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ABSTRACT

Background: Clinical metagenomics has the potential to provide an agnostic approach to respiratory
virus diagnostics, but there are substantial methodological challenges. Viral loads vary by orders of
magnitude among respiratory samples and nucleic acid extracts are dominated by non-target
sequences, particularly for samples from the upper respiratory tract. This necessitates upstream
virus enrichment and non-specific amplification approaches adaptable to high-throughput assays.

We aimed to develop such a workflow for respiratory RNA viruses.

Methods: We used nasopharyngeal swabs in viral transport medium remaining after routine
microbiological testing of clinical samples at Oxford University Hospital NHS Foundation Trust (UK)
was completed. Pre-extraction virus enrichment and non-target nucleic acid depletion methods
evaluated included differential centrifugation, bead-beating, nuclease treatment and virus
precipitation. RNA was extracted, then reverse transcribed using random Ny priming to include the
oligonucleotide (5’-GATGATAGTAGGGCTTCGTCAC-Ns-3’) used in subsequent amplification. Two
amplification approaches were designed and compared side-by-side: isothermal multiple
displacement amplification via Equiphi29 DNA polymerase using circularised template versus PCR-
based sequence independent single primer amplification. Sequencing used the Oxford Nanopore

Technologies platform.

Results: Our final optimised workflow combined multiple approaches to virus enrichment; sample
clarification (3,200g centrifugation, 30 minutes), nuclease treatment, virus precipitation and
centrifugation (13,200g, 30 minutes). RNA was extracted from the resultant pellet. Sequence
independent single primer amplification was adopted in the final workflow as it consistently out-
performed multiple displacement amplification. During development work, we detected a wide
range of respiratory viruses, including coronaviruses (SARS-Cov-2, 0C43, NC63, 229E), influenza A

and B, respiratory syncytial virus, parainfluenza 2, 3 and 4, human metapneumovirus, human rhino-
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and enteroviruses, together with an extraction control (MS2) and controls for reverse transcription

and amplification controls (Zika, murine respirovirus and orthoreovirus RNA).

Conclusions: We have developed an agnostic clinical metagenomics workflow for RNA respiratory
viruses, with potential for use in molecular diagnostics. Subsequent work will determine sensitivity
and specificity relative to performance current standard-of-care diagnostics such as commercial

respiratory PCR panels.

BACKGROUND

Sequencing of viral pathogens has become a key tool for global surveillance and public health
protection [1,2], facilitating the identification and investigation of outbreak, epidemic and pandemic
situations. Recent examples include the HIN1 influenza pandemic (2009), the Western Africa Ebola
epidemic (2014-2016), Zika virus in South America (2015-2016), the SARS-Cov-2 pandemic (2020-
2023), the emergence of mpox transmissible among humans, and most recently a cruise-ship related

cluster of hantavirus cases [3-8].

Clinical metagenomics (CMg) extends the public health benefits of sequencing by determining whole
genomes directly from clinical samples such as blood, CSF or respiratory samples, without culture or
prior knowledge of infecting pathogen sequences. Pathogen reads are identified and genomes

assembled bioinformatically.

Notable applications of CMg to respiratory viruses include determination of the SARS-Cov-2 genome
early in the pandemic [9] and more broadly the detection of viruses not routinely captured by
routine diagnostics [10]. Proof of principle uses in clinical settings include ongoing pandemic SARS-
Cov-2 identification in patients with pneumonia [11], divergent human rhinovirus strain detection in

hospitalised neonates [12], and analysis of acute respiratory samples [13-16]. If widely adopted,
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routine diagnostic CMg would support the detection of both routine infections and emerging viral

threats or novel strains [17-21].

The global burden of respiratory virus infections remains high [22-23], with current clinical
laboratory diagnostics focused on syndromic PCR panels, such as the BIOFIRE FilmArray Respiratory
2.1 panel (Biomerieux) or Alinity Resp-4-plex assay (Abbott). In addition to only detecting a finite
number of targets, such assays may also miss emergent or rapidly evolving strains due to primer or
probe mismatches. Tests for RNA viruses with high mutation rates ~0.1-1 mutation per genome per
replication [24,25] are particularly vulnerable [26] the pandemic SARS-CoV-2 S-gene failure in the

ThermoFisher TagPath assay being a classic example [27].

The lack of routine CMg protocols delivering high sensitivity for all samples, especially those with low
viral titres, reflects multiple technical and regulatory challenges [28]. Respiratory samples vary by
orders of magnitude in relative and absolute amounts of viral and other (human and bacterial)
nucleic acids, also depending on whether samples come from the lower or upper respiratory tract.
Respiratory viruses themselves vary in size, genome organisation and envelope presence/absence.
CMg workflows for respiratory viruses are being developed and are in the early stages of clinical

evaluation [15, 29-32].

