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Abstract 

Background  Recent outbreaks of zoonotic diseases like Ebola, Mpox, dengue fever, and COVID-19 highlight gaps 
in surveillance and early detection at disease hotspots. Virus family-wide diagnostic assays offer a cost-effective 
and sensitive alternative to metagenomics for initial virus identification. This study introduces a multiplex family-wide 
PCR coupled with Nanopore sequencing of amplicons (FP-NSA) for surveillance of novel and known zoonotic respira-
tory viruses, including influenza A and D viruses (IAV and IDV), alpha (α-), beta (β-), and gamma (γ-) coronaviruses 
(CoVs).

Methods  This assay utilized primers in conserved regions of each virus group for multiplex reverse transcription 
(RT)-PCR coupled with the portable MinION device for rapid Nanopore sequencing. The FP-NSA was optimized using 
seven IAV subtypes, IDVs, and α- and β-CoVs. The analytical sensitivity of the FP-NSA was assessed using positive 
controls of known concentrations from each targeted viral family and validated using clinical samples and cell culture 
isolates from various host species and geographical origins. Potential novel viruses detected in the clinical samples, 
based on the FP-NSA, were further analyzed using metagenomics sequencing with the Sequence-Independent Sin-
gle Primer Amplification (SISPA) approach.

Results  The optimized FP-NSA assay efficiently detected all the targeted viruses singly as well as in co-infection 
scenarios of multiple respiratory viruses. Evaluation of the assay on 78 selected clinical and cell culture samples (from 
184 initially screened) successfully detected IAVs; α-CoVs: porcine epidemic diarrhea virus (PEDV), human coronavirus 
(HCoV) NL63, and HCoV-229E; β-CoVs: HCoV-OC43, severe acute respiratory syndrome (SARS)-CoV-(1), SARS-CoV-2, 
and MERS-CoV; and γ-CoV infectious bronchitis virus (γ-CoV_IBV) infections. Additionally, the FP-NSA assay discovered 
a novel γ-CoV_IBV from Guinea that is phylogenetically distant from known genotypes using a SISPA metagenomics 
approach.

Conclusions  The assay’s short PCR amplicons enable screening of samples within 4 h, from PCR to sequencing 
and bioinformatics analysis, providing an adequate number of pathogens’ reads. The portable MinION device makes 
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the assay suitable for pathogen surveillance in disease hotspots and resource-limited regions such as low- and mid-
dle-income countries. Thus, the FP-NSA assay is a valuable tool for detecting potential novel and known zoonotic 
respiratory viruses in the targeted families across various host species.
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Background
The majority of emerging and re-emerging human patho-
gens of significant public health concern worldwide are 
zoonotic, originate from domestic animals, wildlife, or 
arthropod vectors [1, 2]. Significant zoonotic patho-
gens belong to viral families such as Orthomyxoviri-
dae, Coronaviridae, and Paramyxoviridae [3, 4]. Novel 
zoonotic viruses emerge through rapid mutation or 
reassortment of viruses from known families, driven by 
changes in environmental factors such as urbanization, 
which increase interactions between animal reservoirs 
and humans, leading to human transmission and poten-
tial epidemics or pandemics. On the other hand, the 
re-emergence of viral strains often results from limited 
public health prevention and control measures [5, 6].

Acute respiratory tract infections, mostly viral, cause 
over three million deaths annually worldwide. Emerg-
ing respiratory viruses such as coronaviruses [Middle 
East respiratory syndrome coronavirus (MERS-CoV), 
severe acute respiratory syndrome coronaviruses (SARS-
CoV), and influenza A and B viruses] are WHO priority 
pathogens due to their potential to cause pandemics [3, 
7]. Zoonotic respiratory virus infections such as those 
caused by influenza viruses and coronaviruses typically 
affect the upper respiratory tract, presenting similar 
symptoms like coughing, fever, runny nose, sneezing, and 
sore throat, and can lead to pneumonia and bronchiolitis 
[8].

