
ENVIRONMENTAL BIOTECHNOLOGY

Comparative effects of 3,4-dimethylpyrazole phosphate (DMPP)
and dicyandiamide (DCD) on ammonia-oxidizing bacteria
and archaea in a vegetable soil

Qiuhui Chen & Lingyu Qi & Qingfang Bi & Peibin Dai &
Dasheng Sun & Chengliang Sun & Wenjing Liu &

Lingli Lu & Wuzhong Ni & Xianyong Lin

Received: 3 July 2014 /Revised: 5 August 2014 /Accepted: 7 August 2014 /Published online: 31 August 2014
# Springer-Verlag Berlin Heidelberg 2014

Abstract Nitrification inhibitors (NIs) 3,4-dimethylpyrazole
phosphate (DMPP) and dicyandiamide (DCD) have been used
extensively to improve nitrogen fertilizer utilization in farm-
land. However, their comparative effects on ammonia-
oxidizing bacteria (AOB) and ammonia-oxidizing archaea
(AOA) in agricultural soils are still unclear. Here, we com-
pared the impacts of these two inhibitors on soil nitrification,
AOA and AOB abundance as well as their community struc-
ture in a vegetable soil by using real-time PCR and terminal
restriction fragment length polymorphism (T-RFLP). Our re-
sults showed that urea application significantly increased the
net nitrification rates, but were significantly inhibited by both
NIs, and the inhibitory effect of DMPP was significantly
greater than that of DCD. AOB growth was more greatly
inhibited by DMPP than by DCD, and the net nitrification
rate was significantly related to AOB abundance, but not to
AOA abundance. Application of urea and NIs to soil did not
change the diversity of the AOA community, with the T-RFs
remaining in proportions that were similar to control soils,
while the community structure of AOB exhibited obvious
shifts within all different treatments compared to the control.
Phylogenetic analysis showed that all AOA sequences fell
within group 1.1a and group 1.1b, and the AOB community
consisted of Nitrosospira cluster 3, cluster 0, and unidentified
species. These results suggest that DMPP exhibited a stronger

inhibitory effect on nitrification than DCD by inhibiting AOB
rather than AOA.
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Introduction

Nitrification is a crucial process in the nitrogen (N) cycle,
involving the oxidization of ammonia to nitrate through
nitrite, and results in significant agricultural and
environmental consequences with respect to soil nitrogen
available for plant uptake and nitrogen loss via nitrate
leaching and greenhouse gas emissions, which has become
more and more serious in recent years. Zhao et al. (2010)
indicated that nitrate leaching loss from intensively irrigate
vegetable production systems was 353.7 kg N ha−1, account-
ing for 21.7 % of the N applied (1,480 kg N ha−1). One of the
technologies showing great prospect of reducing N loss in
grassland and agricultural systems is the application of nitri-
fication inhibitors (NIs) (Cui et al. 2011; Di and Cameron
2012).

Dicyandiamide (DCD) and 3,4-dimethylpyrazole phos-
phate (DMPP) are used extensively as NIs because of their
highly effective inhibition of nitrification. DCD has been
recommended for large scale adoption in Europe over the past
decades, and has gained practical and commercial benefits in
agricultural production. DCD is soluble in water, nonvolatile,
and highly mobile. DMPP, marketed since 1999, is a hetero-
cyclic N compound with the advantages of high effectiveness
at low concentrations (0.5–1.5 kg DMPP ha−1, compared to
15–30 kg DCD ha−1) (Zerulla et al. 2001), low mobility, slow
biodegradation and persistence, and thus it is more effective in
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inhibiting nitrification than DCD (Fangueiro et al. 2009;
Wissemeier et al. 2001). The different effects of both inhibi-
tors on nitrification are due to not only their distinct physico-
chemical properties but also the various modes of action
(McCarty 1999). Previous studies suggest that DCD impairs
the uptake or utilization of ammonia (Zacherl and Amberger
1990), or acts as a copper chelator of the enzymes involved in
ammonia oxidation (Subbarao et al. 2006). DMPP is believed
to act by binding indiscriminately to the complex of mem-
brane proteins inclusively ammonia monooxygenase (AMO)
(Benckiser et al. 2013) or acts as a readily available C and N
substrate (Florio et al. 2014).