We aimed to develop a sensitive, catch-all workflow prioritising detecting RNA respiratory viruses
from upper respiratory tract samples, most commonly sampled. This choice reflected their role in six
of the eight World Health Organisation Public Health Emergencies of International Concern since
2005, and previously reported sensitivity challenges for RNA viruses in respiratory CMg detection
[30]. We chose an iterative approach, evaluating different procedures to enrich viral nucleic acids
relative to background, combined with parallel testing of two novel agnostic cDNA amplification

strategies.
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METHODS

Clinical Samples

Respiratory RNA virus-positive and negative clinical samples comprised nose and/or throat swabs in
viral transport medium (Sigma-Virocult (MWE)). Samples were submitted for routine clinical testing
by PCR at the Microbiology Laboratory, Oxford University Hospital NHS Foundation Trust (UK).
Respiratory virus positive samples were identified via the Alinity Resp-4-plex assay (Abbott,
detecting influenza A, B, RSV and SARS-CoV-2), Xpert Xpress SARS-CoV-2/Flu/RSV plus (Cepheid) or
BIOFIRE FilmArray Respiratory 2.1 panel (Biomerieux, 17 viral targets) and were collected
retrospectively. Negative samples were identified by BIOFIRE FilmArray Respiratory 2.1 panel
(Biomerieux) as it has the broadest target range of these commercial panels. Samples were obtained
post-discard, stored at 4°C and used for assay development after routine testing was complete,

therefore quality (volume, age) varied.

Sample Fractionation and Virus Enrichment

Four experimental approaches to virus enrichment were evaluated in different combinations; (i)
centrifugation (to remove intact human cells), (ii) nuclease digestion of free nucleic acid within VTM
(to remove free human and bacteria DNA), (iii) precipitation of intact virions and (iv) bead beating

(to release human DNA prior to nuclease digestion). Details are summarised in Additional File 1.

Control Materials

Commercial preparations of internal process controls (Table 1) were used. The extraction control
comprised intact bacteriophage MS2 particles (a small RNA virus that infects bacteria) added after
sample fractionation, and immediately before RNA extraction (Additional File 1). The reverse
transcription/amplification controls, genomic RNA from 3 RNA viruses (Zika, murine respirovirus and

orthoreovirus), were added to RNA extracts just before reverse transcription (Additional File 1).
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Table 1: Internal Process Controls

Process Internal Quantitative or RNA Genome Stock Concentration Supplier Product Code
Control Qualitative
RNA NATtrol™ MS2 | Quantitative 3.6 kb ss +ve 1x1077 particles/ml Zeptometrix, Buffalo NY, NATMS2-STQ
Extraction Bacteriophage USA
MS2 Qualitative 3.6 kb ss +ve As supplied Applied Biosystems, 100093312
Bacteriophage Thermo-Fisher
Reverse Zika virus Quantitative 10.8 kb ss +ve > 1x1075 genome ATCC, VA, USA ATCC-VR-1838
transcription = genomic RNA copies/pl

and
amplification

Strain: MR 766

Murine
respirovirus
(Sendai)
genomic RNA

Orthoreovirus
genomic RNA
(Reovirus
Serotype 3;
Strain: Dearing)

Quantitative

Quantitative

15.4 kb ss -ve

23.6 kb ds

segmented (n=10)

1.15-3.92 kb

> 1x1075 genome
copies/pl

> 1x1075 genome
copies/pl

ss: single stranded, ds: double stranded, +ve: positive sense RNA, -ve: negative sense RNA

ATCC, VA, USA

ATCC, VA, USA

ATCC-VR-907

ATCC-VR-824
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RNA Extraction

Three commercial (automatable) RNA extraction kits were evaluated (Additional File 1), according to
manufacturers’ protocols for manual use. Extraction was done initially using either the MagMAX
viral RNA or the MagMAX Viral/Pathogen Ultra Nucleic Acid Isolation Kit (ThermoFisher Scientific,
San Diego, USA), to extract 340 or 390 pl viral transport medium (VTM), (plus 10 pl MS2 extraction
control). Then the 50 pl eluate in DEPC treated water (Ambion) was concentrated to 9 ul (RNA clean
and concentrate kit, Zymo Research, Irving, California, USA) prior to reverse transcription. Later
experiments used a different approach, the Direct-zol RNA Microprep kit (Zymo Research) to extract
fractionated pelleted material derived from 1ml VTM, resuspended in 20 pl PBS (plus 10 pl MS2
extraction control). The method used 9 volumes (270 ul) Tri reagent (Zymo Research), then RNA was

eluted from the DNAse-treated column in 10ul DEPC treated water.

First Strand cDNA Synthesis

Reverse transcription was performed using the Maxima H Minus First Strand cDNA Synthesis Kit,
with ds DNase (ThermoFisher) in a 20 pl reaction volume, containing 8 ul RNA extract, and 1 pl each
reverse transcription/amplification control, Zika, murine respirovirus and orthoreovirus (Table 1).
cDNA was primed randomly via the 3’-terminal Ng of a custom oligonucleotide
5’/phos/GATGATAGTAGGGCTTCGTCAC-No-3’ (Integrated DNA Technologies, Leuven, Belgium) at 5
puM final concentration, with incubation according to the manufacturer’s instructions.

