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Abstract:  Objective The periphytic biofilms widely distributed between the water-soil interface are key hot areas and
necessary places for material migration and energy exchange in the paddy ecosystem. However, few studies have paid attention to
the community characteristics and regulatory functions of the paddy periphytic biofilm. The purpose of this study is to further
understand the function of periphytic biofilm biological phosphorus capture. ~Method This study selects the periphytic biofilms
in the main rice areas in China, covering three rice planting areas in the South China, the middle and lower reaches of the Yangtze
River, and the Northeast China. The composition and structure of periphytic biofilms communities are analyzed using
high-throughput sequencing technology, combined with PLS-PM and regression analysis to reveal factors affecting the capture of
phosphorus by periphytic biofilms around the paddy field. Result There are significant differences in soil physical and chemical
properties in different paddy regions (P<0.05). The phosphorus capture capacity of the periphytic biofilms in main rice regions in
China showed an increasing trend from north to south and west to east. There are significant differences in the composition of the
periphytic biofilms community of paddy fields in different regions (P<0.05). At the genus level, the periphytic biofilms in South
China are dominated by prokaryotic microorganisms such as Acinetobacter and Proteiniclasticum and eukaryotic microorganisms
such as Gregarina and Adriamonas. The periphytic biofilms in the middle and lower reaches of the Yangtze River are mainly
prokaryotic microorganisms such as Bacillus and Cloacibacterium and eukaryotic microorganisms such as Gregarina and
Vermamoeba. In the Northeast, periphytic biofilms are composed of prokaryotic microorganisms dominated by Flavisolibacter
and Anaerolinea and eukaryotic microorganisms dominated by Adriamonas and Vermamoeba. It was found that the physical and
chemical properties of soil (especially soil organic carbon and pH of floodwater) correlated with the diversity of the periphytic
biofilms community. The microalgae in the periphytic biofilms in South China play a certain role in promoting the capture of
phosphorus, while the phosphorus accumulating bacteria in the periphytic biofilms in the northeast have a positive effect on the
capture of phosphorus. Conclusion This study provides deep insight into the understanding of the composition and structure of
the periphytic biofilms and their regulation in the phosphorus cycle in paddy fields through analysis of the phosphorus capture
capacity of periphytic biofilms in paddy fields in different regions of China. Also, this study provides a theoretical basis for the
future development of biotechnology to recycle surplus phosphorous in paddy fields.

Key words: Periphytic biofilms; Phosphorus accumulating bacteria; Microalgae; Extracellular polymeric substances
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Gt R FH SR RN T AN [) b DB X4 %) S A A 4
WARH AR T IR S % |

1 bRk

1.1 HFmRESLE

Fie IR EREAE X 40 2S00, 76 4 [ 3 6] P e B
22 R ENAEYERAE A, Haafemix (A), K
T TFHRIX (B), ARALHX (C) =A/KFEME
X (R 1), BREELRE 10 eSS (PRI
AR E, 7E 10 km® i [ I BEMLIEER 10 7 &
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1.3 BAMAEYSEENF
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FEWAiAL 5 1E Tllumina HisSeq 2500 - 5 JEA 7 /= i &
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1.4 B

FIH Excel %48 31701403, R SPSS 21.0
AR EAE AT BN R T 22001, R Tukey K50
(P<0.05) Zrir ANFIHIX Z AR 2557 . FIFH R 4.1.2,
GraphPad. Origin #1745 I ¥4k i R 4.1.2
B vegan W1 JE M AD YR ZHEME & PCoA FAk
Frortr, FIH psych £1315 Person A, K F
BN IR ( PLS-PM ) #R% T3 BT
JE N A W W Fh g R . M AN SR A ¥ ( Extracellular
polymeric substances, EPS) 5N EY) & S0 2 1]
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0.04 gkg ', HHEMTK pH N 6.17+0.12; KITH T
e X T3 TOC, %A . 48k & LIEMITEK pH 7
oA 23.16+0.67 gkg!'. 2.23+0.06 gkg'. 0.74%
0.04 g-kg'. 7.05+0.04; ZARALHLIX 13 TOC, 2% .
S B EK pH 430N 20.8+1.06 gkg .

1.59+0.06 g-kg ', 0.7+0.01 g-kg ', 7.29+£0.09., HH:
AP H DXAH L, A VT T I X 3 AT 5 1Y
TOC M=% i ( P<0.05), {H =AM X H 14w
HZEFRK, A XA H K pH &AL, 23
SgetE, 5 A X AR AE B 2 5 (P<0.05,

1)

22 BAMEYEYEREBSEMTESHFIE

JINA Y EZ R EY SAEY Y R (& H .
ZWE . BIREANLR ) A, Wik, FAHBAEY
TOC & fx il ATP B{E R AL L& . 458 0
Bl 1a Frzn, SR X YT R Uikl X R A AE )
TOC #F e Em TAIMXENEY TOC &
(20.78+0.75 g'kg ', P=0.023); & 1b /R, ERHY
DRI YT e i DX SR A 9 ATP i 2 3 v T 2R
Jb H X E A ) ATP B TE ( 0.26£0.07 U-g',
P<0.05 ), B H X AT AP R i X A 9
A T ARILHLIX

