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Abstract: [Objective] The rapid increase in wastewater discharge from animal husbandry has
caused severe environmental pollution. Identifying efficient heterotrophic nitrifying-aerobic
denitrifying bacteria and investigating their denitrification mechanisms are of great theoretical and
practical importance for mitigating nitrogen pollution in the wastewater. [Methods] A strain
exceling in heterotrophic nitrification-aerobic denitrification (HN-AD) was isolated and from
activated sludge in pig farms. Culture conditions were optimized by response surface methodology.
We evaluated the inorganic nitrogen-transforming capacity of the strain by assessing its utilization
efficiency of single and mixed nitrogen sources and through nitrogen balance analysis. The
completeness of the denitrification process was confirmed via gas chromatographic measurements
of N, and N;O. Finally, the nitrogen removal pathways and underlying mechanisms were
elucidated through whole-genome analysis. [Results] The successfully isolated strain Klebsiella sp.
WH-E exhibited excellent HN-AD capabilities. The growth conditions of the strain were optimized
as follows: sodium citrate as the carbon source, 34.18 °C, initial pH 7.1, a C/N ratio of 14.53, and a
shaking speed of 159.59 r/min. When the strain was cultured with ammonium, nitrate, or nitrite as
the sole nitrogen source, the nitrogen removal rates were 99.80%, 81.54%, and 80.00%,
respectively. Furthermore, when ammonium was the sole nitrogen source, 35.84% and 35.91% of
nitrogen were converted into cellular nitrogen and gaseous nitrogen, respectively. When ammonia
nitrogen was combined with nitrate nitrogen as mixed nitrogen sources, the nitrogen removal rate
was 100.00%; When ammonia nitrogen was combined with nitrite nitrogen as mixed nitrogen
sources, the ammonia nitrogen removal rate was 100.00%, and the nitrite nitrogen removal rate was
91.97%, respectively. Whole-genome sequencing identified several nitrogen metabolism-related
functional genes, including glnB, norVWR, narGHI, nasBC, and nirBD.[Conclusion] Klebsiella sp.
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WH-E possesses three nitrogen metabolism pathways: ammonium assimilation, nitrification-
denitrification, and nitrate assimilation and dissimilation. This study confirms the applicability of
Klebsiella sp. WH-E for nitrogen removal from full-scale piggery wastewater and establishes a
solid theoretical foundation for its engineering applications.
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Figure 4 The effect of various environmental factors on the growth capacity of Klebsiella sp. WH-E. A: Carbon
source; B: C/N; C: Temperature; D: Shaking speed; E: pH.
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Table 1 Response surface experimental design
Test number Level NH,"-N removal efficiency/%
T/°C pH C/N Shaking speed/(r/min)

1 25 7.0 15 180 71.55
2 25 7.0 20 160 78.62
3 25 6.0 15 160 71.41
4 25 7.0 15 140 70.13
5 25 8.0 15 160 79.59
6 25 7.0 10 160 69.85
7 30 6.0 20 160 81.44
8 30 6.0 15 180 80.86
9 30 7.0 20 180 89.17
10 30 6.0 15 140 79.59
11 30 6.0 10 160 76.55
12 30 8.0 15 180 82.81
13 30 7.0 10 140 79.54
14 30 7.0 15 160 96.87
15 30 7.0 15 160 99.97
16 30 7.0 15 160 94.03
17 30 7.0 15 160 92.88
18 30 7.0 15 160 99.01
19 30 8.0 10 160 84.42
20 30 7.0 20 140 78.43
21 30 8.0 15 140 80.94
22 30 7.0 10 180 80.52
23 30 8.0 20 160 83.71
24 35 7.0 15 180 82.72
25 35 6.0 15 160 80.00
26 35 7.0 15 140 86.61
27 35 8.0 15 160 85.20
28 35 7.0 20 160 80.43
29 35 7.0 10 160 83.94
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S5 G TRAR XS B P 23 A (G 3) FIAS [] E Y
FAAE DL 8)RI %, L NH, N Ay — S0 B
FEW, BERRTE 0-12 h #EAXTECAE K, 48 h A
£ 99.80% 9 NH,'-N #% 2 Fr o [°] 0 4G ) )
8.55 mg/L Y NO;™-N A1 1.01 mg/L i) NO,-N LI
K 41.89 mg/L (1) Cell-N, it & FAitE, H
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35.84% 1 35.91% MY A 53wl 9 % AL~ Cell-N A1
SR LANOy-N FfE—% IR, KigF 48 h i}
Bk ODgoo i5F) 1.1, [FIWF, 81.54% [ NO; -N
PR, NO,-N 1y B F & K 31.04 mg/L, H
44.84% AW N Cell-N, &M 48.52 mg/L;
20.90% M AL W AEA . LA NOy-N i
— AR, BRRTE 36 h Y BIPRE AE KaH
NO, -N ¥ [Rl PR, 48 h £FR*K ik 80.00%,
H 18.99% A M AN IER; 41.32% A
Witk Cell-N, &80 4784 mg/L, FikA
F) 05 T B AR B A R PR IR B T R Ak S A Ak
LI b NOs™-N iR JE AR R LR 12 A7 A
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Table 2 ANOVA table for response surface quadratic model

