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Shlfts in Microbial Commumtﬁy and Varlatlon in Functlonal Genes for Nitrification and
Demtriﬁcatlon in" Activated Sludge Afﬁected by Triclosan and Its Transformed

Intermediates”

LU Ying-&/uan , DONG Xiao-gi', PENG Xing-xing'-** , JIA Xiao-shan'*

(1. School of Environmental Science and Engineering, Sun Yat-sen University, Guangzhou 510275, China; 2. Guangdong Provincial Key Laboratory of Environmental
Pollution Control and Remediation Technology, Guangzhou 510275, China)

Abstract; Triclosan(TCS)is a typical pharmaceutical and personal care product ( PPCPs) , which widely exists in wastewater treatment plants ( WWTPs). However, the long-
term effects of TCS on the nitrogen cycle and microbial community in activated sludge remain clear. To examine the transformation characteristics of TCS in activated sludge
and its effects on growth, nitrification, and denitrification performance, key nitrogen metabolism genes and the microbial community structure of activated sludge were studied
by adding 100 g-L. =" TCS to the influent of sequencing batch reactors (SBR) for 185 days. The concentration of nitrate in the reactor with TCS was 3. 80-9. 11 mg-L™",
which was slightly lower than that of the control group without TCS (6. 66-9.72 mg+L™") , indicating that the nitrification was weakened. With the extension of domestication
time, nitrification recovered gradually. A total of 12 metabolic intermediates were detected by TCS in the process of activated sludge migration and transformation, and four
migration and transformation pathways were identified. After the addition of TCS, the relative abundances of bacteria with potential degradation of TCS, such as
Flavobacteriales and Myxococcales, were 2.95%-9.07% (0-185 d) and 2. 019%-4.53% (0-90 d) , respectively. The relative abundances of bacteria related to nitrification,
such as Nitrosovibrio, Nitrosomonas (ammonia-oxidizing bacteria, AOB) , and Nitrospira ( nitrite-oxidizing bacteria, NOB) , decreased sharply to 0. 80% -0. 16% (0-35 d),
0.04%-0.00% (55-90 d), and 0.16%-0.01% (0-35 d), respectively. The relative abundances of denitrifiers, such as Rhodococcus, Stenotrophomonas, and
Sphingomonas , did not change significantly. The results of quantitative PCR ( qPCR) showed that the abundances of nitrification genes (i. e., amoA, hao, and nxrA)
decreased rapidly after adding TCS, from 1.0 x10%, 2. 1x10°, and 1.1 x10° copies+g ™" (on Day 0)t0 1.0 x10°, 8.0 x10*, and 4.0 x 10° copies-g ™" (on Day 20),,
respectively. Conversely, the abundance of denitrification genes (i. e., nirK, norB, and nosZ) increased with time, from 5.8 x10°, 9.8 x10*, and 3.9 x10° copies-g ™'
(on Day0) t0 8.2 x 105, 1.6 x10°, and 4.1 x 10° copies+g ™" (on Day 20 ), respectively, indicating that some TCS- degrddmg bacteria may also have denitrification
abilities. Overall, TCS inhibited the performance of hiological nitrification and denitrification, reduced the abundance of nitrogen removal genes, and resulted in differences in
microbial community structure, although the effects of TCS gradually weakened over time.

Key words: triclosan( TCS) ; nitrogen removal ; variation in microbial community; functional genes; sructure-function relationships

B HE: 2021-09-16; fEITHHA: 2021-10-19

BEE&WH.: R AARRFEIEETH (42077128) 5 7 MERTLEE I H (201806010100)

YEEEY: FIR (1997 ~ ), B, Wi, FEPFHRITIENHRE R E B, E-mail: 804285891@ qq. com
# JMAEVEZ, E-mail :pengex6@ mail. sysu. edu. cn



2686 7D 53

B 43 %

= & 4 (tricloson, TCS) fE Jy — Fh #i 7 (1)
PPCPs, B85 32 8 F B 25 A A4 B ™= 5 45
SR, ERT, T ESRTT TG K AL E T Bk K i AT
TE PPCPs JH: v [a] 7= 4y (1 5% B4 In) R 7 BIF9T 26 4,
KEFGRKAIR] ) #EKH p(TCS) 2928 152 ~
21900 ng-L~", TWifE /K FIG I 4350 H 4 ~
2700 ng-L™"F190 ~27978 ng-g """ HWFEFE
W, B BA Y TCS Ko He v a) 7™ it 6 4 15 e Hh i i Ak
FUR A et B2 7 A S 2 AR 1 S
KIL TCS W IR = 1 8] 7= 4 2, 4-dichlorophenol FF) /5

