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giolg & ZFzF 911, 841719 4tgz]ol £(Genus)2 w/SI¥CH Long-read
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1. INTRODUCTION

dAAe] edgoz Qlst A U/ [AAHantibiotic resistance gene,
ARG)O) E¥ut BAozo Amr A AN BF 2 AP =oict (1L
Ala7Al &0l Exists A iAol dist »E2 A7F olfojR o,
22 real-time PCR (qPCR)¥} next generation sequencing (NGS) 7|&<&

ggsto] FPoM HEHE ARG Fx S ZARBHAY ARG A

o520 Aol whole genomeo©] ofd ARGO] ZFetE &6l ARGY A=
SRS, @A ARGO] olEw} Mubo] FHES Hob doh 9llo] Fvtst
AL [6, 7].

gte2]ol 7F ARG o] %2 horizontal gene transfer (HGT)of <2]sf
QolLpdl, ol ARGY oS uifsh: mAch GRAe ohzskel mobile
genetic elements (MGEs)2t @& sh tado] Qicty 2y A Tk [8, 9]. Integron,
transposon, plasmid =°] MGE= HGTS &3t ARG Au}of £ Q35 dats 511,
QmAF Ul ARGEEO] A2lo] whel 9alws} ZelAltt (6] S5 MGE FoIM®

plasmid= ©of2f Fo|lA ARG AFA JEZ S35t ARGY HopE



Jb4spsts za Y@eloz xhgaltct [10-12).

O|A|7HX] WL ALXIESL whole genome sequencing (WGS)S ¢8| Illumina

AF9] short-read sequencing (7. A% Z==2 HiSeq)S AM&3ict [13-15].

HiSeq sequencing DNAES JEZA1Z1 H 4719 &7|o] Z¢dsh= JE=429

MAro] o2t DNA A¥€& ZASH= sequencingo]|il, Z|t§ 500 base paird]

short-read& A4 4 Qth. Short-read sequencingg Eof $2]= 448 7]9]

MES FAI00 sequencing 3to] TfFe] HlolHE AR 42 4 Ao [16],

single-nucleotide substitutions (SNSs)@} small insertions or deletions

(INDELs)S &HAlstA 7%

ik

0] sequenced]| st Fetert =rt= AES

ZFR122 itk [17]. SFA]gE Illumina sequencingS £3 A% short-read2=

dre2jote] vEEAE7EA] AgestAl dotfz] ot [18]. DNA read®] Zo|7}

AFO.
dd =2

2= HEEXFo YX|et 9AXe] ERE ZAsH] 7] W=of short-
readS contig2 TESi= assembly WFoA FA7F HAs= A ZuTL

AR}t [19]. Kingsford, C.2 B|E3H AR sequencing 7]&o] wWE £-2

5

SRSkl QIX|RE, assembly Mol 7]eAor siASH] of22 TEAR1 AL

Sttt wESIH. E OE dFoME  assembly  $of TSRl

contigPt© 2 = whole genomeg& eHHsHA metstr| ol 1, contig E$F DNA
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[a]

&7 Zwsthz Q2

!

SRR w2F =9] short-read sequencingo] 7}l

AES  ZHarstgct  [20].  Short-read  sequencingfto=z=  ARGZ}

Mo

P
ol

chromosome} plasmid & o= 3o EAjst=A] Es7] offit+= A=
lgton [21, 22], JEE9] short-read sequencing library A& w}4go] mZahe]

polymerase chain reaction (PCR) ¥t &9 GC contentso]] 2]t bias7} A4

2 9ltf= A ®3t short-read sequencingo] 7H&l ZA|A % shua e Aot

Pacific Biosciences (PacBio)= 20114d0f single molecule real-time (SMRT)

712& NSttt o] 7|s2 PCRE SHA] il raw read?] sequences ¢

W] 2o §XAE 78 GC contents H]-& Alolof 9]t @ &7} A3, long-

reado] EAisks A YAl R SRAISA SR A4 o Ats

At

o a

X
fjo

7HR122 Qdt [24]. 2014y 0of Oxford Nanopore Technologies (ONT)7}

7EFst MinlON-2 nucleotide €7]7F nanopore® ©]Fo]Al flow cellg Ext3t

O A7l= A7 A=9 AolE HolWe sequenceroltt. Z|of 4 kilobased]

long-readS  AjASE 2 Qlom, PacBio2t 3 third-generation

sequencing® 2 =4ttt MinlON sequencinge A& AlsES DNA ANE=Z2

Hekst= 114 (basecalling)o]A] A7|= @& w0 short-read sequencing]



H|5f sequenceo] Oist Awrp i, AH @EiA 2 9h50]Xl porel] E/g4

Wlg 2 B R0 wet flow cell Tyl JFL Wity LA Aot [25]

Sequencing libraryS A& o 1,000 nge] DNAZ} T QsHXA|TF 13]9]

sequencing & 9L £ Q= foJE9 <Fo] Illumina sequencing©]| 8|5}
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%
O
hu
%
<
2
~
Q
=
to
o
=)
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[30-32]. 22{4} short-read sequencingi} long-read sequencing2 7fEHAQI

sequencing©|®, MinIlON sequencing 7]=°] Azt ME X2FE =o A7

—

g H|83 &0]X| 23} H short-read sequencinga A |= o8& Aoz

wol [33] weby B APolqL chem e Ut @2e ulagozm

short-read 7]¥t9] HiSeq sequencing¥t long-read 7|8t MinION

sequencing®] Afo]d-Z &QIStA} ottt 1) n]dE A9 o, 2) ARG



"IT! 4)

