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[RE RNk e S 7/l TR RS B2 TP O B LN R
Wy S E B E(ROS)FIA B4 54 it 56 #0521 o
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YA B BRI o AR, A I FU AR E i 4 A A
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9 HOE I E AR RE B D . AR SCIK O RIE
JEHER dsrd (¥ ZHEAK pRADK-dsrd e NI %5t
AR DR HY, A e o8 s S v A s A S B
FR THEE Deino-dsrd. FH¥ZHEF TREE N AT
R EERIE I (VD IR R B 4R 5200, RETHE
W pH B WAIBINE . BIVIRIKEE . = 4Em) [A]
& FEAFN IR & R TERER 2 o I8 I H %
RO TRE Al S Sl e T 3 A R A4k, 4t Hoad
SR E VD BAT N, FZE R TR E = a5
TEINE BN AR SR A Y, PR L )5 E 4R
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1.1 EFARFISEE

F B ARG 5SS AR Deinococcus
radiodurans R1(%i"5: CGMCCI1.633), KigHF &
DH5a, iR #i4 J5 1% (SRB), R %% iA# /4 pRADK
JoR KL 3] EH T 6 K2 A B S A ) 88 L S = A
RARTE: TGY B537%£(0.5% JHEFE % TRYPTONE.
0.3% F#EHERY) YEAST.0.1% #i%i## D-glucose,
pH=6.4+0.2, [EAREFRIE TN 1.5% Biflg Agar, LA
B35 R T o B T RS R T A A ER A 4
DNA U7 &0 T A s RAR A A TR A 7], PCR
519 4R A F A, Nde 1 B, BamH 1 . T4
DNA JEHMIE T35 2 KA A IR A ], w45 ik
NSRRI GG B AL A AT, HARRH D E =55
Hréki

FEAES: FAMPOOLETHUV2600 B, HAR

SEENT]), HSIH AR BT AN (FTIR, IRA-1S
B, HAREEAR), S BHE(SEM, &R
FREWE{X EDS, mpms squid vsm !, 3E[E FEI A #)).

1.2 RSt EE TIEE Deino-dsrA HIEREE

PRI IR 530 J5 B ) 25 4 DNA, & it 9F
A PCR 38519, LW#519 dsrd-F F51A:
5’-CCCTGCAGGTCGAATCGGATCC(BamH [ f§ 1]
K7 15)CCAAGGCAGGCTTCAG-3’, il 514 dsrA-R
FFH1N: 5°-CTCACAGGAGGACCCCATATG (Nde |
it 1) i1 2 )CATGTGGAGGTAGGCA-3', PLFE A 41
DNA B, AW E 5147 PCR 4738
N, B AR dsrd. FIRERAYIEE Ndel .
BamH [ ¥ pRADK Uk Al PCR Zli4L =447 WU
VI, 3Bt A7 B r vk IR Bl . 2 J5 4%
S BT f5 PCR F=4) 5 8044 5k pRADK #2471
N, 193 H 20 AK pRADK-dsrA F4 LN
[ I > Nl SR A = T e S B Y
Deino-dsr4, F7i##47 PCR %58, ZJEBERT 1N
BH P B B PR L kL 25 &2 B AR TN R AT %
5E o

1.3 TEEEIE

4 i 45 5 3L IRl T A2 1E Deino-dsrA T TGY [E44
BR BRI E G, VU W kR T TGY
WARE IR, §REEFR R WM ODeoo [HLIN 1.
FH 0.9% 25 3 £5 7KK I i1l B ODgoo {9 0.5 I B B »
FE— %1 100 mL HZEHEEM T, 77alliA 20 mL
WA, 10 mL —@RE MR SR, AT pH
. ¥ EEMHLMET 30 CHEERSSIBEKNA,
PA 220 r/min B3 EEREG G, &0 1 mL Hig
W, MABRZEREEF, A 1 mL AZEAII(RE
I8 0.05%), BEIR — BSTRENZE MV T (pH=4) 5 7%
% 10mL, F RS EHE 10 min. fEJK 652
nm &b, FIEANAT L A6a EETHA A RO
kSRR B I U R 2R pl2ol,

G~ G

p= x100% (1)
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’%HEEI’J”IIJ%/RTL mg/L VR RV BAARR, Ly m

