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Abstract: [Background] Azo dyes and their degradation products are highly toxic and have
carcinogenic, teratogenic, and mutagenic effects on organisms. Using co-metabolism to enhance
the degradation and removal efficiency of azo dyes by pure cultured bacterial strain or
co-cultured flora is environmentally friendly, whereas the comparative study on different
efficiencies and mechanisms of bacterial flora/strain under co-substrate regulation needs to be
further studied. [Objective] To investigate the efficiencies and mechanisms of functional flora
DDMZI1 and strain DDMZI1-1 (identified as Burkholderia sp.) in the degradation and
decolorization of reactive black 5 (RB5) enhanced by fructose as a co-substrate. [Methods] The
culture conditions of functional flora/strain were optimized, and the decolorization performances
and azoreductase activities of functional flora/strain enhanced by fructose co-metabolism were
determined. The identification and toxicological assessment of RB5 degradation products were
performed by the liquid chromatography/time-of-flight/mass spectrometry (LC-TOF-MS) and
phytotoxicity test. The broad-spectrum decolorization performances of functional flora/strain on
decolorizing dyes with varied structures were compared and investigated. [Results] The
removal efficiencies of RB5 by the functional flora DDMZ1 and Burkholderia sp. DDMZ1-1
under the optimal conditions (pH 5.5, 37 °C) were 79% and 73%, respectively, and the
functional flora exhibited stronger adaptive advantages to the high-salinity environment. The
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addition of fructose significantly stimulated the decolorization performance of functional
flora/strain to RB5 with different initial concentrations. Compared with the flora/strain samples
without fructose, those with fructose increased the removal efficiencies of 200 mg/L RB5 by
nearly 21% and 27%, respectively. The sample FRU200 (with fructose) significantly stimulated
functional flora/strain to secrete extracellular azoreductases after 24 h, thus enhancing the
enzyme activity. LC-TOF-MS analysis indicated that RB5 was biodegraded into various
metabolites with low molecular weights and simple structures in the fructose co-metabolic
system of functional flora DDMZ1. The phytotoxicity of RB5 degradation products in the
flora/strain system was significantly reduced via fructose co-metabolism. Compared with
Burkholderia sp. DDMZ1-1, the functional flora DDMZ1 exhibited a stronger broad-spectrum
degradation ability to dyes with varied structures. [Conclusion] Compared with Burkholderia
sp. DDMZ1-1, the functional flora DDMZI1 has better removal efficiency, functional enzyme
activity, and product detoxification of RB5 enhanced by fructose co-metabolism. This paper
provides a theoretical basis for the application of co-substrate bioaugmentation technology in
the treatment of wastewaters containing azo dyes.

Keywords: fructose; functional flora/strain; reactive black 5; degradation products; toxicity
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TR PR RE o AT SE LU 75 D BE TR AR/ 1A
PR RO A i I (o 5 M 2R 5 A ZRE
S8 D0 S O A By VR AL, LR A=
P 5 A B ARAE 5 A8 R YA 7K U ) 107 i A3
g HEA

AR

1.1 ##
1.1.1 &

Iy RE TR R/ T R SR R T A b T A VTS K Ak
P =i R R B EETE TS Ve, K AR
FEAN AR W 1 G T 3 3 BRAE T T 2R AF T 4T
D RGP =S
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FLAH R 3 B FFTE 170 V Fl 65 Vo
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99%HIFHMRIE . Fit, LhfERE Rk DDMZ1-1 #4E
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DDMZ1-1, GenBank %3¢ 55 MK583567. X1 1B
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ZHMRGELE RR.
22 AEEBAEFHGNIIGERER/EKRRE R
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Burkholderia sp. MGK2 (AY995179)

87| Burkholderia cepacia strain C09G (KJ935921)

96 @ Burkholderia sp. DDMZ1-1 (MK583567)
Burkholderia vietnamiensis strain TVV75 (NR_118872)

Burkholderia latens strain R-5630 (NR_042632)

—E Railstonia sp. strain PZG S17 (K'Y992920)

97 Cupriavidus taiwanensis strain JSG2 (GU202015)
Advenella sp. JCM (LC133596)
Massilia sp. strain APBSWPTB94 (MG733567)

Stenotrophomonas maltophilia strain JAKL10 (KU707913)
Pseudomonas sp. strain FQL (MF144506)

| Klebsiella pneumoniae strain IITRCV03 (KU726960)

