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Abstract

Respiratory disease caused by emerging and endemic viruses present a major threat to public health
both locally and globally. Human metapneumovirus (HMPV) is a significant cause of respiratory
illness in children and adults, however, little is known about the sources and patterns of HMPV
genetic diversity within Australia, which is important for their control. To address this, I developed
an amplicon-based, whole genome sequencing method for HMPV. This assay was then applied to a
collection of clinical samples spanning 10 years, that gave the first historical perspective of HMPV
genomic diversity in Australia, and assessed the impact of the COVID-19 pandemic, highlighting a
major collapse in circulating diversity. Next, I explored the role of metagenomic sequencing (mNGS)
in clinical diagnostics of respiratory infections. A proof-of-concept study was performed to evaluate
the utility of mNGS in identifying unknown pathogens in a cohort of children with undiagnosed
severe acute respiratory illnesses. Several challenges were revealed regarding the use of residual
clinical specimens, however, novel finding including the identification of a severe Influenza C virus
infection. To facilitate the identification and characterisation of novel and emerging respiratory
viruses, a simple and fast mNGS was developed with an aim to provide tangible results in less than
24 hours from sample collection. The RAPIDprep assay was then applied across range of respiratory
samples and sources, highlighting the effectiveness of the approach. Ultimately, this research has
helped to further our understanding of the epidemiology, transmission and spread of HMPV in
Australia, and contributed to the identification of unknown or novel respiratory pathogens using

mNGS.
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Preface

This thesis is comprised of seven chapters and is submitted for examination with both published and
unpublished works. I, Rachel Laurene Tulloch, am the primary, or primary co-author on all included
publications presented in this thesis. Chapter 1 is a general introduction to Human Metapneumovirus
and associated literature. Chapter 2 is a body of work which has been peer-reviewed and published
in a peer-reviewed scientific journal, Chapter 3 and 5, have been submitted to scientific journals and
at the time of this thesis submission are currently under review. Chapter 4 is a general introduction
to the use of metagenomic next generation sequencing. Chapter 6 is presented as a stand-alone body
of work, constructed for the purpose of submission to a scientific journal. Chapter 7 includes a general
discussion and conclusion of the thesis. An author attribution statement declaring each of the authors
individual contributions are included at the beginning of each research chapter and the inclusion of
published manuscripts adheres to the University of Sydney’s Thesis and Examination Higher Degree

by Research Policy, 2015, guidelines for thesis with publications.

Chapter 1 is a literature review which summarizes current understanding of Human
Metapneumovirus, disease pathogenesis, and disease intervention strategies. Here scientific problems

are identified and the aims of the next two chapters are discussed.

Chapter 2 is a research paper published in the peer-reviewed, open access virology journal, Viruses,
which describes an overlapping amplicon-based method for the whole-genome sequencing of Human

Metapneumovirus from clinical extracts.

Chapter 3 is a research paper currently under review with peer-reviewed, open access journal Virus
Evolution, and provides the first comprehensive genome-scale molecular epidemiological analysis of

Human metapneumovirus in Australia.
Chapter 4 is an introduction to metagenomics and metatranscriptomics with a review of the current

diagnostic landscape in human health with a focus on acute respiratory infection. This chapter

identifies the purpose and aims of the following two chapters.
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Chapter 5 is an unpublished body of work, presented in a research paper format, which describes
the use of metagenomic next-generation sequencing in the identification of pathogens in a cohort of

children with unknown respiratory illnesses.

Chapter 6 is a research paper currently under review with the peer-reviewed, open access journal,
Viruses. This paper details a simple, fast protocol for RNA metagenomic sequencing of clinical
samples. Here the effectiveness of the RAPIDprep method is evaluated using a range of clinical

respiratory samples containing both known and unknown pathogens.

Chapter 7 is a general discussion of the work detailed within this thesis and includes the successes
and shortcomings of the research and set expectations and suggestions for future research in these

fields.

Supplementary material for each data chapter have been provided at the end of each body of work.
Co-authored manuscripts completed during candidature are presented within the appendices section

of this thesis (Appendix A).
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Chapter 1: Overview of HMPV and Clinical Disease

Chapter 1: Overview of Human Metapneumovirus and Clinical Disease

Abstract

Acute respiratory tract infections (ARI) are the leading cause of morbidity and mortality in
paediatric patients globally (Wang et al., 2021). From a public health perspective, influenza virus has
long been considered the most important human respiratory virus due to its propensity for causing
large seasonal epidemics and pandemics. Epidemiological data show there are several other highly
prevalent respiratory viruses that commonly cause ARI including rhinoviruses, parainfluenza virus
and respiratory syncytial virus (RSV). In 2001, a previously unidentified respiratory virus, Human
Metapneumovirus (HMPV), was identified as a global cause of ARI existing in the human population
for up to 50 years before its discovery. HMPV is a single-stranded RNA virus belonging to the
Metapneumovirus genus that has been recognised to be of increasing importance in the study of
influenza-like illness (ILI) since its discovery and classification in 2001 (van Den Hoogen et al.,
2002). HMPV is an endemic cause of ARI, with pooled analysis estimating it is responsible for 6.1-
6.4% of ARI related hospital admissions in patients younger than 20 years of age, globally (Hamelin
et al., 2004, Panda et al., 2014). Disease is especially burdensome in at risk populations including
children and the elderly, with infants under the age of 1 having disproportionately high risk of severe
human metapneumovirus infection (Cattoir et al., 2019, Wang et al., 2021). Genetically similar to
RSV, HPMV has been identified as a common coinfecting agent, with one study reporting a
simultaneous HPMV infection in up to 70% of infant RSV bronchiolitis cases requiring ventilation
(Greensill et al., 2003). In this section, I aim to review recent literature pertaining to our

understanding of HMPV as a neglected respiratory pathogen of global significance.
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HMPYV Overview

Discovery

HMPYV was discovered in 2001 by scientists at the Departments of Virology and Paediatrics at
the Erasmus Medical Centre in Rotterdam, the Netherlands (Bernadette et al., 2001). Respiratory
samples from 28 cases of respiratory tract infection (RTI) where the causative could not be identified
were inoculated on tertiary monkey kidney (tMK) cells. Supernatants of the infected tMK cells were
analysed using electron microscopy which revealed the presence of a paramyxovirus-like
pleiomorphic particles, later named HMPV. Retrospective serological studies have determined most
children under the age of 5 in the Netherlands had been infected or exposed to HMPV. Such studies
have also detected a high prevalence of HMPV seropositivity in adults over the age of 50, suggesting
HMPYV is a newly discovered virus rather than newly emerging (Gioula and Kyriazopoulou-Dalaina,
2009). Since its discovery HMPV has been detected on every continent, making HMPV a virus of
global relevance (Shi et al., 2017, Kaslow et al., 2014, Broor et al., 2008, Kim et al., 2012, Ru-Ning
et al., 2016).

Human Health Relevance

Human health and welfare is threatened by the occurrence of influenza like illness and other
ARI. High rates of associated morbidity and mortality alone prompts comprehensive investigation
into the causative viruses, associated epidemiology and approaches to mitigating disease burden.
Non- influenza respiratory viruses are estimated to cost the global economy upwards of US$167
Billion per year, affecting 5-15% of the global population annually and accounting for up to 500,000
deaths per year (Xu et al., 2018, Zhang et al., 2014, Edwards et al., 2013). In cases of severe illness,
there is some evidence for an increased disposition to mental illness (Ru-Ning et al., 2016). In
Australia the cost of treating illnesses associated with the influenza virus in children is lower than the
AUDS$24-50 million per annum required to treat RSV related illnesses (Di Giallonardo et al., 2018a).
The reduction of economic and health burden associated with the influenza virus has been associated
with the development of effective vaccines, improved disease awareness and prevention and the
development of targeted treatment plans, all of which relied heavily on genotypic and phenotypic
monitoring of the responsible causative viruses (Liang et al., 2019, Dubois et al., 2019, Wang et al.,

2019a). There are currently no targeted treatments or vaccines available for HMPV.

In recent studies HMPV has been identified in up to 40% of children hospitalised with acute

respiratory illness and in as many as 13% all respiratory illness associated hospitalisations.
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Serological studies estimate that almost all individuals will be exposed to HMPV by the age of 5
years old with infections in otherwise healthy individuals between the ages of 2-60 years old
generally not requiring hospitalisation unless confounding factors, including chronic respiratory
disorders, are present (Kaslow et al., 2014). Global data estimates HMPV detection rate of 3.9-7%
in children hospitalised with lower respiratory tract infection, with outpatient detection rates ranging
from 6.2-12% (Bernadette et al., 2001, McAdam et al., 2004, Williams et al., 2004). HMPYV is a
known cause of ARI in hospitalized adults and has increased morbidity and mortality in high risk
populations, including immunosuppressed individuals, young children and the elderly (Falsey et al.,
2003). A 2012 prospective study concluded that the hospitalisation rates of adults >50 years of age
were statistically similar to those with influenza infections in the same region (Widmer et al., 2012).
Like RSV, HMPYV is a known causative pathogen of outbreaks in long-term care facilities (Falsey et
al., 2003). In a 2002 study, it was reported that 96 of 364 residents of a long-term care facility
developed respiratory disease over a 6-week period, of these, there were 6 confirmed HMPV
infections, 3 of which resulted in patient death due to secondary pneumonia (Boivin et al., 2002b). A
second study, published in 2007 also described an outbreak in a long- term care facility, where 26 of
171 residents were infected with HMPV, 8 patients developed pneumonia, of these patients 2 were
hospitalized and 1 succumbed to the virus (Louie et al., 2007). The mean age of these patients was

70 years (Louie et al., 2007, Boivin et al., 2002b).

Respiratory infections remain a major global health burden and are considered the fourth most
common cause of death in the elderly (Cunha et al., 2016). Clinical presentation of HMPV can range
from mild respiratory illness to severe respiratory illness requiring hospitalisation and ventilation,
unlike many other respiratory pathogens, HMPV has been reported as both focal and segmental
infiltrates (Cesario, 2012). Documented symptoms of HMPV are broad, with characteristic clinical
signs such as fever, cough, rhinitis, wheezing, bronchiolitis, asthma exacerbation, pneumonitis,
community-acquired pneumonia and Chronic obstructive pulmonary disease (COPD) exacerbation
(Karron et al., 2018). Since its discovery, several studies have shown that HMPV is clinically
indistinguishable from closely related human-pathogenic paramyxovirus — RSV (Ditt et al., 2011,
Bernadette et al., 2001, Schildgen et al., 2005b, van Den Hoogen, 2007, Sutherland et al., 2001,
Linstow et al., 2008).
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Biology of HMPV

Virion description

HMPV is highly pleomorphic in shape with both spherical and filamentous morphologies
reported (Pangesti et al., 2018). The pleomorphic particles have been observed via electron
microscopy, in infected cell supernatants measuring approximately 150 to 600nm, with short
envelope projections of 13 to 17nm (Figure 1) (Chan et al., 2003). Viral infected LLC-MK2
supernatants have not indicated hemagglutination, similar to the closely related avian
metapneumovirus (AMPV), viral replication relies heavily on the presence of trypsin (Xu et al.,
2018).

— [\ 70

Figure 1: Electron micrograph of Human Metapneumovirus collected from the supernatant of rhesus monkey
kidney (LLC-MK?2) cell culture. A virion releasing a nucleocapsid is shown (Chan et al. 2003)

The virus genome is approximately 13.3kb in size and encodes eight genes, the genes occur in
the following order: 3’-N-P-M-F-M2-SH-G-L-5’ (Sutherland et al., 2001, El Najjar et al., 2016). The
three transmembrane surface glycoproteins: the fusion protein (F), the attachment protein (G), and

the small hydrophobic protein (SH), are densely packed on the viral envelope (Figure 2, Table 1).
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Table 1: Human Metapneumovirus protein size, and function.

Approximate
Gene Protein length (ammino Function
acid)
N Nucleoprotein 390 RNA genome encapsulation
P Phosphoprotein 290 Polymerase co-factor
M Matrix protein 250 Aids in viral assembly and budding
F Fusion protein 540 Virus-cell binding and membrane fusion
M2-1 protein 190 RNA transcription processivity factor
Mz M2-2 protein 70 RNA transcription/replication regulation
SH Small hydrophobic protein 170-180 Viroporin or innate immune inhibition
G Attachment glycoprotein 230-240 Binds to cellular glycosaminoglycans
L Large polymerase protein 2,000 Catalytic activity for viral replication
N M M2-1 SH L
3’ O G S G S D . 5’
F M22 G

Figure 2: Schematic structure of the Human Metapneumovirus ssRNA genome. The 8 HMPV genomes are
arranged in order from 3’-5’. Each gene is flanked by conserved sequences which are represented by the light grey
shaded bar (Battles et al., 2017).

The lipid membrane envelope encapsulates the helical ribonucleoprotein (RNP) complex
consisting of the nucleocapsid protein (N), phosphoprotein (P), large polymerase protein (L), and the
M2-1 and M2-2 proteins. The N, P, a matrix protein (M2-1) and RNA dependent polymerase
associated with the RNA genome together, form the RNA polymerase complex that carries out viral
replication and transcription. The virion surface is comprised of three glycoproteins, the small-
hydrophobic (SH) protein, the glycosylated (G) protein and the fusion (F) protein (Kamble et al.,
2007). The role of the G and F protein has been readily defined as the catalyst of fusion and entry of
the virus into a host cell through the heparan sulphate proteoglycan receptors of the host cells (Chang
et al., 2012). The role of the SH protein is not completely understood, however some studies suggest
it has a role in slowing and evading the host antiviral immune response by down regulating the type

I IFN signalling pathway (Herfst et al., 2008, Herfst et al., 2004, Herd et al., 2010).

Studies over the past decade have increased our understanding of the mechanisms of entry and

fusion of HMPV; however, the late stages in the replication cycle during which viral components
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assemble and exit the cell are not well understood (Chang et al., 2012). The HMPV M protein, similar
to other paramyxovirus M proteins, plays an essential role in production of virus particles, and
budding of HMPV has been shown to occur in an endosomal sorting complex required for transport
(ESCRT) independent manner (Sabo et al., 2011). Formation of HMPV virus like particles (VLPs)
occurs following co-expression of the F and M proteins, with the G protein enhancing this process,
thus indicating an important role for these proteins in the HMPV assembly process (Schowalter et
al., 2006). In addition, morphogenesis of HMPV occurs at lipid-raft microdomains that are rich in
actin, suggesting a role for lipid rafts and the actin cytoskeleton in virus assembly (Jumat et al., 2014).
Initial sequencing of the viral genome revealed a close resemblance to fellow member of the
metapneumovirus genus, avian metapneumovirus (AMPV). AMPV causes acute respiratory tract
infections in avian species and shares up to 80% sequence identity with HMPV (Li et al., 2014).
Despite HMPV and RSV being clinically indistinguishable, they differ greatly in genetic structure.
HMPYV lacks non-structural genes (NS1 And NS2) with different gene ordering. Recent advances in
the imaging of a soluble form of the post-fusion hMPV F gene was captured allowing its structure to
be deduced, interestingly extensive similarity was noted with the post-fusion RSV F gene despite

having only ~38% sequence identity (Mas et al., 2016).

Taxonomy

Human metapneumovirus belongs to the order Mononegavirales and resides within the
Paramyxoviridae (Embarek Mohamed et al., 2014, Wei et al., 2014). HMPV is further classified into
the Pneumovirinae subfamily and further still into the Metapneumovirus genus, taking place as the

first non-avian member of the Metapneumovirus genus (Karron et al., 2018, Bernadette et al., 2001).



Chapter 1: Overview of HMPV and Clinical Disease

Pneumovirinae Filoviridae Rhabdoviridae
1 .
< ! S
é %O " . \.\\'&\0 N \ 60\1\\'\)b
”
. % ))OL \\\ ,’ e o
2 2, \ , .
\ )og % \ 'YHSVIHNY m SYNV Nucleorhabdovirus
2 ,
\ 2, /EI\RS Do ZEbo mrw L
2
\ (2 AN .
Respiroviru 3 ;‘/I\IM AN ,' RabV} Lyssavirus
R\ \ ! ] )
/f \AMPV \ ! EFv} Ephemerovirus
PIV3 RN ! _
DAY T N VSV} Vesiculovirus
FOLV S~o Tt ABV it
4 RN ~ =~ ~ DV o o
~ E2Y  Bornaviridae
NIV ~
1
APMYV3
Henipavirus eV eV TupV 1PMV6

MeV py
Morbil \,\/ JV
oroiivirus BeV APMV?2

TioV
Paramyxovirinae MenV MuVgys NDV )
- Avulavirus

. . Rubalvirus
Paramyxoviridae

Figure 3: Un-rooted phylogenetic tree containing taxonomy of the Mononegavirales order (Adamson et al.,
2013). Unrooted phylogenetic tree of members of the order Mononegavirales. The tree was constructed using the
CLUSTALX and PHYLIP programs with the sequences of the conserved domain III of the polymerase proteins
(Poch et al., 1990, Poch et al., 1989). Nine paramyxoviruses, not yet assigned to genera, are included (boxed): avian
parainfluenza virus types 3 (APMV3), avian parainfluenza virus types 4 (APMV4), avian parainfluenza virus types
6 (APMV6), Beilong virus (BeV), Fer de Lance virus (FDLV), J virus (JV), Menangle virus (MenV), Tioman virus
(TioV) and Tupaia paramyxovirus (TupV). Abbreviations: ABV, avian bornavirus; AMPV, avian
metapneumovirus; APMV2, avian parainfluenza virus types 2; BDV, Borna disease virus; BEFV, bovine ephemeral
fever virus; CDV, canine distemper virus; HeV, hendra virus; HMPV, human metapneumovirus; HRSV, human
respiratory syncytial virus; IHNV, infectious hemorraghic necrosis virus; LNY'V, lettuce necrotic yellows virus;
MarV, Marburg virus; MeV, measles virus; MMV, maize mosaic virus; MuV - mumps virus; NDV, Newcastle
disease virus; NiV, Nipah virus; PIV3, parainfluenza virus type 3; PVM, pneumonia virus of mice; RabV, rabies
virus; SeV, Sendai virus; SV5, simian virus 5; SYNV, Sonchus yellow net virus; VSV, vesicular stomatitis Indiana
virus; VHSV, viral hemorrhangic septicemia virus; ZeboV, Zaire ebolavirus.

Host infection and viral replication

Transmission of HMPV occurs via aerosolised viral particles and contaminated secretions, this
includes saliva, droplets, or large particles (Sumino et al., 2005). HMPV infection occurs post contact
with contaminated secretions and transmission is facilitated by the adhesion of viral particles to
airway epithelial cells (Sumino et al., 2005). Whilst debate still surrounds the precise pathway of
HMPYV entry into host cells it is evident that both the G and F surface glycoproteins have important
roles in the entry pathway of HMPV. The current accepted hypothesis is that the G gene mediates
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initial HMPV virion interaction with host cell-surface proteoglycans (Battles et al., 2017). The G
protein, the most variable across all HMPV isolates, is responsible for the attachment of the virus to
the host cell. The unique amino acid sequence of the G attachment protein contains a single
hydrophobic region located proximal to the N terminus. This hydrophobic region acts as an uncleaved
signal peptide suggesting that the membrane-bound form of the virus acts as a membrane anchor.
Adjacent cellular infection occurs due to the release of the virus post cell death, following
intracellular replication (Kan-o et al., 2017, Hastings et al., 2015, Battles et al., 2017). The F protein
promotes fusion of the viral and cell membrane post attachment and facilitates the entry of the viral
ribonucleoprotein into the cell. The third transmembrane surface glycoprotein SH is a hydrophobic
glycoprotein like RSV and AMPV. It contains 10 cysteine residues and has a high threonine/serine
content of ~22% (van Den Hoogen et al., 2002). The role of the SH protein is to downregulate type |
interferon (IFN) signalling by targeting signal transducer and activator of transcription-1 (STAT-1)
(Hastings et al., 2015).

Clinical Presentation of HMPYV Infections

Overview

The clinical presentation of HMPV is not dissimilar to other respiratory viruses, the disease often
manifests as both upper and lower respiratory tract infections. Typical symptoms of HMPYV include
headache, sore throat, cough, rhinorrhoea, wheezing, difficulty breathing, hypoxia and other
prodromal symptoms. Studies have shown that, typically, infected individuals present to health care
practitioners within one week of becoming symptomatic (Shi et al., 2017). It has been hypothesised
that HMPV shedding by infected individuals ranges from 6-28 days with a median PCR detection
period of at 13 days. Typically an individual is non-infectious, determined by a negative culture at
13 days (Don and Korppi, 2011). HMPYV is usually isolated to the respiratory tract, therefore making
it unlikely to detect HMPV in any sample not derived from the respiratory tract. There has been one
study which reported the identification of HMPV in serum using reverse-transcription-PCR (RT-
PCR), however there have been no further studies to corroborate this (Maggi et al., 2003). A number
of studies in nonhuman primates and other mammals have not been able to detect HMPV outside of
the respiratory tract, further strengthening the hypothesis that HMPV exists solely in the respiratory
tract (Cox et al., 2014, Cheemarla and Guerrero-Plata, 2015, Hastings et al., 2015, Boivin et al.,
2002a, Li et al., 2014). HMPV can be associated with acute otitis media, where HMPV occasions
otitis media, viral RNA can be detected in middle ear fluid (Schildgen et al., 2005a, Suzuki et al.,
2005, Chang et al., 2012, Cox et al., 2012, Gioula et al., 2016). Reinfection with HMPV is not

uncommon, this can be in the form of a different or the same strain, usually where reinfection has
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occurred symptoms are usually limited to milder upper respiratory tract infections in otherwise
healthy children or adults (Zhang et al., 2014). As the dominant HMPV strain may vary significantly
by season, leading to antigenic escape and therefore become more likely to cause reinfection (Gioula
and Kyriazopoulou-Dalaina, 2009, Ljubin-Sternak et al., 2008). HMPV infection has been identified
as a trigger for respiratory disease exacerbation (Rudd et al., 2017). Several studies have been
performed which suggest there may be a significant relationship between HMPV and the
exacerbation of asthma (Edwards et al., 2013, Torres et al., 2012a, Williams et al., 2004). Several
Maurine studies have also suggested airway hyperresponsiveness, a constituent of asthma, can be

triggered by HMPV and persist in vivo (Rudd et al., 2017, Cheemarla and Guerrero-Plata, 2015).

Histopathological changes were observed in the epithelial cells of paediatric patients infected
with HMPV (Wen et al., 2014, Aerts et al., 2015, Lai et al., 2016) that include the presence of
hemosiderin-laden macrophages, red cytoplasmic inclusions, detached ciliary tufts and frequent
neutrophils (Lai et al., 2016, Aerts et al., 2015). Studies of HMPV infections of non-human primates
have demonstrated that the histopathologic changes caused by the virus remain restricted to the
respiratory tract and remnants of the changes are not observed in any other organs (Nazly and
Williams, 2018, Kaslow et al., 2014, Cheemarla and Guerrero-Plata, 2015, El Najjar et al., 2016).
Thus, HMPV elicits primary tropism, which is confined to respiratory epithelia, as modelled in
humans, cynomolgus macaques, mice, and rats. Viral expression of HMPV is commonly identified
in the epithelial cells of nasal tissue through to the most distal part of the lungs, the bronchioles (Wen
et al., 2014, McMichael et al., 2018). Reported radiological findings of hMPV lower respiratory tract
infections show diffuse interstitial and alveolar infiltrates, bibasilar nodularity, opacities, small
scattered nodules, basal shadowing, extensive air space consolidation, and pleural effusion (Boivin
et al., 2002b, Boivin et al., 2002a, Maggi et al., 2003, Vicente et al., 2006, van Den Hoogen, 2007,
Schildgen et al., 2011, Cesario, 2012, Dunn et al., 2013, Panda et al., 2014, Wen and Williams, 2015,
Karron et al., 2018, Kamau et al., 2020). Figure 4 shows chest computed tomography (CT) scans,
alongside chest radiographs of paediatric patients with clinical abnormalities as a direct result of

HMPYV disease complications (Chu et al., 2014).
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Figure 4 - Chest imaging findings of 3 immunocompromised patients infected with HMPV. (A) Patient 1 is an
11-month-old boy with severe combined immunodeficiency (SCID) who survived and cleared human
metapneumovirus (hMPV) 511 days after diagnosis. His chest computed tomography (CT) scan shows right lower
lobe consolidation. (B) Patient 2 is a 5S-month-old girl with SCID who died of respiratory failure secondary to hMPV
pneumonia. She has bilateral lower lobe consolidation on chest CT. (C) Patient 3 is a 2-year-old boy with aplastic
anaemia who died of respiratory failure secondary to hMPV pneumonia. Chest CT shows airspace consolidation
with air bronchograms (Jain et al., 2014).
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At Risk Populations
Children

Children are often identified as key individuals at risk of severe HMPV infection (Edwards et
al., 2013). HMPV causes significant disease throughout early childhood (Yan et al., 2017). Typically,
the highest rate of HMPV associated clinic and emergency department visits occurred in paediatric
patients between 6 and 11 months of age. Children are highly susceptible to coinfection which may
have an impact on disease severity and symptom exacerbation although the full extent of this is yet
to be quantified (Gioula and Kyriazopoulou-Dalaina, 2009, Lai et al., 2016). HMPV has been
identified as a coinfection agent for children suffering severe upper and lower respiratory tract
infections requiring hospitalisation. Many studies have reported co-infection of hMPV with other
respiratory pathogens, including RSV, rhinovirus, enterovirus, parainfluenza virus, coronavirus,
influenza A, and influenza B (Battles et al., 2017, Webster et al., 2014, Wei et al., 2013, Yang et al.,
2009a). Co-infections were reported in most papers reviewed, in a study involving HMPV co-
infection in paediatric cancer patients was estimated to account for 2.0-7.4% of the total virus
distribution (Martinez-Rodriguez and Banos-Lara, 2020). HMPV co-infection has also been reported
during an outbreak of severe acute respiratory syndrome (SARS). Studies have also found hMPV co-
infection with bacterial pathogens like Streptococcus pneumoniae, Mycoplasma pneumoniae,
and Chlamydia pneumoniae (Karron et al., 2018, Pangesti et al., 2018, Shi et al., 2017). Co-infections
were described in detail by Torres et al., with HMPV reported as the sixth most frequent pathogen in
sole infections, the fourth most frequent in mixed viral infections and the sixth most frequent in virus-

bacteria mixed infections (Torres et al., 2012b).

Immunosuppressed Individuals

HMPYV results in more severe disease in individuals who are immunocompromised, similarly to
many respiratory viral infections including influenza virus (El Chaer et al., 2017, Adamson et al.,
2013, Cheemarla and Guerrero-Plata, 2015, Nazly and Williams, 2018, Panda et al., 2014).
Underlying diseases resulting in immunosuppression in HMPYV studies have included solid tumours,
underlying hematologic malignancy, organ transplant, rheumatologic disease, type one diabetes or
are the recipients of immunosuppressant drugs (Adamson et al., 2013, Cheemarla and Guerrero-Plata,
2015, Panda et al., 2014). In some cohorts of paediatric patients with compromised immune systems
HMPYV has high morbidity and mortality. A recent metanalysis completed by Martinez-Rodriguez
et al., report 1.3% of paediatric patients with cancer have been found to be positive for an HMPV

infection and had a fatal outcome, whilst 2.3% of HMPYV positive, transplant recipient, paediatric
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cancer patients were reported to have infection related death (Martinez-Rodriguez and Banos-Lara,
2020). Using intravenous immunoglobulin and ribavirin to treat HMPV infected patients prior to the
transplant demonstrated a drop from a 22% mortality rate in patients without treatment compared to

2% with treatment, and will be discussed further later in this review (Chu et al., 2014).

The Elderly

The presence of HMPV in long term aged care facilities, and it’s increased propensity for
morbidity and mortality in this environment is well documented (Cunha et al., 2016, Schuster et al.,
2015, Zhang et al., 2014). Elderly patients for the purpose of this review are individuals over the age
of 65 years old. A range of severe symptoms are often exhibited by elderly patients living in long
term aged care facilities, these symptoms include respiratory failure, wheezing, bronchial wall
thickening, fever and abnormal haematology (Ditt et al., 2011). A mouse model study performed by
Darniot et al showed older mice developed more severe HMPV infections when compared to younger
mice supported by increased mortality. A recent study identified an independent association between
hypertension and anti-HMPV IgG titre concluding that there is a link between hypertension and
HMPYV in the elderly (Li et al., 2011). HMPV occasioning pneumonia in elderly patients has been
reported as high as 50% of all positive cases and are usually accompanied by admission diagnoses
such as COPD exacerbation, acute bronchitis, congestive heart failure and pneumonia (Reiche et al.,
2014). Elderly patients were also reported to have a greater average length of hospitalization
compared to any other age group with a median hospitalisation stay of 9 days for otherwise healthy
elderly patients (Lim et al., 2020b, Cattoir et al., 2019, Panda et al., 2014). There has not been a clear
cause identified for higher morbidity in elderly patients although it is hypothesised that quantitative

and qualitative alteration of T cell response may contribute to delayed virus clearance.

Immune Response in Humans and Animals

Innate and Adaptive Immunity

Acute viral infection typically prompts an innate immune response the hallmark of which is
induction of an antiviral type I interferon (IFN) response via JAK-STAT signalling pathways. (Kan-
o et al.,, 2017, Nazly and Williams, 2018, Panda et al., 2014). Activation of the innate immune
response is reliant upon the recognition of HMPV specific pathogen associated molecular patterns
(PAMPs) by pattern recognition receptors (PRRs) present in the host (Velayutham et al., 2013). The
HMPV specific PPRs include Toll-like receptors (TLRs) that are present in the endosomal

compartments and cell surfaces. Previous studies have shown they are activated by viral infections
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resulting in the regulation of the expression of proinflammatory and immune mediators (Leyrat et al.,
2014). Toll-like receptor 4 (TLR4) plays an integral role in HMPV-induced secretion of
proinflammatory cytokine and chemokines, alongside type I IFN and monocyte-derived dendritic
cells (MoDCs) (Nazly and Williams, 2018). Single virus particle tracking and fusion assays have
suggested that HMPYV uses a bifurcated cellular entry strategy and therefore may be susceptible to
inhibition by interferon-induced transmembrane protein (IFITM3)(Feeley et al., 2011).

HMPYV antibodies are usually detected in individuals between the ages of 6 months and 1 year
of age. The humoral response is a key component of adaptive immunity and is mediated by antibodies
that target specific viral antigens. Higher levels of IgG and HMPV-neutralising antibodies are
associated with protection against HMPYV infection during cooler months (Falsey et al., 2009). In
contrast, in animal models HMPV infection has been identified as eliciting an aberrant and somewhat
weak adaptive immune response. Notably one study identified that the passive transfer of
hyperimmune mouse derived HMPV-IgG sera to BALB/c mice, significantly increased passive

immunity and decreased HMPYV titres in the affected mouse lungs (Alvarez and Tripp, 2005).

Treatment and Prevention

Vaccine Development

At present, there are no commercially available or licenced vaccinations for the prevention of
HMPV. Furthermore, treatment options are generic and not targeted for HMPV. Historically,
approaches to the development of HMPV vaccines have been ineffective, more recently, the use of
recombinant viral proteins and viral-vectored constructs has grown in popularity. A number of
vaccine strategies have been evaluated and investigated, including protein-based recombinant
vaccines, live-attenuated vaccines (LAV) and formalin-inactivated vaccines in animal models
(Mérquez-Escobar, 2017). To date, one LAV candidate has been evaluated in a phase I clinical study
(registered at ClinicalTrials.gov, #NCT01255410). It is important to note that this study reported the
vaccine candidate was not sufficient in providing protection in HMPV-seronegative children and all
further studies pertained to its use was discontinued (Karron et al., 2018). Currently, consensus
appears that LAV show greatest potential in eliciting both humoral and mucosal immunity and
somewhat mimic natural viral replication routes. LAV are therefore regarded as highly suitable for
both paediatric and geriatric immunization strategies (Cox et al., 2014, Dubois et al., 2019). Many
potential targets have been identified for the rational design of epitope based HMPV vaccines, with
preference given to those utilising vectored platforms. At present the most effective approaches to

HMPV vaccine development appear to be live antigen delivery systems (viral vectors or live
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attenuated viruses) which appear to cause effective T-cell memory formation. The consensus on
HMPYV vaccine development is that more research is required in the field of immunodominant CD8

and CD4 epitopes in HMPV proteins (Cheemarla and Guerrero-Plata, 2015, Zhang et al., 2014)

Antiviral Therapy

Ribavirin is a purine analog that is active against RNA and DNA viruses. At present aerosolised
ribavirin has been approved with RSV related pneumonia. Since HMPV is phylogenetically and
phenotypically related to RSV, the use of ribavirin was evaluated for the use against HMPV infection
in vitro (Wyde et al., 2003). Whilst there is readily available anecdotal evidence to suggest ribavirin
is effective in preventing HMPV related deaths in immunocompromised patients, studies utilising
control groups and other statistically sound methods are not currently available (Collinson et al.,
2021, El Chaer et al., 2017, Herd et al., 2010, Leyrat et al., 2014, McMichael et al., 2018). Studies
have shown the use of ribavirin, with and without intravenous polyclonal immunoglobulins can be
successful in treating HMPYV infections (Pasikhova et al., 2018, Shachor-Meyouhas et al., 2011) it
should be noted these studies are limited to small case series or case reports and require further
replicated to be considered reliable. It is hypothesised ribavirin has a dual mode of action against
HMPYV infections, alongside the antiviral effect it also has been shown to awaken the hypo-responsive
immune system after prolonged viremia (Safdar, 2008). With many unknowns and small sample sizes
lacking control groups, the efficacy of ribavirin in preventing LRTI and mortality from these

infections needs to be further investigated.

Another purine nucleotide analogue, favipiravir (T-705), has been evaluated for its use in the
treatment of HMPV. Favipiravir works by inhibiting the RNA-dependent RNA polymerase, its use
was evaluated in two clinical trials in the USA (registered at ClinicalTrials.gov #NCT02008344 and
#NCT02026349). Both in vitro and in vivo results demonstrate antiviral potency in the inhibition of
HMPV replication during early infection (Furuta et al., 2013). Anti-HMPV activity of favipiravir,
has been hypothesised to be linked to HMPV polymerase inhibition, however it is accepted that
additional studies are required before the progression of the drug to clinical trials (Jochmans et al.,

2016).

Epidemiology
Virus seasonality
HMPV has a seasonal distribution which is similar to that of other viruses of the

Paramyxoviridae, including RSV (Figure 5). A study of patients admitted to the ICU in San
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Sebastian (North of Spain) concluded two thirds of HMPV cases were detected in late winter-early
spring which supports the hypothesis it occurs after the peak distribution of Influenza and RSV which
occurs in early winter. Disease surveillance studies suggest multiple subgroups of HMPV circulate
annually, with no disease severity variation associated with the genetically different strains. At
present, the accepted method of HMPV detection is utilising real-time PCR, however serological
diagnosis is possible using enzyme-linked immunoassays (ELISA), although this is not routinely used
in clinical diagnostics. It is hypothesised due to the inability to distinguish HMPV infections from
other acute respiratory illness pathogens, the true disease frequency is unknown in populations where
HMPV is not tested for; this may include cases where the associated illness does not require

hospitalisation or medical intervention.

HMPV infection is characteristically mild in otherwise healthy adults with increased disease
severity and morbidity in the very young, elderly, and immunocompromised patients. Whilst HMPV
infections have similar epidemiological features to RSV, infants typically between 6-23 months of
age are more likely to be hospitalised with HMPV compared to RSV where the virus is most virulent
in children under 6 months. International studies have reported the presence of HMPV in up to 40%
of children hospitalised for acute respiratory illness. In infants less than 2 years of age the virus is
rarely detected in asymptomatic individuals whilst almost all populations will experience a primary
HMPYV infection by age 5 (Panda et al., 2014). In a disease surveillance study conducted in Rochester,
New York, HMPV was detected in up to 10% of hospitalised patients between 1999 to 2003
(Hildreth, 2009).
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Figure 5 — Seasonal distribution of common respiratory viruses found in NSW, Influenza A, Influenza B,
Respiratory syncytial virus, Rhinovirus and Human Metapneumovirus, Australia, and their seasonal distributions
over the last 12 years. Data was sourced from the NSW influenza weekly surveillance reports. Data is further
faceted into year, with each bar representing a month in that year. Data has been normalised to number of positive
cases per 1000 samples tested.
Virus evolution and molecular epidemiology

The earliest description of HMPV hypothesised the presence of two HMPV subgroups based on
genetic clustering observed in early phylogenetic analysis. In 2012, a submission was approved
through the International Committee on Taxonomy of Viruses (ICTV, ICTV taxonomic proposal
2012.012V) to adopt official terminology for the HMPV nomenclature. There are two main types,
referred to as “type A” and “type B” that are each comprised of 2 sublineages, Al, A2, BI, and B2.
The distribution of published HMPV genomes can be seen in Figure 6. The nomenclature relies on
G protein residues of the extracellular domain (Mackay et al., 2004). A 2006 study suggests a
bipartition of subgroup A2 into two genetic clusters, A2a and A2b based on phylogenetic analysis of
the F, N and G coding regions (Ljubin-Sternak et al., 2008, Huck et al., 2006). Phylogenetic analysis
suggests the F protein between the A and B HMPV lineages is highly conserved with a maximum
percent amino acid identity of 95-97%. In comparison, there was a maximum of 30-35% identity
between G proteins. Long-term retrospective genome analysis of circulating HMPV subtypes in
Uberlandia, Germany, South Korea and Croatia identified the co-circulation of multiple subtypes at
any one given time (Carneiro et al., 2009, Chung et al., 2008). Previous studies have corroborated
the cocirculation of HMPV strains suggesting multiple linages are capable of existing in the same

population simultaneously.
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Figure 4: Phylogenetic analysis of global HMPV whole genome sequences. All publicly available HMPV whole
genome sequences listed on NCBI GenBank, were downloaded. Collection date was used to classify samples into
two categories, post 2019, capturing years 2019-2021 and pre-2019, anything collected before 2019. The 100
bootstrap, Phylogenetic maximum likelihood (PhyML) tree was created using Geneious Prime v2019.2.3).

