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187.5 and 250  kg  N  ha−1) and irrigation strategies 
(flooding irrigation or intermittent irrigation) impact 
the amount of BNF and its distribution in soil and 
rice.
Results  Nitrogen application at 125–250 kg N ha−1 
reduced the amount of BNF by 81–86%. The inhibi-
tion effect of nitrogen application on BNF at a soil 
depth of 1–15  cm was greater than that at 0–1  cm. 
Relative to the continuous flooding irrigation, inter-
mittent irrigation enhanced rice growth and promoted 
the transfer of fixed nitrogen from 0-1 cm soil layer to 
rice, but it did not change the total amount of BNF.
Conclusions  This study indicated that BNF sup-
plied little nitrogen for rice production at the high 

Abstract 
Background and aims  Biological nitrogen fixa-
tion (BNF) in paddy systems is impacted by nitrogen 
application levels and irrigation strategies, but the 
extent to which these factors influence BNF and its 
distribution in soil and rice is largely unclear. This 
study investigates this influence.
Methods  An airtight, transparent growth chamber 
based 15N-labelling system was used to investigate 
how different nitrogen application levels (0, 125, 
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nitrogen application levels, but the intermittent irri-
gation could promote utilization of biologically fixed 
nitrogen.

Keywords  Biological nitrogen fixation · nifH gene · 
15N direct labelling · Nitrogen fertilizer · Irrigation 
practices

Introduction

Nitrogen-fertilizer and irrigation practices are key 
factors affecting rice yields; however, they also have 
direct and indirect effects on biological nitrogen 
fixation (BNF) in paddy fields, which is a naturally-
occurring process that can also affect rice yields. BNF 
itself can lead to moderate but constant yields when 
no chemical nitrogen is added (Roger and Watanabe 
1996); making utilization of BNF an important pro-
cess for sustainable agriculture. Since the invention 
of Haber Bosch process in 1910, nitrogen applica-
tion has greatly increased crop yields. However, over-
use of synthetic nitrogen fertilizers in farms has led 
to several health and environmental problems, from 
fresh water eutrophication to global warming (Zhang 
et al. 2015). Therefore, increased utilization of natu-
rally occurring BNF is of increasing interest, in order 
to reduce the usage of chemical nitrogen to ensure 
grain yield (Rosenblueth et al. 2018).

Nitrogen-fixing microorganisms can not only uti-
lize nitrogen from air through BNF, but also absorb 
existing nitrogen sources from the external envi-
ronment (Reed et  al. 2011). Due to the high energy 
consumption of the nitrogen-fixation process, nitro-
gen-fixing bacteria prefer to use exogenous nitrogen 
(Bodelier et  al. 2000). Some studies have reported 
that nitrogen application significantly changes the 
nitrogen-fixing microbial community structure in 
the rice field (Knauth et  al. 2005; Tan et  al. 2003). 
By using the nitrogen balance method in a pot experi-
ment planted with rice, Santiago-Ventura et al (1986) 
found that the low rate of N fertilizer (5.64 mg N kg−1 
soil) did not depress BNF, while a high rate of N fer-
tilizer (99.72  mg  N  kg−1 soil) eliminated BNF. By 
using the acetylene (C2H2) reduction method, a range 
of lab-incubation studies showed that free-living 
nitrogen fixation in environments with low nitrogen 
availability, whether soil, rhizosphere, or moss, is 
generally higher than that in environments with high 

nitrogen availability (Kox et  al. 2016; Patra et  al. 
2007; Hobbs and Schimel 1984). However, under 
field conditions during the whole rice season, the 
extent of BNF reduction induced by different nitro-
gen fertilizer application rates has not been studied, 
nor has the resulting distribution of fixed nitrogen 
in the soil layer and rice plants. We hypothesize that 
the amount of BNF could be gradually increased by 
reducing the amount of nitrogen fertilizer in the field 
environment.

Diazotrophs are known to be moisture sensitive 
(Smercina et al. 2019). Among these organisms, pho-
totrophic bacteria and heterotrophic bacteria are the 
main contributors to BNF in the case of rice planting, 
and the contribution of these two types of microor-
ganisms is about 50%, each (Bei et al. 2013). Photo-
trophic bacteria (e.g. blue green alga) usually inhabit 
flooded waters and soil surfaces, while heterotrophic 
bacteria live in the rhizosphere of rice (Ladha and 
Reddy 2003). Nostoc, which is a genus of cyanobac-
teria with the strongest nitrogen fixation capacity in 
paddy soil (Ma et al. 2019b; Wang et al. 2020), can 
survive drought for two years, and once there is a 
small amount of precipitation, they can restart res-
piration and activate nitrogen fixation (Gao 1998; 
Scherer et  al. 1984). The activity of nitrogen-fixing 
enzymes in rhizosphere soil was found to increase 
when the paddy soil was shifted from dry to wet soil 
conditions, but it would decrease from wet to dry soil 
conditions (Rao and Rao 1984). We hypothesize in 
this study therefore that the amount of BNF under a 
flooding-moist irrigation practice pattern (intermit-
tent irrigation) would be lower than that of continu-
ous flooding irrigation.

BNF is a process in which gaseous N2 is converted 
into ammonia (NH3) via the enzyme nitrogenase 
of the diazotrophs. The amount of BNF is therefore 
affected by the number and species of diazotrophs 
(Tadakatsu et al. 2017; Nag et al. 2019). Application 
of nitrogen fertilizer can not only directly change soil 
microbial activity and community structure (Wang 
et  al. 2009; Zheng et  al. 2008), but also indirectly 
affect soil microbial community structure by chang-
ing soil fertility and affecting rice growth (Lu et  al. 
2006; Bodelier et al. 2000). The alternation of water 
status can make the soil in the anaerobic, aerobic or 
facultative aerobic habitat, which also has an impor-
tant impact on the soil microbial abundance and com-
munity structure (Yoshida 1971; Lu 2006). Therefore, 
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in order to know how nitrogen application levels and 
irrigation strategies affect nitrogen fixation, it is cru-
cial to know how nitrogen application levels and irri-
gation strategies affect nitrogen-fixing bacteria and 
nitrogenase activities.

In this study, an airtight, transparent growth cham-
ber based 15N-labelling system was used (Bei et  al. 
2013) in the field environment to determine BNF 
under different nitrogen levels and irrigation practices 
over an entire growing season. The nifH gene of soil 
DNA was amplified by real-time fluorescent quanti-
tative PCR to study the number of nitrogen-fixing 
bacteria and its nitrogen fixation activity. The com-
munity composition of diazotrophs in each treatment 
was assessed by nifH gene sequencing. The study 
is expected to reveal how nitrogen levels and water 
management impact biological nitrogen fixation, its 
soil-to-rice distribution, and diazotrophic communi-
ties in a paddy field system.

