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Abstract 

 

All societies are pressed to increase agricultural production – whether via enhancing 

crop yields in cultivated lands or via changing previous crop patterns into intensive 

agricultures, and the intensive agricultures are developing rapidly all over the world. 

Compared with the traditional agriculture, the intensive agriculture is under 

conditions of continuous production with high-intensity applications of fertilizers and 

other agrochemicals. Nitrification inhibitor 3,4-dimethylpyrazole phosphate (DMPP) 

is a commercial agrochemical applied to enhance nitrogen (N) fertilizer utilization 

efficiency. To maintain crop yield and quality, fungicide iprodione or herbicides 

atrazine and glyphosate are also applied into the agricultural soils, but their inhibitory 

or toxic effects are not constrained to hazardous fungi or weeds only. Once being 

applied into agricultural soils, the agrochemicals alone or with their degradation 

metabolites, may have negative effects on the entire soil microorganisms, and thereby 

soil biogeochemistry and quality. Apart from severe soil contaminations, the growing 

public concerns of agrochemicals are also associated with their impacts on soil 

environment and greenhouse gas emission. Previous studies have generally focused 

on single iprodione application, whereas in intensive agriculture production, iprodione 

is repeatedly applied. The DMPP and iprodione may be applied into agriculture soils 

simultaneously, but there are limited studies focusing on the interactive effects of 

DMPP and iprodione applications. For sugarcane farming, the herbicides different 

functions are essential to ensure sugarcane yields. However, few studies were 

conducted to reveal the impacts of DMPP and herbicides on soil N transformation 

rates and greenhouse gas emissions under different soil moisture conditions. 
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Traditional researches about soil microbial population commonly utilized the 

culturing methods. However, the uncultured microorganisms far exceed their cultured 

counterparts, and approximately 80% of soil microorganisms are not discovered due 

to the shortages or costs of culturing methods. The superiorities of high-throughput 

sequencing technology enable detections of detailed microbial community changes 

that have not been reported with culturing methods, and it vastly enlarges our 

scientific horizon and understanding of bacterial and fungal responses to 

agrochemical applications at different taxonomic levels. Moreover, identifications of 

N flow and loss mechanisms are essential to enhance N utilization efficiencies and 

modify fertilizer and agrochemical management practices. External 15N isotope tracing 

method enables to accurately trace the transformations of applied N. In existing 

agricultural systems where N fertilizer or commercial agrochemical practices have 

already been established for decades, it is beneficial to apply the external 15N isotope 

tracing method to quantify effects of agrochemicals on the fluxes of applied N 

fertilizers. 

 

The current study has focused on these scientific issues: 

(1) Effects of DMPP and iprodione applications on properties of representative 

enzymes related to nutrient cycling in a quintessential agricultural soil; 

(2) Applying high-throughput sequencing technology to reveal the responses of 

bacterial and fungal communities to DMPP and iprodione applications; 

(3) Impacts of DMPP and iprodione applications on protease, chitinase and related 

functional genes;  
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(4) Potential influences of DMPP and fungicide on nitrifying activities and 

abundances of functional genes related to soil denitrification;  

(5) Impacts of DMPP and herbicide applications on nitrous oxide (N2O) emission 

and N transformation: based on the results of external 15N isotope tracing method.  

 

Chapter 2 quantified the effects of DMPP and iprodione on enzyme and bacterial 

properties in a quintessential agricultural soil. Repeated iprodione applications 

resulted in consistent declines in activities of β-glucosidase, urease, phosphatase and 

arylsulfatase and bacterial 16S rRNA gene abundances, relative to the control (CK). 

Simultaneously, the Shannon diversity index and Chloroflexi abundances were also 

significantly decreased by the repeated iprodione applications. DMPP application 

exerted negative effects on urease activities, but was not detrimental to the entire 

soil bacterial community.  

 

Chapter 3 had the same experimental design as that in the Chapter 2 and aimed to 

reveal the responses of soil fungi to DMPP application, alone or with iprodione. 

DMPP application generated negligible impacts on fungal biomass in the test soils. 

Fungicide iprodione applications inhibited fungal biomass, but did not significantly 

decrease the diversity index of fungal community. However, the entire fungal 

community structure was changed by the combined applications of DMPP and 

iprodione. Moreover, the Teratosphaeriaceae could be increased by iprodione 
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application and might be treated as fungal biomarker for iprodione.  

 

Chapter 4 revealed the extent of which the DMPP and iprodione application could 

alter enzyme and functional gene properties related to N mineralization. Iprodione 

applications inhibited neutral protease, alkaline protease and chitinase activities. The 

abundance of aprA (functional gene of neutral protease) gene was enhanced with 

DMPP application, but the abundances of nprA (function gene of alkaline protease) 

and chiA (function gene of chitinase) genes were significantly decreased with 

iprodione applications. Relative to the CK, DMPP application did not convert the 

positive/negative correlations between enzyme activities and corresponding 

functional gene abundances, but for the chitinase, the correlation between enzyme 

activities and chiA gene abundances was transformed from positive to negative by 

iprodione applications.  

 

Chapter 5 focused on the combined effects of DMPP and iprodione applications on 

soil nitrification and functional genes in nitrification and denitrification. Compared 

with the CK treatment, both DMPP and iprodione applications significantly 

decreased soil nitrification rates. Soil NO2
- + NO3

--N contents in the treatment with 

both DMPP and iprodione were higher than those in the treatment with the DMPP or 

iprodione alone, and a same result was also observed with net nitrification rates. 

Repeated iprodione applications, alone or together with the DMPP, significantly 
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reduced amoA gene abundances of ammonium-oxidizing archaea and bacteria 

(AOA and AOB), while the DMPP application only decreased AOB amoA gene 

abundance. Relative to the CK treatment, nirK gene abundances were also decreased 

by repeated iprodione applications. Our results demonstrated that the combined 

applications of DMPP and iprodione could generate an antagonistic effect on net 

nitrification rate.  

 

Chapter 6 depicted the effects of DMPP and herbicide applications on soil 

greenhouse gas emissions and N cycling in quintessential Australian sugarcane 

cropping soil, and the external 15N isotope tracing method was employed. DMPP 

application significantly inhibited soil gross nitrification rates in the sugarcane soil 

via decreasing AOB amoA gene abundances. The DMPP also decreased N2O 

emission by inhibiting soil nitrification under 55% water holding capacity (WHC) 

and nirS and nirK gene abundances under 75% WHC. The atrazine and glyphosate 

application generated non-target effects on functional genes of soil N cycling and 

discrepantly decreased these gene abundances. The herbicide applications 

decreased soil gross nitrification by inhibiting both AOA and AOB amoA gene 

abundances and decreased total N2O emission. 

  

Keywords: Nitrification Inhibitor; Iprodione; Atrazine; Glyphosate; Soil 

Microorganisms; N Cycling
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Chapter 1 Introduction 

 

1.1 Background  

All societies are pressed to increase agricultural production – whether via changing 

previous crop patterns into intensive agricultures or via enhancing crop yields in 

cultivated lands, and approximately 38% of the earth land surface is being utilized to 

conduct agricultural production (Houghton, 1994; Grimm et al., 2008; 

Sánchez-Bayo et al., 2017; Sanderman et al., 2017). Consequently, the most urgent 

environmental threats (terrestrial ecosystem degradation, nonpoint-source pollution 

and greenhouse gas emission) are all closely associated with the agricultural 

production (Grimm et al., 2008; Sanderman et al., 2017).  

 

In agricultural soils, nitrogen (N) availability could significantly affect crop quality 

and yield (Davidson et al., 2007; Peñuelas et al., 2012), and to ensure crop yields, N 

fertilizers are commonly applied at high dosages, even over-applied. As shown in 

Fig. 1.1, in some Asian and American countries and areas, the application rates of N 

fertilizers could reach 200 kg N ha-1 (Mueller et al., 2012).  
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Fig. 1.1 Management intensity of nitrogen fertilizer area (Mueller et al., 2012). 

 

Quintessential environmental conditions in intensive agricultures are high humidity 

and moderate temperature, which are also suitable for the growths of hazardous blight 

(Rhizoctonia solani), gray mold (Botrytis cinerea) and black rot (Guignardia) (Zhang 

et al., 2014). The leaves, stems and fruits of crops are easily infected and even 

destroyed by these hazardous fungi (Leistra and Matser, 2004; Maltby et al., 2009; 

Guentzel et al., 2011), and fungal infections are the major and serious threats to global 

crop yields (Liu et al., 2015b; O'Maille, 2015). To control the fungal infection, the 

application dosages of fungicides are increasing (Fig. 1.2), and the application 

dosages could be up to 8 kg ha-1 yr-1 (Liu et al., 2015b). 
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Fig. 1.2 Global map of fungicide and bactericide application rates in 2010 (Liu et al., 

2015b). 

 

Weeds are also serious threats to crop yields in agricultural production. The weeds 

have well-developed root systems and secrete different allelochemicals to severely 

inhibit cash crops, and therefore, the weeds have superior nutrient intakes than those 

of cash crops (Zhang et al., 2007; Egan et al., 2011). Moreover, the weeds also occupy 

the growth space of cash crops (Khaliq et al., 2013; Fahad et al., 2014). The annual 

economic loss due to the weeds is more than $100 billion dollars (Appleby et al. 2000; 

Swanton et al. 2015). Therefore, it is urgent to control the weeds with different 

approaches, including manual labor, and mechanical mowing and herbicide controls. 

