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Biological Treatment of TNT-containing
Wastewater (pink water) by Stenotrophomonas
maltophilia OK-5, and RT-PCR Quantification

of the Nitroreductase (pnrB) Gene
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Abstract The biological treatment of TNT-containing wastewater, known commonly as pink water, was investigated using
a stirred tank reactor with Stenotrophomonas maltophilia OK-5 bacterial culture. S. maltophilia OK-5 exhibited
effective degradation of TNT contained in pink water, completely degrading TNT (100 mg/L) within 6 days of
incubation. The dark-red brown color derived from Hydride-Meisenheimer complex became more pronounced
during the incubation period, which was determined quantitatively. High-pressure liquid chromatography was
used to measure residual TNT, which also resolved the metabolic intermediates (i.e., 2,4-dinitrotoluene,
2,6-dinitrotoluene and 2,4-dinitro-6-hydroxytoluene). Gas chromatography-mass spectrometry was used to verify
these intermediates. Quantification of the nitroreductase (pnrB) gene isolated from S. maltophilia OK 5 growing
in pink water was performed with real-time PCR. The amount of pnrB gene copies increased to 10°fold after

5 days of incubation time.
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TNT (2,4,6- Tr1n1tr0toluene)«] Az 34 T HE= H

=91 pink water = red water= TNT ¥} oz} Oﬂ]a
WA A RS E3elE A4 2 A, v A
TNTE Arkeh= ‘ﬂ' oA 3FF 2F 200 kL2 lﬂ
7} ¥lE= 3L ATk [1]. Pink water= TNT A& 34 5 7
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A oZ HAE TNTE "R o2 AAst= 3404
s HlFEA olFolA fFeidke AMH 78 AJH
2 EAsks A s1eEe] B3eE o= <3|
B Rl BEACE WSk, pH 3 ol3he] B
°li, S+ P75 7RIt [1.2]. E3 TINT A= 33
T WSk U2 ey H ‘ﬂ red water= TNTS] AA|
47 INTE F - sk FoA 2T [1.3].
TNT Ax I HiEE = o5 4 &= TNT 8&
Wt oz}, dinitrotoluenes (DNT), nitrobenzenes (NB)
So] 3=} Yol ol2lF A7t B FEET A2t
& SHATAE 2T [4,5]. FHgo] FAAES TNT
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of QUAIZF A717F =22 ¢ 57475 (myelofibrosis)
5 5 d W1¥ (aplastic anemia) 52

AHS FEAZ 5 Y [6]. & TR AEE< DNTSF NB
= Aol SA-=]o] UiEenghE-Z (endocrine distupture)
2 2Hgsh AAMEAA wiEE Ao ek
2 AAHeE Fal7t ol 9] Bl 7R A&H B
& 2 A AEAE LA [7,8]. 53] o sl
o7 o]g 2 HFvt 2 A9 FAddste] o] 2
g ths A7 2avt 3lo [9]. wEbA o] A
sitEEe AEiAll tid S4adE st v R
AN ARG SIER RSk It [10].

EeA=dEA HES A TNTSE DNT] A=
APl el Be A7 Almsolghom, Attt o]
2} Aol oFk Ealiok well 713t vk A7t 2] B
AEAY[11,12]. INTE E3l5hs AlTEZ© Pseudomonas
fluorescens, Pseudomonas putida, Enterobacter cloacae,
Stenotrophomonas maltophilia, Desulfovibrio sp. 5°] X1l
 Hk Ao [13-17]. AS7HA TNT 7 #H5eol] vigk A2
FRoRE 72 HYBYLL o183 FAAA Wt 1
& 2212 ol &3ko] TNT & I8 Helspaont
22) - 514 o5 A AL AAH w18 olx} 84
ogEe] WAl o) FAS 3 ok melA olejd
TAE N AstAl A A&l Myriophyllum aquaticum™}
W ANELS S (white-rot fungus)Q] Phanerochaete chrysosporium
& ol AR Aol B A7} Al vt 3]
[18,19]. AHd H27HA] B AES ©-68 TNT &
a A7 T2 A e FH%E ZudA 2
29 A4 2 B gae] A0 A7
RLoP], TNT tAlhg 5 AN7ko 2 washe ik} Bl
FRAS] B TNTO) Balgo] 0jg A7 nw
v} gl w3 INTE sk 7o Bass ot
gt o Aol sl AltS o83k AE3HH A A&
o T3t A= Kwon & [20]°] @71HZA stolla] &F
HiES Bl INT o+ #l5-5 A3 Har) S & 79
w1 gk A7golch

£ A= TNT #2éll5o] 9578 Stenotrophomonas
maltophilia OK-55 H-g]sle] tpeksl Aleslstd 2 B4}
#2514 54 A7 Fole] o] Brel 4914 o8k
3o 2ABGOR, 53 As AEY 2L waAA A
F3 INT tjAH8ol Bofele 2 A5 o
A
Al

_E
i—'ﬁ
B
he
N
e,
N
o=
]
o

kv

[o

o o

S AAIBIAT [21-25].

