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Abstract
Background and aims Global warming is predicted to
alter the timing and magnitude of biogeochemical nitro-
gen cycling in paddy soils. However, little is known
about its effect on active nitrifying populations. Here
we investigated the responses of nitrification activity
and active nitrifiers to elevated temperature in an acidic
paddy soil.
Methods 13CO2-DNA-stable isotope probing (SIP),
qPCR and high-throughput sequencing were used to
determine active nitrifying phylotypes as well as differ-
ence in their abundance and community composition
incubated at field temperature (15 °C) and elevated
temperature (20 °C).
Results Urea application led to significant production of
nitrate and growth of ammonia-oxidizing bacteria
(AOB) at both temperatures. Nitrification activity at

elevated temperature was 148.3% and 18.5% higher
than that of low temperature at day 28 and 56, respec-
tively, accompanied by an increase in the extent of 13C-
label incorporation by AOB. 13CO2-based SIP experi-
ment indicated that both AOB and ammonia-oxidizing
archaea (AOA) were involved in the nitrification activ-
ity and the active ammonia oxidizers changed from
AOA to AOB with elevated temperature. Significant
variation of AOA communities was observed under
different temperatures. Dominant 13C-labeled nitrite-
oxidizing bacteria (NOB) shifted from Nitrospira
moscoviensis to Nitrospira japonica with higher
temperature.
Conclusions Our findings emphasized that elevated
temperature had pronounced effects on autotrophic
nitrification which was mediated by altering rela-
tive abundance of active AOB and AOA, as well
as the community composition of AOA and NOB.
AOB were more adaptable than AOA with increas-
ing abundance but no alteration of composition at
elevated temperature.
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Introduction

Nitrification, as a vital process of the global nitrogen
cycle, can lead to significant nitrate loss and greenhouse
gases emission. It is conventionally assumed to be cat-
alyzed by chemolithoautotrophic ammonia-oxidizing
archaea (AOA), bacteria (AOB) and nitrite-oxidizing
bacteria (NOB) (Gruber-Dorninger et al. 2015; Wei
et al. 2017; Yu et al. 2018). The discovery of complete
ammonia oxidizers (comammox) further enriched the
groups of nitrifiers (Hu and He 2017). Their relative
contributions to nitrification have attracted the attention
of soil scientists and a lot of research has been carried
out around this issue in recent decades. Results showed
that factors such as soil pH (Jia and Conrad 2009; Jiang
et al. 2015; Luo et al. 2016), elevated CO2 (Long et al.
2012), water content (Hu et al. 2015), N concentration
and forms (Maixner et al. 2006; Verhamme et al. 2011;
Sun et al. 2015), stocking rates (Pan et al. 2018) and
temperature (Taylor et al. 2017) differentially influenced
the relative contributions of distinct nitrifying popula-
tions to nitrification.

Temperature is a key factor determining microbial
growth and functional activity (Taylor et al. 2017; Ge
et al. 2017). From 1880 to 2012, the global average land
surface temperature has increased by 0.85 °C, and by the
end of the twenty-first century, it is estimated to exceed
3.7 °C (IPCC 2013). Increased temperature may affect
nitrification directly by stimulating enzymatic activity,
and indirectly by changing the substrate availability, or
by shifting the abundance and composition of the nitri-
fying populations (Schimel et al. 1994; Zhang et al.
2015; Hu et al. 2016; Osborne et al. 2016). The impacts
of elevated temperature on nitrification and nitrifying
populations are variable and soil specific (Hu et al.
2016). A few studies found that elevated temperature
caused increase in nitrification rates (Grundmann et al.
1995; Larsen et al. 2011). However, other studies re-
vealed that temperature was not correlated with nitrifi-
cation rates (Shaw and Harte 2001; Niboyet et al. 2011;
Baer et al. 2014; Osborne et al. 2016).

The optimum temperature for nitrifiers depends on
the climate of the region (e.g. 35 °C and 20 °C for
tropical and moderate soils, respectively) (Malhi and
McGill 1982) and the common sense is that differences
in the population structure lead to variations in temper-
ature adaptability (Anderson et al. 1971). The large-
scale distribution patterns of both AOA and AOB were
found to be strongly affected by temperature (Fierer

et al. 2009; Cao et al. 2013). Similarly, the community
structure of NOB was also influenced by temperature
(Alawi et al. 2009).

