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Abstract Recent evidence from several environments sug-
gest that besides autotrophic ammonia-oxidizing bacteria
(AOB), ammonia-oxidizing archaea (AOA) are also able to
perform the oxidation of NH4

+ to NO2
−, although the relative

importance of AOA in nitrification, compared to AOB, and
their differential susceptibility to inhibitory compounds re-
mains unclear. Experimental microcosms were set up to eval-
uate the effect of the addition of the nitrification inhibitor 3,4-
dimethylpyrazole phosphate (DMPP) combined with a cattle
effluent as organic fertilizer on the abundance and expression
of ammonia oxidizers, denitrifiers, and non-target microbial
populations using reverse transcription–real-time PCR, as
well as on the diversity of metabolically active soil bacterial
and archaeal communities by terminal restriction fragment
length polymorphism. While no significant changes in soil
mineral N concentrations or amoA gene copies could be
detected between treatments, short-term changes in transcrip-
tional activity revealed that DMPP impaired both bacterial and
archaeal amoA mRNA, being significant at every time point
for AOB and at one time point for AOA. Our findings re-
vealed that, despite the different cellular biochemistry and
metabolism existing between bacteria and archaea domains,
DMPP exerts its inhibitory effect against both soil bacterial
and archaeal ammonia-oxidizing transcriptional activity.
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Introduction

The application of animal effluents to soil has the potential
both to reduce the amount of fertilizer required and to increase
productivity. As with many soil amendments, the use of waste
materials for maintaining and improving soil productivity
presents a desirable and economically attractive alternative
as well as assisting in the disposal of otherwise trou-
blesome wastes.

Up to 90 % (Dosch and Gutser 1996; Wulf et al. 2002) of
the fertilizer nitrogen (N) applied to soils in the form of
ammonium or ammonium-producing compounds is lost con-
tributing to nitrate leaching as well as to the production of
environmentally hazardous nitrogenous gases such as nitrous
oxide (N2O) and nitric oxide (NO), both during nitrification
and subsequent denitrification (Jarvis et al. 1996).

In cultivation systems, reduction of nitrification rates may
be implemented by applying the exact amounts of N-fertilizer
required by the crop plants (Bronson and Mosier 1994;
Subbarao et al. 2006). Consequently, this leads to an increase
in plant N-use efficiency through reduced N application rates.
Depending on soil conditions and plant species, these benefi-
cial effects could be increasing N-use efficiency, reducing N
losses, fertilizer applications, and consequently, preventing
environmental and health risk.

Nitrification inhibitors (NIs) are natural or synthetic com-
pounds that delay the microbial oxidation of NH4

+ to NO2
−,

the first step of the nitrification process with nitrapyrin,
dicyandiamide (DCD), and 3,4-dimethylpyrazole phosphate
(DMPP), the three major commercial NIs (Subbarao et al.
2006). DMPP, however, is one of the most highly effective
and widely used nitrification inhibitors (Pasda et al. 2001;
Weiske et al. 2001; Irigoyen et al. 2003). DMPP has been
evaluated under field (Merino et al. 2005; Li et al. 2008; Chen
et al. 2010) and laboratory (Hatch et al. 2005; Barth et al.
2008; Pereira et al. 2010; Yang et al. 2013) conditions, mixed
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with both inorganic (Linzmeier et al. 2001;Weiske et al. 2001)
or organic (Dittert et al. 2001; Macadam et al. 2003) fertilizer.
It has the potential to reduce losses of N2O up to 60% (Weiske
et al. 2001; Zerulla et al. 2001; Hatch et al. 2005; Menéndez
et al. 2012) even if added to slurry (Dittert et al. 2001), and to
increase crop yield up to 21 % (Linzmeier et al. 2001; Pasda
et al. 2001; Zerulla et al. 2001; Martínez-Alcántara et al.
2012). However, only recently, attention has been paid to the
possibility of using inhibitors with organic fertilizer (Dittert
et al. 2001; Macadam et al. 2003; Di and Cameron 2004;
2012), especially in Mediterranean ecosystems, where areas
frequently experience temperatures above 25–30 °C and high
nitrification rates. Furthermore, to our knowledge, the appli-
cation of DMPP combined with cattle effluents and its effects
on soil microbiota has never been studied.

Traditionally, autotrophic ammonia-oxidizing bacteria
(AOB) were considered to be the exclusive contributors to
ammonia oxidation (Bock and Wagner 2006). However, re-
cent environmental metagenomics analysis revealed that am-
monia monooxygenase α-subunit (amoA) genes are also pres-
ent in soil ammonia-oxidizing archaea (AOA) and that in most
mesophilic environments, members of the phylum
Thaumarchaeota within the domain of Archaea are consider-
ably more abundant than characterized AOB populations
(Leininger et al. 2006; Spang et al. 2010).

