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s u m m a r y   

Objectives: We evaluated Nanopore sequencing for influenza surveillance. 
Methods: Influenza A and B PCR-positive samples from hospital patients in Oxfordshire, UK, and a UK-wide 
population survey from winter 2022–23 underwent Nanopore sequencing following targeted rt-PCR am
plification. 
Results: From 941 infections, successful sequencing was achieved in 292/388 (75 %) available Oxfordshire 
samples: 231 (79 %) A/H3N2, 53 (18 %) A/H1N1, and 8 (3 %) B/Victoria and in 53/113 (47 %) UK-wide samples. 
Sequencing was more successful at lower Ct values. Most same-sample replicate sequences had identical 
haemagglutinin segments (124/141, 88 %); 36/39 (92 %) Illumina vs. Nanopore comparisons were identical, 
and 3 (8 %) differed by 1 variant. Comparison of Oxfordshire and UK-wide sequences showed frequent inter- 
regional transmission. Infections were closely-related to 2022–23 vaccine strains. Only one sample had a 
neuraminidase inhibitor resistance mutation. 849/941 (90 %) Oxfordshire infections were community-ac
quired. 63/88 (72 %) potentially healthcare-associated cases shared a hospital ward with ≥ 1 known in
fectious case. 33 epidemiologically-plausible transmission links had sequencing data for both source and 
recipient: 8 were within ≤ 5 SNPs, of these, 5 (63 %) involved potential sources that were also hospital- 
acquired. 
Conclusions: Nanopore influenza sequencing was reproducible and antiviral resistance rare. Inter-regional 
transmission was common; most infections were genomically similar. Hospital-acquired infections are 
likely an important source of nosocomial transmission and should be prioritised for infection prevention 
and control. 

© 2024 The Author(s). Published by Elsevier Ltd on behalf of The British Infection Association. This is an 
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).   

Introduction 

Seasonal influenza infections cause significant mortality each 
year, as well as generating substantial peaks in healthcare demand.1 

Vaccination is an important mitigation measure in those vulnerable 
to adverse outcomes arising from older age or comorbidities, as well 
as helping to control transmission and minimise rare but serious 
complications in children. Antiviral treatment and post-exposure 
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prophylaxis with neuraminidase inhibitors are also used as part of a 
comprehensive approach to prevent severe influenza-related illness 
and death, alongside infection prevention and control measures.2 

Whole genome sequencing of influenza allows surveillance of 
viral subtypes, enabling early warning of divergence of circulating 
strains from those selected for seasonal vaccines, which in turn can 
be used to help plan control interventions and future vaccine design. 
Sequencing can detect antiviral resistance mutations which may 
help direct treatment recommendations. Sequencing also has po
tential as an infection prevention and control tool, helping to iden
tify, and hence interrupt, healthcare-associated influenza 
transmission. Furthermore, sequencing can also allow detection of 
genetic changes that may reduce sensitivity of other molecular 
assays.3 

Primers targeting conserved sequences across all eight segments 
of the influenza A genome have been used to facilitate sequencing 
using a variety of techniques based around Illumina and Nanopore 
platforms.4 Most recently, approaches using targeted5,6 Nanopore 
sequencing have been described, including comparisons of accuracy 
with Illumina sequencing,6 although Nanopore sequencing tech
nology has developed further since. Successful reconstruction of 
influenza genomes from Nanopore metagenomic7,8 sequencing is 
possible, albeit mostly with higher viral loads. Sequencing has been 
used to detect circulating subtypes, antiviral resistance mutations, 
and hospital-based clusters.8–10 Nanopore sequencing has several 
potential advantages, including rapid turnaround times, with initial 
data available within hours of starting sample preparation and 
smaller batch sizes facilitating use as a random-access diagnostic. 
These responsive properties mean that timely clinical and surveil
lance data can be provided. Lower per flow cell costs mean that 
sequencing can be more cost effective where samples need to be 
processed regularly rather than waiting for full flow cells/batches. 
Longer reads, spanning whole influenza genome segments also po
tentially help detect novel variation and mixed infections more ef
ficiently. Modest setup requirements have made Nanopore 
sequencing of pathogens deployable in a range of high and low re
source settings.11 However, Nanopore sequencing has potential 
limitations, including the potential for more errors than with Illu
mina sequencing, and the rapidly emerging nature of the technology 
and associated bioinformatic tools which may hinder clinical and 
public health deployment. 

