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Pan-polymerase chain reaction (pan-PCR) AAFH-2 1] 4]
o] BAo] et 4l&5t 7] A5 2dl, multiplex PCR
AR o Aol gk A 22 Adol S8t e

Sl AF HEA Ak HAMA DA Y A E3
FOoEA qgS £PT 4 Ut

@ AlAE2?

FF A 2ES 9 A 29 AA 52 F5 pan-

PCR¥} multiplex PCRS TE813t 024 TFHA d%49
A gL Folstet ol& &8 =l #d% s AAY
AT AEAE EolH, Uo7t A% Aol et A4

B 2L A FHAZ 5 UL Aol

£ gA817] 9 Al H A

k3
AL 71, WAl 2 5A49] AAAH AL 55 daska ot

AT B2, 22 VALY Solx, Y] A2 4 HE &
o] Azt oA Al A
I 9t} 3] pan-PCR¥I} multiplex PCR2 242}
= oo}, 49 7] di-& % i+t
t71eE FEE lHHo,71.
Pan-PCRS £4 THfamily) E= Z(genus) Y| HE AL
S RAOF sto] ol ofgF} Hol, AR ofzt of
A dAA] R AE 9 HF HLAA HAT 5 e
84& Adth8]. ol oty WSk Az, Wo] 5 HYA
o] thFdo] AU 6] obF] A A gF2 Al
‘Pathogen X' ¢} 22 1] 9] AR S 270 Lot o 2
Aol lom, Hojuf Azt 2 AF 9 ME FAHY =

7] "R o] AIHAQl A w7 &8E S Qo AAE A%

HAB Z2H19% A% WH Y A] pan-PCRE Ol 0=
[4]. SHeIME Aol ATAABTETTLS AlE & A T YA A AE Bl o]} tlEo] ¥
doz A4 ¢ Bl Qlof, FF 7|E AT AlFer 4 & AR7&9 &84T 240l & S siAh
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PCR=polymerase chain reaction.
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1. Pan-PCR ZAHH A4
1) Pan-PCR ZAR2| 712X 92| & 31
Pan-PCRE 5 AE9] HYA 7+ HEH SAA AL
< 7Hto g g Zeto|wE HAste 7Igolth. WA o
A2 FAA HolHE st s AE FEe

oX,
o

ot 712 Alet BEA Ae2 168 ribosomal RNAS 22 B
Z A= gHo g s BT AZo] 7ls5ht ut
A g whe Wo] £&, 35 At
Q13 ¥-g Aeto] oYt A7 EAgITE. o
of wet pan-PCRS FUT WAA 7} F49] A%

B4 71@E0l o] Vles 79
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2) Pan-PCR ZAMH XME
(1) Z2vutol2 A
H7]o] 9 tstal ] oJgtel 4ol AE pan-coro-
navirus PCR AN
AR W EE JoHE HH O F 5] o]
o5 3Tt IRt RO A ADS TEH O R HAT
& Q= Ao EFoltt. AAZ, B 7]&2 AL, w2 9 7]E}

thofst IRl g Ao el BE =S AZES Hon, ¥

< RNA-dependant RNA polymerase

(RdRp) FHH A
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(2) e, FEEE Y

Hadse 2e 29 oAl oA AE pan-paramyxo-
2 wtehe 4] 2] o (paramyxoviridae) 2}
v 2 (pneumoviridae)©ll &= vho|2]A2] RdRp F-44¢
Y metolw] N EE AHESH
ol Aol & 4= Qlol w2 HEAE 7t HAR o
712 oY 27 MENAE Z-85 ] avian metapneumovi-

PAHE o 43R,

viridae PCR HAAM

(3) d2uj
Pan-Filoviridae PCR A2 =2 of&2uto] 22} uf
HIEo|2 A S Rt ARF/ Y FREHOIHAE B
SHA A& & Y. dorngrt Fibe 3a 9 AT A
o 4] 7§3t SYBR Green 7|4l quantitative real-time PCR
(QPCR) A2} ml= AJE st o] Sjzrfstof Al 7ds
high-throughput real-time PCR (RT-PCR) A|AH|0] Z+7+ &
G=o] HARZE FAIR ofy Hi+tE, AsE AE A=
ae4or f&T 4 Qe Ao FHoE Ui dA4=
o HIHE Ao R oF AFolA o] HAMS A4 B

