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Nitrification inhibitor 3,4-dimethylpyrazole phosphate improves nitrogen recovery and

accumulation in cotton plants by reducing NO3 leaching under *N-urea fertilization

Abstract

Purpose: The use of nitrification inhibitors could be an interesting alternative to enhance nitrogen
(N) fertilizer use efficiency in annual crops such as cotton, under tropical soil conditions. Thus,
our aim was to evaluate the efficiency of nitrification inhibitor 3,4-dimethylpyrazole phosphate
(DMPP) in a typical tropical soil, evaluating the fate of nitrogen (N-NO3", N-NH4" and total N in
soil and leached water), N-accumulation and N recovery by cotton plants and soil. Methods:
Leaching columns with cotton plants were used to access N-NO3™ and N-NH4" losses in drainage
water. Treatments consisted in three N levels applied in side-dressing (corresponding to 50, 100
and 150 kg N ha') as 'N-urea with and without DMPP application. An additional treatment
(absence of N application in side-dressing) was used as control. Results: 3,4-dimethylpyrazole
phosphate was efficient to improve N recovery from applied urea fertilizer in plants and in the soil
by reducing NOs™ leaching, leading to enhanced N acquisition from fertilizer and soil, augmenting
plants N-accumulation, mainly when high N levels above 100 kg N ha! were applied. We found
that total N recovery increased 31% when 150 kg N ha™! was applied as urea + DMPP source
compared to conventional urea. In addition, DMPP application reduced NO3™ leaching losses (c.a.
of 11 to 20%), although had no significant effect on shoot and root dry matter yield. Conclusion:
The reduction of NO3 leaching losses highlights the potential of DMPP to mitigate the impact of
increased urea input on leaching losses thereby improving N use efficiency and N uptake in cotton

crop.

Keywords: Gossypium hirsutum L., BN isotope, nitrate leaching, urea, DMPP, fate of nitrogen
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Introduction

Cotton (Gossypium hirsutum L.) is a tropical crop and plays a significant role in the
economic development worldwide, being an important source of fiber, oil, and animal feed (Shah
et al., 2017; Khan et al., 2017a, 2017b). Nitrogen (N) is the nutrient most required for cotton
production (Luo et al., 2018). It has been reported that cotton plants have high N demands ranging
from 50 to 412 kg N ha! (Khan et al., 2017c; Zurweller et al., 2019).

Nitrogen application can enhance photosynthesis, canopy area, lint yield, fiber quality and
resistance to harsh environmental conditions such as drought and salinity (Luo et al., 2018;
Zurweller et al., 2019). Globally, more than 90 million metric tons of nitrogenous fertilizers are
applied to the soil every year, 50 to 70% of which are lost and only a small fraction are absorbed
by the plants (Khan et al., 2017c). Consequently, N fertilizer is often applied excessively in cotton
producing regions (Luo et al., 2018). Thus, N management is one of the most fundamental aspects
of cotton production (Shah et al., 2017; Bronson et al., 2018).

Low or excessive N application levels can impair plant development, cotton yield, nitrogen
use efficiency (NUE) and plant N recovery (N recovery) (Li et al., 2017; Khan et al., 2017¢).
Countless factors are related to optimum N management, such as soil texture and fertility levels,
yield potential, and crop management practices (Khan et al., 2017c). In addition, N-fertilizer
uptake and utilization is positively related to both dry matter yield and crop canopy (Dai and Dong,
2014).

Exhaustive N-fertilizers application negative affects plant ecosystems and biodiversity,
leading to environmental pollution (Yang et al., 2013). The recovery of N-fertilizer by annual
crops is typically low, usually ranging between 30 to 50% of applied N (Herrera et al., 2016), with
less than 10% of the residual N recovered in subsequent cropping seasons (Khan et al., 2017c).
The N losses from fertilizer in agricultural systems in gaseous forms including nitrous oxide (N20O),
ammonia (NH3) and molecular nitrogen (N2) or as nitrate (NO3") represent a substantial loss of
resource investment to farmers (Friedl et al., 2017; Rose et al., 2018). Environmental consequences
include greenhouse gas emissions (N2O), eutrophication of waterways (deposition of NH4" and
leaching of NO3), and ozone depletion (N2O) (Huang et al., 2017; Rose et al., 2018; Gong et al.,
2019).

