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Abstract

Manganese (Mn) in acidic paddy soil has large potential in emigrating from the soil
and pollute adjacent ecosystems. Single microorganisms modulate the
biogeochemistry process of Mn via redox reactions, while the roles of microbial
aggregates (e.g. periphytic biofilm) in modulating its biogeochemical cycle is poorly
constrained. Here we collected a series of periphytic biofilms from acidic paddy
fields in China to explore how periphytic biofilm regulates Mn behavior in paddy
fields. We found that periphytic biofilms have large Mn accumulation potential: Mn
contents in periphytic biofilm ranged from 176 + 38 to 797 + 271 mg/kg, which
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were 1.2-4.5 folds higher than that in the corresponding soils. Field experiments
verified the Mn accumulation potential, underlining the biofilms function as natural
barriers to intercept Mn emigrating from soil. Extracellular polymeric substances,
especially the protein component, mediated adsorption was the main mechanism
behind Mn accumulation by periphytic biofilm. Microorganisms in periphytic
biofilms in general appeared to have inhibitory effects on Mn accumulation.
Climatic conditions and nutrients in floodwater and soil affect the microorganisms,
thus indirectly affecting Mn accumulation in periphytic biofilms. This study
provides quantitative information on the extent to which microbial aggregates
modulate the biogeochemistry of Mn in paddy fields.

Graphical abstract
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Keywords: Periphytic biofilm; Mn bio-accumulation; Mn interception; Driving
factors; Accumulation mechanisms.
1. Introduction

Manganese (Mn) is one of the most abundant elements on the surface of the
Earth (Yu & Leadbetter, 2020). While it should be wary of that the Mn?* contents
widely fluctuate in soil, because Mn?* in soil with high content and fluctuation

would negatively affect the health of animals and even human via transformation
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and migration (Jalali & Hemati, 2013). Microorganisms can alter the chemical
forms of Mn via redox reactions and thus shift its biogeochemical cycle. Reduction
of Mn by microorganisms using energy harnessed from MnO, as electron acceptor
has been well documented (Henkel et al., 2019; Myers & Nealson, 1988), while the
growth of microorganisms being able to use Mn(Il) as electron donor and O, as
electron donor, though long hypothesized, was documented only recently (Yu &
Leadbetter, 2020). In nature, microorganisms generally grow in the form of
microbial aggregates (Guilhen et al.,, 2017; Kim & Lee, 2016), and the role of
microbial aggregates in the Mn cycle in the environment still needs to be established.
It remains unknown whether microbial aggregates exhibit unique collective
functions that are different from the way redox reactions of single microorganisms
affect the Mn cycle in nature.

Periphytic biofilms growing in paddy fields are typical microbial aggregates.
They grow ubiquitously like a lid on the interface between soil and floodwater
(Larned, 2010; Wu, 2016), and have been shown to play important roles in regulating
local N and P cycling, mainly via accumulation (Wu et al., 2016; Wu et al., 2018).
Analogously, this leads to the hypothesis that periphytic biofilms could accumulate
Mn, thereby potentially affecting efflux of Mn from paddy fields.

A periphytic biofilm is a mixture of prokaryotes and eukaryotes, with both the
prokaryotes and the eukaryotes embedded in a matrix of extracellular polymeric
substances (EPS) (Liu et al., 2019; Wu, 2016). Environmental factors (e.g. light

and temperature) (Trabelsi et al., 2009) and soil nutrients (Flemming & Wingender,
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2010; Freitas et al., 2017) shape its microbial community composition and
diversity, which in turn affect its functional roles (Liu et al., 2019). Thus,
analysis of the microbial composition of periphytic biofilms as shaped by different
environmental factors would contribute to elucidating the underlying
microbiological mechanisms by which periphytic biofilms fulfill their functional
roles. Additionally, as the main abiotic component of periphytic biofilm (Bellinger et
al., 2010; Sun et al., 2018a), EPS performs many functional roles such as adsorbing a
diverse range of cationic elements from the environment (Flemming, 2016). This is
due to EPS being rich in various negatively charged functional groups, such as
carboxyl, carbonyl, etc. (Sun et al., 2018a). Based on the electric charge
characteristics of EPS and Mn, this leads to a second hypothesis that EPS dominated
adsorption processes may be partly accounting for Mn accumulation by periphytic
biofilm.

