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98.62%—-99.46%. 98.26%—100%7F= 98.34%—100%. L%+ Htk WM27 & —#kdtih . 24 H 53
TR R AN, AR R KA T L A A M A E.
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Characteristics, denitrification performance, and immobilization of
Klebsiella oxytoca WM27
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Abstract: [Background] Aerobic denitrifying bacteria have shown a wide range of application
potential in the treatment of aquaculture tail water. However, most aerobic denitrifying bacteria
have limited denitrification performance in high-salt environments. [Objective] To screen out
salt-tolerant aerobic denitrifying bacteria and evaluate their denitrification performance.
[Methods] A novel, efficient aerobic denitrifying bacterial strain was selected from the bottom
sediment of the aquaculture pond, and the strain was identified by 16S rRNA sequencing and
physiological and biochemical tests. Animal tests and antimicrobial susceptibility tests were
conducted to examine the virulence and antibiotic resistance of the isolate. Environmental
factors affecting the denitrification performance were optimized, and the immobilization
technology was employed to improve its application. [Results] Strain WM27 was identified as
Klebsiella oxytoca, which had high antibiotic sensitivity and good biosafety. With sodium
succinate as the carbon source, strain WM27 had strong denitrification performance under the
conditions of C/N=10, pH 7.0, and 25 °C, with the removal rates of TN, NH4"-N, NO2-N, and
NO3;™-N reaching more than 90%. The strain had good denitrification ability at 3%, with the
removal rates of TN, NH4"-N, and NO2-N still more than 88%. The degradation effects of
NH4™-N, NO2-N, and NO3;-N for 48 h were 98.62%-99.46%, 98.26%—-100%, and
98.34%—100%, respectively. [Conclusion] Strain WMZ27 is a salt-tolerant, safe, and efficient
aerobic denitrifying bacterium, demonstrating a potential application value in the treatment of
high-salt aquaculture tail water.

Keywords: Klebsiella oxytoca; aerobic denitrification; immobilization; treatment of aquaculture
tail water; salt tolerance
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B K o B R SR K AR TS Y iR PRI BIF T RS

EAER, YA AR RIE T B Er5L
R, BEARRHEESSHEARTB . EHAL
FRAR A Z R Al iR 25, 1 B FP 20 B 5 A AN [
P AE AR RN A BT K, XHE I T e AR St ) &2 4k
PEDY, SR Ak - A7 S8 R RS AL AN B R DLFE A AR
5T R AT RS AL S Rhs Al HoAA R T
AT R Z R SR X SR 5 i L RE % =y
BRI RN . FRARBUAS , DT S A% e A
YR AR B SR BRI, SR, R kB A K
IR F K 2 B s AR R — A B R 3k
GB BEE B SR, A AR SR
RE sl Ak S DR, O BE A8 HLA
EhSF IR - E U AR AN B, XA BEIR KN
MK SR e K A B

fif] % A TR B SE —Fh A A B
T A R Y [ AT R A AT M TR
W B A A2 W s g s A B X3y T R T
FE AL BEE TTHLER TSk . Si0, &, KR
ma TR UE R . BIRSE, URAN TS
R G YRR L IwmEE . RN I &
e 8 Tl A e N R B 2 KRR R AR, e K
Bomisg ey, 1 pR SRm s A A F
EHN SR, AR e B AR R A
ZMCE . RE SRR R R, B 5ROK )
it sz PV AEREE AR i, $E T KB RUR
oy 5K4r 8, R FE T A W
b Z R E S g m M I, A e
FEARAE K= R /K AL B AR 212 W -

AHIFFE NSRBI S U oy B 0 o ) — bk
U SR RO A TR PR, PR 2 L M e 5 AU e
FEPEA [ 2 Ab 1l 2B P 0k 35 58 FE K i LR 38R

LS oA It 0 B b o B SR SR IR A A, I
ARATA R ARAE S i 2B 7 v B O 2 0 T 4 B
HRAEFIHEA S

1 MR5r%

1.1 #H&m

SRS B T AR A A LT =K DR
PR P IR e . PR, ARG M TR
Yo SERAT ARAB LN BB sh Y Bl k58
KT BIF5E BT SE 36 sh W10 1 22 51 2 b, ik v =
& GY2025001,

