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A B S T R A C T

We compared two sample preparation protocols for whole genome sequencing of influenza A viruses. Each
protocol was assessed using cDNA quantity and quality and the resulting mean genome coverage after se-
quencing. Both protocols produced acceptable result for samples with high viral load, whereas one protocol
performed slightly better with limited virus count.

Genome sequences are increasingly used to understand and monitor
the transmission events of influenza viruses in various scenarios such as
long term evolution in immunocompromised hosts (Xue et al., 2017),
hospital epidemiology (Houghton et al., 2017; Pagani et al., 2015;
Valley-Omar et al., 2015), transmissions within households (McCrone
et al., 2018), and public health e.g. within larger communities (Ghedin
et al., 2005; Virk et al., 2017). Most of these studies have been per-
formed in retrospect using batch-wise sequencing of previously col-
lected and stored samples. In the past, most studies have used Sanger
sequencing of single viral RNA segments such as the haemagglutinin
segment (Houghton et al., 2017; Pagani et al., 2015).

In recent years, whole genome sequencing (WGS) has become the
method of choice for high-resolution typing of pathogens (Pallen et al.,
2010), including influenza viruses. Multiple protocols have been de-
scribed for WGS based typing of influenza A (Hoffmann et al., 2001;
Meinel et al., 2018; Zhou and Wentworth, 2012) and influenza B (Oong
et al., 2017; Vijaykrishna et al., 2015) viruses. The lack of standardi-
zation between WGS protocols and recommendation for influenza virus
typing is a problem for routine diagnostic laboratories. RNA con-
centrations and stability is an additional important challenge in bio-
banked samples (Forster et al., 2008). The number of isolates that failed
in the preparation of particular protocols is often not reported in pub-
lications. However, we expect, based on our own experience, that a
substantial number of viruses from frozen swabs (between 10% and

20%) cannot be WGS-typed due to quality reasons.
In this study, we assess the performance of two previously published

WGS based typing protocols for influenza A viruses (Method A (Meinel
et al., 2018) and Method B (Zhou and Wentworth, 2012)). We chose
two Qiagen-based methods as the related products are well established
in our laboratory. We compared the two protocols in order to select the
most suitable method for a large-scale sequencing of influenza A
viruses. During the influenza season of 2016/2017, we collected na-
sopharyngeal swabs (Universal Transport Medium, UTM-RT, Copan)
from patients with influenza like illness in the City of Basel and sur-
rounding areas. All samples were confirmed to be influenza A positive
by using the Xpert Xpress Flu/RSV (Cepheid, Sunnyvale, CA) assay. This
assay provides a Ct-value that allows a semi quantitative estimation of
the viral load of positive samples. Positive samples were aliquoted in
1ml volume in 1.5 ml tubes (Sarstedt) and frozen at−80 °C until batch-
wise sample processing was performed.

We used twelve isolates of the collection to directly compare the
two sequencing protocols. We selected these samples to reflect a wide
range of Ct values from influenza A specific PCR. Briefly, both protocols
start with an RNA isolation step, followed by a RT-PCR and a PCR
clean-up before WGS. The RT-PCR step transcribes all eight viral RNA
segments into cDNA and amplifies the viral genome. A detailed com-
parison of the methods can be seen in Table 1. The resulting PCR
products were analysed using Tape Station (Agilent Velocity, Lab901
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Tape Station). This allows the evaluation of the PCR specificity and
yield by inspecting the band patterns and their intensity (Fig. 1a). After
the final PCR clean-up, the DNA concentrations from both protocols
were fluorometrically quantified using a Qubit system (Thermofisher,
dsDNA HS Assay Kit) (Table 2).

Out of these twelve Isolates, we selected six for whole genome se-
quencing that had a DNA concentration of more than 2 ng/μl in both
methods. Additionally, these six samples represent a similar range of Ct-
values as determined by the Xpert Xpress Flu/RSV assay compared to
all twelve samples. We first fragmented the PCR products and processed
them into a library by using the Nextera XT protocol (according to
manufacturer’s instructions). We next sequenced the fragmented and
processed products using a MiSeq device (2× 300 bp) at the NGS core

facility at the Clinical Microbiology of the University Hospital of Basel
(ISO-accredited (ISO/EC 17025)). The resulting reads were mapped
against the influenza A (A/New York/392/2004(H3N2)) virus genome
using BWA (Li and Durbin, 2009). Read-depth and genome consensus
sequence was called using Pilon (Walker et al., 2014). A phylogenetic
tree of all Isolates was constructed using FastTree (Price et al., 2010).

