3RE ER
UDC Gs

i B B B ER AL AR ST

BLEBE TERS

B B R K DU AR R H R A BT A

L

TAYESSAR HEE: 2020 4E 12 H—2023 4E 05 H

& RA2 H - 2023 4E 05 H

B B2z B s BRAL S BE F T
2023 4 05 H






B TR A BRK U4 R AIE ) R R A BT 5T

resistome characteristics analysis of coal source AMD by

metagenomic techniques

BLEms R
Tahsh (—HFERD B FEMESTE
B (ZHFERD B HEERE
E1ERI vk

MR TAERER . 2020 £ 12 B
B9 TAERATERTE]: 2023 4E 05 B

B B2z B s BRAL S BE F T
2023 & 05 H






WE

AT S — THUE 0 2 R0 | (R A T AT WD SR 7 AR IR IR 14 7K (AMID, acid
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i 4 JE Pk 4 (heavy metal(loid) resistome) 2 FE 1L &, FEHIHERRAFE K
(mercury-), & (iron-), Flifi(arsenic-) . A A 73 A7 7 #% 5 7044 (MGEs, mobile gene
elements) X 58 4> J& $i 14 FE R (MRGs, heavy metal(loid) resistance genes)Et %} ARGs
BAHE R IRB RN . M AL 2% 15 2 1) 5 K 41 (MAGs, metagenomic assembled
genomes)H RIS E] [ 6 MBI EE, e 2 EPrERRRE, MEFPiE R
HER G EEIME. HA Pseudomonas spp. 17 fx 2 H & 10 Bt 3 K (RGs,
resistance genes), A2k 2 MR 12 FEGCSHEEE G P, X 2 i
RGs I JE B LA & P multidrug A F 44 R PUAE R PUiE HRESE R~ B0 AMD BT
W E PR R — N, JE 2R it — P EH TR 5[ & 1) ARGs IRy
AU o

HR, N TR AMD % 3BT s, AR 72 25 AMD
S ) 338 DL K J) BRI AR 52 52 el P e 1438, R 2 2 R BoR L ELE 9T 7 AMD
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ABSTRACT

A recent global scale study found that mining-impacted environments such as acid
mine drainage (AMD) have multidrug antibiotic resistance gene (ARG)-dominated
resistomes with an abundance that is similar to that in urban sewage but much higher
than that in freshwater sediment. These findings raised concern that mining-impacted
environments may increase the risk of ARG environmental proliferation. However, this
study mainly focused on typical metal(lid) mines and ignored coal mine, which also is
a kind of metal(loid)-enriched mine. Considering the fact that coal mine is one of the
most important energy resources in the world and so leads to large-scale mining
activities, investigating resistome characteristics of coal mine source AMD and the
effects to soil will help improving knowledge of antibiotic resistome characteristics
from mining-impacted environments and ARGs diffusing risk.

Focused on the above problem, we firstly analyzed characteristics of a coal source
AMD passive treatment with metagenomic techniques. The results showed that the
multidrug efflux type genes dominated the antibiotic resistome, and a highly diverse
heavy metal(loid) resistome was dominated by mercury-, iron-, and arsenic--associated
resistance. Correlation analysis indicated that mobile gene elements (MGEs) had a
greater influence on the dynamic of MRGs (metal(loid) resistance genes) than ARGs.
Among the metagenome-assembled genomes, six potential pathogens carrying multiple
resistance genes resistant to several antibiotics and heavy metal(loid)s were recovered.
Pseudomonas spp. contained the highest numbers of resistance genes, with resistance
to two types of antibiotics and 12 types of heavy metal(loid)s. The occurrence of
potential pathogens containing multiple resistance genes might increase the risk of
ARG dissemination in the environment.

Secondly, we analyzed resistome characteristics difference between this coal
source AMD affected soil samples and surrounding unaffected soil samples with
metagenomic techniques, in order to evaluate the effects on soil resistomes of AMD.
Both contaminated and background soils have multidrug-dominated antibiotic
resistomes that are attributed to the acidic environment. AMD-contaminated soils had
a lower relative abundance of ARGs (47.45 + 23.34 x/Gb) than background soils (85.47
+ 19.71 x/Gb) but held a higher relative abundance of heavy metal(loid) resistance
genes (MRGs) and transposase- and insertion sequence-dominated MGEs, which was
133.29 £ 29.36 x/Gb and 188.51 + 21.81 x/Gb, respectively, 56.26% and 412.12%



higher than that of background soils. Procrustes analysis showed that the microbial
community and MGEs exerted more influencing on driving heavy metal(loid) antibiotic
variation than antibiotic resistome. The microbial community increased energy
production-related metabolism to fulfill the increasing energy needs required by acid
and heavy metal(loid) resistance. Horizontal gene transfer (HGT) events primarily
exchanged energy- and information-related genes to adapt to the harsh AMD
environment.

These findings provide new insight into the risk of ARG proliferation in mining

environments.

Keywords: coal source acid mine drainage, metagenomic, antibiotic resistome,

heavy metal(loid) resistome, passive-type drainage treatment
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1 4k

PrAEZ PSRRI (ARGS, antibiotic resistance genes) I35 2 51 & JF #
PP RPUEANG ST R, PSR REEE M ST o X 28 ) B 21 N RN e
VIR R, IEREREF A EILT % (Hendriksen etal., 2019; Zhuang et al.,
2021). HEfhiTl, HPUA R DU G IE B I AE T N B SEZ) 0N 700,000, 7] @40
RWASEES], 2 2050 1807l 6 B2 10,000,000 (Crofts et al., 2017).
bR T HUAER, AHREE EoRAETUAE R AN E ()& 8 A LUE i ARGs FEIE
e, BB MIAERECER) S B ILIER (Imranetal,, 2019), FEIEFI IR N
. S X PutEMILRAI LR, EER) SRt ARGs Fl MRGs ()3L#%
i& (Lietal., 2017; Pal et al., 2017; Wales and Davies, 2015). HIt, ATURKE ¥
TR AT RE 2 ARGs )— M. FHSL b, DA ILERE. — M0
A V59 LW A LA rifamycin-, glycopeptide aminocoumarin-, A1 macrolide-
related resistance (595 = FPLAERPIMELA (Jiang et al., 2021). TIE—NEH &
R EHRE, HbtAE R ABE MLS- (macrolides-lincosamides-
streptogramins-), vancomycin-fl aminoglycoside 58+ 5. KEAlZimHr—14~4
IR BOH X IR A 50 SRR S8 1 AR, 20 70 R IAE 4= BRE [ 9 1) i
BB PRI T, multidurg SHEPUAE RPN &, Byt RbirEER
FESWTE K AL HE S THRKTRY) (Yietal., 2022). FRERIT XL
SIS RIEAE B8, AATA HAHOH X IR ARGs RS B . 41AH
FIER) B H R FAL YT TR B NAER, 110 ARS8 (Songetal.,
2017; Stepanauskas et al., 2005).

JRE Yi et al. 2022)IWT e fit 1O TH XML Hi i AP ALET, %
TR FEFE A AN X R 32 R 52 2R 15 2 B 2 52 ) 1Y) L IR S B 4 AR AIE
i, BRI B SR HUIE I RE AT R RT R0, IX PR 7% T ARGs b
P HORA VAL . 5358, BT R EEOSEMA BT &5, mE N E
BN, WAVEAFIEED X —FE M A G @0 W0t JH B S Pu it 4 ) sz . 2
[, R AR Be YRR T T £ RRIR I 50% (Maetal., 2020). 534h, 1EN4ERIN
TEAEIR, —HB 2035 4, B EIRA PN I H R T 24% (Liu and Liu,
2020) 0 XF TR REVE Y = BE 7R SR 2 SR IR, XFE ok — RG34, H
g A2 AMD. ERRIMAEMN ST, BEARCR R BEEAT S
AT KIS, ST RCE A mIREE SO LA K 2 Fh 48 55+ Ml om B P (<4) R 7K
(Dopson and Holmes, 2014; Pan et al., 2021; Xin et al., 2021). 1 T & B ER I
Birh SR Gy AR, TG AE AMD R B GICAE Y2 TR EUAE — oK AR IR B g B K

1



e EiE . RELEEEEn, XME S SMEC)EE MR ARGs M
MRGs M3LFEHIL. FrLl, B RIEF AMD 7l R & A KE M ARGs 1 MRGs,
AMD {5 3] g 22 fil P T S PR T B 1 B AR =E FE R N, (H AH S 7T AR Wi
ik .

BT A R R, AT 1AL o ] P e X B M AR AL R SRR A e A
WG, AL IER M IR /K passive-type AL R G0 RAETG KFE i, Ml
RAESZ B AMD V5 AR 5215 G ) IR L o XTSRS 22 B R 4H 45
MrHEARIFAT)HE 7T AMD BIHtE AR E; 2)73 4 T RGs B8 FH#+1E; (3)
7€ T MGEs %I RGs FJIRBNN . AT IR, 8 25 FE R AH HORFRATTEL AR
M T AMD NIRRT A B2, 2D F A IR A T A SR B A
MEGs HIFHES X FREZE R Q)0 T REYRRE A MGEs Xf 385020 (1)
EBHRRL; B)r T T AMD ¥ 4] H A VIRV AR RAAE K520 I 2. MAGs
JZH 7M1 7 PAE ) HGT(horizontal gene transfer) 544

FHSCHE 7O BT ANTE AT 1 AN RIS 1L T RE 20 1 A Bl A B ik
Himgem, AT 5 LI RiE  ARGs PR UK .