Molecular epidemiological studies have revealed an epidemic peak of the A1 lineage epidemic
occurred in 2002 with the Al lineage rarely seen again, HMPV B1 and B2 lineages peaked in
frequency in 2004. In contrast the A2 lineage has been observed in a long-long lasting global
epidemic (Li et al., 2012). The A2 lineage adopts an atypical pattern which is likely due to the
different prevalence of the A2a and A2b subtypes between the years of 2002 and 2006 (Kamau et al.,
2020, Nazly and Williams, 2018). A more recent study between HMPV annual variations revealed
prominent global epidemics of HMPV A2a in 2007, 2010, 2014, 2015, and 2016; B1 in 2011 and
2012; and B2 in 2008 and 2009. It appears a predominant HMPV genotype has fluctuated on a 3—4-

year basis, oscillating between the three aforementioned strains with concurrent cocirculating strains.
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Clinical Epidemiology

Clinical manifestations of HMPV range considerably in severity, from serious disease
occasioning death to infrequently documented asymptomatic carriage. The observation of a diverse
disease severity coupled with increasing genetic diversity has led to the hypothesis that a meaningful
relationship likely exists between HMPV subtype and clinical severity (Chung et al., 2008), although
this remains controversial. Vicente et al reported clinical severity of hMPV A infections was greater
than that of hMPV B infections whilst Matsuzaki et al conveyed a relationship between specific
symptoms and genotypes, for example wheezing was associated with HMPV B1 and B2 infections
whilst laryngitis was associated with HMPV B1 infections (Matsuzaki et al., 2008, Vicente et al.,
2006). Conversely there are several studies which report there is no correlation between genotype
and disease severity (Mackay et al., 2004, Agapov et al., 2006, Wei et al., 2013). HMPV infection
typically results in conspicuous disease, the illness is rarely reported in asymptomatic children or
adults despite all populations experiencing primary HMPV infection by the age of 5. Studies have
suggested that there is a significant underrepresentation of HMPV transmission and carriage in the
global population due to asymptomatic carriers or mild cases going undetected (Don and Korppi,
2011). HMPV has a high presence in paediatric patients with initial HMPV infection occurring at

around six months of age, likely due to the waning of maternal immunity (Paget et al., 2011).

Diagnostics
Cell Culture

A number of different cell lines have been used in the growth and isolation of HMPV, these
include Vero cells, Hep-2 cells, Hep G2 cells, 293 cells and LLC-MK2 cells (Deffrasnes et al., 2005,
Falsey et al., 2009, Sato et al., 2017). Recent studies suggest that the most suitable cell lines for the
growth of HMPC are the human Chang conjunctiva cell line (clone 1-5Ca) and the feline kidney
CRFK line (Nao et al., 2019). HMPV has a reported slow growth rate in cell culture, with delayed
cytopathic effects, notably the rounding of cells and the detachment of cells from the culture matrix
to small syncytium formations. For these reasons, direct fluorescence or ELISA-based assays are
widely used for the detection of HMPV antigens in conjunction with cell culture. The sensitivity and
specificity of cell culture methods were reportedly 68% and 99% respectively when compared to RT-

PCR.

Fluorescent Immunoassays
Direct fluorescent antibody (DFA) testing is capable of directly identifying the presence of

specific antigens with the fluorescently labelled antibodies, because of this, it has been widely used
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in the detection of viruses in a clinical setting, where DFA is coupled with viral culture, sensitivity
and specificity can be enhanced (Submaroney et al., 2022). Immunofluorescence microscopy requires
extensive data interpretation, by determining the correct absorption wavelength required to excite the
fluorophore tag bound to the antibody and detection of the released fluorescence reveals positive cells
and indicate the presence of the target virus (Sato et al., 2017). DFA’s have been used extensively in
clinical diagnostics due to their simplicity and relatively rapid turn-around. In recent years with the
increased availability of molecular diagnostic tools fluorescent immunoassays have lost popularity

as a commercial diagnostic tool

Molecular diagnostics

The increasing availability and use of molecular detection of viruses has been critical to
improved understand of epidemiology and informs efforts to improve the prevention of sudden acute
respiratory infection causing viruses (Nao et al., 2019). HMPV diagnosis is usually dependent on the
availability of RT-PCR due to culture yields being poor due to concurrent viral infections masking
HMPYV and its delayed cytopathic effect. RT-PCR has been found to have greater sensitivity, shown
to be able to detect the virus in asymptomatic children with significantly lower viral loads, compared
to symptomatic children. With the widely availability of molecular diagnostic tool in laboratories
both locally and globally, multiplexing RT-PCR (mRT-PCR) has gained considerable popularity to
detect HMPV in a rapid and more sensitive way (Paget et al., 2011). mRT-PCR is invaluable in time
sensitive cases, where a suite of viruses can be tested for simultaneously. In principle a shortfall of
RT-PCR include inability to detect variants where target amplicons undergo significant mutations
leading to lower specificity in some circumstances (Subramoney et al., 2022). Most HMPV RT-PCR
does not differentiate between A and B subtypes and therefore require additional investigation to

determine subtype.

Introduction to the Scientific Problem

HMPYV is now recognised as a leading cause of both lower and upper respiratory disease, especially
in the immunocompromised, elderly, and young. Despite its propensity to cause severe disease in at-
risk groups, we know very little with respect to the patterns of its genetic diversity and molecular
epidemiology. Global surveillance of this disease is poor, despite it being identified on every
continent. Whilst generally incidences of HMPV in the general population is mild, ongoing disease
surveillance is necessary to increase our understanding of the disease, its emergence, pathogenicity

and spread. Whole genome data for HMPV at present is lacking with less than 250 full length genome
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sequences available globally (Tulloch et al., 2021). The lack of whole genome data potentially
constrains further development of diagnostics and vaccines. As advancements are made in the
affordability and feasibility of whole genome sequencing, we identified the need for a robust, whole
genome sequencing method capable of capturing greater than 99% of the genome of all HMPV
viruses to better define variant subtypes. We also identified large gaps in global and local HMPV
strain identification and distribution, with no surveillance sequencing performed in NSW since the

identification of the virus in the early 2000’s (Tulloch et al., 2021a).

Aims of the Thesis and Chapter Qutline

Ultimately the aim of the first half of this work is to enhance our current knowledge pertaining to the
evolution, epidemiology and spread of HMPV within Australia. It is a hope that with the adoption of
routine surveillance WGS a greater number of HMPV genomes may be made available for the

purpose of phylogenetic analysis of historical and current circulating variants.

Chapter 2: An Amplicon-Based Approach for the Whole-Genome Sequencing of Human

Metapneumovirus (Viruses, 2020).

The purpose of Chapter 2 was to develop a simple and robust approach for HMPV WGS sequencing
which can be used to increase the breadth of HMPV whole genomes available for epidemiological
analysis. A key component of this research is the development of a method which can utilise residual

clinical extracts, meaning additional sampling is not required for ongoing disease surveillance.

Chapter 3: The Genomic Epidemiology of Human Metapneumovirus in Australia and the impact

of COVID-19 (Virus Evolution, 2022, under review).

This research chapter has been constructed to provide greater genomic resolution of HMPV
epidemiology in Australia over the period of 2013-2020 and highlight the importance of ongoing
surveillance and sequencing of HMPV in the post-pandemic era, as previous patterns of disease may
be subject to abrupt and unexpected change. In Chapter 3, we utilise the WGS method developed and
evaluated in Chapter 2 to generate over 185 HMPV sequences generated from samples collected
between 2013 and 2020. We utilise phylogenetic approaches to investigate the effect of non-

pharmaceutical interventions in the suppression of co-circulating subtypes.
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Abstract - Human metapneumovirus (HMPV) is an important cause of upper and lower respiratory
tract disease in individuals of all ages. It is estimated that most individuals will be infected by HMPV
by the age of five years old. Despite this burden of disease, there remain caveats in our knowledge
of global genetic diversity due to a lack of HMPV sequencing, particularly at the whole-genome
scale. The purpose of this study was to create a simple and robust approach for HMPV whole-
genome sequencing to be used for genomic epidemiological studies. To design our assay, all
available HMPV full-length genome sequences were downloaded from the National Center for
Biotechnology Information (NCBI) GenBank database and used to design four primer sets to
amplify long, overlapping amplicons spanning the viral genome and, importantly, specific to all
known HMPV subtypes. These amplicons were then pooled and sequenced on an Illumina iSeq 100
(Illumina, San Diego, CA, USA); however, the approach is suitable to other common sequencing
platforms. We demonstrate the utility of this method using a representative subset of clinical samples
and examine these sequences using a phylogenetic approach. Here we present an amplicon-based
method for the whole-genome sequencing of HMPV from clinical extracts that can be used to better

inform genomic studies of HMPV epidemiology and evolution.

Keywords: human metapneumovirus; whole-genome sequencing; genomic epidemiology

Introduction

Since its discovery in 2001, human metapneumovirus (HMPV) has become increasingly
recognised as a major cause of acute respiratory illness (ARI), globally (van Den Hoogen et al., 2002).
Serological studies estimate that almost all individuals will be exposed to HMPV by the age of five
(Kaslow et al., 2014). Clinically, HMPV is indistinguishable from ARI caused by other respiratory
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pathogens, including respiratory syncytial virus (RSV) (Biacchesi et al., 2003). While most infections
are mild and self-limiting, HMPV has increased morbidity and mortality in high-risk populations,
including immunosuppressed individuals, young children and the elderly (Falsey et al., 2003).
Globally, HMPV is associated with 3.9-7% of children hospitalised with lower respiratory tract
infections (LRTI), with outpatient detection rates ranging from 6.2 to 12%, highlighting its clinical
significance as a cause of ARI in this age group (Biacchesi et al., 2003, Bernadette et al., 2001,
McAdam et al., 2004, Williams et al., 2004). HMPV is also a known cause of ARI in hospitalised
adults, with one study showing that the hospitalisation rates of adults >50 years of age were

statistically similar to those with influenza infections in the same region (Widmer et al., 2012).

HMPYV is a member of the Pneumoviridae family, with a negative-sense, single-stranded RNA
genome of approximately 13.3 kb in length (Sutherland et al., 2001, El Najjar et al., 2016). HMPV is
genetically similar to RSV; however, it lacks two nonstructural genes—NS1 and NS2. Phylogenetic
analysis of the HMPV fusion (F) and glycoprotein (G) genes has led to the identification and
classification of viruses into two major subtypes, HMPV A and HMPV B, which can further be
subdivided into A1, A2a, A2b, B1 and B2 sublineages (Lim et al., 2020a). Epidemiological studies
have revealed the cocirculation of HMPV subtypes globally, with the predominant subtype
fluctuating throughout the year (Jain et al., 2014). Historically, HMPV molecular epidemiological
studies have relied on the subgenomic sequencing of partial F or G protein genes to perform genomic
and evolutionary studies (Reiche et al., 2014). Indeed, only 2.3% (n = 226/9795) of available
sequences on the National Center for Biotechnology Information (NCBI) GenBank database are near-
complete or complete genomes (as of November 2020). Therefore, our understanding of the genomic

epidemiology, genetic diversity and evolution of HPMV remains limited.

Whole-genome sequencing (WGS) is a powerful tool for public health infectious disease
surveillance; it can also inform the treatment and control of viruses in the population (Gardy et al.,
2015, Houlihan et al., 2018). WGS offers increased resolution at multiple epidemiological scales,
from investigating global virus traffic networks to elucidating individual transmission events within
outbreaks (Houlihan et al., 2018, Gymoese et al., 2017). The recent SARS-CoV-2 epidemic has
highlighted the utility of amplicon-based WGS methods as a cost-effective, rapid method to sequence
the whole-genome approach (Eden et al., 2020a, Freed et al., 2020, Tyson et al., 2020). The purpose
of this study was to develop a simple and robust amplicon-based method for sequencing the HMPV

full-length genome with the aim to inform a better understanding of its molecular epidemiology.
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Materials and Methods

Primer Design

Our approach was based on an existing WGS workflow designed to amplify and sequence the
RSV genome using four amplicons between 3,528 and 4,375 nt in length, each with an overlapping
region of at least 100nt (Di Giallonardo et al., 2018a). Given the similar genome lengths between
HPMYV and RSV, we focused on designing HMPV-specific primer sets that would also generate four
overlapping amplicons of ~3.5 kb each that span the viral genome. To include historical and current
circulating HMPV subtypes, all available full- or near-full-length (>13,000nt) HMPV genome
sequences were obtained from the NCBI GenBank database (downloaded on 10 December 2019),
and all sequence analysis was conducted using Geneious Prime 2019.2.3. Sequences were excluded
from the initial analysis if they contained >20 continuous ambiguous bases. This result was a final
set of 153 full- or near-full-length HMPV sequences, which were then aligned using MAFFT version
7.45 (Katoh and Standley, 2013). Phylogenetic analysis using a neighbour-joining approach was
performed to show that all known HMPV subtypes were represented in the subset of sequences

(Figure 1).

A sliding window approach was then used to plot sequence identity along the viral genome
alignment and identify conserved regions for targeted primer design. These primers were designed to
be ~25 bp in length with degeneracies where necessary to capture position variation between HMPV
subtypes, as well as to have melting temperatures within 5 °C of each other, and avoiding potential
dimer formations (Chuang et al., 2013). We also tested an existing published primer set designed to
amplify the HPMV genome using a similar overlapping amplicon scheme (~3.5 kb each) from a study
examining the local virus traffic and genetic diversity of HMPV in Peru (Pollett et al., 2018). The
final set of primer pairs was designed to be run as four separate polymerase chain reactions (PCRs)
performed in parallel (Table 1) and was tested on a selection of known viral extracts from HMPV-

positive clinical specimens.
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Figure 1: Neighbour-joining phylogenetic tree of 153 human metapneumovirus (HMPV) full-length or near-
full-length genome sequences sourced from the National Center for Biotechnology Information (NCBI) GenBank
database. The two major phylogenetic subtypes of HMPV are shown with different coloured branches, with known

sublineages further differentiated by labelled branches (A1, A2, B1 and B2). The scale bar is proportional to the
number of substitutions per site. The branch lengths between the A and B subtypes have been shortened for clarity.
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Table 1: Primer pairs used in this study to complete the near-whole-genome sequencing of
human metapneumovirus.

. oo PCR Amplicon
L 3 *

Assay Primer Name Sequence (5’-3°) Position (nt) Size (bp)

PCRI HMPV1 F GGGACAAATAAAAATGTCTCTTCA 41 4,125
HMPV1 R CTTCCTGTGCTRACYTTRCA 4,165

PCR2 HMPV2 F ACAGCAGCRGGRATYAATGT 4,074 4010
HMPV2 R TAGTACTGAAYTGAGCATGYTCAG 8,083

AACTGTTAACATGGAAAGATGTGAT

PCR3 HMPV3 F e 7,823 3229
HMPV3 R TAAGCTGGAACWGAWGCTG 11,051

PCR4 HMPV4 F TCAATAGGGAGTCTRTGTCARGAA 9,730 3.675
HMPV4 R GRCAAAAAAACCGTATACATYC 13,404

* Nucleotide positions are relative to strain A1 (NCBI GenBank Accession KU821121).

Clinical Specimens and HMPYV Isolation

Residual total nucleic acid from respiratory specimens submitted to NSW Health Pathology,
Institute of Clinical Pathology and Microbiology Research (ICPMR) for diagnostic testing were
utilised in this study as per protocols approved by the Westmead Hospital and Institute ethics and
governance committees (LNR/17/WMEAD/128 and SSA/17/WMEAD/129, 16" November 2017).
Total nucleic acid was extracted from each submitted respiratory specimen using a high-throughput,
magnetic-bead-based extraction platform and screened against a panel of known respiratory viruses
using an accredited multiplex quantitative RT-PCR (qRT-PCR). Viruses included on the respiratory
panel are influenza A, influenza A subtype H3N2, influenza A HIN1 2009 pandemic, influenza B,
adenovirus, parainfluenza 1,2 and 3, RSV, rhinovirus, enterovirus and HPMV. Archived clinical
extracts that were reported as positive for HMPV were deidentified before inclusion in this study. No
specific subtyping information was available on the archived samples; therefore, we selected ten
random HMPV-positive nucleic acid specimens collected over seven years between 2013 and 2020
to attempt to capture historic HMPV genetic diversity in NSW, Australia. To estimate the levels of
HMPV, an in-house singleplex qRT-PCR specific for HMPV was performed, with CT values ranging

between 19.9 and 34.2 in our study samples.

Reverse Transcription
Complementary DNA (cDNA) synthesis was performed in a 20 uL reaction containing 4 uL of
5% SuperScript IV VILO MasterMix (Invitrogen, Carlsbad , CA, USA), 12 uL of nuclease-free water

and 4 pL of the viral RNA template, as per the manufacturer’s instructions. The thermal cycling
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protocol used was as follows: random priming was performed at 25 °C for 10 min, followed by
extension at 50 °C for 20 min and then enzyme denaturation at 85 °C for 5 min before holding at 4
°C. All incubation steps and reaction components were performed to the manufacturer’s
specifications on a SimpliAmp thermocycler (Applied Biosystems, Foster City , CA, USA). Viral

cDNA was used immediately or stored at —80 °C until required.

HMPV Genome Amplification

The viral cDNA was then split across four separate PCR reactions, each amplifying one part of
the HMPV genome (Table 1). Each PCR was performed in a 25 pL reaction containing 12.5 pL of
2x Platinum SuperFi MasterMix (Invitrogen), 1.25 pL of 10 uM forward primer, 1.25 pL of 10 uM
reverse primer, 7 uLL of nuclease-free water and 3 pL of cDNA template. The reactions were then
incubated at 98 °C for 30 s, followed by 44 cycles of denaturation at 98 °C for 10 s, annealing at 60
°C for 20 s and extension at 72 °C for 2:10 min, with a final extension for 5 min at 72 °C, followed
by holding at 4 °C. Amplicon size and yield were assessed by gel electrophoresis of 5 pL of PCR
reactions using a 1% E-Gel-48 Agarose Gel (Invitrogen) with 500 ng of 1 Kb Plus DNA Ladder. The
gels were pre-stained with ethidium bromide for amplicon visualisation under UV light for
approximate quantification and sizing. Amplicon approximate quantity was estimated using the target
PCR product band intensity. To ensure even coverage across the HPMV genome, the 4 amplicons of
each clinical sample were pooled equally based on target amplicon intensity into a final pooled
volume of 40 pL, adjusted with Qiagen EB buffer (Qiagen, Diisseldorf, Germany) if necessary. When
nonspecific amplification was present, the band intensity of only the target amplicon was taken into
consideration, and pooling was adjusted accordingly. The HMPV genome amplicon pools were
purified using AMPure XP (Beckman Coulter, Pasadena, CA, USA) at a bead-to-sample ratio of 1x
according to the manufacturer’s protocol. The purified DNA was then quantified using the 1x double-
stranded DNA high sensitivity (1x dsDNA HS) Qubit assay (Invitrogen) and measured on the Qubit
4 fluorometer. The pooled amplicons were then volumetrically diluted to 0.2 ng/uL, the required

input concentration for library preparation.

Library Preparation and Sequencing

Amplicons were prepared for sequencing using the Nextera XT DNA Library Preparation Kit
with the v2 Set B indexing kit (Illumina, Massachusetts, MA, USA), although any compatible
indexing set of choice could be used in the reproduction of this approach. The manufacturer’s

protocol was followed for genomic DNA tagmentation, library amplification and clean-up, except
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that all volumes were halved for reagent conservation. The purified DNA libraries were quantified
using the 1x dsDNA HS Qubit assay and Qubit 4 fluorometer before normalisation using Qubit DNA
concentrations. The final library pool molarity and fragment length distribution were determined
using the 4200 TapeStation System with a high sensitivity D5000 tape (Agilent, Santa Clara, CA,
USA) before dilution to 0.1 nM with Qiagen EB buffer (Qiagen, Diisseldorf, Germany) for loading
and sequencing on an Illumina iSeq 100 platform (Illumina, San Diego, CA, USA) with a v1 300
cycle kit.

Viral Assembly

Raw sequences were initially quality scored using fastqc (Brown et al., 2017) following this, the
reads were quality trimmed to a QC threshold of phred score 20 using bbduk (Bushnell, 2016). The
trimmed reads were then de novo assembled using Megahit with default parameters (Li et al., 2015).
The trimmed reads were then remapped onto the draft genome using bbmap (Bushnell, 2016) before
the overall mapping alignment quality was assessed using the Geneious Prime 2019.2.3 and majority
consensus genome extracted. The final genome was trimmed of terminal primer sequences and

annotated using NCBI GenBank reference sequences.

Phylogenetic Analysis

Phylogenetic analysis was performed by aligning all sequences generated in this study against a
reference set obtained from NCBI GenBank using MAFFT and PhyML (Silva et al., 2017), with node
support estimated by 100 bootstrap replicates. Sequences obtained in this study were published to
NCBI GenBank with the following accession IDs: MW221986-MW221995.

Results and Discussion

Designing Primers to Amplify the HMPV Genome

The aim of this study was to develop a simple and robust amplicon-based approach for
amplifying and sequencing the HMPV genome. To do this, we adapted a previous approach used for
RSV (D1 Giallonardo et al., 2018a) to design four primer sets generating ~3.5 kb amplicons that
overlap and span the viral genome. Our primers were based on all available HMPV genomes from
the NCBI GenBank database and targeted conserved regions at suitably spaced positions in the
genome (Table 1 and Figure 2).
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Figure 2: Genetic variability across the HPMV genome. A graphic representation showing the percentage
identity at each nucleotide position along the genome with each HMPYV subtype plotted separately—A (red) and B
(blue). Included also is an HMPV genome shown to scale with annotated genes to highlight primer and amplicon
positions.

The final primer sets were located in the terminal regions of the genome, as well as in the fusion
and large protein genes, and avoided divergent regions of the genome such as in the viral glycoprotein
(G protein) (Figure 2). Other amplicon-based methods for viral genome sequencing often employ
shorter amplicon lengths (1,000 bp or less) to improve performance for low-viral-load or low-quality
samples, such as with the ARTIC protocol for SARS-CoV-2 genome sequencing (Tyson et al., 2020),
or even for enteric virus including human norovirus (Cotten et al., 2014). Here we chose targeted
amplicons to be between 3,000 and 4,000 bp based on previous performance against RSV (Di
Giallonardo et al., 2018a), where genomes would reliably amplify from 80 to 90% of clinical samples.
Furthermore, there is greater diversity present in HMPV compared to SARS-CoV-2 such that there
are less suitable target positions across the genome to readily amplify all subtypes. Indeed, to capture
this diversity several degenerate nucleotides were included in our primers, and based on our current
understanding of HMPV diversity, it would be expected our primers cover the vast majority of

variants present in circulation (Figure 3).
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PCR 1
41 64 4148 4165
Consensus GGGACAARTRAAAATGTCTCTTCA Consensus TGCAAAGTCAGCACAGGAAG
HMPV1_F G GGACAAATAAAAAT GTETOTTEA HMPVI_R TGMAARGTMAGECACAGGAAG

variant1-(n=61) GGGACAAGTGAAAATGTCTCTTCA Variant1-(n=169) TGCAAAGTCAGCACAGGAAG
Variant2-(n=43) GGGACAAATAAAAATGTCTCTTCA Variant2-(n=12) TGCAAAGTTAGCACAGGAAG
Variant3-(n=3) GGGACAAGTAAAAATGTCTCTTCA Variant3-{n=1) TGCAAAGTCAGCACAGGAGG
Variant4-(n=1) GGGACAAATGAAAATGTCTCTTCA Variant4-(n=1) TGCAAGGTCAGCACAGGAAG
variant5-{n=1) TGTAAAGTCAGCACAGGAAG
variant6-{n=1) TGCAAAGTCAGCACAGGAEG

PCR 2
4074 4093 8060 8083
Consensus ACAGCAGCAGGAATCAATGT Consensus CTGAACATGETCAATTCAGTACTA
HMPV2_F ACQAGOAGEIAGGIIATMAATGT HMPV2_R CTGARCATGATCARTTCAGTACTA
Variant 1-(n=103) ACAGCAGCAGGAATTAATGT Variant1-(n=111) CTGAACATGEITCAATTCAGTACTA
Variant2-(n=54) ACAGCAGCAGGGATCAATGT Variant2-(n=33) CTGAGCATGETCAATTCAGTACTA
Variant3-(n=19) ACAGCAGCAGGAATCAATGT Variant3-(n=26) CTGAGCATGETCAGTTCAGTACTA
Variant 4 - (n=4) ACAGCIRGCAGGGATCAATGT Variant 4 - (n=7) CTGAACATGETCAATTEMAGTACTA
Variant 5 - (n=3) ACAGCAGCGGGAATTAATGT Variant 5 - (n=3) CTGAACATGETCAATTCAGTACEA
Variant 6 - (n=1) ACAGCAGCAGGAATHRAATGT Variant 6 - (N=3) CTGAACATGETCAATTCAGEACTA

Variant 7 - (n=1) ACAGCAGCAGGGATCAAEGT

PCR 3
78.23 78I48 11033 11051
Consensus AACTGTTAACATGGAAAGATGTGATG Consensus CAGCATCAGTTCCAGCTTA
HMPV3_F AACTGTTAACATG GAAAGATGTGATG HMPV3_R CAGEMTENGTTCCAGETTA
Variant1-(n=164) AACTGTTAACATGGAAAGATGTGATG Variant1-(n=123) CAGCATCAGTTCCAGCTTA
Variant2-(n=17) AACTGEITAACATGGAAAGATGTGATG Variant2-(n=58) CAGCTTCTGTTCCAGCTTA
Variant 3 - (n=2) AACTGTTGACATGGAAAGATGTGATG Variant 3 - (n=2) CAGCATCAGTTCCIHNGCTTA
Variant 4 - (n=2) AATGTTAACATGGAAAGATGTGATG Variant 4 - (n=1) CAGCATCTGTTCCAGCTTA
Variant 5 - (n=1) CAGCATCAGTTCCHMGCETA

PCR 4
9730 9753 13383 13404
Consensus TCAATAGGGAGTCTATGTCAAGAA Consensus GAATGTATACGGTTTTTTTGCC
HMPV4_F TCAATAGGGAGTETHTGTEARGAA HMPV4R GRATGTATACGGTTTTTTTGNMC

Variant1-(n=124) TCAATAGGGAGTCTATGTCAAGAA Variant1-(n=17) GAATGTATACGGTTTTTTTGCC
Variant2-(n=27) TCAATAGGGAGTCTGTGTCAAGAA Variant2-(n=3) GGATGTATACGGTTTTTTTGCC
Variant3-(n=16) TCAATAGGGAGTCTATGTCAGGAA Vvariant3-(n=1) GAATGTATACGGTTTTTTTIHRGC
Variant4-(n=14) TCAATAGGAAGTCTATGTCAAGAA
Variant 5 - (n=3) TCAATAGGGAGTMRTATGTCAAGAA
Variant 6 - (n=1) TCAATAGGGAGTCTATGECAAGAA

Figure 3: Primer alignments. A graphical representation of the four chosen primer pairs aligned against known
variants (sequences in the alignment) at each binding site relative to strain A1 (NCBI GenBank Accession:
KUS821121). Variants are different possible sequences in the alignment, and “n” refers to the number of these
sequences that were observed at the primer binding sites.

HMPV Genome RT-PCR Performance

To examine the performance of our newly designed primers, we tested them against a set of
HMPV-positive extracts from clinical respiratory specimens. Since the subtype and sublineage
classifications from our samples were unknown, we instead obtained samples across a wide time
period (2013 to 2020) to attempt to capture a breadth of diversity. Initial end-point PCRs showed
good levels of amplification across the four targets (data not shown); however, we then attempted
further optimisation of the assay using a temperature gradient (59-61.5 °C) to establish the optimal
annealing temperature was 60 °C to ensure efficient target amplification and minimise nonspecific
amplification (Figure 4A). We also compared our primers to those previously published from the

Peru WGS study (Figure 4B) and showed improved performance, particularly for the specific
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amplification of the targeted HMPV region; however, this may be partly due to our initial
optimisation of annealing and cycling conditions favouring our newly designed set. An additional
RT-PCR was performed to ensure the assay was specific for HMPV and did not amplify the closely
related virus, RSV (Figure Supplementary 1).
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Figure 4: Representative gel electrophoresis result showing RT-PCR performance of amplicons for
HMPYV genome sequencing. (A) Results for our optimised assay using our newly designed primers; (B)
same samples amplified using previously published primers using the same conditions (Pollett et al.,
2018). For each panel, the four amplicons for each sample have been run in sequential order, with strain
ID corresponding to the original sample accession and collected year. The samples shown here were of
the subtypes A2, B1 and B2, as indicated.

Genome Sequencing, Assembly and Analysis

Following the successful amplification of all ten HMPV samples, the four amplicons from each
were pooled, purified, and sequenced using the Nextera XT library prep kit and an [llumina iSeq 100.
In this study, we sequenced the 10 clinical HMPV samples along with libraries from other projects.
However, we targeted 100,000 paired reads per HMPV library to achieve an expected genome

coverage depth between 800 and 1,000%, which is sufficient for calling a consensus genome. Given
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an [llumina iSeq 100 run would yield a total of 5,000,000 paired reads, it would be possible to reliably
multiplex up to 48 HMPV genomes per run. In this study, the samples included had a mean read
depth of 1,125x% across all samples (Supplementary Figure 2), and the coverage was found to be
even across the genome, except where amplicon pooling was not equal. We then used a de novo
assembly approach to generate the final consensus genomes for the ten HMPV samples. Reference
mapping would also be an appropriate method for genome assembly; however, similar to RSV, there
are notable structural variants (insertions) in the HMPV G protein (Di Giallonardo et al., 2018a) that
may be misassembled when using an inappropriate reference strain for mapping such as a historical
prototype. Therefore, a de novo approach would be recommended for both RSV and HMPV WGS,
and users should examine coverage profiles for depth variability as an indication of structurally
misassembled genomes. It is also important to note that the final genome sequences generated using
our approach will be in-complete in the terminal regions and missing an expected 43 and 28 base
pairs in the 5" and 3’ ends, respectively. Ideally, our assay would have had primers designed from the
very terminal regions; however, the limited sequence availability meant that such primers using
existing GenBank sequences may not capture all circulating diversity. Importantly, the slightly
inward placement of primers was not found to have any impact on the phylogeny of the virus, and
the topology of phylogenetic trees using complete and “near-complete” genomes (i.e., just using the
region our assay amplifies) were found to be identical (data not shown). Furthermore, it is also
common practice in phylogenetic analysis to ensure sequences are trimmed to coding regions only,
which our assay captures. This genome sequencing approach is also useful in investigating minor
variants present in individual patient samples. Previous studies of other respiratory viruses have
shown the merit of using amplicon-based methods to identify mixed infections containing multiple
viral subtypes (Di Giallonardo et al., 2018a, Eden et al., 2020a). However, here in our study samples,

no variants were observed at a frequency above 1%.

We then analysed our ten clinical HMPV genome sequences alongside four reference sequences
and a selected subset of published hMPV sequences using a phylogenetic approach to determine their
subtype. Of the samples presented in this study, four were identified as A2b strains, two as B1 and
four B2 (Figure 5). There are limited data on the molecular epidemiology of HMPV in Australia and
nothing published previously for the state of NSW, where these samples were collected. The finding
of no Al or A2a strains may be due to the under sampling in this current study; however, one study
from Queensland, Australia, showed declining levels of A1 over the period 2001-2004 (Sloots et al.,
2006), and since 2006, these subtypes have been rarely identified with A2b and B strains most

commonly identified (Y1 et al., 2019). Despite this, based on our alignments, we would expect the
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primers and amplification to capture all subtypes, including Al and A2, as these viruses were
represented in our genome alignments (Figures 1 and 3), and this approach would be useful for

ongoing genomic studies here in Australia and globally.
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Figure 5: A maximum-likelihood tree constructed using near-full-length human metapneumovirus
sequences generated in this study (those colored red). Node supports are indicated, and branch lengths
are scaled according to sequence divergence (substitutions per site).
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Conclusions

Using publicly available genome sequences representing the full known diversity of HMPV, we
designed a simple and reliable assay for amplifying and sequencing HMPV genomes from clinical
samples. Ten HMPV genomes were generated from residual-diagnostic specimens using this
approach to demonstrate multiple subtypes circulating in NSW, Australia, since 2013. This work
highlights the utility of amplicon-based sequencing for genomic epidemiological studies of
respiratory viruses to inform public health investigations and understand the patterns of evolution

and spread.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: title, Table
S1: title, Video S1: title.
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Supplementary Figure 1. Gel electrophoresis result showing RT-PCR results for cross-reactivity between HMPV and RSV

genome amplifcaiton primers. Panel A shows the results for our optimized HMPV assay using a set of HMPV and RSV positive

samples (3 each) while Panel B shows the same samples amplified using previously published RSV primers (Di Giallonardo

et al., 2018). For each panel, the labels show the PCR segment, Strain name, Virus sample is positive for and the WGS assay

used for each RT-PCR.
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B/NSW/WM0236606/20 (mean coverage = 2686.0X)

Supplementary Figure 2. Coverage plots for the ten HMPV whole genome sequences generated in this study. The trimmed sequence reads were mapped onto
draft reference genomes to examine coverage along the virus genome. The y-axis shows the log-scaled sequence reads depth (coverage) and the x-axis shows
the relative genome position according to the scale at the top. The mean coverage is provided for each sample.
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Abstract

Human metapneumovirus (HMPV) is an important cause of both upper and lower respiratory tract
disease, particularly in the very young and the elderly. Despite this, we know little about the sources and
patterns of HMPV genetic diversity as limited genomic surveillance is conducted. In this study, we used a
whole genome sequencing and phylogenetic approach to examine circulating HMPV diversity and assess the
impact of COVID-19 on the breadth and number of lineages in New South Wales (NSW), Australia between
2013-2021. The pre-COVID-19 pandemic period was defined by co-circulation of multiple HMPV subtypes
including A2, B1 and B2, and typical winter seasonality. Interestingly, we identified two novel HMPV-A2
variants containing insertions in the viral glycoprotein that emerged globally but had not previously been
reported locally. Furthermore, following the emergence of SARS-CoV-2 and the introduction of non-
pharmaceutical interventions we observed a marked reduction in HMPYV incidence, with few cases detected
throughout 2020. However, during the late winter period of 2021, coinciding with the large outbreak of SARS-
CoV-2 Delta variant in NSW, HMPV cases surged, associated with a single HMPV-A2 variant. This collapse
in circulating HMPV diversity following COVID-19 restrictions is consistent with other respiratory viruses
such as influenza virus and respiratory syncytial virus. We provide greater genomic resolution of HMPV
epidemiology in Australia over the last nine years and highlight the importance of ongoing surveillance and
sequencing of HMPV in the post-pandemic era, as previous patterns of disease may be subject to abrupt and

unexpected change.
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Introduction

Human metapneumovirus (HMPV) is a leading cause of acute respiratory infection (ARI) in
vulnerable populations, including young children, the elderly and immunocompromised (Bernadette
etal., 2001, Kaslow et al., 2014). While most infections are mild and localized to the upper respiratory
tract, lower respiratory tract infections can lead to pneumonia and bronchiolitis with patient outcome
largely reliant on comorbidities and coinfections. Indeed, HMPV is responsible for up to 10% of all
lower respiratory tract infection hospitalizations in children (Heikkinen et al., 2008) and like
influenza and SARS-CoV-2, may cause residential care facility outbreaks (Jones et al, 2022). HMPV
is endemic globally (Jin et al., 2015, Liu et al., 2015, Pollett et al., 2018) with cases typically peaking
around late winter and spring in temperate climates, whilst in tropical climates peaks are observed
between late spring and early summer (Broor et al., 2008). Notably, globally, HMPV activity often
follows the peak in respiratory syncytial virus (RSV) activity (Adams et al., 2015, Ditt et al., 2011,
Paget et al., 2011, Cattoir et al., 2019).

HMPYV is a member of Pneumoviridae family, with a negative-sense, single-stranded RNA
genome of approximately 13.3kb in length. The viral genome contains eight genes (N, P, M, F, M2,
SH, G, and L) encoding nine proteins (Sutherland et al., 2001, EI Najjar et al., 2016). HMPV is
genetically related to RSV, however it lacks two non-structural genes found in RSV NS1 and NS2
(Pangesti et al., 2018). Despite the increasing availability of whole genome sequencing (WGS), the
vast majority of HMPV epidemiological studies have been performed using partial genome
sequencing of either the glycoprotein (G), fusion (F), or nucleoprotein (N) genes (Carneiro et al.,
2009, Embarek Mohamed et al., 2014, Li et al., 2012, Ljubin-Sternak et al., 2008), limiting
phylogenetic resolution (Embarek Mohamed et al., 2014). HMPV can be broadly classified into two
genetic lineages, genotypes A and B (van Den Hoogen, 2007). Recent studies have proposed the
further subdivision of HMPYV into four subtypes: A1, A2, Bl and B2, using phylogenetic analysis of
the G protein extracellular domain (Peret et al., 2004).

Whilst HMPV genotypes and subtypes are clinically indistinguishable, phylogenetic analysis has
allowed for the identification and classification of multiple variants co-circulating with global
distributions (Agapov et al., 2006, Jain et al., 2014, Naganori et al., 2020), with frequent switching
of variant dominance (Gaunt et al., 2011). For example, recent studies have identified the emergence
of two novel HMPV-A2 variants carrying G gene duplications, one with a 111-bp duplication and
another with a 180-bp duplication (Saikusa et al., 2017a, Nidaira et al., 2012). These variants have

only been reported in Japan and their existence in Australia had not been documented (Saikusa et al.,
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2017a, Saikusa et al., 2017b). Interestingly, recent RSV subtypes, RSV-A ON1 and RSV-B BA10,
contain nearly identical duplication events in the same attachment G glycoprotein, suggesting some
convergence in genotype (Di Giallonardo et al., 2018a, Linstow et al., 2008, Paget et al., 2011,
Pangesti et al., 2018, Shi et al., 2017). In both cases, these variants replaced existing genotypes to
become the globally dominant strains, suggesting some increased epidemiological fitness over the
previous circulating genotypes (Liang et al., 2019, Eden et al., 2021, Di Giallonardo et al., 2018a).
Some studies have proposed that the global dominance of the RSV-A ONI1 genotype is due to the
lengthening of the G glycoprotein, which possibly increases glycosylation patterns and facilitates

improved cellular attachments, increasing transmission in human airways (Liang et al., 2019, Ma et

al., 2021).

During the COVID-19 pandemic, seasonal epidemics of common respiratory viruses including
influenza, RSV and HMPV were disrupted both locally and globally (Yeoh et al., 2020, Binns et al.,
2022). For example, in Australia, RSV and influenza virus activity were reduced by 98% and 99.4%,
respectively in Western Australia during 2020 when compared to the previous winter seasons of
2012-2019 (Yeoh et al., 2020). Similarly, RSV cases reported in New South Wales (NSW) between
April and June 2020 were also reduced by 94.3% compared to 2015-2019 (Britton et al., 2020). This
trend was observed globally with United States, Chile, Taiwan, and South Africa reporting declines
in influenza virus circulation coinciding with the emergence of SARS-CoV-2 and the implementation
of COVID-19-related non-pharmaceutical interventions (NPIs) such as staged lockdowns, mask
mandates, isolation protocols and border closures to restrict the spread of SARS-CoV-2 (Olsen et al.,
2020, Chen et al., 2021). While the control of SARS-CoV-2 varied across different countries and
locally by state, the marked reduction in seasonal respiratory virus activity was dramatic, particularly
for influenza, RSV, and also HMPV (Eden et al., 2021). Importantly, COVID-related NPIs have not
only had great impact on the incidence and seasonality of these viruses, but also lead to major
reductions in circulating viral diversity (Chen et al., 2021, Eden et al., 2021, Eden et al., 2022, Fricke
et al., 2021, Tazinya et al., 2018). It remains unclear how the collapse of diverse sublineages and
genetic bottlenecking observed with RSV and influenza will impact activity and molecular
epidemiology of other respiratory viruses going forward, however this is a clear challenge for vaccine
development and highlights the importance of routine genomic surveillance for all respiratory viruses

beyond SARS-CoV-2 (Eden et al., 2021).