To test the above hypotheses, we selected paddy fields located in the red soil
region of south China as the research areas to collect periphytic biofilms, soil and
floodwater samples. Soils in these areas are acidic (Dong et al., 2012), and the acidic
soil conditions (e.g. low pH and Eh) could induce the dissolution of insoluble
manganese oxides (MnQO,) into soluble Mn(I1) (Huang et al., 2015; Shao et al., 2017),
which increases the emigrate potential of Mn from the paddy soil to the adjacent
receiving rivulets. In the face of high fluctuation of Mn in paddy fields, periphytic

biofilm growing in such habitats is easier to show its response to Mn fluctuation.



Here we collected a total of 330 periphytic biofilm, corresponding paddy soil
and floodwater samples. We also conducted field experiments to assess the impacts of
periphytic biofilm on internal Mn behavior in paddy fields. The study answers the
following two questions: (1) Can periphytic biofilm affect Mn transport in paddy
fields via Mn accumulation? (2) What are the potential impact factors and
mechanisms accounting for Mn accumulation by periphytic biofilm?

2. Methods and materials
2.1 Research areas and sample collection

The present study focusses on paddy soils in south China, the “red soil” region,
where soils are acid, which enhances the availability and transferability of Mn. A
total of 11 rice planting areas were selected for sample collection (Fig. S1A).

Per rice planting area ten sampling sites were randomly chosen within a radius of
1 km, for a total of 110 sampling sites. At each sampling site one periphytic biofilm,
one corresponding paddy soil, and one floodwater sample were separately collected.
All the samples were collected within 7-15 d after rice seedlings had been
transplanted in 2018. Regarding sample collection, periphytic biofilm (about 50 g wet
weight) was softly scraped from the surface of the soil using a sterilized stainless-steel
knife, and visible clods were first removed and then washed several times with
running floodwater to remove adhering soil from the biofilm samples until the
effluent was no longer turbid. The washed biofilms were sealed in plastic sampling
bags (Fig. S1B). Simultaneously, 100 mL of floodwater was bottled and 50 g of

corresponding paddy soil from a depth of 0-20 cm (without periphytic biofilm) was

5



collected into sampling bags. All periphytic biofilm, soil, and floodwater samples
were transported to the laboratory on ice and then stored at -20 °C before analysis.
Additionally, the meteorological parameters (such as annual sunshine duration (h),
annual effective accumulated temperature (°C), and annual radiation intensity (MJ/m?),
etc) of the sampling areas were collected from the website:
http://data.cma.cn/site/index.html.
2.2 Field study

To verify the potential of periphytic biofilm to shift the biogeochemistry of Mn
in paddy fields, field experiments were carried out in Changshu, Jiangsu, China
(31.54°N, 120.63°E) in 2019. The biomass of periphytic biofilms in the experimental
and control fields was manipulated, and then the Mn contents of these paddy soils and
periphytic biofilms were quantified and compared. Specifically, two treatments were
set: 1) in the experimental field (600 m?), 2 kg of artificial carriers was employed after
rice transplanting to induce the growth of periphytic biofilm. The carriers consisted of
sodium alginate pellets containing WC medium (Sun et al., 2018a). During the
preparation of sodium alginate pellets, distilled water was replaced by same-volume
WC medium to dissolve sodium alginate, and then the pellets was prepared according
to a previously described method (Sun et al., 2016a; Sun et al., 2015a); 2) in the
control field (567 m?), no carrier was applied and the periphytic biofilm in the field
grew naturally. For both fields the transplanting date was 23 June 2019. Subsequently,
paddy soils of both the experimental and control fields were collected on 24 June, 4

