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Highly pathogenic avian influenza (HPAI) poses a major threat to the world economy and human 
health; hence, rapid and accurate identification of avian influenza virus (AIV) subtypes is required for 
effective surveillance and outbreak prevention, particularly in remote or resource-limited settings. 
Here, we present a portable laboratory system designed to streamline the characterisation of AIV 
subtypes. This system integrates sample processing, rapid sequencing, and easy to use bioinformatics 
pipelines to enable characterisation of AIV subtypes, directly from the field. The approach also reduces 
the chances of samples being degraded, delayed or mixed-up during transport to the laboratory. 
Equipment for the portable system was first assessed in the laboratory, using AIV isolates with 
known subtypes, then with swabs collected from several locations in New Zealand. The system was 
then deployed in the field in Antarctica in December 2024, where it identified HPAI H5N1 in a skua, 
demonstrating its ability to characterise AIV subtypes rapidly and accurately in situ. This highlights the 
potential of our portable field system to enhance AIV surveillance in challenging environments and to 
mitigate the impact of its spread.
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 Avian influenza virus (AIV) is a global concern due to its significant impact on animal and public health, food 
security, and the world economy. Recent detections of highly pathogenic avian influenza (HPAI) H5N1 clade 
2.3.4.4b in dairy cattle and humans in the United States have raised increasing concerns due to the zoonotic 
transmission capability of AIV and its continuous spread globally1,2. There have been over 890 confirmed 
human infections of the H5N1 subtype reported worldwide since 2003, resulting in more than 450 deaths3. 
Additionally, outbreaks of HPAI in poultry farms have led to the loss of millions of birds, severely impacting 
national economies. This highlights the need to develop a rapid system that can accurately characterise AIV in 
poultry farms and wild birds.

AIVs of the genus Alphainfluenzavirus and family Orthymyxoviridae, are negative-sense single-stranded 
RNA viruses comprising eight genomic segments. Influenza viruses are classified into different subtypes based 
on the combinations of two surface glycoproteins: haemagglutinin (HA) and neuraminidase (NA)4. The HA 
protein enables the virus to enter host cells by binding to the host sialic acid receptors, while the NA protein plays 
a crucial role in releasing viral particles from the infected cells5. Different subtypes of AIV can exhibit varying 
degrees of virulence. Most subtypes are low pathogenic avian influenza viruses (LPAI), while some are classified 
as HPAI. The classification is based on the sequence of the HA cleavage site6. There are currently 18 known HA 
subtypes (H1-18) and 11 known NA subtypes (N1-11) with 16 HA and 9 NA subtypes identified in birds, the 
remaining subtypes were identified in bats7. HPAI is typically associated with subtype H5 or H7, however, not 
all H5 and H7 subtypes are HPAI8.

LPAI subtypes often cause minimal or no symptoms in infected poultry and wild birds, whereas HPAI is 
fatal to domestic poultry and some wild birds6. Wild aquatic birds such as mallard ducks and gulls can be 
asymptomatic when infected, so they are natural reservoirs for AIV, and are key vectors involved in transmission 
of the virus to domestic poultry9. When two or more LPAI viruses are circulating, co-infection with multiple 
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LPAI subtypes can occur in a single host. This leads to genetic reassortment and may result in the development 
of a novel viral strain that can influence viral virulence, host susceptibility, and antigen specificity10.

RNA-dependent RNA polymerases in AIVs lack proofreading exonuclease activity, therefore mutational 
events are common. Of particular importance are mutations that affect the HA cleavage site, because these can 
confer increased pathogenicity of the viruses. According to the World Organisation of Animal Health11 and 
OIE/FAO Network of Expertise on Animal Influenza12, LPAI HA cleavage sites are mono-basic, defined as the 
presence of a single basic amino acid (usually either lysine or arginine) directly before the amino acid cleavage 
motif GLF (Glycine-Leucine-Phenylalanine)12. In contrast, HPAI HA cleavage sites are multi-basic, featuring 
two or more basic amino acids in the critical region12. This arises due to single nucleotide mutational events and/
or in-frame insertions of codons that translate to lysine or arginine12. The presence of additional basic amino 
acids at the HA cleavage site promotes cleavage by furin-like proteases that are ubiquitously expressed in most 
cells, leading to systemic infection of the disease13,14. In addition, mutations in the polymerase basic 2 (PB2) gene 
can also enhance host adaptation and increase pathogenicity in mammalian hosts. A common mutation seen in 
PB2 is the E627K mutation, which facilitates increased replication in mammalian hosts15. For these reasons, early 
detection of mutational events that could transform LPAI to HPAI is critical for a timely biosecurity response.

Routine laboratory AIV subtyping workflows often require transporting samples from the field to the 
laboratory, a process that can take days or even weeks, especially when samples come from remote regions. 
AIV transmission between birds can be rapid, and a delay in diagnosing and characterising the virus can have 
devastating consequences. A field-deployable system capable of rapid, real-time analysis of influenza subtypes 
is therefore necessary to overcome these challenges. Such a system would bypass the logistical and temporal 
constraints of laboratory testing.

We present a portable laboratory system with an easy-to-use bioinformatics pipeline capable of delivering 
automated AIV characterisation offline and in real-time. The portable equipment was first assessed using AIV 
viral isolates of known subtypes, then verified in the laboratory using swabs collected across different locations 
in New Zealand. The system was finally deployed on the Motor Vessel (MV) Argus during a trip to Antarctica in 
December 2024 for proof of concept that the portable system can characterise HPAI in the field.

Materials and methods
AIV samples used in this study
Oropharyngeal or cloacal swabs were collected from mallard ducks (Anas platyrhynchos) between 2007 and 
2025 at selected sites in New Zealand for the New Zealand wild bird Avian Influenza surveillance programme 
(NZWBAIS)16,17. The sampling sites include Lake Te Rotokare, Parakai Springs, Paeroa, Kaituna, Te Awamutu, 
Turua, Kerepehi, Lake Aniwhenua, and Gisborne. Swabs were placed in avian transport media (ATM) containing 
10,000 units/mL penicillin, 10 mg/mL streptomycin, 250 µg/mL gentamycin, 5000 units/mL myostatin, and 
1% bovine serum albumin in isotonic phosphate-buffered saline (PBS) (pH 7.4). Swabs that tested positive by 
Influenza A matrix gene reverse transcription quantitative polymerase chain reaction (RT-qPCR) assay18–20 were 
inoculated into the allantoic cavity of 9- to 10-day-old embryonated specific-pathogen-free chicken eggs, using 
established procedures11,19. The sample sets used for this study are summarised in Table 1. AIV swabs from 
Antarctica (sample set 7), and the Otago Poultry farm (sample set 3) were collected in RNA/DNA shield (Zymo 
Research, Irvine, CA, USA).