2 BN BRAEBRK DUk L ARFAE

21F1E

AE AT R G T & KR T AMD AL EL . A, passive-type R 1) Ab P
KRG AR I R FNGES 17 55 1, WA A AT T2 H A (Akcil and
Koldas, 2006). 7£H1 E PG 52002, — U passive-type AP RGAE
2013 “EHE G, JF—EHTX AMD #ATEAMEE . Chen RIFE /T T RELTE
AbEE AMD 3R H R AE D BEVR G5 A A0 DL S % R GER Fe(ID) I 22 bR AR, (H2
T T ZAL TR R G HIPUIEAASAE (Chen etal., 2020). AHF7ELE I FERY F i A
WFE RGN AMD [IPLHEARHE. A MGEs /% RGs fEMAY < B 15575
(Wozniak and Waldor, 2010), ¥EEZEun pH 2545 418 B8 BB 80 (M H252 RGs
254k (Zhou et al., 2022), FTLAFRATIESHTT MGEs A¥MiEZH 5 ARGs
MRGs Z [E] A . BATIALEE RS HIAS [F] BTl EE AMD Ff 5L, IS LA )
HERA =S HL, IER IR R BT 70 i o (EBX e HR, AT ERE: (1)
BB BRYE R K B AR (2)70 8T RGs 78 F4FE; (3)70 8 MGEs 749K
) ARGs 1 MRGs R P& I/E R . A THIB FLAE passive-type A3 5 45 N 6
(R 1k ZE AR O A AREA B P R /K B 22 R PR S5 B8 TR 4t 7 9020 L

22 MBI 5T
221 FimREELHE

P A R AR B 1 U R BN 8 ) — NIRRT AMD passive-type Ab3 5
4 (26°31'28.68"N, 106°34'13.72"E). AMD B ILITHR T, KRG AT RGH 5
MEFEFTT (Fig. 1)o 6 AR AL 1| MEFRITTH K D S5FF 5 ANk
L) H K 1, 90 3 6 44 8 Entrance, Pond1, Pond2, Pond3, Pond4 F1 Effluence .
FERFAN KA SR JZ K H1(0-300m) R AR 3 AN FATFE o BN b R B BH B8 14T b
W, 7 AME IR AT 7 A J HEAT 16S rRNA 4748 11 7 JE DR 41 7

18 FH 22 3838 7K 57 20 BT (Y ST, Ohio, USA)XS &M AL JE A& pH (E AN
fRE(DO). X THEAKE S, M 0.45 um BEMRITIE 200 mL /K, SRJGZ550K 4
50 mL 4351 F R & P &5 7. 50 mL f FIRASER(16 mol/L)iR{L )5, ¥ ICP-
OES (Optima 5300 DV, PerkinElmer, USA)MI &= A 5 Y Mn & & . 50 mL /KFEf8 A
W E R (12 mol/L)E2 1k & , 1 ] ICP-MS (PerkinElmer, USA)I & #E 5 TR T
50 mL KEEARZ AL, B4 1CS-90(Dionex, USA) W& SO W E . 18 M



ferrozine J5 ¥ &AL 5 1K) Fe** Al Fe (Stookey, 1970). AT AL SIS B LT
¥){E + standard error F 7~ o

2.2.2 DNA 2B ¥ TR0F. RERAMFMLHT

MEEEES Y, A 0.22 pm JEEIEIE 5 L BRK . SEMEME 0 A7 AL TS T
OET, BOEMTIK—ERCE T KA, 1£4E Sangon Biotech Company
(Shanghai, China)if4T DNA $2HL.

i V3-V4 51979 38 77, “F&iEH llumina HiSeq2500 “F&. F#l
BR8] Qiime2 (v2021.4, giime2.org) (Bolyen et al., 2019)#E47 /0 4. fai Bk i,
{4 [} dada2 SE3HE4T 100% ASV %2 (Callahan et al., 2016), ¥R %3 1%k H Silva
database (v138, not weighted) (Bokulich et al., 2018; Robeson et al., 2021).

[A] FE4 ] Ilumina HiSeq2500 “F- & PE150 ALzUxTF 18 AN b HEAT 72 3E R ZH
7, &f&FE 2N 10 Gb. Kneaddata (v0.6.1) (github.com/biobakery/kneaddata)
(Bolger et al., 2014)H T#AT i 515 Ei5 44t € (key parameters were set as --
trimmomatic-options TLLUMINACLIP: adapters/TruSeq3-PE.fa:2:40:15
SLIDINGWINDOW:4:20 MINLEN:50' ). /3 %2254 MEGAHIT (v1.1.3) (Li et
al., 2015). FFi [ HE (ORF, open reading frame) Wiill] . 25 704 FNFE A 52 & 9 HIE
H Prodigal (v2.6.3, with default parameters) (Hyatt et al., 2010), CD-HIT (v4.8.1, -
aS0.9-c0.95-G0-g0-T0-MO0) (Fuetal., 2012), F1 Salmon (v0.13.1, with default
parameters) (Patro et al., 2017)i47 .

1 F Diamond (v2.0.2)f] blastp B LX) genes 22 SARG #(#5 /% (Yin et al.,
2018)H1 BacMet2 (Pal etal., 2014)%4f5 &, F T2l ARGs f1 MRGs, S EN
identity > 70%, e-value =107°, alignment length >20. Blastn (v2.5.0+)EtLX} genes
% MobileGeneitcElement Database (Pirninen et al., 2018), T4l MGEs, Z%{
WE N identity > 70%, e-value = 107>, alignment length > 28, blasting strand %
5E A both. CARD database F T-%F ARGs AT HUMENLHI 525 RGs Bi# MGEs I
FEARE FIRE T ERR (Patro et al., 2017):

Zn Nmapped reads X Lreads / LRG/MGE—like ORF
1
S

Relative abundance (coverage, X | Gb) =

Nnapped reads 72 LEXT E] RG/MGE-like ORFs /7 H%L;  Lyeads /& reads K&, Bl 1505
LremcEe-iive orF /& RG/MGE-like ORFs fIK A n 22)& T [A—/> RG/MGE KA
ORFs £, 1%#UE i Salmon THE1FE]; S ZRAFE S ZEREF AR KA, ZE N
Uiy 7 A HEAT 42 5 453 B 5 7 51 B~ 3318

1 i} MetaWRAP pipeline (v1.3.2) (Uritskiy et al., 2018)%F K& KT 1000 bp )
contigs JHATIEHR A 5346 . % pipeline £ & F M, 0T DL il 34T 55 R 2H 53 46
FERHARAEAFE R E B . B checkM (v1.0.12) (Parks et al., 2015)/ T #4752

4


https://qiime2.org/

RS YR PEAh . BE S5, &5 & MAGs (contamination < 5%, completeness > 70%)
ATt RGs 1 MGEs, MAGs FI¥#ER(H F CTDBB-Tk (v2.0.0)585%, B
BRI PE WA N version release 207 (Parks et al., 2022).

2.2.3 BT 5L

R (v3.6.)# F T 347 23l 3 thr Anaf ¥4k . Barplots {fFH7E2EF 5 ImageGP
(ehbio.com)#4T 4l ANOSIM 4347+ RDA 434 3 FCo M Al 5 /R 2 A0 %1
HE S ITEE LT & Tutools (cloudtutu.com) b 5€ & . f# H £ 2k & iTOL
(itol.embl.de)Xf MAGs &P . 8 Gephi (v0.9.2, github.com/gephi)%:
) 98] 285 ] o BN KA 1 B R AE 6T 2 B B Z 8 = AN FEE R )3 4E + standard error 38

7No

2345 R
2.3.1 RS HUFE

Table | JE/R &R FEIBESHUE . pH (E B HE/K H1K) 3.03 +£0.00 B4 E T+
ZH/KAR 3.13 £ 0.00. DO /KT 4.19 £ 0.09 mg L _EF+% Pond 2 4011
505+0.11 mg L', #RJGAEH/KOMBKE 3.86+0.01 mg L. SO KA H#tKO
) 4,030.23 + 199.93 mg L' #8 hn %= /K 111 6,060.09 £209.79 mg L. Fe* kA
I5ARAL, T Fe IR E e HiE/KITH) 5.92+0.08 mg L' _EFFZ Pond 1 4b1F) 22.14
£0.98mg L, ZRETEHKIT, ZEMKIKE 14.55£0.03mg L. £ )& Mn. Zn,
As. Hg. Cu. Sb 1 Pb HIikE 2 TG EARIER.

SR, pH. DO A Fe [k BEA B0, T & S HONE K H 2] K
U35 R FIREE ) LTS . ST miiE 454, 1E25% Fig. Sl.

F 1. %KM AMD pH, #EfR%(DO), SO2IKZ LA N T &)@ B 7IKZ . {HLL mean +
standard error K7
Table 1. Water pH, dissolved oxygen (DO), and concentrations of SO4> and main metal(loid)

elements at different sample sites in the passive treatment of coal source acid mine drainage. Values

are the mean + standard error.

