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Abstract

Improving nitrogen use efficiency of chemical fertilizers is essential to mitigate the negative
environmental impacts of nitrogen. Nitrification, the conversion of ammonium to nitrate via
nitrite by soil microbes, is a prominent source of nitrogen loss in soil systems. The effectiveness
of nitrification inhibitors in reducing nitrogen loss through inhibition of nitrification is well-
documented, however, their efficacy in heavy metals-contaminated soils needs thorough
investigations. The current study assessed the efficacy of nitrification inhibitor 3, 4-
dimethylpyrazole phosphate (DMPP) in reducing nitrous oxide (N,O) emissions in cadmium
(Cd) contaminated paddy and red soils under lab-controlled environment. Obtained results
indicated the substantial reduction in N,O emissions with DMPP in paddy and red soil by 48 and
35%, respectively. However, Cd contamination resulted in reduced efficacy of DMPP, thus
decreased the N,O emissions by 36 and 25% in paddy and red soil, respectively. It was found
that addition of DMPP had a significant effect on the abundance of ammonia oxidizing bacteria
(AOB) and archaea (AOA). Notably, the reduction in N,O emissions by DMPP varied with the
abundance of AOB. Moreover, Cd pollution resulted in a significant (P < 0.05) reduction in the
abundance of archaeal and bacterial amoA genes, as well as bacterial nirK, nirS, and nosZ genes.
The combined treatment of Cd and DMPP had a detrimental impact on denitrifiers, thereby
influencing the overall efficiency of DMPP. These findings provide novel insights into the
application of DMPP to mitigate nitrification and its potential role in reducing N,O emissions in

contaminated soils.
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1. Introduction

Nitrous oxide (N2O) is a hazardous gas that persists in the atmosphere for approximately
114 years. The greenhouse gas (N2O) possesses significantly alarming global warming potential,
estimated to be around 300 times higher than that of the carbon-dioxide (CO,) (IPCC, 2013). It is
estimated that agricultural activities accounts for 60% shares in collective N,O emissions (Smith,
2017). Under favorable eco-physiological conditions, the process of microbial denitrification has
the ability to decrease the levels of soil nitrate-nitrogen while simultaneously increasing the
emissions of N,O. However, the production of N,O during nitrification and denitrification
process is influenced by various soil properties, including moisture content, pH levels,
temperature, aeration, organic matter content, carbon-to-nitrogen ratio (C/N ratio), available
nitrogen, soil texture, and agricultural practices such as fertilizer application and crop rotation
(Brentrup et al., 2000; Snyder et al., 2009). Nitrification presents promising results for
minimizing nitrogen (N) losses in agricultural farmlands, thereby increasing the N utilization
efficiency (Chen et al., 2010; Luo et al., 2016; Li et al., 2016). However, excessive use of N
fertilizers can stimulate nitrification and denitrification processes, resulting in increased N,O
production by soil microbes ((Shcherbak et al., 2014). Therefore, it is of utmost importance to
develop strategies aimed at mitigating N,O emissions from agricultural soils. Such efforts will
not only mitigate environmental concerns but also improve the N use efficiency, as well
preventing other harmful consequences of excessive N in the ecosystem (Fan et al., 2019). In the
past, 3, 4-dimethylpyrazole phosphate (DMPP) has shown effectiveness as a prominent
nitrification inhibitor that reduces N losses by diminishing the ammonia oxidation due to the

suppression of ammonia monooxygenase enzyme activity (Di and Cameron, 2012). The



tendency of DMPP to form complexes with membrane proteins contributes to the inhibition of
ammonia oxidation, subsequently reducing the production of nitrate and nitrous oxide, which can
readily be lost from soil (Florio et al., 2014). Moreover, previous studies have documented the
positive influence of DMPP on the populations of ammonia-oxidizing bacteria (AOB) and
archaea (AOA) in croplands (Di and Cameron, 2011; Gong et al., 2013). For instance, DMPP
application has shown a positive impact on the prevalence of the nirS gene in low fertile
agricultural soils, which is associated with denitrifying microorganisms (Kastl et al., 2015).
Similarly, short-term incubation study has indicated a reduction in AOB population (but not
AOA) following DMPP application (Kleineidam et al., 2011; Di and Cameron, 2011). However,
the impacts of nitrification inhibitors on ammonia-oxidizing and denitrifying microorganisms, in

high-N soils with varying heavy metals contamination, remain unclear.

