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Abstract; Wastewater treatment plants (WWTPs) are hotspots for the spread of antibiotic resistance genes (ARGs)
into the aquatic environment. Compared with domestic wastewater, wastewater from industrial parks has complex
composition and high pollutant concentration, which may be more conducive to the proliferation and diffusion of
ARGs. In order to explore the composition characteristics of ARGs in different types of WWTPs and their potential
transmission risks, metagenomics was used to investigate the antibiotic resistome in a domestic WWTP (W1-SD),
an industrial WWTP (W1-SI), and two integrated WWTPs (W2-LH1 and W2-LH2). The results showed that multi-
drug, sulfonamide, aminoglycoside and bacitracin resistance genes were the main ARG types in the WWTPs. Mo-
bile genetic elements (MGEs) such as type I integron and transposase genes played key roles in the proliferation
and diffusion of ARG subtypes such as sull, aadA, and ereA. Sequence typing showed that the relative abundance
of plasmid- borne ARGs was higher than other types of sequences, especially in the influent samples, and amin-
oglycosides and sulfonamides resistance genes were the main plasmid-borne ARGs. The diversity of ARGs was re-
duced in the wastewater treatment process, and the abundance of ARGs decreased significantly after secondary pre-
cipitation. However, in W1-SI and W2-LH2, the abundance of ARGs increased after advanced treatment. Com-
pared with the domestic wastewater treatment system, the ARGs composition of W1-SI was more stable. A higher
abundance of plasmid-borne ARGs was enriched in the final effluents. Meanwhile, a high frequency of potential
horizontal gene transfer events and two contigs carrying multiple resistance genes were identified. The results indi-
cated that wastewater discharge from the industrial parks had a higher risk of ARGs transmission than urban area.
This study enriches the existing knowledge of antibiotic resistome in different types of WWTPs, and provides a sci-
entific basis for the health risk management of wastewater discharge, especially in industrial parks.

Keywords: antibiotic resistance genes (ARGs); wastewater treatment plants (WWTPs); industrial wastewater; met-

agenomics; transmission mechanism
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GEMARBERAMGY . Tl el DXRE R A 2% Tl el X
MR AGEH A KEREAY R, Pk R Ha
J& IS PR AN B 55 3K AT RE M BiAE R 2Pk
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JBTRE B VR N 45 R A% 2l 8t 4% T 1 (mo-
bile genetic elements, MGEs)/& ARGs £ WWTPs 1
Iz A AL RE I IR B R R 2 — ) DR
ZHT PCR K I ANAR AL B R TR ARGs 5
MGEs WA H 56 & (HR T L /R —H e L L
BEAEOCHR  ARMEA SO B A /] ARGs Y 7K-F- 54 401
il o MTAFR 2 BRI 2H 2 H R PG 2 e | S A T AT
i 24 PRI ZH S 3t 1A ) S8 3l R e e 91 T A
B I, T AGRAS ARGs PRGN B A5 B, 251 43
Bt ARGs I3 77 41 (1 2 DA A, RO L 5 MGEs 1)
IAFREEC, AL, AR 22 % T R RN 46 J& Bt 1 & A (bio-
cide and metal resistance genes, BMGs)5 ARGs 7£ it
e LB B IR, R T KA R £
PR35 et AMR e £ 710

ABFGEHE TR B KA 2707 %, e b 1 B AR T
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ARGs F T8 A% 7 B (FORL N (0 4R) , 398 T MGEs .
BMGs S53EH 5 ARGs B H & R, It — 2 0F4h
AEERIE K T ARGs BT AEFE R XU

1 ##} 57 % (Materials and methods)
1.1 V5K R G S R ST
AWFFERSEHLAE 2 A AL H) WWTPs(W1 Al
W2WE RN SE , WL LTINS FE R |, B 48 Fkk
R A FEIRIX | 2 A AT K, DR 4L T
XA TR, 25K S B REE  22.5 77
m’-d™ i 2 MR 11.25 5 m® - d™ 19I5 K Ab B
G, 53 31 Ak SR BE A 1 5 7K (WL-SD) ATk T
bl X% 7K (W1-ST), W1-SD % JH DL IR 48 -k 4 -1 4R
HiJT(anaerobic-anoxic-oxic tank, A*O) %L T. 75
L, W1-SLFE A’O T 20 3L ah 1 3% Jin 25 il (Fenton)
FTE PR AR B T 2R T BB A B 1), Ak T IX
N ITA Tl AR ol HE 50 8 7K ¥ 28 o A T A W-
ST, Hr gl | B 2 R 25 554k T Ak 7K o bR
K XEERIK B W o A A FEI YW E
i T AE PR 2 SRR A BEERE R, HETAETE K