AE 2719 FA5t= o &&=, FFAL 5o 4

o v oo=&

Sttt £9], ol&et 9 ups 19k 22 19 Hio|2 A9
A AAre] gt A E A3 AAE 3R US FHe=
71 587/d0] FZFE A QltH13,14].
(4) 71&} family, genus

r29o] FYEALAME AT FAS BT &
= ZH}o] 2 A (norovirus) @t AHEZHFO] 2 A (sapovirus)

oh
mlo

2 XY 29 QA 4G YA A4S EBHOE G
o 4 Sl AAE ASIEoH B AToAE S
o 7129 Ay HhH] &4 JeHy Aol $43E B
T5eHIS),

59 ¥5Y AELAMEo|4E Seujullgo] §H7

971, A7} vlold A 5 ofe] Sehululolsix WAAE ET
4o YA 4 9om, B3] 5 744 Hholg A
Poh oA BIA A BT BED 4 U A4

HE S THE 2) [11-16].

3) Pan-PCR 7|&9| ZLH2| &2 &t
Pan-PCR2 thf3l Hlo| A HUAE BA0 A& &
Qe VxSt BT 7|eg FT olEY o] 27

27 U oS e o] U3 94 deos wasn

E 2. Y4 family ' Pan-PCR FAAME A& AH

protein

HEX| family =7t Y AR I\ BY R TR EYH IS Hugs
FEHHEY A7)0 £4 st RdRp ofg] FH4 HolE 23 vt I EuHtelg]  [11]
2 AE 2GR, F3AF Holof FaFol A%
ot AHEgd & USRS ZHEY 9 g4l RdRp et a2 9 FRE2Y A 4, ok [12]
= H] 2 2% A 5 =2 H84
ZEHd Holg FHd AT A, Nucleoprotein 011%11} ] %— 10 Y d=EHpolA Fe [13,14]
o= A" ‘:Hi Z, Wt/ AsE AE A9 2&4 d$
Az A2 gl sdEAY RdRp iiﬂ]"’]‘j—i" /\Pi‘j}ol‘jﬂ" T A H#E (15
A AutolAE 2E X
T =Y HEH B A-AH Non-structural ¥, B7|4, A7} & ofd Ehatold A 28 [16]

YA, A 48 A9 A BT B8

PCR=polymerase chain reaction; RARp=RNA-dependent RNA polymerase.
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PCR A M9l BES}F B Al 52 F405HaL 3l A4 71
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2. Multiplex PCR ZAHH 274
1) Multiplex PCR 7|&& 22| & $HA|
o= s AR AdE {6 AMHR
435t matoly| AA % dimer (Y3 Tato]y A%
) ¥t A5 sl A4HAL Atk 20229 Nature
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~
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iih)

Design using Dimer Likelihood Estimation ¥ multiplex
PCR Zzjo|t] AIEE AAT wff Zeto] 7] dimer F/3
< el At daE|EA Hde SHOR stof AET
Z S50 Bl ae4d¥ 4574 B HASRIT o] ¥R
qPCR md A7 % Sanger sequencing¥ AA5= 580l A
T 2§ 7hesttha TR E U201, 1Y multiplex PCR
HAPE L Hio|2A9] A|£2]Ql Ho|= QI8 AA Wa= T &
&% & ke AV i ole tre] ZeEtolw AE ZF
45 AYOE AT FE 5& T vEo], Zefoln FY

wol7l AAe WdES 343

2) Multiplex PCR At XM&

ol

=

av

Multiplex PCR 7|&-& & AAIH 0 & 4w 27121
ot BYA TA AEES SIS A PR FETT glo
chepet 7ol A AN 2 448317t &S] o] Fo]
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E 3. 2718 multiplex PCR ZAMY A& A+

(013
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=7t HE At o

5 =3

=% FTD Respiratory Pathogens ¢! %

Influenza A & B multiplex
real-time PCR Kit

A2+ A/B, TFHAEF

Assay EUHtold A 5 F 16F
u]=  FilmArray Respiratory % 22% T57) HeA /Hrolg A&
6cl' A W FAA 7
S5 T% RT-PCR+MassARRAY HPo[#|A 9 Ald 23 & 27

S+ PowerChek SARS-CoV-2,  SARS-CoV-2 ¥ QI==4dIz} A & B

A}, ofglibtoly A, ThF FE FAO R 16T 557 Hiol
HA FA A&

<, Al 18%,  BioFire DiagnosticsAt2] FilmArray
Respiratory Panel 2 T, J& 5 A
AR Z AR

RT-PCR & MassARRAYZE SZ A&
BAF 24, 55 449 A4 7s

=4 & dH| 558 45CG97%
Ax&)o 2 Fff Ak I=F 43t

ofN

coronavirus 2.