Source Sum of squares  df’ Mean square F-value P-value Significant
Model 1 664.76 14 118.91 15.51 <0.000 1 K
A-temperature 277.99 1 277.99 36.25 <0.000 1 ok
B-pH 63.88 1 63.88 8.33 0.012 0 *
C-C/N 23.98 1 23.98 3.13 0.098 7 -
D-shaking speed 11.06 1 11.06 1.44 0.249 7 -
AB 2.23 1 2.23 0.29 0.598 2 -
AC 37.69 1 37.69 4.92 0.043 7 *
AD 7.03 1 7.03 0.92 0.3545 -
BC 7.81 1 7.81 1.02 0.3299 -
BD 0.53 1 0.53 0.07 0.796 4 -
CD 23.83 1 23.83 3.11 0.099 8 -
A 736.20 1 736.20 96.01 <0.000 1 **
B 360.13 1 360.13 46.97 <0.000 1 K
c 348.39 1 348.39 45.43 <0.000 1 **
D’ 405.52 1 405.52 52.89 <0.000 1 ok
Residual 107.35 14 7.67 - - -
Lack of fit 69.68 10 6.97 0.74 0.682 6 -
Pure error 37.67 4 9.42 - - -
Cor total 1772.11 28 - - - -

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

Pl NH;™-N #I NO;™-N HiR & & BEAF, 12h
NH, N £ B E K 80.86%, NO;-N R FR N
23.66%. 48 h BB #k ODeoo A 1.5, NH,-N Al
NO;™-N #5822 Fk. £ NHy'-N il NO,-N A7
Bf, 12 h NHs-N EFR#iK 75.14%, NO, -N %
B R N 53.73%. 48 h i NH'-N £ R E N
100.00%, NO,-N Z[R#3H 91.97%. Zi bk,
Ui B A Ak WH-E 7E TR A& 2R 2 14 T S #L A
NH, -N #A7 e EH
2.5 Klebsiella sp. WH-E i & i& 2 89
HEM

SIEHA P 9 Frn, HBRE RN,
# & WH-E iy G+C &0 55.21%, JF&A 24
Jiki, ZRgmit)r AN E, U 5 283 N
St FEIN, HAA X B TR 708 664 bp, A
JEPE I 961.83 bp, St i X I B Sk
211 87.80%. K Bk WH-E I3 5icdls 1% %
NCBI, FRIFEERIE 55 PRINA1262665,

it R HRE S, 1E Klebsiella sp. WH-

E W53 gdhA. glnA. gInB. nxrAB. norVWR,
narGHI . nasBC. nirBD %5 30 41> & ACEAH &
S, IR RGEY T BER AR (E 10).
Ak E2M 2 FEETH: (1) AR
WS IEAE, M gdhd B gmht it 43 2 R i A
BEAEMEAL o-F I A EAE A AR (2) BA
R G -7 2R 5 BB AR, gind HE[H 4
T 1) A 2 Tk e 5 il A b 20 5 A R AT 2
ke, B %7 WA A 2R & R Y fi L T
B AR, AR ®,
gind FEHR T 5 I ginB . gInL F1 glnG A
JETT, dERRERI @, giB TN gitD FEH
WS J B S R EIR, S 5 ARG
FAE, IR o-BC /R, oA —RIRIE
R (tricarboxylic acid cycle, TCA)BLHER!™,
st stz . TEfS A R NH,-N 8
WK 6 NH,OH, NO,™-N 1 NO;™-N,
SV AiF R 5 38 JF AL R mocrA B 35 TR S B F18) IV il 7R
b IR A A BY B, NOs™-N it
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Figure 7 Response surface curve illustrating the NH,"-N removal efficiency by Klebsiella sp. WH-E. A, B:
Temperature and pH; C, D: Temperature and shaking speed; E, F: Temperature and C/N; G, H: pH and shaking