ARG} 2712](5 kb oJuj)o] EAisH= MGE<Q]
Z =9} abundance. Y| 7}A]
Skt

abundance, 3) A&%
ARGE x3stst1l QQ=(ARG-harboring) plasmid®]
8o vug 5 Y02 T SPZY dolgS TEY PR 2A B
P WA B AP WIS AAISLAL fc
Table 1. Advantages and disadvantages of MinION and HiSeq sequencing
MinlON HiSeq
e Using raw reads e High accuracy, low error rates
e No limit to read length e High throughput
e Fast library preparation e Relatively low cost per Gb
Advantages Direct sequencing of RNA e Small amounts of material
and detection of RNA required for library
modifications preparation (~ 1 ng)
e Low accuracy, high error
rates e No real long reads
e Large amount of material e PCR amplification required
required for library for library preparation (bias
Disadvantages preparation (1~2 ug) from GC contents)
e Frequent changes of e No direct detection of
software versions, flow epigenetic modifications

cells, and kits




2. MATERIALS & METHODS

2.1. Site description
2.1.1. Sample collection

AMste e S8 A WIAE zASH|

gl

rpi
ol

o

FY%E B5A 1)
95l 20239 69 & 32 olUoll w7} @A b ol vlEZ Uk SR(MHOS,

A4t tHFig. 1, Table 2). Ztzb9]

o

MH09, SYO1, BRO1, MH10)o1A 7=
sited|A] 1 LA 39]o] ZA F 3 Lo mUSE Fueh ApEol F2 A,

ofo] Autao] Wof 617} ofujoll Al@AlR gyt

127.35 127.40
lon

Figure 1. Sampling sites on the Miho-river. MHOS: 8th of Miho-river site; MH09:
9th of Miho-river site; SYO1: Songyong-ri; BRO1: Borom-bridge; MH10: 10th of

Miho-river site.



Table 2. Sampling site information.

Site Address Latitude Longitude
MHO08 AZA] SEL 7Y H "gHg] 365 36.623532 127.350654
MHO09 HNEA] A=H ofFe] 775-4 36.581986 1277.312979
SYO01 NEA dsH 582 890-27 36.562871 127.303783
BRO1 NEAl A&z 654-15 (EE21 9) 36.541954 1277.297337
MH10 MEA s 10-25 36.524447 1277.319034

2.1.2. DNA extraction

Site

(0.2 pym, ®47 mm) (ADVANTEC, Tokyo, Japan)2 HZ& 9, DNeasy PowerWater

Kit (QIAGEN, Hilden, Germany)S Ag835tof DNA

dsDNA HS Assay Kit (ThermoFisher,

Fluorometer (ThermoFisher, MA, USA)Z

A260/230)+=

MA, USA)E

275191

g 53319

11, DNA9] &% (A260/280,

DS-11 FX+ spectrophotometer (DeNovix, DE, USA)Z

A8

400 mle] 7}=<L mixed cellulose ester (MCE) membrane filter

t}. DNAQ] 5t

sto]  Qubit 2.0

=451t



2.2. Sequencing
A= o 1000 ng® DNAES AMR3}I, 6 kb9

g-TUBE (Covaris, MA,

A= O
o= =

MinION sequencing2 %5l
w2]5t%th. NEBNext FFPE

lo]2 fragmentation st7] s 100 ple] DNA
O] X1

USA)o] €11 30& 9 11,000 rpmofA & 23]

RepairMix (NEB, Hitchin, UK)2} NEBNext Ultra II End Repair/dA-tailing Module
(NEB, Hitchin, UK)S A}835}o] fragmented DNAS] & E-& H7}I5HYTHend-

prep). AMPure XP Beads (Beckman Coulter, CA, USA)S A8-5}9] end-prepped

222 AASIECH AMEAS] KA E Native Barcoding Kit 24

DNA o]e]e] &
V14 (SQK-NBD114.24, Oxford Nanopore Technologies, UK), Blunt/TA Ligase

Master Mix (NEB, Hitchin, UK)S A}F&5to| native barcodeES end-prepped

MEZ S JLE5HY T NEBNext Quick Ligation Module

DNAO]| ligation &fof zkzto] AH
(NEB, Hitchin, UK)E A}g8-5to] ONTO|A A|-55h= Native adapterE barcoded
. st49] libraryof+=

DNAO©] ligation 3&}9] sequencing libraryS A|Arsl9ict
SHA flow
?J.

4719] DNA A#Zo] pooling®] 9} 11, sequencing buffer, library beads2}

cell (R10.4.1, Oxford Nanopore Technologies, UK)9]| loadingst H 72 A|{t&

sequencing g AA|sHE T}
3] %3t DNAZS Macrogen Inc.

Whole genome sequencing (WGS)E ¢

[e¢]



(Seoul, Korea)of] 9125} 11, TruSeq DNA Nano Library Prep Kit (Illumina Inc.,

CA, USA)C 2 libraryS AAFSE &, HiSeqXten ([llumina Inc., CA, USA)e 2

sequencingS X138519 .

Sampling and DNA extraction

MinION HiSeq
sequencing sequencing
= -
g g
g. g.
i i3
Long-reads Short-reads Ii
&
:
1. Analysis of microbial community and <
diversity
>| 2. ARGs annotation |< Contigs

—>| 3. Detection of MGEs associated with ARGs [

H 4. Annotation of ARG-harboring plasmids lr

Figure 2. Overview of experimental study.



2.3. Data analysis

2.3.1. Trimming

MinION sequencing® ZAu2 AAE FASTS5 THAL ONTOJA A|Zsh=

Dorado (v0.4.3) (https://github.com/nanoporetech/dorado)? high accuracy

mode=Z basecallingsto] FASTQ md=z WHE T Basecalling® A oA

native barcode sequence= A|AE 91, Porechop (v0.2.4) (https://git-

hub.com/rrwick/Porechop)© & native adapter sequencesS A|Ast$ T} HiSeq

sequencing®] ZAutz A= FASTQ o2 FaQCs (v2.08) [34] 9] 7|&¥3gfo=z

trimming®] ¢ t}.