1.2 EFE

AR B IR Ok 5 VR B A %) ¥ (bromothymol
blue, BTB)}% 7 3k 44 B AF W v SO 7 v e ol
C T ] A 3% 35 e o B VR A % 7 R ) R Ak -
A 15 /L B9ES

R K W15 3% 24 B8 Huang 2520y il
Wl AT TR, RN E SRR . BRI KR
Br g3 (g/L): HABE 5.12, NH4C10.1, NaNOs;
0.05, NaNO, 0.05,

SPRFRIE AR B AR R B B s )
B B ARt pa fa i, Kk TN
IKE) 15 mg/L 5 BURFE KR T K AL B
1.3 EERHFIFNLER

i A DNA /N4 G &, 7N i 5 4k
YR A PR A) 5 SanPrep #1:30 DNA B B
ME . ROIEE. WFEIRMN, £ T A TR(E
OB A R/ 3 2xUnique™ Tag Master Mix
(With Dye)# s MRG0, KHtE RBUEAY
FEFHCA R A

PG, RARZEEDEEHE)ABRA A
R LR 3 OB EE T . BREE PCRAY, 1A
IERABRA ] WUkAL, JEat B B AR T Ik ik
FARA A BERRUE L, JeatiiR—1
ar) s WG, Bl R RAERERRA A
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30 °C. 180 r/min % 1 h B RIRKIBS W . B
ZIREW 20 mL 5 200 mL (& 155 5IES,
Big% 48 h, BUE R SRR BR(107-107)
FEEL 100 pL AR BERG BRI 51 A #E BTB $5
FREEE, B5SE 24 h S PREGE (UE VS E BTB 1557
B b aifh SR 24 h, SEBURS LR A
W1 RN A2 0 WM27 FEERA7
1.5 EEESWMREBELERE

W AR WM27 H2RhF AR s e g2 3k p
30 °CH;F* 24 h, WL I BIE S FH PR T %
AT 2L QYL A, ORI I B T 5E (10 100) W
FLRAR L AT A o 8 L T4 LR (5 0002) X T
PR WM27 BB ST g8 Il 5 o AR B A
552 BSCHR[13-14]
1.6 16S rRNA EFFINRH KRG X
B BHE

A DNA AU B 16 DNA 2507 & i
4T, i 2xUnique™ Tag Master Mix
(With Dye)#AFeE R A1 . AP E 514 27F
(5'-AGAGTTTGATCCTGGCTCAG-3")#l 1492R
(5-GGCTACCTTGTTACGACTT-3)i#17 16S rRNA
LY 1S, PCR IR ZR (50 uL): DNA (27 ng/pL)
2 uL, ddH,O 21 pL, IE[M5[4 27F (10 pmol/L)
1 uL, K54 1492R (10 pmol/L) 1 uL,
2xUnique™ Tag Master Mix (With Dye) 25 L.
PCR JZ % &51%: 94 °C 5 min; 94°C30s, 53 °C
30s, 72°C90s, 30 KAE¥F; 72 °C 5 min; 4 °C
P17 . SIS BE S Yk o BT P I 25 2, ik
FEAETAY TR A B /2 7Y
W A3 0¥ 45 R Ff% & GenBank %% i /&
(https://www.ncbi.nlm.nih.gov/genbank/) #1555 55
5, i MEGA 11.0 5 R AR R 5
KB RI
1.7  ZEUNK

Fi RS 25 SR 61T 20 00, FF T Ak
WM27 AL 5 B 100 pl B 9 39 50 1 A 78 A &
SRR, KA RE TR, &
Fhii A 2 E 3 4°F17,30 °CHi 5% 24 h 5 BUH

ol U A 5 RO 10 3% 410 B P A R/
1.8 21T

W6 B K K (4.0£1.0 cm) 4 fit B B & fa
180 4%, BEHLEYI4rHCE 20 L FRFEGTH, BHE K
W S5 (4, B 3 ANTAT. K E T WM27
PR E KRG G, 30 °C. 180 r/min }537
18 h J& il £ A Ak Jrh VL, R 4l A K i 4 R B
TR, S50 A1 K R B VR B 4E RF T
1x10° CFU/mL, %5 FIHRIMERKFEK, 5L
KRN 3d i 1 SOKIFIMAER, Skt
FRek 15 d, BREREME, SiT5E DA77
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1.9 BEHRERFHMHL

