analyzer (Multi N/C 2100, Germany). Soil NH4"-N and NO3-N were
quantitatively analyzed by the Discrete Auto Analyzer (SmartChem, Brookfield, France). Soil available phosphorus
(AP) contents were measured using the molybdenum antimony colorimetric method.

2.5 Soil DNA extraction and metagenomic sequencing

Total DNA in each fresh sample was extracted for metagenomic sequencing. The NDA extractions, PCR

amplification, and sequencing were conducted according to the guidance by Novogene (Beijing, China) and the raw
data was submitted to the NCBI database (PRJINA977811). Basic information on the metagenomic sequencings was
provided in Table S2. Soil microbial information was obtained through blasting with the Non-Redundant Protein
Sequence Database (NR) database, and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used
for N transformation and glyphosate degradation gene annotations. The genes related to glyphosate degradation
were selected and shown in Table S3, and key functional genes related to N transformation were given in Tables S4.
The relative abundances of selected functional genes were normalized to 10* cells after dividing the abundance of
the housekeeping gene rp/B for further statistical analysis.3°

2.6 Statistical analysis

Two-way analysis of variance (ANOVA) was employed to evaluate the interactions between the N-cycling
inhibitors and soil water contents on soil abiotic and biotic characters. One-way ANOVA was carried out to assess
the impacts of different treatments on soil chemical properties, glyphosate residues, N-cycling and glyphosate
degradation related genes, and soil microbial community diversities with Duncan’s multiple range test using the
SPSS 26.0 (IBM, USA). The principal component analyses (PCA) were conducted to reveal the differences in soil
microbial community structures. The first principal component of the soil chemical properties, microbial community
structures, and functional genes related to N-cycling or glyphosate degradation were extracted for further
quantitative analysis. Pathway analyses were constructed to elucidate the comprehensive linkages among soil
chemical properties, glyphosate residues, functional genes related to N-cycling and glyphosate degradation, and
microbial communities using the SPSS Amos 26.0 (IBM, USA).
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3. Results

3.1 Soil glyphosate residues

Negligible changes in soil glyphosate residues were detected among the four treatments under 60% WHC
(Fig.1a). However, under 90% WHC, soil glyphosate residues in the DMPP, DCP and NBP treatments significantly
decreased by 33.0%, 60.3% and 35.7%, relative to the CK treatment (184.52 mg kg'!), with the lowest glyphosate
residue detected in the DCP treatment (73.17 £ 6.17 mg kg™!). Significant differences in glyphosate residues in the
DMP, DCP and BNP treatments were also detected between 60% and 90% WHC.

3.2 Soil N20 emissions

Relative to the CK treatment, N>O emissions were inhibited in the DMP treatment after the first day under 60%
and 90% WHC (Fig. S1). Soil N,O emission rates at the end of experiment had the order of CK>DMP>DCP >
NBP under 60% WHC. While, the N,O emission rates on day 28 in the CK, DMP, DCP and NBP treatments were
0.5261, 0.4020, 0.48323 and 0.0046 ng N g! dry soil h! respectively, under 90% WHC.

Under 60% WHC, soil cumulative N,O emissions were in the order of CK > DMP > DCP > NBP, being 0.043
+0.00, 0.031+0.120, 0.025 +0.000 and 0.019 £ 0.000 ug g'! dry soil, respectively, and the DCP and BNP treatments
had significantly lower cumulative N,O emission than that in the CK treatment (Fig.1b). In comparison with the
CK treatment, soil cumulative N>O emissions in the DCP and DMP treatments decreased by 30.46% and 91.48%
under 90% WHC, respectively.

