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fitt ( pharmaceutical and personal care products, PPCPs) 5 it /K R 434 S5 10 , R FH S B 9¢ e 2 i PCR 7k A 4 dr 17 7
FPEL R R BTG PERE N (ERY-ARGs ) 7ET5 KA BT vh iy 73 A A= B AR Ak, 5 513 WY TE 5K AL 1) 3L A6 Y 5 Ff PPCPs (45l
J s | LT R DUBREE | RODVER =5 ) IR0l 24.5 ~38.7,47.5~49.2,43.1 ~85.4, 2.5 ~3.9 f1423.2
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HR ERY-ARGs 7E5 /K ALFR) ™ sp ¥ i 7E K A FE T 75 9. 28 x 10° (ermA) ~1.83 x 10° (ered) copies-L ™" BRI BE A/
O T ZHREM W& FERT5 /K 9 ERY-ARGs (1. 19 log ~3. 97 log) ,{H AR R A AR BR /K Hh vk BEATI AR B8 3 AR S P 2 7 ]
H1,ERY-ARGs S48 E M =52 MM HA BB MK (P <0.05) , K5 KA L FE X ERY-ARGs B2 A ML #%
ELAA B =% ERY-ARGs W GEFAEAEAS U VEH].
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Investigation of Pollution Characteristics of Erythromycin Resistance Genes in a

Sewage Treatment Plant and the Relevant Selective Factors

LI Kan-zhu, WU Li-le, HUANG Sheng-lin, HE Shi, LIU Zhen-hong, XUE Gang, GAO Pin
(College of Environmental Science and Engineering, Donghua University, Shanghai 201620, China)

Abstract: Occurrence and distribution of twelve pharmaceutical and personal care products (PPCPs) were investigated in a sewage
treatment plant in Shanghai using solid-phase extraction combined with high-performance liquid chromatography-tandem mass
spectrometry ( SPE-HPLC-MS/MS). Quantitative PCR ( qPCR) was used to determine the distribution and removal of seven
erythromycin resistance genes ( ERY-ARGs). The results showed that five PPCPs including sulfamethoxazole, erythromycin,
tetracycline, carbamazepine and triclosan were detected in the collected wastewater samples with concentrations in the ranges of 24. 5-
38.7,47.5-49.2, 43.1-85.4, 2.5-3.9 and 423.2-8973.3 ng-L™", respectively. During the wastewater treatment process, a
significant reduction of triclosan was observed, but the removal efficiencies for the other detected PPCPs were relatively low.
Additionally, all target ERY-ARGs were detected in the wastewater samples ranging from 9. 28 x 10° (ermA) to 1.83 x 10°® (ered)
copies-L. ™" in raw influent. Though significant reductions (1.19 log-3.97 log) of ERY-ARGs were obtained, their concentrations
found in the final effluent were still high. Moreover, the concentration of ERY-ARGs exhibited significant positive correlation with the
concentration of erythromycin and triclosan (P <0.05), respectively, elucidating that erythromycin played an important role in the
occurrence and spread of ERY-ARGs, while triclosan may confer cross-selection for ERY-ARGs.

Key words :sewage treatment plant; antibiotic resistance genes; PPCPs; erythromycin; triclosan
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NG K AL PR g AT AR v £ R AR AL T AL
S0 BT, TS KA R G P 2 xE
HBUZPEA B 1 LA i AT A Sk
Iy, Y5 KA B 1o 52 2%, — 62 73 T e 4 g AT AR T 7
SEXF UL TR A T 1T R 2 AR I BRI AN AE XAt
PEDO T B RATRSEHUAE R 2 S
T5KAL B AR P Y £ R AR A, LSO B 2Z 8] i AH DG
KA X X B T G Wy e A5 v A 1T A% R
AAEZE

