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Abstract

Biological nitrogen fixation (BNF) varies in different soils and is impacted by rice planting. This study was conducted to
investigate the extent of BNF in acidic soil planted with rice and to explore if the light and flood layer thickness affected the
BNF. Soil and rice together were incubated in a '°N,-labeled closed chamber for whole growth period, and light and water depth
effects were measured by labeling aboveground parts of rice plants in a plastic bag and labeling air in bottle without rice plants,
respectively. The results showed that the total N fixation of soil and plant was 11.65 kg ha '; nevertheless, it was only
2.11 kg ha " under fallow soil. In planted soil, plants and soil accounted for 25.1% and 74.9% of total '°N fixed, correspondingly.
Soil NH4*-N concentration decreased due to uptake by the rice plants. There was higher available iron (Fe**) in soil with rice
plantings than in the fallow soil which was beneficial for BNF. Furthermore, '°N atom% in the roots was found higher than in the
aboveground plant parts or leaves whether from experiment with whole rice-soil labeled in '*N,-enriched closed chamber or from
that only rice aboveground parts labeled by '°N,, whereas water depth above the soil surface insignificantly influenced BNF
without rice planting. Rice planting may significantly increase the amount of N fixation in acidic paddy soils. Further work
regarding the role of rice plant and thickness of the water layer in BNF is highly important to gain an improved understanding of
the N cycle in the rice ecosystem.
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1 Introduction

Nitrogen gas (N,) accounts for almost 80% of the volume of
air. However, plants cannot use it directly, and it can only be
absorbed and utilized by plants through biological or industri-
al fixation. The biological nitrogen fixation (BNF) and bio-
logical reduction of N, to ammonium can merely be carried
out by nitrogenase enzymes, which exist exclusively in pro-
karyotes (Canfield et al. 2010). The BNF can be symbiotic
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when there are mutualistic associations between plant species
and N fixing microorganisms (mainly rhizobia) or can be
asymbiotic when it is carried out by free-living fixing micro-
organisms (do Figueiredo et al. 2013). Free-living N fixing
microorganisms can accomplish BNF through autotrophic fix-
ation, in which required energy is attained from photosynthe-
sis. However, free-living heterotrophic N fixers in soil fuel up
their activity by using energy from organic matter decompo-
sition. The influence of several factors on autotrophic and
heterotrophic BNF and their differential role have been fo-
cused by several researchers (Das et al. 2011; Bei et al.
2013; Perakis et al. 2017; Coyne et al. 2020). BNF occurs in
soil by rhizobia and heterotrophic bacteria living in the rhizo-
sphere of rice plants (Ladha and Reddy 2003). The
phyllosphere bacteria in the plant also have been found effi-
cient for BNF (Venkatachalam et al. 2016; Syiem et al. 2017).

It is reported that about 12% of the N in terrestrial plants
comes from biological fixation and the remaining 88% enters
through internal circulation or organic N decomposition in the
soil (Ussiri and Lal 2013), while the global BNF rates are
ranging from 108 to 148 Tg N per year (Meyerholt et al.
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2016), and the industrial production of N fertilizer is around
140 Tg of N per year (Canfield et al. 2010). Furthermore,
studies have shown that the non-symbiotic BNF contributes
around 25% of the N harvest for agriculture (corn, rice, and
wheat planting systems), of which BNF adds nearly 22 kg N
per hectare per year to the N harvest of rice (Ladha et al.
2016). Therefore, BNF serves as a great supply of N in paddy
fields, which can reduce the environmental problems resulting
from chemical N fertilizer applications.

