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Abstract
Background: Extracellular polymeric substances (EPS) are the glue that holds periphytic biofilms together.
However, little is known about the chemical composition of the EPS and whether and if so how these
components vary over different geographic regions. Therefore, we collected a large series of periphytic
biofilms from paddy fields in different geographic regions to study the content, geographical distribution,
and potential ecological function of EPS in periphytic biofilms, as well as the function of microbial
components on EPS in periphytic biofilm.

Results: EPS accounted for 1.3-2.9% of the total biomass of periphytic biofilms, while the protein content
in periphytic biofilm was 1.8 to 20 times higher than that of the polysaccharides. The geographical
distribution of EPS in periphytic biofilms follows the typical latitudinal diversity gradient theory: EPS
contents decreased with increasing latitudes, but the ratio of protein to polysaccharide in periphytic
biofilms showed the opposite trend. Physical geography characteristics, including temperature and light,
are the principal forces driving the geographical distribution of EPS in periphytic biofilms, affecting their
microbial composition. Prokaryotes in periphytic biofilm negatively affect the EPS content in periphytic
biofilm, suggesting that prokaryotes may function as EPS consumers, while eukaryotes may be EPS
producers, because they positively affect the EPS content in periphytic biofilm. Functionally, EPS
components contribute to N and P accumulation in periphytic biofilms, as well as enhance the total
organic carbon content in periphytic biofilm.

Conclusion: These analyses provide invaluable information on the biogeochemistry of EPS in periphytic
biofilms and their potential role in modulating nutrient cycles in paddy fields.

Background
Microorganisms in biofilms comprise of a complete food chain including producers, consumers and
decomposers [1], and live in their own micro-environment supported by a self-produced matrix of
extracellular polymeric substances (EPS) [2, 3]. EPS fuctions as the skeleton of the biofilm, nutrients
source, and protective barrier for the microorganisms in biofilms[4]. EPS originating from single
organisms has been well studied [4, 5], while in contrast, our understanding of the EPS in biofilms of
complex communities, such as those growing in paddy fields, is far from complete [5].

Analogous to natural biofilms growing in natural aquatic ecosystems (e.g. stream, wetlands, and rivers,
etc.) [6], periphytic biofilms growing in paddy fields are important due to their potential significance for
both agronomy and environmental protection [7]. However, the study of periphytic biofilms is still in its
infancy due to periphytic biofilms have been chronically ignored by both agronomists and ecologists.
Most of the recent studies on periphytic biofilms have focused on the relationship between their microbial
composition and their ecological functions [7, 8], while the all-important abiotic composition of the
periphytic biofilm, specifically the EPS component, has received only limited attention.
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Empirically, we can infer that EPS are most likely a main abiotic components in periphytic biofilms. This
inference is based on knowledge of biofilms (periphyton) growing in aquatic ecosystems [2], however, the
entirely different survival environment, and the availability of nutrients imply that the microbial
composition, content and components of EPS may vary greatly between biofilms grown in man-made
paddy fields and those grown in natural aquatic ecosystems [2]. Thus a study on the content,
components, and driving forces for the geographical distribution of EPS in periphytic biofilms, as well as
their potential function (environmental and agronomic effects) in periphytic biofilms has been long
overdue.

Therefore, we collected a total of 200 periphytic biofilm samples at nationwide scale (from south to
northeast China with geographical regions varying from 22°25′ N to 47°16′ N) from China’s paddy fields
in 2018 to address the following questions: 1) What are the content and composition of EPS in periphytic
biofilms? 2) Are there geographical differences between the EPS in periphytic biofilm, and if any, what are
the driving forces for the geographical distribution? 3) How do the biotic components affect the abiotic
components in biofilm? And 4) What are the potential ecological roles of EPS in periphytic biofilm?

Results

The contents, components and geographical distribution of
EPS in biofilms
EPS contents (dry weight) in periphytic biofilm varied from 1.28–2.88% of the total biofilm mass
(Fig. 1a). On average, EPS accounted for 1.9% of the biomass of periphytic biofilm, which provides a
direct evidence that that EPS is an important abiotic component in periphytic biofilms. In periphytic
biofilms, the contents of protein are much larger than the contents of polysaccharides (Fig. 1b), and the
ratio of protein to polysaccharide varied from 1.8 to 20 (Fig. 1a), with an average value of 5.4.