B Ao M= o] S. maltophilia OK-55 ©]-&3}] wHt
B3 d-3-Z oA TNT A2 F4 A ASF= pink
waterd] A& 2|7 dS ARG OH, A2
N AE= TNT A iHe55 HPLC9F GC-MS
ol o £S5 Bt FRIstAnk =S S. maltophilia
OK-57} pink waterE A= o2 Ealsl= 5 TNT
Alol] FAASH= nitroreductase (pnrB) AL WS
RT-PCRZ =43}tk

2 Aol AR TNT @Al Fofel] 2 dd A
Ecko g2 HE FahlS 7Ho 2 Bl S maltophilia
OK-55 AREsIaith. el miA 23 vjdzdS
Lee 5 [17]°] &) @3t whel] wsioh AuiAl= 1 N
NaOHE ©]83}] pH 722 ZAsIRoH, vjdker=+= 30T
oA 150 rpm O 2 RS w710l A el (pre-culture)
< 3Fom, olF wRFY A W32 ol HEeHth sl
AIRER1 S, maltophilia OK-5] A2 F3335A (V-550
UV/Vis spectrophotometer, Jasco Co., Japan)E ©]-8-5}]
3¢ 660 nmollX FHE 4L Tt BB

IHIERS HE2X0|M pink water2| OMEsHE X z|

TNT 2842 S. maltophilia OK-5Z TNT SHra|5=
¢l pink waterol] 2-83}7] $l5te] 2.5 LY & &% 7k
+4 7ol 1.5 LY Nk = vk UjollA] TNTY] H]
AETH AALAS AASHATE ARSEE ¥iAI= 1 L pink
water®l| S. maltophilia OK-52] Znjol] ARE-3F AYnl =]
£ #7ksted A& Pink waterS E3Hgh v F Y
< pH 722 ZHE3IP o, AiHFE A4 A-&3t= vl
B8 sl B P SHA] i) B Al
S. maltophilia OK-59] %S A4 832 10%S HEsla
WHH T Whg-Fo] SAL 5713 oA A ATk
ke == 30 CE FA89 AL, 48 (impeller)s %
3003] 323, 7] 1.2 L/min® 2 F3t). vl
712k E?F w 24A17F vl A RS A FH [ Al Ml
AT ZHE TNTY S T 23l Mty A2
Hjtel-S A F3l vl &2 HHHE 0.8% Aol 34
sted LB 2A| P lol] i =dste] 30 CollA] wljekst
% gA"E JHS Agste] =4k

TNT 2slis 3 1Y

TNT 3+t Flsrellr vEsHE o= AA" TNTE 54
3}7] $18ke] UV/Vis detector (Shimadzu SPD-10A, Japan)
7} 329 LC-10AT HPLC A]2=8] (Shimadzu. Co., Japan)
S AHESISATE ARESE HHS Agilent AM2] Zorbax ODS
reverse-phase column (250 mm x 4.6 mm, YA} 7] 5 um)
< ARSI UV/Vis detector?] 382 254 nmo|S
™, mobile phase2] flow rate= 1.0 mL/min ©]$It}. Mobile
phase= acetonitrile (HPLC grade, Fisher Scientific Co.,
USA)3} 557 (HPLC grade, Fisher Scientific Co., USA)
£ 2:3 (volivol)2] Hl&=2 E3tsle] AMgst) w47}
HrE g o 2 RE AFHT ASE 3,500 x golA] 102
FAAREES & 0.45 um 9] syringe filter=2 o 2}5}<]

N Uoll
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HPLC #2Jof o]- 83tk 53} pink waterol] $H+-F TNTS]
A2 HPLC £42 S3 43190

