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Effects of organic phosphate—solubilizing bacteria on phosphorus release from sediments in Swan Lagoon

MA Kai, XIE Jiahui, WEI Liequn, JIANG Xiaojing, GAO Li"

(Ocean School, Yantai University, Yantai 264005, China)

Abstract: To identify the dominant organic phosphate—solubilizing bacteria (OPB) species in Swan Lagoon sediments, the technology of
plate culture and 16S rDNA sequence analysis was used. Thereafter, three representative strains ( Geobacillus stearothermophilus, Bacillus
Slexus, and Bacillus altitudinis) were selected for the simulation experiment investigating the influence of OPB inoculation on water total
phosphorus (TP) concentration, alkaline phosphatase activity (APA), and P fractions in sediments. The experiment included two groups of
sterilized and non-sterilized sediments. The results showed that Bacillus was the dominant OPB genus in the sediments of Swan Lagoon in
the winter. The sterilization of sediments had a significant effect on the concentration of TP in water and TP concentrations at three
inoculation treatments of the sterilized group were significantly higher than that of the non-sterilized group. The OPB inoculation promoted
P release from the sediments in Swan Lagoon. TP concentration for different treatments of the sterilized group ranged between 0.049-0.335
mg -+ L' and increased markedly for the B. flexus and B. altitudinis treatments. APA and loosely adsorbed P(NH,CI-P) concentrations in
sediments increased for most treatments while the concentrations of redox sensitive P (BD-P) and Fe/Al bound P(NaOH-P) decreased.
This study indicates that there are large quantities of OPB in the sediments of Swan Lagoon that affect the transformation and release of
sediment P by excreting alkaline phosphatase or changing the redox condition. Therefore, the contribution of OPB to sediment P release
cannot be ignored in Swan Lagoon.
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2021 412 A ZE ISR ERIZE S em TLEUY) A1
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ARG 4 CH BRI M . W1k —3 kAT
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1.2 ARAZE
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BigR2~7 do Bigrad A, o BB I 3% A L ) R AR
g ELAT R W RE 1 B TR , 42 2 IR R £k 4k )5 0017 16S
rDNA W7 %528, I R G R FW .
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lus stearothermophilus) s OPB10: 25 il ZF ##F 7 (Bacil-
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nis) o RIS A K B FIAE KR P4, R 415 5 A4k
B UCAL Y+ 90 K (CK1) L ULRR 4+ 380 /K + 4 %5 bl
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I HE+OPB10 TR+ K+ # Z BE+OPB11. ¥/
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FEAE AT Sl ol 42 Ao ORI e B i A S ) 8
VEABR  FRIL300 g LA Tl TR (2.0 L) IGHR AR
s b FEAS ] 23 B0 A 20 mL B 7 (ODsoo 214 0.8) 1 3
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BB 15 d.
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173 em A SRAEKHE T B K TP R, I A3 )
FE FLIH G pH R A 42 (DO) M B 5 76 18 560 45 o i,
SEVTRYI APA FI4STE S0 & it AT pH R 2
ST (SGT8) M E ; DO K FH I 4 (X (SG6-FK2)
DU 5 7K A4 TP SR FH 2o B8 R B0 A, SR BR BT 20 6 1
D7 PR W APA 43 B SR FH X il 5k w9l 1R 2R — A
P B AR AL 2 i SR HGE 1,
1.4 it

FITT Origin 2021 346 5 >R FH SPSS 27.0 14
HEAT 5 25 0B AH G 430 DA S TR 36, 6 K 1 21 il
A TR A1) 45 A BRI 43 3 16 A 7 22 S B 2 PR 56 (Dun-
can ik, P<0.05) .
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2.1 ARHh OPBRITEIEFNEE

WE 1R, 20l Z2 AR R N RIS 4 2=
L2V LG B A5 2 118k OPB. 78 51 PH 3 T AR
Py 3t oy s sl Ak 4 Bk 2R B AR 0 1Y T bR
(OPB1~0PB4) , H:H OPB1 #1 OPB3 () 1% I P8] H 4% Lt
(D/A) LR, JE R4 1M 1.65~2.06 F11.23~2.17. 5
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o OPB10 (9 D/ {H A 3.89~4. 11, 2y T 1 126 41 A ) fix
AR, 0028 I W HC B AT #5088 B AR BE )