Here, we employed the latitudinal diversity gradient (LDG) theory to evaluate the geographical distribution
pattern of EPS content in periphytic biofilm. We found that EPS content in periphytic biofilm decreased
significantly with increasing latitude (r = 0.3294, p < 0.0001, red line in Fig. 2). In addition, we found that
the ratio of protein to polysaccharide in periphytic biofilm increased significantly with the increasing
latitudes (r = 0.2742, p = 0.0005, blue line in Fig. 2). The results showed that both the EPS content and the
ratio of protein to polysaccharide in periphytic biofilm have significant geographical distribution
characteristics, namely, the higher the latitude at which a periphytic biofilm grows, the lower its EPS
content, and the higher its ratio of protein to polysaccharide.

Driving forces for the geographical distribution of EPS in
biofilm
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Partial Least Squares Path Modeling (PLS-PM) was employed to synthesize the data and analyze the
forces driving the geographical distribution of EPS in periphytic biofilm focusing on climate, paddy soil
composition, and floodwater characteristics. Microbes are the primary executors changing the
component and content of EPS in periphytic biofilm [13], all the other factors such as climate, paddy soil,
and floodwater are secondary: they affect the microbial components first, and (thus) only indirectly affect
the geographical distribution pattern of EPS in periphytic biofilm (Fig. 3). The total effect of climate on
eukaryotes and prokaryotes is 0.55 and 0.69, respectively. While the total effects of paddy soil on
eukaryotes and prokaryotes are respectively 0.28 and 0.19, and the total effects of floodwater on
eukaryotes and prokaryotes are 0.45 and 0.40, respectively (Fig. 3). Combined their direct and indirect
effect on microbial composition together, the total effect of climate, soil and floodwater on the
geographical distribution of EPS are − 0.41, -0.11, and − 0.23, respectively. By contrast, the total
contribution of these three factors on the microbial components which in turn shift the geographical
distribution of EPS is in the following order: Climate > floodwater > paddy soil. Thus we can conclude that
climate factors are the principle forces driving the geographical distribution of EPS in periphytic biofilm.
Among the analyzed climate factors, both sunshine duration (path coefficient = 0.91) and radiation
intensity (path coefficient = 0.63) showed positive effect (Fig. 3). Additionally, the factor of effective
accumulated temperature (EAT) showed significantly negative effect (path coefficient= -0.92, Fig. 3) on
the geographical distribution of EPS in periphytic biofilm. These patterns suggest a role for physical
geography in determining the geographical distribution of EPS in periphytic biofilm.

Microbes in periphytic biofilm had direct effect on the EPS composition. PLS-PM analysis showed that
prokaryotes in periphytic biofilms exerted a negative effect (path coefficient=-0.63, Fig. 3) on EPS
production by periphytic biofilm, suggesting that prokaryotes in periphytic biofilm may function as the
main EPS consumer. While eukaryotes on the other hand exerted a positive effect (path coefficient = 0.46,
Fig. 3), implying that eukaryotes may be producers of EPS in periphytic biofilms.

In our periphytic biofilm samples, a total of 130 genera of prokaryotes belonging to 16 phyla and 145
genera of eukaryotes belonging to 23 phyla were found. This indicates that a wide diversity of both
prokaryotes and eukaryotes are present in periphytic biofilms, and that eukaryotes are slightly more
varied than prokaryotes. For eukaryotes, Aporcelaimellus, Paratripyla, Characiopodium, Heteromita,
Desmodesmus, Chlorotetraedron, Rhabdolaimus, Halteria, Pythium, and Chaetomium are the genera most
frequently present in the individual top 10 of most abundant genera in a specific periphytic biofilm
(Fig. 4a); while for prokaryotes the corresponding top 10 genera are Flavobacterium, Acinetobacter,
Pirellula, Dinghuibacter, Massilia, UTCFX1, Bacteroides, Luteolibacter, Clostridium_sensu_stricto_13, and
Proteiniclasticum (Fig. 4b).

