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ABSTRACT: In order to find an efficient bacterial strain that can carry out nitrification and denitrification simultaneously, we isolated
many heterotrophic nitrifying bacteria from wastewater treatment plant. One of isolates NS13 showed high removal rate of ammonium
and was identified as Alcaligenes faecalis by analysis of its 165 rDNA sequence, carbon source utilization and fatty acids composition.
This bacterium could remove over 99% of ammonium in a heterotrophic medium containing 140 mg/L of ammonium at pH 6-9, 25-37°C
and 0-4% of salt concentrations within 2 days. It showed even higher ammonium removal at higher initial ammonium concentration in
the medium. A. faecalis NS13 could also reduce nitrate and nitrous oxide by nitrate reductase and nitrous oxide reductase, respectively,
which was confirmed by detection of nitrate reductase gene, nap4, and nitrous oxide reducase gene, nosZ by PCR. One of metabolic
intermediate of denitrification, N,O was detected from headspace of bacterial culture. Based on analysis of all nitrogen compounds in the
bacterial culture, 42.8% of initial nitrogen seemed to be lost as nitrogen gas, and 46.4% of nitrogen was assimilated into bacterial
biomass which can be removed as sludge in treatment processes. This bacterium was speculated to perform heterotrophic nitrification
and aerobic denitrification simultaneously, and may be utilized for N removal in wastewater treatment processes.
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et al., 2012), Alcaligenes faecalis NR (Zhao et al., 2012),
Pseudomonas stutzeri YZN-001 (Zhang et al., 2011), Klebsiella
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Table 1. Metabolic profile of A faecalis NS13 as tested in Biolog
EcoPlate™ assay during 7 days®

Substrate A. faecalis NS13
Tween 40 ++
Tween 80 ++

a-Cyclodextrin -

Glycogen -

D-Cellobiose -
a-D-lactose -
[3-Methyl-D-glucoside -
D-Xylose -
i-Erythritol -
D-Mannitol -
N-Acetyl-D-glucosamine -
Glucose-1-phosphate -
D,L-a-glycerol phosphate -

D-Galactonic acid y-lactone -

2-Hydroxy benzoic acid -
4-Hydroxy benzoic acid -

Pyruvic acid methyl ester +++
D-Galacturonic acid -
D-Glucosaminic acid -

v-Hydroxybutyric acid -

Itaconic acid -

a-Ketobutyric acid .
D-Malic acid -
L-Arginine -
L-Asparagine 4+
L-Phenylalanine ot
L-Serine +
L-Threonine T+t

Glycyl-L-glutamic acid -

Phenylethyl-amine -

Putrescine -

'~ 0D<0.5; +,0.5<0D < 1.0; ++, 1.0 <OD < 1.5; +++, 1.5 <OD < 2.0; ++++,
2.0<0D
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Table 2. Fatty acid composition of A. faecails NS13

274 %] QT Table 2).
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U QF 2 eof] W-ENSI13 29 U R Al AES 2ARE
A} 2r7h wobgel uhet Ry E AlAEo] F71sH:
Esl 25,30 9 37°Cof| A= vl F2 AR oll 2F99% o]/ A A &

2w, 20°Cof| A= 3 DA 0l 99% o/ Al A = AL 15°Cofl A
%zﬂﬂgﬂ Tha Woj x| X7k 7 A A OF88% o] Ake] oFm ] &
of A7 = Ach(Fig. 1).

