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• Long-term fertilizers inputs increased
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the gradients of fertilizers inputs.
⁎ Corresponding author at: Research Centre for Eco-En
E-mail address: yuange@rcees.ac.cn (Y. Ge).

https://doi.org/10.1016/j.scitotenv.2019.02.427
0048-9697/© 2019 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 9 January 2019
Received in revised form 27 February 2019
Accepted 27 February 2019
Available online 28 February 2019

Editor: Ewa Korzeniewska
The new discovery of complete ammonia oxidizers (comammox), single organisms capable of oxidizing ammonia
into nitrate, redefined the traditional view of nitrification. However, little is known about the relative contributions
of comammox and other nitrifiers to nitrification, particularly in agricultural soils with long-term intensive input
of nutrients. Herein, we investigated the communities of ammonia-oxidizing bacteria (AOB), ammonia-oxidizing
archaea (AOA) and comammox Nitrospira in agricultural soils under nutrients input gradient of nitrogen
(0–675 kgN ha−1 year−1), phosphorus (0–405kgP2O5ha−1 year−1), andpotassium(0–675kgK2Oha−1 year−1)
fertilizers for 19 years. The results showed that N and K fertilizers input significantly (P b 0.05) increased the AOB-
amoA gene abundance,while AOAwere not as sensitive as AOB. The comammox-amoA gene copieswere increased
in all fertilizer treatments andwas significantly correlated (P b 0.05) with the amount of N fertilizer added. Termi-
nal restriction fragment length polymorphism (T-RFLP) combined with clone-library assays of comammox-amoA
gene showed that increasing gradient of nutrients input increased the relative abundance of 73 bp T-RF
(assigned to Clade A) but decreased the relative abundance of 198 bp T-RF (representing Clade B). Correlation
analyses and stepwise linear regression analyses demonstrated that AOB were the dominate contributors to soil
potential nitrification, while comammox Nitrospira did not play a significant role (P N 0.05). This study provided
insights into the adaptive responses of comammox Nitrospira and canonical ammonia oxidizers to long-term
fertilizations and their relative contributions to potential nitrification in arable soils.

© 2019 Elsevier B.V. All rights reserved.
Keywords:
Comammox Nitrospira
AOB
AOA
Fertilizers
Arable soil
Nitrification
vironmental Sciences, Chinese Academy of Sciences, 18 Shuangqing Road, Beijing 100085, China.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2019.02.427&domain=pdf
https://doi.org/10.1016/j.scitotenv.2019.02.427
yuange@rcees.ac.cn
Journal logo
https://doi.org/10.1016/j.scitotenv.2019.02.427
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


225J. Wang et al. / Science of the Total Environment 668 (2019) 224–233
1. Introduction

Nitrification, a biological oxidation of ammonia to nitrite and then to
nitrate, is conventionally thought of a two-step process carried out by
separate groups of nitrifiers: ammonia-oxidizing bacteria (AOB) and
archaea (AOA), and nitrite oxidizing bacteria (NOB). However, re-
searchers were puzzled by this two-step process because it is not the
most kinetically optimal pathway for nitrification. Scientists predicted
the presence of a single organism which could completely oxidize am-
monia to nitrate with a lower energy consumption when compared
with separate nitrification steps, and that this type of organism might
have a competitive advantage over canonical ammonia oxidizers,
i.e., AOB and AOA, in environments with low substrate concentrations
(Costa et al., 2006). Researchers were able to successfully enrich mi-
crobes of the genus Nitrospira from a deep oil well (Daims et al., 2015)
and an aquaculture system (van Kessel et al., 2015). These microbes
were able to catalyze complete nitrification, and thus were called
complete ammonia oxidizers (comammox). Since then, throughmolec-
ular or culture methods, comammox have been detected in many
engineered and natural ecosystems (Chao et al., 2016; Daims et al.,
2015; Gao et al., 2016; Palomo et al., 2016). Recently, a kinetic analysis
of Nitrospira inopinata revealed that it had a higher growth yield and
affinity for ammonia than canonical nitrifiers, which indicated that
comammox Nitrospira had an oligotrophic lifestyle and might be more
competitive than canonical ammonia oxidizers under low ammonia
substrate conditions (Kits et al., 2017). Indeed, comammox Nitrospira
have often been reported to outnumber the canonical ammonia oxi-
dizers in low ammonia environments such as biofilters (Fowler et al.,
2018; Palomo et al., 2016), drinking water systems (Y. Wang et al.,
2017) and forest soils (Hu andHe, 2017). These findings have improved
our understanding of nitrification and suggest that there is an urgent
need to assess both the ecological distribution of comammox and
their roles in nitrification and nitrogen (N)-cycling in various environ-
ments. This is of particular importance for soils with frequent additions
of nutrients, such as those found in like agricultural ecosystems.

Ammonia oxidation and nitrification are important processes in nu-
trient transformation after fertilizer input into soils. Since the discovery
of ammonia oxidation function in AOA (Francis et al., 2005) and its pre-
dominance in different soil types when compared to AOB (Leininger
et al., 2006), many studies have focused on the distribution of AOA
and AOB in arable soils and their relative contributions to nitrification.
Although most researchers agree that the AOB amoA gene abundance
has a greater response to N additions than their archaeal counterparts
(Carey et al., 2016; Prosser and Nicol, 2012), scientists have not
reached an agreement about their relative contributions to nitrification.
Researchers have speculated that AOA might contribute more to the
process of nitrification in soils with low ammonia contents, high acidity
and low oxygen (Zhang et al., 2012; Zhang et al., 2010), while AOB
might play key roles in neutral and alkaline soils, or in soils with high
ammonia content (Ke et al., 2013; Shen et al., 2012; Giguere et al.,
2015; Taylor et al., 2010). The recent discovery of comammox, and
their surprisingly high abundance, makes evaluations of the relative
contribution of these three organisms to the process of nitrification
exceedingly complex.

