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Dear Editor,

We take pleasure in enclosing our recent work, which provides novel insights into the response of
the soil microbial community as well as associated C and N cycling and N,O emissions to GCRPS
(water-saving ground cover rice production systems) cultivation.

To safeguard food security and preserve water resources, the technology of GCRPS is increasingly
used to substitute traditional paddy rice cultivation. However, GCRPS might stimulate soil organic
matter mineralization and increase gaseous losses such as N,O emissions. Still a detailed
investigation of the response of key soil processes such as mineralization, nitrification,
denitrification and biological N, fixation to GCRPS cultivation is missing.

To characterize such changes, we monitored the dynamics of abundance and activity of microbial
communities involved in the soil N cycle at paired Paddy/GCRPS fields in Central China. We also
explored consequences of GCRPS cultivation on associated soil N,O emissions, and on soil
organic C and total N concentrations as well as on soil dissolved C and N. We show that GCRPS
altered the composition of both the N,-fixing and denitrifying microbial communities.
Furthermore, GCRPS decreased nitrogenase (nifH) transcript levels but increased archael
ammonia monooxygenase (amoA) and NO reductase (gnorB) transcript levels, thereby promoting
N,O emissions. However, soil organic C and total N concentrations may decrease in GCRPS only
in absence of fertilization, likely due to plant residue return to soil and increased fertilizer N use
efficiency.

We would be happy to share these novel and highly relevant findings with the audience of Soil
Biology & Biochemistry and look forward to hearing your response to this submission.

Yours sincerely,

Prof. Dr. Shan Lin

Corresponding author on behalf of all co-authors
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Abstract

To safeguard food security and preserve precious water resources, the technology of
water-saving ground cover rice production system (GCRPS) is increasingly used to
substitute traditional paddy rice cultivation. However, reduced soil water, increased
aeration and temperature under GCRPS could promote soil nitrogen (N) mineralizing
and nitrifying microbes and thus enhance soil nitrogen turnover and environmental N
losses e.g., through emission of the potent greenhouse gas nitrous oxide (N,O). At two
sites with paired GCRPS/Paddy fields in Central China, we followed the abundance
and activity of N-mineralizers, nitrifiers, denitrifiers and N,-fixing microbes based on
gPCR from DNA and RNA directly extracted from soil. GCRPS exerted pronounced
negative effects on nifH transcripts (encoding for nitrogenase) but positive effects on
gnorB and archaeal amoA transcripts (encoding for NO reductase and ammonia
monooxygenase). This indicated a higher potential for N losses due to decreased
biological N, fixation and increased N,O emission in GCRPS. The latter was confirmed
by increased in situ N,O emissions. In addition, the N,-fixing and denitrifying microbial
community composition as measured by a community fingerprinting approach was
strongly influenced by GCRPS cultivation. In contrast to previous work at other sites
in the study region, we found that following 10 years of GCRPS cultivation and in fields
not receiving N fertilization soil organic carbon (SOC) and total nitrogen (TN) contents
decreased significantly, while this was not observed for unfertilized paddy fields. lL.e.,
if N fertilization is not supplied GCRPS C and N losses are increased due to enhanced
SOM mineralization, gaseous losses and probably also leaching. However, under
standard urea fertilization, no changes in soil organic C and N were observed as GCRPS
promotes root development and C and N return via residues. Overall, our study reveals

the microbial mechanisms underlying the risks for increased mineralization and N,O
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1. Introduction

Rice is the major staple food for almost half the global population, and about 90% of
rice in the world is produced in Asia (FAO, 2011). To meet the food demand of a
growing population, an annual increase in rice production in the range of 8 - 10 million
tons is needed over the next 20 years, equaling to a global annual increase in rice
production of 1-2% (IRRI, 2011; Ray et al., 2013). Due to the need for irrigation,
conventional Paddy-rice systems require about 2.5 m? water per kg of grain (Bouman
and Tuong, 2001; Tuong et al., 2005). Consequently, an increase in rice production
currently goes along with increased demand for irrigation water. This is in contrast to
declining water availability due to climate-induced water scarcity and increased
domestic and industrial water demands, which challenges overall food security in the
world. Approx. 15-20 million hectares of irrigated rice fields suffer from water scarcity
(Bouman, 2007). Thus, reducing the irrigation water demand of rice production systems
have been a key research area (Belder et al., 2004; Bouman and Tuong, 2001; Li et al.,
2007; Quet al., 2012; Yuan et al., 2014). One of the most promising technologies is the
ground cover rice production system (GCRPS), which was introduced and promoted in
China roughly two decades ago and now has been already widely adopted across China

(Bouman, 2007; Lin et al., 2002).

In GCRPS the soil surface is covered with a 5- to 7-um thick plastic film and traditional
lowland rice cultivars are used and grown at soil water content nearby 80-90% of water
holding capacity with no standing water layer during the entire growth period (Qu et
al., 2012). This reduces evaporation by 32 - 54% and alleviates temperature limitation

as the soil temperature is increased by 3 - 5 °C during early stages of rice cultivation
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GCRPS cultivation requires an initial flooding of the field only, while during later crop
growing stages the soil water filled pore space is kept at 80-90%. Using the GCRPS
technique significantly increases rice yields where the water and temperature are
limiting factors compared to the traditional Paddy rice cultivation (Liu et al., 2013; Qu
etal., 2012). The combination of increased temperatures and aerobicity in GCRPS soils
compared to soils being permanently flooded for traditional Paddy cultivation could
stimulate mineralization of soil organic matter with losses of soil organic carbon (SOC)
and total nitrogen (TN). However this view was recently challenged by a regional study
pointing to the opposite by revealing a net increase in SOC and TN stocks due to
GCRPS cultivation (Liu et al., 2015). While these authors could provide some hints on
the underlying mechanisms such as increased C and N input by roots and decreased
fertilizer NH3 losses, a detailed investigation of the response of key soil N turnover
processes such as mineralization, nitrification, denitrification and biological N, fixation
is still missing. This still impedes a functional understanding of the response of the soil

N cycle and associated N loss processes to GCRPS.

The N cycling processes N mineralization, nitrification, denitrification, microbial
immobilization and biological N,-fixation as well as the single enzymatic steps
involved are conducted by specific soil microbial communities. Thus, microbial
processes and communities regulate plant nutrient availability, ecosystem N retention,
ecosystem N losses including emissions of the potent greenhouse gas N,O and leaching
of nitrate to ground and stream water, as well as the removal of reactive N from the
biosphere via denitrifier N, production and the closing of the global N cycle
(Butterbach-Bahl et al. 2013). In a recent study it was shown that compared to

conventional paddy systems rice production via GCRPS leads to decreased CHy
5
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emissions but increased N,O emissions (Xu et al., 2004; Yao et al., 2014). Nitrous oxide
can be produced by both aerobic nitrification and anaerobic denitrification pathways
(Butterbach-Bahl et al. 2013). While the underlying microbial mechanism has not yet
been addressed in detail, it is commonly hypothesized that GCRPS promotes soil
nitrification activity, as increased soil nitrate availability has been observed. Higher
nitrate availability promotes the microbial denitrification process as a whole, 1. e., the
stepwise reduction of nitrate to the gaseous N forms nitric oxide (NO), N,O and
dinitrogen (N;) under anoxic conditions (Butterbach-Bahl et al. 2013). Moreover, at
increased nitrate availability, the terminal step of denitrification, i. e. the reduction of
N,O to N, is impaired as nitrate is preferably used as electron acceptor over N,O so that
increased soil N,O losses are likely to occur (Butterbach-Bahl et al., 2013; Kornaros et
al., 1996; Ruser et al., 2006; Scholefield et al., 1997). However, N,O release is
increasingly restricted at anaerobic soil conditions and high availability of easily
degradable C as under such conditions denitrification nearly exclusively produces N,
(Zumft, 1997). Hence several, potentially interacting microbial mechanisms may
account for increased N,O emissions observed under GCRPS cultivation. Thus in the
frame of this study we analyzed the effects of GCRPS systems on microbes driving N

turnover.

