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KRR MPBNTERE; BURLTGUE; WUEVIRE, mal N
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1.1 ERkIEREBUERS

SIS FH R Y8 J I I R S AT i) i R A 16
WAC) S Mg v, FORLys Ye OFE Je , L BIVE T UK A8
—20°C JRAEDRAE# o AT IR, 0KV S e H 25
TRV o W DAL, BRI e SN
1(a))o JH BT A (TS S) R 7 kT 5 e ] 44 25
i ow(TSS), AR MR TR A (VS S) Sk i 12t Uk V5
VeI T A B 1R B (w(VSS)), w(TSS). w(VSS)
TR E o

1.2 U(VD)ERRRALE

FREC— 7 11 U;O(40#14k), 3% GBW04201 J7 A
AR EAIE (20 mg/L). U(VD) ZBRR 5625 B an & 1(b)
Jro, MR b3 A AR 4 A1(0.5~1 mg/L). HURhbRiE
WL LB T KRR 2.4, 480 7.2, 9.61 12
mg/L T pH=6.0, MIAVEPES IRk 5 2 g, 18
R R TR UVDIKREE K] SBr-PADAP 4366
VR,

1.3 BT RN E ISR

0.5 g N MERS Je e dh, @ik 10000
r/min. 4 C&.0 10 min, Z:fk FiEW. & T-80 CiK
Fi(SANYO, MDF-U32V)¥4 4 24 h, Jlit B8 %

1 FUkEyg e & UV 2 BRise he B s 18

15 M. (Freeze Dryer, FDS5-series)X £ il FL25 45 24 h.
2 R4y, i FEI QUANTA 200 FREE41 4
T BB (ESEM) VLSR5 YR Tl 45 44y, I iR 4
Ha2& 1, Al EDAX Genesis 2000 X S £k 1% {X (EDS)
I AT MR T T A

14 SBENFEEIES
1.4.1 H:N4 DNA 425K PCR 414

0.5 g fikivsie, %M OMEGA 2
E.Z.N.A Soil DNA @ AE 28R, Hhf Mok e 5k
[ANZ DNA, FIH] Qubit2.0 DNA I3 5] 0k 3 [ 41
DNA Fiffie &, L2 PCR N NI DNA &,

KA T Miseq WFF& 1) V3-V4 Tl 519
341F(CCTACACGACGCTCTTCCGA TCTN(barcode)
CCTACGGGNGGCWGCAG) Y 805R(GACTGGAGT-
TCCTTGGCACCCGA GAATTCCAGACTACHVGGG-
TATCTAATCC), Xf 4l 16S rDNA i BedtAT4 1. 50
ul AR R HS: 5 ul 10X Buffer, 0.5 uL 10 mmol/L
dNTPs, 0.5 uL 50 uM Hi 514, 0.5 pL 50 umol/L J5 5]
Y, 10 ng DNA FE LA K 0.5 pL Plantium Taq
Polymerase (5 U/uL, Thermo).

PCR # R FUI R SE7E 95 'CV 3 min, A5
HENY SEOGHR, BF— KT MR35 95 CL 55 °C
72 CHLEE FARFE 30 s, JLARFR 25 Ik, FJafE 72 °C
TRFF 5 min, BJ57E 10 CTEAE R 5 min B KGR V.
FEAFER RS 3 K, B —FEmIRE G 2% 5y
e QBinWi =g 87 3110 SV T IO B w22 S /A e S £
SanPrep #3 DNA AR & (cat: SK8 13 1) DI AR [H]

(b
Sampling lu- Gas-guide
tube tube
Shaking
table —
Granule
sludge

Fig. 1 Morphology of granular sludge (a) and schematic diagram of U (VI) removal test equipment (b)
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5 PCR 74,
1.4.2 i I L i o A

A Qubit2.0 DNA Kl 7 £ns M i) DNA K
fifiE i, 3 Miseq W1 & 24T Sl . 0
RFPHIBAT I, ERRGIFs). BB KR
Fo 5 ARG P41 o 5 22 517 AR AR B[R] PR 2
BEAT IR, WA P 51 Z [A) PRI ARALPEAE A 354 (0.97) K1) 43
BAE 7R HI8(0TU).