The presence of heavy metals in soil settings is characterized by their extensive
distribution and long-lasting persistence, which have been observed to exert detrimental impacts
on various living species (Zhao et al., 2022). The elevated levels of heavy metals in soils and
water bodies have been ascribed to both geogenic and anthropogenic activities. Soil
contamination by heavy metals is ranked third in Europe and Eurasia, fourth in North Africa,
fifth in Asia, and ninth in Sub-Saharan Africa and Latin America (Haris et al., 2021). Similarly,
it has been reported that 16% of all Chinese soils and 19.4% of agricultural soils are polluted
with heavy metals (People's Republic of China (MEP and MLR), 2014). Among these heavy
metals, cadmium (Cd) has seen a global emission of 743.77 tons (Zhao et al., 2022). Moreover,
in China, agricultural soils have been partly contaminated by Cd, thus leading to reduced
efficiency of farmlands (Zhou et al., 2017). A recent soil survey in China estimated around 7%

of soil samples as Cd contaminated, mainly belonging to moderate and severe contamination



(MEP and MLR, 2014). However, due to increasing food demand, abandoning moderately or
heavily Cd-polluted soils is not feasible. However, there has been a lack of comprehensive
investigation into the emission of greenhouse gases, particularly N,O, from soils contaminated
with Cd. Furthermore, the precise effects of applying inhibitors on the emission of N,O from

soils that are contaminated remain uncertain.

Therefore, it is vital to analyze the reactive capacity of DMPP treatment in different
contaminated soils for an effective role in agroecosystem. Therefore, to fill the research gap, this
study aimed to investigate the efficacy of DMPP treatment in mitigating greenhouse gas
emissions in Cd polluted soil. Based on the existing literature, our hypothesis include: (i) the soil
pH is a key factor in dictating the efficiency of DMPP in regulating N,O emission. (ii) DMPP
may have variable effects on N,O emissions in contrasting agricultural soils subjected to
contamination. For this, microcosm equipment under controlled moisture and temperature levels
were deployed using two different soil types. Moreover, employing real-time quantitative PCR
(9-PCR), we aim to assess the comparative significance of biotic and abiotic factors in
determining the effectiveness of DMPP. The primary research targets are (i) elucidating the
individual effect of DMPP on N,O emission in different soil types (ii) understanding the N
transformation and associated N,O emission affected by the presence of Cd, (iii) exploring the
interactive effect between DMPP and Cd on N,O emissions in contrasting soils, and (iv)
shedding light on specific underlying microbial mechanisms that impact the DMPP treatment on

N»,O emission from Cd contaminated soils.

2. Materials and methods

2.1. Soil collection



Two diverse soil types (paddy soil and red soil) with contrasting properties were
collected and utilized during the microcosm incubation experiment. The paddy soil originated
from an experimental field of Zhejiang University, Hangzhou (30°30"' N, 120°09' E), while the
red soil was obtained from Anfu county, Ji’an city, Jiangxi province (27°38' N, 114°62" E),
China. From each location, a total of twelve soil cores were gathered from the upper 0-20 cm
layer and subsequently combined to form a composite sample. This composite sample was then
transferred to the laboratory for further procedures. The soil was air dried, followed by grinding
and sieving through a 2 mm mesh in order to eliminate larger plant residues and stones. After
this, the uniformly mixed and sieved samples were left to air-dry for an additional week, prior to
their preparation for various physicochemical analysis. Any remaining soil was stored at room

temperature until the commencement of the microcosm experiment.