ARWFFEHE BT 12 FhAS [ 25 5 A 4 38
( pharmaceutical and personal care products, PPCPs)
VEIBEGEXS G (Herb 4 8 Rt R2GW)) , B4 H
e RS KAL) e i 22 R AR A AR B 3 A [F)
iR S 9 5 1 PCR(qPCR) 0T F-B, K 43
BT 41 % & B 24 P & N (ERY-ARGs ) , A4 ered |
ereB . mefA/mefE , ermA ., ermB ., ermC Fl msrA/msrB,
LA 168 rRNA FE R 7E {5 /K Ab BT 25 e i 43 A Al 25
BRASHL, S-HT RIS T K PPCPs 5 ERY-ARGs 2 [H]
MAHDCOC R, LM 48 78 15 K AL B R 48 b ARGs 1Y
T S I i R AL ] S AR 2 A Al
1 #HR5F=E
L1 SEE2hhh

AT FTEE R F AR PPCPs AL 45 . 8 e Y g

(SMX, 2 BE N 99% ) . BN ¥ & ( CIP, 4l & h
98% ) . VUME (TC, 4lifEh 99% ) . 8 K (OTC,

Wi W2
w5 [
ey

iR 9% ) BFR(CTC, 46 R 99% ) | w15
E(DOC, 4L ¥l 9% ) . 41 % & (ERY, 4l £ N
99.8% ) . AFHALUIHR(BZF, 4l )% H 98% ) . K H 5
(CBZ,2HJ0 99% ), A& 75 (1BF, 45 °H 99% ) |
WSS W2 ( DIF , 4[ )% ok 98% ) 1 =4k (TCS, 4l &
H99.5% ), ¥ B % E Dr. Ehrenstorfer 23 F]. H
BN NG R ik 4t | 1 3 52 [E Honeywell Burdick &
Jackson 22 H]. WR . ZTREZ A £ —F VU 2R — 4
(Na, EDTA) 5 K43 Hr4li , W 1 [ 24 4 Bk X500
PR H].
1.2 FEACREF LB

T5KEUE B RE KA BT SR EERT ] 2013
412 H ~2014 4F 3 H 5K AL FE T 25 R B 4% oK
FERAE UL 1 7R, 3 B K b PR AR R T
K (W) | BTG K (W2) . —Z A/0 Hik
(W3), HiE Pty K (W4) . %% A/0 HiK
(W5) Flfe e — Pl K (We ) , HoRAE 3 I, Bk
BUASEATHE B SRE RN 1 LA RN
SRAEI U HGZ [F] S A T AL P

A AL AT, 75 KRB 22 0. 45 wm FRAELF 2R
JEFE I8, A 500 mg-L ™" Na,EDTA LAY B K
SR BT R TR A ZE BUN R A HLB /M
(500 mg/6 mL,Waters ) , Jo i FH H B FHE 4 K 317
FIEAL , BTG K AELL 5 mL-min ~' A9 37 5 25 3 [ 40
FPUNEIETE AR B HE U, A 10 mL B 4lizk
WRUE HLB /NEE, AR I 2 B — S8 5% B i TCHLE -+,
SRIG L2 T4 TR A R 6 mL H e B A
PPCPs, P FH A AR T, e e i B A 5
1 mL, 2 ABEFI EFEAE/NAE.

W5

E1 SAkGBIZREREURRECE

Fig. 1 Flow chart of wastewater treatment process and the sampling locations

1.3 Ko by i
1.3.1 H#R PPCPs Kl J7 ¥ iy 7

H#k PPCPs 3% H] HPLC-MS/MS ( VARIAN 310)
FEATREIN , b OTC, TC, CTC, DOC, CIP, ERY,
SMX 1 CBZ Jo i ) 1 426 FL I 257 5 7 U 1F 25 1455
3, BZF, IBF, DIF Fl TCS %k #f H 15§ 25 5 7 i 61 25

TH. H bR PPCPs ¥R JE R H A5 % 2E 47 2 =
G3HT.