PCR=polymerase chain reaction; FTD=fast track diagnostics; RT-PCR=real-time PCR; SARS-CoV-2=severe acute respiratory syndrome
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< AU 79 2 4 AL 2 gHgsfiof gttt
o]9} Zo] WHO, CDC 5 9] 3% B2 7|0l A Pan-
R 9 multiplex PCR HAIHS 7|to2 7hes o o
H %S Aol A2 ol 7l&o] vA] HEAY 27| &
2 ZAE A o] FFEA AHY FAH 9
= 3L Ao® FAAB7F 7ot A AARITE o]
Aol M= nF 2Ey ol AAH e
2 8ot s AAl e 1=3tet7] 8 pan-PCRT
multiplex PCR 7]&2 YA Ad o= F&E511 Q)
T} 20239+H ‘Pathogen X' g A= deo = I &
A & WY AFET = 1371 Hhol 2 A familyE 4 A
7d5to] pan-PCR HAMH 52 213staL 9lom, 0|9 54|
o multiplex PCR HAPHE ©]-&3 34 714t o5 HARE o
9< 7sta 9ok Pan-PCRE A& E & njx|o] Y4 &
Aok = G Aol et 12} A AdollA EEdT}
A48 A g5h0, multiplex PCRS T4 HLA 2] SA] 7+
H g 53 4o A& 1 5 ol 8ol 8

e A AN ASE FFH0R B

NGS
A Al2id)

Bl Helasg Ze Sajgsi0]
ECE ol

Multiplex-PCR
(S ERY

21, AR 72y o Ao1Ew WA Al AAF Al AH

PCR=polymerase chain reaction; NGS=next-generation sequencing.
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Overview of PCR—-based Diagnostic Assays for
Emerging Infectious Disease Pathogens
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ABSTRACT

Objectives: Continuous genetic variation in pathogens enhances their infectious potential and promotes the emergence of
infectious disease outbreaks, highlighting the need for diagnostic technologies capable of broad-range detection. Herein, we
introduce pan-polymerase chain reaction (pan-PCR) and multiplex PCR assays to identify the causative agents of emerging or
unknown infectious diseases.

Methods: To introduce the research, development, and practical applications of pan-PCR and multiplex PCR assays for
pathogen diagnosis, a comprehensive review was conducted. The review focused on recent domestic and international
institutional reports and academic literature on public health and PCR-based diagnostic methods. Literature published since
the coronavirus disease 2019 pandemic was included.

Results: Both technologies have been recognized as core diagnostic approaches to effectively respond to emerging and
unknown infectious diseases. Pan-PCR uses conserved gene regions for the initial screening of unknown pathogens, whereas
multiplex PCR is used to simultaneously identify specific pathogens, including co-infection cases. These two technologies could
be utilized complementarily to identify the causative agents of emerging infectious diseases.

Conclusions: Pan-PCR and multiplex PCR show promise as key diagnostic platforms to facilitate proactive responses in the
face of infectious disease threats in the future. The simultaneous use of both technologies, capitalizing on their respective
strengths in versatility and specificity, is likely to improve diagnostic capabilities for emerging or unknown infectious diseases

and strengthen public health surveillance.

Key words: Emerging infectious diseases; Pathogens; Diagnostic techniques and procedures; Polymerase chain reaction
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Introduction agents and the need to advance genetic diagnostic technologies
[1,2]. Major international public health organizations, includ-

The coronavirus disease 2019 (COVID-19) pandemic ing the World Health Organization (WHO) and the Coalition
has underscored the importance of pathogen surveillance sys- for Epidemic Preparedness Innovations, have emphasized

tems that are capable of early detection of emerging infectious the development and implementation of universal diagnostic
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Key messages
(D What is known previously?

Conventional pathogen diagnosis shows a high accuracy
for known pathogens; however, it is limited in its ability
to diagnose variants or emerging pathogens. There is a
growing need to develop diagnostic methods with rapid
and broad-range detection capabilities.

(@ What new information is presented?

Pan-polymerase chain reaction (pan-PCR) specializ-
es in the rapid early screening of unknown pathogens,
whereas multiplex PCR enables the simultaneous differ-
ential diagnosis of co-infections. Both can serve as es-
sential platforms at the forefront of diagnosing emerging
pathogens.

® What are implications?