PAT GB 18918 — & A #n#fE, Tk il /K #4447 GB
8978 —Zbnife, H v Ak~ 75 4 & (COD) HE b i
<80 mg-L',

W2 {7 TR S b g8 A Ab Rk H 3 T
(IR 25 B 5 7K, A 35 15 K A0 Tl R 7K ) HE 431 Rk 3
FHAE  Horp Tl R KA 3E T Ak T 25 2L EN YL AL
PO T2 R KR, %35 /K ) 1Y B AL BERLR 60
Hom®-d™ | A% — W (W2-LH1) Fl — 3 (W2-LH2) T.
P AL BRI 30 T m’-d™t . W2-LHI1 ZE/EfkAk
BB R 2 SRR (AN 15 7 m’-d 7Y, Hoh—4%
28 4 AR A= ) )2 Vi %% (membrane bio-reactor, MBR) T
RS I I AT RIS | B A SR R Ak
B W2-LH2 SR A”O I B Ab BE ) = S b BT
20, HRIPI TR R KK BT GB 18918 —
9B AFRIE,

WE 1 FiR, ARPFEAE 4 AT Isf7 815 K b
PR A4 (W1-SD, W1-SI, W2-LH1, W2-LH2) % 4 i
7K (influent, INF), — ¥R T JE b H 7K (secondary clarifi-
er, SC)Fl#x 2 i /K (effluent, EFF), W1-SD 1 — YKL
Ve K BI Ee 2 oK, LA B i5 KA R e 1 ik
HEV 52 5ot de 28 K HE AR |
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Fig. 1 Treatment process flow and sampling sites of each wastewater treatment system
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1.2 FESCRAE TS K BT

15K AL B R S8 AR R T AE T 2020 4F 10 H i
11, T AR R IER 217, 0 H G R AER
R, A VISR KSR EA MG Kb R
SEiEsK (500 mLx3), "R GTHE I H 7K (1 000 mLx3)
A KRER (1 500 mLx3), {77 T B 2
P, 7E0 ~4 CHRMF TPz SLE=E , HE24 h ZH
KH 022 pm 1R A 2R 4 Z R U8 i (Millipore , 78 5] )ik
T TR B AR 11 4 R 0 L, 5 08 43 ) 3 D 1 Y
AT INF(50 ~ 100 mL) . SC(200 ~ 600 mL)7I EFF
(400 ~ 1 000 mL)HE il , BEANFE B3RS 3 ~ 4 SRIEARS
TEREE]-20 °C vKAS B 2 AL BR, [RI 0, AR 3 (K R
KW 34T 75 CEF RS ) ) 0 2 75 7K A i AR K B 4
b, A45 pH & & (NH,-N) | B& (TN) , & @ (TP) il
COD,
1.3 DNA RIS Z 5L H A0y

$ 022 pm JEREBTHE A 2 ~3 mm RFAg TR,
32 %] DNA $EHURF & 1) DNA BV, 25,
K H PowerSoil DNA Isolation Kit(Mo Bio, 3¢ [#)ix
FI G 1T DNA $EH, BARERAE S DL & iy #4F
VLA . $REE R , SR 1% B A 48 i e vk XoF
DNA 4 Be R JEHEA TR, H ik 25404 - HUE 100
~110 V, 3@ HL A E] 40 min, 3-8 ] A\DNA/Hind Il
(TianGen, b 57) ff Marker,, fifi i Nanodrop 2000 %!
66 (Thermo Fisher, 35 [E) % DNA ¥k &
F4l B JEAT R f£E OD 260280 7£ 1.8 ~2.0 2
], PREEAEALS B DNA F-AF1E-20 C KA, ffa