Here we combine analysis of whole genome sequencing of in
fluenza from a large UK teaching hospital group, providing services 
to around 1 % of the UK population, with sequences from a re
presentative UK-wide household study, from the 2022/2023 winter 
season. We describe an approach for applying Nanopore technolo
gies including a rigorous quality control pipeline to ensure high 
quality sequencing. We identify evidence of frequent inter-regional 
transmission in the UK, as well as an important role for hospital- 
acquired influenza infections in onward transmission in healthcare. 

Materials and methods 

Samples, settings and ethical approvals 

Residual nasal and/or throat swab samples that had tested po
sitive for influenza A or B by PCR-based GeneXpert assay (Cepheid) 
or Biofire FilmArray (bioMérieux) were collected from the micro
biology laboratory of Oxford University Hospitals (OUH). OUH con
sists of 4 teaching hospitals with a total of ∼1100 beds, providing 
secondary care services to a population of 750,000 in Oxfordshire, 
UK, and specialist services to the surrounding region. Cycle 
threshold (Ct) values, indicative of viral loads in swab media, were 
available for the GeneXpert assay; the Biofire platform provides only 
a binary result. Ethical approval for use of the samples, and linked 

de-identified hospital record data, was granted by the London- 
Queen Square Research Ethics Committee (17/LO/1420). 

Influenza A/B positive samples from a pilot extension to the 
Office for National Statistics COVID-19 Infection Survey (CIS) were 
also obtained. CIS was a large longitudinal household survey, broadly 
representative of the wider UK population, conducting PCR tests for 
SARS-CoV-2 on self-collected nose and throat swabs and collecting 
questionnaire data approximately monthly. The study received 
ethical approval from the South Central Berkshire B Research Ethics 
Committee (20/SC/0195). From October 2022, a random subset of 
∼750 swabs received per week were additionally tested by multiplex 
PCR (ThermoFisher TaqPath™ COVID-19, Flu A/B, RSV ComboKit 
A49867); PCR results, symptoms and temporal patterns have been 
described previously.12 Samples positive for influenza A/B were sent 
to the University of Oxford for sequencing, together with PCR results 
and sample metadata (age provided as groups). 

Nucleic acid preparation, RT-PCR, and sequencing 

Nucleic acid was extracted for all samples using the Kingfisher Flex 
(ThermoFisher) MagMax TaqPath protocol using 200 µl sample and 
eluted in 50 µl elution buffer. For the CIS samples, influenza A and B 
were differentiated using the RealStar Influenza RT-PCR Kit (Altona 
Diagnostics). Purified RNA underwent targeted RT-PCR for influenza A 
or B.6 Sequencing of resulting cDNA was performed, multiplexing up to 
40 samples, using the Nanopore GridION device. A subset of sequences 
also underwent Illumina sequencing to evaluate the accuracy of Na
nopore sequencing (see Supplement for details). 

Bioinformatic and statistical analysis 

The Nanopore bioinformatics workflow was written in next
flow13 and packaged in conda; it is publicly available here: https:// 
gitlab.com/ModernisingMedicalMicrobiology/flu-workflow. Compe
titive mapping of sequence reads was used to identify influenza 
subtypes and to generate consensus genomes for analysis. The in
fluenza model in IRMA (https://wonder.cdc.gov/amd/flu/irma/) was 
used to assemble raw Illumina reads into consensus sequences to 
assess Nanopore sequencing accuracy (see Supplement). 

To address potential misidentification of samples arising from 
low level laboratory contamination, barcode cross-over effects 
arising from imperfect demultiplexing of reads, and sequencing er
rors, we developed several filters described in the Supplement (Figs. 
S1 and S2). 

Phylogenetic trees were created based on alignments of all suc
cessfully sequenced haemagglutinin (HA) segments for A/H3N2, A/ 
H1N1, and B/Victoria sequences. Strains for 2022–23 northern hemi
sphere vaccines14 were included in the trees, with one randomly se
lected as an outgroup to root the tree. Similarly, phylogenetic trees 
were created based on neuraminidase (NA) segments, and for whole 
genomes. Pairwise SNPs between segment and whole genome se
quences were obtained from the cophenetic distances extracted from 
trees multiplied by the alignment length. Rates of influenza HA seg
ment mutation were estimated from sample dates and sequence 
alignments using BEAST (version 1.10.4) (see Supplement). 

Multi-variable logistic regression was used to investigate asso
ciations with sequencing success, using sequencing of the HA seg
ment as the outcome, and Ct values, input cDNA concentration and 
sub-study (Oxfordshire vs. UK-wide) as exposures. 