2.3.2. Microbial community classification

MinION sequencing ©Jo|EE trimmingS AHAl %, Centrifuge [35]

classifierg 7|8t 2 st ARGpore?2 [36] & Al&sto] DJAE A4S +A0IR L,

HiSeq sequencing T|o|E= trimmingS AZX H, Metaxa?2 (v2.2.3) [37]

i

Agstol 0E AL BAsGIC 2429l toolz Y Ao} readd] St

16S rRNA SA AP} 2stE]o] Q)= read® 42 normalizations}$itt.

10



2.3.3. ARG annotation

MinION sequencing G|°o|E oAl ARGES 7}X|1L A= readS Al¥EHsH7] 5|
Prodigal (v2.6.3) [38] & open reading frame (ORF)& o]|&35to] amino acid
sequence® WS &, comprehensive antibiotic resistance database (CARD)
[39] 2 DIAMOND [40] & o©]-&sto] BLASTP [41] & A°¥stYtt. & AFoM+=
CARDY] 24l WHg che2Edt 9, AR 274 ool BAAl Adol WHe
7R Q= Z1& T multidrug resistance (MDR)Z A5t TH 75 %9]
minimum identity (--id 75)2 A¥E3st ARG-carrying read?] abundance (gene
copies/Gb)e= ot HAl(Eq. (1)22 AAFSHRT [42]. Equation (1)of|Af L&
length, & sequence®} read? Z2o|S 90|stH, n¥t mE& 7ZHZF total read?t

ARG-like sequence?] 745 2]o|stct.

m LARG—like Sequence

LARG reference sequence

ARG abundance = (1)

Z111 Lreads
109 bp /Gb

HiSeq sequencing UTIoJEjoA ARGE 7}X|1 Q&= readES AHal7] 93l

CARD [39] 2} DIAMOND [40] & o]&s}o BLASTX [41] & Ae85HATE 90 %9

(o]l

minimum identity (--id 90)2 Al¥3st ARG-carrying read® abundance=



ofgfe] FAl (Eq. (2)2=2 AArstTt [43]. Equation (2)o4 N sequence?]
7H4-2 9olst, L2 Equation (1)o49QF OFRH7HA| 2 sequence®} read?] Zols

olo|stc}. OfX|Eto 2 n& total ARG-like sequence®] 745 <]o|sict,

n NARG—likesequence X Lreads
LARG reference sequence
ARG abundance = Z ! 1 (2)
1

N16S sequence X Lreads

LlGS sequence

2.3.4. MGEs associated with ARGs detection

MZA, HiSeq® short-readS MinlON®] long-read?}t 4H]ws}l7] sl

MEGAHIT (v1.2.9) [44] & assemblysto] contigS A3A3HCH--min-contig-len
300). ARG7} &=l contigE A¥3s}7] Y5l Prodigal (v2.6.3) [38] & ORF=
of|&5t0] amino acid sequence=® i3ISt F, CARD [39] @F DIAMOND [40] &
o] 83toy BLASTP [41] & Alsistych. MinlONQ] long-read?t UMRIZHA]=
minimum identityS 75 %2 A5, A¥EE ARG-carrying contigS MGE
detection¥} plasmid annotationo] At-8-c}3ict.

ARG-carrying read®} contigo] zgE < MGEE G&Eot7] Yol
MobileGenetic-ElementDatabase [45] & 2% st H, DIAMOND [40] &

0|25} identity 90%2 BLASTP [41] 2 28159 0om, ARGS} MGE A}o]9]
12



7)2)7} 5 kb 0]gkel ARG-MGE 42 22} 2Ao] AL&3l3ich.

2.3.5. ARG-harboring plasmid annotation

Flo

7
A

rir

o]
P S

k

% plasmid®] FEIE 7HA]

ARG-carrying read?t contig
a2 FollA

Plasclass (https://github.com/Shamir-Lab/PlasClass)2 A& 5% tH

plasmidz2til o|&E]=(value >=0.5) read?} contigS AEst H, CARD [39] et

t}. Minimum identityS
75 %= XS ARG-harboring plasmid

annotationo] AF&s}t3ict.

2.4. Statistical analysis
&5}

= w9 oo gt HEf g2 Mothur (v.1.48.0) [46] S At
I tHFig. 4, Fig. 5). ARG9] absolute abundance= 7} site & 37j9] AHZ0j
1} BE&HANS Excel®2 AANst Figure 629 error bar=2 R A|5HS T}
Drug classol| tfst Spearman J#A 4+ R (v.4.2.3)5 ARESHA] AlLbsHIS
(Table 4). E3t, heatmapa}t principal component analysis (PCA) (Fig. 7B),

J2]31 synteny (Fig. 11)= R (v.4.2.3)& AF8otod A|Ztst 519ict.

13



3. RESULTS & DISCUSSION

3.1. Sequencing data summary

w AolA= oo At 1570 AE

MZ2] DNAE F %5t MinlON

sequencingyt HiSeq sequencingS AlA|5H3ITH & ZZ0] ZHupg A2
readS trimmingsto] ZH7zb 14,360,979719]

read (41,412,971,565 bp)2et

961,932,490719] read (145,251,783,590 bp)E &AM Ar&stATH Table 3).
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3.2. Microbial community analysis

3.2.1. Taxonomical classification

MinIONZ} HiSeq sequencing®] ZAyoA z+zF 32, 30709 +(Phylum)o]

OlE] 3, BE sited|A] Proteobacteria’t 7P e d|&(Z+2t HA 53%,

bl

41%)=  AtAsks Zle=  uERHTHFig.  3A).  MinlON9]  ZijoA+=

Actinobacteria®?t Bacteroidetes?t H+# 11 %, 10.8 %= 1 HES 0]9 11,

HiSeq®] Zi}orA= Bacteroidetes® Cyanobacteria?t H+ 18.9 %,

17.6 %= 1 HE o|9tt. A2 67§ & %of Proteobacteria, Bacteroidetes,

Actinobacteria, Cyanobacteria®= Z=2 %730 Z£Xst= ¢uelg2jo} Fo=2

rie
=
P

st

v}

g Qo Ao Ziut= oo ¥arY ALE9 Zutet H
[47-49]. MIinIONZ} HiSeq®] ZAytoA “7FH(Class)S 22+ 62, 567, =(Order)&
Z¥zF 156, 1307}, ®HFamily)= 2+2F 335, 2767}, 4(Genus)& 2tz 911, 841717}
dEHAHFig. 3). & #&olM & 9 AMA|s] A EAMH, MinlON9] ZytoA =
Others 50| 61.09 %2 7 We H|&& RHX|stYCW, Limnohabitans,
Pseudomonas, BurkholderiaZ?t 2Y72y 7.22 %, 2.77 %, 2.13 %= 1 H= o]}

