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T KA B SR AL BOR B ™ TR WA K A 2 R ST S5 A T RE B 3 UM A SR R L AR L TR A A B AL AL B 5k
) FH i o A % AR R e A IS KR — i 8 PR Y K A B T L B 0 Al IR T DA R R L R AR Y T K A BT
B BRI R R B L B B AL 5% 37 2R 0 K Ak B AGCR A 5 0 3 S e R 2 0 L £ TR BRI TR = AR
B R A /I ol R s A2 AT B R R T I B R B A R B B 3 AT /D R AR AT A A
U He P e 23 510 2.0 X10° A4/ mL H11.0X 10" CFU/mL, 455 E7R A7 A5 IR = B2 b AR 25 J0 AT 1 200 15 57 i 1o o
B TR R0 R R L R R T A O R TR LM AR ST B T A /N BR A R D B U o L B R
RGN LR R PR R ATk 86.05%6.93.71 %0 F1 82.19 %, BFFT R WA, 4 5 V5 /K Ak B AL 5T 3R
PR R S A W, T R RO A TR A A O IO R A AR O B O

KRR < W U 5 o T AL AR T K b B
FESES:Ql42 X kR ER A

F K G ™ R B TR kR K
AR A RN BTG K #E A KR S BOK IR E E R
R B ™ KA S R G A5 R R Zh R 32 B R e, A
il 7 B M (Renuka et al,2013), B, A %%
2 i35 e IR 5 K AT TR B AL 2 H 8 U R S
Pl la) @, O BEIE R R AW 05 v AT T K
AbFFH LT B0 Y B AR T 1 CHITR B8 0 Rk L 8 R
SR B AR TS 1 e W B 45D HAT S B R AR T R A
PIPL# (He et al,2013) , )0, FJ H {3 #4775 K
b3 ASART DA A i 5 AR HE L 38 AT FE R BR 2R
KA FRER A R, B R A 9 i (Udaiyappan et al,
2017) o fHJR 765 — ool Ak Y5 K ik F2 oh BT 6
BB TR (K H AR A R B e Ak 3 K
M Ak % SR 3z 0 BRI 5 7R A R e e B R L WA AR
PRAN R — T AL B R SN R R PR R G5 K
Qb B (Mendes & Vermelho, 2013),
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T FE B IR TR Bk TR R AR B i AR A AR R
B HEZW (Fan et al, 2012), FEHEILEEFFERS
P OB OGS AR T D S R AR R AR L
Wy [ Bk 240 BT T Oy R 4 I CO, M 2R RIN T
(EFE,2015), #lan, 1% Enterobacter asburiae
M Raoultella ornithinolytica ¥J 7] 42 HE /N BR 38
Chlorella vulgaris K B3R 7 d )5, /NEREEAE Y =
P s B R R g Wl R m T 5800 Ml 42
(Goncalves et al,2016), TE®FEILEFE RGP, 4
W2 00 S TR AN TR oA T LU A FR A K,
AT IR G B IR A A [R) ik 500k 3 T S AL B 5
F G810 IR BT 2 R AR R B R A= ) 1Y) 5 W A7 AR
2% 5 (Goncalves et al,2017) ; JuETE V5 7K 4= 9 &b 31
Tf AR P Bl R T 5 0 G A 0 A v 4 R ARG AR Ak
K (Fortela et al,2016), & T & & 15 K Ak BRCRKFN
e A o A B L B R RGN B PR E Y

R TGS [ PR e R S H AR R 3R R ST
KA BRSO 1 5 0, e 1 i 300 0 6 Pk e HY ) M AR 2
AFF W (Bacillus licheniformis) Fl/NBR 3 (Chlo-
rella pyrenoidosa FACHB - 5) A Xt 4, L7 4 4 .
SR FIAT R =5 S B 5L o 53 ) R AT 8 L TR B %
Fr AL EE FR U0, LU 8 H 5 A R L Ay o8 T AL
It RGAL B IGK R BB R S
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1.1 EMEEM