2.2. Soil analysis

Measurement of different soil parameters was conducted to evaluate the initial soil
conditions (Table 1). Soil pH was determined by mixing soil and water at a ratio of 1-part soil to
2.50 parts water (w/v, soil/water) and reading was noted with a pH meter (McClean, 1982).
Hydrometer method was used to determined texture of soil sample (Gee and Bauder, 1986). Soil
organic carbon (SOC) was assessed by subjecting the soil samples to digestion using potassium
dichromate (Nelson and Sommer, 1982). Furthermore, calorimetry method was used to
determine soil total nitrogen (N), ammonium (NH4-N), and nitrate (NO3-N) in 2 M potassium
chloride (KCI) extract (Mulveny, 1996). In brief, the soil total nitrogen (TN) was determined by
digesting a specific quantity of soil with concentrated sulfuric acid (H,SO,), and the readings

were recorded using a semi-automatic Kjeldahl apparatus. The soil moisture content was



determined using gravimetrical method, which involves drying the soil in an oven at 105°C for

24 h, and the resulting weight loss was documented.

Table 1. Physio-chemical properties of two soils types selected for this study.

Soil pH SoC CEC (meq NH,”-N (mg NO; -N (mg TN (9 Texture
type (gkg™) 100g™) kg™) kg™) kg™)
Clay Silt
Sand
Paddy 7.79 3.3 15.8 2.32 9.2 0.83 36% 15% 48%
Red 5.25 4.8 12.3 9.59 15.9 2.38 21% 35%  46%

SOC-= Soil organic carbon
CEC-= Cation exchange capacity
NH4-N= Ammonium nitrogen

TN= Total nitrogen
2.4. Soil microcosm experiment

The incubation period was initiated by pre-conditioning the collected soil sample at 15 %
of their water holding capacity under ambient room conditions for one week. Afterward, 30 g of
the pre-incubated soil (measured by dry weight) was placed into sealed 125 mL serum vials. The
experiment consists of four treatments including: (i) a control treatment without any additional
substance, (ii) alone Cd (Sigma Aldrich, 99 % pure, China) @ 2mg kg™ (Cd), (iii) alone DMPP
(Maya R, China) (DMPP), and (iv) both DMPP and Cd (DMPP + Cd). During the experiment,
urea was applied at a rate of 100 mg N kg™ soil in treatments (ii), (iii), and (iv), while treatment
(iii) DMPP was applied at a rate of 2 % relative to the urea-N, aligning with the commercially

recommended application rate. Moreover, soil moisture content of 60 % was achieved by adding



water at desired intervals. The experiment was conducted in triplicate using a fully randomized
approach and measurements were taken on 0, 4, 14, 28, 36, and 48 days of the incubation period.
All the vials were incubated in dark conditions at a constant temperature of 25 °C for two

months.

2.5. N,O emission

Headspace gas samples were collected from 10 mL of the sealed bottles using a syringe
through the septum and subsequent reading for N,O emission was noted using GC-2010 Plus
instrument. Subsequently, bottles were opened for a 30 min ventilation before being resealed.
Just after the gas samples, soil samples were destructively acquired and separated into two sub-
sets, where one sub-set was utilized for soil ammonium (NH,") and nitrate (NO3") determination
while, second sample was retained for DNA extraction (Mosier et al., 2006).
Formula for calculating N,O emission is as follows:

273X M x 1073 x 60 X 24

%4 dc

where F denotes N,O (ug N,O kg™ day™), M is the molecular weight of either N in molecular
N,O (28 g mol™), T represents air temperature (°C) during incubation in the jar, 24 shows the
number of hours in a day, V is headspace volume (L), 60 is the number of minutes in an hour,
22.4 (L mol™) is the mole volume of gas at 101 kPa and 273 K, c is the concentration of N,O (nL
LY, t is the time (min) of jar sealing, dc/ dt is the rate of change in the N,O (nL L™ min™)
concentration after jar sealing, and 0.13 is the dry weight (kg) of soil in the jar.