HiSeq®] ZAutoAM+= Unclassified Z1&©0] 63.27 %2 7MY ©We H&S

AR5} 0, Synechococcus, Limnohabitans, Flavobacterium?t 2YZF 8.71 %,
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441 %, 2.78 %2 1 H2 o|9ltHFig. 3E). £ ZEo|A zEo=z AZH

Limnohabitans 42 €730 MAlst= g 2ol 402 dAq Qi1 2T UrH

=0 W29, Limnohabitans 4 urH2|ol7} QIIto|A] ARGE AET 7Hs/d0l

o= ApAo] YAt [50]. 20191 20210l sequencing ZHZo] w2}

24 wpgo] chobsly] mho] n]gE A E3 cres dehdos a7 Adpt

TREAT [18, 51], o]} H|LSHA & AFAM= & £59 Unclassified @t

Others I1&9A sequencing ZaHZ9] Xfo|7} F=s5HA YERATH MinlON9]

Ao A= Unclassified 129] H]go] 872 %o] Eu3t v, HiSeq]

Axto] AL Unclassified 120] 63.27 %= &X|5tch o] read?] Zo|7}

=55 16S rRNA FAIAM| =2 identity® aligno] =] ¢tof 771 ofz{ YAl

Aoz siAd 4 ot [62]. #8F ofY2}, short-read?] 3¢ ofH Hig2]otof A

FAR=RE G5 L2577 oY, ®2 read’t Unclassified 150 =

wREAS Aoz RAHG [63]. o]2{gh Ato]i= MinlON¥} HiSeq®] H|o|HE&
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3.2.2. Alpha and beta diversity

0E A9 & £2FoA9 dmdd2 Chaoldt Shannon A|4E -E0of

sholat gl 1 (Fig. 4), HEIHIAS nMDS (Fig. 5) ®BA2 Ea =lstoic.

MinlON®} HiSeq®] ZoA Chaol A= Zb2b 4+ 85151 318.60=2,

Shannon X|$&= Z242F HAd 5413 22 UepdcHFig. 4). o]= MinlON

sequencingo] HrO TRfer FFO HEH4oE ERE 4 Uss ulstd,

MinlONO] ZAaoflA & »EA & £E0=2 245 Others 159 Hl&o] AHA

otttk 2 oolqe] AnkFig. 3)2 HWASh wlwjoly uhE|2lobt wo]

EAsts &4 AMEY B%. sequence 7|We| Arp TaAolnt [54]. ofdf,

Qo2 long-read sequencings &35t UME w5+ 74 Yo EXist=

ries

S oS AR 250] Amsts FAAA WAl dish Aol 714
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MHO8 MHO9 SY01
750 4
p = 0.00171 p = 0.001095 p = 0.001095
1 1
500 4
—
250 4 = E—
8 HiSe MinION
< BRO1 MH10 L
O
750 4
p = 0.000928 p = 4.765e-07 Platform
H
500 4 B3 Hiseq
BE MiniON
I — —
250 4
HiSeq MinlON HiSeq MinlON

Shannon

Figure 4A. Alpha diversity analysis (Chaol) for microbial community.

MHO08 MHO09 SY01

6 .
——— —
4 p = 5.64e-05 p = 5.64e-05 p = 4.48e-05
 — 1 1
2 - ——— ——— ————
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HiS MinlON

BROA MH10 oo n
6 -
4- p = 9.3e-07 p = 5.64e-05 Platform

B3 Hiseq
2 — . MinlON
0 L T T T T
HiSeq MinION HiSeq MinION

Figure 4B. Alpha diversity analysis (Shannon) for microbial community.
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3.3. Abundance of ARGs

3.3.1. Absolute abundance of ARGs

oo EAist= ARGE H&3st7] #lsll sequencing GI°JE|E modified

CARDo] alignstgitt. Illumina sequencing2 Nanopore sequencing©| H|af

Ut A7 AWE gl [32), 2 BAEY

A
T M

et

ARGE %2 HAE2 23

AI}Z CARDO| aligndl= A oJA minimum identityS =Aslo] ARGY]

A== stgict. 2 Axk, MinlON9| glojgoA =

s

Rag wREA AEE

1879] drug classoll 43§t 3007119 ARG7} FZE% 00, HiSeq®] Tf|o]E|of A=

o
!

167§9] drug classoll 43t 3957FX]19] ARGZ} ZEEUTH. 2 ZHEo] A

SA(Eq. (1), Eq. (2))2 Ah&stol abundanceE AIAIeH Aif, long-readofA]

A&= ARGY abundance?} short-readoj|A] ZA&= ARGY abundanceXdr}t 2

710 2 UeRJtHFig. 6). s MH09_1 182 AQst & T20|A] Spearman

ol &= ZiE 71o] drug class

At A7 0.5 olAtoz UERton,
ko] AR AS 71 9122 9Julsit} (p-value <0.05)

abundance’} d¥bAol o}

(Table. 4). Long-read®?} short-readojjA] ZA&%= ARGY A=z R}o|7t
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Table 4. Spearman rho correlation coefficients for comparison between long-

and short-read sequencing.

