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Decolorization characteristics and mechanism of azo dyes by a
thermophilic bacterial consortium
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DING Kegqiang', YANG Feng', LIU Ch()ng2
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2 Institute of Environment and Sustainable Development in Agriculture, Chinese Academy of Agricultural
Sciences, Beijing 100081, China

Abstract: [Background] The high temperature of textile wastewater inhibits the degradation of
azo dyes by microorganisms. Little is known about the degradation of azo dyes by thermophiles.
[Objective] To enrich the thermophilic microbiota that can degrade azo dyes at high
temperature and study their degradation potential and genomic characteristics. [Methods] We
obtained a thermophilic bacterial consortium by the enrichment method and then studied its
degradation characteristics by spectrophotometry. The degradation mechanism was analyzed by
full-wavelength scanning, Fourier transform infrared spectroscopy (FTIR), and gas
chromatography-mass spectrometry (GC-MS). The phytotoxicity of azo dyes before and after
degradation was compared. The functional genes and structure were analyzed by high-throughput
sequencing. [Results] A bacterial consortium (SD1) was enriched, which can degrade azo dye
at 65 °C. SD1 was mainly composed of Caldibacillus, unclassified f Bacillaceae, and
Geobacillus. 1t could degrade acid red GR within pH 5.0-9.0, 50-75 °C, dye concentration of
100-500 mg/L, and salinity of 1%-5%. Azo reductase and NADH-DCIP were the main
degrading enzymes. The results of GC-MS and FTIR demonstrated that the azo bond was
broken by SDI1. The phytotoxicity of acid red GR decreased after degradation. The genes
encoding NADH-dependent flavin mononucleotide (FMN) azo reductase and FMN-dependent
reductase involved in the degradation were detected. [Conclusion] The thermophilic bacterial
consortium SD1 has great potential to be applied in the treatment of high-temperature textile
wastewater.

Keywords: azo dye; thermophilic bacteria; decolorization; acid red GR; metagenome
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Birh o SR, BA— TR ARAE S bR Al FH A v 3
JO RIS T TSI, 7T L RA R A AR I £ 56
fiX, AReR =W, BRE T R — TRk
I FACY TR T AT LUK 8 6 A 4 22 18] (4 T 1)
YER, BEMEACRR, AT LIS R YL R e KR
JEE R A

BN K 2 A T i IR fi vp
HHECREE T 15 5070 °C, ™ E Al T 5
A TE I, BEAS T EDY K A b FREOT, i A
FHVE IR AC P R IR BN G K, FAT IR BRSAAR |
AL AR KR E | W PR BTE Sl T R 2
P AT RIS K B R A A TR
W AT ™ A P B PG I 7 RE T 5, AT LA VR A0 i
HEET5YW) . Shen 238 Caldicellulosiruptor
saccharolyticus VAF WA LA TT LIFE 70 °C
DLF & i W OEEHS . Zhang 25 VE 4R TR DUIAE
70 °CRE AR A YRR YRS 7 (I m TE IR RE
F ¥ Caldanaerobacter (64.0%)H1 Pseudomonas
(25.4%) A i o AR OC T g AR TR I A 18 S0 4 )
ARIF SR 21 2, (H 2 56 T I A TR A i 1 2R e
LY T Be AL A R HoAE ML e 80 .
73 1 REAE = I AT T A I R R A TR PR, A
B I8 P TR 5 A R R B R PR AL, AT SRyl
A2 Py Ak 3L v Y B0 % 1 7K i AL TR A % D RN
W

AR EE T — DA LUTE R RIS T
MRMERZL GR RYMEATE R, JFOF I8 % W AE XS
MRk K2l GR By AR A K R, 1
pH. FhFE | YuRb vk B A A G R 25 4 25 =
SEOCHESR, IR AOM A5 BT 5 X (gas
chromatography-mass spectrometer, GC-MS) %
JE R, e Ah, 3 R I I 53 A e A
P BTV Al ), N2 D TR 1 R 2 R A 7 R AT
GyHT, DIHARAS PRGN i85 5 B