Influenza viruses, with a segmented negative-stranded 
RNA genome, cause significant epidemics worldwide. 
There are 4 types of influenza viruses: influenza A virus 
(IAV), subtyped further based on two major antigens, 
haemagglutinin (HA) and neuraminidase (NA), infects 
birds and mammals; influenza B virus (IBV) infects 
mainly humans; influenza C virus (ICV) infects humans, 
pigs, and dogs; and influenza D virus (IDV) infects cattle, 
pigs, and humans [9]. Coronaviruses (CoVs), on the other 
hand, have a large positive-sense RNA genome and cause 
mild to severe respiratory illnesses. There are 4 genera of 
coronaviruses: alpha (α)-, beta (β)-, gamma (γ)-, and delta 
(δ)-coronaviruses. Alpha and beta CoVs mainly origi-
nate from bats, while gamma and delta CoVs are of avian 
origin. However, all CoVs can infect a range of mamma-
lian species, including horses, cattle, camels, pigs, and 
rodents, which may serve as intermediate hosts prior to 
spillover to humans [10].

The rise in zoonotic disease outbreaks such as Ebola, 
Mpox, dengue, and COVID-19 highlights insufficient 
surveillance/testing capacity, especially in low-resource 
regions such as low- and middle-income countries 
or at disease hotspots such as high-density livestock 
operations or animals in trade. Effective surveillance 
approaches, particularly early detection at disease 
hotspots, are crucial to prevent pathogen spillover to 
humans [1, 5, 11, 12]. This requires deployable sur-
veillance tools at national and regional levels to trace 
zoonotic pathogens at high-risk interfaces, therefore 
serving as an early warning system [13, 14].

Most of the conventional molecular methods applied 
in the surveillance of respiratory viruses such as PCR 
are designed based on known genomes, and as such, 
limit novel virus discovery. Next-generation sequencing 
(NGS) and third-generation sequencing (3GS) technol-
ogies such as PacBio and Oxford Nanopore Technology 
(ONT) aid not only in tracking disease transmission, 
but also in identifying emerging novel viral strains [11, 
15]. Among these platforms, ONT library preparation 
is simple and rapid, easy to set up, and provides port-
able sequencing devices such as MinION that enables 
mobile sequencing with minimum training. Neverthe-
less, when applied to clinical samples, both NGS and 
3GS can be very expensive, time-consuming, and data 
analysis requires a high level of expertise, especially 
due to host-derived contaminants. Moreover, the sensi-
tivity can be low if no pathogen enrichment procedure 
is applied when the pathogen load is too low, mak-
ing them less suitable for disease surveillance in low-
resource settings [11, 16].

Therefore, effective strategies/tools for the timely 
detection and surveillance of emerging and re-emerg-
ing zoonotic pathogens at the animal-human inter-
face are required. Given that most of the recent novel 
emerging viruses originated from the above-mentioned 
viral families, family-based approaches offer more sen-
sitive alternatives to metagenomics in detecting new 
variants and viral family members [17–20]. Here, we 
propose a multiplex family-wide PCR and Nanopore 
sequencing of amplicons (FP-NSA) tool as an alterna-
tive approach for surveillance of zoonotic respiratory 
viruses belonging to influenza and coronavirus families.
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Methods
Target gene selection and primer design
The full-length sequences of the most conserved RNA-
dependent RNA polymerase (ORF1ab) gene of Corona-
viridae, α-CoV and β-CoV (41 sequences), and the matrix 
(M) gene sequences of Orthomyxoviridae, IAV (141 
sequences) and IDV (58 sequences), were downloaded 
from GenBank and aligned using BioEdit (v7.2.6). Each 
targeted gene dataset contained sequence representa-
tives of virus strains from different geographical loca-
tions and host species. The consensus sequence of the 
conserved region of each alignment was used to design 
primers specific for each virus family/genus using Prim-
er3Plus (Additional file 1: Table s1) [21]. BLAST searches 
to evaluate the primer specificity showed that the α- and 
β-CoV primer set could equally detect the γ-CoVs. The 
primers were ordered from Eurofins Genomics, Ebers-
berg, Germany.

Samples, nucleic acid extraction, and positive controls
The RNA positive controls used for optimizing each 
targeted virus detection included: α-CoVs: transmissi-
ble gastroenteritis virus (TGEV) and porcine epidemic 
diarrhea virus (PEDV), provided by the Department for 
Molecular Biology at the Austrian Agency for Veterinary 
Disease Control Mödling (AGES); α-CoV human coro-
navirus 229E (HCoV-229E), and β-CoVs SARS-CoV-(1) 
and SARS-CoV-2 purchased from Vircell, Spain; MERS-
CoV provided by the University of Veterinary Medicine 
Vienna (Vetmeduni); IAV subtypes H1N1, H3N8, H3N2, 
H5N1, H7N7, H9N2, and H16N3 and IDVs, Infl-D L6/17 
and Infl-D L1/19, kindly provided by Istituto Zooprofilat-
tico Sperimentale delle Venezie (IZSVe), Padova, Italy. 
Total RNA of the clinical samples included in this study 
was extracted using the RNeasy Mini kit (Qiagen) follow-
ing standard procedures. The samples originated from 
15 countries and 12 host species, as detailed in the assay 
validation section and in Additional file 1: Table s2.

