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Abstract: [Objective] To isolate and screen out the cold-tolerant and aerobic denitrifying bacteria
from activated sludge and river sediment in winter, and optimize the key factors that influence
denitrification, so as to improve the effect of denitrification at low temperature. [Methods]
Cold-tolerant and aerobic denitrifying bacteria were isolated and screened out by enrichment and
purification method. Morphological observation and 16S rRNA gene sequence phylogenetic analyses
were used to identify the species of the newly isolated strain. Taking the removal rate of NO; -N as the
response target, the key factors affecting denitrification, including carbon-nitrogen ratio, temperature,
pH and shaking speed, were optimized by Box-Behnken design and response surface regression
analysis to determine the optimal culture conditions. [Results] A cold-tolerant and aerobic denitrifying
bacterium Z6 was obtained from the river sediment in the cold area of northeast China in winter. The
round colony of the strain was white and translucent, and the cell was short rod-shaped, with the size of
(0.8-1.6) umx(0.6—0.8) pm. Gram staining was negative. The strain Z6 was identified as Aeromonas sp.
due to the high homology with the 16S rRNA gene sequences of the genus Aeromonas sp.. Based on the
response surface analysis, the optimal denitrification conditions of Aeromonas sp. Z6 were 5.9 of
carbon-nitrogen ratio at pH 6.8 and 12 °C with 155 r/min shaking table speed. Under the optimum
conditions, the removal rate of NO; -N was 89.72%, which was not significantly different from the
predicted rate (90.34%). [Conclusion] Aeromonas sp. had high denitrification performance under
low-temperature conditions, which provided references for biological denitrification of low-temperature

wastewater in cold areas.

Keywords: Aeromonas sp.; aerobic denitrification; cold-tolerant bacteria; response surface analysis;
biological denitrification
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Coding levels
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-1 0 1
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Figure 1 Changes in the N content and the N removal rate during the culture of each strain. A: change
of NO; -N content; B: chang of NO, -N content; C: chang of TN content; D: chang of NO; -N removal
rate; E: chang of TN removal rate. Error bars in figure represent standard deviation.
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El2 EtkZ6 MEFERSHMAETS

Figure 2 Colony morphology and cell morphology of strain Z6. A: colony morphology of strain Z6; B: cell

morphology of strain Z6.
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B3 ET 16S rRNA ERFRFIIEE 26 AR A EH

Figure 3 Phylogenetic tree of strain Z6 based on 16S rRNA gene homologous sequence. Numbers in
parentheses represent the sequences accession number in GenBank; numbers at the nodes indicate the
bootstrap values on NJ analysis of 1 000 resampled data sets. Bar 0.005 represent sequence divergence.
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Figure 4 Strain Z6 growth curve. Error bars in
figure represent standard deviation.
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Carbon source
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Figure 5 Effects of carbon source on the growth of
strain Z6 and the NO3 -N removal rate. Error bars in
figure represent standard deviation.
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stutzeri DZ11PH1 Achromobacter sp. L16P%12L Ay
BEBRBAAE hy e A IR A BE T 25 R — B, X
AT R A AE DAy 240 T R WA P ) =R TR AT P4 1Y
s E A, A AR BRI, R
PR RS SR A RR R SR R VE T, Bk, e
Ik Z6 By AERR I8 AT B IR N
2.5 MR ESHE LR R &G
JERTIIBIFEERIT, /N IREE . pH AR AR 3
SR MR A ) A K R I i R iy T PR 3R P
AT AR A W 97 T8 9 A i v Y Box-Behnken Hp
OB BATERL, LI NOy-N BRI AN (E,
XTRZMA BRIk 26 i RABCR 4 44 E2N R B C/N
W . pH MIFEIRE R IEAT 0L, Bt TIHH R
=R N RS2, SRR 2 B
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% 2 HE# Z6 BY Box-Behnken i34 1% i+ F0M0 i {E
Table 2 Box-Behnken experimental design and
NOj; -N removal response