3% S5 F  Welch Ultimate XB-C18 (4,33 4%
(150 mm x2. 1 mm, 3 pm); E& FRREF TR
I A NE0.1% HERKE W, i sh A B 2 100%
Mg RSN REIE A 5 mmol &
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FREZKIE W, T Eh A B S 100% L. R P BE vk
JABEC, B> B B2 58 S P A5 B R R 5 min, I B
0.2 mL-min ', #FFEE 20 L, H:E 30°C.

IS AT AL AN S A AR Bl
AT ; BIEEHE.5000 V(IEE FERX),
4500 V(BRI AT TT:55 psi; TS
TR :300°C (IE B T, 325C (s T ;
TSRS .22 psi; B H R 45 V(IE & 7
), 35 V(IR E L) ; KliEi=ER TCS A4
RS, AR E Wk 28+ I WA I (MRM) £
R
1.3.2 ERY-ARGs Rl 5 77 ¥ i g ar

WL V5 7K A i 8 e i B8 B f FH TIANamp Soil
DNA Kit( TIANGEN) #£17 DNA $2 10, #:/E 20 B3 &
WG G E UL S T4 HUY) DNA Se 38 | 4l
FHR B 435 FH 1. 0% B Big W5 JisE L 1K FIT Nanodrop
2000C ( Thermal Scientific ) #4710 E.

H Frdi 24t 3L R {di FH Bio-rad T100 %35@ PCR

#1 Rotor-Gene 3000 % qPCR ( Corbett ) #£47 %2 14 Fll &
ARSI BT, I 4 51 )5 505 BPE LR 1.
qPCR RV R ZR U 10 pL SuperReal Premix Plus (2
x ) (TIANGEN ), | U514 (10 pmol-L™") 45 1
pL,DNA #iHz 1 L, 7 L ddH,0, /& Z E&FH 20
pL. qPCR SV ARF AT :95°C HIAEM: 15 min, 95°C
PE10 s, 58°CIE K 30 s, 72°C #EAH 32 s, 440 M
W BRI 3 ASEATRE, [RS8 TG v KA R 9]
PEXTRR. FIH 1. 0% (14351 W B Jie Hl ok R s ik il 28
Kl PCR 734 7= My 9 R/ NFIVRE Sk

FFEER P HE 7= )% H2 PSG-TS 244 (BBI) ,
IR R IEZ S 4 MY E. coli DHSa( BBI) BEFTHE 4L
TR AZ 25 A MR AT 5 SR S 0 SO b B2 il ) &
(TIANGEN) $& S J5k /E b b o . $2 075 21 1
JECRE AR 3 ] NanoDrop 2000C 60 ¥ B Frali i
T v 5t B B I 0E AT PCR S AT A5 o il 2%
qPCR ARfE A B8R TE 84% ~ 1029% Z (8], AH
KEZB R HRT0.99.

®1 (PCRRMFTHERMEESIMER

Table 1 ~ Sequences of primers for qPCR reactions

e H 2 R 51 EiE7)e]l FERRIN SCHik
ored L AACACCCTGAACCCAAGGGACG 420 [12]
T iE CTTCACATCCGGATTCGCTCGA
ereB L AGAAATGGAGGTTCATACTTACCA 16 [12]
T CATATAATCATCACCAATGGCA
e L AGTATCATTAATCACTAGTGC 346 [12]
Tt TTCTTCTGGTACTAAAAGTGG
ormA L AAGCGGTAAACCCCGCTGA 190 [13]
Tl TTCGCAAATCCCTTCTCAAC
ormB L AAAACTTACCCGCCATACCA 139 [14]
Tl TTTGGCGTGTTTCATTGCTT
ermC g AATCGTCAATTCCTGCATGT 209 (03]
T TAATCGTGGAATACGGGTTTG
mstA/msrB i GCAAATGGTGTAGGTAAGACAACT 399 [15]
Tl ATCATGTGATGTAAACAAAAT
16S tRNA i CAGCTCGTGTCGTGAGATGT 40 [13]
Tl AATCATTTGTCCCACCTTCG