Ethical approval
All procedures and methods carried out from the New Zealand surveillance samples used in this study, including 
the work of sampling and virus isolation in embryonated pathogen-free chicken eggs were obtained through 
approved Avian Influenza Surveillance programmes, permitted by the AgResearch Animal Ethics Committee, 
New Zealand under the permit titled “Avian Influenza in New Zealand Wild Birds -AEC-750”. Samples collected 
from Antarctica wild birds were collected under the Antarctic Treaty (Environment Protection) Act 1980 (ATEP 
Permit -Avian Influenza research on MV Argus (2024/2025 season)- reference number: 24/4877) permit, issued 
by the Australian Government Department of Climate Change, Energy, the Environment and Water, Australian 
Antarctic Division. All sampling and experimental procedures comply with relevant guidelines and regulations 
and were reported in accordance with the ARRIVE guidelines.

Sample set name Source Sample size Used for evaluating

Sample set 1 AIV isolates from NZWBAIS n = 12 Whole-genome amplification on Bento Lab Pro (Bento Bioworks Ltd), AIV amplicon 
profile on Invitrogen E-gel Power Snap Electrophoresis System (Thermo Fisher)

Sample set 2 AIV swabs from NZWBAIS n = 37 Influenza A RT-qPCR assay on MIC PCR system (Bio Molecular Systems)

Sample set 3 AIV swabs from Otago poultry farm 
infected with HPAI H7N6 n = 5 Influenza A RT-qPCR assay on MIC PCR system (Bio Molecular Systems), RNA 

extraction kits on the Bento Lab Pro (Bento Bioworks Ltd)

Sample set 4 AIV isolates from NZWBAIS n = 7 QIAamp Viral RNA Mini Kit (Qiagen) on the portable system

Sample set 5 AIV isolates from NZWBAIS n = 3 Zymo Quick-Viral RNA Kit (Zymo Research) on the portable system

Sample set 6 AIV swabs from NZWBAIS n = 45 Full portable system

Sample set 7 Antarctica n = 5 Full portable system in the field

Table 1.  Summary of sample sets used in this study. All AIV isolates have been ascribed AIV subtypes.
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Laboratory-based nucleic acid extraction using an automated Kingfisher flex purification 
system
Total nucleic acid was extracted from 200 µL of sample (isolates or swabs) using the Applied Biosystem MagMAX™ 
CORE Nucleic Acid Purification Kit (Thermo Fisher Scientific, Waltham, MA, USA) on a KingFisher™ Flex 
Purification System (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol.

RNA extraction using QIAamp viral RNA mini kit on the portable system (Qiagen kit)
RNA was extracted using QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany) on the portable Bento Lab 
Pro (Bento Bioworks Ltd, London, UK). Briefly 140 µL of viral swabs or isolates were lysed and the lysate was 
mixed with ethanol in QIAamp Mini column. The column was spun down and washed with Buffer AW1 and 
AW2 at 4000 x g or 8000 x g. RNA was eluted in 30 µL of buffer AVE.

RNA extraction using Zymo Quick-RNA viral kit on the portable system (Zymo kit)
RNA was extracted using Zymo Quick-RNA Viral Kit (Zymo Research, Irvine, CA, USA) on the portable 
Bento Lab Pro (Bento Bioworks). Viral RNA buffer was added to 400 µL sample in 2:1 ratio, transferred to the 
Zymo-Spin IC Column and spun down for 2 min. Beta-mercaptoethanol was omitted as recommended by the 
manufacturer when swabs were used. The column was washed with Viral Wash Buffer and ethanol at maximum 
speed. RNA was eluted in 15 µL DNase/RNAse-free water.

Influenza A RT-qPCR assay
An influenza A TaqMan-based RT-qPCR assay targeting the Matrix gene was performed using primers from 
Table  2 and Invitrogen SuperScript™ III Platinum One-Step qRT-PCR System (Thermo Fisher Scientific, 
Waltham, MA, USA). The assay was developed by Spackman et al. (2002) and modified by Heine et al. (2007). An 
internal control (18 S rRNA) RT-qPCR was included. All RT-qPCRs were performed either using a CFX Opus 
Real-Time PCR System (Bio-Rad, Hercules, California, USA) or the portable MIC PCR system (BioMolecular 
Systems, New South Wales, Australia).

The RT-qPCR assay was performed using the following conditions: for the reverse transcription stage, 1 cycle 
of 42 °C for 15 min, then 95 °C for 2 min. Thermal cycling was then performed with 45 cycles of 95 °C for 15 s, 
then 60 °C for 45 s18.

Evaluation of influenza A RT-qPCR assay on MIC PCR system
Analytical sensitivity of the Influenza A RT-qPCR assay19 was determined on the portable MIC PCR system 
(BioMolecular Systems) and compared with a reference laboratory-based system using the CFX Opus Real-
time PCR system (Bio-Rad). RNA from an AIV isolate A/Mallard/NZ/NZ0700316_2/2007(H12N5) was serially 
diluted from 10− 1 to 10− 8 dilution and analysed in triplicates on both systems. Instrument-specific software was 
used to analyse Cq values, using an automatic calculation generated from their baseline threshold. A Cq ≤ 45 
was considered positive for AIV.

Further Influenza A RT-qPCR assay tests were performed on n = 37 swabs from wild mallard ducks collected 
from NZWBAIS (sample set 2). The total nucleic acid from these samples was extracted and the assay was 
performed in duplicate using both MIC PCR (BioMolecular Systems) and CFX Opus Real-time PCR system 
(Bio-Rad). The relative agreement of results between the two systems were described using Kappa statistics21.

For additional confirmation, RNA of n = 5 swabs from the HPAI H7N6 Otago poultry farm (sample set 3) 
was tested for the level of Influenza A virus in the sample using the MIC PCR system (BioMolecular Systems).

Whole-genome amplification (WGA) of AIV by RT-PCR
AIV specific WGA by multi-segment RT-PCR was performed using the primers listed in Table 3 (Mitchell et 
al., 2021, method B)22 These primers target conserved regions across all eight segments of the AIV genome. 

Primer name Sequence (5’−3’)

2322 F ​G​T​T​A​C​G​C​G​C​C​A​G​C​A​A​A​A​G​C​A​G​G

2323 F ​G​T​T​A​C​G​C​G​C​C​A​G​C​G​A​A​A​G​C​A​G​G

2324 R ​G​T​T​A​C​G​C​G​C​C​A​G​T​A​G​A​A​A​C​A​
A​G​G

Table 3.  Primers for influenza A virus multi-segment reverse-transcription PCR for whole-genome 
amplification (Mitchell et al., 2021, method B). Conserved sequences are in bold.

 

Primers Name Sequence (5’−3’) Target

Forward M + 25D AGA TGA GYC TTC TAA CCG AGG TCG

Influenza A Matrix Protein GenBank reference: AY340091Reverse M-124NY TGC AAA NAC ATC YTC AAG TCT CTG

Probe M + 64-FAM FAM-TCA GGC CCC CTC AAA GCC GA-BHQ1

Table 2.  Primers for influenza A matrix protein RT-qPCR assay.
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For both protocols, the primers were added to the Invitrogen SuperScript™ III One-Step RT-PCR System with 
Platinum™ Taq High Fidelity mix (Thermo Fisher Scientific, Waltham, MA, USA) in a 20 µL total volume 
according to Method B of Mitchell et al. (2021). Thermal cycling was performed under the following conditions: 
reverse transcription to cDNA at 55 °C for 30 s, 42 °C for 50 min and 94 °C for 2 min. Following the reverse 
transcription, 5 cycles of 94 °C for 15 s, 42 °C for 30 s and 68 °C for 3 min and 20 s (4 min when using Bento Lab 
Pro). A second round of cycling was performed with 35 cycles of 94 °C for 15 s, 57 °C for 30 s and 68 °C for 3 min 
20 s (4 min when using Bento Lab Pro), with a final extension of 68 °C for 5 min.