The development of pan-PCR and multiplex PCR can be
used to strengthen diagnostic capabilities in public health
settings, significantly improving their ability to respond
proactively to emerging infectious diseases.

methods for pathogens as the key components of strategies
to prepare for potential future emerging infectious agents, re-
ferred to as “Pathogen X” [3]. The WHO has also established
research and development priorities and released a list of

pathogens based on factors such as pandemic potential and the

feasibility of developing treatments. The organization recom-
mends surveillance and pathogen testing technologies to detect
the emergence of these listed pathogens, as well as the proactive
development of vaccines and therapeutics [4]. In the Republic
of Korea (ROK), the Korea Disease Control and Prevention
Agency (KDCA) has designated and managed novel infectious
disease syndromes as Class 1 infectious diseases, further em-
phasizing the need to develop and validate diagnostic methods
for new pathogens that cannot be detected using existing diag-
nostic reagents.

Against this background, the development of diagnostic
methods that can achieve both rapidity and broad applicabil-
ity has emerged as an important task among various diagnostic
technologies. Next-generation sequencing (NGS) enables the
comprehensive identification of pathogen genomic informa-
tion and plays a major role in diagnosis and research; however,
its high cost, long analysis time, and equipment requirements
limit its use for on-site testing or large-scale screening [5]. In
contrast, polymerase chain reaction (PCR)-based assays (Table
1) remain key diagnostic tools in clinical and field settings
thanks to their rapid turnaround time, high sensitivity and
specificity, accessibility of equipment, and cost-effectiveness. In

particular, pan-PCR and multiplex PCR, characterized by their

Table 1. Comparative analysis of PCR-based assays

Criterion Conventional PCR

Pan-PCR Multiplex PCR

Target pathogen range  Detection of single

pathogen
Primer design criterion  Single pathogen-specific
primers

the same family

Amplification method  Single target amplification

Application purpose Diagnosis of single

pathogen infection

Simultaneous detection of diverse
pathogens within the same family

Primers targeting conserved
common gene regions within

Common region amplification
Early discovery and screening of
unknown pathogens

Simultaneous detection of specific
genes from multiple individual
pathogens

Specific primers for each
pathogen

Multiple target amplification
Simultaneous diagnosis of
multiple pathogen infections

PCR=polymerase chain reaction.
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universality and multiplexing capability, respectively, have
drawn attention as suitable technologies for early infectious
disease response and large-scale surveillance systems [6,7].

Pan-PCR targets conserved sequences within a specific
family or genus, providing broad applicability that enabled the
detection of multiple subtypes, variants, recombinants, and
even previously unknown or emerging pathogens [8]. This ap-
proach is particularly advantageous for the early identification
of novel or variant pathogens, including “Pathogen X,” where
high genetic diversity, recombination, or mutation may occur.
Therefore, pan-PCR can serve as an effective diagnostic tool for
the early detection of new and variant infectious diseases aris-
ing from such genetic changes. During the COVID-19 pan-
demic, the use of pan-PCR helped overcome the limitations of
single-pathogen diagnostic methods, further underscoring the
importance and utility of universal diagnostic technologies.

Multiplex PCR uses multiple sets of specific primers to
simultaneously detect and differentiate various pathogens,
making it effective for precise and rapid differential diagno-
sis. Along with infections caused by a single pathogen, the
number of co-infection cases has recently been increasing [9].
Importantly, respiratory infectious diseases present limitations
for conventional single-pathogen diagnostic methods because
of the interactions among pathogens and their high muta-
tion rates. Under these circumstances, multiplex PCR con-
tributes to the simultaneous diagnosis of co-infections and the
strengthening of surveillance systems and has become the most
widely used platform among PCR-based multiplex diagnostic
methods.

This study focuses on analyzing the strategic value and cur-
rent status of pan-PCR and multiplex PCR technologies as

molecular diagnostic platforms for responding to emerging

1824

infectious diseases. Although these technologies can be applied
to a wide range of pathogens, this review primarily discusses
viral pathogens that exhibit frequent mutations and a higher
likelihood of emerging as new infectious agents rather than
bacteria or fungi, which tend to be more genetically stable. The
cases of application of multiplex PCR are examined mainly
through widely known commercial panels whose clinical util-
ity has been demonstrated. In the changing landscape of in-
fectious diseases characterized by the emergence of new and
variant pathogens and an increase in co-infections, these PCR
technologies are becoming increasingly important as the key
platforms that complement the limitations of single-pathogen
diagnostic methods and enable early detection and response.
By reviewing the global and domestic trends in the develop-
ment of diagnostic technologies focused on pan-PCR and mul-
tiplex PCR, this study aims to present the roles, limitations, and
future directions of these methods, thereby contributing to the
establishment of effective and proactive response systems for

emerging infectious diseases such as COVID-19.