2.6. Potential nitrification rate (PNR)



The potential nitrification rate (PNR) was calculated using the methodology outlined by
Rusk et al. (2004). In brief, 30 g of soil from each sample was pre-incubated to achieve a stable
state before being employed in the experiment. Subsequently, a 5 g soil subsample was extracted
from each container and transferred to individual 100 mL Erlenmeyer flasks. One subsample
received (NH,),SO; to achieve a concentration of 100 mg N kg™ dry soil, while other remained
untreated, serving as the negative control. The soil-filled flasks were then placed in incubation at
25°C for 7 days. Subsequently, the soil samples from each treatment were combined with a2 M
KCI solution at a 5:1 ratio of solution to soil. These soil suspensions were vigorously shaken at
200 rpm for 1 h, followed by filtration to remove solid particles. After this, the filtered soil
extracts underwent analysis to determine the levels of nitrite nitrogen (NO2-N) and nitrate
nitrogen (NO3-N). Variations in NO,-N and NOs-N concentrations in the soil extracts were

calculated to determine the potential nitrification rate.
2.7. DNA extraction and real-time quantitative PCR analysis

The DNA extraction from the soil samples (0.5 g) was initiated using Fast DNA SPIN Kit
for soil (MP Biomedicals, OH, USA)following the instructions provided by the manufacturer,
while the purity and amount of the extracted DNA was assessed using a Colibri Micro volume
Spectrometer. The extracted DNA samples were retained at —20°C prior to use for subsequent
experiments. By using quantitative polymerase chain reaction (QPCR) assay, nirS, nirK, nosZ,
AOA, and AOB genes were quantified. The Light Cycler 480 system (Roche Applied Science)
was employed for gPCR analysis. The gPCR assays were performed in triplicate for each target

gene to ensure the accuracy and reproducibility of the results (Cui et al., 2016; Yin et al., 2017).

Table S2 provides a detailed inventory of the specific primers and PCR conditions

employed for amplifying the target genes. These primers are meticulously designed to selectively



target the desired genes for quantification. To facilitate this measurement, standard curves were
constructed using a 10-fold sequential dilution of plasmids containing the target gene with
known copy numbers. This particular method enables the measurement of target genes in soil
samples by comparing the amplification signals to the standard curves. Typically, each reaction
mixture contains total volume of 15 pL, including 7.5 pL of SYBR® Premix Ex TaqTM, 2 pL of
template DNA, and 0.3 milligrams of each primer. SYBR® Premix Ex TaqTM is a widely
utilized reagent for real-time PCR, encompassing the essential components necessary for DNA

amplification and fluorescence detection.
2.8. Statistical analysis

SPSS Statistics 22 software package was used to conduct one-way analysis of variance
(ANOVA) to assess the impact of treatments. For the detection of notable dissimilarities among
treatment groups, post-hoc comparisons of means were conducted utilizing Duncan's multiple

range test at a significance threshold of o = 0.05. Graphical presentations were generated using

Origin Pro 2023b.
Results and discussion

3.1. Changes in N,O emission

Changes in N,O emission from paddy and red soils resulting from treatments including control,
Cd, DMPP, and DMPP + Cd throughout the incubation period are presented in Figure 1. It was
found that, both soil type and Cd contamination had a significant impact on soil N,O emissions.
Notably, there was a rapid increase (P < 0.05) in N,O emission rates of both soils in control
(80.3 in paddy and 92.8 mg m? h™ in red soil) and Cd treatment (65.8 in paddy and 81.3 mg m™
h™ in red soil) depicting highest values on day 4 (Fig. 1). In contrast, during the first week of

incubation, the application of DMPP alone substantially decreased the N,O emission from paddy



and red soils (17.5 and 59.2 mg m? h™), respectively. The showed that DMPP had an inhibitory
impact of on N,O emission, reducing it by 35 and 48 % in red and paddy soils, respectively (Fig.
2). Moreover, the combined application of Cd and DMPP also effectively reduced the N,O
emission by36 and 25 % in paddy and red soil, respectively, however this reduction was lower
than that of alone DMPP treatment. It was noticed that soil type had significant impact on both
N,O emissions and efficiency of DMPP in limiting the release of gas. Moreover, different soil
types exhibited distinct response to DMPP treatment, showing a varying effect on nitrification
process. DMPP was more effective in soil with high pH and active nitrification process. DMPP
is an effective inhibitor of nitrification activity, which is usually more pronounced in alkaline
soils. the average inhibitory effect of DMPP on N,;O emission ranged between 43 to 70%,
presenting least efficiency in acidic (pasture soil) as compared to slightly alkaline soil (vegetable
soil) (Shi et al., 2016). Tariq et al. (2022) also observed a positive effect of DMPP in reducing
N,O emission. On the other hand, Cd may also play a role in modifying N,O emission from soil,
however, its ability to diminish or lift N,O discharge depends on the incubation stage. In this
study, Cd treatment stimulated the N,O emission, which in turn impacted the soil microbial
population involved in mitigating N,O release. However, the impact of Cd on N,O emission
became insignificant with passage of time which might be owed to the changes in soil microbial
communities (Afzal et al., 2019). Moreover, the combined treatment of DMPP and Cd may
potentially suppress the efficiency of DMPP, hence affecting the growth and functionality of

nitrifiers, resulting in inhibited denitrification process (Liu et al., 2018).