Both prokaryotes and eukaryotes are significantly related to EPS content in periphytic biofilm (Fig. 5).
Most of the prokaryotes in biofilm, except for a few bacteria (e.g. Azospira, Dechloromonas,
Paludibacterium, Phreatobacter, Prevotella), had negative correlation with the EPS content. On the
contrary, most of eukaryotes, except for Rhogostoma, in periphytic biofilm showed significantly positive
correlation with the EPS in periphytic biofilm. In summary, the correlation analysis results (c.f. Figure 5)
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echo the results of eukaryotes showing a positive effect on EPS in periphytic biofilm while prokaryotes
show the opposite roles (c.f. Figure 3). The correlation analysis results further support our speculation
that eukaryotes are possibly EPS producers in periphytic biofilm, while prokaryotes may act as EPS
consumers.

Furthermore, we found that EPS in periphytic biofilm was significantly affected by the availability of
nutrients such as phosphorus in paddy soil (r=-0.155, p = 0.03, Fig. 6a) and NH4

+-N in floodwater (r = 
0.175, p = 0.017, Fig. 6b).

Potential environmental and agronomic effects of EPS in
periphytic biofilms
As periphytic biofilm grows in paddy fields, we thus pay close attention to their possible roles in
regulating nutrients (C, N, and P) cycling in paddy fields. Herein, we found that periphytic biofilm showed
great potential in nutrients accumulating (Fig. 7a), and the concentration of TN (r = 0.372, p < 0.001, green
line in Fig. 7b) and TP (r = 0.272, p < 0.001, red line in Fig. 7b) in periphytic biofilm were significantly
related to the EPS composition, which may partly explain why periphytic biofilm could accumulate plenty
of N and P. In other words, EPS contribute to assisting periphytic biofilm accumulating N and P, thus
shifting the biogeochemical cycling of N and P in paddy fields. For the environmental effect, periphytic
biofilm accumulating N and P increases the retention time of N and P in paddy fields and then prevents N
and P loss from paddy fields in runoff [14].

Additionally, we found that EPS in periphytic biofilm also showed significantly positive correlation with
TOC in periphytic biofilm (r = 0.302, p < 0.001, Fig. 7b). The results suggest that EPS from periphytic
biofilms may be a source of TOC in paddy soils, and then improve the fertility of paddy soils, which is the
agronomic effect of EPS in periphytic biofilm. In summary, we revealed two novel ecological functions of
EPS in periphytic biofilms: 1) EPS in periphytic biofilms contributes to accumulating N and P and then
decreasing the loss of nutrients from paddy fields; 2) EPS in periphytic biofilms helps to improve the TOC
levels and hence the fertility of paddy soils.

Discussion
EPS are considered as the skeleton of biofilms, exerting important ecological functions [15]. However, we
know very little about the EPS component in periphytic biofilms. Herein, we quantitated, for the first time,
the EPS contents (dry weight) in periphytic biofilm, providing a direct evidence for EPS being an important
component in periphytic biofilm. For the component of EPS, in most EPS, polysaccharides are the most
abundant component [16, 17], while for EPS in periphytic biofilms the opposite is the case (Fig. 1b). The
growth environment of periphytic biofilm would affect its EPS composition, and in paddy fields, the low
ratio of carbon to nitrogen would result in the high ratio of protein to polysaccharide in EPS of periphytic
biofilm [18, 19], which was verfied by our results of C/N in paddy soil showing negative effect on the ratio
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of protein to polysaccharide in periphytic biofilm (Supplementary Fig. S1). The LDG theory is usually
applied to evaluate microbial geographical distribution patterns [11, 20], here we found that the LDG
theory can also be employed to evaluate the EPS geographical distribution patterns in periphytic biofilm.