Phases Entrance Pond1 Pond2 Pond3 Pond4 Effluence

pH 3.0320 3.0020.00 2.9740.00 3.0440.00 3.0840.00 3.1320.00
SOZ (mgL?)  4030.23+199.93 5337.032418.19 6167.262355.75 6122.6432.22 6217.91+16.76 6060.092209.79
DO (mg L?) 4.1940.09 4.320.07 5.0520.11 4.7340.05 3.0520.05 3.8620.01

Fe?* (mg L™ 0.7140.07 0.7740.07 0.8540.05 0.6540.02 0.7320.04 0.7240.02

Fe (mg L% 5.9240.08 22.1416.98 21.2023.93 16.4840.13 14.3740.09 14.5540.03

Mn (mg L) 13.2240.17 14.0840.22 12.2740.11 20.3022.22 20.5144.49 20.8244.42


http://www.ehbio.com/Cloud_Platform/front/#/
https://github.com/gephi/gephi

Zn (ug LY 298.5146.46 291.2743.82 282.06+10.97 301.88+.01 354.5043.45 347.0316.50

As (ug LY 1.6040.49 0.7040.22 1.7040.142 2.3840.25 3.1440.71 4.4140.12
Hg (ng LY 0.3740.24 0.0640.02 0.01+40.01 0.0540.02 1.0320.74 2.0440.46
Cu(pgL™) 8.1640.28 7.7840.11 9.6340.24 15.9840.19 26.5843.88 26.3840.46
Sb (ug L?) 1.9142.09 0.1340.08 0.0840.03 0.3640.02 3.91+.62 5.2040.38
Pb (pg L) 1.8440.74 0.9940.10 1.5940.31 1.4540.23 14.9448.71 24.224.70

Entrance Pond2 Pond4

] | n—>
Pond1 Pond3 Effluence

L SR ERVE R K A B R G a5 i I o 6 SREE R LT 5 A7 HonhyiE K E, - o3l e
%N Entrance, Pondl, Pond2, Pond3, Pond4 #i! Effluence.

Fig. 1. Photographs of five ponds and schematic of the passive treatment of coal source acid mine
drainage. Six sampling sites were at the entrance of the first pond and the effluences of five ponds,

named as Entrance, Pond1, Pond2, Pond3, Pond4, and Effluence, respectively.

2.3.2 Gt A ML 3l TOARTEA R R i IRHIE

ANOSIM 73 #r(Fig. S2a, 2b Fl 2c)H R {E N 1E HIHA B E M, RHH R ZE
FRRTHNZER. R AMD Efd AR AL B ITE, Pritk LK F MGEs #
FE A T R4 .

Fig. 2a, 2b WoR A RPUIEIE R SRR AE N = FE AR A o JEAEEXT 18 Fif
PUAEZRH 69 MiputhR: KA 2], Hrp s — gk L EZESAR, W
multidrug (30 ), beta-lactams (8 F{)H! vancomycin (4 #). Multidrug-type ARGs
AR =F BEAE BB A S b 5 LE I 65%, SR & DU RPUEA ML . =4
AR XT3 B B i PR JE R 420 O multidrug-type, A9 A10N mdtB, mexF Fl mdtC, J& /5

6



P 25% . &L ARGs [RAFXS 2 5 H g 7K AR ) 30.609 x/Gb AR A HZK FTH) 17.368
x/Gb, /b 43.26%.

Fig. 2¢ 7R HIEE Pkt B R SRR AEAAR S 3k . BT 36 Fh s
FKA(AHE 21 M2 &EADM 101 B MRGs(BLFE 37 T2 Hudh L D) e A I 21 .
Hr, fova X218 8 FiE & B AAPME, 8% Cd, Co, Cu, Fe, gallium (Ga),
Mn, Ni M1 Zn, {HZ&RZLEKEHRME]. FEHRaEHIiRMN A He-,
multiresistance-, As-fll Fe-related $ih, ©AII7ER H /K OB EARL H 75 Ha o3l
N 21.23%%1 49.15%, 12.74%%1] 26.86%, 15.82% ] 25.46% LA [ 9.40%F] 14.03%.
T RERPUEER Z M, Cu-related HUIEHA &2 14 MHiMEEER, As-, Hg-
F Fe-related 1143 K #2453 5108 9, 8 A1 7.Hg-related merd A & mi X F
HIKAN arsH (As-related resistance), ruvB (Cr—selenium (Se)—tellurium (Te)-related
resistance), dpsA4 (Fe-related resistance)fll arsA (As—Sb-related resistance). MRGs ]
F R R T 135.55 x/Gb FRIKZE 1K 1] 50.859 x/Gb,  [#1iEik 62.48%.

Fig. 2d %78 | MGEs HFEFFAEAARN L3840 . G4 integrase, insertion
sequences, qacEdelta, plasmid, transposition module I transposase 7EWN ] 6 Ff
type BERTIIE] . F4h, EFXTIX 6 i type, —3AH 29 Fi subtype BEATIIE] . X IH
B, IS91 A tnpA (5 48 B s AR = B2, FEFT A BRI B 280 EE I 75%.
5 ARGs 1 MRGs HJZE 4k % AH L, MGEs FIAHX 3 % Bk /KAL) 501.005 x/Gb
BEAR 42 7K Ab 1) 198.438 x/Gb,  FATEIE 60.39%.
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Bl 2.(a) HUAERDUIELAE & RAE S RIE L AL (b) 2 24T 2455 R 7E &R 5 - 24
L (0) GRS mHTIELALAE & RAE ML DL A 3 (d) BN e AL &R RUHIHFAE
PAR AR o AH R B B RAE R 3 A PATHE P {H

Fig. 2. Characteristics and dynamics of (a) antibiotic resistome (ARGs, antibiotic resistant genes)
and (b) average percentage of multidrug-resistant ARGs and other types in six sample sites of the
passive treatment of acid mine drainage. Characteristics and dynamics of (¢) heavy metal(loid)s
resistome (MRGs, heavy metal(loid) resistance genes), and (d) mobile gene elements (MGESs) in
six sample sites. The six sample sites were at the entrance of the first pond and the eftfluences of five
ponds, named as Entrance, Pond1, Pond2, Pond3, Pond4, and Effluence, respectively. The values
are the mean abundance of each antibiotic type. In (a), MLS is macrolide—lincosamide—

streptogramin. In (c), multi-resistance included resistance to 21 types of multimetal(loid)s.

2.3.3 ARGs. MRGs. MGEs M4 Y17 2 8] FIAH <

Fig. 3a 78 MGEs-ARGs-MRGs (MAM)M 4% [, Fig. 3b &7~ Genera-ARGs—
MRGs (GAM) M 2% 4] . Real-network [#) 45192 £ (£14 clustering coefficient, average
path length 1 network diameter)}2J K F random Erdds—Réyni network (Tables S1 and
S2), FREEMLEIHFARZBENL AT, 1 2A = B R a5

MAM 2% —H4 78 N1 (BLFE 29 4~ ARGs, 32 1> MRGs Al 17 4~ MGEs)
1215 4538 (4% 81 A~ ARG-MGE #1 134 4~ MRG-MGE). 29 4~ ARGs i £ifJ
2 19 > multidrug-related ARGs F1 4 /> beta-lactam-related ARGs. 32 > MRGs 4
RALE 4 4 As-related MRGs, 5 /™ Cu-related MRGs, 4 > Fe-related MRGs 1 5
A~ Hg-related MRGs. 7E 215 ki, 81 4 ARG-MGE type, i 51 %&B T
multidrug-related type. 52 XN, 134 25J& T MGE-MGE type, 4% 22 % Cu-
related, 17 2k Fe-related, 21 2% Hg-related A1 19 2% As-related. IL4), i&F 43 %
J& T multimetal-related, W1 arsd Al ruvB. A 5% % edges 1 MGEs 5 1S26 (19
ARGs F1 9 MRGs), istA5 (11 ARGs f1 17 MRGs), tnpA2 (9 ARGs Fl1 13 MRGs)#!l
ISRj1 (10 ARGs 1 12 MRGs). H:H, KZH MGEs ¥ £ i 5 MRGs 22 & 1)
IEAHRR R 1526 5 19 4~ ARGs RILEZEREMHTLKR, M5 9 1 MRGs
ESUINE NN EP S

£ GAM network ', multidrug-related ARG multlidrug ABC_transporter 5%
15 28 A~ genera JEf edges, HPOFEEAMAIR) AMD ¥f, W Ferrovum,
Leptospirillum, Acidicaldus, Acidobacterium, Acidibacillus, Metallibacterium F
Desulfurispora. As-related MRG pstB t15 %15 28 > genera {23 IEAH K. Genera
i, Acinetobacter 5% 1% 30 i RGs JERGEZ IEAHR KRR, A 9 FEGSE)E
o221 FiprER. HEEZAD RGs FAEREFEEMHKKRAMNE QR

Desulfitobacterium (20 ARGs 1 8 MRGs), Granulicella (12 ARGs 1 9 MRGs),
8



Syntrophobacter (12 ARGs Fl1 7 MRGs)H! Acidiphilium (4 ARGs #1 11 MRGs). X
S Al A& AMD BT ) RGs W 7ETE .

ARG
MRCG

MGE

ARG
MRG

Genus

" Candidafis frieehe
- £

3. (a) PUERTUERR, CRE)EPiTERER UL EB S Tl co-occurrence M 45 5]
(Spearman correlations: > 0.7, p < 0.05); (b) #iAERPIMERERE, GOEBEIIHERERELLLEKF
FEVR 25 MY co-occurrence 4% 8] (Spearman correlations: 7> 0.7, p < 0.05). #5615 SiACR T
ERPUERER, RO SRR EIUERER, 8 0T SRR o (EE JEb).