X4 B A4 B TR BR BEAT 165 rDNA JE PRI /7, H
MEGA X B {F#4) % 2 8 AL A (bootstrap {4 1 000,
K2). WIALEREY], Mk A 10M)E T Bacil-
lus sp., | f{J& T Geobacillus sp.. WKHECAS B % E
TWEI, 255 HIE A KR AE F 16S tDNA J3 41, i I
OPB1 4 Bacillus cereus, OPB2 A Bacillus paramy-
codies, OPB3 "N Geobacillus stearothermophilus , OPB4 .
OPB7.0PB11 ¥} Bacillus altitudinis, OPBS & Bacil-
lus thuringiensis, OPB6 “K Bacillus stratosphericus,
OPB8.0PB10 *# Bacillus flexus, OPB9 N Bacillus pumi-
luso
22 FFIFEHPRARA
2.2.1 DOWERIZEML

H 1 3a AT DL 3230 0 1] 2K 7 2 &% A 3K AR 1 DO
WP AR B R A (B CK1 M) o 3R b Y
DO ¥ J3£ 247 75 12450 iy 390 2 3 eI, AR Pl ik RARCR S
Forh OPBIT Ak B [ i 5, v i 00 9k 88 B AC B i
(1.55~2.49 mg-L™) o A[REIZEFEAHEE, 3 AP AL HEK
A DO # FE IR T WIS I (CK 1, CK2) , o 5 €K1 22
SRR KT (P<0.05) , {HAS [ TR A A 31 1) 22 5 A8 i
#(P>0.05)

—KSFREIEALEFHEN

1 11 #ROPBEREMEVBIERE LHEEES

Figure 1 Colony morphology of eleven organic phosphate—solubilizing bacterial strains on Mengjinna organic phosphorus medium
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ﬂ‘__z MK629258.1 Bacillus flexus sirain BAC12
62 HO236019.1 Bacillus flexus strain SAD2-1
OPB10
MKO12676.1 Bacillus flexus strain Xh8 16S
OPB3
W'E FJ581462.1 Geobacillu stearothermophilus strain HWB2
64 HQ143640.1 Geobacillu stearothermophilus strain WCH 1
90 — OPB2
L NR 157734.1 Bacillus paramycoides strain MCCC 1A04098
AB523744.1 Bacillus cereus strain XJ-Q1XX-254B
35 OPBI
MN750766.1 Bacillus cereus strain EH11
MTO071731.1 Bacillus proteolyticus strain SN6-25
35 OPB5
62 JX010983.1 Bacillus thuringiensis strain B62 168
0OPB4
— OPBI11
58 L— KY911276.1 Bacillus stratosphericus strain NIBSM OsR1
0OPB9
KC692160.1 Bacillus pumilus strain ML353
35 OPB6
35 MGS561355.1 Bacillus stratosphericus strain FORT 29
T OPB7
65 KT003254.1 Bacillus altitudinis strain HN-8 16S
B2 ET 165 DNA FIIHIER 11 ¥k OPBHRGL B
Figure 2 Phylogenetic tree of eleven organic phosphate—solubilizing bacterial strains based on 16S rDNA gene sequences
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8.0 8.0r
7.5 75F
= z
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Figure 3 Changes in pH and dissolved oxygen concentration at the sediment—water interface under different treatments
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AR K A4S AL P DO e #E 0.87~6.18 mg - L7 (5]
3b), 5K LA H , FLR 50 5 IR AR A B o B
Bk CK 1 7E 3050 1 ] AR fh A /N, AR AR 31 DO e 3
FIMAERT9 d 2R R A F M EH AR R AR
e/ B4 AT, OPB3 Ab L DO e &8 3% &
OPB10 F1 OPB11 Ab ¥ . 72505 HH , K 2 Bk PRAE
K TEEAE T 1 DO MR AR T K A4, Horh OPB10 4b
FRAE & 18] 22 5238 7K F (P<0.05) .
2.2.2 pHHAE1L