1S

1.1 ##

A RIIRTE KL GR, HEE%N G, H
TR 38, MRMERE 7. HAEHEE SB. FRMER ATT
MEEE 1, EAER AR ERAR .
B AR LT AR IR, FEER KRB A ]
GC-MS, FE /KRB A F; 4 A W
e, BEAAE MiSeq V-4, Illumina
2l

BHAERFRIE(L): BEAK 10.0, NaCl
10.0, BEEEK; 5.0; pH 7.2,

J 6, 3% 37 3 (g/L): Na,SO4 0.5, NH4C10.3,
CaCl, 0.1, KH,PO, 0.2, KC1 0.5, MgCl,-6H,0 1.0,
NaCl 7.0, LR 2.0,

1.2 EHRHESE

FFEDYLT 19 10 mL F 406 5 U in A 2 7
A 100 mg/L FRIE KL GR s R IR AT,
50 °CHFE IR SR, MEAEEF] 80%/5, LA 10%I1)
Ll {51 42 i 21) 5 AR 8 3R SR v, O R L B 4R e F
55°C, Flitafae s, mEERE. ik
SE A, I BEE AR g (AR
5°C), HZE 65 CliafiE s, G ImmE A
[Zgi
1.3 EHHEEBEMEEENEZMER

W 10% (RS0 IR pH
fE(5.0, 6.0, 7.0, 8.0 #19.0)., +HEFE1%. 2%.
3%, 4% 5%) . (50, 55, 60, 65 Al 70 °C) .,
YRR (100, 200, 300, 400 F1 500 mg/L)FI
ANF GRS (BARVRE G, HAER 38 MRYEKR
21 GR. MRVERE 7. HIZWMWE 5B, FRTEMR ATT
MEAEE )RR Gk} 8 i i o 35 5 S
(YR BE A7 100 mg/L), 65 °CHREGHHE 1 97 (IR
FESAEBRAIN), WF 58 B 2% 4 XoF 181 B 5 7 1) 52
W), REASCH IR 3 AR, B e
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L4 REORE SO ARG E R B
ERTEEEFRWAE 12 000 r/min T &.0> 5 min,
TE G AR B T 07 T 0 R A 22 ol ) i 7 B A WOt
FE Ao e FISMWMIWOGIE Ao BEARRTTHRFRR
NPT .
N
(%)= 100 (1)

1.5 BgiEMNE

YRR BE SD1 B F &4 100 mg/L R
KL GR R FR IR, 65 CEFE R SF 24 h, LU
8 000 r/min &[> 15 min YR, K HEIKET
pH 7.2 IBEIR PR S i rh i A 403 15 min (200 W,
TAE20s, [B]fE 10s, 4°C), 12 000 r/min &.0>
15 min, DL EBIVEWCAMERIR . FHE AT 0Lt
BTN 1 R Sl . R L R A Al
A E i A AL YR NADH-DCIP il 1,
1.6 PERE=SHH

BRPERLL GR P LS ) Tl 52 5 m] L 4y
JOCREETH M, AR 200-900 nm, [A]FF
4 1 nm,

R SD1 F#f#IRYE KL GR 48 h (65 °C i
BRI TE KL 12 000 r/min 2.0 5 min J5,
AR CIR CBRAEE P R = ) . ZEBUR AT
IKBRRREN T, Wit kAU T . Hih 5 KBr
2 1:100 M FTE HIR G, B AR 2T S i
Yt (Fourier transform infrared spectroscopy, FTIR)
5 KA =4, ARG R 2 5004 000 em '