1.4 Hdlaba

BAR Sy HT R ] SPSS 19. 0 Gi i 40 Hr #c 4, %
LR N HEFTAH DG 43 B, T R AR f f | AR 2
[ P B IR M AH G Z 0 () F1 P EL, BB HLE I BE T T
K56 @ F K P =0.05, 4 P<0.05, M h B A
ITE Y DS Wl ) P N TE N

2 HFR5ITE

2.1 H¥5 PPCPs 7E75 7K Ab 3 3o 78 v i) B 5 7K 7 1
Gy A FEE

K2 51 T HAR PPCPs 1875 /K A0 B 3 75 rp g ok
FE A SO, R EE AT LA AR 75 7K A



SMX ., ERY il TC ¥ /K V7€ 24.5 ~85.4 ng- L'

4592 2 35 Bt 2 35 %
H 5 FPASTEI A PPCPs, 4351/ SMX . ERY |, TC . CBZ
. 10000F
FTCS, Hor TCS ¥R i, i6 423.2 ~ 8973.3 sooo| ZZW /
7
ng-L~", 1 CBZ W& JE e fik, 9 2.5 ~ 3.9 ng-L7', conor VA A\
[ W5 §§
N

Z [A].

TCS S&—F 5 R, K28 H H S e |
FE VT At A T S A AR B Y TCS,
T T3z, K, AT 3K & Y TCS
B B IEAAETE 5 K T 30 2 1 R T 5 UK TCS
G R B e Y SR IR 22— AR R &, 1 B
A/0 Y AL BT X TE K e TCS 1 & B R Al ik
95. 3% B2 W 5T 38 1% 1 V5 Je A 3 T 20 w] DL
Tk AR W A i R T e W R 4 K A FH S B TCS
R B

CBZ 215 7K Ab 38 oA Hy 09 32 458 1= /9 PPCPs
Z— AHEFE A & IR CBZ 78 JF /K R 2 K iy
WEAY5 2.5 ng- L™ F1 2.7 ng-L™", NIET 2 4K
P o] 0, CBZ 7E 15 K Kb BEAS T 20 Bt /K 1 i
JEE L T AR UK P VR B 0BT SRR T BB AE
PR R CBZ WAL & AR R A BT e
THUEH Y CBZ B BIKAAR . 25 R EH B A/0
T X CBZ JLT-&A BBRACR X 5% & i ik
gk R —5

BRIt 2 A0, BB A0 T 20 HAY 3 Fhagliad i iy
PPCPs 25 B R AL, KB R B HE N 3.5% ~
36.5% , 41 B IE A A] BEZ A SMX ., ERY 1 TC A<
B I K b B R A (34.2 ~83.6 ng+L™'). Li
AEPON AR R R A AL H (B ) ARG & B, A%/0 T
PEVGIRALEE T 5% ERY [ RBRFZH 19.5%. Xu

2000 B W6

HepiE/ng L7
TS

N\
N
A\

SMX TC CBZ TCS

2 H#R PPCPs TS KA EBEEPMIREKF (n=6)
Fig. 2 Concentrations of target PPCPs during the

waslewater treatment process(n =6)

VAR BT TS K A BRI [ RE & B, A0 3%
PEVSURALFR T 8645 O,-BAF JREEALFE T2 %F SMX
MR BRFARALN 26.9% .
2.2 J5/KALPEE AR B ERY-ARGs B BE 7K - F1 43
AR

HATEA 6 i e A I & L) ERY-ARGs &
DA 17 Rt BN WA EEH ermA | ermB F
ermC , 7E 94% ~98% W L1755 R 41 25 M@ Mk v v 44
Efﬂ@ﬁﬁ%%u”. &%JﬂﬁZﬁl‘,ereA\ ereB | mefA/
mefE Fl msrA/msrB AL 22 B K 3450 F B i 9 ERY -
ARGs.

