TRAE SRR Nov. 20, 2022, 49(11): 45494566
Microbiology China DOI: 10.13344/j.microbiol.china.220299
http://journals.im.ac.cn/wswxtbcn Copyright ©2022 Microbiology China All Rights Reserved

iRe
O/H/O

BEAL kEE HER KAL RED HE FHE°, &K

1 RGBSR R S VIR 252408 | ARA B HE ARG L2 oy SR %, T A I 510006
2 AR T R IR S TSRS, T4 M 510006
3 AER PR T R SRETRABE, 4 TN 510006

AN, kEE, BOEE, MWAE, RG2S, (IR, BN, KRIL EHEK O/H/O0 YA T2 = Ur ALY I 4R
WAEY AR FNINRE[T]. A4k, 2022, 49(11): 4549-4566
Tan Zhijie, Zhang Baoshan, Xie Junting, Lin Yuexia, Wu Haizhen, Ren Yuan, Wei Chaohai, Zhu Shuang. Microbial structure and

functions in the second aerobic bioreactor of O/H/O coking wastewater treatment system[J]. Microbiology China, 2022, 49(11):
4549-4566

B OE: [#F] BEKOHOAMNIE L L4 —BIF B A MR BOBH R &5 £MH A
R G, A ERKGEATHIR E2ER. (B8] EROAE YR B RAED M AT fE.
[7 %1 #IA16S IRNAKE R, AR O M B 35 49 i AL 4 3 At An 2R SE AT TR, 48
THENBFEFATRES R F. [£R] 0,8 %F 11A T H B I (Proteobacteria). AT A I
(Bacteroidetes) 4k # 11 (Chlorobi)# £.. %A /& ¥ 41745 3) i /& (Rhodoplanes). 4T B /&(Lysobacter).
FAHF 8 B (Thiobacillus)% 55 1.5 & £, & (chemical oxygen demand, COD). & % (phenols)#= i A EL
# (thiocyanate, SCN ) F| 477 4898, TAALINE B (Nitrosovibrio)Fa FEAL IR H /& (Nitrospira)
o AAE A B EA 49 H (ammonia-oxidizing bacteria, AOB)F= £ %49 L #4842 2 AL 48 H (nitrite-oxidizing
bacteria, NOB). ML RE TR FTREEM. BARFTREGM. JSBF 2R G/
FARK F B2 B8 [ fif Ao AR F ORI RN R R AW SR A R T A KA, JEIHAELRZR
B P, IR T A MERRI AT EMGER . KB pmoA/B/C-amoA/B/C haoFanxrA/B% A8 % &
By, (AR T TG FLIER,. R ML RBTIEATH B, Candidatus SolibacterF= 4173 H J& 1&
O£ 5 ¥ 89 E Z M. @it T4 4 # (redundancy analysis, RDA)#& 1 CODA=NH;2 %70 0,/ £ 4
FENEIZAE. (L] LHHE BB E BROT RALSH AT &, 7R A Yd5

ESTBR: R4 HARERE4(2021A1515012256); ™ ZRAFHE R (2018A050506009)

Supported by: Natural Science Foundation of Guangdong Province (2021A1515012256); Science and Technology Project of
Guangdong Province (2018 A050506009)

*Corresponding authors: E-mail: WEI Chaohai: cechwei@scut.edu.cn; ZHU Shuang: zhushuang@gdpu.edu.cn

Received: 2022-03-25; Accepted: 2022-05-29; Published online: 2022-06-20



4550 GRSk Microbiol. China

ﬁ%iéﬁiiﬁﬁ%%m T AEALIRE B o A SR B S RHARAE R 0945 S B B . O, F B9 KagtE
AR BT R A T AR A E, AWK T EZCODFNH 0 k. KA ER T 0,4
&L L #’J Lk, ABACEKOMHOEMIE LTSI T A 3 L oIRIE,

EHEIR) . BALEK, FRAEMR T, 16SRNA AF ZiB N5, AWM, hieFan

Microbial structure and functions in the second aerobic
bioreactor of O/H/O coking wastewater treatment system

TAN Zhijie', ZHANG Baoshan', XIE Junting', LIN Yuexia', WU Haizhen?, REN Yuan®,

WEI Chaohai”, ZHU Shuang '