JNEREE R [ R 2 B K AR A W 5T T R K
Tl P 5 b A ZF AT TR ok B AR ROl K
1.2 REFHE
.21 #k 5 @i W i aife)s a0 ek g
AT &4 750 mL.4 121°C K& 20 min £ BG11
Bige3e 1 L4 B (Wang et al,2018), 7€ 25°C
JEHREREE Ry 4 000 Ix JGHE L 12 h = 12 h B9 5748
WS SR 5 L AR (40,22 pm PR %S
SONHEIE I FRBE SO 24 400 mL/min,

A ZF FRLAT TR U AL AL B S 4 R T4 121°C KA
20 min 1Y LB 55553 (Yu et al,2016) , 7E 30°C \FE 3
100 r/minffE IR FE IR o ] 250 mL 4E I8 Che I &=
100 mL) K5 5% 12 h,

1.2.2 AIEKEE UAEEABEN BGLL KifEi
g, A 151, 76 mg/L NaNO; (25 mg/L
NO3-N),13.17 mg/L KH,PO, (3 mg/L POT-P) it
BB K B R i pH AT E 7.0~7.5, HH
L5 K4 121°C KB 20 min J5 ¥ H G4 2 917E
THEHEAES I AL 0.22 um U8 R 1 U8 J5 1 7 25
(CeHy, Og) . Z R4 (C,H NaO,) | 7 1 1 = #h
(CeH;Nay O; « 2H, O) ¥ WAE R #3075 7K o A Bk
P54 R B HLER (TOC) & 125 mg/L,

1.2.3 HEMAE R FHE HEFEXEONN
Hi A 2 F6L AT TR AN BR 43 I LA 3 000 r/min B0
10 min, KB b7 W, FH 25 18 K 8 &2 vk % OF B 0
2 W BR S H Tl 2 85 300 b L 0 A0 T A A6 4 D
(1.040. 5) X 10"CFU/mL, /]NEK 3 4] 1R 42 Fh & H
(2.02£0.3)X10° A4/mL. 43547 A [5] B U5 45 5%
T T S S /N ke B R SR D) Rk TR S 8 R
R, AR E 3 FPAT4l .

TR F M R LN ERRE FROph B R D) R TR 3k B
FRAR I LA 05 K AR S Ky 5% 3k, ¥ 76 00 I 8% 55 4
WS ARG IR T LR R AR S /N ER BT R A
AR, 4B 24 h BURE BEAT ARG
1.2.4 A4 ENE  /NEREEE R SR A ek
TR T EI0E T o b A 28 76 4T T 38 2 7 A B8 V% 31
BOLE . WAEKBRoOHHRARXIT .

/J:lnB,*lnBo D

t
KB, NER ¢ WhEE AW E B, A
IR LW i R 50 B FR ] (D)

1.2.5 KB E kR kB E TN I E R A
P b B IR B T A 56 41 430606 BE s TP I SR 4R
iR % 5y Y66 BE ¥ s TOC SR A LK 23 BT 43 L #2
. BREYREREER A ARWT .

S,—S,
R=""""%100% ©)

S,

AP .S, NWEHSE (mg/1L) S, MG ¢ W]
J5 B IR B BE (mg /L) 50 AR FRETE] (D,
1.3 HiEE

Bl R G SPSS gk 47 B R 2 7 22 0 b
(One-way ANOVA), % H LSD ¥ ¥ 47 40 i # 46
(P<20.05),Origin8.5 Xf ¥ #eE K

2 HRE5SMH

2.1 BRIEXHRFAFEAMEFNR I

K1 - a o Hb AR 25 AT T R R A LB 2R AT
U AEAE R 3 BB R N A KRR B B 2 s 0L
o DAFTAGE R — 80 R B DR IS, b A 2 AR B A K 0 4
FET 3 d. 58 4 RENAEH AT, Wi KAEY
O3 AT LA 285 R B TR L A0 e KR R B R T
DL 2, TR BRI AT A5 TR — B b e DR IS Y R R AR )
(P<C0.05) , H AR REmR = %0 g 5k U 1) L 40 1 A= W
B (N e =1.13X10°CFU/mL) ,