Group Spearman (rho) p-value
MHO08_1 0.7204752 0.0007444
MHO08_2 0.7109574 0.000941
MHO08_3 0.7533673 0.0003066
MH09_1 0.472367 0.04777
MH09_2 0.6155754 0.006536
MHO09_3 0.6384758 0.004348
SY01 1 0.5618217 0.01525
SY01 2 0.5696493 0.01359
SY01 3 0.7666848 0.0002059
BRO1 1 0.6244835 0.005599
BR0O1 2 0.681916 0.001826
BR0O1 3 0.7046051 0.001095
MH10 1 0.7311288 0.0005662
MH10 2 0.6844008 0.00173
MH10_3 0.5875648 0.01034
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3.3.2. Relative abundance of ARGs

MinIONZ} HiSeqQ9] ZutollA ZHzF 18719t 167§9] drug class?t &%,

Bat 1% njgtez AEH 712 Others

|d
o
lo
Hu
M

FEATG. MinlONt

HiSeq9] ZAoA 71 @Wo] ZAE%E drug class®= multidrug resistance

(MDR)=Z, Zt7t ™ 62.13 %, 43 %= AR5t cHFig. 7A). MinION Z 1o A=

peptide @  macrolides-lincosamides-streptogramines (MLS) A<9

L

A4S 71Xl ARG-carrying read’t z+7+ 7.96 %, 7.44 %2 MDR t}2o02

vro] UERth HiSeq? ZAutofAl+= sulfonamide/sulfone, aminoglycoside

Ao WS 71X ARG-carrying read”’t z+zF 12.23 %, 9.53 %= MDR

ttgog o] ettt Long-readw= short-reado]] Blsf ©}dst class9]

ARGE 7V & 7bsAo] of B MDRZ ¥5¥ 7102 wolrt [6. & A7

ZitS Foll sequencing datas #8&ct ARGE A&t HAOIA read?

|

Zolo] wje} chopgt AWk Uehhe 2 slstgon, o 3 U EAshe

ARGY| abundanceg &3t olsfistal siAstr] 48l reade] Zols 23}

rr
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(0]

Peptide A|¥ ARG7} Wo] ZAZEgct

3.3.3. Overlapping ARGs
shR A17Q1 MH107HA] 2E siteof| ] & #

# A& MHO8ARE shH&

oA BEO 2 LEPT ARGE

0%

= 2971 ¥ ch(Fig. 8A).

rlr

| $ol4 MDRZ Z7FH ARGZH 177H=2 71 ®o] dEHdey, 1 tgo=

o] 29719] overlapping ARG9] relative

A= A9, rdpA, sull, sul2, tet(C)

abundances & ZHEO|A] H]
Atol7F  UEpPFtHFig. 8A). Sulfonamide/sulfone &

fAAAA  opte]
£53] integronyt transposonit A HIEHSHA

Tetracycline 7€ ARG+=
o [55, 56], long-read sequencing®] Z1}tojA=

A7 Anprt Q9o

QAL EE U AL 2 o

= ALY A W =

rlr

ol &

c}

o

© d7oME o9 dgtEat v Zuaprt HIEflen,

L dlo] 9lo]A] read?] Zol7} FFFS A 4 Q)

Asote

31



t MinfoR | [ HiSeq 1 Drug Class

mdtC . .
mdtB Aminocoumarin

acrD —— Aminoglycoside
rpoB2 ———

Bado_rpoB_RIF
smeE

MexK 1.5
MexW
MexF
RanA
efpA
o8 MDR
MuxB
Csir_tetA
rsmA
acrB 05
mdsB
MexB
mef(C)
adeF
LtnuH ——— MLS 0
rosB ——

ugd
bacA
arnA ——
RbpA ——— Rifamycin
sul2

wii —_]Sulfonamide/Sulfone
tet(C) ——— Tetracycline

Log (%)

Peptide

Fig. 8A. Relative abundance of overlapping ARGs.
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3.4. Mobile genetic elements (MGEs) associated with ARGs

2 AFoA+= ARG-MGE %35 A& 1 assembly #7429 {50 it X}o]=

"lwst?] 9ol HiSeq®] short-reads ©]&sto] contigs At F, ol

MinION9] long-read®t B|w35t9ct MIinlONCQ] long-read= TJEE contigdth

dots 2as #AE 4+ ASlen(Fig. 9), ol contigs: E£HdH= WA
FAAE W REEAMER QIsl short-read?] &eh HX|S 24517 o9

£
Mo
ro

Roz ZAL,

2,500,000 4

2,000,000 -

1,500,000 A

1,000,000 -

500,000 A

0 5,000 10,000 15,000

2,500,0001

Frequency

2,000,000

1,500,000 4

1,000,000 4

500,0004

0 5,000 10,000 15,000

Length (bp)

Figure 9. The length of ARG-carrying reads and contigs.
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ARGE 7HX|1L 9)= read®} contigE A¥Hstoy MGEs databaseo] alignst H,

ARG} MGE Atole] 727} 5 kb DJRFQl ARG-MGE Aol tfs] xAlsteict.

MinlON9Q] ZAoM= 54709 readollA] 697FX] H5F° ARG-MGE #0]

dAwlon, HiSeqd Zao|A= 54719 contigoflA 257FA] &7 ARG-MGE

ol EAa=Eelt. & 2WEF lolHdA FAldl UEd ARG-MCE #2 F

137f0]H, o] & 87N (gacEdeltal-qacEdelta, sul/l-intll, su/l-qacEdelta, sull-

tnpA, sul2-1S91, sul2-tnpA, tet(A)-tnpA, tet(G)-qacEdelta)?} 7t siteojc} =A]0]

olz]9ithFig. 10). Long-read®t contig Ato]= assembly IHJofA] contig7}

ol

MinlON9] long-read®} 2| RHPEHHA 2AYstch [57]. o]2|st o] J-=Z, long-

read’} 7FX1 ARG-MGE %o| contig?l 71Xl ARG-MGE #®r} ¢ cjeksict=

27 Uehd Zlez ofgdt. ESh long-reads & MM+ raw

read2 A% ALg37] 2ol ARGS MGES] {AAL U 9% Fust wEEol

Ao 48 FFY ARG-MGE #o] d&d Jle= =2ty & ZFoAN =&

A&5 8719 ARG-MGE 2 &Agt 23S synteny= A|Zte} ShQITHFig. 11).