SRR ST B8 O RIARET R (B RILE 3 LR, RO AR

WAL RS IRTE iV PR

Fig. 3. (a) Co-occurrence relations among antibiotic resistance genes (ARGs), heavy metal(loid)
resistance genes (MRGs), and mobile gene elements (MGEs) (Spearman correlations: » > 0.7, p <
0.05); (b) Co-occurrence relations among ARGs, MRGs, and genera (Spearman correlations: » >

0.7, p < 0.05). Blue nodes represent ARGs, brown nodes represent MRGs, and salmon nodes
9



represent MGEs in (a) or genera in (b). The size of each node corresponds to the number of edges
with other nodes. The red edges represent significantly positive correlations between MRGs and
MGE:s in (a) or between MRGs and genera in (b); the black edges represent significantly positive
correlations between ARGs and MGEs in (a) or between ARGs and genera in (b); and the gray

edges represent other significantly positive correlations between other types.

WA R ILEER S5 H (B /K F) 5 ARGs £ MRGs fEAEARE B9 — 3 (61
ARGs, M?=0.3365,p=0.001, Fig. 4a; T*%fT MRGs, M?=0.4692,p=0.001, Fig.
4b). /RE MGEs 5 ARGs 1 MRGs ¥J/77E 2 3 (1) — 2%, {Hs2 MGEs 1 MRGs
FAEFE /N M>E 5FF ARGs, M? =0.5631, p=0.001, Fig. 4c; X}F MRGs,
M?=0.2228, p=0.001, Fig.4d), XK/~ MGEs %/ T ARGs, % MRGs HAH
558 Z1 R DR B RN

(a) A Genera — @ ARGs (b) ® Genera — A MRGs
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e by
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z [ T =
5 * . 5 L
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—02] w2035 A M2-0.4692 @
-value=0.001 ~0.21 prevatlue=0.001
.
04 02 0.0 02 0.4 02 0.0 02 Entrance
. . . . Pondl
Dimension 1 [39.68%] Dimension 1 [54.7%] .
. Pond2
Pond3
(C) A MGEs — @ ARGs (d) @ VIGEs — A MRGs @ rond4
. 2 . Effluence
®
e
A ®
o & _ 0.1 . .
= 8
& = Ak
> (=1
= . S
— A N [ ] — otk i
00 D00
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= 4 . # Iz e d
|53 X hd 7] -
£ Loy B v
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0.1 L Ak —0.1 -
.
M72-0.5631 L] MA2-0.2228
p vale—0.00 p value—0.001
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Dimension 1 [51.24%] Dimension 1 [65.17%)]

Bl 4. (a) JRACTHEVESSH STUERPUES H K R (b) JEACTFR LS GO R b
PEREPR ) R T (o) Bttt SHARTUEER IS Roabr @) B350 RN
P DR )8 R s
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Fig. 4. Procrustes analysis with Spearman correlations displaying significant correlations between
(a) genera and antibiotic resistance genes (ARGs), (b) genera and heavy metal(loid) resistance genes
(MRGs), (¢) mobile gene elements (MGEs) and ARGs, and (d) MGEs and MRGs. In the passive
treatment of coal source acid mine drainage, the six sample sites were at the entrance of the first
pond and the effluences of five ponds, named as Entrance, Pond1l, Pond2, Pond3, Pond4, and

Effluence, respectively.

Spearman FHINEHT (Fig. S3)E7~, RKREZH ARGs H5HECER) L& < [AAF1ER
S50 IEAH R B B AR S R . MR, 21 MRGs 53N &8 LR B4R
FAEREWIEM KRR, U0 pstB (As resistance), merP (Hg resistance), merR (Hg
resistance), HAMNEAFEZANZ &RBPIMEILR, 10 cued, modC, wipC F nia. RDA
3 ir(Fig. SHWBRHAIRIG R, BIKZ 4 ARGs M1 MRGs 5H(ZR) &8 Wor it
BRIAE R o
2.3.4 R A /KPHuit F 35 RHIE

FRFMASEAT 2 AMD #F RG #rEd. —HF 215 MEAE
(contamination < 5%, completeness > 70%) MAGs # [5G 2], HPEHE 209
YN MAGs fll 6 Nt MAGs (Fig. 5). 1E 6 N MAGs #1, RE—NMEE&—
/> Cu-related MRG. 7E4IR MAGs ', 47 101 MLE %A 1 4 RG 5 MGE.
Multidrug-related ARGs 7EFEFR AR HHEEE LS, £ 13 MEW ARG 1)
MAGs "', f 8 ME 2 /0 — multidrug-type ARGs.

6 MEW R ZEHE RGs 11 MAGs AR # L e AEAREE, B
Pseudomonas  (entrance MAGO1) ,  Mycobacterium (entrance MAG11
pondl MAGO02 #i % & A M. numidiamassiliense , UL J& pond2 MAG16)
Acinetobacter (entrance MAGO6 #% % ¥ N A. junii, entrance MAG29 #7 % ¥ N A.
guillouiae). Entrance MAGO1 #7 1 4~ MGE M1 25 /™ RGs, Xf 2 FiprAER
(multidrug A1 bacitracin) 1 12 FE ()& )8 R F Hilk; Entrance MAGI1 F
pondl MAGO2 #7417 6 1~ MGEs 1 13 /> RGs, %} 4 #i$14E & (multidrug, quinolone,
rifamycin F1 aminoglycoside) 1 4 F & (38) 4 )@ LA Hit%; Pond2 MAGI16 #75 10
A~ RGs, %f 2 Fipid: & (aminoglycoside 1 quinolone)fl 4 Fh & (%) & & B A Btk
Entrance. MAGO06 #7i7 2 > MGEs 1 8 > RGs, X} multidrug 1 2 & () &8 A
A ¥tk ; Entrance. MAG29 #7171 1> MGE #1 14 4> RGs, % 3 #$i4: & (multidrug,
beta-lactam I aminoglycodise)fll 4 (284 )8 B A Hitt.
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FOPLIA26
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5. [BIsc 2 12 K 2H (completeness > 70% and contamination < 5% Fh 3t AL & . [ = B A
FAh, Rk WO SO FIZL B2k 1 70 ARFRARGRAR A B R AR 3 1 1)
Gy, FENHE R BIPTA PR E B . BB B 0% 2 Jo RS DL R DR 4H
TREIN e myTEREREER .

Fig. 5. Phylogenetic tree of bacterial metagenome-assembled genomes (MAGs) and loading of
resistance genes, with MAG completeness > 70% and contamination < 5%. From inner to outer
circles, colored bars of first circle represent the phyla of every MAG, blue bars of the second circle
represent MAGs carrying antibiotic resistance genes (ARGs), green bars of the third circle represent
MAGs carrying mobile gene elements (MGEs), and red bars of the fourth circle represent MAGs
carrying heavy metal(loid) resistance genes (MRGs).

2.4 i

2.4.1 AMD G M multidrug NERFAERREAMBESHNES)SRIHE
|

AW TR AMD $i4 R PiPE4L L multidrug-type HiiEIE R L4 EE+E
FELH (Fig. 2a Al Fig. 2b), iZ455% Y5 Yietal. Q022)MIWF 745 B—5. Zhao et al.
(2020)F1 Malik et al. (2017)WH &30 7 AHARLIILG,  ABATT 29 50l A AL — N R AR
(1) As-. Cu-i5 Jefc ANV AT B 2 & @ 15 e R M M 355 Hh I T BA multidrug S 3=
I R PirEd . EARHF A multidrug-realted RGs ST =E B 5 P54 b 1)
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65%LA L, XU AR TE R multidrug £ 3P KPR A B T HE R
PRI W AEAF . IX A] BEFR multidrug-related RGs A Z EHIjgE A %, JLHE
XL PEN IR E G & B MBI T . A — %% multidrug-resistant ARGs it
JE X tripartite-like organization, #i 1)) gram-negative & {EPIERTEMM G, 4EFFEL A 4
pH “F# (Teelucksingh et al., 2020), LUl emrB-mdtB—tolC REIHIL T gadAB X
OB R BT FE R P R IA T 5 Bl Escherichia coli #EPTBRTEMME (Deininger et al.,
2011; Schaffner et al., 2021). mdtB 1 mdtC §eH; Bifa FHPT Zn (Lee et al., 2005),
% mexl W18 EREHPT V (Aendekerk et al., 2002). 57 #7F, multidrug-related
organization A HEHEWMAEVIEL M. FHAARPMAMFEIIRE (Alav et al., 2021;
Okusu et al., 1996; Yu et al., 2003),

{HRAE— ISR XA A ORI T A —FE IR o e — > 52 2 R n
75 3, & rifamycin-, glycopeptide aminocoumarin-F1 macrolide-Hi 14 (5
AR MEARN FE MK (iang et al, 2021); B4, MLS- (macrolides-
lincosamidsstreptogramins-), vancomycin-f1 aminoglycoside-Hi4: (58 1 —/~52 3
S RN SRR HR P AE R £ (Qiaoetal., 2021). [k, FFEH
HIRN BT FERBR AT XS AR AR ) T e R 3

SR, E AMD & —/ Pl Heg-, multimetal(loid)s-, As-
M Fe-tifa FEFRAFAMEINZ UM EC)EEIIEH . MRGs HAHXTFE
B 151 0 merA (Hg resistance), arsA (As-Sbresistance), arsH (As resistance), ruvB
(Cr-Se-Te resistance) Fl dpsA (Fe resistance) ¥ % FH H (3R & )@ B AP . Merd &R
RN, Rk He? NEE R 99 ) #)5 He® (Rugh et al., 1996). 74, merd Xt
Au HHEIHIEIERE T, 88K A IEJEN Au® (Summers and Sugarman, 1974).
ArsA Gt — MR R B AR, Beisfi As A1 Sb i@l arsB IEEE S EH,
MAERE arsH BT NADPH ) Fe, Cu fl1 As HJiLJF (Yang and Rosen,
2016). WA, ruvB %f Cr, Se M1 Te A Hilt. Fe FulhEEH dpsd S HRE
RGO DNA G2 f i ®, A8 FRIRZ IR, a0 N AP A £ 032 31 R
i, HiRik4s FFF (Michel et al., 2003). AMD J& T A ) 58 753045 (Chen et
al., 2016), Ktk dpsA FERE HH) S S Re T B UAE IR E A B b A s . A
multidrug-related ARGs —#, X482 8 ()& FPiit MRGs #25 # Bi T AE DR IE
T RENT AMD 5 EE TR .
2.4.2 BHNTCAR AMD A & ThRE T IEEL TR 1 F B IR Eh /)