A principal component analysis (PCA) using NO3;, NH4, PNR, and functional genes was
performed to further clarify the relationship between treatments and N,O emissions (Fig. 3). PC1

and PC2 accounted for 50.6 and 21.5 % in paddy and 55.5 and 28.2 % in red soil of the



investigated variation, respectively. PC1 had a greater influence on NOs-N and functional genes,
while NH4-N and PNR were more inclined by PC2. At the same time, each treatment had a good

degree of differentiation.

(@) Paddy soil (b) Red soil
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Fig. 1. Changes in N,O emission rates (a, b) across two soils (paddy and red) receiving four treatments (Control, Cd,

DMPP and DMPP + Cd) during the experimental incubation. Bars are standard errors of the mean (n = 3).
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Fig. 2. Cumulative N,O emission across two soils (paddy and red) receiving four treatments (Control, Cd, DMPP

and DMPP + Cd) during the experimental incubation. Bars are standard errors of the mean (n = 3).
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Fig. 3. Principle component analysis across two soils (paddy and red) receiving four treatments (Control,

Cd, DMPP and DMPP + Cd) during the experimental incubation.
3.2. Soil N availability

Figure 4 demonstrated the impact of DMPP and Cd on N availability in tested soils. A
gradual increase in NO3-N concentration was observed over time in both soils in control and Cd
treatment with the highest value (14 and 25 mg kg, respectively) found in paddy soil (Fig.4a).
These findings illustrate the presence of the nitrification process, which is responsible for
converting ammonium into nitrate. It was observed that DMPP treatment initially increased the
NO3-N release which stabilized after 14 days of incubation, showing the effectiveness of DMPP
application in slowing down the nitrification process, resulting in a relative stability of NOs-N in
both soils. In contrast, Cd application in combination with DMPP was helpful in increasing the
nitrate availability as compared to alone DMPP treatment. These findings suggest that Cd
addition may affect the nitrate availability in soil, ultimately influencing the microbial processes,
leading to improved nitrate production. A negative correlation was observed between nitrate and

N,O in both soils (Fig. 7)



Regarding the NH;"-N content, the soil NH,"-N levels in Cd treated microcosm showed
similar pattern as that of control, which decreased after day 4 and become undetectable after 14
days of incubation. However, DMPP treatment resulted in higher NH,"-N concentrations after 4
days of incubation which declined gradually over time. The slower fall observed in the alone
DMPP treatment suggests that it has a more effective inhibitory effect compared to the combined
application (Fig. 4b). These results suggest that DMPP effectively delayed the nitrification
process, thus preserving more NH;'-N in reduced form. Interestingly, in red soil, DMPP
exhibited a higher NH4-N content when compared to the control until day 14, implying a
pronounced influence of DMPP in maintaining the elevated ammonium levels in red soil which
continued till the end of experiment. Positive correlation was observed between ammonia and
N,O in both soils (Fig. 7). The initial rise in NH4"-N concentration might be attributed to the
disruption of microbial processes related to nitrification and denitrification caused by Cd
treatment (Afzal et al., 2019). Similar results were reported by (Tessier and Turner, 1995) who
reported an inverse relationship between nitrification rates and metals concentration in soil.
Similarly, a batch experiment reported an inhibition of NH,"-N oxidation approximately by 88 %
with Cd application (Park and Ely, 2008). Furthermore, Liu et al. (2014) observed a significant
decrease in nitrification by a factor of eight when the paddy soil was subjected to a concentration
of 1.4 mg Cd kg™* (Liu et al., 2014). Our study indicated a decline in nitrifying microorganisms
due to a correlation between Cd bioavailability and NH4"-N concentration, leading to lowering
the NH,"-N oxidation. This might be owed to the Cd contamination which has the potential to
hinder the activity of ammonium oxidizers, resulting in a decreased conversion of NHs-N to
NOs-N (Afzal et al., 2019). Furthermore, it is worth noting that soil pH counteracts the