The world population has been growing swiftly, while global fiber production has

increased driven to environmental problems related to more reactive N in soil, water and air (Khan
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et al., 2017c¢). Improving N utilization in agricultural production systems is mandatory to avoid
environmental risks and economic losses (Li et al., 2017; Zurweller et al., 2018). Consequently, N
fertilizers should be used more efficiently in modern agriculture (Galindo et al., 2021a).

Considering the limited recovery of applied N fertilizers by agricultural crops, the use of
enhanced-efficiency N fertilizers (EENF) has been widely increasing (Rose et al.,, 2018).
Enhanced-efficiency N fertilizers have different modes of action that control the rate of N release
or N availability from the N-fertilizer source to the crop (Halvorson et al., 2014). One of the most
studied and applied group of EENF is the nitrification inhibitor, highlighting 3,4-dimethylpyrazole
phosphate (DMPP) (Rose et al., 2018).

The DMPP is related to delay the oxidation of NH4" to NOs™ thereby preventing N losses
through nitrification and denitrification (Shi et al., 2016; Luchibia et al., 2020; Qiao et al., 2021).
This delay maintains the applied N fertilizer in the less mobile form of NH4", limiting the build-
up of mobile NO3 in the soil (Friedl., et al., 2017; Padilla et al., 2018). The reduction of nitrous
oxide (N20) emissions provided by DMPP application is therefore attributed to reduced
nitrification rates and a reduced NOs3™ pool available for denitrification (Ruser and Schulz, 2015;
Suter et al., 2020).

Recent reviews have concluded that the use of nitrification inhibitors can significantly
decrease soil NoO emissions in upland (i.e. non-flooded) crops compared to conventional N
fertilizer sources (Ruser and Schulz, 2015; Padilla et al., 2018; Rose et al., 2018; Huérfano et al.,
2019). Meta-analysis studies concluded that DMPP application could decrease N2O emission by
38 to 42% (Akiyama et al., 2010; Gilsanz et al., 2016). While meta-analyses broadly suggest that
nitrification inhibitors can decrease N>O emissions, the effect of DMPP on nitrate leaching losses
and N recovery is less noticeable.

We hypothesized with this study that DMPP application would improve N recovery from
applied N levels by reducing N losses from NOj3 leaching, leading to a greater N-accumulation in
cotton plants, benefiting plant development and biomass yield. Thus, our aim with this study was
to gain better understand on how DMPP would affect the fate of N (mainly N-NOs3™ and N-NH4")in
soil, plant and leached water and could influence N recovery and cotton growth. Isotopic
techniques ('°N) were used to access the quantity of N derived from fertilizer (NDF), soil and other

sources (NDS), as well as to evaluate N recovery in plant and soil.
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Material and Methods

Growth conditions

The study was carried out in a greenhouse with controlled conditions (the temperature in
the greenhouse during plant growth ranged between 25.9 °C (minimum) and 33.6 °C (maximum),
and averaged 30.1 °C. The average air relative humidity was 65% + 5%, and the maximum
photosynthetic photon flux density (sunlight) was approximately 1600 umol photons m? s at the
leaf level delivered by LED lamps 18 W 840 T8C W G,), by using polyvinyl chloride (PVC)
columns to grow cotton plants. Polyvinyl chloride columns with 600 mm high by 150mm in
diameter were used to build the leaching columns (Sup. Fig.1). The inner walls of the tubes
received an irregular layer of silicone and three PVC rings (10 mm) positioned at 150, 300 and
450 mm in height to reduce the preferential water flow (Sup. Fig.1). The lower end received a
PVC plug with holes that allowed the percolated water to escape, which was carried by a funnel
to plastic pots.