1.4 #HmAHIERERAE

PR E O E R R TR AR A&
FRERAKTEVE T, T 55 CHRUMLFEFHE 24 h, B4
JE A R B TR A, PR RIS B AR, TR A
RAEET A P&, HTHEMES. el A
LA TS AT

2 FHR5IT

2.1 FELEF S pRADK-dsrd MFLE
W 1 FR, BARHE EIk 4 TR TR 55 40K
BT S B B E R N8 T Hri
Harpygs Rl 1(0)FR, FIA Blast 274 Fr
197 FEAT X LA b, 45 SRR B R A E IR

M
(a)
1 Kb
500 bp
250bp
(b)
GCAGBCAGCG GCG GGG AATAT G AGCBGCECOCCBTCCTTCTBCAC

A T

W, BOAREBIERE, BAAHERI.

2.2 B pH EXESE UVDHIE M

B 10 mL pH 4514 2.0. 3.0, 4.0, 5.0, 6.0.
7.0+ 8.0 HIHHIVARAT 20 mL ODsgoo 15N 0.5 MR 2
IIAN— RV B ZEHEIR 08 Rl i s 2 i =
WEE N 30 mg/L, T 30 CHEERMN 60 min, ML
pH (B & S A2, g Rk 2 fos. K2
AIEH, pH<5 I, E4%0 pH (A 134 K BTt
7E pH HIMEMHEEH, UVDIEANAR L U0
TWAIELE, FRVERH A REM HY, S8 TR
FIRMMISERAL S, FEAEME TS, U0 bk
AR -t 5 AR B R0 2R I PR SR AR A A A, B R pH
BRI, B HA, 5 U005 38 40855,
M EHER ETF. pH=5 I}, FHERIEF] 92.45%,
ICERE 5 A A A A 3 DR R A DL R F AR AR
P fE. pH>5 I, BT ah e B + & AR K

1

900 bp

TAAC BC TTATAGGGCGTE AGC

|1||'.'|'1|I illl JIULA(” | AII ) I\MMN j\” Lll'“”U'”'I',

CGAAMGCAGGGCTTGT GCCGCCCGGCGTTTGAGGCCATTCGTCATACATGT

U

Bl 1 pRADK-dsrA JFURL 1% 5

Fig. 1 Identification of pRADK-dsr4 plasmid (Lane M: Maker; Lanel: PCR products; Red box marks sequences of

BamH I restriction sites): (a) PCR amplification products of pPRADK-dsr4; (b) Partial sequencing result of pRADK-dsr4
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Fig. 2 Effect of pH on enrichment

filt, AR T A S BOR AR K A IER T, A
#5 [UO,OHT" . [(UO2)2(OH) 1%+ [(UO2)3(OH)s]" -
[(UO2)s(OH), 5729, (& i 241 it Bk 3 T B 22 (19 1
P, R pH K PR ik, &
f pH (1N 5.0,

23 EFIEXNEE UVDHRIF M

2. 4. 6. 8. 10, 12. 14 mL HE 05,
F 20 mL AE 21 #h 7K B B R AR I H A B — R 51 A
FEHETI A, FEANN 10 mL BbRiERAE L &R N
30 mg/L, iEBUS AR 30 mL, Y875 pH=5, 7E 30 C
ZAF N EA 60 min, RERAERNEE UV
e, S5 3 . MBI 3 ATLLEH, EHEEM
PRV S Fh iy, R IEAHDCME, XANERE
BeED I A s AR L. MR 33%)5 & R IR
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Fig. 3  Effect of ratio of bacterial suspension on
enrichment of U(VI)

W TR E, AF) 92%, BEAIMARBCOS, iR
R E AL AT ORI 2, iR SRR
AT AATHESETT SR A RS, SRRt
%14 33%.

24 SHAIAREXNEE UNVDRIFE

1E pH=5 I MR E 30 ‘CHIZAE R, I 10 mL
B . 20 mL ODgoo fE 0.5 R &, —FRFIE
FEHETEI B 29K FE 7379008 104 204 304 40, 50
6070 mg/L .60 min & WLELBIHI AR X & 4 U(VI)
rgem, HAGRWME 4 Fros. WE 4 TG H, B
EHRVIIGIREERIG M, SEFEI TRERBES. 3
WA I E—E, WP EIR IR BRI, 41
BER TGP s A2, BHTBE RS 5 B R 7 o # ik,
M SRR A . BB WIARIR T, BRI & 4R
AL RUIZ WA, B B 5 PR A IR TS TEAL A, AR
BRIARP . AR RS, g
B A ) & SRR PR . 22 B RE, SR a]
BIRFE N 30 mg/L.

