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Screening and combination of aerobic denitrifying
phosphorus-accumulating bacteria for waste removal

PAN Chao®', GUO Zhipeng®', FU Guiping ', TANG Jia’, ZHAO Lin'

1 Shenzhen Key Laboratory of Marine Bioresources and Ecology, College of Life Sciences and Oceanography,
Shenzhen University, Shenzhen 518055, Guangdong, China
2 Shenzhen Hanyu Environmental Technology Limited Company, Shenzhen 518034, Guangdong, China

Abstract: [Background] In recent years, the expansion of mariculture has caused the massive
accumulation of excrement and residual feed, which has increased nitrogen and phosphorus
content in aquaculture waters, aggravating eutrophication and causing harm to the environment.
[Objective] To screen out the aerobic denitrifying phosphorus-accumulating strains from
mangrove constructed wetlands, determine the optimal nitrogen and phosphorus removal
efficiency of each strain, and then optimize the strain combination by response surface
methodology to further improve pollutant removal. [Methods] From the 5 strains of
salt-tolerant heterotrophic nitrifying-aerobic denitrifying bacteria isolated in our previous study,
the aerobic denitrifying phosphorus-accumulating bacteria were screened by metachromatic
granules staining and poly-B-hydroxybutyric acid (PHB) staining. The optimal nitrogen and
phosphorus removal conditions of each strain were determined by single factor test.
Box-Benhnken design was performed in Design-Expert to optimize the strain combination.
[Results] Three strains of salt-tolerant aerobic denitrifying phosphorus-accumulating bacteria
were screened out, which were Achromobacter pulmonis strain E43, Achromobacter
xylosoxidans strain J1, and Pseudomonas oleovorans strain F2, respectively. E43 was found for
the first time to have the function of phosphorus accumulation. The optimal strain combination
was determined as E43:J1:F2=1:1:4. The average removal rates of ammonia nitrogen (NH; -N)
and phosphate (PO, -P) by this combination were 91.28% and 93.03%, respectively.
[Conclusion] The bacterial strain combination improved the average removal rate of PO4> -P,
which provided a preliminary basis for the subsequent application in the actual treatment of
saline wastewater. This study is an effective attempt for the assembly of aerobic denitrifying
phosphorus-accumulating bacteria and provides a feasible method for the assembly of efficient
functional bacteria.

Keywords: nitrogen; phosphorus; aerobic denitrifying phosphorus-accumulating bacteria;
bacterial flora; response surface methodology
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R -B-# AL T R (poly-B-hydroxybutyric acid, PHB)
PEftRE S, A5 PR R T L IR ER TR Y
] 5 N 22 RWEIREL . R[] I 52 B e i 1 0 5
PR ST A A AR TS DR I A SR T SR T
RIRGER T AL GEis A P I A B i i BRI . H i,
N Ah2E B Bt 22 N A/O/A-SBR S b #1314 15
VAP OE1 81110 ] b AR S 2 WA ER 7/ )R I
U b R B S A R S AR R B, Tl
1 R R I T AR

IR AL R B B Z Fh bk, i e
i (Pseudomonas sp.) "% | A Ef#T 1 (Acinetobacter
sp )20 ZEAIFT T (Bacillus sp.) IS B
i (Aeromonas sp. )& 32 DI WFgY R8T
TE FR PR TR ) T AU SR B ) S BE 1, SR AN [W] B i
ZIEfFEZ RS HAE N, S EASE | 2F
MzE s, I, 0k 2 ek BA P RAVE F  4r
AT IRBETR , SR 5 09 Jr VA H s R
U AR SR AL SRR TRAE L A P TR R ) B [ A 1
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Figure 1