Soil samples were collected in 0.0—0.2 m depth in an area under pasture cultivation in Nova
Odessa, state of Sdo Paulo, Brazil. The soil was classified as Typic Hapludox (Oxisol) according
to Soil Survey Staff (2014). Soil chemical attributes were determined on air-dried soil sieved with
a 2-mm mesh: Total N (semi-micro Kjeldahl method) according to Cantarella and Trivelin (2001)
= 673.4 mg kg'soil; C/N relation = 17; pH (0.01 mol L™ CaCl,) = 4.3, available phosphorus (P;
ion exchange resin) = 6 mg dm™ soil, available sulfur [S; 0.01 mol L' Ca(H2PO4)2]= 19 mg dm™
soil, available potassium (K; ion exchange resin) = 1.9 mmol. dm? soil, available calcium (Ca; ion
exchange resin) = 6 mmol. dm™ soil, available magnesium (Mg; ion exchange resin) = 2 mmol.
dm? soil, Als* (1 mol L' KCI) = 9 mmol. dm>soil, H + Al (pH SMP) = 47 mmol. dm™ soil, and
soil organic matter (oxidation with 0.4 NK>Cr,07) = 20 g kg soil. Soil granulometric composition
was also determined, following Embrapa (2017) methodology: 405 g kg! of sand, 145 g kg of
silt and 450 g kg™! of clay.

Calcium and Mg carbonate was applied into the soil 30 days before the beginning of the
study to increase the base saturation to 70% and the Mg content to 8 mmol. dm™ (Silva and Raij,
1996). Initial fertilization described in Sup. Table 1 was performed according to Rosolem et al.
(2003) and Malavolta (1980). All fertilizers were mixed into the soil, with subsequent wetting at
about 20% of the water-holding capacity.
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The soil was placed on the leaching columns; each column received exactly 12 kg of soil
and 50 mm was left between the column surface and the soil surface. The PVC plug at the bottom
end of the column received a thin layer of sand over a layer of drainage blanket to cover the water
outlet holes and prevent clogging. The columns were then kept at rest for 2 weeks receiving
periodic irrigations to maintain the soil wet and favor the elimination of excess N-mineralized.
During the rest period, a total of 2.5 L of water per column were applied. After the rest period, 10
cotton seeds (cv. Delta Opal) were sown in each column. After plant emergence, two plants per
column were maintained.

The columns were irrigated weekly with sufficient volume to cause leaching and to meet
the water requirement of the plants. Deionized water was applied with a drip system. Each column
received a dripper with a flow rate of 2 L h'!, positioned close to the ground and in the center of
the column (Sup. Fig. 1). The drip system was checked periodically to ensure homogeneous flow
in all drippers. During the cotton cycle, each column received 22.3 L of water.

The leachate extracts were collected exactly one day after irrigation, the volume of extracts
was measured, and sulfuric acid (1% v/v) was added for conservation. The extract was stored in

plastic bottles kept in a cold chamber until carrying out the analysis.

Experimental design and treatments

The experiment was performed in a completely randomized design, with four replications,
totaling 28 leaching columns. Treatments consisted in three N levels applied in side-dressing (50,
100 and 150 kg N ha') as ""N-urea source, with or without nitrification inhibitor DMPP
application. An additional treatment (absence of N application in side-dressing) was used as
control. The DMPP rate applied was 1.0% in mass based on N-amidic content in urea (Zerulla et
al., 2001). The isotopic enrichment applied was 5% (excess of '°N atoms, for all N levels). The N
application in side-dressing was split in two applications: The first was performed 20 days after
emergence (DAE), applying the equivalent to one third of the N level. The second application was
performed 40 DAE, applying two third of the N level. The N fertilizers were dissolved in deionized

water (100 mL) and applied to the soil surface with the aid of a macropipette.
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Nitrate and ammonium determination in soil and leached water