Intll §RR= SR oo Tolst: MGEo|n (58], WNE wre|ajop 3t

= oz d3fA Qo [56, 59]. & A+ 2t

ol

REAF olgAM Fa

2

o
3

o

o
=

w29 jnt/] SAAR= BE siteo]A] ARG 7R Qx| EAR|sH= 7oz
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Est, MGE % transposon®] 3t &89 tnpA §AA= MHI0S AQst 2=
siteo|A] AEEQoH, 2 sull §HAHFig. 11A, 11C, 11D) E= tet(Ad)

7 AHFig. 11B)?} &2 read T+ contigd]] £Alst= A o2 UEI

1
o
J

Platform

N
o
1

. MinION

The number of ARG-MGE types

MHO8 MH09 SY01 BRO1 MH10

Figure 10A. The number of ARG-MGE types across the sampling sites.
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MinION HiSeq MinlON HiSeq

sull-intll tet(A)-tnpA

sull-tnpA qacEdeltai-qacEdelta
sul2-tnpA sull-intll

MHO08 MHO09

MinlON HiSeq MinlON HiSeq

tet(A)-tnpA
tet(G)-qacEdelta sull-intll
gacEdeltal-gacEdelta sull-qacEdelta
sull-qacEdelta sull-tnpA
sull-intll gacEdeltal-qacEdelta
sull-tnpA Sul2-1591
sul2-1591

SYol BRO1

MinlON HiSeq

sull-qacEdelta

MH10

Figure 10B. ARG-MGE types identified in both MinION and
HiSeq sequencing.
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3.5. ARG-harboring plasmids.

3.5.1. Abundance of ARGs on plasmids
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3.5.2. ARG-carrying reads and contigs in plasmids.

ARG-carrying read®t contig %of plasmid2 = read?t contigS drug

class H2 3HOI5t9tHFig. 13). MinION9Q] g|o|E| oA+ ARG-carrying read %9

sulfonamide/sulfone, tetracycline, aminoglycoside A|g€9] Atz ztzt ©+
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1
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4. CONCLUSION

w M E SRR Al Qe tled 4o 53oM At e

L

DNA=Z long-read sequencing (MinION)1} short-read sequencing (HiSeq)<

=
e

>
>
e]l}
ok
2

ot OAdE A9 4% 2 aFE0A AFY At HRsil o,

rlr
!

AP
4>
N

oz 7ZF42 HiSeqo TloJEjoA Unclassified 189 u]go] i}

z7tst9ct. ARG] absolute abundance® BAst Ax}t, T

!

RE 249 Apo]}

LIS

_l

9loJo}, drug class & 73T H|2519CE Relative abundance ¥4 Z},

MinION2} HiSeq@] t©jo]E{ofjA] MDR-E 7%l read?t contigZ7t 2t7t 62.13 %,

43 %°] Hle2 AAlsts ez UEHT. 2E siteoA] HEE overlapping

ARG9] relative abundance+ & Z31Z9] ZAuto|A v]L5HA] UERGTH ARG-

MGE & &olsff & ZAu}, su/l-intl1Q} tet(A)-tnpA7F THEEQ] siteof|A] 2%

AEE At Sulfonamide/sulfone, aminoglycoside, tetracycline A|2of YAS

7FAl read®t contigZt ti#Z plasmidz AU oj2jet A4 AE &

ol
=

o

oro 29] ARG o]zt Xumpof tfjst ALofA sequencing read®] Zo|& il

g
oZ,
o
M
(%)
WE,
Ool'

O

PR WA BAol chs REtar olsher

H,

< 9] g0l

48



ACKNOWLEDGEMENT

49



10.

11.

REFERENCES

O'Neill, J., Tackling drug-resistant infections globally: final report and
recommendations. 2016.

Keenum, |., et al., A framework for standardized gPCR-targets and protocols for
quantifying antibiotic resistance in surface water, recycled water and wastewater.
Critical Reviews in Environmental Science and Technology, 2022. 52(24): p. 4395-
4419.

Waseem, H., et al, Contributions and challenges of high throughput qPCR for
determining antimicrobial resistance in the environment: a critical review. Molecules,
2019. 24(1): p. 163.

Han, Z., et al, Antibiotic resistomes in drinking water sources across a large
geographical scale: multiple drivers and co-occurrence with opportunistic bacterial
pathogens. Water Research, 2020. 183: p. 116088.

An, X.-L, et al,, Tracking antibiotic resistome during wastewater treatment using
high throughput quantitative PCR. Environment international, 2018. 117: p. 146-
153.

Qian, X., et al, Long-read sequencing revealed cooccurrence, host range, and
potential mobility of antibiotic resistome in cow feces. Proceedings of the National
Academy of Sciences, 2021. 118(25): p. e2024464118.

Martinez, J.L., TM. Coque, and F. Baquero, What is a resistance gene? Ranking risk
/in resistomes. Nature Reviews Microbiology, 2015. 13(2): p. 116-123.

Forster, S.C., et al., Strain-level characterization of broad host range mobile genetic
elements transferring antibiotic resistance from the human microbiome. Nature
Communications, 2022. 13(1): p. 1445.

Partridge, S.R., et al, Mobile genetic elements associated with antimicrobial
resistance. Clinical microbiology reviews, 2018. 31(4): p. 10.1128/cmr. 00088-17.
Peng, K, et al., Long-read metagenomic sequencing reveals that high-copy small
plasmids shape the highly prevalent antibiotic resistance genes in animal fecal
microbiome. Science of The Total Environment, 2023: p. 164585.

Li, A.-D, L-G. Li, and T. Zhang, Exploring antibiotic resistance genes and metal
resistance genes in plasmid metagenomes from wastewater treatment plants.

Frontiers in microbiology, 2015. 6: p. 1025.