3.3 Soil chemical properties

Relative to those under 60% WHC, significantly higher pH values were observed among all soil samples under
90% WHC (Table 1). Relative to the CK treatment, soil DOC contents in the DCP and NBP treatments increased
by 72.83% and 64.31%, respectively, under 60% WHC, but neglectable differences in DOC contents were found
among the four treatments under 90% WHC. Although soil DON contents decreased in the order of NBP > DCP >
DMP > CK under 60% WHC, the contrary order of DON contents were detected under 90% WHC (CK > DMP >
DCP > NBP). Further, higher DON contents in the DMP, DCP and NBP treatments were observed under 60% WHC
than their counterparts under 90% WHC, and the treatment and soil water content had significantly interactive
effects on DON contents (Table S5). Although no significant differences in NH4*-N contents were observed across
the four treatments under 60% WHC, soil NH4*-N contents in the DMP, DCP and DMP treatments were significantly
lower than those in the CK treatment under 90% WHC. Moreover, 60%NH4"-N contents were higher among all soil
samples under 60% WHC than their counterparts under 90% WHC. Relative to the CK counterparts, soil NO3;-N
contents reduced by 59%, 15% and 63% in the DCP, DMP and NBP treatments under 60% WHC and decreased by
73% and 55% and 93% in the DCP, DMP and NBP treatments under 90% WHC, respectively. Soil NO3-N contents
in all samples 90%were significantly lower under 90% WHC than under 60% WHC. The soil AP contents in the
DMP treatment were significantly lower than those in the CK treatment under 60% WHC, but no significant
differences in AP contents were observed across the four treatments under 90% WHC.

3.4 Functional microbes and genes associated with glyphosate degradation

Relative to the CK treatment, the other treatments had no significant changes in the normalized abundances of
phnG, phnH, phnl, phnl, phnX and phnP genes encoding C-P lyase under 60% WHC, but the abundances of the
phnl gene in the DCP and DMP treatments and the pinX gene in the DCP treatment were significantly higher under
90% WHC (Figs. 2a-f). There were no significant changes in abundances of biodegradation gene soxA, soxD and
soxG across the different treatments (Figs. 2g-1). Relative to the CK treatment, the BNP treatment had lower aroE
gene abundance under 60% WHC, but aroE gene abundances were higher in the DCP and NBP treatments under
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60% WHC (Figs. 2j and k). The NBP treatment had higher aroE gene abundance than its counterparts in the CK
treatment under 90% WHC.

3.5 Functional microbes and genes associated with soil N-cycling

The functional genes related to N-cycling were shown in Fig. 3. Although no significant differences in nirB
and nirD genes abundances were observed among the treatments under 60% WHC, significant decreases in these
gene abundances were shown in the DCP treatment under 90% WHC (Figs. 3a and b). Significant increases in the
narB and nar]/W genes normalized abundances were also found, but contrary effects on the 4ao gene were detected
in the NBP treatment between 60% and 90% WHC (Figs. 3c-e). The normalized abundance of amoC gene in the
DMP treatment under 90% WHC was 4.03 times higher than that under 60% WHC (Fig. 3f). Under 90% WHC,
significant decreases in the narG gene were shown in the DMP treatment, and significant decreases in narB gene
abundances were found in the DMP and DCP treatments (Figs. 3g and h). Although neglectable differences in the
denitrifying napA, narH, napB, and nosZ genes were found across the treatments under 90% WHC, significant
differences (except the napA gene) in the DCP treatment were detected between 60% WHC and 90% WHC (Figs.
3i-1). There were negligible changes in the gdhA, gdhB, ureC, nifK and nifU genes among the four different
treatments under 60% WHC, but they were significantly different across the four treatments under 90% WHC, with
significant increases in gdhA and nifU gene abundances in the NBP treatment (Figs. 3m-q). The bubble diagram
revealed the relationships between soil microbes and N-cycling related genes; the denitrification gene of nirD was
mainly encoded by the Firmicutes, Acidobacteria and Tectomicrobia (Fig. S3b).