Pink water2| 2

Pink water®] i {45 918 GC-MSE ©o]&-3t] +
25F3tE GC-MS #240)) A8 7]17]+= Hewlett-Packard
5970 mass selective detector”} H-2H Hewlett-Packard
5890 series II gas chromatographE A}8-3}51, ZH-&
HP-5MS capillary column (25 m x 0.20 mm x 0.33 pm)<
AHESEATE GC-MS 9] s 27 carrier gasEA] AF
2 AHESFH oW, flow rate= 0.8 mL/min =& 24
3} ). Injection volume 2 pL, injection temperature
250C, transfer line temperature 300C, total running time
163l GC-MS A4S 913+ A1 84142 50 mL<]
HlFE 3,500 x goll A 2083 A S F, A
0.45 um nylon membrane filterE ©]-83}o] 33}t
At &A1 N HCIS ©]-83t pH 3.0°.= #7gst
T, FY ethyl acetate®} vl FH-S B 2070l €L
AA &5 & 55 Ao, &) 82 33 vy
FZ3Ith Ethyl acetate S-= F3l14 79t S°¢7] (vacuum
rotary evaporator, EYELA, Co., Japan)Z 7%} S84
71 &, ethyl acetate = YA B2 AEE GC-MSE

A3k

Nitroreductase (pnrB) 3%} Wizt 3

TNT A& F=22] £Q3 @47 ZR8-8]= nitroreductase
(pnrB) AR W #E AL 93] real-time PCRHOZ
A ARHEAS A|ASATE [26,27]. Pink waterZ} 3
7Fe b vk B T2 vl FE S, maltophilia OK-5Z
FE RNA F= kit (Qiagen, Germany)S AFE-3le] XA
RNAZS FE3}92 ™, reverse transcriptase ¥Ho-2 RT-PCR
kit (Bio-Rad. Co., USA)E A8-3l] ¢cDNAE FJ3liTh
Real-time PCRS SYBR Green2] 43 CFX96 (Bio-Rad
Co., USA)E ©|-&st AAIRE RISttt 7 §hgol A1
3+ pnrB primer= forward 5-CGAGATGACTGAAGAA
CACCTGAAC-3'¢} reverse 5-GTAGTGACGGCGGCTC
TGG-3'E, 223 16S rRNA primer= forward 5-AAGG
AACACCAGTGGCGAAGG-3'9} reverse 5'-CCAGGCG
GTCAACTTAATGCG-3'E ARE-3I3]th. Real-time PCR
H-S-© iScript' " One-Step RT-PCR Kit (Bio-Rad Co.,
USA)E ©]83t9em, PCR ¥H3- 2712 95TCellA] 30x
7t 13] denaturation A1Z1 & 95CollA] 537t denaturation,
60 CollA4] 557t annealing, 72°Co| A 5%7} extension =71
©2 503] WHE3}1TE PCR 4Hs A¥= Bio-Rad CFX £
IS o]g3te] FAETh

0
kl

1 xF

ny

o}

El
T

I

el

rE

2=0|M pink wateroll 3 TNT =254

olr

& 50] 93 S, maltophilia OK-5 052 ]85t
R RS2 Yol A TNT A48l 4 dojA|= pink
waterol] $HFE TNTS B33 S AAEH9 T (Fig. 1).
Pink water H2] TNT A A= vi713E &2t vl 24417 vt}
AFE= 23] HPLCE 243190} (Fig. 2). S. maltophilia
OK-5% TNT %7} 100 mg/L7} E| =2 349 pink water
Woll 38 TNTS w304 69 F<tke] uiek 7)7F W)
o &3] AAsATE. 7] v 39 B S. maltophilia
OK-59] A4} TNT A|A] Wsl= F3lo] VehtA] &
oy, vl 4AARE S, maltophilia OK-52) AJ7o] #A|
3] Z7Fs7] ARt o, HAEde] AT tEo] TNT
AAE FAlel ZIg=]o], o] 7|7t F<L pink water Wol| 3t
¥ TNTO] & oF 65% ol’do] #al= ek vigo] 5UA)
HASHA 2F 90% HErt Eal=Edler, 35802 6
thof] WY T WEEZ Ule] TNTE &3] Eall=e A
HPLCE 53l gRIst3ATh (Fig. 2). o]xoll Had Aq-23
A S. maltophilia OK-5= 100 mg/Le] A|ekE- TNTE
TYT Mz wRkE A WgFo A 4 Thof] 3
Helsle As BAFAT [17]. 22 o] AJ2kE TNTe]
9] B3l pink waterol]A] TNT £3ljollA Lojzl Axe}
Hlws)] £ wf TNTS] 2hd E3)lo] AQFE 7)7to] tha
= X= Ao 2 Uehdt) o]AL pink water Woll= TNT
ot olujg}, dead-metabolite 4] Hydride-Meisenheimer
complexE XEgHsto] TR o8] fAl sgt 25| X+
o] TNT Edjdl J&S vx= Aoz AlgHch