July, 14 July, 24 July, 2 August, and 23 August; additionally, periphytic biofilm
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samples in both fields were collected on 4 July, 14 July, 24 July, 2 August, and 23
August. Mn contents in both the paddy soils and periphytic biofilm samples were
quantified.
2.3 Sample analysis

Mn and Ca contents in periphytic biofilms and soils (0.5g, dry weight) were
quantified using atomic absorption spectrometry with aqua regia digestion (Thermo
Scientific™ iCE™ 3000, MA, USA). Additionally, 0.5 g dry weight of each
periphytic biofilm/soil and 5 mL floodwater were digested by HNO3-H,O, in a
digestion oven (JKXZ06-8B, China) before being used to measure total N (TN), total
P (TP) contents in periphytic biofilm/soil; both TP and TN contents in biofilm, soil,
and floodwater were quantified using a flow analyzer (FS3700, Ol Analytical, USA).
Total organic carbon (TOC) in periphytic biofilm, floodwater and soil were
determined by the potassium dichromate method (Bao, 2005). EPS in periphytic
biofilm were extracted using a modified alkaline extraction method, and protein and
polysaccharide components were analyzed using the methods of a Bradford assay
with bovine serum albumin as standard (Bio-Rad) and phenol-sulfuric acid,
respectively (Sun et al., 2018a). The pH value of each floodwater sample was
measured using a pH meter (Mettler Toledo FE28, Switzerland). For each sampling
area, three samples were picked to analyze their microbial components, and the
average values of the relative abundance of both prokaryotes and eukaryotes were

calculated to summarize the microbial information of each sampling area.



2.4 16S and 18S rDNA gene amplicon sequencing and data analysis

To determine the microbial composition of periphytic biofilms, DNA was
extracted from periphytic biofilm (2 g, wet weight) using DNA extraction Kits
(MOBIO 12888-100, Carlshad, CA, USA). The contents and purities of the extracted
DNA were measured using the NanoDrop One (Thermo Fisher Scientific, MA, USA).
Then  primers 515F (5-GTGCCAGCMGCCGCGGTAA-3’)  and 907R
(5’-CCGTCAATTCMTTTRAGTTT-3") and 528F
(5’-GCGGTAATTCCAGCTCCAA-3’) and 706R
(5’-AATCCRAGAATTTCACCTCT-3") were respectively used for detecting the
prokaryotes and eukaryotes diversities in periphytic biofilms using the HiSeq 2500
platform. Quality filtering on the raw reads were performed under specific filtering
conditions to obtain the high-quality clean reads according to the Cutadapt (V1.9.1,
http://cutadapt.readthedocs.io/en/stable/) quality control process. To detect and
remove chimera sequences and finally obtained clean reads, the reads were compared
with the reference database using UCHIME algorithm. Sequences analysis were
performed by UPARSE software, of which sequences with >97% similarity were
assigned to the same OTUs. Microbial sequences were then deposited into the NCBI
databases with the accession number PRINA543163.
2.5 Statistical analyses

All the statistical procedures were conducted with SPSS 16.0 software (SPSS
Inc., Chicago, USA). The impact factors and mechanism for Mn accumulation by