Material and methods

Site description, soil collection and soil properties

The experiment site is located in Xiaoji town, Jiangdu 
City, Jiangsu province, China (119° 42′ E, 32° 35′ N). 
The soil studied can be classified as Inceptisol based 
on the US soil taxonomy (or Shajiang Aquic Anthro-
sol based on Chinese soil taxonomy). The soil sam-
ples were randomly collected at several points along 
an S shape path (i.e. within a rectangular field, sam-
ples are taken from one corner of the rectangle to the 
opposite corner along an S-shaped route) from the 
plough layer (0–15 cm) at the end of April in 2016. 
Visible plant materials in the soil were removed, and 
then the soils were air-dried, thoroughly homogenized 
and sieved (< 5 mm). The soil had a pH value of 6.1 
(soil:water = 1:5, w:v), and it contained 7.4% sand, 
78.0% silt and 14.6% clay. More physio-chemical 
properties of the soil samples can be found in Wang 
et al. (2019).

Field 15N2 labeling experiment

A field 15N2 labeling experiment was conducted 
in the paddy field located in Xiaoji town, Jiangdu 
city, Jiangsu province, China from 23rd July to 23rd 

October in 2016. The airtight chambers (length × wi
dth × height = 1160 × 680 × 890 mm) (ITIGCN Crop., 
Ltd, Nanjing, China) in 3 replicates were treated 
with 15N2 and installed in parallel in the rice field. 
All the joints on the chambers are connected by gas-
sealed joints or waterproof cable joints. In order to 
be gastight, the outside of each connection joint was 
sealed with silica gel. Air tightness was checked by 
two procedures before the start of the incubation. 
First, air tightness of each joint was checked with 
soapy water by air circulation. Second, a pure CO2 
(99.99%) was injected into the chambers to 800 to 
1000 μL L−1 for several times, and the change of 
CO2 concentration in the chambers was monitored to 
judge whether there was air leakage. Once the experi-
ment started, the chambers were not opened until 
the end of the incubation. The temperature and CO2 
concentration in the chambers were automatically 
controlled to keep in line with the ambient air tem-
perature (ambient temperature ± 1 °C) and CO2 con-
centration (400 ± 20 μL L−1). Excessive O2 generated 
by rice photosynthesis in the chambers was removed 
using a gas (butane) lighter to keep the O2 concentra-
tion at 21%. The oxygen concentration was measured 
by an oxygen meter. When the oxygen concentration 
exceeded 22%, the lighter was turned on, and when 
the oxygen concentration dropped to about 21%, the 
lighter was turned off. In addition, three replicates of 
all treatments were placed outside the chambers as 
unlabeled controls. More detailed information about 
the design and control system of this airtight 15N2-
labeled chamber is described by Bei et al. (2013).

In this experiment, there were six treatments 
as follows: (1) no nitrogen application with con-
tinuous flooding irrigation (0 N), (2) 125 kg N  ha−1 
with continuous flooding irrigation (125  N), (3) 
187.5  kg  N  ha−1 with continuous flooding irriga-
tion (187.5  N), (4) 250  kg  N  ha−1 with continu-
ous flooding irrigation (250  N), (5) no nitrogen 
application with intermittent irrigation (0  N + II), 
and (6) 250  kg  N  ha−1 with intermittent irrigation 
(250  N + II) (250  kg  N  ha−1 is the local application 
level). Air-dried and sieved (< 5  mm) soil (1.4  kg) 
was filled in each pot (length × width × height = 9 × 9 
× 20 cm) to a depth of 15 cm. All treatments had three 
repetitions with each replication in each chamber, 
respectively. Before seedling transplantation, each 
pot was filled with water for 7  days, and the water 
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surface was 1–2 cm above the soil surface. Two rice 
seedlings (Oryza sativa L., cultivar Wuyunjing 23) 
were transplanted to each pot. 116.37  mg KH2PO4 
and 32.55  mg KCl (equivalent to 75  kg P2O5 ha−1 
and 75  kg K2O ha−1, which is the common amount 
locally), was added (July 18th in 2016 (day 1)) to 
each pot before rice transplantation. Nitrogen (N) was 
applied as urea according to the local N fertilization 
pattern: 50% before seedling transplantation (July 
18th in 2016 (day 1)), 10% at the tilling stage (August 
4th in 2016 (day 17)), and 40% at the heading stage 
(August 23th in 2016 (day 36)). In the continuous 
flooding irrigation treatments, the water surface was 
kept at 1–2  cm above the soil surface until 10  days 
before rice sampling. In the intermittent irrigation 
treatments, the water was 1–2 cm above the soil sur-
face at the first 10 days, and then was kept moist. The 
strategy for keeping a constant moisture pattern was 
practiced as follows: stop watering until small cracks 
appear between the soil and the wall of the pot, then 
add water to the soil to 1–2 cm above the soil surface. 
This moisture protocol was repeated until 10  days 
before sampling.

Right after the preparation of each air-tight cham-
ber with the rice pots of different treatments inside, 
40 L of the air in each chamber was replaced by 40 L 
of 15N2 (99 atom% 15N). 15N2 was produced and puri-
fied following the method of Ohyama and Kumazawa 
(1981). The process was as follows. 15N2 was gen-
erated by adding sodium hypobromite (NaBrO) to 
15N-labelled ammonium sulphate (15NH4)2SO4 (99.14 
15N atom%, Shanghai Engineering Research Center 
of Stable Isotopes), and the products were passed 
through a liquid N2 cold trap, a KMnO4–KOH solu-
tion and a Na2SO4–H2SO4 solution to remove the 
15N-labelled nitrogen oxides and ammonia (Ma et al. 
2019b). The 15N enrichment of N2 within the three 
chambers was monitored by taking gas samples once 
a week during the 90-day labeling period. A MAT 
253 stable isotope ratio mass spectrometer (Thermo 
Fisher Scientific Inc., Bremen, Germany) was used 
for analysis of the 15N-enrichment of N2 in the 15N2-
labeled chamber.

Watering, fertilizer application and gas collection 
during the incubation period were carried out as fol-
lows. A 4 × 6  mm (inner diameter × outer diameter) 
PU (polyurethane) pipe was installed on the upper 
edge of each pot in the chamber, and a medical three-
way valve was installed on the other end of the pipe, 

which was placed in the water (the water depth was 
about 15–20 cm) (Supplementary material: Fig. S1). 
A water tank was placed (2  m above the ground) 
next to the chamber. One end of the other PU pipe 
was connected to the water tank, and a two-way valve 
was installed on the other end. the two-way valve 
was closed at the intervals between watering. When 
watering was needed, the two-way valve was opened 
and connected to the three-way valve. When fertiliza-
tion was needed, the weighed fertilizer was dissolved 
in water, and a syringe was used to connect the three-
way valve to add the dissolved fertilizer solution to 
the pot. The pipe was then flushed with pure water to 
avoid fertilizer residue on the pipe wall. Gas samples 
were taken through a silicon septum fixed on the top 
of the chamber by a syringe with a needle.

Sampling and 15N determination

After 90  days of 15N2 continuous labelling, the 
growth chambers were opened for soil and plant 
sampling. In each pot, rice plants were separated into 
aboveground and belowground parts (roots). The 
soil samples were divided into 0–1 cm and 1–15 cm 
depths. Soil subsamples were stored at − 80 °C for 
further molecular analysis. The remaining soil sam-
ple was dried and ground using a Retsch MM 400 
mixer mill (Retsch, Haan, Germany). A Thermo 
Finnigan Delta plus Advantages Mass Spectrometer 
coupled with an elemental analyzer (Thermo Fisher 
Scientific Inc., Waltham, MA, USA) was used for 
analysis of total N content and 15N-enrichment in 
soil and plants.

