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Emerging and re-emerging zoonotic viruses become critical public health, economic, societal,
and cultural burdens. The Coronavirus disease-19 (COVID-19) pandemic reveals needs for
effective preparedness and responsiveness against the emergence of variants and the next vi-
rus outbreak. The targeted next-generation sequencing (NGS) significantly contributes to
the acquisition of viral genome sequences directly from clinical specimens. Using this ad-
vanced NGS technology, the genomic epidemiology and surveillance play a critical role in
identifying of infectious source and origin, tracking of transmission chains and virus evo-
lution, and characterizing the virulence and developing of vaccines during the outbreak.
In this review, we highlight the platforms and preparation of targeted NGS for the viral genomics. We
also demonstrate the application of this strategy to take advantage of the responsiveness and preven-
tion of emerging zoonotic viruses. This article provides broad and deep insights into the prepared-
ness and responsiveness for the next zoonotic virus outbreak.
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ation sequencing
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o] 71&-7k% 7t T QIZE-7HE 7hof A HotEE g4
TFET 1 9ok A 213k HAAE Avtol= 94 o
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g 7|90 = Hpol 2 A0 HUA B A|AH 0] ALET| =
Ach(Ayal 5 2020). =3 2T Z-F @ #HAlZdS A&
SARS-CoV-29] 3¢l o & 2dZ 7l vt QIthRhiane 5,
2021). o] ZRol|xfet o] HA A A7 ER-AHE &
off Hiol2| A FAA| A DS AlHotal EA43)oke 21 Hiol#A
o] At & g, Alo] Mk o] uf$- Fastct.
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o] &84 MY uF-GAF Hlo]H A Gamakvirus
, 2021)9} Langyavirus (Zhang 5, 2022)7} 858 &t
SARS-CoV-29] Al %52 mjelsln 7o) 7]9S FHa]
98] AWE A7(Chen S, 2021)01= EX3} A7 L
AHo] o &E It HHE ] Sl Hiol# A9 Y HE H
Aol Aupol| thgt 24 Ato= thegrt #A 3} AAH A7
A GEAo] 28Ut Ebola virus?] Hutz} 4 w7l 4
OR%E ol —'F %132 Eleil OE‘—TL(Mate 5, 2015; Quick 5,
°4¥(Grubaugh 5 2017) Abgroll A *]z—%r%‘écé% Yo7
& Hantaan virus®] #g 220 gt |34 234 ﬂ:r"(Kim
5. 202002 Yol A gotoll A et Lassa virusoll HHet £+
A EAE Bof A9 A BE7F AR o] Abgto] ofd X]O-“?
W X7 325 f8E AdE 9E A-*+Anderson &
2015)°1A = EA 3} AA A7 EEA S o]-8s5HdH 7}
SollA sk BlolH A A 44 Foto = #2435}
A A7 A GEA o] E=YE|o] A7t AFEHU. F= 5
7ol Al ¥A33t Porcine epidemic diarrhea virus®} Porcine
kobuvirusol Al AFE ZF=o] et 24 ARE o A
(Garcia-Hernandez 5, 2021)7F WA Zoj|A ZYH u} Q)
om, 2018AFE 2019W7HA] ofze] 7ol Al HAYRE African
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FAch yrxo] AFAL 2224 (flow cel)9 F(mem-
brane)oll EAI5t= Ad dHdo] o) wHEo| A= Ul 2o

o AP @< 7t DNAZL Sabst 2] diito] what
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DNAE AlEAT 4= U= ofHE A Do) 7=l d71AE
of g JHE BA5t= 4 1gE&L fAst, E23E ik =
710l 85% Welel Extetd HE = 97 ~98%71HA] FIE A
HLogsdon 5, 2020; Wang 5, 2021). Y=3Eo] ZHEZL2 5
Hofl 283 5= Q= EEF A9 o WA v o] F 1
7ho] 229 A5 ARE-SkH= MinION AH]Q1 MinlON Mk1C2
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G7NMEELHE B A 9AA AES FHsta, T2 7
o £3F= Poxvirus2He] 8-S 93t A+(Eltom 5, 2021)7F
Y=t ESt oA H2E 28 ARG FHFo L Bt

Sl Eat Zﬂiﬂ 011;1]4 E4Z 78 A7 (Aasdev 5, 2021)°]
< o] &Yk 11 Qo= Au, gAY
of, %ﬂ"ﬂ—f] 5 Oq‘_r"'— &0l &3k ®Alo] UAITE oj A 5]
5% 2o & H‘éf-—’-_ 7¥oh= AR Hho|HA9] ofF Ao
A Yleizo] EHEZ Bl 71E A o7 AtE T HE
I A HEeR %Zﬂ_% Hol#| A R4 AES SEgE A+
7} B E7) % Atk Brunker 5, 2020).