suppressive effects of DMPP on ammonia oxidation, a phenomenon clearly discerned in our



findings within the context of acidic soil. Furthermore, the existence of Cd pollution can
significantly affect the effectiveness of DMPP, potentially causing major changes in the process
of nitrification, which in turn, might affect the availability of NH4-N in the soil (Afzal et al., in
2019). These relationships between soil pH, DMPP, and Cd contamination offer fertile ground
for further investigations, with potential implications for optimizing ammonia oxidation and

ensuring sustainable soil health.
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Fig. 4. The dynamics of NO; (a—b) and NH," (c—d) concentrations within the two test soils (paddy and red)
receiving Four treatments (Control, Cd, DMPP and DMPP + Cd) during the incubation period. Bars

represent the standard errors of the mean (n = 3).
3.3. Potential nitrification rate (PNR)

The variations in rates of potential nitrification in paddy and red soil during the
incubation period with the application of different treatments are presented in Table 2. Our
results showed that control and Cd had the highest PNR throughout the incubation period of both
soils, while DMPP treatment led to reduced nitrification rate (P < 0.05, Table 2) of both soils
within first 14 days of incubation. After 4 days of incubation, DMPP application had a
significant inhibitory effect by 56 and 30% reduction in paddy and red soil, respectively. This
effectiveness of nitrification with DMPP treatment depends on the activity of nitrifying bacteria
aimed at converting ammonium to nitrate soil biota. The nitrification inhibitors, specifically
DMPP has the capacity to improve N fertilizer use efficiency, regulate nonpoint-source
pollution, and reduce soil N,O emissions (Kong et al., 2017). Previously, a number of
mechanisms have been proposed to enlighten the function of DMPP in inhibiting the soil
nitrification, including abundance of ammonia-oxidizing archaea (AOA) amoA gene and
ammonia-oxidizing bacteria (AOB) amoA gene (Liu et al., 2015) and by affecting the specific
microbial cell activities without significant impact on growth of AOA and AOB (Kleineidam et
al., 2011; Zhang et al., 2018). Furthermore, it was shown that DMPP suppressed the process of
nitrification in the soils by reducing the AOB abundance. Since, paddy soil used in this study has
high pH (7.79) and water content, it produces an anaerobic environment, thus limiting the
activity of nitrifying bacteria. This type of favorable environment results in the inhibition of the
activity of nitrifying bacteria, ensuing a decrease in potential nitrification rates. DMPP treatment

decreases the potential nitrification rates by further reducing the activity of nitrifying bacteria.



Our results highlighting the vulnerability of NH;-N oxidation to the stress induced by Cd.
Moreover, it has been previously documented that Cd might induce the NH4-N oxidation in the
soil by affecting the activity and/or functions of involved microbes (Park and Ely, 2008). In this
study, combined treatment of Cd and DMPP substantially reduced the PNR in both soils due to
reduced activity of nitrifying bacteria (ammonia-oxidizing bacteria (AOB), which are crucial for
the process of nitrification. Cd interacts with ammonia monooxygenase (AMO) and
hydroxylamine oxidoreductase (HAO), which are essential for the conversion of ammonium
(NH,") to nitrate (NO5), resulting in a decrease in PNR (Liu et al., 2014). DMPP has the ability
to remain in soil for an extended duration, leading to the suppression of AOB activity, ultimately

reducing PNR in soil.

Table 2. Changes in Potential nitrification rate across two soils (paddy and red) receiving four treatments
(Control, Cd, DMPP and DMPP + Cd) during the experimental incubation. Bars are standard

errors of the mean (n = 3).