For decades, excessive use of fertilizers was the norm in limited
areas of the world, notably in China, and agricultural ecosystems are
now facing serious environmental and ecological problems (Yang
et al., 2015). Low fertilizer use efficiency not only waste limited
resources, it also causes environmental pollution such as the leaching
of nitrate, NH3 volatilization and soil acidification (Guo et al., 2010).
Nitrification through AOA and AOB produces the intermediate metabo-
lite NO2

− in the presence of sufficiently high available ammonia such as
in arable soils; soil NO2

− accumulation would lead to an increase in
NO2

−-driven N2O production (Duan et al., 2018; Venterea et al., 2015).
Comammox, which do not accumulate NO2

− during ammonia oxidation
(Daims et al., 2015), might reduce the production of NO2

− and N2O,
which would lessen environmental pollution and improve the use effi-
ciency of fertilizers.

Recently, the newly-released PCR primer sets for the comammox
amoA gene were successfully used in investigating the distribution of
comammox Nitrospira in various environments (Fowler et al., 2018;
Pjevac et al., 2017). A study using quantitative PCR revealed that in-
creased rates of N deposition could increase the amoA gene abundance
of comammox Nitrospira clade B in forest soils, which suggests that N
input could influence comammoxNitrospira (Shi et al., 2018). However,
the adaptive response pattern of comammox to long-term fertilizations
in arable soils is still unknown, and elucidation of this pattern is vital for
a holistic understanding of nitrification as it relates to the foundations of
agricultural production.

In our present study,we collected soil samples fromanexperimental
field that has undergone 19 years of fertilization using varying amounts
of N, phosphorus (P) and potassium (K) fertilizers. The purposes of this
study were as follows: 1) to investigate the impacts of different
amounts of fertilizers on canonical ammonia oxidizers and comammox
Nitrospira, and 2) to explore the relative contributions of canonical am-
monia oxidizers and comammox Nitrospira to nitrification. We hypoth-
esized that (i) AOB would be stimulated by increased fertilizer input,
while AOA and comammox would not be as sensitive to fertilizer
input as AOB, due to their different affinities for substrate, and (ii) that
comammoxNitrospira play a less important role in nitrification in arable
soils with high nutrient availability, when compared to the canonical
ammonia oxidizers, due to the oligotrophic lifestyle of comammox
Nitrospira.

2. Materials and methods

2.1. Site description

The experimental site is situated at Qianyanzhou Ecological Station,
Jiangxi province, China (26°44′N, 115°03′ E) and is a double-season rice
system. The site has a subtropical monsoon climate in a hilly region and
the soil type is waterloggogenic paddy soil (soils under good conditions
of irrigation and drainage). The average annual temperature is 16.7 °C.
Annual precipitation varies from 1200 to 1900 mm.

2.2. Experimental design and soil sampling

The long-term fertilization experiment was established in 1998 with
randomized block design, including 9 treatments with 3 replicates. Each
replicate plot was 3 × 5 m, and was isolated by concrete walls (50 cm
depth and 15 cm above the soil surface). The 9 experimental treatments
were: (1) CK, no fertilization control; (2) N1P1K1, 228 kg ha−1 urea
(46% N), 461 kg ha−1 fused calcium/magnesium phosphate (13% P2O5)
and 175 kg ha−1 potassium chloride (60% K2O) were applied for
the early rice season, and 261 kg ha−1 urea, 577 kg ha−1 fused calcium/
magnesiumphosphate and 200 kg ha−1 potassium chloridewere applied
for the late rice season; (3)N2P2K2,where 50% larger amounts ofN, P and
K were applied when compared to N1P1K1; (4) N3P3K3, where 100%
larger amounts of N, P and K were applied when compared to N1P1K1;
(5) N4P4K4, where 200% larger amounts of N, P and K were applied
when compared to N1P1K1; (6) N3P1K1, applied the same amounts of
P and K but 100% more N than N1P1K1; (7) N1P3K1, applied same
amounts of N and K but 100% more P than N1P1K1; (8) N1P1K3, applied
same amounts of N and P but 100%more K thanN1P1K1; (9) OM, applied
19,067 kg ha−1 of organic manure (0.55% N, 0.95% P2O5 and 1.1% K2O,
10.2% organic C). OM had the same amount of N as N1P1K1. Organic
manure fertilizer was made of composted pig manure and rice straw;
the composting-process was conducted at high temperatures and a
good organic fertilizer was obtained after sterilization and deodorization
(Dong et al., 2012). The details of the experimental design and the
amounts of N, P, and K are shown in Table 1. All the organic fertilizer
and 60% of inorganic fertilizers were applied as base fertilizers before



Table 1
Experimental design and nutrient input of each treatment.

