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Effects of the combined system of Myriophyllum verticillatum—-Hypophthalmichthys molitrix—
Sinotaia aeruginosa on phosphorus characteristic in lake sediments *

Chen Haoliang, Wu Wei™ , Huang Tianyin, Xu Xiaoyi & Zhuang Jinlong
(School of Environmental Science and Engineering, Suzhou University of Science and Technology, Suzhou 215009, P.R.Chi-

na)

Abstract; The construction of aquatic flora and fauna ecosystems significantly affects lake phosphorus cycling. Our investigation fo-
cused on the removal effect and mechanism of phosphorus in sediments using the combined system of Myriophyllum verticillatum—
Hypophthalmichthys molitrix—Sinotaia aeruginosa (MHS). The experimental results indicated that: (1) The absorption of Myrio-
phyllum verticillatum was the primary pathway for phosphorus removal in overlying water and sediments. Myriophyllum verticillatum’s
growth and its phosphorus enrichment were effectively promoted under the synergistic effect of Hypophthalmichthys molitrix and Si-
notaia aeruginosa. Under the influence of the MHS system, the removal rate of total phosphorus (TP) in overlying water was
14.02% —54.53% higher compared to other systems( Myriophyllum verticillatum (M) , Myriophyllum verticillatum—Hypophthalmich-
thys molitrix(MH) , and Myriophyllum verticillatum—Sinotaia aeruginosa( MS). Correspondingly, the removal rate of TP in sedi-
ments was 2.26% —5.33% higher compared to other systems. (2) The TP removal in sediments depended mainly on the absorption
of iron/aluminum bound phosphorus( Fe/Al-P) by Myriophyllum verticillatum. The removal rate of inorganic phosphorus(IP) in
sediment by the MHS system during the experimental period was 13.60% , with Fe/Al-P accounted for 87.83% , effectively reduced
the risk of phosphorus release from sediments to overlying water. (3) 16S rRNA gene analysis showed that the MHS system effec-
tively improved the growth environment of microorganisms, increased the relative abundance of phosphorus solubilizing bacteria
( Thiobacillus and Pseudomonas) in sediment, promoted the conversion of Ca-P to Fe/Al-P in sediment and improved the efficiency
of phosphorus absorption by plant roots. The results of this study indicated that the synergistic effect of MHS could effectively re-

move phosphorus pollutants in overlying water and sediment, and has good application prospects in lakes with high Fe/Al-P con-
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tent. It can provide a practical reference for pollution remediation and eutrophication control of shallow-water lakes.

Keywords: Submerged plant; aquatic fauna; sediment; phosphorus
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B/ BRGE A ST (Fe/ Al-P) FIEEL5 A 750 (Ca-P) & 4> B0 (325.94+1.34) ((198.09+1.04) . (124.36+1.62) |
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Tab.1 Experimental combination design
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M T2 B 20 B/ 4l
MH IR+ IR 20 R/ 4 5 85 2 2/
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MHS PICRE 3 + B+ 5 7 TR IRFEHE 20 Bi/A ; 65 2 F2 /A s 65 41 [T 20 /4l
CK 2 /

SCETEE NHET, Z RN (1525) °CJEIRERAE SN 8000 Ix, el ey 12 he12 h, SCERREE KM 15 4~ E 1
62 om [T FAZ 47 em 5 ¥ 73 om 1Y) 5 % R L 96 (HDPE) AT R Gt LR ITIATT, % S5 R 5E
R DU AN K, DI ER 15 8 10 em, TUFRW) 46 B B4 10000 g, EB/KIERE I E N 50 em,
FE 3 d SRS, YR ER AR bk = A — R R AT R, # 1 d S ROBOB S R/ NEEAR —E Y i
VRS AR, T AR e A SZS0 J, R 40 d, &S0 RGN B R G0, THAMAMERE R A
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(AR 15 mm) RERGERZTIRY (0~5 em BWEELL) IR S AR R R TIRORAE e A FDEASTE S 1,