Multiplex reverse transcription (RT)‑PCR optimization
The primers for each virus group were first optimized 
in singleplex reactions to determine a suitable anneal-
ing temperature and optimal primer concentration. 
The primer sets were then pooled for a multiplex reac-
tion, optimizing concentrations with templates from 
each virus family or a mixture of viruses from different 
families per reaction. The final optimized conditions for 
the multiplex RT-PCR assay were 20 μl reaction volume 
containing 4 μl of One-Step RT-PCR Buffer 5X (Qiagen), 
0.8 μl One-Step RT-PCR enzyme mix, a final concentra-
tion of 900 nM of each of the forward and reverse prim-
ers of α-, β-, and γ-CoVs, 100 nM of each of the forward 
and reverse primers of IAV and IDV, and 2 μl of the RNA 

template. Optimal PCR cycling conditions consisted of 
reverse transcription at 50 °C for 30 min, initial denatura-
tion at 95 °C for 15 min, followed by 40 cycles of 94 °C for 
30 s, 52 °C for 30 s, and 72 °C for 30 s, and final extension 
at 72 °C for 10 min.

Determination of sensitivity and limit of detection (LoD) 
of the FP‑NSA
The limit of detection (LoD) of the FP-NSA was deter-
mined by performing multiplex RT-PCR on 10-fold 
serial dilutions of RNA derived from clinical and cell 
culture isolates of H5N1 (IAV), Infl-D L6/17 (IDV), and 
SARS-CoV-2 (CoV). These RNA samples were initially 
quantified by real-time quantitative PCR (RT-qPCR) as 
described in Additional file  1: Methods s1. For Nanop-
ore sequencing, 2 μl of PCR product generated from each 
dilution was used for library preparation following the 
protocol outlined in Additional file  1: Methods s2. The 
assay’s sensitivity or the LoD was defined as the highest 
quantification cycle (Cq) value for each viral target that 
resulted in a visible amplification band of the expected 
size by multiplex RT-PCR and generated sufficient viral 
sequence reads exceeding the predetermined read count 
threshold.

Validation and specificity evaluation of the FP‑NSA assay
The performance of the FP-NSA assay in detecting the 
selected respiratory zoonotic viruses was evaluated 
by initially screening RNA extracted from 184 clinical 
samples and cell culture isolates using multiplex RT-
PCR, followed by sequencing and analysis of a subset of 
78 of the amplicons (Fig. 1; Additional file 1: Table s2). 
The clinical samples included 100 avian samples from 
various countries, 5 beaver samples from a conserva-
tion farm in Mongolia, 2 human samples provided by 
the Korea Atomic Energy Research Institute (KAERI), 
Korea, 35 samples from swans, a greylag goose, chicken, 
humans, and a domestic pig provided by AGES, and 8 
cell culture supernatant samples which were part of a 
MERS-CoV proficiency testing (PT) panel [22], pro-
vided by Vetmeduni, Vienna, Austria. The avian sam-
ples from different countries had been previously tested 
for IAV using a duplex RT-qPCR [23], while the beaver 
samples were confirmed SARS-CoV-2-positive using 
RT-qPCR by Takemura et  al. [24]. The samples from 
AGES had been tested for PEDV using the Tetracore 
PED/TGE/PDCoV RT-qPCR assay (Tetracore, Inc.), 
IAV by the RT-qPCR according to Hoffmann et al. [25], 
γ-CoV_IBV using the RT-qPCR adapted from Muradra-
soli et  al. [26], and SARS-CoV-2 using the LightMix® 
Modular E-gene qPCR Kit (TIB MolBiol, Berlin, Ger-
many). The MERS-CoV PT panel samples were tested 
using RT-qPCR assays described by Corman et al. [27]. 
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The assay’s specificity or potential cross-reactivity was 
evaluated with RNA from 10 peste des petits ruminants 
virus (PPRV)-positive goats, 9 rabies virus (RABV)-
positive bovine samples, and 15 avian paramyxovirus 
1 (APMV-1)-positive chickens. Representative clini-
cal samples presenting different amplification patterns 
were further analyzed by Nanopore sequencing tech-
nology (Fig. 1).