NO; -N
Run C/N 7/°C  pH Shaker . removal
speed/(r/min) rate/%

1 5.5 7 6 140 80.5

2 5.5 13 6 140 88.8

3 6.5 10 7 120 88.1

4 5.5 10 6 120 85.6

5 5.5 10 6 160 85.9

6 5.5 10 7 140 88.6

7 5.5 13 7 120 88.7

8 6.5 10 6 140 87.9

9 4.5 10 8 140 86.6

10 55 13 8 140 88.7

11 6.5 7 140 82.4

12 55 7 160 81.6

13 5.5 8 140 82.2

14 45 10 7 120 86.1

15 5.5 10 7 140 88.3

16 55 10 7 140 88.9

17 45 10 6 140 84.2

18 6.5 10 7 160 88.5

19 45 13 7 140 88.3

20 55 10 8 120 85.8

21 4.5 7 7 140 81.1

22 55 10 7 140 88.5

23 5.5 7 7 120 82.3

24 6.5 10 8 140 87.2

25 5.5 10 7 140 88.9

26 5.5 10 8 160 88.3

27 55 13 7 160 89.8

28 4.5 10 7 160 86.3

29 6.5 13 7 140 90.2

F| FH Design Expert 10.0 XHia{ 56 25 SRk 17—

W2 IHA, 1538 4 452 R R Stk Z6

XF NO; =N Z2 R 2 [B] (4 [B] )5 7 B AY Sy
Y=88.64+0.984+3.70B+0.49C+0.32D+0.154B—

0.774C+0.054D-0.45BC+0.45BD+0.55CD—0.754>—

2.29B°-1.40C*-0.74D" ()

X, YRR NO-N ZERF; 4. B, C,
D 53 313R C/N IR E(°C) . pH {1 . 5 7 (r/min) .

Xof (B A 7 RSB R AT )5 22 43 H7 (analysis of
variance, ANOVA), Z55R U3 3 s,

Hy 2 3 nl 1, %R P<0.000 1, FKHLE
RN AT e O B, BRI I 1] I X R
N LA PEIR U o A8 01 (lack of fit) 2R Frn
JIT PR 5 SO ARG R B, B 8 1 22 S A
JE o AR R I 0.252 7>0.050 0, 2%
SARE, EWUTRBHEKRAAE. FHik, Tl
FHIZ 81 J5 AR A 1 T S 5 X e 45 2R
F15307 o R BT 45 5 18] 6 H NO5™-N L BRR iR 16
SEBRE SRR 2 [ LA e R AT, —
HZMAAMRIGEE R, S5, BRJE R
B R*=0.992 6, FHH 99.26% 5256 K4 v Fi%
BERVHEA T3 7 , d B R AT A5 5 v FL IRl R0
LR LA BA T, % BNH Oy A AL AT L Sk 43 Hr
FT B Rk 26 X NOy™-N 1) F2 BRI K fe M
R

M 4E R 3 R el AL, C/N (4). B
(B). pH (C)FN#43#E (D)W P AEI/NF 0.01, F B
BTG AR AR A 5 i Al HL B 53 A, S AC
BC. BD. CD ®&Wi 3 (P<0.05), £ C/N 5
pH. VRS pH. R 5K H . pH 51K
e MR sC HAE R B

HRE ) FEAEm L, e C/NL i
& . pH FIHE IR F% MO Ak Z6 Bk NOy™-N 5%
Wy, Z5RANE 7 Fos. I 7 R, 6 b
T30 FF 10 1) A TR b, A B ) 4 e 4R
EUEAR e T W R 28 BAE RS . S5 2k
FREIEIRTE , 2 SR 2R 0] A 28 BLAE TS 3
11145 R SO W D, IZRoR 2 AR Al
LHAEMBEE, B 7 H(®B). (D). (B)FI(F)
4 I 1 TRT 45 R 2R R R T . (A)RI(C)H 55 &
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x3 B Z6 KM NOs-N B3 AREEBFTESH
Table 3 ANOVA for the fitted quadratic polynomial model of NO; -N removal by strain Z6