5 MGEs #tt, B i A Prik 4 At 20 5 oRER- . R
M, X FAWFTEH [ AMD #1358, MGEs Fil MRGs 2 [A] ] M* {£(0.2228,p=0.001)
TN THEVE S MRGs Z A1) M? {H(0.4692, p = 0.001), X5 HI7E MRGs 1784k id
Firh, MGEs &3 LK S50 B R IREER « A — ot MGEs /13
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HGT HAFRAF B PiE, PARE MIA A (Blair et al., 2015). f£ MAM
network (Fig. 3a)", 5 ARGs #Htt, MRGs # & B EAEH 5 MGEs Ul tnpA,
tmpA2, 1S91, ICSaul, istA F indl] JEREE IEAHG K &R B, ZKIM5HE K
i BRI MGEs 1 MRGs 1) M? {6/ T- MGEs #il ARGs 1] M* {EIL R —2L,
BPFETH X 2 S @ ia i, fAE M ae vk S8 n) Tl MGE /3 1) HGT FAF58
it MGEs. XA[REAM LT ARGs, MRGs 7£# B E MR IEPT &8 hia vh 5
HARRM, X DRI MRGs FIAIX £ # 25 T ARGs. A4k, BEE
1 MGEs X FEE ST MRGs 1 ARGs, AJREJRZR TS ARGs
MRGs KK PAEHE, BEEB T EET HGT KA HALRE /1, Wiyttt &EER
FAH AR AE J1oKIE N AMD #£3% (Chen et al., 2021; Guo et al., 2015),

2.4.3 )\ AMD H Bl BB EBEDU R R S

K Z H multi-RG #4 # A MBI F R W, W Acinetobacter ,
Desulfitobacterium, Granulicella, Syntrophobacter, Acidiphilium, Acidocella
Acidibacter (Fig. 3b), ‘BTN E AL BRI AT 2] (Chen etal., 2016; Huang
et al., 2016). #7172 FEHEES) S EPiE MRGs f1Z£ Ih#E RND-type RGs F B e1/]
L i i R S R M 22 b <8 e £R ) AMID MR

3L binning YL E]K) MAGs, #78% RGs 1 6 > MAGs ¥ % 5& il
B9 R, JHET =& Pseudomonas, Mycobacterium F1 Acinetobacter. IX*5 )&
N E RS2 AR E S I T, o s TN S e R 0 TR R B
Fik B E B (Forbes, 2017; Peix et al., 2009; Towner, 2009). & T £ FERIHTH:,
Horb B R Z W ph RN AR BN 1 L ANRIE IR KR IE E) Pseudomonas strains g
ENIRMEAPIAEZR (Bravakos etal., 2021), U088 5| ALEE BT YL P. aeruginosa £
HERPiME (Lewenza et al., 2020; Naveed et al., 2020). Mycobacterium avium feifH T
RS R A A AT BRI R A B VST, ITAE pH N 4.5 BB A
7% F K (OBrien et al., 1996; Roxas and Li, 2009; Shahbaaz et al., 2020) .
Acinetobacter 1EAEIETERR M &8T5 Je M B AR &7 L4 2B (Proenga
etal., 2021).

U R B A Va B N I — K AL PA B (Ayobami etal., 2022). 4k,
RZEES)EEI As, Cd, Cu, Hg, silver(Ag), Te fll Zn BT REF B4
RN T AREIT . Bk, BT ECS)E Bk R W A S BRI EEE)
& IRITIEIAB SIS (Zagui et al., 2021). 1] H.FW#55 ARGs 1 MRGs )
T3 SR R AR L T4 B — A RGs B9 JiR b D51 O B A B8 i B PS5 o2 478 1T B8 EL A
. — multidrug-resistant A1 mercury-tolerant [¥) E. coli 1T 5k g M\ — 152K
A% B S FTRTR A A, N B R PP 9 5 RIS SR (Gaeta
et al., 2022).
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K& R entrance MAGO6 BB S € N5 A. junii IXFh 5| & FRIE R4 B
JR B = AL (Abo-Zed et al., 2020), {H & H A LA MAGs 138 T3 759 i B .
Fab, FHER| HGT SFAFE MR T RATERE K RBE R 2 (8], FrLlZ LA
TETER 5 B A T BB RGs AR Z8 SR 4 X RIBLIEMFE —/NE T 19 Ji 5 o
(Daubin and Szollési, 2016). U1 AMD ¥ A5 483 id 24 kb H mf i Hl i 21 A BB 3 45
H, 34 multi-RGs ] MAGs AIRESIE I ARG 19 B, 5380677 RIOH &
TR

2.4.4 X AMD passive treatment FJE2 1Y

Hur~iE, @&7% A AMD passive treatment X T~ ARGs AR R FIHIE . fEA
W54, ARGs. MRGs Al MGEs W=FJEH AR FRK. —> AT RE 5 R 2
HOER)E BN ILE BN RGs FRIIEAE F B 35 B 7= PR R () A il A FH T4
¥ (Herren and Baym, 2022b), [ AR ZHUHENLEIICHZ/MHER LS, & 7 EH
FEREEM . FRILZ AN, HGT MACRAER MM SR P RS, BOARRIERAMECR)E
J& BE R 1E 32 PRI 35 7% DA S AE W6t # 5% DNA HI3%E (Guoetal., 2015; Wenhua et al.,
2003). FEANEMEESET, AMD passive treatment IE TR A—FE. FL, AR
FIRIALEE RGirh, ARV APt H 2 R I AUAHE FEA —FERRFE. PTEL,
B 24 XT passive treatment X ARGs ACFEFUR A 78 75 £t 47, AdE AMD 4k
HRLIE .
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3 BT R BK R LRI A IR

1S

N T BRI RAE S A s i AU A, FRATIE AR T RIS 2
FERT 1L B2 3] AMD 520 ) 358 DL R IR 52 AMD B S g2 (1) 358 . s FH 222
BRI HBAR, FTATEEHAT 7 EUNIIE: ()R AMELE 1 AMD 75 33508 &
T SRR B B A RRE LA B To R AR s (2) 70 B T BT S5 K A Bl oA
X P AT R R A 3K BN ok (B) LA T 7 B AH AR IR AR A 2 B2 AR AL, R oEAh T
AMD 5 B L e R 5 v ) b 2 TA) ) 7 A 1) 7K P BE R 3% #% (HGT, horizontal gene
transfer) L % . AH &5 A BT 30 FAT T AMD Wife] 5320w - 3 PR 858 0 14 41 R AIE
AT IS SRR P AMD MEEHNR, B BhIRATTPPAL R RIE AMD ) ARGs
LY BRI .

3.2 B 5
321 FEAREELE

Wl Fig. 6 fiax, AMD M TR0 5 iR 2 L. 6 /~52 AMD g2
1) L3RR SRR H L3 - AMD IR b T, 5 AN LR ERE SR R
500-2000 Kz P pkt . FrA 11 ANFEM 3 HAE 50 ml BB OE . FEmRE
SelG, BOETE 4°CHME AR | AN/ Z NS 2 sL 50 =T RS . A
S AW, — A TIOR8 pH {8, —H T37 DNA #2523 F 4
M. T pH EE, LIEFERSERRAT 2 RELE, 520K 1:3(1:3, wiv)
L BEATIR A JE F pH THHATIIE . FH T DNA $2H %2 B2 PR 4 I 5 3R b 7
TG, WK G I T UK G I8 2 AR A S R AR MR A W AT J5 BEAH G ik
2. {§ F MagaBio soil/feces ] FE I DNA, @7 5, 7£ [llumina HiSeq2500 ~*
& LT PE150 XUl , TR E 2/ N~10G, ZIREH £ AMD i
FEFRERH
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6. HIEREHCRAE SE R . 6 > AMD {5 Qe RIS IRER T AMD RIS I30E, 5 N S
AT A2 AMD B S 5200 [ AR b - 358
Fig. 6. Sampling sites. Six AMD affected soil samples (blue dots) were collected from slope where

AMD flowed, while five AMD unaffected background soil samples (orange dots) were collected

from surrounding woodlands 500~2000 meters far away from the slope.