Single stranded cDNA underwent size selection and purification using SPRI (Solid-Phase Reversible
Immobilization) beads; 0.9 volumes AMPure XP magnetic beads (Beckman Coulter, Indianapolis,
Indiana, USA) were used and two 70% ethanol washes performed before elution of cDNA >~100
nucleotides in DEPC treated water (Ambion). cDNA was then taken forward to sequence
independent single primer amplification (SISPA) PCR or multiple displacement amplification (MDA)

using EquiPhi29 DNA Polymerase (ThermoFisher).
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cDNA Amplification: SISPA PCR

Prior to SISPA, single stranded cDNA was made double stranded, using the same custom
oligonucleotide as the first strand, (5'-GATGATAGTAGGGCTTCGTCAC-Ns-3’, 2.5 uM final
concentration) to incorporate the ‘tail’ sequence on the opposing strand. Sequenase™ Version 2.0
DNA Polymerase (ThermoFisher) was used with reaction conditions adapted from previous work
[33]. Following a SPRI bead purification, ds DNA >~100 bp was eluted in 22 pl DEPC treated water
(Ambion) and the 20 ul amplified by PCR using the oligonucleotide primer SISPA-1: 5’-
GATGATAGTAGGGCTTCGTCAC-3'".

Each PCR (50 pl) comprised 20 pul ds cDNA, 5 pl SISPA 1 oligonucleotide (20 uM) and 25 ul NEBNext®
Ultra™ Il Q5® Master Mix (New England Biolabs, Ipswich, Massachusetts, USA). Amplification
conditions were denaturation at 98 °C for 30 seconds (1 cycle), followed by 30 cycles of denaturation
at 98 °C for 10 seconds, annealing 64 °C for 30 seconds, and extension 72 °C for 1 min 30sec (30
cycles), followed by a final extension of 72 °C for 2 minutes. A final SPRI bead purification was
followed by elution in 15 ul DEPC treated water. The amplification products were quantified by

Qubit fluorometer using the dsDNA 1X BR Assay (ThermoFisher).

cDNA Amplification: MDA

Single stranded cDNA from the first strand synthesis reaction was treated with RNAse H (New
England Biolabs, Ipswich, Massachusetts, USA) then circularised by intramolecular ligation using
CircLigase™ ssDNA Ligase (Biosearch Technologies, Teddington, UK). The 5’ terminal G of the cDNA
synthesis primer ‘tail’ was chosen to meet the base preference of CircLigase™ G > A >>>T >>>C, and
contained a 5’ terminal monophosphate to facilitate ligation. After sequencing, the ‘tail’ sequence
5’-GATGATAGTAGGGCTTCGTCAC-3’ was identified bioinformatically and used to de-concatenate
sequences derived from the circularised cDNA (Figure 1). The manufacturer’s recommended 10-15%
PEG 8000 (polyethylene glycol) was included during ligation to improve circularisation of longer
fragments. The 20 pl reaction comprised 11 pl ssDNA template, 2 ul 10x reaction buffer, 1 pl 50mM

MnCl;, 1 pl ImM ATP, 4 pl 50% PEG 8000 (buffer pack B0216L, New England Biolabs) (10% final), 1 pl

8
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Circligase™. Incubation was at 60 °C for 1 hour, followed by inactivation at 80 °C for 10 minutes.
Remaining linear single stranded DNA and linear double stranded DNA were removed by incubation
with 20 units exonuclease | and 100 units exonuclease Il (New England Biolabs), with incubation at
37°C for 45 minutes. After SPRI beads purification, elution was in 15 pl DEPC treated water.

MDA was primed using exonuclease resistant random hexamers and performed using thermostable
Equiphi29 DNA polymerase (ThermoFisher) according to the manufacturer’s instructions. After SPRI
bead purification, ‘debranching” was performed using T7 endonuclease (17 pl DNA, 2ul NEB buffer 2,
1 ul T7 endonuclease 1 (New England Biolabs, Ipswich, MA, USA), followed by a final SPRI

purification and quantitation by Qubit fluorometer using the dsDNA 1X BR Assay (ThermoFisher).

Sequencing library preparation and sequencing

Libraries were prepared according to the Rapid Sequencing V14-Amplicon Sequencing protocol from
Oxford Nanopore Technologies (ONT, Oxford, UK). Samples were sequenced using the Rapid
Barcoding Kit V14 (RBK114.96; ONT) on R10.4.1 Flow Cells (ONT). Up to 26 samples were sequenced

per flow cell for 72 hours with SUP base calling enabled.

Bioinformatics Methods

Amplified reads were detected from sequencing reads using an in-house pipeline then taxonomically
classified and mapped to reference genomes. Reads were identified by the presence of the reverse
transcription primer sequence using blastn v2.16.0+ [34] with custom settings (-task blastn-short -
word_size 7 -gapopen 2 -max_target_seqs 10000000). For reads from SISPA PCR, primer sequences
were trimmed, for reads from MDA, reads were split at every location where primer was identified
and each fragment treated as an independent read. Kraken2 v2.17.1 [35] (default settings) with the
k2 pluspf 20240605 index was used for taxonomic classification counts of amplified reads for each
virus target. Trimmed reads were aligned to curated reference genomes using minimap2 [36] for
coverage breadth and depths. All scripts are available in GitHub repository

https://github.com/oxfordmmm/AD_analysis.
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Statistical Tests

Read counts are presented as medians with interquartile ranges (IQRs) and ranges. Comparisons
between two related groups, including different amplification methods, or treatments applied to the
same clinical sample, were performed using two-sided Wilcoxon signed-rank tests. Comparisons
between two independent samples were performed using two-sided Mann—Whitney U tests. Where
three treatment conditions were compared within the same clinical samples, an overall Friedman

test for repeated measures was used. A p-value < 0.05 was considered statistically significant.