VRN F A M T M5 P R G T R R
KPS H, TCS SR MG IR RS 3 e el
AR A B 2 REVE AR TR 45 4 B R BF
?EEF', B A A AL AR (AOB) Fl— b 53 355 A )

FIRE S TCS A= WEffA O, TN A Ak 20 12 A B i
ﬂ:éﬂﬂla—slﬁﬁﬁﬂﬁ&/'\“‘ 2B L, TCS AR
fili A S A AN TR A D REZE K amoA E’J%%LWEE 5,
(R 2 A wﬁﬂ;@lﬂijﬁﬁﬁﬁzﬁﬁnmﬁéﬁaﬂﬁﬁ
FEIH hao F1 narA EI/JE§ ) D0 i DL 18

ET%%&#% TCS Tkﬂ;ﬁﬁﬂfﬁ
Mi%ﬁ%ﬂﬁﬁﬁﬁﬁl AT ZIKEML*FB“SBH }yi
JIVE 138 xftlcéﬁﬁ?ﬁﬂn TCS FIR rﬁﬁn*rcs Xﬂﬁ"f{fd’i
/JE'M@%E’JKE;H%HH fifi il UHPLC-Q-TOF- MS/MS

K, TOS SO R 4 I G .
Jﬂfﬁf\ i 168 rRNAVKE [H g e 45t ) J 2R W TCS: 50‘ .

WO B 2L Wk 2 K OB, B, LA GPCR
PG TCS Xl A SRR A PR 2 B (52, e
283 0 20 A IR0 2 BE TS 00 B Bl 2 T ARG A
Kk

1 #R5E7EE

L1 AR S0k

TCS(C,,H,0,C,;, CAS No. 3380-34-5, 4l >
98.0% )M H Sigma-Aldrich (St. Louis, USA). H
BE(LLJE > 99.9% ) FI LN (A >99.9% ) M4 A
Merck ( Darmstadt, Germany). Fast DNA SPIN kit for
soil DNA 32 HU i 55 & W H MP Biomedicals
(California, USA). M #FE1T A BE KA 7
NH,Cl 133.73 mg-L~', KH,PO, 22.68 mg-L~"',
CaCl, 5 mg-L™", MgSO, 5 mg-L~", CH,COONa 652
mg-L™" | glucose 1000 mg-L™" Fl I mL & LK.
R ICR AN : CaCl, 750 mg-L~", MgSO, - 7H,0
3000 mg-L~", FeCl, - 6H,0 250 mg-L~', MnCl, -
4H,0 50 mg-L™", CoCl,-6H,0 50 mg-L~" ZnCl, 50

mg-L"", CuCl, -2H,0 10 mg-L~", NiSO, -7H,0 250

T

mg-L ™" A1 H,, Mo,N,O,, 20 mg-L~". BCA % [ 5z il
FE R B A = AL RIPA 2434 H Solarbio ( Beijing,
China).
1.2 JRasie i Masty

A S ) A9 3 P 95 e B 1 A A S K AR B
CFRESN) , FEPAA AT 4.0 L (% SBR R
ariafr. Hd 1 AR ARER N TCS, %50 ~170 d
AN 100 g- L', 55170 ~185 d %N 150 g-L°", it
1E Ry, 73— RN AN TCS FIfEZS xR, i
M Re. WA SBR TEIR A/ M T2 T, EERmT
] 4 24 h, BIBEARIERE(2 h) | 48RS (10 h) | Bk
APEFE(2 h) | UIE(4 h) | HEZK (2 h) FIPRE (4 h) ,
PEIK SR N 60% . HEA IS 2% (400 B A 4y ek 3
255 0.4 g-L™", pH /1 0.5 mol-L"™' NaOH%ﬁJos
mol - L.™" HCI ##75% 7.0 ~7. 5. g
L3 L | 7