Fertilizer regimes N (kg ha−1 year−1)a P2O5

(kg ha−1 year−1)
K2O
(kg ha−1 year−1)

No fertilizer control
(CK)

0 0 0

N1P1K1 225 135 225
N2P2K2 337.5 202.5 337.5
N3P3K3 450 270 450
N4P4K4 675 405 675
N3P1K1 450 135 225
N1P3K1 225 270 225
N1P1K3 225 135 450
Organic manure fertilizer
(OM)b

225 181 210

a The amounts were the summation of the applied amount for both the early and late
seasons. N, P and K fertilizers were applied in the form of urea, fused calcium/magnesium
phosphate, and potassium chloride.

b The amounts of N, P2O5 and K2O in OMwere calculated by their contents in organic
manure fertilizer.
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sowing; the remaining inorganic fertilizers were applied as top-dressing
seven days after the rice was transplanted.

Soil samples were collected in October 2017 after the late rice was
harvested. Five soil cores at a depth of 0–20 cm were collected from
each plot. After mixing thoroughly and being passed through a 2-mm
sieve, the fresh soil was used to measure available N (AN), potential
ammonia oxidation (PAO) and potential nitrite oxidation (PNO), and
extract soil DNA. A subsample of soil was air-dried to measure soil pH,
SOM (soil organic matter), total N (TN), total P (TP), available P (AP)
and available K (AK).

2.3. Assays for soil properties, PAO and PNO

Soil pH was determined with a soil-to-water ratio of 1:2.5. Soil AN
(2.0 g) was determined by titrating after alkaline hydrolysis using
8.0 mL 1.0 mol L−1 NaOH. Soil TP (digested from 0.5 g soil by H2SO4/
HClO4) and soil AP (extracted from 5 g soil by 100 mL 0.5 mol L−1

NaHCO3) were measured by the molybdenum-blue method (Olsen,
1954). Soil AK was extracted from 5 g soil by 50 mL 1 mol L−1 NH4Ac
and measured using a flame atomic absorption spectrophotometer
(Brown, 1998). SOM and TN contents were measured using a Vario-
MaxN/CN elemental analyzer (Elementar Analysensysteme GmbH,
Hanau, Germany).

Soil PAOwasmeasured using the chlorate inhibitionmethod (Kurola
et al., 2005) with minor modifications. Briefly, 5.0 g of fresh soil was ag-
itated in 20 mL of phosphate buffer solution (NaCl, 8.0 g L−1; KCl,
0.2 g L−1; Na2HPO4, 0.2 g L−1; NaH2PO4, 0.2 g L−1; pH 7.4) with 1 mM
(NH4)2SO4. To inhibit nitrite oxidation, a final concentration of 10 mM
potassium chlorate was added to the tube. After incubating the suspen-
sion for 24 h on a rotary shaker at 25 °C and 170 rpm, NO2

−-N was
extracted by 5 mL of 2 M KCl and determined spectrophotometrically
at 540 nm with N-(1-naphthyl) ethylenediamine dihydrochloride.

Soil PNO was measured using the method described by Wertz et al.
(2007). Briefly, 5.0 g of fresh soil was incubated with 30 mL of NaNO2

solution (10 μg of N-NO2
− g−1 dry soil), after incubating the suspension

for 15 h on a rotary shaker at 25 °C and 170 rpm, NO2
−-N was extracted

and determined using the same method as PAO.

2.4. Soil DNA extraction and measurement of AOB, AOA and comammox
Nitrospira abundances by quantitative PCR

DNA was extracted from each plot using 0.25 g of fresh soil with
MoBio PowerSoil DNA Isolation Kits (MoBio Laboratories, Carlsbad, CA,
USA) according to the manufacturer's instructions.

Quantitative PCR reactions were performed using the SYBR Premix
Ex Taq™ (Perfect Real Time) kit (TaKaRa Biotechnology Co., Dalian,
China). The 25 μL final volume PCR reaction contained 12.5 μL of SYBR
Premix Ex Taq™ (2×, Takara), 0.5 μL ROX Reference Dye II (50×,
TaKaRa), 10 μL dd H2O, 0.5 μL (5 μM) of each primer and 1 μL DNA tem-
plate. The AOB amoA gene primers were amoA-1F (5′-GGGGTTTCTAC
TGGTGGT-3′) and amoA-2R (5′-CCCCTCKGSAAAGCCTTCTTC-3′) and
yielded a fragment of 491 bp in length (Rotthauwe et al., 1997). The
AOA amoA gene primers were Arch-amoAF (5′-STAATGGTCTGGCTTAG
ACG-3′) and Arch-amoAR (5′-GCGGCCATCCATCTGTATGT-3′) and
yielded a fragment of 635 bp in length (Francis et al., 2005).
The comammox Nitrospira amoA gene primers were Ntsp-amoA 162F
(5′-GGATTTCTGGNTSGATTGGA-3′) and Ntsp-amoA 359R (5′-
WAGTTNGACCACCASTACCA-3′) and yielded a fragment of 198 bp in
length (Fowler et al., 2018). It should be mentioned that primer sets
with longer fragment designed by Pjevac et al. (2017) were also tried,
however, these primers failed for most of our DNA samples.

Thermal cycling was as follows: an initial activation step at 95 °C for
30 s, then 40 cycles of 95 °C for 5 s, and 60 °C 34 s for AOB and AOA, or
60.5 °C 34 s for comammox Nitrospira. PCR products of amoA genes
fragments from soil samples were inserted into PMD18-T plasmids.
After sequencing and confirming that sequence using BLAST in GenBank
on the NCBI's homepage (http://blast.ncbi.nlm.nih.gov/Blast), the
proper gene inserts were chosen to serve as standards. The concen-
trations of the standard plasmids were measured using a Nanodrop
ND-1000 UV–Vis Spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). Standard curveswere developed by serially dilut-
ing plasmids to the final concentrations of 107 to 101 gene copies μL−1. A
negative control was run with water as the template. The efficiencies of
quantitative PCRwere 105%, 91%, and 84% for AOB, AOA and comammox
Nitrospira, respectively, and the R2 values of the standard curves were
higher than 0.99. The possibility of PCR inhibitionwas examined by serial
dilution, and no severe inhibition was found.