Relative to other approaches, herbicides have some distinct advantages and have 

revolutionized weed controls in agricultures (Relyea, 2005; Bishop et al., 2010; Liu et 

al., 2015b), and with reference to the report of Liu et al. (2015b), herbicide 
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application dosages in some South America areas or countries could be up to 13 kg 

ha-1 yr-1 (Fig. 1.3). Currently, the most popular and widely applied herbicides are 

atrazine and glyphosate. 

 

Fig. 1.3 Global map of herbicide application rate of in 2010 (Liu et al., 2015b). 

 

1.2 Nitrification inhibitor 3,4-dimethylpyrazole phosphate (DMPP) 

1.2.1 Introduction of DMPP 

A huge number of fertilizers containing ammonium (NH4
+-N) are applied into 

agricultural soils as N supplies (Weiske et al., 2001a; Scheer et al., 2014). 

Unfortunately, due to microbial transformation (Fig. 1.4), only a minimum proportion 

of applied NH4
+-N can be taken by the crops (Martens-Habbena et al., 2009; 

Menéndez et al., 2012; Scheer et al., 2014). The applied NH4
+-N is firstly transformed 

to hydroxylamine (NH2OH), and then oxidized to nitrite (NO2
--N) and subsequently 
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to nitrate (NO3
--N) by functional nitrifying microorganisms (Martens-Habbena et al., 

2009; Snider et al., 2012). Relative to the NH4
+-N, the NO3

--N is easily washed away 

from soil surface, and excessive NO3
--N accumulations in surface water can cause the 

eutrophication phenomenon in spring and summer (Muhid et al., 2013). As a 

byproduct of soil nitrification, nitrous oxide (N2O) could aggravate the greenhouse 

effect (Menéndez et al., 2012; Li et al., 2014). On a molecule-to-molecule basis, N2O 

is more effective in absorbing infrared radiation than its carbon dioxide (CO2) 

counterpart (Griffis et al., 2017), and the global warming potential of N2O is about 

298 times (100-year horizon) larger than that of CO2 (Forster et al., 2007). Moreover, 

N2O also has the potential to catalyze the destruction of the stratospheric ozone layer 

(Li et al., 2014). 
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Fig. 1.4 The major biological nitrogen transformation in soils (Canfield et al., 2010). 

 

Application of nitrification inhibitors to retard nitrification in agricultural soil is a 

potential method to enhance N fertilizer utilizing efficiency and to control 

nonpoint-source pollution and soil N2O emissions (Menéndez et al., 2012; Scheer et 

al., 2014; Kong et al., 2016), and one of the most popular nitrification inhibitors 

utilized in agricultural production is the DMPP (Fig. 1.5). To date, studies have 

revealed the different functions of DMPP in inhibiting soil nitrification. Some 

studies suggested that DMPP application could inhibit soil nitrification through 
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decreasing ammonia-oxidizing archaea (AOA) amoA gene abundance or through 

repressing the transcription of AOA amoA gene (Florio et al., 2014; Liu et al., 

2015a). In contrast, Zhang et al. (2018) demonstrated that DMPP mainly inhibited 

the ammonia-oxidizing bacteria (AOB) amoA gene abundances, and a similar result 

was also reported by Kleineidam et al. (2011). Furthermore, Kong et al. (2016) 

showed that DMPP application restrained special microbial cell activities with 

negligible influences on the growths of AOA and AOB. 

 

Fig. 1.5 Chemical structure of DMPP. 

 

1.2.2 Positive effects of DMPP  

Relative to other nitrification inhibitors, DMPP has several distinct superiorities. 

DMPP is more effective in inhibiting soil nitrification, reducing the application costs 

of nitrification inhibitors, and DMPP application could improve crop yields and 

qualities. Liu et al. (2013) indicated that DMPP application significantly increased 

aboveground biomass and wheat yields. Crop quality was also improved in the field 

applied with DMPP (Pasda et al., 2001; Martínez et al., 2015). According to the 
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study of Pasda et al. (2001), DMPP could significantly decrease the NO3
--N contents 

in vegetable, and Martínez et al. (2015) also demonstrated that chlorophyll contents 

and fruit sizes increased after applying the DMPP.  

 

DMPP application also reduces ecological risks caused by N fertilizer overuse, such 

as NO3
--N leaching from agricultural soil and N2O emission. Yu et al. (2007) 

reported that DMPP reduced NO3
--N leaching losses by retaining applied N in the 

NH4
+ -N form. Weiske et al. (2001a) conducted a 3-year field experiment and 

manifested that DMPP application diminished N2O emission by 41% (the first year), 

47% (the second year) and 53% (the third year), respectively. A similar result was 

also reported by Menéndez et al. (2006), who highlighted that DMPP application 

decreased by 29% of total N2O and 25% of total nitric oxide (NO) emissions in a 

grassland. Moreover, DMPP is immobile in soil, without being liable to leach from 

soils (Pasda et al., 2001; Zerulla et al., 2001; Kong et al., 2016). 

1.2.3 Possible negative effects of DMPP  

Potential impacts of DMPP application on methane (CH4) emission have also 

attracted many research interests, and a huge number of studies have already been 

conducted (Pereira et al., 2010; Liu et al., 2013; Maris et al., 2015). However, there 

has been no consensus concerning the role of DMPP on soil CH4 emission. A 

laboratory study conducted by Hatch et al. (2005) demonstrated that DMPP 
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application could stimulate CH4 emissions. Pereira et al. (2010) reported that neither 

CH4 nor CO2 emissions were significantly affected by DMPP application. In contrast, 

Weiske et al. (2001b) revealed that DMPP application significantly stimulated CH4 

oxidation, indicating the potential of DMPP in decreasing CH4 emission.  

 

Correspondingly, there are also different functional mechanisms of DMPP in 

controlling soil CH4 emission: Opinion l, the NH4
+-N can stimulate the growth of 

methanogens, and the NH4
+-N content is negatively related to the CH4 consumption 

rate (Tlustos et al., 1998; Majumdar and Mitra, 2004). DMPP application has the 

potential to enhance soil NH4
+-N content, resulting in the increases of soil CH4 

emission; Opinion 2, DMPP application could increase soil inorganic N availability, 

which suppresses activities of methanotrophic microorganisms and soil CH4 emission 

(Remy et al., 2017); and Opinion 3: the inhibition of NH4
+-N oxidation could 

stimulate the CH4 oxidation, due to a competition between the oxidations of CH4 and 

NH4
+-N, and thereby, DMPP application diminishes soil CH4 emission (Bodelier, 

2011).  

1.3 Fungicide iprodione 

1.3.1 Introduction of iprodione 

As a broad-spectrum fungicide, iprodione 

(3-(3,5-dichlorophenyl)-N-isopropyl-2,4-dioxoimidazolidine-1-carboxamide, Fig. 
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1.6) is utilized to control or treat the fungi-induced black rot and gray mold (Goewie 

et al., 1985; Oliver et al., 2016). The functioning mechanism of iprodione is that the 

iprodione could inhibit protein kinase and control intracellular signal conduct (Lindh 

et al., 2007; Ghisari et al., 2015). Consequently, DNA copy, RNA transcription and 

cell division of pathogenic mycelium are all blocked, and the germination and 

growth of pathogenic mycelium are inhibited.  

 

Fig. 1.6 Chemical structure of iprodione. 

 

1.3.2 Iprodione contaminations and side effects 

According to the instruction, the recommended application cycle of iprodione in 

intensive agriculture is every 7-10 days, and consequently, a huge amount of 

iprodione residue has been detected in the agricultural soil, vegetable and fruit 

(Leistra and Matser, 2004; Omirou et al., 2009). What is more, iprodione residue 

was even detected from the commercial baby food (Pesticide Data Program, U.S. 

Department of Agriculture, 2014). Iprodione is highly mobile in soils (log Koc = 
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2.57-3.19, log Kf = -0.5-0.8) and easily leaches into ground water (Vanni et al., 2000; 

Zadra et al., 2006). The iprodione residues in water samples have also been widely 

detected (Goewie et al., 1985; Pesticide Data Program, U.S. Department of 

Agriculture, 2014; Oliver et al., 2016), posing serious threats to livestock and human 

health.  

 

As one of the dicarboximide class fungicides, the transformed product of iprodione 

in vitro is 3,5-dichloroaniline (3,5-DCA) (Lindh et al., 2007). Washington and 

Tchounwou (2004) indicated that iprodione could cause an inflammatory reaction, 

proteotoxic effect, metabolic disruption and DNA damage, and fungicide iprodione 

also led to liver tumors in experimental mice (Ghisari et al., 2015). Molecular 

studies further depicted that iprodione and its metabolites can bind to the human 

androgen receptor and reduce related gene expression (Blystone et al., 2009). Due to 

its acute or chronic toxicities to human beings, iprodione has been classified as a 

‘probable human carcinogen’ by the International Agency for Research on Cancer 

(IARC) (Washington and Tchounwou, 2004). 