Rice planting enhances both phototrophic and heterotro-
phic BNF in a flooded rice-soil system with pH (H,O) 8.0
(Bei et al. 2013). There is a higher N percentage computed
under non-symbiotic BNF in the rice roots than other parts,
such as leaves or stem (Wang et al. 2019). Zheng et al. (2019)
found that N additions inhibited but micronutrient could stim-
ulate BNF in terrestrial ecosystems by compiling a global
database of free-living N fixation and symbiotic N fixation
in response to N, P, and micronutrient addition across differ-
ent biomes. It is well known that, mostly, BNF is carried out
by the activity of the Fe protein and MoFe protein (Rubio and
Ludden 2008; Bellenger et al. 2014). Thus, the higher avail-
ability of Fe or Mo increases BNF (Wurzburger et al. 2012;
Winbourne et al. 2017; Zheng et al. 2019; Ma et al. 2019).
Electrons are transferred between the reduced and the oxi-
dized states of Fe protein or MoFe protein to accomplish the
BNF. Soil available forms of Mo as MoO,*>  (Wurzburger
et al. 2012) and available forms of Fe as Fe>* in proteins are
more critical for accepting electron to be reduced.
Furthermore, the increasing available carbon (C) encouraged
BNF under flooding than non-flooding conditions (Das et al.
2011). Therefore, BNF would change in different soil types
and environments. Yet, there is no clear information available
about the extent of BNF in acidic soils with higher iron
contents.

It is well known that aboveground water layer thickness
adjusts the optimal environment for cyanobacteria and photo-
synthetic bacteria that inhabit floodwaters and soil surfaces, as
well as heterotrophic or free-living bacteria that resides in the
root zone (Ladha and Reddy 2003). Syiem et al. (2017) re-
ported that rice plants might fix N in water or aboveground
parts. Furthermore, Zheng et al. (2019) examined whether
environmental factors (mean annual temperature, mean annu-
al precipitation, and background N deposition) affect the ex-
tent of BNF in response to nutrient addition. However, the
impact of water layer thickness on BNF has not been reported
yet. Even, it was unclear if the light had a significant influence
on soil BNF under rice plantings.

In this study, we hypothesized that planting rice could in-
crease soil BNF, which might be influenced by light or water
layer thickness. Thus, we carried out the incubation experi-
ment to investigate the BNF for an acidic paddy soil in the
growth chamber laid in the rice field ecosystem. We conduct-
ed this experiment with two treatments, i.e., planted with rice
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(SR) and soil fallow (SF). During the whole rice growing
period, N, was labeled with 5N in the air. At the same time,
these two treatments were applied without '°N, labeling to
observe the changes in soil nutrients and carbon status in the
field. Furthermore, the role of aboveground rice parts in BNF
under the paddy ecosystem was investigated by '°N,, labeling
only rice part before heading, and the differential effects of
water layer thickness above soil surface in the field were taken
into account for the present research. This study aimed to
evaluate the role of rice planting on BNF in red soil and that
of light and water depth.

2 Material and Methods
2.1 Soil Used

The test soil in 0-20 cm was taken from Pucheng County (27°
32'N, 118° 11" E) in Nanping City, Fujian Province, China,
where the climate was subtropical with monsoon having a
frost-free period of 240-330 days with annual average tem-
perature 20 °C and annual precipitation was 800—1900 mm
with mild, moist, and rainy climate. It was a typical acidic
paddy soil (Aquic Hapludults, USDA soil taxonomy, Soil
Survey Staff 2014) with pH (H,O) value of 5.26 coupled with
total N 1.81 g kg, total C 16.98 g kg ', total phosphorus
1.45 gkg !, available phosphorus 3.62 mg kg ', sand 31.1%,
silt 52.5%, and clay 16.4%.