TCS 1y BEH At £ Infinity Lab Porbshell 120
EC-CI8(4. 6/x100 mm, 4 jpm ) {5 A V%D Mu
A1) R {ff&l AH @ AL ( Agilent, 1260 Inflmty H
USA) 532 6 0 FH 997 3 4 90% 1 HH AT 10%
K 10 L i~ 7 BB L VB AT
il & Zorbax ]}ghpse XDB C18(150 mm x2. 1 mm, 5
Mmﬁ@ﬁmﬁuﬁz*ﬁ@ mmmﬁaﬂmﬁ%u
UHPLC-Q-TOF-MS/MS( Synapt G2 Si Waters, USA)
WISE TCS i FR 7= 1. B0 B 3 4R Ok B (
0. 1% iR ) FEELK (5 0. 1% HiR) MiRA

SR E R FHAN G e (k| AN R & EiTé
FHERR a-Z5R e | iR R A AL A UU'JXE*FH%

AT BCA IRy ¥k I 25 1 T 1 2
WOAGE , 1 g 8 FURARYS T 1.29 g AEPi ™
14 HEIk
ASLEG h R OTER W] LU A A Al . RaE AR A
AR R FAL (1) ], AEALVE TR NH, -N%%
162 NO-N (9 5E (AN, ) FAL(2) TIHSE, A
PEAERERE NO -N Fe b TS A B (AN e ) Y
W 3(3) IR B7 AR Y A Gl A A S i 1k
R (4) TR (S) T
(NH;-N),; = (NH/-N) 4 + (NO;-N) ;; +
AN imitaed + ANenivitiea (1)
AN i = A(NHI'N> = AN, Ginitaed (2)
AN ivified = A(NH/-N) - A(NO;-N) - ANassimi]ated

(3)
- AN nitrified /X (4>
ANd - ANdenilril'ied/X <5>

A, (NH) -N), N IEKBNH, -NHEFE (mg-L7"),



54 JEE A

G B G ) 7 R T T R P R A A ARV (S v A S RE R PR ) 2

2687

(NH; -N ), o~ H 7K () NH-N % J¥ (mg-L™"),
(NO;-N) MK B NO,-N Fl NO; -N & &
(mg-L7"), AN, e N 004 90 R 4L 9 AR
(mg-L7") , AN ne J 00 W SRS A0 AR FH I FE 19 A
WEE (mg-L7") , AN ined N ICE 20 SO ACAE T #E
AR (mg-L™") , X I ASIRE A7 B[] 19 A= ) o
WRE (g-L7"), hay, 0 500 A2 W) B 09 B b 3
[mge(g=d) '], kyy R EAAE W) 3 1 A A 3 %
[mg-(g-d) ~'].
1.5 DNA $EHCRT 7
TR T5 e AR S O G b I AR 4°C, 4000

remin A LU HL T R TR R, BRSO R Ak

in, #R J5 ff F FastDNA SPIN Kit for Soil ( MP
Biomedicals, USA ) #EHUE M5 UeFE 51 ) DNA.
S HE 16S rRNA FEHY V3 1 V4 X3, 5191/
EMFEHIN : 5-GTGYCAGCCGGTAA-3", J Jii] J# 41)
H: 5'-GGACTACHVGGWTCTAAT-3". i ] i-Gycler
(BioRad Hercules, CA) #47 PCR ?}Lf‘&r‘;’ PCR
R SefE 95°C TAFEE 5 min, R)G1E 95%?;&

25 Y30 s MAEPERRER , SR IR 3 5076 QET%BO,S,"‘

JE7E 72%C TJ;‘U“ 40's, F&TE T25C Tfriﬁﬁ “nin.
TEMRIE N 1. 8’% i ssaile ﬁﬁﬂﬁc%/ﬁi?ﬂm?}“i‘ﬁ
Y, A& PCR =43 - Tmﬁﬁtﬂ?i%ﬁ@ﬁﬂi

5 B 7 A EIE5) 19 Ton S5 TMXL T A AT
SR 165 RNA LRI T g N =

1.6' R e

3 3 B HE A 8 D Y B AR A A R

-

31, A3 8805 51 38 3 3 A ) A 25 5 0 T o B ik
P CQIIME2) ( BRAS 2020. 11. 1) 43471, 8K J5 %F
B EBIT(OTU, = 97% UM ) E47 R IEH
YR ER. KR Ace. Chaol . Shannon Fl Simpson
TREU AL T OTU By B Wy e % o B F 2 A
PE. BRI (CA) A3 70 B (PCA) ¥ R FI
Ry, Z AL RIREAR SRR —. By i SR e
AT ITIAE R B F (MUAS 4. 0. 3) fit G I 04 45
£ 58 .