JiE i 25 R ASUE T Ji5 1) % v PR HH O i
0.22 um A HLELIE . T H GC-MS %5 i)™
Y. HERECTEE 250 °C, Kl >~ 280 °C,
PLEACNES (1 mL/min). FHEFT : 50 °C 5 min,
10 °C/min FHEZE 190 °C, {#4% 10 min, RJ5
10 °C/min FHiL £ 280 °C, {45 5 min,

1.7 F=Hs4%ENE

SR R IR K R 2 R R4 GR AT

JE AR R WA= oK 1.6 RO IR AR R

HEmEKk T au M 3 mL &K, &0
100 mg/L B2 K41 GR Al 100 mg/L R r=#I i
KIZHFIF, 1E 28 °CHEFE 7T d JFiC R A R |
R FIR 2R B
1.8 HEMSBRENF

K Ffl PowerSoil® DNA Isolation Kit 42 8%
HPFENZH DNA, R[N ZH DNA ] Tllumina
MiSeq 3000 {5115 HEA T ey e 1 0 P (L7563
W E LRI BR A A U 20 . P
BB, SRR R A AT A R 2 T o
i 1 BLAST ¥ ZE N F 515 NR HdkE 1%
(non-redundant protein sequence database) - X}
WA R R, RGEMFRRERLS, 5
eggNOG (evolutionary genealogy of genes:
non-supervised orthologous groups) #¥ 4 J& .

KEGG (Kyoto encyclopedia of genes and
genomes)$HE % . gene ontology (GO)UEAT HL X

ARAT TN L L Y h RE T o

2 EREG5M

21 BEGH
M G 8 e v AU AR B, 28 20 AR
ME S, B TIRIGE AR HEY), Bk
14T —ASFTLATE 65 *CREMRRRPERLL GR WG A
A SD1, @A LATE 24 h PR 100 mg/L
PR K4l GR S8 & fh o %A iF £ 2 W
Caldibacillus . unclassified f Bacillaceae .
Geobacillus . Parageobacillus F Aeribacillus &3
HAR(E 1), Hh Caldibacillus 543874 )
49.0%, unclassified f Bacillaceae 43751
15.3%, Geobacillus .Parageobacillus 1 Aeribacillus
SR 13.1%. 9.4%F 8.8%.
2.2 IMEXEEE SD1 BEFERIFMN
2.2.1 GREXEEF SD1 [ERERIS I
ERYe A IRUE . eI LY, 3
EIRACY) N M Y- (ST o G B 7/ DRI [ i
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W Caldibacillus

W Unclassified f Bacillaceae

W Geobacillus
Parageobacillus

W Aeribacillus

B Others

1 HEYEEE SD1 MBELEM
Figure 1 Community structure of the bacterial
consortium SD1.

B, MR R, G W 2 AR AT R T o
AN I B B RE SD L R (14 52 M L el 2A TR
12 h i, BRE SDI7E 55, 60, 65 Fll 70 °CH it
ORI 50%, 18 24 h B3R5 90%;
65 °CIf TR #F SD1 BB (3 de iy, 153 96.3%;
75 °CHY, TEH#E SD1 B2 7E 18 h i 4 15 F
25 50%, 24 h JREFEN 72.7%, K mEm T
PR R PTG P AIG, FEUB R T R, DL gk
RRW, R RE IARE, =i T RS RE
i, R
222 FRUREXEEE SD1 PR R
JURLE A HEIE, Y gu bk B o s i 2
I ERER A, ARSCIR PRI T Ye bl B X 11 A
R, 25 R 2B s, HAE SD1
4D 8 €6, 5 it 5 G Rk B A 3 T R . 7E 12 h
W, HeFE A 100 mg/L 1 200 mg/L AR YL RED
YLk K I 6 R LT 50%, 1 2418 A YLk EN

