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Aerobic denitrifying bacterium SY-D-22: isolation,
optimization of denitrification conditions, and
characterization of denitrification mechanism

ZHANG Yuhong*, LIU Xiangyu, DONG Xianbo, XU Jiaqi, XU Ziling

College of Environmental and Safety Engineering, Shenyang University of Chemical Technology, Shenyang 110142,
Liaoning, China

Abstract: [Background] In the treatment of wastewater containing nitrate, common
microorganisms cannot efficiently remove nitrate while having a high removal rate for total
nitrogen, which results in the use of multiple bacteria or complex processes. [Objective] To
efficiently and safely remove nitrate nitrogen and total nitrogen from water. [Methods] An
efficient aerobic denitrifying bacterium was isolated from activated sludge and sequenced for
the 16S rRNA gene. The response surface methodology was employed to optimize the factors
affecting nitrogen removal. Further, the denitrification capacity and characteristics of the strain
for nitrate-containing wastewater were studied. [Results] An efficient aerobic denitrifying
bacterium SY-D-22 was isolated from activated sludge and identified as Staphylococcus. The
best denitrification efficiency of the strain was achieved under pH 8.18, C/N ratio of 13.39,
31.43 °C, and 130 r/min. With sodium citrate as the sole carbon source, strain SY-D-22 rapidly
removed nitrogen under aerobic conditions, demonstrating the nitrate nitrogen (100 mg/L)
removal rate up to 100% and the total nitrogen removal rate of 95.34%. [Conclusion]
Staphylococcus SY-D-22 was isolated from the activated sludge. After the denitrification
conditions were optimized by response surface methodology, the removal rates of the strain for
nitrate nitrogen and total nitrogen was up to 100.00% and 95.34%, respectively. This strain is
capable of removing nitrate nitrogen and nitrite nitrogen.

Keywords: denitrification; response surface methodology; aerobic denitrification; simultaneous
nitrification and denitrification; total nitrogen; condition optimization

fitf ik £h & (nitrogen nitrate, NO; -N)4& H
SRR I E S et R NOs -N
o3 5 HoAh 5 A 0 A WL A P 5 A O A i
(nitrosamine) 1 V. fif§ J& [ % (nitrosoamide) , 7
LR RAE | W R EIEAEAED . SR
R RUE K B AL B A AR A A e () [0) 8, A=)
Ji A& AT AR Eh A &2t NOs »NO, ->NO—
N,O—-N, fI M 2Bk, A2k 72 ol A (] i) il A
iftl, JF HAERE RE RSP A Y R hibfe
AL R A SRR SR B, AR AR TE

KA Rt A L, RO OR R
R AL A P AN A R A Rk
FAARITTRAR], T5E o THAEAS A S 4 P
15, BXIGINT IPRsfTlA . 1984 4, W5
AL BA 1 OBt & IR ) X F AL GE R
SRS AR BRI, USSR A A0 TR T AR G4 %
AT RSN . AULRLS , Ok 2 1)
S8 SR Al 4 T A R BT R, A2 Sy A
AR P 5 5 B b 43 A5 3 — R AR S M TR R
(Pseudomonas) ) 31 ) m s B /U T s 2% Ry )
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3 AT B — RS o ik s i R M i PR £ SR 19 [
fir A 0 T 25 o S SR S AR AR 2R 1) R BRI 58 35 18 75
AR AR SR A R A AR ATE [R] — R
ORI N AT SR Ah T AR GE S P S R
MR R P R &AL AR AL TR AN [
A S gt 4 P AT R BR R, X TR IR A T
(T A SR A T BV LR R 5T )5 10 o SR 1M AT
JIr 4138 14 B S S i P 2R R R IR AT R B
NG T R A SO AN A A

AR A5 7K AR T (356 1 75 e Hh 43 B AR
IR VS S aWR (A ak N P VS EL G VATTR DR
HEBCR SR BEATILAL , WhE Heb HBk I, IR
PSR AR, DU 12 B R A K AL B AP Y
IR B A