DNA extraction, real‑time quantitative PCR (qPCR) 
and sequencing library construction

Soil microbial DNA from the growth chamber was 
extracted using the FastDNA Spin Kit for Soil (MP 
Biomedicals, Cleveland, OH, USA). The concen-
tration and purity of the extracted DNA were ana-
lyzed using a Ultramicro ultraviolet visible spec-
trophotometer (NanoVue Plus, USA). The primer 
pairs polF (TGC​GAY​CCSAARGCBGACTC)/polR 
(ATSGCC​ATC​ATY​TCR​CCGGA) (Poly et al. 2001) 
were used for quantifying nifH gene copies, the size 
of the PCR products was 362  bp. The PCR ther-
mal cycling conditions were set as follows: an ini-
tial denaturation step of 10 min at 95 °C, followed 
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by 35 cycles of amplification (30  s at 95 °C, and 
35 s at 58 °C, 45 s at 72 °C), and a final extension 
step of 10  min at 72 °C. The copy number of the 
target gene was quantified by qPCR analysis with a 
CFX96 Optimal Real-time system (Bio-Rad Labo-
ratories, Inc. Hercules, CA). For sequencing library 
construction, the nifH gene was amplified using the 
same primer set polF and polR. A sample tagging 
approach was used to recognize each sample in one 
run of MiSeq Sequencing. Each tag (12 bases), syn-
thesized by Generay (Generay Biotech, China), was 
added to the 5′-end of the forward primer. The PCR 
procedure were as follows: an initial denaturation 
step of 3 min at 95 ℃, was followed by 35 cycles of 
amplification (30 s at 95 °C, and 30 s at 57 °C, 30 s 
at 72 °C), and a final extension step of 5 min at 72 
°C. The PCR products were verified on 1.5% aga-
rose gels and purified using the AxyPrep DNA Gel 
Extraction Kit (Axygen Bio-sciences, USA). Equi-
molar amounts of different PCR amplicons were 
added to a tube and evenly mixed. The mixed prod-
ucts were sequenced on the Illumina MiSeq plat-
form (Illumina, USA). More detailed information 
about the Real-time qPCR and sequencing library 
construction can be found in Ma et al. (2019b).

Processing of sequence data

The QIIME I was used to process and analyze the raw 
FASTQ sequences (Caporaso et al. 2010). Reads were 
assigned to each sample according to their unique tag. 
The detailed sequence data processing method can be 
found in Ma et al. (2019a). Then, a R package named 
microeco was used for further data mining and map-
ping (Liu et al. 2020).

Calculation and statistical analysis

The amount of 15N fixed by BNF in the rice soil system 
during the experiment was calculated as:

(1)

15Nexcess sample(%) =
15Nchamber sample(%) −

15Nambient sample(%)

(2)

15Nexcess gas(%) =
15Nchamber gas(%) −

15Nambient gas(%)

(3)%Nfixed =

15Nexcess sample(%)

15Nexcess gas(%)
× 100

where %Nfixed is the percentage of N derived from 
BNF in rice plant and soil. Ni sample is the amount of 
N in rice plant and soil in the 15N2-labeled chamber.

Statistical differences of the data were analyzed 
using the one-way ANOVA and Tukey’s honestly sig-
nificant difference (HSD) test in SPSS. Values with 
P < 0.05 were recognized as significantly different.

Results

15N2‑labelling growth chamber performance

The abundance of 15N2 in the growth chambers 
decreased gradually from 8.26 to 1.99% over the rice 
season, with an average value of 5.44% (Fig.  1a). 
The CO2 concentration in the chambers remained at 
400 ± 20μL L−1 during daytime, but it accumulated to 
a maximum of approximately 2000 μL L−1 at night 
due to lack of photosynthesis (Fig. 1b). The tempera-
ture in the growth chambers was consistent with the 
field temperature (Fig.  1c). The relative humidity in 
the chambers was between 50 and 90% (Fig. 1d). The 
oxygen produced by photosynthesis in the chambers 
was eliminated by a gas lighter, and the concentration 
was maintained at about 21% (Fig. 1e).

Nitrogen application levels on nitrogen fixation

The 15Nexcess sample in the 0–1 cm and 1–15 cm soil 
layers of the 0 N treatment was significantly higher 
than that in nitrogen fertilizer application treat-
ments, also in each treatment, the 15Nexcess sample in 
the 0–1 cm soil layer was significantly higher than 
that in the 1–15 cm soil layer (Table 1). The Nfixed 
in the 0–1  cm and 1–15  cm soil layers in the 0  N 
treatment were significantly higher than those in 
the nitrogen application treatments, with the total 
Nfixed in soil in 0  N treatment being 6.5–8.3 times 

(4)Nfixed =

i
∑

1

{

Ni sample × %Nfixed

}

(5)Total Nfixed = Nfixed insoil + Nfixed in rice plant

(6)

Average nitrogen fixation activity =
Nfixed(0−1 cm soil)

nifH gene copy number(0−1 cm soil)
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higher than those of the N application treatments 
(125, 187.5 and 250 kg N  ha−1) (Table 1). Among 
the treatments of 125 N, 187.5 N and 250 N, there 
were no significant differences of the Nfixed in soil 
between each other either in the 0–1  cm or the 
1–15  cm soil layers, respectively. The Nfixed was 

also mainly in the 0–1 cm soil layer for these nitro-
gen application treatments just as the 0  N treat-
ment. The proportion of the Nfixed in the 0–1 cm soil 
layer to that in the whole soil were 70%, 82%, 88%, 
98% in the 0 N, 125 N, 187.5 N, 250 N treatments, 
respectively (Table 1).
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Fig. 1   Performance of the 15N2-labelling growth chamber in 
the whole rice growing season. (a Dynamics of 15N-abundance 
in the 15N2-labelling growth chambers, b Hourly variations 
of the CO2 concentration in the 15N2-labelling chambers dur-
ing daytime, c Hourly variations of the air temperature in the 

15N2-labelling growth chambers and the surrounding rice field 
during the daytime, d Hourly variations of the relative humid-
ity in the 15N2-labelling chambers during daytime, e variations 
of the O2 concentration in the 15N2-labelling chambers)
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The Nfixed in the rice plant in the 0 N treatment 
was 2.8–4.3 times higher than that in the 125  N, 
187.5  N and 250  N treatments (Table  1). Nitro-
gen application significantly reduced Nfixed in the 
whole rice plant and the aboveground plant, but 
there was no significant difference in the roots. 
With the increase of nitrogen application rate, the 
15Nexcess sample of rice roots and the aboveground bio-
mass decreased, but there was no statistical signifi-
cance among the different N application treatments. 
No significant difference was observed in the whole 
rice biomass and the total nitrogen contained in rice 
among all the treatments (Table 1).