3.7 Microbial community diversities and structures

The Proteobacteria and Acidobacteria were the two dominant microbes, being 35.57%-46.66% and 35.71%-
45.47%, respectively (Figs. S4a and b). The relative abundances of Proteobacteria in the DCP and NBP treatment
significantly decreased, but Acidobacteria relative abundances significantly increased in the DCP treatment
compared with the CK treatment under 90% WHC (Figs. S4c and d). Relative to the CK treatment, no significant
changes in Actinobacteria and Verrucomicrobia relative abundances were detected in the DMP, DCP and NBP
treatments (Figs. S4e and f). The Chloroflexi relative abundance significantly increased by 15.58% in the DCP
treatment, in comparison with the CK treatment under 90% WHC (Fig. S4g). The NBP treatment had higher the
Planctomycetes relative abundances under both 60% and 90% WHC, relative to the CK counterparts (Fig. S4h).
Compared to the CK treatment, Gemmatimonadetes relative abundance was significantly higher in the BNP
treatment and was significantly affected by soil moistures (Fig. S4i), and higher relative abundances of Rokubacteria
and Bacteroidetes were detected in the NBP treatment under different moistures (Fig. S4k). There were no
significant differences in Eremiobacteraeota relative abundances among the four treatments under 60% WHC or
90% WHC (Fig. S41). The relative abundances of Cyanobacteria were substantially inhibited in the DMP and NBP
treatments, relative to the CK treatment under 60% WHC (Fig. S4m). The Firmicutes relative abundance in the NBP
treatment was significantly increased, relative to the CK treatment under 60% and 90% WHC (Fig. S4n). No
biomarkers were found in the NBP treatment under 60% WHC, but the Bradyrhizobium guangzhouense was the
main biomarker of soil microbes in the NBP treatment under 90% WHC (Figs. S2a and b).

The axis 1 and axis 2 accounted for 46.77% and 53.14% of the total variations of soil microbes under 60%
WHC and 90% WHC, respectively (Figs. 4a and b). Although no significant changes in microbial community
structures were detected among all treatments under 60% WHC, significant separations were shown between the
NBP treatment and other treatments under 90% WHC. Soil glyphosate residues had negative influences on soil

microbial community structures in the NBP treatment.
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3.8 Factors influencing soil glyphosate residue and N20 emissions

Glyphosate residues were not significantly correlated to soil chemical properties but negatively related to the
abundances of aroA gene and the relative abundances of Planctomycetes, Firmicutes, Tecomicrobia, Rokubacteria
and Acidobacteria under 60% WHC (Fig. 5¢). Under 90% WHC, glyphosate residues had positive correlations to
soil DON, NH4"-N and NOj3-N but were negatively related to phnX gene and Acidobacteria relative abundances
(Fig. 5d). Under both 60% and 90% WHC, glyphosate residues had negative correlations with the Acidobacteria
relative abundances but were positively associated with the Proteobacteria relative abundances.

Soil N>O emissions at the end of experiment was negatively related to DOC and DON under 60% WHC, and
pH under 90% WHC, but positive relationships were observed between N,O emission rate and NO3™-N under both
60% and 90% WHC (Figs. 4c and d). Soil N,O emission rate had positive correlations to functional narG and anrH
genes but was negatively related to the relative abundances of Eremiobacteraeota, Chloroflexi, Firmicutes and
Nitrospirae under 60% WHC. Under 90% WHC, N,O emission rates were correlated positively to amoC gene
abundances, but negatively to the abundances of gdhA and nifU genes and the relative abundances of
Armiatimonadetes, Eremiobacteraeota, Tectomicrobia, Chrysiogenetes, Firmicutes and Nitrospirae.

Pathway analysis revealed positive correlations between glyphosate residues and glyphosate degradation
related genes (Fig. 6). Soil property changes in pH, DOC, DON NH4"-N and NOj;™-N associated with the N-cycling
inhibitor applications not only stimulated soil glyphosate decline but also reshaped microbial community structures,
and microbial community structures had positive correlations to glyphosate-degrading genes.

4. Discussion

4.1 Glyphosate degradation and functional microbes and genes

Applying N-cycling inhibitors significantly decreased soil glyphosate residues and altered functional gene
abundances, with greater effects under 90% WHC than 60% WHC (Fig. la). The increases in glyphosate
degradation were related to changes in soil chemical and microbial properties following N-cycling inhibitor
applications: (1) the positive effects of soil DOC, DON and NH4™-N to glyphosate degradation were observed,3! (2)
Acidobacteria could degrade different agrochemicals including glyphosate, and increases in the relative abundances
of Acidobacteria could promote the glyphosate dissipations in soils;3? (3) the phnX gene encodes C-P lyase
responsible for glyphosate degradation,?? and thus increases in phnX gene in the DCP treatment under 90% WHC
might degrade glyphosate via breaking the C-P bond (Figs. 1 and 2). This was supported by the negative correlation
between glyphosate residue and the phnX gene under 90% WHC (Fig. 5d).