3 HRRIEE: R 4T MR AT B 2 B —
SERIIR AR, 7ER 1 - b, LUF B R = AN R ik 5
BF, TN S BRRIA 2] 43.4 %6, 43 51 LA 254 F1 2 1R 44
IR B T 52,17 %6 F 28.78 %, Kl 1 - c AL,
HbAC ZETEOFF R BR BE AR WO IR T OB A AR
(P<C0.05), TP fx K L BRFH 33.70% ., 3 Ff i i
Hp b A ZE 0L B 34 BE A SO IO BILAR . IR Y AR
3KBARGZHANK G Y XIEE, KhLUL
i B NP7 A R — A R IR I 5 9 R 48 TOC LB %R
BRI 53.12% 1 56.21% , R FR&E R, 3 Fb
IR FR RGN C/N 435 4.06.3.54 F1 3.86,
¥R FEEER(P>0.05),

2.2 ERIEXT/NERERIMIEEFAZM

WK 2 —a w16 3 gl I, /N ak i 24 A A
FHEIEREE A C IR S5 T BEATIR & B R R K 3L
rh LR 7 0 SRy e R IS /DN ER s A ) Ok B R R
R 1.34 X 10" A~ /mL. 78 £ BR 80 FNFF 468 R = 0 A ik
TR 5 R A o 1 1 35K 1 A 2 W 4 (P <<0.05)
TERE FRAIM 0~ 2 ), LA 25 4 FN 2 18 0 A i T 1Y
JINER 3G K R 2 R 0.58 A1 0.53, 1 I R T
DL SRR (pe=0.24) B IR A 15 % R 48 (P <<0.05),
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Fig.1 Changes in biomass (a), TN (b), TP (c¢) and TOC (d) using B. licheni formis

cultured with different carbon sources

B2~ b, /N ER g Bk B 3% L LA 25 N ik A FR#E(TN<15 mg/L, TP<0.5 mg/L), 7] J{] T-th
B, TN [ bR KL i85 85.74% . B E M FLL & JKTET R 5 T A A 1 o 4 N AR AR IR =k ok fkk T
i Bl RD R A2 TR — N Ry e DR IS Y 25 BR 2R (76..05 % M WF, /NEREE TP LERFHAREAIR (K 2 - o),
59.44%) . 3 HRIEE IR RS, TP KB %5551k M 2 = boeod 7] L, AS [6] i U5 15 7R 1), 76/ BR
89.52%.78.51% F1 66.98% , TOC 2 & & 73 3 Ky BHMBEFR ARG TN.TP 5 TOC X BREH
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Fig.2 Changes in biomass (a), TN (b), TP (c¢) and TOC (d) using C. pyrenoidosa FACHB-5

cultured with different carbon sources
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Fig.3 Changes in the biomass of bacteria (a) and microalgae (b) in the C. pyrenoidosa-B. licheniformis

symbiotic system cultured with different carbon sources

X B 3R (B 2 - b) AL R SR RS (B 3 - b)
WO AE W) o B R B AR IR R G, 3 Pk I R
I S5 AE T R W AAE SR F T R AR . B L
R O AR A 3 0 D 14,70 X10° A/mL,
11.97X10° 4~/mL F1 9.70 X 10° 4~/mlL., fif % kb 4=
KR8 0.27,0.24 A1 0.21, 5 fif 3 b 15 57
ZGM A 525 (P >>0.05) ; fij i it 4 #r A=
K2R e B F2 I (0~2 d) o 40 1 b T ) $h A K i
By B, LB 3% v/ BR B EL 8 Kl R R T T R
MBS IR ARG (P <<0.05), R E T 29.65%,
14. 83 %1 48.93%
2.3.2 wARAEZE WNERIATLUEN, EHLEEFR
R, DU AR L TR AR AR R — 4N A B R B
TN.TP Al TOC 19 % Br 534 1 3 & T 4 3 o h 1
I (P <0.05) , H LU 2 4 by Bk 5 i), e T AL 05 3% &R
Girh B FRY R R BRACE B . TNL TP #il TOC %
%43 51 R 86.05%.93.71% F1 82.19% , TN FI
TP {25 B 5 5 (ol o b 5% S5 ) BRI i 35 2%
(P >0.05), H W 3% & T 46 LM xRRE
(P<C0.05); Ui LB e Rgivh , TN A1 TP (1) e &
KRR FEZ PR E . EILE R R G, 3 Fl
RIEEEFE 45T TOC L BR3 10 3% w T i e
W R G0 (P <0.05) , 1 B o] 38 85% 55 9 Folmn A\ 24
WA B T3 RS TOC 2= 53 5 LU 45 8 0 bk 8
BF, TOC 25 BR 2 AN 5 25 8 T LA %6 B R e R 1)
W LB PSR (P <C0.05) , 35 %) 82.19% , 1 H. i #
10 T LA TR AN R A6 R — N A ik TR ) o B L B R R
S5 (73.07% F1 63.52%) (P<C0.05), &5 3% R
5 e i R R A AR R TR