In NSW, COVID-19-related NPIs have varied in duration and intensity along with multiple
waves of SARS-CoV-2 activity. During the COVID-19 pandemic, HMPV activity has been largely
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reduced and no winter peak was observed during 2020. However, in the late winter period of 2021,
HMPYV activity rose with a major outbreak across NSW. As there are less than 300 publicly available
whole genome sequences published globally, we lack the genomic information required to inform
our understanding of the emergence, evolution and spread of HMPV, and how the molecular
epidemiology has changed due to the COVID-19 pandemic. This study aims to describe the genetic
diversity of HMPV in NSW and investigate the impact that circulating strains have on outbreaks in
Australia before and after-the COVID-19 pandemic using whole genome sequencing and
phylogenetic approaches. By generating a large dataset of new HMPV genomes from clinical cases
in NSW during peak and off-peak seasons over a 9-year period, we demonstrate the evolutionary

dynamics and impact of COVID-19 on circulating HMPV diversity.

Materials and Methods
Epidemiological data
Weekly published respiratory virus surveillance reports were sourced from NSW Health

published between 2009 to 2021 (available at: https://www.health.nsw.gov.au/Infectious/covid-

19/Pages/weekly-reports.aspx). These reports contain summaries of the number of detections and tests

performed from sentinel labs across NSW. Respiratory pathogens tested in this panel include
Influenza A, Influenza B, Adenovirus, Parainfluenza, RSV, Rhinovirus, HMPV, Enterovirus and post
2020, SARS-CoV-2; serological diagnoses are not included in the count data. Raw data was collated
for the years 2013 and 2016-2021 with total positive cases standardized per 1000 tests.

Sample Collection

Residual respiratory specimens submitted to NSW Health Pathology-Institute of Clinical
Pathology and Medical Research (NSWHP-ICPMR) at Westmead Hospital for diagnostic testing
were utilized in this study as per protocols approved by Western Sydney Local Health District Human
Research Ethics Committee (Approval numbers LNR/17/WMEAD/128 and SSA/17/WMEAD/129).
RNA was extracted using the MagNA Pure 96 (Roche Diagnostics GmbH, Mannheim, Germany)
with the Viral NA Small Volume Kit per the manufacturer’s instructions (Roche Molecular
Diagnostics, Mannhiem, Germany), and then screened against a panel of known respiratory viruses
using a laboratory developed quantitative PCR targeting influenza viruses A & B, influenza A
subtypes H3N2 & pandemic HINI, adenovirus, parainfluenza viruses 1, 2 & 3, rhinovirus,
enterovirus, RSV and HPMV (Ratnamohan et al., 2014). Clinical samples were de-identified, with

basic metadata recorded, including date of collection, patient age, sex and sampling location. Here,
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we sequenced 185 samples collected between the years 2013, 2016-2021; collection dates were

staggered across different seasons throughout the year to capture seasonal diversity.

Whole Genome Sequencing

An overlapping reverse transcription PCR (RT-PCR) method was used to amplify the entire
length of the HMPV genome (Tulloch et al., 2021a). Briefly, viral extracts were first reversed
transcribed using the Invitrogen SuperScript IV VILO Master Mix (Invitrogen, Carlsbad, CA, USA)
before genome amplification across four parallel PCR reactions as described (Tulloch et al., 2021a).
Resultant amplicons were pooled equally and purified using AMPure XP (Beckman Coulter,
Pasadena, CA, USA). The pooled and purified amplicons were then prepared for sequencing using
the Nextera XT DNA Library Preparation Kit and indexed using the v2 Set B unique dual indexing
kit (Illumina, Massachusetts, MA, USA). Sequencing was performed on an I[1lumina iSeq (150 paired
end reads) with approximately 40 individually indexed libraries per run resulting in a coverage depth
of at least 1000X reads per viral genome. To confirm structural variation in the viral glycoprotein,
select samples were subjected to long-read sequencing by Oxford Nanopore Technologies (ONT).
Briefly, libraries were prepared from the pooled and purified amplicons using the rapid barcoding kit
and sequenced on a MinlON using a R9.4.1 flow cell to a depth of at least 100X coverage across the

glycoprotein region.

Raw sequences generated using the Illumina sequencing platform were first quality trimmed
using bbduk v38.86 (Bushnell, 2016) before de novo assembly using megahit v1.0.2 (Li et al., 2015).
The trimmed reads were then re-mapped onto the draft viral contig (genome) using bbmap v38.86
(Bushnell, 2016). Overall mapping and de novo alignment quality was assessed by visual inspection

in Geneious Prime 2020.1.2 (available from: https://www.geneious.com). Final majority consensus

sequences were then extracted from alignments with terminal primer sequences removed before gene
annotation using National Center for Biotechnology Information (NCBI) GenBank reference
sequences (HMPV-A NC 004148 and HMPV-B HM197719). All sequences generated in this study
were submitted to NCBI GenBank with the following accessions: OP904002 - OP904181.

Sequence alignments
The purpose of this study was to analyse newly generated sequences in both a local and global
context, we therefore downloaded all HMPV complete or near-complete (>13kb) genomes from

NCBI GenBank (as of 16" Feb 2022). Reference sequences were first imported into Geneious Prime
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2020.1.2 and then sorted into their respective subtypes HMPV Al, A2, Bl and B2 using MAFFT
(Rozewicki et al., 2019). Sequences that lacked spatial or temporal collection data were excluded.
Sequences that were generated using highly passaged viruses, were synthetic, or containing long
stretches of ambiguous bases (>20bp long) were also excluded from the study. The curated reference
sequences were then combined with our 185 newly generated genome sequences using MAFFT. The
final dataset used in this study consisted of 367 full length HMPV sequences, 185 A and 182 B
sequences. All four HMPV sub-types were analysed independently.

Phylogenetic and temporal analysis

Full-length genome maximum likelihood trees for all subtypes were estimated using PhyML
(Guindon et al., 2010) with the GTR + Gamma substitution model and 1000 bootstraps. Date of
collection information was utilised in conjunction with available full length genome ML phylogenies
to examine temporal relationships within the data. This analysis was performed with TempEst v1.5.3
using regression of root-to-tip genetic distance against time (Rambaut et al., 2016) and plotted in
RStudio 2022.07.1. Evolutionary rates and time-scale phylogenies were then estimated with a
Bayesian approach using BEAST v1.10.4 (Suchard et al., 2018). To determine the best parameters
for our data we compared different clock (strict versus relaxed clock) and tree (constant versus
Bayesian skyride) models using path-sampling. For each analysis, the codon-based SRD06 model
was used with the chain length set to 50 million, sampled every 10,000 steps with at least two
independent runs. The BEAST output was imported into Tracer v1.7.1 and examined to ensure
sufficient sampling and to facilitate the removal of between 10-20% of the posterior distribution to

ensure sampling during the stationary phase.
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Results and Discussion
The impact of COVID-19 on the seasonality of HMPV in New South Wales, Australia

The epidemiology of HMPV in Australia is poorly described and genomic studies are lacking.
Furthermore, the COVID-19 pandemic has had major impacts on the seasonal patterns and circulating
diversity of endemic respiratory viruses such as influenza virus and RSV (Baker et al., 2020, Britton
et al., 2020, Dhanasekaran et al., 2022), and for HMPV, the impact remains unknown. To bridge the
gap in our knowledge of HMPV molecular epidemiology, we collected incidence data from reports
publish by NSW Health sentinel laboratories and conducted a genomic survey using whole genome
sequencing from strains between 2013 and 2021. To examine the seasonal distribution of HMPV in
NSW, the number of positive cases was plotted by month during the pre- and pandemic periods
following the emergence of COVID-19 (Figure 1). In NSW, HMPV activity typically peaks in late

winter to early spring, with historical peaks occurring between the months of September and October.
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Figure 1: The epidemiology of HMPYV in New South Wales between 2016 and 2021 — The grey shaded bar-plot
with the left axis is the number of respiratory panel tests performed by NSW Health in 2020-21. The dot-dash red
line represents the average number of HMPV positive cases by month between 2016 and 2019, while the solid blue
and maroon lines are representative of the total number of HMPV cases per month in 2020 and 2021 respectively,
the pink shaded region represents minimum and maximum monthly positive HMPV cases per month between 2016-
2019, with those chart features corresponding to the right axis. The top panel shows the severity of public health
restrictions and coloured according to the key provided.

Before the COVID-19 pandemic, HMPYV seasonality was largely consistent with relatively minor
fluctuations in the magnitude and timing of peak case numbers annually. However, in early to mid
2020, large disruptions to the expected pattern of HMPV incidence occurred, coinciding with the
start of the COVID-19 pandemic. Here, unseasonably low cases of HMPV were observed between
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April 2020 and December 2020, with the dramatic drop in case numbers largely due to the
implementation of public health NPIs (Figure 1). The implementation of the first statewide lockdown
in March 2020, and further introduction of NPIs to limit the spread of SARS-CoV-2 also greatly
disrupted the typical seasonality of other common respiratory viruses such as the influenza viruses
both locally and globally (Baker et al., 2020, Olsen et al., 2020, Rockett et al., 2020). A rise in HMPV
cases was then observed during mid-2021, coinciding with the implementation of further COVID-19
restrictions to limit the increase of local SARS-CoV-2 transmission (Delta variant wave). Therefore,
while the effectiveness of NPIs was apparent during 2020, the HMPV cases were seemingly
sufficiently established that the 2021 surge suppressed by the introduction of COVID-19-related
public health restrictions that included stay-at-home orders. A similar initial suppression of cases was
seen in RSV during early 2020, however, this was maintained through-out the lockdown period and
activity resumed only shortly after the easing of restrictions in late 2020. Of note, this resurgence was
associated with a collapse in circulating diversity, with most pre-pandemic lineages becoming
extinct, and the emergence of two geographically linked RSV-A variants that seeded further
outbreaks interstate (Eden et al., 2022).

The impact of COVID-19 on the molecular epidemiology of HMPYV in New South Wales, Australia
To examine the molecular epidemiology of HMPV in NSW before, during and after the COVID-
19 restrictions were implemented, we sequenced the HMPV genome from 185 residual HMPV-
positive clinical samples collected between 2013 and 2021 from Sydney and regional NSW. Noting
that no samples were available to sequence between 2014-2016. Following genome sequencing, we
used comparative analysis to identify the subtypes of samples sequenced in this study and describe

the molecular epidemiology of HMPV in NSW during the study period (Figure 2).
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Figure 2: Seasonal distribution and subtypes detected by quarter - The total reported positive cases in NSW is
portrayed on the right Y axis and shown by the bold line graph, whilst the number of genomes subtyped in this
study on the right Y axis corresponds to the bar graph, and coloured according to the key provided. The X axis is
labelled with quarters of each year.

In the pre-COVID era (2013-2019), the A2, B1 and B2 subtypes were found to be co-circulating
with minor fluctuations in the predominant strain each season. Typically, each subtype was detected
throughout the year except for Q2-Q3 2016, Q4 2018 and Q1 2020 however, there was on average
less than 10 genomes per quarter for these periods. Therefore, this is likely due to under-sampling
during these quarters, and does not necessarily reflect the temporal distribution of these subtypes in
these periods. The Al subtype was not identified in this study however, it is important to note that
publicly available literature has not reported the identification of the Al subtype since 2007,
suggesting that this lineage may now extinct and no longer in circulation (Torres et al., 2012a).
Interestingly, together the HMPV-B subtypes (B1 & B2) were largely dominant over HMPV-A (A2)
in every year and quarter except Q3 2016 and throughout the entirety of 2021 in the COVID-19
period. Shifts in predominant subtypes between years and the apparent complex pattern of HMPV
circulation in NSW has been mirrored in global long-term studies, including those conducted in the
United States, Germany, China, Japan and South Korea (Lim et al., 2020b, Yang et al., 2009b, Reiche
et al., 2014, Zhang et al., 2012). Following the decline in HMPYV cases in 2020 and early 2021, we
observed a collapse in diversity with only the A2 subtype detected in 2021, including during the
period of peak activity in Q3. Interestingly, we did not identify any A2 subtype even during Q1 2020,
immediately prior to COVID-19 restrictions and border closures. Therefore, our data suggests that
following the relaxation of COVID-19 restrictions in NSW, a collapse in genetic diversity was
observed, likely caused by COVID-19 related NPIs which is similar to influenza and RSV (Koutsakos
etal., 2021).
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Phylodynamics of HMPV in NSW, Australia - Evolution and spread pre-COVID-19
A phylogenetic analysis was performed by utilizing the 185 whole genome sequences generated
in this study along with 192 reference sequences available on NCBI GenBank. The final alignments
including sequences from 15 different countries across a 39-year period (1982-2021). This combined
dataset of 377 samples comprised 190 and 187 HMPV-A and -B genomes, respectively. There is a
clear lack of HMPV sampling and surveillance globally, consequently, approximately 49% of the
total dataset was generated in this study from samples collected in NSW, between the years of 2013
and 2021 (Supplementary Figure 1). These significant sampling biases limited the scale of our
phylogeographic analysis; therefore, sequences were grouped by continent of sampling (Figure 3).
Our phylogenetic analysis of HMPV A2, B1 and B2 genomes showed that Australian circulating
HMPYV viruses were largely similar to those circulating globally. Like many respiratory pathogens,
global diversity was linked to predominant subtypes and variants circulating in similar periods. This
trend was also observed within our samples, at least prior to 2020 and the start of the COVID-19
pandemic (Figure 3).
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Figure 3: Phylogenetic analysis of global and local HMPV whole genome sequences. HMPV sequences in this
study were aligned with all available HMPV sequences from NCBI GenBank and separated by subtype.
Phylogenetic trees were then estimated for each subtype alignment using a minimum likelihood approach. Country
of collection has been colored by broader region according to the key provided. Branches are proportional to the
number of nucleotide substitutions per site. Diamonds at nodes indicate bootstrap support values >70%.

Currently, the A2 subtype at present can be further broken down into 3 distinct sub-lineages,
A2a, A2bl and A2b2 (Saikusa et al., 2017a), and here most HMPV-A2 strains were identified with
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other global sequences as A2b2 sub-lineage. Within this A2b2 sub-lineage we identified two distinct
duplication insertions (nt-dup) in the glycoprotein, one a 111bp insertion and the other a 180bp
insertion (HMPV A2bisont-dup Or A2b111nt-dup). These insertion subtypes have been identified globally,
however this study is the first to report these variants locally in Australia (Naganori et al., 2020,
Pifiana et al., 2016, Saikusa et al., 2017a). Further analysis of the glycoprotein sequences generated
in this revealed all A2 samples collected after 2017 were either the A2bigont-dup Or A2b111nt-dup Variant,
suggesting a replacement of previous HMPV A2 strains, and possible increased epidemiological
fitness with these novel glycoprotein variants. Whilst we did not examine the phenotypes of these
duplication events in this study, others have proposed these changes may be advantageous due to the
lengthening of the major attachment protein of the virus and possible increased glycosylation patterns
(Naganori et al., 2020, Saikusa et al., 2017a). Interestingly, equivalent duplication events have been
described for RSV including the ON1 RSV-A genotype. Notably it contained a 72-nt duplication
which quickly spread and seemingly replaced other RSV-A subtypes globally (Aneley Getahun et
al., 2019, Shietal., 2017, Tabatabai et al., 2014). No structural variants were observed for the HMPV-
B viruses; however they remained circulating throughout the study period until the COVID-19-
related bottleneck. Interestingly, the B1 and B2 viruses show distinct phylodynamic patterns, with
the B1 viruses typified by shorter branch lengths and higher turnover of circulation lineages. While
the B2 viruses showed deeper internal branches with higher degree of cocirculating clades compared
to B1, with evidence of multi-year persistence of some B2 sub-lineages. Across both the HMPV-A
and -B trees, some samples were found to cluster by time and place, suggesting possible local

outbreaks.

The emergence of a novel HMPV-A2 variant in the post-COVID-19 period

As HMPYV cases increased during 2021 in the post-COVID-19 period, we specifically sequenced
14 samples collected from seven geographically dispersed areas across NSW between June and July
of 2021 (Figure 3) to compare to pre-COVID-19 circulating diversity and characterize the 2021
winter outbreak. The 14 sequences were found to be highly clonal, and all belonged to a novel A2b2
clade carrying the 111nt G gene duplication, here termed the NSW 2021 A2b2111nt-qup Variant. The
clade containing the post-COVID-19 sequences appeared to have no immediate ancestor based on
whole-genome sequences (Figure 3). A significant limitation of this analysis was the sampling bias
towards recent cases originating from NSW and the limited whole-genome data that is available for
comparison. Therefore, to determine if there was any recent ancestor of the post-COVID-19 clade,

we expanded our analysis to examine all available partial HMPV-A2 gene sequences available on
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the NCBI database (Supplementary Figure 2). HMPV sequences in this study were aligned with all
available HMPV-A2 sequences from NCBI GenBank. 3330 A2 Fusion gene sequences download
from NCBI and combined with 190 study samples (total alignment sequences, n= 3520). Aligned
with MAFFT and ML tree estimated using FastTree 2.1.11 with GTR subs model (Ward et al., 2020).
The fusion glycoprotein coding region was extracted, and sequences less than 300 nucleotide were
removed. No sequences sourced globally were found to be immediately related to 2021 outbreak
clade suggesting the source remain unknown. Samples were grouped by country of origin and branch
lengths constructed with relation to the number of nucleotide substitutions per site to provide a
measure of sequence variation. Despite this, a recent ancestor could not be identified using the
extended dataset. This again highlights major sampling biases towards limited regions including
Europe, Asia and North America, and greater focus on other respiratory pathogens such as COVID-

19, influenza virus and RSV.

Next, we sought to employ a Bayesian approach to estimate the time of origin of the novel NSW
2021 A2b2i11nt-dup variant. While we saw clear temporal structure by root-to-tip distance plotted
against collection date across the genome for each subtype alignment (Supplementary Figure 3),
we limited our dating analysis to the coding region of RNA-directed RNA polymerase (L protein),
due to its increased evolutionary stability and reduced impact of time-dependent rate inflation biases
(Eden et al., 2022). Initially, we tested combinations of clock and coalescent models to obtain the
best fitting statistical model according to path sampling and stepping-stone analysis (Supplementary
Table 1), which for the A2 subtype dataset was a relaxed clock (uncorrelated lognormal distribution)
with an exponential growth tree prior. This analysis showed that the common ancestor of the NSW
2021 outbreak clade was in circulation during 2020 (0.6 — 1.72 years prior to July 2021) and may
have originated locally in Australia at the start of pandemic or after the first waves and initial
lockdowns ended (Figure 4). Whilst a significant limitation of this study was the lack of global and
regional sampling, it is important to recognize that the broader lineage defining the NSW 2021
outbreak viruses is poorly sampled and represents at least 6 years of unsampled diversity. Regardless
of timing and origins, we demonstrate a remarkable collapse in circulating diversity for HMPV in
Australia, similar to influenza virus and RSV (Eden et al., 2022), again highlighting how the
molecular epidemiology of these endemic respiratory viruses have changed dramatically following

the COVID-19 pandemic.
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Figure 4: A time-scaled phylogenetic analysis of HMPV-A2 subtype. A. Complete HMPV-A2 L gene sequences
generated in this study were aligned with NCBI GenBank sequences. These alignments were analysed using a
Bayesian molecular clock approach estimated with BEAST (v1.10.a). B. An annotated subset of main phylogeny,
with sampling location listed for samples collected post lockdown in the 2021 outbreak period. The dotted line
represents the first wave of COVID-19 lockdowns in metropolitan NSW (16™ March 2020). Country of collection
has been coloured by broader region according to the key provided. Branches are proportional to the time with
coloured bars at nodes indicating the 95% highest probability density for node ages. Diamonds at nodes indicate
posterior probability support values >0.9.
Conclusions

HMPYV remains a virus of significant importance to public health, especially in the young,
elderly, and immune compromised. Here we use whole genome sequencing and a phylodynamic
approach to provide a high-resolution genomic study of HMPV molecular epidemiology in Australia.
Before the COVID-19 pandemic, we identified cocirculating subtypes both globally and locally, with
predominant strains varying from year to year and season to season. We also report the identification
of 111nt-dup and 180nt-dup A2 subtypes with structural duplications in the viral glycoprotein
circulating within Australia that appear to have emerged globally in 2013 to replace wild-type A2
viruses. Post-COVID-19, we saw an initial dramatic decline in HMPV cases, likely due to the NPIs

put in place to combat the initial pandemic, followed by a surge in cases in winter 2021 after

relaxation
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of public health measures before then peaking with a major wave of SARS-CoV-2 Delta variant. Of
note, a major genetic bottleneck occurred during the COVID-19 restrictions of 2020 with the 2021
outbreak dominated by a single A2 clade, with the place of origin yet to be determined but possibly
early in the pandemic and most therefore likely locally in Australia. This study also highlights the
lack of HMPV whole genomes both globally and locally, and biases in sampling that overwhelmingly

limits the comprehensive analysis of the global distribution and evolution of HMPV.
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Supplementary Figure 1: Geographic and temporal sampling distributions for genomic analysis. These
plots show the number of sequences (y-axis) by collection year (x-axis) for the genome analysis presented in
Figures 3 & 4, respectively. Sampling location has been coloured according to the key provided.
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Supplementary Figure 2: Phylogenetic analysis of global and local HMPYV fusion gene sequences. HMPV
sequences in this study were aligned with all available HMPV-A2 sequences from NCBI GenBank. The fusion
glycoprotein coding region was extracted, and sequences less than 300 nt were removed. No sequences sourced
globally were found to be immediately related to 2021 outbreak clade suggesting the source remain unknown.
Country of collection has been coloured by broader region according to the key provided. Branches are
proportional to the number of nucleotide substitutions per site.
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Supplementary Figure 3: Root-to-tip regression analysis of temporal structure. Plots of the root-to-tip genetic distance against sampling time (year), shown
for phylogenies estimated from HMPV subtype alignments, A2, B1, B2, containing sequences generated in this study and publicly available genomes. Individual
data points are coloured blue or red and are representative of individual sequences, the differing colours corresponds with either a full or partial genome analysis.
The regression lines are similarly coloured with outer shading representing the 95% confidence intervals. The R? value and slope is displayed alongside the
graph for each.
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Supplementary Table S1: HMPV A2, B1 & B2 coalescent estimates

Subtype Model Rate of Evolution (subs/site/year) Age (years) Bayes Factor
Mean 95%HPD Mean 95%HPD PS-BF  SS-BF  Rank
Root-to-tip Regression 8.09E-04 0.9639%* 1985.3377 24.1973* NA NA NA
Strict Constant 6.54E-04  [5.904E-4, 7.1812E-4]  1978.7536  [1974.857, 1982.5175] -29.27 -29.27 5
Strict Skyride 6.63E-04  [5.9506E-4, 7.2749E-4]  1982.4869 [1979.3858, 1985.5221]  -43.06 -43.06 6
A2 Relaxed Constant 6.84E-04  [5.9489E-4, 7.7268E-4] 1977.7210 [1967.9026, 1986.1606]  -23.89 -23.89 4
Relaxed Skyride 7.35E-04 [6.3718E-4,8.3331E-4] 1990.1583 [1986.4465, 1993.6095]  -22.97 -22.97 3
Relaxed Exponential 6.84E-04  [5.9423E-4,7.7235E-4] 1977.6976  [1967.759, 1986.3028] -19.63 -19.63 2
Relaxed Skyline 6.68E-04  [5.8894E-4, 7.4945E-4] 1978.9201 [1970.5456, 1986.1631] 0 0 1
Root-to-tip Regression 7.22E-04 0.9702%* 1986.7627 29.4395%* NA NA NA
Strict Constant 5.09E-04 [3.6796E-4, 6.7029E-4] 1979.9614  [1975.9692, 1983.894] -22.29 -22.29 5
Strict Skyride 5.06E-04  [3.5283E-4, 6.5833E-4] 1981.8723 [1978.3796, 1985.2835]  -23.59 -23.59 6
B1 Relaxed Constant 6.01E-04  [3.7487E-4,9.0299E-4] 1979.5001 [1967.53, 1989.1406] -2.68 -2.68 3
Relaxed Skyride 6.34E-04  [3.8278E-4,9.2772E-4] 1989.7916  [1985.747, 1991.1534] -1.89 -1.89 2
Relaxed Exponential 6.18E-04  [3.9442E-4,9.1978E-4]  1982.8620 [1974.7855, 1991.1502] -3.42 -3.42 4
Relaxed Skyline 6.46E-04 [4.0614E-4,9.4579E-4] 1985.4667 [1976.288, 1991.1534] 0 0 1
Root-to-tip Regression 5.31E-04 0.9634* 1982.8486 28.8848* NA NA NA
Strict Constant 3.12E-04 [2.53E-4, 3.6946E-4] 1970.4735 [1963.4729, 1976.7943]  -38.22 -38.22 5
Strict Skyride 3.03E-04  [2.509E-4, 3.5658E-4]  1973.6145 [1968.0398, 1978.8311]  -40.04 -40.04 6
B2 Relaxed Constant 3.71E-04  [2.6825E-4,4.7583E-4] 1961.4532 [1935.1523, 1982.0427] -4.34 -4.34 3
Relaxed Skyride 3.57E-04 [2.7015E-4,4.4991E-4] 1983.8530 [1978.2964, 1988.5495] -8.64 -8.64 4
Relaxed Exponential 3.97E-04 [3.0321E-4,4.9749E-4] 1975.9732 [1963.9202, 1986.2543] -0.31 -0.31 2
Relaxed Skyline 3.98E-04 [2.7214E-4,5.2087E-4] 1971.9243  [1954.0335, 1985.691] 0 0 1

*Coefficient of Variation (CV) generated during in Tempest (v1.5.3) using heuristic residual mean squared model fitted to data from the full-length genome HMPV PHYML trees.
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For over 300 years the study of microorganisms has been based on growth in specific cultures,
colony or cell morphology, and selection of biochemical profiles. While these methods enabled a
detailed insight to the microbial world, they have now been augmented by methods superior in
specificity and resolution (Oliver et al., 1991, Roszak et al., 1984). Attempts to define microbial
communities have been reported in scientific literature as early 1986 where Begon et al. defined
microbial communities as a set of microorganisms that coexist in the same time and space (Begon et
al., 1986). The progressive and rapid development of culture-independent microbial analysis methods
over the last 20 years facilitated by advances in technology now allows researchers to sequence
unique microbial communities directly from environmental samples, a process known as
metagenomics or sometimes referred to as community genomics (Chen et al., 2017). The term
metagenomics was first introduced in 1998, as a way to describe the analysis of all collective genomes
in a sample (Handelsman et al., 1998). Here we define metagenomics as shotgun, unbiased
sequencing of the total genomic DNA of a sample. Metatranscriptomics involves the sequencing of
the complete meta-transcriptome of the microbial community; it has the capacity to inform us of the
genes that are expressed by the community as a whole, with the advantage of capturing double
stranded organisms during their replication phase and RNA based pathogens (RNA viruses) and so

is a valuable tool in capturing the entire microbiology community (Bashiardes et al., 2016).

This technology has a wide array of applications in both environmental and biomedical fields of
science. The main research areas currently employing metagenomics as a research tool include
studies of microbial diversity, population structure and composition, genetic and evolutionary
relationships, functional activity, cooperative relationship, and environmental relationships. Whilst it
exists as a useful tool in capturing the so-called microbiome of a sample unbiasedly, it also plays a
part in pathogen identification and discovery where infectious agents are unknown (Brenner et al.,
2018). Metagenomic sequencing has the capacity to sequence and identify nucleic acids from
multiple different taxa when performed in a conservative unbiased manner. Metagenomics for the
purpose of clinical applications has roots in the use of microarrays in the early 2000’s where early
success using this technology included the identification of SARS coronavirus, gene profiling of
cancer mutations and the in-depth microbiome analysis of complex microbial populations within the
human body (Sotiriou and Pusztai, 2009, Rota et al., 2003, Palmer et al., 2006). Gene expression
microarrays have been commercially available for more than 10 years and have provided researchers

with biologically meaningful snapshots during this time. Microarrays utilise probes to simultaneously
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analyze the gene expression of thousands of genes. Whilst microarrays remain effective in identifying
expression in known genes, they cannot detect previously unidentified genes or transcripts. The
invention of next-generation sequencing (NGS) technology in 2005, has circumvented some of the
limitations of microarrays and accelerated interest in the metagenomics field (Valencia et al., 2013,
Bashiardes et al., 2016, Greninger, 2018). High throughput sequencing enabled millions to billions
of reads to be generated in a single run, and so the analysis of the entire available genetic material of
an environmental or clinical sample (Brenner et al., 2018, Fernandez-Marmiesse et al., 2018). With
the increasing affordability of this technology and the advent of benchtop machines and all in one
sequencing kits, NGS technology has been rapidly adopted for a variety of applications (Nimwegen
et al., 2016). Specifically, metagenomics is a rapidly growing in popularity as a tool with varied use
in clinical medicine where it has proved useful in the diagnosis of infectious diseases, outbreak
tracking and tracing, infection control surveillance and disease mutation and pathogen discovery
(Eden et al., 2021, Di Giallonardo et al., 2018a, Rockett et al., 2020, Baker et al., 2021, Yang et al.,
2019).

Human Health Current Diagnostic Landscape

The term clinical microbiology encompasses both diagnostic microbiology and public health
microbiology, that is it concerned with pathogen identification from clinical samples to guide
management and treatment strategies for individual patients with infections, whilst also being
concerned with the monitoring and surveillance of infectious disease outbreaks in the community.
Direct pathogen detection methods, such as culture based, non-culture based, and indirect pathogen
detection are methods commonly found in diagnostic laboratories. These methods include the
selection, growth, and isolation of disease-causing microorganisms in culture, the detection of
pathogen-specific antibodies also known as serology testing, antigen testing, molecular diagnostic
and identification of microbial nucleic acids, DNA and RNA, most commonly using PCR. Typically,
infectious diseases in patients are diagnosed by a physician selecting a suite of aforementioned tests
in an attempt to identify the causative agent. Over the last two decades we have seen the transition of
diagnostic pathology and laboratory medicine from traditional culture-based to molecular diagnostic
methods. This phenomenon was largely attributed to the fact that much of molecular biology was
first studied and defined in microorganisms. The number of commercially available microbiology
test platforms, assays and test menus have increased exponentially over the last 10 years. The
transition from culture-based to molecular-based diagnostic testing is potentially the biggest change

in human disease diagnosis in many years.
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Novel virus identification, investigation and limitations

Undoubtedly the discovery and identification of novel viruses is of great importance to human
health and aid in containing infectious disease outbreaks. In recent years there has been a bloom in
the number of virus discovery methods which are efficient in viral discovery and identification of its
clinical association and relevance. The identification of an outbreak or patient with distinctive clinical
disease features in the absence of a diagnosis using molecular diagnostic techniques is often the
catalyst for novel disease investigation. Whilst possible techniques and technologies used to identify
novel viruses are evaluated later in this chapter, here the limitations of causative agent discovery are
here acknowledged. Virus discovery remains the first of many steps in establishing a clinical
association between the presence of the virus and its likelihood as a causative agent. Where
applicable, causation can be definitively established by measuring the fulfilment of traditional Koch
postulates in animal models, this is not always readily available for viral agents. Robert Koch, in
consultation with Friedrich Loeffler, devised strict criteria, to evaluate the correlation between human
diseases and specific disease-causing microorganisms (Tammen et al., 2016, Linstow et al., 2008).
These criteria helped to define the fundamental principles which established association between
infectious disease- and disease-causing microorganism. This criteria requires proof of causality to be
demonstrated, by the putative disease causing organism to be present in every case of the suspected
disease and absent in other diseases, it also requires the organism to be isolated and cultured, after
which it must be sufficient in reproducing disease by inoculation of a susceptible host, such as in a
mouse (Linstow et al., 2008). Since the creation of the postulates at the end of the 19" century,
modifications to them have been proposed repeatedly as our knowledge of infectious agents of
disease has evolved, for example, viruses had not yet been discovered as agents of disease at the time
of the development of the postulates. Further, limitations of Koch’s postulates are widely
acknowledged, including many agents of disease, such as viruses, cannot be grown in culture and

that disease is not always caused by a single agent (Pendleton et al., 2017, Falkow, 2004).
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Metagenomic sequencing of environmental and host-based samples has allowed for the
discovery of several novel and potentially disease causing viruses (Shaffer et al., 2022). Using
sequences generated using metagenomics is insufficient in assessing the potential pathogenicity of
the virus, it may not provide sufficient evidence to even identify a possible host (Yang et al., 2019).
The use of epigenetics and phylogenetic analysis allow scientist to draw meaningful connections
between known and often characterised viruses which may be related, enabling a possibly method of
host identification. An important consideration when utilising metagenomics as a tool to identify
disease causing viruses include the identification of a virus in a sample taken at an acute stage of
disease does not necessarily correlate with the disease-causing agent responsible for the pathology.
This phenomenon is commonly observed where disease is caused by a virus which is shed from a
host for a prolonged period, enteroviruses are good examples of long shedding viruses which may be
detected long after symptoms of the disease have been resolved (Chen et al., 2021). Important
considerations moving forward suggest the association between virus and disease in both humans
and animals alike, will continue to depend on the results and findings of epidemiological, clinical and
laboratory investigations. The results of these investigations should be considered with respect to
Koch’s postulates and the adapted versions to ensure the presence of viral sequences are not being

incorrectly attributed to disease.

Point of care testing

Point of care testing (POCT) is rapidly emerging as an alternative to traditional laboratory-based
diagnostics. Also known as near-patient testing, POCT have grown in recognition recently due to the
roll-out of self-testing during the COVID-19 pandemic. POCT can be defined as diagnostic tests that
are “conducted outside the laboratory, at or near the site of patient care, including the patient’s
bedside, the doctor’s office and the patients home” (Khurshid et al., 2016). Several commercially
available diagnostic tests and platforms are available, these platforms substantially reduce the
turnaround time for the diagnosis of a host of microbial infections. Commonly used diagnostic tests
currently used in diagnostic testing in Australia include the Cephied Xpert MRSA/SA SSTI® for
MSSA and MRSA and the Biofire Film array Respiratory panel, capable of testing for 20 respiratory
targets including Bordertella pertussis, Mycoplasma pneumoniae and Chlamydophila pneumonia,
both commercially available tests have a turnaround time of less than an hour (Berry et al., 2022,
Popowitch et al., 2013).Typically, POCT is conducted using automated or semi-automated systems
or preprepared kits capable of integrating sample preparation, pathogen detection and identification.
The purpose of POCT is to generate meaningful results in a timely manner with little to no user effort,

including that involved in sample preparation or result interpretation. Depending on the type of test,
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single or multiple pathogens (multiplexed) may be detected; recent advancements in tests have also
enabled the detection of antimicrobial resistance genes at the patient’s bedside. Whilst POC testing
has its place inside the hospital, it also exists as an ideal way to test for infectious disease at home or
in remote locations, such as isolated communities. POCT may have multiple other uses in the medical
sphere including blood count testing, haemoglobin estimation, white blood cell counts, renal
function, electrolyte function etc. For the purpose of this review, we will focus on POCT with respect

to infectious diseases.

There are several considerations necessary to ensure a POCT device or test system is effective
and fit for purpose, some of these requirements set out in a clinical trial by Bouzid et al. include the
following suggestions (Bouzid et al., 2021):

- Be lightweight <10kg, portable and operate independent of a power source.

- Require only a few microliters of sample (blood or fluid) to be able to perform the test.

- A quick turnaround time, ideally less than 10 minutes.

- Use reagents that do not rely on cold store, reagents that remain stable at room temperature
for extended periods of time are ideal.

- Deliver reproduceable results of adequate reliability and accuracy, preferably with
comparable results to accredited pathology laboratories.

The COVID-19 pandemic has brought about changes in the way POCT were used globally. In
Australia we saw a large upturn in at home rapid antigen testing using upper respiratory samples. The
use of COVID-19 antigen tests grew exponentially in demand throughout the course of the pandemic.
Immunochromatographic assays, like those used in the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) rapid antigen test, were the most frequently used SARS-CoV2 POC
tests globally and relied on saliva or nasal secretions as a testing sample. Rapid antigen testing
involves the specific targeting of a specific region of the virus, usually the highly conserved N protein
(Jacobs et al., 2020). These methods typically rely on a mobile phase, where a buffer mixed with the
biological test specimen migrates through a stationary phase, usually nitrocellulose, tagged with
antibodies against the viral antigen. In the case where the viral antigens are present, the antibodies
attach to the virus and the accumulation can be detected by a visible chemical reaction which appears

on the nitrocellulose membrane.

Studies that evaluated the sensitivity of typical SARS-CoV-2 assays using saliva as a test
material had a concordance rate of up to 95% with conventional viral culture results (Uwamino et al.,

2021). In a similar study, a satisfactory sensitivity result was reported for high viral load samples

81



Chapter 4: A Brief Introduction to Metagenomics

using the Espline SARS-CoV-2 assay, where Ct values were below 25 for nasopharyngeal swabs
(NPS) RT-qPCR detection was possible using the POCT cassette(Basso et al., 2021). Other notable
immunochromatography-based POC COVID-19 tests include the COVID-VIRO assay, the Panbio
assay and the hfx SARS-CoV-2 test kit. Whilst RT-PCR testing remains the most well-documented
and widely accepted diagnostic test method of SARS-CoV-2, rapid antigen testing provided an at
home convenience, requiring little or no training for the layman to use. Overall, the sampling method
is like what is required for PCR-based methods, limitations include sensitivity dependent on viral
load, however, is advantageous when compared to PCR as it requires no specific equipment or trained
personnel. The turnaround of rapid antigen testing ranges from 5-30 minutes, cost per test is relatively
low when compared to alternative methods including RT-PCR and viral culture, however the overall

lower sensitivity of rapid antigen tests suggest risks a higher proportion of false negative tests.

Culture-based microbiology

Culture-based diagnostic methods have proven to be useful in providing phenotypic and
antimicrobial resistance information for a multitude of infectious diseases (Wilson, 2015). Whilst
long considered the gold standard method for pathogen detection there exists inherent limitations of
the method as an adequate diagnostic tool for respiratory infections. Since the advent of molecular
methods such as PCR and whole genome sequencing, culture-based methods are considered much
less sensitive. Where mixed infections occur, it is possible for fast growing organisms to inhibit or
outcompete slower growing organisms leading to incorrect identification of disease-causing
pathogens (Hasan et al., 2020). The use of selective culture-based techniques can also exclude the
growth and identification of unknown organisms. Where bacterial pathogens are causative, culture-
based techniques remain a mainstay of pathogen diagnostics. Culture-based techniques are
advantageous where pathogens are bacterial in origin due to the need of live bacteria for antimicrobial
susceptibility testing (AST) (Wilson, 2015). Culture can also be useful in the detection of specific
antimicrobial resistance genes (most commonly mecA and VanA), however this use of culture-based

diagnostics is losing its primacy even in bacterial diseases with the advent of NGS.

Antigen Testing

There are two widely accepted antigen based diagnostic techniques, immunofluorescence (IF)
and immunoassays. Immunofluorescence assays usually yields actionable results take between 2-4
hours and the technique is based on the microscopic detection of viral proteins on host cells using

labelled antibodies. Typically, immunofluorescence is labour-intensive and does require specialised
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microscope skill sets. Direct immunofluorescence is a method where the observed signal is on the
antibody binding directly to the viral proteins, indirect immunofluorescence involves the targeted
antibody that binds to a viral protein that produces an immunofluorescent signal. Immunoassays are
most often commercially available, they are alike traditional immunofluorescent techniques in that a
viral antigen is also targeted, but significantly differs in that it involves the macroscopic detection of

signal-labelled antibodies bound to target proteins.