Soil water content is a vital factor affecting degradation of glyphosate residues, although glyphosate has high
solubility.33 34 Negative correlation between decreased glyphosate residues and Acidobacteria was only observed
under 90% WHC (Fig. 5). Acidobacteria could degrade glyphosate according to Rossi et al.3? Chloroflexi could also
contribute to soil glyphosate degradation.?® It can be inferred that increases in Chloroflexi in the DCP treatment
under 90% WHC might have contributed to the glyphosate degradation in this study (Fig. 5). Further, Chloroflexi
acodes phnH gene, which can code C-P lyase for glyphosate degradation (Fig. S3). Both pAnH and phnl] genes
encoding C-P lyase and soxA gene encoding sarcosine oxidase significantly increased in the DMP treatment (Fig.
2), implying that those functional genes might have participated in the degradation of glyphosate.® Increases in soxD
gene in the DMP treatment under 90% WHC might also contribute to degradation of glyphosate (Fig.2). The
degradation of glyphosate produces sarcosine, which could stimulate soxA and soxD genes for encoding sarcosine
oxidase.

4.2 Soil N-cycling and the corresponding microbes and genes
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Nitrification inhibitors decreases nitrification and soil NO3;™-N production, but significant decreases in soil
NH4*-N contents were observed under 90% WHC (Table 1). The results were contrary to findings that N-cycling
inhibitors increased or maintained soil NH4*-N contents.!% 36 The reason might be that soil moisture can affect the
efficacy of N-cycling inhibitors. Some studies suggested that the efficacy of DMPP for nitrification inhibition could
be lost when soil water content was over 60% of water-filled pore space.3” 38 Puttanna et al. (1999) also reported
that the nitrification inhibitors were less effective under 80% WHC than 40% and 60% WHC. 7

The N-cycling inhibitors decreased cumulative N,O emissions more effectively under 90% WHC, relative to
60% WHC (Fig. 1b). These results were supported by other studies.?!>3° On one hand, nitrification inhibitors could
inhibit the production of NO3™-N and indirectly reduce the substrate concentration for denitrification, leading to N>O
emission reduction.*% 4! On the other hand, soil N,O emission was positively correlated with soil water content
because high soil water content could decrease oxygen gas availability but stimulate the denitrification process to
emit more N,0.% 4243

Functional mechanisms driving soil N>O emissions were different under various soil water contents (Figs. 5c
and d). Soil N2O emission rates were positively related to NO3-N but negatively correlated to soil pH, DOC and
DON, and the special microbes and functional genes under both soil water contents. The reasons for these
relationships might be (1) soil NO3-N was the primary substance for producing N,O by denitrification;** 43 (2) high
DON contents implied that more urea N was immobilized in soil organic matter, which were not immediately
available as substrate for N,O production;*¢ (3) Soil microbes, especially nitrifiers and denitrifiers, play vital roles
in soil N,O production and emission.*” %8 In our current study, soil N,O emission rates were negatively related to
the relative abundances of Firmicutes, Chrysiogenetes, Tectomicrobia, Chloroflexi and Nitrospirae (Fig. 5), and it
has been confirmed that those microbes were closely involved in N transformations in soils 4°-33; (4) the narG and
narH genes involved in the denitrification process were inhibited by N-cycling inhibitors application, decreasing
N>O emission under 90% WHC (Figs. 3 and 6). Moreover, increases in denitrifying nosZ, narG, narH and narB
gene abundances in varying degrees might also stimulate soil denitrification for N,O production, thus higher N,O
emissions under 90% WHC than that under 60% WHC.*
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Figure Captions

Fig. 1 Impacts of N cycling inhibitor applications on soil (a) glyphosate residues and (b) cumulative N,O
emissions. Lowercase letters indicated significant differences among the different treatments, and capital letters
indicated significant differences between the 60% and the 90% WHC in the same treatment. CK, the blank control;
DMP, DMPP application; DCP, DCD application; NBP, NBPT application.