1 MR5r%

1.1 EHFE

BRI | I AR A AR B 3R L NS
b1 5% 34 B8 2 25 SCIR[91FL

U SE R A AR AR R SR B (/L) TE s R B 57
FEFR A 1.0 mL DA 10 g/L 1A% T8 0 15 i 75
51§} 5 (bromothymol blue, BTB)F120.0 Biflg,
TCHE K I IRSY pH fE N 7.0-7.3,
1.2 EERFIFNES

Ezup HEC40 1 JE R 4] DNA HhiH £ .
Tag Plus DNA %41 . 10xPCR buffer (5 Mg®").
dNTPs (10 mmol/L), T A9 TR
HIRAT

PCR ¥, ABI Awl; BEREBGAL, iR
HEMEA AR BilkeE o, Zahebf
FleEAER A RA AL kAL, Jbais—IER)
SO, BEAE EER TR,
TELZFTRLHAA AR AR A R AL
1.3 #®MEE

ODgoo M 7E 535 R 40 OB EE VL s IR ER A

(NO;-N) ¥k Ji2 W 5 J5 ¥ Sy 58 8 43 O ot B ik
(HI/T346—2007)"%; IV AH R EE A (NO, -N)H &
W58 75 36 A 4 66 3 (GB7493— 87! A
(TN ¥ B2 DU 30k A e 3 R 4 12k (HJ 636 —
2012)11,
14 FERECENESES SMIHIE

7E 100 mL &4 BEFRAE P TIN 10 g &M
e, 30 °C. 130 r/min M8 FEFR 3 d, BHL
10%35 7 B S5 4 BT I & SR e Bkrp, ik
3 W WHUE SRR, KR KT T
107'-107° BREER RS, WRAifE BTB [E{AE; 55
b, 30 °CHEEREFE 3 d, BRECHIE AT o Al
b, BEIREH . KRR T (0De00>0.5) 5 4%
B 2% R R A 100 mL 5480 SRl Ak 1A 85 35
Hedr, 30 °C. 130 r/min FEIRY, 48 h 5k
MBS FRFEATE ) NOy -N By ARk, i Hirpr
FBRBCR T I I B RR A T 5 20 5%
1.5 FERHECHEENEE
151 ESREBEURERE

W A5 B A TR PRI R R [EA LB KR
30 °C H5 3% 3 d Ja A TTEASAMER . KRk TES T
2R . ARAIKIE S I CF LA R
ST
1.5.2 H#AY 16S rRNA RFALEMALZLE
SEiaFEs

V4 0 36 2] %) TR R 42 2 0 b 8 R R G R
48h J5, FIFHATEE DNA $RBGRH G H B
(8 000 r/min B5.0> 10 min)R &R EEIAR DNA,
FIHE G4 27F (5-AGAGTTTGATCCTGGC
TCAG-3")Fl 1492R (5'-GGTTACCTTGTTACGA
CTT-3") k47 PCR 474 .PCR JZ W K Z (25 pL):
1E. K5I % (10 umol/L)% 1 pL, 10xPCR
buffer (with MgCl,) 2.5 uL, dNTPs (10 mmol/L)
1 pL, Tag Plus DNA R4/ (5 U/ul) 0.5 uL,
KMk DNA 1 pL, ddH,O 18 pL. PCR JZ 4%
. 95 °C 5 min; 94 °C 30 s, 57 °C 30 s,
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72°C90's, 30 PMEFF; 72 °C 10 min; 4 °C f#
ffo ¥ PCR ¥ 34" Wik 2 & MER A w47
¢, FIri8 41 % 5 NCBI #£47 BLAST, 2R
KIF VAT RG K BRI 2
1.6 HFERECHEZEMRL