100

90
80
70
60

50

Removal efficiency/%

40

/

1 1 1 1

0 10 20 30 40 50 60 70 80
Initial uranium concentration/(mg-L™")
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Fig. 4  Effect of initial uranium concentration on

enrichment of U(VI)

30

2.5 BfEXESE U(VDAISM

1E— R YA IEHEE A MA 10 mL 81E W 20
mL ODeoo {E 4 0.5 MR, 3 HE I - ahpl i
WA 30 mg/L, 75 pH N 5, 1F 30 CHETE S,
BRI 2504 15 30, 45, 60+ 75 90 105 min.
S D6 E A UVDRISEMR . 75 AH A (1 S50 2614
N, R AR BN AR S AT ER B AR v R, TR
dsrA 3 J5 3 R i 5 5 2 BR B s AR A s, 25 51
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WK S Frw. HE S ATLAEH, 78 15min N, HT
RARRT & RSB ERE, ST UVD4S
HREK, BEFDEHEKD] 67.91%; &EMEA
60 min I}, BEHERIEF] 90.39%, FEENAMKIEK,
BRI & 0L A IR R, & SR IR BT . X
HE LAY 60 min N, EHERIXET] 72.02%, W]
AR TSI . T 5290 4H Deino-dsrA &4 dsrd
W JRFEDR,  HFRIE 138 JE B rT ORI UV
WIEA UV), 8 5 e T AR, 28 B
T, B E RN 60 min, BB dsrd &
Ji 35 TR e 42 5 39 o i 4 A5 3 R T 6T ) AR
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Fig. 5 Effect of enrichment time on enrichment of U(VI)

105 120

2.6 EBEINF

N TR R TR E & U(VDBh /)
%, 1E c=30 mg/L. pH=5. m=16.6 mg. T=30 C%&
PR, SRR N B ) AR M — % e N 5y
IR AT e MU T

HE—J N B 1 WA TN

kit
1 —q)=lgqg ——— 3
g(q. —q,) =1gq. 5303 3)
R R NEE 1A T RN
t 1 t
_:k2+_ 4)
qt qu qe

F 1 WEESHHER TR Deino-dsrd ‘w540 3N 1% 54

(a) Pseudo-first-order model;

s ko ARV EEER T, mns kN
HE U N SRR, g/(mgmin); ge AT
EHEAE, mg/g.

HE—2 . WU N F) BN T B AR
RMERLAE T, HAERWE 6 frx, &S5
TR 1. R BAEERE, HE—%sh R L
B A AR S R? =0.86442) /N1 — R (i AH %
PE(R?=0.99372), HLhn-PirE EAN RS 530
D1 RA RIS P g E AR L. H
I, HE R N EN 7 AR R TS R R AR T
BE UNVDI PSR, RZR N R DAL 2 &
ENE.

»=1.39399-0.01929x
R?=0.86442

15 30 45 60
t/min

1.2

(b)

LOF  $=0.12591+0.01924x
R2=0.99372

0.8

tlq,

0.6

0.4} .

0.2 L L
15 30 45 60

t/min

6 IR A AR

Fig. 6 Fitting results of tow known kinetic models:

(b) Pseudo-second-order

model

Table 1 Kinetic parameters of uranium enrichment by Deino-dsrA

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

Actual equilibrium

ge/(mg-g™) ki/min”! R’ ge(mg-g™)

k2/(g-mg"-min") R’

concentration, ges/(mg-g ")

24.77 0.04443 0.86442 51.98

0.00294 0.99372 49.01
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27 BEFRZESM
R TR E SR UVDIR R
£, K H Langmuir A1 Freundlich & 555 2815 411
AR TR E N UVD &5 S 5T .
Langmuir & £ 55 20

1t 1 (5)
qe qmax qmaxpeb
Freundlich & 55 R R A AL Ny
1
@%=;@&+@k (6)