Generally speaking, both DMPP and DCD inhibit nitrifi-
cation by interfering with AMO enzyme which catalyzes
ammonia oxidation, the first and rate-limiting step of nitrifi-
cation. Recent researches about amoA gene, the gene that
encodes the first subunit of AMO enzyme, revealed that not
only ammonia-oxidizing bacteria (AOB) but also ammonia-
oxidizing archaea (AOA) play a major role in soil nitrification
(He et al. 2007; Leininger et al. 2006). As AOA and AOB
differ in their cellular biochemistry and physiology, these two
ammonia-oxidizing microbes tend to occupy different niches
in different agroecosystems in terms of sensitivity to soil pH,
nitrogen status, and other soil conditions (Morimoto et al.
2011; Shen et al. 2008). Moreover, they might also be differ-
ently susceptible to different NIs. By comparing the impacts
of varying NIs on nitrifying microbes, Shen et al. (2013)
indicated that less effect of DCD was observed on AOA
than on AOB, while nitrapyrin significantly inhibited the
growth of AOA. Although DMPP is more effective in
inhibiting nitrification than DCD, their comparative effects
on the abundance of ammonia-oxidizing microbes have never
been reported.

Furthermore, community shifts of ammonia oxidizers are
closely related to soil nitrification (He et al. 2007; Zhang et al.
2012). However, the previous evidence for ammonia oxida-
tion by AOA and AOB in soils has mostly based on amoA
gene copies, and little information is available concerning the
differential susceptibility of community diversities of AMO to
NIs. O’Callaghan et al. (2010) reported that changes in AOB
community in response to DCD application were evident, but
community shifts in AOAwere infrequent. Yang et al. (2013)
indicated that DMPP decreased the diversity of the AOB
community. Some studies revealed different responses of
AOB community structure, not AOA, to NIs in different soils
(Cui et al. 2013; Gong et al. 2013), while small shifts of both
AOA and AOB active communities were detected following
an application of cattle effluent plus DMPP (Florio et al.
2014).

The annual N fertilizer inputs and water irrigation are
significantly higher in the greenhouse vegetable systems than
in other cropping systems, and these intensive agricultural
practices accompany with higher inner temperature increase

nitrogen nitrification, and induce significant shifts of micro-
bial community composition and activity (Lin et al. 2004;
Shen et al. 2011; Sheng et al. 2013). Sheng et al. (2013)
indicated that the relative abundances of Nitrosospira and
Nitrospira genera of ammonia-oxidizing bacteria increased
in long-term vegetable cultivation field with its nitrification
potential being greater than in other land use patterns. Using
NIs to reduce the nitrate leaching and N2O emissions in
vegetable soils has been well documented (Cui et al. 2011;
Liu et al. 2013; Xu et al. 2005). So far, there has been only one
report showing that the application of DCD not only signifi-
cantly inhibited nitrification but also decreased AOB abun-
dance and altered AOB community (Liu et al. 2014a). There-
fore, very limited information is available on the distinct
effects of DCD and DMPP on ammonia oxidizers in intensive
vegetable soils.

The objective of this study was to determine the effect of
DMPP and DCD on nitrification and abundance of AOA and
AOB, as well as AOA and AOB community structure in
vegetable soil. For this, molecular approaches, including
real-time PCR and terminal restriction fragment length
polymorphism (T-RFLP) combined with clone library, were
used.