A

)
—
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Fig. 1. Growth of test culture, S. maltophilia OK-5, measured as
colony forming unit (o), associated with TNT degradation
in pink water (e).
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Fig. 2. HPLC chromatograms of culture samples, initially (a),

after 4 days (b), and after 6 days (c) of incubation.
Peak 1 indicates TNT in the chromatograms.

TNT cHAb Z20jlM e BiS &l

Pink wateroll S. maltophilia OK-55 7F38}aL wjF7|7t
Ao e vl o] M4 Wsks golry] flste] 3
BEA 9 34 475 nmolA FBEE =48] (Fig. 3).
WRHY S RES-Zol| X uljeF 713E E<t vl 24413 vt} uj <k
WS AHSIY BFHEAZR =S RIS A7, Y
3AARE iAo A2 wishyt §438] Walr] Al&ket e
o w49 o] FHE A2 W= evketA lEEE A
o] BT} Vorbeck 5 [28]& TNT Eal|34 5 £
Za o] tiAREZ Q] Hydride-Meisenheimer complex”} €A
Aoz Agettal Hustivh. B3 French 5 [15]2
TNT SHALEE 5 obEAFA (nitrite) 2 dinitrotoluene
o] A4S TNT7} WA Hydride-Meisenheimer complex &
A ol o] thE Fall FEE S8 TNTZ st
3 Basigich mEbA o]dg RaES B4 TNTZF &
frE BiAox] TNTS] FEigo] 015 WA S. maltophilia
OK-59] vk wjA1e] Ao] 3 Fe AMog WalH=
A4S S maltophilia OK-57F TNT &8 A=A &2
A3t H-5 AR F BdlEe soE dAdEnh

{ 100
= 1 —
E 80 'é_i
-~ =
[=t]
> 160 &
] ©
= S
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5 { 40 @
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8 [
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Fig. 3. Color change (m) of STR was measured at 475 nm,
associated with TNT degradation (e) in pink water.

Pink water2| 241

Pink water®] $-83HE 2 TNTS 2|30l A4

= SUHHAEAESS F218H7] #18) pink water} S.
maltophilia OK-52] | FAIF) a8l gas chromatography
£ AREShe] 431} (Fig. 4). Pink waterol] HEH S.
maltophilia OK-5< ¥k 6479 vjdS GCE HA3h
Aol A Bl uiel o], mijF 6Yntell ¢hxds] A|A
He AL HAFAT (Figs. 4(a), 4(b)). ©] Z3¥1= HPLC
A4S Bl vl 69 MR E A FR1E TNT £+
AAY A} FAeHA Ve

(a)
v
E‘]_
DJ\ A
5 10 1
(b)
w.
Dw_l_,___u A e B
5 10 1
(c) v
50.
L
5 10 1

Fig. 4. GC chromatograms of culture samples in pink water,
initially (a), and after 6 days of incubation (b). The arrow
in chromatogram (c) indicates TNT.

Pink waterol] $H-f8 3ES Golr 7] $5t GC
chromatogram “gollX] UeRd =8 peak S0l 3t mass-
spectrometry (MS) #2412 AAJEIAT}. ©]E peak 712-H|
EF TNTSF 5L3F retention timeS 7FA]3L 9l peak
2 A 93 YA FQ peakEol tha] MS E4 A=
2,4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene (2,6-DNT),
2,4-dinitro-6-hydroxytoluene &2 Z}2} BRI} (Fig. 5).
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Chang 5 [14]° &J81A S. maltophilia OK-5= TNT]
FIHAE A 2,4-DNTS} 2,6-DNTE 5714 27431004
o] 714 S-S B o Fallgitiar Bargh nf glom,
Bhadra 5 [18] A1 21E%1 Myriophyllum aquaticum®l
9]+ TNTS] F=8 drMEEEA] 2,4-dinitro-6-hydroxytoluene
o] AAHE L Bt ol2fgh Bale] 28k, 2 A
oAl ARE-H pink watero|= TNT ¥4t ofujg} 2 4-DNT,
2,6-DNT, 2.4-dinitro-6-hydroxytoluene 5% ¥38H=]o] glo
] o|5 3}5E-2 B M S maltophilia OK-591 ]3|
E5 AAES HPLCF GC-MS #415 53jA] &1