€ 3 i ERY-ARGs F1 16S rRNA & [K 15 75 7K &b
PRTFR A A B A A A . MBS M R AL, BT
H#r ERY-ARGs Y@K, Horh ered 787K iy

B, ik 1,83 x 10° copies-L ™", LK N ermB . mefA/

logik ¥ /copies L™

ered ereB  mefAlmefE ermA

ermB erm(C

22 W
w2

msrAlmsrB Sum 16 STRNA

B3 HBE#k ERY-ARGs 7Ei57K A3 2 iR K E (n =9)

Fig. 3 Concentrations of ERY-ARGs during the wastewater treatment process (n=9)
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mefE, Fl ereB, 735135 9. 02 x 107 | 8. 82 x 107 F13. 41
x 10" copies+L ™", 1 ermA ¥ FE 5 A%, WM 9. 28 x
10” copies-L™".

M ERY-ARGs Fl1 16S rRNA 7E3& > 75 K hb BEL T
AR TR AR EE A AR AR AT LU A A
PRl B B A S B 2 A0 B AR 1) i 3 R e A A L
IK R ermA KA Ak, HAr ERY-ARGs BV EE7KF-
TE2.5x10°(ermC) ~3.5 x 10° (ereA) copies-L ™' 2Z
] ,3% 5 Guo %5 BB ge 4 2. Ho 157K %0
AL T2 (R + BTN ) X HAR ERY-ARGs
IR — & LB VEH, BEAKIE B4 0.07 (msrA/
msrB) ~1.02 (ereB) MXTEOKEE ; —9 A/0 AWibk
PLEZRENS W35 Hb AR5 K T ) B A% ERY-ARGs (P
<0.05) , FAKIRE AT 3K 0. 88 (ermB) ~3. 12 (ermA)
AKTHOR . BEAh , WRINEE Al 1, — 2% A/0
WA PRBEXT ermA 2 BRACHR B3 TEAL PR K R
Kt T H e H bR ERY-ARGs 122 B3 5% i 5 ik
T2 A0 WAL (ermB BRAM) , Z2BRAZ AL IR
JEM 0. 08 (msrA/msrB) ~ 0. 57 ( mefA/mefE ) 1~ X %4
WL

i b, BARPIES A/0 15K Wi Ab 3 T 25 fE
% PR T5 K Y H AR ERY-ARGs (1. 19 ~3.97
log) ,1H ERY-ARGs J& i 7F fi 2 Ab B 7K v g vk
TSR T | K52 9 b R AR 23 38 VS AR 75 G52
g4 5l KR K 1K b ERY-ARGs 5 5 ¥ & 1Y

B

2.3 i PPCPs 55 ERY-ARGs Z [a)4H S PE 20t

TR Z W FEARIE , 40 AT 25 1 1 8BRS P he A
RGP = AR e B FE 15 RE SR T e 2
AT IR ST S R v R B, 7 1 75 e R G b L
o TG K U R PE LR (tetO + tetW) S5 IUIAZE
PUAE R U B Z 0] A A DG M O AS 2 I e e S b 24
PEREP sull SRS R 2 1) 2 30 i i)
LEPEAIOCIE . L, H TG T 5 K AL B R it
A= B2t HoT 24 3k PR AR 7 2 1) S R
AR A0

%2 MBI B, SMX AR S — R e 2 4t
R GY, 5 ERY-ARGs 2 [8] JC i 3 #1561k, i
CBZ A GG TH A RAWEW;, 5 ERY-ARCs Z
[ TEHH A oM, TC IR T UM R 2R P R4,
R GRS msrA/msrB R E Z Bl 2 H B3
FHOGHE T 5 HE ERY-ARGs ¥ BE 22 [A] A G M AR i
E.ORE W, AT KT A ERY-ARGs (&
ermA) 5 ERY Z[H) 35 5 30 4 5 25 19 1IE AH SOG4 (0. 859
<r<0.963,P <0.05),Jf H ERY-ARGs &l 5
ERY Z B EAAEH m i B E A (r =0. 967, P <
0.01) X7 — & & ERWIEK T ERY X ERY-
ARGs 537 L FIHOE HA — AR EE . Wu
A7) o vl [ 5 0 7 BT - 3 v DU BR 2 R i 2y
P I PG I 43 BT A 5 R e B, tet FE ] (tetM | tet()
tetO | tetW SN 26 %F 5 DS DUBR 2 4% BE ok 3 2 (1]
BA BELNE(FP =0.45,P <0.05).