Pl 3¢ i, a6 19 1) 2K TR 4145 Ak FEK A& pH AR i
4 6.58~8.01, B I [A] 1 < 52 PR AR 3 . 7RI B0 AT 5
d, &AL FRIA] 1 25 SR B (B CK141) , Z 5 Bl 5
VAT 22 SRR WA K. FE5S 11K, M Ab B pH B K
OPB11 4b 3 i 2K T OPB3 Hl OPB10 4k ¥ (P<0.05) ,
L343l b B ) BE ) 119 22 53 389 38 B 25K . 7
JE K H 2 (B 3d) , KK pH AR 1§y 6.73~8.45, 45 4k 34
pH Bl R AR 1 248 R R e BT AR, AR
A FRAR HE , & RD AL B pH 24 8 E T CK1, 7RI 5
Jei 30, A TR 4145 A AL FRAG AR AR pH 2 i T R B 4
2.3 OPB#E#hxt L& /K TP R E& M

PRI S R, K TR A KA TP R B B Ao ) 2B K 52
T b TR AR E A 0.049~0.335 mg - L7 (€ 4a) o
RIS T 3 d, K2 Hb 30 TP ¥k BE A Fir [, {H 40 31
1) 22 T3/ s Bl A B0 A T, 25 A 3 TP Ve B 1 K i 14
Mo E55 13 K, ARl Ab 3 a] 19 25 545k, Hoh OPB10
Rb ¥ 3 T CK1 A1 OPB3 2R B, OPB11 b F 3 & 75
F CK1(P<0.05) . EIR I8 45 H A, OPB10 &b B TP ¥
B iR, M 0.335 mg- L7 SR, OPB 1HE Rl i
PR KA TP ¥ B2 BH S 38 i, AN [) 7 #k 26 3k OPB10>
OPB11>0PB3,

N
N
=)

[ (a) K4 Sterilized group

030

0.20 -

o
—
o

TP ¢ & TP concentration/(mg-1.™")

(=]

1 3 5 7 9 11 13 15
15 7% [F] Time/d

- CKl @ CK2 -A OPB3

P AR K T 4, 32 56 9 8] /K AR TP ¥ B A5 iy
0.011~0.100 mg- L' (&l 4b) . 5K AL L, 45 4b 7
TP ¥ B BE R[] (14 S 4 3G WAL/ . Forfr OPB1 1 A AR
A K, S5 P 9 TP Mk BE AL W) AR 1S 0 1 0.085 mg -
Lo LA 2 A H ol A B 088 W A 38 5 X B, FESE 9
K, A& Ab BRI Y 22 5 550 B ik, R B OPB10>0PB3
CK2>CK1>0PB11, H:H OPB10 4b Ff 5 % 55 T CK1 I
OPB11 4b¥E(P<0.05) o XF 3 %A AL BRI 7, IE K IH
S F T KR TR B 1Y) TP ¥ JiE 38 (B 25 T K R 4 (P<
0.05) , H:r OPB10 &b A 22 5 e K (0.235 mg- L) .
2.4 RIS K APA UL
2.4.1 KT E TR IR A AR 1k

RIS AT S LR T ARS8 S = W 5 TR .
FEIR IS 25 B, K T 20 55 W B S 8l (NHLCL-P) 75 A8
WA 1.28~2.07 mg- kg™ (& 5a) , £ R AL BRI L) 1R
{8 B 214, 263k OPB3 A1 OPB10 &b 34 i 2 &5 T4
4R AE .CK1 F1OPB11 4L # (P<0.05) , 1] OPB11 & i 4%
%5 Al KB 241 NHLC1-P 75 &= B WA T K B 4l , Ho
OPB3 Kb HRIC F 40 4R (E , 1T OPB10 AbF i 2 %5 F CK1.,
RIS ZE AT, R 4 4% A B AT AR SRS B (BD-P) 7%
A TR IE YA BT R B (K 5b) , Hor OPB10 4b
P AR TR LA AN CK 1 ZE IR K I 40, CK1 % BD-P
A, 5 OPBI11 AR BEA] 22 57 8 2% (P<0.05) , AN
FERD AR Y 5 B 0T OPB3>0PB10>0PB11 .