The soil microflora responsible for processes of N turnover can be characterized by
analyzing genes encoding for specific enzymes catalyzing specific N conversions
within e.g. the nitrification or denitrification processes (Braker and Conrad, 2011;
Crouzet et al., 2016; Gschwendtner et al., 2014; Leininger et al., 2006; Philippot and
Hallin, 2005; Philippot et al., 2013). However, the abundance of genes is not necessarily

related to the biogeochemical activity of the related microorganisms, as DNA levels
6
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only show the presence of such microorganisms in soil, but do not allow to conclude
on activity levels (Sessitsch et al., 2002). Recently, it has even been shown that the
abundance of some genes catalyzing selected steps of the N cycle were inversely
related to the biogeochemical activity patterns as indicated by the analysis of the
corresponding transcripts or associated gross N turnover rates (Chen et al., 2015; Di et

al., 2009; Liu et al., 2014).

Here we aimed to provide a holistic insight into changes in abundance and activity of
microbial communities involved in soil N cycle processes if rice management is
changed from Paddy to GCRPS. We also explored consequences for soil N,O
emissions, dissolved C and N availability in soil as well as multi-year effects on SOC
and TN concentrations. Hence, both the abundance of marker genes encoding for
enzymes catalyzing key steps in N turnover as well as their transcripts were quantified
in this study using quantitative real-time PCR (qPCR) based on DNA and mRNA
extracted from soil. In contrast to most of earlier studies, our study was targeted to
achieve a complete understanding how key processes of the N cycle change with
management, so that markers for N, fixation (nifH gene), nitrification (amoA gene) and
denitrification (nirK/S, norB and nosZ for nitrite, nitric oxide and nitrous oxide
reduction) were simultaneously investigated. Chitinase (chid) was chosen as marker
gene from the large pool of genes encoding for N mineralization. Since nifH, archaeal
amoA, and nosZ genes as key enzymes of nitrogen fixation, nitrification and
denitrification turned out to be highly abundant, these genes were chosen for tracking
community composition using terminal restriction fragment length polymorphism
analysis (T-RFLP) (Bannert et al., 2011). Furthermore, we quantified 3'°N as an

integrator of more long-term changes of the N cycle. We sampled soil in a full factorial
7
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design, including effects of rice cultivation technique (GCRPS vs. Paddy cultivation)

and fertilization (0 and 150 kg N).

2. Material and methods

2.1 Sites and soil sampling

The experiment was conducted in a typical mountainous rice growing region of Central
China - Shiyan County in Hubei province. We investigated two sites with paired
Paddy/GCRPS experimental fields with GCRPS established from Paddy conversion in
2003 and 2012. The sites were sampled in the years 2012 and 2014, i.e., 10 and 3 years
after Paddy conversion to GCRPS. Both field sites are located on the floor of small
valleys in the upper Han River basin. However, the sites differ in soil texture and SOC
content (Table 1) so that they were not regarded as a chronosequence. The region is
mountainous and has a humid subtropical climate with low temperatures and severe
seasonal and regional water scarcity, both limiting rice yields (Liu et al., 2013). The
location, soil physical and chemical properties of the two sites are provided in Table 1.
The weather data during the growth period were collected at a nearby meteorological
station. Soil temperature at the 5-cm depth was recorded every 2 h by data loggers (EBI-
20T, Ebro Instruments, Germany). Over 7 monitored years, the mean daily air
temperature during the growing season ranged from 19 + 1.3 to 28 = 0.7°C (Qu et al.,

2012).

In the present study, we investigated two fertilizer treatments under the two rice
production systems in a full factorial design: PO (Paddy with no nitrogen fertilization),

P150 (Paddy with 150 kg urea-N ha'), GO (GCRPS with no nitrogen fertilization) and
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G150 (GCRPS with 150 kg urea-N ha!). The treatments were arranged in a completely
randomized block design with three replicated plots of ca. 40 m? (10 years GCRPS) and
90 m? (3 years GCRPS) (Qu et al., 2012; Tao et al., 2015). All plots were completely
isolated by levees with plastic coverings. As nitrogen fertilizer urea was applied once
at a rate of 150 kg ha'! y'!, all treatments received 45 kg P,Os ha'! y! and 45 kg K,O
ha'! y! as basal fertilization just before transplantation of rice plants. More details on
the experimental setup are provided by (Qu et al., 2012; Tao et al., 2015). In agreement
with the local water management, the experimental plots of conventional Paddy
underwent a typical cycle of subsequent flooding/midseason drainage/frequent
waterlogging with intermittent irrigation (Yao et al., 2014). In the present study, the
mid-season drainage started on 16 July and ended on 23 July, and the period of final
drainage was from 23 August to the end of rice-growing season (Fig. 1). For GCRPS,
the soil water content was kept at saturated water holding capacity (WHC) until mid-
tillering (May 25) and then kept at 70-80% WHC until the end of growing season (Jin
et al., 2016). After fertilization, each GCRPS plot was covered with a Sum thick
polyethylene plastic film, followed by hole- punching for the transplantation of rice
seedlings. After harvest, the rice straw was completely removed and all field plots were

kept fallow over the winter period.

Two different times of Paddy to GCRPS conversion were investigated. The fields which
were converted from traditional Paddy to GCRPS cultivation 10 years ago and the
respective Paddy controls were sampled once during the middle tillering period (May
8, 2012). The fields which underwent GCRPS conversion 3 years ago were sampled —
together with the adjacent Paddy controls - four times during different plant growing

stages and soil moisture conditions in 2014: at middle tillering (May 25), maximum
9
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tillering (June 22), panicle initiation (July 25), and maturity (September 5). From each
plot, four soil cores were taken at every sampling date from the upper soil layer (0-20
cm), mixed to a composite sample, and immediately frozen (-20°C) for subsequent
transport to the laboratory in Beijing. After that, soil samples were separated into two
subsamples. The first subsample of ca 20 g was stored at -70°C for further molecular
analysis. The remainder was stored at -20°C for soil physical and chemical
determinations including soil inorganic N concentrations (ammonium and nitrate) as

well as dissolved organic carbon (DOC) and nitrogen (DON).