PHB staining results of strain E43 (A), J1 (B) and F2 (C).
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Figure 2 The effects of different carbon sources on nitrogen removal rate of strain E43 (A), J1 (B) and F2 (C).
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Figure 3 The effects of different carbon sources on phosphorus removal rate of strain E43 (A), J1 (B) and
F2 (C).
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Figure 4 The effects of different nitrogen sources on nitrogen and phosphorus removal rate of strain E43
(A, B), J1 (C, D) and F2 (E, F). A, B: The nitrogen and phosphorus removal rate of strain E43 under different
nitrogen source conditions. C, D: The nitrogen and phosphorus removal rate of strain J1 under different

nitrogen source conditions. E, F: The nitrogen and phosphorus removal rate of strain F2 under different
nitrogen source conditions.
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Figure 5 The effects of different C/N ratio on nitrogen and phosphorus removal rate of strain E43 (A, B), J1
(C, D) and F2 (E, F). A and B represent the nitrogen and phosphorus removal rate of strain E43 on NH,; -N
and PO, -P under different carbon to nitrogen ratios. C and D represent the nitrogen and phosphorus
removal rate of strain J1 on NH,"-N and PO, -P under different carbon to nitrogen ratios. E and F represent
the nitrogen and phosphorus removal rate of strain F2 on NH, -N and PO,*"-P under different carbon to
nitrogen ratios.
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mF, B E43. T1 ORI F2 3% 3 BRIERIBRAL . Kk
BRGNP HEAT, NH,-N F1 PO, -P (1)°F
PIRE AR AE L E] 97.00%F11 84.00%. Zi4 A
PPt N/P N 15 /5 3 MR AR A L .
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El 6 ATREIRBLLXTERK E43 (A, B). J1 (C. D)F F2 (E. )RR, BRESERNEM A, B: /35
KR E43 FEAS A U HL s X NH4 -N %n PO, "-P B A FIRBERE. C. D: 49 WEHE 11 TEAR R A
B LI X NH, =N F1 PO, -P BYBR A FIBRBESCE. E. F: BN F2 768 W Z B L% NH,-N il
PO, -P HIRR A AR B ACR

Figure 6 The effects of different N/P ratios on nitrogen and phosphorus removal rate of strain E43 (A, B),
J1 (C, D) and F2 (E, F). A, B: The nitrogen and phosphorus removal rate of strain E43 on NH,; -N and
PO,’"-P at different nitrogen to phosphorus ratios. C, D: The nitrogen and phosphorus removal rate of strain
J1 on NH4-N and PO, -P at different nitrogen to phosphorus ratios. E, F: The nitrogen and phosphorus
removal rate of strain F2 on NH;"-N and PO,>"-P at different nitrogen to phosphorus ratios.
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2.2.5 REXERFRARRBHHR NH,'-N. PO,> -P [~V M i Sk B f KAH , 43

E43. J1 M F2 iX 3 BRIWFESRENEEN 51 94.82%. 96.00%L E(& 7), {HIEERE N
0%0—-30%0 Z M ¥ HEAEAS, TERRIEN 0%, BR  30%0 F, MREIRBEACEIFIE T %, AWF5rss
RERBERCRIRAE, BOASLIEAOTHR, BRARR gl £ U pEse gl B0 o LRk E43 .
PRRCRMAE BTF, FEEREER 20%0 ), 48 h B 31 1 F2 (AL Sl 20%0.

= Salinity 0%0 « Salinity 10%o0 +  Salinity 20%0 ~ Salinity 30%o

A ~ - B ~ -
= [ =
S 140 i = 10+
E 120} g £ sl *
£ 100} N 5
5 sof " g 6
= . = : 1
g o0r ol 5 41 L 'l
- 20} S ~ " =
. 0f A b, O :
: 1 1 1 1 1 1 1 O Il 1 1 1 1 1 1
Z 0 8 16 24 32 40 48 ~ 0 8 16 24 32 40 48
c = ~ Time (h) D 5 ) Time (h)
T 140 ¢ i B 10 F
E0f Ty E
= 1 ' = st M
£ 100 ¥ £ 3
g so0f " g o7 "
S 60} 8 4 3 !
g ] R i g "l . '
s 40 ] - % S ol by ;
L . :
z 2 N S ool |
: 0 L 1 1 1 1 1 1 1 1 o 1 1 1 1 1 1 1
z 0 8 16 24 32 40 48 = 0 8 16 24 32 40 48
E ~ - Time (h F ~ - Time (h)
=140t A *) = 10}
2] = B
E 120¢ . E ol 1
£ 100} " g i
g sof N B 6 i
§ 6l p : L ] § 4r : v
g 40t ¢ A . : g 4 ®
3 . s 2r s A
z 20¢ G e Tt R
—I“T of v A "L‘-r 0F *
: 1 1 1 1 1 1 1 ] O 1 1 1 1 1 1 1
Zz 0 8 16 24 32 40 48 = 0 8§ 16 24 32 40 48
Time (h) Time (h)