Little information is available concerning the differential
susceptibility of AOB and AOA to nitrification inhibitors.
Contrasting observations have been reported for DCD (Di
et al. 2010; Zhang et al. 2012) and AOA and AOB could be
differentiated through the inhibition of bacteria by using the
antibiotics sulfadiazine (Schauss et al. 2009), whereas, a re-
duced abundance of AOB, but not AOA, was observed both
in rhizosphere and bulk soil following the application of
DMPP (Kleineidam et al. 2011).

Evidence for ammonia oxidation by bacteria and archaea in
soil has largely been based on abundance of amoA genes,
rather than activity. However, the presence or high abundance
of a functional gene does not mean that the function is oper-
ating (Prosser and Nicol 2008). Messenger-RNA may be an
indicator of living cells or the specific activity even in a
complex microbial community because its turnover is rapid
in living bacterial cells, although increased steady-state
mRNA level do not alone guarantee an increase in any asso-
ciated metabolic activity.

Since archaeal and bacterial ecophysiology, metabolism
and biochemistry might presumably be different; it will there-
fore be crucial to determine whether AOA are also sensitive to
AOB inhibitory compounds, and whether nitrification pro-
cesses can be attributed specifically to AOA. To date, there
have been few studies on the effects of nitrification inhibitors
on non-target soil microbiota. Given the importance of main-
taining soil quality and function, it is essential that soil
treatments such as nitrification inhibitors do not

negatively impact on important ecosystem functional
activities of non-target soil microorganisms.

Thus, the aim of this study was to evaluate the short-term
effect of the addition of the nitrification inhibitor DMPP
combined with a cattle effluent as organic fertilizer on the
abundance and expression both of direct and indirect micro-
bial targets (ammonia oxidizers and denitrifiers), and non-
target microbial populations. Furthermore, denitrification
genes were monitored to determine whether the amount of
nitrate can be attributed specifically to the inhibitory effect
exerted by DMPP or whether an increase in denitrifier num-
bers and stimulation of denitrification leads to increased re-
moval of nitrate from the soil. To determine whether amoA
genes from AOA and AOB, bacterial 16S rRNA and nosZ
genes are actively transcribed, total RNA from soil micro-
cosms was isolated and relative cDNA copies of these genes
after reverse transcription was quantified. Changes in diversity
of metabolically active bacterial and archaeal communities
were also evaluated.

Materials and methods

Soil and cattle effluent

The soil used (Casalotti soil) was collected from a Eucalyptus,
short rotation, high-density plantations field managed by the
research unit for intensive wood production (CRA-PLF) located
in Rome (Italy) (41°54′33.55″ N, 12°21′37.83″ E). The soil is
classified as luvisols (http://www.bluegoldmedia.com/post/
102218.html) having a sandy loam texture. Six replicate
samples of soil from the top 30 cm (about 30 kg in total) were
collected in June 2009 and stored in sterile plastic bags. The
soils were air-dried, homogenized by sieving (2-mmmesh size),
pooled, and stored at room temperature.Main physico-chemical
and some microbiological properties of the soil are reported in
Table 1. The cattle effluent used was obtained from a dairy farm
situated in Rome. Sampling was performed in June 2009 and
sample was stored in PVC barrels at 4 °C until required. On day
0, it was sampled after thorough stirring and blending and
analyzed by standard laboratorymethods to assess the following
physico-chemical properties: moisture (88.9 %), dry matter
(11.1 %), Ntot (0.32 %), N-NH4

+ (0.17 %), and TOC (5.97 %).

Experimental design

A non-disruptive laboratory incubation experiment was per-
formed to assess potential N mineralization and nitrification,
whereas short-term effect onmicrobial dynamics was assessed
in disruptive soil microcosms fertilized with cattle effluent (E)
and cattle effluent combined with DMPP (ED). An un-
treated soil (C) and soil + DMPP (D) control treatments
were included.
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Liquid formulation of DMPP (25 %, provided by
EuroChem Agro Spa, Italy) was used at a final concentration
of 1 % according to the organic fertilizer NH4

+-N content, as
recommended by the providers (Zerulla et al. 2001). Nitrogen
from cattle effluent was added at a concentration of 250 mg
N kg soil−1.