Qi ol B NSI3 279 Gu L AAES AR
A7} 8 5w obdel ek gy Al A gol 24sa
Th.NS13 #59] Aol Qi 5wk 27 4L vl A4 9
=08 BT U &-0) A Lol A= Aol 7L Eei5)
A btk w1 2ol H4E 5 =7F0% I HNMoj A 5L
Y& Al A&l 2F94%2] A of| Risl] Fit-s=7F4% Y wf= oF
73%E Her sick Zev 2 d Aol = A& w=ek dA glol
°F 99% o] /o] Y3 Al AES HATKFig. 2).

pHoll THENS13 9529] Y& Al AE-5 AR 23t vj
& 1A 0l pH 90| Al RFEL Y& A| A&-0] °F 88 % o) ez 7}
& wehem ujy 294 pH 6-9 oA Y=Y 2o Al A&
0] 99% o)Ak 24 =gt} Wi SA 7] pH 59} 100] A= Z¢
ZF 0F 50 W 74% A A HGAT4LR] 2F98% o] A} o=

Fatty acids A. faecalis NS13
Cioo 1.22
Cio0 3-OH -
Ci2o 1.57
Ci2 aldehyde -
Ci202-OH 1.58
Ci203-OH tr
Cisoat 12-13 -
Ciso 2.03
Cis02-OH -
Cis0 -
Ciso 36.36
Cis0 2-OH -
Cis0 3-OH tr
Cis:1 3-OH -
Cigo a5c tr
Cizo tr

Fatty acids A. faecalis NS13
Cizo cyclo 35.21
Ci7.1 dic tr
Ci7.1 a8c -
Cy7. ante iso aPc tr
Ciso 1.05
Cis1 2-OH -
Cig1 aflc -
Cig:1 @8c 11 methyl -
Cioo tr
Cigo cyclo aBe 1.58
iso-Cio:0 -
Cao2 @6,9¢ -
Summed feature 2° 8.51
Summed feature 3° 4.88
Summed feature 5° 1.02
Summed feature 8° 2.3

A faecails NS13 was cultivated on TSA at 30°C for 1 day before harvesting cell mass. -, not detected; tr, < 1% of the total fatty acids. Summed feature could not be separated
using the MIDI system. “Summed feature 2 comprises Ci2 aldehyde. "Summed feature 3 comprises Cig:1 @/7c and/or Cie1 @6e. “Summed feature 5 Cis ante and/or Cig @6,9¢.

Summed feature 8 comprises Cis;1 @/7c.
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Y= AlASEI o Y50 A A&} Bl S25kA NS13 o
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z7]| eld A4S 2 Y chFig. 3).

Z27] & H o W2 NS13 #39) et -e A AL
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OD(yOO

NH,*-N (mg/L)

Time (days)

Fig. 1. Growth curve (A) and ammonium removal (B) by A4. faecalis NS13
in HNM at different temperature of 15 (O), 20 (), 25 (0), 30 (2), and
37°C (x). Values are means + SD (error bars) for triplicate.
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Fig. 2. Growth curve (A) and ammonium removal (B) by A4. faecalis NS13
in HNM at 30°C and salt concentration of 0 (<), 1 (0), 2 (4), 3 (), and
4% (O). Values are means + SD (error bars) for triplicate.

=32l A Als2d Al2E

= AR AT YR 27] % STt et sk 54t
PEY LS A A G 571 T 139.9 mg o512 of it
Y-zo] 223 o) &= 247 0] 99% o] A AEH A =7t =
opglef whet U R Al A Ao S7HE =], 4 DA oll oF
120 =7} 300 mg/L & wf 3150)| 55.2 mg/LE A AA|
Ao, 7} =21,500 mg/L Y wf=210.5 mg/L o} ¢H ]S
o] A|# = {tH(Table 3).
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Fig. 3. Growth curve (A) and ammonium removal (B) by A. faecalis NS13
in HNM at 30°C and initial pH of 5 (), 6 (00), 7 (2), 8 (%), 9 (+), and 10
(O). Values are means = SD (error bars) for triplicate.

Table 3. Ammonium removal by 4. faecalis NS13"

Initial NH,'-N Final NH,"-N Removal efficiency

(mg/L) (mg/L) (mg/d)
50 0.69 +0.01 12.3
100 0.86 0.1 24.8
139.9 0.04 +0.03 35.0
300 79.2+1.7 55.2
450 2234+1.8 56.6
600 200.1+4.4 100.0
750 306.9 +14.6 110.8
900 381.7+19.5 129.6
1500 658.1 +25.4 210.5

* A. faecalis NS13 was cultivated for 4 days (30°C, 160 rpm) in heterotrophic
nitrification medium (HNM) with different initial ammonium concentration.



