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Abstract: To clarify the performance of functional microorganisms involved in biological citric acid wastewater
treatment systems, bacterial community structure of anaerobic granular sludge was investigated in an internal
circulation (IC) anaerobic reactor treating citric acid industry wastewater. Microstructure observation was carried
out by environmental scanning electron microscope ( ESEM), and the microbial diversity and microfloras were
analyzed by high-throughput sequencing. Particle size distribution results showed that the most particles’ diameters
ranged from 1.0 mm to 4.0 mm (accounted for 74.4% ). ESEM results showed that spherical bacteria were the
dominant microorganisms in granular sludge. The total dataset comprised 8 397 high quality sequences, which could
be subdivided into 873 operational taxonomic units. A library coverage of 0.936 implied that the granular sludge
exhibited a high microbial diversity and abundance. The Shannon index, ACE index and Chaol index were 4.376,
3 415.51 and 2 246.51, respectively. Genus classification revealed that there were four typical bacterial groups:
hydrolytic fermentative bacteria for organic matter degradation were closely related to Paludibacter, Parabacteroides ,
Erysipelotrichaceae , Clostridium, Phascolarctobacterium, Aminobacterium, Saccharofermentans and Alkaliflexus ,
which accounted 24.93% of the bulk bacterial; H,-producing and acetogenic bacteria were correlated with
Petrimonas and Syntrophomonas, which accounted for 34.89% ; methanogens of Methanosaeta accounted 3.44% ;
and the microflora groups of Levilinea, Longilinea and Thermovirga could be capable of tolerating toxic industrial
wastewater, accounting for 14.62% instead.
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i J& ( Verrucomicrobia ) {H 1 F 16S rDNA [ SCJF
A FIIA PR (100 25 Z247) , ALRERS S AT R 1Y
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V5 A W B i 2 G LA T 1) v 3 i
FORAI AT L B W] P8 (1 0 5k 24 ) L BE
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1.1 FR5RESEN

PRAEBURLTS P I A e i A 7 T AL TR
IKAL BRI IPEFR (1C) DA (1 400 m*) | FHZR IR K
PR TS YRIEVE 3 IR, 72 AR AR AR L AT R4 43 A
I 3 3k SR A AT LA TR T e AP .

JRAAIURL T e SHOULZES #4938 1o A5 451 40 L 1 S F
B (FEI QUANTA 200) X% A%: ity i b 3 25 5% UL SC ik
(4] REWRISTRTE 4 °C 10 000 r/min 51 F 5.0
10 min, Y 8 DLVE , B UTVE L & - 80 °C M AR It VK A
(SANYO,MDF-U32V) %k 24 h, B J5 7 BUE T%
PR Freeze Dryer, FD5—series ) 1 ELZ5 11524 h,
W 25K A3 R A e 4 S HEA TSR, TR X -S4k eI
{L(EDAX Genesis 2000) 70k 15 e 1 TC 2R 2H AL
1.2 SEENF

Bo.5 g Bokiis e, it il 5 & (E.Z.N. A Soil
DNA,OMEGA ) $2 B AE M 5L 41 DNA i 3 1% 35
IR 5 T P ARG 00 el B 3 PR A ) o R R
Qubit2.0 DNA 250 @A I A ZH DNA V.

PCR ¥ ¥4 BF H 51 # & 341F/805R, HI

CCTACACGACGCTCTTCCGATCINCCTACGGGNGGCWGCAG 5
GACTGGAGTTCCTTGGCACCCGAGAATTCCAGACTA
CHVGGGTATCTAATCC"'.PCR S 1A & £ 45 . DNA
AR (10 ng), 5 pL 10 x Buffer, 0.5 pL dNTPs
(10 mmol/L) ,341F/805R F#J4% 0.5 pL(50 pmol/L),
0.5 pL. DNA A7 (5 U/ ulL, Plantium Taq, Thermo) , %%
JEZIK 2 50 pL.

[l —HE I E 3 NESE,PCR P B)IF T,
95 C HiAEHE 3 min; 25 NMEALE 3 BB, B 95,
55 F1 72 °C F4&444F 30 5572 CLIEM 5 min. PCR
FEYIIE AT BONE M H Uk, a5 DNA R E] iR R &
(SanPrep, A= T.) %} PCR P~ 47 Rk,

A PCR 7= #0314 Qubit2.0 DNA #6328 571
BREE = , I8 0 bR 2 , i 1 lumina Miseq
DU 15 58 IO i v 3 2 003
1.3 MEVEBLERSH

Xof el I Y A P AT B (QC) |, A BR
AFFEELRWTIY P9 R B AR T 5 5 5. 6 T
RIFHNHEA AR AT IE R 3 E A 2T (OoUT,
AR T 0.97).0TU RIER A uclust (http://
www.drive5.com/uclust/downloads1_1_579.html ).