Irrigation practices on nitrogen fixation

In the 0 N treatment (Table 2), the Nfixed in the 0–1 cm 
soil layer, 1–15  cm soil and the total soil from the 
continuous flooding treatments was higher than those 
from the intermittent irrigation treatment, but was 
not statistically significant. While under the 250  N 
treatment, the Nfixed in the 0–1 cm soil layer and the 
total soil from the continuous flooding treatments was 
significantly higher than those from the intermittent 
irrigation treatment. In each treatment, the total nitro-
gen of 0–1 cm soil layer was significantly lower than 
that of 1–15  cm soil layer, while the Nfixed and the 

Table 1   Dry weight, total N, 15Nexcess sample Nfixed, and Nfixed/Total N (%) at various soil depths and different plant parts in the 15N2-
labelled chamber after labelling for 90 days with different nitrogen application rates

Mean ± standard error (n = 3). The same small letters in the same group (soil or rice) of the same column indicate that differences in 
different parts of (soil depth or rice parts) each treatment is not significant (P > 0.05). The same capital letters in the same group (soil 
or rice) of the same column indicate that differences among the different treatments is not significant (P > 0.05)

Treatment Soil depth or plant 
part

Dry weight (g) Total N (mg pot−1) 15Nexcess sample Nfixed (mg pot−1) Nfixed/Total N (%)

0 N 0–1 104.92 ± 5.60bA 124.37 ± 30.08bA 0.184 ± 0.039aA 9.06 ± 2.01aA 7.28 ± 2.16aA
1–15 1297.01 ± 25.15aA 1669.86 ± 51.63aA 0.008 ± 0.006bA 3.94 ± 1.13bA 0.24 ± 0.07bA
Whole soil 1401.93 ± 19.72A 1794.23 ± 24.43A 13.01 ± 4.13A 0.73 ± 0.18A

125 N 0–1 73.61 ± 22.45bA 99.71 ± 28.00bA 0.040 ± 0.006aB 1.40 ± 0.09aB 1.40 ± 0.19aB
1–15 1317.66 ± 10.61aA 1730.25 ± 39.84aA 0.001 ± 0.000bB 0.31 ± 0.01bB 0.02 ± 0.00bB
Whole soil 1391.27 ± 25.37A 1829.96 ± 59.99A 1.72 ± 0.37B 0.09 ± 0.01 B

187.5 N 0–1 87.51 ± 25.51bA 132.85 ± 43.01bA 0.049 ± 0.006aB 1.77 ± 0.79aB 1.33 ± 0.21aB
1–15 1334.27 ± 18.19aA 1852.40 ± 54.09aA 0.001 ± 0.000bB 0.23 ± 0.17bB 0.01 ± 0.00bB
Whole soil 1421.78 ± 33.65A 1985.24 ± 58.43A 2.01 ± 0.67B 0.10 ± 0.02B

250 N 0–1 84.01 ± 6.74bA 119.25 ± 10.22bA 0.050 ± 0.021aB 1.53 ± 0.34aB 1.28 ± 0.24aB
1–15 1349.03 ± 18.40aA 1842.39 ± 17.53aA 0.001 ± 0.000bB 0.04 ± 0.03bB 0.00 ± 0.00bB
Whole soil 1433.04 ± 20.22A 1961.64 ± 25.69A 1.56 ± 0.78B 0.08 ± 0.01B

0 N Root 10.85 ± 1.35bA 12.74 ± 4.02bA 0.060 ± 0.018aA 0.16 ± 0.01bA 1.26 ± 0.34aA
Aboveground 23.58 ± 2.56aA 99.57 ± 3.64aA 0.044 ± 0.011aA 2.43 ± 0.38aA 2.44 ± 0.47aA
Whole plant 34.43 ± 1.31A 112.31 ± 6.99A 2.59 ± 0.39A 2.31 ± 0.51A

125 N Root 10.33 ± 3.17bA 12.68 ± 2.35bA 0.038 ± 0.023aA 0.14 ± 0.09bA 1.10 ± 0.13aA
Aboveground 22.39 ± 3.22aA 108.59 ± 17.89aA 0.020 ± 0.009aA 0.76 ± 0.14aB 0.70 ± 0.08aB
Whole plant 32.72 ± 6.11A 121.26 ± 17.45A 0.90 ± 0.23B 0.74 ± 0.04B

187.5 N Root 6.58 ± 1.54bA 6.25 ± 1.30bA 0.023 ± 0.006aA 0.04 ± 0.02bA 0.64 ± 0.10aB
Aboveground 31.95 ± 0.46aA 94.06 ± 21.46aA 0.022 ± 0.021aA 0.88 ± 0.17aB 0.94 ± 0.15aB
Whole plant 38.53 ± 1.91A 100.32 ± 20.54A 0.92 ± 0.39B 0.92 ± 0.19B

250 N Root 6.55 ± 2.470bA 10.48 ± 5.89bA 0.024 ± 0.004aA 0.06 ± 0.04bA 0.57 ± 0.12aB
Aboveground 20.79 ± 3.23aA 98.98 ± 39.66aA 0.026 ± 0.005aA 0.54 ± 0.12aB 0.55 ± 0.10aB
Whole plant 27.34 ± 5.10A 109.46 ± 44.55A 0.60 ± 0.23B 0.55 ± 0.13B
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15Nexcess sample in 0–1 cm soil layer were significantly 
higher than those in 1–15 cm soil layer.

The Nfixed in rice root, aboveground plant and the 
whole rice plant under intermittent irrigation was sig-
nificantly higher than those under continuous flooding 
irrigation (Table 2). In the 0 N treatment, as compared 
with the flooding irrigation, the intermittent irrigation 
did not significantly change the 15Nexcess sample and 
total nitrogen of rice, but it significantly increased the 
dry weight of the whole rice plant. In the 250 N treat-
ment, the intermittent irrigation either did not signifi-
cantly change the 15Nexcess sample. But the intermittent 
irrigation significantly increased the total nitrogen 
of the aboveground part and the whole plant, and it 
also significantly increased the dry weight of the 

root, aboveground part and the whole plant. In each 
treatment, the Nfixed and dry weight of the above-
ground plant were significantly higher than those in 
rice root, but there was no significant difference of 
15Nexcess sample between the aboveground plant and rice 
roots (Table 2).

Proportion and distribution of fixed nitrogen in soil 
and rice

The nitrogen application significantly decreased the 
proportion of Nfixed to total nitrogen in soil and rice 
plant (Table  1), however, the water management 
didn’t significantly change the ratio of the Nfixed to 
total nitrogen in soil and rice plant (Table  2). The 

Table 2   Dry weight, total N, 15Nexcess sample, Nfixed, Nfixed/Total N (%) at various soil depths and different plant parts in the 15N2-
labelled chamber after labelling for 90 days with different irrigation practices

Mean ± standard error (n = 3). The same small letters in the same group (soil or rice) of the same column indicate that differences 
in different parts of (soil depth or rice parts) each treatment is not significant (P > 0.05). The same capital letters in the same group 
(soil or rice) of the same column indicate that differences between continuous flooding irrigation and intermittent irrigation under the 
same level of nitrogen application is not significant (P > 0.05)

Treatment Soil depth or soil 
depth

Dry weight (g) Total N (mg pot−1) 15Nexcess sample Nfixed (mg pot−1) Nfixed/Total N (%)