=9-315Hd HAlS S 8% o= 4 |AAE
slet 5, AH3HE DNA & 9] olfE AES Bl
BHYE FFot= A eshe A5 EAE AR 9
|2 AAE Bol A71AEE B4k AlEY(Sequencing by
synthesis) (Mardis &, 2013) B}4o|tt. @A fEH O F ul=
9] MluminaAtolA A5k, FG71MLE EA oA 24 1.2 Gb
(iSeq)°lA ZH 3 Tb (NovaSeq)?] HloJEIE ¥ &+ U1, H
olg] o wet iSeq¥ MiniSeq, MiSeq, HiSeq, NextSeq,
NovaSeq ©] Sltt. o]2i3t SBS W42 ¥4 DNAY S&5 &
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ol g3k A o] S Fx WolE HATE Hel 3
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7 ALEIA] glob] B 8 Al - 9F HlolH A A o
o @ el o] Kl W ] ek
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I SAYE S FR7 G719 o]8ste SE5tH, g 971
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R R
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3 pH Wshe WHER] Wold 17] AT Qo] 714G B4
SH= Waolck. o] WAL S o] §okA] gong, wiHE
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ule] 2717k 23 G714 QD BAdo] & Az ol Bdths &
ol Stk a8y o2 A EFAE g ¥ FUIAERAES
53l AAE 4 717hto] EojlA] Hlehulo] E @9lo] 44 HE
AE & e AT FE o] EUE AAHL AMEsl= v
Aol wet 1.2 Gb (Ion318 chip)@t 15 Gb (Ion540 chip), 50
Gb (Ion550 chip)d |34 AEE AA H}. w3k FHsH
2 gsof tigt A7|MEE E45fof st SAHS BolFa
QItHQuail 5, 2012).
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Strengths and limitation of various NGS platform
NGS sequencing platform Strengths

Nanopore sequencing Long read

B[R A0| S| 5t

=<

o1

Limitations

High error rate

system (Oxford Genome sequencing in real-time Low sensitivity

Nanopore Technology) High-throughput Large amounts of templates
Portable sequencing instrument
Superior detection of tandem repeats and structural variants

Sequencing by Lower costs of whole-genome sequencing Short read
synthesis system High accuracy and sensitivity Limited throughput
(Illumina sequencing) Expensive sequencing equipment
Short read length

Ion torrent system
(Thermo Fisher system)

Fast sequencing

Aoy A=A AHH 0= Hio|HA FHA] H71A
F FHE gEsH] A3 Yle o] FAE2 AlEA B ¢
759 3 7| glojA Alm M2 IFofA] MPE = &
vlo| YA 9] JAA o gt 738K Target enrichment) 4
F a5ttt #4 {AA9] ZF3t o whet 7]Eo] A Fo] &
A 24 v =] Hiet FHAAE SHL AAA], AR &
< ME2E vgE] et &

AAE SEaleA] AgalA et
w} A7) S-gol AL

] ] q. Rx—loﬂ =12 ;<-1 SFol A
A 7st el AHo] stk

L)

2

2

o
= T

2oy EH Ei= HHJA FEI Alme; Zo] A
=% (Microbiome)¥ o], &30 f =
AEA gt FE7F B Z3hE =2 &
= ABAA HdEH R BE JHARE STEAA
A oA Aol @Rlo] He 34 {44 =
Al 71 A G A A H gd-mefojn S
(SISPA, Sequence-Independent, Single-Primer Amplifi-
cation) W2jo] Qlth. SISPA WA £24 F44] o= #1%
FE oA HIEC]HQl Zeto|HE o]-&5t7| Wizl st
A FRA] diet FEIF AW, mA Y] FHd Ao Al
w2 EstA & o o] & & Utk 3 A3 HHANA F
+ 8 A A4S (Polymerase chain reaction, PCR)& ©]-&
171 migoll Al=e] Fol £FYd wf Felstiti(Kozarewa 5,
2015; Leomar %, 2016: Hess &, 2020). A3t H|Eo0] 4 =

30

]
g
2= AlEA-=

r
fllo

oln

ok
X

www.kojvs.org

Sequencing error due to PCR amplification
Low accuracy for repeat sequences

gojm e} GAo A SEIF DNAS %c“ﬂg
AR Bl A=l = FAAE SHTT SISPA HA1E
ol SEE FAAE e E AAH A 71 AQEAHE 5l
ARAA Ao o] &H 2= A7k ¥ Al ==5F SISPA
B 0 g GAA|E SZ319] Norovirus GII (Jothikumar &,
2022)¢t AARERE B9 ASFEE LY 92 HiolgA
¢l Hantaan virus®] 2% 44 47142 96]=(Song &,
2017) HoH A 9] FAof gk o & A of-gof that A+
7F A= qict.

ol-gste] FHA

o P~

l

o

TS A = B U= &

3 WA A A AL AAE 7
A4 (Targeted sequencing)< Al& W

5535t ’\]i”o]' 2, 4714

)~

]