1 Guangdong Province Key Laboratory for Biotechnology Drug Candidates, School of Life Sciences and
Biopharmaceutics, Guangdong Pharmaceutical University, Guangzhou 510006, Guangdong, China

2 School of Biology and Biological Engineering, South China University of Technology, Guangzhou 510006,
Guangdong, China

3 School of Environment and Energy, South China University of Technology, Guangzhou 510006,
Guangdong, China

Abstract: [Background] The second aerobic bioreactor O, of the oxic-hydrolytic-oxic (O/H/O) system
contributes to the biomineralization and complete nitrification of residual pollutants, which is important
for the standard discharge of wastewater. [Objective] To elucidate the structure and functions of the
microbial community in bioreactor O,. [Methods] The 16S rRNA gene was sequenced to investigate the
microbial diversity and composition, predict the microbial functional pathways, and reveal the microbial
co-occurrence and the environmental driving factors in bioreactor O,. [Results] Proteobacteria,
Bacteroidetes, and Chlorobi were the dominant phyla in the bioreactor. Among the dominant genera,
Rhodoplanes, Lysobacter, and Thiobacillus were involved in the degradation of residual pollutants, such
as chemical oxygen demand (COD), phenols, and thiocyanate (SCN ), and Nitrosovibrio and Nitrospira
were the ammonia-oxidizing bacteria (AOB) and the dominant nitrite-oxidizing bacteria (NOB),
respectively. Functional profiling suggested that the benzoate degradation, aminobenzoate degradation,
chloroalkane and chloroalkene degradation, eluorobenzoate degradation, and nitrotoluene degradation
were the top five pathways in the xenobiotics biodegradation and metabolism. These major functional
pathways were distributed widely in the dominant genera, implying their roles in biodegradation of
residual pollutants. The pmoA/B/C-amoA/B/C, hao, and nxrA/B encoding related enzymes constituted
the nitrification pathway. According to the result of microbial co-occurrence network, Lysobacter,
Candidatus Solibacter, and Rhodoplanes occupied an important position in the O, ecosystem.
Redundancy analysis (RDA) suggested that the microbial community in the bioreactor was mainly
affected by COD and NH; [Conclusion] Rhodoplanes and Lysobacter were the key genera for
biomineralization and ecological stability of the community. Nitrosovibrio and Nitrospira played an
important part in nitrification. The metabolic pathways in O, were dominated by biomineralization and

complete nitrification of residual pollutants. COD and ammonia (NH;) were the main influencing
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environmental factors. This study illustrates the structure and functions of microorganisms in bioreactor

0O,, which is expected to lay a microbial basis for improving the treatment of coking wastewater by

O/H/O system.

Keywords: coking wastewater; aerobic bioreactor; high-throughput sequencing of 16S rRNA gene;

microbial structure; functional profiling
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Internal recycle of nitrified wastewater
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Raw — ﬁ‘_ alila —-“ “ = — Standard
water == — - ' discharge
— a3 — ) KA 9 = abe
Primary RNIZRO, Wi #RH R Ni#RO, Tertiary
treatment First acrobic Hydrolytic Second aerobic treatment
bioreactor O, reactor H bioreactor O,

1 B{LEK O/H/O £ IB ARG RIZ
Figure 1

1 MRE %

1.1 M
.11 EZERFIANES

DNA #HGR7) 8 PowerSoil™, MoBio 2 H] ;
TRIEHE , Biowest 2\ 1] ; 16S rRNA 154,
A TAEY) TR )R A PR A . fEHRECH AR
MEAL, YSIZAH; PCRAY, Bio-Rad 2],
1.1.2 #H&EKIE