Rice production in waterlogged paddy soils feeds
more than half of the world’s population with large
amounts of N fertilizer application (Zhu et al. 2011,
2018; Luo et al. 2018). Paddy soils are characterized
by constant alternation of drying and wetting, which
will induce great changes in soil oxygen content and
chemical properties, thus shape the indigenous microbi-
al ecology (Hu et al. 2013; Atere et al. 2018; Liu et al.
2018). Competition between nitrifiers for oxygen in
flooded paddy soils may also have great influence on
their performance in nitrification (Wang et al. 2015).
Therefore, the response of nitrifiers to elevated temper-
ature in paddy soils will be quite different compared
with upland soils.

Previous studies related to the effects of elevated
temperature on nitrification mainly focused on the abun-
dance and diversity of ammonia oxidizing populations
in upland soils (Malchair et al. 2010; Szukics et al. 2010;
Wang et al. 2016). However, the change in amoA gene
abundance could not fully reflect ammonia oxidation
activity (Jia and Conrad 2009), and little is known about
the response of the active nitrifiers to elevated tempera-
ture, especially in paddy soils. Thus, DNA-based stable-
isotope probing (SIP) combined with high-throughput
sequencing were used to determine whether elevated
temperature (+5 °C) had effects on the production of
nitrate, as well as the richness and community compo-
sition of active nitrifiers in an acidic paddy soil (with
mean annual temperature of 15.1 °C). We hypothesized
that: elevated temperature will lead to higher soil nitrifica-
tion rates by promoting the growth and activity of active
nitrifiers. Additionally, we predicted that phylogenetically
distinct groups of nitrifiers would respond differently to the
elevated temperature, due to their distinct genetic features,
energy use efficiency and substrate affinity.

Materials and methods

Soil sampling

Soils (Stagnic Anthrosol, pH 5.29) were sampled from
Yunhe terrace, the largest terrace of Eastern China. It
locates in Zhejiang province, a subtropical monsoon
climate area, which has been cultivated with rice for
more than 150 years. The mean annual temperature of

Plant Soil (2019) 445:71–8372



this area is 15.1 °C. Soils were collected from three
separate fields (>50 m apart, with an area of 30 m ×
10m). Three random soil cores (approximately 20 cm ×
20 cm in area, and 15 cm depth) were collected and
bulked into a single sample in each field. The collected
samples were stored on ice and transported to the labo-
ratory immediately. Obvious materials (stones, macro-
fauna and plant residues) were removed before the moist
soil samples were sieved through 2 mm sieve. One
subsample of the sieved soil was stored at 4 °C prior
to incubation and the other was air dried for physio-
chemical analysis. All results are the means of triplicate
measurements and are expressed on an oven dry soil
basis (24 h, 105 °C).

DNA-SIP microcosms

DNA-SIP microcosms were constructed as previously
described (Zhang et al. 2019) in an attempt to simulate
and predict the behavior of nitrifiers at 15 and 20 °C
(T15 and T20), respectively. There were three treat-
ments for each temperature: one labeled treatment
(13CO2) and two control treatments (12CO2 and

13CO2 +
C

2
H2) with three replicates of each treatment. For each

treatment, 10 g sieved moist soil was placed in a 120 ml
serum bottle, and was incubated at 60% of the soil
maximum water-holding capacity in the dark for
56 days. The bottles were sealed with rubber stoppers
and aluminum caps and 6 ml of 12C-CO2 or

13C-CO2

(99 at% carbon) was injected into the bottles through the
rubber septum. The 13CO2 + C2H2 treatments were also
applied with 100 Pa C2H2, which could completely
inhibit ammonia oxidation. All microcosms received
100 μg urea-N g−1 soil, equivalent to the annual fertil-
izer N input in the field (approximately 300 kg urea-
N ha−1 during the rice growing season). The 13CO2 and
13CO2 + C2H2 microcosms received 13C-urea to reduce
the dilution of 13CO2 by CO2 released from the catalysis
of urea, and 12C-urea was applied in 12CO2 treatments.
The 13C-urea and 12C-urea were both applied weekly
during the 8-week incubation period by dropwise addi-
tion of freshly prepared urea solution. In total, 90 (2
temperatures×3 treatments×3 replicates of each treat-
ment×5 sampling points) bottles were prepared. Before
the application of urea and CO2, a 14-day pre-incubation
was conducted at 40% of soil maximum water-holding
capacity to decrease the dilution of 13CO2 by soil-
respired 12CO2, as previously described (Zhang et al.
2019).

Destructive sampling was performed for each treat-
ment at days 0, 7, 14, 28 and 56. The concentrations of
soil NO2

−-N, NO3
−-N and NH4

+-N were determined
colorimetrically by flow injection analysis (SAN++,
Skalar, Holland) of 1 M KCl extracts. Soil DNA was
extracted using a FastDNA Spin Kit for Soil (MP Bio-
medicals, Cleveland, OH, USA).