WRA R AL H F iR . C/N., pH. &
FEXTERE WM27 B4 K AIBLARE JT 52 . 43
T B AR A B (CeH1206) . AR EH(CsHsNazO7)
HEREN(Na2Ca04) . BEIAMR N (CaHaNayO4) F1 L R
£ (CH3COONa) iy B — R i ; X & C/N A 5,10,
20,30, 40; W EREELE N 20, 25,30, 35 °C;
BWH pH{EHN 5.0, 6.0, 7.0, 8.0, FiFIHANEA
TREEER FRHE . C/N 10, pH 7.0, #%3# 180 r/min
FNBE 30 °CoAXTRESEAF, SE il i rh 45 il B —
AR, SERIAT A ODeoo N 1.0, R IR
1% AL, SCBGHF2E 48 h, 43l F 0. 6., 12,
24, 48 h BUFE, 4E ODeoo 5 5 000 r/min 5.0
5 min, K b2 R4S TS B
1.10 E#k WM27 X = Eh B & E 7K &Y
it 52 4%

SRR ST TR MR S A HL A A P AR PR K
FIRE T, SR RIR A P b5 57 56 0 S E 77 il 4%
NTRAK, EaL A [F o B Al s & ik i
0% 1%, 3%, 4%F1 5%, HAl A A —3k,
RIS E 3 A AT, BRI HE ODeoo N
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SHIT 0. 6. 12, 24, 48 h HkE, MIERLRE
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TROAS: I U B, 36 UF T AR ) v R AL R /K
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1.1 EHNEBEERSNMA

i FH 3R 2 #5  (polyvinyl alcohol, PVA)FifE
PR P (sodium alginate, SA)[EEFE. HF Btk
£ 30 °C 180 r/min 5514 T 1557 16 h FHL 20 mL
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Y Ry %t B U1,

¥ B R e A E sk A B R A R IRk
Ml FR g, 30 °C, 180 r/min Zb3, 2% 4L 50
Wik 3 ANEE WIS, B AR
48 h, Z3HIE 0. 6. 12, 24, 48 h Bk, &
NH,"-N, NO, -N #l NO;-N fy & &, 3 4G5
Seu EH R T 6 d.

W 1 7 A Tl A P R A B K ™ SR S B
K, KPR RKEA T R A Al BBk
PR FE K SR K A, 4 121 °Cy
IR KB 20 min, B4 EEKEEIN 1%09 5 2 1k i34
YB35 48 h, RIFE 0. 6. 12, 24, 48 h
BURE, I%E B & (total nitrogen, TN), NH4"-N,
NO, -N 1 NO; -N i & .

1.12 &M S HTEE

Ry . & A (NH, N2 FH 40 FG A7)
FeHE I (HT 535—2009)P0KG 0, Vil iR £h A
(NO> -N)R I 4 6 6 BE 3 (GB - 7493—87)12 11l
T, il TR £h & (NOs™-N) R ] 58 5 3 0l ol J& vk
(HJ/T 346—2007)5l 5 , TN R 61 A3 i iR
BRI R 22053 6 BE TR (HT 636—2012)3 4610
BRI EAKXWT .

