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Summary

It remains unclear whether periphytic biofilms are beneficial to N cycling in paddy
fields. Here, based on a national-scale field investigation covering 220 rice fields in
China, the N accumulation potential of periphytic biofilms was found to decrease from
8.8 £241t04.5+0.7 glkg and 3.1 £ 0.6 g/kg with increasing habitat latitude and
longitude, respectively. The difference in abundant and rare subcommunities likely
accounts for their geo-difference in N accumulation potential. The N cycling pathways
involved in periphytic biofilms inferred that soil N and N> were two potential sources
for N accumulation in periphytic biofilms. Meanwhile, some of the accumulated N may
be lost via N2, N2O, NO, or NH3 outputs. Superficially, periphytic biofilms are double-
edged swords to N cycling by increasing soil N through biological N fixation but
accelerating greenhouse gas emissions. Essentially, augmented periphytic biofilms
increased change of TN (ATN) content in paddy soil from —231.9 to 31.9 mg/kg,
indicating that periphytic biofilms overall benefit N content enhancement in paddy
fields. This study highlights the contribution of periphytic biofilms to N cycling in rice
fields, thus, drawing attention to their effect on rice production and environmental

security.

Keywords: Nitrogen accumulation; Geo-distribution imprint; N source; N fate;

Microbial effect; N cycling pathway.
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Originality-Significance Statement

As prevalent microbial aggregates in paddy fields, it is uncertain whether periphytic
biofilms are beneficial to N cycling in paddy fields. This may lead to a
misunderstanding of whether the indigenous microecosystem of paddy fields should
exist during rice production. Herein, by revealing the sources, fates, and transformation
pathways of the accumulated N in periphytic biofilms and then substantiating their
overall effect on N cycling in paddy fields, we found that although periphytic biofilms
seem to have two-sided effects, they overall benefit N cycling in paddy fields. Our
findings extend our understanding of the effect periphytic biofilms have on N cycling
in paddy fields. Focusing on this effect may influence global policy-making toward N
fertilizer use and management for sustainable rice production with minimum

greenhouse gas emissions and non-point source pollution.
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Introduction

In China, the high input but low utilization efficiency of N fertilizers has resulted
in approximately 47% of the input N to be lost to the environment, negatively affecting
the aquatic environment and even the quality of human life (Chen et al., 2014; Sun et
al., 2018; Vitousek et al., 2009). Essentially, any effect on the N cycle would affect its
utilization and loss. Microbes play key roles in the biogeochemistry of N in the
environment (Mushinski et al., 2021; Wang et al., 2020); thus, their potential to
intercept N loss and enhance N utilization efficiency is attracting increasing attention
(Antonopoulos, 2010; Mooshammer et al., 2014). In nature, microorganisms usually
grow in the form of microbial aggregates (Guilhen et al., 2017; Kim & Lee, 2016); for
instance, periphytic biofilms are native and ubiquitous microbial aggregates in paddy
fields (Sun et al., 2021b).

Bioaccumulation is an important mechanism by which periphytic biofilms affect
element cycling in paddy fields (Sun et al., 2022); therefore, periphytic biofilms act as
temporary pools of some elements in paddy fields (Liu et al., 2019; Liu et al., 2021;
Sun et al., 2021a). However, further evidence is required to understand the impact of
biofilms on the N cycle in rice fields. For instance, the potential sources and fates for
accumulated N in periphytic biofilms remain unclear. Determining the sources of inputs
and fates of outputs of the accumulated N in periphytic biofilms will clarify whether
these biofilms are beneficial to N cycling, rice production, and even environmental
security.

Currently, our understanding of the underlying mechanisms through which

4
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periphytic biofilms affect the N cycle is insufficient. It is known that the abiotic
components of these biofilms, such as extracellular polymeric substances, play key
roles in the accumulation of cationic elements, such as manganese (Sun et al., 2021a;
Xu et al., 2020). In contrast to the effect of cationic elements, the effect of periphytic
biofilms on N cycling may be driven mainly by the biotic components of various
microorganisms which, in nature, can be classified as abundant, moderate, and rare
(Chen et al., 2019; Jiao et al., 2020). Accumulating evidence has confirmed that rare
bacteria drive bacterial community structure changes (Hausmann & Knorr, 2016; Hua
et al., 2015), while abundant bacteria contribute to nutrient cycling, carbon flow, and
tolerance to environmental stresses (Delgado-Baquerizo et al., 2018; Ji & Kong, 2020).
However, there are few related studies on periphytic biofilms grown in paddy fields,
resulting in a lack of clarity regarding how the abundant, moderate, and rare
microorganisms in these biofilms relate to N accumulation.

Microbe-driven N cycling involves various N cycling pathways, which can be
used to predict the N transformation processes and even the fate of the accumulated N
in the microbes (Rose et al., 2021; Zhang et al., 2021; Zhou & Xing, 2021). The known
pathways in single microorganisms have been well documented (Chen et al., 2013;
Zhao et al., 2009); however, little is known about how many N cycling pathways are
involved in periphytic biofilms and how these pathways are related to N accumulation,
transformation, and the fate of the accumulated N. As periphytic biofilms are rich in
microbial components, such as bacteria, microalgae, and fungi (Sun et al., 2021a; Xu

et al., 2020), we speculate that they may have complicated N cycling pathways,
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promoting the accumulation and transformation of N. Moreover, the N cycling
pathways may potentially influence the fate of outputs of the N accumulated in them.
To further our understanding of the influence of periphytic biofilms on the N cycle
in rice fields, in this study, we collected 220 periphytic biofilms nationwide in China
and analyzed their N content. Thus, the geo-distribution patterns of their N
accumulation potential across China were revealed, and their driving factors from three
subcommunities of the abundant, moderate, and rare taxa (including prokaryotes and
eukaryotes) were explored. Furthermore, the potential sources and fates of accumulated
N in periphytic biofilms were analyzed by constructing the involved N cycling
pathways. Finally, the synthetic effect of periphytic biofilms on the N biogeochemistry
in paddy soil was verified by on-farm experiments. This study addressed the following
questions: (1) What are the potential sources of inputs and fates of outputs of the
accumulated N in periphytic biofilms? and (2) Are periphytic biofilms beneficial or not

to N cycling in paddy fields?