At harvest time, the soil was collected from the columns, weighed and stored in a cold
chamber until carrying out the analysis. The analyzes of nitric nitrogen (N-NO3") and ammonium
(N-NH4*) were extracted as described by Cantarella and Trivelin (2001). The analysis of NO3™ was
carried out according to Gine et al. (1980), and NHs*according to Krug et al. (1979), both in flow
injection system (FIA). Similarly, NO3~ and NH4" extraction and determination in leached water
also followed Cantarella and Trivelin (2001) methodology. In addition, NO3™ was determined
according Gine et al. (1980), and NH4" was determined according to Krug et al. (1979), both in
FIA system.

Cotton dry matter and accumulated nitrogen in plants

At 90 DAE, cotton shoot (including cotton bolls) and root were collected, washed in
deionized water and dried for 90 h in a forced-air oven at 60 °C. Then, shoot and root dry matter
(g plant™) were weighed. The N concentration was determined following Malavolta et al. (1997)
methodology, with sulfuric digestion and semi-micro Kjeldahl analysis method. The accumulated

N in shoot and root was obtained by the product of N concentration in tissue and dry matter yield.

Nitrogen recoveries in cotton plant and soil
We have considered as shoot: leaf, stem and bolls; and root: the entire root system. The
same samples (shoot and root, separately) used to determine shoot and root dry matter mentioned
above were hand mixed and a subsample was collected to perform '°N analysis. In addition, at
harvest time (90 DAE) soil samples were collected from leached columns, mixed and dried for 90
h in a forced-air oven at 60 °C. The subsamples (cotton shoot, root and soil) were ground to pass
through a 2-mm sieve. Total N concentration and SN abundance (% in atoms) were determined
according to Barrie and Prosser (1996).
The N percentage in plant and/or soil derived from N labeled fertilizer (NPDF, %)

was calculated following equation 1:

a
NPDF = 5 x 100

ey
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where: “a” represents the percentage of atoms of °N in excess in plant and/or soil;
“b” represents the percentage of atoms of N in excess in °N labeled fertilizer (Trivelin et al.,
1994). The quantity of N derived from fertilizer (NDF), in mg plant™! was calculated considering
NPDF and accumulated N in cotton shoot, root and soil, respectively.

The quantity of N in plant derived from soil and other sources (native N and others)

(NDS, mg plant™) was calculated following equation 2:
NDS = AN — NDF (2)
where: AN represents the accumulated N in cotton shoot and root and NDF is the

quantity of N in the shoot or root derived from fertilizer.

The "N recovery in plant and soil (N recovery, %) was calculated following equation

3:
NPDF X Nplant or Nsoil
N recovery = par x 100
Nfertilizer
(3)

where: NPDF represents the percentage of N derived from fertilizer; “Nplant” and
“Nsoil” represents the total quantity of N in plant and soil, respectively;“Nfertilizer” represents

the quantity of N-fertilizer applied (Trivelin et al., 1994).

Statistical analysis

The Shapiro-Wilk normality test (p> 0.05) and Levene’s homoscedasticity test (p> 0.05)
were performed in the data collected. Then a variance analysis was performed using the F test (p
< 0.05). Significant results were submitted to means comparison by using Tukey test (p < 0.05).
To identify dependent variables directly related to N application, a Pearson correlation analysis (p
< 0.05) was performed. All the statistical analysis was performed using R software (R
Development Core Team, 2015). To create a heatmap, the corrplot package was used, using the
"color" and "cor.mtest" functions to calculate the coefficients and p-value matrices. Asterisks were

added to the heatmap cells to the identification of significant correlations.
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Results

Nitrogen in soil, leached water and accumulated in plant tissue

Increased N levels (150 kg N ha!) provided greater soil N-NOs™ content compared to urea
application at 50 kg N ha'!, regardless of presence or absence of DMPP (Fig.1A), leading to a
greater soil total N compared to control and application of 50 and 100 kg N ha™! (Fig. 1C). Soil N-
NHy*content was not affected by N levels and DMPP application (Fig. 1B).