Isopycnic centrifugation and gradient fractionation

SIP fractionation was performed as previously described
(Zhang et al. 2019). The mixture (with an initial CsCl
buoyant density of 1.725 g ml−1) of 3.0 μg DNA extract
in CsCl stock solutionwas placed in a 5.1 ml Quick-Seal
polyallomer ultracentrifugation tube, and then
ultracentrifuged at 20 °C for 44 h with a speed of
177,000 g in a Vti65.2 vertical rotor (Beckman Coulter
Inc., Palo Alto, CA, USA). Fifteen DNA gradient frac-
tions (~380 μl) were generated and their refractive index
was measured with an AR200 digital hand-held refrac-
tometer (Reichert Inc., Buffalo, NY, USA) using a 65 μl
aliquot of each fraction. The purified fractionated DNA
was dissolved in 30 μl of TE buffer (Freitag et al. 2010).

PCR quantification of the amoA genes

The abundance of amoA genes in the total DNA and the
fractionated DNA over the 56-day incubation were
quantified with a LightCycler 480 II (Roche Applied
Science). The qPCR primers and thermal-cycling con-
ditions were described in Table S1. Each 20 μl PCR
contained 1 μl of DNA template, 10 μl SYBR Premix
Ex Taq (TaKaRa, Dalian, China), 0.4 mM of each
primer, and 8.68 μl Milli-Q water. The qPCR standard
was generated using plasmid DNA from one represen-
tative clone containing archaeal or bacterial amoA genes
(Di et al. 2009). Specifically, AOA and AOB amoA
genes were PCR amplified with the primers described
in Table S1, and the resultant PCR products were puri-
fied using a PCR cleanup kit (Macherey-Nagel Inc.,
Germany) and cloned into the pGEM-T Easy Vector
(Promega, Madison, WI, USA). Then the resulting liga-
tion mix was transformed into Escherichia coli JM109
competent cells (Promega) according to the manufac-
turer’s recommendations. Plasmid DNA was extracted
from the representative clones containing the target
gene, quantified using a Nanodrop® ND-2000 UV-vis
spectrophotometer (NanoDrop Technologies), and ten-
fold serial dilutions of the plasmid DNAwith a known
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copy number were used as the standard curve. That was
1.15 × 101 to 1.15 × 107 and 2.33 × 101 to 2.33 × 107

copies per assay for archaeal and bacterial amoA genes,
respectively.

The PCR inhibition during the amplification was
assessed using a serial dilution of the DNA template.
All total DNA extracts were diluted at a ratio of 1:10
with nuclease-free water to reduce potential PCR inhi-
bition, but no dilution was applied to the fractionated
DNA. Amplification efficiencies were 97–101%, with
R2 values of 0.99. The specificity of the amplification
products was determined by standard agarose gel elec-
trophoresis and melting-curve analysis.

Sequencing and processing of sequences

The 16S rRNA gene sequencing was conducted with
primers 515F-907R targeting the V4-V5 regions
(Table S1). Total DNA extracts at days 0, 28 and 56
and the fractionated heavy DNA (fractions 3–8) at days
28 and 56 in 13CO2 and

13CO2 + C2H2microcosmswere
measured using an Illumina MiSeq platform. The raw
data were submitted to the NCBI Sequence Read Ar-
chive database with assigned Study SRP102858.

Pyrosequencing of AOB and AOA amoA genes in
the total DNA extracted from the 13CO2 microcosms at
days 0, 28 and 56 was also performed on a Roche 454
GS FLX+ Titanium platform (Roche 454 Life Sciences,
Branford, CT, U.S.). Primers amoA-1F/amoA-2R and
Arch-amoAF/Arch-amoAR were used for AOB and
AOA, respectively (Rotthauwe et al. 1997; Francis
et al. 2005) (Table S1). The sequence data were depos-
ited in the NCBI Sequence Read Archive (SRA) data-
base (Accession Number: SRP102865 for AOB and
SRP102863 for AOA).