Experimental procedures
Sample collection across China

For periphytic biofilm collection across China, paddy fields covering three
temperature zones (tropical, subtropical, and temperate) and distributed across 22 cities
and 12 main rice-planting provinces (Fig. S1A and Table S1) were selected. In each
sampling city, 10 paddy fields were selected within a radius of 1 km, and one periphytic
biofilm was collected from each paddy field. The 10 samples from each sampling city

6
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were numbered 1-10. In total, 220 paddy fields, distributed from southern to
northeastern China and western to eastern China, were selected to collect periphytic
biofilms with collection based on our previous methods (Fig. S1B) (Sun et al., 2021a).

All samples were collected within 7—15 d after the rice seedlings had been transplanted.

On-farm verification experiment

To verify the synthetic effect of periphytic biofilms on the biogeochemistry of N
in paddy soil, field experiments were carried out in Jurong, Jiangsu, China (31.97° N,
119.35° E) in 2021. Before the experiment, artificial carriers that can augment the
growth of these biofilms in paddy fields were prepared based on our previous method
(Sun et al., 2021a). The carriers were applied immediately after rice transplanting with
a dose of 30 kg/ha, and a parallel field without the carriers was set as the control. Both
the experimental and control fields were 0.7 ha and sample collection was performed
in triplicate. By artificially inducing the difference in biofilm growth in the paddy fields,
the effect of periphytic biofilms on the biogeochemistry of N was compared. During
the entire rice growth period, the paddy soils of experimental and control fields were
collected weekly to detect N content (including total N, NO3™-N, and NH4" -N) (Bacnik
et al.), and the first sampling date was at the day of transplanting (June 11, 2021). The
soil N content collected for the first time was set as the baseline, and the change in the
N content (AN) of each field at any sampling date was calculated using the following
equation:

AN;= N;- Ny Eq. 1
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where i represents any soil sampling date; AN; represents the change in soil N content
between the sampling date and date before rice transplantation i; N;is the soil N content
at sampling date i; and Ny is the soil N content collected before rice transplantation

(June 11, 2021).

16S and 18S high throughput sequencing and data analysis

For the 10 periphytic biofilms collected from each sampling city, 1 g was sampled,
mixed well, and then divided into three samples, which were used for high-throughput
sequencing, and the results were used to represent the prokaryotic and eukaryotic
communities in the periphytic biofilms from each sampling city. To determine the
prokaryotic and eukaryotic composition of periphytic biofilms, the primers 16S V4:
515F (5'-GTGCCAGCMGCCGCGGTAA-3") and 907R (5'-
CCGTCAATTCMTTTRAGTTT-3"); and 18SV4: 528F (5'-
GCGGTAATTCCAGCTCCAA-3") and 706R (5'-AATCCRAGAATTTCACCTCT-3")
were used with the HiSeq 2500 sequencing platform. After sequencing, the raw data
were processed as follows: (1) paired-end raw reads data filtering using Trimmatic
software (v0.33) was used to filter the quality of the double-ended raw reads data and
to filter the reads containing N, those with a quality value less than 20, and those with
a filtered sequence length less than 100 bp. Then, the primers at both ends of the
vl.barcode and motirel.barcode were allocated to the corresponding primer sequence
in the sample. (2) Paired-end clean reads splicing was conducted on the double-ended

sequencing data, according to the overlapping relationship between paired-end reads.

8



170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

Flash v1.2.11 software was used to splice each pair of paired-end reads into a sequence,
and the minimum overlap length was set to 10 bp, the maximum mismatch ratio allowed
in the overlap area of the splicing sequence was 0.1, and unqualified tags were filtered
and original raw tags were obtained. (3) For raw tag sequence quality filtering, mothur
V1.35.1 was used to control and filter the quality of spliced sequences to obtain
effective spliced fragments (clean tags). Sequence analysis was performed using
UPARSE and sequences with >97% similarity were assigned to the same operational
taxonomic units (OTUs). For each representative sequence, the SILVA
(https://www.arb-silva.de/) database was used to annotate taxonomic information.
Microbial sequences were deposited in the NCBI database with the accession number
PRINAS854289. The OTUs were classified as follows: abundant taxa were defined as
OTUs with a relative abundance of >1%; rare taxa, <0.01%; and moderate taxa, within

0.01-1% (Chen et al., 2019).

High throughput gPCR gene chip

For the 10 periphytic biofilms collected from each sampling city, 1 g was sampled,
mixed well, and then divided into three samples which were used for high-throughput
qPCR on a Wafergen Smart Chip Real-Time qPCR platform, which can detect a total
of 22 N cycling genes (e.g., gdh, ureC, hao, etc.). Each DNA sample was amplified
with a threshold cycle value of 31 as the detection limit. Three replicates were set for
each prepared sample and nine samples were taken from each sampling city. Total DNA
was extracted using DNA extraction kits (MOBIO 12888-100, Carlsbad, CA, USA),

9
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then purified and analyzed. Qualified samples and the reagent used for qPCR were
added to a 384-well plate as the sample source plate, and the primers and reagents used
for qPCR were added to another 384-well plate as the assay source plate. The reagents
of the sample and assay source plates were added into the nanopores of the chip of the
high-throughput qPCR using high-throughput automatic micro-sampling equipment,
followed by qPCR and fluorescence signal detection in the SmartChip Real-Time PCR
System. Amplification and dissolution curves were automatically generated. The
detection status and amplification cycle numbers (C;) of each gene in each sample were
obtained using Canco software, and the data were standardized with 16S rRNA as an
internal reference to obtain the relative quantification of these. The absolute
quantitative information of the 16SrRNA gene was obtained using a Roche instrument,
and after conversion, the absolute quantitative information of other genes was obtained.
The quality control of raw data was conducted based on the C; value obtained with the
SmartChip real-time PCR System and Canco software, and the quality control basis
was as follows: (1) the gene was discarded when the amplification efficiency was <1.8
or >2.2; (2) the gene was discarded when the negative control was amplified; and (3)
when the C; value was >31, it was considered that there was no amplification, and the

C: value of the gene in the corresponding sample was discarded.