ARV R 28 3 A A OB 78 T R R, i
TERAME M EAE R, ARS8 BEHEAR P <
0.01, Spearman FICHEREL P >0.8 3t P <0.8, R,
FIR, ZI[H OTU BAH M R BOE M SEAE RS Pt
B(MUA4.0.3) , SRIGTE Gephi (A 0. 9. 3)437552
HAERZ ] LA —

1.7 ¢PCR ! ' ~"" "

AT B ARAC T REAE N AE R AN R EF'EI’J%
i, H qPCR 07 % & fk 168 rRNA\.aW{'\ Haol
nxrA | napAj narGy “nirK | nirS . norB Fl no}Z K[EEI/J
e qPCR il 1 [ ACycler *MEWX(BIO-
Rad, Phlladelphla PA) #’J/— JFREY| @zfﬁ Mamma;_,.
SYBR green qPCR master mix ( Thermo) | 10 pmol it
AR 1 5180, 20 ng DNA RIS TG K , R ik
RN 20 pl, BARER—A 0. HAREER Y PCR
FVAE 95 CHIAREFE 1 min, SRJ5 H-4EHF 10 s, 4E0M
7E 58°CIHEFE 20 s, 72°CHF M 1 min, HJG1E 72°C
RN 50 s, SIFFIaNEE 1 FR.

®1 (PCR BRI R AL ThBEE E 54 FF 51

Table 1  Primer sequences of nitrification and denitrification genes in qPCR analysis

H A BRI (5'-3) ik
amoA GGGGTTTCTACTGGTGGT ; CCCCTCKGSAAAGCCTTCTTC [26]
hao GTTTCGGCATGGATACGCT; CCAGGCATCAAAGAATACCC [27]
narA CAGACCGACGTGTGCGAAAG; TCYACAAGGAACGGAAGGTC [28]
napA CCCAATGCTCGCCACTG ; CATGTTKGAGCCCCACAG [29]
narG TA(CT) GT(GC) GGGCAGGA( AG) AAACTG ; CGTAGAAGAAGCTGGTGCTGTT [30]
nirK TCA TGGTGCTGCCGCGKGACGG; GAA CTTGCCGGTKGCCCAGAC [31]
nirS TCA CAC CCC GAG CCG CGC GT; AGK CGT TGA ACT TKC CGG TCG G [32]
norB ACACAAATCACTGCCGCCCA ; TGCAGTACACCGGCAAAGGT [33]
nosZ CGCTGTTCHTCGACAGYCA ; ATRTCGATCARCTGBTCGTT [34]

16S rRNA ACTCCTACGGGAGGCAGGCAG; ATTACCGCGGCTGCTGG [35]

) BEEESE iKF] (460 £8.40)mg-L~", 7£ 10 ~65 d W& i/

2.1 SBR RN AR ERE A% EL

T AlAEL, SRS TCS 19 R, A, &
TCS J&i, Ry K HAIE 17 1 8] (4 A= 4 2t G 601 g
R TR, R, AR 0 ~10 d HSERN,

%(350 £7.80) mg-L™", & FaE T (430 £3.20)
mg- LAY R KIIHIN 100 g-L~"# TCS, R,
(R 7K TCS e BE Bl 3 1 7 e [B) AR 38 e i IS, R,
(A W TCS PR BEZ Wik, Wik 2 iR, 1
Re F1 R, 1, COD B A it BB R R B B
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Fig. 1

2.2 TCS LIS e =4

3L BE-Q-TOF 8 /2 43 FF W AH 2,315 0T 1%
B¢ FHAY ( UHPLC-Q-TOF-MS/MS ) 73 7 % & R,
TCS WA= 4), #E—2L MBI TCS 7Ei% 75 e b iy
BeAk. TCS {4y o fgk 2L AG DU 31 12 Fdml BB A b [
7= 4%, Bl PAl: 5-Chloro- 2-( 4-chloro-phenoxy )-
phenol, PA2. 4-(4-Hydroxy-phenoxy ) -benzene- 1, 3-
diol, PBI1; 2-Chloro-5-(4-chloro-2-hydroxy-phenoxy ) -
[1, 4] benzoquinone, PB2: 2-(4-Chloro- 2-hydroxy-