Kzl -4 i) DNA F£ 45 i fragmentation buff-
er , > FH 8 75 U A L e B A SR A 7 BEAILAT W7 B AT W /S
1320 50 7 Br DNA T SCEA | s 4 i SO
HEATSCPE TR , % T Bk 4% 19 SOk A Tlumina
HiSeq 2500 =38 &0 /7 ~F & #£47 PE150 Wl /7, I 3
P32 Y i b PG Bl S, 20 3450 (base calling)
AT Ak R GG U F ) 91 (raw reads), 45 R DL
FASTQ(RIFRA fq) SCAFA& 2 AE A , v AL 5% 7
3l (reads) B P 8145 B, LA B L XGF 17 A 00 e Jot 2 £ U
SEPRN Y TAEZRHE) 7R S48 SE URHE A R 2w i
17, JRIR % 4% %2 NCBI Sequence Read Archive
(SRA)H#E 17 (PRINA718910),,
1.4 EWERES
4.1 JPHIBTHE A AR f

AR ARG 186 Gb 1Y E I , FE Ttk

Rt A & M — R AW F B e T HSE
IR DR 2 0 I 840 4 3

()7 5 oz 4% F Al . & S5 1] FastQC (v0.11.
)'IPE AL R 4h e B (raw reads) 1Y B K =, BT
KneadData i 2 (https://github. com/biobakery/kneadd-
ata) S B P 4 (09 T 4 o, AL 5 A ] BF Trim-
momactic(v0.39)" 22 5 7 51 (1 X $2 3k 7 51 R BT
HFY)(Z 50X & . SLIDINGWINDOW:4:20 MINLEN:
50), 18 #E Bowtie2(v2 3 5) X L[4 ME 354

)7 %1 41 ¢ Fn P Al . ok H 3K 4 MEGAHIT
(v1.1.3)"05%F AN FEA Y clean reads #£17 de novo
PHE(SHE%E  k-min 27 k-max 191 step 20), $15 5
ST (contigs) , T ¥E DF 2K FEAE 500 bp L 11
contigs HAT 5 Lo M. 7 N 2H 2 1) R4 R 3 i A
QUAST(v5.0 2)™ S 4714

(3)FE R T N2 4tk < >R FH AR Prodigal(v2.6.3)™!
%t contigs #£4F ORFs(open reading frames)Fililll (=%
BEH :-p meta), A K/ CD-HIT (v4.8.1)" X} 4k 1%
) ORFs #17RI(S X E . -aS 0.9 -¢ 0.95), K15
FETCAIE A ; i FH 41 Salmon(v0.13. 1) 15
BEANFE ) reads count, FiE—EARifELL , 3515 TPM
(transcripts per kilobase million){H , H LA & Ak 5 K 78
N R UE S A S
1.4.2 FETIHIETF YN ARGs [T R

f#FH ARGs-OAP(v2.0)" i F 4R 154 i o ARGs
ML, IS R 2 25, 55— 20 2 ] UBLAST
T HM11.0667) i ¥ )5 1Y %2 HE 4 clean reads
TSEifsE ARGs AHRUF F1, 55 — 25 J&ffi i BLASTX
T H(v2.2.28 +) ¥ IR ERIA 19 2 B0 i (e-value <
107, FFHIAMIE = 80% , LXK =25 aa)ls ik
FLF 51 5 SARG (v2.2) B4k 28 9E 47 L X, AR 3
SARG W5 T ARGs RTERRFIZM2E, T
CARD (4% J% (https://card. mcmaster.ca/home) VT fitt A
[7] ARGs (HTPERLH . AR T 51 AR X2 3 A
HEAEH ARGs 19 F B2 AT AR AL, 507l ARGs
5 V1R 20 B (copies - cell ™), AT ZEAN [RRE Al B
[F] 35 PR S A0 22 ] 3047 H FR AR
Z ]Vi(mapped reads) XL,/ L
= 2 A
/L

i(reference reads)

ARG FJE=

16S sequence

H N St uenceerea S
A i = 10 ™ ot

16S copy number

FH 2 N napped reass) 22 7 HEP2H clean reads H1 HE XS ]
AN E ARG SHF I P 580 L, 72 Tllu-
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I A5 T R 2 AT S [ 75 7K Ak B R 8 1 T 245 B DR 28 73 A R A A R AL A 5

mina (5 38 & W P 3RS 0 F 50K E (150 bp);
L cetorence reads) 7 = 25 FFE ARG 2 7% 7 91 1 K
Nigs sequence 72 2 HE= 21 clean reads H 9 %8 & O 16S
rRNA S T 9 2850 Lygs e 72T 16 1RNA
HED B 9P 2B (L 432 53 Nigs copy mamber 72 U
YA 16S rRNA DK 740 (4725045 D145 n 2
i PR RS TR ARG ZEAI o B ) 5%y
%L,
1.4.3 FETF contigs i ARGs K HAb TN RERE F 1 B