Microbes are the primary executors changing the component and content of EPS in periphytic biofilm
[13]. Prokaryotes in periphytic biofilms exerted a negative effect on EPS production by periphytic biofilm.
This may be due to, although some bacteria such as prokaryotic bacteria and algae can produce EPS [13,
26, 27], most prokaryotes in periphytic biofilm consuming EPS as their carbon or energy sources[21, 22],
and the effect of prokaryotes consuming EPS may be larger than that of prokaryotes producing EPS, the
overall effect of prokaryotes on EPS in periphytic biofilm thus is negative. Based on the positive effect of
eukaryotes on EPS production by periphytic biofilm, which suggests that eukaryotes may be producers of
EPS in periphytic biofilms [23, 24]. The reasoning that because prokaryotes negatively affect the EPS
content in periphytic biofilm, someone else needs to produce the EPS to maintain the micro-environment
they growing; thus it must be the eukaryotes.

Climatic factors, including temperature and light, principally drive the geographical distribution of both
the EPS content and the ratio of protein to polysaccharide in periphytic biofilm. Theoretically, the lower
the latitude, the longer the sunshine duration and the higher the radiation intensity. The higher lighting
intensity and duration, the more production of EPS [25]. Additionally, being well corresponded to the
previous findings [26, 27], the EAT showed significantly negative effect on the geographical distribution of
EPS in periphytic biofilm. This is because EPS play important roles in protecting microbes in biofilm
against adverse environment [4], microbes in biofilm would secret more EPS to help them resist stress
posed by low temperatures [28]. The scarcity of resources (e.g. nutrients) affects the biomass of
microbes such as fungi and bacteria [29], and this in turn, nutrients in paddy fields would affect the EPS
content in periphytic biofilm. Both N and P are essential for the growth of periphytic biofilm [30], while the
high concentration of P in paddy soil is expected to negatively affect the production of EPS [31]. The
positive correlation of NH4

+-N in floodwater with EPS content in periphytic biofilm suggests that high

NH4
+-N in floodwater stimulates EPS production by periphytic biofilm [32].

Ecologically, the high protein content in EPS could contribute to protecting microbes in periphytic biofilm
against adverse growth conditions such as water stress, heavy metals, pesticides, and insecticides [4, 33,
34]. In the present study, we found two new ecological function of EPS in periphytic biofilm, for the first
one of EPS assisting N and P accumulation by periphytic biofilm, this is because EPS has abundant
functional groups such as carboxyl, carbonyl, etc. [9], providing various binding sites for N and P, thus
facilitating the accumulation of N and P by periphytic biofilm. For the second one, as proteins and
polysaccharides being the main components of EPS [4], EPS in periphytic biofilms may be a source of
TOC in paddy soils, and then expects to improve the fertility of paddy soils [5]. In summary, the
environmental and agronomic effects of EPS in paddy fields show: 1) the potential in decreasing
nutrients loss, via facilitating the accumulation of N and P by periphytic biofilm, from paddy fields, and 2)
the periphytic biofilm with high content of EPS expects to improve the TOC levels and hence the fertility
of paddy soils.
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Conclusion
EPS is an important abiotic component in periphytic biofilm, accounting for 1.3–2.9% of the total
biomass of periphytic biofilms. Its protein content is 1.8 to 20 times higher than that of the
polysaccharides. Prokaryotes appear to function as the main EPS consumers, while eukaryotes are
suggested to be EPS producers. Functionally, in addition to enhancing the total organic carbon content in
periphytic biofilms EPS components also contribute to N and P accumulation in periphytic biofilms. Our
results provide invaluable information on the biogeochemistry of EPS in periphytic biofilms and their
potential role in modulating nutrient cycles in paddy fields.

Methods And Materials

Sampling areas description and samples collection
Periphytic biofilm, paddy soil and floodwater samples were collected individually from a series of paddy
fields in different geographical regions of China, ranging from 22°25′ N to 47°16′ N (Fig. 8A). The paddy
fields sampled covered the main rice planting areas in northeast, central, and south China. All samples
were collected 7–15 days after the transplanting in 2018. In total, twenty sampling areas were selected
(Fig. 8A); per sampling area ten sampling sites were randomly chosen within a radius of 10 km; one
periphytic biofilm, one corresponding paddy soil, and one floodwater sample were separately collected
per sampling site. Thus, 200 periphytic biofilm, 200 paddy soil, and 200 floodwater samples were
collected from the twenty sampling areas. Climate data (SD (h), RI (MJ/m2), and EAT (oC)) of each
sampling areas were retrieved from the website: http://data.cma.cn/site/index.html.