Methods

To examine the domestic and international research trends
and implementation status of pan-PCR and multiplex PCR
assays, this study referred to pathogen-specific diagnostic
methods utilizing pan-PCR and multiplex PCR as described
in academic literature on PCR-based diagnostics. In addition,
pandemic response reports and diagnostic case studies pub-
lished by national and international public health organiza-
tions, including the KDCA, WHO, and United States Centers
for Disease Control and Prevention (CDC), were reviewed.

Based on these cases, this study presents insights into the future

www.phwr.org Vol 18, No 45, 2025
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directions and prospects for the development of these diagnos-

tic technologies.

Results

1. Introduction to the Pan—-PCR Assay

1) Technical principles and limitations of the pan—-PCR
assay

Pan-PCR is a technique that designs diagnostic primers
based on the conserved gene sequences shared among patho-
gens within the same taxonomic lineage. The process begins by
collecting genomic data from the target pathogen group and
performing multiple sequence alignment to identify the gene
regions with a high degree of conservation. Primers are then
designed within these conserved regions, considering both
specificity and amplification efficiency. The designed primers
enable amplification even in pathogens that differ at the variant
or subtype level. Although pan-PCR is useful for the early de-
tection and phylogenetic identification of unknown pathogens,
further analyses such as sequencing of the amplified products
are required for precise species-level identification. This addi-
tional step increases the total diagnostic turnaround time and
may incur costs associated with NGS linkage, which can be
a limiting factor for clinical application [10]. In bacterial di-
agnostics, conserved genes such as 16S ribosomal RNA have
been widely used as targets, allowing broad detection capabil-
ity. However, in the case of viruses, universal detection is more
challenging because of high genomic diversity, rapid mutation
rates, and absence of common genes. Therefore, Pan-PCR has
been developed as a detection strategy focused on pathogens
within the same family, and major public health organiza-

tions worldwide are actively incorporating this technology into

www.phwr.org Vol 18, No 45, 2025

infectious disease surveillance and response systems.

2) Application of the pan-PCR assay
(1) Coronaviruses
The pan-coronavirus PCR assay developed by the Rega
Institute for Medical Research at KU Leuven in Belgium targets
a highly conserved region within the RNA-dependent RNA
polymerase (RdRp) gene, enabling the comprehensive detec-
tion of various coronavirus lineages, including multiple genetic
variants. In fact, this technique has demonstrated high detec-
tion rates for viruses of SARS, MERS, and diseases caused by
other coronaviruses and has been reported to be minimally af-

fected by genetic variations in the pathogen [11].

(2) Paramyxoviridae and pneumoviridae

The pan-paramyxoviridae PCR assay developed at the
Erasmus Medical Center in Rotterdam, the Netherlands, uses
a single primer set that targets a conserved region within the
RdRp gene of viruses belonging to the paramyxoviridae and
pneumoviridae families, allowing simultaneous detection with
high universality. This method has also been successfully ap-
plied to wild bird samples, enabling the detection of various

pathogens, including avian metapneumovirus [12].

(3) Filoviridae
The pan-Filoviridae PCR assay enables the broad detec-
tion of mammalian filoviruses, primarily Ebola virus and
Marburg virus. SYBR green-based quantitative real-time PCR
(qPCR) developed by the National Institute for Communicable
Diseases in South Africa and the high-throughput real-
time PCR (RT-PCR) system developed by the University of

Washington School of Medicine in the United States have both
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been applied, offering advantages in real-time surveillance and
efficient processing of large-scale or low-concentration sam-
ples. In previous studies of wild bats, this assay has been used
for the early detection of potential pathogens and has demon-
strated reliable performance. Moreover, its value has been em-
phasized as a proactive public health tool for preventing com-
munity transmission of high-risk viruses such as Ebola and

Marburg [13,14].

(4) Other families and genera
The Norwegian Institute of Public Health developed a di-
agnostic assay capable of comprehensively detecting major hu-
man-infecting Caliciviruses, including norovirus and sapovi-
rus, which cause outbreaks through gastrointestinal infection.
The study reported that the assay demonstrated superior speed
and accuracy compared with existing diagnostic techniques

[15].

At the Center for Biological Safety in Berlin, Germany, a
pan-Flaviviridae PCR assay was developed targeting a highly
conserved region of the NS5 gene, enabling the broad detec-
tion of multiple Flavivirus pathogens such as yellow fever virus,
Dengue virus, and Zika virus. This assay is effective as a sur-

veillance tool in regions where two or more of these viruses are

co-circulating (Table 2) [11-16].