2.5. Terminal restriction fragment length polymorphism (T-RFLP) analysis
of comammox Nitrospira amoA gene

T-RFLP analysis was used to analyze community compositions of
comammox Nitrospira amoA gene. The PCR reaction was performed in
a 25 μL volume containing 10.5 μL of ddH2O, 12.5 μL of Premix Taq
(2×) Version 2.0 (TaKaRa), 1 μL DNA template, 0.5 μL forward primer
(5 μM) Ntsp-amoA 162F with 6-FAM (6-carboxyfluorescein) labeled at
the 5′ end, 0.5 μL reverse primer (5 μM) Ntsp-amoA 359R. The PCR pro-
tocol for comammox Nitrospira amoA gene was replicated three times
following the programs: 3 min at 95 °C for initial denaturing, followed
by 33 cycles of 94 °C for 30 s, 56 °C for 45 s and 72 °C for 25 s with the
final extension for 7 min at 72 °C. After amplification, the triplicate
PCR reactions were pooled and purified using the EZNA Cycle-Pure Kit
(Omega Bio-tek Inc., Doraville, GA, USA). The same amount of PCR
purification product (200 ng) for each sample was digested with
10 units of restriction enzyme HhaI (TaKaRa) at 37 °C for 6 h, and the
tubes were vortexed every 30 min to ensure complete digestion. After
digestion, sampleswere denatured at 80 °C for 10min. Capillary electro-
phoresis was used to separate samples and the precise lengths of the
terminal restriction fragments (T-RFs) were estimated. GeneMapper
4.0 software (Applied Biosystems) was used to generate the T-RFLP
profiles, peak heights b 100 fluorescence units were removed from the
future analyses.

Lengths of T-RFs b 40 bp were removed from future analyses. 198 bp
T-RF was treated as having no restriction enzyme cutting site and
remained for future analysis. The relative abundances of the T-RFs were
calculated as the percentages of total peak area in the T-RFLP profile.

2.6. Clone, sequencing and phylogenetic analysis of comammox-amoA gene

In order to identify the T-RFs of the comammox T-RFLP profiles,
clone libraries were constructed using the same primers as T-RFLP
without the 6-FAM label. To include more individual T-RFs in the
clone libraries, DNA samples were chosen from three different

http://blast.ncbi.nlm.nih.gov/Blast


Table 2
Soil properties under different fertilization treatments.

pH SOM (g kg−1)a TN (g kg−1) TP (g kg−1) AN (mg kg−1) AP (mg kg−1) AK (mg kg−1)

CKb 5.8 ± 0.1 e 13.4 ± 0.4 c 0.9 ± 0.10 b 0.1 ± 0.0 c 72.2 ± 2.7 c 6.1 ± 1.5 e 17.3 ± 1.5 d
N1P1K1 6.1 ± 0.3 cde 20.4 ± 2.2 b 1.2 ± 0.16 ab 0.2 ± 0.0 bc 105.1 ± 7.4 b 30.6 ± 6.2 de 26.0 ± 2.0 d
N2P2K2 6.3 ± 0.1 bcd 21.3 ± 2.4 b 1.1 ± 0.1 b 0.3 ± 0.0 bc 110.19 ± 7.7 b 45.4 ± 4.6 cd 57.9 ± 4.4 c
N3P3K3 6.6 ± 0.07 b 21.1 ± 1.1 b 1.1 ± 0.0 b 0.5 ± 0.1 a 111.9 ± 5.5 b 61.23 ± 3.9 bc 112.3 ± 0.7 b
N4P4K4 7.0 ± 0.1 a 22.3 ± 1.6 b 1.2 ± 0.1 ab 0.5 ± 0.1 a 115.8 ± 9.3 b 78.2 ± 16.2 b 192.7 ± 15.3 a
N3P1K1 6.0 ± 0.2 de 21.3 ± 1.6 b 1.2 ± 0.2 b 0.2 ± 0.0 bc 110.5 ± 5.1 b 20.8 ± 1.5 e 23.5 ± 3.3 d
N1P3K1 6.4 ± 0.1 bc 21.4 ± 1.8 b 1.2 ± 0.1 b 0.5 ± 0.1 a 109.7 ± 7.6 b 60.9 ± 5.5 bc 25.9 ± 4.0 d
N1P1K3 6.2 ± 0.0 bcd 19.9 ± 2.8 b 1.1 ± 0.2 b 0.2 ± 0.0 bc 105.0 ± 5.9 b 26.4 ± 4.6 de 95.4 ± 11.4 b
OM 5.9 ± 0.1 de 29.7 ± 2.7 a 1.5 ± 0.2 a 0.4 ± 0.1 ab 154.26 ± 3.4 a 105.5 ± 16.4 a 29.7 ± 3.5 d

a Values are presented as mean ± SD (n = 3), different letters indicate significant differences among treatments by one-way ANOVA (P b 0.05). Abbreviations: SOM stands for soil
organic matter, TN stands for total N, TP stands for total P, AN stands for available N, AP stands for available P, AK stands for available K.

b The symbol and nutrient input of each treatment is detailed in Table 1.
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treatments (CK, N4P4K4 andN3P1K1) according to the results of T-RFLP
profiles. PCR products were purified and cloned into the PMD18-T
plasmid and introduced into competent E. coli Top 10 cells. A total of
58 clones were sequenced using ABI PRISM 3730 sequencer (Applied
Biosystems). Sequences in the clone libraries and some referred
sequences that were obtained from Genebank were used to construct
the neighbor-joining tree using MEGA version 6.0 (Tamura et al.,
2013). Virtual digests with HhaI were carried out on the sequences re-
trieved from the clone libraries to allow the assignment of phylogenetic
identity to individual T-RF.