Quality control and analysis of the resulting sequences
were performed by the Quantitative Insights into Micro-
bial Ecology (QIIME) software (Caporaso et al. 2010).
Sequences with mismatched primers, ambiguous charac-
ters, < 20 average quality score, or shorter than 200 bp
were removed. Operational Units (OTUs) were clustered
using UPARSE (version 7.1) with 97% similarity cutoff.
The taxonomy of 16S rRNA gene sequences and amoA
gene sequences were analyzed by RDP Classifier against
the Silva 16S rRNA database (Release 123) and FGR
(Release 7.3) respectively, with a confidence threshold of
70%. Neighbour-joining phylogenetic trees of AOB,
AOA and NOB were constructed using representative
sequences of the 16S rRNA and amoA genes with the

Kimura 2-parameter distance in MEGA (version 4.0)
using 1000 bootstrap replicates (Tamura et al. 2007).
The relative abundance of specific lineages was calculat-
ed from: (Reads attributed to this lineage)/(the total 16S
rRNA reads).

Statistical analysis

The differences in nitrate concentration, ammonia concen-
tration and amoA gene abundance between different treat-
ments were assessed using one-way analysis of variance.
Multiple comparisons were performed by Tukey’s post
hoc tests. All analyses were realized in SPSS 17.0 (IBM,
Armonk, NY, USA) and values at P < 0.05 were consid-
ered statistically significant. Non-metric multidimensional
scaling (NMDS) plots were conducted with the vegan
package in R.

Results

Changes of nitrification activity

The nitrite concentration was below the detection limit
(0.05 mg/L) and stepwise accumulation of nitrate oc-
curred during the incubation period (Fig. S1). The pro-
duction of nitrate at T20 was always higher than T15
throughout the incubation, in accordance with lower
ammonium contents (Fig. S1). The differences between
nitrate production at different temperatures after incuba-
tion for 28 and 56 days were statistically significant
(Fig. 1a). There were no significant differences in the
production of soil nitrate between the 12CO2 and

13CO2

microcosms (Fig. S1), indicating that 13CO2 was not
discriminated by ammonia oxidizers. Therefore, soil
nitrification activity was calculated as the rate of soil
nitrate production in 13CO2 microcosms throughout the
56-day incubation. The nitrification activity from day 0
to day 28 was similar to that between day 28 and 56 at
T20, with 4.66 μg NO3

−-N g−1 soil per day during the
56-day incubation (Table 1). In contrast, biphasic kinet-
ics was observed for the nitrate production rate at T15.
Specifically, nitrate was produced at a rate of 0.51 μg
NO3

−-N g−1 soil per day from 0 to 28 days, while
the rate between day 28 and 56 was much higher,
resulting in a rate of 3.79 μg NO3

−-N g−1 soil per day
during the 56-day incubation (Table 1). The increase in
soil nitrate content was completely stopped by acetylene
at both temperatures (Fig. S1c).
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Changes of nitrifying communities

The amoA gene abundances of bacteria at both tempera-
tures were significantly lower than that of archaea at day
0 (Fig. 1). Urea fertilization led to significant increase in
the copy numbers of AOB amoA genes during the incu-
bation at both temperatures (Fig. 1b). In T15 micro-
cosms, it gradually increased from 1.89 × 105 copies
g−1 soil at day 0 to 2.89 × 106 and 3.34 × 107 copies g−1

soil at day 28 and 56, respectively. With T20 13C-labeled
treatments, it significantly increased from 3.86 × 105 at
day 0 to 4.88 × 107 and 6.14 × 107 copies g−1 soil at day
28 and 56, representing 125- and 158-fold increases,
respectively (Fig. 1b). Increase in bacterial amoA gene
abundance was completely abolished by the addition of
C2H2 at both temperatures (Fig. 1b). After incubation, the
AOA amoA gene copy number slightly declined at T15,
from 4.12 × 107 copies g−1 soil at day 0 to 3.31 × 107

copies g−1 soil at day 56 (Fig. 1c). While in T20 micro-
cosms, their abundance decreased significantly from

5.40 × 107 copies g−1 soil at day 0 to 2.06 × 107 and
1.99 × 107 copies g−1 soil at day 28 and 56, respectively.

We obtained 1,616,364 high-quality reads after the
high-throughput sequencing of 16S rRNA genes
(Table S2), and the rarefaction curves were shown in
Fig. S2. Reads belonging to AOB, AOA and NOB were
screened out according to Zhang et al. (2019). The
application of urea led to significant increase in the
relative abundance of AOB after incubation (Fig. 1d).
It increased dramatically only between the second half
of the incubation at T15, from 0.01% at day 28 to 0.47%
at day 56, representing 48-fold increase (Fig. 1d). With
T20, the relative abundance of AOB increased gradually
from lower than 0.01% at day 0 to 0.21% and
0.27% after incubated for 28 and 56 days,
representing 62- and 76-fold increases, respectively
(Fig. 1d). There were no significant changes of the
AOA relative abundance during incubation and the
relative abundance of NOB decreased significantly after
incubation at both temperatures (Fig. S3).