AU FH BLASTP T H (v2.6.0) 41k TU A S R 42 43
5 SARG $¥i )% . MGE %U4f J (https://github.com/
KatariinaParnanen/MobileGeneticElementDatabase ) FlI
BacMet (4% (v2.0, http://bacmet.biomedicine.gu.se/)
AT X, 3875 ARGs \MGEs il BMGs %55 A (1 21
o AN LTS ECHN e-value < 107, P B AL (i-
dentity)= 80% , /34| 7 5 & (coverage) = 70% .,
1.4.4 FETF contigs A9 ¥ 514374

FIHE A Plasflow(vl.1)!" 4 BEERIA S H (-c 0.7)
X} contigs(FR 5 FR 44 T A& N 53 () #1791 K B
<1 000 bp A9 contigs HEBRAEAM AT 437U, 1R 51 H Gy
EARIF S0 TR T 51, I 3 B 2 2807 90 i 4 Al 1Y
ARGs 4%, F|FH %4 WAAFLE (http://huttenhower.
sph.harvard.edu/waafle) i 12 A~ [7] 7 356 [K] 20 %540 4
KA EER R FAFHY contigs(>500 bp).
1.5 gtz

i AE B 12 £ 4k FR JE (non-metric multidimen-
sional scaling, NMDS) 73 B #8 2 Fl AT # AL AN [F] ¢ A
J3#H2Z 8] ARGs ZH LR AH SRR B g A B8 2 &
VI RGT %) T P A i ] (%) B 0 3 4 [ (Bray-Curtis
HEE), i & £ o0 )7 22 43 F (permutational multi-
variate analysis of variance, PERMANOVA)fi & 2 1~
FEMEZ W] 22 S 0y b M, R B P A
<0.05, MR HA 2 % B8, 2 AN RE 2 o) 2 AT i 35 22
5, PAH R /] BH(Benjamini & Hochberg) /5 A7
1E, i Origin 2018b I R i 75 i ggplot2 . pheat-
map 2l HE R HOR B RTERE, [ R IS &
genoPlotR % il A [A] & K 7E contigs I (1) HE 51 45 #4)
K, i1t R 1ESf) circlize 251 Circos & & 7= )7 41
FAE ARGs BRI NIEAR

2 #Z R 5i4ig (Results and discussion)
2.1 AFEZEAIEK ARGs HI45F 20 A28 1k L A
T ARGs-OAP i 2 XF 4 15 Kb HL R 5 R

[F) 5 KRR 5 8 22 2 K1 21 clean reads ¥E4T ARGs 1T
B, 505 477 Fh ARGs WAL, 430 2 i5 17 R
PRI 6 FHTIERLE . A 2 (a) FE 2(c) B,
Z Hi it 25 2% (multidrug, 13.4% ~ 65.6%, 6.20x 107
~8.53 % 107" copies « cell™" ) fiff f% 25 (sulfonamide,
2.5% ~249%,331x107° ~6.04x10"" copies-cell ™),
FFME AT 28 (aminoglycoside, 1.6% ~19.9%, 1.92 x
107 ~5.60%x10"" copies - cell ")  FT B ik 25 (bacitracin,
31% ~19.0%,3.71x107° ~2.47x10™" copies-cell "),
KIFNBR-PRAT B -5 7 RIS (MLS, 1.2% ~13.1%,
1.54%107° ~3.70x107" copies-cell™") .B-PN Bt f 2 (be-
ta-lactam, 2.0% ~11.6%, 1.05x107 ~321x10"" cop-
ies - cell™") Al PY 2F 25 2K (tetracycline, 1.3% ~ 12.7%,
8.73x107 ~3.57x10™" copies - cell ™ i 1 X &AL i
T E R ARGs KB, 3k 5 HABAT TS WWTPs )
ARGs i 25 R85 Ry — 3P R, an &l 2(b) iR,
477 F ARGs W B! 32 23 i $T Az RSP HE (efflux,
26.1% ~59.0% ). i 4 F K (inactivation, 5.0% ~
41 4%) i Z AR (target replacement, 2.6% ~
25 2% )i A 2K FE AR B4R (target alteration, 4.5% ~
20.2% YA HILI B AH IV BRI 2450 | 4R ) A2 28 K3 43
Z B B IE PRI B AE RAMHEPLG, 7245
Hd G LA X R 2 2 S HE R G IR B
AW IR 257 B T R 4P