BB E/mg + L'
TN

BEIR S/ mg « L
TP

BB VIR E/mg

B [Al/d

Time
B4 FRAKEBEEZGTEERZZELE ().
BEE(D)MBFENR ()R
Fig.4 Changes in TN (a), TP(b) and TOC(c) in the

C. pyrenoidosa-B. licheniformis symbiotic system

cultured with different carbon sources
i I R N LR IR R GE IR R A A
e AT R BAE R SR 5 2 O AL SR R G0
B IR LAY 2% BR AR 2 X2 2 v T[] I 300 A B B R AR
GE(P<C0.05) ; H.7E LA % 0 O Bk I 1 3L B SR R 4L
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i, TN, TP Ml TOC Ry % B % &% K, 4 5l ik 3]
74.99% .92.66 % Al 75.09% , # Lb T 25 2 K i i i
Pl RS R 1Y 25 B R 49.44 %0 .76.94 % F1 48.05 % , 4
PR A7 B i 1 R 3% 2R G0 15 3R ) 0 0 o
BR(P<C0.05) 355 4 REFFEHR, LW IFR ARG+
TN Fl TP W) R BrR M TR, B 500 5o 5% 55
A 32 5 (P >>0.05), % W76 % W L 1 5%

R, 48 T 3% P 0 R 2R 0 ) I R BR R A
SO . AR A L IR AR G DL M R 2R A R
i IR 15 5% 2R G2 R B R SR B v IR B — S A
HEHCbR A s e rb s LU %0 B O B DRI 25 2 KA K
B BUHERRR AL T s A R SR AT 11 dL 3R
WA= R G B T4 w15 K A BRACR, O 4 TS
K IR HE R 1]

1 FAABKBEFREGTERYRERE %
Tab.1 Nutrient removal rates for each culture condition

Y B g %At kil 2R A R = 0
R 28.5240.45° 33.701.29° 43.4042.05°

TN L | 85.74+1.98° 76.05+3.43b 59.44+8.42b
WIHIRA 86.05+1.01 80.93+3.09 68.02+ 4,16

T 18.244-7.81° 25.05412.86° 33.4446.56"

TP TR — 41 B 89.524+3.71° 78.51+13.61° 66.9842.22"
HHIRA 93.71+2.22b 89.52+3.71b 81.66+9.29

B — o 41.9244.28° 53.12+1.18¢ 56.215.70¢

TOC N 68.6445.49" 62.2946.89" 41.9244.28°
BERIRA 82.1941.24¢ 73.074+7.12% 63.5244.90%

T R G F/NG 5B R R I35 22 57 (P <<0.05) .

Note: Different superscripts within the same column denote significant differences (P<C0.05).