F1 TEMXFERLRBAMR

Table 1 The physical and chemical properties of paddy soils in the studied paddy regions
S UK
H X Hb A KA R SR £
TOC/ pH
Region Location TN/ (gkg') TP/ (gkg") Temperature/ °C. Precipitation/mm
(gkg')

BRI (A) wH 21.9+1.81 2.11+0.09 0.64+0.02 6.6+0.06 26.80 771.3
South China ( A) &l 28.4+1.93 2.59+0.17 0.93+0.05 4.5+0.03 23.90 2371.0
ia 18.3+0.64 1.57+0.03 0.5340.01 7.240.27 20.70 2052.1
M 11.0£1.18 0.89+0.13 0.95+0.18 6.3+0.10 21.30 1086.9
A 13.3£0.50 1.16+0.04 0.69+0.03 6.9+0.04 20.80 1346.2
B2 13.9+0.94 1.22+0.09 0.4120.04 6.5+0.09 19.40 2282.9
KA Rl X HE 16.0+0.84 1.54+0.09 0.51+0.03 7.2%0.11 16.80 745.3
(B) 31 16.9+1.17 1.66+0.09 1.13+0.03 7.7£0.09 17.40 806.4
Middle and lower & 23.2+0.28 2.48+0.02 0.52+0.02 7.3+0.10 18.20 1265.6
reaches of the R 23.7+1.13 2.20+0.11 1.3240.32 6.4+0.17 17.30 1053.3
Yangtze River( B) JLIT 24.5+1.91 2.16+0.14 0.49+0.06 6.5+0.06 17.40 1211.0
JiE v 19.3+1.45 1.67+0.14 0.42+0.02 6.9+0.11 19.10 1857.2
JHLH 23.242.34 2.19+0.18 0.43+0.02 7.2+£0.07 17.10 1008.5
FEW 32.8+1.85 3.07+0.18 0.90+0.03 7.340.17 17.50 974.8
B 34.542.06 3.15+0.17 0.67+0.04 7.140.03 18.00 1634.0
T 28.2+1.00 2.94+0.09 0.96+0.03 6.9+0.05 17.80 1843.8
A 18.7+1.08 1.730.10 0.74+0.04 7.0+£0.04 16.50 960.5
I 17.1+0.60 1.91+0.08 0.73+0.01 7.0+0.11 14.90 842.8
RAbuuIx (C) PR 13.0+0.99 1.14+0.08 0.72+0.02 6.8+0.04 10.20 839.2
Northeast China BRI 19.3+0.82 1.58+0.05 0.60+0.01 6.7+0.04 9.49 874.7
(C) FH 23.6+0.96 1.82+0.07 0.73+0.02 7.3£0.30 5.88 623.5
FFHMIK  27.4£2.01 1.84+0.09 0.74+0.02 7.7+0.07 5.43 579.7

W SEHME £ FRiERZ (#=10), Note: Means = standard deviation ( n=10) .
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ATP enzyme activity in periphytic biofilms/(U-g™")
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b5 Location

A BRI B, KT TU#HLIX; C: ZRdbH#IX . T H. Note: A: South China; B: Middle and lower reaches of the Yangtze

River; C: Northeast China. The same below.

B 1 REH X ALY TOC & (a) K ATP Ei§iEHE (b)
Fig. 1 TOC content (a) and ATP enzyme activity (b ) in periphytic biofilms in different regions
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Fig. 2 Phosphorus entrapment content of periphytic biofilms in different regions
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( Ciliophora, 9.3% ). B2 E &[] ( Cryptomycota,

8.7% ). Lk EYI] (Nematoda, 8.7% ). THEH ]
( Ascomycota, 5.9% ). W BI#YII] ( Arthropoda,

5.8% ). THE[] ( Apicomplexa, 3.8% ) 55, {H7E)&
A2 T, TR M X R A A 0 2 0l 22 S
Fo WA 3b. K 3d s, AR X R AP R
WEEYI LA Acinetobacter . Proteiniclasticum “NALEY)

538883388859,

X
5545

§53°%

Cercozoasos;

i, BEEMAEY L Gregarina . Adriamonas HALEY)
Ay VLT U DR AR W) R AR ) L
Bacillus . Cloacibacterium J =+, BEAZMAY L
Gregarina . Vermamoeba }F; TEAILHIIX, M
Wi LL Flavisolibacter . Anaerolinea HAEH A 7%
WMAEFILL Adriamonas | Vermamoeba 1L #0 HAZ%
TAE M 2H A

e A Ca)l (b) 2 RRERAEYT DRF R K REE AL B (e). (d) 205009 FORAE W T KRR KT 4R . Note:

Figures (a) and (b ) show the community composition at the prokaryotic phylum level and the genus level, respectively; Figures (¢ ) and

(d) are respectively the eukaryotic phylum level and the genus level community composition.