N content detection and statistical analysis
Before N content detection, each periphytic biofilm (dry weight, 0.5 g) was
digested with HNO3-H,0: in a digestion oven (JKXZ06-8B, China), and the TN, NH4*-

10
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N, and NO3™-N content was detected using a flow analyzer (FS3700, OI Analytical,
USA). For periphytic biofilms collected at the spatial scale, the TN content was detected,
while for those collected from the on-farm experiments, the parameters of the TN,
NH4™-N, and NOs3-N contents were detected. A 3D mesh-plot, prepared using
Sigmaplot 10.0 (Systat Software, Inc., UK), was used to exhibit the geo-distribution
patterns of the N accumulation potential of periphytic biofilms across China. The
diversities of abundant, moderate, and rare prokaryotes and eukaryotes were analyzed
and visualized using a circular heatmap. The overall effects of these on N accumulation
in periphytic biofilms were analyzed using partial least squares path modeling (PLS-
PM) in R version 3.5.1 with the ‘psych’ package. The PLS-PM model was evaluated
using the parameter of goodness of fit, and the estimates of path and determination
coefficients were validated by performing bootstrapping (br = 199). Correlation
analysis was further used to explore which microorganisms, at the genus level,
significantly affected N accumulation in periphytic biofilms (visualized using a
heatmap). Regression analysis was used to explore the N content geo-distribution
patterns and the absolute abundance of ureC in periphytic biofilms along the longitudes
and latitudes of their habitats, as well as the relationship between the absolute
abundance of functional genes (nifH and ureC) and the N content in periphytic biofilms
(visualized using R). PLS-PM was also used to analyze the potential source of
accumulated N in these biofilms from paddy fields. Raincloud plots were employed to
visualize the results of the on-farm experiments (https://www.omicshare.com/tools).

All statistical procedures were conducted using SPSS software (version 16.0; SPSS Inc.,

11
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Chicago, IL, USA).

Results
Geo-imprints of N accumulation potential of periphytic biofilms across China

The N accumulation potential of periphytic biofilms showed a significant geo-
distribution imprint along their habitat longitudes and latitudes (Fig. 1). On the
latitudinal scale, the potential decreased from 8.8 2.4 to 4.5 = 0.7 g/kg with increasing
latitude from 18°46’ N to 47°16’ N of their habitats across China (p <0.001, r =—0.35,
Fig. 1). The results indicated that the N accumulation potential of periphytic biofilms
decreased along the habitats from southern to northern China. Similarly, on a
longitudinal scale, the N accumulation potential decreased from 8.8 £ 2.4 to 3.1 £ 0.6
g/kg with increasing longitude from 108°88' E to 127°17" E of their habitats across
China (p <0.001, r =—-0.26, Fig. 1). Thus, periphytic biofilms grown in western China

have higher N accumulation potential than those in eastern China.

[Figure 1 here]

Difference in microbial subcommunities accounts for geo-differences in N-
accumulation potential

A total of 839 genera of prokaryotes were detected in the 220 periphytic biofilm
samples. Among them, 19 genera were abundant (relative abundance > 1%), 99 genera

were moderate (1% > relative abundance > 0.1%), and the remaining 719 genera were
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rare (relative abundance < 0.1%, Fig. 2A). Specifically, 13 genera of abundant
prokaryotes (e.g., Acinetobacter sp., Sphingomonas sp., and Massilia sp.), 46 genera of
moderate prokaryotes (e.g., Anaeromyxobacter sp., Bradyrhizobium sp., and
Roseiflexus sp.), and 164 genera of rare prokaryotes (e.g., Microcystis sp., Azospirillum
sp., and Mycobacterium sp.) showed significant correlations with the N accumulation
potential of periphytic biofilms (p < 0.05). Among them, three genera of abundant
prokaryotes (Comamonas sp., Bacillus sp., and Acinetobacter sp.), six genera of
moderate prokaryotes (Pseudoxanthomonas sp., Microvirga sp., Methanobacterium sp.,
Christensenellaceae R-7 group, Brevundimonas sp., and Stenotrophomonas sp.), and
42 genera of rare prokaryotes (e.g., Aestuariibaculum sp., Trichormus sp., and
Sinibacillus sp.) showed positive relationships with the N accumulation potential of

periphytic biofilms (Fig. 2C).

[Figure 2 here]

Eukaryotes in periphytic biofilms mainly consisted of microeukaryotes and
meiofauna (Fig. 2B), and the biodiversity of eukaryotes was lower than that of
prokaryotes. A total of 207 genera of eukaryotes were detected in the 220 periphytic
biofilms, and among them, 17 genera were abundant, 45 were moderate, and the
remaining 145 were rare (Fig. 2B). Correlation analysis results showed that four genera
of the abundant eukaryotes (Epitobrilus stefanskii, Korotnevella sp., Vermamoeba sp.,

and uncultured Hartmannellidae sp.), 20 genera of the moderate eukaryotes (e.g.,
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Chlamydomyxa sp., Microascaceae sp., and Petalomonas sp.), and 16 genera of the rare
eukaryotes (e.g., Cryptosporidium sp., Trichocomaceae sp., and Cercomonas sp.) were
markedly correlated with the N accumulation potential. Among these, one abundant,
six moderate, and nine rare eukaryotes showed positive relationships with N
accumulation potential (Fig. 2D).