YLK R TE KL GR MUK 400 mg/L Fl
500 mg/L B, 7E 18 h BBt R A A5 50%, 7
24 h i, #AE SD1 %F 100 mg/L 21 K41 GR 1)
B R B, i3 95.6%. TERRTE KL GR W&
200, 300, 400 1 500 mg/L B, 24 h J5 A9
IR 93.7% ., 85.1%. 79.2%FH1 77.5%.
UPREE R LT GR MR BB 4k 300 mg/L
It €5, 3 B 8 T B
2.2.3 pH X =¥ SD1 Bt & %21

pH XTGP A | BA R G F T Y
VEFT . pH 028 Ak 2 fd 240 T 04 2 1 e fip 42 2R A8
b, DTS S5 A MR MSORITGE 7, 5 M 4 A 5
R, pH XTEERE SDI BEEZA K 2C
s, TE 12 h i, pH 6.0, 7.0 F1 8.0 f & fENL
O RHEF] 50%, TE 24 h 7051555 92.9% .,
95.6%711 93.3%. pH 5.0 fl pH 9.0 544 F, HRE
TE 24 h BFAREMRSRRAR, 4303k 3] 88.2%F
87.6%. i, PREAHIE pH J& 7.0, pH Xf &
MM mE N, B2, 7€ pH PHENIREE
T, BRESDI By s R,
224 HEXNER SD1 IREAFMN

R T B PR BN S I A TCALER R
PR A OO, DI ER e 5 7K v ) B 5 i 45
o (e BRI A D ) A R BB, A R AR T R
B, RS A G G , (5 A5 20 TR A R AL
RTME. EREEXTHEE SD1 FEMERTE KL GR 1Y
S AN R 2D 7S o BERE SD1 B 3R R 152 1)
FrEn ik, 76 1% B T I ORCR AT, 1K
#) 95.9%; TEEREE N 2% 3%FH1 4%H}, 24 h A
GRS HIERNT 93.3%. 89.1%F1 88.4%; fELh
JEH 5%, A SD1 7E 24 h B (A 3N
66.8%. Bl EREE G, WiERREZ AL, Ui
R BES R TR E SD1 RYIEARAE )7, EhEFE
2RI, FEL S, JRA TR SD1 XF 4t
K R R A — R R 32, SRR R 1%,
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Figure 2 Effect of temperature (A), initial dye concentration (B), pH (C) and salinity (D) on the

decolorization of acid red GR by the consortium SDI.

2.3 ERIEHITERE SD1 P& 220

TGS RE o T 2540 . RV Y 22 /0 R
R 35 1 b 2B 5 i Al A o R R R
AR HEGRE G, HI%EER 38, Mk K
GR. WPERE 7. HILHEE SB. MRME ATT H
R SRl B 3 AT, 24 h N, BRTE
K4 GR BRI e b, W R ik
97.1%; HIEH®E G. MMWE 7. HEE 5B
FEAZE 1 MBRERESHN 95.4%. 94.9%.
92.2%1 93.3%; FL#M 38 FIFRIESRE ATT AR
R RN 76.1%F1 57.9%,

24 PERFEYISH
241 ZFEKAHEHN

BRI BRYE K LT GR [ BT S 2k K
FARENE 4 FoR, JeRER B RTTE 510 nm 0
— AN R g, X R GLR R AL SR
— A AL A H i R S .24 h 5, 510 nm
AW K, BREHERPE K41 GR BEfR, A
SRR L BRI o fh e nT DUHEWT R B SDI
MR A A LR &R, BERTRR PR K41 GR 1Y
I8 0 2 FR A W R A 1Y, 3 At A IS 2
A ]
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Figure 3 Decolorization of different azo dyes

(100 mg/L) by consortium SD1. Chrysophenine G
(CG), direct black 38 (DB38), acid red GR (AC),
acid orange 7 (AO7), direct blue 15 (DB15), acid
black ATT (AB), direct violet 1 (DV1).