Rapid antigen-detection tests (RADTs) are a well-known form of commercially available
immunoassays and are commonly used in the diagnosis of several molecular pathogens (Van der
Palen et al., 2009). RADTs are available for an array of viruses, and from a variety of manufacturers
in ready to use commercial kits. Typically, kits require an easy to obtain sample from the
nasopharyngeal cavity and a qualitative positive or negative result is obtained within 10-30 minutes.
Most RADTs have a “control” component to ensure test's reagents are functional and the test was
performed properly. These kits can be operated with very little instruction and no specific virology
expertise is required. RADTs are available in three distinct formats: immunochromatographic (ICR)
tests, enzyme immunoassays (EIA) and optical immunoassays (OIA). Despite the variations the
principle of these tests remains unchanged, if the pathogen is present a macroscopic colour change
will occur. The colour change is the result of the binding of viral proteins from the sample to the
target antibodies. Between and within the RADT types the apparatus, binding reaction sequence, and

macroscopic signalling methods can differ.

Examples of an ICR test include a pharmacy-bought pregnancy test, these tests consist of a strip
of nitrocellulose paper with a sample port at one end and a test result and control line at the other.
The patient sample is added to the port, here antibodies targeting the virus fusion or in the case of a
pregnancy test, the human chorionic gonadotrophin (hCG) tracer antibody, bind the antigen in the
sample. Utilising capillary action the sample is migrated along the strip where it binds to a second
set of specific antibodies, the second binding region sees a coalescence of antigen-antibody
complexes, produces the appearance of a coloured line, and indicates the test results. EIAs differ from
ICRs as the enzyme produces the colour change over the entire test membrane. EIAs can also be
further broken down into two categories based on the separation criteria of immunocomplexes,
homogeneous immunoassays and heterogenous immunoassays. Homogeneous assays do not require
the separation of the immune complex from the reaction mixture, the change in enzyme activity is
related to the concentration of the analyte. These assays are most used in the measurement of small

analytes like drugs, due to the absence of a separation step this method is considered simple and faster
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than its heterogenous counterpart. In heterogenous EIAs the separation of immune complexes is a
pre-requisite for analyte estimation, this method is known as an enzyme-linked immunosorbent assay
(ELISA). Here an antibodies or antigens are bound either noncovalently or covalently to a solid
matrix, such as a microtiter plate, polystyrene tubes or beads, magnetic beads, or nitrocellulose
membranes. Following binding the unreacted antigen or antibody is removed and the bound count is
obtained. OIA’s are the final type of test, they contain elements of both the ICR tests and EIAs
however rely on silicon wafer as the test media. Antibodies are fixed to the surface and the enzyme
acting on the substrate gives a colour change which denotes the test result. Whilst the performance
profiles of the different types of RADTs are relatively similar, individual products are often chosen

based on economical and logistical considerations including cost, ease of use and availability.

The emergence of SARS-CoV-2 in 2019 brought about significant challenges in disease
detection for several reasons, including skilled labour availability, movement restrictions and cost of
testing. At the height of the pandemic there was a large disparity between the number of tests needed
in primary-care settings and the testing capacity of laboratories at the time. Antigen-based testing
was heavily relied upon throughout the duration of the COVID-19 pandemic globally, RADT testing
remains widely used today as a rapid diagnostic tool (Bigouette et al., 2021). Advantages of rapid
antigen testing during the pandemic include but are not limited to:

- Tests are simple to perform at the point of care or at home.

- Tests require no medical knowledge or training to perform or interpret the results.
- Tests do not require specific equipment to perform.

- Tests are less expensive than conventional methods (RT-PCR or culture).

- Rapid turn-around of results (10-30 minutes).

Reported performance results of early RADTs used in COVID-19 diagnostics were extremely
poor and acted as a deterrent against their use in the early days of the pandemic (Lambert-Niclot et
al., 2020, Blairon et al., 2020). As with all rapid antigen methods sensitivity is a limitation of the
assay. In two separate evaluations of the leading commercially available COVID-19 rapid antigen-
detection tests, the Panbio and the Quidel Sofia 2, overall sensitivity of the assays were 79.3% and
76.3% respectively with a study size of 412 patients (54 positive RT-PCR) (Albert et al., 2021) and
255 patients (60 positive RT-PCR)(Young et al., 2020). International World Health Organisation
(WHO) guidelines require that any commercially available SARS-CoV-2 RADT must demonstrate
> 80% sensitivity and > 97% specificity compared to the reference RT-PCR assay. In a retrospective

study using the Panbio test, clinical performance was analysed on frozen swabs from 1406 individuals
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with correlating RT-PCR results available, of these samples 951 (67.6%) were positive and 487
(32.4%) were negative. Interestingly the sensitivity of the test was much higher in samples collected
in the case of contact tracing (94.2%) when compared to asymptomatic screening (79.5%) (Alemany
et al., 2021). This confounds the advice from WHO, which advises against the use of RADTs in
screening asymptomatic populations due to the increased propensity of false positives (Basso et al.,
2021, Uwamino et al., 2021). Overall, the performance of RADTs is dependent on the
epidemiological situation, and the populations being tested. In a recent study 541 SARS-CoV-2
positive upper respiratory samples were tested using the TagPath COVID-19 test (Lin et al.,
2021)RT-PCR and then analysed with the “Panbio COVID-19 AG” (Albert et al., 2021) RADT
test. The sensitivity, specificity, positive predictive value (PPV), and negative predictive value
(NPV) of the Panbio RADT were calculated using RT-PCR as a reference. The sensitivity of the
RADT was reported as 83.3% (65.3-94.4%) and the specificity was 99.8% (98.9-100%). The PPV
was reported as 96.2% (80.4-99.9%) and the NPV was 99% (97.7-99.7%) (Aranaz-Andrés et al.,
2022). The above values suggest in this scenario the RADT was relatively well performed within this
context. Whilst the RADT shows good diagnostic performance in patients in this study, it is important
to note the use of RADT tests are not recommended for asymptomatic patients (Aranaz-Andrés et al.,

2022).

Polymerase Chain Reaction

Molecular diagnostic assays undoubtedly provide rapid and potentially cost effective way of
diagnosing common infections. Nucleic acid testing using PCR can be employed for single target
testing or can be multiplexed usefully into syndromic panels (Zumla et al., 2014, Cho et al., 2018).
Syndromic panels generally include the most commonly found pathogens associated with the clinical
syndrome, this can vary from region to region. Typical test panels include those for meningitis,
encephalitis, acute respiratory infection, sepsis or diarrhoeal disease (Cho et al., 2018, Sharma et al.,
2022, Liu et al., 2015). Limitations of conventional PCR diagnostic testing are centred around the
specificity of the targets, that PCR cannot detect the presence of aetiological agents not included in
the panel, that mutation at the sequence targets for PCR primers can cause improper probe binding
and lead to false negative results. Much like all diagnostic tests, an accepted risk of PCR is some
false positive and false negative results. False positive results in a diagnostic laboratory setting can
be caused by non-specific amplification by environmental contaminants, contamination with
previously amplified material and cross contamination of true positive samples. In a diagnostic

laboratory setting an array of safeguards are put in place to avoid false positive results, including the
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use of certified standards, external validation of commercialised tests and routine auditing (Li and

Yan, 2021, Yuan et al., 2022).

Targeted enrichment

There have been significant advancements in the characterization of genetic sequencing data
made available due to NGS technologies. A key challenge surrounding NGS technology lies within
the inability to detect low-copy-number pathogens in complex biological mixtures without
enrichment. A combination of small or very large genome size, low relative copy number, and
heterogeneous genomic content can pose significant challenges of NGS diagnostic capabilities with
respect to pathogen detection from complex samples. To circumvent this issue, virus isolation or
culture methods are sometimes employed for viral, bacterial, or fungal agents of disease prior to NGS
to increase the proportion of on target reads generated from clinical samples. To increase the
proportion of NGS reads in a library dedicated to low abundance targets, an enrichment method,
called targeted genome capture (TGC) can be used. TGC involves the use of oligonucleotide probes
which enrich for specific nucleic acids in a heterogeneous extract such as a nasopharyngeal sample
containing mixed upper respiratory taxa. Genomic regions of interest are captured using
hybridization, that target-specific biotinylated probes, which are later isolated utilising magnetic
separation techniques (Carpenter et al., 2013).Targeted sequencing affords the ability to target a
higher amount of total gene content, allowing for the characterisation of both known and novel
variants, enabling its use in variant discovery applications. High-throughput targeted capture was
seen as a feasible alternative to whole genome sequencing (WGS) and multiplex PCR to obtain large
datasets of orthologous loci in an attempt to address evolutionary questions in humans (Jones and
Good, 2016). Target capture approaches are limited as they rely on prior sequence knowledge,
although recent advancements have emerged where a reference genome for focal species is not
necessary. To circumvent the use of a traditional reference genome, three common methods used
include PCR capture, de novo assembly, and divergent reference (Dugat et al., 2014, Jones and Good,

2016).

Metagenomics in Medicine

Just as there are many varied uses for metagenomics there are a variety of methods used in
practice. At present, the most widespread metagenomics method utilised is large scale sequencing of
un-enriched samples. Through recent advancements in ultra-high throughput sequencing

technologies that do not require prior cloning or PCR amplification, affordability of sequencing reads
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has allowed the use and scope of metagenomics to increase exponentially. The analysis of the libraries
themselves can also be undertaken in a variety of ways, with some analyses aimed at determining the
biological diversity of samples and comparing this diversity against other samples of similar type,

and others aimed at identification of novel microbes.

Clinical applications

Clinical metagenomic NGS (mNGS), involves the comprehensive analysis of microbial and host
material (DNA and/or RNA) in patient samples. This technology is rapidly moving from the research
sphere into clinical laboratories. Several studies have explored the usefulness of mNGS in clinical
and public health settings, the most notable are those where mNGS findings contribute meaningfully
by providing clinically actional information, such as a successful diagnosis which informs treatment
plans. One of the earliest of such cases was reported by Wilson et al. where mNGS was used for the
clinical diagnosis of neuroleptospirosis in a 14-year-old patient with meningitis. The correct
diagnosis of the antilogical agent was attributed to mNGS, the treatment plan was tailored to the
infectious agent and a positive outcome was achieved (Wilson et al., 2014). Until recently, the uptake
of mNGS in clinical laboratories as a routine diagnostic tool had been slow despite the potential

clinical utility of these methods.

The application of mNGS is varied, it exists as a useful tool for public health microbiology teams
when used in conjunction with transmission network analysis. Notable examples of the use of this
technique in public health settings include but are not limited to: epidemiological investigation of the
Neisseria meningitidis serogroup C outbreak outside the meningitis belt in 2017, vancomycin-
resistant enterococci (VRE) transmission in hospital settings and SARS Coronavirus-2 contact
tracing in the 2019 pandemic (Neumann et al., 2020, Rockett et al., 2020, Bozio et al., 2018). Steadily,
the ‘big data’ provided by NGS is being used, often retrospectively, for an array of purposes,
including characterisation of antibiotic resistance and analysis of human host response data

(transcriptomics) to predict causes of infection (Li and Yan, 2021, Moss et al., 2021).

Metagenomics and Metatranscriptomic Sequencing Strategies

Metagenomic sequencing can be broadly classified into two sequencing strategies: amplicon
sequencing and shotgun sequencing. Amplicon, or polymerase chain reaction (PCR) is one of the
fundamental methods currently used for taxonomic identification. PCR-based metagenomics is

routine in gene prospecting by the amplification of specific genes while colony PCR is often used to
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screen metagenomic libraries. PCR amplification of certain genes can be used to evaluate the species
diversity utilising sequence composition. It is common practice to utilise 16S ribosomal RNA (rRNA)
genes as a phylogenetic marker, this method allows for the imputation of functional content based on
taxon abundance (Brumfield et al., 2020). The 16S rRNA gene sequencing method utilises universal
PCR primers to amplify hypervariable regions of the 16S rRNA gene which enables taxonomic
identification when libraries are aligned using bioinformatics against various rRNA sequence
databases (Shaffer et al., 2022, Brumfield et al., 2020, Ahn et al., 2011). Common databases used as
references for bioinformatic alignment include the Greengenes, the ribosomal database project (RDP)
and SILVA Ribosomal RNA Gene Database Project (Bartram et al., 2011, McDonald et al., 2012,
Cole et al., 2009). Database composition is variable between the three main databases, some
prokaryotic taxonomies exist only in one of the three databases; furthermore, the SILVA and
Greengenes databases do not have resolution to the species level (Cole et al., 2009, McDonald et al.,
2012). Typically, 16S rRNA gene amplicon sequencing is restricted to taxonomic classification at
genus level, limiting the amount of functional information. Well-recognized limitations of 16S rRNA
gene sequencing include concerns about the reproducibility and accuracy of amplicon-based

microbial community analysis (Barb et al., 2016).

Shotgun metagenomic sequencing offers a unique opportunity to classify all organism present in
uncultured microbial communities of complex samples (Baker et al., 2021). Total DNA and RNA is
extracted and sheared into fragments, which are then independently sequenced and aligned,
taxonomic identification is facilitated by aligning reads to genomic databases including
GenBank(Sayers et al., 2019), Reference Sequence (RefSeq) (O'Leary et al., 2016) or Pathosystems
Resource Integration Center (PATRIC) (Wattam et al., 2014) databases. Shotgun metagenomics is
also known as unbiased metagenomics and allows classification of bacteria to strain and species-level
(Barb et al., 2016). Potential restrictions to shotgun sequencing uptake as a tool for large scale
microbiome analysis include cost and demanding bioinformatics resources to facilitate manipulation

of large datasets (Neumann et al., 2020).

Sequencing platforms

Two leading sequencing platforms exist for metagenome sequencing, short read and long read
sequencing platforms. Short read sequencing platforms produce higher-throughput reads with
approximate read length less than 500bp. Sequencing providers for short read sequencing platforms

include Illumina and MGI Tech Co., Ltd. (MGI), within these two companies a number of platforms
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exist, [llumina platforms include but are not limited to, the HiSeq, NovaSeq and iSeq platforms and
variations, whilst MGI has two commonly used platforms, the BGISEQ-500 and DNBSEQ-T7
(Poulsen et al., 2022, Tulloch et al., 2021a, Kim et al., 2021). Significant differences between the
platforms include read length, with most platforms providing reads between 90 -151bp, quality has
also increased as sequencing platforms have evolved. The Illumina® platforms utilise single-stranded
DNA-binding proteins, fluorescent-labelled deoxynucleoside triphosphates which are used to bridge
amplified DNA template. Other short read sequencing technologies utilise clonal amplification, this
is achieved using emulsion PCR (Kim et al., 2021). Emulsion or droplet PCR allows for the
separation of DNA in physically separated hydrophobic water in oil droplets, which avoids unwanted
interactions between DNA sequences. Clonal amplification platforms include Roche 454
pyrosequencing, Ion Torrent and SOLiD sequencing platforms (Singh et al., 2013, Frey et al., 2014,
Luo et al., 2012). Short read sequencing platforms typically are unable to cover an entire gene of
interest, as a result assembly is required before further analysis, this is an important consideration for
the method as it requires complex bioinformatic analysis. A significant limitation of short read
sequencing is the inability to sequence large stretches of DNA continuously given strands must be
fragmented and amplified. Where sequencing depth is insufficient, short-read sequencing can fail to
generate adequate read depth, causing difficulty in reconstructing highly complex or repetitive

genomes.

As the name suggests, long read sequencing technologies can sequence longer lengths of DNA
or RNA. This description is applied to platforms which can read between 5,000 and 30,000 base
pairs. Long read sequencing platforms are commonly represented by two long read sequencing
technologies, the single molecule Real-Time (SMRT) sequencer by Pacific Biosciences® (PacBio)
and Oxford Nanopore Technologies (Nanopore). These technologies have grown in popularity over
recent years and the length of sequencing reads has dramatically increased (Sanders et al., 2019). The
PacBio system SMRT system (PacBio, Menlo Park, CA, USA) can produce an average read length
of over 10kb in length (Das et al., 2019). The PacBio read protocol is utilises millions of microscopic
wells with DNA polymerase at the base, known as waveguides, during sequencing two hairpin
adaptors are ligated to the ends of the molecule as it passes through the wave guide, forming circular
single-stranded DNA (Xiao et al., 2020, Schoonvaere et al., 2016). DNA polymerase is then used to
sequence a complementary strand, and finally fluorescent nucleotides are added to the strand, with
the signal is captured in real time (Das et al., 2019). The Nanopore platform can produce reads up to
1 million base pairs in length (Freed et al., 2020). Nanopore technology involves threading the DNA

molecule through a bioengineered channel in a biological membrane, electrical current is pulsed
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across the channel with signal interpreted to determine the base sequence (Jaworski et al., 2021,

Tyson et al., 2020, Yang et al., 2019).

Long read sequencing circumvents amplification bias, as molecules are sequenced one at a time
without shearing, a great advantage over short-read sequencing (Das et al., 2019). However long read
technologies are notorious for high error rates, errors in nanopore sequencing are attributed to the
inability of speed regulation of DNA translocation through the pore and poor sensitivity of read
identification. SMRT base calling errors have been described as “random” and can be reduced using
circular consensus sequencing (CSS). CSS is a method which allows the DNA to pass through the
zero-mode waveguides multiple times. Error rates for SMRT are estimated between 1% and 12%
whiles nanopore sequencing is approximately 5% (Oyola et al., 2021). In contrast, short read
sequencing has a purported error rate of 0.23+£0.06% (Pfeiffer et al., 2018). Some recent studies have
explored the feasibility of combining long read sequencing platforms with short read sequencing
platforms to generate more reliable, full length long read sequencing data (Sanders et al., 2019,

Berbers et al., 2020).

Bioinformatics and analysis approaches

As metagenomics has grown in popularity, so too has the availability of bioinformatic tools,
pipelines, and databases necessary for the interpretation of metagenomic datasets (Walsh et al., 2022).
Tools can broadly be classified into 5 categories, short read taxonomic classifiers, short read
functional classifiers, metagenomic assembly, metagenomic binning and genome analysis. The use
of these tools is driven by several factors including the type of scientific question, sample type and
reference database availability (Hasan et al., 2020). Typically, bioinformatic tools available for the
interpretation of metagenomic data are tailored to short-read sequencing which is likely due to the
widespread use of short-read sequencing platforms within the research community (Kim et al., 2021,
Oyolaetal., 2021, Berbers et al., 2020). Whole metagenome shot-gun sequencing can be very broadly
assigned to two approaches, “read-based” and “assembly-based” approaches. These two approaches
can be used separately or parallel. Read-based metagenomic and metatranscriptomic analysis differs
to assembly-based analysis as read-based analysis relies solely on unassembled reads. Read-based
analysis is useful in quantitative community profiling and relies on relevant reference sequences
being available for mapping. This method is advantageous in allowing for rapid assignment of reads
to relevant references and is less computationally demanding when compared to assembly-based
workflows. Typically, bioinformatic assembly tools can be applied to metatranscriptomic data but

must be done so with caution as many metagenomic tools have not been tested on metatranscriptome

90



Chapter 4: A Brief Introduction to Metagenomics

datasets. Metatranscriptomic transcripts typically have nuances including introns and exons, not
encountered in metagenomic sequencing (Shakya et al., 2019). Many similarities exist between

metagenomic and metatranscriptomic bioinformatics and analysis.

Assembly Based
Quality control

Pre-processing is a necessary step for both metagenomic and metatranscriptomic analysis,
erroneous reads are removed as part of a baseline (Yang et al., 2019) quality control (QC), there are
dozens of publicly available QC tools including FastQC (Ward et al., 2020), fastp (Chen et al., 2018),
FaQCs (Lo and Chain, 2014) and Trimmomatic (Bolger et al., 2014). Common pre-processing also
includes removing target organisms from analysis, for example when looking for respiratory
pathogens, host reads may be removed from sample libraries. Target host or human reads can be
removed using traditional read mapping methods which tag and remove reads which map to the
human genome, or alignment free methods which search for human specific k-mers in reads (Das et
al., 2019). A significant difference between metagenomic and metatranscriptomic sequencing occurs
during the pre-processing or quality control stage, this is the removal of highly abundant ribosomal
RNA (rRNA) transcripts from the samples. Usually rRNA is depleted prior to library preparation and
sequencing, despite this it is not uncommon for rRNA reads to constitute >90% of all sequence data
(Walsh et al., 2022). In metatranscriptomic libraries, rRNAs are identified for removal in downstream
analysis using tools like SortMeRNA, a rapid and efficient rRNA filter capable of sorting a large set

of metatranscriptomic reads (Kopylova et al., 2012).

De Novo Assembly

High quality, pre-processed reads are assembled into putative transcripts using de novo assembly
tools. De novo assembly is a method for constructing genomes from many DNA fragments, with no
knowledge of the correct sequence or order of fragments. De novo assemblers provide a reference
scaffold or set of joined-oriented contigs, that can provide a reference for a set of genes. This is
advantageous where a microbiome is not adequately characterised using reference genomes. A key
application of de novo assembly is to provide as a reference for mapping against during expression
analysis but it can also be used to identify homologs and establish taxonomic origin. Common
metagenomic assemblers include MEGAHIT (Li et al., 2016), IDBA-UD (Yu et al., 2012) and
metaSPAdes (Nurk et al., 2017). Most metagenomic assemblers have been designed to assemble

complex metagenomes which may contain population or strain-level variation, as well as highly
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conserved regions with sequence similarity. Metatranscriptomic specific assemblers include
Transcript Assembly Graph (TAG) (Ye and Tang, 2016), IDBA-MT (Leung et al., 2013) and IDBA-
MTP (Leung et al., 2015). These assemblers consider the unique features of microbial communities
and transcripts. The TAG and IDBA-MT assemblers both rely on multiple & values with respect to a
de Bruijn graph (Ye and Tang, 2016, Leung et al., 2015, Leung et al., 2013). The IDBA-MT method
accounts for features associated with mRNAs like uneven sequencing depth and repeat patterns
(Leung et al., 2013). The TAG assembler assembles a metagenome using the de Bruijn graph, the
metagenome is then used as a reference sequence to map the transcriptome reads and facilitate mRNA
reconstruction (Ye and Tang, 2016). The IDBA-MTP assembler is based on the IDBA-MT assembler

which utilises known protein sequences to guide assembly.

Taxonomic Classification

Taxonomic profiling is performed by a suite of tools which work by mapping short read
sequences to subsections of metagenomic and metatranscriptomic data. For most metagenomic and
metatranscriptomic samples, the species present in the sample are most likely unknown at the time
of sequencing. This is especially true where the goal of sequencing is to determine the microbial
composition of a sample. Many species have some detectable similarity to known species so sensitive
alignment algorithms can detect similarity providing a basis for read classification. Where an
organism is unlike anything else ever characterised, it is labelled “novel”. The most widely accepted
and well-known taxonomic labelling algorithm is the basic local alignment tool (BLAST). This tool
classifies sequences by finding the best alignment to a large database of metagenomic sequences, this
platform also provides a quality score for each alignment. A common short-read taxonomic tool is
metagenomic phylogenetic analysis 3 (MetaPhlAn3) (Nousias and Montesanto, 2021), this
taxonomic tool aligns read to an internal database of clade-specific and quasi marker genes through
the ever updated nucleotide (BLASTn) (Altschul et al., 1990). The use of quasi markers is useful in
expanding the analysis of viral and eukaryotic reads, markers act to validate positive and negative

reads, circumventing the need to modify the initial metagenomic or transcriptomic dataset.

Kraken (Wood and Salzberg, 2014) is an ultrafast sequence classifier tool which utilises k-mer
exact-match database queries, it differs from other taxonomic tools as it does not rely on partial
sequence alignment. Sequence alignment and machine learning techniques are aimed at improving
the accuracy of BLAST. The Naive Bayes Classifiers (NBC) approach applies a Bayesian rule to &-

mer distribution within a genome, this facilitates a higher accuracy than BLAST alone. It is apparent
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that classifier tools can be loosely categorised into two groups, NBC based classifiers aim to classify
all sequences as accurately as possible, whilst other classifiers like Kraken, BLAST and MetaPhlAn3
leave sequences unclassified if insufficient information is available to accurately classify them.
Nonselective classifiers like NBC based tools tend to achieve higher sensitivity than selective
classifiers, but this is a trade-off between precision, with non-selective methods significantly lower
in precision. It is therefore important to consider which taxonomic profiling method or tool is used

and take into consideration the type of algorithm used when interpreting sequence identification.

Nucleotide and non-redundant protein annotation

A fundamental task for metatranscriptomic and metagenomics is the annotation of nucleotide
sequences (metagenomics) and non-redundant proteins (metatranscriptomics). Genome annotation is
broadly the annotation of features on assembled DNA/RNA sequences (Panda and Slotkin, 2020).
These features include genes and their location, encoding proteins or open reading frames (ORFs)
and encoding ribosomal or transfer RNA (tRNA) molecules (Rota et al., 2003). At present there are
few annotation tools available, typically these tools are either online or standalone platforms (Kim et
al., 2021, O'Leary et al., 2016). The annotation of genomes can be challenging. Typically,
metagenome and metatranscriptome libraries contain sequence data from organisms originating from
all domains of life so they may contain understudied lineages with encoding genes with low similarity

to reference genes.

Role of Metagenomics as a Diagnostic Tool

Historically, diagnostic molecular assays have been the mainstay of pathogen diagnosis in clinical
settings. An accepted limitation of molecular diagnostic assays is that a limited number of pathogens
can be targeted in any one assay using a combination of primers and probes. The advantage here of
metagenomic/metatranscriptome sequencing is the ability to characterize all DNA or RNA present in
any given sample. Resultant sequence data also allows for the analysis of the entire microbiome as
well as human host genome, presenting a unique opportunity to characterise antimicrobial resistance
genes or host integrating viruses. Metagenomic approaches have an extensive history in the
identification of novel viral pathogens and the characterization of the human virome in both healthy
and diseased states. Recent studies have investigated the diagnostic value of metagenomic sequencing
have primarily been retrospective studies focusing on proof-of-concept experiments, measuring
diagnostic specificity and sensitivity in comparison to clinically endorsed diagnostic methods

including culture and quantitative PCR (qPCR).
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A 2016 study by Cummings et al., analysed 15 sputum samples collected from cystic fibrosis
patients and compared Illumina 16S rRNA NGS results to traditional culture methods (Cummings et
al., 2016). This study demonstrated the ability of NGS to detect all pathogens grown using culture
techniques as well as 3 additional disease-causing bacteria that culture did not detect (Cummings et
al., 2016). A retrospective study of 41 respiratory specimens was performed in 2019, samples were
collected from immunocompromised children between the years of 2014 and 2016 (Zinter et al.,
2019). The study utilised [llumina® paired-end sequencing and the national centre for biotechnology
information (NCBI) nucleotide reference database and identified pathogens in 11 of 24 culture
negative specimens. Similar studies have also been performed using long-read sequencing platforms
and comparing NGS to alternative diagnostic techniques including gPCR (Charalampous et al.,
2019). Diagnostic applications of NGS have been explored in a variety of sample types including
cerebrospinal fluid (CSF) from patients with suspected central nervous system (CNS) infections

(Wilson et al., 2019).

The promise of metagenomic and metatranscriptomic sequencing in capturing DNA or RNA of
novel or unexpected pathogens is widely acknowledged. Despite this, uptake of the method in clinical
settings have been slow (Hogan et al., 2021). Recently a small number of reference laboratories,
including the University of California San Francisco (UCSF) and the Centre for Clinical Infection
and Diagnostics Research (CIDR), Kings’ College London, have begun offering NGS diagnostics to
infectious disease clinicians, as such the initiative is being adopted globally (Serpa et al., 2022).
However, the use of NGS is not considered an accredited diagnostic method in Australia or the United
States of America. To facilitate the uptake of metagenomic and metatranscriptomic assays in a
clinical setting an attempt to standardise the sequencing approach is necessary. The key steps in
developing a diagnostic assay include optimising the total nucleic acid extraction for a variety of
sample types, increasing repeatability for sequencing quality, utilising negative controls to monitor
sample contamination, standardising the bioinformatics pipeline, and establishing a biologically
relevant threshold for reporting pathogenic organisms. Previous studies have reported a correlation
between read counts and PCR cycles when comparing single target gPCR and NGS; however, NGS
specificity has been shown to be considerably lower than qPCR, with one study reporting the
specificity of NGS is up to 11% lower than conventional qPCR (van Boheemen et al., 2020). High-
throughput genome sequencing without viral enrichment has demonstrated capacity in identifying
RNA and DNA viruses, it also provides rich bacterial and fungal microbiome data which has varied

research and diagnostic applications (Collinson et al., 2021, Zinter et al., 2019, Kan-o et al., 2017).
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Metagenomic and metatranscriptomic NGS (mNGS) has accelerated in filling a niche in
diagnostic medicine where other microbiological, serological, and molecular based diagnostic
methods fail to yield a clinically relevant diagnosis. mNGS is most advantageous in the testing of
small volume clinical samples and those from difficult to sample regions, for example CNS. There
have been real world applications of mNGS in commercial laboratories with the usefulness of
metagenomics evident in the SARS-CoV-2 pandemic. COVID-19 changed the landscape for clinical
metagenomics/metatranscriptomics and highlighted the capacity of the tool to characterise emerging
pathogens in a rapid manner. Identification of SARS-CoV-2 using mNGS facilitated the early
phylodynamic analysis which were used to investigate viral origins and zoonotic reservoirs. Early
knowledge of the viral genome allowed for the acceleration of vaccine development and targeted
therapy (Quer et al., 2022). During the beginning of the pandemic mMGS allowed for the easy
identification of coinfections during a time where the clinical symptoms of COVID-19 were not
completely understood, this allowed for the identification of a suite of COVID-19 specific symptoms
which were instrumental in disease identification and control of spread. Rapid viral mutation of the
SAR-CoV-2 virus presented challenges for traditional molecular tests and therapeutics; unbiased
whole-genome sequencing became a well-used tool for the identification of important mutations in

real time.

Barriers to the uptake of routine clinical mNGS have also become evident during the pandemic,
despite repeated demonstration of its feasibility and impact. A key obstacle to the prevention of global
uptake of mNGS includes access to skilled personal. Bioinformaticians are a limited resource and
necessary for the purpose of mNGS with most analysis pipelines involving a suite of analysis tools
which require bioinformatics expertise with a sound understanding of command line skills.
Movement has been made towards the automation of analysis pipelines with the introduction of
graphical user interface (GUI) user friendly analysis pipelines which negate the need for coding
proficiency. While improving, pipeline analysis is not yet at a point that can circumvent the need for
bioinformatician input. Incorrect interpretation of data can mean the difference between a correct or
incorrect diagnosis. Access to sequencing platforms also poses a considerable hurdle in the uptake
of mNGS. Alongside access issues to the sequencing instrument itself, flow cells and reagents kits,
as well as routine and emergency service technicians to maintain the instruments can be difficult to

source at this time.
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Start-up and ancillary expenses of purchasing and maintaining a sequencing platform can cost in
excess of $70,000AUD, costs that are prohibitive for many diagnostic laboratories. Cost per sample
is also considered high in relation to commonly used pathogen detection tests, where one mNGS run
averages around $800AUD per sample “in house” and up to $4000AUD for a single sample
sequenced in a commercial laboratory, a RADT can cost as little as $2AUD per sample (Simner et
al., 2018). It is anticipated further refinements in sequencing technology will result in reduced
associated costs; however, affordability will likely continue to be a prohibitive factor in the uptake
of mNGS in healthcare systems (Govender et al., 2021). Finally, the time taken to perform NGS can
be considered a prohibitive factor in the uptake of mNGS in situations where rapidly evolving disease
outbreaks require prompt, tangible results (Gu et al., 2021, Charalampous et al., 2019). The time
taken from the start of sample extraction to useable results varies greatly due to multiple factors,
including sequencing platform, extraction method, library preparation and sequencing platform
access (Gu et al., 2021). In cases where a sequencing platform is not available at the point of sample
collection, an external provider may need to be used or samples may need to be relocated to another
location for the purpose of sequencing. Sequencing platforms can have very variable run times, with
even more variation within platforms such as the Illumina platform with smaller runs taking as little
as 4 hours to up to 10 days; estimated run times can vary on cluster density and computer resources
(Poulsen et al., 2022). Rapid pathogen detection and their usefulness has been explored in recent
studies; one study demonstrated a rapid mNGS testing method which gave useable results in 6 hours.
This method was validated using 182 body fluid samples which revealed test specificity of 75% for
bacteria and fungi using [llumina® and nanopore sequencing (Gu et al., 2021). Whilst mNGS remains
a very useful technology with the potential to be broadly applied to the detection, control and
prevention of disease-causing pathogens, its uptake may be slower than expected due to the obstacles

challenging the method.

Introduction to the scientific problem

Infectious diseases remain a leading cause of morbidity and mortality worldwide. Pathogen
identification of acute respiratory infection can be difficult and is acknowledged as a significant issue
for infectious disease clinicians in hospital settings (Serpa et al., 2022). Conventional culture methods
have comparatively low detection rates when compared to culture independent methods such as
nucleic acid amplification tests (PCR). Precision diagnosis using culture techniques can be
challenging where pathogens are fastidious or take a prolonged time to culture. Culture independent
techniques such as PCR and serological assays have proven extremely useful for broadening the

scope of detectible pathogens and remain the pillars for current clinical diagnostic techniques. Current
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diagnostic techniques require prior knowledge, or suspicion of infectious pathogen origin, this is
sometimes impractical especially if an infectious disease manifests in an atypical manner. Reviews
of current testing practices have reported that up to 60% of all ARI cases treated have no potential
pathogens detected despite access to comprehensive testing methods (Gu et al., 2021, Duan et al.,
2021, Miao et al., 2018). Delay in the timely diagnosis of a causative pathogen may result in a delay
of precision antimicrobial treatment, leading to unnecessary broad-spectrum antibiotic usage,
increasing healthcare costs, and introducing anti-microbial resistance. Metagenomic and
metatranscriptomic sequencing are unbiased approaches which have the potential to detect most
pathogens in a clinical sample, and is most suitable for rare, novel, or atypical aetiologies of infectious
diseases. The purpose of the next two data chapters were to address the usefulness of mNGS as a

clinical diagnostic tool and as a tool for use in disease outbreak and novel virus identification.
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Aims of the Thesis and Chapter Qutline

Chapter 5: Diagnosis and Analysis of Unexplained Severe Respiratory Illness in Australian
Children using Metagenomic Next-Generation Sequencing: A Pilot Study (Unpublished)

The overarching aim of this chapter was to conduct a proof-of-concept study to evaluate the utility
of parallel DNA/RNA mNGS in the identification of unknown pathogens in a cohort of children with
unknown infections presenting with ARI like symptoms. Here the use of mNGS was calculated with
the purpose of eventual integration of the method in a clinical diagnostic capacity. Care was taken to
ensure relevant quality control measures were taken with a goal of ensuring method repeatability at
the forefront of the experimental design. Reagent batching, and extraction of DNA/RNA in parallel
as well as the inclusion of microbial mock communities sought to ensure meaningful correlations and

conclusions could be made about the methods performance.

Chapter 6: RAPIDprep: A simple, fast protocol for RNA metagenomic sequencing of clinical

samples (Viruses, 2022, under review).

In this Chapter I aim to develop and validate a streamlined RNA-mNGS method for the express
purpose of reducing the time taken to obtain tangible results. This method has been proven capable
of detecting potential pathogen RNA in less than 24 hours after sample collection. Another aim of
this method was to develop an approach which utilizes readily available reagents to ensure ease of
access and reproducibility. The purpose of this research body of work was also to evaluate the

capacity of the method to detect possible pathogens in a variety of sample types and quality.
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Abstract

Traditional diagnostic techniques such as Polymerase chain reaction (PCR) for respiratory
pathogens remain widely used globally as affordable and reliable methods of pathogen
detection. These techniques are pathogen-specific and require some knowledge of the
infectious agent prior to testing. On the other hand, metagenomic next-generation sequencing
(mNGS) exists as an unbiased method of detection with no prior knowledge of potential
pathogens required. Despite this, the translation of mNGS into clinical pathology has been slow
and a number of technical challenges remains. We sought to conduct a proof-of-concept study
to evaluate the utility of parallel DNA/RNA mNGS in the identification of unknown pathogens
in a cohort of children with acute respiratory infection (ARI) like symptoms. In total, 40
children were consented for inclusion in this study with 23 residual clinical diagnostic samples
collected between throughout a single respiratory season. Using uniform protocols and reagent
batching, the total DNA and RNA were extracted from all samples and deep sequenced in
parallel. Microbial mock communities acted as a positive control throughout the study to ensure
study validity. Sequencing reads were classified using a suite of metagenomic analysis tools to
determine taxonomic identities. The diagnostic results and clinical notes were utilised to make
an inference about the reliability of metagenomic data. We identified multiple abundant, cross-
domain respiratory microbiomes containing bacteria, fungi, and viral sequences across all
patient samples. Potentially pathogenic bacteria were ubiquitous across many clinical samples;
however, overabundance of these species could not be reliably classified as possible causes of
disease as many were commensal in origin. Novel diagnoses were detected utilising mNGS in
two clinical samples, whilst all but one culture positive result was replicated by mNGS method
in this study. Time of sampling and sample quality were identified to be the biggest factors in
affecting mNGS data usefulness. A purpose developed parallel DNA/RNA metagenomic
pipeline demonstrates capacity to identify unknown pathogens and elucidate information of the
pulmonary microbiome of children admitted with unknown ARI. Potential pathogens were best
identified in samples of high quality, where relative abundance can act as a tool for causative
pathogen identification. Ongoing investigation is required before mNGS can be offered as a
routine diagnostic service, with many constraints centralised around reliably differentiating

pathogenic microbes and normal respiratory commensals.

109



Chapter 5: Diagnosis and Analysis of Unexplained SARI in Australian Children using mNGS

Introduction

Acute respiratory illness (ARI) is the leading cause of morbidity and mortality in paediatric
patients globally (Liu et al., 2015). It is estimated that approximately 1.3 million deaths in
children under the age of 5 can be attributed to ARI globally (Tazinya et al., 2018). The
presentation of ARI is ambiguous and differential diagnosis of etiological agents can be
difficult using clinical features only. It is accepted that a key element to successful ARI
management is the early and accurate targeting of causative pathogens (Vaughn et al., 2019).
Thus, the prompt and accurate identification of causal pathogens is critical to optimisation of
an effective treatment regime and necessary in determining infection control measures

(Brenner et al., 2018).