We used a permutation test to assess for evidence of regional 
clustering of influenza genomes. The median SNP difference be
tween sequences from Oxfordshire was compared to the median 
difference between sequences where one was from Oxfordshire and 
the other from the UK-wide sequencing dataset. To assess if the 
observed differences were compatible with chance we permuted the 

J. Cane, N. Sanderson, S. Barnett et al. Journal of Infection 88 (2024) 106164 

2 

https://gitlab.com/ModernisingMedicalMicrobiology/flu-workflow
https://gitlab.com/ModernisingMedicalMicrobiology/flu-workflow
https://wonder.cdc.gov/amd/flu/irma/


sequence location labels 1000 times, and compared the distribution 
of the observed SNP differences to this random distribution. 

We searched each NA segment for previously reported mutations 
conferring resistance to neuraminidase inhibitors, i.e., the H275Y 
mutation in A/H1N1pdm09 viruses linked to oseltamivir resistance, 
and the I223R mutation conferring both oseltamivir and zanamivir 
resistance. We also searched for E119V and R292K in A/H3N2. 

Analysis of healthcare-associated infections 

Influenza infections diagnosed within ≤ 72 h of admission were 
deemed community-associated, and those diagnosed after >  72 h to 
be potentially-healthcare associated.15 

We searched for evidence of healthcare influenza transmission 
by considering cases potentially infectious from 2 days before a 
positive test to 5 days afterwards,16 and cases at risk of acquisition 
from 7 to 2 days17 before their positive test, allowing for a short 
delay between symptom onset and testing. Under these illustrative 
assumptions set to prioritise sensitivity for detecting transmission 
events (i.e., using values towards the upper limits of infectious/in
cubation periods), possible transmission events were defined where 
potentially healthcare-associated cases were present on the same 
hospital ward while at risk as an infectious case of the same influ
enza type (as defined by the initial diagnostic PCR, i.e. A or B). The 
plausibility of these potential transmission links was also evaluated 
by sequencing where both the case and contact’s infections were 
successfully sequenced. Infections within HA segments within ≤ 5 
SNPs were considered to represent potential transmission (see Re
sults). 

Results 

Oxfordshire samples and sequences 

Between 01 August 2022 and 31 March 2023, 996 influenza A or 
B positive samples were identified by the OUH microbiology la
boratory representing 941 infections in 940 unique patients; 931 
influenza A (93 %), 61 influenza B (6 %), and 4 both influenza A and B 
(< 1 %, all in children of ages eligible to have received live attenuated 
influenza vaccine, LAIV). The median (IQR) patient age across all 
positive results was 50 (24–76) years (range < 1 to > 100 years), 549 
(55 %) were from female patients. 

508 samples were retrieved by the research laboratory, 388 of 
which had sufficient residual sample available for sequencing (370 
influenza A, 17 influenza B, 1 mixed) (Fig. S3A). Ct values were 
available for 308 samples, median 24.2 (IQR: 20.3–27.6). Successful 
sequencing of at least 2 segments enabled identification of the in
fluenza type in 292/388 (75 %) samples: 231 (79 %) A/H3N2, 53 
(18 %) A/H1N1pdm09 (hereafter A/H1N1), and 8 (3 %) B/Victoria. The 
HA segment was successfully sequenced in 269/388 (69 %) of 
available samples, and these sequences were used in phylogenetic 
comparisons. 

UK-wide samples and sequences 

Within the CIS respiratory pilot, 14,939 randomly selected swabs 
from 14,664 unique participants were tested between 10 October 
2022 and 26 February 2023. In total 130 samples were positive for 
influenza A/B (positivity = 0.9 %); these positive samples were ob
tained from study participants in England (n = 106), Scotland 
(n = 11), Northern Ireland (n = 8), and Wales (n = 5). Most partici
pants had been vaccinated in the current and/or previous influenza 
season (n = 90, 69 %), most reported some form of symptoms at the 
point the swab was taken (n = 86/124, 69 %, data missing for 6, see 12 

for details), there was an equal split of participant sexes (n = 65 
female/male) and a wide spread of ages ranging from ≤ 5 to ≥ 80 

years, median range 30–40 years (IQR: 10–20 years, 50–60 years) 
(only age groups available). Median (IQR) Ct values on initial testing 
(combined influenza A/B) were 29.9 (27.3–32.1). 

Following transport of samples to the sequencing laboratory, on 
repeat PCR testing 87/130 samples yielded a subtype (5 other sam
ples had initial Ct > 30, did not yield a subtype and sequencing was 
not attempted; the remaining 38 were PCR negative on re-testing 
with a different assay) (Fig. S3B): 80 (92 %) were influenza A, 5 (6 %) 
influenza B, and 2 (2 %) both (1 in a child vaccinated on the same day, 
presumed to have received LAIV, and the other in an unvaccinated 
adult). Despite some samples testing PCR-negative on repeat testing, 
the Ct values were otherwise like the original results, median (IQR) 
29.6 (26.7–31.1). 