Fig. 1 Soil nitrate content (a) and abundance of ammonia oxi-
dizers in SIP microcosms before and after the 56-day incubation.
The AOB (b) and AOA (c) amoA gene copy numbers were
determined using qPCR. Relative abundance of AOB (d) is cal-
culated as the ratio: (the AOB 16S rRNA gene reads)/(the total

microbial 16S rRNA gene reads) in each microcosm. The standard
deviations of the triplicate microcosms were represented by the
error bars. A significant difference (P < 0.05) based on the analysis
of variance was indicated by the different letters above the
columns

Plant Soil (2019) 445:71–83 75



In total, 93,728 and 133,380 high quality amoA reads
were obtained for archaea and bacteria, respectively,
after the pyrosequencing of amoA genes (Table S2).
The cumulative number of species reached an asymp-
tote at 2000 reads in all samples (Fig. S4). There was no
significant difference between the amoA gene phyloge-
ny and their 16S rRNA gene phylogeny for both AOA
and AOB (Fig. S5 and S6). Approximately 90% of the
AOA reads were classified into the marine group
1.1a-associated lineage (Fig. S5) and almost all
AOB reads had high sequence similarities to mem-
bers within the Nitrosospira cluster 3 lineage (Fig. S6).
With NOB, more than 99% of the reads fell within the
genera Nitrospira, which dominated the nitrite oxidizer
populations (Fig. S7).

13C-labeled active nitrifying communities

Strong labeling of AOB was revealed by qPCR of the
amoA genes in the DNA fractions in all 13CO2-labeled
treatments (Fig. 2). In the control (12CO2 and

13CO2 +
C2H2) microcosms, the highest copy number of AOB
amoA genes was observed in the Blight^ fraction with a
buoyant density of 1.720 g ml−1 at both temperatures
(Fig. 2a and c). However, in the T15 13CO2microcosms,
the AOB amoA gene copies peaked in the Bheavy^
DNA fractions with buoyant densities of 1.732 and
1.739 g ml−1 at days 28 and 56, respectively (Fig. 2a).
Similarly, in the T20 13CO2 microcosms, the ge-
nome of AOB populations was also gradually la-
beled with the highest AOB amoA gene abundance
occurring in the Bheavy^ fractions with buoyant
densities of 1.739 and 1.742 g ml−1 at days 28
and 56, respectively (Fig. 2c). AOB was labeled
more heavily at T20 than T15 (Fig. 2a and c),
which was further supported by higher ratios:
(bacterial amoA gene copy numbers in heavy
DNA)/(bacterial amoA gene copy numbers in all
DNA fractions) at T20 than T15 at both days 28
and 56 (Table 1). For instance, at day 28, the ratios were
86.2% and 94.7% at T15 and T20, respectively.

Similarly, the increasing labeling of AOA during
incubation was also observed in 13C-labeled micro-
cosms and they were also labeled to a greater extent at
T20 than T15 (Fig. 2b and d). In T20 13CO2 micro-
cosms, the archaeal amoA gene abundance peaked in
heavy fractions with buoyant density of 1.732 g ml −1 at
both day 28 and 56 (Fig. 2d), and ratios: (archaeal amoA
gene copy numbers in heavy DNA)/(archaeal amoAT
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gene copy numbers in all DNA fractions) reached
76.4% and 69.7%, respectively (Table 1). With T15,
the archaeal amoA gene abundance peaked in lighter
fractions, at around a buoyant density of 1.720 g ml−1 at
day 28 (Fig. 2b). After the 56-day incubation, the peak
of AOA abundance clearly shifted towards the heavy
fractions with buoyant densities of 1.732 g ml −1

(Fig. 2b). The assimilation of 13CO2 by both AOA and
AOB was completely inhibited by C2H2 (Fig. 2).

Significant enrichment of nitrifying community in
the ‘heavy’ DNA fractions was also revealed by the
16S rRNA gene sequencing. For instance, in T15
13CO2 microcosms, the highest relative abundance of
AOB were 12.3% and 33.7% at day 28 and 56, respec-
tively, in the ‘heavy’ DNA fractions (Fig. 3 and
Table S3). The maximum percentages increased to
43.4% and 41.6% in T20 13CO2 microcosms at day 28
and 56, respectively, much higher than in their control
treatments (less than 0.30%; Fig. 3 and Table S3).