Traditionally, laboratory-based testing has been considered optimal for patients admitted
to hospital with ARI. However, laboratory testing using culture-based methods for viral or
bacterial isolation have low sensitivity and lengthy turnaround times (48-72 hours from
sampling to actionable results) (Jain et al., 2015). Laboratory advancement in involving rapid
polymerase-chain reaction (PCR) tests have more recently gained prominence as a diagnostic
tool. Whilst more sensitive than culture-based approaches, the fundamental limitation of PCR
diagnostics is that they are targeted and requiring the pre-selection of pathogens prior to sample
analysis (Zumla et al., 2014). As novel pathogens emerge, it is likely that most will fail to be
identified using PCR and assays may require constant updating in the face of pathogen
evolution (Jaworski et al., 2021). The latest advance has been cause agnostic, culture-
independent diagnostic methods in the form of clinical metagenomic next-generation
sequencing (MNGS) that offers a way to resolve patient microbial communities in a variety of
clinical syndromes including ARI (Zumla et al., 2014, Fernandez-Marmiesse et al., 2018). The
simplest application of mNGS involves the unbiased sequencing of all the DNA (meta-
genomics) or RNA (meta-transcriptomics) in a sample (Binns et al., 2022). Typically, mNGS
tools demonstrate good sensitivity for low abundance pathogens, including viruses, however
the greatest appeal of these methods is the ability to identify pathogens without the need for
prior knowledge or speculation around the pathogen origin (Annand et al., 2022, Sikazwe et
al., 2022a). Despite many proof-of-concept studies highlighting the usefulness of mNGS in
novel and unknown pathogen identification, there exists a plethora of barriers preventing the
uptake of these methods in accredited laboratories as a reliable pathogen identification method.
Many of these barriers are centralised around the difficulty in standardising mNGS methods

across multiple platforms and sample types in a way that is both reproducible and reliable.
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The development of short read metagenomic sequencing, such as Illumina and MGI Tech
Co., Ltd. (MGI) platforms, present unprecedented capacity for the detailed profiling of
microbial communities (Pendleton et al., 2017, Kim et al., 2021). Unlike assays that target the
16S and/or 28S/ITS ribosomal RNA amplicons, unbiased metagenomic next-generation
sequencing (mNGS) allows for the characterisation and detection of viral, bacterial, and fungal
pathogens at a species level (Caporaso et al., 2012, Pendleton et al., 2017). The utility of mNGS
as a diagnostic tool has been demonstrated in limited studies of adults with ARI, and has
demonstrated usefulness in the etiologic diagnosis of severe pneumonia in mechanically-
ventilated ICU patients (Yang et al., 2019, Wilson et al., 2019, Bal et al., 2018, Zhang et al.,
2018). During the SARS-CoV-2 pandemic mNGS was utilised as a tool for the identification,
diagnosis and epidemiological analysis of the virus (Yuan et al., 2022, Quer et al., 2022, Fricke
et al., 2021, Pfefferle et al., 2021). Throughout the pandemic the clinical and public health
utility of the use of mNGS to characterise emerging novel variants of the virus became
apparent. The actional information generated through the use of mNGS methods assisted in the
prevention or mitigation of emerging variants, provided insights in to viral transmission
patterns and was critical in elucidating information on co-circulating respiratory pathogens and
variants during the pandemic (Pfefferle et al., 2021, Jaworski et al., 2021, Yang et al., 2021,
John et al., 2021).

In this proof-of-concept study, we sought to evaluate the technical feasibility and clinical
utility of Illumina metagenomic sequencing as a diagnostic tool for children with severe ARI
of unknown origin in the ICU. We explore the usefulness of mNGS in a diagnostic capacity
and evaluate the applications of the technology where the causative pathogen remains
undetected using traditional, culture-based or PCR, diagnostic tools. The clinical
characteristics, treatments, and traditional diagnostic methods available for each patient and
sample were evaluated alongside mNGS findings in a cohort of paediatric patients with severe
ARI. We hypothesized that an optimized mNGS assay may improve the characterization of the
pulmonary microbiome and may assist in the identification of novel pulmonary pathogens in
the study cohort. This study also aims to measure the effectiveness of mNGS in identify
putative causative pathogens in cases where viral, bacterial or fungal pathogen origin is
unknown or presents in an atypical manner. Finally, we hope to demonstrate the usefulness of
data generated in clinical mNGS studies in characterising microbial diversity in complex
hospitalised patients at risk of opportunistic infection and for the detection of otherwise

unknown/novel pathogens.
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Methods

Cohort selection

All respiratory samples that had tested negative on the Seegene Allplex Respiratory Full
Panel Assay were screened between August and December at a major tertiary children’s
hospital in New South Wales (NSW), Australia. A total of 581 negative respiratory samples
were linked to 469 separate admissions. Eligible cases required an associated ICU admission
and availability of a contemporaneous chest X-ray (CXR) and a residual sample for salvage.
Admissions were checked against key components of a subsequent clinical categorisation that
included: [1] associated ICU admission (n=108), and [2] availability of a contemporaneous
CXR (n=73), and [3] immunocompromise (n=12). The families of a total of 40 eligible children
were contacted for consent, from which we obtained 23 samples from 21 children. Most
samples were nasopharyngeal aspirates (n=21) with 1 endotracheal tube aspirate and 1 throat
swab included in the study cohort. CXR images and reports were assessed by an infectious
disease’s paediatrician to determine if they showed changes suggestive of
inflammatory/infectious aetiology or changes that could be attributed to an alternate diagnosis
(i.e. pulmonary oedema). Cases were categorised using the above criteria with expected
correlation with the likelihood of an infectious aetiology of their clinical disease:

e Category 1, ICU admitted AND CXR suggested inflammation/infection.

e Category 2, ICU admitted AND immunocompromised.

e Category 3, ICU admitted only.
The study was approved by the Sydney Children’s Hospitals Network (SCHN) human research
ethics committee (Local Ethics Committee of the Sydney Children’s Hospitals Network;
approval number HREC18/SCHN/263).

Nucleic Acid Extraction, Quantification and Analysis

DNA and RNA was extracted from each sample in parallel using the ZymoBIOMICS
DNA/RNA kit, in accordance with the manufacturer’s recommendations. The kit uses bead
homogenisation and column-based purification to isolate purified DNA and RNA from
biological fluids (with on-column DNase treatment for residual DNA removal of purified
RNA). Zymo mock microbial communities and water controls were extracted alongside the
clinical samples. The samples were extracted in three separate batches using identical batches
of reagents to minimise reagent variation. Nucleic acid extracts were initially quantified using
Qubit 4 fluorometer (Invitrogen Life technologies, Carlsbad, CA, USA) using both the Qubit
dsDNA HS Assay Kit and Qubit RNA HS Assay Kit (Life Technologies, Eugene, OR, USA)
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following the manufacturer’s instructions. DNA extracts were screened with the Zymo Femto
DNA Quantification Kit, a quantitative PCR (qPCR) based kit, to detect and quantify the
amount of human, bacterial and fungal DNA present in each of the samples. Input DNA was
calculated by multiplying the input volume by the sample concentration. These values were
tabulated and relationships between input DNA and bacterial, fungal, and human DNA were
measured. Correlations were calculated using the Pearson correlation coefficient. Statistical

analysis and correlation plots were drawn in RStudio (Team, 2020).

Preparation of DNA and RNA Libraries

DNA and RNA libraries were prepared separately from the extracted samples and controls.
DNA samples were prepared for sequencing using the Nextera DNA Flex Library Prep kit
(Illumina, San Diego, CA, USA) in accordance with the manufacturer’s instructions. Following
quantification, the extracted DNA was grouped based on input concentration: low 1-9 ng,
medium 10-24 ng and high 100-500 ng to determine the minimum number of PCR cycles for
library amplification, which was here, 13X, 8X and 5X cycles, respectively. The RNA
extracted were prepared for sequencing using the SMARTer Stranded Total RNA-Seq Kit v2
— Pico Input Mammalian (Takara Bio, Kusatsu, Shiga, JPN) in accordance with manufacturers
recommendations. For both the DNA and RNA libraries, unique dual indexes were used limit
indexing cross-over during sequencing. Library quantity was determined for both RNA and
DNA prepared libraries using the Qubit™ dsDNA HS Assay Kit, whilst quality and size was
estimated using a High Sensitivity D1000 ScreenTape® on the 2200 TapeStation® system
(Agilent, Waldbronn, Germany). DNA and RNA libraries were each pooled separately with
libraries represented equimolarly. The separate DNA and RNA pooled libraries were
sequenced on an Illumina NovaSeq 6000 (Illumina, CA, USA) to generate paired-end
sequencing reads of approximately 150bp in length with an approximate coverage of 40-50

million reads per library.

Metagenomic Analysis

The raw DNA and RNA mNGS libraries were processed initially by removing low-quality
and adaptor sequences using bbduk v37.98 with a phred score threshold of 20 (Bushnell, 2016,
Brown et al., 2017). The trimmed and filtered reads were then mapped to the human genome
using STAR-aligner v2.6.1b (Dobin et al., 2013) to extract non-human sequences for down-
stream analysis. The high-quality, non-human reads from the DNA libraries were then de novo
assembled using Megahit v1.1.3 (Li et al., 2015) before annotation using blast+ v2.11

(Camacho et al., 2009) and diamond v2.0.11 (Buchfink et al., 2015) against the NCBI GenBank
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database. The RNA libraries were analysed using a similar pipeline expect that the high-
quality, non-human reads were first rRNA filtered using SortMeRNA v2.1b (Kopylova et al.,
2012) with the non-rRNA the focus of the analysis. A final summary table was constructed
summarising all blast, diamond and de-novo assembly data and relative abundance determined
by k-mer counts during assembly. Metagenomic sequence libraries generated in this study have
been submitted to the NCBI short read archive (SRA), accession numbers SRR22838411 —
SRR22838466. Where sequences were identified as a putative cause of disease, quality filtered
reads were mapped to respective references sequences using Geneious Prime 2020.1.2

(https://www.geneious.com). Maximum likelihood trees for possible causative pathogens were

estimated using PhyML (Guindon et al., 2010) with the GTR + Gamma substitution model and
1000 bootstraps.

Statistical Analysis

We utilised MetaPhlAn 4.0 to profile the composition of the microbial communities and
calculate relative abundance (Blanco-Miguez et al., 2022) . Raw abundance was normalised by
taking the total number of reads (quality filtered, non-human DNA or non-rRNA) and
calculating the number of positive reads per 1000 total reads. Relative abundance was
calculated for all identified unambiguous taxonomic assignments to allow for ease of
interpretation where library depth was not uniform. A clustered heatmap was constructed in R
(v4.2.2) utilising the ggplots package (version 3.1.3) (R Development Core Team, 2010,
Gomez-Rubio, 2017). Relative abundance data was imported into R in a as a two dimensional
array, the data-frame is then converted to a matrix, using the as.matrix function (Base R) (R
Development Core Team, 2010). Hierarchical clustering is performed on both rows and
columns of the data matrix using the h, from this row and column dendrograms are constructed.
The row and cluster dendrograms were used to order both samples and rows, first the rows are
re-ordered based on row means, the columns or samples are the reordered based on the column
means, the addition of dendrograms helps to cluster both microbe species and samples with
those that have similar microbial communities. The heatmap.2 function was used to build an
enhanced heatmap from the (Goémez-Rubio, 2017). The row Z-Score scaling method was
applied to improve visualisation of clusters in a heatmap, the z-score describes the abundance
of a microbe relative to other microbes within the same sample measured in standard deviation

units.
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Results and Discussion

Cohorts and clinical presentation

Twenty families consented for their child's samples to be used in the study. The twenty
cases involved 21 admissions, with participating children aged from 1 week to 17 years (mean
4.1 years, SD=5.23). There was one sample per admission for all cases except for one case, in
which three negative respiratory samples were recovered from one admission. It was also this
child also had a subsequent admission later in the study period from which one eligible sample
was available. There was a slight male predominance in consented cases (62% male), which
was representative of the respiratory negative ICU admitted population during the screening
period (63%). Mean length of stay was 34.1 days (SD=20.24; min=4; max=84), with a mean
ICU length of stay of 21.4 days (SD=15.02). The majority of samples were nasopharyngeal
aspirates (NPA) (91%), with only one throat swab and one endotracheal aspirate being
collected for analysis. This predominance of upper respiratory tract samples is representative
of the overall negative respiratory sample types collected from all ICU admitted patients (98%
upper respiratory tract; 87% nasopharyngeal aspirates, 6% endotracheal aspirates, 5%

respiratory swabs) (Table 1)

115



Chapter 5: Diagnosis and Analysis of Unexplained SARI in Australian Children using mNGS

Table 1: Clinical Summary of Test Cohort.

Length Sample

Length Age At
Case Clinical Specimen Date of Sample Sample of ICU Taken on Medical Immune
Sex of Stay Sample
Number  Category Number Admission Date Source Stay Day of Comorbidity Compromised?”
(days) (days) Admission (years)
ICU-001 2 M 1 19/07/2018 3/08/2018 NPA 54 41 15 0.14 Yes Yes, Steroid
ICU-002 2 F 1 21/07/2018 3/08/2018 NPA 24 9 13 0.98 Yes Yes, Transplant
ICU-007 1 M 1 25/07/2018 7/08/2018 NPA 44 43 13 10.36 Yes No
ICU-007 1 M 2 25/07/2018 21/08/2018 NPA 44 43 27 10.40 As above As above
ICU-007 1 M 3 25/07/2018 31/08/2018 NPA 44 43 37 10.43 As above As above
ICU-019 3 M 1 3/08/2018 23/08/2018 NPA 41 25 20 0.10 Yes No
ICU-027 3 M 1 22/08/2018 30/08/2018 NPA 11 5 8 0.12 Yes No
ICU-037 3 M 1 6/09/2018 13/09/2018 NPA 14 4 7 0.24 Yes No
ICU-053 3 F 1 20/09/2018 28/09/2018 NPA 15 40 8 5.61 Yes Yes, Steroid
ICU-059 2 F 1 17/10/2018 18/10/2018 NPA 5 4 1 9.83 Yes Yes, Transplant
ICU-062 1 M 1 16/10/2018 22/10/2018 NPA 51 27 6 0.02 Yes No
ICU-063 1 M 1 23/10/2018 23/10/2018 NPA 8 0 0.43 Yes No
ICU-068 1 F 1 15/10/2018 3/11/2018 NPA 44 7 19 5.70 Yes Yes, Chemotherapy
ICU-069 1 F 1 10/10/2018 3/11/2018 NPA 49 28 24 0.36 Yes No
ICU-072 2 M 1 6/11/2018 7/11/2018 NPA 4 1 1 3.58 No No
ICU-075* 1 M 1 7/11/2018 9/11/2018 NPA 40 33 2 10.62 Yes No
ICU-077 1 F 1 5/11/2018 13/11/2018 NPA 25 25 8 0.05 No No
ICU-080 2 M 1 1/11/2018 15/11/2018 NPA 84 10 14 7.28 Yes No
ICU-081 3 M 1 4/11/2018 15/11/2018 NPA 17 17 11 0.11 Yes No
ICU-086 3 F 1 12/11/2018 23/11/2018 Throat 15 1 11 17.24 Yes No
ICU-102 2 M 1 15/12/2018 16/12/2018 NPA 60 19 1 0.05 Yes No
ICU-104 1 M 1 18/12/2018 19/12/2018 ETA 50 35 1 13.73 Yes Yes, Steroid
ICU-107 3 F 1 7/12/2018 29/12/2018 NPA 41 30 22 0.21 Yes No

*ICU-007 repeat admission; “Steroid treatment included extended use/high dose Hydrocortisone, Prednisolone, Dexamethasone, and Deflazacort. Post-transplant
immunosuppressants included Tacrolimus and Myfortic. Chemotherapy agents used, not mentioned prior, included Methotrexate, and Methylprednisolone.
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Detection of putative pathogenic infectious microbes in clinical samples of respiratory
samples

Unbiased shotgun sequencing exists as an untapped diagnostic tool to assist in identifying
and quantifying known and novel pathogens (Bal et al., 2018, Hasan et al., 2020). Common
reasons metagenomic sequencing has not been widely accepted as a routine diagnostic tool
include the cost and infrastructure required to perform the sequencing, as well as the time and
resources necessary to interpret the results (Greninger, 2018). Whilst there are these potential
prohibitive reasons to using next generation sequencing in place of conventional diagnostic
tools such as quantitative PCR, the promise of this tool where conventional methods do not
yield a result is apparent. Here, we examined respiratory specimens collected from a cohort of
children admitted to hospital with severe, acute respiratory illness (SARI). All samples and
controls were processed by the parallel mNGS of extracted DNA and RNA, and the non-human

sequences were taxonomically assigned and quantified (Figure 1).
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Figure 1: Heatmap of DNA and RNA metagenomic (mNGS) libraries with adjusted z-score ranks and clustering. Here, we compared the predominant microbial taxa for
both the DNA (left panel) and RNA (right panel) mNGS libraries using clustered heatmaps of microbial abundance (Z-score). Differences between samples identified by a
deeper blue shading, whilst organisms conserved across samples were lighter blue through to red. A frequency histogram is overlayed on the colour key and signifies the count

of each Z-score at any given point. Study samples are shown along the X-axis with colour coding depending on the sample type or clinical, as well as the level of microbial
noise (based on taxa present in blank controls).
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Bacteria

Potentially pathogenic bacteria genera including Staphylococcus, Streptococcus,
Stenotrophomonas, Pseudomonas, Klebsiella, Enterococcus and Escherichia were identified
in samples at levels above those in the negative controls (Figure 1). Pseudomonas aeruginosa
was identified in 6 of the 23 patient samples using parallel RNA/DNA NGS (ICU007.2,
ICU007.3, ICU019.1, ICU077.1, ICU086.1 and ICU107.1), with average relative abundance
01 0.44% (£ 0.78%) and 7.73% (£ 14.09%) respectively. P. aeruginosa had been detected using
culture for the patient of sample ICU107.1 on three separate occasions, the first detection was
on an eye swab on, followed by sputum on and urine on a couple of weeks later. The upper
respiratory sample we sequenced here of ICU107.1 was collected on immediately in the days
before the sputum and urine detections and was positive for P. aeruginosa by both DNA and
RNA sequencing. In contrast, for case ICU080.1, a urine sample returned a positive P.
aeruginosa culture on the 18/11/2018, however here, the nasopharyngeal sample collected 3
days before had no P. aeruginosa detected utilising the DNA/RNA NGS method. Clinical
sample ICU080.1 is noted as having high noise and is of low sample quality, this library only
had 130391 reads mapped to known clades, suggesting the sequencing depth may not have
been sufficient for the identification of all present bacterial species. In other case, potentially
linking longitudinally collected specimens, an eye swab was taken from cases ICUO81.1 was
positive by culture for Serratia marcescens and Enterococcus faecalis, with our mNGS of the
previously negative NPA returning a positive for both organisms, with relative abundances of
59.68% and 4.74% in the DNA library and 2.41% and 0.56% in the RNA library, for Serratia
marcescens and Enterococcus faecalis, respectively. Low quality samples were revealed by
microbial communities similar to that of the blank samples. For example, ICU080.1, ICU053.1,
ICU002.2 and ICUO007.1 were considered very low-quality samples and returned abundance
profiles that were nearly identical to the negative controls with predominant taxa including
Bradyrhizobium sp DFCI 1, Delftia acidovorans, Methylorubrum populi and Pseudomonas
fluorescens group. 1t is evident that sample quality impacts the ability for DNA/RNA NGS to

detect potentially pathogenic bacteria from NPA samples.

Fungi
Relative to the portion of bacterial reads, fungal reads were significantly less prevalent in
the study cohort. Using DNA and RNA sequencing potentially pathogenic fungi,
Saccharomyces and Cryptococcus, were identified in the four Zymo mock community samples
(Fig. 1). Relative abundance averages across the mock community samples varied between

RNA and DNA sequencing methods and between identified fungi; however, was expected at
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relative abundance of 2% based on the spiked proportions. DNA metagenomic sequencing
detected Saccharomyces at 0.44% (+ 0.02%) relative abundance and Cryptococcus at 0.16%
(£ 0.03%), whilst RNA metatranscriptomic sequencing detected Saccharomyces at 12.44% (+
4.20%) relative abundance and Cryptococcus at 0.18% (£ 0.13%). This discrepancy highlights
differences between quantifying DNA genomes and RNA transcripts in eukaryotic organisms.
The Zymo mock community was intended to quantify genomic DNA and makes no guarantees
of RNA levels in the cells, therefore the result is mostly in-line with what was expected (0.16-
0.44% versus 2%), and our lower yield is mostly likely due to incomplete extraction of the

difficult to lyse fungi.

DNA metagenomic shot-gun sequencing identified Candida albicans in 2 out of the 23
patient samples, ICU0O1.1 and ICU102.1, relative abundance was extremely varied with
approximate non-human sequence abundance of 0.33% and 55.97%, respectively by
metaphlan4 (Fig. 1). RNA metatranscriptomic sequencing identified C. albicans in patient
sample ICU102.1 with a relative abundance of 0.01%. Patient sample ICU001.1 returned a C.
albicans positive culture from a swab taken of the patient’s central venous line 6 days after the
collection date of the nasal phalangeal sample included in this study. The finding of C. albicans
using culture of a sample from a different location and at a later timepoint demonstrates an
agreement in findings between metagenomic sequencing and diagnostic culture techniques.
The identification of C. albicans in patient sample ICU102.1 was not reflected in the clinical
notes, however it is not known if culture was requested for this sample. C. albicans is the most
common causative agent of mucosal and systemic infections, responsible for approximately
70% of all fungal infections globally and although infections are usually mild, life-threatening
invasive infections possess a mortality rate of approximately 40%, especially in hospital
settings (Basmaciyan et al., 2019, da Silva Dantas et al., 2016). It is important to note, culture
may not have been requested for all patient samples and therefore culture results may not be
available for each sample. Where fungicidal or fungistatic medication had been administered
to patients prior to sampling, detection of fungal species may be impacted, this data was not

available for patients included in this study.

Viruses
Within our study cohort, all respiratory samples included for analysis had tested negative
by commercial RT-qPCR using the Allplex Respiratory Full Panel Assay (Vandendriessche et
al., 2019). Here, mNGS extended the results with the identification of possible viral pathogens

in two separate cases. In one sample - I[CU068.1, we detected a moderate number of respiratory
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syncytial virus (RSV) reads, and further inspection of the clinical history revealed a positive
RSV result by RT-qPCR on a patient’s sample three weeks prior. Interestingly, Influenza C
virus was identified in the NPA sample ICUOQ75.1, with relatively high abundance of 3% of the
total metagenomic reads in the RNA library. Whilst not typically viewed to cause serious
disease, influenza C is a neglected pathogen from a human health perspective with fewer than
100 published genomes available on public databases. Furthermore, it is rarely included in
commercial respiratory multiplex PCR assays (Cunha et al., 2016). A maximum likelihood tree
was constructed for the haemagglutinin gene of the Influenza C virus (Figure 2), however the
lack of sampling locally and globally, does not allow for meaningful phylodynamic inference.
Nonetheless, the usefulness of DNA/RNA NGS is highlighted here, where a clear pathogen is
not suspected or where symptoms present in an atypical way, the detection of viral pathogens
using conventional methods may be insufficient. Correct and early diagnosis of influenza C
virus infection could be treated with appropriate antiviral medication, highlighting the potential
yield of metagenomics in case management. Our data demonstrates the meta-transcriptomic
exploration of potential infectious microbes and identify the ways it can add value in selected
cases despite its caveats. Although there were no suspected herpesvirus pneumonitis cases in
this cohort, Cytomegalovirus, HHV-4 and HHV'7, was identified in 6 clinical samples. Further
incidental findings of viral genera of unknown or unlikely pathogenicity include
Papillomavirus, Torquetenoviruses, and WU Polyomavirus in ICU086.1, ICU027.1 and

ICUO068.1 respectively, as well as several bacteriophages likely derived from oral microbes.
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Figure 2: Influenza C virus phylogeny from case ICU075 using haemagglutinin gene sequences. The
assembled sequence from case ICUO75 corresponding to the viral haemagglutinin (HE) gene was extracted
(colored red) and aligned against known reference strains (colored black) sourced from the GISAID database
using MAFFT (Rozewicki et al., 2019). A maximum likelihood phylogeny was then estimated using PhyML
with bootstrapping support values indicated at nodes. The tree was rooted using the Ann Arbor strain
collected in 1950. The branch lengths are proportional the number of substitutions per site.

Microbial DNA as the best measure of metagenome quality of respiratory samples

We sought to define the limitations of our metagenomic pipeline with respect to samples
of sub-optimal quality, by introducing quality checks prior to library preparation and correlated
these values with sequencing results. Sample quality is a determining factor in the
metagenomic performance of a sample. Samples in this study were considered rescued and not
collected for the purpose of metagenomic sequencing (Chen et al., 2017, Bal et al., 2018).
Typically, residual diagnostic samples are of low quality, a finding reflected in our study. Of
the 23 samples sequenced in this study, 7 had high background noise determined by the
resemblance of the sample microbiome to the blank or kit microbiome, a further five samples
showed some level of noise in the generated microbiome. Samples with high background noise
were associated with a distinct lack of infectious agent detection, with much of the

metagenomic library being uninterpretable. High noise was a marker for poor sample quality
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and was a critical factor in the capturing of an unbiased sample infectome. We determined
metagenomics noise to be an objective measurement whereby the genomic data appeared to be
skewed towards the kit microbiome, indicative of insufficient sample biomass to capture an
unbiased snapshot of the true infectome (Luhung et al., 2021). To ensure samples yield
unbiased high quality metagenomic libraries, samples to be taken forward into a metagenomics
testing pathway need to be collected and stored appropriately as soon as possible after

sampling. (Hasan et al., 2020).

Parametric correlation analysis DNA was performed to determine if there was a
meaningful relationship between input or total DNA, measured using fluorometry, and human,
bacterial and fungal DNA by qPCR (Sedgwick, 2012). Quantification data obtained for study
samples were analysed using the Pearson’s correlation coefficient (Table 2). The relationship
between input DNA and Human DNA was found to be statistically significant (» (23) =.72, p
<.001), and positively correlated (Figure 3). Human DNA is highly correlated with overall
sample quantification as human DNA appears to provide the bulk of the sample biomass. The
proportion of human DNA in a sample can vary, and likely for a number of reasons including
sample type and technique, with nasal swabs often resulting in a large amount of incidental
human DNA being collected, due to epithelial cell contamination. A positive correlation was
also identified between input DNA and bacterial DNA, this relationship was found to be
statistically significant at the 95% confidence interval (» (23) = .39 p = 0.05) (Figure 3).
Bacterial DNA quantification using qPCR appeared to be the best early indicator of mNGS
performance for respiratory samples. Where the CT value of the bacterial PCR was above cycle
33/34, libraries were clearly lower quality and had a greater amount of noise from reagent-
associated taxa. An inverse correlation was identified between the input DNA and the total
fungal DNA, (Fig. 3) this relationship was found to not be statistically significant (» (23) = -
.08 p = 0.69), very few libraries in this study contained fungal DNA, as such we can infer
fungal DNA had very little influence in total sample biomass. Where samples did contain
fungal DNA, those with a lower CT typically corresponded well with the mNGS data. For
example, the libraries with fungi identified — ICU001.1 and ICU102.1 — had CT values of 32
and 31, respectively. Metagenome data is richly diverse in non-human content, whilst we have
identified human DNA is a good indicator of overall sample biomass, our data suggest
fluorometry may provide insight into library preparation but is not sufficient in providing an
indication of mNGS performance (signal > noise), and as such targeted quantification of
bacterial or fungal DNA may be a more reliable indicator of sample performance, and may be
considered for batched mNGS runs in a clinical setting.
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Figure 3: Correlation plots between total gDNA and source DNA. The total gDNA of each sample was measured using the Qubit HS ds-DNA assay, and then compared to
quantitative measurements of human (A), bacterial (B) and fungal (C) DNA assayed using qPCR. The correlations between measurements were calculated using the Pearson
correlation coefficient with equations and R? value shown.

Table 2: Pearson’s correlation test of total gDNA and source DNA

T-test Sample estimate (correlation
Source DNA df p-value Conf.int (correlation coefficient at 95%)
statistic coefficient)
Human 5.0311 23 0.000043 [0.4603623, 0.8701027] 0.723827
Bacterial 2.0245 23 0.04469 [-0.007364723, 0.679597970] 0.388898
Fungal -0.40177 23 0.6916 [-0.4633290, 0.3222801] -0.083482
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Samples clustered by metagenome quality rather than clinical groups

In this study, the cases were sorted into three different categories to reflect clinical
likelihood of an infectious agent as a cause for disease. We hypothesised that case category
may have an impact on the distribution of organisms within the individual metagenomic
library. We sort to identify any meaningful correlations between sample classification and
infectome, with the sample set available in this study. A hierarchical clustering heatmap of all
patient and control samples was constructed, metatranscriptomic and metagenomic data was
plotted separately for comparison (Figure 1). Organisms identified in the samples were
grouped along the y-axis and samples were grouped on the x-axis, the row Z-Score scaling
method was utilised for visualisation, differences between samples could be identified by a
deeper blue shading, whilst organisms conserved across samples were lighter blue through to
pink. For comparison, we also plotted the raw relative abundances (reads per 1000 reads) as

unclustered heatmaps (Supp. Figure 2 & 3).

The clustering dendrogram allowed immediate identification of conserved organisms
across mock community controls and blank samples in both DNA and RNA sequencing
approaches. Clustering was also observed around low biomass and blank samples for the DNA
libraries, which seemed to have the best-preserved signal for microbial taxa versus the RNA
libraries. This finding suggests that in instances where biomass is insufficient to create a
library, the kit microbiome is instead captured and tends to skew the sample metagenome
towards the kit noise. Low noise, higher biomass samples appeared to have unique
microbiomes with unique organism clusters in varying abundances and distributions. Some
organisms, such as Streptococcus mitis were conserved across multiple upper respiratory tract
samples, which may be expected given the predominance of upper respiratory samples. Other
typical oral taxa were well represented across several samples, whilst samples with an
overabundance of human DNA often shared the presence of the four major taxa normally
present on the human skin Cutibacterium, Staphylococcus, Streptococcus,
and Corynebacterium (Baker et al., 2021). It is important to consider sample size and sample
quality when analysing these results, of the available samples in this study 15 out of 23 were
impacted by less-than-optimal quality. There was also an unequal number of samples in each

category further influencing the clustering of samples within the heatmap dendrogram.
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Timing of sampling is critical for acute diagnosis and sample quality

The use of antibiotics and antibiotic exposure has been shown to affect distribution of
bacterial communities within airways, collecting samples prior to the administration of broad-
spectrum antibiotics is critical in ensuring an unbiased microbiome is captured (Serpa et al.,
2022). Microbial diversity can be decreased, and certain types of antibiotics may influence the
presence of dominant pathogenic bacteria, for example, P. aeruginosa are resistant to many
different classes of antibiotics including aminoglycosides, quinolones, and B-lactams. In this
study only 4 of the 6 positive P. aeruginosa samples were collected from patients who had
been treated by one or more different antibiotics, common antibiotics used between patients
include cephazolin, gentamicin, ceftazidime and amoxycillin-clavulanate, whilst ICU019.1
and ICU077.1 had not been treated with antibiotics at the time of sample collection. The effect
of antimicrobial administration can cause a skew in the representation of species of bacteria
resistant to antibiotic use, where no prior pathogen has been identified care must be taken to

not identify an over-abundance of antibiotic-resistant bacteria as a causative pathogen.

Longitudinal samples ICU007.1-ICU007.3 were collected over a 23-day period, the first
sample ICU007.1 was collected 2 weeks after admission, and P. aeruginosa was not detected
(although of low-sample quality), ICU007.2 and ICUO007.3, collected 4 and 19 days
respectively after the collection of ICU007.1 returned positive results for P. aeruginosa with
relative library abundance of <2% for both samples. Positive culture results were returned for
Citrobacter koseri and Stenotrophomonas maltophilia were reported for a sputum culture
collected 4 days prior to the collection of ICU007.1, in ICU007.1 we identified these 2
pathogens as well as other predominant taxa such as Neisseria flavescens, Gemella
morbillorum & Parvimonas micra. These findings suggest there may be merit to the use of
mNGS to extend the breadth of results to other potentially pathogenetic species when compared
to culture-based methods, however the identification of a causative pathogen remains a
complicated task. During the patients first admission they were administered gentamicin,
ceftazidime and amoxycillin-clavulanate. In a groin swab taken 6 days before the collection of
ICU007.2, methicillin-resistant Staphylococcus aureus (MRSA) was identified using culture,
MRSA was identified using mNGS in ICU007.2 at a relative abundance of 11.5%. Whilst not
explicitly explored in this study, there exists a potential for microbial mNGS data to be utilised
in the identification of antimicrobial resistant microbes both in real time and retrospective

studies.
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The time of sample collection can have a considerable impact of the usefulness of resultant
mNGS data. Where samples are collected at the acute onset of symptoms, or during the early
admission of a patient, we can infer information about the source of the infection, for example,
ICUO075.1 was positive for influenza C, the NPA was taken 2 days after admission (Table 1).
The time of sample collection with respect to hospital admission date and symptom onset
suggests that the infection was likely community acquired. In situations where sample
collection occurs early during symptom onset and hospital admission the nature of the patient
microbiome remains relevant. In this study, on average samples were collected from patients
on day 12 of hospital admission, with some taken as late as 37 days of admission or as early as
the day of admission. A plethora of studies have suggested early intervention with
metagenomic sequencing may be useful in informing treatment decisions (Gosiewski et al.,
2017, Schulz et al., 2022, Hogan et al., 2021). Where mNGS is likely to be employed in a
diagnostic capacity, it is a recommendation of this study that early and deliberate sample
collection and storage is necessary. Whilst we have demonstrated the capacity of this method
on rescued residual extracts, mNGS is best performed on samples collected and stored for the
purpose of metagenomics, with sample quality dependent on appropriate collection, storage
and preparation of total nucleic acid samples (Yuan et al., 2022, Poulsen et al., 2022, Uwamino
et al., 2021). Therefore, the greatest diagnostic value would be to perform mNGS upfront or
reserve samples stored appropriately for later mNGS screening, rather than relying on
degraded, rescued samples, only considered for mNGS when all other avenues are exhausted.
There is also potential added value of mNGS upfront for precision medicine and the potential

detection of treatment resistant organisms that are harboured by individual patients.

Conclusions

In summary, here we present a comprehensive mNGS study utilising the parallel sequence of
DNA and RNA across a range of clinical respiratory samples collected from severe, acute
respiratory infections. This study demonstrated the utility of mNGS in identifying diverse
bacterial, fungal and viral pulmonary species in 23 rescued clinical samples. The capacity for
mNGS technology to identify microbial diversity in complex hospitalised patients as risk of
opportunistic infection has been demonstrated by the characterisation of potentially pathogenic
bacterial and fungal species in over abundance. We also identify a previously undiagnosed
influenza C infection and provide proof of principle for the use of mNGS in the detection of
otherwise unknown or novel pathogens. It is a recommendation of this study that the use of
mNGS in pathogen detection could brought forward to inform diagnosis earlier in

hospitalisation, and preferably prior to antibiotic exposure. We acknowledge that further
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research must be conducted to facilitate the use of mNGS as a clinical diagnostic tool and

envisage movement towards further translation in pathology labs.
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Supplementary Information

Supplementary Figure 1: Cohort case flow chart. A flow chart beginning with total number of samples
screened, through to the number of ICU cases identified, with chest X-rays available, and immune

compromised.
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Supplementary Figure 2: DNA abundance heatmap. Here we present an unclustered heatmap which
displays the relative abundance of each organism. A colour key shows a change from white to blue, and is
measured in relative abundance %. Samples are further classified by a noise level bar and a sample
classification bar to help differentiate between sample type and sample quality, a key for these classifications
can be found on the lower middle of the figure.
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Supplementary Figure 3: RNA abundance heatmap. Here we present an unclustered heatmap which

displays the relative abundance of each organism. A colour key shows a change from white to blue and is

measured in relative abundance %. Samples are further classified by a noise level bar and a sample

classification bar to help differentiate between sample type and sample quality, a key for these classifications

can be found on the lower middle of the figure.
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Abstract: Emerging infectious disease threats require rapid response tools to inform
diagnostics, treatment, and outbreak control. RNA-based metagenomics offers this; however,
most approaches are time-consuming and laborious. Here, we present a simple and fast
protocol —the RAPIDprep assay — with the aim to provide cause agnostic laboratory diagnosis
of infection within 24 hours of sample collection by sequencing ribosomal RNA-depleted
total RNA. The method is based on the synthesis and amplification of double-stranded cDNA
followed by short-read sequencing with minimal handling and clean-up steps to improve
processing time. The approach was optimized and applied to a range of clinical respiratory
samples to demonstrate diagnostic and quantitative performance. Our results showed robust
depletion of both human and microbial rRNA, and library amplification across different
sample types, qualities and extraction kits using a single protocol without input nucleic acid
quantification or quality assessment. Furthermore, we demonstrate the genomic yield of both
known and undiagnosed pathogens with complete genomes recovered in most cases to inform
molecular epidemiological investigations and vaccine design. The RAPIDprep assay is a
simple and effective tool, and representative of an important shift towards integration of

modern genomic techniques to infectious disease investigations.
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Introduction

Despite major advancements in infectious disease diagnostics and treatment, respiratory
tract infections remain a leading cause of death globally. Novel infectious agents and rapid
pathogen evolution has led to considerable challenges for traditional diagnostics. At present,
accepted methods for disease diagnostics rely on microbial isolation, targeted polymerase chain
reaction (PCR), microarray-based assays and serology. As these traditional diagnostic methods
are targeted, they are necessarily limited in in their capacity to identify novel pathogens and
co-infections. For example, although the reverse transcription polymerase chain reaction (RT-
PCR) is both fast and relatively inexpensive, it often fails to detect novel organisms or where
genetic variation occurs in the binding region of known pathogens targeted by primers or probe
(Annand et al., 2022). Furthermore, many disease-causing agents are difficult to grow using
culture-based methods or unculturable in vitro; such that these approaches are inherently slow
and limited for uncovering novel pathogen diversity. Indeed, such limitations with identifying
and characterizing novel pathogens through routine pathology laboratories, as seen with severe
acute respiratory coronavirus 2 (SARS-CoV-2) (Wu et al., 2020), remains one of the greatest
global public health challenges. However, the impact is also significant at the level of
individual care where delays in diagnosis and treatment can dramatically affect clinical

outcomes (Zhang et al., 2018).

Advances in the cost and scale of genomic sequencing have provided important solutions
to the challenges of emerging infectious diseases. Unbiased methods such as RNA-based
metagenomic next-generation sequencing (RNA-mNGS) offers the capacity to recover and
quantify sequences from pathogens with both DNA and RNA genomes (Shi et al., 2022),
describe the microbiome and resistomes (Serpa et al., 2022), and identify coinfections that may
be associated with increased morbidity and mortality (Li et al., 2018). RNA-mNGS sequencing
offers the unbiased detection of emerging pathogens with the greatest diagnostic potential as it
does not require any prior knowledge as to the identity of the causative agent or its genomic
sequence (i.e., cause agnostic). The diagnostic capacity of RNA-mNGS was clearly
demonstrated during the COVID-19 pandemic and the rapid identification of SARS-CoV-2 in
less than a week after realization the infections were likely caused by a novel agent (Wu et al.,
2020). The emergence of novel SARS-CoV-2 variants throughout the course of the pandemic
and associated failures in RT-PCR primers for diagnostic (Subramoney et al., 2022) and whole

genome sequencing (Itokawa et al., 2020) highlight the speed of pathogen evolution and the
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need for rapid and accurate unbiased sequencing. Whilst RNA-mNGS is indeed powerful there
are some limitations when compared to traditional approaches. For example, the diagnostic
sensitivity is lower compared to PCR or targeted enrichment due to the relatively low
abundance of the viral sequences with respect to the high background from host or microbial
nucleic acids. Deeper sequencing may circumvent some of the limitations in sensitivity,
although this approach is more costly and often time consuming due to the turnaround times
of higher output sequencing platforms and thorough library QC requirements. Ultimately, this
highlights the fact that the advancement of mNGS and targeted sequencing into clinical

diagnostics will require the development of multiple tools to address multiple needs.