113 samples had sufficient material for sequencing. This included 
33 samples that tested PCR negative on repeat testing, but where 
sequencing was attempted anyway in case small quantities of de
graded RNA was still present (using both influenza A and B primers 
to 31 December 2022, and only influenza A primers thereafter). 
Overall, 53/113 (47 %) had a flu subtype identified from sequencing: 
41 (77 %) A/H3N2, 11 (21 %) A/H1N1, 1 (2 %) B/Victoria. Successful HA 
segment sequencing was achieved in 50/113 (44 %). Only 1/33 (3 %) 
samples negative on repeat PCR testing produced a HA segment 
sequence, hence in samples PCR-positive on repeat testing the suc
cess rate was higher, 49/80 (62 %). 

Negative, control and replicate samples 

A further 22 influenza A and B negative patient samples from 
Oxfordshire were sequenced, as well as 58 water controls, none were 
positive by sequencing, i.e., none had any segments that passed 
quality control filters. 

As part of internal quality assurance, some samples were se
quenced more than once. Overall, 705 sequencing attempts were 
made for 501 samples across both datasets; 433 (61 %) yielded a 
sequence including an HA segment that passed quality filters. The 
same sample was successfully sequenced twice (n = 63), three times 
(n = 16), or four times (n = 5), providing a total of 141 replicate pairs 
for comparison. 

Characteristics of successfully sequenced samples 

Influenza qPCR Ct values were available for 388 samples where 
sequencing was attempted (541 sequencing attempts). The percen
tage of samples with a successfully sequenced HA segment was 
highest with low Ct values, i.e., high viral loads, e.g., >  80 % for Ct 
values ≤ 25, 67 % for >  25-≤ 30 %, and 28 % for Ct values >  30-≤ 35; 
only one of 15 (4%) attempts with Ct >  35 yielded a successful se
quence (Fig. 1A). Similarly, samples with high total cDNA con
centrations after reverse transcription were more likely to be 
successfully sequenced, e.g., 27 % with ≤ 25 ng/µl compared to 95 % 
with >  100 ng/µl (Fig. 1B). 

Using multivariable logistic regression, both lower Ct values 
(adjusted odds ratio, aOR=0.84 per unit higher [95 % CI 0.79–0.89; 
p  <  0.0001]) and higher cDNA concentrations (aOR=1.30 per 10 ng/µl 
higher [1.20–1.41; p  <  0.0001]) were independently associated with 
sequencing success. Oxfordshire samples were less likely to be 
successfully sequenced at a given Ct value and cDNA concentration 
(aOR=0.44 [0.23–0.86]), likely reflecting the fact that different PCR 
assays and hence different Ct value scales were used in each sam
pling group. Taken together, the most likely explanation for the 
higher proportion of samples with a successfully sequenced HA 
segment in the Oxfordshire dataset (69 % vs 62 % in the samples PCR- 
positive on repeat testing in UK-wide study) was the lower Ct values, 
i.e. higher viral loads, in these symptomatic patients presenting to 
hospital, compared to the community samples obtained from UK- 
wide participants as part of a systematic sampling survey (Fig. S4). 

J. Cane, N. Sanderson, S. Barnett et al. Journal of Infection 88 (2024) 106164 

3 



Across 141 pairs of replicate sequences and considering HA seg
ment differences, most pairs were identical (n = 124, 88 %); the re
mainder were 1 SNP different (n = 13, 9 %), 2 SNPs different (n = 2, 
1 %), or 4 SNPs different (n = 2, 1 %) (Fig. 2A). In 124 pairs with ≥ 60 % 
of the whole genome identified in both samples, most SNP differ
ences were ≤ 10 (115, 93 %; Fig. 2B). For 6/9 of these pairs with >  10 
SNP differences, these differences were ≤ 10 SNPs in a sensitivity 
analysis excluding segments S2 and S3 which had a greater tendency 
for cross mapping between influenza types (Fig. S5). Comparing HA 
segments between successfully sequenced pairs of different samples 
from the same influenza subtype from across Oxfordshire and Eng
land in the same winter season, up to ∼50 SNPs were seen (Fig. 2C). 
Comparing genomes based on all eight segments up to ∼800 
genome-wide SNPs were seen (Fig. 2D). 

Although the primers used allow for amplification of all 8 in
fluenza segments, coverage of each segment varied, with segments 4 
(HA), 7 (M1 M2), and 8 (NEP NS1) best covered in influenza A (Fig. 3). 