THHEMA Y Alpha ZAEMEFR S, S SR
BB ARG E ACE #5305 Chaol 5% KL 5
S 5 R (coverage ) THE A K. C=1-N, /N, H
N R REH 27 51E OTU $0H s N 2 5751
KBS A R R RO o B E A 2 BT A O
DI g AR AS ch g R R AN B R AR O TR A
KA H=-X P xInP,, Horh PR & FREY) FI A5 HE
A SYIPECAE , S5 0 T A AR S . ACE $8%K
Hl Chaol F5 %I HIRAGTHHE# Th & OTU % H )45
B, HEPOARTA]. Alpha 2 FEME 23 BT R R mothur
(http ://www.mothur.org/) .

i id RDP classifier 215K 7750 3E 419 4325
TEH] (phylum) |J& ( genus) S 70 2L e 4%
e RPN SIS S 2y L7/ e i A
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Xo R 5 e 1A T R BER 38 2 A1k s 4R 20 R X
WEOZETRORAE R Seit 1 1 345 AN UKL 0 R A2 K /N
(K 1(a)), 3+ FIH Origin Pro 9.0 B {F2: Hil ki 4% 43
AHEIRIET, 2R AN A 1 (b) B, IREAUBURLTS U8 08 T
TEERR , 5 B A ORI R AE  RLAR 7E 2.0~ 3.0 mm 1Y
WORLFT (5 Ll 22, 3K 37.9% 3 KR RIARTE 1.0 ~
4.0 mm, I (5 AR 74.4% ;4 ~ 5 mm BB AR e /D,
EE ik 4.8%.
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Fig.1 Appearance and particle size distribution of granular sludge
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Fig.2 Microorganlsms morphology of anaerobic granular sludge
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2.2.1 FEARFFF

D FF$A5 AR B 41 10 392 4%, Z2 4 barcode JF
ﬁlJ Wi 5 [P 3, 001 7 B4 LA 25 SR oI s i 7

it A KR XA 7 81, A5 8 n] HF B
8 397/«%“%,1_%? ISP EE S 4143 bp(FR 1).
FUAITORE 5 e B B R R A 7 91 40 HP 34 K%
G, PRG5BS W 2 R A BT ELK
1 BRUFEFIISNER

A Z R B

A=) Alpha ZAF VRS B45 R N3R 2 o, bl
BUHBREA R R A AR, LTI B OTU %5 H
YR, P2 A 3 (a) BT s Y T B LA it
2 [ B A5 2 A AR Ath 2 (16 3 (b)) (ACE 5%
Mk (E 3(¢) )5 Chaol 1L (K 3(d)).

R2 BHSRMEY Alpha SHEESGIT
Tab2 Alpha diversity statistics of granular sludge microbial community
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JF5 % OTU %4t Shannon 840 ACE 48%( Chaol #5%k B#%

Tab.1  Analysis of sequencing result for sludge 8397 873 4.376 3415.51 224651 0.936
‘o S Tk JFIT BRI Y 8 397 A ¥4 53 873 4~ OTU,
R f I Fe 2 PR i . o o
TR TR MFRAVE IS0 AT REHE T , R WA RURL TS U8 Fh i
R 032 s 4143 AR & BB K 0,936, AL 3(a)
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Fig.3  Analysis of species diversity
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Bt T (genus ) ZKF-XoF 7 4 17 91 5 K G il o G481
It e e = AR L, S5 R A& 5 FeR F T Fr f
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Fig.4 Microbial richness on the level of phylum
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N3 645 25 Z Wi I8 & B Erysipelotrichaceae 5
FLERAR T AR AR Al e K oA LR S
RFLIR , PRk 05 8 Hh I 2R W A 1 Rl A A8 Ry
FLIR AT o3 fift.