%2 #H PPCPs 5 ERY-ARGs Z B/ 547
Table 2 Correlation analysis of detected PPCPs and ERY-ARGs concentration

FEF 22 F IgE| SMX ERY TC CBZ TCS
ered r 0. 388 0. 963" 0. 649 -0.268 0.759

P 0. 448 0. 002 0. 164 0. 608 0. 080
oreB r 0. 396 0. 859 0. 658 -0. 365 0. 819

P 0. 437 0. 029 0. 155 0.477 0. 046
mefA/mefE r 0. 505 0. 884 0.757 -0.238 0. 891

P 0. 307 0.019 0. 081 0. 650 0.017

r 0. 191 0.942 0.518 -0.508 0. 800
ermA

P 0. 878 0.217 0. 654 0. 661 0.410

r 0. 420 0. 865 0.677 -0.343 0. 835
ermB

P 0. 407 0. 026 0. 140 0. 506 0. 039

r 0.452 0.874 0.710 -0.301 0. 858
ermC

P 0. 368 0.023 0.114 0. 562 0. 029

r 0.720 0.873 0.914 0.201 0. 941
msrA/msrB

P 0.107 0.023 0.011 0. 702 0. 005
Sum of ERY-ARGs r 0. 444 0. 967 0.716 -0.303 0. 854

P 0.378 0. 002 0.109 0. 560 0. 030

1) MRS R BA AR
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2% 35 %

(AR Y, 72 2 AN FT B0 7%, ERY -
ARGs (Bk ereA Hil ermA Z.51) B ALFEN G A5 TCS
Z A S B 8 AR DG (0. 819 < r <0.941,P <
0.05). AWK, TCS fEHA HLLLIR R R AR TH
AL A [T P AL T LA 0 7 A 48 T S A5 400 1 48 17
B ITR B9 A1 18, 3 -5 0 A 2R 24 WA AL B I R
PLHIES TCS FF7E 5 BL A 3R Z 0] 77 A 58 AL PE )
ATREME . TCS AR N KIGFF I (E. coli) F %%
R BB TR ( Pseudomonas aeruginosa ) VKN Z 254 41
HER R AMEFE I 3 B Rk & R EOT £
oA R, DA S — 2L get | BRI R) FH 2 57 A9 4%
PPk, A R AR T X AMER IR R R T
FA B TAMIEAL 0 i B R FBE 2 & AR R X X A4k
HE AR R W0 58 SCHL R HAE 2001 4R,
Chuanchuen % 5256 % Bl Pseudomonas aeruginosa
28 TCS Zetig Jr ] Xk Z R 2454 7 A 58 A,

3 g

(1) 78 LRy 7K A BT g iy SMX | ERY |
TC., CBZ H1 TCS £ 5 FAR[A () PPCPs. 45K,
PIBL A/0 75 /K Ab B T 25 % TCS 25 B &l 3k
95.3% fHXTHE 4 i PPCPs LBRBCR 2.

(2) H¥r ERY-ARGs 7E 75 /K Kb #1241 94 46
W R B A0 J5 KA TR T 2 REfg i E AR5 /K
1 ERY-ARGs 2 (1. 19 log ~3.97 log) , A7E A4
b B K T R R B AT AR

(3)ERY 5 ERY-ARGs Z [8] HAg I 3 4 1k
FW ERY Xt ERY-ARGs 977 A& sk oA 2
Wi, A TCS 5 ERY-ARGs 2 [a] [FIFE BA B E A
Kk, W TCS ¥F ERY-ARGs 7] g ELA 28 Lk £k
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