Evaluation of WGA of AIV on portable Bento lab pro
AIV WGA by multi-segment RT-PCR was performed on the total nucleic acid extracted from the AIV isolates 
(sample set 1) using both the portable Bento Lab Pro System (Bento Bioworks) and the laboratory-based Applied 
Biosystems Veriti™ thermal cycler (Thermo Fisher Scientific, Waltham, MA, USA).

Following WGA, cDNA amplicons were purified using the Applied Biosystems ExoSAP-IT™ Express PCR 
Product Cleanup reagent (Thermo Fisher Scientific, Waltham, MA, USA). In the laboratory, the cDNA amplicon 
sizes were checked using the gDNA ScreenTape Assay (Agilent Technologies, Santa Clara, CA, USA) on the 
Agilent TapeStation 4200 system (Agilent Technologies, Santa Clara, CA, USA). For the portable system, cDNA 
amplicons were assessed on Invitrogen E-Gel™ Power Snap Electrophoresis System (Thermo Fisher Scientific, 
Waltham, MA, USA) using an Invitrogen pre-cast E-Gel EX 1% agarose cassette (Thermo Fisher Scientific, 
Waltham, MA, USA) according to the manufacturer’s protocol. 1 µL of each product was quantified using the 
Invitrogen Qubit™ 1X dsDNA High Sensitivity Quantification Assay kit (Thermo Fisher Scientific, Waltham, 
MA, USA) on an Invitrogen Qubit™ 4.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA).

Library preparation for sequencing using Oxford nanopore technology (ONT)
For both the portable and laboratory-based protocols, purified amplicons were prepared for sequencing using 
the Rapid Barcoding kit 24 V14 (SQK-RBK114.24) (Oxford Nanopore Technologies, London, UK). Rapid 
PCR Barcoding Kit 24 V14 (SQK-RPB114.24) (Oxford Nanopore Technologies, London, UK) was used in the 
laboratory-based protocol, but not for the portable system. For the portable protocol, pooled libraries were 
loaded onto a R10.4.1 MinION flow cell (Oxford Nanopore Technologies, London, UK) and sequenced using 
a MinION Mk1B device (Oxford Nanopore Technologies, London, UK) for up to 18 hours. For the laboratory 
protocol, pooled libraries were loaded onto either a R10.4.1 MinION or PromethION flow cell (Oxford 
Nanopore Technologies, London, UK), then sequenced using a Mk1B or a P2 Solo instrument (Oxford Nanopore 
Technologies, London, UK) for up to 18 hours.

Sequencing setup was performed using MinKNOW version 22.10.10 on a laptop with Windows 10 Pro 
operating system, 16.0 Gb RAM, Intel® Core(TM)-i7-9850 H CPU and 1 TB internal storage as recommended 
by the manufacturer.

Data analysis and real-time subtyping
Basecalling was performed using Dorado (v7.0.2) with a high-accuracy base calling model v4.3.0. Two methods 
were used for characterising viral subtypes. The sequences were either manually mapped to a non-redundant 
reference gene set containing n = 449 sequences from the Global Initiative on Sharing All Influenza Data 
(GISAID) database (https://gisaid.org/), which is the current standard method for sequence-based subtype 
assignation, or by using Flui (see https://github.com/dragonfly-science/flui for details on implementation and 
usage), an automated real-time AIV subtyping tool developed in-house by Dragonfly Data Science. Subtypes 
generated using Flui were also confirmed by manual mapping to the non-redundant gene set obtained from the 
GISAID database.

For manual mapping method, raw reads were mapped to the GISAID reference gene set using Minimap2 
v2.24 in Geneious Prime v2021.1.1 (https://www.geneious.com)23. HA and NA subtypes were characterised by 
identifying the references with the greatest number of reads with high uniformity of coverage that mapped to 
each of the segments. When the average depth of coverage was ≥ 30, consensus sequences were extracted from 
HA and NA genes and assembled into a single genome. Poor quality sequences were trimmed off. Consensus 
sequences were deemed to be high quality when the number of nucleotides were called at Q30 + ≥ 95%. For 
sequences that did not meet these quality thresholds, a “low read” or “—” was noted in the subtyping result.

For automated subtype classification using Flui, HA and NA subtypes were called when both the number of 
k-mers for the HA and NA genes exceeded 2,000, and the differentiation score exceeded 6.0 with a gap threshold 
of 2.5. For samples that did not meet these quality thresholds, a “low read” or “—” was noted in the subtyping 
result.

The pathogenicity status of an influenza virus (specifically, HPAI) was determined by cleavage site analysis of 
the consensus sequence in Geneious Prime v2021.1.1. A multi-basic motif in the cleavage site classifies the virus 
as HPAI based on the OFFLU guide Influenza A cleavage site guide12.

All computational analyses and experimental protocols were done using the default parameters unless noted 
otherwise. The relative agreement of reads passing quality thresholds between manual mapping and Flui were 
described using Kappa statistics21.

Sample collection and AIV subtyping in the field, in Antarctica
All the essential portable devices in Fig. 1 and consumables were packed into a large black hardshell suitcase (Fig. 
2a and b). Swabs were collected from a brown skua (Stercorarius antarcticus), a south polar skua (Stercorarius 
maccormicki) and a seal pup in various locations in Antarctica following a verbal report of suspicious HPAI 
mortality from the United States Antarctic Program (Palmer Station, Anvers Island)24. The swabs collected were 
processed and sequenced using the in-field portable system as in Fig. 3. Influenza A RT-qPCR assay and gel 
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electrophoresis were not performed prior to library preparation. Flui was used to generate the subtype, and 
cleavage site analysis was performed using Geneious Prime.

Results
Evaluation of portable equipment using AIV isolates
Samples with established HA and NA subtypes, which had been previously identified through the laboratory 
system (Fig. 4), were used to evaluate the portable devices. These were the Bento Lab Pro, the Invitrogen E-Gel 
Power Snap Electrophoresis System, and the MIC PCR system.

Fig. 2.  Portable lab in a suitcase. a Hardshell suitcase that fits all portable field equipment and consumables. 
b Consumables, reagents and portable field equipment packed in the suitcase.

 

Fig. 1.  Equipment for the AIV portable system. Essential equipment: (i) Bento Lab Pro System (Bento 
Bioworks Ltd, London, UK), (ii) Qubit 4.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA), (iii) 
Vortex, (iv) Magnetic rack, (v) Laptop and MinION device (Mk1B) (Oxford Nanopore Technologies, London, 
UK). Optional equipment: (i) HulaMixer™ Sample Mixer (Thermo Fisher Scientific, Waltham, MA, USA), (ii) 
MIC PCR system (BioMolecular Systems, New South Wales, Australia), (iii) Invitrogen E-Gel Power Snap 
Electrophoresis System (Thermo Fisher Scientific, Waltham, MA, USA). Created in BioRender. Wilson, A. 
(2025) https://BioRender.com/7erudlf.
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To evaluate the performance of WGA on Bento Lab Pro, a mixture of AIV-positive and -negative isolates 
with known subtypes were used. The samples were processed through the portable system (Fig. 3) to determine 
influenza subtypes. Results were compared to the known subtypes to assess the veracity of the equipment.