Paludibacter 1 Parabacteroides T J& T i Eb 5l 73
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ARSI T REH & . Clostridium (#R2 W &) BT 5
FLBIIH 5.95% 405 551 500 4, 2 Uk Ve Ot 4 il
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SFPERIR, Z R PRUE A T 165 xDNA SCPE T
2, 03B TR RR I K IR A WORL 15 JE TR 4544 | )R
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Syntrophomonas T (i Ll i iRy B 35 (20.76 £0.51) %,
JE RSB RE , X 1 4R K A AR T I 3 BAT
Sy aRiNEARU Iy e

351 72 800
307 a1 12400
12 000
11 600 Eﬂ%
11200 &
1 800
4 400

0

5 Genus /KF _-#FhEEE

Fig.5 Species richness on the level of genus

Methanosaeta( FIEEE &) I &5 HLBi ok 3.44%
B P A 289 Z%, s UKL TS IR AT I K IR A Ak ™
FBER BE D BE BRI . 2 SCF5 45 AT T IC R
s A BT I K 0 38R B LB E M RE VR s A A A
KB Methanosaeta TE i BEK G fif T AL S A 2,
A 27 B o T ELAT Tt 52 /55 171 fer P BB Phascolare-
tobacterium J& T TEREH |1 ( Firmicutes ) , 75 B0 {5 I8
HORT o E R 1.63% A5 781 137 4%, BAT IR
W= d e AR R e

Levilinea(11.42% ) Fl Longilinea (2.2% ) J K&

28 TR 4 ( Anaerolineae ) Y HiL 7 3% A5 W T8 & . 8 B iE
SN B Levilinea A7 AE T 4b P 25 Tolb R /K A IR
SRSV 2R R I Levilinea A AR
J& ( Longilinea ) 52 Ab FREN YL 2 7K UASB JZ v #% PN 1
AT JE. I, Levilinea 51 48 1 J& ( Longilinea ) )
AT 52 TR K A #5952 % 19 BE JJ. Thermo-
virga TG FUBIR 1% 408 51 84 4. EA W dE
137 A=Wy A2 A A SR B (R LI 5T
KIX Thermovirga FE Tt B8 P YK J5 1 BHAR A& W) 5 vh
i BB R 15.9% , 7 5 A A S SRk i (5 rp
PEOCHEVE 0 i B A TE AT B T4 o UKL 75 8 %
Tl K A B BT R TIE 52 1R BE.

Aminobacterium , Saccharofermentans 5 Alkaliflex-
us 3 Fh A& BT o5 EL BRI, 50900 0.68% ,0.61% 5
0.52% 1% 3 S TR W5 10 FT A 8 I W A= ) ol A oo A
rhX 2% 3. H TP Aminobacterium 2 5 & K5k TR AR5,
Alkaliﬂexus-ﬁ*ﬁ EAR i B%% Yhe , ] LR Y 45
@Z—‘ig—gj[ 18] .

AN P EE R 1129 &F 5 5 e A HE
AHALPEAR , ANBEIE S Hid— 2 | H Unclassified bacte-
ria (RBIBH R ANTE ) R, B b LBl 013.45% , 31X
SEFE S VR TR RRR AR SR A L BIME T 0.5% 1Y
F9N Z M 727 4%, 08 IO B Jis —F B2 3 1 8.67%. 15 ]
WORLTG Je IS AF IV 20 F U RR , BN R
TRHGERE , (AR V5 U6 TR 45 14 1) S22 41 53

LA 3 A R0 DR ARIORE 15 U8 D RE TR AL 45 4
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liflexus (JIT o5 Lo B9 2 1Ny 24.93%) 5 7= 27 £ B2 T A
Petrimonas 5 Syntrophomonas (It (5 F 1] Z #1 R
34.89%) ;7= HBEEE Methanosaeta(3.44% ) N AT A2 Tl
FOKBEE IRV EYI R RE Levilinea Longilinea 5 Thermo-
virga(FT 5 HCBIZFIA 14.62% ). B 2 Fh Ll RE B RF A AL
PRAIURLTS JERE T 45 H , AT 280 58 i e VR BE AT R
PRI B K ARG T O T P B F VR
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1) PRAE S0 5 Y6 7] 45 5k B V7 [ A BE (VSS)
B B8 T (0.611) , R4 Wk R AR 7E 1.0 ~
4.0 mm(74.4%) .ESEM 7ROk i5 Je hAE 7 K
B2 1 wm BERIE 40 ; EDS 455 %1 €0 . Ca P,
N . Fe .S iX 7 e E i o B /0 B0 5.

2) il S RS 8 397 A RUFH, v R4y
YESr2EBAC (0TU ) 873 4, Alpha ZREVESS BB /s
Wb SRR 75 %K 0.936, Shannon F6%00 4.376, 1 ACE
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