4r -

0 1
300 500
Wave length (nm)

700

4 BRI GRERRERE2KIKEHE
Figure 4 UV-visible absorption spectra of acid red
GR before and after decolorization.

2.4.2 OHMATEAIERE

MR PERLL GR FEARHT IS L0 IS 4n
P 5 BT o BRI KA GR ILLAMEREH, 1 584 cm™
PR AU A, 7E 1201 em™' 2-C-N 1
WSO, 3 2 SISO S A AU R A A I
W, X 2 AR AR, RS B

100
90|

801

70F

Transimittance (%)

--------- Acid red GR

—— Degradation product

60 1 1
500 1500 2500

Wave number (cm™)

3500

5 ERMKL GR [EREEIE SN IEE
Figure 5 FTIR spectra of acid red GR before and
after decolorization.

244 o WEHL 3 300-3 500 cm ' SEER K LL GR
N-H £ MgadRsh i, Bi-NH, 775 F
FRPERLL GR o Mita )5z EREt, vii= &
T HAH-NH, (=8, 618 em ™' AR I (E
F1 1189 em™ &b AU Wi 43-31) & —C—S—AlT S=0 ffi
ArPRshso, YRS SO, ifa)E 2 4
WA T A, RIIRERRIEE o [FIBF, 1 600 cm'
BRF ST 1) DR M kg 25 IR 5 A O W R0, 22 Tl A D
RIS, X RIS AT IR, AR =)
BEPEREAL
2.4.3 GC-MS StEEERIEEN KIS

GC-MS &5 R, BRIERL GR I FE
VEfd = e ke . RHIR . ROIERR IR
TR e IR IR E KLT GR PR A, B
BN . IR A -2 Kk -2- 25 -6,8- IR .
RIG, |-G HE-2-Z5Mh-6,8- IR AR 0k . &Sk,
RINFTIE, TR s, i — 2 B AR R i
SRR 1),
2.5 HEYEMHRE

LEAERRH, BN KRR T AEZEIR K
R ZER A 100% (35 2). Bttt K4 GR AbHES
BRI R ZF 8K, HA 25.0%F1 33.3%;
1T 86 e S 1) B TGRS o I s 4 v, 49l
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F1 BRMXLD GRFEREMRBESIREMLFELSH

Table 1 Mass spectral data and chemical structures of degradation product of Acid red GR
Serial No. Time Molecular Precusorions Molecular Chemical structures Chemical name
(min) weight (m/z-structure) formula
1 6.02 102 60 CsH;y0, Y\H/OH Isovaleric acid
0]

2 845 93 93 CoHN o L Aniline
.

3 13.00 136 136 CgHgOz / OH Phenylacetic acid
o O

4 678 104 104 CsHg % | N\ Styrene
NN

F2 BRMEAL GR (100 mg/L) K H MR R E Y F 1£(48 h)
Table 2 Phytotoxicity of dye Acid red GR (100 mg/L) and its degradation products extracted after

degradation (48 h)

Parameters studied Cucumis sativus

Oryza sativa

Germination Shoot length Root length Germination Shoot length  Root length

(%) (cm) (cm) (%) (cm) (cm)
Distilled water 100.0 5.42+1.1 4.73+0.9 100.0 5.88+0.9 4.72+0.7
Acid red GR 25.0 0.76+0.4 0.35+0.2 333 0.48+0.2 1.72+0.4
Metabolite 66.7 4.16+0.9 3.83+0.7 75.0 4.63+0.7 4.08+0.4

IBE 66.7%H1 75.0% o B i Ab 3 1) B TR K A5
(AR RN 2F 4 BH (2 8 A AT, 15 B 8 5 TR A
SD1 HYFEME G BRI KL GR HIEEIEFRAR, X5
b NBFEEE R R . 2B T, A
BEAT AR A D B R BN R AL B, EE 9
e AR AR, B, BRPEKL GR 1)
Ff =) B ARk st , R SDI
HA B R8T .
2.6 EEIEMLHR

AR . B . ARBTR S A
it AL YA NADH-DCIP 452 i A= 1 e
fR B ARG R R AR, BRI R4 GR
o6 it B i PO TS M G0 26 3 R . S5 AR AT A L
A R IS TR = T 878.4%; HIRE