The 58 sequences obtained in this study were deposited in GenBank
under the Accession Numbers MK167293 to MK167350.

2.7. Statistical analyses

The effects of different treatments on the soil properties, PAO, PNO
and the abundances of AOB, AOA, and comammox Nitrospirawere ana-
lyzed using one-way ANOVA followed by Tukey's HSD as a post hoc test
using SPSS 18.0. Linear regression analyses were performed using SPSS
18.0, and the amounts of P and K fertilizers were transformed into the
forms of P2O5 and K2O in linear regression analyses. Multiple stepwise
linear regression analyses were performed to determine the variation
of PAO and PNO that explained by the population sizes of AOB, AOA
and comammoxNitrospira using SPSS 18.0. Pearson correlation analyses
were performed to analyze the relationships between soil properties,
PAO, PNO and the abundances of AOB, AOA and comammox Nitrospira
(log10 transformed) using ‘corrplot’ package in R software (Team,
2014; Wei et al., 2017). Principal component analysis (PCA) was
Fig. 1. Soil potential ammonia oxidation (PAO) (A) and potential nitrite oxidation (PNO) (B) und
letters indicate significant differences (Tukey's HSD, P b 0.05) among fertilizer treatments. The
used to analyze the beta-diversities of comammox community using
the ‘vegan’ package (Oksanen et al., 2013) in R software. The differ-
ences in community compositions among treatments were tested
using permutational multivariate analysis of variance (PERMANOVA,
transformed data by Bray-Curtis, permutation= 999). The correlations
between the soil properties and T-RFLP profile of comammox was cal-
culated through Mantel test (Euclidean distance, permutation = 999)
using the ‘vegan’ package in R software.

3. Results

3.1. Soil properties, PAO and PNO

As shown in Table 2, all of the measured soil properties were
significantly (P b 0.05) influenced by the input of fertilizers. In terms
of the 7 inorganic fertilizer treatments, the soil pH, SOM, TN, TP, AN,
AP, and AK tended to increase as the amount of N, P and K in the
fertilizer increased, which peaked in the N4P4K4 treatment receiving
the highest amounts of inorganic fertilizers. When the OM treatment
was included in the comparison, the OM treatment had the highest
SOM, TN, AN, and AP compared to all treatments.

Soil PAO and PNO had a similar response to the application of nutri-
ents (Fig. 1). In general, the addition of higher amounts of nutrients
corresponded with higher soil PAO and PNO, and soil PAO and PNO
peaked in N4P4K4 when compared to all other treatments. N4P4K4
had 4.5 times more of PAO and 9.6 times more PNO than what was
found in CK. Compared with CK, OM also significantly (P b 0.05)
increased soil PNO (Fig. 1).
er different fertilization treatments. Values are presented asmean± SD (n=3). Different
symbol and nutrient input of each treatment is detailed in Table 1.
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3.2. Abundances of canonical ammonia oxidizers and comammox

The abundance of the AOB-amoA gene ranged from 6.2 × 106 to
1.4 × 107 copies/g of soil (Fig. 2A). The application of different fertilizers
significantly (P b 0.05) changed the abundance of AOB. The abundance
of AOB showed an increasing trend as the gradient of nutrients input
increased. N4P4K4 had the highest AOB-amoA gene copies, 1.2 times
higher than that of CK. Linear regression analysis revealed that AOB
abundance was significantly (P b 0.05) and positively correlated with
the input of N and K, and that the positive correlation with N input
was stronger as compared to P and K input (Fig. 2B).

The abundance of AOA was higher than AOB in each soil sample.
Although AOA abundance was also significantly (P b 0.05) influenced
by different treatments, the response of AOA was not as sensitive
as AOB. Among all the treatments with fertilizers input, a significant
(P b 0.05) increase of AOA abundance was only found in N3P1K1,
while the other treatments had no significant difference compared
with CK (P N 0.05, Fig. 2C). Linear regression analyses revealed that
AOA abundance had no significant relationships (P N 0.05) with the
amounts of N, P and K fertilizers added (Fig. 2D).

In the present study of paddy soils, the abundance of comammox-
amoA gene ranged from 1.3 × 105 to 5.5 × 105 copies/g soil (Fig. 3A),
which was lower than the abundances of AOA and AOB. Compared
with CK, all the treatments with nutrients input increased the abun-
dance of comammox. A significantly (P b 0.05) higher abundance
of comammox were found in N3P1K1 and N1P1K1, 3.3 and 2.5 times
higher than CK, respectively. OM treatment had a 1.7 times higher
abundance of comammox than CK, but the difference was not signifi-
cant (P N 0.05). When comparing the eight treatments with fertilizers
Fig. 2. Soil ammonia-oxidizing bacteria (AOB) abundance under different fertilization treatment
oxidizing archaea (AOA) abundance under different fertilization treatments (C) and regression a
(n = 3). Different letters indicate significant differences (Tukey's HSD, P b 0.05) among fertiliz
added, no significant difference was detected in the abundance of
comammox (P N 0.05, Fig. 3A). As revealed by the regression analysis,
the abundance of comammox was only positively and significantly
correlated with the amounts of N (P b 0.05, Fig. 3B).