Preparation of Nanopore sequencing libraries
Amplicons were purified using the PCR clean-up sys-
tem kit (Promega) and sequenced using the Nanopore 
MinION device. Libraries of the purified PCR prod-
ucts were prepared using the Amplicon by Ligation Kit 
(SQK-LSK109) and the Native Barcoding Expansion kit 
(EXP-NBD104) or SQK-NBD114.24 kit following ONT 
standard protocols (details in Additional file  1: Meth-
ods s2).

Fig. 1  Flow chart overview of the FP-NSA assay validation. Illustrates the selection of 78 representative samples from a total of 184 clinical samples 
and cell culture isolates, and their comparison with RT-qPCR screening results. Samples showing discrepancies between FP-NSA and RT-qPCR are 
marked with asterisks
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Nanopore sequencing data analysis
The generated fastq data was first analyzed follow-
ing the Nanopore wf-metagenomics workflow with 
Kraken2 for read classification, with read length cut-off 
set to minimum 150  bp to maximum 350  bp and mini-
mum read quality set to 8 [28]. Misassigned reads dur-
ing demultiplexing were subtracted from each sample 
based on the NTC maximum read count of each targeted 
virus. The consensus sequences of the amplified patho-
gens were retrieved following the Nanopore amplicon 
analysis workflow (wf-amplicon). The workflow involves 
filtering the low-quality and short reads and trim-
ming the adapters using porechop (v0.2.4). The cleaned 
reads were mapped against the reference sequences 
of the targeted regions of each virus family: HCoV-
229E (NC_002645), PEDV (NC_003436), HCoV-NL63 
(NC_005831), SARS-CoV-1 (JX163923), SARS-CoV-2 
(NC_045512), MERS-COV (NC_019843), HCoV-OC43 
(NC_006213), γ-CoV_IBV_MK204393, IAV_AF348188, 
and IDV_LC522356, using minimap2 (v2.26). Variant 
calling and consensus sequences were generated with 
the medaka program (v1.9.1). The quality of the mapped 
sorted reads was also assessed by QualiMap v2.3, and the 
consensus sequences were aligned and visualized with a 
reference sequence of each virus using BioEdit (v7.2.6). 
An overview of the workflow for amplicon-based Nano-
pore sequencing for surveillance of selected respiratory 
zoonotic viruses is illustrated in Fig.  2. The Nanopore 
wf-metagenomics and wf-amplicon workflow analysis 
was compared to an in-house bash script-based analysis 
(Additional file 1: Methods s3).

Correlation of the real‑time quantitative RT‑qPCR 
and the FP‑NSA
The correlation between the FP-NSA assay and the RT-
qPCR was assessed using Fleiss’ kappa test on categori-
cal data (positive or negative) of the 78 selected samples 
using the Interrater Reliability (irr) package in R.

Metagenomics sequencing and analysis of IBV‑infected 
chicken sample
Following the analysis of the clinical samples using the 
FP-NSA, two γ-CoV_IBV positive samples with low 
nucleotide sequence identities based on NCBI BLAST 
search (s66 and s68) were selected for metagenomics 
sequencing by the Sequence-Independent Single Primer 
Amplification (SISPA) approach [29]. Details of the 
SISPA protocol are provided in Additional file  1: Meth-
ods s4.

The obtained γ-CoV IBV genome was aligned with 
other γ-CoV genome sequences retrieved from GenBank 
using MAFFT. A maximum likelihood phylogenetic tree 
was created using RAxML v2.0.6, based on the complete 
γ-CoV_IBV Spike (S) gene, and visualized on the Interac-
tive Tree of Life (ITOL) tool [30].