Material and methods

Soils and incubation experiment

Soil sample was obtained from a greenhouse vegetable field to
a depth of 15 cm, of the urban-rural transitional area (30°17′N,
120°13′ E) of Hangzhou City, China. The soil, developed from
shallow sea facies sediment parent material, is a typical coastal
alluvial aggradations soil (Chen et al. 2008a). It is sandy loam
(clay 6 %, silt 34 %, sand 60 %) with a pH of 6.9, organic
matter (OM) content of 27.2 g kg−1, and total N content of
2.8 g kg−1. The field-moist soil was passed through a 3.5-mm
sieve to remove the stones, crop residues, and roots. A portion
of the soil was taken to determine the soil water-holding
capacity, and the remainder was homogenized and preincubat-
ed for 1 week at 25 °C.

To test the effects of DCD and DMPP on nitrification, and
on AOA and AOB growth, we set up four treatments with
triplicates for each as follows: control, 200 mg kg−1 urea-N,
200 mg kg−1 urea-N+2 mg kg−1 DMPP, and 200 mg kg−1

urea-N+20 mg kg−1 DCD. For each treatment, 2,000 g of soil
sample was placed in a vessel and thoroughly mixed with
urea, DMPP, and DCD, which were dissolved in deionized
water before being applied to the soil, then the soil moisture
was adjusted to 60 % water-holding capacity (WHC). Soil
samples (50 g each) were distributed into 100-mL plastic jars.
A plastic lid with aeration holes was placed on each jar to
maintain aerobic conditions. All these jars were then
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incubated inside the incubator at 25 °C for 45 days. Through-
out the incubation period, the soil moisture content was ad-
justed to and maintained at 60 % WHC by monitoring
the weight loss of each soil sample and adding deion-
ized water as required.

The destructive sampling was performed in triplication at
days 0, 1, 3, 7, 16, 31, and 45. About 5.0 g of fresh
soil samples were collected from each replicated and
immediately stored in a freezer at −80 °C for molecular
analysis. The rest of the soil was homogenized for chemical
analysis.

Chemical analysis

Soils samples were extracted with 2 mol l−1 KCl solution to
determine soil nitrate N (NO3

−-N) and ammonium N (NH4
+-

N) concentrations on a flow injection analyzer. Soil nitrate N
and ammonium N on day 0 was determined using
preincubated soils. The equation developed according to the
description of Persson and Wirén (1995) was used to calcu-
lated net nitrification rate (n) as

n mg N kg−1soil day−1
� � ¼ NO3

−‐Nð Þt2− NO3
−‐Nð Þt1

t

where (NO3
−-N)t2 is the NO3

−-N concentration in the soil at
time 2, (NO3

−-N)t1 is the NO3
−-N concentration in the soil at

time 1, and t is the number of days between two sampling
dates (t2 and t1, day).

DNA extraction and quantitative PCR of AOA and AOB
amoA genes

DNA was extracted using the FastDNA SPIN kit for soil
(Bio101, Vista, CA) according to the manufacturer’s
instructions.

Real-time quantitative PCR of amoA genes was performed
to estimate the abundances of AOA and AOB communities.
The primers Arch-amoAF and Arch-amoAR were used for
ammonia-oxidizing archaea (Francis et al. 2005); amoA-1F
and amoA-2R were used for ammonia-oxidizing bacteria
(Rotthauwe et al. 1997). The DNA extracts were tenfold
diluted, and the reactions for each sample were performed
on a Bio-Rad CFX1000 real-time PCR machine. The quanti-
fication of amoA genes was performed in a total volume of
20 μl consisting of 10 μl of SYBR Premix Ex TaqTM, plus
1 μl of each primer and 1.5 μl of template DNA. The frag-
ments for the AOA and AOB were both amplified using an
initial denaturation step at 95 °C for 3 min, followed by
40 cycles of 10 s at 95 °C, 30 s at 55 °C, and 40 s at 72 °C
with plate reading. The PCR reaction runs had an efficiency of

94 and 99 % for the AOB and AOA, respectively. Standard
curves were generated using serial dilutions of linearized
plasmids containing cloned amoA genes (R2>0.99 for both
standard curves).