0 N 0–1 104.92 ± 5.60bA 124.37 ± 30.08bA 0.184 ± 0.039aA 9.06 ± 2.01aA 7.28 ± 1.59aA
1–15 1297.01 ± 25.15aA 1669.86 ± 51.63aA 0.008 ± 0.006bA 3.94 ± 1.13bA 0.24 ± 0.05bA
Whole soil 1401.93 ± 19.72A 1794.23 ± 24.43A 13.01 ± 4.13A 0.73 ± 0.11A

0 N + II 0–1 86.44 ± 9.92bA 99.71 ± 28.00bA 0.158 ± 0.005aA 7.50 ± 0.93aA 7.52 ± 1.82aA
1–15 1345.61 ± 14.74aA 1730.25 ± 39.84aA 0.009 ± 0.004bA 3.23 ± 0.80bA 0.19 ± 0.01bA
Whole soil 1432.05 ± 23.99A 1829.96 ± 59.99A 10.72 ± 1.36A 0.59 ± 0.04A

250 N 0–1 84.01 ± 6.74bA 132.85 ± 43.01bA 0.050 ± 0.021aA 1.53 ± 0.34aA 1.28 ± 0.52aB
1–15 1349.03 ± 18.40aA 1852.40 ± 54.09aA 0.000 ± 0.000bB 0.04 ± 0.04bB 0.00 ± 0.00bB
Whole soil 1433.04 ± 20.22A 1985.24 ± 58.43A 1.56 ± 0.78A 0.08 ± 0.04B

250 N + II 0–1 90.57 ± 12.33bA 119.25 ± 10.22bA 0.008 ± 0.002aB 0.23 ± 0.08aB 0.19 ± 0.07aB
1–15 1326.81 ± 31.68aA 1842.39 ± 17.53aA 0.000 ± 0.000bB 0.03 ± 0.02bB 0.00 ± 0.00bB
Whole soil 1417.44 ± 21.91A 1961.64 ± 25.69A 0.27 ± 0.10B 0.01 ± 0.00B

0 N Root 10.85 ± 1.35bB 12.74 ± 4.02bA 0.060 ± 0.018aA 0.16 ± 0.01bB 1.26 ± 0.31aA
Above ground 23.58 ± 2.56aB 99.57 ± 3.64aA 0.044 ± 0.011aA 2.43 ± 0.38aB 2.44 ± 0.39aA
Whole plant 34.43 ± 1.31B 112.31 ± 6.99A 2.59 ± 0.39B 2.31 ± 0.52A

0 N + II Root 13.14 ± 2.37bB 20.67 ± 4.53bA 0.056 ± 0.014aA 1.15 ± 0.17bA 5.56 ± 3.24aA
Above ground 27.65 ± 2.76aB 193.32 ± 5.30aA 0.039 ± 0.003aA 4.34 ± 0.24aA 2.24 ± 0.66bA
Whole plant 40.79 ± 1.38A 213.99 ± 5.29A 5.49 ± 0.35A 2.57 ± 0.53A

250 N Root 6.55 ± 2.470bB 10.48 ± 5.89bA 0.024 ± 0.004aB 0.06 ± 0.04bA 0.57 ± 0.07aB
Above ground 20.79 ± 2.23aB 98.98 ± 39.66aA 0.026 ± 0.005aB 0.54 ± 0.12aB 0.55 ± 0.11aB
Whole plant 27.34 ± 5.10B 109.46 ± 44.55A 0.60 ± 0.23B 0.55 ± 0.09B

250 N + II Root 21.25 ± 2.19bA 30.07 ± 6.72bA 0.017 ± 0.003aB 0.13 ± 0.04bA 0.43 ± 0.12aB
Above ground 31.04 ± 3.75aA 211.18 ± 3.11aA 0.020 ± 0.000aB 1.12 ± 0.20aA 0.53 ± 0.07aB
Whole plant 52.29 ± 2.76A 241.25 ± 6.80A 1.25 ± 0.20A 0.52 ± 0.13B
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nitrogen application increased the proportion of Nfixed 
in the total rice to the total Nfixed (Table1). The pro-
portion of Nfixed in the 0–1 cm soil layer to the total 
Nfixed increased with increasing nitrogen application 
rates. The ratio for the 250 N treatment was signifi-
cantly higher than that in the 0  N and 125  N treat-
ments (Table  1). Along with the increase of nitro-
gen application rate, the proportion of Nfixed in the 
1–15  cm soil layer to the total Nfixed, as well as the 
proportion of Nfixed in the whole soil to the total 
Nfixed decreased, with the proportion in the 0 N treat-
ment significantly higher than that in the 187.5  N 
and 250 N treatments. As compared to the 0 N treat-
ment, nitrogen application didn’t change the propor-
tion of Nfixed in root to the total Nfixed, but it increased 
the proportion of Nfixed in aboveground plant to total 
Nfixed, as well as the proportion of Nfixed in whole rice 
to total Nfixed. Intermittent irrigation increased the 
proportions of Nfixed in the total rice to the total Nfixed 
(Table 2). As compared with the continuous flooding 
irrigation, intermittent irrigation reduced the propor-
tions of the Nfixed in 0–1 cm soil or in the whole soil 
to total Nfixed. On the contrary, intermittent irrigation 
increased the proportions of Nfixed in root, above-
ground plant and whole rice plant to the total Nfixed 
(Table 2).

Abundance of nifH gene and nitrogen fixation 
activity

The total Nfixed of the 0 N, 125 N, 187.5 N, 250 N treat-
ments were 15.59, 2.61, 2.93, and 2.16  mg  N pot−1 
(equivalent to 19.25, 3.22, 3.61, 2.67  kg  N  ha−1), 
respectively (Fig.  2a). Nitrogen application reduced 
the total Nfixed at 12.66–13.43 mg N pot−1(equivalent 
to 15.63–16.58  kg  N  ha−1), which accounted for 
81.21–86.15% of total Nfixed in the 0 N treatment. On 
the contrary, the nifH gene copy numbers increased 
with the increase of nitrogen application rate, rang-
ing from 1.16 × 105 to 3.23 × 105 copies g−1 dry soil. 
The average nitrogen fixation activity of 0  N treat-
ment was significantly higher than those of nitrogen 
fertilizer treatments, which was by 15.49–10.76 times 
(Fig. 2b). The total Nfixed of the 0 N, 0 N + II, 250 N, 
250  N + II treatments was 15.59, 16.21, 2.93, and 
1.53  mg  N pot−1 (equivalent to 19.25, 20.02, 2.67, 
1.89  kg  N  ha−1), respectively (Fig.  3a). There was 
no significant difference in total Nfixed and nifH gene 
copy number between continuous flooding irrigation 

and intermittent irrigation. Similarly, there was no 
significant difference in the average nitrogen fixation 
activity between the continuous flooding irrigation 
and intermittent irrigation regimes (Fig. 3b).