UDLIZ Mol 2 EA HA

HNM ol 4] v QFRENS13 w520 OJaf A A = oy
Foh el FAkst 2 A MY B = Slo] =54 o, opdA
, A 9l P U3 7hA 0 SIS} A WA Stz obAlSHA
= 575k EFHNM 9] 5 A axvfS Sk qlch 254
2 YHEYE-20.21 mg/Lo] FoF99% o) Al A= 3l e
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AL, napA 2] A& PCR F-Z5 band 2 213} thFig

Table 4. Change of nitrogen compounds in heterotrophic nitrification
medium (HNM) by A. faecalis NS13 after 3 days of incubation

Nitrogen compounds Time 0 Day 3
NH, "N (mg/L) 139.9 0.21+0.23
NH,OH-N (mg/L) 0 0.68 +0.14
NOz-N (mg/L) 0 0.67 +0.18
NOs-N (mg/L) 0 13.47+0.78
NH; (mg/L) 0 0£0
N2O (mg/L) 0 0.00000025 + 9.33E-09
Bacterial total nitrogen (mg/L) 0 64.98 + 0.86
Total nitrogen (mg/L) 139.9 80.01 +1.17
% N lost 0 59.89
M A. faecalis NS13 M A faecalis NS13

500 bp

2000 bp
400 bp

1500 bp

Fig. 4. Detection of denitrification genes, periplasmic nitrate reductase
gene, napA (A, M; 1 kb ladder) and nitrous oxide reductase gene, nosZ (B,
M; 100 kb ladder) in A. faecalis NS13.

4A). B3 23 I 5 oIS A E AR FHIA )=
Polshs 9 ARZ 2 AR A3} 453 bp 27] 2] opAkeFA 4 3t
Ui A AL, nosZ2) band 5 21519 chFig. 4B).
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B AT M= 572 2o A HAtstel S shE mE
Faysto] AR YR A A AEo] St Alet EENS13E &
2]}l 16S rRNA F-4212] 7] F-& fAlsto] 57435 2
T} A. faecalis IAM123692}98%9] AAsAd-S Bt 549
A =5 =0]7] Y3IA A. faecalis NS13 155 42°Cof| 4] vl
&t A3 thar = X9 3L A HE 2Eskgl e 5%
9] NaClo| el HNMoj| A = A3 T o]+= A. faecalis
subsp. parafaecalis (Schroll et al., 2001), A. defragrans (Foss et
al., 1998)%} A. aquatilis+= 42°CoJ| A v = A] A THVan
Trappen et al., 2005), A. faecalis+= 2~ 2] NaCl L 42°Cof| 4|
A AFEECE a1 H 3194 A X8} = 4 1o th(Rehfuss and Urban,
2005; Yokoyama ef al., 2012). NS13 «+5£2] A4S 24351
A1} Ciot CizocycloZ} 7He & 21 & Ul o 242f
36.36%%2} 35.21%%2 =7 = tHTable 2). ©]= A. faecalis
LMG1229" 3#320] F28. 2|94k A4 H0] Cre02t Cirgcyclo
& 7171 36.8%2}28.8% 5 AA|BHAL Qlth= A2} FAlSHEE
A. aquatilis (Van Trappen et al., 2005)= Z|HFAF LA B]-8-0]
NS13 w322t F-ARFFARE CirocycloZ} 13.3% 2 NS13 w5+
9] 35.21%9}= & 2}po|E Rt ESE A. defragrans 54Pin
(Foss et al., 1998) wF+= Ci2:01} Cys.07} AR 5= H]&-0] 212+
5.9%%}2.2%91 A of| ¥kl NS13 w5 2H2} 1.57%2} 0% =
S5 o] AAF G HlE 2 Afol & H itk o]ef 2 A
2 E3NSI13 #5= F|EA 02 A. faecalis =2 57 F| T