Results
Multiplex RT‑PCR of respiratory zoonotic viruses
The preliminary singleplex RT-PCR assays to detect 
viruses from different families generated clear single 
target-specific amplicons (Fig.  3A). Following several 
optimization attempts, the final multiplex RT-PCR con-
ditions were set at 52  °C annealing temperature with a 
final concentration of 900  nM of the CoV primers and 

Fig. 2  Step by step workflow for simultaneous detection and sequencing of selected zoonotic respiratory viruses. The workflow includes sample 
processing (RNA extraction, One-Step RT-PCR and purification), library preparation and Nanopore sequencing and data analyses
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100  nM of the IAV and IDV primers. These conditions 
produced amplicons of the expected sizes of all targeted 
viruses, with minimal background and without cross-
amplification (Fig. 3B). Moreover, the multiplex RT-PCR 
effectively detected multiple viruses in co-infection sce-
narios by mixing RNA samples positive for different 
viruses, resulting in double-band patterns consistent 
with the simultaneous amplification of multiple targets 
(Fig. 3B, lane vii, viii, and ix).

Limit of detection and sensitivity of the FP‑NSA assay
To establish the sensitivity and the LoD of the FP-NSA, 
serially diluted representative clinical samples from each 
viral family were analyzed in parallel using RT-qPCR. 
The assay successfully detected H5N1 (IAV) at a Cq 
value > 40, Infl-D L6/17 (IDV) at 33.0, and SARS-CoV-2 
(CoV) at 32.4, with each dilution producing a visible 
amplification band of the expected size that yielded over 
1000 viral sequence reads. Additionally, a SARS-CoV-2 
sample with a Cq value of 35.4 produced a faint band that 
generated 689 viral sequence reads, which exceeded the 
predefined minimum sequence read number threshold 
for the LoD (Fig. 4).

Analysis of RT‑PCR amplicons by Nanopore sequencing
The ability of the FP-NSA to detect multiple respira-
tory viruses simultaneously was assessed by sequencing 
PCR products of a sample containing CoVs, IAV, and 
IDV (Fig.  3B, sample ix). After cleaning the raw read 
sequences of sample ix by removing low-quality reads 
and the adaptors, 176,526 reads were analyzed and clas-
sified by Kraken2 on Nanopore wf-metagenomics as 
well as wf-amplicon; 20,500 reads were mapped to IAV 
(12.8%), 105,900 to IDV (66.1%), 14,800 to α-CoV (9.2%), 
and 19,100 to β-CoV (12%). These proportions matched 
the intensity of the multiplex RT-PCR product bands 
(Fig.  3B, sample ix and Fig.  5A). Mapping of the clean 
reads against the reference sequences of the targeted 
regions of each virus family showed a high coverage 
along the amplicon length for each pathogen (Fig. 5B–F). 
These results were similar to those obtained using the in-
house bash script analysis (data not shown).

Validation of the FP‑NSA assay for surveillance 
of respiratory zoonotic viruses
The performance of the FP-NSA assay was evaluated 
using 184 clinical samples and cell culture isolates from 

Fig. 3  Gel electrophoresis images showing the amplification pattern of α- and β-CoVs, IAVs, and IDVs in A singleplex RT-PCR and B multiplex 
RT-PCR conditions
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various host species and geographical origins (Fig.  1). 
Gel electrophoresis analysis of the multiplex RT-PCR 
products revealed distinct target-specific amplicon 
sizes: 65 samples showed bands < 200  bp, indicative of 
IAV; 46 samples showed bands > 200 bp, consistent with 
CoVs; and 6 samples exhibited both bands, suggesting 
IAV and CoV co-infections. No amplification or only 
faint non-specific bands were observed in 67 samples, 
including those positive for RABV in bovine and PPRV 
in goats (Additional file 1: Fig. s1). To further character-
ize the successfully amplified samples, 78 samples (s1–
s78) representing various amplification patterns (24: 
lower band < 200  bp, 41: upper band > 200  bp, 6: double 
bands < 200  bp + > 200  bp, and 7 non-specific bands) 
were sequenced using ONT on a MinION device (Fig. 1; 
Additional file 1: Fig. s1).