Regarding sample collection, about 50 g wet periphytic biofilm was collected per sampling site by
scraping biofilm from the surface of paddy fields, and then the biofilm samples were washed in
floodwater for 5 times to remove soil from the biofilm before being putting into sampling bags (Fig. 8B).
Meanwhile, 100 mL of corresponding floodwater was bottled, and 100 g of the paddy soil (0–20 cm
without periphytic biofilm) was collected. All the samples were transported on ice to the laboratory for
further study.

Samples Analyses
The extraction and analysis of EPS (including polysaccharide and protein) in periphytic biofilm followed
our previous method [9]. 0.5 g dry weight of each periphytic biofilm/soil and 5 mL floodwater were first
digested by HNO3-H2O2 in a digestion oven (JKXZ06-8B, China) before being used to measure TN and TP;
both TN and TP were quantified using a flow analyzer (FS3700, OI Analytical, USA). Determination of
TOC in soils was by potassium dichromate method [10]. The pH value of each floodwater sample was
measured using a pH meter (Mettler Toledo FE28, Switzerland). The concentrations of NH4

+-N, NO3
−-N,

and PO4
3− in floodwater and soil were measured using a flow analyzer (FS3700, OI Analytical, USA). DNA
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was extracted using DNA extraction kits (MOBIO 12888-100, Carlsbad, CA, USA) from the corresponding
samples. The concentration and purity of extracted DNA were measured using a NanoDrop One (Thermo
Fisher Scientific, MA, USA). The V4V5 region of 16S rDNA was amplified using primers 515F (5’-
GTGCCAGCMGCCGCGGTAA-3’) and 907R (5’-CCGTCAATTCMTTTRAGTTT-3’) to identify the diversity of
prokaryotes (bacteria and archaea); the V4 region of 18S rDNA was amplified using primers 528F (5’-
GCGGTAATTCCAGCTCCAA-3’) and 706R (5’-AATCCRAGAATTTCACCTCT-3’) to identify the diversity of
eukaryotes in periphytic biofilm. 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 controlled process. To detect and remove chimera
sequences, the reads were compared with the reference database using UCHIME algorithm, and then
these clean reads finally obtained. 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 (PRJNA543163).

Statistical analysis
All the statistical procedures were conducted by SPSS 16.0 software (SPSS Inc., Chicago, USA).
Statistical significance for the effects of driving forces on the geographical distribution of EPS content in
periphytic biofilm was analyzed with R using the ‘vegan’ package. Regression analysis was used to
examine whether the theory of LDG is applicable to EPS content patterns and the ratio of protein to
polysaccharide in periphytic biofilm [11]. Correlation analysis was used to analyze the potential function
of EPS in regulating nutrient (C, N, and P) cycling. PLS-PM was employed, using R, to comprehensively
understand how characteristics of soil (TOC, TN, and TP) and floodwater (pH, TN, and TP), climate
factors (SD, RI, and EAT) affect microbes (prokaryotes and eukaryotes) in periphytic biofilm in
conjunction with the effect of the latter on the EPS content (geographical distribution) of the biofilm [12].
All the figures were generated with SigmaPlot 10.0 software (Systat Software Inc., California, USA),
except for the abundances of eukaryotes and prokaryotes, which were visualized with Circos software
(http://circos.ca/).

Declarations
Data availability

Observed data such as temperature, light, and precipitation, etc. were acquired from National
Meteorological Information Center of China (http://data.cma.cn/site/index.html.) The data that support
the findings of this study are available from the corresponding author upon request.