Potential N mineralization and nitrification

Cattle effluent and nitrification inhibitor were added singly or
as a pre-mixed solution to 50-g air-dried soil mixed with
quartz sand in a 1:1 ratio (Stanford and Smith 1972). The
mixture was incubated at 60 % water holding capacity in the
dark at 30 °C for 12 weeks (Benedetti et al. 1994; Dell’Abate
et al. 2003). The Büchner funnels used were covered by cling
film which prevented water loss but allowed gas exchange.
Every 3–4 days, funnels were aerated and moisture was
replenished throughout the duration of the experiment.
NO3

−-N, NO2
−-N, and NH4

+-N produced during the incuba-
tion were monitored at 1, 2, 4, 8, and 12 weeks. The soils were
eluted with 900 ml 0.01-M CaSO4 solution, and then with
100-ml N-free solution [0.002-M CaSO4, 0.005-M
Ca(H2PO4)2, 0.0025-M K2SO4, 0.002-M MgSO4] in order
to reintegrate nutrient elements. Nitrogen forms were deter-
mined colorimetrically in the eluate by continuous flux
analyser (AutoAnalyzer Technicon II), according to Wall
et al. (1975) for NH4

+-N and Kamshake et al. (1967) for
(NO3

−+NO2
−)-N. Cumulative net nitrification and net N min-

eralization were expressed as (NO3
−+NO2

−)-N (milligram per
N kilogram dry soil) and (NH4

++NO3
−+NO2

−)-N (milligram

per N kilogram dry soil) respectively. Each treatment was
replicated three times.

Microcosm study of microbial analysis

Microcosms containing 1.1 kg of homogenized soil were set
up to examine microbial community structure and functioning
in Casalotti soil after cattle effluent and DMPP addition.
Microcosms were incubated at 60 % water holding capacity
in the dark at 30 °C for 28 days, and covered by cling film
which prevented water loss but allowed gas exchange. Every
3 days, moisture was replenished throughout the experiments’
duration. Each treatment was replicated three times. Ten-
gram subsamples were taken at days 1, 4, and 7, and
immediately frozen at −80 °C and stored for molecular
analysis until required.

Nucleic acid extraction

RNA and DNA were extracted from 2 g of each soil sample
and slurry using a RNA PowerSoil® Total RNA Isolation Kit
and RNA PowerSoil® DNA Elution Accessory Kit, respec-
tively (Mo Bio, Carlsbad, CA, USA) following slight modifi-
cation to the manufacturer’s instructions, whereby the 15-min
shaking on a flat bed vortex was replaced by a 30-s bead
beading step (5.5 m s−1, Fastprep). DNA and RNA concen-
trations were determined using the Qubit quantification plat-
form with Quant-iT™ dsDNA high sensitivity Assay Kit and
Quant-iT™ RNA Assay Kit (Invitrogen, NZ). DNA and RNA
were diluted to 5 ng/μL and stored in −80 °C freezer for the
following molecular applications.

Quantitative real-time PCR

The abundances of bacterial 16S rRNA, bacterial amoA, ar-
chaeal amoA, nirK, nirS, and nosZgenes in all the soil samples
were quantified using real-time PCR (Clark et al. 2012).
Quantitative real-time PCR (qPCR) was performed using
primers described in Table 2 and a Stratagene Mx3000P
QPCR thermal cycler (Agilent Technologies) in a 25-μL
reaction mixture consisting of 20-ng DNA template,
12.5-μL QuantiTect SYBR green master mix (QIAGEN),
and the following primer concentrations: 1 μM for bacterial
16S rRNA and archaeal amoA, 1.5 μM for bacterial amoA,
5 μM for nirK and nosZ, and 7.5 μM for nirS. Real-time
amplification was performed using the following programs
developed: for bacterial 16S rRNA gene: initial 15 min at
95 °C; 30 cycles of 15 s at 95 °C for denaturing, 30 s at 58 °C
for annealing, 30 s at 78 °C, and 15 s at 84 °C (both readout)
for extension; for bacterial amoAgene: initial 15 min at 95 °C;
45 cycles of 15 s at 95 °C for denaturing, 30 s at 58 °C for
annealing, 45 s at 72 °C, and 15 s at 84 °C (both readout) for
extension; and for archaeal amoAgene: initial 15min at 95 °C;

Table 1 Main physico-chemical and microbiological characteristics of
the soil used

Parameters Casalotti soil

Sand (%) 63

Silt (%) 16

Clay (%) 21

Ntot(%)a 0.06

TOC (%)b 1.06

pHa 7.5

qCO2
c 0.17

Cumulative C-CO2 evolved over 28 days (mg kg−1 soil)d 282.11

Respiration measured at 28 days (mg C-CO2 kg
−1 soil)d 0.4

Cmic (mg-C kg−1 soil)e 95.53

a Analysis was performed as described in Violante (2000)
b TOC was determined as reported by Springer and Klee (1954)
cMetabolic quotient (specific respiration of the microbial biomass of the soil)
calculated from basal respiration values with the formula (mg-C/kg soil)
d Soil respiration was determined as reported by Isermayer (1952)
eMicrobial-C biomass was calculated as reported by Vance et al. (1987)

Biol Fertil Soils (2014) 50:795–807 797



40 cycles of 15 s at 95 °C for denaturing, 30 s at 58 °C for
annealing, 45 s at 72 °C, and 15 s at 78 °C (both readout) for
extension; for nirK, nirS, and nosZ genes see Clark et al.
(2012).