7 AREIEHEXIE E43 (A, B). J1 (C. D) F2 (E. PFRE. BRBERNEmW A, B: 451K
PR E43 ZEAR MR I X NH,-N Rl PO -P MBRAFIBRBERCRE. C. D: 403N BbR J1 FEAS IR 4R B i
* NH, =N Fil PO, -P (BR A FIBRBEACE. B, F: 40BN bR F2 7AW 3R B3 NH, N Fl PO, -P 1)
Figure 7 The effects of different salinities on nitrogen and phosphorus removal rate of strain E43 (A, B), J1
(C, D) and F2 (E, F). A, B: The nitrogen and phosphorus removal rate of strain E43 on NH, -N and PO, -P
at different salinities. C, D: The nitrogen and phosphorus removal rate of strain J1 on NH;"-N and PO,’"-P at

different salinities. E, F: The nitrogen and phosphorus removal rate of strain F2 on NH, -N and PO, -P at
different salinities.
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LEG DL ST H E43, T1, F2 3X 3 BRiAY
MR BRBEA R RIE L TREN . $hE R
2%. C/N N 6. &EIFE N NH,CL, N/P KN 15, %
ZMF T, WIS NH, -N W A(113.03+1.13) mg/L .
Wk PO -P WM (7.9940.64) mg/L i}, E43
) NH, -N 2% 98.02%, PO, -P LFRER K
88.76%;J1 A NH, -N 2Bk % H 97.12%,P0O,> -P
FBEEHR 86.52%; F2 A NH,-N FEERERN
97.07%, POs> -P EBRFN 84.27%. 3 FRET E43.
J1 FlF2 XEIREE SR (2SR AR, 3 Ay ) 2 D
AL T A RIS
2.3 MM ERIELER S
2.3.1 Box-Benhnken iR J& %5 R

Box-Benhnken iREaZE RaNZR 1 fras, 3t
17 Wik o 17 iR vl 43k 2 Fp2e Al —Fp
T, A 12 AR S 5 —FhE

x1 WMENASTRELSRSER

AZ G Rty 5 & G, DLORAG SR

AR
2.3.2 Mo 7 AL BUE 3 A

| H Design-Expert 10.0.7.0 A4 X 0 o 11
R LS BT R RIA A, 155 NH,-N
[AR(DIFT POS™-P [ 3R(2)] 22 B R A AF 5 A
3, MR BRI TR AR
Y(N)=62.31-3.06A-7.55B-4.22C+4.01 AB+
1.86AC- 6.65BC+2.05A%+11.55B*~1.56C> ()

Y(P)=88.23-11.45A+1.23B+2.17C+11.23AB+
14.80AC-22.06BC-7.70A>-13.98B*-9.59C*  (2)

%A Y(N)AT Y(P) T X NH,™-N Hil PO, P 2%
BRI AR ; A AR AL B Fl C 23 5ilh
BIRR E43 . J1 F1 F2 $&80 LA

PR [ AR RY 1 7 22 40 B 4 R Lk 2., 3k 2
B NH, -N EBR% A [ H B P=0.009 4 (<0.01)
H F=6.87, ULHHiZBIRLEM W E 1.

Table 1 Experimental scheme and results of RSM

PIES A: TEFE E43 BSMLLE B BB TSNS C: WMk F2uSmmILs]  BRAEA B

Programme  A: Addition proportion B: Addition proportion C: Addition proportion Nitrogen  Phosphorus
of strain E43 (%) of strain J1 (%) of strain F2 (%) removal removal

rate (%) rate (%)

1 5 5 3 69.71 67.15

2 3 5 5 54.04 43.65

3 5 3 1 58.88 42.72

4 5 3 5 56.82 79.23

5 3 3 3 59.37 85.99

6 3 1 5 79.44 87.44

7 3 3 3 54.38 86.47

8 5 1 3 79.81 40.10

9 3 3 3 65.94 89.86

10 1 3 5 63.02 69.57

11 3 5 1 78.47 85.99

12 3 3 3 65.94 88.89

13 3 3 3 65.94 89.92

14 1 5 3 63.99 70.53

15 3 1 1 77.25 41.55

16 1 1 3 90.15 88.41

17 1 3 1 72.51 92.27
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Table 2 Variance analysis of nitrogen and phosphorus removal rate