B 1 Burkholderia sp. DDMZ1-1 B3 EIEE(A)F R FK & & #(B)

100 | Bacillus coagulans strain JUMFCBC (KU358679)

R AR AR B R GER

B, A5 S B S R BT B3R 1000 R E B 1Y>50%F) 5 S {E Al GenBank & 555 ;37X 0.05

AR TR R
Figure 1

The SEM photograph (A) and phylogenetic tree (B) of Burkholderia sp. DDMZ1-1. The tree was

constructed using the neighbor-joining method, and the bootstrap values>50% based on 1 000 replications
and GenBank accession numbers were given at branch points and brackets, respectively; Scale bar indicated

0.05 substitutions per nucleotide position.

DDMZ1-1 % 200 mg/L RB5 i3 H ik, 48 h
R A E] T 81%F1 73%. IL4h, ThAEE
HE/DARRAE pH I8 WM 7 TH AR T B HE StSp (pH
6.0—11.0)[7]$H$TET Trichoderma harzianum RY 44
(pH 3.0-6.0)*HE R, bR T pH Hb, b
ik AR B T A A A B € M RE AR SR R

i 2B FioR, FEIRE 25-37 °CIEEIN, IhEE
PR/ AR XS RBS B8 (R0 Bl & 1 2 1 7 v i
e, T HAE 37 °CHI A AEAREI T 79%H 73%
B d5e KM € 23 5 (B M IR EE THE & 45 °CRF R i L
TR EROR, X BT R R E S T
I e T/ DA R A4 o R P 3 P O S BT 40 T
Pifi. MK 2C WA, YIRER B/ R NaCl
WA 2.0%H % RBS I CRUR I, 48 h
Ji 2R3 K B T 84%F 80%; T 1 5.0%H
HWRIE T, TIRER /B ARXT RBS A5 = 1)
MM BR(62% M1 35%) . HEHRiE, —HKRMEDY

JEAKTEETG Ve 43 B ARSI AT Pigmentiphaga
daeguensis AN-4a 7£ NaCl ¥k 34 N5 0.5%HF ,
XF 10 mg/L A BRFAR 15.5%,
Ut DI RE VA R/ R R B AT B T R .
Gh, M Bk seE el LI R AE H, TR
DDMZ1 #Effb 54 7 (pH 5.5, 37 °C)X} RBS 1
EBRAEY & T a8 W bk Burkholderia sp.
DDMZI1-1, [fii H )68 X5 P K i £k 20 5%
YA B 2 B3 W PR (P<0.05)

A2 AR a5 ST, DI RE AR/ TR AR
FEARF A SR T R R % A B 22 5
(P<0.05). F L5 Wia s Rt E, oA EA H
AP R NI AN ARG B R i il
7EIE 2D HhINREH#E DDMZ1 7 pH 3.5 B ODgoo
F2.22, BN 51% (K 2A), TWLE pH 5.0 B i
R H 74%, ODgoo (LN 1.88. HELE 2B, 2C
K 2B, 2F oA HZRMIMEER, Hizghe
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Figure 2 Effects of disparate physicochemical conditions on decolorization performance and bacterial
density of functional flora/strain. *: P<0.05.
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£ RB5 B0

F P 3 AL, DHEERIFRAY FRU ZH(A AR

5 BAC HCRNESIMAAM)AH Fb 22 57 18 3(P<0.05),

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



946 A 2 AR

Microbiol. China

100 - A ¥ BAC

B rrU

80r F

60 -

40

Decolorization rate (%)

20 +

Initial concentrations of RB5 (mg/L)

B3 R¥EXTHRERE ¥k Burkholderia sp. DDMZ1-1
Bt & RE#IAIRE RBS B98I BAC: JLfifid
TR+ RERHR+ A F W IRV RBS; FRU: Rl
B IR B+ D RETE MR+ AN R W46 W RBS

Figure 3  Effect of fructose on decolorization
performance on different initial concentrations of
RBS5 by Burkholderia sp. DDMZ1-1. BAC: Basic
medium+Burkholderia sp. DDMZ1-1+RB5; FRU200:

Fructose medium+Burkholderia sp. DDMZ1-1+RBS.
*: P<0.05.