A melting curve analysis was performed to confirm PCR
product specificity after amplification by measuring fluores-
cence continuously as the temperature increased from 50 to
99 °C. The specificity of the PCR was further evaluated by
running randomly selected samples on a 1.5 % (w/v) agarose
gel. The corresponding real-time PCR efficiency for each of
these genes was estimated based on serial dilutions of the
common DNA mixture described below. Triplicate qPCR
was performed for each target gene for all samples. The copy
numbers of these genes per gram of dry soil was calculated
from the copy number of each gene per nanogram of DNA
multiplied by the amount of DNA contained in each gram of
dry soil.

Standards were generated fromPCR products that had been
obtained from soil DNA extracts, gel purified, quantified
using a Qubit™ fluorometer (Invitrogen, NZ) and diluted
accordingly. This was to minimize the bias inherent in the
usual approach, where one or only a few genes are used to
standardize complex communities (Töwe et al. 2010). Prob-
lems arise because the degenerate primers have only partial
homology to the gene variants used to generate the standard
curve, and there are differences in the amplification efficien-
cies of the range of sequences internal to the primers in the
environmentally extracted DNA samples.

The number of copies of each gene was calculated using
the fo l l ow ing equa t i on : gene copy numbe r =
(nanogram*number/mole)/(base pairs*nanogram/gram*gram

mole base pairs) (http://www.uri.edu/research/gsc/resources/
cndna.html). Standards were diluted accordingly to give a
concentration range from 0 to 107 (109 for bacterial 16S
rRNA) gene copies per microliter. All DNA preparations
were checked for the absence of inhibitors prior to PCR and
all results were analyzed using LinRegPCR program version
11.1 (Ramakers et al. 2003; Ruijter et al. 2009) to confirm the
efficiency of amplification and the absence of inhibition.

Reverse transcription–real-time PCR

Quantitative real-time reverse transcription (RT-PCR) assays
were used to specifically measure the bacterial 16S, bacterial
amoA, archaeal amoA, and nosZ abundance mRNA. The
mRNA concentrations of the four genes investigated were
quantified with one-step RT-PCR assays. RNA was treated
with TURBO DNA-free™ Kit (Applied Biosystems, USA).
Standard PCRs were performed on all TURBO DNA-free
treated RNAs to confirm that no PCR products were produced
and hence, all traces of contaminating DNA had been re-
moved. RT-PCR assays were subsequently performed using
SensiFAST™ SYBR Lo-ROX One-Step Kit (Bioline, UK) in
a 40-μL mix containing 20 μL of 2X SensiFAST SYBR Lo-
ROXOne-stepMix, 0.4 μL of reverse transcriptase, 0.8 μL of
RiboSafe RNase Inhibitor, 0.2-ng DNA for bacterial 16S
rRNA gene, 20-ng DNA for nosZ gene, and 50-ng DNA for
bacterial and archaeal amoA genes, and the same primers
concentrations used in real-time amplification assays de-
scribed before.

The RT-PCR reaction programs were the same as those
used in real-time amplification assays.

Table 2 Primers used for qPCR, RT-qPCR, and RT-T-RFLP

Primer Primer sequence 5′–3′ Target Reference

Muyzer For CCTACGGGAGGCAGCAG Bacterial 16S rRNA Nadkarni et al. (2002)

Muyzer Rev ATTACCGCGGCTGCTGG Bacterial 16S rRNA Muyzer et al. (1993)

amoA-1 F GGACTACVSGGGTATCTAAT AOB amoA Rotthauwe et al. (1997)

amoA-2R CCCCTCKGSAAAGCCTTCTTC AOB amoA Rotthauwe et al. (1997)

arch-amoAF STAATGGTCTGGCTTAGACG AOA amoA Francis et al. (2005)

arch-amoAR GCGGCCATCCATCTGTATGT AOA amoA Francis et al. (2005)

nirK876 ATYGGCGGVCAYGGCGA nirK Henry et al. (2004)

nirK1040 GCCTCGATCAGRTTRTGGTT nirK Henry et al. (2004)

nirS_cd3a-F GTSAACGTSAAGGARACSGG nirS Michotey et al. (2000)

nirS_R3cd_R GASTTCGGRTGSGTCTTGA nirS Throbäck et al. (2004)

nosZ2RHenry CAKRTGCAKSGCRTGGCAGAA nosZ Henry et al. (2006)

nosZ2FHenry CGCRACGGCAASAAGGTSMSSGT nosZ Henry et al. (2006)

63f AGGCCTAACACATGCAAGTC Bacterial 16S rRNA Hauben et al. (1997)

1087r [VIC]-CTCGTTGCGGGACTTACCCC Bacterial 16S rRNA Marchesi et al. (1998)

Ar344F TTCCGGTTGATCCTGCCGGA Archaeal 16S rRNA Raskin et al. (1994)