pH DO J3 i@ it pH 31 ( b3 d % PHS-25 AU pH i) A AL ( LR JPB-607 A {8 45 X 42001
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AR R R 120 C A% 40 min, IBFRRERE e R
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Gene) Xf PCR WA T BEXT LU 22 I, 4 BRAE o 12 [ D 3+ 530 &8 i I S AR PCR 7= AT IR & o ()
E.Z.N.A.© GelExtractionKit ¥ % [ UG5 & Rl PCRIRA 79, TE s et Ik DNA R BE . J5 S %
1 NEBNext© Ulira™ DNALibraryPrepKitforillumina® 7 7fE 3 Rk 17 2 PEHRAE , 52 05 LA 55 2 )% F &5 Hiseq
5 Miseq 47 EALIY . @@ &7 IS5 B AR A B AR IR A AR L (&R, P ED o
1.3.4 BAE o477k SCWFTAFEEE R A SPSS 22.0 B #ATSE 43T FIH one-way ANOVA 43 H7 AN [A)
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21 E AR R S S B AR B LB TP YR K pH A1 DO YK FE S L A
1B, MHS MH MS Fl M DUF RIS AT S RUTB M B L BDK TP, 4SS0 4R e, SHUTRY TP 1 2
WKl MHS Z1(11.02% ) >MS 41(8.76% ) >M 41(6.91% ) >MH 41 (5.69% ) , X K TP g & b3 L3
1 MHS 20 (71.96% ) >MS 21 (57.94% ) >M 41(36.79% ) >MH 4 (17.43% ) , H:rf MHS 4 pH &1 DO ¥ i i
BT HASI 4 (P<0.05) .
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Fig.1 Changes in TP content in sediment(a), TP concentration (b), pH (¢), and DO concentration (d)
in overlying water in each experimental group( The different lowercase letters indicate significant

differences among groups ( P<0.05) , the same below)

2.1.2 FREMN R s R A B 4L B TR AN 2 /s, MHS 241 MH 20 MS 41 F1 M 21750
T 0 L 37K s/ A 2R R 2 43 A 368.75,188.65.,293.00 Fl 230.35 mg, 5T KA A1 7K A Bl 4 PO
IR EA -, SRGIMEHREY RS B3 (P<0.05) ]Iy MHS 41(76.18 g) >MS 241(70.56 g) >
M 4H(60.74 ¢) >MH £H(50.65 g) , IR R 384 Wyl & Hb B ek 0% MHS 41(0.75 mg/g) >MS 41(0.51 mg/g) >
MH £H(0.26 mg/g) >M 40 (0.23 mg/g) . fif M5 A HIZ YR AW S R E TR EEER.
MHS 2H AR o | BEFIAR 5 47 FH ISR T B 42 T 76.93% 11.58% Fl 5.46% 14 TP, 32 BI85 0] 9 25 110 o 42 12
RGN EBRAR . BARBERIASE A MR A B & ENRER SR, BT RIE RS TIESEEY R
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Tab.2 Biomass, phosphorus content and the variation of phosphorus in different media in each experimental group
/g YIS R/ (mg/g) WAL b &/ mg
M H S M H S M H S Sed 0

SEYRE I

MHS 0d 17.35  80.56  50.61 3.85 2.18 1.03  +283.69 +42.71 +20.14 -357.20 -11.55
40 d 76.18  98.74  70.38 4.60 2.21 1.03

MH 0d 16.79  80.70 - 3.80 2.16 —  +137.97 +39.34 — -185.80 -2.85
40 d 50.65 97.46 4.06 2.19

MS 0d 17.81 — 50.79 3.88 - 0.96 +240.67 — +24.81 -283.70 -9.30
40 d 70.56 72.98 4.39 1.02

M 0d 16.96 — - 3.92 — —  +185.66 — —  =22450 -5.85
40 d 60.74 4.15

CK 0d — — — — — — — - — -24.70  +1.65
40 d

* MARFAR R, H IR F 0, S (UG5 8L, Sed FRAL VTR, O fRE LRIK; +.— 4 MR A B b b 0 B
TR S G 2 P A K R R A R AR A R DL R AR
2.2 TR ARERSBHT U IFE

DURRYIBEE AR 43 OP Rl 1P, Hit [P XUAT 4432k Fe/Al-P Fil Ca-P, 550354 4R B ZIAH Lk, MHS 4131
) Fe/Al-P 7E TP W) (5 HERFE T 8.45% ,0P 78 TP W) (5t LT 2.67% o 45 50B0 2 Hei , Fe/AL-P (5 TP
B HLAE I MHS 20 (34.98% ) <MS 4 (37.42% ) <M 2[(39.70% ) <MH 21 (42.22% ) (& 2a) , SZE& 45 dnt
A SV AN R TR 25 1 R B R 1 & F CK 4, Hirp MHS 4 TP TP [ Fe/Al-P Il Ca-P K BRR 551 K
11.02% ,13.60% ,30.40% 1 3.25% , {g 2 T H AL 40 (P<0.05) (K 2b)