1(%)=(Cy—C1)/Cy>x100
Horp Co R 0 h IPAEIEIRE (mg/L), CiFnks
35 )i SR R] AR B ) R R (mg/L)

ST AR 3 AEE MY
{+hniE2 . %] GraphPad Prism 10.0 # {4 F1
Origin 2021 F {42047 EcHk o3 e A R 231l

2 ERS594

2.1 EHEFES. £IBE UK 16S rRNA
EARFINSHEELER

PR WM27 7% 78 [ A B AR 85 5 1 B[R]
¥, Bt A CEMIRE 6, REEHNEE
F (K 1A); S22 R E 2L A& 1B),
TR R WM27 A 2 REAVER ; W8 T bk
WM27 24K 1C . 1D) MRS CHR[13-14]
I XF B E & R T PR 52 7 111 R Id (Kl ebsiella) sp.
YSPRF ER WM27 515 AE AR RS, WA A
ENEAREEGE ). MER WM27 7§
P52 A9 16S rRNA FEH 751 F 14 % GenBank %%
PHPECE 5 OR438297), MHMWHERZ LT
W& BRI R WM27 5 50 85 1 QR s 577 2 v B
A EC i (Klebsiella oxytoca) £ 4 % R it , IH1E
W —A~ar 3 b, ARIPE S 99.93% (Kl 2). AT
FIWT R WM27 S22 e R A R, B
fir 44 N Klebsiella oxytoca WM27.,
2.2 HEUNK R R MM

i 2RISR B R MR WM2T X 10 A
WHANARPHEAREE. WHER, KRER.
LA RS . Sk AMRE . BT Ea . RN A
TR UD B X B L2 S A AR, W R
AR/REMPINREWE 3, £2), HFHELEY
G AR TP BE L 8 BT RO 100% (K] 4), %
BB kR WM27 I IREE e PR .
23 mERAFHEMNFERIL

2.3.1 ARIREXEK WM27 BRRRAY
AL

MUBRHRREN . LTREN . FIETREN . A
BN BRIERT 48 h N1 TN EBRR4> 50 94.78% .
93.93%.. 92.50%7F1 87.16%, ik B B &k 7] LA 1
ZRRIEAE K . EBRFIREN R TN, NO, -N Al
NOs™-N W EBRFCEFERN T 97.34%. 97.80%
F198.91%, 1A FHBEFIRR BT A KPR AR5 A
BRI, R WM27 B s 355N
BEHIRREN (K 5A),
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1 um
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1 Ekk WM2T IS LEEER A FHE WM27 IINITER s B: Bk WM27 By 2[RI, C:
PR WM27 BUE BRI 45 s D Ak WM27 BB R iR .

Figure 1 Phylogenetic tree construction and morphological identification. A: Appearance and morphology
of strain WM27; B: Gram staining of strain WM27; C: Electron microscope scanning of strain WM27; D:
Partial magnification of electron microscope scanning of strain WM27.

=1 EH WM27 B4 IR 4 L ASE 232 AN[E] C/N I E#F WM27T B REURAY
Table 1 Physiological and biochemical characteristics A
of strain WM27 i VSR T s
— , , s C/N AWk N, A K44 HE(ODeoo)iZ
Physiological and Klebsiella Klebsiella L - . . N .
biochemical index sp. Y5241 oxytoca WM27 T, HEY O/NkFE 10 LLEJE, isfbPERE
Ornithine decarboxylase  — - ?ﬁ%%ﬁﬁjﬁﬁg@’pﬁﬁﬁ% C/N=10 B}, %Hﬁjﬁ
Lysine decarboxylase + + B TN SRR, EBRFEHN 98.66%. Hik WM27
Glucose utilization - + i & C/N=10 ([g 5B).
Cellobiose utilization + + 2.3.3 Z:IEJ pH S(TJ_-%I-HE WM27 HH;\_T—"%I%E,‘J
Sorbitol utilization + + = ﬂrﬂ-]
Rhamnose utilization + + o
Xvlose utilizati . . bk WM27 7€ pH 6.0-8.0 I} 2 e (R4 1F %
ylose utilization 9 . ” TR o
g _— HERE/REE, 24 pH 7.0 B, A K APERE(ODgoo) it
ucrose utilization + +
Arabinose utilization + + £, NH4'-N. NOy -N Fil NOs™-N ) LB 535
+: Positive reaction; —: Negative reaction. 7 88.71% . 99.51%7F1 90.02% (Kl 5C).
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2 ET 16S rRNA EFFFIMEMNER WM27 WRZLZERN AN EFRFERI AZEHE
Poor XAE A B2AREA P ER I A 4 ); 355 WAYECT N GenBank 5755 FrR 0.10: J¥51 2
S

Figure 2 Constructed a phylogenetic tree of strain WM27 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.