Ar927R [NED]-CCCGCCAATTCCTTTAAGTTTC Archaeal 16S rRNA Jurgens et al. (1997)
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cDNA synthesis

RT was carried out on half of the total RNA extracted using
QuantiTect Reverse Transcription Kit (QIAGEN). Ten-
microliters RNA were added to 2 μL gDNA wipeout buffer
to a final volume of 14 μL, in order to eliminate genomic
DNA. The suspension was heated for 2 min at 42 °C and then
placed immediately on ice. An RT mix of 1-μL reverse
transcriptase containing RNase inhibitor, 5X Quantiscript RT
buffer containingMg2+ and dNTPs, and 1-μL RT primer mix,
to a final volume of 20 μL, was added. RNA free of contam-
inating DNA obtained previously was added on ice to each
tube containing reverse transcription master mix. The suspen-
sion was incubated for 15 min at 42 °C, and then heated for
3 min at 95 °C to stop the reaction. The absence of DNA
contamination was confirmed by PCR amplification of non
reverse transcribed RNA samples.

RT-T-RFLP analysis

The samples collected from soil microcosms described previ-
ously were analyzed by terminal restriction fragment length
polymorphism (T-RFLP) on metabolic active microbial pop-
ulations. The bacterial and archaeal 16S rRNA genes were
amplified in multiplex with VIC- and NED-labeled (on for-
ward primer) primers, respectively, 63f/1087f and Ar344F/
Ar927R, details in Table 2.

Following PCR amplification (MacDonald et al. 2011)
products were visualized with ethidium bromide staining on
a 1 % (w/v) agarose gel using UV radiation and purified using
Wizard® Genomic DNA Purification Kit (Promega, USA)
according to the manufacturer’s instructions. Purified PCR
products (about 500 ng) were digested with 20 U of Msp I
(Promega, UK) restriction enzyme as previously described
(Macdonald et al. 2007). Terminal restriction fragments
(T-RFs) were resolved on an ABI PRISM 3130xl genet-
ic analyzer (Applied Biosystems, UK).

Data analysis

Excel and SPSS 11 software was used for the analysis of
potential N mineralization and nitrification data, as well as
qPCR and RT-qPCR data, and comparisons of means were
conducted using one-way ANOVA and post hoc (Duncan) test
at a level of p<0.05.

Bacterial and archaeal T-RFLP profiles were generated
from the raw data using GeneMarker (version 1.7;
Softgenetics, USA). Fragment analysis was performed be-
tween 50 and 500 base pair (bp), which was within the line
range of the internal size standard (LIZ 500, Applied
Biosystems). A baseline threshold of 50 fluorescence units
was used to minimize the effect of artifacts. To account for T-
RF drift, fragments that differed by less than 0.5 bp were

aligned as the same peak, i.e., binning (Dunbar et al. 2001).
The relative abundance of a T-RF in a profile was calculated as
a proportion of the total peak height of all the T-RFs in a
profile. Any peak that was <0.5 % of the total fluorescence
unit was removed from the data before statistical analysis.

Euclidian similarity matrices were generated on relative abun-
dance T-RFLP data that had been log transformed prior to
principal components analysis (PCA). PCA scores were plotted
in two dimensions: principal components 1 (PC1) and PC2.

Results in the tables, text, and figures are given as
means ± SD.

Results

Potential N mineralization and nitrification

The amount of N mineralized (NH4
+, NO2

− ,and NO3
−)-N and

nitrification during the incubation period after addition of
organic fertilizer to the soil with or without DMPP are report-
ed in Fig. 1. DMPP had no significant effect on total N
mineralization throughout the course of the experiment
(Fig. 1b), but it reduced nitrification starting from the second
week of incubation: at 14-days nitrification was reduced by
86.4%, and at 28 days by 77.4% in ED treatment with respect
to E (p<0.05) (Fig. 1a). After 8 and 12 weeks, net nitrification
from each treatment was not significantly different and the
inhibition effect declined. After 12 weeks of incubation,
155.04±15.35 and 138.18±10.78 mg N kg−1 dry soil were
mineralized (E and ED, respectively) (Fig. 1b). No differences
could be detected between C and D treatments and the amount
both of N mineralized and nitrification was consistently lower
than amended treatments (data not shown).

Abundance of N-cycle organism genes

Figure 2 shows the changes in the bacterial 16S rRNA, bac-
terial amoA, archaeal amoA, nirK, nirS, and nosZ gene copy
numbers quantified using qPCR assays. The bacterial 16S
rRNA gene copy numbers during the first 7 days of incubation
range from 4.19×108 for D at day 1 to 2.23×109 g−1 soil for E
at day 7 (Fig. 2a). These differences were not significant
across sampling times (p<0.05); however, bacterial 16S
rRNA copy numbers in soil were slightly higher in micro-
cosms amended with cattle effluent.