Comparison of Illumina and Nanopore sequencing results 

A total of 20 samples had HA segments that were successfully 
sequenced by both Illumina and Nanopore methods. As some sam
ples were successfully Nanopore sequenced more than once, there 
were 39 Illumina vs. Nanopore comparisons possible: 36 (92 %) pairs 
were 0 SNPs different and 3 (8 %) were 1 SNP different. Two 
Nanopore replicates of the same sample had a T to C error within a 
homopolymer repeat of 6 Ts. The remaining error arose where the 
variant caller used for Nanopore data did not identify a difference 
from the reference that was found by Illumina, despite there being 
support for this on visual inspection of the mapped Nanopore reads. 

Phylogenetic analysis of Oxfordshire and UK sequences 

HA sequences from UK-wide A/H3N2 and A/H1N1 samples were 
distributed throughout phylogenetic trees of Oxfordshire samples 
(Fig. 4; similar findings from alignments of six segments excluding 

S2 and S3, Fig. S6), indicative of relatively frequent inter-regional 
transmission. There was some evidence for limited local clustering, 
e.g., within A/H3N2 HA sequences the median pairwise SNP differ
ences between Oxfordshire sequences was 22.3 (IQR 11.8–29.8), 
compared to 26.6 (13.8–30.9) in Oxfordshire-UK pairs and 27.7 
(14.9–33.0) in UK-UK pairs (permutation test p value for the ob
served ratio of Oxfordshire-Oxfordshire / Oxfordshire-UK SNP dif
ferences being at least as great as observed by chance = 0.015). 

Sequences were relatively closely related to the 2022–23 
northern hemisphere WHO recommended vaccine strains,14 with a 
median (IQR) nucleotide diversity over the length of the HA segment 
between vaccine strains and sequences from the combined Oxford
shire/UK-wide datasets of 0.012 (0.010–0.015), 0.024 (0.016–0.025), 
and 0.007 (0.006–0.007) for A/H3N2, A/H1N1, and B/Victoria re
spectively. Results were similar for the NA segment, 0.010 
(0.007–0.017), 0.012 (0.011–0.013), and 0.006 (0.005–0.008) re
spectively. 

Drug resistance and evolutionary rates 

Only one sample had evidence of a mutation associated with 
resistance to neuraminidase inhibitors. A sample from a 59 year old 
female patient from Oxfordshire in January 2023 had a H275Y mu
tation in an A/H1N1 infection. 

We estimated the rate of substitutions in the HA segment of A/ 
H3N2 to be 6.3 × 10−3 per base per year (95 % credibility interval 
4.6–8.0 × 10−3), and 6.3 × 10−3 (3.6–9.2 4.6–8.0 × 10−3) per base per 
year for A/H1N1. This corresponds to approximately 11 SNPs per 
segment per year. 

Oxfordshire cases vs ward contacts 

The 996 influenza A or B positive samples identified by the OUH 
microbiology laboratory represented 941 infections in 940 unique 
patients (one patient had an influenza B infection 53 days after 
testing influenza A positive). Although serial samples were obtained 

Fig. 1. Relationship between sequencing success and Ct values and cDNA concentrations. 541 attempted sequences had an associated Ct value and 547 an associated cDNA 
concentration recorded (sequencing was attempted more than once for some samples). Error bars show 95 % exact binomial confidence intervals. 
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from 42 patients (median [IQR] 8 [1–12] days between first and last 
samples), these were not routinely sequenced; only 2 pairs (obtained 
≤1 days apart) were sequenced with 0 and 4 SNPs between HA 
segments and 10 and 8 SNPs between six segment alignments (ex
cluding S2 and S3, as above). 

Considering the 941 infections, 849 (90 %) were community ac
quired (diagnosed within 72 h of admission), 4 (0.4 %) were com
patible with LAIV, and the remaining 88 (9 %) were potentially 
healthcare-associated,15 33 (4 %) diagnosed within 3–7 days of ad
mission, and 55 (6 %) after >  7 days of admission. 

Under assumptions set to prioritise sensitivity to detect most 
potential transmission, 63/88 (72 %) of potentially healthcare-asso
ciated cases had a link with ≥ 1 known infectious case on the same 
hospital ward while at risk. There were multiple possible sources 
identified for some infections, such that there were 359 potential 
transmission links overall. Some cases were exposed to multiple 
patients in admission or ambulatory units, others formed ward- 
based clusters, while other potential transmission events involved 
only a pair of cases (Fig. 5). 