Soil  Day Control Cd DMPP DMPP + Cd
0 449a+0.13 4.2ab+0.12 3.4a+0.3 4.06a+0.14
4 2.1b +£0.06 2.4a%0.16 0.9b+0.2 2.4b +0.42
Paddy 14 2.24a+0.21 2.3a£0.27 0.64bc + 0.02 1.8b£0.26
28 25a+0.17 1.3b+0.10 0.83b + 0.06 1.2bc +0.08
48 1.18a+0.09  0.5b+0.09 0.41c +0.05 0.53c £ 0.03
0 3.03a+£0.06 2.42ab+0.08 1.69c+0.044 1.99bc+0.104
4  238a+0.03 1.93b+0.089 1.62bc+0.045 1.82b+0.09
Red 14 1.02ba+0.02 0.62bc+0.07 0.780+0.094 0.80b + 0.066
28 0.76a+0.04 0.61b+0.074 0.47bc+0.04 0.53bc +0.081
48 0.44b+0.044 058a+0.03 0.22c+0.078 0.32bc +0.093




Means (significance tested by LSD; P < 0.05) followed by SE the same letter(s) within each column are not significantly different

among treatments (P < 0.05).

3.4. Impact on bacterial amoA and archaeal amoA genes

The AOA abundance remains 1.5 x 107 in paddy and 2.9 x 10" in red soil, while AOB
were found as 6.8 x 10 in paddy and 5.3 x 10" copies per gram of soil in red soil (Fig. 5a-d). It
was noted that AOA and AOB significantly increased to 6.3 x 10% to 4.8 x 10’ and 3.8 x 10" to
5.4 x 10" copies per gram of soil, specifically in control and Cd treatment, respectively (Fig. 5a-
d). Similarly, application of DMPP treatment resulted in a significant increase in AOA
abundance from day 14 to 28 in both soils (P < 0.05, Fig. 5a-b). However, DMPP treatment
tends to a significant decrease in the AOB abundance (Fig.5c-d) till 14 days of incubation as
compared to Cd alone. In addition, the inhibitory effects of DMPP on AOB were more visible in

paddy soil than in red soil.

The impact of inhibitor application on AOB and AOA differs between the two soil types.
It was evidenced that DMPP exhibited inhibitory impacts on the growth of AOB in paddy soil as
compared to red soil, indicating its efficiency in targeting the N oxidation process mediated by
AOB (Di and Cameron, 2011). This study observed an increase in AOA abundance with DMPP
treatment as compared to control (Fig. 4a-d) which were in contradiction with an earlier study,
which reported which indicated either no influence or a decrease in the AOA population with the
use of inhibitors (Duan et al., 2017). However, Hink et al. (2017) documented a substantial
increase in proliferation of AOA, while suppressing AOB activity, which aligns with the results
of our study. The niche differentiation between soil AOA and AOB might be attributed to several

factors such as ammonia limitation, mixotrophy, and pH (Fan et al., 2019).



The above data suggests that AOA may experience enhanced growth in conditions with
relatively high NH;" (ammonium) concentrations, particularly when AOB are inhibited. These
results are consistent with Hink et al. (2017), who reported similar patterns for AOA and AOB
growth. Moreover, presence of organic compounds may potentially promote the growth of AOA
(Tourna et al., 2011). However, although having similar functions, the genetic variations of
amoA genes between bacterial and archaeal species indicate physiological discrepancies in
corresponding amoA enzyme (Nicol and Schleper, 2006). Our results also indicated that addition
of Cd ensue a decrease in number of amoA copies and subsequently decreased the nitrification
after 14 days of incubation period. These findings suggest that the reduction in NH4-N oxidation
in Cd-treated soil (Fig. 4) may help in reduced amoA gene copies (Wang et al., 2018; Xing et al.,
2015). AOB are generally more prone to Cd toxicity as compared to AOA, however, the
underlying mechanisms behind the differential sensitivity of AOA and AOB to Cd are not yet

fully understood.
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3.5. Impact on the abundance of nirK, nirS, and nosZ in soil