3.3. Community compositions of comammox

T-RFLP was used to investigate the effects of different fertilizers
on the community compositions of comammox (Fig. 4). Thirteen dif-
ferent T-RFs were detected in the soils of present study. As revealed
by linear regression analyses, the relative abundance of the T-RFs of
73 bp, 118 bp and 141 bp were significantly (P b 0.05) and positively
correlated with the addition of increasing amounts of N, P and K
(Fig. S1). Inversely, the application of higher amounts of N, P and K
significantly (P b 0.05) decreased the relative abundance of 198 bp
T-RF (Figs. 4, S1).

Clone libraries were constructed from CK, N4P4K4 and N3P1K1
treatments to identify the individual T-RFs of the comammox-amoA
gene. In total, 58 clones were sequenced and characterized. As shown
in the phylogenetic tree (Fig. 5), T-RFs of 73 bp, 78 bp, 121 bp and
141 bp were all phylogenetically assigned to Clade A, 30 sequences of
the 198 bp T-RF were phylogenetically assigned to Clade B, and 1 se-
quence of the 198 bp T-RF was phylogenetically assigned to Clade A.
In addition, 0 sequence of the 73 bp T-RF was detected in CK treatment,
which corresponded with the result of the T-RFLP analysis (Fig. 4).

The results of dissimilarity tests showed that the amounts of N, P
and K fertilizers significantly (PERMANOVA, P b 0.01) influenced the
beta-diversities of the comammox community. PCA analysis showed
that the soils that received similar amounts of nutrients tended to
s (A) and regression analyseswith different amounts of fertilizers input (B); Soil ammonia-
nalyseswith different amounts of fertilizers input (D). Values are presented asmean± SD
er treatments. The symbol and nutrient input of each treatment is detailed in Table 1.



Fig. 3. Soil comammox-amoA gene abundance under different fertilization treatments
(A) and regression analyses with different amounts of fertilizers input (B). Values are
presented as mean ± SD (n = 3). Different letters indicate significant differences
(Tukey's HSD, P b 0.05) among fertilizer treatments. The symbol and nutrient input of
each treatment is detailed in Table 1.
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cluster together (Fig. 6A). Further analyses of linear regression (Fig. 6B)
revealed that PC1 had significant (P b 0.01) relationships with the
amounts of N, P, K and the total nutrients (N + P + K).
Fig. 4. Relative abundance of terminal restriction fragments (T-RFs) for comammox-amoA gene
averaged into one consensus profile. The relative abundance b 1% T-RFs are treated as “others”
3.4. Contributions of nitrifiers to nitrification and correlations between
nitrifiers and soil properties

As shown in Fig. 7, soil PAO and PNO were significantly (P b 0.01)
and positively correlated with the abundance of AOB but not AOA
or comammox. Further analyses of stepwise linear regression
demonstrated that the abundance of AOB contributed 26.1% to the
PAO (P b 0.01) and 32.4% to the PNO (P b 0.01). The abundance of
AOA also contributed 15% (P=0.012) to the PAO. Similar to the results
of the correlation analyses, the abundance of comammox had no signif-
icant (P N 0.05) contribution to either PAO or PNO. As revealed by
variance partitioning analysis (Fig. S2), the variance in soil potential
nitrification (PAO or PNO) was most explained by soil properties (38%,
P b 0.001) instead of community abundances (5%, P = 0.12).

Correlation analyses showed that the abundance of comammox
was significantly (P b 0.05) and positively correlated with the contents
of SOM, TN and AN (Fig. 7). The abundance of AOA was significantly
(P b 0.05) and negatively correlatedwith pH, TP and AK. The abundance
of AOB was significantly (P b 0.05) and positively correlated with all
of the measured soil properties except soil AK content. Mantel tests
showed that the community compositions of comammox had signifi-
cant (P b 0.05) relationships with SOM, pH, AN, and AP (Table 3). By
comparing the r values of the correlation analyses and the Mantel test,
we could found that SOM played themost important role in influencing
both the abundance and composition of the comammox community
(Table 3, Fig. 7).

4. Discussion

4.1. Impacts of nutrients addition on canonical ammonia oxidizers

In the present study, the abundances of AOB and AOA were signifi-
cantly (P b 0.05) influenced by the gradient of nutrients input over the
course of 19 years (Fig. 2). Many previous studies have reported the
impacts of fertilization regimes on canonical ammonia oxidizers, and
it is not surprising that the addition of N fertilizers increased the
abundance of AOB. This observation was in line with previous studies
based on field experiments (Guo et al., 2017; J. Wang et al., 2017) and
meta-analysis (Carey et al., 2016; Ouyang et al., 2018). The abundance
of AOB was inherently sensitive to environmental changes and was
often treated as a pertinent biological indicator (Bru et al., 2011; e
Silva et al., 2013). Significant (P b 0.01) changes of AOB abundance in
our present study implied that soils characteristics were changed due
to the different fertilization regimes for the past 19 years. However,
compared with AOB, AOA was less sensitive to the input of fertilizers,
under different fertilization treatments. Three replicate T-RFs profiles of each sample are
. The symbol and nutrient input of each treatment is detailed in Table 1.