PLS-PM analysis was used to reveal the overall effect of the three subcommunities
(abundant, moderate, and rare) of prokaryotes and eukaryotes on N accumulation
potentials of periphytic biofilms across China. Both abundant prokaryotes and
eukaryotes showed direct and positive effects (path coefficients of 0.31 [p = 0.02] and
0.16 [p = 0.03] for prokaryotes and eukaryotes, respectively), while both rare
prokaryotes and eukaryotes showed the largest but negative direct effects (path
coefficients of —0.92 [p <0.001] and —0.79 [p < 0.001] for prokaryotes and eukaryotes,
respectively). In comparison, the direct effects of moderate prokaryotes and eukaryotes
on N accumulation was negative but small (path coefficients of —0.07 [p = 0.82] and
—0.06 [p = 0.79] for prokaryotes and eukaryotes, respectively, Fig. 3). Thus, the
difference in abundant and rare microbes in periphytic biofilms potentially accounted
for their difference in N accumulation potentials across China, as well as showing

contrasting effects.

[Figure 3 here]

Potential input sources of accumulated N in periphytic biofilms
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Based on the results of high-throughput qPCR gene chips, 20 N cycling genes with
high absolute abundance were detected in periphytic biofilms (Fig. 4A). Among them,
ureC had the highest absolute abundance, ranging from 2065 to 2 361 923, with a mean
value of 786 043 + 617 516 copies/g biofilm (Fig. 4A). Furthermore, correlation
analysis results showed that the absolute abundance of ureC significantly correlated
with N content in periphytic biofilms (p = 0.01, r = 0.21, Fig. 4B), providing evidence
that they can potentially assimilate N from hydrolyzed chemical N fertilizer (urea).
Thus, N in paddy fields is one potential source of the accumulated N in periphytic
biofilms. Furthermore, PLS-PM results indicated that N in soil is the first potential
source for the accumulated N in periphytic biofilms (path coefficient =0.31, p <0.001,
Fig. S2). More importantly, the geo-distribution pattern of ureC in periphytic biofilms
was consistent with that of the N content in periphytic biofilms, which decreased with
increasing latitude (p = 0.02, r =—0.21, Fig. 4C). This finding further provides a genetic
interpretation of the regional differences in the N accumulation potential of periphytic

biofilms.

[Figure 4 here]

nifH also had a high absolute abundance, varying from 121 to 1 317 297 copies/g
biofilm, with a mean value of 125240 &+ 201 421 copies/g biofilm (Fig. 4A). The
absolute abundance of nifH also showed a significantly positive correlation with N
content in periphytic biofilms (p = 0.01, r = 0.40, Fig. 4D), implying that biological N
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fixation may be another mode of N accumulation; thus, N> may be another source of

the accumulated N in periphytic biofilms.

Potential output fates of the N in periphytic biofilms

Based on the results of high-throughput qPCR gene chips, we identified the
potential N cycling pathways in periphytic biofilms, which included nitrification and
denitrification, ammoxidation, anaerobic ammoxidation, N assimilation, nitrate
dissimilation reduction, and biological N fixation (Fig. 5). Among these N cycling
pathways, only two—biological N fixation and N assimilation—contribute to N
accumulation. The remaining N cycling pathways promote the mutual transformation

of different forms of nitrogen in periphytic biofilms, even causing some nitrogen loss.

[Figure 5 here]

Accompanied by the complicated N cycling pathways in periphytic biofilms, some
gaseous intermediates or end products may be produced, causing N loss. For instance,
as a product of denitrification, nitrous oxide reduction, ammoxidation, and anaerobic
ammoxidation reactions, N is released into the air in the form of N». As an intermediate
product of the denitrification reaction and nitrate reduction, N is lost via N2O, and NO
and NHj3 are produced during nitrite reduction, which would also overflow from

periphytic biofilms. Thus, some of the N in periphytic biofilms may be lost in the form
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of N2, N0, NO, and NH3 during the N cycling processes; however, the exact magnitude

of each loss still needs to be further verified.

Synthetic effect of periphytic biofilms on N biogeochemistry in paddy soil

Based on the results of the on-farm experiments, TN content in the experimental
field soil increased by 290.4 mg/kg at the end of the rice growth period, of which the
average value of ATN was 31.9 mg/kg throughout sampling; however, in the control
field soil, TN content decreased by 329.6 mg/kg at the end of rice growth period, and
the average value of ATN was -231.9 mg/kg throughout sampling (Fig. 6a). The results
indicated that augmented periphytic biofilms in paddy fields could enhance TN content
in the soil. Furthermore, the increase in NH4"-N, in particular, and NO3™-N may partially
account for the increase in TN. Throughout sampling, the averages of ANH4"-N in the
control and experimental fields were —8.5 and —2.7 mg/kg, respectively (Fig. 6B).
Similarly, the averages of ANO3™-N in the control and experimental fields were —0.9
and 0.2 mg/kg, respectively (Fig. 6C). The results indicated that augmented periphytic
biofilms could potentially enhance the N content in paddy soil, that is, the more they
occurred in paddy fields, the more N (TN, NH4*-N, and NO5™-N) content formed in the

soil. Therefore, periphytic biofilms are beneficial overall to N cycling in paddy fields.

[Figure 6 here]

Discussion
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Here, by determining the sources of inputs and fates of outputs of the accumulated
N in periphytic biofilms, our findings emphasize that they may potentially increase the
N content in rice fields by biological N fixation, while also potentially accelerating
greenhouse gas emissions (Zhao et al, 2021). On-farm experiments substantiated that
the overall effect of periphytic biofilms on N cycling in paddy fields is positive.

To verify whether it is common for periphytic biofilms to affect N cycling in rice
fields, we investigated and revealed the geo-distribution patterns of their N
accumulation potential in different paddy fields across China. Our results are of
practical importance as they indicate that it is feasible to regulate N cycling by
regulating the growth of periphytic biofilms in paddy fields (Zhao et al, 2021). However,
rice fields are distributed zonally (Jonai & Takeuchi, 2014); therefore, we investigated
whether different paddy fields manipulate these biofilms by varying measures. Our
findings showed that periphytic biofilms in different paddy fields varied in their effect
on N cycling, suggesting that rice producers in different rice-growing areas should
implement different measures to regulate them and improve N cycling in paddy fields.