2.2 Experimental Design

Rice cultivation and planned experiments were carried out in
Xiaoji Town, Jiangdu District, Yangzhou City, Jiangsu
Province (32° 35’ N, 119° 42" E), China. Some pots, a diam-
eter of 9 cm with a height of 15 cm, were prepared with 1.1 kg
soil and used for experimentation. Two treatments, planted
with rice (SR) and soil fallow (SF), were considered in a
growth chamber laid in field in situ to explore the role of rice
planting on BNF by '°N, labeling method. A local variety
named “Wu Yun japonica rice 23” was selected for experi-
mental rice type, and thereafter, seedlings were transplanted
into pots for SR treatment. There were three seedlings in a
single hole of one pot and a water layer thickness of 2 to
3 cm was maintained above the soil surface. The seedlings
were cleaned with water before transplanting. The chamber
system was constructed and operated precisely (patent num-
ber: ZL 200910232184.3) and '°N-N, in the air of the cham-
ber labeling method was accomplished according to Bei et al.
(2013). At the same time, the two treatments were applied in
the field without '°N, labeling by randomization with three
replicates, to observe the changes of soil nutrients and carbon
status. The experimental duration started from rice tillering
and ended up at the grain filling stage. Consequently, a total
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of 92 days experiment was maintained with ‘>N, label gas and
was carried out from July 20 to October 20 in 2016 under the
controlled chamber condition. During the growth and devel-
opment of rice, there was not any application of N fertilizer.
Phosphate and potassium as inorganic fertilizers were applied
on the soil surface in solid form before planting at the recom-
mended rate that was 60.8 mg pot_] (75 kg ha ') for P,Os and
KO as compound fertilizer. As the rice reached maturity, soil
samples from the pot in the chamber were collected at 0—1 and
1-15 cm. Rice plants were collected and divided into the
aboveground part and root. These samples were used to ana-
lyze '°N abundance and computation of '*N fixation. Soil
samples from the pots in the field was collected at 0-15 cm
every week and were used to analyze NH,*-N, NO; -N, soil
soluble organic C, available iron, and available molybdenum
concentration.

Light impacts plant growth and activity of microorganism
on plant. To explore the role of light in affecting BNF in
leaves, the treatments for shaded light (SL) and the natural
light treatment (NL) were considered by covering rice above-
ground parts with a transparent and black plastic bag, respec-
tively. Each treatment was carried out in three replications.
Rice plants were transplanted in the pots carrying 1.5 kg soil,
having an upper, lower diameter and a height of 17.7, 14.4,
and 17.8 cm, correspondingly. When the labeling of rice
leaves in the air with '>’N-N, was done at the later stage of
jointing, the transparent or black plastic bag together with a
nylon tube was tied up with the rice plant stem below the
flooded surface, which avoided '°N, gas leaking out of bag.
The nylon tube was used to inject the labeling '°N, gas into
the bag. The first labeling was made on August 24, 2017, with
50 mL of an equal volume of N, gas (abundance 99.14%)
that was introduced into the bag through the nylon tube. After
10 days of labeling (September 4), we collected all gas from
the bag and removed the labeling bag to resume the natural
growth of the plants. On September 11, rice leaves were la-
beled for the second phase until the end of the labeling on
September 27. After finishing the incubation, the rice plants
were sampled for root, stem, and sheath ear (collectively
called the stem) and leaf. Then, the soil was divided into soil
layer 1 (0—1 cm) and soil layer 2 (>1 cm) below the soil
surface. These samples were used to analyze '°N abundance
and assess the role of light in BNF.

Water layer thickness impacts soil condition and relation-
ship between soil and air. To study its effect on BNF, 250-g
air-dried soil was put into a 500 mL incubation bottle with an
appropriate amount of ultrapure water for outdoor incubation.
After preparing for a couple of weeks, two treatments with
different submerged layers, i.e., 2 cm water layer thickness
(W-2 cm) and anhydrous layer (W-0 cm), were designed for
labeling incubation, where each treatment was replicated
thrice. To experiment, 20 mL gas in the bottle was drawn
out and an equal volume of '°N, gas with an abundance of

99.14% was injected to complete the first labeling. The second
labeling was made after 22 days and was maintained for
55 days. Upon finishing the incubation, the soil was divided
into two layers according to the above-described method.