Fig. 5. Neighbor-joining trees based on comammox-amoA gene. Names of sequences
obtained in this study are marked in bold. Bootstrap analysis of 1000 replicates values is
shown next to each node. Clones that closed with each other and belong to the same
treatment were collapsed. The symbol and nutrient input of each treatment is detailed
in Table 1.

Fig. 6. Effects of fertilization treatments on comammox community structure by Principal
component analysis (PCA) based on the terminal restriction fragments (T-RFs) profiles
(A); regression analyses of PC1 and the amounts of fertilizers (B). Each point represents
an individual sample, the size of point indicates the amount of N + P + K in each plot.
The symbol and nutrient input of each treatment is detailed in Table 1.

230 J. Wang et al. / Science of the Total Environment 668 (2019) 224–233
which has also been reported in meta-analyses of the available litera-
tures (Carey et al., 2016; Ouyang et al., 2018). The different sensitivities
of AOB and AOA to nutrients input could be explained by their different
affinities for NH3, since AOB have a higher maximum activity and half
the saturation constant value for N utilization when compared to AOA
(Hatzenpichler, 2012; Ouyang et al., 2017; Prosser and Nicol, 2012).
In this study, the input of fused calcium/magnesiumphosphate as an
alkaline fertilizer significantly (P b 0.05) increased soil pH (Table 2). It
has been frequently reported that soil pH has profound effects on the
AOB community (He et al., 2007; Nicol et al., 2008; Yao et al., 2011).
In the present study, soil pH was also found to be an important
factor controlling the AOB abundance in our soils. Most of the AOB,
that have been cultivated to date, are neutrophilic and many isolates
of them have their highest growth rate and activity at pH 7.5
(Carey et al., 2016; Jiang and Bakken, 1999). It is reasonable to assume
that the input of an alkaline fertilizer, resulting in an increased soil pH,
caused an increase of AOB abundance. In contrast, we found that soil
pH was significantly (P b 0.05) and negatively correlated with the
abundance of AOA (Fig. 7), which is consistent with previous studies
showing that some AOA are acidophilic in nature and dominate ammo-
nia oxidation in acidic soils (He et al., 2012; Prosser and Nicol, 2012;
Zhang et al., 2012).

4.2. Impacts of long-term fertilization on the abundance and compositions
of comammox

The abundance of comammox in our soil samples ranged from
1.3 × 105 to 5.5 × 105 gene copies/g of soil, which was less than the
abundances of AOB and AOA. Some studies also found that the



Fig. 7. Pearson correlation analyses of the abundances of comammox, ammonia-oxidizing
bacteria (AOB), ammonia-oxidizing archaea (AOA), potential ammonia oxidation (PAO),
potential nitrite oxidation (PNO) and soil properties. The correlation coefficients are
shown in the lower left panel, * indicates P b 0.05, ** indicates P b 0.01. SOM: soil
organic matter; TN: total N; TP: total P; AN: available N; AP available P; AK available K.
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abundance of comammox Clade A and Clade B were less than the
abundance of AOA in a rice paddy soil (Pjevac et al., 2017) or similar
to the abundanceof AOB in some forest soils (Shi et al., 2018). In contrast,
the results of previous studies demonstrated that comammox
outnumbered other ammonia oxidizers in filters (Fowler et al., 2018;
Palomo et al., 2016) and drinking water systems (Y. Wang et al., 2017).
A high abundance of comammox Nitrospira have generally been found
in environments with low ammonia availability, and inversely, a low
abundance of comammox Nitrospira were found in high-nutrient envi-
ronments such as active sludge and biofilm samples (Chao et al., 2016;
Hu and He, 2017). Our present study demonstrated that comammox
were less abundant than canonical ammonia oxidizers in the arable soils.

Nitrospira inopinata is an only species of comammoxwhich has been
physiologically characterized at this time, it was demonstrated as an
oligotrophic lifestyle (Kits et al., 2017). However, in this study, the
application of nutrients (mainly N) still improved the total abundance
of comammox Nitrospira compared with CK (Fig. 3). A significant
(P b 0.05) increase in soil AN was observed in all the treatments after
the addition of nutrients for 19 years, which supplied additional
substrates for the energy and biosynthesis of comammox Nitrospira.
Additionally, as revealed by genomic analysis, the comammox Nitrospira
species could encode urease proteins and had the corresponding urea
transport systems, which implies that they are capable of using urea as
a substrate for nitrification (Hu andHe, 2017).However,when comparing
Table 3
Mantel test of soil properties with comammox community compositions.

r Pa

pH 0.264 0.008
SOM b 0.323 0.003
AN 0.310 0.005
AP 0.188 0.033
TN 0.130 0.113
AK 0.096 0.160
TP 0.083 0.163

a Significant differences (P b 0.05) are indicated in bold.
b Abbreviations: SOM stands for soil organic matter, AN stands for available N, AP

stands for available P, TN stands for total N, AK stands for available K, TP stands for total P.
the eight fertilizations treatments, no significant (P N 0.05) difference
was detected in comammox-amoA gene abundance (Fig. 3A), which
supported our first hypothesis that comammox Nitrospira were not as
sensitive as AOB to the input of fertilizers. These results might be
explained by the high affinity for ammonia and low maximum rate of
ammonia oxidation characters as revealed by the enrichment ofNitrospira
inopinata (Kits et al., 2017). After the soil NH3 contents have met their
requirement, the abundance of comammox would not increase with the
addition of more substrate.