Source Sum of squares Degree of freedom  Mean squares F' values P values (prob>F) Significant
Model 225.80 14 16.13 134.71 <0.000 1 ok
A-C/N 11.41 1 11.41 95.28 <0.000 1 *E
B-temperature 164.28 1 164.28 1372.13 <0.000 1 ok
C-pH 2.90 1 2.90 24.23 0.000 2 ok
D-shaker speed 1.20 1 1.20 10.05 0.006 8 ok
AB 0.09 1 0.09 0.75 0.400 6
AC 2.40 1 2.40 20.07 0.000 5 ok
AD 0.01 1 0.01 0.08 0.776 8
BC 0.81 1 0.81 6.77 0.020 9 *
BD 0.81 1 0.81 6.77 0.020 9 *
CD 1.21 1 1.21 10.11 0.006 7 ok
A2 3.68 1 3.68 30.75 <0.000 1 ok
B? 34.04 1 34.04 284.32 <0.000 1 ok
c 12.77 1 12.77 106.69 <0.000 1 ok
D? 3.56 1 3.56 29.73 <0.000 1 ok
Residual 1.68 14 0.12
Lack of fit 1.40 10 0.14 2.06 0.252 7
Pure error 0.27 4 0.07
Total deviation 227.48 28
**: very significant difference, P<0.01; *: significant difference, P<0.05.
) LEEPIRE , X KB C/N Fl pH. JRJEZFI pH.
90 - " TRk R R | pHL RN R 1 22 (] 1) 52 LA
< Bl > %GR, T C/N FIRELE . C/N R PRFE 22 0]
g .t M AR B, X55E 3 M HIRE
A o B AL
%84— 2 Xof ALy S A ] 051 e A TR AT O 5 Bl o Ak
= . X M, AR Z6 LA R C/N=5.91;
7 JE=12.00 °C; pH=6.84; %;i#=156.39 r/min.
o L ERE. bR Z6 6 NOYN BRI A B

80 82 84 86 88 90 92
Actual value/%

7 90.34%., FER|LEREAE T, B EN A
ZMFBIE N C/N=5.9, iiE=12°C, pH=6.8, ¥

6 [EJFRENO; -N P KRR ES LER
EHMXAR

Figure 6 Relationship between predictive value
and actural value of regression model.
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Figure 7 Three-dimensional response surface plots for the effect of four factors interactions on NOj3 -N

removal. A: temperature and C/N; B: pH and C/N; C: shaker speed and C/N; D: pH and temperature; E:
shaker speed and temperature; F: shaker speed and pH.
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W RBRER 89.72%, HWMMEIEH L, R*%E
10 0.62% 31 H , TEFE SR W TP AR KW H NO, -N
007 A IR N L e B 3 I T ) E Y e e
Ty L TN T 45 DR 2% BT R Z6 I RV I 52 )

3 4k

(1) MFEVE Hh X 2 Z T K IE Y8 Hh 43 25 15 2]
— PRI IR GF SR AL T 26, 2B TR IE A I
16S rRNA JE P [R] I 7 B 4 5 i TR ik J T Lo
M J& (deromonas sp.), HAE 10 °C RIS T
B3R 120 h J5 XTI M B 247 mg/L () NO5 -N
(2B AT ik 96.1%, HJE NO, -N 5k H .

(2) R EBE | AR . LPREN . HERE
P Dt IR 45 R R, T AR IR AT O T Ak
Aeromonas sp. Z6 W) AEmIE B A T KA
A KA SR SR AR A o

(3) 38 5w R PG AR BT R R E T B
Aeromonas sp. 26 AR A S C/NSL9,
JEE 12 °C, pH 6.8, FEIRFEH 155 r/min, FE1
AESM T HFR 60 h X E X NOy -N 9 23 B
N 89.72%.
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