NADH-DCIP i, RIS T 219.2%; %
T EAL IR T 13.8%. WAL SD1 R
31 Tl R A o 38 2o S Ak A il T
2.7 HEEEARH

B 1 7 DR A 0 T AR A 3 o
FE R A o 3 A R Y R AR T
76 873 946 NIRRT 4 RIS kS
76 023 426 N7 HI, SRR IRTG 4 T2 N EHE
B EBEPHERUR AR TS, 4 R T
J 2 HE (open reading frame, ORF)F , $k75%
12 015 4~ ORF, FHKJEH 652 bp.

FIF CAZymes TR M T A oKk &9
BRI A S IE A, 15 5] CAZy R (& 6A).
KA LR 6 A EEEEE . 61 p
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*3 BREemcIRB)FnReRHMEMHeEeEE

Table 3 Enzyme activities in the microbial cells before (control) and after decolorization

Time (h) Azo reductase Laccase Manganese peroxidase Lignin peroxidase NADH-DCIP
(ug/(min-mg-protein))  (U/(min'mg-protein)) (U/(min‘mg-protein))  (U/(min-mg-protein)) (pg/(min-mg-protein))

0 0.426 0 0.036 0 0.265

24 4.168 0 0.041 0 0.846

H 7K f# Bfi (glycoside hydrolases, GH), 23 /Mt
¥ W (glycosyl transferases, GT), 7 Mk /Kb &
Wyt AL (carbohydrate-binding modules, CBM),
9 MIKAL A PR R (carbohydrate esterases, CE),
9 ™4 B UG M i (auxiliary activities, AA)FI 12 4~
Z W% f# B (polysaccharide lyases, PL), GH fig
MRS YR O-FE T8 . GH TEmIKIL &
WK ff st Bl 5 R A VE AL GT Ak b
St aEmmMa G, Wik, GH 1 GT W
JER] REXT A WITE IR PE R LT GR MREE v A A7
HEEEAEM.

4 GO WIPhReERE, xR AL 7
N 26 DIIERRAL: L% 14 DAY R (biological
process, BP), 2 Mifig 4] il (cellular component,
COFl 9 M43 F I RE(molecular function, MF)
(18 6B). T GO hAEH:FE, 222282 812 Ik
A% BP, AR #2 BP i Rimg, Hik
UM FE . CC Ay rp 3 DN 2 A0 e 5 4
(cellular cnatomical cntity) (114 938 102 £%) 1%k
FISEW)(16 296 690 5%). 1E MF H1, JEPH ¥
T Z (R FEIN 45 4 (487 397 002 4%), Hik 24
A TE(219 319 816 7%). HEALTE TR ELF A LIk
Jir TG P L A A Rl R i G R A B 1
PR, S 3 [N 5 el i 2ok R 04 3 T
S B A G

HF R BEARY clusters of orthologs groups
(COG)or#r, BWREMIIEHE ] 7k 23 A~k
KKl 6C), IR MM, il

HmAHBE, geaoAE M, THLE iz
FACIE, 20 B RE /20 B B B4 F (R 2 i, Bt
DA K AL A iz i AR . A VUL A AR
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6 BEARMMEERREANN A: CAZymes TR ZEFILH A LG8, B: JEHZhEESFE. BP:
EYER; CC: HMUSY s MF: S FIIRE. C: COG WIRESr2E. D: KEGG 4328/