Twelve viral isolates (sample set 1), comprising of 8 AIV-positive and 4 AIV-negative samples were selected 
to assess the performance of the portable Bento Lab Pro thermal cycler component in performing WGA. All 
amplicons of AIV-positive samples generated from both the Bento Lab Pro thermal cycler and the laboratory-
based Veriti thermal cycler (Fig. 5a) exhibited the expected AIV-specific amplicon profile like in Fig. 5b. Non-
specific amplicons were generated from AIV-negative samples (sample 7, 9, 11 and 12) (Fig. 5a). An example 
of an AIV-specific amplicon profile for AIV-positive sample in the TapeStation ScreenTape image is shown in 
Fig. 5b.

To determine whether the Invitrogen E-Gel Power Snap Electrophoresis System can replace the function of 
the TapeStation system in the field, amplicons for 10 of the 12 samples from sample set 1 were also assessed on 
a pre-cast 1% E-Gel using the E-Gel EX Power Snap system (Fig. 6). Only ten samples (8 AIV-positive, 2 AIV-
negative) were assessed on this system because it is limited to ten samples per run. The amplicons from AIV-
positive samples also demonstrated the right AIV amplicon profile as in Fig. 5b when gel electrophoresis was 
performed using the E-Gel EX Power Snap system (Fig. 6).

Library preparation was performed on the amplicons from sample set 1 that was generated using Bento Lab 
Pro and were sequenced. All positive samples were analysed by manual mapping to a non-redundant reference 
gene set downloaded from GISAID database. The subtypes were identified correctly in all the AIV-positive 
samples (Table 4).

Fig. 3.  Portable AIV characterisation system. (1) Swabs were collected from mallard ducks in several locations 
around New Zealand between 2023 and 2024. (2) RNA was extracted using QIAamp Viral RNA Mini Kit 
(Qiagen, Hilden, Germany) on the Bento Lab Pro (Bento Bioworks Ltd, London, UK) centrifuge component. 
The Influenza A RT-qPCR assay can be performed on the MIC PCR instrument (BioMolecular Systems, New 
South Wales, Australia) prior to whole-genome amplification of the virus. (3) Whole-genome amplification 
by multi-segment AIV-specific RT-PCR was performed on the Bento Lab Pro thermal cycler component. (4) 
Quantification of purified amplicons was measured using Qubit 4.0 fluorometer (Thermo Fisher Scientific, 
Waltham, MA, USA). There is an option to run the purified amplicons on a precast electrophoresis gel to 
determine the size of the amplicons prior to sequencing (not shown). (5) Amplified cDNA products were 
prepared for sequencing using the Oxford Nanopore Technologies Rapid Barcoding kit V14 (Oxford Nanopore 
Technologies, London, UK) and sequenced using R10.4.1 MinION flow cells (Oxford Nanopore Technologies, 
London, UK). (6) AIV subtypes for each sample were identified using the automated subtyping pipeline that 
we developed, Flui. In blue boxes, are the approximate time needed for each step. Created in BioRender. 
Wilson, A. (2025) https://BioRender.com/7erudlf.
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Evaluation of the influenza A RT-qPCR assay on MIC PCR system
Analysis of a serially diluted AIV RNA sample was performed to assess the analytical sensitivity of the Influenza 
A RT-qPCR assay on the MIC PCR and compared with a reference system (CFX Opus). Both PCR systems 
detected the presence of AIV genome across five dilution points (10− 1 to 10− 5) in all replicates (Table 5). Although 
one replicate was positive at the 10− 7 dilution using the MIC PCR, the limit of detection was comparable at 10− 5 
dilution in both systems, where all three replicates were reliably detected with AIV gene fragment (Table 5).

Influenza A RT-qPCR assay was further tested on both the MIC PCR and CFX Opus system using n = 37 
swabs from sample set 2. Both systems showed near perfect agreement (Kappa = 0.934, 0.80–1.06 95% CI) in 
classifying positive or negative samples (36/37) in this panel (Supplementary Table 1). Twenty-six samples were 
positive for AIV RNA and ten were negative in both systems. One test disagreement observed, (sample 72) 
had a very late Cq value (39.27) on the MIC PCR system. This is not unexpected, as the stochastic behavior of 
amplification for samples with very low target concentrations can produce variable results.

The influenza A RT-qPCR assay was also performed on n = 5 swabs from sample set 3 using the MIC PCR 
system. These samples were known to be HPAI H7N6, based on laboratory system results. RNA from all five 
samples was processed using the portable system and identified as AIV- positive samples, with an average 
Cq < 45 (Table 6).

Fig. 4.  Laboratory-based AIV subtype characterisation workflow. (1) Swabs were collected from mallard 
ducks at several locations around New Zealand. (2) Swabs were sent to the laboratory for AIV testing. Nucleic 
acid from the collected swabs or AIV isolates was extracted using the KingFisher MagMAX CORE Total 
Nucleic Acid Purification Kit (Thermo Fisher Scientific, MA, USA). (3–4) The presence of Influenza A virus 
was tested using the Influenza A RT-qPCR assay. Swabs that were tested positive by RT-qPCR were inoculated 
into embryonated chicken eggs. (5) Whole-genome amplification was performed by multi-segment reverse 
transcription PCR (RT-PCR) using AIV-specific primers. (6–7) The size of purified whole-genome amplified 
AIV amplicons were assessed on a 4200 TapeStation using Genomic DNA (gDNA) ScreenTape Assay Kit 
(Agilent Technologies, Santa Clara, CA, USA), and the concentration of the amplicons were quantified 
using the Invitrogen Qubit™ 1 x dsDNA High Sensitivity Quantification Assay kit (Thermo Fisher Scientific, 
Waltham, MA, USA) on an Invitrogen Qubit™ 4.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, 
USA). (8) cDNA was prepared for sequencing using the Oxford Nanopore Technologies (ONT) Rapid PCR 
Barcoding Kit V14 (Oxford Nanopore Technologies, London, UK) or Rapid Barcoding Kit V14 (Oxford 
Nanopore Technologies, London, UK) and sequenced using R10.4.1 PromethION or MinION flow cells 
(Oxford Nanopore Technologies, London, UK). (9) AIV subtypes were identified by manually mapping 
sequenced reads to a non-redundant Global Initiative on Sharing All Influenza Data (GISAID) dataset. Created 
in BioRender. Wilson, A. (2025) https://BioRender.com/7erudlf.
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Fig. 5.  AIV-specific amplicons profile on TapeStation 4200 gel images using the gDNA ScreenTape 
assay. a AIV isolates from sample set 1 that have undergone AIV multi-segment RT-PCR whole-genome 
amplification on Bento Lab Pro thermal cycler (portable system) and the Veriti thermal cycler (laboratory-
based system). Sample numbers in black are AIV-positive samples showing AIV-specific amplicon profile. 
Sample numbers in red are AIV-negative samples with non-specific amplification. b AIV-specific amplicon 
profile for AIV-positive sample. Lane M, molecular standards. Lane P, amplicons from an AIV-positive sample. 
The image was cropped to show one example of a positive sample. Full image shown in Supplementary Fig. 4.
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Evaluation of the RNA extraction kit on the portable system using AIV isolates
To determine a more suitable RNA extraction kit for AIV subtyping in the portable system, RNA from an 
additional 10 isolates with known subtypes (sample set 4 and 5) was extracted using either the QIAamp Viral 
RNA Mini Kit (Qiagen Kit) or the Zymo Quick-RNA Viral Kit (Zymo Kit) on the Bento Lab Pro instrument. Of 
the seven samples extracted using the Qiagen Kit, one sample, (sample 21) was omitted from library preparation 