SRR ER 45 4 AT (NaOH-P) T 3 (8 5¢) , KH4H
[ 2 B AR 8 Sk 20.12~38.62 mg - kg™, AR Ab 3 R LK
CK1>0PB11>CK2.0PB3>0PB10, H:th CK1 5 H 4 kb
PRIA) () 22 5 038 B KOF, 3 AR A B R 25 5 R 8
2B K 41 4 40 B OPB10 4h BRAR &, 55 CK2 il
OPB3 [i] £ 5 ik 2 # /K ¥ (P<0.05) . 5545 & 5

0201 (b)JEK 4 Unsterilized group
0.15F
0.10F
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TP & TP concentration/(mg-L™")
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15 7% 7] Time/d
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Figure 4 Changes in total phosphorus concentration in water under different treatments
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Figure 5 Contents of different phosphorus forms in sediments under different treatments
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B, KB AN TR A B B) DO Wk B A e B 2 22 5% L BR &S
X B8 CK 1A, A A 4 Bt 155 % i ] 0B 177 A e oA
o 3/HERIALFE DO W B B S RRAR , AR — /K A T
AR PRI, 3 3 B2 Al T WP WA PR T FE R ot
AU, o AR R 1 OPB0 B 5 K
CK2 ZbHE ) DO H B B T e, 3 m] 5 5 356 30 1)
A DRSSP YH TR PN £F 8 % W ) B R RE A
Koo AERBEEMFT , CKI1 AL B 24 7 00 4 2480 0, 3%
A AR A2 BN, T DO T FER B T Ay Ak
PR B B AR F KR4 . B Tl ek
Y KA AR, AR KB 4 3 il 15 R $ R Ak B 1] 1)
DO WK 2 FHUN

TKAAR pH 7E KR LRI K T 20 1) 1) 22 5 [R5
B . KA, AL B pH B BAKF CK1, K5
o AR LR AL AR 22 7.0 DL, ELAR A 22 S8k,
Tl AE PP B A LR = A T BB AR 98 K A pH R
Ry B A, SR, A KR4 i F R R
PIIAEAE  BR CK1 AN A Ab HR) pH 25 5 48708 s 1B Ak,
T REECR R L PR SE 4 Rl 3 AT fig 5 20t
B R R TRARSE T8 R A B S R B P I
AT (455 359 pH BH S b 224,

ARG R IR, KD 245 P b BEK A TP ik 3 B
3N, 2R B AR A A UE T R RS W DR Y R
Jil, For OPB10 B bk HLAT 300 M R i B ) . PRI &
J7 2253 A R B, DR 2 5 K B X 7K 44 TP 52 1)
3 (F=244.4,P<0.05) . TEARKFEH , HELXIIH
Hh A 2 LA R A AR P I LR E A, DRI B L
H—E WRBERE T s (A FRUEW R Z B
TR R A0 R AT ) P D 3 A K2, L 3 ) i
B L& A W A — o R a4, DL B ]
BT i W TR R AT KA TP R M RCR R B B, HLAE
KOG A e B IR F KB 4l . pH . DO S5 0252 i DL
TR R ) B ZE AL 7. KKK TP . pH . DO %5
PEAT M43 B, B TP #k 5 pH 5 B 25 ik ¢
(r=—0.87", P<0.01) , 7 W] fiff 0l 741 fid 38 2o B 1K pH 52 1)
OB R A BRI, S 3 K B B T R, 25
JIFiA , RAGWATCRR) v A 8 T () HE Rl ] X7k AR B b
Jo 7= A B R s XU R B A — e AR A,
{H AT BB T Fh AN A R S B CR A B

1% WHART]