3) Global and domestic trends in the application of
pan—PCR technology
Pan-PCR is an advanced molecular diagnostic technol-
ogy capable of simultaneously detecting a wide range of viral
pathogens. It has recently emerged as a key strategy to enhance
the early detection and response capacity for infections of un-
known origin.
The KDCA is promoting the standardization and pilot im-

plementation of pan-PCR assays focusing on 13 viral families

Table 2. Application of pan-PCR assays by pathogen family

Biological Safety, protein

Germany

Pathogen family ~ Country or institution Target gene Features Reference
Coronaviridae University of Leuven, RdRp Broad detection of various coronavirus [11]
Belgium lineages including genetic variants; less
affected by pathogen gene mutations
Paramyxoviridae &  Erasmus Medical RdRp Simultaneous detection of paramyxoviridae (12]
pneumoviridae Center, Netherlands and pneumoviridae; high versatility in
wildlife surveillance (e.g., wild birds)
Filoviridae NICD, South Africa; Nucleoprotein Broad detection of high-risk filoviruses [13,14]
University of (Ebola, Marburg); efficient for large-scale,
Washington, USA low-concentration sample processing and
real-time surveillance
Caliciviridae Norwegian Institute ~ RdRp Comprehensive detection of major human [15]
of Public Health caliciviruses, including norovirus and
sapovirus, responsible for outbreaks
Flaviviridae Berlin Centre for Non-structural Comprehensive detection of multiple [16]

flaviviruses (Yellow fever, Dengue, Zika);
useful for surveillance in co-circulating
regions

PCR=Polymerase chain reaction; RARp=RNA-dependent RNA polymerase; NICD=National Institute for Communicable Diseases.
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considered highly likely to be introduced into the country as
part of its strategic preparedness for “Pathogen X.” The selec-
tion criteria were based on four factors: the level of attention
from major international public health organizations, potential
public health impact due to respiratory transmissibility, zoo-
notic risk, and the likelihood of domestic introduction and oc-
currence. Through this initiative, the KDCA aims to contribute
to the advancement of the national infectious disease response
system. The WHO is also promoting the development of a
pan-Filovirus PCR assay that can simultaneously detect mul-
tiple hemorrhagic fever pathogens of unknown origin. In addi-
tion to establishing laboratory-based surveillance systems, the
WHO is expanding its support for strengthening the capacity
of healthcare personnel, setting up isolation facilities, and de-
veloping comprehensive and sustainable epidemic response
frameworks [17].

Furthermore, the WHO provides a universal RT-PCR pro-
tocol targeting the matrix gene common to influenza A viruses,
facilitating the early detection and surveillance of influenza A,
including highly pathogenic avian influenza subtypes such as
H5 and H7 [18]. This represents one of the essential diagnos-
tic strategies for proactively addressing the potential risks of
zoonotic infectious diseases. Similarly, the CDC has enhanced
its infectious disease response capabilities through the detec-
tion of pathogens using pan-enterovirus and pan-parechovirus

PCR assays combined with a sequencing analysis [19].

2. Introduction to the Multiplex PCR Assay
1) Technical principles and limitations of multiplex
PCR
Recently, studies have been conducted on primer design

using an in silico analysis, evaluation of dimers (undesired

www.phwr.org Vol 18, No 45, 2025

primer—primer binding), and optimization methods for multi-
gene diagnostics. A 2022 article in Nature Communications
introduced the Simulated Annealing Design using Dimer
Likelihood Estimation (SADDLE) method—an algorithmic
approach for designing multiplex PCR primer sets that mini-
mizes primer dimer formation while optimizing target ampli-
fication efficiency and uniformity. This method was also re-
ported to be applicable to qPCR panel design and applications
combined with Sanger sequencing [20]. However, the detec-
tion sensitivity of multiplex PCR assays may decline because
of continuous viral mutations. This reduction is attributed not
only to the decreased amplification efficiency caused by inter-
actions among multiple primer sets but also to single-nucleo-
tide variations occurring in primer-binding regions, which can

substantially impair assay performance [21].

2) Application of the multiplex PCR assay

Multiplex PCR technology has attracted global attention as
a key tool for the early diagnosis of infectious diseases and si-
multaneous detection of multiple pathogens. Research, devel-
opment, and commercialization efforts are actively underway
in several countries. Countries are applying this technology in
public surveillance systems and clinical settings to improve the
speed and accuracy of infectious disease response (Table 3).