 

Once being applied into agricultural soils, iprodione and its degradation metabolites 

could negatively affect the biomass of soil microorganisms including target fungi 

and non-target soil bacteria (Duah-Yentumi and Johnson, 1986; Verdenelli et al., 

2012). Duah-Yentumi and Johnson (1986) demonstrated that iprodione treatments 
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led to a huge reduction in microbial biomass, especially in the fungal hyphae. The 

iprodione applications also inhibited soil microbial activities and affected soil 

microbial community structures, leading to the deterioration of soil quality and 

fertility (Miñambres et al., 2010; Verdenelli et al., 2012). Although some studies 

suggested that bacterial community could gradually recover after a single iprodione 

application (Wang et al., 2004), iprodione was repeatedly applied into agricultural 

soils, which might generate detrimental and irreversible influences on soil 

microorganisms. Moreover, the principal degradation metabolites of iprodione in 

soils were N-(3,5-dichlorophenyl)-2,4-dioxoimidazolidine, 3,5-dichlorophenylurea 

acetic acid and 3,5-DCA, which are more toxic and persistent than its parent 

iprodione (Athiel et al., 1995; Mercadier et al., 1996). Given the application 

frequency and rate of iprodione, more attention should be paid to eco-toxic effects of 

repeated iprodione applications on soil enzymes, microbial communities and 

biogeochemical cycling. 

1.4 Herbicide atrazine and glyphosate 

1.4.1 Introduction of atrazine and glyphosate 

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine, Fig. 1.7A) is 

applied both before and after emergence for hazardous weed control (Huber, 1993; 

Bishop et al., 2010). After being applied into soils, the atrazine is absorbed by the 

weeds and then bind to plastoquinone-binding proteins in the photosystem II (Stoker 
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et al., 2000; Agopian et al., 2013). Consequently, the electron transport or 

photosyntheses of weeds are inhibited or blocked, and weeds eventually die due to 

oxidative damages or starvation.  

 

Glyphosate (N-phosphonomethyl-glycine) is a broad-spectrum herbicide (Fig. 1.7B), 

and it is also an essential ingredient in RoundupⓇ and other herbicide formulations 

(Relyea, 2005). It could be utilized to control Barnyardgrass (Echinochloa crus-galli 

L.), False Cleavers (Galium spurium L.) and Lambsquarters (Chenopodium album L.) 

in sugarcane, citrus and cotton cropping system. After being taken up by weeds, the 

glyphosate could block the synthesis pathways of phenylalanine, tyrosine, and 

tryptophan (Gresshoff, 1979; Carbonari et al., 2014). Because these amino acids are 

essential for the metabolism of weeds, and therefore, the weeds are inhibited and 

killed. 

 

Atrazine and glyphosate are moderate to highly persistent agrochemicals. The 

half-life in soils varies from 20 to 385 days for the atrazine (Huber, 1993; Bishop et 

al., 2010) and from 2 to 197 days for the glyphosate (Battaglin et al., 2005), 

depending on soil water content, pH value and microbial activity and populations. 



 

14 

 

 

Fig. 1.7 Chemical structure of (A) atrazine and (B) glyphosate.  

 

1.4.2 Atrazine contaminations and side effects 

Although the authorization of atrazine application was withdrawn by the European 

Union in 2004, atrazine is still one of the most widely used herbicides in Australia 

(Allinson et al., 2014; Rippy et al., 2017). In Australia, soil atrazine residues and the 

residues migrating into surface water and groundwater have raised public concerns 

(Graymore et al., 1999; Kookana et al., 2010; Allinson et al., 2015). Allinson et al. 

(2015) found that in the surface water of Melbourne, the detected frequency of 

atrazine was approximately 79% and that atrazine concentration could be up to 1.65 

μg L-1. In America, the atrazine is the second-most widely used herbicide, with 76 

million pounds applied each year, and it was also the most commonly detected 

herbicide in drinking water (Kolpin et al., 1998; Gammon et al., 2005; Zajíček et al., 

2015). In some area of America, atrazine concentration in the surface water could 

reach up to 100 μg L-1, far exceeding the limitation maximum of the EPA (Solomon 

et al., 1996; Blanchard and Lerch, 2000).  
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The atrazine could demonstrate seriously acute and chronic toxicities to both 

animals and human beings (Ghosh and Philip, 2006; Nawaz et al., 2014; Sai et al., 

2016). The oral median lethal dose (LD50) for the atrazine is 750 mg kg-1 in rabbits 

(Ghosh and Philip, 2006). For the experimental animals, herbicide atrazine exposure 

could disturb their pubertal developments (Rayner et al., 2004; Agopian et al., 2013), 

and the atrazine is an agonist of the G protein-coupled estrogen receptor and leads to 

hormone imbalance in the endocrine system (Jaeger et al., 1999; Albanito et al., 

2008; Suzawa and Ingraham, 2008). Special risk assessment has shown that atrazine 

contaminations in drinking water were related to heart defects and low fetal weights 

of humans (Pathak and Dikshit, 2011). Moreover, the incidences of gastroschisis 

tended to be higher in areas where atrazine concentrations in surface water were > 

3μg L-1 (Waller et al., 2010). 

 

Microbial degradation is the major driver of atrazine dissipation in soils, and the 

main degraded productions are hydroxyatrazine, deethylatrazine and 

deisopropylatrazine (Mahía et al., 2007). These degraded productions are more 

mobile and toxic than atrazine, and their ecological risks are also accumulative (Liu 

et al., 1996). For the entire soil microorganisms, atrazine application could 

significantly inhibit β-glucosidase and urease activities and decrease microbial 

biomass (Voets et al. 1974; Mahía et al. 2007). The studies based on the Biolog 

method or phospholipid fatty acids method manifested that atrazine contamination 
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led to significant decreases in Shannon and Simpson indices of microbial 

community (Ros et al., 2006; Fang et al., 201). For the N biogeochemical cycling, 

atrazine application decreased the activities of both nitrifying and denitrifying 

microorganisms (Voets et al. 1974). These changes in soil microbial biomass, 

activities and community caused by atrazine application could eventually affect soil 

N transformations in agricultural soils. 

1.4.3 Glyphosate contaminations and side effects 

As one of the most widely used herbicides during the past 30 years, glyphosate is 

currently and will remain an essential agrochemical in agricultural production (Bøhn 

et al., 2014; Conrad et al., 2017). Due to the high application rates, soil 

contaminations of glyphosate and main metabolism aminomethylphosphonic acid 

(AMPA) have been frequently reported (Battaglin et al., 2014; Wang et al., 2016; 

Silva et al., 2017). With reference to the study of Botero-Coy et al. (2013), the 

glyphosate residue in some areas of Colombia was approximately 3.8 mg kg-1 dry 

soil, and in Argentina, the glyphosate residues could be up to 5.1 mg kg-1 dry soil 

(Peruzzo et al., 2008). Glyphosate and AMPA leaching and water contamination are 

also growing concerns. Botta et al. (2009) reported that in the Orge watershed of 

France, the annual fluxes were as high as 92.3 kg yr−1 for the glyphosate and 52.8 kg 

yr−1 for the AMPA, respectively, and that the AMPA was detected in all experimental 

water samples. 
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Glyphosate was believed to be less toxic than other herbicides. However, in recent 

years, the toxicities of glyphosate to organisms have also captured wide attention 

(Benachour and Séralini, 2008; Gasnier et al., 2009). The glyphosate shows severe 

toxicities to amphibians, and it also causes vacuolation of hepatocytes and necrosis, 

and kidney and brain lesions (Ayoola et al., 2008; Edge et al., 2013). For humans, 

glyphosate is an endocrine disruptor, and it also leads to DNA damage and inhibits 

transcriptional activities of the HepG2 cell (Gasnier et al., 2009). Thongprakaisang 

et al. (2013) revealed that glyphosate could cause proliferative effects in 

hormone-dependent breast cancer. Benachour and Séralini (2008) demonstrated that 

glyphosate-based formulation mixtures also had the potential to cause cell death and 

that the food derived from glyphosate formulation-treated crops posed a huge health 

risk. Based on these findings, the IARC has classified the glyphosate as ‘probably 

carcinogenic to humans’ (Ho and Swanson, 2015; Williams et al., 2016). 

 

Glyphosate dissipation in soils is considered to be a biological process, and soil 

microorganisms degrade the glyphosate mainly via two different pathways 

(Borggaard et al., 2008): one pathway is that the glyphosate is transformed into the 

AMPA, and the second is that glyphosate is degraded to intermediate formations 

sarcosine and glycine (Borggaard et al., 2008; Desmet et al., 2016). Glyphosate 

applications could significantly inhibit metabolic quotient the test soil (Gomez et al., 
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2009). For soil enzyme, an inhibitory impact was observed for phosphatase in the 

soil treated with single glyphosate application (Sannino and Gianfreda, 2001). 

Repeated glyphosate applications decreased densities of free-living diazotrophs and 

induced shifts in nitrifying microbial communities (Druille et al., 2016; Allegrini et 

al., 2017).  

 

1.5 Research gaps and contents 

1.5.1 Research gaps 

It could be concluded from the literature above that although the fungicide and 

herbicides are designed or applied to control fungal pathogens and weeds, their 

toxicities are not only to hazardous fungi or weeds (Duah-Yentumi and Johnson 1986; 

Sanchez-Bayo, 2006; Muñoz-Leoz et al., 2013; Allegrini et al., 2017). These 

agrochemicals and their degradation metabolites may have adverse effects on the 

entire soil microorganisms, hence, soil N cycling and greenhouse gas emission. There 

have been increasing research interests in the impacts of biocides on environmental 

safety, given that agrochemicals are applied at high dosages. Although, some studies 

have been conducted to reveal the environmental impacts of these agrochemical 

applications (Leistra and Matser, 2004; Dewey et al., 2012; Verdenelli et al., 2012; 

Allegrini et al., 2017), knowledge gaps still exist. Previous studies have been mainly 

targeted to the single iprodione application, whereas in intensive agriculture, 

iprodione is indeed repeatedly applied. The DMPP and iprodione with different 

functions might be applied into the same agriculture soils, but few studies focused on 

the combined effects of these two agrochemicals. For sugarcane, the herbicides were 
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indispensable to ensure crop yield. However, few studies have been conducted to 

evaluate the effects of DMPP and herbicides with different biological functions on 

soil microorganisms and greenhouse gas emissions in sugarcane soils. 