Periphytic biofilm is essentially a microbial aggregate (Liu et al., 2019; Liu et al.,
2021; Sun et al., 2021a), and understanding their diversity, composition, and function
(e.g., N accumulation and tansformation) is crucial for exploiting biofilms for
sustainable rice production (Xiong and Lu, 2022). Every microbe needs N to grow; thus,
all periphytic biofilm microbes influence their accumulated N. This study determined
that N accumulation by periphytic biofilms is a microbe-driven process, as verified
using 16S/18S high-throughput sequencing and high-throughput qPCR gene chips.
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From a microbial community perspective, abundant prokaryotes and eukaryotes mainly
contribute to N accumulation in these biofilms; however, rare taxa showed significantly
negative effects. These findings are consistent with the traditional understanding that
abundant bacteria usually contribute to nutrient cycling (Delgado-Baquerizo et al., 2018;
Ji & Kong, 2020). By contrast, rare bacteria represent most of the Earth’s biodiversity
and play important roles in maintaining the stability of crop mycobiomes and ecosystem
functions (Xiong et al., 2021). They have been identified as driving spatial and temporal
structural changes of bacterial communities in various ecosystems (Hausmann & Knorr,
2016; Hua et al., 2015) and maintaining continuous ecosystem functioning (Caron et
al., 2009). Therefore, the difference in abundant and rare microbes mainly induces the
difference in the N accumulation potential of periphytic biofilms across China. In
further work, the keystone taxa of these biofilms in N accumulation may be identified
by multi-omics techniques (Xiong and Lu, 2022).

The high diversity of microbes in periphytic biofilms implies that they may contain
complicated N cycling pathways. Here, we detected 20 cycling genes that are highly
abundant in periphytic biofilms and constructed the involved N cycling pathways.
Accordingly, we can conclude that there are two modes of periphytic biofilm N
accumulation: assimilating N fertilizer (supported by the high absolute abundance of
ure(C) and biological N fixation (supported by that of nifH). The significant correlation
between the absolute abundance of ureC and the N content in these biofilms (Fig. 4B)
provides evidence for N accumulation by assimilating chemical N fertilizer (urea) from

paddy fields. This is because ureC encodes urease, which catalyzes the hydrolysis of
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urea to release ammonia, promoting the accumulation of N fertilizer by periphytic
biofilms (Alonso-Séaez et al., 2012; Conthe et al., 2018). PLS-PM results indicated that
soil N is a potential source for the accumulated N in these biofilms, which seems to
influence N cycling in paddy fields (Chen et al., 2014; Sun et al., 2018; Vitousek et al.,
2009). Additionally, another mode (biological N fixation) of N accumulation by these
biofilms can be identified based on the high absolute abundance of nifH in them (Chua
et al., 2014; Warshan et al., 2016) and the significant correlation between nifH and N
content (Fig. 4D). Overall, biological N fixation may enhance the N content in paddy
soils; however, the respective contributions of the two N accumulation modes should
be further quantified using '°N tracing experiments.

Functional genes are commonly used biomarkers to forecast the potential process
and reactions involved in element cycling (Tang et al., 2022); therefore, the N cycling
pathways in periphytic biofilms are expected to be involved as there are many reactions
driving the transformation between different N forms. For instance, the prevalence of
anaerobic ammoxidation can be demonstrated by the high abundance of szsB (Dietl et
al., 2015; Yang et al., 2015). hao, amoAl, amoA2, and amoB are marker genes of
ammonia-oxidizing bacteria that contribute to the ammoxidation pathway (Soler-Jofra
et al., 2020; Su et al., 2021; Vajrala et al., 2013). nxr4 in nitrite-oxidizing bacteria
encodes a key enzyme responsible for the oxidation of NO> to NOs~ (Franck et al.,
2008). Nitrite reductases, such as nirK1, nirK2, nirS1, nirS2, and nirS3, are functional
markers for investigating denitrification reactions (Rose et al., 2021; Zhang et al., 2021;
Zhou & Xing, 2021). narG, nasA, and napA are key genes representing nitrogen
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dissimilation reactions (Asamoto et al., 2021; Pisarenko et al., 2013), and nosZI and
nosZ?2 are responsible for reducing nitrous oxide to nitrogen (Conthe et al., 2018). Four
forms of gaseous nitrogen (N2, N>O, NO, and NH3) may be produced by the
abovementioned reactions, leading to N loss in periphytic biofilms. We have previously
substantiated and quantified this N loss via NH3 (Zhao et al, 2021); however, further
studies are needed to quantify the amount of N loss via the three other forms of gaseous
nitrogen.

Overall, the sources of inputs and fates of outputs of the N accumulated by
periphytic biofilms in paddy fields were confirmed in this study. Furthermore, based on
on-farm experiments, we found that the synthetic effect of these biofilms on the
biogeochemistry of N in paddy fields is exerted by enhancing TN, NH4"-N, and NO3™-
N content in the soil. Thus, although these biofilms functions as a double-edged sword
through their N cycling influence in paddy fields, the advantages (increase in N content
by biological N fixation) may outweigh the disadvantages (acceleration of greenhouse
gas emissions), and their overall effect on the N cycle is therefore beneficial.

This study also points to a need for additional work to be done. First, direct
evidence on how much N accumulates in the biofilm from Nz and soil N should be
quantified. By doing this it may be possible to discover a new N fate in paddy fields as
4-22% of the input N fates are currently unclear (Chen et al., 2013; Dong et al., 2012;
Ghoneim et al., 2008; Ju et al., 2009; Koyama, 1981; Tan et al., 2015; Zhao et al., 2009;
Zhu & Chen, 2002). Second, further attention should be given to how much N in
periphytic biofilms would be lost via gaseous N, such as N2, NO, NHs, and N>O.
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Gaseous N emissions, such as NO and N>O, may intensify climate problems, such as
the greenhouse effect (Chen et al., 2013; Dong et al., 2012; Shan et al., 2016; Zhao et
al., 2009). Anaerobes participate in different biogeochemical processes of ecological
and environmental significance (Prakash, 2022); thus, whether nitrite-dependent
anaerobic methane oxidation processes contribute to N cycling in periphytic biofilms
needs investigating as this may provide novel strategies to reduce N loss (Goémez-
Gallego, 2022). Based on the double-edged sword effect of periphytic biofilms on N
cycling in paddy fields, further focus on this is needed. The results may aid in greatly
improving N cycling in rice fields for sustainable rice production via the regulation of
periphytic biofilms to increase their N fixation potential and reduce gaseous N

emissions.