3.2.2 JRIEEHE T

A FE M B gk 3 4T M R 4 M1 . Kneaddata pipeline  (v0.6.1)
(github.com/biobakery/kneaddata, < B Z % W E : --trimmomatic-options
‘ILLUMINACLIP: adapters/TruSeq3-PE.fa:2:40:15 SLIDINGWINDOW:4:20
MINLEN:50"). {1/ PhyloFlash # A4 1E4T YA B, (Gruber-Vodicka et al., 2020),
AR N FE R A 7 91 H 48 F- RNAs (SSU rRNAs) P41, SR G 3T FE Rt . #
TERE A B B0 1R OTUs R B TR T IS 2200 M, Ry B 1A ) OTUs |
Wt e . %5 10 clean reads {# ] MEGAHIT (v1.1.3, kmer was set as --k-min
27 --k-max 141 --k-step 12, minimum length of 200 bp) #4244 contigs (Li et al.,
2015). KJEKT 200 bp [ contigs B /5 #H T~ ORF Fildll. ORF £ JUAR AL &
AR, MRS 5N prodigal (v2.6.3, BRIAZ %) (Hyatt et al., 2010), CD-HIT
(v4.8.1,-aS 0.9 - 0.95 -G 0 -g 0 -T 0 -M 0) (Fu et al., 2012) L % salmon (v0.13.1, %
NS (Patro et al., 2017). HilEEPR B # 8 so i HIAR XS F B 5 A =X an (a)
7~ (Zhao, R. et al., 2020):

Zn Nmapped reads X Lreads / LRG/MGE—like ORF (a)
1

Abundance (coverage, x / Gb) = S

Nmapped reads y\j text £ RG E/E%‘ MGE ] ORF ] reads iﬁ’ Lyeads 7% Tllumina }J%_A 7l i}
K (BEAL N 150bp)s  LremcEe-iike orr 7& RG Bi# MGE [ ORF K, n 2&J8 T [
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—/> RG 8% MGE 2801 ORF %, %fHH salmon 1F5HAFK, S 2IlFHE S
IR, AEASHIEFE P N [E] — AN i RO 15 21 P 5048

ffH diamond LX) ORFs & H/F%|% SARG %#EZE (Yin et al., 2018)F1
BacMet2 #(#fiFE (Pal et al., 2014), 73%] ARGs 1 MRGs, ¥ H] blast LX) ORGs
M2 7 %% MobileGeneitcElementDatabase (Pirninen et al., 2018)75 %] MGEs.
CARD ##&/FE (Jia et al., 2017)H T X ARGs #EAT ML 7335

M6 N AMD 5 1) IR 2 2 A R A IR B > 1000 bp 1 contigs
HE4T binning 4344, 1% FE 8 MetaWRAP pipeline (v1.3.2) (Uritskiy et al., 2018).
Z pipeline B & HUMEYE, BEUE /37T MAG 4048, #2465 MAG E&. fiH
CheckM (v1.0.12)#fi%E MAG 58 E 51594 . 1/ Drep X MAGs #172:70
&, MRSEBE N-sa 0.99 -nc 0.30 -p 24 -comp 50 -con 5 (Olm et al., 2017). [l
Ja xR R E ) MAGSs (75 B4 E<5%, 568 fE>50%) 2k R AL T AP 5 RG A
MGE ###. FEEHYFIEREEA gtdbtk (v2.0.0), ftE S % H 4 % N (version
release 207) (Parks et al., 2022). i Metachip 1 F ER I\ S E0R I 3% K 20 2 [8]3%
FEH HGT F4F (Song et al., 2019).

% DiTing Lt AMD {54440 575 st 2 (B HE 12 F R (Xueetal,,
2021), AHICEE AT AR AR 3= BEAR S A (b)) M (o)1 AT 21

Xi

b; 1
TPM;,= ——-10° = i 106 (b)
2jbj 2
J %] EJL-
]
_ a1_1+a1_2+a1_n a2_1+a2_2+ +a2_n am_1+am_2+ +am_n
A; = - + ~ +...+ ” (c)

KT 23(b), TPM; FoRIE i AN A, by Ron LD i (095 DA, L3RRk A
i AP, X R FE DN i AEAF: ity P ARG 38 (R VR B j s B il 2 DR R 4
T AR(), AR BN, am o LB P EE m_n FIFXE
&, mod i BT B IR, 1 2R SR R A

3.2.3 BT AT

R(v3.6.1)F1 Excel(version 2019)#% A T3t 47 Hdl 7 Hr ST 4k . Frf I A A8
H] Adobe Illustrator (version CC 2019)iE17 A%,

Barplots fEfE4:*1- 5 ImageGP L #E1T2:Hi (Chen, T. et al., 2022). ¥ [R5 #7
FAH M A TEE LR & Tutools (cloudtutu.com) AT, #H I 704 7515
BN Spearman. 7 —/MEZEF-f iTOL (itol.embl.de) U] H F @M MAG R
SR, AH R B ST A R ARl B A R f“pheatmap” package (v1.0.12)
AT . HGT M 4% K B Gephi (v0.9)4 ff. Student t-test # H T-3317 ANOVA 4;
THF A, x, cxw and R S BAERAS R B KA, 3BT p-1E

“SO.I”, “S0.0S” w\& “S0.0I”O
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(a)
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N
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12
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3IGER

3.3.1 ARG %54k,

5 A AMD 5 4% I IR pH BSR4 308 3.34-5.03 A1 2.9-3.1, i
AMD 5 4L [# (% 3% pH 1 .
Bt LA AMD 5 g P R E A R AR T R AR K (Fig. 7 and
Figure S5a). AHXT I T 5 FHMEM) 85.47 £ 19.71 x/Gb (&K K 47.45 + 23.34
x/Gb (p = 0.0266**). {£1 5 35 EAT I 2 5 2 MR RPUERE (16 MHLEL
T AMD {54+ 3411 14), sulfonamide 1 carbomycin T A £ AMD {54+

AR . BAAF] ARGs, H 82 FhiE

E1SN=R
H 31

TR, mmAE 45 MoE

AMD 53PN ). EX AT I, multidrug UMY L 3 S,
43N 68.85% = 6.10%F1 84.13% + 3.30% (p = 0.004***), 5 ZEVE p {H 0.004 KR
AMD 7545 multidrug FARXT =5 B I8 02 (8] B W E oG . Multidrug Bl
WALE T I Z RN ARGs (£ 5 1A AMD J5 3¢+ 2351 29 F1 21 Finy. 7F
XA I, mdeB A mdeC ABR R B mr, BT R A7) Bl 1R R
1) 43.70%711 56.16%.

Type-ARGs
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vancomyein
losmidemyein
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beta—lactam
quinelone
aminoglycoside
unclassilied
letracenomyein C
bacitracin

M polymyxin
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puromyein
carbomycin

BG1T BG2 BGI BGA BG3 PO PO2 PO3

PO4 POS POG

(b)

Percemtage (%)

1040

BG1

BG2 BG3 BGA BGS PO PO2 PO3 PO4 POS PO6

I'ype-ARGs

multidrug
vancomycin
fosmidomycin
tetracyeline
MLS
rifamyein
beta—lactam
quinolone
aminoglycoside
unclassilied
tetracenomycein €
bacitracin

[ polymyxin
sulfonamide
puromycin
carbomyein

B 7. BB B HOAR S 32 B2 (a) LA T 70 G o EE (D) . BG ARF X HRZH BE i, PO 3R AMD

T YR o

Fig. 7. Differences in the (a) relative abundance and (b) percentage of the antibiotic resistome

between background and AMD contamination areas, by ARG type; BG represents background

samples, and PO represents AMD contaminated samples.

3.3.2 MRG ZZ4LF1 MGE ZF4L

HEREBPEAAARA L IEF )R Fig. 8a Fion(Z% Figure S5b). °F
L3 ) 85.30 £ 4.36 x/Gb _F+E AMD j5 43 133.29

PR B

E1=N=N
H X
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(a)
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|| N

+29.36 x/Gb (p=0.014082%%), MAIEIL 56.26%. 7 HI7EHE 5 HIA AMD 54+
ekl ) 17 FoA 15 PREE (R & EHIME, Cd 1 Te HLtER A LG & il 2]
F4k, 102 Ff MRGs #1 79 1 MRGs 43 I 7E T 50F1 AMD 75 4420 AR ) . AHXT
F 1 B DY Pk 45 Hg-resistance, multimetal(loid)s-resistance, Cu-resistance
A Fe-resistance. AMD 75 334N 1 EATHI 24X F= B, 437 1 0.49 x/Gb, 13.56
x/Gb, 10.43 x/Gb 1 19.856 x/Gb _F T+ 34.68 x/Gb, 29.50 x/Gb, 19.06 x/Gb
24.328 x/Gb. Tt i3 ) MRGs B.3% Hg-resistance & [K merd, FL-FIAHXTF
JEAET SN 0.20 x/Gb, MIETG Q8 Z{HAF] T 21.95 x/Gb. Hik
#& multimetal(loid)s-resistance ruvB (Cr-Se-Te resistance), H 5 LIEEHH] 2.20
x/Gb TR EE R 14.75 x/Gb. It4l, i&F Fe-resistance dpsA F1 Hg-
resistance merT, 435l TS 5t H 3 1) 0.056 x/Gb 1 0.244 x/Gb Lt 22 i5 je+ 1%
H ) 12.20 x/Gb £ 8.57 x/Gb.

R sh e e P 4 33 v A N Fig. 8b 7N (Z % Figure S5¢). 1E1 & 1%
B, MGEs [ FIAHRT R 36.81 + 6.25 x/Gb, TMEIG Gt , ZEMME
188.51 +21.81 x/Gb (p = 5.95E-06***), ik 412.12%. (£ TiEd, 4 4%
W R 2], fLFE transposase, insertion sequences, transposition module /I
integrase, ULAMER 5t HIEH, & HHMIIE] plasmid 258, F4b, 21 F MGE
subtypes 7£ 1 5 HIEFF AR, 1T 23 b subtypes £ AMD 5 4+ 358 Fp gl A
B, FEEMFIFF MGE types £.3% transposase fl insertion_sequences, &4/
SRy A Y e R 19.91 x/Gb Al 15.71 x/Gb #1E AMD i54e 11
H1(¢) 108.53 x/Gb £l 77.46 x/Gb. TnpA,1S91 F1 ISRj1 iX =F subtypes A MGEs -
BIF R RSN TTER T2 . SRR RS 0 e SR 18.91 %/Gb, 10.79
x/Gb Fl 1.21 x/Gb ¥4 4275 4 L3 (1) 89.89 x/Gb, 47.51 x/Gb 1 18.19 x/Gb.