U S A A T B G SRS i A e R 52 P 5 A
FRAONR, X LB PR IR 2R AR S B A i R R
A2 HAH B SZ 0, 30 00 i X SE IR 5
X B IR SY-D-22 A= £ I A BCR [R50
MR SY-D-22 Z 5 Y SE BRI 4 e R
P o X B F R BLE, w9 N 1A 7% (response
surface methodology, RSMY¥ 45 115 52445 4,
A DA AT B A o o) 0 ) 58 R i AT
DL C/N. pH. il B FIRE R 3 (7 ik S R B8 )
HZAS R (£ 1), LA NOs -N EERFJymi e, R
it Design-Expert ) Box-Behnken R 4t 4k {415
Th 29 505 . IR E5 R A Design-Expert 2K
AT 93 Hr
1.7 FERECAERELL

R 3 BT £ B IR 43 25 A5 B ) T AR AR K R R
fisfeae I sz, Ay ALARERE . T ZRM, &
BRI . A A AIAT R R B Sl o — B, LA 2% 17
T R L A9 42 Pl A Bk 2 0 AR R b TR AR R R 3
o, HARGEMN 15 RS ERAERME, B
36 h, 4 6 h Kl ODgoo MR L Z Mk B2 I 11
AR ER R ERR R, A AR AL B S
E B ER 3]

#* 1 Box-Behnken 3ZIEi% 3t
Table 1 Box-Behnken design of experiments

Independent C/N pH Temperature  Shake
variable (°C) speed
(r/min)
Horizontal -1 5 4 20 60
encoding o 19 7 3 120
1 15 10 40 180

1.8 FERELCHENRHELSSE
Pho1.6 H 52 eI o ME—m R, L
KNO; MME—&, HAREFRFM R 1.5 hikE
MRS, DL 2% LU BRI TR 5% 48 h,
B 3 h BUOFERS Mk SY-D-22 B ODgoo 8
30 °C. 8 000 r/min Z.00 50 10 min FFH6 B
500 £ J5 K H: NO;™-N ¥ . NO, -N ¥k Ji& F1l
TN W, DO AR A s s A R 64 7 43 #7 -

2 HR5B

21 FERMUARNEESBIFIEER

il B PR R 40 BRI PR, 1k
BOL AR AT 1 7 MR T E— 2B ik . w12
i 1 Hh— R AU S AL B B DI22 (%6 2), X F
ER L A L BR T iK 90.67%.
22 WERECHEHNEEER

W bk DI22 i 44 0 SY-D-22, FERfHE—
Ao BIESNE R AR, D% ST.
s YL g RO PEVE R . AR B AR R A
RULFR3, At %E, Wik SY-D-22 & THi%gek
W J& (Staphylococcus), FAPRIEN 99.70%. FH
MEGA B ER G LER, WK 1 fin. #
# bk SY-D-22 £ 16S rRNA H:[H ¥ %) b 1%
GenBank, % 3%5 5 NMDCNOOORCO,
23 FERHECHRNFHRULESR

BRI AR 119 A AR 2 R0 TR R S i A K

®2 EMRXTHERE EREMNN LT

Table 2 Preliminary screening of nitrate
degradation rate of bacterial strains

Strain NO; -N degradation rate (%)

DJ3 29.5248.72

DJ4 48.47+6.99

DJ8 36.19+8.24

DJl16 67.39+6.11

DJ22 90.67+2.31

DJ27 78.67+6.11

DJ32 40.48+5.45
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x3 EBEEHAKRER

Table 3 Results of physiological and biochemical
experiments

Item Result

Indole test -
Gelatin liquefaction -
Methyl red test

Aerobic test

Catalase test

Acid production test of glucose
42 °C growth

Citrate utilization

+ o+ o+ + o+ o+ o+

Nitrate reductase
+: BHPE; - Bk

+: Positive; —: Negative.