Community compositions of diazotrophs

Under different nitrogen rate application treatments, 
the number of sequences per sample ranged from 
82,420 to 112,997. 82,420 sequences were used to 
make the sequence number equal for each sample. 
After the data were filtered, 55,478 OTUs were main-
tained for further analysis. The nifH gene taxonomic 
analysis showed that Proteobacteria, Cyanobacte-
ria, Actinobacteria and Firmicutes were dominant 
phyla, representing 86.8–96.8% of the diazotrophs 
in each treatment (Table  3). At the class level, the 
most abundant 10 classes are displayed in Table  3. 
Alphaproteobacteria was the most abundant class in 
the 125 N, 187.5 N and 250 N treatments, its relative 
abundance in the 125 N and 187.5 N treatments was 
significantly higher than that in the 250 N treatment, 
and the relative abundance of Alphaproteobacteria in 
the 250 N treatment was significantly higher than in 
the 0 N treatment. While the absolute abundance of 
Alphaproteobacteria in the 250 N treatment was sig-
nificantly higher than that in the 0 N and 125 N treat-
ments, but there is no statistical difference between 
250 and 178.5  N. Gammaproteobacteria was the 
most abundant class in the 0 N treatment, and its rela-
tive abundance was significantly higher than that in 
the nitrogen application treatments, but there was no 
significant difference in absolute abundance among 
treatments. Both in terms of the absolute abundance 
and the relative abundance, Oscillatoriophycideae of 
the 250  N treatment were significantly higher than 
those of the other treatments. Compared with 0  N 
treatment, nitrogen application significantly increased 
the absolute abundance of Betaproteobacteria and 
Clostridia, but significantly decreased the absolute 
abundance of delta/epsilon subdivisions. The abso-
lute abundance of Nostocales and Actinobacteria in 
the 250  N treatment were significantly higher than 
that in other treatments.

In different irrigation practice treatments, the num-
ber of sequences per sample ranged from 77,617 to 
112,997. 77,617 sequences were used to make the 
sequence number equal for each sample. After the 
data were filtered, 71,875 OTUs were maintained for 
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further analysis. The nifH gene taxonomic analysis 
showed that Proteobacteria, Cyanobacteria, Actino-
bacteria and Firmicutes were dominant phyla, repre-
senting 87.9–96.2% of the diazotrophs in each treat-
ment (Table 4). At class level, intermittent irrigation 
significantly increased the relative abundance of Alp-
haproteobacteria, but it only increased the absolute 
abundance of Alphaproteobacteria under 0  N appli-
cation. Intermittent irrigation significantly decreased 
the absolute abundance of Gammaproteobacteria 
but it only decreased the relative abundance of Gam-
maproteobacteria under 0 N application. Intermittent 

irrigation significantly decreased the relative and 
absolute abundance of Oscillatoriophycideae, Nos-
tocales and Stigonematales under 250 N application, 
but it didn’t change the relative and absolute abun-
dance of Oscillatoriophycideae, Nostocales and Sti-
gonematales under 0 N application.

Discussion

Nitrogen application greatly reduced the total Nfixed 
by 81.21–86.15%, but along with the increase of 

Fig. 2   Copy numbers of 
nifH gene, total nitrogen 
fixation (a) and average 
nitrogen fixation activity 
(b) under different nitrogen 
application rates. Error bars 
represent standard error 
(n = 3). In each figure, the 
same letters above the same 
color bars indicate non-
significant (Tukey’s test, 
P > 0.05) difference among 
the treatments
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nitrogen application from 125 to 250 N, there was no 
further significant decrease of total Nfixed (Fig.  2a). 
The nitrogen application also significantly decreased 
the contribution of Nfixed to total nitrogen in soil and 
rice plant (Table  1). These results were broadly in 
accordance with our hypothesis that nitrogen appli-
cation decreases the amount of BNF, however, the 
inhibition of BNF was not gradual but decreased 
rapidly with increasing N application, and as nitro-
gen application levels increased further, no more 
significant reduction was observed. This implies that 

under 125 kg N ha−1 (or greater than 125 kg N ha−1) 
applications, BNF contributes much less nitrogen 
than anticipated 22 kg ha−1 to rice fields (Ladha et al. 
2016). In this experiment, if there were levels lower 
than125 kg N ha−1 (such as 60 kg N  ha−1) of nitro-
gen fertilizer application, a gradual decreasing trend 
might be observed. BNF has been found to be sup-
pressed in rhizosphere samples after ammonium sul-
phate treatments at 40 kg N  ha−1, and even more so 
at 80 kg N ha−1 (Charyulu et al. 1981). This may be 
due to nitrogen applications significantly reducing the 

Fig. 3   Copy numbers of 
nifH gene, total nitrogen 
fixation (a) and average 
nitrogen fixation activity 
(b) under different irriga-
tion practices. Error bars 
represent standard error 
(n = 3). In each figure, the 
same letters above the same 
color bars indicate non-
significant (Tukey’s test, 
P > 0.05) difference among 
the treatments
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activity of nitrogenase (Fig. 2b). Nitrogen application 
also affects the distribution of fixed nitrogen in soil. 
The proportion of Nfixed in the 0–1  cm soil layer to 
total BNF increased with increasing nitrogen applica-
tion rate, but the proportion of Nfixed in the 1–15 cm 
soil layer to total Nfixed decreased with increasing 
application rate (Table 1). This may be related to the 
distribution and retention time of the urea added to 
soil. Firstly, the NH4

+ derived from the urea on the 
soil surface can easily diffuse into the atmosphere 
through the water layer (Inubushi and Watanabe, 
1986). Therefore, as compared with the 1–15 cm soil 
layer, the retention time of NH4

+ in 0–1 cm soil layer 
is relatively shorter, thus the nitrogen fixation activ-
ity of nitrogen-fixing bacteria in the 0–1 cm soil layer 
may be less inhibited by nitrogen application. In addi-
tion, ammonia deposition in this closed system may 
lead to an underestimation of the amount of BNF in 
the 0  N treatment. Secondly, there is still a certain 
oxidation environment on the surface of soil (Knauth 
et al. 2005; Irisarri et al. 2001), where part of NH4

+ 
may be transformed into NO3

− by nitrifying bacteria 
(Yamamuro et al. 1986). Cyanobacteria was reported 

to be the main nitrogen-fixing bacteria on the surface 
soil of rice field (Ma et al. 2019b; Wang et al. 2020). 
Großkopf (2012) found that the presence of high 
nitrate concentrations (up to 800 mM) had no inhibi-
tory effect on growth and nitrogen fixation activity of 
cyanobacteria. In this study, the 250 N nitrogen fer-
tilizer application significantly increased the relative 
and the absolute abundance of cyanobacteria in the 
surface (0–1  cm) soil, and also increased the num-
ber of Oscillatoriophycideae, Nostocales and Stigon-
ematales (Table 3). The increased relative abundance 
of cyanobacteria did not do contribution to the BNF.