Ca-P [ ] Fe/AL-P op TP == OP 5] IP [ ] Fe/ALP Ca-P
(a) 100 (b) 35
a
/ / / / Y -
80 ’ / / % /
< S o5t b
o 60 % 20+
E 20.9%) 26.0%| 22.6%) 24.4%) 26.8% g
N 4ol N
= = b
bS § § § = b
x& < a
20t \ \ 4
K \
0 N
MHS  MH MS M CK MS

P 2 £ SR 2 DIRUW AR 2585 i LE (a) Hl TP OP (IP \Fe/Al-P [Ca-P Z:fR3(b)
Fig.2 The proportion of different forms of phosphorus (a) and the removal rates of
TP, OP, IP, Fe/Al-P and Ca-P from sediment (b) in each experimental group

2.3 MARYARREHMERENZMEER
231 HEET AN A EHS#BRF S BENY T IRITCIUKEY KBS &0 T IR
AN 20 & SR EE ) I 5C 2, XL TP 1P (OP \Fe/AL-P Al Ca-P 5 FEI7K pH DO FIJIE #: 2k
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Yyt AG HEAT Pearson AHOCM T (3 3) o #55REW], pH 55 TP (1P OP il Fe/Al-P & BB F MK, 5
Ca-P F R B E MM, DO 55 TP IP OP I Fe/Al-P it R B MAK, 5 Ca-P FEAEMA L E, IR
WA e S YU [F) R A5l 3% ot S W 35 AR G, DR pHL (IR 36 A6 0y i 1y 14 o 24 B ol /D D AR o
(W Jorp MHS 21 pH AU i A W 4 0 35 T ARSI 41 (P<0.05) (] 1e, 3 2) , X SR id
MHS 2 %0f 28 ¢ i 3R 1) S BRABOR IR AR — 2

3 YR ARGV A R 05 PR 1 2 (8] (4 Pearson AH 5 5L
Tab.3 Pearson correlation coefficients for the relationship between different forms of

phosphorus in sediment and environmental factors in the experimental system

TP P op Fe/Al-P Ca-P
pH -0.780 ** -0.779 ** -0.697 ** -0.837** -0.540*
DO -0.637* -0.641* -0.538* -0.653* -0.383
BB A& -0.886 " -0.883 " -0.849 ™ -0.890 " -0.832"

# FORMISENEAE 0.05 KR35, #x FORMISENELE 0.01 KPR,

232 MBI B EEMAFEARAGREREN Y F 4 KLY o SREFERSHL
WA (1) AR AL B Tab.4 Alpha diversity index in each
S SRALTUR AN RS o 2 REREIR BN 4 7 experimental group

No ULEIAE Y Goods coverage FREUIIHEIT 1, Ui AR —

S TR KB, IR B R UL e B Chaot Shamon %%

WIS L., MHS 20 MH 28 MS 20 A M ZH AR % T -

CK 24 Chaol 5%t 2> B 42 & T 133. 81% . 54. 95% . CK 20d 1959.8 6.62 0.995

138.55% #1 29.94% , Shannon 8 54> 4% 5 T 35.95% | MHS 4582.3  9.00  0.990
MH 3036.7 7.44 0.992

12.39% .40.18% il 4.53% . SZu 25 o, 4% S2 s 4L T R

YRS RS R R MHS A1>MH 41> S
MS 41>M 41>CK dlo SR, 70 S R YL B CK 04 20462 684 099
R e A 1 SR RS AR W 1 =F R B AN TR RV 1 2R MHS 0834 877 0.990
REREY SRR e e, Hd MHS 41 i $2 A 2008 2 MH 3728.6  8.03  0.992
BT HASIE4H (P<0.05) MS 3403.5  7.50 0.991

B RE T LR M 5] 58 [ 128 4% 246 H 275 Fl 405 M 2267.5  7.03  0.995

JE AN R PP 2 o 45 526 20 DTAVY) A B 11 K SF- L HE 44 Al
10 PR FADREARXS FBEANIE] 3 Frm . S5 RR W, ZRTE 1 1] ( Proteobacteria ) 2y 4% 52 4 2H HURR Y v ) 48 %55 10
PHT ], SRS 20 K, MHS 4 MH 4 MS 4 M AU E T EES CK AN 98T
13.46% ,12.52% ,10.78% 1 1.66% , FH:rp MHS £ F1 MS ZHUTAI 4225 1 1] ( Chloroflexi) /5 FL# &, 435 M
9.11% H18.76% . M VLT EREE ] ( Firmicutes) (5 LA 8 (Hhy 25.25% ) . SZERER 40 K, CK Ui 15
YN ( Cyanobacteria) 5 HLH 0.19% £27H % 1.31% ,MH 2051 M 2L VLU BT 15 1] (Acidobacteria) (Y H 433
i 1.73% \3.32% 3 T+ = 10.15% , 19.81% , MHS 20 T B4 S AT 16 1] ( Bacteroidetes ) (5 [t i1 4.72% & T+ =
11.64% , WA L, MHS VTR Proteobacteria (5 LR Z = T H ARSI