B3 il Ehic)E-2 Ji %% F{H P {& Prob>F B

Source Sum of squares Degree of freedom Variance F value P value Significance
N P N P N P N P N P N P

Model 1523.61 6042.66 9 9 169.29 671.41 6.87 87.56 0.0094 <0.0001 ** **

A: E43 74.74 1048.47 1 1 74.74 1048.47 3.04 136.74 0.1250 <0.000 1 *x

B: J1 456.59 12.08 1 1 456.59 12.08 18.54 1.58 0.0035 02497  **

C:F2 142.77  37.66 1 1 142.77 37.66 580 491 0.0469 0.0622 *

AB 64.47 504.62 1 1 64.47 504.62 2.62  65.81 0.1497 <0.000 1 *x

AC 13.77 876.67 1 1 13.77 876.67 0.56 11433 04790 <0.000 1 **

BC 177.13 194643 1 1 177.13 1946.43 7.19 253.84 0.0315 <0.0001 * **

A’ 17.75 249.37 1 1 17.75  249.37 0.72 3252 0.4240 0.0007 **

B? 561.51 823.43 1 1 561.51 823.43 22.80 107.39 0.0020 <0.0001 ** **

c? 10.25 386.90 1 1 10.25 386.90 042 5046 0.5394 0.0002 **

Error 172.38 53.67 7 7 24.63  7.67

Lack of fit 61.37 39.63 3 3 20.46 13.21 0.74 3.76 0.5824 0.1165

Pure error 111.01 14.04 4 4 27.75 3.51

Total 169599 6096.33 16 16
*: P<0.05, ZESEFE; **: P<0.0l, ZEFWEE; N: BRECK; P BREER. TFH

*: Significant value (P<0.05); **: Extremely significant value (P<0.01); N for nitrogen removal rate; P for phosphorus removal rate.

The same below.

)35 (lack of fit) Prob>F & 0.582 4 (>0.05), RILLAN 9.635, FRfE 5L, UlHZRiAn]
RPN B B R BRI B XTBR AR M 17, BREEREAIS CV=3.77%, /N 10%, i
e i % (P<0.01), i CFl BC XBRACKEM R E  WIEIAUREHE AT {5 ; R=0.991 2 Ui BRI
(P<0.05), PO, -P ZFRFRAYEIIIHEA P<0.000 1 44, AdjR=0.9799, Pred R=0.892 4, — ¥4
H F=87.56, UiHIZBIALEM BER. KRBT 2Z/0TF 0.2, HERWGNEFEEE S 26.288,
Prob>F 7 0.116 5 (>0.05), K{PTF AR E, T

MG AL AB. AC. BC. AT, Bl C*XfERIA Table 3* Reii\ability ananlysis of nitrogen and
HREL IR P 25 (P<0.01), T B Al C XTER#ERE phosphorus removal models

WA 25 (P>0.05) LA 8 R WIBR E R MERBE  Factor N P
OB 2R BRI L Ry, DY o o
FE 3 LS A e 7 TS AL, ARRLEE N AR CV (%) 7.30 3.77
WA B TR T 5k BTSSR 2 3. PRESS 115541 636,06
CV (55 REORRBAIOR L, OV (i, o e e o,
BRI 5 BEARAR . ANk 3 Fn, AREHIBRE — AdR 0.767 7 0.979 9
SERUBH CV=7.30%, N 10%, Bgmgy  PredR 03T 082
Adeq Precision 9.635 26.288
A {5 ; Adeq Precision MM E(EME L, HK BIC 115.96 96.12
F 4 {0 H BB AR IR NH, N EBRSH AlCe 144.29 124.46
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LI AT B e

Fifi 5 #1] FHl Design-Expert 10.0.7.0 4422 1l
PR AR T Fb 2% 14 1) = 2 g 7 gt T T, e 337 T ]
F18) S5 i 2R URR it T S3 B2 T LA e B e
KR Z 18] 2 B AE R R s 58, 55 i 2ol 42 0 i
I 7 EL it 1o B e, P 18] B A2 HAE
R, AR 2l 4 i B EL il i 3k B o
D%, Wi Z IR AR B P AR/ N A 8-10