In Germany, the Fast Track Diagnostics Respiratory
Pathogens Assay has been commercialized and is being used
for respiratory infectious disease surveillance. This assay is
designed to detect a total of 16 respiratory viruses, including
influenza A and B, parainfluenza virus, adenovirus, and coro-
navirus (e.g., NL63, OC43), using a multi-tube format [22].
The FilmArray Respiratory Panel, developed and commercial-

ized by BioFire Diagnostics in the United States, enables the
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Table 3. Global application of multiplex PCR assays
Country Application Target pathogens Features
Germany FTD Respiratory Pathogens Total of 16 types including Simultaneous detection of 16 respiratory
Assay Influenza A/B, parainfluenza, viruses using a multi-tube format
adenovirus, coronavirus (etc.)
USA FilmArray Respiratory Total of 22 respiratory pathogens/  BioFire Diagnostics FilmArray multiplex
8 viruses, 18 bacteria, panel utilized globally (e.g., Taiwan,
7 antimicrobial resistance genes Japan)
China Multiplex RT- Total of 27 types including viruses ~ Quantitative analysis of amplification
PCR+MassARRAY and bacteria products via MassARRAY after RT-PCR;
capable of co-infection diagnosis
Republicof ~ PowerChek SARS-CoV-2, = SARS-CoV-2 and Influenza A & B Strengthens domestic diagnostic capacity
Korea Influenza A & B multiplex with performance comparable to
real-time PCR Kit international standards (over 97%
agreement)
PCR=polymerase chain reaction; FTD=fast track diagnostics; RT-PCR=real-time PCR; SARS-CoV-2=severe acute respiratory syndrome
coronavirus 2.

simultaneous detection of 22 respiratory pathogens, including
both viruses and bacteria. This panel is currently used in clini-
cal settings and surveillance systems in Taiwan and Japan [23].
The Taiwan Centers for Disease Control conducted a com-
parative analysis by simultaneously performing multiplex PCR
assays using the FilmArray Respiratory Panel and the con-
ventional PCR assays previously in use. The study concluded
that multiplex PCR assays demonstrated a significantly higher
positive detection rate than conventional assays and effectively
identified cases of multiple co-infections. These results con-
firmed the utility of multiplex PCR for both respiratory patho-
gen surveillance and clinical diagnosis [24]. In Japan, Nagasaki
University Hospital conducted diagnostic testing using the
FilmArray Respiratory Panel in patients with acute respiratory
infections. The study confirmed that this method could detect
a total of 17 viral and 3 bacterial respiratory pathogens with
high specificity and sensitivity [25]. In addition, the FilmArray
Pneumonia Panel, a system specialized for pneumonia diag-

nosis, can simultaneously detect 8 viral species, 18 bacterial

1828

species, and 7 antibiotic resistance genes from lower respiratory
tract specimens within approximately 1 hour. Notably, it pro-
vides quantitative results for 15 clinically significant bacterial
pathogens associated with pneumonia, enabling the rapid diag-
nosis of bacterial-viral co-infections and serving as a key refer-
ence for guiding treatment decisions [26]. In China, a diagnos-
tic method combining multiplex RT-PCR with MassARRAY,
a mass spectrometry-based technology, has been developed to
enable the simultaneous detection of a broader range of patho-
gens. This assay is designed to detect a total of 27 respiratory
pathogens, including both viruses and bacteria, within a single
panel. Compared with conventional PCR-based diagnostic
methods, the assay demonstrates higher sensitivity and speci-
ficity and allows for the accurate identification of multiple in-
fections, even in cases of complex co-infection, in local health
centers and hospitals across China [27]. In the ROK, following
the COVID-19 pandemic, multiplex RT-PCR diagnostic re-
agents capable of simultaneously detecting severe acute respi-

ratory syndrome coronavirus 2 (SARS-CoV-2) and influenza

www.phwr.org Vol 18, No 45, 2025
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A/B viruses have been successfully developed and commercial-
ized. A comparative study evaluating the performance of this
assay against the BioFire Respiratory Panel demonstrated a
concordance rate exceeding 97%, confirming equivalent diag-

nostic performance [28].

3) Global and domestic trends in the application of
multiplex PCR

Multiplex PCR is utilized both domestically and interna-
tionally to strengthen infectious disease response capabilities
through the diagnosis of infections with unknown etiologies.
In particular, the WHO and CDC are actively incorporating
this technology into public health surveillance and diagnostic
systems.

The KDCA is currently developing panels for syndrome-
based multiplex testing across five categories—respiratory,
hemorrhagic, exanthematous, neurologic, and diarrheal—to
strengthen proactive laboratory response capabilities for infec-
tions of unknown origin. To enhance national surveillance and
early outbreak response, the agency has designed a system that
enables the rapid screening and subtype differentiation of four
avian influenza viruses frequently detected in domestic poul-
try (HSN1, H5NG, H5N8, and HON2) within a single reaction
[29]. In addition, a diagnostic assay has been developed that
can simultaneously detect the pandemic influenza A (HIN1)
pdmO9 virus and five seasonal influenza subtypes within a sin-
gle reaction using specific primers and probes [30].