Author Contributions

Yonghong Wu and Pengfei Sun designed and conceived the study. Pengfei Sun, Ying Xu, Rui Sun, and
Mengning Gao conducted the study. Pengfei Sun analyzed the results and wrote the first draft. Jan
Dolfing revised the manuscript. All authors commented on the draft and discussion of results.

http://data.cma.cn/site/index.html


Page 9/17

Funding

This work was supported by the National Natural Science Foundation of China (41825021, 41961144010
and 813070000), the National key research and development program (2018YFC0213300 and
2017YFD0800105), the State Key Basic Research Program of China (2015CB158200), and the Natural
Science Foundation of Jiangsu Province (BK20171104 and BZ2019015). This work was also supported
by Chinese Academy of Sciences Interdisciplinary Innovation Team.

Availability of data and materials

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).

Ethics approval and consent to participate

Not applicable

Consent for publication

Not applicable.

Competing Interests statement

The authors declare no competing financial interests.

Author details

1State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of
Sciences, 71 East Beijing Road, Nanjing 210008, China. 2Zigui Three Gorges Reservoir Ecosystem,
Observation and Research Station of Ministry of Water Resource of the Peoples’ Republic of China,
Shuitianba, Zigui, Yichang 443604, China. 3College of Resource and Environmental Science, University of
Chinese Academy of Science, Beijing 100049, China. 4School of Civil Engineering and Geosciences,
Newcastle University, Newcastle upon Tyne, NE1 7RU, UK.

References
1. S.S. K., Review on Periphyton as Mediator of nutrient transfer in aquatic ecosystems, Ecol. Balk.

2011; 3: 65-78.

2. H.-C. Flemming, J. Wingender, The biofilm matrix, Nat. Rev. Microbiol. 2010; 8: 623.

3. Y. Wu, Periphyton: Functions and Application in Environmental Remediation, Elsevier, 2016.

4. G.-P. Sheng, H.-Q. Yu, X.-Y. Li, Extracellular polymeric substances (EPS) of microbial aggregates in
biological wastewater treatment systems: A review, Biotechnol. Adv. 2010; 28: 882-894.



Page 10/17

5. O.Y.A. Costa, J.M. Raaijmakers, E.E. Kuramae, Microbial extracellular polymeric substances:
ecological function and impact on soil aggregation. Front. Microbiol. 2018; 9: 1636.

6. S. Saikia, S. Nandi, S. Majumder, A review on the role of nutrients in development and organization of
periphyton, J. Res. Biol. 2013; 3: 780-788.

7. Y. Wu, J. Liu, H. Lu, C. Wu, P. Kerr, Periphyton: an important regulator in optimizing soil phosphorus
bioavailability in paddy fields, Environ. Sci. Pollut. Res. 2016; 23: 21377-21384.

8. Y. Wu, J. Liu, E.R. Rene, Periphytic biofilms: A promising nutrient utilization regulator in wetlands,
Bioresource Technol. 2018; 248: 44-48.

9. P. Sun, J. Zhang, S. Esquivel-Elizondo, L. Ma, Y. Wu, Uncovering the flocculating potential of
extracellular polymeric substances produced by periphytic biofilms, Bioresource Technol. 2018; 248:
56-60.

10. S.D. Bao, Agricultural and Chemistry Analysis of Soil, China Agriculture Press, Beijing, 2005.

11. M. Bahram, F. Hildebrand, S.K. Forslund, J.L. Anderson, N.A. Soudzilovskaia, P.M. Bodegom, J.
Bengtsson-Palme, S. Anslan, L.P. Coelho, H. Harend, J. Huerta-Cepas, M.H. Medema, M.R. Maltz, S.
Mundra, P.A. Olsson, M. Pent, S. Põlme, S. Sunagawa, M. Ryberg, L. Tedersoo, P. Bork, Structure and
function of the global topsoil microbiome, Nature. 2018; 560: 233-237.

12. Y. Jiang, M. Liu, J. Zhang, Y. Chen, X. Chen, L. Chen, H. Li, X.-X. Zhang, B. Sun, Nematode grazing
promotes bacterial community dynamics in soil at the aggregate level, Isme J. 2017; 11: 2705.

13. B.J. Bellinger, M.R. Gretz, D.S. Domozych, S.N. Kiemle, S.E. Hagerthey, Composition of extracellular
polymeric substances from periphyton in the Florida Everglades1. J. Phycol. 2010; 46: 484-496.