periphytic biofilm from the aspects of EPS components, environmental factors
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(sunshine duration, effective accumulated temperature, and radiation intensity),
nutrients in soil (TOC, TN, and TP) and floodwater (TOC, TN, TP, and pH) were
analyzed using regression analysis. To explore the relationship of microbial
compositions of periphytic biofilms with their Mn contents, a correlation matrix,
running in R using the ‘psych’ package, was generated, and then the interaction
network between prokaryotes, eukaryotes and Mn content in periphytic biofilm was
analyzed and visualized using the software Gephi 0.9.2 (France). Partial Least
Squares Path Modeling (PLS-PM) (Wang et al., 2016) was employed to illustrate the
direct and indirect effects of prokaryotes, eukaryotes, and EPS on Mn accumulation in
periphytic biofilm. PLS-PM was also employed to analyze how climate conditions,
nutrients in soil and floodwater indirectly affect the microbial composition, EPS
component, and Mn content in periphytic biofilm. PLS-PM were plotted using R
Studio software. Figures were prepared using Origin 8.5 software (Origin Lab Inc.,
Massachusetts, USA). The prokaryotic and eukaryotic components of periphytic
biofilms were presented as Heatmaps, and the composition of Mn oxidizing bacteria
in periphytic biofilm was visualized via Circos software (http://circos.ca/).
3. Results
3.1 Mn accumulated in periphytic biofilm and its effect on Mn behavior in paddy soil
The Mn contents in periphytic biofilms collected in the tested rice planting areas
varied significantly, from 107 to 1831 mg/kg, with average values ranging from 76 +
38 to 797 + 271 mg/kg (Fig. 1). The Mn contents in the corresponding paddy soils

varied from 77 to 673 mg/kg, with average values ranging from 90 + 9 to 376 + 32
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mg/kg. In all cases Mn content in periphytic biofilm was several folds (1.1-4.5) higher
than that in the corresponding paddy soil (p<0.05, Fig. 1). The results verified the first
hypothesis, that periphytic biofilms have excellent potential in accumulating Mn,
which shows their potential to shift Mn biogeochemistry in paddy fields.

Following up on these field observations, we then performed a field experiment
to verify and confirm the Mn accumulation potential of periphytic biofilms. Mn
contents in periphytic biofilms collected from the control field were in the range of
328 to 560 mg/kg, with an average of 33772 mg/kg. Mn contents in the soils of the
control fields were in the range of 266 to 330 mg/kg, with an average of 291 + 18
mg/kg (Fig. 2). Mn contents in periphytic biofilms of the control field was 1.2 folds
higher than in the corresponding soils (p<0.05). The results verified and confirmed the
excellent Mn accumulation capacity of periphytic biofilms.

The Mn contents of the periphytic biofilms in the experimental field, were in the
range of 337 to 649 mg/kg, with an average of 465 + 112 mg/kg (Fig. 2), while Mn
contents in the corresponding soils were in the range of 278 to 339 mg/kg, with an
average of 312 18 mg/kg (Fig. 2). Mn content in periphytic biofilms of the
experimental field was 1.5 folds higher than in the corresponding soil (p<0.05). These
results once again illustrate the high Mn accumulation capacity of periphytic biofilm.

Finally, special attention was paid to the Mn contents in soils of control and
experimental fields to explore the effect of Mn accumulation on Mn behavior in
paddy soil. The average Mn content of the experimental field (312 £18 mg/kg) was

higher than that of the control field (291 + 18 mg/kg) (p<0.05, Fig. 2). The pattern
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suggests that increasing the biomass of periphytic biofilm in paddy field enhanced the
Mn content in the paddy soil, thus proving that the effect of periphytic biofilm
accumulating Mn is intercepting Mn emigration from paddy soils. These results
indicated that periphytic biofilm intercepts Mn emigration from paddy soils via
accumulating Mn, shifting the biogeochemical cycle of Mn in such paddy fields.

3.2 Core community and Mn oxidizing bacteria in the periphytic biofilms

There were huge differences in microbial composition, at genus level, between
periphytic biofilms collected from the selected rice planting areas (Fig. 3A). The core
prokaryotic community (the most dominant genera) in each periphytic biofilm from
the 11 sampling areas of TS, RH, QZ, NP, NB, HZ, CZ, YY, JZ, YC, and JJ were
Pirellula (36.37%), Planktothrix_NIVA-CYA 15 (20.20%), Acinetobacter (19.00%),
Acinetobacter (21.37%), Dinghuibacter (7.66%), Massilia (5.75%), Flavobacterium
(12.59%), Proteiniclasticum (13.33%), Flavobacterium (1.86%), Flavobacterium
(15.44%), and Bacteroides (25.65%), respectively. Some of the organisms that were
highly abundant in some biofilms were many folds lower in other biofilms and vice
versa (Fig. 3A).