TGRS VAR L 340k B b4 v B R HE A Ak
EPTABRA v o Ay il B 58 K 1R 44 5 T I 7K Ak
H, ARG RSUET 2 NS TR
TR, sl hmitAdtih. ZOHRGEER
FEBITT 8 . MM T 2021 48 5 H 17k %,
T 51 22, 23, 24 HX ARG R ArAE
YA O, ma AU A 1t K EA T BURE . T6 PR TS
Ve HE i — 2 I 7 B S A5 VK4S B9 18 J A
o, FRRTA RE SR AR 57 S IR S (RS E E
TERATE (14 ] B 5 55 485 X S0l 4S5 4
o FEEhIE SR I, HM TR IRIR G .
B 2-3 mL WFE, SRR Q, FIRIFER @,
KRS OT 4 °C. 12 000xg &5.0> 10 min, JH#HE
MR 6 22 i (120 mmol/L, pH 8.0)%ti% 2 W5 T
—20 °C UKFATRAT
1.2 7k
1.2.1 KERIEIRDHFIEITESH

FEAR@FE 3 500xg T 5.0 3 min, B EIH W]

Flow of the O/H/O coking wastewater treatment system.

1t 0.45 pm JEIEIE BEAT AT . R B AR
i 5 Y e FE B 0] & AR AR AL, IR IR SR A
FORE S S 24 h N 58 UK BTG BRI 70 A o 4= R
CORFPE AR W 4347 2005 (5 4 Ji) ) 1,
XA B TE Je AR bR AT 43T : pHAE . COD,
H: Ak 5 %A i (biochemical oxygen demand ,
BOD)., M2, CN . #i& R £k (thiocyanate ,
SCN"). & % (total nitrogen, TN). NH;., AL
(total phosphorus, TP) ., il &7 [ 1A (total soluble
solid, TSS). 1A ML (total organic carbon,
TOC). #ifk¥(sulfides, S*). W (oil)FI PAHs,
KAWL RA AR O/H/O A=Yt BT
EORAT — R R = A AT 2 AR IR R
i, HEHRIE T R RmiR A AREERE! !,
TE O AW BLas b, Ml BE PR AR AE 19 °C Ziha s
pH {HZ°4 7.01; DO £y 3.47; 7K F1{5 B it [i]
(hydraulic retention time, HRT)}(20+4) h;
15 e 15 B4 B} [A] (sludge retention time, SRT)N
(18+3) d; TRE WA W) (mixed liquid suspended
solids, MLSS)}(2 900+310) g/L; O, izt1%
Honk 1 FiR .
1.2.2 DNA 2B F

K HI DNA $2 IR & 0+ i O 4T DNA
PRI, RIS MU AT . 1%3 IR b
B G L DK A S R IRUBT , BT R A A JE J RT EAT
Tk, 28 Deng E Ik, 7F 16S
rRNA REK ) V4 548X, [ 54 F515 (5'-GT
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Table 1 Operational parameters of the second aerobic bioreactor O,

Temperature pH DO (mg/L) HRT (h) SRT(d) MLSS Volume COD loadrate =~ COD removal
O (mg/L) (m’) (kg/(m’-d)) rate (kg/(m’-d))
19 (18-21) 7.01x£0.16  3.47+0.35 20+4 18+3 2900+£310 1800 0.62 0.47

GCCAGCMGCCGCGGTAA-3")F1 806R (5'-GG
ACTACVSGGGTATCTAAT-3") k4T PCR " 34 5
EMR]TREMBERNBEARAA,
[lumina MiSeq PE300 il J3F- & X $#& 545 21 19
DNA - I 5 o W Br s 1 s 4 5 410145 8,
SR CENEP T ERY/EE s/ €/ s INNE /R E|
gw5 & NMDC10018073,
123 FHo 5 IheETn

23 WP A5 2 T 40 B R UG X 81
{8 Fl Mothur* 1 QIIME V1.7 #4347 )%
G P 4 A0 3k DB AR T B FE A, A5 B G R
S AT R ISR AT P 454 43 25 B8 JC (operational
taxonomic unit, OTU), OTU i#i#f Ribosomal
Database Project (RDP)/73235#%, J&F GreenGenes
Bl e A5 2 YRl o3 2645 B . dlid QUIME it
oo ZREVERSE, it PICRUSE2 #4F" T
LI RE T .