speed; [, J: pH and C/N; K, L: Shaking speed and C/N.

3 E#KkKlebsiella sp. WH-EEBRER ., HSEMEHESENA &I

Table 3 Nitrogen balance of strain Klebsiella sp. WH-E in removing ammonia nitrogen, nitrate nitrogen, and

nitrite nitrogen

Nitrogen Initial nitrogen concentration/(mg/L)  ¢(TN)/(mg/L) Cell-N Gaseous-N (N,+N,0)
source  NH,"-N NO; -N NO, -N Initial Final ¢(Cell-N)/  Proportion/% ¢ Proportion/%
(mg/L) (Gaseous-
N)/(mg/L)
NH,-N  134.07+0.27 10.77+0.17 0.72+0.36 116.87+4.85 64.09+0.21 41.89+1.71 35.84 41.97 3591
NO;™-N 2.98+1.08 98.35+£3.17 0.22+0.04 108.21+6.45 81.18+0.42 48.52+0.39 44.84 22.62 20.90
NO,™-N 11.57£2.24  0.00+£0.00 91.81£6.28 115.77+0.27 83.45+0.32 47.84+1.73 41.32 21.98 18.99

All experimental data were replicated three times, and the results are presented as the mean+standard error (SE).

nrtABC SER G RS IR R - RS FR b i is Raet DREGVE T WA o NO, =N, FifiJ5 H— S LA
AL, FETE narGHIL 3 gafb iR iR Eh it 30 I 88 (nor VWR) K& N AL AR B — % AL A (nitric
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Figure 8 Utilization of various carbon sources and gas product analysis by Klebsiella sp. WH-E. A: NH,"-N; B:
NO;™-N; C: NO,-N; D: NH,"-N and NO;™-N; E: NH,'-N and NO, -N; F: Gas production by Klebsiella sp.
WH-E using a single nitrogen source.

oxide, NO). N,O, HJaitbh Ny Bl SA& E*ﬁ%%ﬁ@%ﬁ%ﬁz%ﬁﬁﬁﬂ%ﬂ, NO;™-N 1]
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A: RNA processing and modification
B: Chromatin structure and dynamics
C: Energy production and conversion
w D: Cell cycle control, cell division, chromosome partitioning
E: Amino acid transport and metabolism
F: Nucleotide tronsport and metabolism
G: Carbohydrate transport and metabolism
H: Coenzyme transport and metabolism
» I: Lipid tronsport and metabolism
J: Translation, ribosomal structure and biogenesis

\ .QQ K: Transcription
L: Replication, recombination ond repair
\_\0 M: Cell wall/membrane/envelope biogenesis
N: Cell motility
1 20 O: Posttranslational modification, protein turnover, chaperones

® P: Inorganic ion transport and metabolism
\.30 B Q: Secondory metabolites biosynthesis, transport and catabolism
R: General function prediction only
1.40 = S: Function unknown )
T: Signal tronsduction mechanisms
1.50 = U: Intracellular trofficking, secretion, and vesicular transport
W V: Defense mechanisms
1.60 m W: Extracellular structures
m X: Mobilome: prophages, tronsposons
1. 70 Y: Nuclear structure
Z: Cytoskeleton

=]
E
/,(90 = 16S TRNA
=2
=
jal

23S rRNA
58 TRNA
tRNA

&9 HEHWH-E2EEHEE

Figure 9 Whole genome circle map of strain WH-E. The outermost circle displays the genomic coordinates in
base pairs (bp). The second and third circles illustrate coding sequences (CDS) on the positive and negative
strands, respectively, color-coded according to COG functional categories. The fourth circle highlights rRNA and

tRNA genes. The fifth circle represents G+C content, while the innermost circle shows G+C-skew.