T-RFLP of amoA genes for AOA and AOB

T-RFLP analysis was performed on DNA extracted from soil
samples of all four treatments at day 3, day 16, and day 45,
according to the methods described by Singh et al. (2006) and
Yao et al. (2011). Briefly, the archaeal and bacterial amoA
gene fragments were PCR amplified using FAM-labeled
primers CrenamoA23f and CrenamoA616r (Nicol et al.
2008), amoA-1F and amoA-2R (Rotthauwe et al. 1997),
respectively. The AOA samples were digested with restriction
enzyme HpyCH4V, and AOB PCR products were restricted
with MspΙ. Fragment size was analyzed using an ABI PRISM
3030xl genetic analyzer (Applied Biosystems, Warrington,
UK).

Construction of archaeal and bacterial amoA gene fragment
libraries

Clone libraries of archaeal and bacterial amoA amplicons
obtained from the control soil sample were constructed to
analyze the AOA and AOB community structures. Clones
were generated using a TOPO® TA Cloning kit (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions.
AOA and AOB clones were screened by PCR amplification,
and a total of 27 AOA clones and 36 AOB clones were
sequenced by ABI 3730xl DNA analyzer (Applied
Biosystems®).

Data analysis

Least significant differences (LSD) test was performed to
compare differences of AOA and AOB amoA gene copies
among the treatments using SPSS 16.0 (SPSS Inc., USA). The
community structures of AOA and AOB derived from T-RF
relative abundance were analyzed by principle component
analysis using SPSS 16.0 (SPSS Inc., USA). Phylogenetic
analyses were conducted using MEGA version 4.0, and the
neighbor-joining tree was constructed using Kimura 2-
parameter distance with 1,000 replicates to produce bootstrap
values. The sequences were aligned with BLAST similarity
search program in order to find the most similar sequences
from the GenBank database.

Accession numbers of nucleotide sequences

Nucleotide sequences of amoA genes for the clone libraries
were deposited in the GenBank database with the accession
numbers KC662513–KC662536.
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Results

Dynamics of NH4
+-N and NO3

−-N concentrations

In the control soil, the NH4
+-N concentrations remained low

and changed little over time. The urea treatment showed an
immediate NH4

+ release with the highest NH4
+-N concentra-

tion (193±2 mg kg−1 soil) at day 1, and dramatically declined
to 55±12 mg kg−1 soil at day 3, and remained higher than in
the control treatment until the end of the incubation. NH4

+-N
concentrations of the urea+NIs (DCD and DMPP) treatments
gradually decreased to about 27±2 mg kg−1 with urea treat-
ment at day 31, and NH4

+-N concentration of the urea+
DMPP treatment was significantly greater than that of the
urea+DCD treatment from day 3 to day 16 (P<0.05) (Fig. 1).

The NO3
−-N concentration remained relatively stable at

107±12 mg kg−1 in control soil, but changed in an inverse
pattern to that of NH4

+-N concentration in other treatments
(Fig. 1). For the urea treatment, the highest concentration was
detected at day 7 and then remained at approximately

350 mg kg−1 soil. For the urea+NIs treatments, the NO3
−-N

concentration increased with a delay of 24 days. Net nitrifica-
tion rates for all soils attained the highest values during the
time interval d0–d1, decreased subsequently and reached the
lowest values towards the end of the incubation (Table 1).
Urea application increased the net nitrification rate by 4.6 and

Fig. 1 Dynamics of NH4
+-N and NO3

−-N concentrations as affected by
applications of urea and nitrification inhibitors (DMPP and DCD). Error
bars indicate standard deviation of mean (n=3)

Table 1 Net nitrification rate (mean±SE) of each treatment for the six
incubation intervals

Interval Net nitrification rate (mg kg−1 day−1)