KM Mothur 4K {f (http://www.mothur.org/) 43 #T
Alpha ZFEEFREL, BHFFE E R E(Richness). A Ak
#5844 (Shannon Index). ACE #5%{. Chaol f5%(%. F
TR AN TR AR R AR R AN, S bl
AR RPN ORI B RIGE(H) T S %
e mtE, AR H==3PInP ki HALF P,k &P
YIRS A SR LA T ACE #5501 Chaol 4R
AR A OTU £ H L 45 ] it 2 K1 1) .
VISR 5 SCPE I 7 35 K (Coverage, C), HHARXN
C=1-Ny/NEH: N, A HEH %750 OTU 14
H: N R L S 7408 D™, SR RDP
classifier ¥ A HEATHIM 7328, LARE(Genus) by 73 26
AL, AT SRS, 2B o A
KK

2 ZRpth

2.1 BRLTIRMR

AR R, ORI G I IR AR ERIR, RARZ N
0.5~3 mm( WL 1(a)). Bikiy5 P11 w(TSS). w(VSS)H
w(VSS)w(TSS) B Ml i& &5 Rk 1 fra). H,
w(VSS)/w(TSS) rI F Al 5 A= 40 5 UKL v 6 v B oy
RIEE], w(VSS)W(TSSYEBK, TAEYIPT b LA stk
1o FHER 1 A&, ORIV 5 IR w(VSS) A 5%(T 73 45)
Y598, w(VSSYW(TSS) A 0.611, FlA=HHT v Lol s
[T T AGHY IS TNt AP e L WPNE=K 1 € st B
RIS A, TVF 2 DA UV BA B AN
WIEAVERT, B, LIRS YT UV LB T

R HEEENTGIER R 45 R
Table 1 Result of sludge concentration by weight test

Wet sludge/g Dry sludge/g Burnt sludge/g
4.076 0.332 0.129
w(TSS) in w(VSS) in
w(VSS)/w(TSS)
wet sludge/% wet sludge/%
8.1 5.0 0.611

22 U(VI) WERBRMR

M2 S HER S H R K TPl IR B — M E 5 mg/L
AR, fERIRIRZ BAF R BRI, HUEE Hh
kA e T4 10 mg/L BL b BE U(VD¥IEE
WS, BWE 2.4~12 mg/L IBRREWHL I55 0 =i
%4125 °C), I pH N 6.0, BTGV 2 gt
VSS 4 0.1), M 24 h 5, W E RS R UVDik
FE, R UVDIERRE, 453 wE 2 fis.
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Fig. 2 Removal rate of U(VI)

M 2w AL, FORLTG Ve AN [RR BE 1R UV R
RO, fEARIRIE U(VDER (2.4 mg/L), %
BRFH 73.6%. B UVDIRIET: @, bRz it
i, WA UVDIRE N 9.6 mg/L I, EERFREwE, ik
£ 95.1%. 7EHIUE U(VDIKEE N 12 mg/L f500 T, £Bk
RIS T B (94.7%) . N 24 h 2 )5, 5 AFER RIS
U(VD)IRJZAE 0.47~0.92 mg/L 2 [f], K845 UV %
Br, SonBURLG e R B R ahEE . 18
146 UVDIRIE K 9.6 mg/L 4531, UVD) B F f i
R4 U(VDIR S B%(0.47 mg/L), RERLLS H S WERTRE Y5
T L BRENIRENE, EIULAAE T Bk S Je 2 T TO0
S KL IS 55 T A )R s S KRR AT

2.3 EMRSHE

Wb R TR 5, PR B4 30 s,
7 20 KV D WL R T ITEAL M WE 3 Pros. JFA4
J TR R AT RE VS 20 A, L RE T BRI % 0 R I 4Lk
w4 L 2 fioR.

WP 3 mIa, ORISR AE RS A ERE, HAR
T 1 pme PZEREBEREA K, BRBIREH,
XA B T A S AT AR K B EL R P R
L. (R BT T ANt A BRI ROk Je PR 5
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U BT R RERE T, 25 (1AL v Ve 4N i SR A R
EDS B/R¥EH U JSLHRAAE. &t 9.6 mg/L 4liab#,
Wk e R e . TEAIIRR. KR, R
PRAABURLY 5 e RERS TR 52 45 iy U(VI) WREE, HENIL g
AP RARIRBIC IR [ ORI E g T e
FHEE,  FORLY5 Yo R 27K v o 4 e i PEHRP L AR ) KR
5, TYUPA 25U G0 Sl iE P v e 1) 5 3R H
R URE 75 e 4 e 7 VR R I BTk Re g 4
50%. JE I BB S AT RORL VS e T e R AL R L, 2