 

Traditional researches of soil microbial population commonly employed the culturing 

methods. However, the uncultured soil microorganisms far exceed their cultured 

counterparts, and up to 80% of soil microorganisms are not discovered due to the 

shortages or cost of studying methods (Bartram et al., 2011; Kumar et al., 2011; 

Stepanauskas et al., 2017). Some culture-independent methods, such as terminal 

restriction fragment length polymorphism and clone libraries, were employed to 

analyze soil microbial communities, but these methods could only reveal a small 

fraction of the highly diverse bacterial and fungal communities (Bartram et al., 2011; 

Kumar et al., 2011; Zhang et al., 2011). The superiorities of high-throughput 

sequencing technology enable detections of detailed bacterial and fungal community 

changes that have not been reported by traditional methods, and it vastly enlarges our 

scientific horizon and understanding of bacterial and fungal responses to 

agrochemical applications at different taxonomic levels (Caporaso et al., 2012). 

Moreover, given increasing N applications in agricultural production, identifications of 

N flow and loss mechanism are essential to enhance N utilization efficiencies and 

modify agricultural management practices. Stable N isotope methods can be used to 

trace the fluxes of applied N fertilizer (Zeller and Dambrine, 2011; Chen et al., 2015). 

In existing agricultural systems where N fertilizer or commercial agrochemical 

practices have already been established for decades, it is beneficial to apply the external 

15N isotope tracing method to quantify effects of agrochemicals on the fluxes of applied 

N fertilizers (Müller et al., 2014). Therefore, more studies are required to further 
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determine the impacts of DMPP and agrochemical applications on microorganisms 

and N cycling in agricultural soils, especially with the high-throughput sequencing 

and N isotope methods.  

 

The current studies focus on these scientific issues: 

(1) Effects of DMPP and iprodione on properties of representative enzymes related 

to nutrient cycling and bacterial community in quintessential agricultural soils;  

(2) The responses of fungal biomass and community to DMPP application, alone or 

with iprodione;  

(3) Impacts of DMPP and iprodione on enzyme and functional gene properties 

related to N mineralization; 

(4) Potential influences of DMPP and iprodione on soil nitrification and on 

abundances of functional genes related to nitrification and denitrification;  

 (5) Impacts of DMPP and herbicide applications on N2O emissions and soil 

nitrification rates: based on the results of the external 15N isotope tracing 

method. 

  

1.5.2 Research contents 

Based on the above scientific questions and issues, this research was divided into 4 

main experiments, and the technical route was also presented in Fig. 1.8. The 

research contents focus on the following key points: 
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(1) Soil β-glucosidase (carbon cycling), urease (N cycling), acid phosphatase and 

alkaline phosphatase (phosphorus cycling) and arylsulfatase (sulfur cycling) were 

determined to reveal the potential effects of DMPP and iprodione on enzyme 

activities in a quintessential agricultural soil.  

 

(2) Bacterial and fungal biomass was analyzed via quantifying the abundances of 

bacterial 16S rDNA gene and fungal internal transcribed spacer (ITS) with real-time 

quantitative PCR. Soil bacterial and fungal communities were also analyzed with the 

high-throughput sequencing methods. The community richness index (Chao1 and 

ACE estimators) and community diversity index (Shannon and Simpson indices) 

were calculated, and the structures of soil bacteria and fungi were revealed via 

contrasting the sequencing data with the related databases. 

 

(3) The fungicide iprodione application might alter functions of DMPP in soil N 

cycling. Apart from the impacts on soil enzyme and microbial community properties, 

the combined effects of DMPP and iprodione applications on the enzymes of N 

mineralization (neutral protease, alkaline protease and chitinase) and soil 

nitrification were also revealed. 

 

(4) After sugarcane soil was treated with the DMPP and herbicides, gross 
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nitrification rate was analyzed with the external 15N isotope tracing method, and 

N2O emission and abundances of functional genes related to soil N cycling were 

also quantified. The results of isotope labeling and functional gene abundances were 

combined together to reveal the effects of DMPP and herbicide applications on soil 

N cycling and N2O emission.  

 

Fig. 1.8 The technical route of this study
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Effects of nitrification inhibitor and herbicides on nitrification, nitrite, and nitrate 

consumptions and nitrous oxide emission in an Australian sugarcane soil 

ABSTRACT This study evaluated the impacts of a nitrification inhibitor 

(3,4-dimethylpyrazole phosphate, DMPP) and herbicides (atrazine and glyphosate) on 

nitrification, gross nitrite and nitrate (NO2
−-N + NO3

−-N) consumption rate, nitrous oxide 

(N2O) emission and abundances of microbial functional genes related to nitrogen (N) cycling 

in an Australian sugarcane soil. The experiment included four treatments: blank control (CK); 

DMPP application (NI); atrazine application (ATR); and glyphosate application (GLY). All 

treatments received (NH4)2SO4 at 50 mg N kg-1 dry soil and KNO3 at 50 mg N kg-1 dry soil, 

and were incubated initially at 55% of water holding capacity (WHC) for 7 days and 

subsequently at 75% WHC for another 7 days (K15NO3 with 5 atom% 15N added at the 

beginning of each stage). Compared with the CK treatment, DMPP application significantly 

decreased N2O emissions throughout the incubation, while atrazine or glyphosate application 

significantly inhibited N2O emissions only during the 4-7 days period. DMPP application 

also decreased ammonium-oxidizing bacteria (AOB) amoA gene abundances, gross NO2
−-N 

+ NO3
−-N consumption rates at 55% and 75% WHC, and nirS and nirK gene abundances of 

denitrifiers at 75% WHC. The atrazine and glyphosate applications decreased the gross 

nitrification and NO2
−-N + NO3

−-N consumption rates, abundances of both 

ammonium-oxidizing archaea (AOA) and AOB amoA genes at 55% and 75% WHC, and 

abundances of functional genes related to different reactions of the denitrification during 

the incubation. These results suggested that DMPP, atrazine and glyphosate could decrease 

soil gross nitrification and denitrification rates perhaps by inhibiting microbial functional 

gene abundances and that application of DMPP could effectively reduce N2O emissions in 
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the sugarcane cropping soil.  

Keywords: 3,4-dimethylpyrazole phosphate (DMPP); Atrazine; Glyphosate; Gross 

nitrification; N2O emission; Functional gene abundance 

Introduction 

As one of the largest sources of energy for human consumption and biofuel, sugarcane 

(Saccharum spp.) farming has significant economic and environmental implications 

(Thorburn et al. 2010). Sugarcane productivity largely relies on nitrogen (N) fertilizer input, 

with annual N application rates ranging from 100 to 300 kg N ha-1 (Nachimuthu et al. 2016; 

Wang et al. 2016b). Sugarcane is mainly cropped in sub-tropical and tropical areas. The local 

wet and warm climate can stimulate N loss from the cropping systems via leaching, runoff 

and denitrification, which can have detrimental impacts on the environment through water 

pollution and nitrous oxide (N2O) emission (Kroon et al. 2016; Wang et al. 2016b).   

Nitrification is a key process in N biogeochemistry and is mainly conducted by nitrifiers 

(Martens-Habbena et al. 2009; Sabba et al. 2015). During this process, ammonium (NH4
+-N) 

is firstly oxidized to hydroxylamine (NH2OH), then to nitrite (NO2
--N) and eventually to 

nitrate (NO3
--N). The NO3

--N is also the substrate for denitrification in soils and can be easily 

washed into waterways. Excessive NO3
--N in surface water could lead to eutrophication, and 

high NO3
--N content in drinking water is harmful to human health (Soares et al. 2012). 

Moreover, nitrification and denitrification result in nitrous oxide (N2O) emissions from soils 

(Menéndez et al. 2012; Scheer et al. 2014). Nitrification inhibitors have been investigated 

extensively as potential means to reduce N2O emissions and enhance utilization efficiencies 

of applied N fertilizers (Decock 2014; Scheer et al. 2014). As one of the most popular 

nitrification inhibitors, 3,4-dimethylpyrazole phosphate (DMPP) has several distinct 
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advantages: (1) DMPP is often more effective, relative to other products, and an application 

rate of 0.5-1.5 kg ha-1 is sufficient to obtain an optimal inhibition effect (Zerulla et al. 2001; 

Scheer et al. 2014); (2) DMPP application could reduce NO3
--N accumulations in crops and 

thus improve qualities of agricultural products (Zerulla et al. 2001; Chaves et al. 2006); (3) 

DMPP is less mobile in soils and may stay in the fertilized spot where NH4
+-N is adsorbed 

(Yu et al. 2007; Kong et al. 2016); and (4) DMPP is mineralized slowly in soils, and its effect 

could last for a relatively long time (Weiske et al. 2001). 