3 it

3 TERBRZMAAEARFAREREERE

TEARTR) I IR 5 00 T A A B SR AT TR =
B YT SR /N IR | b AR ZF AT T DA o T A R
FRGEOIRR IR B AT R =50 Ry b A 2 AT T Al 8 AR
IEERIR . FEAN R AR IR R Gvh, I R —
A A B R IS A0 T T A ) B e R T AN IR
BB A AL B Y e B, i LA 32 R R
B VR 52 I (Fernandez-Nava et al,2010) . fF 4
SRS AR TREE , A0 B AR S T A LR 47 2R
KA AT BEIR Eh AR S = R MR AG R 1y Hh [a] 7= 4y, B4
Dy WA R DT AT 4 i B R 380 % (Elefsini-
otis et al, 2004), ASHEFE 40 TH DL & W2 4N 0y ik
PR, AR KA e 1 DA 2 0 A B 5 2 A A T I
A RE S PR Sk 25 T BRL 53 1 /N B ik RS A A TR
AORARS 2017 . ABETERIR  CRRENFIAT R
SHMAR BT A AR O A A A KL 5 A R o S
(2010) R — Wk oy~ 4 2 i Ak 4 71 e 280k B Y A 9 485
—F, SRS T 55 A R e U, A 26 X 4 TR Y
e AR AR A T 25 3, (EL KA 4T3 AR 8 s LT 4 o A
—JE WY A SRR 7, U0 B A e T L) H A 2 A
K,
3.2 MRFMAFEA(RE/NKREK

TE/NER B AR FUAT T L B 97 R GE P A

FLFF TR AT SE R A . AT SR R B AR P LA R
T R AR A K IR 7 D R 4 A 2R S 3 e 1 2 TR
AR, B0 40 AE W i 9T S8 SR 4 B2 T2 (Bruckner et
al,2011) ., B ™=/ CO, M EE LA EH
PEAL T AR IR  f2 2F T 305 A A KIS 8 (Su et al,
2011), Liang 85 (2015)fF 5% R B, ML A 2 HRFF I 5
ANER B 8 5 R G0 AT LIRS B s A R R R
I H A ZF AR AT B AT DAGE #E /R A K. TEBE TR
A R G0, A 2 AT TR 23 42 2 T o di-GMP
Rk (Ji et al,2018) 5 c-di-gmp 1y —Ff 4 Jifg 4
TR AT, T T 40 MY £ Fh A B ) BR O B4
S 40 A5 545 3% (Valentini & Filloux, 2016)
AR R R b, 3 RO VR B 3% R 40 Y
KA YR T 40 M 5 3R RS, Wang %
(2016) W55 22 B, 76 3 A7 HIL 6 Y5 0 I AL Al TR 1) 3% 5%
Faih, NEREE ] R BT A B IR DL SR SR,
I HA B w0 E SR B R, Rt 7R e T
W ARG WS SR B R R
TEOMBEL A T AN R A 2 A A R
Jo TR A K R AR X T H R R RS
255, FRWIREE 5 A0 BE ) 0 AH B OC FR Bl A K R
PSEE S R NI G AN e o BV DT =N S
BT PR A K T R SRR L O BB B
Fr I [A]AE K, 35 P IR B B8 A A8 Ak, 5 B0 A 1R A B
FRREEWA (Guo et al,2014),



64 FA2EF 4 AEXFELRF 2021 4% 7 A
33 HEHEINKEEEMERLIESERIE Brenner K, You L, Arnold F H, 2008. Engineering microbi-

FEAHIF G rf L A 4G W by 9 4 % 7 I Rl AR
Ui DA R 0 R, N ER B 4l 3R RS TN
5 TP (£ B FA ik 85.74 % H1 89.52% ,iX 5 Shen
S5 (2015) LA 25 05 by B Y5 R FH ok 8 Ak 308 T 95 K 1Y)
WHoT 45 A AL, A FFE R W, LA 250 0 S B 5 B, 13k
BRI TP R T E AR S 5
I X E SR T I E R R (Yee,2015), FHL T
SR FIAT TR — 4 . A 46 W S A e A L
15 W B 2 TR BN LA BT A R — B 2 AR 2 R A ik
V-5 1,5 - B IRAZ AR R Ak B E M T O
A R BEAR , S0 A K 32 B — o R R 4 ] G R
FE,2007)