Sample no. Sample name Location Year Known subtype GISAID mapping

1 W1300077_c235 Kaituna 2013 H4N2 H4N2

2 NZ0700106_17 Turua 2007 H5N7 H5N7

3 NZ0700202_15 Lake Te Rotokare 2007 H4N6 H4N6

4 NZ0700202_24 Lake Te Rotokare 2007 H3N8 H3N8

5 NZ0700316_2 Lake Aniwhenua 2007 H12N5 H12N5

6 NZ0700316_53 Lake Aniwhenua 2007 H5N2 H5N2

8 NZ0800177_28 Kaituna 2008 H5N3 H5N3

10 NZ0800177_51 Kaituna 2008 H3N1 H3N1

Table 4.  HA and NA classification of amplicons generated using Bento lab pro from sample set 1. Subtypes 
were characterised by manual mapping to a non-redundant reference gene set downloaded from GISAID.

 

Fig. 6.  1% E-Gel Ex image of AIV-positive and negative multi-segment RT-PCR whole-genome amplified 
amplicons. A 1 kb plus ladder was used (Lane M). From left, sample 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 as indicated by 
the lane numbers. Positive samples feature AIV-specific amplicon profile, whereas negative samples have non-
specific amplification. Sample 7 and 9 are known AIV-negative samples. The blue arrow marks 2000 bp, orange 
arrow marks 1500 bp and green arrow marks 1000 bp. Full image shown in Supplementary Fig. 5.
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as it did not show the AIV-specific amplicon profile, consistent with what would be expected for an AIV-negative 
sample (Table 7). Five of the six sequenced samples resulted in correct assignment of subtype. Sample 19 was 
partially characterised. The three remaining isolates that were extracted using the Zymo Kit and sequenced using 
the portable method featured the same subtypes previously generated using the laboratory method (Table 7). 
Both Qiagen and Zymo kits correctly identified HA and NA subtypes in AIV isolates.

Evaluation of the RNA extraction kits on the portable system using swabs
The portable AIV characterisation system was further tested on five H7N6 HPAI-positive swabs collected from 
the Otago poultry farm (sample set 3)25. Total RNA was extracted using both Qiagen and Zymo kit and then 
characterised to evaluate their application for the portable system.

All n = 5/5 swabs extracted using the Qiagen kit were fully characterised as H7N6 HPAI, by manual mapping 
method (Table 8). For the Zymo kit, n = 2/5 swabs were fully characterised, one was partially characterised and 
two failed to meet the quality thresholds (Table 8). The Zymo kit had a lower identification rate with 40% (5.27–
85.34 95% CI) of samples identified as H7 and 60% (14.66–94.73 95% CI) of samples as N6, compared to 100% 
(56.55–100 95% CI for HA and 47.82–100 95% CI for NA) samples identified as H7N6 for Qiagen kit. The 
average depth of coverage in HA and NA segments generated from Qiagen-extracted samples was also generally 

Sample No. Sample name RNA extraction kit Location Year Known subtype GISAID mapping

18 W22_00045_273 Qiagen Te Awamutu 2022 H6N2 H6N2

19 W23_00004_34 Qiagen Paeroa 2023 H4N6 H low read, N6

20 NZ0800177_42 Qiagen Kaituna 2008 H3N1 H3N1

21 N/A Qiagen Turua 2007 Negative Removed

22 NZ0700105_50 Qiagen Paeroa 2007 H3N8 H3N8

23 NZ0700106_23 Qiagen Turua 2007 H1N2 H1N2

24 W22_00002_110 Qiagen Paeroa 2022 H3N2 H3N2

25 W16_1_o83_2016 Zymo Kerepehi 2016 H10N3 H10N3

26 W16_1_c29_2016 Zymo Kerepehi 2016 H4N6 H4N6

27 W16_c68_2016 Zymo Gisborne 2016 H4N2 H4N2

Table 7.  HA and NA classification of amplicons from sample set 4 and 5. RNA was extracted using the 
QIAamp viral RNA mini kit (Qiagen) or the Zymo Quick-RNA viral kit (Zymo) using the Bento lab pro 
system. Subtypes were characterised by manual mapping to a non-redundant reference gene set downloaded 
from GISAID.

 

Sample Number Replicate 1 Replicate 2 Replicate 3 Average Cq

13a 18.86 19.84 19.63 19.44

14a 23.02 23.09 23.24 23.12

15a 22.71 24.07 N/A 23.39

16a 23.41 24.18 24.24 23.94

17a 23.09 23.66 23.5 23.42

Table 6.  HPAI samples identified as AIV-positive on MIC PCR system using sample set 3. Sample with Cq ≤ 45 
is considered positive of AIV.

 

CFX Opus MIC

AIV RNA dilution Mean Cq No. of positive Mean Cq No. of positive

10− 1 21.9 3/3 20.11 3/3

10− 2 25.43 3/3 23.77 3/3

10− 3 28.9 3/3 27.29 3/3

10− 4 32.73 3/3 31.21 3/3

10− 5 36.99 3/3 35.13 3/3

10− 6 0 0/3 0 0/3

10− 7 0 0/3 39.28 1/3

10− 8 0 0/3 0 0/3

Table 5.  Analytical sensitivity of influenza A RT-qPCR between the laboratory-based CFX opus Real-Time 
PCR system and the portable MIC PCR system. Sample with Cq ≤ 45 is considered positive of AIV.
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better than Zymo-extracted samples (Table 8). These findings suggest that the QIAamp Viral RNA Mini Kit 
outperforms the Zymo Quick-RNA Viral Kit for extracting RNA from swabs.

A consensus sequence of HA regions from the assembled HA gene from Qiagen extracted-sample 13a, 
revealed a six-nucleotide insertion and a separate single nucleotide variant. This increased the basic amino acids 
at the cleavage site from one to five- specifically PEGPKRRKR/GLF (Fig. 7). According to WOAH and OFFLU 
guidelines12, this permits characterisation as HPAI. This result is consistent with the results from the laboratory 
system25.