2.2 Soil physical and chemical properties

Approximately 20 g of soil were extracted with 40 or 50 ml 0.5 M K,SO, for measuring
mineral N (NH4"-N and NO;-N), dissolved organic carbon (DOC) and dissolved total
nitrogen each sampling time as described by Dannenmann et al. (2009). Extractable
organic C was determined by UV-enhanced persulfate oxidation of organic C to CO,
and analyzed using a nondispersive infrared detector (Multi N/C 3100 TOC/TNb-
Analysator, Analytik Jena, Jena, Germany) (Dannenmann et al. 2009). The
concentrations of NH;" and NO;~ were determined using continuous flow injection
colorimetry (Skalar San plus system, Skalar Analytical B.V., Breda, Netherlands) in a
commercial laboratory (Landwirtschaftliches Labor Dr. Janssen, Gillersheim,
Germany). Soil dissolved organic N (DON) was calculated by subtracting NH,"-N and

NO;5-N from dissolved total nitrogen.

Soil pH was measured in distilled water with a soil-to-solution ratio of 1:2.5. Soil
samples for total organic carbon and nitrogen and 6'°N analysis were powdered in a

ball bill (MM200, Retsch, Hann, Germany) with the soil carbonates removed prior to
10
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C analyses (Harris et al., 2001). Analyses were conducted using a Costech elemental
analyzer (Costech International S.p.A., Milan, Italy) fitted with a Zero Blank
autosampler coupled via a ConFlolIlI to a Thermo Finnigan Delta V Plus istotope ratio
mass spectrometer (Thermo Scientific, Waltham, MA, USA) as described in detail by

Liu et al. (2015).

2.3 In-situ soil nitrous oxide flux measurements

The N,O fluxes were measured in situ at the soil sampling day or maximal 2 days before
or after the day of soil sampling by using the manual static chamber technique, as
described in detail by Yao et al. (2014) using chambers (with a bottom area of 0.65 m
% 0.90 m and a height of 0.50 m or 1.0 m depending on crop growth) per plot at a
distance of approx. 3 m to the sampling spots of soil cores. During chamber closure,
five headspace gas samples were taken with a 60 mL polypropylene syringe at 0, 10,
20, 30 and 40 minutes after covering. Samples were analyzed for N,O concentrations
within 6 hours following sampling by using a gas chromatograph (GC) (Agilent 7890A,
Agilent Technologies, CA, USA) equipped with an electron capture detector (ECD).
N>O fluxes were calculated from linear concentration increase/decrease in the chamber
headspace and mole volume was corrected using air temperature and air pressure (Yao
et al., 2010). Besides these snapshot N,O flux measurements, N,O emissions were also

followed across the entire growing season. For details see Yao et al. (2017).

2.4 DNA and RNA extraction
DNA and RNA were co-extracted from 0.4 g homogenized dry soil using the method
described by Lueders et al. (Lueders et al., 2004) and the Precellys 24 Instrument

(Peqlab, Erlangen, Germany). In view of the limitations of the chloroform fumigation
11
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extraction method in Paddy soils (Marstorp et al., 2000)., the extracted DNA was used
to estimate microbial biomass of microorganisms The quality and quantity of the
nucleic acids were assessed using a spectrophotometer (Nanodrop; PeqLab, Germany)
and agarose (1.5 % (w/v)) gel electrophoresis. Afterwards, the extract was divided into
two subsamples. One was used for DNA analysis and the other subsample was used to
prepare RNA by digestion and purification with DNase Max kit (MO BIO Laboratories,
Carlsbad, CA, USA). The absence of DNA in the RNA samples was confirmed by
performing a 16S PCR reaction, using the universal eubacterial primers 968f (5’-aac
gcg aag aac ctt ac-3’) and 1401r (5’-cgg tgt gta caa gac cc-3°). The cDNA was
synthesized with the “High capacity cDNA reverse transcription kit” (Life
Technologies, Darmstadt, Germany) according to the instructions. The success of
cDNA synthesis was confirmed by performing PCR targeting the 16S rRNA gene as

described above. Both DNA and cDNA extracts were stored at -20°C until use.

2.5 Real time PCR assay

Quantitative real-time PCR (qPCR) was carried out on a 7300 real-time PCR system
(Life Technologies, Darmstadt, Germany) using SYBR green as a fluorescent dye,
plasmids containing the targeted gene fragments and PCR reaction mixtures as shown
in supplementary table S1. Dilution series of the different DNA extracts were tested in
a pre-experiment with randomly picked soils to avoid inhibition of PCR. DNA extract
dilutions of 1: 50 turned out to be most suitable and were used for the qPCR. The
standard curves for all the detected genes were created using 10-fold dilution series
(10'~107 copies) of the respective plasmids containing the targeted gene fragments
(sources of standards are shown in Table S1). All PCR runs started with an initial

enzyme activation step performed at 95°C for 10 min followed by gene specific thermal
12



278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

profiles (Table S1). The thermal profile was different for each gene, as shown in Table
S1, followed by a melting curve, consisting of 95°C for 15 s, 60°C for 30 s, and a
subsequent temperature increase until 95°C with a ramp rate of 0.03°C s!. Specificity
of the amplified products was checked by the observation of a single melting peak and
the presence of a unique band of the expected size in a 2% agarose gel. PCR efficiencies
(Eff) were calculated from the standard curve by the formula Eff = [10CV/slopre) - ]] x
100% and accounted for 95 to 97% for chid gene, 88 to 91% for nifH gene, 98% for
nirK gene, 90% for nirS gene, 87% for gnorB gene, 87 to 94% for nosZ gene, 91% for

amoA AOA gene and 93% for amoA AOB gene.

2.6 Microbial community composition

Community composition and diversity analysis by terminal restriction fragment length
polymorphism analysis (T-RFLP) was performed with one gene of each
examined process, N,-fixation (nifH), nitrification (amoA from ammonia
oxidizing archaea [AOA]) and denitrification (nosZ). Primer pairs of nifH, amoA AOA
and nosZ as well as thermal profiles were the same as described for quantitative real-
time PCR (Table S1) except for a reduction to 30 PCR cycles and an additional final
extension step of 10 min at 72°C. The forward primer was labeled with 5°-
carboxyfluorescein. PCR amplifications were carried out with one of the selected
temporal DNA samples in triplicate. The restriction enzymes Aatll (nifH), Mwol (amoA
AOA) and HpyCH4V (nosZ) were selected based on in silico T-RFLPs using the
program REPK (restriction endonuclease picker) (Bannert et al., 2011; Collins and
Rocap, 2007). For T-RFLP migration, 1-5 ng of digested amplicons were mixed with
MapMarker 1000 (Eurogentec, Koln, Germany) as internal standard and separated on

an ABI3730 sequencer (Life Technologies, Darmstadt, Germany). Size and relative
13
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abundances of terminal restriction fragments (TRFs) were analyzed using PeakScanner
v1.0 software (Life Technologies, Darmstadt, Germany) and T-REX
(http://trex.biohpc.org/) with a binning range of 1 bp. The T-RFLP profiles were
evaluated by calculating the relative abundance of TRFs normalized by the total signal
height of the respective TRF patterns. Fragments smaller than 50 bases and TRFs
contributing < 1% to the total peak height were excluded from the analysis (Schreiner

et al., 2010).