Of 359 potential transmission links, 33 had sequencing data avail
able for both the putative transmission donor and recipient: 13 (39 %) 
links had different flu subtypes excluding transmission, 4 had matching 
subtypes but the HA segment was not identified in at least one infec
tion, five were 0 SNPs different, one was 1 SNP, one 2 SNPs, one 5 SNPs, 
and the remaining eight were ≥ 15 SNPs different (Fig. 5). Given the 
error rate in replicates and estimated of HA segment evolution of 11 
nucleotides/year in A/H3N2, if up to 5 SNPs were considered consistent 
with recent transmission in the same influenza season, 8/16 (50 %) 
assessable transmission pairs with the same flu subtype were within 
this threshold, and 7/16 (44 %) within ≤ 2 SNPs. This compares to the 
3593/24376 (15 %) of all pairs of Oxfordshire sequences of the same flu 
type within ≤ 5 SNPs and 1520 (6 %) within ≤ 2 SNPs. 

Amongst the 8 cases with ≤ 5 SNPs between them, 5 (63 %) in
volved potential donors that were also hospital acquired (all within 
≤2 SNPs), highlighting that these cases may be an important source 
of infection, despite accounting for only 88/931 (9 %) cases overall. 

Most Oxfordshire infections occurred in December 2022, ac
companied by a rise in the proportion of cases that were healthcare- 

Fig. 2. Distribution of single nucleotide polymorphism (SNPs) between replicate and different sample pairs. Panels A (n = 141) and C (n = 32,992) show differences for the HA 
segment and B (n = 124) and D (n = 29,147) for whole genomes based on all 8 segments (see Fig. S5 for sensitivity analysis using only six segments that removes several high SNP 
replicates; segments S2 and S3 had a greater tendency to cross mapping between flu types). 
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associated from the second week of December onwards (Fig. 6A/B). 
Clustering genomically similar infections (i.e., those within ≤5 SNPs 
of another case), most community and healthcare associated cases 
formed part of a small number of large clusters (3 for A/H3N2 and 1 
for A/H1N1; Fig. 6C). The large number of similar community and 
healthcare associated infections means identifying hospital trans
mission using genomics alone is unlikely to feasible, necessitating 
combined analysis with ward contact data as above. 

Discussion 

We show it is possible to undertake Nanopore-based sequencing 
of influenza at scale throughout a winter influenza season. While we 
show good concordance between circulating and vaccine strains for 
A/H3N2, A/H1N1, and B/Victoria and a low frequency of anti-viral 
resistance, our approach could also be used to provide surveillance 
in future seasons where this might not be the case. 

We show, as has been identified previously for influenza and 
other respiratory viruses,7,18 that sequencing success depends on the 
amount of viral RNA present. Ct values >  30 were associated with a 
reduced chance of sequencing success, and our efforts to sequence 
samples that had very high Ct values or that had potentially de
graded in transport show there is little point in attempting se
quencing where repeat PCR is negative or Ct values are >  35. Given 
the distribution of Ct values observed in our hospital group, this 
means that attempting to comprehensively sequence all influenza in 

a hospital is not possible. In our study this was compounded by over 
half of samples not being retrieved for sequencing due to logistical 
constraints, or not having sufficient residual sample for sequencing. 

Nevertheless, we are still able to make several observations. 
Firstly, there was only limited geographic structure when comparing 
sequences from Oxfordshire infections to those from across the UK. 
This is consistent with frequent transmission between Oxfordshire 
and multiple parts of the UK, i.e. widespread dissemination across 
the UK. However, as we did not have a larger UK-wide sample, we 
cannot exclude geographic structure elsewhere, e.g., it is possible 
that other specific locations elsewhere in the UK may experience less 
transmission with the rest of the UK than is seen in Oxfordshire. 

Secondly, many community and hospital-associated infections 
occurring concurrently were genomically very similar. This limited 
genomic diversity across a few key weeks of a winter season means 
that genomic data need to be combined with hospital ward move
ment data if inferences about hospital-based transmission are to be 
attempted; sequencing data alone is insufficient given the limited 
background diversity. We were, however, able to refute some ap
parent potential transmission of influenza in hospitals using se
quencing. We also show that genomically and epidemiological 
plausible sources of transmission are enriched for cases that are 
themselves likely hospital-acquired. This same pattern has also been 
observed for SARS-CoV-2 where patients are most infectious shortly 
after they are initially infected, such that nosocomial cases account 
for much hospital-based transmission.19,20 Focusing infection con
trol efforts around these cases is an important priority. It should also 
be considered that genomically and epidemiologically linked pairs, 
could also represent ‘co-secondary’ cases, where both are acquired 
from a common, but unascertained source. 