Evaluation of flui as an automated real-time influenza subtyping tool
All sequences generated from sample sets 1, 3, 4 and 5 were also classified using Flui. Subtypes generated by Flui 
were compared to subtypes identified through manual reference mapping (Table 9). The subtypes generated 
by both manual and automated methods were comparable to their known subtypes when the reads passed 
their respective quality thresholds. Although both methods failed to pass HA and NA quality thresholds in 
two samples (16b and 17b), they had perfect agreement (Kappa = 1.0) in passing the reads of all NA segments 
(Table 9). Flui and manual mapping methods disagreed in passing HA quality thresholds for sample 17a and 23, 
resulting in an agreement of 92.59% (25/27). Both methods had substantial agreement (Kappa = 0.76, 0.44–1.07 
95% CI) in establishing the passing criteria for HA segment.

HA/NA subtype classification of AIV using the portable system
Using the portable system in Fig. 3, an additional n = 45 swabs collected from mallard ducks at various locations 
around New Zealand, between 2023 and 2024 (sample set 6), were processed in the laboratory. Three positive 
controls with known subtypes were added to the cohort. Real-time automated subtyping was performed using 
Flui and the results were validated by manual mapping. For HA, there is a substantial agreement between the two 

Fig. 7.  Detection of a multi-basic cleavage site in the HA gene from the Qiagen extracted RNA of sample 
13a with an accession number W24_2663-1. Nucleotide alignment was generated using MAFFT v7.490. The 
alignment features the detected H7N6 HPAI HA sequence (first sequence in alignment) with H7N7 LPAI HA 
sequences isolated through active surveillance in New Zealand (remaining 7 sequences). Alignments were 
visualised using Geneious Prime® v2021.1.1.

 

Sample No. Sample Name RNA extraction kit Type of sample GISAID mapping HA average depth of coverage NA average depth of coverage

13a W24_02663-1

QIAamp Viral RNA Mini kit

Oropharyngeal H7 N6 +++ (109.3x) +++ (494.5x)

14a W24_02665-7 Oropharyngeal H7 N6 +++ (150.4x) +++ (625.4x)

15a W24_02665-10 Cloacal H7 N6 +++ (149.6x) +++ (524.3x)

16a W24_02665-5 Oropharyngeal H7 N6 +++ (245.2x) +++ (452.1x)

17a W24_02665-4 Cloacal H7 N6 +++ (39.4x) +++ (216.4x)

Number of samples successfully characterised as H7 or N6 5/5 (100%) 5/5 (100%)

95% Confidence Interval 56.55–99.49 47.82–100

13b W24_02663-1b

Zymo Quick-RNA viral kit

Oropharyngeal H7 N6 +++ (419.3x) +++ (990.9x)

14b W24_02665-7b Oropharyngeal H7 N6 +++ (100.8x) +++ (537.2x)

15b W24_02665-10b Cloacal Low read N6 — (28.5x) +++ (275.9x)

16b W24_02665-5b Oropharyngeal Low read Low read — (N/A) — (N/A)

17b W24_02665-4b Cloacal Low read Low read — (N/A) — (N/A)

Number of samples successfully characterised as H7 or N6 2/5 (40%) 3/5 (60%)

95% Confidence Interval 5.27–85.34 14.66–94.73

Table 8.  Comparison of two RNA extraction methods for HA and NA classification using the portable system 
on sample set 3 with known AIV subtype (H7N6). Subtypes were characterised by manually mapping to a 
non-redundant reference gene set downloaded from GISAID. [+++] indicates the average depth of coverage is 
above quality threshold of > 30x. [—] indicates the average depth of coverage is below 30x and hence did not 
pass the quality threshold for generating a consensus sequence.
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methods (Kappa = 0.77, 0.58–0.96 95% CI) and a fair agreement for NA (Kappa = 0.33, 0.08–0.59 95% CI). The 
agreement to pass the NA segment for both methods was lower in this sample set as there were more samples 
that failed the quality thresholds in either one of the subtyping methods (Supplementary Dataset 1). Most of 
these samples have lower viral load, Cq > 32. All other swabs were identified and listed in Supplementary Dataset 
1.

One sample was artificially mixed in equal volumes of H4N6 and H11N2 samples to mimic a co-infection. 
Flui identified the mixed sample as H11N2/N6 with the highest score, followed by H4, which had the second-
highest score. Manual mapping was able to characterise the sample as H11N6 or N2. H4 did not pass the quality 
thresholds set for both methods due to the lower number of amplified H4 segments present in the sample. Whilst 
both methods were able to recognise co-infections in the NA segments, further work is needed to improve upon 
the accuracy of the output. The three positive control samples were subtyped correctly as H3N8, H11N6 or 
H11N2 (Supplementary Dataset 1).

Portable in-field system deployment in Antarctica and identification of HPAI
Our portable system was tested in the field, for the first time outside of a laboratory environment, in Antarctica. 
Five swabs (sample set 7) were collected from carcasses that were suspected of HPAI mortality; a brown skua 
(Stercorarius antarcticus), a south polar skua (Stercorarius maccormicki) and a seal pup. The swabs were brought 
back to the MV Argus Ship for sample processing within a few hours. In the ship, the samples were processed 
using the portable system. RNA was extracted using the Qiagen-portable system, AIV was amplified using 
whole-genome amplification on Bento lab Pro and the library was prepared for sequencing on the ONT MinION 

Sample Location Sample type Known subtype

HA NA

GISAID
mapping Flui

GISAID
mapping Flui

1 Kaituna Isolate H4N2 + + + +

2 Turua Isolate H5N7 + + + +

3 Lake Te Rotokare Isolate H4N6 + + + +

4 Lake Te Rotokare Isolate H3N8 + + + +

5 Lake Aniwhenua Isolate H12N5 + + + +

6 Lake Aniwhenua Isolate H5N2 + + + +

8 Kaituna Isolate H5N3 + + + +

10 Kaituna Isolate H3N1 + + + +

13a Otago, poultry farm Swab-Qiagen H7N6 + + + +

14a Otago, poultry farm Swab-Qiagen H7N6 + + + +

15a Otago, poultry farm Swab-Qiagen H7N6 + + + +

16a Otago, poultry farm Swab-Qiagen H7N6 + + + +

17a Otago, poultry farm Swab-Qiagen H7N6 + — + +

13b Otago, poultry farm Swab-Zymo H7N6 + + + +

14b Otago, poultry farm Swab - Zymo H7N6 + + + +

15b Otago, poultry farm Swab- Zymo H7N6 — — + +

16b Otago, poultry farm Swab- Zymo H7N6 — — — —

17b Otago, chicken farm Swab- Zymo H7N6 — — — —

18 Te Awamutu Isolate H6N2 + + + +

19 Paeroa Isolate H4N6 – – + +

20 Kaituna Isolate H3N1 + + + +

22 Paeroa Isolate H3N8 + + + +

23 Turua Isolate H1N2 + — + +

24 Paeroa Isolate H3N2 + + + +

25 Kerepehi Isolate H10N3 + + + +

26 Kerepehi Isolate H4N6 + + + +

27 Gisborne Isolate H4N2 + + + +

Number of samples that passed quality threshold and classified 
as known subtype 23/27 21/27 25/27 25/27

Kappa agreement Kappa = 0.76 Kappa = 1.0

Table 9.  Comparison of subtyping results for avian influenza viruses from sample set 1, 3, 4 and 5, with 
subtypes generated by flui automated pipeline and by manually mapping to a GISAID reference gene set. [+] 
indicates that the sequencing reads passed the quality thresholds, and the generated subtype agrees with the 
known subtype. [—] indicates that sequencing reads did not pass the quality thresholds and hence a subtype 
could not be called. In Bold indicates disagreement between passed or failed reads in between both methods.
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Flow Cell using the Rapid Barcoding Kit (Fig. 3). Two samples from the same skua were identified as H5N1 
HPAI after cleavage site analysis24, while the other samples were negative for AIV (Table 10).