®2 O EYIRNMARRIKEIRILIETR

1.24 HIBELERAIRL

1 ImageGP 3k 02 il ik 2k 1) 2 BE AIR
K. A RiET V4.1.2 11 Statnet fLF1 circlize
AL A B AT Tk . FIR vegan iiAT
RDA 43#r, FFiid geplot2 titfrEfk, BT
OTU fy4axfF: &, FIH igraph fil. psych {u#l
Hmisc {3, R4 17 17 /K 2 (Spearman) #H 5 2 £t
FrAROCHER 28 ittt , FFRIH Gephi v0.9.2 i
Al .

2 HERE500

2.1 O, HIKRIEFREE R

il COD. BOD. Mz, CN™. SCN™, TN,
NH;. TP, TSS. TOC. S* . ili#ll PAHs 3t 13 i
FEFRAHT Op HEH KA K T (F 2). dEHIKATHR
JEXES R, TEEN O WS, KIHR5rs gL
YIRS I T B30 R R, Hih, BOD . SCN™

Table 2 Characteristics of wastewater in the second aerobic bioreactor O,

Item Inffluent-N Inffluent-S Effluent-N Effluent-S
COD (mg/L) 536+34 517+33 217423 189+22
BOD (mg/L) 113+21 103+17 543 4+3
Phenols (mg/L) 0.9+0.2 0.7+0.3 0.1+0.1 0.1£0.1
CN™ (mg/L) 0.80+0.40 0.70+0.30 0.15+0.05 0.14+0.05
SCN™ (mg/L) 21.0+£7.0 17.0£9.0 0.2+0.1 0.2+0.1
TN (mg/L) 9548 9349 48£16 42+12
NH; (mg/L) 91.00+9.00 83.00+8.00 1.14+0.13 1.18+0.11
TP (mg/L) 0.56+0.12 0.41+0.11 0.55+0.23 0.48+0.24
TSS (mg/L) 45+8 43+4 16+5 11+6
TOC (mg/L) 206+19 190+16 25+4 17+6

S* (mg/L) 3.00+0.90 2.00+0.80 0.16+0.04 0.08+0.02
Oil (mg/L) 9.00+2.00 7.0042.00 0.98+0.13 0.75+0.14
PAHSs (pg/L) 114+17 108+16 57+11 5349
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1 NH; (19T AR ey o TP B9 R FE AE b i JC A
Bk, R AR B, B2 TN H
TSS MMk Bt L B T —E /0 R &
2.2 WEMIBERLSN
221 HEDEEZHEMIER

2ok 7R A AL R, K 6 AFE
HAREIT 131 652 AU, 71454 OTU,
4l OTU #HATGEIT o b, 15 B E Y Z k4
(3% 3). Good’s coverage BEFR/NAE St il 3 IR
o MWESRAI LA, #M A Good’s coverage
¥R 98.22%, FEEAMIF IR O 2 R
YIRETE I 2 FEME . ACE F Chaol $8 B /s AEA
A B, B AR B () = AR 4R 5L
(1-D)ER/RFEA YR Z R, Y S5 REA R
YR & B 2R IEA G, 0, ) ACE I
Chaol $850°F-1k 1 460.76 F1 1 378.89, FHAHE
B (H) A% 2R (1-D)TEECE 0 5.80 A1 0.94.
IR AE R O, H5HABIREE UL 24
MR, O, MHEMZHMR TR —T2ZTH
O, (FRAEECH 3.3, KT BUE KA
(FERAEEH 6.50)"7, I HA T LHEGEE M R 5L
2520 9.0-10.8)"S VR LUVR M PR (B ik R ECH
1.93)204 1R 2 A i PR 5 2 [
222 [TKERRMEEK

N THR O A YEEMIGE, Hil
1 1710 AKX A5 21 1 7P 81 o 26 15 B kAT 4
Bro ZETTKSFE b, Je¥om s 32 ANaET], &