Urea with DMPP application reduced the amount of NO3 leached compared to
conventional urea at medium (100 kg N ha™') and high (150 kg N ha™!) N application levels (Fig.
1D). Similar trend was verified in leached NO3s™ + NH4* (Fig. 1F), while leached NH4* was not
affected neither by N levels nor DMPP application (Fig. 1E).

Accumulated N in shoot and plant (shoot + root) increased with augmenting N application
levels (Figs. 1G and 1I). Urea with DMPP provided higher accumulated N in shoot compared to
conventional urea at high N application level (150 kg N ha') (Fig. 1G), leading to a higher plants
(shoot + root) N accumulation (Fig. 1I). Accumulated N in root was higher with application of 100
and 150 kg N ha™ relative to the control and N level of 50 kg N ha™!, regardless of presence or
absence of DMPP (Fig. 1H).

Nitrogen derived from fertilizer (NDF), soil and other sources (NDS) and recovery

Nitrogen derived from fertilizer increased with augmenting N fertilization (Figs. 2A-C).
At the highest N level application (150 kg N ha), urea with DMPP provided higher amount of
NDF in shoot and plant (shoot + root) compared to conventional urea (Figs. 2A and 2C).

In general, NDS was higher with application of 100 and 150 kg N ha™ compared to control
and 50 kg N ha™! application (Fig. 2D-F). Also, with application of 150 kg N ha™!, urea with DMPP
provided higher amount of NDS in shoot and plant (shoot + root) relative to conventional urea
treatment (Figs. 2D and 2F).

Urea with DMPP provided higher N recovery in plant and soil compared to conventional

urea, mainly at medium (100 kg N ha') and high (150 kg N ha™) N levels (Figs. 2G-I).

10
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Pearson’s correlation among shoot and root dry matter and N in soil, leached water
and plant, N derived from fertilizer, soil and other sources and N recovery in plant and soil

Pearson’s correlation was positive between shoot dry matter and biomass components (root
and total dry matter), N concentration in tissue (shoot and root N concentration), accumulated N
in plant (accumulated N in shoot, root and shoot + root), N derived from fertilizer (NDF) and soil
and other sources (NDS) (in shoot, root and plant), and N recovery (in plant, soil and plant + soil)
(Fig. 4).

In addition, Pearson’s correlation was positive between root dry matter and biomass
components (shoot dry matter and total dry matter), accumulated N in root, N derived from

fertilizer and soil and other sources in root and N recovery (in plant, soil and plant + soil) (Fig. 4).

Discussion

The application of DMPP was efficient to reduce NO3™ leaching, leading to a greater N
utilization by cotton plants, verified by the increased accumulated N in shoot and plant (shoot +
root), NDF and NDS in shoot and plant (shoot + root), and recovery in plant and soil, mainly at
the highest N level applied (150 kg N ha). Our results showed that under DMPP application, the
amount of leached NO3™ did not significantly differ from control treatments, regardless of N
application level. However, at medium (100 kg N ha!) and high (150 kg N ha™) N levels, urea +
DMPP reduced NOs™ leaching from 17.11 to 3.26 mg (c.a. of 20%) and from 33.90 to 3.70 mg (c.a.
of 11%), respectively. Nitrification has previously stated as a two-step process involving NH3
oxidation and nitrite (NO2) oxidation (Friedl et al., 2017; Luchibia et al., 2020). Ammonia
oxidation to NO2" is the most important step of nitrification, regulated by the amoA gene encoding
the alpha subunit of the NH3z monooxygenase (AMO) within ammonia-oxidizing bacteria (AOB)
and ammonia-oxidizing archaea (AOA) (Miao et al.,, 2019; Luchibia et al, 2020). 3.4-
dimethylpyrazole phosphate binds indiscriminately to membrane bound proteins including AMO,
resulting in impaired growth and metabolic activity of ammonia oxidizing bacteria (AOB) (Chen
et al., 2015, Florio et al., 2016; Shi et al., 2016), without affecting ammonia oxidizing archaea
(Florio et al., 2014; Friedl et al., 2017).