The core eukaryotic community in each periphytic biofilm consisted of
Characiopodium (67.13%) in TS, Aporcelaimellus (24.30%) in RH, Desmodesmus
(19.28%) in QZ, Chlorotetraedron (4.00%) in NP, Paratripyla (15.30%) in NB,
Chlorotetraedron (16.44%) in HZ, Heteromita (13.85%) in CZ, Aporcelaimellus
(12.45%) in YY, Pythium (6.12%) in JZ, Nassarius (10.63%) in YC, and Peltodytes
(11.70%) in JJ (Fig. 3B).
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Blasting the known Mn oxidizing bacteria against the bacteria in the periphytic
biofilms, showed that there is a wide variety of known Mn oxidizing bacteria in
periphytic biofilms (Fig. 3C). Given the abundance of Mn oxidizing bacteria in these
periphytic biofilms, it can be concluded that periphytic biofilm is a habitat for Mn(l11)
oxidizers, and this suggests that Mn oxidizing bacteria in periphytic biofilm may have
contributed to Mn accumulation via the formation of insoluble manganese oxides that
precipitated in the biofilm.

3.3 Mechanisms underlying Mn accumulation in periphytic biofilm

Partial Least Squares Path Modeling (PLS-PM) was conducted to illustrate the
direct and indirect effects of microorganisms, EPS, nutrients in soil and floodwater,
and climatic conditions on Mn accumulation in periphytic biofilms (Fig. 4). The
overall effects (including direct and indirect effects) of prokaryotes and eukaryotes on
Mn accumulation in periphytic biofilm are -0.25 and -0.60 (Fig. 4), respectively. The
results suggest that microorganisms in periphytic biofilms may overall decrease Mn
accumulation in periphytic biofilm. The EPS component in periphytic biofilm on the
other hand showed a large and positive direct effect on Mn content (path
coefficient=0.78), suggesting that EPS-dominated adsorption may be the main
mechanism behind Mn accumulation in periphytic biofilm.

Besides the direct effects, factors such as climatic factors and nutrients in paddy
soil and floodwater indirectly affect the Mn accumulation by affecting the microbial
composition in periphytic biofilm (Fig. 4). Combining their direct and indirect effects,

the overall effects of climatic factors and nutrients in paddy soil and floodwater on
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Mn accumulation in periphytic biofilm are respectively -0.22, -0.22, and 0.14.
3.4 Impact factors driving Mn accumulation in periphytic biofilm

We further analyzed the separate effect of each potential impact factor on Mn
accumulation to verify the results of PLS-PM. As the co-occurrence patterns between
prokaryotes, eukaryotes and the Mn contents in periphytic biofilms indicated, among
the nine genera of prokaryotes that are significantly co-correlated with Mn contents in
periphytic biofilms, eight of them showed negative correlations (r<0, p<0.05, Fig. 5),
and only one genus, Pseudomonas spp. (r=0.687, p=0.019, Fig. 5), showed a positive
correlation with Mn accumulation. For eukaryotes, all three genera that significantly
correlated with Mn contents in periphytic biofilms showed negative correlations (r<0,
p<0.05, Fig. 5). Notably, there were more negative than positive correlations in the
network for both prokaryotes and eukaryotes with the Mn content. Integrating the
effect of prokaryotes and eukaryotes, the total effect of microorganisms on Mn
accumulation appears be negative (Fig. 5), which echoes the results of PLS-PM.