K g AR EWHE LA R, melg;s p, NP
BHA R, mg/L; b N Langmuir &4 %L,
L/mg; k N Freundlich & 2% 50 1/n A EIHF.
K H Langmuir 251 2 #5 1 Freundlich 55 i 2k
B AT MG o pr, HER WA 7 s, W&
SR THR 2. WE 7 AIEH, Langmuir 75721
A SEI6 B AR 21 ( R =0.9156) KT Freundlich J7
& P B (A M R?=0.81577), Langmuir 53 2%
B qmax (B 5 SLIAAIEF eI, IR, HEH
TR X UV E R PE B 56 Langmuir 53 28
B, RARR I AEYEL S &8 & PR+

1.75

(2)

1.50 -
3=0.11217+0.02015x

R2=0.9156
1.25¢

1.00 |

(pe/g (gL

0.75

0.50

1 1

20 30 40 50 60 70 80
pe/(mg-L7")

1 1

7 SFIRZAR AL Al

BER, HEE RN R TE.

2.8 FHHEIRE N TFEIESHT

B[R TR & 4R AT /5 1 SEM Bl 8 B
FH ] 8(a) il LA th, B A & AR I B 3R T R ARAS L,
NE SR TR R T AR A B SR AL . HH
Bl 8(b) T F i, B AR 5 Al Ik 15 S B A B e
MEELE R RTINS, BRI B ERRY), X
RN TREEESE 7 =,

Kl 9 Firos ik DR T2 B e B2 J5 1) EDS . T
BMEENEHIEE, B ob)h4ERe N 3~4 keV At
HIL T Bl R AT, E— DI BH B A 3 T R Ay
AT . T A R R TR R e il B8 R AR T B A
H, WAEREFEEA S S8 E PR A, &
PUNREA A B BN DL g5 BRI N TRE
Xof Al B IR AR AN ASUAORS T 24 2 T A R )
WeahE 5, [RINEZAOB T B S RGN A&
A= 1t B o

2.9 LISMEIESHR
LA AL 7L pH=5. MR 30 CHAT

1.80

(b)

1.65F y=0.66674+0.60815x "
R2=0.81577

1.50 -

1.35}¢

lg[g,/(mg-g™")]

1.20 &

.00 125 150 175 2.00
lg[p/(mg-L7)]

Fig. 7 Fitting results of tow known isotherm models: (a) Langmuir; (b) Freundlich

%% 2 Langmuir 1 Freundlich #7 [1) 54

Table 2 Parameters of Langmuir and Freundlich models

Langmuir Freundlich Actual equilibrium
gm/(mg-g™) k/(L'mg™) R n K R’ concentration, gs/(mg-g ")
49.63 0.17964 0.9156 1.64 4.64237 0.8158 47.98
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B8 HLIN TRERw & HEAT AN SEM &

Fig. 8 SEM images of Deino-dsrA before(a) and after(b) enrichment

a

(a)

K

L

¢ (b)
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», L
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Binding energy/keV

B9 R IR TG0 EDS i

0 4 8 12 16 20
Binding energy/keV

Fig. 9 EDS patterns of Deino-dsrA before(a) and after(b) enrichment

B EVIGHIRE N 30 mg/L 4hVAW, & SERT /5 1 FT-IR
WA R WA 10 Fros. WRAE SA BT, i i ar Bk
W EE R RS ES TR EX A, FEH
FREME. B BERERR. MR 2BAIJL T S5 or
FIRBY, BE0E i 3315.28 em ™! AL N R A
HH—NH, FIAS R4 F1—OH 4 IR AR 3h K
Wik, 5 UVDIERG, A% &0 s i 5o
BT 18cm™, RBREWERSE TN E i,
2926.23 cm™' by EE E R AESE A —CH; A1—CH,
PIXTRR SO IR A IR B0 e, 1652.27 em™ Ak
WSO B R L IR TR C—0 B ZE IR BN,

1543.12 om™" AW SIS FH AT BRI N—HL B8 2
RN C—N BAPGRIRBN 5L IBEIE 1 7. T
BARATE FT-IR BE &, i BUR AR B B 20,

2 R BE SR T (1 D) e B A R 52 B3R, 7E 916.38 cm™!

(b)

331528
2926.23
1078.58

1078.74

=)
-
~
I
=)
a

3296.73

1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™

B 10 P TR s AR AT /5 1 FT-IR 35
Fig. 10 FT-IR spectra before(a) and after(b) enrichment