Discussion
An easy to perform portable AIV characterisation system is needed for rapid detection of HPAI in the field. 
Here, we presented a fast, accurate, and highly portable laboratory system capable of rapidly characterising AIV 
subtypes in real-time and offline for the first time in New Zealand. We have tested the system using AIV isolates 
and swabs and have successfully demonstrated that HPAI can be identified in the field with our portable system. 
Our portable system can be deployed anywhere with access to power supply, including in a rural setting, boat, 
poultry farm or shed.

Many researchers have employed amplicon-based ONT sequencing due to the speed, and capability of real-
time analysis26–31. The portability of the ONT platform has also enabled rapid identification of AIV subtypes 
in the field26,28,31. Some groups have used the longer library preparation workflow such as ONT Ligation 
Sequencing Kit or Native Barcoding Kit26,28,29, which is not ideal for a rapid portable system. We along with 
other groups30,31 selected the Rapid Barcoding Kit (RBK) as it requires minimal input of DNA and offers shorter 
library preparation time, making it well-suited for field application.

While our library preparation method was similar to that described by de Vries et al. (2022) and King et al. 
(2020), our portable system was designed to achieve an optimal balance of affordability, portability, high nucleic 
acid integrity, and rapidity of workflow. de Vries et al. (2022) used the crude Biomeme M1Bulk Sample Prep 
Kit and focused solely on classifying the HA subtype; while King et al. (2020) looked at the whole genome of 
the virus and classified the virus by manual mapping method. Given the high cost of the Biomeme extraction 
kit and the importance of obtaining complete subtypes or sequence of longer viral segments where possible, a 
column-based extraction approach was chosen for our system to preserve RNA integrity. An automated real-
time subtyping pipeline was also developed in our system to identify the virus full subtypes without the need for 
internet access. Our portable system was developed so that it is not restricted to AIV field diagnostic testing and 
can be modified to test for other pathogens of significant interest using the same core equipment and reagent 
kits. While several studies have used amplicon-based sequencing approach, PCR-free approaches such as direct 
RNA sequencing have also been explored32,33. However, this method is not suited for rapid field workflow due to 
RNA instability, and the long library preparation protocol. The ONT direct RNA library preparation kit requires 
high input of RNA and has a limit of detection at a Cq of 1833. This is much lower than the Cq values we obtained 
from swabs collected in the field.

We focused on initially evaluating the portable equipment including, the Bento Lab Pro system, the MIC 
PCR system and the Invitrogen E-Gel Power Snap Electrophoresis System, for generating high-quality whole-
genome amplified products and identifying AIV subtypes from AIV isolates with known subtypes. Next, the 
portable system was tested in the Animal Health Laboratory (AHL) of Ministry for Primary Industries (MPI) in 
New Zealand using swabs collected from several locations in New Zealand. Our results show that the portable 
system can generate high-quality products and accurately determine subtypes, like the laboratory systems. 
Finally, the system was deployed to Antarctica where HPAI H5N1 was identified in a skua24 within two days 
from sample collection. This would have taken weeks if the samples were to be transported back to a laboratory 
in AHL MPI New Zealand.

This study has shown that both Zymo and Qiagen extraction kits could be used to successfully identify the 
correct subtypes in isolates. Although the sample size is limited, experiment conducted shows that the Qiagen 
kit outperformed the Zymo kit when swabs were used. All samples tested were identified as H7N6 HPAI when 
using Qiagen kit (Table 8). This may be attributed to exclusion of beta-mercaptoethanol in the Zymo protocol as 
suggested by the supplier when using swabs. Furthermore, the high viral load and large volume of sample (400 
µL) used with the Zymo-Spin IC Column, designed for low viral load may have inhibited the column to perform 
optimally. Based on these results, the QIAamp Viral RNA Kit is the preferred RNA extraction kit used for AIV 
characterisation in the field at this stage. Further optimisation of sample input volume and column compatibility 
is needed for the Zymo Quick-RNA Viral Kit to be used in the field. The multi-basic cleavage site of the H7N6 
HPAI HA segment was also successfully identified using the Qiagen in-field method (Fig. 7), suggesting that our 
data generated from the portable field systems are reliable and accurate when compared to data generated in the 
laboratory.

We have also demonstrated that the influenza A RT-qPCR assay can be performed using the MIC PCR 
system to determine the presence of AIV-positive samples. Our study verified that the portable MIC PCR system 
reliably distinguishes between AIV-positive and -negative (Supplementary Table 1). However, we propose that, 
for a successful sequencing of both HA and NA subtypes, it is more important to identify the distinct AIV-
specific amplicon profile in a sample, rather than relying on positive Cq values. A positive Cq value (≤ 45) does 

Type of sample Host Location Year Results from Flui

Brain swab south polar skua 81 Torgersen Island 2024 H5N1

Oropharyngeal swab south polar skua 81 Torgersen Island 2024 H5N1

Oropharyngeal swab brown skua 3 Cuverville Island 2024 N/A

Nasal swab seal Port Lockeroy 2024 N/A

Brain swab seal Port Lockeroy 2024 N/A

Table 10.  Samples tested in Antarctica for HPAI using Qiagen-in-field-portable system.
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not always guarantee subtype identification, as sample degradation or low viral load can often affect the quality 
of the sequences (Supplementary Dataset 1). We suggest that visual identification of AIV amplicon sizes in an 
E-Gel electrophoresis or any other electrophoresis platform is a better indication for assurance of sequencing 
quality as it shows the quality of the amplified segments prior to library preparation. This is evident in a separate 
internal quality control study where we saw negative correlation between Cq values and average read depth of 
HA and NA (Supplementary Fig. 1 and Supplementary Tables 2, 3, 4). Spearman’s rank correlation coefficient test 
was performed using the cor.test () function from the stats package in R34 with HA segment rho = −1, p = 5.511e-
06 and for NA segment rho = −0.98, p-value = 0.0003968. The study also demonstrated that sample with Cq of 32 
or higher failed to generate a full subtype in all replicates (Supplementary Tables 2, 3 and 4) and did not present 
with AIV-specific amplicon profiles (Supplementary Fig. 2). This is consistent with what we concluded from our 
study from sample set 6 (Supplementary Dataset 1) where most samples with viral load above Cq 32 would not 
meet the quality thresholds required for either Flui or manual mapping. However, in some instances samples 
with Cq < 32 can also fail to generate a full subtype (Supplementary Dataset 1). We believe that these may be 
attributed to sample degradation, contamination or co-infections. Hence, an AIV-specific amplicon profile can 
be assessed on a portable gel electrophoresis system to avoid sequencing AIV-positive samples that might not 
pass quality thresholds due to the above reasons.