Uk W SR (49 N BE 0 25 4R T 2 BB TR AR R TR
VIR EE RBS ML APERE. 456 KD KRR
FRSESCHR H B D RE BT I SE SR 45 P TRT 0, 1)
FE DA/ PR PR TE SRS 7R P 4T 200 mg/L RBS 1Y

ISR E S 98%A1 97%, LU bE
BEAR B IR R T T 3T 21%H01 27%. 7EE HRiE
PIBFFE R, — BRI I RE TS X 19G2 i) FH 5 2 5
Ve R SEIL A 48 h NXF 150 mg/L RBS #yf K
R AR W IR 99%4 X BHAR X A — H bk
TSYY, AN[R] B BCAE B0 B R A i AN TR,
S 2K AR A S B VR LE BIL T TT R
Gy TIREIE R R DREEE (1 1) 22 S Rk FEINTE
REA4 ¥, Z)5kE%E RBS WIS, T
REFA /B REXT RBS MO ER4G T TR, H1E
BRI XT 1500 mg/L RBS A9 (6847534
BT 48%F 44% LA . PRI, AEXMERE MR ED YL %
JK Ak B Ao R R SR LA 5 R SR AT A T
(), FLIBE TR /B RO s v B RBS (9 2k
I €208 0 foft L s Ry EL AT R 3 e e I FH TG 55 1
W
24 BREERESH

H3 LA A, DIRERBF/ RIS 5 RBS B
JIGE € P A 2R D T A4 B 5 5 7 ) ) 7 34 K T
HA5E,  HT AR i 0 LA M SR i e T A A
T P 1 GRS D AR 1 1 S S T 23 %
YEHRIE , 1§ Alishewanella sp. CBL-2 XT{H %
Yok Y B A D €0 32 205 [ F M AT ax s

# 1 AR ZIERRERERAMNRIMSREREREE

Table 1 Intracellular and extracellular azoreductase activities after decolorization at different reaction times

UIRETRBE/TRIBE  FES 1B R D il 7

Functional Samples Azoreductase activity (U/mg-protein)

flora/Strain M A a4k H A Ja sk ML a4k
Intracellular  Extracellular Intracellular  Extracellular Intracellular  Extracellular
(6 h) (6 h) (12 h) (12 h) (24 h) (24 h)

DDMZ1 BAC200 5.30+0.15b 14.11£0.07b  9.64+0.08b 18.26+0.11b  12.39+0.04b  22.50+0.10c

FRU200 9.26+0.17a 21.20+0.09a 12.73+£0.08a  26.47+0.12a 17.14+£0.09a  30.12+0.12a
Burkholderia sp. BAC200 3.33+0.04d 9.70+0.09d 4.61+0.02d 11.48+0.07d  6.21+0.04d 19.65+0.14d
DDMZ1-1 FRU200 4.82+0.07¢ 10.27£0.07¢c  6.43+0.05¢ 16.64+0.04c  10.47+£0.08c  24.14£0.12b

BAC200: JEfifi 5 57 S+ BE R /B Bk +RB5 (200 mg/L); FRU200: B SRS+ BE R /B Ak +RB5 (200 mg/L). $d

3 WHE A bR HE R 22, [ AR [R] /N “7 BE 7R AN AR i 7] ) (2 25 1 2 53 (P<0.05)

BAC200: Basic medium-+functional flora/strain+RB5 (200 mg/L); FRU200: Fructose medium-+functional flora/straintRBS5 (200 mg/L).
Data were shown as Mean+SE of 3 replicates. Different lowercase letters in the same column indicated significant differences

among disparate samples (P<0.05).
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Figure 4 The UV-vis spectra of RB5 treated for 6 h, 12 h, 24 h by the flora/strain in BAC and FRU media.
A: BAC200-basic medium+DDMZ1+RBS5 (200 mg/L). B: FRU200- fructose medium+DDMZ1+RB5 (200 mg/L).
C: BAC200-basic medium+Burkholderia sp. DDMZI-1+RB5 (200 mg/L). D: FRU200-fructose
medium+Burkholderia sp. DDMZ1-1+RB5 (200 mg/L).