Denitrifying enzyme activity is not directly affected by DMPP, and DMPP exerts no
negative effects on abundance or activity of denitrifiers (Duan et al., 2016; Friedl et al., 2017).

Excessive NOs is easily lost by leaching or denitrification, which in turn reduces NO3™ to N>O and

11
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finally to N> (Friedl., et al., 2017). The reduction of N>O emissions by DMPP is therefore attributed
to reduced nitrification process and a reduced NOs™ pool available in soil for denitrification (Ruser
and Schulz, 2015; Suter et al., 2020). Thus, nitrification inhibitors are substances that delay the
oxidation of NH4* to NOs3", preventing N losses through nitrification and denitrification (Luchibia,
2020; Qiao et al., 2021), as verified in our study. This delay maintains the applied N fertilizer in
the less mobile form of NH4*, and thereby limits the build-up of mobile NOs™ in the soil (Friedl.,
et al., 2017; Padilla et al., 2018).

Urea + DMPP application associated with 150 kg N ha™! provided increases of 23% in
accumulated N, 27% in NDF and 16% in NDS in cotton plants (shoot + root) compared to
conventional urea application with 150 kg N ha™'. In addition, total N recovery (plant + soil)
increased 31% when 150 kg N ha™! was applied as urea + DMPP source compared to conventional
urea. Shoot and root N tissue concentration followed the same trend as verified in accumulated N
in plant, with greater N tissue concentration with increasing N levels (Sup. Fig 2D and 2E). Urea
+ DMPP application associated with 150 kg N ha" provided increases of 26% in shoot N
concentration and 19% in root N concentration compared to conventional urea application with
150 kg N ha™'. Also, the higher percentual of accumulated N in plant derived from fertilizer (65%
at 150 kg N ha! application with DMPP compared to 56% at 150 kg N ha'! application with
conventional urea) (Fig. 3) supports the hypothesis that the DMPP application provided greater N
utilization by reducing NOs™ leaching, increasing N accumulation and N-recovery in cotton plants.
Our findings suggest that the positive effect of DMPP application is more evident when high N
levels are applied (above 100 kg N ha). Similarly, DMPP applied with mineral N fertilizer has
been reported to reduce N losses when associated with N rates above 120 kg N ha™ (Dougherty et
al., 2016, Koci and Nelson, 2016; Luchibia et al., 2020).

Although cotton shoot and root were not greatly influenced by N levels and application of
DMPP, control treatment provided lower plant dry matter production (a decrease of 49% compared
to the average of the other treatments) (Sup. Figs.2A-C). Nitrogen is mandatory for all life process
in plants (Kuypers et al., 2018). This nutrient is an important structural component of proteins,
including enzymes involved in photosynthesis, growth and development, and is a central
component of chlorophyll and nucleic acids (Mu and Chen et al., 2021). Hence, N is one of the
major limiting nutrients in most ecosystems and agricultural systems (Padilla et al., 2018), which

commonly contain between 0.1% and 0.6% N 1n the top 0.15 m depth, depending on the soil type

12



359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389

(Cameron et al., 2013). In this sense, poor N application impairs cotton growth and yield,
decreasing photosynthetic rate and cotton lint development (Khan et al. 2014, 2017a, b; Luo et al.,
2018). It has been exhaustively reported that N uptake, accumulation, remobilization, pre-stored
assimilates and cotton biomass are correlated with N fertilization (Khan et al., 2017c; Shah et al.
2017; Luo et al., 2018). Therefore, positive Pearson’s correlation between shoot and root dry
matter and accumulated N in plant and recovery in plant and soil reinforces the well-known
positive effect of N levels in a wide range of plant species.