Such multidimensional efforts to develop and preemptive-
ly secure diagnostic technologies represent a key strategy for
proactively addressing the potential risks of future infectious
diseases. The WHO strongly encourages the development of

diagnostic methods capable of the simultaneous detection of

www.phwr.org Vol 18, No 45, 2025

multiple pathogens and provides a multiplex RT-PCR proto-
col for the concurrent detection of influenza viruses and SARS-
CoV-2, particularly for the early diagnosis and surveillance of
respiratory viruses [31]. The CDC has also developed the Flu
SC2 Multiplex Assay, which enables the simultaneous detec-
tion of influenza A/B and SARS-CoV-2 with high accuracy

from both upper and lower respiratory specimens [32].

Conclusion

This study analyzed the strategic value and current sta-
tus of pan-PCR and multiplex PCR technologies as molecu-
lar diagnostic platforms for responding to emerging infec-
tious diseases. Focusing on viral pathogens with high muta-
tion rates and potential for novel emergence, this review ex-
amined the research, development, and practical applications
of widely known commercial panels whose utility has been
demonstrated.

Pan-PCR serves as a universal detection tool targeting
conserved genetic regions, thereby enabling the identification
of unknown and emerging pathogens; however, it requires
additional analyses for precise species-level identification.
Meanwhile, multiplex PCR has demonstrated excellent effi-
ciency in the simultaneous differentiation of multiple patho-
gens and the diagnosis of co-infections through technical ad-
vancements such as in silico optimization. In the ROK, the
clinical utility of multiplex PCR has been successfully validated
through applications involving the simultaneous detection of
SARS-CoV-2 and other pathogens. These technologies can ul-
timately be integrated with NGS-based genomic analysis to es-
tablish an efficient diagnostic workflow encompassing screen-

ing, confirmation, and characterization. Together, pan-PCR
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and multiplex PCR represent specific directions for techno-
logical advancement aimed at simultaneously meeting the de-
mands for rapidity, universality, and specificity in response to
future infectious disease threats. Moving forward, pan-PCR
should evolve beyond simple positive/negative detection to-
ward the direct integration of amplified products with genomic
analysis. The technological goal should be to establish a system
that rapidly determines the phylogeny of “Pathogen X” in the
field by quickly linking the amplification data from conserved
gene regions to NGS or Sanger sequencing. For multiplex PCR,
which remains the most widely used method for the simultane-
ous detection of multiple pathogens, enhancing the reliability
of primer design is critical. By applying in silico optimization
algorithms to minimize unnecessary primer—primer interac-
tions, diagnostic panels can be expanded according to the pri-
ority of domestic prevalence and potential introduction, while
maintaining high sensitivity and specificity.

As such, the efforts by international public health organi-
zations such as the WHO and CDC to strengthen infectious
disease response capabilities based on pan-PCR and multiplex
PCR assays indicate the global recognition of these technolo-
gies as key public health tools for the early detection and sur-
veillance of unknown pathogens. In addition, the KDCA is fo-
cusing on pan-PCR and multiplex PCR as key diagnostic tools
to proactively respond to future infectious disease threats and
enhance domestic surveillance capacity. Since 2023, as part of
the Pathogen X response strategy, the agency has been devel-
oping pan-PCR assays for 13 viral families prioritized based on
their high risk of domestic introduction and pandemic poten-
tial, while simultaneously developing syndrome-based multi-
plex test panels utilizing multiplex PCR technology. Pan-PCR

provides breadth and rapidity for the detection of novel or
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Figure 1. Diagnostic system for emerging and unknown
pathogens

PCR=polymerase chain reaction: NGS=next-generation sequencing.
unknown pathogens and for the primary screening of high-risk
groups with potential for domestic introduction. In contrast,
multiplex PCR is used in clinical settings that require specific-
ity and efficiency, such as the simultaneous differential diag-
nosis of multiple pathogens and the rapid identification of co-
infections. Ultimately, the KDCA aims to maximize diagnostic
efficiency through the flexible integration and complementary
use of these two technologies (Figure 1), thereby establishing a
diagnostic system that enables rapid patient management and
effective public health response. The advancement of molecu-
lar diagnostic technologies based on pan-PCR and multiplex
PCR is expected to play a pivotal role in public health diagnos-

tics in case of future pandemics.
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