Once the roles of biotic components in periphytic biofilm in facilitating Mn
accumulation had been excluded, we then focused on the effect of the main abiotic
component, EPS, on Mn accumulation. EPS content was positively correlated with
the Mn content of the periphytic biofilm (r=0.265, p=0.006, Fig. 6A), suggesting that
EPS contributes to Mn accumulation in periphytic biofilm. EPS contributing to Mn
accumulation may be related to its protein components, which was found to be
positively correlated with Mn accumulation (r=0.320, p=0.001, Fig. 6A). These

results verified the second hypothesis that EPS dominated adsorption may be the
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underlying mechanism accounting for Mn accumulation by periphytic biofilm.

pH in floodwater had a significantly negative correlation with Mn content in
periphytic biofilm (r=-0.349, p<0.001, Fig. 6B), while the Ca and phosphorus (Fig.
6B) content of the periphytic biofilm were positively correlated with its Mn content,
indicating a possibility that the more Mn accumulated in periphytic biofilms, the more
Ca and TP contents in periphytic biofilms.
4. Discussion

The acidic and flooded conditions of the paddy fields in the red soil region imply
that soluble Mn in these environments can easily reach high levels and has high risk
of emigration (Shao et al., 2017). Fortunately, and similar to their roles in
accumulating nutrients and metals (Wu et al., 2016; Wu et al., 2018; Yang et al., 2016),
the ubiquitous periphytic biofilms (Wu, 2016) in paddy fields have the capability to
accumulate Mn from paddy soil. As a result, Mn accumulation by periphytic biofilm
intercepts the emigration of Mn from soil into adjacent ecosystems (c.f. Fig. 1C)

(Reddy et al., 2013), thereby shifting the biogeochemical cycle of Mn in paddy fields.

Previous studies mainly focused on the effects of laboratory-cultured single
bacteria, such as Pseudomonas putida GB-1 (Parikh & Chorover, 2005), Chara
braunii (Amirnia et al., 2019), Acremonium-like hyphomycete fungus KR21-2 (Tani
et al., 2004a), etc., on the chemical forms of Mn. In the present study, the role of
microbial aggregates in the Mn cycle in paddy fields was well established. Single

bacterium modulates Mn forms by promoting the formation of Mn oxides, while
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periphytic biofilms affect the biogeochemical cycling of Mn in nature via a collective
function of Mn accumulation. However, it still needs further exploration whether
microorganisms in periphytic biofilms regulate Mn cycling as laboratory-cultured
single ones.

Periphytic biofilm is a microbial aggregate (Sun et al., 2018b; Wu et al., 2016),
and microorganisms could directly modulate the biogeochemistry of Mn (Henkel et
al., 2019; Myers & Nealson, 1988). However, in the periphytic biofilms, only one
genus of Pseudomonas spp. showed significant positive correlation with Mn
accumulation, this may be due to that some bacteria (e.g. Pseudomonas putida GB-1)
belonging to Pseudomonas spp. are manganese oxidizing bacteria (Andy et al., 2013).
Manganese oxidizing bacteria affect the forms of Mn mainly by accelerating the
process of Mn(Il) oxidation and promoting the formation of Mn oxides (Parikh &
Chorover, 2005; Tani et al., 2004a). The resulting Mn oxides will precipitate in the
biofilm, which leads to the enrichment of Mn in biofilm. The formation of Mn oxides
in biofilm has a deeper influence, that is, the Mn oxides would affect the
environmental fate of other elements through co-precipitation and adsorption
reactions (Nelson et al., 2002; Tani et al., 2004b). In contrast, most of non-Mn
oxidizing bacteria in periphytic biofilm act negatively to Mn accumulation. Thus, the
overall effect of microorganisms is against Mn accumulation in periphytic biofilm.