it — 2 TARRIEE A T ARGs 945 EHE %K
FUSABRT L i 3 R, 25 R W 2 I 2R
H15 KA B R GE () INF FE 5 ARGs (1) 2 # 1
(W2-LH1: 347, W2-LH2:333) Fl 4 %} = & (W2-
LH1:2.82 copies-cell”!, W2-LH2:2.14 copies-cell™")
T, T Tl BE DX K Ak 38R G (WL-ST) #2 IR
ARGs Z R (260) FAH XT3 (1.24 copies - cell )i
1%, X P e 2 PR Tolk oK vh oA B84 3 10T e ik
JE 1 X RUE A R R KAE T, S 3k i
AHRIE R FE B TR, 15K FEXT ARGS (2
FEPEA — 5 I VR, DN 4 A4~ 75 7K b B R 4e 1
INF #l| EFF, ARGs [ -F 5§ B 48 504 % A BRI, 1H i
LHEK PR AR & A B 2 FP 25 ARGs (145 ~270),
X5 ARGs fA XS 3 BEOR UL, 2800 R UTIE T 20,
SC K ARGs [ 8F BEXA BN 1 F [, 3%
3 o — R UTvE e /K 73 BoFF ARGs 288 2 15 Al
JEHIZKAR ARGs W EZ x4 1RSI Fam
REAPE U W2-LHI A9 EFF ££ 5% ARGs &3
JEHFSE T [, W1-ST 1 W2-LH2 # EFF ¥JM14:F SC
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(a)
100 LA
Type
Z #2452 Multidrug
W i Sulfonamide
S 75 [0 ZUEHIT2E Aminoglycoside (c) _
g [ FFAKE Bacitracin EANERS z
& € !MLS .Multiplmg I ~3
=g -t Beta-lactam i |
% g [ U3F %2 Tetracycline §ulfo;§wlg{g ER -
= & 50 [ %7 %25 Chloramphenicol fn%n u?i‘iside 38
=9 ASEIFE Unclassified gly 02 &3
Zz [ 445 2235 Fosfomycin MLS 3 é
% Z 3 %J5 Polymyxin Tk =2
x 25 B R AEERES Trimethoprim Bacitracin o 2
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(b)
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N
S

s
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Mechanism
S Efflux
K Inactivation
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v &
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[ty
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Fig. 2 Composition of detected antibiotic resistance genes (ARGs) in the different wastewater samples

Note: (a) The relative proportion of ARG types, (b) Antibiotic resistance mechanism, (c) Heatmap shows the relative abundance of

different ARG types; gray in the heatmap means not detected; MLS means macrolide-lincosamide-streptogramin.

FEREAET ARGs W4, X RHEE LB T2 0]
REI AN BE A A% £ B ARGs, [ 1 1] 6 ] g 1 3 4
ARGs [HEFEHE™ ) K] 2(c) 45 R F W, ZFh ARGs
TE SI_eff HRYARXS 32 & T SI_sc, f45 2 Hif 24
25 RIS B B T 2SR T KIS A I i A
LH2_eff 1, 32 BLJ2 2 H i 245 28 AT B RS 3 IR &
AT B E AR A L E S T INF A,
i85 3T Bray-Curtis # 2 i) NMDS 437 A [7]
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Note: PERMANOVA test the significance of differences.
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Fig. 5 The distribution characteristics of different types of risk indicator genes on the contigs

Note: Representative contigs are selected from different wastewater treatment systems; (a) W1-SD; (b) W1-SI; (c) W2-LH1;

(d) W2-LH2; MGE means mobile genetic element; BMG means biocide and metal resistance gene.
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Table 2 The number of contigs (>1 000 bp)
identified as chromosome, plasmid and unclassified

sequences in different wastewater samples

G QOfRFT ALY 3] ARENFF
Sample Chromosome Plasmid Unclassified
SD_inf 23 36 22
SD_sc 8 19 16
SI_inf 24 36 35

SI_sc 12 14 6

SI_eff 24 21 14

LH1_inf 36 58 46
LHI _sc 20 19 13
LHI1 _eff 3 14 3
LH2_inf 33 43 32
LH2_sc 7 19 11
LH2_eff 21 10 15
it
211 289 213

Total

1 e contigs BT A /D —4 ARG,

Note: Each contigs in the table carries at least one ARG.
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