2.3 Physical-Chemical Analysis of Soils and Plant

Soil pH was measured on a DMP-2 mV/pH detector (Quark
Ltd., Nanjing, China) after mixing with water (1:5; v/v). Soil
texture was analyzed using a laser diffraction analyzer
(Mastersizer 2000, the United Kingdom). The soil was ex-
tracted with 0.5 mol L' K,SOy solution to determine NH,*-
N and NO; -N concentrations. NH;"-N was analyzed by the
indophenol blue colorimetric method, and NO3 -N was ana-
lyzed by dual-wavelength spectrophotometry, while, soil sol-
uble organic C was determined by potassium dichromate ox-
idation method. Soil available iron (Fe?* and Fe**) was ex-
tracted with 0.1 mol L™ hydrochloric acid and determined by
phenanthroline colorimetric method described in the
Magazine of Soil and Agro-Chemistry Analysis (Bao 2000).
Similarly, available soil molybdenum was extracted with
oxalic acid-ammonium oxalate and analyzed by ICP (X
SERIES 2, USA). Available phosphorus was extracted with
0.1 mol L™" hydrochloric acid and determined by the molyb-
denum blue colorimetric method in an analyzer (SKALAR
SAN™, Netherlands). Total soil C and N were measured using
an element analyzer (Elemantar Vario MAX CN, Germany).
The '>N abundance was determined through an isotopic mass
spectrometer (Thermo Scientific MAT 253-Flash HT, USA).

2.4 Calculations

Biological nitrogen fixation in the field was estimated by
using the method of Bei et al. (2013) and Naher et al.
(2011), for >N fixed amount (mg potﬁl) in soil and plant
samples: 5N fixed = TNgample X AT% BN excess samples Where
TNwmple represents the total N (g) of the sample, AT%
Nexcess sample = AT% Nlabeled AT% un -labeled- AT%
YN iabelea is the abundance of the sample in the chamber.
AT% "“Nyn 1abeleq 1S the abundance of the sample in the field.
The proportion of biologically fixed N in the rice-soil sys-
tem: %N Fixation = AT% "“Nexcess sample/AT% PNy cess
gas, where AT% "*Niyeess 235 = AT% "Ny — 0.3663%.
Soil N fixation per unit soil area (kg ha )= (TNg; x %N
Fixation g1 + TNpjane X %N Fixationpane)/S, where S repre-
sents the soil area (ha).

2.5 Statistical Analysis
One-way ANOVA and LSD methods were used for the anal-
ysis of variance to examine the differences among various rice

samples, while the significant differences among treatments
were determined by repeated measurement analysis of
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variance. Independent samples and one-tailed 7 test were used
to analyze the significant differences between treatments. The
data in tables and figures were showed as mean + standard
deviation (n = 3).

3 Results

3.1 Total Accumulation of >N in Rice Plants and Soil
During the Growth Period

The biomass as well as total N of the aboveground parts of the
plants was higher than those of the roots (Table 1); however,
the value of '*N atom% excess was significantly lower than
the roots. The amount of '*N fixed in aboveground organs of
plants at SR accounted for 78.2% of the total fixed amount of
>N in the whole plant. Further, there was a significantly
higher '’N abundance in the first layer (0—1 cm) than the
second layer (1-15 cm) in both SR and SF (Table 2), while
there was a non-significant difference of '°N in fixed amount
between two soil layers in SR; nevertheless, it was higher at
0—1 cm than at 1-15 cm in SF treatment. The total amount of
soil °N fixed per pot in SR was 4.1 times higher than in SF
(P<0.05). In the treatment planted with rice, plant and soil
accounted for 25.1% and 74.9% of total N fixed per pot,
individually, whereas soil nitrogen fixation was recorded as
11.65 and 2.11 kg ha " in SR and SF, correspondingly.

3.2 Dynamic Changes in Soil Nutrient Status During
Rice Growth

NH,"-N was significantly higher by 31.5-296% at SF than SR
(Fig. 1); nevertheless, NO3 -N contents at both treatments
decreased with time. A higher soluble organic C in SF than
SR was observed only on August 4. Thereafter, the soluble
organic C was similar between SR and SF. The available iron
and molybdenum contents of paddy soils increased with rice
growth, ranging from 206 to 681 mg kg ' and from 0.123 to
0.236 mg kg ', respectively. A non-significant difference was
found between SF and SR for NO3 -N, soluble organic C, and
available molybdenum contents.