F TR K E AL, DU TE K 41 $ 7 e
W VE R B B R .
3.2 MEBEEMT AR BIESRF

i Tl AT T o R A I R i S AL R T U AR A
TR A5 B Ak, DR T A 7K AR Bl 418 20 2o 2 v i % o A
FH®, NH.CL=P 2 I0 AR ) 36 Pk 55 0 1 — Fob s B
AP E R R AT DL KR 4 NHLCI-P % 2 B &8 7
15, 7% B AT RE A7 A HA TR 25 0 17 NHLC1-P 551k K
P2 NHLCL-P & it B S s TR KR 4L, B R Z 5%/
A0 TR 2 T IR (K 5a) , P WIS SR iR A
B F U B IR 25 0] A A0 B 3G AR, X 48 T A5l &
AT AT (3R 1), R BUE A K X NHLC1-P Al
NaOH-P ¥ H A 2 2 5210 (P<0.01) , /& 75 K IR X
Xt NHLC1-P #1 BD-P A i 3 5211 (P<0.05) o 1E K
ZAEN B R A i o A AT U H NHLC1-P F1 BD-
P i) K A R (] Sa &l 5b) o LI 7K A KRS 2
I, TR Hh NHLCI1-P Al BD-P 75 &t K g R, H
H BD-P BRSO A B B TLE R BD-P R
T B Z A AR S AR S T AR R [ 45
A HK AR DO ¥R 2 B BT B, I S DT R — K AT
PRAVIRAS X 8 BD-P [ B B2 41t 174 A 4544 s HLAE
KA 2 DO He B 404G, il 50 &5 o it H i AL BD-P
) ek AR I A O 4K

P Tl TR T A OB ) A L i A o0 i PO
FEAEA, = APA G B T R A, A0 R
W, RZEAEA R TTRRYI B APA 35 = T X RR(P<

x1 AEARAESHRERET REFMEKX
LRI BET SR R0
Table 1 Two—way ANOVA for effects of sterilization and OPB

strain on phosphorus fractions in sediments

BRZEAIR AR HHZ ¥

Source  Dependent variable  df Mean square P
R KR NH.CI-P 1 6.94 77.00 <0.001
BD-P 1 <0.01 <0.01 0.982
NaOH-P 1 41578 12.69 0.003
HCI-P 1 390.45 0.05 0.835
[L3E7S NH.CI-P 3 0.18 2.00 0.154
BD-P 3 4.04 1.66 0216
NaOH-P 3 12.59 038 0.766
HCI-P 3 5620.19  0.65 0.596
K NH.CI-P 3 0.31 338 0.044
XTI bR BD-P 3 8.18 336 0.045
NaOH-P 3 4353 133 0.300
HCI-P 3 3921.19 045 0.720
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0.05) , 15 W] 184 fin £ f 0 45 i A A TR = DL Y
APAM XK AR TP FITT R APA $E47 A G4 43 #r
RIUAR K & 4 2 B3 15 AH ¢ (7=0.98", P<
0.01), 3% 5 Barik SF5 W BIFFE 45 SR A0 — B, AN Rz b
B RRIATA H, OPB10 A BEUT AR Y APA #5 v , HLK A
TPV B MR AR . AT DAHEWT , KRG 1 TR vh
43 5 1) OPB10 B Bk ELAT 3¢ =i 14 i3 43 W6 BE ) R R 1y
fEBETE 1. 28 BRI, OPB AR HE T RIS MDA
Yyl i R, A BB KW A KOF- B R, AT
TR FEAR R AP TR 5. R ERE
KA B HUEBER DURYIBEE S CAULBE) (A K =
IR AH B OG22 R FIR ARG .

4 it

(1) PSR IR 189 14 74 S A v DA g rh e 03
A5 11 AR HLREE I (OPB) , Horp e S AR 22 2 /i)
rh L iR TR RD 2R AL 2, 2F UM IR (Bacillus sp.)
OPB L

(2) g IR 1D Hb 28 AT T (Geobacillus stearother-
mophilus) (5FFH§?@,H:(Bacillusﬂexus)ﬂ:‘l]@/J\ﬁf@,
5 (Bacillus altitudinis ) 3005, )2 KA pH N it
ST SRR o 3 R AR B T A SR S A E TR RS
W TCAR W v Wl R TS, AA5 b B K G M B T
hne AEKTEZH il T 2 A i A A RN, 1 4 ]
SRR B R T KA .

(3)OPB 4R U] 2 2 5 1 LR b eV 1 il 1
P, b 2 il 25 AT VR R AT e 0 TR 0 A R 1 E
To KRBT R 2 e i 1T TR Y JE
HE AL, H R Ak PR 55 T B S B (NHLCL-P) 3% i W 3%
B, i B 0 A0 DRAECER B AT R T R A T 2 B
(BD-P) IR -
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