In response to emerging disease threats, there is a need for simple and fast RNA-mNGS
approaches to provide rapid and reliable identification of pathogens in a timely manner to
inform better treatment and control. Here, we developed and validated a streamlined RNA-
mNGS method capable of detecting pathogen RNA from sample collection in less than 24
hours. Furthermore, we developed the approach to utilize readily available reagents to ensure
ease of access and reproducibility, particularly following the widespread adoption of amplicon-
based whole genome sequencing (WGS) during the COVID-19 pandemic. The RAPIDprep
assay is designed to be simple with minimal handling and QC requirements. However, it is still
robust and includes all important steps including genomic DNA (gDNA) removal and
ribosomal RNA (rRNA) depletion to boost sensitivity. We developed, optimised, and evaluated
the utility of this approach on a range of clinical respiratory samples containing both known
and unknown pathogens and compared the quantitative performance to quantitative RT-PCR.
By providing real-time, high-resolution metagenomic data, the RAPIDprep assay can inform

the diagnosis of common and novel infections to control and monitor outbreaks.

Materials and Methods

Specimens

This study utilized common respiratory samples including nasopharyngeal swabs and
aspirates, along with cultured material of A/pdmHIN1 2009 influenza viruses and
ZymoBIOMICS Microbial Community Standard (Zymo #D6300). The samples were
specifically representative of a range of known viruses (SARS-CoV-2 and respiratory syncytial
virus (RSV)), sample qualities (storage in standard viral transport medium (VTM) or Zymo
DNA/RNA shield reagent) and extraction platforms (Roche MagNA Pure 96 Viral NA small
volume, Zymo Quick-RNA Viral or ZymoBIOMICS DNA/RNA Miniprep Kits). The sample
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processing followed the manufacturers’ recommended protocols. The SARS-CoV-2 and RSV
samples were quantified by RT-qPCR targeting the nucleocapsid (Lu et al., 2020) and
nucleoproteins (Wang et al., 2019a), respectively. Briefly, 5 uL of viral extract was converted
to cDNA using the Invitrogen SuperScript IV VILO master mix before qPCR using IDT
PrimeTime Gene Expression Master Mix with 500nM and 250nM of primers and probe,
respectively. Finally, the study also included samples of unknown aetiology collected with
parental consent from children with acute respiratory illnesses (mild and severe). This study
was approved by the Sydney Children’s Hospitals Network (SCHN) human research ethics
committee (HREC; approval numbers HREC/18/SCHN/263 & 2020/ETH00837) and the
Western Sydney Local Health District HREC (approval numbers LNR/17/WMEAD/128 and
SSA/17/WMEAD/129).

RAPIDprep assay

The assay is divided into the following steps: gDNA removal; rRNA depletion; first strand
cDNA synthesis; second strand cDNA synthesis and cleanup; tagmentation; library
amplification and cleanup, and sequencing. A simple step-by-step protocol has been made

available from: https://www.protocols.io/view/rapidprep-a-simple-fast-protocol-for-rna-

metagenom-rm7vzbjkxvx 1. The specific reagents and their source have been listed in Table 1.

For gDNA removal, 8 uL of sample extract (viral RNA, total DNA/RNA or purified RNA)

was combined with 1 pL each of Invitrogen 10X ezDNase Buffer and enzyme before 10 min
incubation at 37°C, then transferred to ice. For rRNA depletion, 1 uL of Qiagen FastSelect Mix
(Equally combined QIAseq FastSelect Human, Mouse, Rat (HMR); Bacterial 5S/16S/23S; and
water) was added to the previous reaction before a step-wise incubation from 75°C, 70°C,
65°C, 60°C, 55°C, 37°C and 25°C, holding 2 min at each step, then transferred to ice. For first
strand cDNA synthesis, 4 puL of SuperScript IV VILO Master Mix (5X) and 5 pL of water
were added to the previous reaction before incubation at 25°C for 10 min, 50°C for 20 min and
85°C for 5 min, then transferred to ice. For second strand cDNA synthesis, 8 uL. of Sequenase
reaction buffer (5X), 1 puL diluted Sequenase enzyme (Sequenase Dilution Buffer and
Sequenase v2.0 DNA Polymerase at a ratio of 2:1), and 11 pL of water are added to the
previous reaction before incubation starting at 4°C with a slow ramp (0.1°C/sec) to 37°C for
10 min, then 95°C for 2 min, then transferred to ice. The reaction was then topped up with a
further 1 pL of diluted Sequenase enzyme before incubation at 37°C for 30 min. The double
stranded cDNA (ds-cDNA) was then purified using Omega Bio-tek Mag-Bind Total Pure NGS
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cleanup beads with a 0.8X bead to sample ratio and a final elution with 22 uL of Qiagen EB.
The purified ds-cDNA (5 pL) was then prepared for sequencing using the Nextera XT DNA
Library Preparation Kit with the IDT for Illumina—Nextera DNA unique dual indexing kit as
per manufacturer’s instructions except for the following modifications: 16X cycles was used
for library amplification followed by purification with Omega Bio-tek Mag-Bind Total Pure
NGS cleanup beads using a 0.8X bead to sample ratio, and a final elution with 32 uL of Qiagen
EB. Library QC was then performed using a High Sensitivity D1000 ScreenTape on the Agilent
2200 TapeStation system with gating of the fragments between 200 bp and 700 bp, before final
dilution to 0.1 nM for loading and sequencing on an Illumina iSeq (paired-end 150 bp
sequencing). As the minimal sequencing yield for each library should be 1 million paired reads,
1-4 libraries can be multiplexed per iSeq run. For our large, batched run, we prepared and
indexed 39 samples and one no template control (NTC). These were pooled evenly and
sequenced on an Illumina NovaSeq SP 300 cycle lane generating at least 4 million paired reads

per library (NCBI SRA SRR22726217 - SRR22726256).

Table 1: Reagents used for RAPIDprep assay

Reagent Supplier Catalogue
Invitrogen ezDNase Enzyme Thermo Fisher 11766051
QIAseq FastSelect-rRNA HMR Qiagen 334385
QIAseq FastSelect—5S/16S/23S Qiagen 335921
Invitrogen SuperScript IV VILO Master Mix Thermo Fisher 11756050
Sequenase Version 2.0 DNA Polymerase Thermo Fisher 70775Y200UN
Nextera XT DNA Library Preparation Kit [lumina FC-131-1096
IDT® for [llumina DNA/RNA UD Indexes [lumina 20027213
Mag-Bind® TotalPure NGS Omega Biotek M1378-01
iSeq 100 i1 Reagent v2 (300-cycle) [lumina 20031371

Optimization

We explored three aspects of optimizing the RAPIDprep assay that were focused on
simplifying the protocol to improve turnaround time and determining the optimal yield of the
final libraries. These included testing: 1) rRNA depletion performance; 2) ds-cDNA yield; and
3) number of cycles for library amplification. For the rRNA experiments, the standard pre-
cDNA hybridization step (as above) was compared against a simplified approach spiking 1 uL.
of depletion oligos (FastSelect mix) directly into the first strand cDNA reaction with the
relative amount of rRNA following sequencing measured as output. For the ds-cDNA yield

experiments, the standard Sequenase two-step reaction was compared to a single-step reaction
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combining the total amount of Sequenase enzyme (2 pL) and reaction time (40 min extension
at 37°C). The output was measured by Agilent TapeStation to compare library yield of each
approach. For the library amplification experiments, we titrated the number of indexing PCR
cycles between 14X to 20X in two cycle steps. The output was also measured by Agilent
TapeStation to compare library yield of the different cycles; however, the libraries were also
sequenced to determine the sequence read duplication rate. For all the experiments, the same
three respiratory sample extracts (clinical nasopharyngeal swabs collected in Zymo DNA/RNA
shield and extracted with both the Zymo Viral RNA and ZymoBIOMICS DNA/RNA Miniprep
kits used along with an NTC. Samples were run in duplicate with the mean and standard

deviation values reported.

Severe acute respiratory infections in children cohort

A subset of the samples — the severe acute respiratory infections (SARI) in hospitalized
children — had been previously sequenced using a commercial RNA sequencing assay (NCBI
SRA SRR22838411 — SRR22838442). These data were used to compare against libraries made
using the RAPIDprep assay (Supp. Table 1). Briefly, these RNA samples were prepared for
sequencing using the SMARTer Stranded Total RNA-Seq Kit v2 — Pico Input Mammalian with
unique dual indexes (Takara, Japan) as per the manufacturer’s instructions and sequenced on

an [llumina NovaSeq with at least 40 million paired reads for library.

Bioinformatic analysis of RNA-mNGS data

Raw sequence reads were first quality trimmed and filtered using FastP v0.19.6 (Chen et
al., 2018) with default parameters except the read length filter was 50 bp. The trimmed reads
were then mapped to the human genome using STAR-aligner v2.6.1b (Dobin et al., 2013),
followed by Burrows-Wheeler Aligner (BWA) v0.7.17 (Li and Durbin, 2009) to ensure
complete human sequence removal. The trimmed, human and non-human reads were then
filtered into rRNA and non-rRNA and quantified using SortMeRNA v2.1b (Kopylova et al.,
2012) before, the trimmed, non-human, non-rRNA reads were then de novo assembled using
Megahit v1.1.3 (Li et al., 2015) before annotation using blast+ v2.11 (Camacho et al., 2009)
and diamond v2.0.11 (Buchfink et al., 2015) against the NCBI GenBank database. A read-
based analysis was also performed of the trimmed, non-human, non-rRNA datasets by mapping
against the microbial taxonomic database in MetaPhlAn v3.0.13 (Segata et al., 2012).

Comparative analysis of microbial abundance was performance using calculated z-scores in R
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v3.4.3. Final viral read counts were also determined by alignment of trimmed, non-human,
non-rRNA reads to the de novo assembled contigs and/or known viral reference genomes for
the SARS-CoV-2, influenza virus and RSV samples using BBMap v 37.98 (Bushnell, 2016).
Maximum likelihood trees for individual viruses were estimated using PhyML v2.2.4 (Guindon

et al., 2010) with the GTR + Gamma substitution model and 1000 bootstrap replicates.

Results & Discussion

The aim of this study was to develop a simple yet robust workflow for RNA-mNGS of clinical
samples that can provide a cause agnostic laboratory diagnosis in less than 24 hours. The
RAPIDprep assay is comparable to other meta-transcriptomic assays in that it aims to
unbiasedly sequence the non-host, non-rRNA RNA for pathogen detection and quantification.
However, it is unique in its simplicity, with reduced handling and a uniform protocol for
sequencing across a range of sample types, qualities, and quantities. The first steps aim to
remove gDNA and rRNA to improve target sensitivity before random double-stranded cDNA
synthesis and amplification. Minimising the processing and handling was important to ensure
the entire protocol could easily be completed in less than 6 hours. This was primarily achieved
by the basic assay design with most steps being additive and performed in a single tube without
the need for reaction clean-ups (bead-based purifications). However, we explored this further
by attempting to simplify the rRNA-depletion and ds-cDNA synthesis steps and optimizing the
library amplification yield through a range of experiments using three representative

respiratory samples (RESPO1-RESP03).

Optimization of the RAPIDprep assay
rRNA depletion

rRNA is the most abundant component of total RNA isolated from eukaryotic and microbial
cells (Zhao et al., 2018). While the importance of rRNA-depleted libraries for improved
coverage of mRNA for transcriptome sequencing is recognized (Albert et al., 2021, Bal et al.,
2018, Dudas and Bedford, 2019), it is particularly important for the identification and genome
recovery of viral pathogens with RNA genomes such as coronaviruses, influenza viruses and
paramyxoviruses that are emerging disease threats. The FastSelect reagent blocks transcription
with proprietary probes that bind to mammalian and microbial rRNA. As such, it does not
necessarily deplete rRNA but rather prevents its synthesis during cDNA steps. To increase the
speed of the protocol, we sought to determine if the FastSelect probes could be added directly
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to the first strand cDNA synthesis step without the need for pre-cDNA hybridization step that

added approximately 30 mins of reaction and handling time. The relative abundance of rRNA

in the final sequenced library between the two approaches was compared (Figure 1A).
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Figure 1: RAPIDprep optimization experiments. All results here are derived from the same sample
extracts (RESPO1-RESP03) run in duplicate and presented as mean values and error as standard deviation
(SD); (a). The shaded bars are representative of the percentage of residual rRNA reads in the library
following rRNA depletion with either an in-reaction cDNA synthesis method (grey) or a pre-cDNA
hybridization approach (orange). The bars are clustered with respect to the sample they are derived from,
labelled on the X axis. (b) A comparison in total library yield, in nanomolar generated using Tapestation
values, following a parallel experiment with a one-step and two-step second strand synthesis step using the
Sequenase enzyme. The grey and orange shaded bars are representative of the one-step and two-step
protocols respectively. (¢) Grey shaded bars represent total library yield of each sample, under different
library amplification cycling conditions. The X-axis is marked with the number of amplification cycles and
is sub-grouped by source sample. (d) The duplication rate of reads generated in the final libraries following
cycle titration, the number of cycles for each sample is indicated on the X axis, and is sub-grouped by source
sample.

A clear trend was observed across the three samples, where the final libraries made using
a dedicated pre-cDNA hybridization step had a dramatically smaller proportion of rRNA in the
final library yield (Figure 1A). To further investigate the effect of rRNA depletion method on
the final library composition, we examined the residual rRNA by kingdom, and their relative
abundance was once more compared across different samples and methods (Table 2).

Similarly, all classes of rRNA were better depleted utilizing the pre-cDNA synthesis
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hybridization protocol with the residual rRNA not exceeding 4.0% (RESPO03 bacterial 23S
rRNA), and in most cases less than 1.0%, while the in-reaction approach had up to 22.0%
residual rRNA (RESP02 eukaryotic 18S rRNA). FastSelect is a simple and effective solution
for the removal of rRNA, although the probes clearly require dedicated steps to hybridize
efficiently and, in this case, must occur prior to first strand cDNA synthesis. Whilst performing
the rRNA step prior to cDNA hybridization increases the total protocol time slightly, the
greatly improved rRNA depletion outweighs this and improves the sensitivity of the overall

assay for better pathogen detection.
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Table 2: Relative abundance of archaeal, bacterial, and eukaryotic rRNA using two different

approaches.
In-reaction Pre-cDNA hybridisation
rRNA RESP01 RESP02 RESP03 RESP01 RESP02 RESP03
Archaeal:16S 3.5% 2.9% 7.5% 7.3% 6.1% 4.0% 0.0% 0.0% 0.1% 0.1% 0.2% 0.1%
Archaeal:23S 10.9% 9.5% 19.2% 19.9% 22.0% 16.2% 0.1% 0.1% 0.8% 0.7% 1.6% 1.4%
Bacterial:5S 0.7% 0.8% 0.2% 0.2% 0.4% 0.6% 1.0% 1.3% 0.9% 0.8% 1.4% 1.3%
Bacterial: 16S 0.7% 0.6% 2.1% 2.1% 3.0% 2.2% 0.1% 0.0% 0.2% 0.2% 0.2% 0.1%
Bacterial:23S 3.5% 3.1% 10.1% 10.7% 20.7% 18.1% 0.2% 0.3% 2.2% 2.1% 4.0% 3.9%
Eukaryotic:5.8S 0.5% 0.5% 1.1% 1.1% 0.9% 0.8% 0.0% 0.0% 0.1% 0.1% 0.1% 0.1%
Eukaryotic:18S 14.0% 11.9% 22.0% 22.1% 11.2% 7.7% 0.3% 0.4% 0.9% 0.8% 0.6% 0.5%
Eukaryotic:28S 8.5% 6.7% 12.6% 13.0% 6.6% 4.4% 0.2% 0.2% 0.7% 0.7% 0.4% 0.4%
Library rRNA 0.0% 5.0% 10.0% 15.0% 20.0% 25.0%

Double stranded cDNA synthesis

As the purpose of this method was to be robust yet rapid as possible, we next explored the
feasibility of reducing the second strand synthesis of cDNA from a two-step process to one-
step. Sequenase enzyme is a modified bacteriophage T7 DNA polymerase that lacks 3'—5'
exonuclease activity with improved processivity and speed (Tabor and Richardson, 1989). The
standard reaction will occur in two steps, where initial double stranded cDNA from the first
strand reaction will be produced from randomly primed single-stranded DNA template (Zhu,
2014). This will be followed by addition of further enzyme for final extension of the ds-cDNA
products. We sought to compare this two-step approach to a simplified one-step protocol where
the extension time and enzyme concentration during the first part was increased to match the
overall two-step approach. Not only would this shorten the workflow by up to 15 mins, but it
would also help minimising the handling and potential opportunities for contamination.
However, across the three test samples we saw lower total library yields using the simplified
one-step method (Figure 1B). While the yields of the one-step protocol were sufficient for
sequencing, the desire for a single uniform protocol across varying sample types and qualities
favoured here the approach with the greatest yield. Therefore, like the rRNA depletion
optimization and despite a small trade-off in time and handling, our final assay utilized the

two-step protocol that gave greatest performance.

Library amplification

It is widely accepted that library preparation can introduce systematic bias to the
characterization and representation of microbial communities in a sample (Brenner et al., 2018,

Peddu et al., 2020, Poulsen et al., 2022, Wilson et al., 2014). Bias is most readily introduced
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during the library amplification stage. Some studies argue that the simplest means to mitigate
this bias during PCR is to avoid library amplification all together. For the RAPIDprep assay, a
PCR-free library protocol would likely be unattainable due to the low concentrations of input
total nucleic acid particularly from swabs and cell-free viral samples. I[llumina Nextera XT is
a commercially available library preparation kit that uses a transposase-based tagmenention
reaction to fragment and add adapters onto template dsDNA (Poulsen et al., 2022). Following
this, limited cycle PCR is used to barcode and complete index adapters before sequencing
(Peck et al., 2018). While other library preparation kits would be compatible here, Nextera XT
is simple and fast, and therefore an ideal partner for the RAPIDprep assay. Furthermore,
Nextera XT is widely used for amplicon-based WGS of viral pathogens (Di Giallonardo et al.,
2018b, Eden et al., 2020b, Tulloch et al., 2021b), and offers potentially greater adoption
compared to other library preparation kits. As low input total nucleic acid necessitates PCR
amplification, we sought to identify an optimal cycle number which afforded greatest library
yields whilst limiting potential amplification bias. A titration experiment was therefore
performed with final library yield measured using DNA molarity as determined by Agilent
Tapestation (Figure 1C), and sample bias measured by calculating the read duplication rate of
the sequenced libraries (Figure 1D). Percentage duplication rate is an ideal proxy for sequence
bias as the redundant reads are typically introduced during library amplification PCR.
Furthermore, duplicate reads will limit the entropy of the final dataset and potentially introduce

bias for both sample identification and particularly quantification (Bansal, 2017).

Here, we explored the optimal cycle conditions from 14X to 20X PCR cycles (Figures 1C
& 1D). For two samples (RESPO1 & RESP03), the DNA yield was greatest at 16X cycles,
while for one (RESP02) it was 18X cycles. (Figure 1C) The apparent trend showing reduced
yield at cycles 18X and above was due to over-amplification induced artefacts with fragments
exceeding the upper range (1000 bp) of the Tapestation analyser (data not shown). While such
large fragments are likely to be sequenced when denatured, they present a challenge for
quantifying and final library QC. Similarly, the percentage duplication data demonstrated a
clear increase in overamplification of libraries at cycles 18X and above for all three samples
(Figure 1D). A high PCR duplication rate cannot simply be overcome using deeper sequencing
methods, this is a fundamental issue that can only be mitigated at the time of library
preparation. Indeed, read duplicates can only be identified post sequencing, for this reason it is
advantageous to choose PCR cycles that both maximises yield while minimising duplication

rates. Here, this optimum seemed to be 16X PCR cycles, which was used for the final
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RAPIDprep assay.

Application of the RAPIDprep assay to a panel of respiratory samples

To provide a broad assessment of RAPIDprep performance, we selected a range of
respiratory samples and control material (n=40) for a combined, proof-of-concept run, using
the optimized protocol (Table 3). These samples varied in microbial composition, sample
collection, quality, and extraction, and were designed to reflect a broad snapshot of real-world
sampling performance. Libraries RAPID0I-12 were derived from SARS-CoV-2 positive
respiratory swabs collected and processed within one week following collection from a
household transmission study. RAPID13 & -14 were viral stocks collected from A/pdmHI1N1
2009 influenza virus infected cells. Further known positive samples were prepared as libraries
RAPID?25-32 that were RSV-positive and extracted through a diagnostic pathology service
using a high-throughput bead-based platform (Roche MagNA Pure). RAPIDI5 & -16 were
high-quality cultured material containing standard amounts of known bacteria and fungi — the
ZymoBIOMICS Microbial Community Standards — and were process controls for a study
investigating unknown SARI in hospitalized children. A subset of these SARI samples
(libraries RAPID17-24) was included here as they represented residual, and often highly
degraded, specimens collected through routine diagnostic services, and had existing deep
sequencing data for comparison. Finally, high-quality respiratory samples of unknown
aetiology collected in Zymo DNA/RNA shield were used (RAPID33-39) along with a NTC
reaction (RAPID40). As per the protocol, no specific sample QC was performed and 8 pL of
neat extract (total NA, Viral RNA or RNA) was used as input using the protocol as per section
2.2. All forty samples produced libraries with a mean yield of 5.0 nM (range: 0.7 nM to 8.7
nM) and were pooled and sequenced on a single Illumina NovaSeq SP lane (Table 3). The
mean sequence yield per library was 15,577,978 reads (range: 9,453,054 to 28,187,178 reads).
Each library was then analyzed for low-quality, human and rRNA content before taxonomic

assignment and quantification using a standard mNGS pipeline.
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Table 3: RAPIDprep sample summary overview table.

LibraryYield
Library Group Virus Type Extraction method (M) Data output (reads)
RAPIDO1 SARS-CoV-2  Nasopharyngeal swab Zymo Quick-RNA Viral 5.10 16,810,302
RAPID02 SARS-CoV-2  Nasopharyngeal swab Zymo Quick-RNA Viral 6.40 11,620,222
RAPIDO03 SARS-CoV-2  Nasopharyngeal swab Zymo Quick-RNA Viral 1.30 18,322,864
RAPID04 SARS-CoV-2  Nasopharyngeal swab Zymo Quick-RNA Viral 2.20 12,707,642
RAPIDO5 SARS-CoV-2  Nasopharyngeal swab Zymo Quick-RNA Viral 1.70 15,327,662
RAPID06 COVID-19 SARS-CoV-2  Nasopharyngeal swab Zymo Quick-RNA Viral 6.50 15,271,010
RAPIDO7 SARS-CoV-2  Nasopharyngeal swab Zymo Quick-RNA Viral 2.80 11,147,058
RAPID08 SARS-CoV-2  Nasopharyngeal swab Zymo Quick-RNA Viral 5.30 9,453,054
RAPID09 SARS-CoV-2  Nasopharyngeal swab Zymo Quick-RNA Viral 4.90 17,326,098
RAPID10 SARS-CoV-2  Nasopharyngeal swab Zymo Quick-RNA Viral 6.10 15,531,486
RAPIDI11 SARS-CoV-2  Nasopharyngeal swab Zymo Quick-RNA Viral 1.90 10,903,012
RAPID12 SARS-CoV-2  Nasopharyngeal swab Zymo Quick-RNA Viral 6.10 12,670,186
RAPID13 Influenza A pdmHINI Viral culture Zymo Quick-RNA Viral 7.00 15,200,408
RAPID14 pdmHINI Viral culture Zymo Quick-RNA Viral 3.00 12,405,816
RAPIDI5 . N/A Mixed culture ZymoBIOMICS DNA/RNA Miniprep 6.50 13,541,676
Mock community
RAPIDI16 N/A Mixed culture ZymoBIOMICS DNA/RNA Miniprep 6.80 12,427,300
RAPID17 Unknown Nasopharyngeal aspirate ZymoBIOMICS DNA/RNA Miniprep 5.60 16,321,598
RAPID18 Unknown Nasopharyngeal aspirate ZymoBIOMICS DNA/RNA Miniprep 0.70 17,340,092
RAPID19 Unknown Nasopharyngeal aspirate ZymoBIOMICS DNA/RNA Miniprep 0.70 15,464,422
RAPID20 Kids SARI Unknown Nasopharyngeal aspirate ZymoBIOMICS DNA/RNA Miniprep 5.90 16,563,150
RAPID21 Unknown Nasopharyngeal aspirate ZymoBIOMICS DNA/RNA Miniprep 0.80 24,661,800
RAPID22 Unknown Nasopharyngeal aspirate ZymoBIOMICS DNA/RNA Miniprep 5.90 14,490,708
RAPID23 Unknown Nasopharyngeal aspirate ZymoBIOMICS DNA/RNA Miniprep 1.20 28,187,178
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RAPID24
RAPID25
RAPID26
RAPID27
RAPID28
RAPID29
RAPID30
RAPID31
RAPID32
RAPID33
RAPID34
RAPID35
RAPID36
RAPID37
RAPID38
RAPID39
RAPID40

RSV

Kids unknown

NTC

Unknown
RSV
RSV
RSV
RSV
RSV
RSV
RSV
RSV
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
NTC

Nasopharyngeal aspirate
Nasopharyngeal swab
Nasopharyngeal swab
Nasopharyngeal swab
Nasopharyngeal swab
Nasopharyngeal swab
Nasopharyngeal swab
Nasopharyngeal swab
Nasopharyngeal swab
Nasopharyngeal aspirate
Nasopharyngeal swab
Nasopharyngeal swab
Nasopharyngeal aspirate
Vomitus
Nasopharyngeal swab
Nasopharyngeal swab
Water

ZymoBIOMICS DNA/RNA Miniprep
Roche MagNA Pure 96 Viral NA
Roche MagNA Pure 96 Viral NA
Roche MagNA Pure 96 Viral NA
Roche MagNA Pure 96 Viral NA
Roche MagNA Pure 96 Viral NA
Roche MagNA Pure 96 Viral NA
Roche MagNA Pure 96 Viral NA
Roche MagNA Pure 96 Viral NA
ZymoBIOMICS DNA/RNA Miniprep
Zymo Quick-RNA Viral

Zymo Quick-RNA Viral

Zymo Quick-RNA Viral

Zymo Quick-RNA Viral

Zymo Quick-RNA Viral

Zymo Quick-RNA Viral

N/A

1.80
8.70
8.30
8.10
7.70
5.60
6.00
5.70
6.80
6.20
6.10
6.90
5.40
6.00
7.50
7.10
1.50

19,042,138
15,287,586
19,473,790
16,302,456
14,524,914
17,923,728
13,466,538
12,192,164
17,199,224
14,839,480
14,806,470
12,576,818
13,418,996

9,862,060
11,384,408
20,986,506
26,137,100
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The sequence reads for each library were filtered into five categories: low quality, human
rRNA, human non-rRNA, non-human rRNA and non-human non-rRNA, and the relative
proportions compared across the sample set and groups (Figure 2). Low quality reads were of
highest abundance in the samples from the SARI cohort (RAPID17-24) where the mean low-
quality reads were 23.4% of total libraries. These were ‘rescued’ diagnostic specimens that had
gone through multiple freeze-thaws in the pathology laboratory, with many likely degraded.
Suboptimal sample quality also likely explains some of the variation in low-quality reads in
the SARS-CoV-2 cohort (RAPID0I-12), with delayed transport to the laboratory following
collection at home. Low quality input samples generally result in an increased amount of
homopolymers, and short fragment reads, and are hallmarks of endpoint sample degradation
that can be used as a measure of sample quality (Schoonvaere et al., 2016). While sample
quality is an issue, low-biomass samples would be expected to have higher levels of low-
complexity reads that will be removed during the initial QC steps such as the NTC library
(RAPIDA40).

SARS-CoV-2 Flu  Mock Kids SARI RSV Kids unknown  NTC
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Figure 2: Filtered read distribution and classification across forty RAPIDprep libraries. The sequence
reads were classified into five categories: low quality reads (blue), human rRNA reads (red), human non-
rRNA (pink), non-human rRNA reads (green) and non-human non-rRNA reads (light green). Low quality,
human rRNA, human non-rRNA and non-human rRNA are excluded from downstream analysis, and the
non-human non-rRNA reads the sole target reads for pathogen detection. Relative distribution is calculated
using the total number of reads for the individual library, divided by the number of reads mapping to the
relative category and converted into a percentage by multiplying the value by 100. The results are ordered
by library number and grouped by sample type.
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The proportion of reads that mapped to the human genome had a mean value of 70.8%
across all the libraries and sample type; however, this varied widely (range: 20.0% to 98.4%).
Sequencing data from host-associated microbes may contain host cells, usually acquired at the
time of sampling (Albert et al., 2021). Several factors can influence the abundance of host
material at the point of collection, including collection route, sampling device (such as flocked
vs non-flocked swabs), technique and collector experience (Dudas and Bedford, 2019).
Furthermore, as the human genome is significantly larger than microbial and viral genomes,
host-derived nucleic can easily be over-represented, even if in relatively small amounts. On
average, human reads were the most common read assignment across all samples, except for
the SARI cohort (RAPID17-24) and NTC (RAPID40). The collection method of samples in the
SARI cohort varied, and many of these samples were acquired from sources other than
nasopharyngeal swabs including aspirates due to age and hospitalization, which likely
contributed to the variable yields. Contamination of sequencing data by human nucleic acid
can readily occur, with putative sources including adjacent samples or from the collector
(Meadow et al., 2015). The relative abundance of human reads can also be affected by sample
processing steps including the extraction kit used. For example, the highest levels of human
RNA were found in the RSV-positive respiratory swabs (Figure 2) that were all processed
using the Roche MagNA Pure 96 Viral NA small volume kit. In contrast to the other Zymo
extraction kits, this platform includes an initial Proteinase K digestion that likely increases the
relative yield of human DNA and RNA (Qamar et al., 2017). High levels of human sequences
not only limit the sensitivity of target non-human, non-rRNA but also increases the risk of
residual human DNA being deposited in public archives, which presents an ethical concern and
potentially indefinable information. Care must be taken at the point of sampling or in

processing to reduce the amount of unnecessary human tissue acquired.

Overall, residual rRNA was limited across the sequence libraries highlighting the
performance of the RAPIDprep assay where the mean non-human rRNA was only 1.3%
(Figure 2). However, despite our extensive optimization experiments (Figure 1A), rRNA
depletion remained incomplete in some samples such as RAPID02, RAPID15 and RAPID16
that contained between 9.7% and 9.9% non-human rRNA reads of each library. One reason
could be the limited microbial diversity captured by rRNA depletion probes such as Qiagen
FastSelect and equivalent products. In both RAPID15 and RAPID16, taxonomic assignment of
the residual rRNA showed a predominance of Bacillus spp (63.0% to 73.0% rRNA reads),
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while the same organisms were at much reduced abundance in non-rRNA data (18.0% to 22.0%
non-rRNA reads). Such an imbalance was not noted for other taxa present in the mock
community suggesting some failure of targeting of the Bacillus spp by the FastSelect probes.
However, in these same libraries residual human rRNA was also present suggesting more likely
that the level of FastSelect probes and for higher input RNA such as these cultures or even
whole tissue, the concentration might need to be increased (Figure 2). While the overall rRNA-
depletion performance was good, incomplete rRNA depletion will limit the detection of target
species (Yang et al., 2019). The overarching goal of this and other meta-transcriptomic
approaches is to produce sufficient non-human non-rRNA reads to identify pathogens of
interest. Where non-human, non-rRNA reads are unexpectedly low, the depth of sequencing
becomes an important consideration. Across the samples in this study, the mean number of
non-human non-rRNA reads was 3,125,035, which would be considered an acceptable read
number for pathogen identification (Yang et al., 2019). However, the lowest yielding non-
human non-rRNA library was RAPID3(0 with only 5,898 reads. At this sequencing depth
potentially no pathogen sequences will be identified, and it is also difficult to rule out infections
(often a goal of clinical mNGS), therefore target yields of >1M non-human, non-rRNA would
be ideal.

Viral sequence identification, genome recovery and quantitative performance

For each library, the non-human, non-rRNA sequences were taxonomically assigned and
quantified with a focus on viral reads expressed as log transformed-read per million (RPM)
values (Table 4). In samples where known pathogens were detected, e.g. SARS-CoV-2, RSV
and A/pdmH1N1 influenza virus, the 1,RPM values ranged between 2.64 and 6.00. The mean
logRPM values for the sample groups were 5.17, 3.74 and 5.88, respectively, and in all samples
the expected respiratory pathogen was identified. In addition to detecting known pathogens,
we sought to evaluate the utility of the RAPIDprep assay in identifying unknown pathogens in
two sample groups. The first, a SARI cohort (RAPID17-24) and the other, children with mild
respiratory infections (RAPID33-39) (Table 3). For the SARI cohort, two samples returned a
positive result using the RAPIDprep assay, and the identification of a possible causative
pathogens which had not been identified using conventional diagnostic methods (Table 4).
Human cytomegalovirus (CMV) was identified at low levels in RAPID17 with a logRPM value
of 0.62, that mapped to multiple viral genes, and were likely true hits and not host-derived.

Interestingly, abundant Influenza C virus was identified in RAPID22 with a logRPM of 5.77
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(Table 4). As this sample group was comprised of samples stored for up to six weeks at 4°C
before transfer to -80°C, and also thawed and refrozen multiple times, the subsequent
identification of possible pathogens emphasises the clear diagnostic potential of the
RAPIDprep assay and RNA-mNGS approaches. Across the mild unknown cases, human
rhinovirus was detected in 5 of 7 samples with logRPM ranging between 4.79 and 6.00 (Table
4). Incidentally, human betaherpesvirus 7 (HHV-7) was also detected in RAPID36, although
not likely responsible for the acute respiratory illness symptoms, it remains an important

detection.

To assess the genome recovery of the RAPIDprep assay, we examined the sequence
coverage of the SARS-CoV-2 (RAPID(0I-12) and RSV libraries (RAPID25-32) by mapping
against the viral genome. For the SARS-CoV-2 data, all libraries (n=12) produced genome
coverage >99.9% at a mean depth of 7,270X (range: 22X to 23,085X). For the RSV data, only
half the libraries (n=4) produced genome coverage >90%, while the remaining ranged between
41.9% and 77.8%. The reduced genomic recovery was due to lower coverage depth (mean: 7X,
range: 1X to 23X) (Supp Table 2). As mentioned previously, the reduced genomic yield in the
RSV samples was due to an over-abundance of human sequences (Figure 2). Despite this, the
genomic recovery was more than sufficient to subtype both the SARS-CoV-2 and RSV cases,
as well as the previously undiagnosed rhinovirus sequences from the unknown mild infections,
using a phylogenetic approach (Supp Figure 1A-1C). This not only demonstrates the
diagnostic performance of the RAPIDprep assay but also utility for allowing further
epidemiological investigation of potential pathogens. Furthermore, this genomic data could
also be used to design new diagnostic assays and inform vaccine development as seen during
the COVID-19 pandemic with the sequencing and release of the first SARS-CoV-2 genome
(Wu et al., 2020).

To assess the quantitative performance of the RAPIDprep assay, we utilized the cycle
threshold values generated using RT-qPCR and compared these to logRPM values from the
RAPIDprep SARS-CoV-2 and RSV positive libraries (Figure 3). The SARS-CoV-2 sample
group comprised 12 PCR positive samples (RAPID01-12). Here, we identified SARS-CoV-2
in all 12 samples using the RAPIDprep method and revealed a strong linear relationship
(R?>=0.86) between logRPM and CT values (Figure 3A). As expected, logRPM increases as
CT values decrease, indicating that the RAPIDprep method was sensitive to relative viral load.

A similar result was observed for the RSV data (RAPID25-32) where the read logRPM and
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RT-qPCR CT values were well-correlated (R?=0.85) (Figure 3B). Together, these results
highlight the quantitative performance of the RAPIDprep assay.
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Figure 3: Quantitative detection of SARS-COV-2 and RSV sequences. A simple linear regression model
was applied to both SARS-CoV-2 (A) and RSV (B) data sets with a line of best fit estimating the relationship
between log transformed reads per million (RPM) and cycle threshold (CT) values. The linear-regression
slope coefficient, and intercept parameter are printed on the top right of each plot with R? calculated to
measure the goodness of fit.
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Table 4: Log transformed read-per-million (RPM) virus distribution across RAPIDprep samples.