Acknowledgements

This work was supported by the Natural Science Foundation of Jiangsu Province [grant
numbers BE2020731, BK20171104, and BZ2019015]; the National Natural Science
Foundation of China [grant numbers 42177232, 41961144010, and 41701301]; the
National Key Research and Development Program [grant numbers 2021YFD1700803
and 2021YFD1700801], and the Chinese Academy of Sciences Interdisciplinary

Innovation Team.

Data availability statement

Supplementary information is available in the online version of the paper.
Correspondence and requests for materials should be addressed to Yonghong Wu

(yhwu@issas.ac.cn).

22



478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

Conflict of interest

The authors declare no competing interests.

References

Alonso-Saez, L., Waller, A.S., Mende, D.R., Bakker, K., Farnelid, H., Yager, P.L., et
al. (2012) Role for urea in nitrification by polar marine Archaea. Proc Natl Acad
Sci USA 109: 17989-17994.

Antonopoulos, V.Z. (2010) Modelling of water and nitrogen balances in the ponded
water and soil profile of rice fields in Northern Greece. Agricul Water Manag
98:321-330.

Asamoto, C.K., Rempfert, K.R., Luu, V.H., Younkin, A.D., and Kopf, S.H. (2021)
Enzyme-specific coupling of oxygen and nitrogen isotope fractionation of the
Nap and Nar nitrate reductases. Environ Sci Technol 55: 5537-5546.

Bacnik, K., Kutnjak, D., Pecman, A., Mehle, N., Znidari¢, M.T,, Aguirre, 1.G., and
Ravnikar, M. (2020) Viromics and infectivity analysis reveal the release of
infective plant viruses from wastewater into the environment. Water Res 177:
115628.

Caron, D.A., Countway, P.D., Dolan, J., Mostajir, B., and Simengando, T. (2009)
Hypotheses on the role of the protistan rare biosphere in a changing world.
Aquat Microb Ecol 57: 227-238.

Chen, D., Jiang, L., Huang, H., Toyota, K., Dahlgren, R., and Lu, J. (2013) Nitrogen
dynamics of anaerobically digested slurry used to fertilize paddy fields. Biol
Fertil Soil 49: 647-659.

Chen, W., Ren, K., Isabwe, A., Chen, H., Liu, M., and Yang, J. (2019) Stochastic
processes shape microeukaryotic community assembly in a subtropical river
across wet and dry seasons. Microbiome 7: 138.

Chen, X., Cui, Z., Fan, M., Vitousek, P., Zhao, M., Ma, W., ef al. (2014) Producing

23



506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

more grain with lower environmental costs. Nature 514: 486.

Chua, J., Orlovich, D.A., Lee, W.G., and Summerfield, T.C. (2014) Exploring the
diversity and abundance of bacterial communities in New Zealand grassland
soils using 16S rRNA and nifH amplicon sequencing. ISME 2015.

Conthe, M., Wittorf, L., Kuenen, J.G., Kleerebezem, R., van Loosdrecht, M., and Hallin,
S. (2018) Life on N2O: deciphering the ecophysiology of N>O respiring
bacterial communities in a continuous culture. ISME J 12: 1142-1153.

Delgado-Baquerizo, M., Oliverio, A.M., Brewer, T.E., and Benavent-Gonzalez, A.
(2018) A global atlas of the dominant bacteria found in soil. Science 359: 320-
325.

Dietl, A., Ferousi, C., Maalcke, W.J., Menzel, A., Vries, S.D., Keltjens, J.T., et al. (2015)
The inner workings of the hydrazine synthase multiprotein complex. Nature 527:
394-397.

Dong, N.M., Brandt, K.K., Serensen, J., Hung, N.N., Chu, V.H., Tan, P.S., and
Dalsgaard, T. (2012) Effects of alternating wetting and drying versus continuous
flooding on fertilizer nitrogen fate in rice fields in the Mekong Delta, Vietnam.
Soil Biol Biochem 47: 166-174.

Franck, P., Sophie, W., Elisabeth, B., and Valérie, D. (2008) First exploration of
Nitrobacter diversity in soils by a PCR cloning-sequencing approach targeting
functional gene nxr4. FEMS Microbiol Ecol 63: 132-140.

Ghoneim, A.M., Ueno, H., Asagi, N., and Watanabe, T. (2008) Indirect N isotope
techniques for estimating N dynamics and N uptake by rice from poultry manure
and sewage sludge. Asian J Earth Sci 5: 63-69.

Gomez-Gallego, T. (2022) N-damo, an opportunity to reduce methane emissions?
Environ Microbiol Rep 14: 697-699.

Guilhen, C., Forestier, C., and Balestrino, D. (2017) Biofilm dispersal: multiple
elaborate strategies for dissemination of bacteria with unique properties.
Molecul Microbiol 105: 188-210.

Hausmann, B., and Knorr, K.H. (2016) Consortia of low-abundance bacteria drive

24



535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

sulfate reduction-dependent degradation of fermentation products in peat soil
microcosms. ISME J 10: 2365-2375.

Hua, Z.S., Han, Y.J., Chen, L.X., Liu, J., Hu, M., Li, S.J., et al. (2015) Ecological roles
of dominant and rare prokaryotes in acid mine drainage revealed by
metagenomics and metatranscriptomics. ISME J 9: 1280-1294.

Ji, M., and Kong, W. (2020) Distinct assembly mechanisms underlie similar
biogeographical patterns of rare and abundant bacteria in Tibetan Plateau
grassland soils. Environ Microbiol 22: 2261-2272.