Biomass,

influent, and effluent indices of SBR treated by TCS and control SBR without TCS

phenoxy )-[ 1, 4 ] benzoquinone, PB3: 2-(4-Chloro-
2,5-dihydroxy-phenoxy )-[ 1, 4 ] benzoquinone, PB4 .
2-Chloro-5-(4-chloro-2 ,5-dihydroxy-phenoxy ) -[ 1,4 ]
benzoquinone, PB5: 5, 5'-oxybis ( 2-chlorocyclohexa-
2, 5-diene- 1, 4-dione ), PCl: 2, 4-Dichloro- 5-( 4-
chloro- 2-hydroxy-phenoxy )-phenol, PC2; 3-( 2-
hydroxy-phenoxy ) -phenol, PC3. 1-( 2-methoxy- 4-
chloro-phenoxy ) 2, 4-dichloro-benzene, PDI1. 2, 4-
dichloro- 5-( 2-methoxy- 4-chloro- 5-hydroxy-phenoxy )
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x 10, RUIMFIRRE LS. £ 2 JE R, Fl R, IAE
A 918 Shannon | Simpson ., Ace F1 Chaol 45 %%
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TCS AFEE ) R, YR E S R, B0 W B2
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c1” 3 ﬁ 'C ’i é"m
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on W
C]zHaClgO's Cl_‘”qu_\Oz OH
,@ @ m@
TCS (;r
(4
/ \ / OH PC-3#
cl OH
Cy2H190:
OH OH Y\ﬁ'é‘ C]’O ©C1 0*@ e
QO‘Q/ Sl cl Cl

Cl 1 C12HCl0;4 OH

OH g2 PC-1 OH
Ci2HgClL04 C12H7CL05 uoji:[ @on

cl OH Cl

OH

OH
Hyd
’Q, (I:L _ Mty B C12H7CL0g
Cl Cl Cl (1 CpaH2Cl04

Dhy

PB-1
C12HeClo04 O, Cl
0 0 HO 0
OH 0 OH 0
@ Hyd 0 ﬁ ﬁ cl OH
cl Cl OH PC-2
cl cl 0 b CtuChO
PB-3 8] OH PB-4 PB-5 610 4
Cy2H4Cl04 Cy2H5Cl05 C12H4C1204

PA PR PC?FﬂP})é;}‘%'J%%/TéL Tﬂﬂ’]T(}S{E}Qﬂ”E&t{rﬁﬂ%PA (1,2) . PB-(1~5) . Pc (1~3)7Fﬂl!D (1,2)4 }%U%%/?TU“HPEC(TTOF'T £
M a3 Eﬁﬂzﬁ‘% S1 F1'S2 *TIETZIi{lﬁnﬂiﬁ(ﬁJ@ (I} L/Wﬂ?ﬁLI—‘b?IXJ_L_EI’MJ:AWJ(“#"?E/Tﬂ%ﬁfﬁﬁ?(ﬂ"]@ I A {EL A R oAk B TE‘JLF'

I'ﬂ F’:% Dec /R BSRI N, Deh %’zﬂ“ﬂfﬁzﬂ}ﬂ%%w}ifh; Met 2278 B SEARJZ BT, Hyd Rk B3R R | Dhy, 267 I S0 B _“'}5""
™ |V w3 Seerrdmrenmsg ¢ |
i Y ‘_-I:-"'" I Flg !_3 Fata.A)f tnalmysfened in activated sludge
F2 R MR, REEHMENN o SREMEH
”".: Table 2 Microbial « diversity indices in R, and Ry reactors
J IV 7% BT RE/d OTU % Ace 63X Chaol F5%K Shannon $8%% Simpson 84X Goods coverage F5%{