X T E A AR A S Ak, — R AR
Rk i 1T, RMRRZR AT 2R
i, JCHH RE A5 R R X R A S 2
2EHAE A o I e R TR 3 X AR Y e R R A%
PEEAFHRARN Y, AT DR A AS A AR 0 28 HAE
B IR R, O 22 S B R A S 0 A
SO UL A Y RS A o X o 1 T g 4 2R
(F HiFAT kWA, GIRWNEER S s F
{E(7.65)F1 P {H 0.000 3 Fe 70 g 35 AH5C R AL
R* A 0.884 4 & WY 15 0 F AR 32230 BL S
MW 5 ATLIEH, pH (P=0.000 4), C/N
(P=0.007 9)FIHE K%EH (P=0.002 4)%figlath %

BrEpyse i R % . SHAMAS ML, FH
e () pH B AEM , o 21.74, X2 K pH
CrR M I S SRS A AR DG Bl RS P, EE SR
G U A AR I R e 28 1) . RSML BRI 25 2 i
N(E 2), 7E pH 8.18 i, fHREL LR R,
X T 55 B R A R T R AR I D
PE, AR RAHAE IR A ROR, X 5EER
AR 45 B —5; SY-D-22 R Uk i
RN AR RS VG D 120-150 r/min, Ui H]
PR SY-D-22 FE AT I Al Ak B o7 Bl it 22 o v
IV AR SR 20 o I A SV o I 2 e PR S A
B, SECLRE MR SRS, TR S A Ak
MM ER R BERBASE, X5K=E0
FEER—F

A A 3 R T K i A ok 2 g i
A AN A HLBR R . PSR R 2 31T
P C/N 52 m S A b R BB 2 AR e
RSM AU B 7R (R 45 S (6] 3) : C/NFE M 7.0 5] 15.0
AR, AR SY-D-22 BN R £ R 25 B R S
TG W/, 3 2 PR A Al DR ok 8 2ok vy ko 2o IR
S0 BRI SIS AL RE 0 P AR AR, XS
SRR I 25 R — 0 IR AE 2040 °C Ak
W, AR SY-D-22 XA EREh A Y PR 2 B
NSRS RN AR S W FR (L f e S 724 50)

67 — Staphylococcus capitis strain SY-D-22 (NMDCNOOORCO0)
67 Staphylococcus capitis strain DSM 20326 (CP103049.1)
Staphylococcus capitis strain FDAARGOS753 (CP053957.1)
49 — Staphylococcus capitis strain FDAARGOS378 (CP023996)
Staphylococcus capitis strain XZ03 (CP086659)
Staphylococeus capitis strain LR935 (CP092857)
100 Staphylococcus capitis strain DSM20326 (CP103049.1)
92— Staphylococcus capitis strain BN2 (CP042341.1)
0.10

—

Bl 1 ET 16S rRNA EEFIIMEZEFE SY-D-22 ARG L HH
S INBYECT A GenBank Bk AR 0.10 JF41 2 5 JE
Figure 1 Constructed a phylogenetic tree of SY-D-22 based on 16S rRNA gene sequence. The number at

each branch points is the percentage supported by bootstrap; The number in the parentheses are the GenBank
accession number; Bar: 0.10 sequence divergence.

TR BT AR R F2E ;16
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Table 4 Response surface methodology test data

No. pH (X)) C/N ratio (X3) Temperature (X3, °C) Shaker speed (X4, r/min) NOj3 -N degradation rate (%)
1 7 10 30 120 92.53
2 7 15 30 60 95.67
3 10 10 40 120 45.48
4 7 10 30 120 89.40
5 10 30 180 26.66
6 10 10 30 60 6.27
7 10 5 30 120 56.46
8 4 10 40 120 31.37
9 7 10 20 60 4.71
10 7 15 20 120 28.23
11 7 10 30 120 94.10
12 10 10 30 180 100.00
13 4 10 30 60 7.84
14 7 15 40 120 65.87
15 7 40 120 39.21
16 7 30 60 40.78
17 4 10 20 120 9.41
18 7 20 120 31.37
19 4 30 120 14.12
20 7 15 30 180 98.81
21 7 10 40 180 50.19
22 10 10 20 120 62.74
23 7 10 40 60 54.89
24 7 10 20 180 78.42
25 15 30 120 23.53
26 7 5 30 180 58.03
27 10 15 30 120 97.24
28 10 30 120 90.97
29 10 30 120 95.67