For both untreated soils and treatments, there was no sig-
nificant change in bacterial or archaeal amoA gene copy
numbers throughout the course of the experiment, which
varied from 2.38×105 for C at day 1 to 1.75×106 g−1 soil
for ED at day 1, and from 1.71×105 for ED at day 7 to 5.74×
105 g−1 soil for E at day 1, respectively (Fig. 2b–c). Bacterial
and archaeal amoAgene copy numbers did not differ (p<0.05)
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among treatments or as a function of sampling time, and their
abundances were generally comparable.

The relative abundance of nirK, nirS, and nosZ denitrifica-
tion genes showed a similar pattern: nosZ gene copies, for
example, varied from 3.17×106 (D, day 7) to 4.05×107 g−1

soil (E, day 7) (Fig. 2d). At days 4 and 7 DMPP significantly
reduced nosZ gene copy numbers (p<0.05). As for bacterial
16S rRNA gene, nosZgene quantification revealed increasing
copy number in both microcosms containing organic fertilizer
(Fig. 2d). Furthermore, we found the following gene copy
numbers concentrations per gram bovine effluent: 1.21×109

for bacterial 16S, 4.76×105 for bacterial amoA, 1.90×106 for
nirK, 1.012×106 for nirS, and 2.52×106 for nosZ. Archaeal
amoA gene copy numbers were below limit of detection.

Transcriptional activity of N-cycle organism genes

Figure 3 shows changes in the bacterial 16S rRNA, bacterial
and archaeal amoA, and nosZmRNA levels quantified using

RT-qPCR assays. In contrast to gene copy number, gene
expression showed significant differences in mRNA levels
for all the genes detected at 1, 4, and 7 days of microcosms
incubation. Bacterial amoA mRNA levels were lower in
DMPP + cattle effluent treatment in comparison to cattle
effluent-only treatment starting from day 1 until 7 (p<0.05),
indicating a clear inhibitory effect of DMPP on transcriptional
activity (Fig. 3b). Increasing levels of AOA amoA mRNA
were measured in E which ranged from 1.05×103 at day 1 to
1.84×104 g−1 soil at day 7 (Fig. 3c). A trend towards lower
archaeal amoA mRNA levels in ED when compared to E at
each time point was observed, although it was only significant
(p<0.05) at day 7.

Inhibition of denitrifiers (nosZ mRNA levels) was also
found: an approximately 10-fold decrease in nosZ gene tran-
scripts relative to ED when compared to E soils was
observed at day 1, and about a 5-fold decrease in
numbers at day 7 (Fig. 3d), but no significant decrease
at day 4 could be detected.
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Fig. 1 Weekly net nitrification
(a) and cumulative net N
mineralization (b) as milligram of
nitrites and nitrates or total
mineral N leached per kilogram
dry soil. Significant effects of the
inhibitor are indicated by
asterisks, Duncan’s test, p<0.05.
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However, lower 16S rRNA levels were found in ED treat-
ment in comparison to the pure E treatment; these were
significant after 24 h of application (Fig. 3a).

Structural changes of metabolically active microbial
communities

The structural differentiation of metabolically active microbial
communities during the first 7 days of microcosm incubation
was analyzed by RT-T-RFLP. Figure 4 shows the number of
bacterial (Fig. 4a) and archaeal (Fig. 4b) T-RFs, respectively,
found in soil microcosms after 1, 4, and 7 days of incubation.
Bacterial T-RFs were more impacted by treatments when
compared to their archaeal counterparts: at day 1 bacterial T-

RFs in only DMPP microcosms were significantly lower than
the other treatments, and after 4 and 7 days, a significant
difference between E and ED microcosms was detected. In
line with the greater level of stability of the archaeal commu-
nity, the number of archaeal 16S T-RFs fluctuated less than
those of bacteria throughout the present experiment, and no
statistical difference could be detected.

PCA was done on species abundance data: the analysis
compared two sets of descriptors, T-RFs versus treatments
and reduced the multidimensional relationship between them
to two principal components. In all cases on the first principal
component loadings (PC1) a strong laddering occurred (data
not shown), and this was due to the fact that a major fraction of
T-RFs were not affected by any of the microcosm treatments;
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furthermore, most of the time PC1 explained a greater per-
centage of variance, ranging from 44 to 50 % and from 75 to
96 % for bacterial and archaeal population, respectively
(Fig. 5). However, significant differences in metabolically
active microbial community structure were evident across
treatments. At day 1, the active bacterial community structure
was more similar in the two microcosms where cattle effluent
was applied, regardless of the presence of the nitrification
inhibitor. The first two components explained 66 % of the
total variance; microcosms with DMPP were negatively af-
fected by PC2, and C and D microcosms were negatively
affected by PC3 (which explained 17 % of the total variance)

whereas PC4, which explained 12% of the total variance, was
able to discriminate E (positively) and ED (negatively) treat-
ments (data not shown). Archaeal community structure after
1 day of incubation was relatively stable: C, D, and ED
microcosms didn’t show any differences; only cattle effluent
microcosms were affected differently from the others by PC2,
although it explained only 20% of the total variance observed.