B3 WURG e i EY I A i

Fig.3 Microorganisms morphologies of sludge particles
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Fig. 4 EDS results of elemental composition in granular

sludge
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Table 2 Composition and content of elements in Fig. 4

Element Mass fraction/% Mole fraction/%
C 35.98 58.21
O 13.15 15.97
Zn 1.22 0.36
Mg 0.45 0.36
Al 1.42 1.02
11.21 7.03
7.14 4.32
U 0.59 0.05
K 0.35 0.18
Ca 18.91 9.17
Fe 9.58 3.33
Matrix Correction ZAF

HEW: C. O. P. S. Ca. Fe 6 Moz M FIE
W&, BTl RE B FAE] 95.97%. BT U KI5
FFEK, RNEGWR, A, FEsEch
0.59%.

2.4 REMEEE SRR
24.1 FERTFH

I e S5 U PR 51)(17683 40 HEAT Ieds , A dE 25 B
Barcode M3 Primer. DA MR R IT A, 2Rk
BAR SR I ANT A o A EAEA T T A R )
HEh 15939, KJEREIAE 400~500 Z[i], T
£k 416(IL35 3), WA 45K .

&3 WEMFSI SR
Table 3 Microbial community sequencing results of

anaerobic granular sludge

Filtered number ~ Mean length

15939 416

Sequencing number

17683

242 WAEMZEENED

H4 2 5 7 5 4 L e H 1) (R BE 20 e AT T T 2R 2K,
J AR 7 410 2 1) R ARARL R A A 3818 (0.97) 43 e B A 43
HHILOTU). 5 Alpha ZFEMESRRS, WIGEREE
B4 (Richness). 7 A% 5% (Shannon Index). ACE #5%{.
Chaol 54055, 7 i % (Coverage)s, H4i Rk 4
TRo FEAS T BENLANIUT SV B BARER, 43 50l LAAH Y. )
OTU #H . FARIEH. ACE 5%, Chaol FRE A AL
b, il E R A ARIREUE. ACE 17
K5 Chaol $R%(E, 455 Wil 5 Prs.
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Table 4 Alpha index of microbial diversity in granular sludge

Filtered OUT  Shannon ACE Chaol
Coverage
number number index index index
15939 939 4.099 3140.55 2122.53 0.967

ARG A 55 R IR $) 0.967, AR L 1,
JR BREAS TR B B DU R AR A, REAR A M A
RIEARESNG L. 15939 457510 43 1 939 4~ OUT,
FEANGAE D FERTTHERU A — DR B, R
g e P AR Z . B 5(a) R I & R
ih&im g i, SR B E A B, IR L
S BRERE R B

HH# 4 W%, Shannon 5%{E 4 4.099, ACE f5%%
153 3140.55, Chaol F&%A 2122.53, X 5(b)~(d)
3 Fhihgk, JPAIECEIA R BRI A, R AT
AP AT JR A5 S R T 1 S R A ) 22 R« R G TR B
7F 9.6 mg/L ¥I4h UVDIKREE T, BokiyE IR LR
TR R R 2 R, BRI S Ye S B (R
BB TP
243 TAEYIEEK SR AT

EFE OTU FAF it B AR P 41 (BRI = 8 i
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©—Richness rarefaction result
0 L 7 1 1 1
0 4000 8000 12000 16000
Number of sequence
3000
5
.'g 2000
m
Q
<
1000 -
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0Ok . . .
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Number of sequence

5 R Z PRI

), KHEAE RDP classifier #E4THF4335, 047
genus () K1 N e 21 £ i S FEEE A, 6T B oy LA
INF 1% RN G — F“Other” 27, M4 B 8 28001 &
JLEEH, Zedidy i -F REAIR I, LA RWE 6 s
L6 TR, ROk e R VF 2 IR T Al TR R
AT RA R [ EEH] . 41 Acinetobacter
Clostridium . Pseudomonas » Sulfurovum- Sulfurospirillum
Jo Trichococcus. Acinetobacter(ANFF#N)FT by LL 1
17.81%, BEFH 2838 4%, NHURES Y 2R — K
W . Acinetobacter JiG /KA HE WAN AW
J&, ISLAM %5020 o A% G 15 3% MK 7210 4 14
W BORWESE T 40w R R, IR AT S
15 7R Acinetobacter LML E E, B ARG
Je A A SR BE PR B8 )« Clostridium (R T &) T o Lt
Bk 7.2%, AEIFH 1148 4, fERORLYS I [ a3
BWE. Clostridium J&T JE5E1% ] (Firmicutes), &8k
IR —F, HACRIIEMTEES . ZHANG
B SYR FIARXS Clostridium sp. (R4 K KW Bl
RN, RILES AR Clostridium sp. 1 AEK =2
BEFAER], T B A0 il 25 BRAACR
Pseudomonas(15 -} B FT b7 LB 14 2.85%, B&
JFH1) 454 5%, MR e FEE R —. 52