Figure 6 Metagenomic analysis of the thermophilic bacterial consortium. A: Distribution scale diagram of
differential genes annotated to CAZymes. B: COG function classification. BP: Biological process; CC:
Cellular components; MF: Molecular function. C: Gene function classification in the consortium HTI, A:
RNA processing and modification; B: Chromatin structure and dynamics; C: Energy production and
conversion; D: Cell cycle control, cell division, chromosome partitioning; E: Amino acid transport and
metabolism; F: Nucleotide transport and metabolism; G: Carbohydrate transport and metabolism; H:
Coenzyme transport and metabolism; I: Lipid transport and metabolism; J: Translation, ribosomal structure
and biogenesis; K: Transcription; L: Replication, recombination and repair; M: Cell wall/membrane/envelope
biogenesis; N: Cell motility; O: Post-translational modification, protein turnover, chaperones; P: Inorganic
ion transport and metabolism; Q: Secondary metabolites biosynthesis, transport and catabolism; S: Function
unknown; T: Signal transduction mechanisms; U: Intracellular trafficking, secretion, and vesicular transport;
V: Defense mechanisms; W: Extracellular structures; Z: Cytoskeleton. D: KEGG classification map.
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x4 FERHHEE
Table 4 Dominating metabolic pathways

Pathway Pathway Unigene (KO)
1D
Metabolism ko00190 KO05578, K05573, K00339, K00338, K00334, K00330, K00340,

K13378, K00336, K13380, K00342, K05577, K03935, K03940
Polycyclic aromatic hydrocarbon degradation  ko00624 K14581, K04102, K18077, K18074, K18075

Aminobenzoate degradation ko00627 K18248, K05600, K16319, K16320, K05599, K11311, K10215

Chlorocyclohexane and chlorobenzene ko00361 KO03381, K01856, K00446, KO7104, K04098

degradation

Benzoate degradation ko00362 K05549, K05550, K10217, K01617, K01821, K10216, K00449,
K14333, K04116, K22270

Fatty acid degradation ko00071 K00626, K01692, K01825, K01782, K00632, KO7516, K13767

Glycolysis/Gluconeogenesis ko00010 K00128, K04072, K00129, K00138

Sedoheptulose-bisphosphatase ko01100 KO03738, K04021, K15755, K15754, K14751, K14750

x5 EHPSERMAL GREMBEXHER

Table 5 Genes related to acid red GR biodegradation in the bacterial consortium

KO KO description

KO1118 FMN-dependent NADH-azoreductase [EC: 1.7.1.17]
K00299 FMN reductase [EC: 1.5.1.38]

K19285 FMN reductase (NADPH) [EC: 1.5.1.38]

K03883 NADH-ubiquinone oxidoreductase chain 5 [EC: 7.1.1.2]
K03881 NADH-ubiquinone oxidoreductase chain 4 [EC: 7.1.1.2]
K00343 NADH-quinone oxidoreductase subunit N [EC: 7.1.1.2]
K00342 NADH-quinone oxidoreductase subunit M [EC: 7.1.1.2]
K00341 NADH-quinone oxidoreductase subunit L [EC: 7.1.1.2]
K00340 NADH-quinone oxidoreductase subunit K [EC: 7.1.1.2]
K00339 NADH-quinone oxidoreductase subunit J [EC: 7.1.1.2]
K00338 NADH-quinone oxidoreductase subunit [ [EC: 7.1.1.2]
K00337 NADH-quinone oxidoreductase subunit H [EC: 7.1.1.2]
K00336 NADH-quinone oxidoreductase subunit G [EC: 7.1.1.2]
K00335 NADH-quinone oxidoreductase subunit F [EC: 7.1.1.2]
K00334 NADH-quinone oxidoreductase subunit E [EC: 7.1.1.2]
K13378 NADH-quinone oxidoreductase subunit C/D [EC: 7.1.1.2]
K00332 NADH-quinone oxidoreductase subunit C [EC: 7.1.1.2]
K13380 NADH-quinone oxidoreductase subunit B/C/D [EC: 7.1.1.2]
K00331 NADH-quinone oxidoreductase subunit B [EC: 7.1.1.2]
K00330 NADH-quinone oxidoreductase subunit A [EC: 7.1.1.2]
K18164 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex assembly factor 7
K03885 NADH dehydrogenase [EC: 1.6.99.3]