In the present study, T-RFLP, in combinationwith clone library assays,
provided interesting information about the community compositions of
comammox Nitrospira. Different types of comammox had distinct re-
sponse patterns to nutrients input. The 73 bp T-RF phylogenetically
assigned to Clade A increased with nutrient addition, while the 198 bp
T-RF representing Clade B decreased (Figs. 4, 5). This subtlety was not
evident when examining only the quantitative PCR analysis, where the
comammox amoA gene abundance was significantly (P b 0.05) and posi-
tively correlated with N input (Fig. 3B). Clade A and Clade B are two
monophyletic sister clades of comammox Nitrospira (Daims et al., 2015;
Pjevac et al., 2017; van Kessel et al., 2015). The contrasting responses of
Clade A and Clade B to nutrient input indicated that different clades of
comammox Nitrospiramight have different physiological characteristics
in soils. A previous study performed in a subtropical forest soil showed
that long-term N deposition could increase the abundance of Nitrospira
Clade B, but Nitrospira Clade A did not have a consistent response pattern
(Shi et al., 2018). In addition to different methods and different edaphic
factors, another possible explanation for this discrepancy could be the
different primers used in these two studies. Further refined primers
with higher coverage are required to better capture the comammox
community after the identification of more comammox sequences.
Additionally, it should be mentioned that the PCR products might not
be completely digested by the restriction enzyme, which may cause an
overestimation of the relative abundance of the 198 bp T-RF.

As revealed by PCA and regression analyses, community structure
(beta-diversity) of comammox was also significantly (P b 0.001) corre-
lated with the amounts of N, P and K input. Further analysis using the
Mantel tests revealed that soil pH, SOM and AN played key roles in
influencing the comammox community structure (Table 3). In addition,
SOM and soil AN content were also significantly (P b 0.05) correlated
with the abundance of comammox (Fig. 7). There is currently no evi-
dence to prove that comammox Nitrospira are capable of mixotrophic
growth and have the ability to utilize organic substrate directly for me-
tabolism like AOA (Prosser and Nicol, 2012). Therefore, it is probable
that high SOM content increases soil Nmineralization, or only increases
the total abundance of soil organisms (Bengtsson et al., 2005), which
causes an indirect increase of comammox Nitrospira.

4.3. Exploring the contributions of canonical ammonia oxidizers and
comammox to soil nitrification

After the discovery of comammox organisms in a range of
engineered and natural ecosystems (Daims et al., 2015; Palomo et al.,
2016; Pinto et al., 2015; vanKessel et al., 2015), our previous knowledge
about the relative contribution of nitrifiers to nitrification is challenged.
Although comammox, AOB and AOA have the same function for ammo-
nia oxidation, positive correlations among these three nitrifiers (Fig. 7)
suggested that they were not competitively exclusive in our arable
paddy soils, and thus might occupy different niches owing to their
physiological differentiation, e.g., distinct half-saturation constants for
ammonia (Hu and He, 2017). In this study, long-term of N fertilization
provided sufficient substrate for the niche separation of these three
nitrifiers.

Our results showed that both soil PAO and PNO increased with the
increasing gradient of nutrients input (Fig. 1), which is in agreement
with previous studies based on paddy soils (Ke et al., 2013; J. Wang
et al., 2017). As revealed by multiple stepwise linear regression
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analyses, the contributions of comammox Nitrospira were not
significant (P N 0.05) to both PAO and PNO, while the canonical
ammonia oxidizers (mainly AOB) were the dominant contributors to
the nitrification processes. These results supported our hypothesis that
comammox Nitrospira played a less important role in soil nitrification,
indicating that comammox Nitrospira could not replace the role of
canonical ammonia oxidizers in nitrification of arable soils with high
substrates. For the reason that AOB and AOA only have the function of
oxidizing ammonia into nitrite, therefore, their contributions to soil
nitrite oxidation might be indirect.

Although our study provided the clues about the relative contribu-
tions of canonical ammonia oxidizers and comammox to soil nitrifica-
tion in arable soils after long-term fertilization through statistical
techniques, other approaches, e.g., DNA/RNA-stable isotope probing
and selective inhibitors techniques (Li et al., 2018) should also be
conducted to further elucidate the contribution of comammox and
canonical ammonia oxidizers to soil nitrification. It should be noted
that PAO and PNO were measured using the methods with substrates
addition in the present study, which only indicated their potential
ability instead of in situ rates in soils.

5. Conclusion

Our present study revealed that the abundance of AOB increased
with the increasing gradient of nutrients input, while the abundance
of AOA was not as sensitive as AOB to fertilizers input. The abundance
of comammox Nitrospira was lower than both AOB and AOA, the input
of nutrients, especially N, could enhance the abundance of comammox
Nitrospira. Specific clades of comammox Nitrospira had different
responses to the fertilization. For instance, the relative abundance of
the 73 bp T-RF (Nitrospira Clade A) increased with the increasing gradi-
ent of nutrients input, but the relative abundance of the 198 bp T-RF
(mostly belonging to Nitrospira Clade B) decreased with the increasing
gradient of nutrients input. The contrasting responses of these two
clades to nutrients input indicate that different compositions of the
comammoxNitrospiramight have different physiological characteristics
between comammox Nitrospira clades. Soil AN and SOM were the key
factors in driving the abundance and compositions of comammox
Nitrospira community. Moreover, the correlations suggest that AOB
are dominantly responsible for the potential rates of soil nitrification.
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