| (b)

r
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Fig. 5 Results of microbial diversity: (a) Richness rarefaction chart; (b) Shannon rarefaction chart; (c) ACE rarefaction; (d) Chaol

rarefaction
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Fig. 6 Abundance of microbial species in genus level

WK I Pseudomonas of Bl HAT AR vy (149 WL B [0 5 24
%, CHOUDHARY “:"Wjt 5% &L, 1€ pH N 4 (IR
AR, BRI R Pseudomonas aeruginosa XA
W B AL 275 mg/g(TTAT), e M A] LAl A=)
W AAE I 2568 99% M il PEal,  JFREPREF R4F I
WEPE, o HE o AR e .

UKL 5 Y6 25 A P9 b il 28 IR R R B, D
Sulfurovum(2.7% , . & JF % 430 % ) 5
Sulfurospirillum(1.11%, QEFFH) 177 45). Sulfurovum
BAT A SRR S Ak Die, HANDLEY 45IgE47 74l
RS S W E R a5k o b, )
Sulfurovum 5 Al i B2 h & B F R B .
Sulfurospirillum J& § I A B IR AU 2 22 IR B PR
W, AR TEYES e DR, R K RGE
vt E s Rg T, Hr, S MNlwR e T 4
BE D 2 U, W AE AR B, Sulfurovum 5
Sulfurospirillum 0L ¥R AL & 130 R, W] 4% 52 1%
U(VDHIE J5R 5 [8 5 o Trichococcus(PH 8 3K & &) BT iy bt
B4 2.1%, GLETFH 334 4. AT TUBHT RS2 A0
W R SA A ST SR A R 70 M, RIS A v
AAAE, R SRR AR JEAR S, BN i v Ah
FFAE .

bR T R BhE R [ 8 TR R 2 A, RO VeI AT A
B2 A AP w & . HEEE 072 Petrimonas(FEA
W E), A LBk ] 19.33%, A8 P48+ 3081 4%.
Petrimonas FA PAA K =2 A8 )7, SUN EIHEAT i
PRV V6 AR W 98 L el Tt R TR A5 R R BT N

Petrimonas Y57 P &P IRFAMAD, 50 A
FER L FE . Levilinea(11.96%) 1 Longilinea(1.77%)
B)J@ T4 ST 10 R S8 B 2N (Anaerolineae), it
UV ok DR ARE P T e o b R K R (R 25 34T A
W, ORI YIREE T Levilinea [WAFA(E; T 2748
SOV b 3 B G PR K 1) i RO K AR R A UASB V2%
WG TRV Ve T BE A K, KIL Levilinea . 48 14 J&
(Longilinea) & Yo i AL 5w J o IXSEWTHT 45 SRR W -
Levilinea 528 J& (Longilinea) LA 1 N TV R K E
FRIELIRE ST

Paludibacter F1 Parabacteroides W J& T v LL A 5
W 425%5 4.19%, BIE TR, UFELZL
PEIREGED), BEFCBERIRI], ST R B R LT 4E R
gt R b R B AE Y, Re IR R R
BEPZINIR . SIRAVDET IR, A7 SERR Mk AT IREUK 9
FEEAE/ . Erysipelotrichaceae FIT b5 LU N 2.43%,
FUR UL A 5 FLRRACHHAR S, i ks Y B A
FrRR IR P A AL PR AR R N2 v, IR F ] B 41 T
R = T4 . Proteocatella J& T 5 EREH ,
AEARI T LB 1.98%. B PS4
WL e g e DR AR AL S A A e 2 REPE A
BUEL, K3 Proteocatella AFAE ARG T, ANHE
iGN pH A 9 WIIPEIRSE . Syntrophomonas(H. & H g
P AT CABEAR TR, o PRAEUR IR T LIS E ), A
Ko BT E Il 1.34%. JAFFRRYMT TR LR UR
N 25 Ak B3 AR R 7K R RE S D) RETE BE VR 3 b, BN
Syntrophomonas HNILHALFREE, BTy Lol B e ik
F(20.76% £ 0.51%), Xt 4R K 28R 5 fur e sh R B H
SR/ ARHE7IRU I g