Tl R AL B — s . AR,
U B8 SR A A TR A v 205 S S A A I R 1)
T RLEE 38 N 3037 °C FE RSM AR T i
MIAESRAET , EIRER LB IR H] 100%, T
pH{H % 8.18, C/N & 13.39, JRE N 31.43°C,
PEIRFE 3 A 130 r/min,
24 WFERECHRNKERLESR

U ST AL AR 38 R O S R T A T
A RS eSS = 2 N I D PR SR Y~
DRI, s YR P o 288 6 Ak A o A A R AR A
N A R 25 £ 0 B =S NN e 22

FA AR 7 5 HL 5 22 B B MLAIAE R s, X
FORERARE L 0 LA R EER, [
BF AT LR S i A 40 e i S A A AR . R 4
ALED, FPETREAVE MR IERT , Ak SY-D-22 11
MR AL A L bR Rt m, BE 100%, HBR#ERE
Wik, H 8.49 mg/(L-h); HIK HEEME, X T
TR AR A BN 91.75%; LIEZRE . T W
BN ZBRAN A ME— TR URIS R ER U0 2L R
I 72.93%. 88.51%F1 56.13%. Al WL,
Pk SY-D-22 M FERRIE AT IR AN, X 5BV
RO R RRRR AN . BRIATREN . T R AN A B AR A
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SRt R AT R R BB i ) 4 R — 2 FHET, M 0.108 MEINF 1.116, JUEFE#RAEF
25 WERECHRMRBECHENESER  AKEON, W EH SY-D-22 4K B H

FELA 100 mg/L NO; -N ARYIHEE IR OL 3. Xt EDUE T B8 AR 7E 18 B0k K3 g s 2E
T, W 5 R, 1E27-36 h, WHRAY ODeoo B K, [FIR REWILIHEEF K NO; -N, XFAlR

x5 ZRBMAFENR

Table 5 Quadratic polynomial analysis of variance table

Source Sum of squares df Mean square F-value P-value
Model 26 760.58 14 1911.47 7.65 0.000 3**
X 5429.81 1 5429.81 21.74 0.000 4**
X, 2390.80 1 2390.80 9.57 0.007 9*
X 433.56 1 433.56 1.74 0.208 8
Xy 3398.65 1 3398.65 13.61 0.002 4*
XX, 246.02 1 246.02 0.984 9 0.337 8
X1 X3 384.55 1 384.55 1.54 0.2351
X1 X, 1402.88 1 1402.88 5.62 0.032 7*
XX 222.01 1 222.01 0.888 8 0.3618
XX, 49.77 1 49.77 0.199 3 0.662 2
XX, 1537.03 1 1537.03 6.15 0.026 4*
X’ 7 105.73 1 7105.73 28.45 0.000 1**
X? 945.43 1 945.43 3.78 0.072 1
X5’ 6 034.68 1 6 034.68 24.16 0.000 2%**
X, 1549.16 1 1549.16 6.20 0.025 9*
Residual 3497.17 14 249.80

Lack of fit 3 472.61 10 347.26 56.57 0.000 7**
Pure error 24.55 4 6.14

Cor total 30 257.74 28

R? 0.884 4

Predicted R* 0.768 8

*: P<0.05; **: P<0.01.

>
=

Nitrate nitrogen removal (%)

_ 180.0
£

[ =

S £ 1500
g =

5 3

g 2 120.0
g 7

= 5 900

54 59 64 69 74 79 84
A: pH

2 pH (X)) TR KSR (X,)H) 3D M BL i Bl((A)FNF E L& E (B)
Figure 2 3D response surface (A) and contour (B) of pH (X)) and shaker speed (X3).
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Nitrate nitrogen removal (%)