>

Phosphorus removal rate (%)

4N

3N ,
B:J1(mL) 5. |

—
1 A: E43 (mL)

LB H, Rk E43. T1 A0 F2 PO 22 18] 19 45
LRAR NI I |, UL BA AR B 2 Al H %) PO, -P Bk
SRS 2 I N TR P B 1 1) R R T
Rt me o fH R A 7E R RAE . Bk, AR 4
Design-Expert Z475 H B E43:01:F2 FfER%
FRAEIN A g 1.000:1.017:3.945 , 655 T 1
() NH,-N F1 PO, -P 2= B R i AH 43 %) My
90.15%F/1 90.37%.

Phosphorus removal rate (%)

B:J1 (mL)
N
n
(8]
wn

1525
0.525 o 5 <
S o o’ s’ s’
N X S S S
A: 43 (mL)

8 E43 5 J1 =3 B 5200 bR &% R A9 o i i B (A) R F S 24 B (B)

Figure 8 Response surface (A) and interaction contour (B) of the interaction of E43 and J1 dosage on

phosphorus removal rate.

>

100+

Phosphorus removal rate (%)

4

C:R2@ml) N [ 4

i
1 A: E43 (mL)

A: E43 (mL)

9 E43 5 F2 iRMEX B MR E(A) K F S E (B)

Figure 9 Response surface (A) and interaction contour (B) of the interaction of E43 and F2 dosage on

phosphorus removal rate.
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Phosphorus removal rate (%)

BiStrain)l (mL) ¢ 51 o
C.

C: Strain F2 (mL)

0.525 1.525 2.525 3.525 4.525
B: Strain J1 (mL)

10 J1 5 F2 iR MERE MR N HE E(A) KX FSL%[E (B)

Figure 10 Response surface (A) and interaction contour (B) of the interaction of J1 and F2 dosage on

phosphorus removal rate.

233 RIWEEREIE

H TP IR A R A T AR R
P REEC LA AL E43:01:F2=1:1:4, ®& 3 K
R, BUEZ R IR DUARIEC b B R - 2
NH,-N il PO, -P ZFRFKAJ1H 91.28% Al

93.03%, SR TN 4 SRS R AT,
3 W58

W HT I 07 2 1) 5 R S R A AL U A A TR
e i YL R N PHB R e (iR 86, 3545 3
R 07 480 S Ak SR i TR R L 43 i) Sy i G B AT TR
(Achromobacter pulmonis) E43 . £ 5% 2 il 7
(Pseudomonas oleovorans) F2 FI% L AR L
FF T (Achromobacter xylosoxidans) J1. H Bij {4
JS T A SR T ) B — R RR R 0 AT 7K b B
J & W B s R ko T vl T g e A 2 U, A
W5 3 MRIS E43 . F2 5 J1 2 LR AT
AT S W RNV s I €011 2SRl RRTEATI RS B
A SIS A-AF EURAS AL D BE , BT & WA AT
PR T b v 7 2 1 92 4R A ) B TR R 1) i
P RR Ak R R s AR K pH A

7.0-8.0 Z [, LI AR T b pH 3 il
SEARFFA I AN BB A, RIBT R F
(I REN RS REAR LS YNGR BRLTS LK (BB Bvire 4 3 A 4 2
B AT AR AR AN I T 70 AR R Ry B AR 1
Al PR AR (L 70 1 L T 324k, DA T
PR R R B E, BT F2 R
FUF R, AT 70 R U AR5, Ak AR o8
A1l S I SR A R RN i Rl 2 SRR, W]
W, IE 2 H 20RO T M o B IR
A 2 3] 5L AT T 8 B8 7 04 4 SR A AL SR B T
FEANFIE I RMR E43 R BLEA REEIIRE, A
W LA K E43 0] B 0 P 9F oA itk
PERDY, (HR D8 B R ae . A5
FEB T ZMBNAEMELR, AV AREE
HET — AR R AE Y R IR . SR T bR F2
I, HETEAWFFEUER F2 A1 31 a] L JE A
@Ej‘ %%[44—47] .