After 4 days of incubation, metabolically active bacterial
community structure of E and ED was affected differently
from their controls without cattle effluent and the inhibitor,
and differently from each other on PC2. Both at day 1 and 4,
the archaeal population was stable across treatments, except
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for E treatments at day 4whichwere slightly separated by PC2
explaining only 3 % of the total variance.

After 7 days of microcosm incubation, PCA on archaeal
community structure discriminated in a similar way to that
seen in day 4, ED being more separated from C and D when
compared to day 4.

Discussion

Mineralization of organic N and the concentration of ammo-
nium in soil have a direct effect on nitrification and plant-
available N. Most of the applied N-fertilizer to soil in the form
of NH4

+ is oxidized to NO3
− by ammonia-oxidizing microor-

ganisms (Subbarao et al. 2006). However, the application of
DMPP delays this oxidation over time resulting in limited
nitrate availability and consequently, reducing the risk of
losses by leaching. In our incubation study at constant soil
temperature, DMPP strongly inhibited nitrification at 14 and
28 days after the application of cattle effluent as organic
fertilizer. From day 56 until the end of the incubation period,
the inhibitory effect of DMPP declined, suggesting that
DMPP has undergone biological decomposition since it is
non-volatile (Zerulla et al. 2001). The effectiveness of DMPP
as nitrification inhibitor in soil has been widely demonstrated
including when added to slurry (Dittert et al. 2001; Macadam
et al. 2003; Hatch et al. 2005; Merino et al. 2005) and animal
urine (Di and Cameron 2004; 2012); however, these studies
were all conducted at temperatures lower than 30 °C. Zerulla
et al. (2001) reported that nitrification for ammonium sulfate
nitrate at 20 °C was completed within 7–21 days, compared to
40 days with DMPP. In Mediterranean regions where temper-
atures can be significantly higher than those registered in
Central and Northern Europe, it is crucial to assess whether
and to what extent warm temperatures may affect DMPP
performance as a nitrification inhibitor, in order to guarantee
an adequate N supply to crop plants throughout the entire
vegetative cycle (Grisi et al. 1998).

Furthermore, we found no significant differences in total
mineral N leached between the two treatments (Fig. 1b), hence
the reduction in nitrate concentration found in the presence of
DMPP can be attributed to inhibition of nitrification rather
than stimulation of denitrification.

The number of ammonia oxidizers in certain environments
is relatively low (about 104 to 106 cells gram per soil), making
real-time PCR, which is highly sensitive, as a convenient
method for enumeration of these microorganisms. Real-time
PCR can also be used to determine a broad range of starting
molecule template concentrations spanning at least five orders
of magnitude (Heid et al. 1996). Thus, it is also suitable for
quantifying soil microorganisms with population dynamics
radically different than those of ammonia oxidizers. However,
molecular fingerprinting techniques target the most dominant

microbial community members (Muyzer and Smalla 1998)
and can be biased due to the formation of heteroduplexes and
PCR selection and drift (Suzuki and Giovannoni 1996; Head
et al. 1998). Therefore, it might be possible that the contribu-
tion of less abundant species would not be reproducibly
detected using this approach. Hence, both archaeal and bac-
terial community structures were profiled by T-RFLP of 16S
rRNA (rather than DNA) to increase sensitivity and potential-
ly target the predominantly active members of the microbial
community (Felske and Akkermans 1998). Great sensitivity
will arise through the high copy number of 16S rRNA per cell
and growth and activity may be detected through increase in
ribosome content prior to cell division.