We show that using our approach Nanopore sequencing can 
produce accurate results compared to Illumina technology, with 
identical HA segment sequences obtained in 36/39 (92 %) compar
isons and a single difference in the remaining 3 comparisons. Two of 
the three apparent Nanopore sequencing errors occurred within the 
same homopolymer repeat in a pair of replicate comparisons of the 
same sample. This is a recognised issue, but one that is less common 
with the most recently released R.10.4 flow cells (we used the earlier 
R9.4.1 flow cells in this study).21 Nanopore results were also largely 
reproducible across replicate sequences. More stringent quality fil
tering could be implemented to reduce sequencing errors, but this 
might also impair recovery of some true variation, which we prior
itise here given the relatively limited sequence diversity seen overall. 
Inclusion of repeated samples on multiple sequencing runs provided 
important internal quality assurance. We show that it is possible to 
infer influenza subtypes using other segments, even where the HA 
and NA segments are not both sequenced. We attempted to se
quence samples even with very low viral loads, and although we 
normalised input cDNA concentrations as much as possible when 
multiplexing samples, inevitably samples with low concentrations 
accounted for a lower proportion of the total cDNA input. This meant 
that such samples were disproportionally at risk of contamination – 
both in the laboratory and from errors demultiplexing reads (which 
is an imperfect process). We developed filters that were able to 
largely mitigate this; some required absolute levels of data to be 
generated to call a specific segment as present, while others required 
a proportion of the data from the whole run or sample to be asso
ciated with a specific segment subtype in the sample. It is probable 
that if stricter requirements were made excluding low viral load 
samples from sequencing attempts, enabling tighter normalisation 
of cDNA concentrations, that these filters may be less critical. While 
the primers we used amplified all 8 segments, the efficiency across 
segments varied, as has been reported previously.6 For samples with 
sufficient input virus this can be overcome by a large enough overall 
sequencing depth, but this did limit whole-genome reconstruction 
in samples with lower viral loads. 

Fig. 3. Depth of coverage by influenza genome segment. Mean depth was calculated 
for each segment for each sample in which the HA segment was successfully se
quenced, i.e., the sequences used in phylogenetic analyses. The median of the mean 
depth values for each influenza type and segment is shown. Error bars show inter
quartile ranges, IQRs. 
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Other studies utilising both Nanopore and Illumina platforms 
have investigated influenza transmission,10,22,23 focusing on specific 
hospital wards or known outbreaks. Including influenza infection 
cases from across a hospital setting in this study allowed the relative 
contribution of community vs hospital-onset cases to transmission 
to be assessed. Additional nationwide sequences allowed the relative 
extent of regional vs. national transmission to be studied. Going 
forward this will be useful to determine whether a local snapshot of 
circulating virus is representative of infections in the wider popu
lation. 

Our study has several limitations. Some of the most important 
are covered above, namely that we only attempted sequencing on a 
subset of positive samples and that sequencing success rates re
duced at lower viral loads. Whilst this meant that only a relatively 
small subset of potential transmission links could be investigated 
using sequencing in the Oxfordshire hospital samples, this is likely to 
apply to all studies attempting to use sequencing to recover trans
mission links. Several UK-wide study samples degraded in transport 

reducing the number available for sequencing. Coverage of whole 
genomes was only partial, so despite a whole-genome approach, 
much of our analysis is focused on the HA segment. The PCR assays 
used for the Oxfordshire and UK-wide studies differed (as did 
sample handling conditions) meaning that Ct values are not directly 
comparable across studies. Whilst sequencing of samples was un
dertaken in general within a week of collection for Oxfordshire 
samples, analysis was completed when the whole dataset was col
lected meaning influenza surveillance was not timely for the pur
poses of transmission and outbreak detection. Future work should 
attempt to improve yields from lower viral load samples and con
sider if primer designs can be modified to produce more uniform 
coverage across the whole genome. It would also be of interest to 
compare community and hospital samples from the same location, 
to look for any differences, and this may also be relevant when 
considering surveillance programme designs. 

In conclusion, we have developed a method for high-throughput 
Nanopore sequencing of influenza A and B viruses. This has potential 

Fig. 4. Maximum likelihood phylogeny of HA segment sequences for influenza A H3N2 (panel A), H1N1 (panel B), and influenza B/Victoria (panel C). Sequences are coloured 
according to source dataset, 2022–23 northern hemisphere vaccine strains are shown for context, with one strain used as an outgroup to root the tree. (See Fig. S6 for sensitivity 
analysis excluding segments S2 and S3 which had a greater tendency for cross mapping between influenza types.). 
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to be used as a diagnostic where subtyping or resistance detection is 
important, for surveillance, and as an infection control tool. 
Healthcare-associated influenza cases are likely to be an important 
source of onward transmission in hospitals and infection prevention 
and control efforts around these patients should be prioritised. 