3.3 Biological Nitrogen Fixation in Rice Leaves as
Affected by Light and Flooding Layer

When the aboveground parts of plants were merely exposed to
>N, the '°N atomic percentage in the plant exceeds the nat-
ural >N atomic percentage (0.3663) (Fig. 2). Under the shad-
ed light treatment (SL), the '°N atomic percentage of leaves
was found significantly lower than that of the stem, while in
the natural light treatment (NL), the '°N atomic percentage
was recorded significantly different in the order of, roots >
stems > leaves. There was a significant influence of the two
treatments on '°N atomic percentage in all parts of the rice
plants, in which the '°N atomic percentage was computed
higher at SL than NL for stem and leaves. However, it was
higher at NL than SL for root.

The "°N atomic percentage in two soil layers also exceeded
the natural '°N atomic percentage (Fig. 2). The considerably
higher '*N atomic percentage was found only at NL than SL at
layer 1, while it was observed non-significant between them at
layer 2; even, it was recorded higher at NL than SL. The rice
flooding layers with different thicknesses (W-0 cm and
W-2 cm) exhibited a non-significant effect on the '°N atomic
percentage in different soil layers (Fig. 3).

4 Discussion

Bei et al. (2013) reported that rice planting enhanced both the
phototrophic and heterotrophic BNF in a flooded rice-soil
system. We found the total N fixation at SR was
11.65 kg ha™', which was in the range of 2.2 to 20.1 kg N
ha ! during 42 days of '°N, labeling duration reported by
Wang et al. (2019). It is well known that NH,"-N is the dom-
inant form of N in rice fields (Zhu et al. 2011). In this study,
NH,*-N was significantly higher by 31.5-296% at SF than SR
(Fig. 1) because the uptake and utilization of N by flooded rice
gradually increased with the growth and development of rice
(Hamoud et al. 2019). NH,"-N at SF did not decline with
experimental duration due to a lack of plant growth to absorb
N and the dissimilatory NO3 -N reduction to NH;"-N
(DNRA). The NOj5 -N contents in the soil at two treatments
decreased with incubation time that might be due to DNRA or

Table 1 >N accumulation in rice

Total N (g pot ") SN atom% excess 15N fixed (mg pot ")

plants under *N,-labeled Part Dry wt (g pot ")
chamber
Aboveground 20.95+0.94a
Root 4.42+0.88b
Whole plant 25.37+0.08

0.167+0.028a 0.053+0.013a 0.086+0.010a
0.032+0.008b 0.077 £ 0.006b 0.024 +0.004b
0.199+0.003 0.057+0.012 0.110+0.011

Different lowercase letters indicate significant (P < 0.01) differences between different rice plant parts analyzed
by independent sample and one-tailed 7 test
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Table 2 N accumulation in soil samples under '°N,-labeled chamber
Treatment Soil depths (cm) Dry wt.(g pot ") Total N (g pot ) 5N atom% excess 5N fixed (mg pot ') Soil nitrogen fixation
(kg ha ")
SR 0-1 60+ 10bB 0.153£0.025bB 0.096 +0.023aA 0.151+0.058aA 11.65+2.13A
1-15 1002 £48aA 2.215+0.212aA 0.008 =0.003bA 0.177 +£0.078aA
Total 1063 £46A 2.368 +0.198A 0.014+0.001A 0.328+0.021A
SF 0-1 124+ 17bA 0.307 £0.055bA 0.020+0.001aB 0.062 +£0.014aA 2.11+0.30B
1-15 1071 +24aA 2.483+0.175aA 0.001 +0.000bB 0.018 +£0.005bB
Total 1195+ 36B 2.790 +0.185A 0.003 +£0.000B 0.080+0.009B