In sugarcane production, weeds are serious threats to yield (Kaur et al. 2016; 

Nachimuthu et al. 2016). Generally, weeds have well-developed root systems and higher 

efficiencies of nutrient transportation, and thus they have competitive advantages for nutrient 

uptake over the sugarcane crops (Anjum and Bajwa 2007; Fahad et al. 2014). Weeds also 

compete for space, water and light with the sugarcane crops and release some allelochemicals 

into the rhizosphere (Fahad et al. 2014). Therefore, it is often essential to apply herbicides, 

such as atrazine and glyphosate, to control the weeds in sugarcane farming. However, once 

the herbicides enter into soils, they might generate non-target effects on soil microorganisms, 

including those involved in N reactions (Haney et al. 2002; Mahía et al. 2011; Nguyen et al. 

2016). 

Soil moisture is a key factor influencing the abundances of functional genes related to N 

cycling and the effects of applied agrochemicals (Jiang et al. 2015; Martins et al. 2015). 

Therefore, responses of nitrification, denitrification and N2O emission to applied 

agrochemical could be affected by soil moisture (Martins et al. 2015; Bento et al. 2016; Cai et 

al. 2016). To the best of our knowledge, little information is available with respect to the 

effects of DMPP or herbicides on N cycling microorganisms in tropical or subtropical 

sugarcane cropping soils. In this study, we employed the isotope labeling method to quantify 
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the effects of different agrochemicals (DMPP, atrazine and glyphosate) on gross nitrification 

and NO2
−-N + NO3

−-N consumption rates at different moisture levels. In the meantime, soil 

N2O emissions and functional gene abundances were also determined. This study aimed to 

improve our understanding of the potential impacts of DMPP and herbicides on N 

transformations and N2O emissions and their relationships with biotic and abiotic factors in 

sugarcane cropping soils. 

Materials and methods 

Soil samples and chemicals 

Soils were collected from a sugarcane field (18º37'S, 146º07'E) near the township of Ingham 

in Queensland, Australia. Mean annual temperature in this region is 24.0 °C, and mean 

annual rainfall is 2110 mm. The site had a fourth ratoon sugarcane crop (NQ239), initially 

planted in August 2012 on raised beds with a row spacing of 165 cm. The cropping field 

received about 150 kg N ha-1 in October 2016. Green cane trash (residue) blanketing had 

been carried out in this field since 1987, with the crop residues (approximately 10 t of dry 

matter-equivalent ha-1) being retained on the ground after harvest each year. Surface soil 

samples (0-10 cm) were randomly taken from the cropping beds, homogenized and divided 

into two parts. One part of the soil sample was air-dried and sieved to < 2 mm for 

determinations of soil physical and chemical properties, and the other part was used for the 

incubation experiment. Main physical and chemical properties of the soil were: clay content, 

19%; sand content, 62%; pH (in water), 5.0; electrical conductivity, 3.4 ms m-1; total carbon 

content, 10.8 g kg-1 dry soil; and total N content, 0.84 g kg-1 dry soil (Wang 2016). The 

DMPP (ChemCruz™®, Santa Cruz Biotechnology, USA) was a water-soluble chemical agent 

grade powder containing 98% of the active ingredient. Atrazine (Gesaprim Granules®, 
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Syngenta Crop Protection Pty Ltd, Australia) and glyphosate (Yates Zero®, Yates, Australia) 

were water-soluble commercial herbicides with active ingredient contents of 900 g kg-1 and 

440 g L-1, respectively. 

Experimental design  

Four treatments were included in this study: (1) nitrification inhibitor DMPP application (NI) 

at 1% of the NH4
+-N input; (2) atrazine application (ATR) at 2.25 mg active ingredient kg-1 

soil (on dry mass basis, equivalent to 3.00 kg active ingredient ha-1); (3) glyphosate 

application (GLY) at 2.16 mg active ingredient kg-1 soil (equivalent to 2.88 kg active 

ingredient ha-1); and (4) the blank control without any agrochemical application (CK). Each 

treatment had three replicates. The DMPP, atrazine and glyphosate application rates were 

based on the respective recommended rates (Bonfleur et al. 2015; Zhang et al. 2018). Soil 

samples (50 g dry weight) were placed into 500 mL glass jars (6.8 cm in external diameter * 

14.5 cm in height). The agrochemicals were dissolved in double distilled H2O (ddH2O) and 

then added to the soils. Nine soil samples for each treatment were treated with (NH4)2SO4 at 

50 mg N kg-1 soil, K15NO3 (5 atom% 15N) at 10 mg N kg-1 soil and KNO3 (unlabeled) at 40 

mg N kg-1 soil, and six soil samples for each treatment were initially treated with (NH4)2SO4 

at 50 mg N kg-1 soil and KNO3 (unlabeled) at 50 mg N kg-1 soil. The soil samples were first 

adjusted to 55% water holding capacity (WHC). Three replicates of the nine soil samples 

treated with K15NO3 (5 atom% 15N) were destructively sampled on days 0, 3 and 7. To 

minimize possible impacts of 15NO3-N recycling between different N forms, K15NO3 (5 

atom% 15N) solutions were added into the remaining six soil samples at 1.0 mg N kg-1 dry 

soil on day 8 so as to adjust the soil moistures to 75% WHC. Test soils were further incubated 

and sampled (three replicates) on days 10 and 14. During the incubation, the glass jars were 
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covered with parafilm and incubated in the dark at 28 °C, and an amount of ddH2O equal to 

the weight loss was added to maintain soil moisture, when necessary. At each destructive 

sampling, the soils in each jar were homogenized and randomly taken to determine soil 

mineral N contents and microbial properties. 

Determinations of mineral N contents and 15N abundances in NO2
−-N + NO3

−-N 

Soil exchangeable NH4
+-N and NO2

−-N + NO3
−-N were extracted by 2 M KCl (1:5 w/v). The 

extract was then filtered, and the filtrate (7-8 mL) was analyzed for mineral N (NH4
+-N and 

NO2
−-N + NO3

−-N) content using a colorimetric method (Rayment and Lyons 2010). The 

same amount of KCl solution was also filtered and analyzed as the blank. 

The 15N abundance in NO2
−-N + NO3

−-N was determined using the method described by 

Mary et al. (1998) with minor modification. Briefly, each filtrate (10 mL) was transferred into 

a 70 mL plastic jar. After adding 0.4 g of MgO into the filtrate, the jar was immediately 

sealed and placed on a rotary shaker for 7 days. The NH4
+-N was transformed into NH3, and 

then the jar was opened to allow the NH3 to volatilize. A filter paper disk (0.5 cm in diameter) 

was treated with 5 μL of 2.5 M KHSO4, enclosed in Teflon tape and stuck to the lid of the jar. 

After addition of 0.2 g of reducing agent (Devarda’s alloy), the jar was immediately closed 

and placed in the rotary shaker at 25 °C for 7 days. The NO2
−-N + NO3

−-N was converted to 

the NH3 which was then absorbed by the KHSO4-impregnated filter paper disk. After drying 

in a desiccator with concentrated H2SO4, the filter paper disk was encapsulated into a tin cup, 

and the 15N atom% in NO2
−-N + NO3

−-N was determined with a mass spectrometer 

(Isoprime-EuroEA 3000, Milan, Italy). The (NH4)2SO4 was used as an elemental standard to 

calculate the total N content. Primary standards (IAEA-N1 and IAEA-N2) were employed to 

calibrate the instrument for the quantification of 15N abundance. 
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Gas sampling and determination 

The incubation jar was flushed with compressed air and sealed for 24 h prior to gas sampling, 

with the exception of the first gas sampling (0-6 h period). At the end of the enclosure period, 

a gas sample was taken with a 25 mL syringe from the headspace of each jar and was injected 

into a pre-evacuated 12 mL vial. The gas sample was analyzed with a gas chromatograph 

(Varian CP-3800, Middelburgh, Netherlands) having an electron capture detector (ECD). 

High purity N2 was used as the carrier gas, and the column and ECD temperatures were 45 

and 310 °C, respectively (Wang et al. 2011). A series of standard gas samples with different 

concentrations of N2O (0, 0.4, 5, 10 and 20 μL L-1) were used for calibrating the gas 

chromatograph. The cumulative N2O emissions were calculated assuming linear changes in 

N2O emission rates during the period between two consecutive gas sampling events. 

Soil DNA extraction and real-time quantitative PCR (qPCR) 

Soils (approximately 0.25 g) were extracted for the total genomic DNA by a DNeasy® 

PowerSoil® Kit (QIAGEN, Gmbh, Germany). After extraction, DNA quality and 

concentration were evaluated with a Nanodrop 2000 spectrophotometer (Thermo Scientific, 

USA). The DNA samples were kept at -20 ºC prior to determinations of the microbial 

properties. 

Abundances of N cycling functional genes, including ammonium-oxidizing archaea and 

bacteria (AOA and AOB) amoA genes and denitrifying NO3
−-N reductase (narG), NO2

−-N 

reductase (nirK and nirS) and N2O reductase (nosZ) genes, were quantified by the qPCR with 

a Bio-Rad Real-Time Detection System. The whole reaction system was 20.0 μL containing 

0.5 μL of forward primer, 0.5 μL of reverse primer, 2.0 μL of DNA, 7.0 μL of sterile ddH2O 

and 10.0 μL of SYBR® Premix Ex Taq™ (TaKaRa Biotech). The primers of functional genes 
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with the related references and qPCR reaction conditions were shown in Table S1. The 

negative control with sterile ddH2O as amplification template was also used in each gene 

determination. The standard was obtained by performing serial dilutions of the plasmid with 

the target gene. After the determination of fluorescence, melting curve analysis was also 

conducted to confirm PCR product specificity (Zhang et al. 2018). In this study, the 

amplification efficiencies ranged from 95.1% to 118.9%, with R2 values > 98.5% for the 

calibration curves of functional genes.  