50



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Meng, M., Y. Li, and H. Yao, Plasmid-mediated transfer of antibiotic resistance genes
/n soil. Antibiotics, 2022. 11(4): p. 525.

Metcalf, B., et al., Short-read whole genome sequencing for determination of
antimicrobial resistance mechanisms and capsular serotypes of current invasive
Streptococcus agalactiae recovered in the USA. Clinical Microbiology and Infection,
2017. 23(8): p. 574. e7-574. el4.

Huptas, C., S. Scherer, and M. Wenning, Optimized /llumina PCR-free library
preparation for bacterial whole genome sequencing and analysis of factors
influencing de novo assembly. BMC research notes, 2016. 9(1): p. 1-14.

Quainoo, S., et al., Whole-genome sequencing of bacterial pathogens: the future
of nosocomial outbreak analysis. Clinical microbiology reviews, 2017. 30(4): p. 1015-
1063.

Hu, T, et al, Next-generation sequencing technologies: An overview. Human
Immunology, 2021. 82(11): p. 801-811.

Marin, M., et al.,, Benchmarking the empirical accuracy of short-read sequencing
across the M. tuberculosis genome. Bioinformatics, 2022. 38(7): p. 1781-1787.
Goldstein, S., et al., Evaluation of strategies for the assembly of diverse bacterial
genomes using MinlON long-read sequencing. BMC genomics, 2019. 20(1): p. 1-
17.

Kingsford, C., M.C. Schatz, and M. Pop, Assembly complexity of prokaryotic
genomes using short reads. BMC bioinformatics, 2010. 11: p. 1-11.

Lee, H. et al., Third-generation sequencing and the future of genomics. BioRxiy,
2016: p. 048603.

van Almsick, V., et al, The use of long-read sequencing technologies in infection
control: Horizontal transfer of a blaCTX-M-27 containing Incfll plasmid in a patient
screening sample. Microorganisms, 2022. 10(3): p. 491.

Partridge, S.R, et al, Gene cassettes and cassette arrays in mobile resistance
integrons. FEMS microbiology reviews, 2009. 33(4): p. 757-784.

Bohlin, J, et al, The nucleotide composition of microbial genomes indicates
differential patterns of selection on core and accessory genomes. BMC genomics,
2017.18(1): p. 1-11.

Nakano, K, et al., Advantages of genome sequencing by long-read sequencer using
SMRT technology in medical area. Human Cell, 2017. 30(3): p. 149-161.

Maestri, S., et al., A rapid and accurate Min/lON-based workflow for tracking species
biodiversity in the field. Genes, 2019. 10(6): p. 468.

Wang, Y., et al., Nanopore sequencing technology, bioinformatics and applications.
Nature biotechnology, 2021. 39(11): p. 1348-1365.

51



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Leggett, RM. et al, Rapid MinlON profiling of preterm microbiota and
antimicrobial-resistant pathogens. Nature Microbiology, 2020. 5(3): p. 430-442.
Midha, MK, M. Wu, and K.-P. Chiu, Long-read sequencing in deciphering human
genetics to a greater depth. Human genetics, 2019. 138(11-12): p. 1201-1215.
Matsuo, Y., et al, Full-length 16S rRNA gene amplicon analysis of human gut
microbiota using MinlON™ nanopore sequencing confers species-level resolution.
BMC microbiology, 2021. 21: p. 1-13.

De Maio, N., et al,, Comparison of long-read sequencing technologies in the hybrid
assembly of complex bacterial genomes. Microbial genomics, 2019. 5(9): p. e000294.
Zhang, H., C. Jain, and S. Aluru, A comprehensive evaluation of long read error
correction methods. BMC genomics, 2020. 21: p. 1-15.

Maboni, G., et al, Three Distinct Annotation Platforms Differ in Detection of
Antimicrobial Resistance Genes in Long-Read, Short-Read, and Hybrid Sequences
Derived from Total Genomic DNA or from Purified Plasmid DNA. Antibiotics, 2022.
11(10): p. 1400.

Adewale, B.A, Will long-read sequencing technologies replace short-read
sequencing technologies in the next 10 years? African journal of laboratory
medicine, 2020. 9(1): p. 1-5.

Lo, C.-C. and PS. Chain, Rapid evaluation and quality control of next generation
sequencing data with FaQCs. BMC bioinformatics, 2014. 15(1): p. 1-8.

Kim, D, et al, Centrifuge: rapid and sensitive classification of metagenomic
sequences. Genome research, 2016. 26(12): p. 1721-1729.

Wu, Z, et al, Nanopore-based long-read metagenomics uncover the resistome
intrusion by antibiotic resistant bacteria from treated wastewater in receiving water
body. Water Research, 2022. 226: p. 119282.

Bengtsson-Palme, J, et al., METAXAZ: improved identification and taxonomic
classification of small and large subunit rRNA in metagenomic data. Molecular
ecology resources, 2015. 15(6): p. 1403-1414.

Hyatt, D., et al., Prodigal: prokaryotic gene recognition and translation initiation site
identification. BMC bioinformatics, 2010. 11: p. 1-11.

Alcock, B.P, et al., CARD 2023 expanded curation, support for machine learning,
and resistome prediction at the Comprehensive Antibiotic Resistance Database.
Nucleic acids research, 2023. 51(D1): p. D690-D699.

Buchfink, B., C. Xie, and D.H. Huson, fast and sensitive protein alignment using
DIAMOND. Nature methods, 2015. 12(1): p. 59-60.

Johnson, M., et al., NCB/ BLAST: a better web interface. Nucleic acids research, 2008.
36(suppl_2): p. W5-Wo9.

52



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Dai, D, et al., Long-read metagenomic sequencing reveals shifts in associations of
antibiotic resistance genes with mobile genetic elements from sewage to activated
sludge. Microbiome, 2022. 10(1): p. 20.