Different lowercase letters indicate significant (P < 0.01) differences between different soil depths in the same treatment. Different capital letters indicate
significant (P < 0.05) differences between two treatments in the same soil depth. They were all analyzed by independent sample and one-tailed 7 test

denitrification rather than leaching out of the soil.
Volatilization and leaching losses of nitrogen from the soil
(pH 8.03) as reported by Jadon et al. (2018) did not occur in
this experiment because of soil pH is lower. Denitrification as
testified by Friedl et al. (2018) did occur possibly, and deni-
trification and DNRA are thought to compete for available
NOj; -N under anaerobic conditions (Friedl et al. 2018).
Pandey et al. (2019) reported that DNRA exceeded denitrifi-
cation in low N-fertilized paddies. In the present study, since
there was not any N fertilizer application, therefore, BNF and
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Fig. 1 Changes in soil (0—15 cm) nutrient contents in different treatments
with growing rice (month-day). The significant differences between
treatments of soil planted with rice (SR) and soil fallow (SF) with

DNRA might contribute to more NH4*-N at SR besides the
uptake of NH,*-N. However, BNF was weak at SF because of
high soil NH,*-N, which was consistent with the negative
effects of N addition on BNF (Perakis et al. 2017; Zheng
et al. 2019).

A higher soluble organic C in SF than SR was only ob-
served on August 4. After 1 week, the soluble organic C did
not fluctuate throughout the experimentation. It was reported
that organic C from roots and other sources could provide a
considerable amount of energy to enhance BNF capacity by
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incubation duration were determined by repeated measurement analysis
of variance. Tr, treatment; Ti, time linked with rice growth; ns, non-
significant difference
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Fig. 2 '°N abundance in rice plants and soil with experiment of '*N
labeling on plant. Different lowercase letters indicate significant
(P <0.05) differences in different rice organs or soil layer under the
same treatment. Different capital letters indicate significant (P <0.01)
differences under different treatments of the same rice plant organ or
soil layer. SL, shaded light; NL, natural light; Tr, treatment; RO, rice
organ; ns, non-significant difference

the ARA method (Das et al. 2011). However, in the present
study, we found a non-significant difference of soluble organ-
ic C between SF and SR (Fig. 1), which might be due to the
utilization of soluble organic C for heterotrophic N fixation in
rice-planted soil, or heterotrophic soil respiration promoting
DNRA (Friedl et al. 2018). These results suggested that more
studies about soil available C as one of the important factors
regulating BNF are required.

Under flooded soil conditions, available iron increased
with rice growth, which might be related to the occurred re-
duction of Fe** into Fe’* under anaerobic condition (Akter
et al. 2018). The higher soil available iron might contribute
to BNF (Fig. 1), which is consistent with previous reports
(Wurzburger et al. 2012; Zheng et al. 2019). Winbourne
et al. (2017) also observed a threefold increase in BNF rates
with Fe additions at the limestone site in the wet season. There
was a significantly higher BNF in SR than in SF (Fig. 1).
However, there was a non-significant difference in the avail-
able molybdenum between SR and SF (Fig. 1). In Mo-
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deficient paddy fields (< 0.068 mg kg '), molybdenum appli-
cation greatly increased BNF (Ma et al. 2019). Previously, it
was reported that the positive effects on BNF had been only
observed in the form of Mo and low P co-additions (Rousk
et al. 2017). Experimental fertilization of organic horizon soil
revealed widespread Mo limitation of heterotrophic N fixa-
tion, especially at sites where soil total Mo was scarce relative
to total C (Perakis et al. 2017). It is pertinent from these results
that multiple nutrient controls of heterotrophic N fixation were
more common than single-nutrient effects.

When the aboveground parts of plants were merely ex-
posed to '°N,, the '°N atomic percentage in the plant
exceeded the natural '°N atomic percentage (Fig. 2). The
N atomic percentage was higher at SL than NL for stem
and leaves, but it was recorded inverse for roots. The low
intensity of solar radiation induced stomatal closure
(Aasamaa and Sober 2011), blocking the communication be-
tween plant surfaces and internal mechanisms. Phyllosphere
microbiology can enhance the multiple interactions between
plant and microbial communities (Pefiuelas and Terradas
2014). It was reported that the phyllosphere bacteria play a
critical role in promoting biological nitrogen fixation
(Venkatachalam et al. 2016; Syiem et al. 2017) and the inter-
action between plant and phyllosphere was considerably af-
fected by light (Carvalho and Castillo 2018). Therefore, rice
stomata opening or closing might be one of the factors to
affect BNF by phyllosphere microbiology.