B3 Bk WM27 Z5 80K
Figure 3 Drug susceptibility test of strain WM27.
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=2 B WM2T XIAREZA MBI 25145 R
Table 2 Resistance results of strain WM27 to
different drugs

Drug Size of inhibition  Sensitive
ring (mm) level
Chloramphenicol 29.3+2.3 S
Tetracycline 23.2+2.1 S
Gentamicin 23.5%1.5 S
Ceftriaxone 26.5+0.9 S
Streptomycin 13.5+1.1 I
Ceftazidime 24.6+2.2 S
Co-trimoxazole 23.9+2.8 S
Ciprofloxacin 34.7£1.2 S
Erythromycin 12.3+0.7 I
Norfloxacin 32.4+1.6 S

R: Resistance; I: Intermediary; S: Sensitivity.

2.3.4
Egur]
IR EE 20 °CHETFF = 35 °Chif, HAEKE
AEFIXT TN NH,*-N FI NO, -N £ R L LT
R fa®, M7E 35 °CHF, NOs; -N =R R %
o #E 25 °CH} ODeoo X K, TN, NH4'-N,
NO, -N Fl NO;™-N [ BRIk 89.11%.
94.18% . 97.42%FI1 89.52% (] 5D).
2.4 BEF WM27 XS5 EEIUE K H
it 52 14 25 SR
EERE R 0 Bf TN, NH4-N., NO, -N
M NO:;-N M 60, 20, 20. 20 mg/L FFALF]

A ELRE X EIE WM27 B EAUREY

A

100

100
100 _

50

Survival rate (%)

Experimental group Control group

4 FHHkWM27 2B EERI&EFEER
Figure 4 Survival rate of zebrafish soaked with
strain WM27.

(6.302+0.206) . (0.349+0.032). (0.136+0.004).
(0.070+0.002) mg/L, 4ELELE 3%HF, TN,
NH,-N . NO, -N Fl NOs;-N f &R H
88.12%. 93.63%. 96.45%Fl 93.85%, JificF I
AR AR ST MEE R 5%BF TN,
NHs-N ., NO,-N F1 NO;-N H fE [ ik 2
(52.279+1.795) . (8.644+0.871). (6.491+0.112).
(6.316x0.205) mg/L, UEHABELE Eh B 8N, B
BRI A K R 5 I AR REAS T T (BT 6)
25 BElEUENRAER

ARSI T HE bk WM27 1E [ 2 1b s 3R 1Ak
F o A R K LA R RSCR R . K
PR WM27 il 2 B A/ NERAE R S e i,
AT A2 FUNERPE R IR, SEge IRk
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2
8 g
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: S
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.\ﬂ""’ § S’} (S8 %q"o e O% S") o %"’0 ‘%{W § Q,S) O %qrf ) Q.,? o %‘9
S O A% v 5 3y O R Y &3 Y O oS qv'\' 5 Y O OF &2 &5
& KPR & K g FFEFEFTE
oF C)zc: O OF C)z,ﬂ o o (‘:2“ O OF Czqh <
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100 = 1.00
< 75 0.75
2
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C [ Removal rate —— 0Dy,
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B
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> Q
(=]
5 25 0.25
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D ™™ Removal rate —— 0Dy,
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g
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920 A: f&IE; B: C/N; C: pH; D: JRE.

Figure 5 Effects of environmental factors on the growth and nitrogen removal performance of strain WM27.
A: Carbon sources; B: C/N; C: pH; D: Temperatures.
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Figure 6 The effect of different temperatures on nitrogen removal efficiency of strain WM27. A: TN; B:

NH4"; C: NO,~; D: NO;™.
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7 EEE WM27 HELESLE
Figure 7 Semi-continuous treatment strains WM27. A:
NO; -N; B: NO,™-N; C: NH4"-N.
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Figure 8 Removal of TN, NH4"-N, NO3 -N and
NO>™-N from the actual mariculture wastewater by
immobilized strain WM27.
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