Control Urea Urea+DMPP Urea+DCD

d0–d1 19.50±1.32 109.82±3.43 48.31±0.09 60.90±4.91

d1–d3 3.79±0.70 51.67±3.01 17.30±0.79 21.70±0.97

d3–d7 (−1.47)±0.63 12.16±1.82 6.78±0.78 13.22±0.95

d7–d16 1.22±1.09 2.57±1.43 6.46±0.14 8.23±0.93

d16–d31 0.52±0.10 0.32±0.24 5.84±0.14 2.60±0.23

d31–d45 (−0.37)±0.05 (−0.04)±0.02 0.32±0.15 0.09±0.10

Fig. 2 Bacterial and archaeal amoA gene copies in untreated soil and in
soils treated with urea, urea+DMPP, and urea+DCD. Error bars repre-
sent the standard deviation (n=3), same letters above the bars indicate no
significant difference within a substrate at p<0.05
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12.6 times compared with the control at the interval of d0–d1
and d1–d3, respectively. The net nitrification rates in urea+
DMPP and urea+DCD treatments were 3.6 and 4.7 times
higher than the control at the interval of d1–d3, respectively.

AOA and AOB abundance

AOA amoA gene copies were in the range of 2.9 to 3.6×108

copies g−1 dry soil, while the AOB type amoA gene were in
the range of 3.3 to 15.0×107 copies g−1 dry soil, and ratios of
AOA to AOB ranged from 2.5 to 9.7 (Fig. 2). The results
showed that AOA population size was much greater than
AOB in the vegetable soil.

Application of urea resulted in significant increase in AOA
amoA gene copies compared to the control until day 3, and
then had no significant difference with control. The AOA
amoA gene copies did not change in urea+NIs treatments
compared to the control, but it reached maximum at day 31
and then kept stable. The abundance of the AOA amoA gene

from urea+DMPP and urea+DCD remained similar through
the whole treatment.

The AOB population in control treatment did not change
much over time and remained between 3.4 and 4.8×107

copies g−1 dry soil. Different from the AOA amoA gene, the
AOB amoA gene copies reached up to threefold higher than
control at day 3 in urea treatment, and kept decreasing to the
end. In the urea+DMPP and urea+DCD treatments, the AOB
amoA gene copies increased 66 and 126 % compared to the
control at day 3, respectively, and then decreased according to
their decrease of net nitrification rates. Moreover, there was a
significant positive correlation between net nitrification rate
and AOB abundance (p<0.05), whereas no relationship was
observed between net nitrification rate and AOA abundance
(p>0.05).

Community structure of AOA and AOB

A total of seven AOB T-RFs were obtained from soils, and
AOB T-RFs 60 and 264 bp were dominant groups,

Fig. 3 Relative abundance (a)
and principle component analysis
(b) of bacterial T-RFs in untreated
soil and in soils treated with urea,
urea+DMPP, and urea+DCD at
three sampling times. Error bars
represent the standard deviation
(n=3)
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accounting for about 27.5 and 44.9% on average, respectively
(Fig. 3a). At day 3, the relative abundance of T-RF 264 bp
significantly increased after urea application, about 51.5 %,
and had no significant difference with control at day 16 and
day 45. The relative abundance of T-RF 264 bp did not show
any differences between urea+DMPP and control treatments,
whereas significant decrease of 264 bp was observed in urea+
DCD treatment during incubation. PCA analysis of the AOB
T-RFLP profiles showed that the two axes explained 68.1 %
of the observed structure, and urea and NIs (DMPP and DCD)
had significant effects on the soil AOB community composi-
tion (Fig. 3b). A significant separation was found between
soils with and without nitrification inhibitors (DMPP and
DCD) along PC1 at day 3, and the separation between sam-
ples with urea and without urea was significant along PC2.