We verified an average increase in total N recovery (considering 50, 100 and 150 kg N ha“
lapplication levels) provided by DMPP application rangingbetween11% (low N application level),
15% (average N application level) and 31% (high N application level). Several studies have been
reported reduced N losses with the use of enhanced-efficiency N fertilizers (EENF) such as DMPP
ranging between 14 to 70% (Friedl et al., 2017; Schwenke and Haigh et al., 2019; Redding et al.,
2020; Suter et al., 2020). Global N recovery in annual crops has been related to vary between 30
to 50% (Raun and Johnson, 1999; Abalos et al., 2014; Galindo et al., 2021b). This implies that 50
to 70% of all N-fertilizer applied can be lost within the soil through volatilization and or leaching,
potentially leading to a decrease in water and air quality (Omara et al., 2019). In fact, we verified
total N recovery in plant higher than the values reported in literature, ranging between 43 to 62%.
This result could be explained by the low NH3" volatilization losses during the greenhouse-
controlled cultivation, which would represent a major source of N-urea losses. Large NH3"
volatilization losses are unlikely since the N fertilizers were applied diluted in water and
immediately after application the soil received irrigation. Denitrification may have been
significant, since the soil has always remained quite humid due to the large water volume applied
to N leaching occurs. Therefore, our results support the hypothesis that the efficiency of
nitrification inhibitor is generally higher under conditions that favor high drainage and if high
inputs of N fertilizer are applied (Abalos et al., 2014). If losses through NOs™ leaching are expected
to be high (e.g., coarse-textured soils, irrigated systems, greenhouse-controlled cultivation), the

nitrification inhibitor DMPP is an appropriate option.

Implications and outlook
Nitrogen is one of the most limiting inputs for crop yield, which makes agriculture

dependent on the application of N fertilizers. In 2022, approximately 111.6 million tons of N
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fertilizers will be consumed in the world (FAO, 2019). An expressive portion of the N applied to
soil is lost through the processes of nitrification and denitrification (Liu et al., 2016). In addition
to the economic impact, these two types of N losses result in serious environmental impacts such
as N>O emissions to the atmosphere and eutrophication of water bodies by nitrate leaching.

In this context, the use of the DMPP inhibitor, in addition to allowing significant reduction
(up to 48%) of N losses by the denitrification process (Yang et al. 2016), also allows to reduce N
losses by nitrate leaching as observed in this study and confirmed by other authors (Diez-Lépez et
al., 2008; Yang et al. 2016). Consequently, crop response is favored given the higher N availability
in the soil.

Furthermore, the potential for mitigating N losses through nitrate leaching could be even
greater since the soil used in this study is clay loam and has a high anion exchange capacity (highly
weathered soil and rich in iron oxides), which reduces the speed of the process. Thus, especially
in sandy and/or less weathered soils, where N losses due to nitrate leaching are higher, the use of

DMPP represents a promising option in both economic and environmental aspects.

Conclusions

We have demonstrated that nitrification inhibitor 3,4-dimethylpyrazole phosphate (DMPP)
was efficient to improve N recovery from applied urea fertilizer in cotton plants and soil by
reducing NOs3™ leaching, leading to enhanced N acquisition from fertilizer and soil and N
accumulation in plant, mainly when high N levels were applied (above 100 kg N ha!). We found
that total N recovery (plant + soil) increased 31% when 150 kg N ha™! was applied with urea +
DMPP source compared to conventional urea. The effects of DMPP application in shoot and root
dry matter did not show a particularly significant difference, probably due to the relative short
experimental period. Our study provides new information regarding DMPP application on N losses

and utilization by cotton plants using isotopic techniques (°N).
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Figure Captions

Figure 1. Nitrate (NO3") (A), ammonium (NH4*) (B) and total N (C) content in soil, NO3™ (D),
NH4* (E) and NO3™ + NH4* (F) in leached water, accumulated N in shoot (G), root (H) and plant
(shoot + root) (I) as a function of N levels as urea or urea + 3,4-dimethylpyrazole phosphate
(DMPP).