Pathway 11l Assimilatory nitrate reduction/dissimilatory nitrate reduction to ammonium
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— NOR/NOS
1 g > o
\ A : HA\O Enbapntg nxrAi / fi} norV]@,
NH,“N ——> NH,0H ——>NO,"N——> \o,'N >NO,-N >N,/N,0
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GS enzyme|ginA ey Pathway II Heterotrophic nitrification aerobic denitrification
Y
L-glutamine L-glutamate
gltBD l Pathway I Ammonium nitrogen assimlation

~N
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Figure 10 Nitrogen metabolic pathway of strain WH-E.
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3 it
3.1 Klebsiella sp. WH-E i R4S 1RV S
i (K] 2=

PRGNS WH-E FERRI SR, 7 B
#EA TCA fIEREIFA B H AR o r= A
BT 4ERE pH Ao ERY, A1 OB A ads 12 AR i A
AP SRR DR TR A TR . B h
14.53 Y& C/N HbAbT HN-AD # 19 ‘B C/N
It 10-15 JEEIPY, S5ICARSITF (Acinetobacter
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o, FUIULE AT AR AL A, O SRk
N 5E G ol B VR IR B 5 B B o] 42
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REAEFR R IO BTG, SRR S 2 1 R AR R
AR TR AR AR R . TR B
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ML 53 47

SO WHE ER R BEPHAR T2
Al ST A T D0 LA R 4 TR 4 3 M 4%
R, MEWTEME WH-E T A 3 AR
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B gi 4 FF, B 3% 48 h J5 K 0 3] NO; N,
NO,-N. NH;*N. N,. N,O Fll Cell-N #J &£,
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LR, LhAERESERI AR AN SR 4 Al AR 4P
LR V] A F% B 7K Ak B v st S R 6 1Y) 2R
o BEPIA P AAAE R 54 NOs™-N b JFR A2 Y 6
S N (nar GHI 1 nirBD)FI R ALIE SR A2 A G
SRR (nasd)P!, RUIZE bR AT i L
163 12 30 J5E NOs™-N, & Gl A= W) I 4k B RE
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Table 4

denitrifying bacteria

Comparison of nitrogen removal efficiency and mechanisms in heterotrophic nitrifying aerobic

Bacterial genus NH,"-N NO; -N NO, -N N, production Genes related to nitrogen References
name removal removal removal metabolism
efficiency/% efficiency/% efficiency/%
Acinetobacter 97.93 - - Heterotrophic nar, amt, ginkK, gltB, gdhA, [7]
oleivorans nitrification: 12.4 mg/L  gam, ginA, ncd2, ncdl, nirB,
AHP123 Aerobic denitrification:  nasA
18.33 mg/L
Klebsiella sp. 92.55 91.43 - - amt, glnA, gdhA, nirB, narG,  [11]
TSH15 napA, nasA, nirK/S, norB,
nosZ
Candida 96.00 98.00 - - - [12]
boidinii L21
Pseudomonas 95.81 94.00 100.00 - narB, glnA, gdhA, nirB, nird, [19]
aeruginosa napA, gitB
WS-03
Acinetobacter 84.84 87.13 92.63 - - [35]
ZQ-Al
Pseudomonas 97.26 99.34 95.81 - - [36]
sp. Y-5
Pseudomonas 98.00 93.00 100.00 - - [37]
mendocina
TJPUO4
Klebsiella sp. 99.80 81.54 80.00 With NH,*-N as the ginB, ginL, ginG, gdhA,
WH-E sole nitrogen source: norVWR, narGHI, nasBC,

35.91%

nirBD

With NO, -N as the
sole nitrogen source:
20.90%
With NO53™-N as the
sole nitrogen source:
18.99%

IR E, FF IR S TR R T A fe
LT ISR PR S

4 i

AHIF 5T NS 375 e v s 2 LB — Al UM e
K 4f ) HN-AD [ Klebsiella sp. WH-E, Higid
WRZH R wWIE N ERM, BREHN
34.18 °C, pH N 7.1, C/N Jy 14.53, 5 Ky
159.59 r/min, & A 4 73 #1 IE 55 Klebsiella sp.
WH-E B& 2 bk Ae . 1k S i fhik 42 i )
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