Jiao, S., Yang, Y., Xu, Y., Zhang, J., and Lu, Y. (2020) Balance between community
assembly processes mediates species coexistence in agricultural soil
microbiomes across eastern China. ISME J 14: 202-216.

Jonai, H., and Takeuchi, W. (2014) Comparison between global rice paddy field
mapping and methane flux data from GOSAT. IGARSS 2014 - 2014 IEEE
International Geoscience and Remote Sensing Symposium.

Ju, X.-T., Xing, G.-X., Chen, X.-P., Zhang, S.-L., Zhang, L.-J., Liu, X.-J., ef al. (2009)
Reducing environmental risk by improving N management in intensive Chinese
agricultural systems. Proc Natl Acad Sci USA 106: 3041-3046.

Kim, S.K., and Lee, J.H. (2016) Biofilm dispersion in Pseudomonas aeruginosa. J
Microbiol 54: 71-85.

Koyama, T. (1981) The transformations and balance of nitrogen in Japanese paddy
fields. Fertil Res 2: 261-278.

Liu, J., Sun, P, Sun, R., Wang, S., Gao, B., Tang, J., ef al. (2019) Carbon-nutrient
stoichiometry drives phosphorus immobilization in phototrophic biofilms at the
soil-water interface in paddy fields. Water Res 167: 115129.

Liu, J., Zhou, Y., Sun, P., Wu, Y., and Dolfing, J. (2021) Soil organic carbon enrichment
triggers in situ nitrogen interception by phototrophic biofilms at the soil-water
interface: from regional scale to microscale. Environ Sci Technol 55: 12704-
12713.

Mooshammer, M., Wanek, W., Himmerle, 1., Fuchslueger, L., Hothansl, F., Knoltsch,

25



564

565

566

567

568

569

570

571

572

573

574

575

576

Sr7

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

A., et al. (2014) Adjustment of microbial nitrogen use efficiency to carbon:
nitrogen imbalances regulates soil nitrogen cycling. Nat Commun 5: 1-7.

Mushinski, R.M., Payne, Z.C., Raff, J.D., Craig, M.E., Pusede, S.E., Rusch, D.B., et al.
(2021) Nitrogen cycling microbiomes are structured by plant mycorrhizal
associations with consequences for nitrogen oxide fluxes in forests. Environ
Microbiol 27: 1068-1082.

Prakash, O. (2022) Lack of kinship with anaerobes is a kind of short-sightedness of
agricultural and environmental microbiologists. Environ Microbiol Rep 14:
330-332.

Pisarenko, A.M., Karpova, O.V., Nargilova, R.M., and Iskakov, B.K. (2013) Expression
of transcription factor AtDREB2A gene under different regulatory elements.
Curr Opin Biotechnol 24: S119-S120.

Rose, S.L., Antonyuk, S.V., Sasaki, D., Yamashita, K., and Hasnain, S.S. (2021) An
unprecedented insight into the catalytic mechanism of copper nitrite reductase
from atomic-resolution and damage-free structures. Sci Adv 7: eabd8523.

Shan, J., Zhao, X., Sheng, R., Xia, Y., Ti, C., Quan, X., et al. (2016) Dissimilatory
nitrate reduction processes in typical Chinese paddy soils: rates, relative
contributions, and influencing factors. Environ Sci Technol 50: 9972-9980.

Soler-Jofra, A., Pérez, J., and Loosdrecht, M. (2020) Hydroxylamine and the nitrogen
cycle: A review. Water Res 190: 116723.

Su, Q., Schittich, A.R., Jensen, M.M., Ng, H., and Smets, B.F. (2021) Role of ammonia
oxidation in organic micropollutant transformation during wastewater treatment:
Insights from molecular, cellular, and community Level observations. Environ
Sci Technol 55: 2173-2188.

Sun, P., Gao, M., Sun, R., Wu, Y., and Jan, D. (2021a) Periphytic biofilms accumulate
manganese, intercepting its emigration from paddy soil. J] Hazard Mater 411:
125172.

Sun, P, Gao, M., and Wu, Y. (2021b) Microflora of surface layers in aquatic

environments and its usage. In Clean Water and Sanitation. Leal Filho, W., Azul,

26



593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

A.M., Brandli, L., Lange Salvia, A., and Wall, T. (eds.). Cham: Springer
International Publishing, pp. 1-9.

Sun, P, Liu, Y., Sun, R., Wu, Y., and Dolfing J. (2022) Geographic imprint and
ecological functions of the abiotic component of periphytic biofilms. iMeta e60.

Sun, R., Sun, P., Zhang, J., Esquivel-Elizondo, S., and Wu, Y. (2018) Microorganisms-
based methods for harmful algal blooms control: A review. Bioresource Technol
248: 12-20.

Tan, X., Shao, D., Gu, W., and Liu, H. (2015) Field analysis of water and nitrogen fate
in lowland paddy fields under different water managements using HYDRUS-
1D. Agricul Water Manag 150: 67-80.

Tang H., , Chao, L., Lihong, S., Kaikai, C., Li, W., Weiyan, L., and Xiaoping, X. (2022)
Effects of different short-term tillage managements on rhizosphere soil
autotrophic CO»-fixing bacteria in a double-cropping rice paddy field. Environ
Microbiol Rep 14: 245-253.

Vajrala, N., Martens-Habbena, W., Sayavedra-Soto, L.A., Schauer, A., Bottomley, P.J.,
Stahl, D.A., and Arp, D.J. (2013) Hydroxylamine as an intermediate in ammonia
oxidation by globally abundant marine archaea. Proc Natl Acad Sci USA 110:
1006-1011.

Vitousek, P.M., Naylor, R., Crews, T., David, M.B., Drinkwater, L.E., Holland, E., et
al. (2009) Agriculture. Nutrient imbalances in agricultural development.
Science 324: 1519-1520.