While no significant changes in soil mineral N concentra-
tions (Fig. 1a) or amoA gene copies (Fig. 2b–c) could be
detected between the two fertilizer treatments after 7 days of
incubation, short-term changes in transcriptional activity re-
vealed that DMPP impaired both bacterial and archaeal amoA
mRNA (Fig. 3b–c), being significant at every time point for
AOB and at only one time point for AOA. Recent evidence
suggests that archaea may play a significant role in ammoni-
um oxidation in soil (Leininger et al. 2006; Prosser and Nicol
2008). Schauss et al. (2009) showed AOA were potentially
responsible for up to half of nitrification activity in manured
soil. Other quantitative studies (Francis et al. 2005; Hai et al.
2009) revealed that the AOA are more stable and less respon-
sive to environmental differences than AOB; the high num-
bers in various ecosystems and at greater soil depths indicate
that AOA are adapted to a broad range of growth conditions
and might therefore have a more versatile metabolism than
AOB, perhaps being able to grow mixotrophically. In the
effluent archaeal amoA gene copy numbers were below the
limit of detection, whereas bacterial amoAgene copy numbers
were found at a concentration of 4.76×105 g−1 bovine efflu-
ent. Therefore, although soil archaeal amoA transcription was
reduced following the addiction of DMPP, it is not possible to
speculate how any archaea in the effluent were affected, nor if
DMPP differentially affected organisms in the original soil
and in the effluent itself. However, since DMPP significantly
inhibited soil archaeal amoA transcription, some soil bacterial
amoA transcription might have been affected. Although sev-
eral studies have identified archaeal amoA genes in soils, and
transcriptional activity has been demonstrated (Treusch et al.
2005; Leininger et al. 2006; Nicol et al. 2008; Mertens et al.
2009), the actual role of AOA in N-cycling remains unclear
and may vary between soil types and conditions. Recent
studies (O’Callaghan et al. 2010; Kleineidam et al. 2011)
revealed a pronounced impact of nitrification inhibitory com-
pounds on AOB but not AOA gene copy numbers, and that a
qPCR analysis of amoA gene transcripts is needed to confirm
their role in N-cycling. However, in this study, the efficacy of
a nitrification inhibitor at the transcriptional level has been
demonstrated. In particular, our findings revealed that, despite
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the different cellular biochemistry and metabolism existing
between the domains Bacteria and Archaea, DMPP exerts its
inhibitory effect against both bacterial and archaeal ammonia-
oxidizing transcriptional activity. However, even though tran-
scriptional activity is a measure of ammonia monooxygenase
(AMO) production potential in soil, changes in mRNA amoA
abundance may not directly reflect protein production and
activity, since AMO seems to be strongly protected from
degradation. Pinck et al. (2001) found that cells starved of
ammonia for 1 year still contained high amounts of AMO,
although they showed far less ammonia oxidation activity
than growing cells. Hence, the amount of AMO may not
directly correlate with the activity of ammonia oxidation.

It is known that N fertilization can change the structure and
activity of denitrifying community, and subsequently, affect
the N2O emission (Dambreville et al. 2006; Kramer et al.
2006). The ratio N2O/N2 rises if NO3

− is abundant in the soil
because the latter is preferred to N2O as an electron acceptor
(Schlegel 1992). Hence, if nitrate production is inhibited by
DMPP, the denitrification pathway will be affected when the
inhibitor is added. In our study, denitrification genes nirK,
nirS, and nosZ, showed a similar DNA-based qPCR pattern
over time at least for two sampling time points. Because of its
importance as the final step in denitrification, nosZwas chosen
to determine the effect of DMPP on transcription: transcript
abundance decreased significantly in microcosms with DMPP
and cattle effluent when compared to effluent-only treatment
after 1 and 7 days but not after 4 days of incubation (Fig. 3d).
The same trend was also found in bacterial 16S rRNA tran-
scripts, suggesting a short-term impact of DMPP on the non-
target bacterial community.

Animal effluents contain consistent amounts of microor-
ganisms, and both Nitrosospira and Nitrosomonas-like 16S
rDNA have been detected in swine manure (Ceccherini et al.
1998). It is known that microorganisms enact transcriptional
changes in response to shifts in resource availability (Brandt
et al. 2004), so that the fluctuations in viable populations
following the addition of cattle effluent as nutrient sources
were probably reflected in transcriptional activity. No signif-
icant difference could be detected between days 0 and 1 (data
not shown); however, the slight differences between treat-
ments observed in bacterial 16S and denitrifiers qPCR data
could be explained both by the introduction of specific groups
at high abundance in the effluent and by rapid initial growth,
due also to the addition of labile carbon.

These results were reflected in active soil microbial com-
munity structure data, where relatively small shifts, both in
bacterial and archaeal active communities, were detected,
even though the number of archaeal 16S T-RFs fluctuated less
than those of bacteria throughout the experiment (Fig. 4),
confirming that there is minimal metabolic response of ar-
chaeal community structure to treatments. O’Callaghan et al.
(2010) found significant short-term shifts in active soil

bacterial community structure following application of urine
and urine + nitrification inhibitor DCD, as revealed by RT-
DGGE; however, by day 56, general bacterial communities
were similar in all soil treatments and untreated soils.

Taken together, our results indicate clearly that the nitrifi-
cation inhibitor DMPP exerts its effect on ammonia oxidizers’
transcriptional activity in our experimental conditions. How-
ever, our results revealed a moderate short-term effect on
denitrifiers and general bacterial mRNA levels both from soil
and cattle effluent. The mode of DMPP action is unclear and it
is possible that in addition to inhibiting transcription of certain
bacterial and archaeal genes including amoA, the compound
acts as a readily available C and N substrate for other groups.
For future investigations, it would be of interest to monitor
amoA mRNA changes in active soil microbial community
structure over longer incubation periods and in field experi-
ments in order to see whether or not the diversity found
between treatments will be maintained.
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