Nucleotide Sequence Data
Data were uploaded to European Nucleotide Archive (ENA) under the accession PRIEB102181.

Accession numbers are provided (Additional File 2).

RESULTS

Over a series of experiments, we identified best-performing combinations of virus enrichment, RNA

extraction and non-specific amplification (Figure 1) strategies (Additional File 1).

Control Performance

Following initial spiking experiments using two negative clinical sample ‘backgrounds’ (BG1 and
BG2), 1075 or 1074 genomes per reaction was selected for the reverse transcription/amplification
controls (Zika, murine respirovirus or orthoreovirus genomic RNA) (Figure 2). A higher control
concentration (10”76) was not used, to avoid competition from excessive non-target reads and for
reasons of cost. The extraction control, MS2 was not detected (Additional File 3, Experiment 2). To
investigate, MS2 RNA was extracted directly from control dilutions (without spiking) and amplified
using a commercial gPCR assay (Applied Biosystems - ThermoFisher). MS2 was detected (Table 2),
confirming successful extraction but at an insufficient number of copies to be detected by

sequencing under the spiking conditions tested using BG1 and BG2. This sensitivity issue was

10
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Table 2. Confirmation of MS2 Extraction

Sample | MS2 Copies @ Ct Value

1 1076 17
2 1075 21
3 107 25
4 1073 36
5 Negative 1 N/A
6 Negative 2 N/A

Quantitative MS2 control (Zeptometrix) was extracted using the MagMAX™ Viral RNA Isolation Kit
(Thermo-Scientific) and then detected using a commercial PCR-based assay, which is designed to
detect MS2 (Applied Biosystems - Thermo-Fisher SARS-Cov-2/MS2 PCR assay). Data obtained for the
MS2 control are shown.

addressed in subsequent experiments by approaches aiming to (i) deplete non-target background

DNA (ii) improve lysis of non-enveloped viruses and (iii) evaluate an alternative MS2 preparation.

Non-specific Amplification Strategies: SISPA out-performed MDA

To avoid running all experiments in duplicate, prior to evaluating the optimal background depletion
and RNA extraction processes, we first identified the optimal non-specific amplification strategy.
SISPA out-performed MDA for the control virus genomes (Figure 2). The performance of SISPA and
MDA was also compared using 37 respiratory virus positive samples in which >2 virus reads were
detected by SISPA (Figure 3). In 32 out of 37 instances, SISPA was equivalent to or superior to MDA,
(both methods generated 3 reads from one sample), yielding a median (IQR) of 146 (5.5-4901.5)

reads and 10 (1-254.5), respectively (Wilcoxon signed-rank test, p < 0.0001).

Overall, fewer reads were obtained for non-enveloped human rhino- and enterovirus (HRE; labelled
as “picornavirus”/Picornaviridae” in Figure 3) relative to enveloped viruses, e.g., using SISPA, 4 (2—
15.5) reads vs. 739 (31-7928.5) reads, respectively (Mann—Whitney U test, p < 0.001) (Figure 3).
SISPA was therefore used in preference to MDA in optimisation of virus enrichment and host

depletion.

11
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Centrifugation: Pellet Fraction Best-Performing

Clinical samples (n=12) underwent fractionation by centrifugation (5,000 g, 30 minutes), as
described [37] for the removal of cellular debris from virus-containing cell culture fluid. Sequencing
reads (n) obtained for the per sample fractions were compared (unfractionated ‘neat’ VTM, pellet
and supernatant; Figure 4, Experiments 5 and 6). In 6/9 samples in which virus was detected (7/10
observations due to one dual infection), the pellet fraction contained more reads than the
corresponding supernatant fraction, median (IQR; range) read counts of 239 (5-5053; 0—61,075) and
2 (1-16,380; 0-28,343), respectively (Wilcoxon signed-rank test, p = 0.33). The pellet fraction also
performed better than the neat VTM in 6/9 samples (Figure 4), (7/10 observations as before), with
median (IQR; range) read counts of 239 (5-5053; 0-61,075) and 80 (2—2491; 0-54,786), respectively;

(Wilcoxon signed-rank test, p = 0.15).

Even after fractionation, detection of the extraction control MS2 (1075 per extraction) and HRE
remained poor; notably, both are non-enveloped and contain the smallest genomes of all viruses
targeted. We therefore used the pellet fraction only in the immediately following experiments,

before subsequently revising this strategy in the final workflow (described below).

Improved Detection of Non-Enveloped Viruses

Because of the challenges of obtaining reads from non-enveloped viruses, to improve disruption of
tough non-enveloped viral capsids, a phenol and guanidine isothiocyanate-based approach to RNA
extraction [38] was evaluated using the Direct-zol RNA Microprep kit (Zymo Research). This kit also
included an on-column DNAse 1 treatment and reduced the RNA elution volume (10 pl). DNAsel
aimed to reduce background DNA, while the small elution volume allowed virtually all RNA derived
from the initial 1ml VTM to be reverse transcribed. All these changes were introduced with the aim

of improving workflow sensitivity.