T-RFLP analyses were used to determine the AOA com-
munity structure (Fig. 4). Digestion of AOA amoA sequences
by HpyCH4V enzyme produced seven fragments in the T-
RFLP profiles (Fig. 4a). In these treatments, a unique T-RF
82 bp was the most abundant. PCA analysis of the T-RFLP

data showed that the first and second axes accounted for
78.5 % of the total variance (Fig. 4b). No significant differ-
ences were found in the composition of AOAT-RFs profiles at
day 3. However, at day 16 and day 45, urea+NIs treatments
were distinct from other treatments because of the increase of
T-RF 52 bp and the decrease or disappearance of T-RFs 169,
208, and 268 bp.

Phylogeny of AOA and AOB

The AOA phylogenetic analysis indicated that a total of 27
AOA clones were classified into two different clusters, and
there were 23 clones belonging to group 1.1b, and only 4
clones belonging to group 1.1a (Fig. 5). A unique T-RF 82 bp
belonged to group 1.1a and 1.1b. T-RFs 169, 208, and 268 bp
were closely aligned with group 1.1b, and T-RF 250 bp was
affiliated with group 1.1a.

The AOB phylogenetic tree showed that the 19 clones with
T-RFs 60, 156, and 235 bp belong to Nitrosospira cluster 3

Fig. 4 Relative abundance (a)
and principle component analysis
(b) of archaeal T-RFs in untreated
soil and in soils treated with urea,
urea+DMPP, and urea+DCD at
three sampling times. Error bars
represent the standard deviation
(n=3)
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and cluster 0, whereas the 17 clones with T-RFs 264 and 75 bp
were closely related to unidentified clones (Fig. 6).

Discussion

Ammonium, produced by urea hydrolysis, is converted to
nitrate via nitrite by nitrifying bacteria, leading to decline of
the ammonium concentration in soil (Fig. 1). The presences of
DMPP and DCD led to an inhibition of NO3

−-N concentration
in vegetable soil, and gave a significant inhibition of 44±0.7
and 37±1.4 % at day 3, and the average of 38±7.4 and 26±
10%within 16 days, respectively, compared to urea treatment
(Fig. 1). Moreover, the net nitrification rate in urea+DMPP
and urea+DCD treatments was respectively about two and
1.5-fold lower than that in urea treatment at day 3, respectively
(Table 1). These results demonstrated that DMPP, due to its
persistence and stability, was more effective in inhibiting

nitrification in our study although it was applied at a concen-
tration ten times lower than that of DCD. There were no
statistically significant differences of nitrate concentrations
between urea and urea+NIs treatments after 31 days, which
might be due to the decrease or disappearance of inhibitory
effect. The persistence of DCD and DMPP in soil varies with
environmental conditions, in particular temperature (Irigoyen
et al. 2003; Kelliher et al. 2008). At the temperature above
30 °C, NIs seem to be less stabile. Irigoyen et al. (2003)
concluded that the inhibitory effect of both DCD and DMPP
prevailed for a month at 20 °C, and only for a week at 30 °C.
DCD, as a source of N, can be metabolized by soil microbes,
and the microbiological decomposition occurred over a tem-
perature range of 10–30 °C (Rajbanshi et al. 1992) with the
fast degradation rate at 25 °C (Hauser and Haselwandter
1990). DMPP is nonvolatile and low mobile in soil (Zerulla
et al. 2001), and biological decomposition of DMPP might be
the reason of its declining inhibitory effect (Florio et al. 2014).
However, DMPP is more persistent to microbial degradation

Fig. 5 Neighbor-joining
phylogenetic tree of archaeal
amoA sequences retrieved from
the vegetable soil. Sequences
from this study are shown in bold
and are described as clone name
(accession number) T-RF size.
Reference sequences are
described as clone name
(environment, accession number).
Bootstrap values (>50 %) are
indicated at branch points. The
scale bar represents 5 %
estimated sequence divergence
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than DCD, and the degradation kinetics of DMPP and DCD
showed that DCD decreased in soil more rapidly than DMPP
(Weiske et al. 2001).