2.7 Statistical analysis

The effects of GCRPS on the analyzed parameters were analyzed by using multi-factor
variance analysis with cultivation (GCRPS, Paddy), fertilization (NO and N150) and
time (sampling date) as factors (n=3 replicated measurements per sampling day and
treatment). We also tested for significant differences Paddy and GCRPS cultivation at
each sampling time by use of One-Way ANOVA and Fishers Least Significant
Difference (LSD). Statistical analyses were conducted using SPSS 21 (SPSS Inc.,
Chicago, USA). To analyze the terminal restriction fragment data, ordination
techniques of correspondence analysis (CA) and canonical correspondence analysis
(CCA) (CANOCO version 4.53) were used for the community analysis (Bremer et al.,
2009; Bremer et al., 2007; Chen et al., 2010). CCA was used to assess the relationships

between microbial community profiles and environmental variable.

3. Results

3.1 Soil meteorological, physical and biogeochemical parameters
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At the sites with 3 years old GCRPS plots, we observed pronounced temperature effects
of GCRPS cultivation: in the first two months after the soil was covered with plastic
films, soil temperature at 5 cm depth was 24.9 °C on average in GCRPS and 21.3 °C on
average in the Paddy fields (Fig 1). This GCRPS-induced warming effect disappeared
after the maximum tillering stage, i.e., 2 months after transplanting (Fig. 1) due to
shading by the growing rice crop. Due to the increased aeration of the topsoil a

significantly higher soil £, in GCRPS than Paddy soil was observed (Table 2).

In May, i.e. at the onset of the growing season, soil NH4"-N concentrations were
significantly higher in the fertilized treatments than in the unfertilized treatments, but
not affected by the cultivation system (Table 2). However, the NH4" concentrations
decreased much faster in GCRPS than in Paddy soil until June. Generally, the soil NO5
concentrations were more than an order of magnitude lower compared to the NH4"
concentrations (Table 2) and neither influenced by fertilization nor by the cultivation
system during the entire growing season (Table 2). Soil DOC concentrations were
overall significantly lower in GCRPS compared to Paddy, and significantly lower in
the fertilized treatments than in the unfertilized treatments (Table 2). Soil DON
concentrations were in the same order of magnitude than soil NH4" concentrations, but
did not decline over time. At the first sampling date, DON concentrations were higher
in GCRPS than in Paddy soils but then tended to be higher in Paddy. The SOC and TN
concentrations as well as soil 6 N signatures were not significantly affected by the
cultivation technique three years after conversion to GCRPS (Fig. 2). Soil microbial
biomass as measured by the extracted DNA amounts was not influenced by fertilization

or cultivation technique 3 years after conversion to GCRPS (Table 2).
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At the site with 10 years old GCRPS plots, effects on soil DOC concentrations were
similar to those observed at the other site with a significant reduction of approx. 21 to
24% in GCRPS compared to Paddy (Fig S1). Similarly, DON concentrations were
smaller in GCRPS soils than in Paddy soils (Fig. S1). Soil NH4" and NOj-
concentrations were not significantly affected by GCRPS except for the NO5- content
in the N-fertilizer treatments (G150 was significantly higher than P150, Fig S1).
However, a significant reduction of microbial biomass was found during the single
sampling date at the 10 years old GCRPS compared to Paddy fields (Fig. S1). The
unfertilized plots affected by 10 years of GCRPS showed significantly lower SOC and
TN concentrations but higher 8'°N signature. However, these trends were less

pronounced and not statistically significant for the plots receiving fertilizer (Fig. 2).

3.2 Abundance and expression of functional genes involved in nitrogen cycling

In general, the genetic potential (based on the abundance of the investigated genes) was
not or not consistently affected by 3-years of GCRPS cultivation except for nifH, which
showed a decline, and »irS and nosZ, which increased in soils of GCRPS (Fig S2, Table
3). The increase of chid copy numbers in soils of GCRPS was marginally significant
(p=0.052, Fig S2, Table 3). AmoA abundance which was expected to increase under
GCRPS cultivation even were significantly lower under GCRPS for some sampling
dates (Fig S2). In contrast to DNA levels, transcripts showed pronounced effects in
response to 3 years of GCRPS cultivation with partly diverging patterns as observed
for DNA levels. Transcript levels for nifH were generally much higher in unfertilized
fields, and persistently reduced in soils of GCRPS throughout the entire growing season
(Fig 3 and 4). In contrast, both GCPRS cultivation and N fertilization increased the

transcript levels of the chid, amoA (AOA and AOB) nirS and gnorB after the flooding
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period, i.e., when the soils were dryer in GCRPS compared to Paddy (Fig 3 and 4, Table
3). Interestingly transcripts of amoA AOB were not detectable after the mid-season (Fig
3). Transcripts levels related to genes catalyzing other steps of denitrification were not
persistently affected by GCRPS, but followed the general trend for denitrification
transcripts to decrease over the growing season (Fig. 3, Table 3). The ratio of gnorB :
nosZ and nirS : nosZ was higher in soils of GCRPS, suggesting increased net N,O

production under GCRPS cultivation (Fig S3).

For the single sampling date in May at 10-year old GCRPS field sites, we found a very
clear and persistent pattern of reduced abundance of all examined genes in soils of
GCRPS compared to Paddy soils (Fig S4). The observed patterns of gene expression
(transcripts) at the 10-year old GCRPS field resembled those observed at the 3 year old
sites especially with regard to strongly reduced nifH and increased nirS gene transcript

levels (Fig. S4).

3.3 Nitrous oxide fluxes and relationships to microbial community data

Nitrous oxide fluxes as obtained from the three year old GCRPS site at sampling ranged
from -10 to 1200 ug N m= h'!. Average N,O fluxes at unfertilized fields were -0.09 +
0.9 and -0.58 + 1.4 ug N m2 h'! at Paddy and GCRPS sites, respectively. Fertilization
drastically increased N,O fluxes with average fluxes of 85.2 &= 79.8 for Paddy and 316.0
+ 152.3 pg N m2 h'! for GCRPS. Over the whole rice-growing season, GCRPS

significantly increased N,O emissions at the fertilized fields (Table 2).

To identify the importance of functional groups of microbes for soil N,O emissions we

performed regression analysis between in-situ N,O emissions and the expression of
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genes coding for enzymes driving nitrification and denitrification at the respective
sampling dates. Transcripts of nirS and gnorB showed significant explanatory power
for N,O emissions, but only for the fertilized treatments of both Paddy- and GCRPS
cultivations (Fig 5). For amoA (AOA and AOB), neither gene abundance (DNA level)

nor expression (RNA level) showed significant correlations with N,O emissions.