Calculations and statistical analysis 

Based on NO2
−-N + NO3

−-N contents and 15N atom% of NO2
−-N + NO3

−-N, net nitrification, 

gross nitrification and gross NO2
−-N + NO3

−-N consumption (denitrification and biological 

immobilization) rates were calculated as follows (Mary et al. 1998; Gómez-Rey and 

González-Prieto 2015): 

 

 

Gross NO2
−-N + NO3

−-N consumption rate = 

 

where N1 and N2 were the NO2
−-N  + NO3

−-N contents at time T1 and T2, respectively. 

The EN1 and EN2 were the 15N atom % excess of NO2
−-N + NO3

−-N at time T1 and T2, 

respectively. 

Two-way analysis of variance was conducted to determine significant differences among 

treatments, sampling time and their interactions using SPSS v. 21.0, followed by Duncan’s 
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multiple range test to determine significant differences (P < 0.05) among the different 

treatments. The MATLAB clustergram function was employed to generate a heat map for 

visual representation of gene abundances in different treatments and incubation times. The 

functional gene abundances, soil moistures and mineral N contents were the candidate 

variables in the path analyses for gross nitrification and gross NO2
−-N + NO3

−-N 

consumption rates. Stepwise regression analyses were employed for fitting the best prediction 

models of daily N2O emissions with soil moistures, mineral N contents and functional gene 

abundances. Moreover, the relationships among all functional gene abundances and daily 

N2O emissions under different soil moisture conditions were evaluated by the principal 

component analysis (PCA).  

Results 

Effects of DMPP and herbicides on gross nitrification and gross NO2
−-N + NO3

−-N 

consumption rates  

Soil NO2
−-N + NO3

−-N contents in the CK treatment changed little during the first 7 days of 

incubation, but increased from 53.5 ± 1.2 mg N kg-1 soil on day 7 to 74.2 ± 1.7 mg N kg-1 soil 

on day 14 (Fig. S1A). The exchangeable NH4
+-N content decreased from day 7 to day 14 (Fig. 

S1B). The four treatments had approximately similar net nitrification rates at 55% or 75% 

WHC (the slopes of changes in NO2
−-N + NO3

−-N contents with time under each treatment in 

Fig. S1A). Compared with the CK treatment, DMPP and atrazine applications significantly 

decreased gross nitrification rates from day 3 onwards (P < 0.05; Table 1). Glyphosate 

application decreased gross nitrification rates during the 0-3 and 10-14 days periods to 34.0% 

and 45.2% of those in the CK treatment, respectively, but had negligible effect on gross 

nitrification rate during the 4-7 days period. Gross NO2
−-N + NO3

−-N consumption rates 
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exhibited similar treatment effects to the gross nitrification rates (Table 1). The agrochemical 

applications generally decreased gross NO2
−-N + NO3

−-N consumption rates, except the ATR 

treatment during the 0-3 days period. 
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Table 1 Gross nitrification and gross NO2
−-N + NO3

−-N consumption rates in different treatments. 

Treatments 

Gross nitrification rates (mg N kg-1 soil d-1) Gross NO2
−-N + NO3

−-N consumption rates (mg N kg-1 soil d-1) 

Day 0-3 Day 4-7 Day 10-14 Day 0-3 Day 4-7 Day 10-14 

CK 10.12 ± 1.84 a 10.73 ± 1.38 a 17.84 ± 6.35 a 9.56 ± 1.79 ab 15.07 ± 0.91  a 7.75 ± 1.82 a 

NI 7.84 ± 2.72 a 5.05 ± 1.19 b 7.74 ± 2.91 b 7.53 ± 1.60 b 7.94 ± 1.64 b -1.20 ± 0.44 c 

ATR 11.38 ± 0.18 a 4.37 ± 0.57 b 5.58 ± 2.50 b 10.70± 0.87 a 5.00 ± 1.51 b 2.23 ± 0.63 b 

GLY 3.45 ± 1.24 b 10.82 ± 3.05 a 8.07 ± 2.80 b 2.38 ± 1.63 c 6.27 ± 3.67 b -1.69 ± 0.29 c 

CK, blank control; NI, nitrification inhibitor DMPP; ATR, atrazine; and GLY, glyphosate. 

Significant differences among the different treatments were shown by different letters.



 

109 

 

Effects of DMPP and herbicides on N2O emissions 

As shown in Table 2, the NI treatment always had the lowest cumulative N2O emissions 

among the four treatments throughout the incubation. The N2O emissions in the ATR and 

GLY treatments were significantly lower than that in the CK treatment during the 4-7 days 

period (P < 0.05), but not during other incubation periods. In the whole incubation, compared 

with the CK treatment, DMPP application significantly decreased total N2O emissions (P < 

0.05), and applications of atrazine and glyphosate also decreased total N2O emissions, with 

the differences between the CK and ATR or GLY treatments being not significant. 

 

Table 2 Cumulative N2O emissions in different treatments. 

Treatments 

Cumulative N2O emissions (μg N kg-1 soil)  

Day 0-3 Day 4-7 Day 8-10 Day 11-14 

CK 0.039 ± 0.029 a 0.247 ± 0.076  a 0.100 ± 0.042 a 0.422 ± 0.069 a 

NI 0.002± 0.0001 b 0.074± 0.042 b 0.018 ± 0.007 b 0.086 ± 0.033 b 

ATR 0.057 ± 0.022 a 0.084 ± 0.054 b 0.097 ± 0.044 a 0.338 ± 0.102 a 

GLY 0.087 ± 0.034 a 0.078 ± 0.018 b 0.110 ± 0.034 a 0.441 ± 0.129 a 

CK, blank control; NI, nitrification inhibitor DMPP; ATR, atrazine; and GLY, glyphosate. 

Significant differences among the different treatments were shown by different letters. 

 

Effects of DMPP and herbicides on abundances of AOA amoA and AOB amoA genes  
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During the first 7 days at 55% WHC, the AOA amoA gene abundances increased with time in 

the CK treatment (Fig. 1A). The AOA amoA gene abundances in the NI treatment did not 

significantly differ with respect to those in the CK treatment during the 3-14 days period. 

However, DMPP application significantly decreased the AOB amoA gene abundances from 

day 3 onwards (P < 0.05). Atrazine or glyphosate application resulted in significantly lower 

abundances of both AOA and AOB amoA genes, relative to the CK treatment (Fig. 1). The 

atrazine and glyphosate had similarly negative impacts on the abundances of AOA and AOB 

amoA genes at 55% WHC, but the inhibitory effects of glyphosate diminished considerably at 

75% WHC. 
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Fig. 1. Effects of nitrification inhibitor and herbicides on abundances of soil (A) AOA amoA 

and (B) AOB amoA genes related to nitrification. CK, blank control; NI, nitrification 

inhibitor DMPP; ATR, atrazine; and GLY, glyphosate. Significant differences (P < 0.05) 

among different treatments for the same incubation time were shown with different lower 

case letters. 

 

Effects of DMPP and herbicides on abundances of functional genes related to 

denitrification  

The DMPP and herbicide applications generated various negative effects on abundances of 

functional genes related to denitrification (Fig. 2). In the CK treatment, the narG gene 

abundance increased with time in the first 7 days of incubation and then changed slightly at 

75% WHC (Fig. 2A). Compared with the CK treatment, the narG gene abundance was not 

significantly affected by the DMPP application. According to the results of Fig. 2B, atrazine 

application consistently reduced nirK gene abundances from day 3 onwards, and the nirK 
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gene abundance in the ATR treatment was 29.6% of that in the CK treatment at the end of 

incubation. Compared with the CK treatment, DMPP application had negligible effects on 

nirK and nirS gene abundances at 55% WHC, but significantly decreased nirK and nirS gene 

abundances at 75% WHC (P < 0.05). Atrazine and glyphosate applications also decreased 

nirS gene abundances at 75% WHC (Fig. 2C). The nosZ gene abundances were decreased by 

the herbicides on day 3, but recovered to comparable levels to the CK treatment from day 7 

onwards (Fig. 2D). At the end of incubation, there was no significant difference in nosZ gene 

abundances among the four treatments.  
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Fig. 2. Effects of nitrification inhibitor and herbicides on abundances of soil (A) narG, (B) 

nirK, (C) nirS, and (D) nosZ genes related to denitrification. CK, blank control; NI, 

nitrification inhibitor DMPP; ATR, atrazine; and GLY, glyphosate. Significant differences (P 

< 0.05) among different treatments for the same incubation time were shown with different 

lower case letters. 

 

Relationships among functional gene abundances, mineral N contents, N2O emissions and 

N transformation rates  

The abundances of functional genes revealed treatment-induced effects from day 7 onwards 

(Fig. S2), and the samples of CK treatment on days 7, 10 and 14 were distinctly clustered, 

while earlier CK samples were mixed amongst the other treatments. The path analysis of 

factors potentially affecting gross nitrification rates (CMIN/df = 7.937, GFI = 0.891, and CFI 

= 0.911) indicated that soil moisture, exchangeable NH4
+-N, NO2

−-N + NO3
−-N, AOA amoA 
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and AOB amoA explained 46.0% of the variance in gross nitrification rates (Fig. 3A). The 

increases in abundances of both AOA amoA and AOB amoA genes probably enhanced gross 

nitrification rates, and the effect of AOB amoA gene was stronger than that of AOA amoA 

gene. For gross NO2
−-N + NO3

−-N consumption rates, the path analysis also had an 

acceptable model (CMIN/df = 1.223, GFI = 0.975, and CFI = 0.997). Among the four 

functional genes, the nirS gene had the strongest impact on the gross NO2
−-N + NO3

−-N 

consumption rates (Fig. 3B).  