14. H. Lu, J. Wan, J. Li, H. Shao, Y. Wu, Periphytic biofilm: A buffer for phosphorus precipitation and
release between sediments and water, Chemosphere. 2016; 144: 2058-2064.

15. A.M. Romani, K. Fund, J. Artigas, T. Schwartz, S. Sabater, U. Obst, Relevance of polymeric matrix
enzymes during biofilm formation, Microb. Ecol. 2008; 56: 427-436.

16. P.F. Sun, H. Lin, G. Wang, L.L. Lu, Y.H. Zhao, Preparation of a new-style composite containing a key
bioflocculant produced by Pseudomonas aeruginosa ZJU1 and its flocculating effect on harmful
algal blooms, J. Hazard. Mater. 2015; 284: 215-221.

17. P. Sun, C. Hui, N. Bai, S. Yang, L. Wan, Q. Zhang, Y.H. Zhao, Revealing the characteristics of a novel
bioflocculant and its flocculation performance in Microcystis aeruginosa removal, Sci. Rep. 2015; 5:
17465.

18. B. Durmaz, F.D. Sanin, Effect of carbon to nitrogen ratio on the composition of microbial extracellular
polymers in activated sludge, Water Sci. Technol. 2001; 44: 221-229.

19. H. Liu, H.H.P. Fang, Extraction of extracellular polymeric substances (EPS) of sludges, J. Biotechnol.
2002; 95: 249-256.

20. J. Green, B.J.M. Bohannan, Spatial scaling of microbial biodiversity, Trends Ecol. Evol. 2006;21: 501-
507.



Page 11/17

21. M.K. Czaczyk K, Biosynthesis of extracellular polymeric substances (EPS) and its role in microbial
biofilm formation, Pol. J. Environ. Stud. 2007; 16: 799-806.

22. S.L. Sanin, F.D. Sanin, J.D. Bryers, Effect of starvation on the adhesive properties of xenobiotic
degrading bacteria, Process Biochem. 2003; 38: 909-914.

23. A. Mishra, K. Kavita, B. Jha, Characterization of extracellular polymeric substances produced by
micro-algae Dunaliella salina, Carbohyd. Polym. 2011; 83: 852-857.

24. A. Aguilera, V. Souza-Egipsy, P. San Martín-Úriz, R. Amils, Extracellular matrix assembly in extreme
acidic eukaryotic biofilms and their possible implications in heavy metal adsorption, Aquat. Toxicol.
2008; 88: 257-266.

25. T. You, S.M. Barnett, Effect of light quality on production of extracellular polysaccharides and growth
rate of Porphyridium cruentum, Biochem. Eng. J. 2004; 19: 251-258.

26. Z. Wang, Z. Wu, S. Tang, Extracellular polymeric substances (EPS) properties and their effects on
membrane fouling in a submerged membrane bioreactor, Water Res. 2009; 43: 2504-2512.

27. S. Lyko, D. Al-Halbouni, T. Wintgens, A. Janot, J. Hollender, W. Dott, T. Melin, Polymeric compounds in
activated sludge supernatant — Characterisation and retention mechanisms at a full-scale municipal
membrane bioreactor, Water Res. 2007; 41: 3894-3902.

28. D. Al-Halbouni, J. Traber, S. Lyko, T. Wintgens, T. Melin, D. Tacke, A. Janot, W. Dott, J. Hollender,
Correlation of EPS content in activated sludge at different sludge retention times with membrane
fouling phenomena, Water Res. 2008; 42: 1475-1488.

29. P. Frey-Klett, P. Burlinson, A. Deveau, M. Barret, M. Tarkka, A. Sarniguet, Bacterial-fungal interactions:
Hyphens between agricultural, clinical, environmental, and food microbiologists. Microbiol. Mol. Biol.
R. 2011; 75: 583-609.

30. R.S. Stelzer, G.A. Lamberti, Ecological stoichiometry in running waters: periphyton chemical
composition and snail growth, Ecology. 2002; 83: 1039-1051.