3.4 Shifts of microbial community composition

N,-fixing, nitrifying and denitrifying community composition was analyzed based on
community fingerprinting both for soil sampled at the 3- and 10-years old
GCRPS/Paddy sites. The community composition of both, N,O reducing denitrifiers
(nosZ) and N-fixing microbes (nifH), was clearly separated in the ordination plot,
indicating significant shifts of the community composition triggered by GCRPS (Fig
6). In contrast, the respective results for the ammonia oxidizing archaea (amo4 AOA
genes) scattered around the centre of the ordination plot (Fig. 6), indicating no
significant change in community composition after 3 or 10 years of GCRPS cultivation.
Furthermore, the ordination plot also showed a well pronounced effect of fertilization
on the community composition of N fixing microorganisms for the 10 year old
Paddy/GCRPS site (Fig. 6). Among the measured abiotic factors, soil £, was the most
important environmental factor influencing the denitrifying and N,-fixing community
composition (P=0.01 and 0.002 for nosZ and nifH respectively) while soil NH4" content
was the only significant factor influencing the amo4 AOA community composition
(P=0.002) as revealed by Monte Carlo permutation test within CCA analysis (data not

shown).
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4. Discussion

4.1 Water saving rice production decreases biological nitrogen fixation

The persistent negative effect of water-saving GCRPS on both abundance and
expression of the nitrogenase gene nifH was one of the most striking findings of this
study. Biological N fixation (BNF) as a highly energy demanding process is largely
depending on C and light availability as well as on soil anaerobicity (Garten et al 2007,
Paul et al 1971). Therefore, lower soil water content and thus better soil aeration in
GCRPS (Table 2, Eh values) compared to Paddy may generally impair nitrogenase
activity. To meet the high energy demand, BNF depends on photosynthesis of the plants
and the provision of ATP. Hence, the significant shading effect induced by the plastic
film and likely also the elimination of PAR bands by the film may have reduced the C
fixation of the non-symbiontic N fixing microbial community (Belnap, 2003; Millbank,
1978). A decline in BNF at GCRPS fields could result either in less productivity or in

a compensatory mining of soil N with adverse effects on associated key soil functions.

Due to the high energy demand, BNF is only advantageous under low N levels,
providing the rationale for the inhibitory effects of fertilizer application and high soil
mineral N availability on nitrogenase activity (Yoch and Whiting, 1986). In our study,
this may explain decreased nifH expression and the low abundance in particular in the
early stage of rice plant growth following the large N fertilizer input. These results are
consistent with a series of previous findings that N fertilizer applications inhibit
nitrogenase activity both in pure cultures and environmental samples (Herridge et al.,

2008; Ledgard et al., 1996; Rajaramamohan-Rao, 1976).
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BNF can play a significant role in the N balance of rice systems. Previous studies
showed an average input of approx. 30-40 kg N ha'! by BNF when no inorganic N
fertilizer was applied (Hayashi et al., 2014; Roger and Ladha, 1992). The application
of 100 to 150 kg ha'! fertilizer N reduced BNF to approx. 60% (Rao, 1976) and a
complete BNF inhibition was observed when fertilizer N input amounted to 300 (Rao,
1976) or 400 kg ha-! (Yoshida et al., 1973). Accordingly, the less pronounced reduction
of nifH gene expression induced by GCRPS compared to Paddy under fertilizer
application (Fig. 3) and the significant interaction between the factors fertilization and
cultivation (Table 3b) indicate that under farmers practice of nitrogen fertilizer
application, the adverse effect of GCRPS on BNF may be of less importance, with N
fertilization then being the dominating regulator of abundance and activity of N fixing
microorganisms irrespective of cultivation technique (Keuter et al., 2014; Roger and

Ladha, 1992; Tanaka et al., 2006; Vitousek et al., 2002).

4.2 Increased N mineralization and nitrification in GCRPS soils

The soil N pool is mainly consisting of organic macromolecules such as chitin and
proteins, which require depolymerization and mineralization to form bioavailable
mineral N forms such as NH4" (Schimel and Bennett, 2004). Even in fertilized paddy
rice fields, more than half up to 2/3 of total N taken up by rice crops can originate from
the soil organic N pool (Manguiat et al., 1996; Yeasmin et al., 2012), suggesting that N
mineralization is of high importance as a nutrient source for the rice crop. Recently,
chiA has been chosen as marker gene to study microbial N mineralization (Brankatschk

et al., 2013; Gschwendtner et al., 2014; Kielak et al., 2013; Xiao et al., 2005a).
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At the beginning of the growing season when soils were flooded, GCRPS was not found
to enhance the chi4 gene abundance and activity. In contrast, both chi4 DNA and RNA
levels showed a rather small decreasing trend in soils of the GCRPS fields (Fig 3, Fig
S2) likely because the chitinase activity was inhibited by anaerobiosis. When the soil
moisture content of GCRPS was reduced to ca. 80% WHC, the chid expression was
stronger stimulated compared to Paddy soils (Fig 3), likely a result of the facilitation of
mineralization due to increased soil Eh. A very similar pattern was observed for amoA
AOA transcripts (Fig. 3), suggesting both enhanced gross mineralization and
nitrification in soils of GCRPS fields with increasing oxygen availability (Table 2, Eh
values). A tight coupling of mineralization and nitrification can be expected since
mineralization provides NH,", the substrate for nitrification (Booth et al., 2005;
Davidson et al., 1990). It has been frequently assumed that it is the submergence and
anaerobiosis of paddy soil that helps to maintain the relatively high soil organic matter
stocks and thus also the soil fertility, e.g., through indigenous N supply to rice
(Pampolino et al., 2008). Our study therefore shows that the release of anaerobiosis due
to the GCRPS cultivation increases gene expression levels for mineralization.
Stimulated mineralization might result in decreases in soil organic matter stocks if
mineralization losses are not balanced by additional inputs e.g., due to higher
aboveground and belowground residue production and incorporation in GCRPS soils

(Liu et al., 2015; Liu et al., 2013; Qu et al., 2012; Tao et al., 2015).

In this study, AOB expression was only detectable in fertilized soils for the first two
sampling dates after N addition (Fig 3), indicating that AOB might be more active for
N-rich conditions. Nitrogen fertilizer applied at the begging of the growing season

might be rapidly consumed within few weeks in paddy soil (Dobbie et al., 1999; Xing
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and Zhu, 1997; Yao et al., 2014). During this period, the activity of AOA was not (3
years GCRPS) or negatively (10 years GCRPS) affected by GCRPS, which might be
due to the inhibitory effects induced by the high NH4" contents (Table 2). The AOA
community is known to exhibit a relatively higher affinity for ammonia compared to
AOB and thus is more adapted to oligotrophic or lower NH4" environments, where they
would be more active and responsive to environmental variations (Hansel et al., 2008;
Hartmann et al., 2009; Jackson et al., 2009; Schauss et al., 2009; Zhang et al., 2012).
Hence, nitrification might have been driven by predominantly AOB under the nitrogen-

rich conditions after fertilization (Di et al., 2009; Jia and Conrad, 2009).