Library SCAO':,% RSV-A  RSV-B dﬂ‘ﬁ‘l‘m Flu-C  Rhinovirus GBvirusC ~ CMV  HHV7
RAPIDOI | 580 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPID02 |~ 3.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPIDO3 | 3.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPIDO4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPIDOS | 3.98 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPIDO6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPIDO7 0.00 0.00 0.00 0.00 0.00 115 0.00 0.00
RAPIDO8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPIDO9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPIDIO | 490 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPIDII | 481 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPIDI2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPIDI3  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPIDI4  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPIDIS  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPIDI6  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPIDI7  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.62 0.00
RAPIDIS  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPIDIO  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPID20  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPID2I  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPID22  0.00 0.00 0.00 000 [1877 1 o000 0.00 0.00 0.00
RAPID23  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPID24  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPID2S  0.00 0.00 2.64 0.00 0.00 0.00 0.00 0.00 0.00
RAPID26  0.00 3.96 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPID27  0.00 0.00 325 0.00 0.00 0.00 0.00 0.00 0.00
RAPID28  0.00 2.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPID29  0.00 0.00 4.09 0.00 0.00 0.00 0.00 0.00 0.00
RAPID30 000 | 525 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPID3I  0.00 4.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPID32  0.00 0.00 3.14 0.00 0.00 0.00 0.00 0.00 0.00
RAPID33  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPID34  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPID3S  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPID36  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 235
RAPID37  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RAPID38  0.00 0.00 0.00 0.00 0.00 4.79 0.00 0.00 0.00
RAPID39  0.00 0.00 0.00 0.00 000 | 898 | 0.00 0.00 0.00
RAPID40  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Log-RPM - 5.00 4.00 3.00 2.00 1.00 0.00
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Comparison of RAPIDprep to commercial assay

Finally, we sought to compare the performance of the RAPIDprep assay against a
commercial assay — Takara SMARTer Stranded Total RNA-Seq Kit v2. The SMARTer-Seq
libraries were prepared previously from eight residual diagnostic samples and two Zymo mock
community controls as part of a study into the possible infectious causes of SARI in children
(Table 2). These libraries labelled as ICU15-24 had the same source RNA extracts for the
RAPIDprep libraries (RAPID15-24), with each RNA labelled with same sample number (i.e.
ICU15 & RAPIDIS5 share the same RNA source — see Supp Table 1). For the analysis, we
processed each library by removal of low quality, human and non-human rRNA sequences
before extracting 1M non-human rRNA for alignment and taxonomic assignment using
MetaPhlAn3. An un-clustered heatmap of microbial abundance (Z-score for the top 24 taxa)
was used to compare the sensitivity and specificity of the mNGS protocols (Figure 4). Overall,
there was good concordance between the SMARTer-Seq and RAPIDprep assays with
conservation of nasal-oral taxa across protocols, particularly for the predominant species
(ICU/RAPID17). Furthermore, the Zymo mock community control samples, displayed good
repeatability across methods presenting similar row z-scores. As anticipated, there was some
variation between methods likely due to the depth of sequencing and batch effects. For
example, the increased abundance of Escherichia coli sequences across the RAPIDprep
libraries indicates a common source, and most likely from using different reagents. This
highlights the need for positive and non-template controls, as well as reagent batching when
performing mNGS studies, particularly with low-biomass samples (Porter et al., 2021). Finally,
the influenza C virus detected in RAPID22 was also identified in ICU22 (Table 4), again
confirming the diagnostic value were largely comparable. The SMARTer-Seq protocol is
slower (2-day protocol) and more costly (~2X) but is designed for very low-inputs (RNA
amounts <1 ng), and therefore, more suitable for mNGS of low-biomass sample types such as
cerebrospinal fluid (CSF), where it has been used for pathogen discovery (Tuddenham et al.,
2020). This aspect of the RAPIDprep assay is yet to be explored.
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Figure 4: Comparison of RAPIDprep to commercial RNA library preparation kit. Using previously
generated data for the kids SARI cohort, we compared the twenty-four most abundant species identified
across both protocols for the same set of samples. An unclustered heatmap of microbial abundance (Z-score)
is shown with differences between samples identified by a deeper blue shading, whilst organisms conserved
across samples were lighter blue through to red. A frequency histogram is overlayed on the colour key and
signifies the count of each Z score at any given point. Tick labels on the X-axis in the ICUXX format
represent deep RNA sequencing generated previously, while tick labels in the RAPIDXX format represent
sequencing data generated in this study using the RAPIDprep assay for the corresponding samples.
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Conclusions

We present a simple yet robust workflow for the mNGS of RNA from clinical respiratory
samples. Our RAPIDprep assay has been designed specifically as a rapid response tool, and
has proven to be effective in novel disease investigations, including identifying the first cases
of emergent Japanese encephalitis virus during the 2021-22 outbreak in south-eastern Australia
(Sikazwe et al., 2022b, Waller et al., 2022a), and characterising the first cases of COVID-19
in NSW (Eden et al., 2020b). The assay has also been used to investigate non-human diseases
and was critical to the genome recovery of a novel Hendra virus variant detected initially from
a fatal equine infection by pan-paramyxovirus RT-PCR (Annand et al., 2022). In the future,
pathogen-agnostic mNGS testing will likely assume a greater role in identifying and
quantifying novel, emerging, and re-emerging pathogens to guide individual patient

management and public health responses as part of communicable disease control.
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Supplementary Figure 1: Phylogenetic analysis of viruses identified by RAPIDprep assay. Maximum
likelihood phylogenies were estimated for (a) SARS-CoV-2, (b) rhinovirus and (¢) RSV strain identified in
this study (black text) against known reference strains (grey text). The GTR + Gamma DNA substitution
model was used with 1000 bootstrap replicates to measure support (proportions indicates at each node). Each
sequence is labelled according to the library name with multiple viruses indicated with an additional letter
(i.e. RAPID39a and RAPID39b). The scales are proportional to the number of substitutions per site.
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Supplementary Table 1 — Samples sequenced using RAPIDprep and a commercial assay

RAPIDprep SMARTer Stranded Total RNA-Seq Kit v2

Sample Library NCBI SRA accession Library NCBI SRA accession

Zymo 2 RAPID15 SRR22726250 ICU15 SRR22838413

Zymo 3a RAPID16 SRR22726249 ICU16 SRR22838412
ICU-001 1 RAPID17 SRR22726248 ICU17 SRR22838439
ICU-002 1 RAPID18 SRR22726247 ICU18 SRR22838438
ICU-007 1 RAPID19 SRR22726246 ICU19 SRR22838437
ICU-007 2 RAPID20 SRR22726245 ICU20 SRR22838436
ICU-007 3 RAPID21 SRR22726243 ICU21 SRR22838435
ICU-075 1 RAPID22 SRR22726242 ICU22 SRR22838423
ICU-077_1 RAPID23 SRR22726241 ICU23 SRR22838422

ICU-102 1 RAPID24 SRR22726240 ICU24 SRR22838417




Chapter 6: RAPIDprep: A simple, fast protocol for RNA mNGS

Supplementary Table 2: Genomic yield, coverage, recovery and PCR results

Non-host,
non- Viral reads Coverage qPCR
Library Virus rRNA
reads reads RPM Log (RPM) depth X & e;z;me Ct
(1)
RPDO1 %25_82_ 2,834,326 1,792,076 632,275.89 5.80 9,159.00 100.00 22.46
SARS-
RPDO02 CoV-2 1,461,808 4,552 3,113.95 3.49 21.50 99.50 30.23
RPDO03 %25_82_ 4,932,332 15,696 3,182.27 3.50 70.30 99.50 33.92
RPD0O4 %25_82_ 3,530,136 2,768,186 784,158.46 5.89 15,815.00 100.00 20.37
RPDO05 %25_82_ 3,592,638 34,308 9,549.53 3.98 159.50 100.00 31.00
RPDO06 %25_82_ 3,170,060 2,651,566 836,440.32 5.92 13,626.00 100.00 23.47
RPDO7 %25_82_ 3,517,722 2,336,874 664,314.58 5.82 12,450.00 100.00 22.16
RPDO8 %25_82_ 1,723,666 1,470,634 853,201.26 5.93 7,675.00 100.00 22.46
RPD09 %25_82_ 4,502,692 4,334,060 962,548.63 5.98 23,085.00 100.00 20.78
RPD10 SARS- 119716 9,580 80,2272 4.90 4630 9990 3057
CoV-2
SARS-
RPD11 CoV-2 789,160 51,130 64,790.41 4.81 254.30 99.97 29.85
RPD12 %25_82_ 988,654 949,790 960,689.99 5.98 4,877.00 100.00 21.75
RPD25 RSV 403,584 176 436.09 2.64 1.20 41.90 24.15
RPD26 RSV 269,136 2,466 9,162.65 3.96 22.90 99.97 19.20
RPD27 RSV 294,604 518 1,758.29 3.25 4.40 77.80 22.54
RPD28 RSV 316,712 248 783.05 2.89 2.30 72.00 21.23
RPD29 RSV 66,036 804 12,175.18 4.09 7.70 90.10 21.60
RPD30 RSV 5,898 1,042 176,670.06 5.25 10.10 98.50 15.21
RPD31 RSV 17,584 816 46,405.82 4.67 7.90 93.80 17.18
RPD32 RSV 134,974 188 1,392.86 3.14 1.80 54.80 22.38
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Chapter 7: General Discussion

Thesis Overview

Infectious diseases remain one of the most significant threats to human health and
wellbeing globally, permeating constraints of age, gender, and locality (Yuan et al., 2022).
Despite significant advancements in diagnostics, infections remain a leading cause of death
globally (Man et al., 2017). The world health organisation (WHO) 2019 Global Health
Estimates, showed that lower respiratory infections remain one of the deadliest communicable
disease globally (2020). Ranking as the fourth leading cause of human death globally, acute
respiratory infections resulted in 2.6 million deaths worldwide in 2019 (2020). Respiratory tract
infections are of major concern to vulnerable populations, including young children, the elderly
and immunocompromised (Bernadette et al., 2001, Cheemarla and Guerrero-Plata, 2015,
Marquez-Escobar, 2017). Etiological agents of respiratory infections are extremely diverse;
however, most are derived from bacterial or viral origins (Zumla et al., 2014). Timely detection
of pathogens in individuals is paramount in achieving favourable clinical outcomes and public

health surveillance.

Human metapneumovirus (HMPV) remains a virus of clinical importance, both locally and
globally (Takashita et al., 2021). A review of HMPV epidemiological studies revealed large
gaps in our knowledge regarding the evolution and spread of the virus and can thus be
considered neglected from an epidemiological perspective. This issue is further amplified by a
lack of genomic data — only a few hundred genomes are available globally. This lack of
resolution around HMPV molecular epidemiology was identified as an area for improvement
and inspired the investigation of HMPV in Australia using whole genome sequencing and
phylodynamic approaches in this thesis (Chapters 2 & 3). Here, residual diagnostic extracts
collected through routine testing at a major public pathology lab (ICPMR at Westmead
Hospital), was used to provide a historical and recent context to the study. The amplicon-based
method developed in Chapter 2 of this thesis, uses four overlapping primer pairs and was
developed to capture the whole HMPV genome (Tulloch et al., 2021a). The utility of this
approach has been evident through similar approaches adapted for viruses such as respiratory
syncytial virus (RSV), influenza and severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) (Foley et al., 2022, Binns et al., 2022, Jaworski et al., 2021). Full-length genome
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sequencing data is useful in tracking disease outbreaks, characterising transmission pathways
and is of critical importance in the analysis of virus genetic diversity and evolution (Shaffer et

al., 2022, Subramoney et al., 2022, Tulloch et al., 2021a).

The COVID-19 pandemic has resulted in tremendous impacts to global human health;
however the impacts of the pandemic have also dramatically altered the epidemiology and
diversity of the endemic respiratory pathogen. Globally, SARS-CoV-2 associated non-
pharmaceutical interventions (NPIs) have significantly altered the epidemiology of flu, RSV
and HMPV (Dhanasekaran et al., 2022, Eden et al., 2021, Olsen et al., 2020, Binns et al., 2022,
Mohebi et al., 2022). Indeed during the first waves of the pandemic, SARS-CoV-2 was largely
controlled in Australia by NPIs, and interestingly this ultimately led to the additional
suppression of the other endemic respiratory viruses with little to no activity during the winter
of 2020 (Eden et al., 2021, Yeoh et al., 2020, Britton et al., 2020). This led to important
questions around when and how normal respiratory virus activity might return, this formed one
of the aims for Chapter 3 where through molecular investigation the circulation of HMPV in
the post-COVID-19 era was compared to our collection of data from 2013-2019. Our WGS
studies of HMPV molecular epidemiology provided a unique opportunity to describe
circulating viruses pre- and post-COVID-19 pandemic, and, like RSV, identifying a major
genetic bottleneck had occurred likely due to the NPIs and COVID-19 related restrictions
(Chapter 3). This works highlights the need to continue the genomic surveillance of the
respiratory pathogens such as HMPV to better how the disruption caused by COVID-19 might

impact us into the future.

The value of culture independent diagnostic methods such as metagenomics (mNGS) has
also been increasingly apparent over the course of the pandemic. mNGS has been proven as a
powerful tool in genetic detection, classification, and characterisation of novel infectious agents
like SARS-CoV-2 (Subramoney et al., 2022). In recent years, culture independent sequencing
methods have enabled the rapid development of novel molecular assays, mRNA and DNA
based vaccines, disease outbreak identification, characterisation of spill over events and the
detection of new variants (Houlihan et al., 2018, Di Giallonardo et al., 2018a, Bal et al., 2018,
Gardy et al., 2015). While there is some potential for mNGS to replace routine molecular

diagnostic panels, emerging infectious disease threats require bespoke rapid response tools to
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inform diagnoses, treatment, and outbreak control, a caveat of this technology has always been
prohibitive measures including sensitivity, cost, and turnaround time (Pfefferle et al.,
2021).RNA-based mNGS (RNA-mNGS) is particularly powerful as it provides near universal
coverage of infecting pathogens by sequencing not only pathogens with RNA genomes but also
mRNA expressed by those with DNA genomes. We designed and optimised a rapid, RNA-
mNGS method, known as the RAPIDprep assay, and demonstrated the utility of the approach
in producing tangible results from respiratory samples and in less 24 hours from collection

(Chapter 6).

Culture-independent diagnostic methods can be particularly advantageous where viruses
have similar symptom profiles. Indeed, acute respiratory infections (ARI) can be clinically
indistinguishable with ambiguous upper respiratory symptoms consistent across a variety of
disease-causing pathogens, including viruses, bacteria, and fungi (Panda et al., 2014, Ditt et al.,
2011). In Chapter 5, we assess the utility of parallel DNA and RNA sequencing against a cohort
of 23 paediatric samples, obtained from patients with severe ARI and where traditional clinical
diagnostics were insufficient. Here, the use of mNGS was evaluated as a solution where a
single test could be used to diagnose any pathogen or pathogens present, irrespective if the
pathogen is novel or carrying high levels of genetic diversity, factors which are both inherently
illusive to target based methods such as PCR or culture. This work highlighted the value of
early intervention of mNGS into the disease investigation to take advantage of potentially

higher pathogen load and higher sample quality.

Whole genome sequencing (WGS) provides valuable insight into the epidemiology and
evolution of a neglected respiratory pathogen - Human Metapneumovirus (HMPYV)

Historically, very little interest has been shown in the epidemiology, evolution and spread
of HMPV, when compared to pathogens such as influenza, and more recently SARS-CoV-2
and RSV. Whole genome sequencing (WGS) provides valuable resources for characterising
viral epidemiology, identifying transmission events and examining outbreaks. WGS sequencing
methods provide significant advantages over sub-genomic fragments, with viral full length
sequencing data important for diagnosis, disease management, molecular epidemiology and
infection tracing and control (Chapter 2) (Shaffer et al., 2022, Serpa et al., 2022, Tulloch et al.,
2021a). Between the discovery of HMPV in 2001 and 2019, less than 200 full length genomes
had been generated and published globally (Tulloch et al., 2021a). This is partly due to the lack
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of simple and reliable methods for the WGS of HMPV, in Chapter 2, we leveraged an
overlapping amplicon approach to amplify and then sequence the HMPV genome. The
workflow is simple and designed for large-scale molecular epidemiological investigations
(Tulloch et al., 2021a). Utilising this approach, 185 HMPV whole genome sequences were
generated from residual diagnostic extracts collected between 2013 and 2021 (Chapter 3)
allowing for the observation of epidemiological patterns of subtype circulation between 2013
and 2020, with predominant strains varying from year to year and season to season, A2, B2 and
B2 subtypes were found to be co-circulating within Australia. In this thesis, we demonstrate the
co-circulation of three major HMPV subtypes (A2, B1 & B2), and the local emergence of
several globally distributed A2 subtypes carrying novel insertions in the viral glycoprotein, an
observation not noted in Australia prior to the publication of this research (Chapter 2 &
3)(Tulloch et al., 2021a). Our studies also demonstrated the global seeding of HMPV variants
in Australia, which is important for our understanding of the sources of new diversity and the
maintenance of transmission of HMPV. Co-circulation of different variants has been identified
in many common respiratory pathogens, including Influenza, RSV and SARS-CoV-2, the co-
circulation of multiple viral lineages in the same region is hypothesized to be necessary to
sustain transmission during and between seasons (Chow et al., 2016, Tabatabai et al., 2014,
Dhanasekaran et al., 2022). The sequences generated in chapter 3 of this thesis, using the whole
genome sequencing method developed in Chapter 2 (Tulloch et al., 2021a), has provided the
first epidemiological analysis of the circulating diversity of HMPV in Australia at genome-
scale resolution. Furthermore, in Chapter 3 of this thesis, we also documented for the first time
the local circulation of two novel HMPV A2 variations carrying insertions (duplicates), of
111nt-dup and 180nt-dup length, in the viral attachment glycoprotein. The earliest evidence of
this variant in Australia was an A2 strain collected in 2015 which was identified in this thesis,
and the replacement of the wildtype A2 strain suggests these variants carry some
epidemiological fitness, and interestingly, similar glycoprotein insertions have been observed
in recent evolution of both RSV subtypes (Di Giallonardo et al., 2018a). Prior to this study, the
duplication variants had only been identified in Japan, documented in a 2018 study and its
existence in Australia had not yet been reported (Saikusa et al., 2017b), the identification of the
variants within Australia is important for contextualizing the endemic strains of HMPV in

Australia, and their global sources.
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The changing landscape of endemic respiratory viruses post-COVID-19

Non-pharmaceutical interventions (NPIs) including handwashing, social distancing and
wearing face masks these methods were all effective in slowing the spread of SARS-CoV-2 and
were shown to be generally effective in preventing the spread of many other respiratory viruses
during the pandemic (Baker et al., 2020, Olsen et al., 2020, Yang et al., 2021). During the
COVID-19 pandemic restrictions, and in the months subsequent to the ease of restrictions, an
clear decline in HMPV cases was noted, likely due to the NPIs put in place to combat the slow
the spread of SARS-CoV-2 (Chapter 3). Rates of common respiratory infections including
influenza and RSV also dramatically declined both globally and locally during the pandemic
(Eden et al., 2022, Mohebi et al., 2022, Bhardwaj et al., 2022). In Australia and New Zealand
a significant decrease in influenza, RSV and bronchiolitis was observed in late 2020 (Binns et
al., 2022). Toddlers and young school aged children have been identified as main drivers of
seasonal RSV, Influenza and HMPV outbreaks. It is reasonable to hypothesize that the
restricted movements of key populations may be a factor in contributing to the changing
landscape of HMPV in NSW as observed the cocirculation of multiple sublineages to the
collapse of diversity during the lockdown period (Chapter 3). A paper by McNab et al.
described the delayed re-emergence of RSV in Victoria when compared to NSW and WA,
which occurred in the context of Victoria having a prolonged lockdown period (McNab et al.,
2021). The findings of the McNab et al. study suggest that RSV seasonality is possibly
dependent on behaviors that mitigate viral transmission such as the implementation of NPIs,
strengthening the hypothesis that HMPV re-emergence and seasonality may not be solely reliant
on colder temperatures (McNab et al., 2021). However, HMPV and RSV are possibly unique
in that the key reservoir population (children) are likely to sustain transmission during periods
of restricted movement (like during the COVID-19 lockdowns) in contrast to influenza virus,

where older populations and adult transmission maintain cases through global networks.

Following the abnormally low case numbers of HMPV in Australia during 2020 and 2021,
a marked collapse in diversity was observed. Sequencing data for samples collected between
2020 and 2021 was generated, analysis of this data revealed tightly clustered genomes,
indicating genetic bottlenecking in NSW HMPV strains, the A2 subtype was the only variant
detected during a rapid spike in cases observed in NSW during September of 2020 (Chapter 3
& Chapter 1, Fig 4). Further analysis is required in respect to the recent publication by Foley et
al. (Foley et al., 2022), which identifies an outbreak in Western Australia of the HMPV A2
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lineage in July of 2020, 8 weeks before the spike of cases in NSW (Chapter 1 & Chapter 3). It
is likely that the outbreak in Western Australia seeded the re-emergence of the A2 lineage
following prolonged suppression of HMPV cases in NSW (the sequence data for this study was
not available for analysis). Epidemiological analysis of September 2020 NSW HMPV samples
and July 2020 WA HMPV samples would be useful in determining the origin of the
predominant A2 lineage observed in NSW after the lifting of COVID-19 restrictions. Whilst
this analysis was not performed in this thesis, identifying the seed for the NSW outbreak will
be useful in prediction of future outbreaks and for the identification of potential reservoirs of
HMPV which have allowed for the survival of the viral throughout multiple phases of

lockdown.

Valuable information about the epidemiology, evolution and spread of HMPV in the pre
and post COVID-19 pandemic are presented here, however this research has also revealed a
distinct lack of genome sampling both locally and globally, as well as historically.
Epidemiological questions remain unanswered in the wake of the COVID-19 pandemic,
including when and if the regular seasonality of HMPV will return, it is imperative ongoing
HMPYV surveillance is implemented to monitor the disruption of this virus due to the pandemic.
Overwhelmingly, the lack of HMPV whole genome sequences available limits the
comprehensive analysis of the global distribution and evolution of the virus. The usefulness of
the amplicon-based sequencing protocol outlined in Chapter 2 of this thesis is evident, the
method was to generate an additional 53 coding complete HMPV genomes in a Western
Australia based study conducted by Foley et al., (Foley et al., 2022). It is anticipated that the
method outlined in Chapter 2 may continue to be used to increase the number of whole genome
sequences generated for HMPV and allow for better genomic resolution of HMPV evolution

and epidemiology into the future.

The mNGS diagnosis revolution is close but still faces several challenges.

The progressive development of culture-independent microbial analysis methods has
grown at pace in recent years (Wang et al., 2019b). Shotgun mNGS is an unbiased approach
which theoretically has the capacity to detect all pathogens in a clinical sample and is suitable

for the identification of rare, novel and atypical aetiologies of infectious diseases (Schulz et al.,
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2022). Historically diagnostic molecular based assays and culture based diagnostic methods
have remained the pillars on which clinical pathogen detection rests (Wang et al., 2019a). The
diagnostic value of metagenomic and metatranscriptomic sequencing has been explored in
retrospective proof of concept studies, such as the study detailed in Chapter 6. Indeed, tt appears
mNGS has the capacity to fulfil a niche in diagnostic medicine where other microbiological,
serological, and molecular based diagnostic methods fail to yield a clinically relevant diagnosis.
The usefulness of mNGS in capturing the DNA or RNA of novel or unexpected pathogens is
demonstrated in Chapter 6 of this thesis, where mNGS was used to identify a severe case of
Influenza C in a child with an unknown respiratory illness, and a plethora of potentially

pathogenic microbes in several other rescues respiratory samples.

Despite the ongoing demonstration of mNGS as a useful diagnostic tool, the uptake of the
method in clinical settings have been relatively slow (Hogan et al., 2021). An aim of chapters
5 & 6 of this thesis sought to identify and pragmatically evaluate barriers to the integration of
mNGS in clinical settings. Overwhelmingly, barriers to mNGS uptake which could not be
circumvented utilising adjustments to operation methods included, set-up and ancillary costs of
obtaining and maintaining a sequencing platform, the availability of skilled individuals
including bioinformaticians or individuals familiar with command line programming, and
technical personnel to support the use and function of the sequencing platforms. Whilst the cost
and operational requirements were not objectively assessed in this study, this remains an area

of concern which may need to be explored urgently in the future.

In Chapter 5 of this thesis, clinical characteristics, treatments, and traditional diagnostic
methods were evaluated alongside novel mNGS findings. Sample quality was used to determine
the effect of sample integrity on pathogen identification, overwhelmingly sample quality was
deemed an important consideration for use in metagenomic and metatranscriptomic sequencing.
Where sample quality was compromised, the ability to detect candidate pathogens was seriously
impaired with 15 of 23 samples included for analysis in this study returning low quality
libraries, and limited diagnostic yield. Findings within this thesis suggest the use of
metagenomic sequencing in a diagnostic capacity needs to be considered earlier in the
diagnostic sphere. Part of the reason is that mNGS has long been considered by clinicians as a
“last ditch” attempt, when traditional diagnostic methods are exhausted. The delay in the

employment of mNGS methods can mean that often samples submitted for sequencing are
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rescued extracts, taken for the purpose of alternative diagnostic testing as evident in the samples

utilised in Chapter 5 & 6.

Findings in Chapter 5 & 6 demonstrate the importance of collecting samples for the purpose
of metagenomics, with samples collected for the purpose of metagenomics used in Chapter 6
demonstrating superior quality and resultant metagenomic libraries. Findings in Chapter 5 also
suggest the timing of sample acquisition can also affect the capability of mNGS to provide
useful diagnostic information. Timely and accurate diagnosis remains a highly challenging task
for patients hospitalized with respiratory infections with novel, rare or aetiologically pathogens.
Many acute respiratory infections present with indistinguishable clinical signs, usually panels
of multiplexed tests are ordered based on clinical symptoms. Whilst multiplexed diagnostic
qPCR casts a wide net for pathogen detection, there is room for error where potential pathogens
are not tested for, testing is hypothesis driven and requires a priori suspicion of the causative
pathogen. When samples are obtained early during patient admission, the acute infectome is
perhaps most significant, where there has not been the introduction of antibiotics and the
pathogen load is likely high. Several studies have provided congruent results which suggest the
early introduction of mNGS using samples collected for the purpose of metagenomic
sequencing is advantageous in the identification of disease-causing agents and necessary to
assist in the differentiation of potential pathogens compared to non-disease causing commensal

species (Yuan et al., 2022, Schulz et al., 2022) .

The lack of standardisation across metagenomic/metatranscriptomic sampling, extraction,
sequencing method and analysis pipeline is prohibitive in the wider adoption of mNGS as a
diagnostic tool (Simmner et al, 2018). The lack of standardisation across
metagenomic/metatranscriptomic sampling, extraction, sequencing method and analysis
pipeline is prohibitive in the wider adoption of mNGS as a diagnostic tool (Simner et al., 2018).
Criteria for a positive mNGS result remains ambiguous and varied across published proof of
concept studies (Serpa et al., 2022, Nagy-Szakal et al., 2021). The definition of a standardised
criteria for the characterisation of a positive mNGS detection has been suggested in numerous
studies evaluating the use of mNGS as a clinical diagnostic tool (Bal et al., 2018, Schulz et al.,
2022, Govender et al., 2021, Wang et al., 2019b). Over 70% of the samples sequenced in the

children’s cohort detailed in chapter 5, returned a negative mNGS result, whilst all samples had
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yielded clinically negative results using conventional methods, it was anticipated a greater
number of samples would yield a positive return for a potential pathogen. Where a sample
returns a negative mNGS result, care must be taken to differentiate a true negative result from
a potential pathogen which is below the detection limit of the method. Future studies should be
aimed at developing structure and standardisation around sample collection and extraction, as
well as the introduction of internal and external controls to set defined detection limits. This is
particularly important when moving mNGS into an accredited framework. Metagenomics and
metatranscriptomics will remain a niche product with these numerous barriers inhibiting its
widespread uptake in a clinical space. While it is unlikely clinical mNGS will replace the likes
of qPCR and culture in the immediate future, its use demonstrates great potential particularly
for syndromes including gastroenteritis, respiratory infections, and CNS disease, where the
diagnosis yield is low. With appropriate patient selection, sampling time, sample handling, and
data interpretation, mNGS has the potential to emerge as a promising technology for precision

diagnosis and tailored therapy for clinical infectious diseases despite its limitations.

Bridging the gap: Rapid RNA-based metatranscriptomic next-generation sequencing (RNA-
mNGS) demonstrates potential for use novel disease outbreak situations.

The early detection of causative pathogens in patients with severe infection is critical in
directing clinical intervention. The use of qPCR is flawed where variants which escape
detection are causative, or where a pathogen causes uncharacterised or unexpected clinical signs
(Yuan et al., 2022). Utilising culture-based methods can be a reasonable diagnostic technique
where a potential pathogen can be grown in a timely fashion, however this does not account for
difficult to culture or unculturable microorganisms (Rhodes et al., 2010, Wyde et al., 2003).
Priori knowledge is not required for the use of mNGS, which as a tool, relies on the unbiased
shotgun sequencing of the entire microbiome of a sample. Traditional mNGS sequencing time
can typically vary between a few hours to upwards of 10 days (Simner et al., 2018), longer
turnaround times precludes the use of the method in cases where a rapid diagnosis is required.
Failure to diagnose infections or a delay in diagnosis has been reported to increase
hospitalisation length and can ultimately lead to increased morbidity and mortality (Stoddard
et al., 2009). During the construction of this thesis a need was identified to decrease the amount
of time taken for the collection, preparation and sequencing of a diagnostic sample as time to
results has historically been a prohibitive factor in the adoption of mNGS as a rapid diagnostic
tool (Li and Yan, 2021, Gu et al., 2021). An aim of this thesis was to streamline the use of
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RNA-mNGS in a rapid and readily available way to enable the identification of unknown, and
novel pathogens in emerging disease outbreaks (Chapter 6). A robust approach was developed
to detect pathogen RNA from sample collection in less than 24 hours, critical analysis of the
study results revealed that whilst the speed to results can be lowered, library depth and
usefulness may be compromised (Chapter 6). Genome recovery was shown to be lower than
expected, with PCR positive RSV samples yielding between 44-99% of the whole viral genome,
less than optimal genome recovery may be due to the variation in library sequencing depth and
sample quality by the way of over-abundance of human sequences, likely due to variation in
sample collection. To validate the method across a suite of different sample types and quality,
quantitative RT-PCR was utilised in Chapter 6 and a positive correlation was identified between
total input gDNA and the calculated human concentration (ng/ulL.). The study suggests higher
gDNA concentrated samples may not preform optimally and may also indicate an
overabundance of human genomic material. Key advances underlying this approach include
minimal handling throughout the library preparation, the use of widely available reagents and

lack of QC requirements for library generation.

Whilst the outcome of the investigation of a streamlined, fast approach to mNGS for the
diagnosis of novel or unknown pathogens may not replace routine diagnostic tests, the
RAPIDprep assay was shown again to be fit for purpose in the characterisation of both human
and non-human disease outbreaks (Annand et al., 2022, Sikazwe et al., 2022a, Waller et al.,
2022b). The RAPIDprep assay was utilised to identify the first cases of Japanese encephalitis
virus during the 2021-2022 outbreak in South-Eastern Australia (Sikazwe et al., 2022a, Waller
et al., 2022b) as well as a novel Hendra variant in a horse from Queensland (Annand et al.,
2022, Sikazwe et al., 2022a). It is anticipated this method will continue to be adapted and
utilised in novel disease outbreaks and that the proof-of-concept studies performed in this thesis
involving both the rapid diagnostic method and the routine clinical mNGS method may
ultimately assist in the eventual uptake of these methods in a more formal diagnostic capacity,
and in the nearer future, assist in the movement of these methods into the clinical trials realm.
It is anticipated that pathogen-agnostic mNGS testing will assume a greater role in the
identification of novel, emerging and re-emerging pathogens and it is hoped that the findings

presented in this thesis will facilitate this. The limitations of this study are acknowledged and
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whilst it was not within the scope of this thesis, exploration of Oxford Nanopore® sequencing

as an alternative to illumina® based sequencing approaches should be explored.
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Human respiratory syncytial virus (RSV) is an important cause of acute respiratory infection
with the most severe disease in the young and elderly. Non-pharmaceutical interventions and
travel restrictions for controlling COVID-19 have impacted the circulation of most respiratory
viruses including RSV globally, particularly in Australia, where during 2020 the normal winter
epidemics were notably absent. However, in late 2020, unprecedented widespread RSV
outbreaks occurred, beginning in spring, and extending into summer across two widely
separated regions of the Australian continent, New South Wales (NSW) and Australian
Capital Territory (ACT) in the east, and Western Australia. Through genomic sequencing we
reveal a major reduction in RSV genetic diversity following COVID-19 emergence with two
genetically distinct RSV-A clades circulating cryptically, likely localised for several months
prior to an epidemic surge in cases upon relaxation of COVID-19 control measures. The
NSW/ACT clade subsequently spread to the neighbouring state of Victoria and to cause
extensive outbreaks and hospitalisations in early 2021. These findings highlight the need for
continued surveillance and sequencing of RSV and other respiratory viruses during and after
the COVID-19 pandemic, as mitigation measures may disrupt seasonal patterns, causing
larger or more severe outbreaks.

A full list of author affiliations appears at the end of the paper.
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ach year respiratory syncytial virus (RSV) causes an esti-

mated 3.2 million hospital admissions and 118,200 deaths in

children under five years of age, predominantly in low- and
middle-income countries!. While this burden is greatest in the
young, RSV is clinically significant for all age groups, as re-
infection can occur throughout life2. The elderly and immuno-
compromised are particularly at risk of severe infection with
intensive care admission and mortality rates similar to that of
influenza, posing a considerable threat to residents of long-term
care facilities>*. RSV causes seasonal epidemics in both tropical
and temperate regions of the world®. In Australia, most temperate
regions experience seasonal RSV outbreaks during the autumn
and winter, often peaking in June-July® and usually preceding the
influenza season’. In the more tropical northern parts of Aus-
tralia, RSV activity correlates with the rainfall and humidity
patterns of the rainy season from December to March8.

Non-pharmaceutical interventions (NPIs) to limit the spread of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
have disrupted the typical seasonality of other common respira-
tory pathogens in many countries>!0. Australia’s initial SARS-
CoV-2 epidemic was effectively controlled by NPIs!!, and those
same restrictions also suppressed seasonal respiratory virus cir-
culation, particularly for influenza virus and RSV, as the usual
winter epidemics were notably absent during 202012-14. While
the control measures of each Australian state and territory varied
in stringency and duration!?, all occurred throughout the usual
peak of RSV seasonal activity. Interestingly, the impact of NPIs
was not consistent across all the common respiratory viruses:
rhinoviruses and, to a lesser extent, adenoviruses continued to
circulate in Australia during this pandemic period after an initial
disruption to usual circulation!®. The suppression of influenza
virus and RSV activity during the COVID-19 pandemic in the
southern hemisphere was also seen in South Africal® and New
Zealand!”, where similarly following an initial reduction in cir-
culation, RSV activity rebounded in late 202018 and early 2021,
respectively. Marked reductions in RSV activity have also been
seen in the northern hemisphere since early 2020, although some
European countries such as France!®, Iceland?’, as well as in
Israel?!, and some US states?? have recently reported out-of-
season spikes in RSV activity in early-mid 2021. There has also
been a dearth of RSV sequences submitted to public databases
since early 2020, including these most recent outbreaks pre-
sumably a reflection of the lack of RSV circulation in many
countries and a focus on SARS-CoV-2 sequencing.

Here, we show a major shift in the epidemiology of RSV in
Australia following the emergence of SARS-CoV-2 with large
scale outbreaks of disease occurring out-of-season during the
summer of 2020-21. These outbreaks across three states coin-
cided with the easing of COVID-19-related restrictions and the
emergence of two novel yet related RSV-A ON1-like lineages.
Using genome sequencing, we demonstrate a remarkable collapse
in circulating RSV genetic diversity and uncertainty around the
origins and timings of the outbreak strains due to limited global
sampling. This work highlights the shifting landscape of
respiratory virus molecular epidemiology in the post-COVID-19
world and the rapid pace at which activity can rebound once
public health restrictions have eased. Furthermore, this work
underscores the urgent need for on-going surveillance for RSV,
influenza virus and other major respiratory pathogens to examine
changes in their genetic diversity, particularly towards informing
vaccine compositions.

Results and discussion
Summer outbreaks of RSV after COVID-19 restriction easing.
In late 2020, severe out-of-season RSV outbreaks occurred in

2
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several Australian states and territories beginning in New South
Wales and the Australian Capital Territory (NSW/ACT) and
Western Australia (WA). This was followed by outbreaks in
Victoria (VIC) throughout the summer in early 2021. To
understand the change in seasonal prevalence of RSV in Australia
we examined RSV testing data from January 2017 to March 2021,
comparing the proportion positive and overall testing capacity in
NSW, WA, and VIC (Fig. 1 and Supplementary Figs. 1 and 2).
Before 2020, RSV activity consistently began during mid-autumn
(April-May) and normally persisted for six months with an
epidemic peak in the middle of the Australian winter (middle of
July, weeks 27-29). In contrast, RSV activity in 2020 occurred
between six and nine months later than historically observed, and
at the peak of RSV activity across each state and territory,
laboratory-confirmed RSV positivity rates were considerably
higher than those of the previous three seasons (Fig. 1 and
Supplementary Fig. 2).

In Australia, the suppression of RSV activity in early 2020
coincided with restrictions in response to increasing community
cases of COVID-19 (Fig. 1). During March 2020, individual
Australian state and territory governments implemented a range
of NPIs, which included limits on international arrivals and strict
quarantine requirements for persons with COVID-19 (minimum
of 14 days), internal border closures, social distancing, school
closures or encouraging parents to keep their children home, and
hygiene protocols to minimise SARS-CoV-2 transmission.
Importantly, and most relevant for RSV, childcare centres mostly
remained open during these restriction periods. Indeed, during
the 2020/21 RSV season in Europe, where RSV activity was
overall very low, the only countries with major RSV outbreaks
were those with policies to keep primary school and childcare
centres open throughout lockdowns?. Prior to the implementa-
tion of COVID-19 control measures, a gradual increase in RSV
activity was observed in early 2020 across all four Australian
states and territories with laboratory test RSV positivity rates
being comparable to monthly averages over the previous three
seasons (Supplementary Figs. 1 and 2). Introduction of NPIs led
to a rapid decline in RSV incidence in each state. Examination of
sentinel hospital records for bronchiolitis by ICD-10 Australian
modification (AM) codes (including both RSV-confirmed
bronchiolitis and bronchiolitis of unknown cause) showed a
marked decline that mirrored the decrease in laboratory-
confirmed RSV (Supplementary Fig. 1). The subsequent RSV
epidemics in late 2020 and early 2021 resulted in test positivity
and ICD-10 AM admission levels equivalent to or exceeding the
normal winter seasonal RSV activity seen in any of the previous
three years. For NSW, the epidemic began in September 2020
with bimodal peaks in activity in mid-November (reaching 26%
positive) and early January (reaching 24% positive) (Fig. 1). The
dual peaks likely reflect inconsistent testing over the Christmas
and New Year holiday period, as the peak in bronchiolitis
hospitalisations in NSW occurred between late December and
early January and coincided with this period (Fig. 1). Further-
more, a December 2020 peak was also observed in the ACT,
which is a territory within the state of NSW, and where 46% of
tests were positive in this period (Supplementary Fig 2). For WA,
the RSV epidemic began in late September 2020 and peaked in
December 2020 at 37% positivity, with a matching peak in
bronchiolitis hospitalisations (Fig. 1 and Supplementary Fig. 1).

Over the course of the pandemic, the stringency of COVID-19
restrictions has varied across the different states and territories. In
VIC, a second wave of COVID-19 from July to August 2020
necessitated a longer SARS-CoV-2 control period, which likely
contributed to a three-month delay in the onset of RSV activity
relative to epidemic outbreaks in NSW/ACT and WA. RSV
activity in VIC began in early January 2021 and then peaked in

| (2022)13:2884 | https://doi.org/10.1038/s41467-022-30485-3 | www.nature.com/naturecommunications
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Fig. 1 The epidemiology of RSV detections in three Australian states—New South Wales (NSW), Western Australia (WA), and Victoria (VIC).
Laboratory testing for RSV in 2020 as weekly percent positive (red line, left y-axis) and as total number of tests performed (grey bars, right y-axis). In each
panel, the dashed red line represents mean monthly RSV percent positive over the three previous seasons, and corresponding red shading represents
minimum and maximum weekly percent positive. Pink-shaded bars across the top of each plot indicate the severity of pandemic restrictions, with darker
colours indicative of greater stringency. Blue bars across the top of each plot indicate the periods during which students did not attend school either due to
pandemic restrictions or school holiday periods, with darker colours indicative of more stringent school restrictions.

early March that year with 48% of tests positive (Fig. 1). In each
state, the peaks in RSV activity occurred a few months after the
relaxation of COVID-19 restrictions (Fig. 1).