Figure 2. Nitrogen derived from fertilizer (NDF) in shoot (A), root (B) and plant (shoot + root)
(C), N derived from soil and other sources (NDS) in shoot (D), root (E) and plant (F), N recovery
in plant (G), soil (H) and total N recovery (plant + soil) (I) as a function of N levels as urea or urea
+ 3,4-dimethylpyrazole phosphate (DMPP).

Figure 3. Accumulated N percent derived from fertilizer (NDF) and from soil and other sources
(NDS) (F), as a function of N levels as urea or urea + 3,4-dimethylpyrazole phosphate (DMPP).

Figure 4. Heatmap showing the Pearson’s correlation among the analyzed parameters from soil,

leached water and cotton plants in response to N levels as urea or urea + 3,4-dimethylpyrazole
phosphate (DMPP).
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Figure 1

Nitrate (NO3-) (A), ammonium (NH4+) (B) and total N (C) content in soil, NO3- (D), NH4+ (E) and NO3- +
NH4+ (F) in leached water, accumulated N in shoot (G), root (H) and plant (shoot + root) (I) as a function
of N levels as urea or urea + 3,4-dimethylpyrazole phosphate (DMPP). Different letters indicate significant
differences between treatments according to Tukey test (p < 0.05). Error bars indicate standard deviations
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Nitrogen derived from fertilizer (NDF) in shoot (A), root (B) and plant (shoot + root) (C), N derived from soil

and other sources (NDS) in shoot (D), root (E) and plant (F), N recovery in plant (G), soil (H) and total N
recovery (plant + soil) (1) as a function of N levels as urea or urea + 3,4-dimethylpyrazole phosphate



(DMPP). Different letters indicate significant differences between treatments according to Tukey test (p <
0.05). Error bars indicate standard deviations (n = 4). Least significant difference [L.S.D. (5%)] = 8.3 (A);
1.1 (B); 8.1 (C); 8.0 (D); 1.3 (E); 8.1 (F); 9.3 (G); 3.5 (H); 10.5 (I).
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Figure 3

Accumulated N percent derived from fertilizer (NDF) and from soil and other sources (NDS) (F), as a
function of N levels as urea or urea + 3,4-dimethylpyrazole phosphate (DMPP).
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Figure 4

Heatmap showing the Pearson'’s correlation among the analyzed parameters from soil, leached water and
cotton plants in response to N levels as urea or urea + 3,4-dimethylpyrazole phosphate (DMPP). *
indicates significant relationship (p < 0.05). Abbreviation: SoilINO3 = NO3- content in soil, SoilNH4 = NH4+
content in soil, SoilTN = Total N in soil, LeNO3 = NO3- content in leached water, LeNH4 = NH4+ content in
leached water, LeTN = NO3- + NH4+ content in leached water, SHDM = shoot dry matter, RODM = root dry
matter, TOTDM = total dry matter (shoot + root), SHNcon = N concentration in shoot, RONcon = N
concentration in root, ACNSH = Accumulated N in shoot, AcNRO = Accumulated N in root, ACNTOT =



Accumulated N in plant (shoot + root), NDFSH = N derived from fertilizer in shoot, NDFRO = N derived
from fertilizer in root, NDFTOT = N derived from fertilizer in plant (shoot + root), NDSSH = N derived from
soil and other sources in shoot, NDSRO = N derived from soil and other sources in root, NDSTOT = N
derived from soil and other sources in plant (shoot + root), NrePL = N recovery in plant, NreSO = N
recovery in soil, NreTOT = Total N recovery (plant + soil).
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