Fig. 2 Impacts of N cycling inhibitor applications on soil glyphosate degradation related genes. Lowercase
letters indicated significant differences among the different treatments, and capital letters indicated significant
differences between the 60% and the 90% WHC in the same treatment. CK, the blank control; DMP, DMPP
application; DCP, DCD application; NBP, NBPT application.

Fig. 3 Impacts of N cycling inhibitor applications on soil N-cycling related genes. Lowercase letters indicated
significant differences among the different treatments, and capital letters indicated significant differences between
the 60% and the 90% WHC in the same treatment. CK, the blank control; DMP, DMPP application; DCP, DCD
application; NBP, NBPT application.

Fig. 4 Redundancy analyses revealing the comprehensive linkages among soil chemical properties, 28th N,O
emission rates, glyphosate residues and microbial taxonomic distribution at the phylum level at (a) the 60% WHC
and (b) the 90% WHC.

Fig. 5 Pearson’s correlation analyses revealing the connections among soil properties, N-cycling related
microbes and genes and 28th N>O emission rates at (a) the 60% WHC and (b) the 90% WHC, and glyphosate
degradation related microbes and genes, and glyphosate residues (c) the 60% WHC and (d) the 90% WHC. Solid
red arrowhead and red circles indicated positive relationships, and soil bule arrowhead and blue circles indicated
negative relationships.

Fig. 6 Pathway analysis revealing the comprehensive linkages among soil properties, 28th N,O emission rates,
glyphosate residues, N-cycling related genes, glyphosate degradation related genes and microbial community
structures. Solid red circles indicated positive relationships. soil bule arrowhead indicated negative relationships.
Solid red circles indicated no significant relationships between two variables. The significant differences were
accepted at *P < 0.05, ** P < 0.01, *** P < 0.001.
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and red circles indicated positive relationships, and soil bule arrowhead and blue circles indicated negative relationships.
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Fig. 6 Pathway analysis revealing the comprehensive linkages among soil properties, 28th N>O emission
rates, glyphosate residues, N-cycling related genes, glyphosate degradation related genes and microbial
community structures. Solid red circles indicated positive relationships. soil bule arrowhead indicated negative
relationships. Solid red circles indicated no significant relationships between two variables. The significant
differences were accepted at *P < 0.05, ** P < 0.01, *** P < 0.001.

Table Captions
Table 1 Effects of N cycling inhibitors and WHC on soil chemical properties.
Table 1 Effects of N cycling inhibitors and WHC on soil chemical properties.

Factors pH DOC mgkg! DON mgkg! NH-Nmg kg? NO;-Nmgkg! AP mg kg
60% CK .13£0.01bB  103.29+6.57bA 5.64+1.44cA 164.95£14.28aA  20.15+1.54aA  3.53+0.43aA
DMP 4.72+0.11aB  123.67+9.25bA 12.60+£0.76bA  184.50+17.13aA  8.08+0.69bA 1.56+0.16bA

DCP 4.09+0.11bB 178.52+12.38aA  14.88+0.94bA  200.72+14.16aA  17.52+1.09aA  3.02+0.03aA

NBP 4.61+0.07aB  169.72+12.38aA  16.73+1.51aA  207.13+£12.67aA  7.50+0.20bA 2.79+0.32aA

90% CK  5.33+0.03bA 98.06+25.79aA 4.08+0.58aA 39.62+9.88aB 1.39+0.10aB 3.51+0.70aA
DMP 5.44+0.06bA 97.05+17.66aA 3.76+0.22abB  20.67+2.82bB 0.38+0.05cB 2.29+0.65aA

DCP 5.3240.07bA 92.99+25.85aB 3.32+0.54abB  17.10+1.42bB 0.62+0.08bB 1.87+0.21aB

NBP 5.79+0.06aA 91.72+9.81aB 2.68+0.13bB 15.18+0.61bB 0.10+0.01dB 3.28+0.51aA

CK, the blank control; DMP, DMPP application; DCP, DCD application; NBP, NBPT application.
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