C: Temperature (°C)
(S
S
<

25.0

40.0
C: T

Tp

3 C/N (Xp)FLRE (X3)RY 3D N Bz 1 &l (A)F1 F 1B £ & (B)
Figure 3 3D response surface (A) and contour (B) of C/N (X;) ratio and temperature (X3).
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Figure 4 Growth and nitrate nitrogen removal rate of strain SY-D-22 under different carbon sources with
time. A: Sodium succinate. B: Sodium citrate. C: Glucose. D: Sodium acetate. E: Sucrose.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



KT TR SY-D-22 43 B Ak A ik BN LB 1823

— ODmm
—— Nitrate nitrogen concentration
—=— Total nitrogen concentration

251 —a—Nitrite nitrogen concentration ] 129
110
{100 =
190 =
180 £
% 7 70 <
) 160 2
S 150 £
{140 3
{30 £
{20 &
—8—p—a—n—n ] ]0
P S e recoiditiadn. e SO
T0 6 12 18 24 30 36 42 48 54 60

Time (h)
5 Bk SY-D-22 89 ODe 1B FHERRIE A S
TUKERERE L IER
Figure 5 ODgyy value, nitrate nitrogen and total
nitrogen concentration of SY-D-22 over time.

A RBR R WA, R 3.35 mg/(L-h); B
7% 30 h WA AE K ARG, 76 30-36 h AE KA T
e, B59% 39 h J5, BIR%EZBR/ A
B, FEAFET AL IS A A R R SO0 AR KR
fIE . & B 4 TR IR S B B ) B R T R I L
S MW EA KB MHEMS S £ 0-30 h,
NO; -N ¥R TR, M 101.60 mg/L %
11.54 mg/L, NO; -N EFR%H 88.65%, FBrl
4 3.00 mg/(L-h); TN fHEE M 106.98 mg/L
%2 17.49 mg/L, TN ZBR%FN 83.65%, bk
%k 2.98 mg/(L-h); 552 48 h B}, NO; -N 2%
Fr%iE%] 100.00%, ABR#EZHN 1.46 mg/(L-h),
B T A 1Y) — R e AR SR A b AR 2 FELAT T 1Y)
1.02 mg/(L-h) A F#MRERPE P, TN A9 LBRR
ik 95.34%, KBREAEHA 0.69 mg/(L-h), A
SRR AR ER AT B 0.1-0.7 mg/L,
AP TSR AR, 55 ERY,
PR SY-D-22 HA AR BB . SR A rE
Mo fEARKMRES, 36 h AR EEREE
I, ODeoofHi5% 1.96. Btk SY-D-22 HA RS
f AR LR, MAAE 0-33 h AR L

MR R BAL, IR A G TRE, &L
REBRFN 95.34% 11 M Z HilT el 1Y 4480 S il
A ARTE 1Y B A 22 B AR A, At o B Y
BB H 1 (Pseudomonas  putida) % il iR £ A
B R BRE N 94.60% , X ELR B £ BR RN
64.00%> s — BRI IR IS UE IR 53 185 1 10 L 4 ST g
TR IR R A L BR N 93.41%, XTSAME
BrRA Nl 86.33%%%; KA 2 A ]
Z 5B 5 7 (Pseudomonas mendocina) X il
R AL U RBR R 95.55%, X AVAEAY ZBR
IR 65.42% 0%, Xt F [l 4 K bR Aig e £k AR
SR EE S 155 T E K SY-D-22,

3 &

ARG NI P15 U H 43 88 7 2 1 — ok T
HA S0 S AL BE J1 B RE Staphylococcus
SY-D-22, R JFI i [ TAT 32 XoF TR A A B 58 5 i) [R] 2R
HEATRAL, 1% B R A A R AR ARG R A
5. pH N 8.18, C/N = 1339, RN
31.43 °C, FERHLH A 130 r/min. FEMLSRM T,
B NE NOs -N Y L BRFCKIAF] 100%, #7°
16 TR BN A DA R S A o 28 %) B A M UL T A
Al RN 2 25 R 2 W2 D vk LA 1 8 S
BT, ST 100 mg/L 2545 HIRSIR Eh R LR %
AR 100%, SAEBRFEATIX 95.34%,
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