535} A 7E 2 asit) golBeE] SRl &35 A E
AAZE 7 GHS} A o] ek WA &4

S BEit A FHIQ F 7HA A oz A E e
k= GAA 9] I JH(Region of interest)o|ut E2 -5-42;
o] tjste] AH Al Hoﬂ; FAE 1x=r o] 2211 dlAlo] o]
SHch 24
ol %1151“:4 %;ﬂxﬂ-J J—VEI 0391 ] tisto] 4
< 755t *tHLeomar 5, 2016). 44 E‘éﬁ%
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%%29] u7] DNA (bait DNAYE ©]&3tct. u]7] DNAZ
2 fAA ol AE A1 DNAC] Hio] 2.Hl
E@Eol|d H|EE o]83514 W H2 DNASKS] &4I3}

A(Hybridization) °]%-, B]5°]4Ql DNA 2Z4=S 'ﬁﬂ] Zﬂﬂ
S 4 Ak of# WS HA| d&o] FHEIe

A FAAZE A& W AR vﬂﬁPﬁ}(Kozarewa 5. 2015;

Leomar 5, 2016). ESHATZZ=-uj7] GH35} HAlS S 435) H1f
A3} FARSH lli‘:‘(lerbe)E AHESIAIRE, A §AR o AR
Q1 83 HAS o] 8ol= S35} 7|Ht vt = EE] 84

ol E?Héizﬂolé(Transposase)a— o]-83tt}. wEbA EfA
ZE-ufA THs} 342 DNA dH3}ke} o e A g9 A&
SAlol doldth(Kozarewa 5, 2015). Thdet ¥4 S5} =
Aoz gtHgl Zo|HE2E o] &% AAU A7 BEAH 7
2 ST e i FAflA AAE FAHo|o] Zru}
< AP (Dong 5. 2019), FAUA S Ag7 5 QPXP
|2 25 E 9l vio]# A9l Human papillomavirus®] §-%
3 4 A7HArdhaoui 5, 2021)7F A HF At

1w L
ot o

N

=3 a A A4S (Polymerase Chain Reaction, PCR) &
Al A B 7| BB HO| A 22 RS Fdohe wH4lo

F&5HA ol-&H} E39] Ao B Zeto|HE o]-&-5fA
A== 45 PCR (multiplex PCR)2 A Alm Hof A4
PCR ¥t& 45 S7HA ] wet Eshs @75 A4A71AL
PCRY A& Z7I5tng B2 §A44 73ato] autaQl 1
Ho g2 ARGHE thE 24 §AA 743 iAol vlsj o5 PCR

Comparison of enrichment method for targeted sequencing

Enrichment method Characteristic

SISPA-based NGS * Enrichment of

entire genome required
sequences
Target capture-  Solid-phase * Long target
based NGS hybridization sequence hybridization

« Large target sequence available

In-solution * Long target

Strength

* Small amount of a sample

* Easy to perform than in-solution

* Small amount of a sample

O]9l - diS 2t - 2t22|0F At - FALRL At - Zei

o
=

T+

[e]

o] &

o
fao}

B

FIRE| o
4490 02 U AY G
],

18
o
-,

T I

H
LR
& % 7p 3y

>~

A,
2 N |

oo

o
Ste 7
By

=2 ﬂ%— PCRZ 01%@& EL R 7&9} A Oﬂé ste]
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AHolo] gt HRE
o, 44 23} 43t A5t Atof o]-gE] 7o) AP Aolrt.
EQ e FH ol His T3 2o A9] 48 AZto]
3 © A2 <Fo] DNAZF "asitt= Fo| Aok, 184
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Limitations

» Hardness to get genomic sequences in a
sample containing ultra-low viral titer

* Large amount of a sample
(3~10 pg) required
* High specified instrument required
* Vulnerability in high GC/AT genetic areas
* Vulnerability in high GC/AT genetic areas

* Non-specific amplicon

hybridization sequence (<1~3 pg) required
Amplicon-based NGS * Short target * Fast performance
sequence

* Small amount of a sample required

* Primer-prime dimers

* Easy to perform than other
enrichment methods

» Comparable acquisition and depth
of whole-genome sequences
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A schematic diagram of genomic epidemiology and surveillance on emerging virus X using targeted next-generation sequencing.
The laboratory investigation should be promptly carried out from extracting nucleic acids to identifying the pathogen at the occurrence
of a new or re-emerging infectious disease. To perform the next-generation sequencing (NGS) for the clinical samples, the library
preparation is critical to enrich the genome sequences due to the ultra-low copy of viral genomes: When an etiological agent of the
disease is anticipated, the multiplex PCR-based NGS is implemented to generate an effective library preparation. The SISPA- or target
capture-based NGS should be carried out for the library preparation when the target is unclear. Subsequently, the library sample is
directly sequenced in the field by using a portable next-generation sequencer such as MinlON Mk1C or Flongle. The genome sequence
of the unknown etiological agent is identified in real-time by the bioinformatic pipeline installed in a mobile server. Finally, the genome
sequence of the pathogen allows to the genomic epidemiology and surveillance by investigating the infectious source and origin,
tracking of transmission chain, and risk assessment. This platform provides preventive and mitigated strategies for emerging zoonotic

virus outbreaks in the future.
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