 

 

 

Fig. 3. Path analyses of the factors potentially affecting (A) gross nitrification and (B) gross 
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NO2
−-N + NO3

−-N consumption rates during the incubation. Solid arrows showed positive 

effects, and dash arrows showed negative effects. Data on the arrows were standardized direct 

effects, and * and ** showed statistically significant at P < 0.05 and P < 0.01, respectively. 

 

The stepwise regression models for predicting daily N2O emissions differed for the 

different incubation periods (Table 3). Throughout the 14-day incubation, daily N2O 

emissions were positively correlated with AOB amoA abundances and soil moistures. At 55% 

WHC, daily N2O emissions were best described by the AOB amoA and nosZ gene 

abundances, with a positive and a negative relationship, respectively. However, when soil 

moisture was adjusted to 75% WHC, daily N2O emissions were best described by the nirS 

gene abundances. An overall PCA also demonstrated the relationships among functional gene 

abundances and daily N2O emissions at different soil moistures (Fig. 4). At 55% WHC, the 

two-dimensional PCA plot explained 80.85% of the total variance, with PCA1 accounting for 

a greater percentage (67.46%). The N2O emissions at 55% WHC were positively related to 

AOB amoA and AOA amoA gene abundances, but had negative relationship with nosZ gene 

abundances (Fig. 4A). At 75% WHC, the PCA1 and PCA2 explained 50.45% and 18.74% of 

the total variance, respectively, and the N2O emissions had close correlations with nirS, nosZ 

and AOB amoA gene abundances (Fig. 4B). 
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Fig. 4. Principal component analyses of the relationships among functional gene abundances 

and daily N2O emissions at (A) 55% WHC and (B) 75% WHC. 

 

Table 3 Quantitative relationships of daily N2O emissions to functional gene abundances, 

soil moistures and exchangeable NH4
+-N and NO2

−-N + NO3
−-N contents during different 

incubation periods. 

Periods Stepwise regression models R2 P value 

Day 0-14 Daily N2O emission = 6.53 ×10-10 * AOB amoA abundance 

+ 1.45×10-2 * soil moisture –7.18 ×10-3 

0.395 < 0.01 

Day 0-7 

(55% WHC) 

Daily N2O emission = 7.89 ×10-10 * AOB amoA abundance 

– 2.87×10-11 * nosZ abundance + 4.68 ×10-3 

0.437 < 0.01 

Day 8-14 

(75% WHC) 

Daily N2O emission = 1.04×10-11 * nirS abundance + 1.90 

×10-3 

0.229 < 0.05 



 

118 

 

Discussion 

Ammonia oxidation is the rate-limiting step of soil nitrification, and previous studies have 

demonstrated that nitrification rates were positively correlated with AOA or AOB amoA gene 

abundances (Caffrey et al. 2007; He et al. 2007; Prosser and Nicol 2012). Relative to the CK 

treatment, DMPP application inhibited gross nitrification rates (Table 1), similar to what has 

already been reported (Florio et al. 2014; Liu et al. 2015). However, previous studies revealed 

different mechanisms of DMPP in controlling soil nitrification. Liu et al. (2015) suggested 

that DMPP application could inhibit soil nitrification by decreasing AOA amoA gene 

abundances rather than AOB amoA geneabundances in acid soils. Florio et al. (2014) also 

demonstrated that the transcription of AOA amoA gene was more sensitive to the DMPP than 

its bacterial counterpart. However, DMPP application was found to have negligible effects on 

AOA or AOB growth by Kong et al. (2016). Our study demonstrated that DMPP application 

significantly decreased AOB amoA gene abundances, whereas it had negligible effects on 

AOA amoA gene abundances (Fig. 1A). The decline in AOB amoA gene abundances 

confirmed the finding by Kleineidam et al. (2011) and coincided with the decline in gross 

nitrification rates. Therefore, DMPP application inhibited gross nitrification perhaps by 

decreasing the abundances of AOB amoA gene in this sugarcane cropping soil.  

Atrazine or glyphosate application also decreased gross nitrification rates (Table 1). 

Previous studies demonstrated that atrazine application could generate non-target effects on 

soil microorganisms and decrease soil microbial biomass (Mahía et al. 2008, 2011). Indeed, 

both soil AOA and AOB amoA gene abundances decreased after atrazine application in the 

present study. The AOB amoA gene abundances also significantly decreased in response to 

glyphosate application (Fig. 1). The non-target suppressive effects of atrazine and glyphosate 

on the functional genes related to N cycling might be responsible for the inhibitions of gross 
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nitrification and gross NO2
−-N + NO3

−-N consumption and thus the decrease in N2O emission. 

Jiang et al. (2015) also found that application of the herbicide butachlor reduced N2O 

emission by decreasing denitrifying bacteria abundance in a rice-wheat cropping system. 

Moreover, atrazine application could decrease soil urease activity and N mineralization rate, 

and glyphosate application could inhibit soil N fixation (Santos and Flores 1995; Mahía et al. 

2011). These observations and our results suggest that most soil N transformations could be 

suppressed by atrazine and glyphosate applications. However, soil characteristics, such as pH 

value and moisture, could affect the longevity and impact of the applied herbicide (Bento et 

al. 2016; Nguyen et al. 2016). For example, in contrast to the above findings, Allegrini et al. 

(2017) found that in the Argentine soils, abundances of AOB amoA gene (copies ng-1 DNA) 

were not affected by three repeated glyphosate applications at 49.0 mg kg-1 soil per 

application. Mahía et al. (2011) showed that soil N availability was a key factor determining 

the degradation rate of atrazine. Future study should examine the effects of herbicides on 

other N cycling processes in relation to soil properties, and longer incubation periods are also 

needed to determine the longevities of the effects after herbicide applications.  

The ratios of AOA to AOB amoA gene abundances in this study ranged from 5.79 to 

47.49, confirming previous reports that the AOA amoA gene was more abundant than AOB 

amoA gene in some soils (Hayden et al. 2010; Martins et al. 2015). Generally, AOA could 

inhabit soils under a broad range of environmental conditions and are less susceptible to soil 

disturbances than AOB (Ouyang et al. 2016; Zhang et al. 2016), due to the differences in 

cellular compositions, energy metabolisms and tolerances to soil xenobiotics (French et al. 

2012; Hatzenpichler 2012). Moreover, there is controversy regarding roles of AOA and AOB 

in soil nitrification. Prosser and Nicol (2012) found that AOA amoA gene abundance 

controlled soil nitrification, whereas our results suggested that in this soil, AOB amoA gene 
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was more important in determining gross nitrification rate than AOA amoA gene (Fig. 3), 

confirming the finding by Jia and Conrad (2009). Moreover, others showed that both AOA 

amoA and AOB amoA genes could influence soil nitrification (He et al. 2007; Wang et al. 

2016a). Selective inhibitors, such as 1-octyne specifically inhibiting AOB ammonia 

monooxygenase, may be used to investigate the contributions of AOB and AOA to soil 

nitrification and N2O emission in future studies (Wang et al. 2016a). 

As a key greenhouse gas, N2O can be emitted from both soil nitrification and 

denitrification. There has been no consensus on the relationships between soil N2O emissions 

and abundances of functional genes in soil N cycling (Liu et al. 2013; Wu et al. 2017). 

According to Liu et al. (2013), N2O emissions from forest soils were regulated by 

environmental factors rather than abundances of functional genes related to denitrification. In 

contrast, Wu et al. (2017) demonstrated that nirK and nirS gene abundances were explanatory 

variables in estimating N2O emissions from different agricultural soils. Considering that 

denitrification occurs under anaerobic conditions, nitrification should be the main process of 

N2O production at 55% WHC, since this moisture was not favorable for soil denitrification 

(MacGregor 1972; Lan et al. 2013). This hypothesis was supported by the positive 

correlations between N2O emissions and AOB amoA gene abundances (Table 3; Fig. 4A). 

However, at 75% WHC, denitrification activity could increase, and soil denitrification was 

probably the primary source of N2O emission under this wet condition (Duan et al. 2017). 

Consequently, the N2O emission was best described by the nirS gene abundance (Table 3). 

Similarly, Yang et al. (2017) revealed that there were significant correlations between soil 

N2O emissions and nirS or nirK gene abundances under the conditions favorable for 

denitrification. Duan et al. (2017) also observed a good correlation between nirS gene 

abundances and denitrification activities. Based on these observations and the lower gross 
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nitrification and gross NO2
−-N + NO3

−-N consumption rates in the NI treatment (Table 1), we 

suggest that DMPP probably decreased N2O emissions by inhibiting AOB amoA gene 

abundances at 55% WHC and nirS gene abundances at 75% WHC. It should be mentioned 

that the primers used for the determinations of nirK and nirS gene abundances mainly 

detected the nirK- or nirS-denitrifiers of the phylum Proteobacteria (Wei et al. 2015). Recent 

studies showed that some denitrifiers belonging to Actinobacteria, Chloroflexi or Spirochetes 

could not be quantified with the primers used in this study. Thus, the determined gene 

abundance might be lower than that of denitrifiers inhabiting the test soil (Wei et al. 2015; 

Bonilla-Rosso et al. 2016). Use of novel primers may provide a more comprehensive 

understanding of the impacts of agrochemicals on nirK- or nirS-denitrifiers, and their roles in 

soil N2O emissions. 