MRS Jerh &% A2 KMo KW
(Unclassified bacteria), T ity L4 7.85%, 145 341 1252
%% . Unclassified bacteria )75 5 B B @ AR,
BN Ry — 2, S UK e A T A AL IR B2 G O
A, KA LB T 1% &4 —H other £,
XL T A EU R 9.6%, P82 F1k 1540 4%
FERMURLY 5 e b A KR & 2RI s, e
ANE TR, {15 Unclassified bacteria —Ff, &
DR RIORE 5 e A 7 25 A6 PRI RS R Tl Al 2 e e 38 i A
o J34b, REASIRIA BEAIA L e T Sk A= P A v 45 4
R, AR RSB TIRAN 3T

3 it

1) U(VD)IKELE 2.4~9.6 mg/L, BEAE UV E 1
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hn, kLG e LB UV . fE9148 U(VI)
WREh 9.6 mg/L. pH N 6. BEINWETSTE 2 g(w(VSS)=
0.1 94T, UNVDIIZRER R, 1AF 95.1%,
P4 UVDHBERAR, 4 0.47 mg/L.

2) I B (ESEM)SE R BoR: kg v b
WAEMILLEAZ) 1 pum PERIEANEE A T, ek s
W BRI, KR, MERRERS . fEis
Sy HT(EDS)tIF B T 40 e Al (1 A7 15

3) B R 15939 A %UF A, ATk
YE43FEH.TT 939 Ao FF i SO 78 55 %4 0.967, Shannon
{64, ACE #5455 Chaol 5204354 4.099. 3140.55
15 2122.53, RWUEURL S P RUE Y 2R E R Y
e BRI, RGeS 22 L
& J I e

Pseudomonas

41 Acinetobacter » Clostridium .
Sulfurovum ~  Sulfurospirillum
Trichococcus, X2 RURETS e FAT R a2k L S it il
PERERI BN o
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Analysis of microbial community structure of
uranium-resistant granular sludge

ZENG Tao-tao" 2, LU Hui-zhen?, LIU Ying-jiu?, LIU Jin-xiang?, RONG Li-shan®, MA Hua-long’, XIE Shui-bo*?

(1. Postdoctoral Research Centre of Mining Engineering, University of South China, Hengyang 421001,China;
2. Hunan Province Key Laboratory of Pollution Control and Resources Reuse Technology,
University of South China, Hengyang 421001, China;

3. Key Discipline Laboratory for National Defence for Biotechnology in Uranium Mining and Hydrometallurgy,
University of south China, Hengyang 421001, China)

Abstract: Anaerobic granular sludge was used for uranium removal under various U (VI) concentrations (2.4—12 mg/L).
The environmental scanning electron microscope (ESEM) and high throughput sequencing were carried out for microbial
community structure analysis. The results show that the maximum uranium removal rate of 95.1% is achieved under the
conditions of initial U(VI) concentration of 9.6 mg/L, pH value of 6 and wet sludge of 2g (the volatile suspended solid
concentration is 0.1g). ESEM results show that the spherical bacteria with diameters of 1 um is the dominant
microorganisms in granular sludge. The energy dispersive spectrum (EDS) proves the existence of uranium in the cell
surface. The total dataset comprises 15939 high quality sequences, which can be divided into 939 operational taxonomic
units. There are high microbial diversity and abundance in the granular sludge as the library coverage is 0.967, and the
Shannon index, ACE index and Chaol index are 4.099, 3140.55 and 2122.53, respectively. Genus classification indicates
that there are many typical uranium-reducing or precipitated bacteria, such as Acinetobacter, Clostridium, Pseudomonas,
Sulfurovum, Sulfurospirillum and Trichococcus, which contributes to high efficiency of uranium removal and
uranium-resistant property in the granular sludge.

Key words: uranium-resistant property; granular sludge; microbial community; high throughput sequencing
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