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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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S, HIERALME R pH SEIREE N E SR i
Py BETE ALY, TR e SR A B AL
Fban, iR Z MM RE KBS S 149 pH I
B A O RN T S B Y 4 A 2 5
5+ 3 pH A+ HERRA AR SCRT S WK pH AN S
T A EERA R 22 5 F R Ak
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RBARZS, M B WESE IR IR PR A AR . ik
JEWENE A 2 S BOR W CE S 5, AT I as
T HERE R fEiRib A BRI R, R
SRS W R S R 1P, B R
MR S RBEREIEGE AR, MIMTFEAR T H B
R FRATRT IO IE ek B, A Skt R 2
FAFFTE, BCH /N BRSEIS 6E 5 R i I i A
R

BRI, R T fif 4 S [ b DR FH ) A A 0 1
LRGBS, ABFTE S B AN R, o hr T4
FAHLIX . VLA R IX . ARl XX = A b XA
FH J&] DA A= 0 %68 ol () i A i, T] s B v o 6 00 )
Illumina HisSeq 2500 “F-{5, 78 13X =~ Hb X J& A
YIRS, R9T T = DR R A
VI 22 S i se i K o X a2 T i R AR
Yrxi e H BT A T s, RS HAS R
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 &
FEANL R AE— RS ), ALAG T K . A A K&
RIZEHE ABFERCRIBCHTE K 100 mL, 7 [F]— X
SR /N TR I - R 2 D) 50 g, R R4E 0~
5 cm TCJERMNERYFER)Z FE 100 g, A MEEALEH
B VKA T, 32 ]S 5 S T 20 C UK AR DR AT
. AR 7~15 d JaR4E, It
I /K AR R TR AL T BEID],  Fed FH ) DA ZE W A i K

HAERKEME.
1.2 BEHERNE

WREN R NEYHATE R TR (-56C,
48 h), HIEFETETENAKRKTFRY, A
B MK (TOC) Fe% (TN) i C/N 437
1 ( FLASH 2000 NC Analyzer, Thermo Scientific )
W ;s 48k (TP ) SR m SRR - B2 0 R e S sH B
Ui el e 5 Jo LR W) Z2 BB A A 1 BT & SR
Ak a2 B R N AR W) M A B A W ( Extracellular
Polymeric Substances, EPS) J&, 435I F B L 87
A D2 WA s B K pH M pH I HI A .
1.3 BAMAEYSEENF

fifi H - 4% DNA $2HGLF & ( FastDNA™ SPIN
Kit for Soil, MP Biomedicals ) $2HBUS 44 DNA,
It 1% B HE e FB UK A DNA MR 521
B 515F/907R (5°-GTGCCAGCMGCCG
CGGTAA-3") / ( 5’-CCGTCAATTCMTTTRAGTTT-
3’ ) fll 528F/706R ( 5’-GCGGTAATTCCAGCTCCAA-
3>) / (5>-AATCCRAGAATTTCACCTCT-3" ) %} & M\
49 16S rRNA J 18S rRNA #£4T PCR #" 4 ¥ PCR
FEWAiAL 5 1E Tllumina HisSeq 2500 - 5 JEA 7 /= i &
N0 R
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
/N BRI ( PLS-PM ) 8% + S SL P 5T
JE N A W W Fh g R . M AN SR A ¥ ( Extracellular
polymeric substances, EPS) 5N EY) & S0 2 1]
B F, Hrp e 28O E 25 (RY) Witk
R 4.1.2 I plspm L5 3ER0

2 4 R

2.1 FEETEEEAER

AN [R) b DX I PR A M A e o 2 5 (R
1), HEEHIX 3 TOC &k 17.78+0.92 gkg ',
SRR N 1.59£0.09 gkg ', SBEEEN 0.69+0.04
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gkg!, FHEEMEK pH N 6.17+0.12; KT F i
X 14 TOC., 2A . 2 TEHTmEK pH 7351k
23.16+0.67 gkg' . 2.23+0.06 gkg' . 0.74+0.04
gkg'. 7.05+0.04; AILHIX 13 TOC., &% . 4
W K £ M K pH 43 51h 20.8+1.06 gkg ' .
1.59+0.06 gkg ', 0.7+0.01 g-kg™'. 7.29+0.09, 5}
AP H DXAH L, A VT T I X 3 AT 5 1Y
TOC MAA & (P<0.05), H="HbIX + 2w &
WERAKR, R XA HHTEK pH Rk, 23
g5t , 5HAMA X AR R E 25 (P<0.05,
F1).