ARG 25 R BRI R LR R R AN
I T8 F B R o 200 TR S 3 A i A A A R DA T 4
255 I A R %% % (Goncalves et al,2017) . 7E#4 2
B DA A RGERT T ST T B A R AR T
N UL i B 32 R 40 B 3L TR ) Z R B )
AW F{E B AT (Brenner et al,2008) ., K I, 78
SR A K PRI BE R, T B — A5 R A R T
P BB UEAE R S 06 T AR B AN TR] A 4 X ik
VR T R BT e S . AR5 o, 8 25 05 AN U /D
B A K Rl TR VR Lt T DA M A 2 AT R A
KOHS IR R GG KB R F 5. He
Z5(2013) HE# T /B s 40 T L B 5 2R 4 R o B
ThRE 5 R G0 2 (8] 19 5 7K Ab BRI A B IR A
FRGrh/INER AR B A R U T R SR A
BERBRIEK A B, S AL A R TR T
AL FRRR . Liu 25 (2018) LA %5 4 Ay 5 U5 Ky 1%
BETR A/ NER 3L 357 A0 H TR s B 3R L AR K
R 2711 %, AR LML, b TS
KA BRI FRAT B K B Bk PRI
A e A A T A A R R TR

= g
=N ]

EEd

HPFR, BEW, R, 2007, ZMRME S W AELRES
SRR T R LB ). Bl 34(2) 256 - 260.

WA A 3R, BT, S, 2017, 40 B X 3R T TS K P
BREEAEK A AR R R [J]. R, 38C10)
4279 — 4285.

EHi R L2015, MH#E (Scenedesmus obliquus) ¥ H 4 1K R
RF R4 LD, dbat . ERE 2 e KA.

Ve, $hs ., FSLHE, 20100 A HLER IE & DO it i % Al
feaird AD6 A PERE R M [J]. RS, 31(6):
1633 - 1639.
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Effect of Carbon Source on Nitrogen and Phosphorus Removal by a Bacterial-Algal Consortium
XIAO Wei', BI Yong-hong?, ZHANG Bo*, WANG Dong’, WU Hong-yan'
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Abstract: The use of symbiotic algal-bacterial consortia has great potential for advanced sewage treatment
and resource regeneration, and the use of an appropriate supplemental carbon source improves treatment
efficiency. In this study, Chlorella pyrenoidosa and Bacillus licheniformis FACHB-5 were selected for
testing, based on previous research. The effects of different carbon sources on the treatment efficiency of
C. pyrenoidosa and B. licheni formis acting alone, and symbiotically as a algal-bacterial consortium were
investigated. The aim of the study was to identify the most suitable carbon source and provide technical
support for using algal-bacterial consortia to sewage treatment. C. pyrenoidosa and B. licheniformis in
the exponential growth phase were cultured alone or mix-cultured in artificially composed urban sewage, at
initial concentrations of (1.040.5) X 10" CFU/mL for the bacteria and (2.04+0.3) X 10° cells/mL for the
algae, and three carbon sources (glucose, sodium acetate and trisodium citrate) were used for the culture
test. Each trial was run in triplicate with a control group, trials lasted 7 days and the culture was sampled
each 24 h.Results show that B. licheni formis growth clearly depends on carbon source. Trisodium citrate
gave the maximum biomass (NB,.. = 1.13 X 10* CFU/mL) of B. licheni formis and is the most suitable
carbon source. The removal rates of TN, TP and TOC with trisodium citrate were, respectively, 43.4%,
33.70% and 56.21%. Glucose was the most suitable carbon source for C. pyrenoidosa, yielding a maxi-
mum cell count (NU,,..,= 1.34X10" cells/mL and respective TN, TP and TOC removal rates of 85.74% ,
89.52% and 68.64 % , much higher than those of any B. licheni formis treatment. With the algal-bacterial
consortium treatment, B. licheni formis promoted the growth of C. pyrenoidosa , and the TN, TP and
TOC removal rates using the three carbon sources were all significantly higher than those in the B. lichen-
i formis treatments. With glucose, the respective removal rates of TN, TP and TOC reached 86.05%,
93.71% and 82.19%. In conclusion, glucose, sodium acetate and trisodium citrate could all be used as a
carbon source for cultures or mix-cultures of C. pyrenoidosa and B. licheni formis. The most suitable car-
bon source is trisodium citrate for culturing B. licheni formis, while glucose is most suitable for culturing
C. pyrenoidosa or the C. pyrenoidosa-B. licheni formis consortium,

Key words: carbon source; algal-bacterial consortium; sewage treatment