SCAEXTFEBER T 0.5% M 112 E2EWE ], AT
FEENT 0.5%MHE I TEBAREITIE 24). &
B ITIEA 7 A, Hd, IRETTE O b
LN, H 69.64% . X AZTE 134T AHIKF
B M1, a-ZE T2 B 94 (Alphaproteobacteria) . -
AR JE T 4N (Betaproteobacteria) Fl y-78 & i W
(Gammaproteobacteria) ) # Xt F B ¥y & F
0.5%, 41l 27.9%. 32.6%M 9.1%. %K
W TP ] (Bacteroidetes), HAIXT N
14.46%., £ | 1(Chlorobi) AT 4 BE 67 fE 55 3,
N 3.93%, HARTE 14 BRARRT 2 B /MR
R ] (Actinobacteria, FAXTFEJE N 3.48%).
FRFF IR ] (Acidobacteria, FIXTFFEN 2.22%) .
Thermi (A X F FE A 1.54%) 1 7% % 1 [
(Planctomycetes, FXFFERHN 1.51%).
223 RBKFRIMEDAR
JEACEI TS R o, 78 O, 3 160 4
R L X F R T 0.1%19 0 FE 2w R
FAXTFBE/N T 0.1% 9 A F AT T (K 2B). 445
2 18 MEHERE . 2L E & (Rhodoplanes)
JERIX FERSEE, N 8.92%., HURHE
& (Lysobacter) MU # J& (Thiobacillus) ,
FEXT AR50 3.61%F1 3.22%. H A FEE
JE M FEFARIK N Alicycliphilus (FAXF F N
0.16%) . H At F & (Leucobacter, FXFFEFEN
1.91%) . B-42 (FHX]FJEH 1.54%) ., 18 A= L A
J& (Bradyrhizobium, FXTFEFEHR 1.49%).

®3 OEYIRNFENTEEATHMEISHEER

Table 3  Diversity indexes of microbial communities in the second aerobic bioreactor O,
Samples AT OTUs  Good’s ACE index Chaol index Shannon Simpson
Number of quality reads coverage (%) index (H") index (1-D)

0,-N1 25 746 1267 9842 1520.17 1 479.06 5.79 0.94
0,-N2 16 816 984 97.96 1309.47 1181.22 5.75 0.94
0,-N3 17 828 1071  98.05 1334.32 1 196.64 5.86 0.94

0,-S1 24 277 1328 9825 1588.78 1557.51 5.88 0.94

0,-S2 22 473 1228 9825 1482.48 1415.02 5.73 0.93

0,-S3 24 517 1267 98.38 1529.40 1 425.90 5.76 0.94
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T

75 +

50 +

Relative abundance (%)

Betaproteobacteria
B Alphaproteobacteria
[ Bacteroidetes
B Gammaproteobacteria
I Chlorobi
B Actinobacteria
[ Minor bacteria
[ Acidobacteria
B Thermi

Planctomycetes

[ Unclassified bacteria

20 |

Relative abundance (%)

Alicycliphilus

B Rhodoplanes

B Lysobacter

[ Thiobacillus

[ Minor

B Leucobacter

[ B-42

B Bradyrhizobium

B Hylemonella

B Mesorhizobium
Candidatus Solibacter

[ Bosea

[ Nitrospira

[ Sphingopyxis

B Burkholderia

B Sediminibacterium
Hyphomicrobium

Thermomonas

0,-N

0,-S B Methylibium

2 O, E¥IRMERPITKRF(A)FREKTF B HAE LN

Figure 2  Structure of microorganism phyla (A) and genera (B) in the second aerobic bioreactor O,.

Hylemonella (AHXFFEEH 1.30%)., 48 AR R
W J& (Mesorhizobium , 1 X%T F FE R 0.50%) .

Candidatus Solibacter (FiX £ 0.38%) . Bosea
(FEXTEE R 0.37%) . WSALIRTE & (Nitrospira,

FXTEFE R 0.36%) . Sphingopyxis (FHXTFFE K
0.35%) . {A ¢ [ T& & (FH X F N 0.31%) .

Sediminibacterium (FBXFF R 0.28%) . 2214
& (Hyphomicrobium, FXTEFEH 0.24%). #4
PR T & (Thermomonas, HIXTFEFE A 0.23%)Fl
Methylibium (FAXf R 0.15%). i HERY

SARXTERE R 3.28%. Bk EE A WEE SN,
A R AR KN T E A R 72.40%.
2.3 O %Yk BB YT ge Tl

FIJH PICRUSt2 ¥, 3T KEGG ¥4l
HEATIIRETIIN . Nearest-sequenced taxon index
(NSTI ff) AT DAy i D) R T 285 S i MEf 1, O,
Y NSTI 25 0.106+0.010, B 45t ZE 0158 1 o
KGRI A NSTI g 0.1201, [Hitt, AWREEA N
AP DI RE A BT 4L T — A48 & PICRUSt2
T E A
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2.3.1 HTF KEGG HiFEMN_—RRSBEREE
VK]