In the natural light treatment (NL), the '°N atomic percent-
age was recorded significantly different in the order of roots >
stems > leaves, which suggested that '*N might be transferred
from leaves to root when '°N fixed at leave. Under the shaded
light treatment (SL), the '°N atomic percentage of leaves was
found significantly lower than that of the stem, but not be-
tween root and stem or leaves, which suggested that >N was

0.3690
B V-2
0.3685 [ |W-0cm
g 0.3680
£ 03675+
s Aa A Aa
£ 03670 Aa @
0.3665
0.3660 =
0.0000 1 I \ I
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Soil layers

Fig. 3 !N abundance in soil with different water layer depths. Different
lowercase letters indicate significant (P <0.05) differences under
different treatments applied to the same soil layer. Different capital
letters indicate significant differences in different soil layers under the
same treatment (P <0.05). W-2 cm, 2-cm water depth; W-0 cm, 0-cm
water depth
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transferred from leaves to stem, not to roots. Although rice
plant has a critical role in promoting biological nitrogen fixa-
tion attributed to the phyllosphere bacteria (Venkatachalam
etal. 2016; Syiem et al. 2017), it is apparent that more studies
about the role of plant in rice ecosystem are needed
concerning BNF. In addition, there was significantly higher
>N abundance and the total amount of soil '°N fixed per pot
in SR than in SF (P<0.05) (Table 1). Cyanobacteria and
photosynthetic bacteria are used to inhabit in floodwaters
and on soil surfaces (Ladha and Reddy 2003).
Cyanobacteria had a significant role in triggering the growth
and development of plants, contributing BNF in the rice fields
(Singh 2014). In this study, there was a higher '°N abundance
at soil thickness of 0—1 ¢m than at > 1 cm for SF, but not for
SR (Table 2). This indicated that rice planting might be one of
the vital factors for field BNF and this study highlights the role
of leaves in BNF.

Research on weather water layers’ thicknesses (W-0 cm
and W-2 cm) affecting soil N fixation was considered in this
study, because cyanobacteria and photosynthetic bacteria
inhabited in floodwaters (Ladha and Reddy 2003). Most
free-living cyanobacteria can fix atmospheric nitrogen and
flourish in rice fields as they provide optimum growth condi-
tions for cyanobacteria in terms of water requirements (Syiem
et al. 2017). However, the significant influence of watering
layers on the '°N atom % in soil was not observed (Fig. 3),
even though the '>N atom % in soil was higher than the natural
SN atom % (0.366). The rice fields exhibit a peculiar aquatic
ecosystem in which the water layers are often very shallow,
but relatively constant during a fraction of the year; because of
that, the sediment-water interaction becomes highly important
and likely plays a major role in the biological activities
(Fernandez-Valiente and Quesada 2004). It is reported that
there was a higher proportion of the heterotrophic N fixation
in the rice-planted soils as compared to other crop cultivations
(Bei et al. 2013) because of flooded irrigations in the rice
ecosystem. Free-living heterotrophic N fixer activity in soil
needs C energy, which might come from plant input.
Therefore, although these results indicated that once the soil
water is saturated, the thickness of the water layer (2 cm)
might not affect BNF; more studies about the role of thickness
of the water layer still are still needed for the rice planting
systems.

5 Conclusions

Rice planting can substantially increase the extent of N fixa-
tion in the soils of paddy fields. The decrease of inorganic N
due to plant uptake in rice fields could be helpful to promote
biological nitrogen fixation (BNF). When only rice above-
ground parts were under '°N,-labeled condition, the light in-
duced a higher 15N atom% in rice toots than leaves, which

suggested that '°N fixed in aboveground plant parts possibly
transferred from leaves to the roots. Water depth above the soil
surface did not influence BNF in this research. Rice plant has a
critical role in BNF and we strongly argue to consider the
regulation of light, soil available C, and water depth on BNF
in the presence rice planting system.
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