| - 0f| whE A. faecalis NS13 2] Aa-3} Y o(=
7] 3512 139.9 mg/L) 2|7 8- 23k 23} 2537°Co 4] 484
Lk ool 99% o] 3] AlAES Hilow 7]Eof Ll 4.
Jaecalis 2] 2|2 AY7F-2-12 31 37°Co|| 4] 71 SakatA| A%
= sl o 2=rh ol of wheha] AAE = o] Zhadhe
AeFE HAtH(Fig. 1). o]«= dAkst 9 @bt fpslrial
Y 1% Bacillus methylotrophicus L7 (Zhang et al., 2012)9]
37°ColA LS A7 go) oF 78%0] v, Eal 7L 5]
QP82 78%714] A ASked] Ak Al7ko] 108A7k0]
H 27] JEFE 26 o) o] Eth= Mol A 4. faecalis NS13 9]
PRUF AAEo] 53] Srdiths A2 & 4= Atk =3

28 2% HO\ = AR P H S|, B. methylotrophicus L7-2

i
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20°Col| A 2F 10%2] YU AAAZ] ¥HH A. faecalis
NS13-8-20°Cof| A 7247t o] of] =5F2] R 122 99% ©]
A A AN FHT}. Paracoccus versutus LYM-2 30°Coj|A] 120
L] QHEL| -2 2% 0 2 0 75%S A7 $rka 131
%1 © w(Shi et al., 2013), Klebsiella pneumoniae CF-S9+=30°C
o) ] 24 A)7F E2H4.3 mg/L/h ] oF U &S A A BTkl B
%I tHPadhi e al., 2013). v} X| 2A] 1} wljoF = A 0] oF7t T
229 27] U2 =7} 120 mg/Lo] ¢om 187k 5o
o] o] A7)l AL 7helsitiH H|E 4. faecalis
NSI33} 24417k o 29| L AARS W] 2eH et K
|4 vjofsto] = 85%0) 41718 of
A0 2 Z71E] 4] GR9EE 210 2 AZheTh WO A, fuccalis
NS13-2 24A1700] AU 7] EA e m hU g A7)
7} A4 R E|o] 484171 o) o] F 140 mg/L o] L] &%
AABkAch

QS 2 E WAk} I of A Al g
FETF2% Bk =& 7 AAE RS0 A E Al Bl
IthLudzack and Noran, 1965). A. faecalis NS13-2 0-4%2]

2130) Zakel vjAlo] A R ol g njak 24412k o]
ol 120} A £ el ol A8 7ol il 2
35129k THAI910] 99% o]4 oL} 8-2 Al Bk T Fig. 2)
53] 2447t ool 0% 5= o] HNMof| A QL3 A1 A
&2 P55 mg/L/hE 7P otk -2 27 ol A 1084175
QF B. methylotrophicus L72] XU A A ©F 84%, A A&

1.08 mg/L/h (Zhang et al., 2012)°]| H]3}H EA >-4=3}c} o
lg;— 7} 4%<1 vl K| of| A= B. methylotrophicus L7°]| 2|3} 2|

S 2 AAE FEY R F39.5%= 5435 Bojxl vhA
o A.faecalzs NS13-224 A7t o] o] 4.3 mg/L/h o2 Fis
L=7H0% Y W ok Al AEo] o ol A E o] & Al
2ol FFO] P HUZE 99% ol AlASHATE T3k v A =
3 H g o] ofE th= A0k &t oF 3.5%0 4] A8
A5t 4= Q)= Acinetobacter calcoaceticus STB10] R ==
7}0.2%21 H) 7] o A 7247+ E0F 100 mg/L 9] O} L] 2-2- oF
93% Hrof| A A 514 35t A (Sarioglu ef al., 2012) 0] B] S| A =
Aya] 025} Axtol),