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
JEEERIR 4 , ]
HiIX Hi A5 o e ! [& 7k
TOC/ pH
Region Location TN/ (gkg') TP/ (gke!) Temperature/ °C Precipitation/mm
(gkeg)
A 21.9+£1.81 2.11+0.09 0.64+0.02 6.6+0.06 26.80 7713
&l 28.4+1.93 2.59+0.17 0.93+0.05 4.5+0.03 23.90 2371.0
ERHLIX (A) 14k 18.3+0.64 1.57+0.03 0.53+0.01 7.2+0.27 20.70 2052.1
South China (A) SN 11.0+1.18 0.89+0.13 0.95+0.18 6.3+0.10 21.30 1086.9
M 13.3£0.50 1.16+0.04 0.69+0.03 6.9+0.04 20.80 1346.2
R 13.9£0.94 1.22+0.09 0.41+0.04 6.5+0.09 19.40 2282.9
"HE 16.0+0.84 1.54+0.09 0.51+0.03 7.240.11 16.80 7453
FRIJH 16.9+1.17 1.66+0.09 1.13+0.03 7.7+0.09 17.40 806.4
15 BH 23.24£0.28 2.48+0.02 0.52+0.02 7.340.10 18.20 1265.6
) . ) R 23.7£1.13 2.20£0.11 1.32+0.32 6.4+0.17 17.30 1053.3
KL R i X ]
Juir 24.5£1.91 2.16£0.14 0.49+0.06 6.5+0.06 17.40 1211.0
(B)
JE 19.3£1.45 1.67£0.14 0.42+0.02 6.940.11 19.10 1857.2
Middle and lower
It 23.242.34 2.19+0.18 0.43+0.02 7.240.07 17.10 1008.5
reaches of the
JEH) 32.8+1.85 3.07+0.18 0.90+0.03 7.3£0.17 17.50 974.8
Yangtze River( B ) )
Ll 34.5£2.06 3.154+0.17 0.67+0.04 7.1+0.03 18.00 1634.0
T 28.241.00 2.9440.09 0.96+0.03 6.9+0.05 17.80 1843.8
T 18.7+1.08 1.73£0.10 0.74+0.04 7.0+0.04 16.50 960.5
i 17.1£0.60 1.91+0.08 0.7340.01 7.0+0.11 14.90 842.8
PR 13.0£0.99 1.1440.08 0.7240.02 6.8+0.04 10.20 839.2
ZAbX (C)
R 19.3+0.82 1.58+0.05 0.60+0.01 6.7+0.04 9.49 874.7
Northeast China )
(o) HH 23.6+0.96 1.82+0.07 0.73+0.02 7.340.30 5.88 623.5
C
FFMGIR 27.4£2.01 1.84+0.09 0.74+0.02 7.7+0.07 5.43 579.7

W EME £ FRIER 2 (n=10)., Note: Means = standard deviation ( n=10) .
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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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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)

Fz2 TEEVMERSAAEYEESHEMENERFMEXME
Table 2 Pearson’s correlation coefficients for soil chemical properties and periphytic biofilms microbial diversity
. T R FRMAEY ZHE  EEMAEYZHE R 2R e 22 FEE
Hh X
Soil chemical Diversity of Diversity of Diversity of Diversity of
Region
properties prokaryote eukaryote PAOs microalgae
pH -0.34 -0.47* 0.22 0.04
ERHIX (A) TOC —0.47% —0.47% —0.7%* -0.06
South China (A ) TN -0.51%* -0.5% -0.66%* 0
TP 0.4 0.41 -0.23 0.1
! . pH 0.1 0.06 -0.32 0.38%
KILH R EHLX (B)
TOC -0.34* —0.51%%* -0.24 -0.28
Middle and lower reaches
TN -0.24 —0.44%** -0.19 -0.27
of the Yangtze River ( B)
TP 0.24 0.05 -0.37* —0.54%**
pH 0.08 0.1 -0.3 0.11
ZRALHuIX (C) TOC 0.24 0.66* -0.54 -0.52
Northeast China ( C ) TN -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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REWAE R -, FH /s 3 fif 12 A R
(PLS-PM ) 3BT A ik 4~ PR X6 J8) A A= 0 i SE
(=R A EE A

WK 8 fin, FE/ERI X (BRI A GOF=
0.525, FEAIATEEDRTD) | G R 1 5 A X JE AR
Y PRE RE B i i L AR N, HR R A
A e SRR AR R AU B0 0.261 A1 0.155, 1M

5 TR 1 R s 2L T (] B2 b 5 ) ) A A ) AR
AB . BRI, e T 48R X R A A
Yt i w4, RS FE K AR TR N AR e G
. TERILH T HEHLIX ( GOF=0.434, BiRIATEE ),
JiL A2 W 2 SR N A ) B W BE 0 1Y) e L OE 1)
RSN E, HBEERECH 0.134, MEMHX, &
A AT R R0 2 i ] DA A ) W A 1 B AR R R )