Sequence read analysis of the 78 samples using 
Nanopore workflows (wf-metagenomics and wf-
amplicon) confirmed IAV in all 24 samples with lower 
bands. Among the 41 samples presenting upper bands, 
sequence analysis identified: α-CoVs in 3 samples: 
PEDV, HCoV-NL63, and HCoV-229E, β-CoVs in 25 
samples: 2 HCoV-OC43, 20 SARS-CoV-2, 3 MERS-CoV, 
including one co-infection with IAV, and γ-CoV_IBV 

in 5 samples. Among the samples showing faint upper 
bands, 5 of these [a chicken sample (s5) from Came-
roon and four Cape cormorant samples (s16–s19) from 
Namibia] were confirmed negative for the targeted 
viruses by Nanopore sequencing, indicating false posi-
tive bands, while 2 MERS-CoV samples (s74 and s75) 
and 1 SARS-CoV-2 sample (s43) yielded insufficient 
viral reads despite being RT-qPCR positive. Among the 
6 samples with double bands, sequencing confirmed 
co-infections of IAV and γ-CoV_IBV in 2 samples (s64 
and s67) and IAV with MERS-CoV and HCoV-229E in 
1 sample (s76), and IAV alone in the remaining 3 sam-
ples (s13–s15). No viral reads were detected in any of 
the seven samples with non-specific bands (s54–s60) 
(Table  1, Fig.  6A–D). Samples with read counts below 
the set threshold were considered negative for the tar-
geted viruses. While the total sequence reads produced 
in most of the samples ranged between 10 and 100  k, 
most samples showed a relatively high number of the 
targeted viral reads per 4 k of the total sequence reads, 
ranging from 1200 to 3900 reads. Exceptions included 
two γ-CoV_IBV positive samples, s37 from AGES (with 
a faint band) and s66 from Botswana, that had 73 and 
367 γ-CoV_IBV reads, respectively. In comparison to 

Fig. 4  Limit of detection (LoD) of FP-NSA for A IAV (Cq, > 40), B IDV (Cq, > 33.0), and C CoV (Cq, > 32.4) compared to RT-qPCR



Page 8 of 14Meki et al. Genome Medicine          (2025) 17:123 

the RT-qPCR Cq values, the sequence approach dem-
onstrated high sensitivity in detecting the targeted 
respiratory viruses across any given Cq value: IAV 
(Cq < 32), α- and β-CoVs (Cq < 30), and γ-CoV_IBV 
(Cq < 32), with the exception of three samples, s43 (Cq 
28, SARS-CoV-2), s74 (Cq 30.7, MERS-CoV), and s75 
(Cq 36.2, MERS-CoV) (Fig.  6, Table  1). Moreover, the 
agreement between the RT-qPCR and FP-NSA in the 
78 clinical samples was evaluated using Fleiss kappa, 
yielding a coefficient (k) value of 0.866 (P value of 
2.09e − 14), indicating strong concordance between the 
two methods.

Whole genome analysis of γ‑CoV infectious bronchitis virus
Among the clinical samples analyzed by the FP-NSA 
assay, a BLAST search using the short amplicon reads 
showed that s66 and s68 γ-CoV_IBV samples had a low 
similarity to the publicly available sequences. SISPA 
metagenomics sequencing of these two samples revealed 

the presence of retroviruses (93%), Orthobunyavirus 
Schmallenberg (3%), picornaviruses (1%), and corona-
viruses (< 1%) in sample s66 from Botswana and retro-
viruses (77.3%), Orthobunyavirus Schmallenberg (8%), 
and coronaviruses (14%) in sample s68 from Guinea, 
using the Centrifuge tool (Additional file 1: Fig. s2). The 
Sequence Read Archive (SRA) data for both samples have 
been submitted to GenBank under BioSample accession 
numbers SAMN51157819 and SAMN51157820.

BLAST search of the extracted corresponding viral 
reads identified by the Centrifuge tool, using an in-
house script, confirmed the identities of the γ-CoV_IBV 
reads in each sample. Sample s66 did not yield ade-
quate γ-CoV_IBV reads (1220 reads) for whole genome 
assembly; however, a partial γ-CoV_IBV genome of 
24,062 bp was obtained from sample s68 assembly with 
a mean coverage of 246.18 and mean mapping quality 
of 58.84 (GenBank accession number: PQ553913). The 
s68 γ-CoV_IBV partial genome included open reading 