KEHE BT 1 UOST [ 4 R B MR e, 3
B PR TR G R AR A T R RO
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R ETEMN

EFXHT RN LR TR TR Deino-dsrd, AT
THEY VY . FEERTAEN 2 2P FE A
G2 R AE Y 2 A VR B DR R A 1 = A T
Wi BEEDR AR 22 A PR VAN ARG B R AR 07 i
LAV DA AW 5T B A I S A3 B R 9 AR BUR
W, fEERF XA AR TR L E. RREME
BB FAMEAR PR B, ZaiE. &K
BIF FUAKFE R 42 K 500 S5 AR ) A ) 2 4 — s
=, UWAKIARIISER A ZEEHER,
SRR SCIG BRI AR e 4. DRI IR R TAE I
Deino-dsrd K= AL HAFW, HEHARE™
Yy oA A A A TS 0 . %R R AR R AR
KEFEEE T, AofaBH N ERE, B ESR
4. zE LRTIRT RN, B AL Deino-dsrA JTo3 TG
FH, NIHEIRE, LEYRERE.

2.10

3 ZEip

1) PEBRER B30 JF A R dsrA 38 53 R e NI
AT ATEREE, 22 PCR S 7 %€ , I S 4 5 25 A
TFEH Deino-dsrA ¥ 8 KT .

2) TEVE pH H N 5+ HHWIUAIRE N 30 mg/L.
B AN L9 33% . & A2 TA] 60 min I, &R T
2 B I B AR AV & 2Tk 92.45%; TR
FEYE R, K T2 W Deino-dsrA Xl E S & [H
2T, B TR R A R E R

3) I HEE RS BT A8 1% (SEM-EDS) 43 T ik
SRR T2 B R AP (E K S S 0gh, a2
ZLA0 61 (FTIR)$& 7R 78 & 2 v R34 H 10 8 Rk
o B AL FE AT A M g R N Bh g R R
Langmuir S8R AN, LRz FE EZ ML EE
NE, HENAFTEAE S DL SOR RS R

4) 57 A= B 4 AT R E AR R (72.02%) #H
b, R TR Deino-dsrA XHH(VI) L 5 E 5%
(92.45%) . E 1T, %L THE B o/ LS 7
(A9 e £ 770 S 12 i PR /K v B AT
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Construction of radiation-tolerant genetically engineered bacteria
Deino-dsrA containing reduction gene dsrA and its performance on
uranium(VI) enrichment

ZHU Qi-qi!, TANG Yan!, LUO Jia-qi>, WANG Wu-zhou®, MA Yun®, PENG Guo-wen?,
LI Shan-shan', HE Shu-ya!, XIAO Fang-zhu!

(1. School of Public Health, University of South China, Hengyang 421001, China;
2. School of Chemistry and Chemical Engineering, University of South China, Hengyang 421001, China;
3. Hengyang Medical College, University of South China, Hengyang 421001, China.)

Abstract: The key reduction gene dsr4 was extracted from sulfate reducing bacteria, and it was transferred into
Deinococcus radiodurans (DR) to construct the genetically engineered bacteria Deino-dsrA. The effects of solution
pH, ratio of bacterial suspension, initial uranium concentration and enrichment time on the performance of the
genetically engineered bacteria were investigated. Scanning electron microscopy, energy dispersive spectrometer
(SEM-EDS) and Fourier transform infrared spectroscopy (FTIR) were used to characterize the morphological
structure of genetically engineered bacteria before and after uranium enrichment. The changes of elements and
groups were analyzed, and the behavior of uranium(VI) enrichment was investigated. The results show that the
genetically engineered bacteria has the best effect on the enrichment of uranium(VI) when the solution pH is 5, the
ratio of bacterial suspension is 33%, the initial concentration of uranium is 30 mg/L, and the enrichment time is 60
min. The enrichment process of uranium by genetically engineered bacteria conforms to the pseudo-second-order
reaction kinetic model and Langmuir isotherm model. The enrichment rate of Deino-dsr4 (92.45%) is significantly
higher than the wild-type deinococcus radiodurans (72.02%). The genetically engineered bacteria will have
considerable application prospect in the environmental treatment of uranium wastewater due to its multiple
advantages of radiation resistance, high reduction capacity and environmental friendliness.
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