As compared with the continuous flooding irri-
gation, the intermittent irrigation had no significant 
effect on the total Nfixed and the ratio of the Nfixed to 
total nitrogen in soil and rice plant (Table  2), but it 
changed the distribution of Nfixed in soil and rice 
plants (Table  2).  Intermittent irrigation reduced the 
proportion of Nfixed in the 0–1 cm soil layer and whole 
soil to total Nfixed, but it increased the proportion of 
Nfixed in root, aboveground plant and whole rice plant 
to total Nfixed. This may be due to the change of soil 
moisture status altering soil microbial abundance 

Table 3   Relative and absolute abundances of the nifH gene with an average relative abundance of top 10 for the taxonomic profiles 
at the class level in the soils under different nitrogen application rates

Mean ± standard error (n = 3), the same small letters indicate non-significant differences of relative abundance or absolute abundance 
among different nitrogen application rates treatments (P > 0.05)

Class Relative abundance (%) Absolute abundance (× 104 copies g−1 dry soil)

0 N 125 N 187.5 N 250 N 0 N 125 N 187.5 N 250 N

Proteobacteria, Alphaproteo-
bacteria

30.0 ± 5.4c 59.0 ± 1.3a 59.2 ± 0.3a 41.9 ± 2.8b 3.5 ± 0.6c 9.9 ± 0.9b 13.1 ± 0.7ab 13.3 ± 1.6a

Proteobacteria, Gammapro-
teobacteria

46.8 ± 10.9a 19.5 ± .7b 17.3 ± 0.8b 15.9 ± 3.9b 5.6 ± 1.6a 3.2 ± 0.1a 3.8 ± 0.2a 5.3 ± 1.9a

Cyanobacteria, Oscillatorio-
phycideae

2.2 ± 1.0b 0.9 ± 0.1b 3.7 ± 0.2b 21.4 ± 5.9a 0.2 ± 0.1b 0.1 ± 0.0b 0.8 ± 0.1b 7.1 ± 2.4a

Proteobacteria, Betaproteo-
bacteria

5.2 ± 0.5bc 8.2 ± 0.9a 5.9 ± 0.1b 3.7 ± 0.7c 0.6 ± 0.1b 1.4 ± 0.2a 1.3 ± 0.1a 1.2 ± 0.4a

Proteobacteria, delta/epsilon 
subdivisions

2.1 ± 0.3b 4.2 ± 0.4a 4.3 ± 0.2a 2.2 ± 0.1b 0.2 ± 0.0a 0.7 ± 0.1b 0.9 ± 0.1b 0.7 ± 0.1b

Cyanobacteria, Nostocales 0.1 ± 0.1b 0.0 ± 0.0b 1.4 ± 0.1b 9.2 ± 3.2a 0.0 ± 0.0b 0.0 ± 0.0b 0.3 ± 0.0b 2.9 ± 1.2a
Actinobacteria, Actinobac-

teria
0.5 ± 0.0b 0.6 ± 0.1ab 0.8 ± 0.0a 0.6 ± 0.1ab 0.1 ± 0.0b 0.1 ± 0.0b 0.2 ± 0.0b 0.2 ± 0.0a

Firmicutes, Clostridia 0.2 ± 0.1a 0.5 ± 0.2a 0.4 ± 0.0a 0.3 ± 0.1a 0.0 ± 0.0b 0.1 ± 0.0a 0.1 ± 0.0a 0.1 ± 0.0a
Cyanobacteria, Stigon-

ematales
0.2 ± 0.1ab 0.0 ± 0.0b 0.1 ± 0.0ab 0.6 ± 0.3a 0.0 ± 0.0b 0.0 ± 0.0b 0.0 ± 0.0b 0.2 ± 0.1a

Firmicutes, Bacilli 0.1 ± 0.0b 0.2 ± 0.0a 0.1 ± 0.0b 0.1 ± 0.0b 0.0 ± 0.0b 0.0 ± .0a 0.0 ± 0.0ab 0.0 ± 0.0ab
Others 3.2 ± 0.4b 5.6 ± 0.3b 7.1 ± .2b 13.2 ± 2.9a 0.4 ± 0.0b 0.9 ± 0.1b 1.6 ± 0.1b 4.2 ± 1.2a
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and community structure (Lu et  al. 2006; Yoshida 
and Ancajas 1971). When the paddy soil has insuf-
ficient water, some anaerobic nitrogen-fixing bacteria 
will die and release nitrogen-containing compounds 
which will be absorbed by rice (Valiente et al. 2000). 
As compared with the 1–15 cm soil layer, the 0–1 cm 
soil layer is more likely to be subjected to the water 
shortage, but Nfixed is mainly concentrated in the 
0–1 cm soil layer (Table 1) (Bei et al. 2013; Ma et al. 
2019a). Therefore, more Nfixed was transferred from 
the 0–1 cm soil layer to rice than from the 1–15 cm 
soil layer (Table  1). For the whole growing season, 
intermittent irrigation did not change the total Nfixed, 
which may be due to the decrease of Nfixed during the 
water shortage period being offset by the potential 
increase of Nfixed in flooding period. When the paddy 
soil changed from a flooded state to a water deficient 
state, the death or deactivation of some anaerobic 
nitrogen-fixing bacteria and the inhibition of oxygen 
on nitrogen fixation could reduce the Nfixed (Valiente 
et  al. 2000). When the paddy soil changed from a 
water deficient state to a flooded state, the soil oxy-
gen content and redox potential (Eh) would decrease 

rapidly, the soil pH would tend to be neutral, and the 
soil available carbon may increase due to the potential 
increase of soil organic matter decomposition (Zeng 
et  al. 2011). These changes provide better environ-
mental conditions and energy sources beneficial for 
BNF than the continuous flood condition (Bais et al. 
2006). Therefore, the BNF activity during the flood-
ing period within the intermittent irrigation pattern 
was supposed to be higher than that of the continu-
ous flooding pattern. In addition, no matter in 0 N or 
250 N treatments, intermittent irrigation significantly 
increased the rice biomass, which in turn influenced 
the soil microbial activity and nutrient availability. A 
large amount of organic matter secreted by rice roots 
can provide an energy source for biological nitrogen 
fixation (Knauth et  al. 2005). Furthermore, some 
nitrogen in the soil was absorbed by rice roots, which 
create a low nitrogen environment for nitrogen-fixing 
bacteria. Thus, the inhibition effect of ammonium 
in the process of biological nitrogen fixation was 
reduced (Reed et  al. 2011). In general, as compared 
with the continuous flooding irrigation, although 
intermittent irrigation did not change the total Nfixed, 

Table 4   Relative and absolute abundances of the nifH gene with an average relative abundance of top 10 for the taxonomic profiles 
at the class level in the soils under different irrigation practices

Mean ± standard error (n = 3), the same small letters indicate non-significant differences of relative abundance or absolute abundance 
between different irrigation practices treatments under 0 N application; the same capital letters indicate non-significant differences of 
relative abundance or absolute abundance between different irrigation practices treatments under 250 N application (P > 0.05)

Class Relative abundance (%) Absolute abundance (× 104 copies g−1 dry soil)

0 N 0 N + II 250 N 250 N + II 0 N 0 N + II 250 N 250 N + II

Proteobacteria, Alphaproteo-
bacteria

30.1 ± 5.3b 62.1 ± 4.2a 41.3 ± 2.7B 60.1 ± 0.1A 3.4 ± 0.4b 6.5 ± 1.0a 13.6 ± 2.7A 12.2 ± 1.8A

Proteobacteria, Gammapro-
teobacteria

56.5 ± 4.8a 12.8 ± 2.7b 19.2 ± 2.1A 18.1 ± 2.7A 6.6 ± 0.9a 1.3 ± 0.2b 6.1 ± 0.8A 3.5 ± 0.3B