A further 16 clinical samples, which were PCR positive for 22 respiratory viruses (including 8 HRE)

were obtained and processed to a pellet as above (centrifugation 5,000 g, 30 minutes). Following the

12
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phenol-based Direct-zol extraction, at least one respiratory virus was detected in 12/16 samples,
with 15/22 respiratory viruses detected overall (Figure 5, Additional File 3, Experiment 7). The nine
HRE positive samples yielded 1, 357, 1, 2,0, 4,0, 0, 2 reads (21 HRE read from 6/9 pellets). This
compared to 5, 0, 3, 25,0, 0, and 0 reads (=1 HRE read from 3/7 pellets) for HRE positive samples in
previous experiments using MagMAX extraction kits (Figure 4). The difference in HRE reads between
the Direct-zol and MagMAX approaches was not statistically significant, with median (IQR; range)
read counts of 1 (0—3; 0—357) and 0 (0-5; 0—25), respectively (Mann—Whitney U test, p = 0.93).
However, Direct-zol was chosen for subsequent work since (a) one sample yielded substantially
more HRE reads (357), confirming that higher-level read counts are achievable using this kit, and (b)
HRE detection was slightly better by Direct-zol (although not statistically significant), with 21 HRE
read detected in 6/9 samples, versus 3/7 samples by MagMAX. The MS2 (1075) extraction control

was detected in 4/16 samples (1, 1, 1, 3 reads).

Yield Enhanced by Intact Virus Precipitation

Returning next to try to further improve the enrichment of virus RNA prior to extraction, a
combination of differential centrifugation and precipitation were assessed, with the phenol-based
Direct-zol extraction. Three pellets were generated from each of 10 clinical samples. Firstly, 1 ml
VTM was clarified at reduced speed (3,200g, 30 minutes - pellet 1) to ensure the majority of viral
RNA remained in the supernatant. The supernatant from this underwent a second, high-speed
clarification (13,200g, 30 minutes - pellet 2). Then the supernatant from this underwent PEG
precipitation using intact virus precipitation reagent (Invitrogen, Paisley, UK), with a final high-speed
centrifugation step yielding a third pellet (13,200g, 30 minutes - pellet 3). The respiratory virus reads
(n) obtained for each pellet were compared across samples (Figure 6, Additional File 3, Experiment

8).

Respiratory virus reads were detected in 6/10 samples, and across all three pellets in 5 of these

(Figure 6). In the 6 samples, pellets 2 and 3 always out-performed pellet 1. In 4/6 samples pellets 2

13



296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

and 3 both yielded well over 10-fold higher numbers of reads than pellet 1. For the same six
samples, pellets 1, 2 and 3 yielded median (range) read counts of 42 (0-133), 706 (0—4383), and 681
(4-3189), respectively (overall P-value for differences, p = 0.048 (Friedman test)). This suggested
that the large pellet 1 generated by slower initial centrifugation functioned as intended, clarifying

the VTM but with limited viral material co-pelleting with the cellular material.

Detection of the MS2 control improved relative to previous experiments with reads detected in at
least one pellet for 8/10 samples (Figure 6), compared to only 3/16 samples previously (Figure 5).
Here, MS2 was detected in 3/3 pellets from two clinical samples, 2/3 pellets from four samples, 1/3
pellets from two samples and undetected in two samples. This may reflect improved MS2 extraction
and, or better depletion of non-target nucleic acid. However, HRE detection remained challenging,

with only one of the three samples tested yielding any reads (Figure 6).

Nuclease Treatment of Clarified VTM

Next, we examined nuclease treatment of clarified VTM using two different salt-active nucleases. In
the first of two experiments (Figure 7A, Additional File 3, Experiment 10), 3x1ml clarified VTM
aliquots were prepared per clinical sample (n=8). They underwent either: (i) no nuclease treatment
(control), (ii) M-SAN HQ (Arcticzymes) incubation at 37°C for 30 minutes, followed by PEG
precipitation (Intact virus precipitation reagent, Invitrogen) or (iii) SAN HQ (Arcticzymes) incubation
during the PEG precipitation. Then they underwent high-speed centrifugation, (13,200g, 30 minutes)
generating a pellet for extraction.

We found that SAN treatment was unsuccessful (no virus reads detected; Figure 7A) and it was not
pursued. However, M-SAN treatment was investigated further. An additional 10 clinical samples
were treated and compared to ‘no nuclease’ control, bringing the total number of samples assessed
in this way to 18 (Figure 7A & B, Additional File 3, Experiment 10 & 10A).

Respiratory virus reads were detected in 14/18 samples (both with and without M-SAN treatment).

Of the fourteen, 5 were only weakly positive, having <15 reads (again, by both methods). The

14



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

remaining 9 samples were used to assess the effectiveness of M-SAN treatment. M-SAN pre-
treatment yielded higher read counts in 6/9 samples (Figure 7). Median (IQR; range) read counts
were 87 (44-1711; 21-5416) with M-SAN, versus 66 (25.5-1583.5; 4—3805) without. Although, this
difference was not statistically significant (Wilcoxon signed-rank test, p = 0.30), due to the potential
benefit here, and a report of adoption by others in place of HL-SAN [39], M-SAN was retained in our
final workflow.