00
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Fig. 8. Variations in (a) heavy metal(loid)s and (b) MGEs between the background and AMD
contamination areas by type; BG represents background samples, and PO represents AMD

contaminated samples.
3.3.3 B¥E M MGEs % ARGs 1 MRGs FfEKzh 3R

Community (J87K*F). MGEs. ARGs 1 MRGs 7E/KF- 77 ] _FARPE 4> 2SR A
2 PR (Fig. 9), R AMD 5 44 8. 008 1 HIRFVE 451 \MGEs M$i 4

V% 5 MRGs Z[A]# M2 4 0.3753 (p=0.001*%*%*), B EALT 7% 5 ARGs &
[F] ) M? (0.8289; p = 0.045*%), 52 KL, MGEs 1 MRGs Z [d][] M? (0.2088,
p=0.001***)tL B Ik T MGEs 1 ARGs 2 [H][f] M? (0.6956; p=0.021**), FE¥EFI
MGEs X} MRGs X ARGs A 5 /N H 2 1) M?, S 7% 5 MGEs %I MRGs [t
X ARGs H 5 BT [ 9K B 24N .

03 0.3 9
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=
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]
A N L ]
021 & 208289 -2 L M-2-03753
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0 -0
T 7 7 T v v
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(c) 4 (d) ’
02 J 0.2
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*
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= ®na at] @ G
— y JUi — Fy O
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§ ] . & @ ARG §' z e
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A ° ] o A
M“2-0.6956 202
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. . : . T . T v T v
04 02 0.0 02 U4 —0.50 023 0.00 9.28 050
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B 9. (a) R/ TREES I SHUERPUERFFE R () EACFRES SRR
PRI BRI R T s (o) BshoofF SPUERPUERERE Kadr d) Bt 5E)eEat
P JE PR AR R

Fig. 9. Procrustes analysis comparing (a) Genera and ARGs, (b) Genera and MRGs, (¢) MGEs and
ARGs, and (d) MGEs and MRGs; BG represents background samples, and PO represents AMD
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contaminated samples. A smaller M? represents higher similarity, and the P-value represents M?

significance. Genera annotation and abundance are found in Table S4.

3.3.4 P REARHIZRAL

FEREAC R AR A E AR I Fig. 10 (BRI TEIEIE S % Figure S6).
KZHhe B AR A ST BEAE AMD 75 44l N A82) 7 38 0. Xt F C 1§
IX, Enter-Doudoroff (ED)i& 45 H 63.79 +19.998 TPM L+ % 108.912 + 12.662 TPM
(corrected p = 0.0227**), TCA H 53.063 + 17.492 TPM i hn% 191.273 + 25.21
TPM (p = le-04***), glycolysis H1 91.728 + 10.461 TPM #4/N% 230.88 + 15.998
TPM (p = 0%**), AL, BF LR KB Reid i FE WA 2] 75Tt X1 N 753,
25 RSB R ) = A FE B, A4 NOs ik 58 NOy, H NOy it 5N NO,
H NO & 58 N2O, EATTHIAERT 3% 733l B 9.768 + 9.256 TPM, 12.021 + 11.588
TPM A1 17.402 + 13.665 TPM B4 12.724 + 6.399 TPM, 33.593 + 6.563 TPM Al
34.229 + 8.877 TPM, {H&4r dHiude Wi XM i AN B2 (p > 0.05). X T S 1§
W, 25 R ERIR I R A A F R, AHEH SO& b5 2 SOs%,
SOk 5 2y S 43 il 43.277 + 16.343 TPM 1 2.152 + 2.673 TPM M hn & 153.75
+25.573 TPM (p = 3e-04***)f1 8.2 +£2.792 TPM (p = 0.0212%*),

confidence intervals

B BG I ro @® BG @ PO
Fermentation to acetate, pyruvate -> acetate B —@— 0.0227
Fermentation to ethanol, acetate to acetylaldehyde B e 0.0428
Fermentalion to acelale, acelyl-CoA -> acclale B [ 9e—04
Fermentation 1o succinatle —&— 0.0104
Cntner-Doudoroff pathway. glucose-6P == glyceraldehyde-3P + pyruvate = —e— 0.0227
Fermentation to cthanol, acetylaldehyde to ethanol —_—— 0.0404
A —e— le—04
Glycolysis —e8 0
T T T T T T T T
0 1000 200 300 400 3500 =100 0
Denitrification, nitrate -> nitrite - —e— 0.7%6
Denitrification, nitric oxide -> nitrous oxide [ —— ——e— 0.255
Denitrification, nitrite = nitric oxide [ —e— 0.118
I T T T T I |
0 10 20 30 —40 —20 0
Dissimilatory sultate reduction, sulfite -> sulfide & L] 0.0212
Dissimilatory sulfate reduction, sulfate == sulfitc [ —— —e— 304
T T T T [ T T T
0 30 100 150 —150 —100 —50 0
Mean proportion Difference in mean proportions

B 10. PPREAHSAREIEX A 5T R 2 Bl A2tk . MRSy TMP, P fEZE BH
T IE. WEZHRRYE SUFFER, 264K AMD 5 RAFHFE. BG K
HRAIFEA, PO AR AMD 5 441 RE i

Fig. 10. Energy production-related metabolism. The unit of relative abundance was TMP and the P-
value was adjusted using the BH method; the blue and red bars represent the average abundance of
background and AMD contaminated samples. BG represents background samples, and PO

represents AMD contaminated samples.

P—valug (corrected)



(2)

335 K FPREAZEB TN

it Binning, HAHE]T 107 DHESERIE MAGs, BiE 59 NHF AT 48
N (Figure S7)o 7E R —AN TR BAS T TH990 0 2 (B LA 2047 4E 130 > HGT
HF (Fig. 11a). &R B/, HGT FAFEME K AL RS R REGE NN 1H .
TEH WS W BRI 2] 10 EEAE, M SR 2 mR 2] 115 EFEAE, g
EESdEom Az 5 kREMH. 72 RESREER—NDTIN, B
Proteobacteria (43 {X), Acidobacteriota (16 {X), Actinobacteriota (8 X),
Thermoproteota (3 {X)#1 Thermoplasmatota (2 {X)-

St HGT FH44 KR 3E4T RG A1 MGE 3 FELLXE, A RO 2R 4
VEREF, Fig. 11b SoRI2 130 Yk HGT FH4F L E R COG ERSE R . ik
MIBZAR 2 (B R 45 SR VA BB Xl o BE R 2H 2 B i B e &7 A 5 A OG,
AFEEAUAR B A 24 IR, EEEH 22 IR IR . RSS2 A1 A J5AH
Ky AEREMSZAR T2 HI08 17 IRAN 18 K

130 ™ HGT F K& B3 K KEGG VEREAS RN, Fig. 11c. R EEHE
FENFE MG BAC ARG, HAEBMATN 244 b 7350 9 31 IR 32 ¥k, H GRS 5 A
AU R, FLAEMAARRI 244 b 23 70 14 U0 13 IR

(b)
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B 11, KPR FA SR BNERE . (a) ML R AAE 107 ANJE I 2H 2 8] 7K1 2 (]
Fer st fkAUREMIT A, Fi Sk MR AR I D AL 2 T8 e 8 IO DA B, 9 Rt iR
AFRETT. (b) ZERH COG IEFE, (¢) 2N KEGG iR . Atk URIR MM, 2
AR R 2

Fig. 11. HGT events and gene annotation. (a) The network representing HGT events included 107
MAGs; the arrow represents the transfer direction between the donor and recipient, the size of the

arrow represents the number of genes transferred between the two MAGs, and the color represents
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the different MAG phyla. The annotation of genes involved in HGT events in the (b) COG and (c)

KEGG databases; the red bar represents donor genes and the green bar represents recipient genes.

3.4 g
3.4.1 AMD 7543} ARGs KI5

FE B PU A B — R LR S RGN 1 SR ARGs HRPSEAITAR XS
F (Furlan et al., 2020), T 73 2b— K8 ¥5 Gt gl R I N 175 42155 1 ARGs
[PIFHXTFEEE (Chen, X. et al., 2022). [FL, FAVENE & 24 JEK AMD 544
SHENNYS Y X ARGs FIAHXT 35

B ZANRE, AW RS ADM 5 2 FAR 1 BT R P AR .
FERTH AN Z B, pHAES B2 6.4-7.1 A1 8.5-9.5, TAHF 70 (1) 4% pH 231
MR1E. FAIAW T ARGs X FEZHIF#KS Lin etal. (2020)FH1L, 107 75 L
M SFAT A BT sulfonamide FIVEFIREANHLIE A AR - EERIRRAR. LW
INIRACA BRI A B PR AR = B B Th g

AT 5T & B multidrug resistance genes, 41 mdtB F1 mdtC 5 P& & e AHXT £ BE,
multidrug resistance genes &K & 45 & ey A F2 BEX — R 5 AR 2 MR S K
PIZEML. 0 Zhao et al. (2020)F1 Malik et al. (2017)FIHF 7wk 2> B985 7~ T multidrug
resistance {EMRVE TIEIASE R SR PUAERDUEAR F FHAL, KB TREZH T
XL multidrug RGs B 4ERFRRME S UM B A7 P s R 2 A Dse, o pH 4
FrAECER) S B Pt (Teelucksingh et al., 2020; Zgurskaya et al., 2021), RELLEAR
Wi, S ARGs W33 2 ILEIGES, H2 multidrug RGs B
FERE 2 5 B 7Y 5 ) 68.851% + 6.099% - FFE 5 gL I 84.129%
+ 3.302%. KIBt, FERRPEIRSE A, GAEHEE WA T30 2 D6E ) multidrug
resistance genes A& M IR VE 2 & @ PR B A .