We found that the average DNA quantity was higher in samples
processed with method B compared to samples processed with method
A (25.44 vs. 13.55 ng/μl). In addition, method B provided a better DNA
quality in comparison to method A, as the band pattern were more
distinct and less unspecific bands appeared (Fig. 1a). Furthermore, the
band intensities were more even across all samples. Although visual
inspection did not allow a quantifiable scoring of the DNA quality, the

Table 1
Comparison of the influenza whole genome amplification protocols.

Step Method A
(Meinel et al., 2018)

Method B
Modified from (Zhou and Wentworth, 2012)

RNA extraction
Sample input 100 μl 100 μl
RNA extraction RNeasy Plus Mini Kit a

(Purification of total RNA from animal cells (protocol): gDNA
elimination.)

RNeasy Mini Kit with QIAcube
(Purification of total RNA containing small RNAs from cells.)

Elution volume 50 μl 30 μl
RT-PCR

RNA input 5 μl 2.5 μl
Polymerase used SuperScript III One-Step RT-PCR System with Platinum Taq DNA

Polymerase
SuperScript III One-Step RT-PCR System with Platinum Taq High Fidelity DNA
Polymerase

Reaction volume 50 μl RT-PCR volume 25 μl RT-PCR volume
Forward primer(s) 5‘-ACGCGTGATCAGCAAAAGCAGG-3‘ 5‘-GGGGGGAGCAAAAGCAGG-3‘

5‘-GGGGGGAGCGAAAGCAGG-3‘
Reverse primer 5‘-ACGCGTGATCAGTAGAAACAAGG-3‘ 5‘-ACGGGTTATTAGTAGAAACAAGG-3‘
Thermocycler 55 °C for 40min; 94 °C for 2min

[94 °C 15 s, 52 °C 30 s, 68 °C 3min] × 35b

68 °C for 5 min, 4 °C hold

42 °C for 60min; 94 °C for 2 min
[94 °C 30 s, 44 °C 30 s, 68 °C 3min 30 s] × 5
[94 °C 30 s, 52 °C 30 s, 68 °C 3min 30 s] × 30
68 °C for 10min, 4 °C hold

PCR clean-up AMPure XP protocol AMPure XP protocol

a As we had no Hamilton Microlab Star device, we used a similar manual protocol.
b Number of cycles was reduced to from 40 to 35 in comparison to the publication.

Fig. 1. Quality assessments of RT-PCR products. A) The RT-PCR products were analysed using Tape Station. Each sample is showed with respective Ct-values and a
DNA size ladder. Bands show different amplified DNA segments. B) Read-depth of six isolates using both methods (method A in red, method B in blue) is shown. The
y-axis shows the relative position on the concatenated genome. The x-axis shows the read-depth in log scale. Each row corresponds to a different isolate (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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difference of the band patterns quality of the methods was striking.
The comparison of the Ct-values and DNA concertation showed that

a higher Ct-value (smaller viral load) resulted in a lower DNA yield
(Table 2). Furthermore, we also found that a high Ct-value resulted in
weaker band pattern in the Tape Station analysis (Fig. 1a). These trends
were far more pronounced in method A than method B.

After WGS and mapping of the reads, the read-depth distribution
was analysed as a surrogate for the DNA quantity and quality. On
average, the samples prepared with method A showed an average read-
depth of 9811-fold, whereas samples with method B had an average
read-depth of 13,887-fold (Table 2). Comparing the read-depth among
the eight segments revealed that method A had a reduced read-depth of
the NA Segment (PB1, NC_007372.1) (Fig. 1b). This trend was more
pronounced in samples with low viral load (high Ct-values). Ad-
ditionally, we also counted the sites that could not be used to generate a
consensus sequence for the genome by Pilon (default parameter). This
resulted on average in 41 and 8.5 not determined bases in the genome
for the samples processed with method A and method B, respectively
(Table 2). However, in the phylogenetic analysis the two methods result
in the identical results (Fig. 2).

Poor sample quality may reflect a mixture of pre-analytical (col-
lection, storage) and analytical (RNA-extraction, RT-PCR, library

preparation) reasons: sample storage could result in disintegration and
subsequently RNA degradation of particularly RNA viruses. In this
study however, sample storage was the same for both methods. The
protocols differed in the RNA extraction protocol and kit, primers used
for the RT-PCR, the DNA Polymerase used in the PCRs, and the cycling
conditions (Table 1). The bioinformatics analysis was the same for both
methods.

In conclusion, both methods provided decent results that are com-
parable, however method B generated slightly more reliable results for
WGS-based typing of influenza A viruses and more even read-depths
across all segments. Improving WGS-based typing for influenza does not
only include the analytical part investigated here, but also pre-analy-
tical processes that potentially can be optimized and standardized.
Ideally, the samples are sequenced shortly after collection and shared
data for real-time surveillance. Therefore, we provide a detailed step-
by-step protocol of the suggested method B in the supplementary ma-
terial.
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