c #1.26337
A
50
B
0 —_—h
] 10 15 A
1 CH; A
£3 O:N NG
L] o
o
121 135 148
04 186
0 192195 219 20 283 2m 2%
100 200 S
165 CH; B
NG,
50 99
563 10 19 15 NO,
TR T O e PR T I M3 23w 60 280
1 T T T T
100 20 3
11 CH; c
4 HO NG,
50 158
77
g1 16 gz NG
0 ol Il | 208 224 248 262 281293
100 ' 200 ' 3

Fig. 5. GC-MS data for a sample of pink water. MS fragmentation
patterns of the major compounds representing the three
peaks (A, B and C) in the TIC are indicated, and the
respective chemical structures of the compounds are
also given.

Nitroreducatse (pnrB) FHX|2| M2k BAM

Pink waterdll $HrE TNTS] tiAl 28 BpAel A dd
= S. maltophilia OK-59] nitroreductase (pnrB) 24+
W+ &S real-time PCREZ 413+ 23} pink water B
& HiA] Woll A TNTS] ANAEol B8t pnrB Ak
ko] S7kshe 3t RIS (Fig. 6). ¥iF =710
w8l vk SUA prrB FAF copyTE 10°0014 10° o)
o2 F43] SR, pnrB AAPEE STt wiet

TNTY] AE3& % vleste Ea=e 2s g2lstinh
Beller 5 [26]2 hydrocarbon &34l A thAFRFE-o
3= o-subunit of benzylsuccinate synthase (bss4)<]
ke 2o ok 717H59t real-time PCR 7 OoE =33
A 714 gl vlgEste bssd FHAAE S7FHaL
Hsigiet o]gjgh B Ay 4 He 8 <l
EAES AdUAY 2 Ao 2 o]8she TgelA V1A
tiAb 2Rl Hofshs FAxEY] e 5o A4S
# s vlEFoR Frgt B AT Al ME TNT
thAtoll 2H8-31= nitroreductase (pnrB) FFAALS] LT
@ AAgo g TNTZF 3+ WAl A S. maltophilia
OK-59] s} 43 vHlg|do =z Z7181] pink waterol]
Z3E TNT AA FFE VX S RISkt

B Ao QAR S, maltophilia OK-52] pink water
o] MAESHY AE] AHE EURE stod, &5 TNT
5= pink waterol] th3t 244 A8 11 84S
WakaL, TNT thatel] #ofshe faxte] g4 weko =
&g Aotk

%‘_ 107 [
% 108 [
5 | 7
£ 7 N
2 1| / % %
c % % /
Ey -e
) an
4 5 6
Time {Days)

Fig. 6. Quantification of eubacterial 16S rDNA genes () and
nitroreductase (pnrB) gene (@) using real-time PCR
assay during biodegradation of pink water.

2

12

2 A< TNT éllso] 558 Al S. maltophilia
OK-55 ©]&-at TNT ghr #H<] pink water®] 7]48E38h
2 Ag] 7Fs/ell thgt 95 shSith Pink waterol] 3¢
TNT AAS 30 S. maltophilia OK-55 wWHFEY S HkS-Zo]
A w3t A3 pink water Wjoll EA18= 100 mg/LS] TNT
E w6 tholl 2bd EallSHAth Hydride-Meisenheimer
complexol| A frefshe Z1gF 2402 vk~ |zt W F7}
slen, ol g om HQskrt £ ATolA pink

i e,
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waterol] ZF3l= TNT vt olug} 2 4-dinitrotoluene,
2,6-dinitrotoluene, 2,4-dinitro-6-hydroxytoluene 52| thA:F
X HPLC &AW o2 3431501, GC-MSE ARS8}
of ERI5FI ). TSk pink waterol| X WIFE S, maltophilia
OK-594] W= nitroreductase (pnrB)e] 34} &
&2 real time PCRE =431tk 1 A3} vl 544
pnrB copy 7} 10° o F7lshe AL F8iqit

Al 2

B A3e sk 200935 7| AA A7
o] AP Wl FPH %

A4 200939 79 69, AASS 2009 129 23
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