31. K. Myszka, K. Czaczyk, Characterization of Adhesive Exopolysaccharide (EPS) Produced by
Pseudomonas aeruginosa under starvation conditions, Curr. Microbiol. 2009; 58: 541-546.

32. Z. Liu, Y. Dang, C. Li, D. Sun, Inhibitory effect of high NH4
+–N concentration on anaerobic

biotreatment of fresh leachate from a municipal solid waste incineration plant, Waste Manag. 2015;
43: 188-195.

33. I.W. Sutherland, Biofilm exopolysaccharides: a strong and sticky framework, Microbiology-Uk. 2001;
147: 3-9.

34. J. Tang, Y. Wu, S. Esquivel-Elizondo, S.J. Sorensen, B.E. Rittmann, How Microbial Aggregates Protect
against Nanoparticle Toxicity, Trend. biotechnol. 2018; 36: 1171-1182.

Figures



Page 12/17

Figure 1

The EPS content in periphytic biofilms from different geolocations (red boxes in a) and the ratios of
protein to polysaccharide in EPS from different periphytic biofilms (blue points in a), and the chemical
composition of EPS in periphytic biofilms collected from the 20 sampling areas (b). TS: Taishan, RH:
Renhua, QZ: Quanzhou, FZ: Fuzhou, NP: Nanping, CS: Changshu, YC: Yancheng, NB: Ningbo, HZ:
Hangzhou, WH: Wuhu, CZ: Chizhou, YY: Yueyang, JZ: Jingzhou, YiC: Yichang, JJ: Jiujiang, YT: Yingtan,
TL: Tieling, DD: Dandong, WC: Wuchang, QQHR: Qiqihar.



Page 13/17

Figure 2

EPS contents in periphytic biofilms exhibit a contrasting pattern across the latitudinal gradient, while the
ratio of protein to polysaccharide (protein/polysaccharide) in periphytic biofilms exhibit same patterns
across the latitudinal gradient. Second order polynomial fits are shown in blue (protein/polysaccharide)
and red (EPS content), respectively. The regression parameters of EPS contents and
protein/polysaccharide are given at the top of the figure.
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Figure 3

Synthesis of the effects of paddy soil (total organic carbon (TOC), total nitrogen (TN), and total
phosphorus (TP)), floodwater (pH, TN, and TP), and climate (sunshine duration (SD), radiation intensity
(RI), and effective accumulated temperature(EAT)) on microbes in periphytic biofilm, and their effect on
EPS in periphytic biofilms, as analyzed by PLS-PM. Blue arrows in the model present positive effect, while
red arrows in the model show negative effect. The thickness of the line in the model represents the
strength of the effect, and the thicker the line, the stronger the effect.
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Figure 4

Distribution of eukaryotes (a) and prokaryotes (b) with the highest abundance at genus level in the top 10
in periphytic biofilm. The length of the bars of each sample on the outer-ring represents the percent of
microbes in each sample.

Figure 5
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Prokaryotes and eukaryotes exhibit contrasting effect on EPS content in periphytic biofilm. Horizontal
coordinates represent the abundance of each prokaryote and eukaryote, while vertical coordinates are the
content of EPS in biofilm (g/kg).

Figure 6

Nutrients in paddy soil (a) and floodwater (b) show significant effect on EPS content in periphytic biofilm.

Figure 7

The quantities of TN, TP, and TOC in periphytic biofilms (a), and the increasing EPS in periphytic biofilms
correlates with enhanced N and P contents and TOC content in periphytic biofilms (b).
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Figure 8

Map of the twenty sampling areas located in different rice growing areas across China (A) and the
diagram of collecting periphytic biofilm (B). The twenty sampling areas are, TS: Taishan, RH: Renhua, QZ:
Quanzhou, FZ: Fuzhou, NP: Nanping, CS: Changshu, YC: Yancheng, NB: Ningbo, HZ: Hangzhou, WH:
Wuhu, CZ: Chizhou, YY: Yueyang, JZ: Jingzhou, YiC: Yichang, JJ: Jiujiang, YT: Yingtan, TL: Tieling, DD:
Dandong, WC: Wuchang, QQHR: Qiqihar.
Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.