FLFIhRe w25 R, L5 8] 43 4R
WA (B 3). oKL A PIBEf# (carbohydrate

Substance dependence

Development and regeneration

Not included in regular maps
Excretory system

Immune disease

Circulatory system

Infectious disease: parasitic
Transcription

Nervous system

Immune system

Digestive system

Endocrine and metabolic disease
Transport and catabolism
Cardiovascular disease
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Environmental adaptation

Drug resistance: antineoplastic
Infectious disease: viral

Aging

Endocrine system

Cancer: overview

Infectious disease: bacterial

Drug resistance: antimicrobial

Cell growth and death
Neurodegenerative disease
Metabolism of terpenoids and polyketides
Folding, sorting and degradation
Cell motility

Biosynthesis of other secondary metabolism
Glycan biosynthesis and metabolism
Metabolism of other amino acids
Nucleotide metabolism

Replication and repair

Lipid metabolism

Xenobiotics biodegradation and metabolism
Translation

Cellular community-prokaryotes
Signal transduction

Membrane transport

Energy metabolism

Metabolism of cofactors and vitamins
Amino acid metabolism
Carbohydrate metabolism

E3 O, MK FPHEN KRR HBEEHSTT

metabolism) . ZAFEA2 1L (amino acid metabolism) .
AR R A9 (metabolism of cofactors
and vitamins), BE& 1L (energy metabolism)#l
5 iz (membrane transport)je — 2 AT i1 %

®O0,S
®O,-N

15

Figure 3 Distribution of microbial metabolic level pathways in the second aerobic bioreactor O,.
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(4 /I LRl %, AR R BRI 13.11%
12.66% .6.82% .6.79%F 5.46% . A A (nitrogen
metabolism)ZREHFCHI T 19 =2 Qs , 5
RGP A OC . A IR Wy 5T AR W) RE A A AR
(xenobiotics biodegradation and metabolism) &
FIURTZoa s, MR 3.89%, WK O,
TR DL Qe AR RE ) o T O 7RI
15 Y AL FIR AL N RE . 5 20K 43 51 X AR il
Yy 15 A 0 e Ao AN 3 B A e e A b i AU
I B AT b

2.3.2 O, IR B YD P& F7 R0 4K 5 8 B
vk

XoF BN A9 5 A A fe R A 3 B A T IR A
TR, EREIN 20 & THEEE(E 4, K
FH T2 ik % fi#t (benzoate degradation) . 23k 7K H iR
Jig % fi#t (aminobenzoate degradation) . & bi/E Al
A M K2 1Y B f# (chloroalkane and chloroalkene
degradation) , U 2K H R Bk 4 fi# (fluorobenzoate
degradation) 1 fi§ J& B 2K [% f# (nitrotoluene
degradation) & [ 1 K ACHTIE B , A X = B 43 531

@ Benzoate degradation
© Aminobenzoate degradation
Chloroalkane and chloroalkene degradation
Fluorobenzoate degradation
Nitrotoluene degradation
Caprolactam degradation

Toluene degradation

® Styrene degradation
® Furfural degradation

Metabolism of xenobiotics by cytochrome P450
Polycyclic aromatic hydrocarbon degradation
Chlorocyclohexane and chlorobenzene degradation

® Atrazine degradation

@ Bisphenol degradation
Ethylbenzene degradation

® Xylene degradation

Dioxin degradation
Naphthalene degradation
Steroid degradation
© Drug metabolism—other enzymes

4 O EWIR N5 INFRYD B IR AN 5 Y 3 1

Figure 4 Distribution of xenobiotics biodegradation and metabolism in the second aerobic bioreactor O,.
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Figure 5 Nitrogen transformation pathways and relative abundance of related genes in the second aerobic

bioreactor Os.
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Figure 7 The relationship between major genera and environmental factors in the second aerobic

bioreactor O,.
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