When assessing AIV-specific amplicon profiles of samples with high integrity RNA, a similar profile should 
be observed on a TapeStation gDNA ScreenTape assay or any other portable E-gel electrophoresis devices 
such as Bento-gel (Supplementary Fig. 3). Slight variability in the AIV amplicon profile can be expected when 
sample RNA is of lower quality. The presence of AIV-specific amplicon profiles in AIV-positive samples was also 
validated in a separate study (work in progress for publication) where we have successfully sequenced more than 
300 samples for developing a New Zealand LPAI genome database. All samples with full genome established also 
presented with the AIV-specific amplicon profile.

For sequencing reads that passed the quality thresholds in Flui or manual mapping, all results were consistent 
with their known subtypes. Most samples with Cq < 32 were successfully subtyped in both Flui and manual 
mapping methods, n = 27/34. Our results also suggested that the two methods can complement each other to 
fully characterise subtypes. When both methods were used, the number of samples with Cq < 32 and were fully 
subtyped increased to n = 31/34. Since both Flui and manual mapping methods use different algorithms for 
AIV subtyping, the quality thresholds are set differently between the two methods. Samples with low viral load 
(Supplementary Dataset 1) or degraded RNA can result in partially characterised subtypes from either one of 
the methods. Despite the discrepancy of agreement in passing thresholds when viral load is low, Flui was used 
to subtype more than 300 LPAI isolates in a separate study as previously mentioned then verified by manual 
method. All subtypes were consistent in both methods.

Our results also demonstrated that some H4 segments were not amplified as efficiently as other HA subtypes 
due to slight variation in the sequence, reducing the efficiency of primer binding to the New Zealand H4 
sequence. Hence most H4 samples failed to meet the quality thresholds cut-offs in both methods. The failure of 
H4 not being identified and passing the quality threshold is evident in the sample that was artificially mixed. To 
address this, we incorporated primers that are specific to the New Zealand H4 segment sequence in the RT-PCR 
whole-genome amplification assay. The primer sequences are provided in Supplementary Tables 535.

With the portable systems developed, the in-field system was successfully deployed to Antarctica in late 2024, 
where it enabled the identification of H5N1 HPAI belonging to clade 2.3.4.4b in a skua24. Temperature-sensitive 
reagents were stored in an insulated box to ensure the reagents were kept within the recommended temperature. 
Whilst an insulated box was used to keep temperature-sensitive reagents at the appropriate temperature, 
some reagents were unavoidably brought to ambient temperature during travel yet did not affect sequencing 
performance or results. All equipment proved durable and performed as expected.

In future, alternative rapid AIV identification methods, such as the reverse transcription loop-mediated 
isothermal amplification (rRT-LAMP) can be explored. A LAMP method amplifies viral RNA at a constant 
temperature without complex thermal cycling conditions. In combination with usage of a commercial universal 
LAMP kit (e.g., WarmStart Colorimetric LAMP kit, BioLabs Inc. New England), AIV can be detected within 30 
min of receiving the samples36. This method is cheaper and faster than the Influenza A RT-qPCR assay.

A lyophilised master mix for RT-qPCR can also be used in the field to reduce the number of temperature-
sensitive reagents needed. Initial testing conducted at AHL using lyophilised master mix (LyoPrime Luna® 
Probe One-Step RT-qPCR Mix with UDG, New England Biolabs) on the influenza A RT-qPCR assay showed 
comparable analytical sensitivity to the SuperScript III RT-qPCR master mix used in this study (Supplementary 
Table 6). The portable system can also be deployed to the field during the AHL annual AIV surveillance trip to 
evaluate its performance across a broader range of AIV strains, ensuring its effectiveness across all AIV subtypes.

Our portable system is developed for rapid field diagnostic and surveillance of a HPAI index case or in a 
response setting where rapid and accurate characterisation of AIV is needed. It is not intended to be used in a 
large-scale sample testing environment. The portable in-field system is also not restricted to AIV subtyping. It 
can be adapted for in-field testing for other pathogens of potential economic importance e.g., foot-and-mouth 
disease virus. In the future, further refinement to the portable system can be made by identifying a suitable 
extraction kit capable of isolating total nucleic acids, thereby permitting the analysis of both DNA- and RNA-
bound pathogen genomes in a single workflow.

Conclusion
For outbreaks of viral disease, the early and accurate identification of the causative virus is critical for guiding 
containment strategies, and surveillance. For avian influenza, there is a need to develop advanced tools for field-
based characterisation. This ensures that authorities can respond swiftly and effectively to reduce the impact 
of HPAI spread, thereby minimising adverse effects on animal and human health, as well as on the economy. 
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We successfully demonstrate that our portable system can provide rapid and accurate subtyping of AIV in the 
field confidently, within two days upon sample collection, and can characterise HA cleavage site sequence. Our 
platform can significantly reduce the delays that are associated with sample transport to a laboratory, and this 
allows authorities to make quicker and more-informed decisions.

Data availability
The datasets used and/or analysed in this study are available from the corresponding author on reasonable 
request. All sequence data from sample sets 1, 3, 4, 5 and 6 have been deposited to the NCBI Sequence Read 
Archive (SRA) under [BioProject ID PRJNA1374278](​h​t​t​p​s​:​​/​/​w​w​w​.​​n​c​b​i​.​n​​l​m​.​n​i​h​​.​g​o​v​/​​b​i​o​p​r​o​​j​e​c​t​/​?​​t​e​r​m​=​P​​R​J​N​
A​1​3​7​4​2​7​8). Samples are accessible under IDs SAMN53683369 to SAMN53683442. Mixed sample in ​S​u​p​p​l​e​
m​e​n​t​a​r​y Dataset 1 is not deposited as it is an artificially mixed combination of sample W23\_0006-225 (ID 
SAMN53683408) and W23\_00141-0107 (ID SAMN53683415). Supplementary Dataset 2 contains all relevant 
metadata, including accession numbers, sample names, and associated URLs. The H5N1 HPAI skua sample 
from sample set 7 has been deposited under Sequence Read Archive BioProject ID [PRJNA1210083](​h​t​t​p​s​:​​/​/​w​
w​w​.​​n​c​b​i​.​n​​l​m​.​n​i​h​​.​g​o​v​/​​s​r​a​/​?​t​​e​r​m​=​P​R​​J​N​A​1​2​1​​0​0​8​3), [GISAID accession ​E​P​I​_​I​S​L​_​1​9​6​4​5​3​6​5​]​(​​​h​t​t​p​s​:​/​/​p​l​a​t​f​o​r​m​.​e​p​i​
c​o​v​.​o​r​g​/​e​p​i​3​/​f​r​o​n​t​e​n​d​​​​​)​, and GenBank accessions [PV163161-8](​h​t​t​p​s​:​​/​/​w​w​w​.​​n​c​b​i​.​n​​l​m​.​n​i​h​​.​g​o​v​/​​n​u​c​c​o​r​​e​/​?​t​e​r​​m​=​
A​%​2​F​​B​r​o​w​n​+​S​k​u​a​%​2​F​T​o​r​g​e​r​s​e​n​+​I​s​l​a​n​d​%​2​F​o​8​1​-​b​8​2​%​2​F​2​0​2​4).
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