Yang, Y. et al., ARGs-OAP: online analysis pipeline for antibiotic resistance genes
detection from metagenomic data using an integrated structured ARG-database.
Bioinformatics, 2016. 32(15): p. 2346-2351.

Li, D, et al, MEGAHIT: an ultra-fast single-node solution for large and complex
metagenomics assembly via succinct de Bruijn graph. Bioinformatics, 2015. 31(10):
p. 1674-1676.

Parnanen, K., et al, Maternal gut and breast milk microbiota affect infant gut
antibiotic resistome and mobile genetic elements. Nature communications, 2018.
9(1): p. 3891.

Schloss, PD. et al, /ntroducing mothur: open-source, platform-independent
community-supported software for describing and comparing microbial
communities. Applied and environmental microbiology, 2009. 75(23): p. 7537-7541.
Niestepski, S., et al., £Environmental fate of Bacteroidetes, with particular emphasis
on Bacteroides fragilis group bacteria and their specific antibiotic resistance genes,
in activated sludge wastewater treatment plants. Journal of hazardous materials,
2020. 394: p. 122544,

Anandan, R, D. Dharumadurai, and G.P. Manogaran, An /introduction to
actinobacteria, in Actinobacteria-basics and biotechnological applications. 2016,
IntechOpen.

Wang, Z, et al., Critical roles of cyanobacteria as reservoir and source for antibiotic
resistance genes. Environment International, 2020. 144: p. 106034.

Wang, J., et al, Supercarriers of antibiotic resistome in a world’s large river.
Microbiome, 2022. 10(1): p. 1-19.

Maggiori, C,, et al., MinlON sequencing from sea ice cryoconites leads to de novo
genome reconstruction from metagenomes. Scientific reports, 2021. 11(1): p. 21041.
Wommack, K.E., J. Bhavsar, and J. Ravel, Metagenomics: read length matters.
Applied and environmental microbiology, 2008. 74(5): p. 1453-1463.

Ashton, PM., et al., Min/lON nanopore sequencing identifies the position and
structure of a bacterial antibiotic resistance island. Nature biotechnology, 2015.
33(3): p. 296-300.

Vaz-Moreira, |., et al., Culture-dependent and culture-independent diversity surveys
target different bacteria. a case study in a freshwater sample. Antonie Van
Leeuwenhoek, 2011. 100: p. 245-257.

53



55.

56.

57.

58.

59.

60.

61.

62.

Leclercq, S.O. et al., Diversity of the tetracycline mobilome within a Chinese pig
manure sample. Applied and Environmental Microbiology, 2016. 82(21): p. 6454-
6462.

Chaturvedi, P, et al., Occurrence of emerging sulfonamide resistance (sull and sul2)
associated with mobile integrons-integrase (int/1 and intl2) in riverine systems.
Science of The Total Environment, 2021. 751: p. 142217.

Frank, JA, et al., /mproved metagenome assemblies and taxonomic binning using
long-read circular consensus sequence data. Scientific reports, 2016. 6(1): p. 25373.
Stokes, H.t. and R.M. Hall, A novel family of potentially mobile DNA elements
encoding  site-specific  gene-integration  functions:  integrons. Molecular
microbiology, 1989. 3(12): p. 1669-1683.

Chen, B., et al, The role of class | integrons in the dissemination of sulfonamide
resistance genes in the Pearl River and Pear! River Estuary, South China. Journal of
Hazardous materials, 2015. 282: p. 61-67.

Makowska, N., R. Koczura, and J. Mokracka, Class 7 integrase sulfonamide and
tetracycline resistance genes in wastewater treatment plant and surface water.
Chemosphere, 2016. 144: p. 1665-1673.

Zhang, T, et al., Metagenomic insights into the antibiotic resistome in freshwater
and seawater from an Antarctic ice-free area. Environmental Pollution, 2022. 309:
p. 119738.

Zhao, W, et al., Oxford nanopore long-read sequencing enables the generation of
complete bacterial and plasmid genomes without short-read sequencing. Frontiers
in Microbiology, 2023. 14: p. 1179966.

54



Comparative Analysis of Antibiotic Resistome between

Long- and Short-read Sequencing
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Abstract

The emergence and dissemination of antibiotic resistance genes (ARGs) have
become a matter of public health in the world. Most studies on antibiotic
resistance in the environment have revealed its risk through quantifying
antibiotic resistance genes (ARGs) rather than whole genomes, suggesting the
need for research on the mobility and transfer of ARGs. In this study, we
investigated the diversity of microbial communities present in the
environment using both short-read sequencing (HiSeq) and the recently

developed long-read sequencing (MinION). We conducted a comparative
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analysis on the antibiotic resistome. As a result of investigating microbial
communities, 911 and 841 genera were classified based on long-read
sequencing and short-read sequencing data, respectively. In the long-read
sequencing results, unclassified genera accounted for an average of 8.7%,
while the short-read sequencing results showed that 63.3% of genera belonged
to the unclassified group. The abundance of antibiotic resistance genes (ARGs)
between the two platforms shows a similar trend (Spearman's rho = 0.655, p <
0.05), and multidrug resistance (MDR) was found to be the most common type
(62.13%, 43%). In MinION and HiSeq results, 69 and 25 types of ARG-mobile
genetic element (MGE) pairs present within 5 kb in a read or a contig were
detected, respectively, and 183 and 91 ARGs were detected in reads or contigs
predicted to be plasmids. Therefore, in this study, the differences between
long- and short-read sequencing were compared through microbial
community diversity and antibiotic resistance analysis, and suggestions for
the future direction of research on antibiotic resistance analysis were

proposed.
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1. Sample collection 2. Sample preparation & DNA extraction

1L/sample X3 400 mL/sample
!

0.2 um
mixed cellulose ester (MCE)
membrane filter
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12725  127.30 I°n127.35 127.40 = DNeasy PowerWater Kit
(QIAGEN, Hilden, Germany)

Fig. 2. Sampling sites on the Miho-river.

3. Sequencing 4. Analysis
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Figure 14. Graphical abstract.
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