With respect to the MS2 extraction control, an alternative qualitative preparation (ThermoFisher)
was tested. MS2 reads were detected in all but one of the 18 clinical samples, and in 32/44 fractions
overall, with the number of reads exceeding 10 in 19 of these (Figures 7A, 7B). This alternative MS2
stock was therefore adopted going forwards. The RT/amplification controls performed robustly at

1074 genomes per extraction (Figures 7A, B).

Mechanical Lysis of Human cells

Within a final set of experiments, for each of 10 clinical samples, a mechanical lysis bead beating
treatment before M-SAN incubation was compared to no bead beating pre-treatment. Respiratory
virus reads were detected in 7/10 samples (5 by both methods, 1 by each alone) (Figure 8, Additional
File 3, Experiment 11). An increased number of reads post bead beating/M-SAN treatment were
detected in only 3/7 samples but, in 2/3 the numbers of reads were <10. For the seven samples,
bead beating then M-SAN yielded median (IQR; range) read counts of 1 (1-47; 0-802), and M-SAN
alone read counts of 3 (1-29; 0-1253), with no significant difference between treatments (Wilcoxon
signed-rank test, p = 0.58). Bead beating prior to nuclease treatment was not pursued further. The

qualitative MS2 stock (ThermoFisher) performed consistently (Figure 8) as before (Figure 7A, B).

Final workflow and Genome Coverage
Our final workflow comprised nuclease treatment of clarified VTM, intact virus precipitation, then
high-speed centrifugation, followed by extraction of the resultant pellet (Figure 9). Double stranded

cDNA underwent non-specific amplification by SISPA before sequencing using the ONT platform. For

15



346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

all samples in the final workflow, (Figure 8, Additional File 3, Experiment 11 — samples without beat
beating) the median (IQR)[min-max] coverage breadth for MS2, Zika, murine respirovirus, and
orthoreovirus was 52% (21%)[0-87%], 72% (13%)[2-91%], 64% (29%)[0-92%], and 34% (22%)[1-54%],
respectively. Reads mapped across the length of the genomes for the extraction control, the reverse
transcription/amplification controls and the infecting respiratory virus, SARS-CoV-2 are shown for
samples 6 and 10, (Experiment 11, Additional File 3) as there were sufficient reads for coverage plots

(Figure 10).

DISCUSSION

During CMg workflow development, a total of 12 different respiratory viruses; coronaviruses (SARS-
Cov-2, 0C43, NC63, 229E), influenza A and B, RSV, parainfluenza 2, 3 and 4, human
metapneumovirus and HRE were successfully detected (Figures 4-8). Sequencing reads were used to
measure and compare the performance of different workflow iterations, and data are shown for a
range of optimisation experiments (Figures 2-8, Additional File 1). Sequence data for 66 clinical
samples are shown in Figures 4-8. Samples were split into 146 different fractions sequenced through
multiplexing at 13 — 26 fractions per flow cell to reduce cost. Data for two experiments conducted
for operator training are shown in Additional File 3 only, as these yielded few informative data

points.

Since throat/nasal swabs contain large amounts of non-target nucleic acid, obtaining useful numbers
of viral reads depends on pre-extraction virus enrichment or non-target nucleic acid depletion.
Chemical and enzymatic methods have been used previously to achieve human DNA depletion, for
example saponin/nuclease treatment, MolYsis, HostZERO (Zymo Research) and DNA Microbiome
(QlAamp), [40-42]. However, these are unsuitable for RNA viruses. They are not optimised for the
recovery of RNA, which is much more easily hydrolysed than DNA and subject to degradation by
cellular RNAses. Instead, post-extraction human rRNA depletion by RNAse H and specific probes has

16



371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

been used successfully [15, 43-45]. But the cost of commercial RNAse H-based kits is high, adding at

least £40-£50/sample and this was not evaluated here.

Instead, to maintain the advantages of CMg as a potentially agnostic detection method, we
identified approaches to pre-extraction virus enrichment with the potential to work equally
efficiently for all RNA virus taxa. We evaluated combinations of differential centrifugation, bead
beating, endonuclease treatment and virus precipitation (Figures 4-8). Low speed centrifugation is
often used to sediment large human cells and debris, with the supernatant taken forward for further
processing. We discarded an obvious pellet from most samples, while removing relatively little
target virus RNA (Figure 6). Filtration is another option for large debris removal, but centrifugation
was preferred due to simplicity and reports of similar performance for both [33]. Free nucleic acid
was removed from our clarified supernatant using the salt tolerant endonuclease M-SAN, which out-
performed SAN and bead beating under the conditions tested (Figure 7, 8). Following M-SAN
treatment, intact virions were precipitated using Intact Virus Precipitation Reagent (Invitrogen) and
collected by high-speed centrifugation. This yielded a pellet from which RNA was extracted. Our
results for nuclease-treatment using M-SAN were variable, certain samples benefiting, but others
not (Figure 7) despite an incubation time of 30 minutes and optimised Mg?** concentrations. Given
the cost (~£35 per sample), it may be worthwhile exploring alternatives such as human rRNA
depletion kits, the cost of which may be justified if consistent benefits were achieved for every

sample.