4.3 Effects of GCRPS on denitrification

The nitrate produced during nitrification may serve as substrate for denitrification,
resulting in the stepwise reduction to gaseous compounds (NO, N,O, N,) and
consequently in a loss of N from the ecosystem. In the present study, the last three steps
of denitrification (the reduction of NO,-, NO and N,0) were investigated by quantifying
the transcripts of nirK/nirS, gnorB and nosZ genes, respectively. Denitrification is
closely linked to labile C and nitrate availability as well as oxygen partial pressure
(Barnard et al., 2005; Butterbach-Bahl et al., 2013) and thus can be assumed to be
highly sensitive to changes in soil environmental conditions by GCRPS, i.e. increased
soil temperature and reduced soil moisture. The decreasing expression of denitrification
genes over the growing season both in GCRPS- and Paddy soils (Fig 3, Table 3) might
arise from increasing N substrate scarcity (Braker and Conrad, 2011; Butterbach-Bahl
and Dannenmann, 2011; Chen et al., 2015; Miller et al., 2008, 2009; Philippot et al.,
2007). This decline in N substrate over the growing season likely is mainly caused by

plant N uptake.
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The reduction of NO;" is catalyzed by two functionally redundant enzymes encoded by
the nirK and nirS genes which do not exist together in one organism (Chen et al., 2010;
Coyne et al., 1989). In our study, GCRPS cultivation significantly enhanced nirS but
not nirK expression with the temporal patterns of nirS expression resembling those of
cnorB expression. Furthermore, nirS transcript levels but not nirK transcript levels were
related to N,O emission (Fig 3 and 5). This might indicate that nirS-denitrifiers might
be more involved in nitrite reduction compared to nirK-denitrifiers in the rice soils
under investigation. Neither cnorB DNA nor RNA were detected in this study, which
is in agreement with an earlier Paddy soil study, in which also gnorB, rather than cnorB,
was detected by sequencing based approaches (Chen ef al., 2012). This could on the
one hand indicate that cnorB-denitrifiers might generally be less involved in
denitrification in Paddy soil. On the other hand, another explanation might be that the
currently used cnorB primers are not covering the species of paddy soils (Braker and

Conrad, 2011; Braker and Tiedje, 2003; Chen et al., 2015; Gschwendtner et al., 2014).

While GCRPS cultivation enhanced the expression of gnorB and nirS genes compared
to Paddy soil (Fig 3), the expression of nosZ, catalyzing the last step of denitrification,
was overall not significantly affected and rather tended to be reduced during the
growing season (Fig 3). This might be related to the higher sensitivity of nosZ
expression to oxygen availability compared to the earlier steps in the denitrification
chain (Zumft, 1997), and the increasing oxygen availability in soil under GCRPS
cultivation. Thus, higher ratios of nirS:nosZ and gnorB:nosZ were found for soils under
GCRPS compared to Paddy cultivation (Fig S3). This suggests that increased gross N,O

production in GCRPS soils is not balanced by a similar increase in gross N,O
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consumption, overall resulting in increasing net N,O emissions. Consequently, these
gene expression patterns provide a mechanistic rationale for the increased soil N,O
emissions under GCRPS cultivation as observed in this and several other studies
(Uchida et al., 2014; Xu et al., 2004; Yao et al., 2014), which was further strengthened
by the direct relationships between nirS and gnorB transcript levels and soil N,O

emissions with their high explanatory power.

4.4 Community composition of N,-fixers, denitrifiers and nitrifiers

With respect to functional redundancy within microbial populations, also community
structure was investigated to sharpen our understanding of GCRPS effects on resilience
and vulnerability of N cycle processes. Besides fertilization, both 3 years and 10 years
of GCRPS changed the composition of the denitrifier and N,-fixing communities with
most pronounced shifts being induced by a decade of GCRPS cultivation. Our CCA
analysis showed soil £, was responsible for compositional shifts in denitrifying and N,-
fixing communities, indicating that soil moisture was a stronger factor than temperature
influencing microbial community. Similarly, Liu et al (2012) also found Ej as a
dominant variable in controlling/changing denitrifying community composition in two
paddy soils. These findings suggest a persistent change of the soil biogeochemical N
cycle at GCRPS fields established already after a few years. Furthermore, a return to
Paddy cultivation might not result in a quick recovery of soil functions related to the N
cycle microbial communities. Compared to the denitrifying and N,-fixing communities,
GCRPS exerted a weaker impact on the nitrifying community composition, indicating
that the AOA community possesses a stronger capacity in maintaining the divergence

to adapt to changing environmental conditions.
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4.5 Synthesis: GCRPS effects on soil C and N biogeochemistry and implications for soil
functions

This study provides for the first time an assessment of GCRPS effects on the key
processes of N turnover during the rice growing season. At the intensively investigated
site, we found that 3 years of GCRPS cultivation induced increased mineralization,
nitrification and denitrification (Fig. 4). Furthermore, the data on gene abundance
suggest a GCRPS-induced higher risk of loss of the potent greenhouse gas N,O due to
increased gross N,O production which is not matched by increased gross N,O
consumption. Direct links between denitrifier abundances and in situ N,O emissions,
which strongly increased at GCRPS fields, strongly underlined this interpretation.
Moreover, also biological N fixation significantly decreased over the entire growing
season. These alterations of the N cycle seem to be persistent over time as indicated by
microbial community changes. Also at the second site with its 10 years of GCRPS
cultivation history, similar patterns were observed mainly for the unfertilized treatment.
For the unfertilized treatment even a reduction in soil N and C stocks under GCRPS
could be observed. Higher N losses through gaseous pathways at the unfertilized, 10
years old GCRPS treatment was confirmed by increased 3'°N values. It might be
speculated that the site location at the bottom of valley floors cold have promoted high
C and N leaching due to groundwater flow, so that the excess dissolved C and N
produced by increased mineralization in GCRPS compared to Paddy was easily
leached, resulting in higher C and N leaching losses than in Paddy. Consequently,
increased N mineralization with associated nutrient mining from soil organic matter

might have led to a net loss of SOC and TN. Interestingly this net loss was only
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observed for unfertilized treatments, i.e. a practice which was only introduced as a
control and is not done by farmers. Under such conditions, the observed increases in
yields for GCRPS as compared to Paddy (Qu et al., 2012) were likely due to the
promotion of N mineralization of the soil organic matter pool, which finally resulted in
reduced C and N stocks. While yield increases under GCRPS has been confirmed by
most available studies (Fan et al., 2012; Li et al., 2007; Liu et al., 2015; Liu et al., 2013;
Qu et al., 2012; Tao et al., 2015), there are controversial results on GCRPS effects on
SOC and TN stocks. A reduction of soil organic matter by 8-25% and total N by 5-22%
under GCRPS compared with conventional paddy was reported at five rice field sites
in China (Li ef al., 2007). In contrast, the regional study of Liu et al. (2015) revealed
based on the quantification of SOC and TN stocks down to 1 m depth at 49 pairs of
GCRPS/Paddy fields overall significantly increased SOC and TN stocks at GCRPS
fields. It is urgently needed to understand which factors determine whether GCRPS
results in increased or decreased SOC and TN stocks. Liu et al. (2015) discussed
increased above- and belowground carbon inputs due to improved root growth, greater
physical protection of soil organic matter against microbial degradation and increased
N use efficiency due to a soil coverage-induced minimization of NHj loss as potential
reasons for increased soil organic matter stocks in GCRPS fields. Vice versa, as GCRPS
soils are more aerobic as compared to Paddy soils increased mineralization with
associated increased C and N losses along gaseous and hydrological pathways can be
expected too, as was confirmed by our study for unfertilized GCRPS treatments. In the
rice growing region of the Hubei province, increased plant residue inputs due to
increased crop growth appear to generally overcompensate increased C and N losses

due stimulated mineralization, so that SOC and TN stocks increased (Liu et al., 2015).
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Under absence of fertilization however, these advantages of the GCRPS technique may

be limited.