R RN Y & A T E R, R
ZBON-0.248, -+ HEFIFRS FH T T 2K E I 52 e SR

H9-0.257 F1-0.221, SN B o AR
THT 7K ) DA R A TR 4 B AR R i

i 0.095% 5 B —0.248
A Soil PAOSs
0.036%** )
R*=0.526
0.416
—0.543%%* ' EPS i3k PTP :
0.064
—0.509
MK | T
Floodwater -0.275 Microalgae 0.261*
435 0.191* | RWER ZHEE -0.257
B o PAOs diversity
0.324 )
0.065 ¥ R=0.517
Nashg A | 0.134% | FE A Wy GOF=0.434
~0.167 0.052 EPS Hiigk TP '
—0.239%*
0.044
TR A Rk
Flméﬁﬂ( Oog7ee | Microalgae —0.221%
oodwater 0. diversity .
43 0.299*
C Soil
0.053 ,
0.570 ¥ R=0.532
SN (0. 149%* | & MAAE Wik GOF=0.384
-0.221 EPS %k PTP
0.279 ;
¥ ~0.154%
MK | T
Floodwater 0.152% Microalgae —0.155

T RHEEAR L L TOC RAEPY, MK IEHR LI K pH RAE, ZROEEE KA SRR 405 LU Z HEE Shannon 8 8(RAE, EPS
TRPR AU (& R AR . ZLEAFRIE MM, MARFRIR AR, LA FRR BT, A0 T8 AU B . & B8
N H A IR R R ONEAEYI B (PTP) e R4, GOF ARG . *P<0.05, **P<0.01, ***P<0.001. Note: The soil

index is characterized by soil total organic carbon!*®!

, the floodwater index is characterized by the pH of the floodwater, the phosphorus
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.

P18 e FHJ) DA gl Al 25 Sk 52 e PR 3R 010 i e /N —3fe AR AU 3By
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
X ( GOF=0.384, Bifn[%E ), REEH AN RS
Wy SR 5% e % M DX SR N AR ) S R R D B R OE
IR o 55 4 T i DR B, 7R It DX e el ) A

AWy E SRR I oh . IR R T A R R A
X} N W B SR RE O e AR o, LR R AR R
BUN—0.038, 17 A T 7K TR 422 7E T R A W
B & 5.

&3 PLS-PM RERZE IR . B4R &2

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

RHENRINRA Y 0.036 0.095 0.131 0.324 0.002 0.326 0.053 0.003 0.056

S B T N AR —0.248 -0.028 -0.276 -0.257 0.032 -0.225 0.299 0.004 0.303

WAL AR ST ~0.509 0.000 -0.509 0.044 0.000 0.044 —0.154 0.000 —0.154

T T N E W AR 0.261 0.079 0.340 -0.221 0.006 -0.215 ~0.155 0.023 -0.132
AN R G A J DA W

5 0.155 0.000 0.155 0.134 0.000 0.134 0.149 0.000 0.149

@ Soil to floodwater; @ Soil to PAOs; @ Soil to microalage; @ Soil to EPS; ® Soil to PTP; ® Floodwater to PAOs; D Floodwater
to microalgae; @ Floodwater to EPS; (9 Floodwater to PTP; 10 PAOs to microalage; 1 PAOs to EPS; (2 PAOs to PTP; @3 Microalage

to EPS; (4 Microalage to PTP; (5 EPS to PTP.

30 TEBUYETHmTEAMEYEEAR
A5 38 328 e 8 R AT, PRSE T AN R b X A
H N YRR S A . DAEMFSEUER, pH At
HE TOC JZFE M - et W RE A 4L S 22 R0,
AN AEH HEHE K pH 55 TOC 1A
S, AT e R S B E AR oK SO R A E YRR
YUl R MEEFEE, XG5 LR E P6-1
TE pH 6.7 M5 T AERAG L 5 BRSO e ff: 5 #lit

SEDAR ST UE W] TR BT JPAL TR BRE B B 7R pH
6.5, R HLIXAE I 4 W H K pH (R, X AT
REfEE 1 I AR P SR Wi b 1) 2R 0, DT 5 B30t i X )
A R BEGERE T 2 FEE BRS04 52 e J A A=
VI ARWERE ) o Al 8000 4 OB T 1 1 LT
PRI (pH 7.0) HAAF, X al iR T2t p
DX JE A i AR PR N . 4% TOC 24
MNAEPIREE L B 2R D IR P
& TOC BEJ 4 i A QR Bt ob 7 U BEBE, IR FRAIA HL
WAL A LR BEN B 225 R B 2R
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