An advantage of PEG precipitation was it allowed almost 1ml starting volume of VTM, around twice
that of other respiratory CMg protocols [15,29], while generating a compact pellet for RNA
extraction. Virus precipitation reagents typically contain buffered polyethylene glycol and NaCl.
Precipitation occurs by physical chemistry; PEG hydration reduces available solvent and NaCl helps
neutralise surface charges causing virus aggregates to form, which can be pelleted by centrifugation

[46]. This process can be automated using magnetic beads and KingFisher™ instruments and
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although optimised for SARS-CoV-2, the manufacturer’s datasheet indicates success with influenza
A, Ebola, Zika and RSV. Since CMg for non-enveloped HRE proved challenging, we chose an
extraction kit combining the advantages of phenol and guanidine isothiocyanate [38] for capsid lysis
with silica column-based RNA purification, aiming to improve sensitivity for HRE without

compromising enveloped viruses.

We found that SISPA out-performed MDA for cDNA amplification (Figure 3). In the 66 clinical
samples represented in Figure 4-8, genome coverage (depth and breadth) allowed complete
genomes to be determined for higher titre samples. Ct values were recorded when available for
samples positive by Alinity Resp-4-plex assay, or Xpert Xpress CoV-2/Flu/RSV plus (Additional File 3),
(but not BIOFIRE FilmArray Respiratory 2.1 panel positives as Ct is not provided). Coverage declined
towards the 5’ and 3’ termini of genomes/genome segments (Figure 9, 10), reflecting the nature of

RT-PCR.

The ONT platform was used, together with the Rapid sequencing V14 Amplicon sequencing kit (SQK-
RBK114). Advantages for CMg include ease of setting up sequencing runs, and real-time data
analysis, together with longer read lengths. Costs and hands on time per sample (estimated as

£133.66, and 70.3 minutes [47]) were mitigated by multiplexing up to 26 samples per run.

Our workflow was designed to maximise sensitivity for RNA viruses, which has been previously
highlighted as challenging [29]. The detection of non-enveloped HRE remained more challenging
than enveloped viruses, even after modifications designed to improve this. Difficulties of identifying
HRE may reflect long term shedding of rhinovirus RNA post infection at low, sub clinical levels [48],
or may be due to differences in efficiency of PEG precipitation for different RNA viruses. PEG
precipitation has been proposed as a generalisable solution for both enveloped and non-enveloped
viruses, [49-51] but we did not find this to be the case in our workflow, and results elsewhere have

been variable [52-53].
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Our study has several limitations. Firstly, small sample numbers, due to seasonal availability and high
manual processing time, limited the total number assessed and our power to differentiate methods.
Secondly, sample age ranged from 1 to 33 days (Additional File 3) affecting RNA quality; viral load
per sample was not quantified at the time of extraction however, therefore the impact of starting
virus titre cannot be fully assessed. Thirdly, a formal estimation of the fold-enrichment provided by
each pre-extraction step would have been informative, but would have required extraction of

supernatant (as well as pelleted material) and consequently varied extraction methods.

Overall, our experience illustrates the difficulty of delivering a single CMg protocol with maximal
sensitivity for all viruses, since modifications targeting one virus may compromise another. cDNA
amplification may also bias sensitivity, and it has been proposed that SISPA selectively amplifies
longer cDNA molecules [54]. Our control data support this, with single stranded 15.4kb murine
respirovirus and 10.8kb Zika virus yielding significantly more reads than 10-segmented orthoreovirus
(1.15 - 3.92 kb segments: 23.6kb total). This amplification-related effect may also have impacted our

MS2 extraction control (3.6kb RNA genome) and HRE (~7.5kb RNA).

Despite improvements, CMg for respiratory viruses remains technically challenging and it cannot yet
equal the sensitivity of PCR. Workflow sensitivity could potentially be increased further by host rRNA
depletion, or increasing sequencing depth [15], for example by reducing the numbers of samples
multiplexed per flow cell, but this would increase costs. Finally, lower sensitivity for highly
genetically diverse non-enveloped RNA viruses may also reflect bioinformatic challenges if all

variants are not detected with equal efficiency.

CONCLUSIONS

A CMg workflow for RNA respiratory viruses was developed. Enrichment strategies including
centrifugation, nuclease treatment and virus precipitation were combined to maximise sensitivity,

together with SISPA and sequencing using the ONT platform. In total, twelve clinically important
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respiratory RNA viruses were detected, with whole genome sequences determined for high titre
samples. Subsequent work [47] will determine workflow sensitivity and specificity prospectively

relative to commercial respiratory PCR panels, to assess its potential for routine use.

FIGURE LEGENDS

Figure 1: Overview of cDNA Amplification: SISPA and MDA

Figure 2: Performance of Control Materials
Reads classified per sample, using Kraken 2, for reverse transcription and amplification controls Zika,
murine respiro and orthoreovirus; reads obtained following MDA versus SISPA (Experiment 2,

Additional File 3).

Figure 3: Performance of MDA versus SISPA

Reads (n) classified using Kraken 2, for ‘target virus’ for 37 respiratory virus positive clinical samples.
Each vertical line represents one sample, from which cDNA was synthesised; half was amplified by
SISPA and half by MDA then sequenced on the ONT platform. Samples yielding 2 2 reads following

SISPA are shown, ranked by respiratory virus reads (n) (Experiments 5-8, Additional File 3).