The changes in the abundance of specific genes including nirK (a and b), nirS (c and d),
and nosZ (e and f) were observed in both soil types following the application of treatments (Fig.
6a-f). The initial pyramid of the nirK gene in control remained 2.4x10° and 1.6x10" copies in

paddy and red soil, respectively (Fig. 6a and 4b). Cd treatment steadily reduced (P < 0.05) the



nirk gene abundance from 1.04 x 10’ at day 14 to 5.2x10° at day 28 in paddy soil and 7.38x10°
to 2.3x10° in red soil. Moreover, sole DMPP and combined with Cd effectively decreased the
nirk gene abundance from 7.8x10° in paddy and 1.8x10° in red soil after 28 days of incubation
(Fig. 6a and 6b). After 28 days of incubation, the abundance of nirS gene was shown to be higher
in control, showing values of 2.7x10” and 2.1x10’ copies g™ for paddy soil and red soil,
respectively. However, the abundance of nirS gene was initially enhanced by the Cd treatment,
but subsequently decreased by the end of experiment. The results of combined application of
DMPP and Cd depicted a significant increase in nirS gene within 14 days but exposed a drop till

the end of incubation period.

Moreover, the effectiveness of DMPP treatment on nosZ gene abundance was also
observed in both soils, where DMPP + Cd treatment enriched the copy number of nosZ gene (up
to 4 x10° and 6 x10° in paddy soil and red soil, respectively). However, it was found that the
nosZ gene abundance was lower in combined treatment than DMPP alone, which might be owed
to the harmful impacts of Cd on microbes. The nosZ-type was found to be more abundant as
compared to nirK and nirS-type denitrifiers in both soils, indicating its importance in
denitrification process. On the other hand, DMPP alone treatment substantially decreased the
nirK and nirS genes in both soils, causing a decrease in the availability of NOs-N (Fan et al.,
2019). Denitrification mainly relies on the availability of NOs-N, thus the inhibition of
nitrification with DMPP leads to lowering the conversion of ammonium to nitrate, ultimately
reducing the substrate availability to denitrifiers. Hence, the diminished prevalence of the nirK
and nirS genes due to DMPP treatment indicates a direct influence of DMPP on the population of
denitrifiers (Fan et al., 2019). In addition, DMPP may reduce the profusion of nirK and nirS

genes by suppressing the nitrification process. These findings highlight the need to understand



the dynamics of denitrifiers and their gene abundance in response to environmental factors such

as nitrification inhibitors.

Abundance of various denitrifier genes can provide insights into the potential
involvement of different denitrifier groups in denitrification and N,O emission. Cd addition may
negatively impact the predominance of denitrifier genes, thus harboring the nirK, nirS, and nosZ
genes (Shi et al., 2016). However, it was observed that Cd contamination in paddy soil did not
have an impact on the frequency of nirK gene (P < 0.05) (Fig. 6a-b). The variation in these
results may be due to the diversity in soil type as well as levels of Cd contamination between two
studies. Recently, Afzal et al., (2019) also reported a decrease in nirK due to the bioavailability
of Cd in soil in the first half of the incubation. Moreover, the abundance of nirK gene due to
DMPP treatment might occur because of the changes in AOB abundance, which directly
influence the nitrification process in soils while indirectly influence denitrification (Torralbo et
al. 2017). Our results confirm the elevated levels of nosZ gene with DMPP treatment, while
showed a decline in Cd treated soil. Further investigations are required to determine the optimal
field conditions for the effective utilization of inhibitor compounds in order to provide
appropriate N management guidance in agricultural output and also to enhance our
understanding that how inhibitors affect the activity of soil microbes, involved in N;O

production in field conditions.
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4. Conclusion

This study aimed to investigate the efficacy of DMPP treatment in mitigating greenhouse gas
emissions in Cd polluted soils. The findings revealed the positive contribution of DMPP
application on significant reduction of N,O emissions from two contrasting soils. The presence
of Cd contamination in soil system has been observed to compromise the inhibitory role of
DMPP due to its adverse effect on microbial dynamics. The obtained results also suggest that
utilization of nitrification inhibitors, such as DMPP in contaminated soils could offer a potential
solution for reducing N,O emissions. The results of this study reveal the promising impact of
utilizing DMPP under field circumstances under the growing emphasis on sustainable agriculture
and the implementation of environmental regulations. Therefore, further studies are needed at
field level to better understand the role of DMPP in diverse environmental conditions. Thus,
continuous research and geographical considerations may, however, play a crucial role in

shaping its future role in agriculture.
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