Ammonia oxidizers play important roles in the nitrification
processes of most terrestrial ecosystems (Chen et al. 2008b; Di
et al. 2009; Paranychianakis et al. 2013; Zheng et al. 2013).
Populations of ammonia oxidizers significantly increased af-
ter the applications of urea, with approximately 1.2- and 3.1-
fold increase in AOA and AOB amoA gene copies, respec-
tively, relative to control soils (Fig. 2), showing greater re-
sponse of AOB than that of AOA, which confirmed that
archaea was at a disadvantage when competing with bacteria
in ammonia-rich environment (Höfferle et al. 2010). Greater
decrease of AOB amoA gene abundance was observed in the
presence of DMPP than DCD (Fig. 2), indicating a coinci-
dence of dynamics between AOB population and net nitrifi-
cation rate. Previous studies have shown that DMPP and DCD
were equally effective in inhibiting the AOB population

growth and in inhibiting ammonia oxidation (Di and Cameron
2011; Gong et al. 2013, 2012). AOA amoA gene copies were
significantly lower in urea+NIs soils than those in urea soil for
about 3 days (Fig. 2), and the inhibitory effect of both DMPP
and DCD was similar. Ammonia oxidation in archaea is
believed to depend heavily on copper, because of an alterna-
tive electron transfer mechanism of AOA consisting of
copper-containing proteins, but lacking cytochrome c proteins
(Walker et al. 2010). However, DCD as a copper chelator did
not have a stronger inhibitory effect on AOA than DMPP, and
the inhibitory effects of Cu-chelators nitrapyrin and
allyithiourea on archaeon Nitrosotalea devanaterra were con-
trasting (Lehtovirta-Morley et al. 2013). Moreover, archaea
could be able to counteract the inhibiting effect of DMPP, but
DMPP application slightly enlarged the bacterial cell bodies,
altering ammonium into nitrite and nitrate conversions
(Benckiser et al. 2013). Our observations further confirmed
the results of DMPP revealing a stronger inhibition of AOB

Fig. 6 Neighbor-joining
phylogenetic tree of bacterial
amoA sequences retrieved from
the vegetable soil. Sequences
from this study are shown in bold
and are described as clone name
(accession number) T-RF size.
Reference sequences are
described as clone name
(environment, accession number).
Bootstrap values (>50 %) are
indicated at branch points. The
scale bar represents 5 %
estimated sequence divergence
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than AOA (Benckiser et al. 2013; Kleineidam et al. 2011), and
Florio et al. (2014) indicated that DMPP exerted its greater
inhibitory effect against soil bacterial than archaeal ammonia-
oxidizing transcriptional activity. It was reported that bacterial
might be more susceptible than its archaeal counterpart to
different inhibitory substances due to their fundamental met-
abolic and cellular differences (Shen et al. 2013). Although
the comparative effect of DMPP and DCD indicated that
DMPP was more effective than DCD in inhibiting soil nitri-
fication (Fangueiro et al. 2009; Wissemeier et al. 2001), the
inhibitory effect on ammonia oxidizers was not estimated
simultaneously. It is the first finding that the heterocyclic N
compound DMPP caused a stronger inhibitory effect on AOB
abundance as well as nitrification than DCD.