P 3 AN [ i IX ) DA AR A W A v 2L

Fig.3 The composition of microbial communities of periphytic biofilms in different regions
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Fig. 4 Diversity and abundance of the communities of prokaryotic microorganisms( a )and eukaryotic microorganisms( b )in periphytic biofilms
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Fig. 5 PCoA analysis of the microbial community structure of periphytic biofilms
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The community composition of PAOs ( a ) and microalgae (b ) of periphytic biofilms in South China ( A ), the middle and lower reaches

of the Yangtze River ( B) and Northeast China ( C)

F2 TEBEUERSEAMENIES HMER R RREXMYE
Table 2 Pearson’s correlation coefficients for soil chemical properties and periphytic biofilms microbial diversity
; IR EEMEM SR RS REEH 2 IR A
i Soil chemical Diversity of Diversity of Diversity of Diversity of
Region
properties prokaryote eukaryote PAOs microalgae
EREHIX (A) pH —0.34 —0.47* 0.22 0.04
South China ( A) TOC —0.47* —0.47* —0.7%* —0.06
TN -0.51%* -0.5% —0.66%* 0
TP 0.4 0.41 -0.23 0.1
KL R IX (B) pH 0.1 0.06 -0.32 0.38%
Middle and lower reaches TOC —0.34%* —0.51%* -0.24 -0.28
of the Yangtze River ( B) TN -0.24 —0.44%* -0.19 -0.27
TP 0.24 0.05 -0.37* —0.54%**
ZAbHIX (C) pH 0.08 0.1 0.3 0.11
Northeast China (C) TOC 0.24 0.66* -0.54 -0.52
N -0.42 0.75%* —0.58* —0.6*
TP -0.01 -0.32 —0.55 0.12

. *P<0.05, **P<0.01,

*#%P<0.001, Note: *P<0.05, **P<0.01; ***P<0.001.
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Fig. 7 Regression analysis of PAOs diversity, microalga diversity and EPS content to phosphorus entrapment content of periphytic biofilms
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281 the floodwater index is characterized by the pH of the floodwater, the phosphorus

index is characterized by soil total organic carbon
accumulating bacteria and microalgae are characterized by their diversity Shannon index, and the EPS index is characterized by their protein
content. The red line represents the positive effect, the black line represents the negative effect, the width of the line represents the strength of
the direct effect, and the wider the line, the stronger the direct effect. The numbers on the line are the path coefficients of direct effect. R? is

the phosphorus entrapment content of periphytic biofilms. GOF is the model fit. *P<0.05, **P<0.01; ***P<0.001.
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Fig. 8 Partial Least Squares Path Model ( PLS-PM ) analysis of factors affecting phosphorus entrapment content of paddy periphytic biofilms
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—0.069 1 0.072 (£ 3 ). FEEB N FER AR H
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Table 3 Direct effect, indirect effect and the total effect of the PLS-PM model

A B C

g BN RSOV BAUN EEERON RN RN EIEERRUN RIEERUN BN

Path Direct Indirect Total Direct Indirect Total Direct Indirect Total

effect effect effect effect effect effect effect effect effect
ot el o -0.543 0.000 —0.543 -0.167 0.000 -0.167 -0.221 0.000 -0.221
R R 0.095 0.035 0.130 0.191 0.040 0.231 0.045 0.062 0.107
AR 0.416 0.138 0.554 0.065 0.027 0.092 0.57 —0.034 0.536
TIEEANR G Y 0.000 -0.280 -0.280 0.000 0.093 0.093 0.000 -0.083 -0.083

- TR A A Wi A 0.000 0.110 0.110 0.000 -0.069 -0.069 0.000 -0.038 -0.038
P T K SR W 0.064 0.000 0.064 -0.239 0.000 -0.239 0.279 0.000 0.279

FH i 7K A e -0.275 -0.012 -0.287 -0.087 -0.012 -0.099 0.152 0.006 0.158

H K AN R A4 0.000 0.148 0.148 0.000 —0.082 —0.082 0.000 -0.010 -0.010
FET 1 K R A K 0.000 ~0.068 -0.068 0.000 0.072 0.072 0.000 0.057 0.057
TR —0.186 0.000 -0.186 0.052 0.000 0.052 0.022 0.000 0.022
RN AN E A" 0.036 0.095 0.131 0.324 0.002 0.326 0.053 0.003 0.056
BB —0.248 -0.028 -0.276 -0.257 0.032 -0.225 0.299 0.004 0.303
AL RN R A -0.509 0.000 —0.509 0.044 0.000 0.044 —0.154 0.000 —0.154
MO A AR i 3 0.261 0.079 0.340 -0.221 0.006 -0.215 -0.155 0.023 -0.132

JHLAMR G WA AR )

. 0.155 0.000 0.155 0.134 0.000 0.134 0.149 0.000 0.149

D Soil to floodwater; @ Soil to PAOs; @ Soil to microalage; @ Soil to EPS; & Soil to PTP; ® Floodwater to PAOs; @ Floodwater
to microalgae; ® Floodwater to EPS; @ Floodwater to PTP; 40 PAOs to microalage; @ PAOs to EPS; @ PAOs to PTP; @3 Microalage

to EPS; @ Microalage to PTP; @ EPS to PTP.
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