Having ruled out the roles of microorganisms in facilitating Mn accumulation,
we then focused on the effect of EPS, which is an abundant abiotic component in

periphytic biofilm (Sun et al., 2018a), on Mn accumulation to seek the underlying
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Mn accumulation mechanism. Both the results of regression analysis and PLS-PM
suggest that EPS-mediated, especially protein-mediated, adsorption may be the
main mechanism for Mn accumulation in periphytic biofilm. This is because EPS is
rich in negatively charged groups such as carboxyl and carbonyl, and these functional
groups are expected to contribute to the complexation reaction between the negative
charged EPS (Sun et al., 2016b; Sun et al., 2015b) and positive charged Mn ions. By
contrast, climatic factors showed indirect effects on the Mn accumulation by
periphytic biofilms (c.f. Fig. 4). This is because EPS-mediated adsorption accounts
for Mn accumulation by periphytic biofilms, and the contents and components of
EPS in microbial aggregates are sensitive to the climatic factors defining the local
habitat such as light and temperature (Trabelsi et al., 2009; Wang et al., 2009).
Additionally, being similar to the effect of pH on Mn content in soil (Barber, 1995),
pH in floodwater also affects the forms and transferability of Mn (Brown et al., 2019),
it is then affect Mn accumulation in periphytic biofilm. Furthermore, periphytic
biofilm could capture Ca and P (Li et al., 2017; Liu et al., 2019), and the accumulation
of Mn enhances the capture of Ca and P by periphytic biofilms (Peng et al., 2019).
This is due to Mn accumulation by microbes is a process of the formation of Mn
oxides (Amirnia et al., 2019; Peng et al., 2019), and the biogenic Mn oxides could
offer extra binding sites for a variety of elements such as uranium, cadmium,
hydrogen, arsenic, et al., (Parikh & Chorover, 2005; Ren et al., 2020; Yu et al., 2013).
In conclusion, the present study suggests the biogeochemical implications of

periphytic biofilm accumulating Mn: periphytic biofilm based in situ Mn interception
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techniques in paddy fields can be developed to prevent Mn emigration from paddy
soil. Based on our results of driving forces behind Mn accumulation by periphytic
biofilm, we propose the in-situ Mn interception technique based on the following two
approaches:

1) Bio-manipulation. We have confirmed that EPS, especially the protein
components, are the main factors enhancing the Mn content in periphytic biofilm, thus
techniques could be developed to stimulate the secretion of protein-rich EPS by
periphytic biofilm; in addition, it found that some microorganisms belonging to
Pseudomonas spp. showed a positive effect on Mn accumulation, thus the technique
of bio-manipulation could be employed to enhance the abundance of such
microorganisms which contribute to Mn accumulation;

2) Bio-design, that is artificial cultivation of periphytic biofilm. Based on the
results, manganese oxidizing bacteria and EPS-producers can be directly added or
stimulated to enhance the EPS content of the biofilm. For instance, certain
microorganisms belonging to Pseudomonas spp., which are not only manganese
oxidizing bacteria (Andy et al., 2013) but also EPS-producers (Boyle et al., 2013;
Cristina et al., 2002), could be added during the process of artificial culture of the
biofilm, and thereafter, the cultured biofilm can be applied into paddy fields to
intercept the movement of Mn from soil to floodwater, and our unpublished data has
shown that using artificially cultured biofilm is feasible and efficient in intercepting P
loss from paddy fields. In short, it is expected that the findings of periphytic biofilm

accumulating Mn will provide a new perspective of the role of periphytic biofilm in
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modulating the biogeochemical cycle of Mn in paddy fields, and a basis/framework
for developing a technique of periphytic biofilm based in-situ Mn interception in
paddy fields.
5. Conclusion