Overall, our study shows in detail at process levels how GCRPS promotes C and N
mineralization and nitrification and soil N,O loss through denitrification while reducing
activity of microbes involved in BNF. Still there is the need to better constrain the
hydrological, climatic, soil and field management conditions under which gross effects
of GCRPS on C and N input, turnover as well as output result in net C and N losses or
gain, thus allowing for a more targeted implementation of GCRPS with a better use of
the potential environmental and agronomic benefits of this innovative water saving rice

cultivation technique.
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Table 1 Site characteristics. Soil data are for 0-20 cm depth.

Field Location Mean annual Mean annual Elevation Soil texture Soil Soil Soil total Soil total
temperature precipitation (a.s.l) (sand/silt/clay) bulk density pH organic carbon nitrogen
°C) (mm) (m) (%) (g cm?) (gCkg") (gNkg")
3year N32°07’ 14.7 856 440 20/60/20 1.36 6.0 21.3 1.31
GERPS  E1100431
10year N32°38’ 153 834 234 39/59/2 1.32 6.2 10.3 1.20
GCRPS E110°37'
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Table 2 Effects of three years of GCRPS cultivation on soil (a) ammonium (NH4*-N), (b) nitrate (NO;™-N), (c) Ekx (mV), (d) dissolved
organic carbon (DOC), (e) dissolved organic nitrogen (DON), (f) microbial biomass (measured as DNA concentration) for 0-20 cm soil
depth and (g) field N,O flux. Data are shown as means + standard errors (n = 3). Results from Multivariate analysis of ANOVA testing the
effects of cultivation (GCRPS vs Paddy), Fertilization (0 and 150 kg N/ha), date and their interaction are presented. PO, paddy soil without
N fertilizer; GO, GCRPS without N fertilizer; P150, paddy soil with fertilization of 150 kg N ha''a™'; G150, GCRPS with fertilization of

150 kg N ha''a’!l. Significant differences at P < 0.05 are showed in bold. nd: not detectable N concentrations.

Treatments Multivariate analysis of ANOVA
PO GO P150 G150 Culti. Ferti. Date Culti.  Culti. Ferti.
xFerti  xDate xDate
(a) NH;*(mg N kg'!)
May 8.43+1.04 7.15£0.70 11.65+0.54 13.60+3.40 0.686 0.002 <0.001 0.317  0.003 <0.001
June 4.49+0.26 2.93+0.56 6.01£0.77 2.8+0.11
July 3.50+0.22 2.40+0.31 4.06+0.2 2.18+0.16
Sep. 3.46+0.47 2.78+0.53 3.08+0.42 1.48+0.09
(b) NO; (mg N kg)
May 0.27+0.100  0.20+0.002  0.12+0.02 0.17+0.16 0.719 0.411 0.014 0.367  0.846 0.475
June 0.40+0.002  0.32+0.02 0.34+0.06 0.36+0.18
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July
Sep.
(c) Eh (mV)
May
June
July
Sep.
(d) DOC (mg C kg)
May
June
July
Sep.
(e) DON (mg N kg™
May
June
July

Sep.

0.12+0.002

0.10+0.008

-168+31

-167£59

-153+25

-186+78

130.9+3.3

124.7+£3.9

155.7+13.1

130.0+13.0

10.01+0.19

11.89+0.77

15.13£1.46

16.34+1.67

(f) Microbial biomass (ug DNA g1)

0.07+0.02

nd.

-32+1

3924215

392+186

74+24

129.7+£2.4

82.2+6.3

124.1+8.0

142.7+18.5

11.58+0.11

8.19+1.10

12.33+£1.43

14.88+1.82

nd.

nd.

-186+37

-114+5

-108+39

-158+43

116.5+1.0

116.4+7.7

173.7+£5.6

99.8423.5

8.16+0.19

10.77£1.05

16.44+0.64

12.36+2.48

nd.

0.08+0.007

-32+6

833+148

853+124

580+81

139.7£7.6

71.6£11.3

108.1£3.1

75.4£2.8

11.85+0.89

8.08+1.24

11.98+0.11

10.03+0.72

0.002

0.02

0.449

<0.001

0.004

0.007

0.136

0.014

0.091
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May
June
July

Sep.

20.5+0.1

19.3£1.3

18.8+0.6

13.5+0.8

(2) N2O flux (g Nm=h)

May
June
July

Sep.

1.940.1

-1.77+1.64

2.66+0.88

-3.15£1.85

17.9+1.2

18.3£1.8

20.8+1.8

14.7+1.7

-1.71£2.69

-0.51+2.80

0.48+1.14

-0.58+4.75

20.9+0.7

19.242.5

19.0+£2.2

14.8+1.3

334.7+£313.5

5.40+7.34

10.24+4.85

-9.41+0.81

17.542.2 0.859 0.268 <0.001

18.2+1.2

23.9+1.1

15.5¢1.5

1183.1+£72.4 0.008 <0.001  <0.001

80.09+36.23

-0.41£9.43

1.24+5.21

0.580

0.008

0.083

0.002

0.589

<0.001
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Table 3 Results of multivariate ANOVA testing the effects of cultivation (GCRPS vs Paddy), fertilization (ON and 150N), time and their
interaction on the microbial parameters quantified in the paired Paddy - 3 years old GCRPS fields. Significant effects are indicated in bold.

Vertical arrows show the direction of significant GCRPS effects (increase, decrease).

Culti. xFerti Culti. xTime Ferti. xTime

Cultivation Fertilization Time

F value P F value P F value P F value P F value P F value P
(a) gene abundance
nifH 4.34 0.045 | 4.94 0.033 10.72 <0.0001 0.47 0.499  1.59 0.211 1.56 0.217
chid 7.04 0.052 7.55 0.010 10.85 <0.0001 0.36 0.552  3.57 0.025 2.99 0.045
AOA 0.01 0.988 0.21 0.648 8.98 <0.0001  4.56 0.040 031 0.818 0.36 0.785
AOB 1.05 0.314 0.05 0.829 10.13 <0.0001 9.70 0.004  0.08 0.969 0.19 0.901
nirk 1.17 0.288 0.27 0.607 16.76 <0.0001 0.01 0.927  0.48 0.697 0.99 0.410
nirS 10.50 0.003 1 0.03 0.860 10.32 <0.0001 0.13 0.724  0.58 0.633 2.06 0.125
gnorB  0.01 0.985 0.48 0.494 11.19 <0.0001 0.09 0.767  4.48 0.010 1.07 0.377
nosZ 5.49 0.026 | 5.79 0.022 6.88 0.001 5.57 0.025  1.07 0.378 0.65 0.589
(b) gene transcripts
nifH 19.14 <0.0001 } 2521 <0.0001 1.88 0.153 8.65 0.006 1.2 0.318 1.85 0.158
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chiA
AOA
nirK
nirS
qnorB

nosZ

14.50

36.77

1.25

10.32

22.19

0.20

0.001 ¢
<0.0001 ¢
0.273
0.003 1
<0.0001 *

0.656

12.57

8.33

1.57

0.059

12.93

5.72

0.001

0.008

0.219

0.810

0.001

0.023

4.78

4.73

39.857

27.93

40.69

11.21

0.007

0.009

<0.0001

<0.0001

<0.0001

<0.0001

2.78

7.70

3.30

0.44

0.457

0.80

0.105

0.010

0.079

0.510

0.504

0.378

8.91

10.64

1.02

0.52

4.47

0.07

<0.0001

<0.0001

0.397

0.673

0.010

0.978

4.28

2.97

1.14

0.83

7.15

0.96

0.105

0.050

0.346

0.489

0.001

0.426

44



Figure captions

Fig. 1. The dynamics of (a) daily precipitation and mean air temperature, (b) daily mean
soil temperature and the temperature difference for the conventional paddy and ground
cover rice production system (GCRPS) during the rice growth season of 2014. The
arrows in (b) indicate the fertilization immediately followed by transplanting at April
29 (F&T), soil sampling times on May 25 (middle tillering, MiT), June 22 (maximum

tillering, MaT), July 25 (panicle initiation, PI), and September 5 (maturity, MA).