The AOB phylogenetic tree showed that all the bacterial
amoA gene sequences in the vegetable soil fell within
Nitrosospira lineage and unidentified species (Fig. 6). Shen
et al. (2011) found that all sequences belonged to the genus
Nitrosospira in the greenhouse vegetable soil, and
Nitrosospira cluster 3 has been detected as the dominant
AOB in the neutral pH agricultural soils after long-term N
fertilization (He et al. 2007). Schauss et al. (2009) hypothe-
sized that AOB may be more susceptible than AOA to inhib-
itory substances. Visible changes of AOB community com-
position after the application of nitrification inhibitors were
found in our study (Fig. 3), and the relative abundance of T-RF
60 bp, belonging toNitrosospira clusters 3a, 3b, and cluster 0,
increased after NIs application, but the increase of the relative
abundance of T-RF 264 bp, closely related to unidentified
clones, after urea application was inhibited by NIs at day 3,
reflecting the high versatility of AOB community, and the
effects of DCD on T-RFs 60 and 264 bp were greater than
those of DMPP. Shen et al. (2013) found a greater inhibitory
effect of DCD on Nitrosospira multiformis compared with
nitrapyrin, suggesting various effects of diverse NIs on AOB
community. Moreover, PCA analysis showed that urea+NIs
treatments separated from the urea along PC1, AOB commu-
nity in urea+DMPP treated soil was significantly different
from urea+DCD treatment, mainly due to various shifts in
AOB community structure following application of different
nitrification inhibitors. By day 16, the proportions of various
T-RFs in urea+DMPP treatment appeared to be returning to
levels similar to control treatment, the great AOB community
diversities between urea+DMPP and urea+DCD were main-
tained. However, the different responses of AOB community
to DCD and DMPP were not observed in Hap-Ustic Luvisol
(Gong et al. 2013). O’Callaghan et al. (2010) indicated the
changes in AOB community in response to only DCD appli-
cation, but not to urine+DCD until day 56. It was reported that
the shift of AOB community composition after the application
of nitrification inhibitors was related to the spatial pattern of
NH4

+-N (Yang et al. 2013), or soil types (Chen et al. 2010;
Gong et al. 2013). Liu et al. (2014a) demonstrated that DCD

caused obvious shifts of AOB community composition in
short-term intensive vegetable soil, but did not in long-term
intensive vegetable soil. Continuous intensive vegetable pro-
duction stimulated the formation of a single predominant
group (Shen et al. 2011), which might be slightly affected by
DCD.

Our results are consistent with the previous findings that
the majority of soil derived archaeal sequences were dominat-
ed by group 1.1b (23 out of 27 clones) in neutral and alkaline
soils (Hu et al. 2014), phylogenetically close to the soil clade
containing neutrophilic Nitrososphaera viennensis EN76 and
moderately thermophilic Nitrososphaera gargensis (Fig. 5),
which isolated from garden soil and hot spring, respectively,
and they could heterotrophically or mixotrophically even
autotrophically participate in ammonia oxidation in soil and
sediment environments (Liu et al. 2014b; Tourna et al. 2011;
Xia et al. 2011; Zhang et al. 2012). N. viennensis EN76 was
enriched in the presence of ammonia or urea as an energy
source (Tourna et al. 2011), and N. gargensis has been fre-
quently observed in tropical soils (Kim et al. 2012). No
distinct difference of AOA community structure was observed
among treatments (Fig. 4). Likewise, no discernable changes
in the AOA community was found between samples with and
without N fertilizer and nitrification inhibitors (Gong et al.
2013; O’Callaghan et al. 2010; Wang et al. 2009). Whereas
community shifts occurred in urea+DMPP and urea+DCD
treatments after 16 days of incubation, as shown in T-RFLP
profiles, T-RFs of 82, 268, 208, and 169 bp representing AOA
group 1.1b reduced or disappeared, which was confirmed by
PCA analysis.

In conclusion, our results indicated clearly that urea appli-
cation stimulates nitrification in the vegetable soil, and the
nitrification inhibitor DMPP exerts greater effect on nitrifica-
tion than DCD, in accordance with the variation in AOB
populations. Significant relationship between net nitrification
rate and AOB abundance is observed. AOB community struc-
ture in vegetable soil appears to be highly variable with urea
and NIs application. However, the abundance and community
composition of AOA are less susceptible to urea and NIs
than those of AOB. The results showed that the application
of DMPP combined with urea is a more effective interven-
tion than DCD in inhibiting nitrification and bacterial ammo-
nia oxidizer rather than archaeal ammonia oxidizer. There-
fore, DMPP is considered as an ideal nitrification inhib-
itor combined with N fertilizer in vegetable production
system.
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