Similarly, the relative abundance of AOA in the
‘heavy’ DNA fractions reached as high as 57.6% and
39.8% at T15 and T20, respectively at day 28, then
decreased to 45.5% and 18.7% at day 56, respectively,

which were still much higher than those in the control
(13CO2 + C2H2) treatments (lower than 0.48%; Fig. 3
and Table S3). With NOB, their relative abundance in
the ‘heavy’ DNA fractions were 29.9- and 4.42-fold
higher than those in the control microcosms after the

Fig. 2 The relative frequency of the bacterial (a, c) and archaeal
(b, d) amoA genes based on qPCR across the entire buoyant
density gradient of the DNA fractions from the 12CO2,

13CO2 or

13CO2 + C2H2 microcosms at day 28 and 56. The standard errors
of the triplicate microcosms were represented by the error bars. All
other designations are as in Fig. 1

Fig. 3 Maximum percentage of AOB/AOA/NOB reads to total
16S rRNA gene reads (%) in 13CO2 labeled treatment and 13CO2 +
C

2
H2 control treatment at two temperatures
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56-day incubation in T15 and T20, respectively (Fig. 3
and Table S3).

Phylogenetic analyses indicated that there was no
significant difference between proportions of active ni-
trifying populations at day 28 and 56 (data not shown),
so we choose data at day 56 for the construction of
phylogenetic trees of AOA (Fig. S8), AOB (Fig. S9)

and NOB (Fig. 4). Active ammonia-oxidizing commu-
nities were dominated by members within the 1.1a-
associated cluster AOA and Nitrosospira cluster 3
AOB at both temperatures (Table 2). The 13C-labeled
nitrite oxidizers were dominated by Nitrospira-like
NOB (Fig. 4). Nitrospira-like bacteria comprised eco-
logically versatile sublineages, for instance, members

Nitrospira sp. strain RC19 (Y14638)

Nitrospira sp. strain RC25 (Y14639)

Nitrospira defluvii (DQ059545)

T15-NOB-16S rRNA-HF-OTU-4-95-(6.88%)

T20-NOB-16S rRNA-HF-OTU-4-75-(11.1%)
Nitrospira japonica (AB818959)

Nitrospira japonica (NR 114396)

T20-NOB-16S rRNA-HF-OTU-2-314-(46.6%)

T15-NOB-16S rRNA-HF-OTU-2-241-(17.5%)

Uncultured bacterium (lake water JN868871)

Nitrospira moscoviensis (AF155155)

Nitrospira moscoviensis (AF155152)

T15-NOB-16S rRNA-HF-OTU-3-36-(2.61%)

T20-NOB-16S rRNA-HF-OTU-3-14-(2.08%)

Nitrospira moscoviensis (X82558)

Uncultured bacterium (sediment JQ795359)

T20-NOB-16S rRNA-HF-OTU-1-217-(32.2%)

T15-NOB-16S rRNA-HF-OTU-1-772-(55.9%)

Uncultured bacterium (FJ449587)

Uncultured bacterium (sediment JQ178209)

T15-NOB-16S rRNA-HF-OTU-6-22-(1.59%)

Nitrospira calida (HM485589)

Uncultured bacterium (soil EF018736)

Uncultured bacterium (JF983606)

T15-NOB-16S rRNA-HF-OTU-5-197-(14.3%)

T20-NOB-16S rRNA-HF-OTU-5-46-(6.82%)

Nitrobacter hamburgensis (AM292299)

T20-NOB-16S rRNA-HF-OTU-7-8-(1.19%)
T15-NOB-16S rRNA-HF-OTU-7-17-(1.23%)

Nitrobacter hamburgensis (L35502)

68

50

100

100

100

80

100

100

100

51

100

98

95

85

51

81

52

72

60

96

0.01

Nitrospira
defluvii

Nitrospira
japonica

Nitrospira
moscoviensis

Nitrobacter
hamburgensis

Nitrospira
calida

Nitrospira
marina

Unclassified

Nitrospira

Fig. 4 Phylogenetic analysis of NOB 16S rRNA genes in 13C-
labeled DNA at day 56. The designation ‘T15-NOB-16S rRNA-
HF-OTU-1-772-(55.9%)’ indicates that OTU-1 accounts for

55.9% of the total NOB 16S rRNA gene reads in the 13C-DNA
from the heavy fractions at T15, containing 772 reads with 97%
sequence similarity
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within Nitrospira japonica lineage occupied 24.4% and
57.7% of the 13C-16S rRNA genes at T15 and T20,
respectively. Approximately 55.9% and 32.2% of the
13C-labeled NOB could be assigned to Nitrospira
moscoviensis at T15 and T20, respectively. The
remained NOB belonged to three other Nitrospira line-
ages and one Nitrobacter lineage (Table 2).