3.4.2 AMD {544 MRGs FIFZIH

AMD {54+ 32 MRGs P20 3 B34 i1 = EIH D) T Hg-resistance-
related merA, multimetal(loid)-resistance-related ruvB, Fe-resistance-related dpsA A1
Hg-resistance-related merT. MerA %wfih mercuric reductase (SM et al., 2006), &%
5 AvA AuTfIE i (Summers and Sugarman, 1974). MerT Zifii—#Z 5 Hg(Il)
PHERINEE A (Hamlettetal., 1992), '©i45 5 Cd %12 (Ohshiro etal., 2020).
B R P R E S ERA, FR R SR He M EZEE 3, ek
HIEA TR R TR 2 He SEAMEG, RIS REVE T merd A merT ~FJ (1
hn, DAHSRASHT Heg BIEYE. RuvB 2—MZ & EPitEiLkl, g8PL Cr. Se 1 Teo
Fe-related dpsd iy —FhEH, BELRYGetufk DNA S8 rEamitn, EE %A
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Z WL FAE TR MR, HRIEESMAFTT (Michel et al., 2003), 2
dpsA WIFFELEREE RN REHE BhEEVE7E AMD X 3120 (1) 308 FR IR B R AR A7
(Chen et al., 2016). SHISRUL, ARG T 2 Thae MRGs FIAHX 3 B2k iE
N % 4@ 'E S AMD M5

3.4.3 WEIPIEA S MR RBER

AT TR AMD 5 423 7 MRGs T X B (Rl , B T ARGs K
SPEIFXT T o 2RBUR, Xu et al. (2022)FIHF 78 & BUAE VI BT 18 RE BRI ARG 1)
FERIFR, MRGs [FEEEE] TN, B E XIS IAE T35 MRG
57 PIE R

WM (Fig. 9) W ~EE% S MGEs %I MRGs L% ARGs A 5 5 A o .
B 5 MRGs Z [A4£/E% 5 ARGs Z 8] 58 i (FAR M SR T Xu et al. (2022) 0
aG BPECR)EE 77 SN e ik # 7 MRG #5757 . [FIBf MGEs 5 MRGs
Z [A) B vy (AR B 278 MGEs /1% T B 2 1) MRGs 7EYIM 8] KK P 5475 o

XL IR R A IR S B MRGs TR BLRTZKC P A% 48 R i v&
POAEZNHiba
3.4.4 AMD 5 3Lt BEVE 7= A AR I S e

KEGG {ER /R AMD 5 Qe il B A= OB vk = Re AR T A2 AE X =F BE I 3G
AR ECVFR B T A5 A IG5 (R 0 1 R4 MO 5 o [ B A 1R 35k AN I 58
W JERE I BE nRAR T R AR . SRR, Lopatkin et al. (2021) AT T
PUAERN SRR R . XS ERAMEAA BL — 3. fEAMEARMEIR T, Tl
VB RIEUAE U ECE S L E B AT R, BiE S5l ARE AR E fUH,
RUAR Z HiE RAEH TIX A HHLH] (Melnyk et al., 2015). [EE, HoHEHLH] 0
multidurg ]2 DI REAMER AT B R /R H 75 ZLH#ERE 2 (Guazzaroni et al., 2013;
Herren and Baym, 2022a; Nanda et al., 2019). fflL, ZEEHRAZE SECE)EEN
AMD I, BEVE A RG #5737 2 0 508 i 50 Be A QU R IE % 25 1 3R 85
(Chen, L.X. et al., 2015).

3.45 MAGs Z [A]f{] HGT 34

£ 130 X HGT FAF-ril J 2 0k K i s A 1 ERE B RGs, 31X 7] 82 B T-3kA1
AR T A BRECE Y MAGs. KZH COG R A= REMIfE 1512 UL R Az
BEARSS R ANA YA S, 1 KEGG 1 1RRZ 5L IE BALE . {5 5 AgH i id FE AR
Ko XEETERELE R B IRER T RGs, TUAEMI0 85 F R /K 1 78 18 o 1R A5 HoAth g
73, R &R R AR S BE ) ARIE R 25 ) AMD 3A85¢ (Chen et
al., 2021; Guo et al., 2015),
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AU USSR G P R R ey, AR SR F L2 2 5 & i
A R) 2@ plasmid /T HGT FHAFEREE 2 AL = (Chen, K. et
al., 2015; Schliiter et al., 2003). — Wil KRB FABIRIE 7 4T PrAERIE )
IF, I PR b = R A B 0 R N B S R b T AR AR R R . X e
A e g0 SR AR I R AE PU AR TR B B Ui AR e B0 28 T 1 R HE A R A
[\1ZhRE (Palomino et al., 2023).

AT ORI T RIS, B RefE AL E A R R E 2 5 2
MGEs 4131 HGT F44H1 . X vt B AR AH SCHE R AT B S A7 AE 45 S e R A i i
PEDIRE
3.4.6 MRG 54 BN

MRG Fik 2 AP N 2 4 J8 H 55 () 3 22 5K % (Chandrangsu et al., 2017).
SR, IRZEER)E B As. Cd. Cu. Hg. Ag. Te Al Zn 7EIGIK L B8 R IFHE K
PIFPAEZRBITIEE (Cheeseman et al., 2020). XL S ECR) S BIERIR
BRI, FE5EN MRG AT BHEM . AW FTUEE AMD 15442 &8 1
MRGs PN FE L. B ARAHLIX () MRGs A5G4 HRURS: t B. 12 45 1F 36

4

Fo
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4 G

TV S & SR B B A R AR T 7T A TR AR, I
ANFEMEPEC)EE, FIHHRT R ER RG V. A H 2R H 555
MRS & BRI =S5, SRS — NG TRYE PR IK passive treatment H ) AMD
DU AR EANAR AL . EERIEFE: (Dmultidrug SMNEFLE] & EDTA BP0
FARHAL, TECS)EBIIEHINA EZ K2R QMAE R FEilE 2 1)
A€ RGs (7T H M RYERFAE AMD HHI47E ;s (3)FE AMD 1 [l £)H#547 2 B RG
e S B, Ul R PR M PR K IS A2 R, SR ARG SRS HIOo A
FAg R KB . N T i8S AMD 42, 24X AMD passive treatment X}
ARGs AL PR 506 25145 2T RE

BEXIH” X IAEE () HUPE A 7T 32 B TR AR AT 5 A R (R HUME R AR, DA B
FURHH™ X AN R B 2 52 BUSRA 1% B 52 00 P A B AT LU 43 B, X BRI 756 TR
W% S An e 2 PR BT B I 2 K AR . ANBI I8 LA O3 52 21 AMD ¥ G 45
i A BIE 32 31 AMD V5 % 3RE i BT RRAE, K I AMD 75 3448 1 15
PrAE RIS PR E I R, 35 T ECR)& B ik £ MGEs [#)
PR E AT AMD 73 A 45 5 — 20 AR AT MGEs 32 225X MRGs
(A4, X ARGs ISREN RN AERT B o At ARUAE S/ A R I A= Y i v
T 3 58 BEAC U R IE . AMD M EE . i — P i T 7R B N AS AT XA T R B
iz B BRI TR SR AR VG S P A s 1) — et 4518 . 4, BERIEE
Pt R S H B, 6T XA MRGs (I3RS Bt 75 B8 BN A 1R
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Figure S1. characteristics of microbial community at phylum level (a) and genus level (b).
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Figure S2. ANOSIM analysis of (a) ARGs, (b) MRGs and (c) MGEs. R > 0 means that between
group dissimilarities is bigger than within group dissimilarities, P value represents significance.

Entra represents Entrance, and Efflu represents Effluence.
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Figure S3. Correlations between environmental parameters (including heavy metal(loid)s) and (a)
ARGs or (b) MRGs by method of Spearman. Grey represented positive correlation and blue
represented negative correlation, the depth of color represented correlation coefficient. *, ** and
*** represented  p-value of <0.1, <0.05 and <0.01 respectively. Three multidrug-related RGs mdtB,
mdtC and mexl appeared at both (a) and (b), because they were annotated at both SARG database

and BacMet database.
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Figure S6. Variations of the (a) carbon, (b) nitrogen, (c) sulfur, and (d) other metabolic pathways.

The unit of relative abundance was TMP, and the P-value was adjusted using the BH method.
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Table S1 Topological properties of co-occurrence networks among ARGs, MRGs and Genus.

Clustering Average path Network Graph density

coefficient length diameter
Whole
0.594 4.218 13 0.084
network
Random
0.0835+0.0033  2.183540.0034  3.4525+0.498 0.0835+0
network

The random network is an identically sized random network generated based on
the Erdos-Réyni model; the topological properties are calculated as the average value

of 10,000 random Erdds-Réyni networks. Table following S2 was the same.

RS2 HUERPUEREE. &R R M) T2 E R SRS EUE R .
Table S2 Topological properties of co-occurrence networks among ARGs, MRGs and MGE:s.

Clustering Average path Network Graph density

coefficient length diameter
Whole
0.678 2.399 6 0.153
network
Random
0.15244+0.0058 1.9363+0.0051 3.002+0.0447 0.1527+0
network
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