Fig. 2. GCRPS-induced changes in soil organic C and total N concentrations and soil
3N isotopic signature at the sites with 10 years (left column) and 3 years (right
column) old GCRPS fields. Error bars represent standard errors of the mean. Indices

indicate statistical significant differences (P<0.05).

Fig. 3. Gene transcripts of (a) nifH, (b) chid, (c) AOA, (d) AOB, (e) nirK, (f) nirS, (g)
gnorB, (h) nosZ (mRNA level, n = 3) are shown for 3 years old GCRPS and Paddy
control treatments during the growing season. PO, paddy soil without N fertilizer; GO,
GCRPS without N fertilizer; P150, paddy soil with 150 kg N ha'a!; G150, GCRPS
with 150 kg N ha'al. Different letters above bars indicate signiciant differences
between the GCRPS and Paddy treatments at a given sampling time (P < 0.05, LSD

test).
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Fig. 4. Scheme of GCRPS effects on the soil microbial N cycle as derived from the
percentage of change of gene transcript data at the 3 years old GCRPS site. Decreased
N turnover processes under GCRPS compared to Paddy are indicated in grey, while

increased N turnover processes are shown in black bold letters and arrows.

Fig. 5. Relationships between (a) nirS mRNA transcript abundance and N,O flux and
(b) between gnorB mRNA transcript abundance and N,O flux. Regression analyses
were conducted separately for Paddy and GCRPS treatments. PO, paddy soil without N
fertilizer; GO, GCRPS without N fertilizer; P150, paddy soil with fertilizer application

of 150 kg N ha-'a’!; G150, GCRPS with fertilizer application of 150 kg N ha-'a’!.

Fig. 6. Between-group analysis on Correspondence Analysis (CA) of the T-RFLP data
set for nitrogen fixation (nifH), denitrification (nosZ) and nitrification (amoA AOA)
gene fragments from 3year-GCRPS (left column) and 10year-GCRPS (right column).
Symbols illustrate the three field replicates for each treatment. PO, paddy soil without
N fertilizer; GO, GCRPS without N fertilizer; P150, paddy soil with 150 kg N ha-'a;

G150, GCRPS with 150 kg N ha-'a’!.
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Figure 3
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Figure 5
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Figure 6
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Highlights of the article “Enhanced nitrogen cycling and N,O loss in

water-saving ground cover rice production systems (GCRPS)”

(1) GCRPS cultivation changed the community composition of N fixers and
denitrifiers.

(2) GCRPS decreased nifH and increased gnorB and archaeal amoA transcripts levels.

(3) Increased gnorB expression was closely correlated with increased soil N,O
emissions.

(4) Despite enhanced N turnover, no net N loss occurred in fertilized GCRPS.



Supporting information

Table S1. Thermal profiles and primers used for real-time PCR quantification of functional genes®

Target gene  Source of standard Termal profile No. of Primers (reference) DMSO¢
cycles
chid Streptomyces griseus 94°C, 30 s; 60°C, 30 s; 72°C, 30°s 40 chiF2, chiR (Xiao ef al., 2005b)
nifH Azospirillum irakense 95°C, 30 's; 55°C, 30 s; 72°C, 30 s 40 nifHF (Rosch et al., 2002), nifHR (Rosch et al., 2002)
AOA Fosmid clone 54d9 94°C, 30 s; 55°C, 30 s; 72°C, 30 s 40 amo19F (Leininger ef al., 2006), CrenamoA616r48x (Schauss
et al.,2009)
AOB Nitrosomonas europaea 94°C, 30 s; 58°C, 30 s; 72°C, 30 s 40 amoA1F, amoA2R (Rotthauwe ef al., 1997)
nirk Azospirillum irakense 95°C, 15 s; 63-58°C, 30's; 72°C, 30°s 5 nirK876 (Henry et al., 2004), nirK5R (Braker ef al., 1998) 0.5
95°C, 15s; 58°C, 30 s; 72°C, 30 s 40
nirS Pseudomonas stutzeri 95°C, 30s; 57°C, 30 s; 72°C, 30 s 40 cd3aF (Michotey ef al., 2000), R3cd (Throback et al., 2004) 0.5
qnorB Ralstonia eutropha 95°C, 15 s; 60-55°C, 30's; 72°C, 30's 5 gnorB2f (Braker and Tiedje, 2003)
95°C, 15s; 55°C, 30 s; 72°C, 30 s 40 gnorB5r (Braker and Tiedje, 2003)
nosZ Pseudomonas stutzeri 95°C, 15 s; 65-60°C, 15 s; 72°C, 30°s 5 nosZ2F (Henry et al., 2006), nosZ2R (Henry et al., 2006)
95°C, 15 s; 60°C, 15 s; 72°C, 30 s 40

¢ PCR mixtures consisted of Power SYBR green master mix (12.5u L), BSA (3%, 0.5 pL), and template (2 pL, 2 to 5 ng puL"), as well as primer (10 uM, 0.5uL

for each Forward and Reverse) and DMSO, as referenced in the table

b Touchdown: -1°C cycle'!

¢ DMSO, dimethyl sulfoxide
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Fig. S1. Changes in soil ammonium (a), nitrate (b), DOC (c), DON (d) and microbial biomass
(e, measured as microbial DNA concentration) for paired Paddy and 10-year old GCRPS fields.
Sampling was conducted in May when soil was flooded. Error bars represent standard errors of

triplicate samples. Different letters above the bars indicate a significant difference (P<0.05).
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Fig. S2. Gene abundance of (a) nifH, (b) chiAd, (c) AOA, (d) AOB, (e) nirK, (f) nirS, (g) gnorB,
(h) nosZ (DNA level, n = 3) are shown for 3 year old GCRPS fields and adjacent Paddy controls
during the growing seasons. PO, paddy soil without N fertilizer; GO, GCRPS without N
fertilizer; P150, paddy soil with 150 kg N ha-'a'; G150, GCRPS with 150 kg N ha'a-!. Different
letters above bars indicate signiciant differences among the GCRPS and Paddy treatments for

each sampling time separately (P < 0.05, LSD test).
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Fig. S4. Changes in abundance (left column) and transcripts (right column) of functional genes
involved in the nitrogen fixation (nifH), denitrification (nirK and nosZ) and nitrification (AOA
and AOB) for Paddy and 10-year GCRPS (sampling at May and soil was flooded). Error bars

represent standard errors of triplicate samples. Different letters above the bars indicate a

significant difference (P<0.05). ds: dry soil.