Wang, X., Wang, C., Cotrufo, M.F., Sun, L., Jiang, P., Liu, Z., and Bai, E. (2020)
Elevated temperature increases the accumulation of microbial necromass
nitrogen in soil via increasing microbial turnover. Global Change Biol 26: 5277-
5289.

Warshan, D., Bay, G., Nahar, N., Wardle, D.A., Nilsson, M.C., and Rasmussen, U.
(2016) Seasonal variation in nifH abundance and expression of cyanobacterial
communities associated with boreal feather mosses. ISME J 10: 2198-2208.

Xiong, C., and Lu, H. Y. (2022) Microbiomes in agroecosystem: Diversity, function and

27



622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

assembly mechanisms. Environ Microbiol Rep. https://doi.org/10.1111/1758-
2229.13126.

Xiong, C., He, J.Z., Singh, B.K., Zhu, Y.G., Wang, J.T., Li, P.P., et al. (2021) Rare taxa
maintain the stability of crop mycobiomes and ecosystem functions. Environ
Microbiol 23: 1907-1924.

Xu, Y., Wu, Y., Esquivel-Elizondo, S., Dolfing, J., and Rittmann, B.E. (2020) Using
microbial aggregates to entrap aqueous phosphorus. Trend Biotechnol 38: 1292-
1303.

Yang, X.R., Li, H., Nie, S.A., Su, J.Q., Weng, B.S., Zhu, G.B., ef al. (2015) Potential
contribution of anammox to nitrogen loss from paddy soils in southern China.
Appl Environ Microbiol 81: 938-947.

Zhang, B., Li, Y., Fei, Y., and Cheng, Y. (2021) Novel pathway for vanadium(V) bio-
detoxification by gram-positive Lactococcus raffinolactis. Environ Sci Technol
55:2121-2131.

Zhao J, H.J., Sun P, and Wu Y. (2021) Effect and mechanism of periphyton affecting
ammonia volatilization in paddy field. Acta Pedol Sinica 58: 1267-1277.

Zhao, X., Xie, Y.-X., Xiong, Z.-Q., Yan, X.-Y., Xing, G.-X., and Zhu, Z.-L. (2009)
Nitrogen fate and environmental consequence in paddy soil under rice-wheat
rotation in the Taihu lake region, China. Plant Soil 319: 225-234.

Zhou, J., and Xing, J. (2021) Haloalkaliphilic denitrifiers-dependent sulfate-reducing
bacteria thrive in nitrate-enriched environments. Water Res 201: 117354.

Zhu, Z.L., and Chen, D.L. (2002). Nitrogen fertilizer use in China — Contributions to
food production, impacts on the environment and best management strategies.

Nutr Cycl Agroecosys 63: 117-127.

28



651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

Supporting information

Additional Supporting Information may be found in the online version of this
article at the publisher’s web-site:
Fig. S1 Map of the 22 sampling areas located in different rice growing areas across
China (A), and diagram of periphytic biofilm collection (B). The 22 sampling areas
are TS: Taishan, RH: Renhua, QZ: Quanzhou, FZ: Fuzhou, NP: Nanping, CS:
Changshu, YC: Yancheng, NB: Ningbo, HZ: Hangzhou, WH: Wuhu, WHA: Wuhan;
CZ: Chizhou, YY: Yueyang, JZ: Jingzhou, YiC: Yichang, JJ: Jiujiang, YT: Yingtan, TL:
Tieling, DD: Dandong, WC: Wuchang, QQHR: Qiqihar; and LD: Ledong.
Fig. S2 Potential source analysis of N accumulated in periphytic biofilms from paddy
fields. A) Partial least squares path modeling analysis. Soil N, Floodwater N, and
Biofilm N represent N in soil, floodwater, and periphytic biofilm, respectively. P values
in brackets represent the correlation between the two factors. Goodness of fit value of
the model was 0.3891.

Table S1 Detailed information for the sample collections
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Figure Captions
Fig. 1 Geographical imprints of N accumulation potential of periphytic biofilms in
paddy fields (Z-axis) along with the latitudes (X-axis) and longitudes (Y-axis) of their

habitats in China.

Fig. 2 Community structure of the top 10 abundant (blue), moderate (black), and rare
(red) subcommunities of prokaryotes (A) and eukaryotes (B) in periphytic biofilms,
presented at the genera level using circo heatmap; community structure of abundant
(blue), moderate (black), and rare (red) subcommunities of prokaryotes (C) and
eukaryotes (D) and their positive correlation with the N content in periphytic biofilms,
presented at the genera level using correlation heatmap. In panels A and B, the color
represents the size of species abundance; In panels C and D, * indicates p < 0.05, **

indicates p < 0.01, and *** indicates p < 0.001.

Fig. 3 Synthesis of the overall effects of abundant (abu.), moderate (mod.), and rare
prokaryotes (A) and eukaryotes (B) on N content in periphytic biofilms, analyzed by
PLS-PM. The goodness of fit values of PLS-PM in A and B were 0.6284 and 0.4184,
resepctively. Blue and red arrows in the model indicate a positive and negative effect,

respectively.

Fig. 4 N cycling genes in periphytic biofilms. (A) Absolute abundance of N cycling
genes; (B) correlation between the absolute abundance of the ureC gene and the N
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content; (C) regression analysis between the absolute abundance of ureC and the
absolute latitude of the habitats of periphytic biofilms; and (D) correlation between the

absolute abundance of the nifH gene and the N content.

Fig. 5 Postulated N cycling pathways in periphytic biofilms, based on functional gene
analysis. Blue lines represent the potential sources of inputs, while red dotted lines show

the potential fates of outputs of the accumulated N.

Fig. 6 Synthetic effect of periphytic biofilms on TN, NH4+"-N, and NO3™ -N in paddy
soils. In the experimental fields, the growth of the biofilm was artificially increased,
while in the control field, it grew naturally. In the figures, the nuclear density curve
shown by the cloud plot was used to display the distribution status of original data. Jitter
scatters represent the dispersion degree of data. The gray lines connect the average
values in boxplots and could intuitively compare the data of experimental and control

soil.
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