Discussion

The application of urea stimulated the growth of AOB
but not AOA, in accordance with other studies which
found that only AOB abundance increased after N fer-
tilizer applications (Di et al. 2009; Jia and Conrad 2009).
Among numerous climatic and environmental factors,
temperature is recognized to be one of the most
important driving factors of soil nitrification,
which is a microbially-mediated process predomi-
nantly controlled by nitrifiers (Hu et al. 2016). The
contributions of nitrifiers to nitrification are determined
by their enzyme activity, which is temperature-
sensitive and can directly respond to warming
through acclimation (physiological responses) and
thermal adaptation (genetic changes) (Tourna et al.
2008; Karhu et al. 2014).

Effects of elevated temperature on active ammonia
oxidizers

Mounting evidence has shown the effect of elevated
temperature on ammonia oxidizers, but there was no
consistent conclusion (He et al. 2007; Xu et al. 2017).
The absence of the middle peak for T20 AOB at day 28
indicated that their growth rate was higher than at T15
(Fig. 2a, c), which was also supported by amoA gene
copies at day 28 at T15 compared with T20 (Fig. 1b).
We concluded that the application of urea stimulated the
growth of AOB, but the stimulation was greater at T20
compared with T15, implying that the elevated temper-
ature might provide beneficial conditions for nitrifiers
by promoting cell survival and maintenance, as well as
reducing the lag time for cell growth (Avrahami and
Bohannan 2007).

The ratio: (amoA gene copy numbers in heavy
DNA)/(amoA gene copy numbers in all DNA fractions)
of both AOA and AOB was higher under higher tem-
perature after incubation (Table 1). Besides, the abun-
dance of AOB amoA genes in heavy DNA was stimu-
lated to a much greater extent at T20 than T15, in
accordance with another study which found an increas-
ing abundance of AOB, but not AOA, with increasing
soil temperature from 5 to 25 °C (Szukics et al. 2010).

The changes in the relative abundance of active AOA
and AOB resulted in the change in AOA/AOB ratio at
elevated temperature. In T15 labeled treatment, the
AOA/AOB ratios in heavy fractions were 29.1 and
2.01 at day 28 and 56, respectively (Table 1). While in
T20 treatments, the 13CO2 was assimilated to a signifi-
cantly greater extent in bacterial amoA genes compared
with the archaeal amoA genes, and the ratio of AOA/
AOB decreased to 0.85 and 0.60 at day 28 and 56,
respectively (Table 1). The above results were further
supported by the max ratios of AOA or AOB 16S rRNA
genes to the total microbial communities in the 13C-
DNA, which showed similar patterns of AOA 16S
rRNA gene ratios/AOB 16S rRNA gene ratios of 4.70
and 1.35 for T15 while 0.90 and 0.45 for T20 at day 28
and 56, respectively (Fig. 3 and Table S3).

The AOA/AOB ratio in 13C-DNA could largely re-
flect the relative importance of archaeal and bacterial
ammonia oxidation in the DNA-SIP based nitrification
experiment (Wang et al. 2015). Therefore, in the
tested acidic soil, dominant ammonia-oxidizing micro-
organisms changed from AOA to AOB with the in-
crease of temperature. This could be explained by the

Table 2 Proportions of active nitrifying populations in the
density-resolved 13C-DNA from the SIP microcosms incubated
at two temperatures

Nitrifier Phylotypea 13C-16S rRNA genes

T15(%) T20(%)