Fig. 5  Sequencing analysis of a sample presenting multiple bands (co-infection). A Proportions of sequence reads from sample ix (Fig. 3B), 
as classified by the Nanopore wf-metagenomics and wf-amplicon. B-F Overview of the mapping quality and coverage of the clean reads 
against the reference sequences
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frames (ORFs) encoding coronavirus polyprotein 1ab 
and spike (S) protein. NCBI nucleotide blast search 
based on the s68 γ-CoV_IBV partial genome showed 
77.94% identity (query coverage: 62%) to a Chinese IBV 
strain (KX302866.1) and 77.41% (query coverage: 64%) 
to a Mexican IBV isolate (OR268749.1_Mex-14P). Phy-
logenetic analysis based on the complete spike gene 
of S68_IBV_Guinea with other γ-CoVs retrieved from 
GenBank clustered the Guinea isolate separate from 
known γ-CoV_IBV genotypes reported in Africa (GI 
lineages) as well as the above-mentioned Chinese iso-
late_KX302866.1 (QX-like). However, the Guinea IBV 
isolate clustered with γ-CoV_IBV isolates from the USA 
(OP381188.1_GVIII-1), the UK (MN548286.1_GII-1), 
and Georgia_USA vaccine (GQ504723_GIV-1), with the 
closest being GIX-1 isolates from Mexico (OR268749.1 
and OR268750.1) (Fig. 7).

Discussion
This study introduces a virus family-based multiplex 
RT-PCR, coupled with Nanopore sequencing (FP-NSA) 
as a user-friendly and field-adaptable tool/approach for 
surveillance of known and potential novel zoonotic res-
piratory viruses belonging to IAV, IDV, and α-, β-, and 
γ-CoVs. The development of the assay exploited the con-
served genomic regions of the targeted virus families to 
generate short amplicons (160–250 bp), thereby enhanc-
ing detection sensitivity, particularly from clinical sam-
ples with low RNA integrity. The integration with rapid 
Nanopore sequencing using the portable MinION device 
offers an advantage over other NGS platforms [31–35].

The FP-NSA assay successfully detected various tar-
geted pathogens including diverse IAV subtypes, IDVs, 
and α-, β-, and γ-CoVs, even in co-infected samples. The 
specificity of the assay was demonstrated by the absence 
of amplification of unrelated viruses such as RABV and 
PPRV, while the false positives observed as faint bands 

Fig. 6  Average number of mapped viral reads per 4000 of the total sequence reads of the sequenced clinical samples, plotted against the RT-qPCR 
Cq values for A IAV, B SARS-CoV-2, and C IBV. D Viral read counts from other sequenced samples included in the study
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Table 1   Nanopore MinION sequencing results of selected clinical samples. N/D = not detected, + lw = lower band 
(< 200 bp), + up = upper band (> 200 bp), + lw/up = double bands (< 200 bp and > 200 bp), + fup = faint upper band (> 200 bp), and 
N/S + Non-specific bands
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in the multiplex RT-PCR were resolved by sequencing, 
underscoring the importance of sequence validation to 
ensure diagnostic precision.

While singleplex RT-PCR is generally considered more 
sensitive with higher reproducibility compared to multi-
plex RT-PCR [36], the FP-NSA demonstrated compara-
ble sensitivity. The assay successfully detected IAV, IDV, 
and SARS-CoV-2 at Cq values of > 40, 33.0, and 32.4, 

respectively—each producing expected amplification 
bands and over 1000 viral sequence reads. Notably, a 
SARS-CoV-2 sample with a Cq of 35.4 presented a faint 
band but still generated 689 reads, demonstrating the 
assay’s capacity to detect low viral loads. Screening of 184 
clinical and cell culture samples from different hosts and 
locations, followed by sequencing of 78 representative 
samples, confirmed the presence of the targeted viruses, 

Fig. 7  Maximum likelihood phylogenetic tree of γ-CoV infectious bronchitis virus (IBV) based on the complete S gene, using a total of 220 
sequences including the γ-CoV_IBV isolate from Guinea (highlighted in red). The evolutionary distances were computed using the GTR model 
with gamma distribution and invariant sites. The tree was visualized on iTOL with all 8 γ-CoV_IBV genotypes represented
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with the results closely aligning with the initial RT-qPCR 
screening. Notable discrepancies were observed in two 
MERS-CoV samples with high Cq values (> 30) and 1 
SARS-CoV-2 sample which presented a faint band and 
yielded insufficient viral reads, likely as a result of a high 
level of degeneracy in the CoV primers or the use of a dif-
ferent set of primers in the RT-qPCR [37].