PIRE E43. J1 Fl F2 7£ L RN A ME— R |
NH, -N NEAERIE . $hEH 2%, C/N R 6.
N/P J 15 (RBEAPET, SCB0 T BB AL, BR
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Mt 4R S S AL BB W5 TR Escherichia coli J16,
AR AT, RS R W
NOs -N ¥ JiF M\ 69.31 mg/L [#AKF] 4.08 mg/L,
R RS T ik 94.11%; _EiFW PO, -P ¥kJ¥
M 8.9 mg/L FEAEH] 0.35 mg/L, Bam 3 5 2l ik
96.06%, HIHAMMFEALL, Rk E43. J1 fil F2
A PATERIBA NH,-N % 4 (113.03£1.13) mg/L .
WItE PO, -P Wk BE 4(7.99+0.64) mg/L, 7E¥) 1k
AR S EOT , ] DLk B 5 4 0 B
R BRBESCR; [FIA 3 MR A R h e
J1, TE 2% 09 R B A ) AR Ak 2 BR
NH,-N I PO, -P, EBRFEEIRAKNIMT TR
A Ak Sl TR R M 1 S A S X AU
(R 5T 45 AR

AR5 ) FF W 7 T 9 X6 O % HH Y 3 MR AR
SR SR B R 4T 534, B4 Design-Expert %X
PRI 17 4R R R G L e 28, 4300l
SRR EEAT NH, N 2 R 5 ik o
H R BAAERY 3 BT IRk E43 . T1 FF2 1958
gm0 S LR AR BOIN R R E43:71:F2 {RF]
Fok 1:1:4, NH,'-N Il PO, -P (1925 & 345 51 Ky
91.28%7F1 93.03%. FHE TH Rk, WHEAIH
BHE T X PO -P R

PR A A, ARSI T ELA R T RE TR
BE AL 2 BT R B, BlE A 4l
BRI KR, CEB R T — 2458 1
W FL A R D RE B G P/ A R Ak R AT 4L
A, 8 LA R B R ] 1) T R M e R TR
TE, TRV YW R BRI TR K 8 9724
AT —TR A, WREHS T 2L, e
g 18 v X PR BT 15 e ) ZS BRSO 5 3 ek 7 ol ]
149 AF EL B W) 4 T i 8 [ A0 2R — T ol g A 35 172
0 BEAZHE = X IR B SRR AL HE TR 77, I
BB a S BREEY TG

KRR 2 MRATAA SR AL R B IR T
N TTEK A R IR BE A 15 7K R B v B
W, 2 MREMBERRREIR N, H 2 bR
WL LR G TR B LB E TR STt
SOV g T ot g AR T A T e LA SR AR A
P A (B. subtilis:B. cereus:V. pantothenticus it
O 35%:50%:15%), SO0H RSN
0.3 g/L B, XFF CODc, B EFRFEE] 72.9%,
ZSHANA 51.8%, HAk 7R KEIE .
M 7 TR 92 2 %o T A A A P — IR A Ak ik, AR
AT RS B T X PO P UL RRE, N
S 2 Ny FHER AL T LA, bU AN AE AR 4 i
Akt . LR T B T R T U ik —
AT A .

M) 7 TET 325 A ) A B AR T LA R A AR
E N e G e L YA TN S RNy 7 e B
HAETR SRS, IR R R R0 22 BLAE T BE
X 15 G ) R i B S 5 e, AT 13
BT PR o 45 T e 1 ) AR R A8 3 5 LR AR A i)
o7 TRT 325 P9 1T 0 8 ) T 45 TRT AR P TRC L
If i ) B e R e 15 A A R L . B T
AP A A SRR TS YL i Tz N, e ) T
AT DL a6 TR R G B e, TEEE XS E 4
JETE Y . = RS Y 2 LA TG G S AN [
Y S s s Re R R A e 5 0 . (HAESE
Bris Qe shdg i, 45 Fh IR DR 3R 0 2 0 T A D fig
FEA RGN, BT LG T TR B P RE AR E M I
i — LT

P2 ke TR R ORI 20 E, (BT
A ) FEE TRT IS 5 48 22 B Bk K, A vy 8 3 00 1) T
FEIEOR PR R = e, A B 2 75 i
PRI TR) AL (1) Q] S BRI 7 105 L A5 e R DT RE 1) PR
— TR AR (2) AN ) R G RE R 4 A ) TR AR ] 1Y)
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