Group 1.1a 0.70 1.21

AOA Group 1.1a-associated 99.0 98.7

Group 1.1c 0.32 0.08

AOB Nitrosospira cluster 3 100 100

NOB Nitrospira japonica 24.4 57.7

Nitrospira moscoviensis 55.9 32.2

Unclassified Nitrospira 2.61 2.08

Nitrospira marina 14.3 6.82

Nitrospira calida 1.59 –

Nitrobacter hamburgensis 1.23 1.19

Annotation: The dashed line indicates that no sequenceswere detected
a Phylogenetic affiliations of active nitrifiers are delineated in
Supplementary Fig. S8 (AOA), Supplementary Fig. S9 (AOB)
and Fig. 3 (NOB)
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presumption that the increased temperature accelerated
the diffusion rates of ammonia into microbial cells
(Avrahami and Bohannan 2007), and ammonia concen-
tration determined differential growth of AOA and
AOB (Verhamme et al. 2011). Decrease in soil pH leads
to exponentially declines of ammonia concentration due
to the ionization of ammonia to ammonium (Allison and
Prosser 1993; Burton and Prosser 2001; Jiang et al.
2015). In the tested acidic soil (pH 5.29), the ammonia
concentrations (<10 μM) may not always be sufficient
for ammonia-oxidizing microorganisms. Besides, the
reaction from ammonium to ammonia is endothermic
and high temperature is beneficial to the production of
ammonia. AOAwere reported to play important roles in
acidic and ammonia-poor environments benefited from
their high affinity for ammonia (Martens-Habbena et al.
2009; He et al. 2012), while AOB preferred environ-
ments with relatively higher ammonia concentration (Di
et al. 2009, 2010; Höfferle et al. 2010; Verhamme et al.
2011; Hu et al. 2012). Therefore, the elevated tempera-
ture was more suitable for AOB in the tested soil due to
promotion of the production of ammonia and accelerat-
ing its diffusion rates into microbial cells.

The amoA gene-based community analyses revealed
that fertilization treatments induced community shifts of
both AOA and AOB after 8 weeks of incubation
(Fig. 5), indicating the crucial role of ammonia in
selecting the community responses of ammonia oxi-
dizers (Szukics et al. 2010). In line with previous study,
the structure of AOA community shifted in response to
temperature variation (Fig. 5a), but AOB appeared to be
more stable and there was no significant differentiation

of AOB community at different temperatures (Fig. 5b),
implying that AOA were more sensitive than AOB
communities at elevated temperature (Tourna et al.
2008).

Effects of elevated temperature on active nitrite
oxidizers

There was significant difference in the population struc-
tures of nitrite oxidizing populations at these two tem-
peratures especially in 13C-labeled DNA (Table 2 and
Fig. S10), implying the different temperature adaptabil-
ity of NOB groups (Anderson et al. 1971). NOB com-
munity was dominated by a widely distributed genus
Nitrospira, a monophyletic but diverse group of organ-
isms, which are the dominant NOB in many soil envi-
ronments (Wang et al. 2015; Ushiki et al. 2017). Phylo-
genetic analysis demonstrated marked dissimilarities in
Nitrospira composition under elevated temperature,
specifically, dominant NOB shifted from Nitrospira
moscoviensis at T15 to Nitrospira japonica at T20
(Table 2 and Fig. 4, S10), implying that the biochemical
processes associated with nitrite oxidation by the two
species differ thermodynamically and the existence of
their ecological niche partitioning.

Because of the evident differences between ammoni-
um and nitrate concentrations at the two temperatures
during the incubation, we speculate that the differences
in nitrite contents existed under different temperatures,
which will influence the population composition of
Nitrospira-like bacteria (Maixner et al. 2006). Accord-
ing to previous studies, two members of Nitrospira

Fig. 5 Nonmetric multidimensional scaling (NMDS) ordinations of the AOA (a) and AOB (b) communities during the 56-day incubation at
the two temperatures based on the pyrosequencing results
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sublineage II, Nitrospira japonica and Nitrospira
moscoviensis, were distantly related to each other, with
95.6% similarity (Ehrich et al. 1995; Ushiki et al. 2013).
There were difference in their optimal temperature,
tendency to aggregate, and utilization of organic
substrate of the two species. For example, Nitrospira
japonica could growwith formate and was mixotrophic,
but the utilization of organic substrate of Nitrospira
moscoviensis was not observed (Ushiki et al. 2013).
Besides, the abundance and distribution of different
Nitrospira clades could be co-affected by protozoan
grazing, the affinity for oxygen, the availability of or-
ganic substrates and the presence of specific phages
under complex soil conditions, which could be influ-
enced by temperature (Daims et al. 2001; Maixner et al.
2006). There was no direct evidence for the factors
driving the niche partitioning between these two closely
related species and the difference in their nitrite oxida-
tion kinetics in situ was also unclear. Due to the huge
phylogenetic diversity of nitrite oxidizers, our insights
into the physiology of NOB remain the tip of an iceberg.

In conclusion, with the combination of DNA-SIP and
high-throughput sequencing, we found different re-
sponse of AOB and AOA to elevated temperature, with
increasing dominance of AOB in ammonia oxidation
and significant shift of AOA community composition.
Elevated temperature also resulted in niche differentia-
tion of two Nitrospira sublineage II species. The above
results revealed pronounced direct and indirect effects of
elevated temperature on soil nitrification by selecting
phylogenetically distinct dominant nitrifiers in the tested
acidic paddy soil. Our results provide novel evidence for
the response of nitrification and active nitrifiers in paddy
soils to elevated temperature, and future research should
focus on the mechanism of temperature selections for
particular active nitrifying assemblages.
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