Figure 4: Sample Clarification by Low Speed Centrifugation

Reads (n) classified for 12 respiratory virus-positive clinical samples, using Kraken 2 (Experiments 5
and 6, Additional File 3). The viruses detected previously in each sample by respiratory virus PCR
panel are indicated by red and blue boxes above the plot; five samples contained dual infections.
Each sample underwent three pre-extraction treatments, indicated in the blue box below the plot,
then extraction used the kit indicated by the grey bar above. Respiratory virus reads (n) obtained are
indicated by bright red and blue dots. MS2 extraction control was used at 1075 genomes per
extraction and MS2 reads are indicated by blue/grey dots. The reverse transcription/amplification
control amount (Zika, murine respiro and orthoreoviruses) is indicated by the yellow box/line; 1075

genomes per reaction, and their reads (n) by grey dots.
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Figure 5: Improving detection of non-enveloped HRE and MS2

Reads (n) classified using Kraken 2 for 16 clinical samples, containing 22 respiratory viruses (6 dual
infections) (Experiment 7, Additional File 3). Virus(es) previously detected in each sample by
respiratory virus PCR panel are indicated above the plot, and the clinical samples are numbered
below the plot. 1ml VTM per sample underwent low speed centrifugation (5000g, 30 minutes). The
supernatant was discarded and the pellet (together with MS2 extraction control at 10~5 per sample)
was extracted using Direct-zol RNA Microprep (Zymo). Respiratory virus reads (n) are indicated by
bright red and blue dots, MS2 reads by blue/grey dots and reverse transcription/amplification
control reads (Zika, murine respiro and orthoreoviruses; 10"5 genomes per reaction - yellow box and

arrow) are indicated by grey dots.

Figure 6: Sample Fractionation and Intact Virus Precipitation

Reads (n) classified using Kraken 2, for 10 virus-positive clinical samples (Experiment 8, Additional
File 3). The virus previously detected in each sample by respiratory virus PCR panel is indicated
above the plot, and they are numbered below the plot. 1ml VTM from each sample was fractionated
into three pellets, as indicated by ‘sample treatment’ (blue box). The supernatant from pellet 1 was
used to generate pellet 2 and the supernatant from pellet 2 was used to generate pellet 3; the final
supernatant was discarded, then pellets together with MS2 control at 1075, were extracted using
the Direct-zol RNA Microprep kit (Zymo). Respiratory virus reads (n) are indicated by red dots, MS2
reads by blue/grey dots, and the reverse transcription/amplification control reads (1075 genomes

per reaction Zika, murine respiro and orthoreoviruses, yellow line and box) by grey dots.

Figure 7: Nuclease treatment of Clarified Supernatant

(A) Reads (n) classified by Kraken 2 for 8 virus-positive clinical samples (Experiment 10,
Additional File 3). Treatments 1, 2 and 3 are as indicated (blue box), and each generated a pellet,
which was extracted with the Direct-zol RNA Microprep kit (Zymo). Virus previously detected in each

sample by respiratory PCR panel is indicated above the plot. Clinical samples are numbered below
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the plot. The concentration of reverse transcription/amplification controls used (Zika, murine respiro
and orthoreoviruses) is indicated by the yellow box/line (1024 genomes per reaction) and their read
numbers by grey circles. MS2 (qualitative stock, Thermo Fisher) reads are indicated by blue/grey
dots. Respiratory virus reads (n) detected are indicated by red dots.

(B) Reads (n) classified by Kraken 2 for 10 virus-positive clinical samples (Experiment 10A,
Additional File 3); treatments 1 and 2 are as indicated (blue box), these are as in (A). All other details

are as (A).

Figure 8: Human cell disruption by bead beating before nuclease treatment

Reads classified by Kraken 2 for 10 virus-positive clinical samples (Experiment 11, Additional File 3).
The virus previously detected in each sample by respiratory PCR panel is indicated above the plot,
and they are numbered below the plot. Two separate 1ml VTM aliquots underwent either of two
treatments as indicated (blue box), prior to extraction of the pellet (together with MS2) with the
Direct-zol RNA Microprep kit (Zymo). Respiratory virus reads (n) are indicated by red dots, MS2 reads
by blue/grey dots, and the reverse transcription/amplification control reads (1074 genomes per

reaction Zika, murine respiro and orthoreoviruses, yellow line and box) by grey dots.

Figure 9: Final Workflow

Figure 10: Amplified read genome coverage for two samples positive for SARS-CoV-2

Read genome coverage plots for two samples (6 and 10, Experiment 11, Additional File 3) with
sufficient reads mapping for the target pathogen (SAR-CoV-2) to display coverage traces. Also
included are coverage plots for the extraction control MS2 and the reverse
transcription/amplification controls (Zika, murine respiro and orthoreoviruses). Red and blue lines
display results following treatments 1 and 2, respectively (treatment 1 being incubation of clarified
supernatant with M-SAN followed by virus precipitation and high-speed centrifugation and

treatment 2 as 1 but with prior bead beating). Coverage has been truncated to 20x read depth.
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