Periphytic biofilms growing in paddy fields in the red soil region of south
China showed excellent Mn accumulation potential, and via this way, periphytic
biofilms shift the behavior of Mn in paddy fields. Field experiments were conducted
to verify the Mn accumulation potential, and found that the more biofilm in paddy
fields, the higher Mn in the paddy soils, proving the potential of periphytic biofilm
in intercepting Mn movement. Extracellular polymeric substances-mediated
adsorption was the main mechanism behind Mn accumulation by periphytic biofilm.
Microorganisms in general appeared to show negative effects on Mn accumulation
in periphytic biofilms. Climatic conditions, and nutrients in floodwater and soil
impact the microbial composition, thus indirectly affect Mn accumulation in
periphytic biofilms. This study provides valuable information on how and why could
microbial aggregates modulate the biogeochemistry of Mn in paddy fields.
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Figure 1 The Mn contents in the paddy biofilms and the corresponding soils in the 11
sampling areas. The sampling areas are: TS: Taishan, RH: Renhua, QZ: Quanzhou,
NP: Nanping, NB: Ningbo, HZ: Hangzhou, CZ: Chizhou, YY: Yueyang, JZ: Jingzhou,
YC: Yichang, JJ: Jiujiang. The letter ‘B’ on horizontal axis represents Mn contents in

periphytic biofilms, while ‘S’ on horizontal axis represents Mn contents in paddy

soils.
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Figure 2 The Mn contents in periphytic biofilms and the corresponding soils collected
from the experimental and control fields during the field experiment. Control-Soil,
Control-Biofilm, Experiment-Soil, and Experiment-Biofilm represent Mn contents in
the soil and biofilm samples collected from control field, and soil and biofilm samples

collected from experimental field, respectively.
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Figure 3 Distribution of core prokaryotes (A) and eukaryotes (B) in periphytic
biofilm, and the distribution of the top 10 most abundant Mn oxidizing bacteria in
individual periphytic biofilms (C). Each column in (A) and (B) is labeled with the
sample name, and each row depicts the results from a single microorganism with the
highest abundance at genus level in the top 30. The scale of -3 to 3 is Z score. The
length of the bars on the outer-ring in (C) represents their percentages in each sample.
TS: Taishan, RH: Renhua, QZ: Quanzhou, NP: Nanping, NB: Ningbo, HZ: Hangzhou,

CZ: Chizhou, YY: Yueyang, JZ: Jingzhou, YC: Yichang, JJ: Jiujiang.
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Figure 4 The effects of nutrients in soil and floodwater, climatic conditions, and the

relative abundances of prokaryotes and eukaryotes on Mn contents in periphytic
biofilms analyzed using Partial Least Squares Path Modeling (PLS-PM). Blue
arrows indicate positive effects, while red arrows indicate negative effects. The
width of the line indicates the strength of the effect: the thicker the line, the stronger

the effect.
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Figure 5 Interaction network between prokaryotes, eukaryotes and Mn contents in
periphytic biofilms. The co-occurring networks are colored by genera. The size of
each node is proportional to the number of connections (that is, degree), and the
thickness of each connection between two nodes (that is, edge) is proportional to the

value of Spearman’s correlation coefficients. A blue edge indicates a positive
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interaction between two individual nodes, while a red edge indicates a negative
interaction. The blue nodes are prokaryotes, while the red nodes are eukaryotes and

the green node is Mn content.
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Figure 6 Regression analysis of EPS and protein in periphytic biofilm (g/kg) versus
Mn content (mg/kg) in periphytic biofilm (A), and pH in floodwater, Ca content in
periphytic biofilm, and the content of total phosphorus in periphytic biofilm (g/kg)

versus Mn content (mg/kg) in periphytic biofilm (B).

Credit authorship contribution statement

Pengfei Sun: Methodology, Writing - original draft. Mengning Gao:

Methodology. Rui Sun: Methodology. Yonghong Wu' Supervision, Conceptualization,

Writing review & editing. Jan Dolfing: Writing review & editing.

27



Declaration of interests

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

CIThe authors declare the following financial interests/personal relationships which may be
considered as potential competing interests:

Highlights

Periphytic biofilm has excellent Mn accumulation and interception potentials.

EPS dominated adsorption is the mechanism behind Mn accumulation in periphytic
biofilm.

Ca and P in periphytic biofilm enhance the accumulation of Mn.

Microbes in general show negative effects on Mn accumulation in periphytic biofilms
Environmental factors affect Mn accumulation by affecting microbes in periphytic
biofilms.
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