SRS 20 K K 40 KA, 25 LW H TR Y R R A XS F B INER 5 FR . SER AR 20 K, BRI R
( Pseudomonas ) FiAT i J& ( Thiobacillus) > MHS 2041 MS HITW LB H & |, Sulfuricurvum g MH #H TR
R, 2EHAT 5 8 (Bacillus) 3 M 4Uf1 CK VTR F IR, Hd MHS ALY Pseudomonas il
Thiobacillus WA B 43510 5.29% F1 5.10% , 5 H A S50 AU AR LA B4R 5 T 1.72% ~ 4.97% H1 1.33% ~
4.83% . SLHGEE 40 RIS, MHS ZHILARY) Pseudomonas F Thiobacillus Ty L H G & , HARXS F B 43 5l it — 25
$R1E E 6.37% Fi1 6.23% , T oA 5290 2 LR ) A 94 1 8 39728 SRy LA 11J ( Symbiobacterium)
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Bl 3 S5 20 K (a) FIGE 40 K (b) S SLBAUTRRMIAN B 1K L HEAHT 10 B35BT TR AR XS 42 52

Fig.3 The relative abundance of the top 10 dominant bacterial at the phylum level in

sediment in each experimental group on the day of 20th(a)and 40th(b)

5 K SLE ALY T2 B R AR X 42 AL

Tab.5 Changes in the relative abundance of major bacterial genera in sediment in each experimental group

AFXF S BE/%
T IR %520 K 55 40 K

MHS MH MS M CK MHS MH MS M CK

Pseudomonas 5.29 1.26 3.57 1.50 0.32 6.37 0.63 4.12 2.13 0.47

Thiobacillus 5.10 1.84 3.77 2.21 0.27 6.23 1.44 4.28 2.07 0.53

Symbiobacterium 0.22 0.35 0.19 0.98 7.69 5.63 12.44 15.54 27.57 13.39

Geobacter 0.41 0.73 0.52 1.81 1.09 3.58 0.57 0.40 0.81 0.31

OLB12 0.26 1.45 0.48 0.53 0.20 3.20 0.69 2.76 0.30 3.76

Masstlia 0.64 3.65 1.97 1.11 3.88 0.56 0.75 1.51 0.11 0.37

Sulfuricurvum 0.25 10.21 0.46 8.66 3.89 0.55 1.17 0.48 0.59 2.87

Bacillus 0.11 1.45 0.15 18.83 9.90 0.12 0.14 0.09 2.26 0.33
08 F o (2) GURR YA ) T 25 Wl T A7 Y 52 5 A T T 9 45 4

acillus

-0.8 b

Massilia

Thiobacillus

Symbiobacterium

OLBI2

-1.0

(] 4 T Jm A A0 TR RE A F2 5 5
DU RDE S HER) RDA 34
Fig.4 Redundancy analysis( RDA) of the relative

abundance of bacterial communities at genera level

and different forms of phosphorus in sediment

FAAH D1 43 B

X UURR AN IR 25 e o2 15 J /K T b CRFX 32 B i
10) BN TR ESE AH X 32 BEE 4T RDA 4347, i T EREE A
FHFAAE BRI SL L, L ZE#EAT RDA 43 BT i Je ok
JHJ7 28 1K A T ( variance inflation factor, VIF ) 43471 i
$VIF KT 10 @R, 20 i 45 L el 4 fr
TR B — 55 T A0 A R T LA A R R
I R A R 28, 75% I 20. 64% . Ui B
Thiobacillus .OLB12 1 Pseudomonas 5 TP IP & H 2 &
ZAMASE, Hod Pseudomonas F1 Thiobacillus ¥ YT FR 4y M
VR B 1) AT VR ARG A 2 BB Y L SE0 A 20
TN 40 RAF, MHS H UL Y Pseudomonas F1 Thioba-
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