0 979 740.92 734.55 6.19 0.93 0.99

10 934 728.51 717.31 6.01 0.93 0.99

20 900 719.57 694.97 5.95 0.93 0.99

35 914 687. 12 696. 28 5.73 0. 88 0.99

55 774 609. 81 586. 03 6.84 0.98 0.99

R¢ 65 937 761. 05 713.94 6.46 0.95 0.99
90 767 626. 31 610. 56 6.42 0.96 0.99

110 506 382.73 354.75 5.55 0.95 0.99

135 394 353.58 357.06 5.69 0.94 0.99

145 429 347.21 351. 68 6.02 0.97 0.99

185 369 262. 06 246. 07 5.02 0.94 0.99

0 984 769. 73 768. 62 6.61 0.96 0.99

10 854 708. 11 658.55 5.44 0.90 0.99

20 793 559.55 545. 88 5.00 0.90 0.99

35 751 496. 24 490. 80 5.45 0.94 0.99

55 915 T11.27 674.52 5.77 0.90 0.99

Ry 65 900 657.59 686. 37 6. 88 0.98 0.99
90 682 577.22 539.42 5. 64 0.92 0.99

110 465 405. 89 392.10 5.50 0.94 0.99

135 441 316.26 314.02 4.62 0.90 0.99

145 362 281.23 262.02 4.62 0.92 0.99

185 340 313.20 301. 08 5.32 0.95 0.99
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Fig. 5

Principal component analysis of all samples of Ry and R,

at different treatment times based on the OTU level T .
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Fig. 6 Absolute abundance box plots of 16S rRNA genes and functional genes of RT and RC for nitrification and denitrification measured by qPCR
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R, Ml R, ¥y h Z [ Gt sl 7 s, E MZER RS MR 2, me ey 5ok ¢ M 458 B
TEERIZHCR B RS P <0.01, Spearman AHICYE 55 HAEL, (7] B9 4% 1] v S s Ak TR =2 1] 9 B 25 4%
FEP>0.8 5 P < -0.8 I, [T/KFEREEY  JZ R, FRPRYFERZE 11 DR, Bk ~
Pl J2 Proteobacteria Fll Bacteroidetes, ‘B A1 5 H ALY 3 B9WFhIAISS Hif 82 5%, HAWBIE A9 Py Fh 8 0 8L
FOAE]ZHEEEHCR. B7(c)M7() &R [E7(d)]. R, MR, ZIE4 A S8 OTUs 17
R EZEART . S AL IR AL T Z RN B IEAR DG ST R, RSN TCS (X B2 rh gy A

mm Proteobacteria (78) B Zoogloea (8) Phacodactvlibacter (2)  mm Defluviicoccus (2)
B Nitrospirae (2) m Stenotrophobacter (2) | Lewinella (2) Thanera (1)
B Acidobacteria(6) Bdellovibrio (2) W Bacteroides (1) W Palwdibacier (2)
m Bacteroidetes (58) B Propioniciclava (4) o Comamonas (1) m Candidatus
Chlamydiae (1) B Ferrnginibacter (3) m Azospira (1) Competibacier (1) J
B9 Chloroflexi (4) B Nitrosomonas (2) m Dechloromonas (2)
M Actinobacteria (9) W Candidatus Act libacter (1) Hyphomicrobium (2)
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@@l ongen ongen
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= Ac!lnobactena (5) - Sulfuritalea (1) m Lewinella (1) m Azonexus (1)

I Acidobacteria (3) Piscinibacter (1) U5 Flavobacterium (1) Thauera (1)

Acidipropionibacterium (1) S0 Stenotrophobacter (1)

(a) Fl(e) FRITAF, (b) FI(d) FoRIBAKF, (e) Fl(g) FRIIRER , (f) Fm OTU RIS MBS (PR %L =0.325), (h) P“R; >R

FORTE Ry P ERERT R 19 OTU, “R > Ry RRTE R PHIMTEEERT Ry 0 OTU, (a) ., (b). (e). (H)A(h) MSEL. WEHEK

% P <0.01, Spearman HIECHERE P >0.8, (c) ., (d) M (g) MBS, BEMWKL P<0.01, Spearman HIEHERE P < -0.8; T AHFER
OTU A%, R R/ G R LR B LG 1), LB SRR AR PE R R, 3655 WU R R 8 TRl iy OTU Kt

7 R¢ Ry # OTUs Z BRI M 48 53 47

Fig. 7 Network analysis between OTUs of R and Ry
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