A4 BER 54 i okel 7| ol AAtshek o] o whe
Al dojutiar &efA ¢l%o|(Chang and Hao, 1996; Yokoyama
etal.,2012), A. faecalis NS13 5= vl| x| ¢] 27| pH7} 7-9 HH
SJed ] AV W QP A7) o] AT Fig. 3). A4ks) &
go] 531 k2] A Alcaligenes sp. W1 72 vl 217} A4 s
w0 ¢17] 435} E)eA] &gl HoiF2 pH 59} 1004 Hjafo]

%] 2] ook B A. faecalis NS13 = pH 52F 100 4 &= 44

pneumoniae CF-S9 A-+5

o}-N r—lll

=32l A Als2d Al2E

A2} B0l SHEU 8-S A A Bhch. v 724410
S0l pH 7-901| A 22} 80, 84 1! 88% 2] FH Y22 A A 513
©1 pH 63} 109 4= 71%2} 72%E A7 A ZATh 48 A7 0]
ol pH 6-9°14] 99% o]e] drU & AAES BUS
pH 52} 1001 4=99% o] A Ash=d] A g]= Al{Fo] 964]
7o At} B. methylotrophicus L7 w35 -2 20| A A3
P& 75 pH 72} 80| 4] Z+7} 58.42}55.0% Hioll Y=
AABHA] Z3 o1 pH 99 4+=30% ©]3}, pH 5, 6 B 10 4]
1= 20% ofs}z HASIo] pHo| QTS 4] wo] st
(Zhang et al., 2012).
2= 9o 27] dRYE w7t AR ol F3F Tl
A 10-150 mg/L ¢l 7% 2 A} &Ajo] A E i Rk
QltK(Fdz-Polanco ef al., 1994). HNMoj| Eo0i7}= oy -2
&S 503 100 mg/L= WA S43 A3 484171 o] Ao
99% o]/ A ASFA . H, Tt ol whet AlXE o oF R
YL A|#A &) Z7I5FHcH(Table 3). B. methylotrophicus L7
FZE7F PR S = 427.49}H,121.2 mg/L ) ZH2F41.29}
90.1 mg/L/d 2] A|AE&S Ut o] YR Y& 5k F7tof th&
AAE 715 YEFHAR|THZhang et al., 2012) A. faecalis
NS13 3+529] A|AEo] o]kt AR E3keh E3F Yang 5
(2011)& Bacillus subtilis A1 #5271 R UL S 7} 2F 536
mg/L %) a7} 0] 4.1901 9,0 L o}k F120] A 5
AAks} gAo] 7o) Ui ekteal wnakick. 27 o
UL % 9F300 mg/Lo|n AEEE 0%Q] v x| 0| A] 4.
faecalis OKK17 59 2 U2 A AE-0] 6.5 mg/L/hTh
(Nishio et al., 1998). A. faecalis NS13 1-5= EA| 7} tfof] &
HUY& AlAE0] 7.5 mgL/hgon, di-se73% N = &
T3l A AL ET7HA. faecalis OKK17 o3 X o) wrsfc),
Tt ol e} A. faecalis OKK 17 55 20A] 7t 0] % A|<s vl okst
23} gl Wo OPE‘II% ol 2358 ol viH 4.
faecalis NS13 5= A& 0 2 Y-8 A A3t v
oF 27| 03—‘?—%1:._7}0% AHH A AsH= £=7F 455 4
P2 A7 AWZFET A. faecalis NS13 = 7] UL
F52711,500 mg/L Y wff A A B-E0] 56% o)/l A& 7t
W 2 QU SEOIAE s} go] ekl Zo.
2 7|tk
A. faecalis NS13 o#520] A4} & o 2] A43RHE9 5%
= 573 A HNMoj| HE $- 3 Fof] 7] 139.9 mg/L 2]
FEYE-20.21 mg/L= 7HA5H 0 72 4 e} o] FEL Y of
= 25 ke A I A AR 57 AHEE)
=% Alofrl, oAk W AL 217} 068, 0.67 %

o=
13.47 mg/L2 A3 G SRS+, A. faecalis

S

2

N
filo
ol



NS13 2] &sto] olsA YAH S 5
AFSFA 425 x 107 mg/L 2 A3

139.9 mg/Loﬂ A1 80.01 mg/Li Zh23HAtHTable 4). A.