A notable outcome of this study was the discovery of a 
novel γ-CoV_IBV in two samples. By employing a SISPA 
metagenomics sequencing approach on these two sam-
ples, one partial γ-CoV_IBV genome was obtained from 
the chicken sample from Guinea, with significant genetic 
divergence from known IBV genotypes. However, the 
identified γ-CoV_IBV from Guinea was genetically close 
to genotype GIX-1 isolated in Mexico, where IBV geno-
types with great variability (such as GI-1 and GI-9, or 
extreme divergent like GI-30, GVIII-1, and GIX-1) have 
been described [38]. Although there are vaccination pro-
grams in Guinea against γ-CoV_IBV, the sample analyzed 
in this study was collected from a farm affected by an 
avian influenza outbreak, where no vaccination against 
γ-CoV_IBV had been implemented. This discovery dem-
onstrates the capability of the FP-NSA assay in detect-
ing both known and novel viruses in the targeted groups 
across hosts, including IAV in birds and humans, and 
SARS-CoV-2 in humans and beavers [9, 10].

The FP-NSA offers several key advantages: the sin-
gle set of primers employed in the multiplex RT-PCR 
not only targets a single virus, but multiple virus family 
members, thus expanding the discovery and surveillance 
of novel viruses in the targeted viral families simultane-
ously. This is an improvement on the more labor-inten-
sive pan-viral surveillance assays that rely on nested or 
semi-nested PCR assays that require multiple primer 
sets, with a higher risk of cross-contamination [17–19]. 
The multiplex approach is cost-effective, time-saving, and 
requires low sample input [12, 39–42]. Due to the tar-
geted short amplicons, the assay provides rapid process-
ing, from PCR to sequencing and data analysis, and the 
4 k reads/sample file acquired within 30 min of sequenc-
ing 12 multiplexed/pooled samples produces adequate 
numbers of reads (> 1000), ensuring reliable identification 
of the amplified pathogens. Moreover, in comparison to 
other sequencing platforms, ONT library preparation is 
simple and scalable, and provides real-time data stream-
ing with high yields and offers user-friendly data analysis 
pipelines that require minimal training/experience [43]. 
Most importantly, the portable MinION device enables 
mobile sequencing, which is crucial for disease surveil-
lance in hotspot areas such as high-density livestock 
operations or animals in trade where high pathogen prev-
alence is likely [44–46]. Although not tested in this study, 
the developed multiplex RT-PCR can also be optimized 

for portable PCR machines which are currently used in 
outdoor or point-of-care diagnostics for infectious dis-
eases [47].

Despite these strengths, the FP-NSA has limitations, 
including the need for cold chain management and tech-
nical precision in library preparation, RNA extraction, 
and reverse transcription steps posing logistical chal-
lenges for point-of-care use. Though the cost of Nanopore 
sequencing can be as low as $0.60/sample, depending on 
the flow cell usage and level of multiplexing, compared to 
other NGS platforms, initial investments and operational 
costs may still be limiting for some low-income settings 
[48]. Effective implementation of the method requires 
moderate capacity building, including personnel training, 
infrastructure, and data analysis capabilities [49]. Efforts 
to address gaps in disease surveillance include capacity-
building initiatives like the VETLAB network and the 
IAEA’s ZODIAC program. These initiatives support 
national laboratories through group training at the FAO/
IAEA Animal Production and Health Laboratory in Seib-
ersdorf, Austria, and in-country visits to assist veterinary 
staff in applying advanced tools alongside conventional 
methods for disease monitoring.

Therefore, FP-NSA combines speed, specificity, porta-
bility, and cost-effectiveness into a promising framework 
for global surveillance of zoonotic respiratory viruses. 
The platform is particularly suited for use in resource-
limited and hotspot settings where early detection of 
emerging pathogens is crucial. With ad hoc training and 
investment, FP-NSA can play a pivotal role in a One 
Health-aligned, family-wide response to future pandemic 
threats.

Conclusions
This study demonstrated that the multiplex RT-PCR cou-
pled with Nanopore sequencing enables rapid and accu-
rate detection of targeted viral families in clinical samples 
within 4  h (from PCR to sequencing and analysis). In 
addition to detecting a genetically divergent γ-CoV_IBV 
strain, the assay was effective in detecting viruses in dif-
ferent host species, supporting its applicability for cross-
species zoonotic disease surveillance. The portability and 
adaptability of the MinION platform further enhance 
the feasibility of deploying this assay in field-based or 
resource-constrained settings, underscoring its value as a 
tool for frontline monitoring of emerging and re-emerg-
ing pathogens.
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