Conclusion   

Compared with the CK treatment, DMPP application significantly inhibited gross 

nitrification rates and decreased AOB amoA gene abundances, but had no significant effects 

on AOA amoA gene abundances. Therefore, DMPP application inhibited gross nitrification 

in the sugarcane soil probably by reducing AOB amoA gene abundances. DMPP also 

decreased N2O emissions by inhibiting soil nitrification at 55% WHC and perhaps 

denitrification at 75% WHC. Both atrazine and glyphosate applications decreased gross 

nitrification rates perhaps by inhibiting abundances of both AOA and AOB amoA genes, 

and decreased gross NO2
−-N + NO3

−-N consumption rates by inhibiting various denitrifying 

genes, resulting in lower cumulative N2O emissions. Further studies on herbicides should 

take into account other N transformation processes including gross N mineralization and N 

immobilization, and longer incubation periods are also needed to determine the longevities of 
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the effects after herbicide applications in different soil types. 
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Table S1 Primers used for real-time quantitative PCR.  

Functional 

genes 

Primers  Sequences (5’-3’) References Thermocycling steps 

AOA amoA 

gene 

CrenamoA23f 

CrenamoA616r 

ATGGTCTGGCTWAGACG 

GCCATCCATCTGTATGTCCA 

Tourna et 

al. (2008) 

95 °C for 3 min, followed by 40 cycles of 95 °C for 

10 s, 57 °C for 30 s, 72 °C for 45 s and plate read  

AOB amoA 

gene 

amoA-1F 

amoA-2R 

GGGGTTTCTACTGGTGGT 

CCCCTCKGSAAAGCCTTCTTC 

Rotthauwe 

et al. (1997) 

95 °C for 3 min, followed by 40 cycles of 95 °C for 

10 s, 56 °C for 30 s, 72 °C for 30 s and plate read 

narG gene narGF 

narGR 

TCGCCSATYCCGGCSATGTC 

GAGTTGTACCAGTCRGCSGAYTCSG 

Bru et al. 

(2007) 

95 °C for 1 min, followed by 40 cycles of 95 °C for 

5 s, 58 °C for 30 s, 72 °C for 30 s and plate read 

nirK gene F1aCu 

R3Cu 

ATCATGGTSCTGCCGCG   

GCCTCGATCAGRTTGTGGTT 

Throbäck et 

al. (2004) 

95 °C for 1 min, followed by 40 cycles of 95 °C for 

5 s, 63 °C for 30 s, 72 °C for 30 s and plate read 

nirS gene Cd3aF 

R3cd 

GTSAACGTSAAGGARACSGG 

GASTTCGGRTGSGTCTTGA 

Throbäck et 

al. (2004) 

95 °C for 1 min, followed by 40 cycles of 95 °C for 

5 s, 57 °C for 30 s, 72 °C for 30 s and plate read 

nosZ gene nosZ2F 

nosZ2R 

CGCRACGGCAASAAGGTSMSSGT 

CAKRTGCAKSGCRTGGCAGAA 

Henry et al. 

(2006) 

95 °C for 1 min, followed by 40 cycles of 95 °C for 

5 s, 60 °C for 30 s, 72 °C for 30 s and plate read 
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Fig. S1. Effects of nitrification inhibitor and herbicides on (A) NO2
−-N + NO3

−-N and (B) 

exchangeable NH4
+-N contents. CK, blank control; NI, nitrification inhibitor DMPP; ATR, 

atrazine; and GLY, glyphosate. Significant differences (P < 0.05) among different treatments 

for the same incubation time were shown with different lower case letters. 
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Fig. S2. The heat map demonstrating variations in functional gene abundances for different treatments at different stages of the 14-day 

incubation. Rows and columns represented gene types and different treatments at different times, respectively. 
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Chapter 7 General Conclusions and Future Work 

 

7.1 General conclusions  

Compared with the traditional agriculture, the current agriculture heavily depends on 

N fertilizer input and commercial agrochemicals applications. The DMPP is a 

potential method to enhance fertilizer utilization efficiency and decrease N2O 

emissions, and the lethal effects of iprodione, atrazine and glyphosate are not 

constrained to the target fungi or weeds only. These agrochemicals, alone or with 

their degradation metabolites, might generate non-target effects on the entire 

microorganism, soil N cycling and greenhouse gas emission. In these chapters, we 

investigated the combined effects of DMPP and iprodione in a quintessential intensive 

agriculture and the impacts of DMPP and herbicides on gross nitrification and N2O 

emission in a sugarcane soil. Moreover, the high-throughput sequencing and external 

15N isotope tracing methods were also applied to reveal the impacts of these 

agrochemicals on microbial communities and the fluxes of applied N fertilizer, 

respectively. 

 

The main findings are summarized as the following: 

(1) Repeated iprodione applications resulted in consistent declines in activities of 

β-glucosidase, urease, phosphatase, and arylsulfatase and bacterial biomass. 

Simultaneously, the Shannon index of bacterial community and Acidobacteria 

abundance were also significantly decreased by the repeated iprodione applications. 
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DMPP application exerted side effects on urease activities, but was not detrimental 

to the entire soil bacterial community. The extra DMPP application could increase 

bacterial 16S rRNA gene abundances and community diversity, relative to the 

iprodione additions only.  

 

(2) DMPP application generated negligible influences on fungal biomass, but 

repeated iprodione applications significantly inhibited fungal biomass in the test 

soils. The entire fungal communities were not markedly altered by fungicide 

applications, but were indeed converted by the combined applications of DMPP and 

iprodione. Moreover, at the family level, the Teratosphaeriaceae could be increased 

by iprodione application and might be treated as fungal biomarker for iprodione.  

 

(3) DMPP application inhibited soil chitinase activity, and iprodione applications 

discrepantly inhibited soil neutral protease, alkaline protease and chitinase activities. 

The abundances of aprA gene were enhanced with DMPP application, but treatments 

with iprodione applications impaired the increases of nprA and chiA genes. Moreover, 

relative to the CK treatment, repeated iprodione applications altered the correlation 

between chitinase activities and chiA gene abundances.  

 

(4) Both DMPP and iprodione applications decreased soil nitrification rates. Soil 

NO2
- + NO3

--N contents in the treatment with both DMPP and iprodione were 
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consistently higher than those in the treatment with the DMPP or iprodione alone, 

and the same trend was also observed with the net nitrification rates. Repeated 

iprodione applications, alone or with DMPP, significantly reduced abundances of 

both AOA and AOB amoA genes, but the DMPP application only impaired AOB 

amoA gene abundance. Relative to the CK treatment, repeated iprodione 

applications also decreased the abundances of nirK gene. Our results demonstrated 

that the combined applications of DMPP and iprodione could exert an antagonistic 

effect on net nitrification in the test soil.  

 

(5) DMPP application could significantly inhibit gross nitrification rates in the 

sugarcane soil via decreasing AOB amoA gene abundances. DMPP application 

also decreased N2O emission by inhibiting soil nitrification under 55% WHC and 

nirS and nirK gene abundances under 75% WHC. The atrazine and glyphosate 

applications also had non-target effects on functional genes in soil N 

transformations and discrepantly impaired functional gene abundances. The 

herbicide applications had the potential to decrease soil gross nitrification by 

inhibiting both AOA and AOB amoA gene abundances and total N2O emissions. 

. 

7.2 Future work  

In view of the fact that we have investigated the effects of agrochemical applications 



 

138 

 

on soil microbial properties, including bacteria, fungi, N mineralization and 

nitrification in quintessential intensive agricultural soils, more studies or field 

experiments are still needed including: 

 

(1) Soil characteristics, such as pH value and soil moisture, could affect the duration 

and performance of applied biocide. Thus, further studies on DMPP and iprodione 

should take into account soil types and environmental factors, and a longer 

incubation period is still needed to determine whether the enzyme and microbial 

alteration persist after stopping biocide applications. 

 

(2) The effects of DMPP and iprodione on soil N mineralization only focused on 

enzyme activities without the determinations of N mineralization rate, and there is 

also a shortcoming in the methodology utilized for determination of nitrification. It 

is widely accepted that net nitrification rate can be misleading since a large fraction 

of nitrified N is immobilized or denitrified. In the future experiments, external 15N 

isotope tracing method should be applied to analyze the potential impacts of DMPP 

and iprodione on soil N cycling.  

 

(3) The gas production of denitrification includes the NO, N2O and N2. We just 

determined soil N2O emissions in the sugarcane soil. It would have been nice to 

quantify all these gases and the effect of agrochemicals on the gas emissions. The 
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relationships between the functional gene abundances and the gas emissions also 

need to be linked to reveal the impacts of agrochemicals on the denitrification 

process. 

 

(4) The dissipations and metabolites of agrochemicals in soils should also be taken 

into consideration when evaluating the safety and impacts of agrochemicals. 

However, due to the limitations of analyzing equipment, we did not analyze the 

agrochemical residues and metabolites. Hence, we would like to determine 

agrochemical dynamics and metabolites in the future studies, and it could have 

been more comprehensive to link the agrochemicals contents with soil microbial 

activities or N transformation rates. 

 