faecalis NS13 -39} 42 £ 0 & 7|Z0|| HI1H A. faecalis
NR F2(Zhao et al., 2012) AT}e} v Wb sfo] =2 Aopal
ohobaAtele Sa] Aefoln Al 2530 gL A1
1]5}37_ oPAEA AL u|g ZA | QIT) B2 4. faecalis NS13
5 Ao 2 15 20N ST A 71
4 Rl Avpet ehd o] Tofdh=s FAAM napA 2} nosZ
O] ZAE PCR 552 Fol| A ZR137] W Zoll(Fig. 4) H43}
TEol o= A3 A2 lS Ao s YzEr) ©7]%Ql
ZAA A} dojdtiar ¥ ¥ K. pneumoniae CF-S9
270N 5 18 primer o] 4514 napd ©] £A417} 8l
Sl th(Padhi et al., 2013). o}AFS}R 4 0] A A 7| A 2 9] HF-S-&
nosZ 174kl &4 dojut Enwall 5(2005)- 22 81 Al
0] 228 ZAT U] nosZ 84S w1 AFEI ek, o
2}A] A. faecalis NS13 1-522] DNA Y| A napA L} nosZ -+ 72}
o] 24 7] 5 el 271014 ASRETF ol 2} 2t 71
o) S Al0] A S ek E ke 577 4= 9)

HiF 5wl 2] Shol] Holgls & AAasghE-2 oF 15 mg/L A
Lol m NS13 t=of] F3He -2 °F 65 mg/Lo| ATk whehx|
A =2 2] Al A. faecalis NS13 wt52] 2443} gl &2 8} 7}
Bk Sloll AESAS 52172 A igichel oF90%e] gy
= AARINE A= 5= & Ao|th ©]:=Zhao 5(2012)°] &
AFsl Wl G2 817) =)t al B 13 A. faecalis NR w575 ©]
oA 7] UG S ula 4 He A] oF79%¢]
QPEUS AR EC} 1% o etk

ClopE £ pH, PRSI W 27] ol e BE 2
oflAl FHEUYF AAEC] 3t 371/ T5HIYG AAtst %
S} Al A. faecalise NS13 o= Hl= A 2] A| A 2A|A
u = A 2 A 747} olefa ek

rfo
fr

™ o
)

O
g

b

x~
|

kO

S 71H 2ol A Aatster EAsLE FAlo] 2
Alcaligenes faecalis NS13 o5 E-8]51] T}t EAS
oFslglt). o] 3 15-37°C L=of A YA 4= glon ¢
DU ASHgo] £ 1 o] oL Ao A = A

A A] QL 27] FEYE F= STl whet Al A o]

o6

7FsF3 ). pHeF -5 Il ths Al = /g # 917 |of i
U= e G B itk FAtste] ojoj 7l gdste
sl AArA Q] F2jo] AofubA] ghgton gdste] S3bE
oPAHEHAA L v A EH AW Wi F RE Uk 83
F AT} 0F42.8%7F No 2 AEke Ao 2 27‘45404
PCR $E5 Fal|A 2 sto] Hofsh= K34
nitrate reductase gene, napA3} nitrous oxide reductase gene,
nosZ0) 27 & Sur3 ¥l ek, w3k vl A) U A 4:0] 46.4%7}
NSI3 752 52} 917] uhizol w43 2] A WAke 2 2
o} ol 2] 2|5 A Baehe A4 05 89% o] 4o) gt
R o] AAEIE AS 5 9L Holeh

o

i

tlo
AN
o,

iy

Lo

e ot
i

E}3Z]

=

£om o

Zjel 2

o] =2 20121 F47]¢1% AtH] ZY(C1008961-01-
0ol 23] =3 =9l o ofof] A=Yk
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