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



948 (YIS Gk

Microbiol. China

() % (0,56 A LA B Z5 RN AL 20 43 2270 i 6 S i) Bisf
[B]J5 1) RBS JEiE B, 3 ANRRAE I A 0 I 25 o5
%, HAES579. 565, 340 #1261 nm & KA
D2 357 %) W AT 35K — 2R 371 AR A e K T D it
(A5 L3 BH RBS Yekb oy 7 i) 82 & 3L A 2
PN RE T HE/ TR G0 BEAR 7 A= 1B st
PR BUAN, HEFNDIRERAE DDMZ1 FIRE
AR Z 5 1 3 ASFRAE WG i 5 244K 42
I BE R #E Burkholderia sp. DDMZ1-1 ig=2
fh, FRUIINEETE#E DDMZ1 X RBS YR AR I (5
BE T H SR, SRMAESE FRU200 (5B AR
[Fi) T[] J G D 3] ) 3 A A0 R Mg e i B A 5
FEdl BAC200 (A3 SR Mt i 2 Ak, X —
M BT S 0 VS 0 T T R T R/ B ik K A
8 RBS M2 i RICR .
2.5.2 LC-TOF-MS 4 #f

IRER HE DDMZ1 X RB5 (IS =i 5%
O % R FAEM ST 23], I T A AT
AE I RE/B PRI M RBS 1 R P A= 1) 22 bk
AR S R ] LC-TOF-MS i Rk — %@ T
RBS5 7EDIRE R HRIAR 2R b A B A =, R4 1
RB5 (1) At kA2 (K 5)

FEFE S BAC200 (AN A0, RBS MR
B JCR I BEE MR Burkholderia sp. DDMZ1-1 43
WA U D X R LR R 1,2,7- — k-85
HLZ%-3,6- BH R (TAHNDS) I 2-[(4- 4 HE 7K ) i
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Figure 5 Proposed pathways for RBS5 degradation in the samples inoculated with Burkholderia sp.
DDMZ1-1. A: BAC200-basic medium+Burkholderia sp. DDMZ1-1+RB5 (200 mg/L). B: FRU200-fructose

medium+Burkholderia sp. DDMZ1-1+RB5 (200 mg/L). *: By-products were not detected but postulated
from LC-TOF-MS results.
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Table 2 Effect of RB5 and its degradation products toxicity on seed germination and early seedling growth

parameters of mung bean

ZH [EVS RB5 DDMZ1 Burkholderia sp. DDMZ1-1
Parameter Ultrapure water BAC200 FRU200 BAC200 FRU200

P FH LR 100 95 95 100 95 100

Seed germination rate (%)

ESS 4.10+0.25a 1.3140.14c  1.81+0.29bc  1.85+0.25b 1.33+0.37bc  1.81+0.28bc
Shoot length (cm)

ZER 0 68.0 55.9 54.9 67.6 55.9

Shoot length inhibition rate (%)

SN 3.10+0.17a 0.36+0.07bc  0.1840.05c  0.40+0.11b  0.17+0.08c  0.28+0.09bc
Root length (cm)

R R 0 88.4 94.2 87.1 94.5 91.0

Root length inhibition rate (%)

fif T 0.36+0.05a 0.2140.07b  0.22+0.04b  0.25+£0.02b  0.18+0.04b  0.21+0.03b

Fresh weight (g)

BAC200-FEAil 1% 75 3+ L B /B AR+RB5 (200 mg/L); FRU200-HLBH1E 35 e+ D BE R BE/ B MR+RBS5 (200 mg/L). iy 3 Ik H
SR EEEARER ZE . AT AR/ ING 7 B R AN TR A i 0] 4 5 25 4 22 53 (P<0.05)

BAC200-basic medium+functional flora/straintRB5 (200 mg/L); FRU200-fructose medium+functional flora/strain+RB5 (200 mg/L).
Data were shown as mean+SE of 3 replicates. Different lowercase letters in the same row indicated significant differences

among disparate samples (P<0.05).
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Figure 6 Broad-spectrum decolorization of different dyes by the flora DDMZ1 (A) and Burkholderia sp.
DDMZ1-1 (B). BAC-basic medium+functional flora/strain+dye (200 mg/L); FRU-fructose medium-+functional

flora/strain+dye (200 mg/L). *: P<0.05.
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