Transparency declaration 

No author has a conflict of interest to declare. 

Funding 

This study was funded by the Oxford National Institute for Health 
Research (NIHR) Biomedical Research Centre, the NIHR Health 
Protection Research Unit (HPRU) in Healthcare Associated Infections 
and Antimicrobial Resistance at the University of Oxford in part
nership with UK Health Security Agency (UKHSA), and the 
Department of Health and Social Care and UKHSA with in-kind 
support from the Welsh Government, the Department of Health on 

behalf of the Northern Ireland Government and the Scottish 
Government. 

ASW is an NIHR Senior Investigator. DWE is supported by a 
Robertson Fellowship. NS is an Oxford Martin Fellow and an NIHR 
Oxford BRC Senior Fellow. The views expressed are those of the 
authors and not necessarily those of the National Health Service, 
NIHR, Department of Health and Social Care, or UKHSA. This work 
contains statistical data from ONS which is Crown Copyright. The 
use of the ONS statistical data in this work does not imply the en
dorsement of the ONS in relation to the interpretation or analysis of 
the statistical data. This work uses research datasets which may not 
exactly reproduce National Statistics aggregates. The funder/sponsor 
did not have any role in the design and conduct of the study; col
lection, management, analysis, and interpretation of the data; pre
paration, review, or approval of the manuscript; and decision to 
submit the manuscript for publication. All authors had full access to 
all data analysis outputs (reports and tables) and take responsibility 
for their integrity and accuracy. For the purpose of Open Access, the 
author has applied a CC BY public copyright licence to any Author 
Accepted Manuscript version arising from this submission. 

Fig. 5. Plausible sources for 88 potential healthcare-associated influenza infections throughout the study period, based on ward overlap during defined infectious and incubation 
periods. Infections acquired after >  72 h as a hospital inpatient are shown as filled circles, community-associated cases are shown as squares. Nodes are coloured by influenza 
subtype as determined from sequencing: A/H3N2 in blue, A/H1N1 in orange, B/Victoria in green, unknown (not sequenced or not sequenced successfully) in grey. Possible 
transmission events, shown as edges, are drawn where potentially healthcare-associated cases were present while at risk on the same hospital ward as an infectious case of the 
same influenza type (as defined by the initial diagnostic PCR, i.e. A or B). The edges are coloured according to the ward on which contact occurred. The yellow edges and blue edges 
represent acute medical admissions units at two hospitals and the teal edges those occurring on an acute medical ambulatory assessment unit. Orange, red, pale green, and lime 
green clusters occurred on acute medical / geratology wards. The turquoise cluster represents a paediatric ward, the pink cluster maternity wards, and the brown cluster a 
haematology ward. Thick solid edges are where transmission is supported by sequencing, i.e., ≤ 5 SNPs between cases, dotted lines indicate where sequencing makes transmission 
less likely either due to >  5 SNPs (all actually ≥15 SNPs) or different influenza subtypes. 
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Fig. 6. Epidemiology of Oxfordshire influenza. Panel A shows hospital diagnosed infections (n = 941), classified by community onset (diagnosis ≤72 h of hospital admission) vs. 
potentially healthcare-associated (> 72 h). Panel B shows the proportion of cases that were potentially healthcare-associated, error bars indicate 95 % binomial confidence 
intervals, and the numbers beneath each point the number of potentially healthcare-acquired cases per week. Panel C shows successfully sequenced infections with an HA 
segment called (n = 269), each case >  5 HA segment SNPs different all previous cases is shown on a new horizontal line. 
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Data availability 

All genomes generated during this study are publicly available 
under European Nucleotide Archive Project PRJEB56915, https:// 
www.ebi.ac.uk/ena/browser/view/PRJEB56915. 

Oxfordshire patient data analysed are available from the 
Infections in Oxfordshire Research Database (https://oxfordbrc.nih
r.ac.uk/research-themes-overview/antimicrobial-resistance-and- 
modernising-microbiology/infections-in-oxfordshire-research-data
base-iord/), subject to an application and research proposal meeting 
on the ethical and governance requirements of the Database. 

De-identified COVID-19 Infection Survey study data are available 
for access by accredited researchers in the ONS Secure Research 
Service (SRS) for accredited research purposes under part 5, chapter 
5 of the Digital Economy Act 2017. For further information about 
accreditation, contact research.Support@ons.gov.uk or visit the SRS 
website. 
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