K03940 NADH dehydrogenase (ubiquinone) Fe-S protein 7 [EC: 7.1.1.2 1.6.99.3]

(1548)
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KO KO description

K03935 NADH dehydrogenase (ubiquinone) Fe-S protein 2 [EC: 7.1.1.2 1.6.99.3]

K05578 NAD(P)H-quinone oxidoreductase subunit 6 [EC: 7.1.1.2]

K05577 NAD(P)H-quinone oxidoreductase subunit 5 [EC: 7.1.1.2]

K05576 NAD(P)H-quinone oxidoreductase subunit 4L [EC: 7.1.1.2]

KO05573 NAD(P)H-quinone oxidoreductase subunit 2 [EC: 7.1.1.2]

K00446 Catechol 2,3-dioxygenase [EC 1.13.11.2]

K07104 Catechol 2,3-dioxygenase [EC: 1.13.11.2]

K03381 Catechol 1,2-dioxygenase [EC: 1.13.11.1]

K05550 Benzoate/Toluate 1,2-dioxygenase subunit beta [EC: 1.14.12.10 1.14.12.-]

K05549 Benzoate/Toluate 1,2-dioxygenase subunit alpha [EC: 1.14.12.10 1.14.12.-]

K05784 Benzoate/Toluate 1,2-dioxygenase reductase component [EC: 1.18.1.-]

K00449 Protocatechuate 3,4-dioxygenase, beta subunit [EC: 1.13.11.3]

K14581 Naphthalene 1,2-dioxygenase ferredoxin reductase component [EC: 1.18.1.7]

K14578 Naphthalene 1,2-dioxygenase ferredoxin component

K10215 Monooxygenase [EC: 1.14.13.-]

K00451 Homogentisate 1,2-dioxygenase [EC: 1.13.11.5]

K14750 Ethylbenzene dioxygenase ferredoxin component

K00450 Gentisate 1,2-dioxygenase [EC: 1.13.11.4]

K16320 Anthranilate 1,2-dioxygenase small subunit [EC: 1.14.12.1]

K11311 Anthranilate 1,2-dioxygenase reductase component [EC: 1.18.1.-]

K16319 Anthranilate 1,2-dioxygenase large subunit [EC: 1.14.12.1]

K18248 Anthranilate 1,2-dioxygenase ferredoxin component

K05600 Anthranilate 1,2-dioxygenase (deaminating, decarboxylating) small subunit [EC: 1.14.12.1]

K05599 Anthranilate 1,2-dioxygenase (deaminating, decarboxylating) large subunit [EC: 1.14.12.1]

K13953 Alcohol dehydrogenase, propanol-preferring [EC: 1.1.1.1]

K03737 Pyruvate-ferredoxin/Flavodoxin oxidoreductase [EC: 1.2.7.1 1.2.7.-]

K00138 Aldehyde dehydrogenase [EC: 1.2.1.-]

K00128 Aldehyde dehydrogenase (nad+) [EC: 1.2.1.3]

K00129 Aldehyde dehydrogenase (nad(p)+) [EC: 1.2.1.5]

K04021 Aldehyde dehydrogenase

K18077 Terephthalate 1,2-dioxygenase reductase component [EC: 1.18.1.-]

K18075 Terephthalate 1,2-dioxygenase oxygenase component beta subunit [EC: 1.14.12.15]

K18074 Terephthalate 1,2-dioxygenase oxygenase component alpha subunit [EC: 1.14.12.15]

K04098 Hydroxyquinol 1,2-dioxygenase [EC: 1.13.11.37]

K03738 Aldehyde: Ferredoxin oxidoreductase [EC: 1.2.7.5]

K23511 Riboflavin transport system permease protein

K23512 Riboflavin transport system permease protein

K23510 Riboflavin transport system substrate-binding protein

K00861 Riboflavin kinase [EC: 2.7.1.26]
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