Cyanobacteria, Oscillatorio-
phycideae

1.2 ± 0.2a 1.2 ± 0.4a 15.5 ± 0.1A 4.7 ± 2.5B 0.1 ± 0.0a 0.1 ± 0.0a 5.0 ± 0.8A 1.1 ± 0.7B

Proteobacteria, Betaproteo-
bacteria

5.3 ± 0.5a 6.2 ± 0.3a 4.2 ± 0.4A 4.5 ± 1.2A 0.6 ± 0.1a 0.6 ± 0.1a 1.3 ± 0.2A 1.0 ± 0.4A

Cyanobacteria, Nostocales 0.1 ± 0.0a 0.5 ± 0.2a 12.3 ± 0.3A 0.9 ± 0.3B 0.0 ± 0.0a 0.1 ± 0.0a 4.0 ± 0.6A 0.2 ± 0.0B
Proteobacteria, delta/epsilon 

subdivisions
2.0 ± 0.0b 4.1 ± 0.5a 2.2 ± 0.0A 4.0 ± 0.7A 0.2 ± 0.0b 0.4 ± 0.1a 0.7 ± 0.1A 0.8 ± 0.0A

Actinobacteria, Actinobac-
teria

0.5 ± 0.0a 0.5 ± 0.1a 0.5 ± 0.0A 0.8 ± 0.1A 0.1 ± 0.0a 0.1 ± 0.0a 0.2 ± 0.0A 0.2 ± 0.0A

Firmicutes, Clostridia 0.1 ± 0.0a 0.2 ± 0.1a 0.5 ± 0.1A 0.2 ± 0.0B 0.0 ± 0.0a 0.0 ± 0.0a 0.2 ± 0.0A 0.0 ± 0.0B
Cyanobacteria, Stigon-

ematales
0.2 ± 0.1a 0.1 ± 0.0a 0.3 ± 0.0A 0.0 ± 0.0B 0.0 ± 0.0a 0.0 ± 0.0a 0.1 ± 0.0A 0.0 ± 0.0B

Firmicutes, Bacilli 0.1 ± 0.0a 0.0 ± 0.0b 0.1 ± 0.0A 0.3 ± 0.1A 0.0 ± 0.0a 0.0 ± 0.0a 0.0 ± 0.0A 0.1 ± 0.0A
Others 3.9 ± 0.2b 12.1 ± 0.9a 3.8 ± 0.1A 6.3 ± 0.9A 0.5 ± 0.0b 1.3 ± 0.1a 1.2 ± 0.2A 1.2 ± 0.2A
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it promoted the transfer of Nfixed from the 0–1 cm soil 
layer to rice, and therefore the nitrogen use efficiency.

Numerous PCR primers have been designed to 
amplify nifH, and different primers have different cov-
erage for phylogenetic and environmental groupings 
in the nifH database (Gaby and Buckley 2012). In this 
study, two pairs of primers were used, polF (TGC​GAY​
CCSAARGCBGACTC)/polR (ATSGCC​ATC​ATY​
TCR​CCGGA) (Poly et al 2001) and nifHF (TGY​GAY​
CCNAARGCNGA)/nifHRb (ADNGCC​ATC​ATYTC-
NCC) (Gaby and Buckley 2012; Fan et al. 2019). How-
ever, the concentration of the products that amplified 
by the pair of nifHF/nifHRb primers was too low. Even 
though the polF/polR primers theoretically have a lower 
recovery of nifH diversity than other primers such as 
the Zf/Zr pair (Zehr and McReynolds 1989; Gaby and 
Buckley, 2012), the polF/polR display a higher perfor-
mance in  vitro than in silico and can be used directly 
for qPCR (Poly et  al., 2001; Mårtensson et  al., 2009; 
Bouffaud et  al., 2016). So only the pair of polF/polR 
primers was used herein. The nifH gene copy numbers 
increased with the increase of nitrogen application rate 
(Fig.  2a), although nitrogen application decreased the 
amount of BNF. Soil nitrogen-fixing bacteria can use 
a variety of nitrogen sources to support their growth. 
The preferred order of different forms of nitrogen ferti-
lizer used by diazotrophs is as follows: (1) inorganic N, 
(2) low-molecular-weight organic N, (3) atmospheric 
N, and (4) high-molecular-weight organic N. Urea-N 
(low-molecular weight organic N) and its converted 
NH4

+-N can be directly absorbed by nitrogen-fixing 
bacteria (Norman and Friesen 2017). Therefore, when 
the urea-N and inorganic N in soil is sufficient, there is 
no need for them to consume energy to obtain nitrogen 
source through biological nitrogen fixation. However, 
ammonium is well known to inhibit N fixation (Reed 
et al. 2011) and has been shown to inhibit nitrogenase 
synthesis at the genetic level through the regulation of 
nifA gene transcription (Dixon and Kahn 2004; Norman 
and Friesen 2017). On the other hand, Fan et al (2019) 
found that long-term fertilization reduces N fixation and 
specific groups of N fixers. In this study the soil used 
was collected from the paddy soil with a long-term 
nitrogen fertilization of 250 kg N ha−1, but we did not 
find that the reduction of nitrogen application increased 
the number of nitrogen-fixing bacteria. Nitrogen appli-
cation enhanced the number of nitrogen-fixing bacteria, 
but it also inhibited nitrogen fixation activity (Fig. 2b). 
Irrigation practices did not change the nifH gene copy 

numbers (Fig. 3a). Cyanobacteria were expected to be 
the main nitrogen-fixing bacteria in the surface soil 
of paddy field (Ma et  al. 2019b; Wang et  al. 2020). 
Instead, the 250  N application significantly in this 
study increased the absolute abundance of Oscillato-
riophycideae, Nostocales and Actinobacteria (Table 3). 
Intermittent irrigation significantly decreased the rela-
tive and absolute abundance of Oscillatoriophycideae, 
Nostocales and Stigonematales under 250 N application 
(Table 3), but the increase and decrease of cyanobacte-
ria did not affect the total amount of nitrogen fixation.

Conclusion

Increased nitrogen application decreased N2 fixation 
from 19.25 kg ha−1 for the 0 nitrogen application treat-
ment to 3.22, 3.61, and 2.67 kg  ha−1, respectively, for 
the 125, 187.5 and 250  kg  ha−1 nitrogen application 
treatments. These results are broadly in accordance 
with our hypothesis that nitrogen application (equal 
or greater than 125 kg N ha−1) reduced the amount of 
BNF, however, the inhibition of BNF was not gradual 
but decreased rapidly with increasing N application, 
and as nitrogen application increased further, no further 
obvious reduction was observed. Inhibition of BNF by 
nitrogen application at the 1–15  cm soil horizon was 
greater than that in the 0–1 cm soil horizon. Intermit-
tent irrigation increased the allocation of Nfixed in the 
rice. As compared with the continuous flooding pat-
tern, the intermittent irrigation enhanced rice growth 
and promoted the transfer of Nfixed from 0–1  cm the 
soil layer to rice, but it did not change the total Nfixed. 
Increased nitrogen application promoted the nifH gene 
abundance, but it decreased their activity to fix atmos-
pheric N2.
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