Reduced genomic diversity in the post-COVID-19 period.
Whole genome sequencing (WGS) was performed on RSV
positive specimens collected before (July 2017-March 2020),
during and after (April 2020-March 2021) the implementation of
COVID-19 restrictions in NSW (n =253), ACT (n=47), WA
(n=216) and VIC (n = 178). The samples were mostly collected
from young children (median ages between 0.78 and 2.34 years
for the different states), although all age groups including adults
and the elderly were represented. Sampling of gender was even
and included geographically diverse locations (Supplementary
Figs. 3 and 4). Historically in Australia, both RSV-A and -B
subtypes have co-circulated with variable but relatively even
prevalence?>24. This trend continued in the pre-COVID-19
period, where RSV-A represented 45-79% of cases. However,
from late 2020 to early 2021 there was an overwhelming pre-
dominance of the RSV-A subtype (>95% for all four states and
territories). This suggested that RSV-A viruses were responsible
for both the NSW/ACT and WA outbreaks in late 2020, as well as
the surge in RSV activity in VIC seen in early 2021.
Phylogenetic analysis of all available RSV-A genomes revealed
that the Australian RSV-A viruses belonged to the ON1-like
genotype first reported in Canada in December 20102°. These
viruses have since become globally dominant and have frequently
been re-introduced into Australia?>26. Indeed, prior to the
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emergence of SARS-CoV-2 and the implementation of related
control measures, multiple RSV-A ONI1-like sub-lineages co-
circulated (Fig. 2) with genetic diversity sustained from both
endemic and imported sources?>. While the viruses sampled
before March 2020 were distributed amongst those circulating
globally, RSV-A viruses circulating after the post-COVID-19
onset formed two geographically distinct monophyletic lineages
(Fig. 2A). One lineage was associated with cases from NSW, ACT,
and VIC, while the other was associated with cases from WA,
hereafter referred to as the NSW/ACT/VIC 2020 and WA 2020
lineages, respectively (Fig. 2B). The NSW, ACT, and WA
outbreaks during late 2020 occurred at a time of minimal RSV
activity in other Australian states including VIC (Fig. 1 and
Supplementary Fig. 1). Genomic analysis showed that cases in
VIC in early 2021 were associated with multiple importations of
the NSW/ACT/VIC 2020 lineage and a small number of
importations of WA 2020 lineage (Fig. 2A, B).

Notably, both genetic lineages were defined by several non-
synonymous changes in the genome, most of which were under
significant selective pressure as measured by Contrast-FEL27
(Fig. 2B, bold residues and Supplementary Table 2). In the WA
2020 lineage, five amino acid changes were observed under
selection in the glycoprotein (T80A, T129I, and S174N),
nucleocapsid (I104F) and small hydrophobic (H51Q) proteins,
while 11 such lineage defining changes were identified in the
NSW/ACT/VIC 2020 virus glycoprotein localised to the
C-terminus region (V225A, E263Q, L265P, Y273H, S277P,
S291P, Y297H, and L316P), large polymerase protein (D755G)
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Fig. 2 Phylogenetic analysis of global and Australian RSV-A genome sequences. A RSV-A genome sequences were aligned with NCBI GenBank
reference sequences and analysed using a Bayesian molecular clock approach estimated with BEAST (v1.10) focused on recent ON1-like viruses. Australian
states—New South Wales (NSW), Australia Capital Territory (ACT), Western Australia (WA) and Victoria (VIC), and South Australia (SA)—and globally-
derived sequences are coloured according to the key provided. The light red dotted line marks March 2020 and the beginning of extensive COVID-19-
related restrictions. The blue shaded box is expanded in panel (B), which is a focused analysis of NSW/ACT/VIC and WA 2020 lineages. Amino acid
mutations inferred by TreeTime are labelled on select branches, and those under significant selection pressure are shown in bold. € Temporal signal in
RSV-A genomic dataset determined by linear-regression of root-to-tip distance (y-axis) against sample collection date (x-axis).

and non-structural proteins (NS1: I9L, NS2: T3I), most of which
do not appear to have been previously reported. Despite this, an
analysis using aBSREL?3, a model that tests phylogenetic branches
for episodic diversifying selection, showed that branch-wise
selection of the two outbreak lineages was not significant in
comparison to a subset of global background sequences.

We then used RELAX?® to further test the strength of natural
selection along the outbreak branches, and found selection
intensifying on NSW/ACT/VIC 2020 and WA 2020 branches
(intensity parameter k > 2; Supplementary Table 3) in comparison
to the global RSV background (i.e., sites under moderate
purifying selection in the outbreak branches were subject to
stronger purifying selection than non-outbreak branches).
Approximately 0.25% of sites in the WA 2020 clade were under
positive selection, whereas the NSW/ACT/VIC 2020 clade

contained more than 10 times as many sites (2.60-7.88%) under
positive selection (Supplementary Table 3).

Cryptic origins of the novel RSV-A lineages linked to out-
breaks. To maximise spatiotemporal sampling of the RSV-A
ON1-like viruses, we expanded our phylogenetic analysis to
include all available RSV glycoprotein (G) sequences (Fig. 3A),
which are more numerous than published whole RSV genomes.
The genome-based phylogeny contained 1520 RSV-A ON1-like
genomes (Fig. 2A), and an additional 3527 sequences were
included in the G gene phylogenetic analysis (Fig. 3). Despite the
additional sequences, the G gene phylogeny found that the viruses
from the Australian 2020-21 epidemics did not cluster with any
other RSV-A viruses sampled nationally or internationally to
date. As such, the initial source of these two novel RSV-A lineages
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Fig. 3 Phylogenetic analysis of global and Australian RSV-A glycoprotein sequences. A RSV-A sequences in this study were aligned with all available
RSV-A sequences from NCBI GenBank. The glycoprotein coding region was extracted, and sequences less than 300 nt were removed. B A detailed
examination of recently circulating ON1-like viruses showed only two pre-COVID-19 lineages (coloured red) survived into the post-COVID-19 period
(blue). These two lineages were associated with outbreaks in NSW/ACT and WA in late 2020, and VIC in early 2021. No sequences sourced globally
(yellow) were found to be related to the these lineages, suggesting the sources remain unknown. Australian states—New South Wales (NSW), Australia
Capital Territory (ACT), Western Australia (WA) and Victoria (VIC), South Australia (SA) and Queensland (QLD)—and globally-derived sequences are
coloured according to the key provided. Diamonds at nodes indicate bootstrap support values >70%. Branches are proportional to the number of
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remains undetermined (Fig. 3A, B). This most likely reflects a lack
of RSV genomic surveillance during the COVID-19 pandemic,
where clear gaps remain in sampling (Supplementary Fig. 5).
However, like the genome-scale analysis, the G gene phylogeny
revealed a major genetic bottleneck through which the genetic
diversity of other ON1-like lineages had co-circulated from 2016
and 2020 were largely eliminated during these outbreak periods
(Fig. 3B). We also examined RSV-B diversity, and while the
number of detections were very low in the post-COVID-19 per-
iod, a similar pattern was observed to RSV-A diversity, whereby
previously established lineages were mostly absent, and a single
lineage was dominant during the 2020-21 outbreak (Supple-
mentary Fig 6). Taken together, these results illustrate a
remarkable collapse in the genetic diversity of RSV in Australia
during the implementation of COVID-19 related restrictions
(Fig. 3B).

Phylogenetic analysis showed there was sufficient genetic
diversity within the outbreak samples to indicate the circulation
of these viruses in NSW and WA prior to implementation of
COVID-19 restrictions (Fig. 2B). The NSW/ACT/VIC 2020 and
WA 2020 genomes contained extensive rate variation (R%<0.2)
and did not conform to temporality in a root-to-tip regression
(Supplementary Fig. 7), which is essential for accurate estimation
of divergence times30. Hence, we inferred the time to most recent
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common ancestor (tMRCA) of NSW/ACT/VIC and WA 2020
lineages from the large Bayesian molecular clock analysis presented
in Fig. 2A, B, followed by a post hoc correction for excess
deleterious mutations®! and/or selection pressure (Supplementary
Tables 3 and 4), as described previously®2. The corrected tMRCA
estimates suggest origins around March 2020 (Table 1), with
confidence intervals spanning the period immediately prior to
implementation of pandemic restrictions in Australia and globally
(Fig. 1). Surveillance data support this inference for the WA 2020
lineage, which was first detected in central and southern non-
metropolitan regional WA from late July to September, then in the
Perth metropolitan area in October (Supplementary Fig. 4),
indicating low-level regional circulation and rapid spread soon
after introduction into areas of high population density, in this
case, metropolitan Perth. The genomic data also showed two
transcontinental transmissions from WA to VIC after November
2020, at a time when interstate travel bans had eased (Figs. 2 and 3).
In contrast, the origin and early dissemination of the NSW/ACT/
VIC 2020 lineage was less certain.

Despite the widespread occurrence and relatively high genetic
diversity of outbreaks in NSW and ACT (Figs. 2 and 3B), no
precursor virus(es) of the same lineage were detected prior to the
outbreak onset, despite efforts to identify and sequence cases
from the low-activity period in early-mid 2020. In addition to a
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Table 1 Mean time of most recent common ancestors (tMRCA) for NSW/ACT/VIC 2020 and WA 2020 clades estimated by
different methods.

Beast-Contrast-FELP

2020-05-08 [2020-03-22,
2020-06-25]

2020-06-01 [2020-03-30,
2020-07-24]

Method tMRCA (NSW/ACT/VIC)? tMRCA (WA)?2 Evolution rate (per site per year)

Beast 2020-01-10 [2019-11-05, 2019-11-23 [2019-08-08, 6.624x10~4
2020-03-16] 2020-02-20]

Beast-SLACP 2020-05-03 [2020-03-16, 2020-06-03 [2020-04-01, NSW/ACT/VIC: 9.092 x 10~4 WA:
2020-06-20] 2020-07-25] 1124 %103

Beast-SNAPP 2020-03-25 [2020-01-31, 2020-05-06 [2020-02-26, NSW/ACT/VIC: 8.070 x 10~4 WA:
2020-05-18] 2020-07-03] 1.021x10-3

NSW/ACT/VIC: 9.245 x 10~4 WA: 1.117 x 103

2Ranges in brackets show confidence intervals (95% highest probability densities).
btMRCA corrected according to dN/dS ratio.

lack of RSV positive samples from the middle of 2020, our
analysis was hampered by an inflated evolutionary rate due to
recent sampling®3, multiple novel non-synonymous substitutions
in the G gene, and variable evolutionary rates which complicated
reliable phylogenetic dating estimates. As per our estimates of the
origins for NSW/ACT/VIC 2020 and WA 2020 lineages, the
viruses were already likely to be present in the country during the
early stages of the COVID-19 pandemic. However, the origins of
these novel virus lineages into Australia remains unclear as the
branches leading to the outbreaks represent an unsampled
diversity of >1 year for NSW/ACT/VIC and >2 years for WA
lineage prior to March 2020 (Table 1), compounded by major
biases in recent RSV genomic surveillance (Supplementary
Fig. 5).

An examination of RSV diversity in Australia before and after
the implementation of COVID-related NPIs using WGS has
shown a major collapse in lineages that circulated prior to
20202326, This coincided with the emergence of two distinct, but
phylogenetically related RSV-A lineages associated with summer
outbreaks in NSW/ACT and WA, respectively. Both lineages were
subsequently imported into VIC, where the NSW/ACT lineage
caused a major outbreak in early 2021. Our analysis suggests
cryptic circulation of both of these lineages, while other RSV-A
and -B lineages were largely eliminated through COVID-19
related NPIs. While the estimation of the source of the epidemic
was hindered by a paucity of sequence data from other
jurisdictions and globally, the genetic diversity observed during
these outbreaks strongly indicates undetected local circulation
prior to the widespread outbreak. Travel restrictions and other
social distancing measures may have significantly reduced RSV
transmission and slowed spread but were unable to eliminate RSV
in metropolitan WA and in NSW, and after a considerable delay,
a substantial out-of-season epidemic occurred.

The near absence and subsequent resurgence of RSV-A in
Australia has provided a unique opportunity to increase our
understanding about how RSV epidemics occur and to identify
measures for better control of RSV and other respiratory viruses
in the future. The outbreak branches were characterised by
intensifying selection, and a distinct set of mutations with
unsampled ancestral branches extending over 1 and 2 years,
respectively. This indicates these were distinct genotypes that had
evolved under different evolutionary constraints in comparison to
the general RSV background; the reasons for which require
further study. Furthermore, our study highlights how quickly
respiratory pathogens can rebound, even leading to unseasonal
epidemics. Delayed or forgone RSV seasons may increase the
cohort of young children susceptible to RSV infection and
increase the age of first infection leading to larger outbreaks of
RSV when they do finally occur. Increasing the age of first

infection may be expected to coincide with reduced hospitalisa-
tions given that RSV burden is most pronounced in infants less
than 6 months old3%; however, this has not been reflected in
bronchiolitis admissions (Supplementary Fig 1), with peak
admissions in WA and VIC higher than in prior seasons. By
increasing the pool of susceptible children, including those with
underlying risk factors such as congenital heart disease, extreme
prematurity, or chronic lung disease, outbreaks may also be more
severe with regard to hospitalisations and intensive care
admissions. Recent modelling studies predict delayed and severe
RSV outbreaks in the US during the 2021-2022 winter® but not
early out-of-season outbreaks as was observed for some states®.
Whether these large summer epidemics experienced in NSW/
ACT, WA, and VIC have sufficiently reduced the susceptible
population to result in a smaller than usual winter seasons going
forward is uncertain. The early winter data of 2021 appears to
support this premise in WA and VIC and possibly to a lesser
extent in NSW/ACT.

It also remains unclear how long it will take for normal winter
RSV seasonality to resume in Australia and globally. The HIN1
2009 influenza pandemic impacted respiratory virus circulation
for a number of years3®. The findings from this study exemplify
the need to be prepared for the occurrence of large outbreaks of
RSV outside of normal seasonal periods and for health systems to
be prepared to combat future severe RSV outbreaks. It also raises
important questions as to how the epidemiological and evolu-
tionary dynamics of RSV outbreaks might inform the re-
emergence of influenza virus, which is still expected, and given
the smaller role children play in population-scale transmission of
influenza compared to RSV, may require the re-opening of
international borders to import the influenza variants required to
effectively seed new local outbreaks. Nonetheless, our study
highlights the propensity for COVID-19-related NPIs to cause
immense disruption in seasonal patterns of respiratory virus
circulation and evolution. Furthermore, this study provides a
timely warning to countries emerging from pandemic restrictions:
the burden of disease from other respiratory pathogens such as
RSV, may have all but disappeared and will likely rebound in the
near future, possibly at unusual times and with stronger impact.

Methods

RSV surveillance and epidemiology. Respiratory specimen testing with quanti-
tative RT-PCR assays was performed at six sites including (i) NSW Health
Pathology—Institute of Clinical Pathology and Microbiology Research (ICPMR),
Westmead, NSW, (ii) The Children’s Hospital at Westmead, NSW, (iii) PathWest
Laboratory Medicine WA, Perth, WA, (iv) The Royal Children’s Hospital,
Melbourne, VIC, (v) Monash Pathology, Monash Medical Centre, Clayton, VIC
and (vi) ACT Pathology, Canberra, ACT. NSW Health Pathology—ICPMR and
PathWest laboratories are both major diagnostic hubs that provide state-wide
testing for respiratory viruses in NSW and WA, respectively. Monash Pathology
provides services for all ages for a region of Melbourne, while the Children’s
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Hospital at Westmead and Royal Children’s Hospitals are major metropolitan
hospitals in NSW and VIC, respectively. ACT Pathology provides diagnostic ser-
vices for all adult and paediatric hospital emergency department presentations and
a proportion of outpatient community requests for the ACT. Weekly counts for
RSV testing were collated for the period January 2017-March 2021, and derived
from three laboratories: PathWest Laboratory in Perth, WA, NSW Health
Pathology—ICPMR in Sydney, NSW, ACT Pathology, Canberra, ACT, and the
Bio21 Royal Children’s Hospital in Melbourne, VIC. PathWest, ICPMR, and ACT
Pathology are public health laboratories testing children and adults across their
respective states, whereas Bio21 only provided testing data for children receiving
care at the Royal Children’s Hospital in Melbourne, and therefore only includes
results for children under 18 years of age. The proportion of tests that were RSV
positive was calculated and smoothed using a 3-week, centred moving average.
Data were plotted in time series to compare observed RSV activity for April
2020-March 2021, versus the average for April 2017-March 2020. Monthly
bronchiolitis admissions for the three children’s hospitals in Perth, Sydney, and
Melbourne were collated for the period January 2017-March 2021. Only admis-
sions with a J21 ICD-10 AM code were considered. Prior work has shown that
admissions for bronchiolitis are heavily represented by children aged <2 years.
School and other restrictions for each state were collated from media releases and
official public health directions issued in each of the three states. In addition, school
holiday periods for all years January 2017-March 2021 were collated to visually
assess the role of school holidays as a proxy for student mixing in RSV seasonality.
The period between relaxation of restrictions and increased RSV activity was
visually compared.

RSV subtyping and whole genome sequencing. Samples were sequenced from
cases collected for routine diagnostic purposes as part of public health responses
and from on-going research studies with approval from the local Human Research
Ethics Committees of the Royal Children’s Hospital and Western Sydney Local
Health District with approval numbers 37185 and LNR/17/WMEAD/128,
respectively. Total nucleic acid was extracted from RSV positive respiratory spe-
cimens archived at —80 °C using high-throughput bead-based protocols. RSV WGS
was conducted using established protocols?? for a subset of samples selected to
provide temporal and geographical representation of (i) the pre-COVID-19 period,
inclusive of July 2017-March 2020, and (ii) the post-COVID-19 period, inclusive of
April 2020-March 2021. Briefly, viral cDNA was prepared from extracted nucleic
acid using SuperScript IV VILO Master Mix or SuperScript IV (Invitrogen,
Carlsbad, CA, USA), followed by RT-PCR amplification of four long overlapping
fragments spanning the RSV genome using Platinum SuperFi Master Mix (Invi-
trogen). The four target amplicons were then combined equally before DNA
purification with AMPure XP (Beckman Coulter, Indianapolis, IN, USA). The
purified and pooled amplicons were diluted to 0.2 ng/ul and prepared for
sequencing using the Nextera XT library preparation kit with v2 indexes (Illumina,
San Diego, CA, USA). Multiplexed libraries were then sequenced either on an
Illumina iSeq 100 or MiSeq producing at least 200,000 paired end reads (2x150nt)
per library. For genome assembly, the sequence reads were QC trimmed using
BBDuk v37.9838 before de novo assembly with MEGAHIT v1.1.3% or reference-
based assembly with IRMA*’. To confirm assembly, the trimmed sequence reads
were re-mapped onto the draft genome with BBMap v37.98 and visually assessed
using the Geneious Prime v.2020.0.3 before the final majority consensus genome
was extracted.

non-synonymous/synonymous substitutions in outbreak clades on the tMRCA
estimates using a protocol described previously®2, in which SLAC*’ (Single
Likelihood Ancestor Counting), SNAP v.2.1.1°0 (Synonymous Non-synonymous
Analysis Programme) and Contrast-FEL were used to estimate the difference
between the mean ratio of non-synonymous substitutions per non-synonymous
site to synonymous substitutions per synonymous site (dy/ds) of the NSW/ACT/
VIC (n=166) and WA (n=79) datasets versus a subsampled global dataset
(n=112) comprising genomes from major clades.

aBSREL28 was used to test whether a proportion of sites evolved under positive
selection in any of the branches, and RELAX?® was applied to test for strength of
selection (relaxed/intensified) in a set of test branches. In this study, the clades of
the subsampled global dataset were defined as background, and the NSW/ACT/
VIC and WA clades were regarded as foreground separately. Furthermore,
Contrast-FEL?” was used to identify codon sites that evolved differently for the
outbreak clades. For this, the subsampled global dataset, four sequences from the
largest NSW/ACT/VIC 2020 clade and three sequences from the largest WA 2020
clade were used, with the ancestral branches of the outbreak clades assigned as
foreground for each of the two clades respectively.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The sequence data generated in this study have been deposited in the NCBI GenBank
database under accession codes OM857140 - OM857397, and the GISAID EpiRSV
database with accession numbers EPI_ISL_1653938 to EPI_ISL_1653948,
EPI_ISL_2543762 to EPI_ISL_2543853, and EPI_ISL_2839170 to EPI_ISL_2839457 (see
Supplementary Table 1 and Supplementary Data 1). Reference sequences were
downloaded from the NCBI GenBank and GISAID EpiRSV databases (see
Supplementary Data 2).

Code availability

The code used for genome assembly can be found at https://github.com/jsede/virus_
assembly/ (https://doi.org/10.5281/zenodo.6360724)%!, while code for individual analyses
can be found at https://github.com/jsede/RSV_2020 (https://doi.org/10.5281/zenodo.
6360678)°2.
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Abstract

Respiratory syncytial virus (RSV) is an important human respiratory pathogen. In temperate regions, a distinct seasonality is observed,
where peaks of infections typically occur in early winter, often preceding the annual influenza season. Infections are associated with
high rates of morbidity and mortality and in some populations exceed that of influenza. Two subtypes, RSV-A and RSV-B, have been
described, and molecular epidemiological studies have shown that both viruses mostly co-circulate. This trend also appears to be the
case for Australia; however, previous genomic studies have been limited to cases from one Eastern state—New South Wales. As such,
the broader spatial patterns and viral traffic networks across the continent are not known. Here, we conducted a whole-genome study of
RSV comparing strains across eastern and Western Australia during the period January 2016 to June 2017. In total, 96 new RSV genomes
were sequenced, compiled with previously generated data, and examined using a phylodynamic approach. This analysis revealed that
both RSV-A and RSV-B strains were circulating, and each subtype was dominated by a single genotype, RSV-A ON1-like and RSV-B
BA10-like viruses. Some geographical clustering was evident in strains from both states with multiple distinct sub-lineages observed
and relatively low mixing across jurisdictions, suggesting that endemic transmission was likely seeded from imported, unsampled
locations. Overall, the RSV phylogenies reflected a complex pattern of interactions across multiple epidemiological scales from fluid
virus traffic across global and regional networks to fine-scale local transmission events.

Key words: respiratory syncytial virus; molecular epidemiology; Australia; whole-genome sequencing; phylogenetics

1. Introduction Despite being discovered in the 1950s, the burden of RSV dis-

Respiratory syncytial virus (RSV) is a major cause of acute respi- ease has only recently been appreciated, which is in part due to

ratory tract infections in patients of all ages, producing significant
morbidity and mortality (Shi et al.,, 2017). The greatest burden

more reliable methods of diagnosis and detection. The labora-
tory diagnosis of RSV was initially reliant on viral isolation and

of disease is in children under 1year old, where it is the most
common cause of acute respiratory tract infection and in this
age group is second only to malaria as a cause of death globally
(Hall et al., 2009; Griffiths, Drews, and Marchant 2017). Impor-
tantly, RSV infection in young children may also lead to long-term
sequelae such as asthma, chronic bronchitis, and obstructive pul-
monary disease (Beigelman and Bacharier 2016; Griffiths, Drews,
and Marchant 2017). Other populations particularly impacted by
RSV include those over 65 years and immunosuppressed patients,
such as solid organ and bone marrow transplant recipients
(Beigelman and Bacharier 2016; Griffiths, Drews, and Marchant
2017).

the visualisation of characteristic syncytial cytopathic effects, for
which its name is derived (Henrickson and Hall 2007). These tech-
niques were slow and required technical expertise. The most com-
monly used modalities now include rapid antigen (such as lateral
flow immunochromatography and fluorescent immunoassays)
and nucleic acid amplification tests (NATs). Molecular assays,
including both commercial and in-house NATs, offer increased
sensitivity and specificity, as well as the ability to be multiplexed
to detect other respiratory pathogens such as influenza, parain-
fluenza, rhinovirus, and human metapneumovirus (Mahony etal.,
2007). Rapid test assays can also offer the additional benefit of
early diagnosis, which allows for appropriate infection control
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interventions, rationalisation of unnecessary antibiotic therapy,
and shorter hospitalisation periods (Henrickson and Hall 2007).
More generally, improved diagnostics and reporting have begun
to shed light on the true incidence, seasonal patterns, and peaks
of activity of RSV. In temperate regions such as the southern
major metropolitan areas of Australia, the seasonal peak typi-
cally occurs in the late autumn to early winter period (late-March
to mid-August) in the months leading into the influenza season
(Henrickson and Hall 2007; Di Giallonardo et al., 2018; Yeoh et al.,
2020).

RSV can be divided into two antigenically and genetically dis-
tinct subtypes, RSV-A and RSV-B. These may be further divided
into genetic groups based on the viral glycoprotein (G gene),
termed genotypes, with at least 11 and 23 for RSV-A and RSV-B,
respectively. However, recent work has proposed shifting to
a genotype classification based on whole-genome sequencing
(WGS) in order to increase phylogenetic resolution (Ramaekers
et al., 2020). Serological studies have shown that the majority of
people are infected by age 2, and whilst primary infections are
typically more severe, they are not protective against repeated
infection (Griffiths, Drews, and Marchant 2017). The spectrum
of disease severity associated with RSV infection remains an
important yet controversial topic. Studies have made associations
between increased severity and particular subtypes/genotypes
(Vandini, Biagi, and Lanari 2017); however, these are compli-
cated by both host (Tal et al., 2004) and viral factors (DeVincenzo,
El Saleeby, and Bush 2005), as well as their interactions. Molec-
ular epidemiological studies have shown that both RSV-A and
RSV-B co-circulate during a season and often at similar levels
(Otieno et al., 2017; 2018; Pangesti et al., 2018; Park et al., 2017;
Cattoir et al.,, 2019). Furthermore, for each of these subtypes,
a single genotype will tend to predominate, such as with the
recent RSV-A ON1-like and RSV-B BA10-like viruses (Eshaghi et al.,
2012; Pretorius, Van Niekerk, and Tempia 2013; Di Giallonardo
et al., 2018). Our understanding of the basic molecular epidemi-
ology of RSV has been strengthened by WGS, which, similar to
other pathogens, is becoming increasingly common in its appli-
cation in infectious disease surveillance (Dapat et al., 2010; Agoti
et al., 2014; Di Giallonardo et al., 2018). The added resolution from
WGS has been particularly useful for elucidating transmission
networks at both local (Agoti et al., 2015a) and epidemiological
scales (Di Giallonardo et al., 2018), as well as for identifying and
classifying the introduction and spread of new genotypes (Agoti
et al., 2014; Ramaekers et al., 2020).

We recently performed the first genome-scale study of RSV
molecular epidemiology in Australia (Di Giallonardo et al., 2018),
demonstrating a wide diversity of co-circulating RSV lineages,
with limited evidence of strong age and geographical clustering.
However, this study was limited to cases obtained from east-
ern Australia in New South Wales (NSW) through the Western
Sydney Local Health District. Here, we expand on these initial
investigations to perform a transcontinental study of RSV genomic
epidemiology in Australia. We compare RSV strains obtained from
Western Australia (WA) to those from NSW on the east coast
over an equivalent time period to examine the phylogenetic dis-
tribution of strains and to describe viral traffic between these
regions.

2. Materials and methods
2.1 Sample collection and processing

WGS was conducted on residual RSV-positive specimens collected
and tested through routine testing at diagnostic laboratories in
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two major Australian diagnostic laboratories. Specimens were
de-identified with basic demographic information collected,
including age, sex, and postcode, as per protocols approved by
local ethics and governance committees (LNR/17/WMEAD/128).
One hundred and three RSV-A- and RSV-B-positive cases from WA
with a reverse transcription polymerase chain reaction (RT-PCR)
cycle threshold <30 in the original screen were collected between
January 2016 and May 2017. Sample aliquots (typically, nasopha-
ryngeal swabs in viral transport medium) were transferred to
the Institute of Clinical Pathology and Medical Research (ICPMR),
NSW, and subsequently extracted using the Qiagen EZ1 Advance
XL extractor with the EZ1 Virus Mini Kit v2.0 (Qiagen, Germany).
For the eastern Australian RSV cases, 45 previously untyped RSV-
positive viral extracts from cases collected during early 2017 at
the ICPMR were obtained from storage at —-80°C archive. Addi-
tional cases from 2016 in NSW were sequenced in a previous study
(Di Giallonardo et al., 2018).

2.2 Whole-genome sequencing

A previously published approach was used to amplify both RSV-A
and RSV-B genomes (Di Giallonardo et al., 2018). In short, RT-PCR
was used to amplify four overlapping amplicons (each ~4 kb) that
together span the RSV genome. The size and yield of each RT-
PCR was determined by agarose gel electrophoresis, and the four
targets pooled equally. The pooled RSV amplicons were then puri-
fled with Agencourt AMpure XP beads (Beckman Coulter, USA)
and quantified using the Quant-iT PicoGreen dsDNA Assay (Invit-
rogen, USA). The purified DNA was then diluted to 0.25 ng/ul
and prepared for sequencing with the Nextera XT DNA library
prep kit (Illumina, USA). Libraries were sequenced on an Illumina
MiSeq using a 300 cycle v2 kit (150-nt paired-end reads). Raw
paired sequence reads were trimmed using Trim Galore (https://
github.com/FelixKrueger/TrimGalore; last accessed 11 April 2021)
and then de novo assembled using Trinity (Grabherr et al., 2011).
RSV contigs were identified by a local Blastn (Altschul et al., 1990)
using a database of RSV reference genomes from NCBI RefSeq.
The trimmed reads were remapped to draft genome contigs using
BBMap (https://sourceforge.net/projects/bbmap/; last accessed 11
April 2021) to check the assembly, and the final majority consen-
sus was extracted for each sample.

2.3 Phylodynamic analysis

The aim of this study was to compare the spatial and tempo-
ral dynamics of RSV infection in Australia. To do this, we used a
phylogenetic approach to compare the distribution of strains cir-
culating in two major, geographically distinct regions—NSW and
WA—representing eastern Australia and WA, respectively, during
the period from January 2016 to June 2017. All WA data, as well as
NSW data from the year 2017, were generated within this study.
To ensure even sampling across sites, these data were combined
with NSW data from 2016 that was obtained from a previous study
(Di Giallonardo et al., 2018). To provide additional context, RSV
genome data was also sourced from NCBI GenBank where location
(country) and collection date (year) was known. The Australian
and global RSV genomes were first aligned with MAFFT (Katoh and
Standley 2013), using the FFT-NS-i algorithm followed by manual
inspection of gapped regions particularly in the G gene and non-
coding regions. The alignments were then trimmed to include only
the coding regions and screened for potential recombinants using
RDP4 (Martin et al., 2015) with default parameters that were then
removed before analysis. The RSV-A alignment included 1,190
sequences with a length of 15,747 nt, whilst the RSV-B alignment
included 1,121 sequences with a length of 15,646 nt. To increase
sampling resolution, we also generated comparable data sets

M. Robertsonetal. | 3
Table 1. Demographic details of NSW and WA RSV cohorts.
NSW WA NSW WA
Age (years) Number of samples (%) Sex Number of samples (%)
<5 65 (51.6) 64 (62.1) Male 66 (52.4) 48 (46.6)
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Figure 2. Phylogenetic analysis of RSV-A strains circulating in WA and NSW between January 2016 and June 2017. The global phylogenies were first
estimated using alignments of complete genome sequences of RSV-A (n = 1,190) strains circulating since the late 1970s; however for clarity, only the
recently circulating RSV-A ON1 lineage has been shown (n =499), which is defined by the specific branch marked with an arrow. The panel on the left
shows the tree estimated using a ML approach, whilst the tree on the right shows the same phylogeny estimated using the time-scaled Bayesian
approach. The taxa, shown as small circles, have been coloured by sampling location as per the key provided. Diamonds at nodal positions indicate
branching support with bootstrap replicate values >70 per cent and posterior probability values >0.9 for the ML and time-scaled Bayesian trees,
respectively. The left-sided scale bar represents the number of substitutions per site, whilst the right is scaled to time (years).

n=18/103 from patients >65 years), reflecting the distribution of
infection at both extremes of age. The distribution between sexes
was approximately equal for both study sites (Table 1).

Virus genomes were successfully extracted and sequenced
from 63 of the 103 respiratory samples collected in WA during 2016
and 2017, and 32 of the 45 NSW cases collected in 2017 (total new
genomes n = 96, where one case from NSW was an RSV-A/B mixed
infection). These data were combined with existing genomes from
NSW during 2016 (n=93) generated previously (Di Giallonardo
et al.,, 2018), bringing the total number of Australian genomes
for analysis across both states in 2016 and 2017 in the current
study to 189. The breakdown between sampling location and RSV
subtypes determined by WGS shows that both RSV-A and RSV-B
subtypes were present in both NSW and WA populations (Fig. 1).
In NSW, there was a higher proportion of RSV-B strains (63 per
cent, n=280/126), which was consistent across the entire study
period. Furthermore, in NSW, the peak in RSV activity typically

occurs in May-June each year (NSW Health influenza surveillance
data); however, most of our genome sequences in 2016 were from
isolates in August-October that year, that is, they were from the
later part of the RSV season. In WA, there was even representa-
tion of RSV-A and RSV-B in the WGS data across 2016, with an
increase in the relative proportion of RSV-A during 2017. Whilst
our sampling for WA was intentionally even with regard to time,
subtype, age, and setting, the predominance of RSV-A during 2017
was observed by the initial diagnostic testing where the assay used
resolves RSV subtypes. Specifically, with this lab testing data, a
transition from RSV-B to RSV-A was observed between the 2016
and 2017 seasons in WA (data not shown). These results are con-
sistent with other molecular epidemiological studies globally that
show both RSV-A and RSV-B subtypes co-circulate with shifting
predominance across seasons (Di Giallonardo et al.,, 2018; Luo
et al., 2020; Razanajatovo Rahombanjanahary et al., 2020; Yun,
Choi, and Lee 2020).
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Figure 3. Phylogenetic analysis of RSV-B circulating in WA and NSW between January 2016 and June 2017. The global phylogenies were first estimated
using alignments of complete genome sequences of RSV-B (n=1,121) strains circulating since the 1960s; however, for clarity, only the recently
circulating RSV-B BA10 lineage has been shown (n=470), which is defined by the specific branch marked with an arrow. The panel on the left shows
the tree estimated using a ML approach, whilst the tree on the right shows the same phylogeny estimated using the time-scaled Bayesian approach.
The taxa, shown as small circles, have been coloured by sampling location as per the key provided. Diamonds at nodal positions indicate branching
support with bootstrap replicate values >70 per cent and posterior probability values >0.9 for the ML and time-scaled Bayesian trees, respectively. The
left-sided scale bar represents the number of substitutions per site, whilst the right is scaled to time (years).

3.2 Phylodynamics of RSV infections in NSW and
WA in a global context

The WGS data from NSW and WA were aligned and compared
to global genome references to provide genetic context for local
strains. Phylogenetic analysis using a ML approach was then
employed to examine the diversity of RSV-A and RSV-B strains
(Figs 2 and 3). This analysis revealed that for each subtype, regard-
less of location, a single genotype was predominant. For RSV-A,
recent viruses from both NSW and WA were derived from the ON1
lineage (Eshaghi et al., 2012), which has been the predominant
RSV-A genotype globally since it first emerged in 2011 (Eshaghi
etal,, 2012; Agoti et al., 2014; Tabatabai et al., 2014; Di Giallonardo
et al.,, 2018) (Fig. 2). Similarly, the RSV-B phylogeny showed that
circulating viruses were mostly of the BA10 lineage (Fig. 3). From
the limited available sequence data on GenBank, it appears that
the BA10-like viruses are circulating globally; however, there are
few published molecular epidemiology studies to support the
suggestion they are predominant. It is clear, however, that in
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Australia, in both NSW and WA that this has been the major RSV-B
genotype since at least 2014 (Di Giallonardo et al., 2018).

Across both RSV-A and RSV-B phylogenies, there does not
appear to be strict spatial clustering when comparing viruses
from NSW and WA (Figs 2 and 3), that is, the viruses from WA
and NSW do not form monophyletic groups. Such monophyletic
clustering would not be expected based on what is known for
other respiratory pathogens—such as influenza—which are char-
acterised by high levels of gene flow and viral traffic at global
scales (Rambaut et al., 2008; Vijaykrishna et al., 2015). As such, we
observed multiple co-circulating sub-lineages distributed across
the entire diversity of RSV-A ON1-like and RSV-B BA10-like viruses
(Figs 2 and 3). However, within these sub-lineages, the viruses
often formed clusters based on sampling location; therefore, local
spatial structure was apparent in our analysis. To explore this
formally, we conducted a clustering analysis with BaTS and a
posterior set of trees estimated using a time-scaled phylogenetic
analysis in BEAST. We limited the analysis to the RSV-A ON1-like
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Table 2. Phylogeny-trait association test for RSV in Australia and
other regions globally.

RSV-A RSV-B

Location Seqs (n) P-value Segs (n) P-value
Overall clustering® 499 <0.001 470 <0.001
Asia 24 0.002 26 0.006
South America 16 0.001 42 0.001
North America 185 0.001 17 0.001
Middle East 5 0.008 0 ~
Oceania® 28 0.001 2 1.000
Africa 147 0.001 263 0.001
Australia (NSW) 60 0.006 84 0.001
Australia (VIC) 2 0.002 0 ~
Australia (WA) 31 0.001 32 0.001
Europe 1 1.000 4 1.000

#Determined by Al and PS.
PNew Zealand only.

and RSV-B BA10-like viruses, and the maximum clade credibility
tree for each RSV subtype was found to be congruent with the
ML trees (Figs 2 and 3). Using the posterior set of trees, we then
measured the degree of clustering based on sampling location
(Table 2).

When sequences were grouped by broad geographical regions,
specifically, continents and the two Australian states NSW and
WA (and VIC for RSV-A data), phylogeny-trait association tests
indicated a significant pattern of overall geographical cluster-
ing (P-values <0.001) as measured by Al and PS (Table 2). For
individual locations, most were found to cluster with signifi-
cant scores. This includes Asia, the Americas, the Middle East,
Africa, Oceania, NSW, WA, and VIC for RSV-A viruses (all P-values
<0.008) and then similarly all for RSV-B where the sampling was
sufficient (n >4 sequences). This analysis demonstrates that, at
larger epidemiological scales, viral lineages are often imported
and established locally. We note, however, that this analysis is
biased for regions that have been highly sampled, as highlighted
by the American and Kenyan viruses, which are mostly from
one specific city and/or hospital (Supplementary Figs S1 and S2)
(Otieno et al., 2018). Our sampling of NSW and WA strains is sim-
ilarly constrained, except that our sampling sites are both major
diagnostics hubs that perform testing across wide geographic
regions that are representative of large and diverse populations
(Di Giallonardo et al., 2018), and in our comparison, the period
of sampling was equivalent. Despite this and any apparent geo-
graphical clustering, the phylogenies both reflect a lack of data
from many jurisdictions globally, and our insights into global
and local viral traffic will remain hampered until these genome
sequences become available. To address this, we also performed
ML phylogenetic analysis on a more well-sampled data set derived
from sequences of the G gene region only (Supplementary Figs
S3-S5). Whilst this analysis improved the overall location sam-
pling, particularly for European and Asian sequences, there was
less phylogenetic resolution; therefore, a trade-off exists between
using the less sampled, higher-resolution whole-genome data ver-
sus the more well-sampled partial genome (G gene) sequences
available on NCBI GenBank (Supplementary Fig. S3). Regardless,
as shown below, these data can shed light on the possible sources
and global transmission networks for RSV.

3.3 Lineages and local clusters

A detailed examination of individual lineages (Supplementary Figs
S1and S2) confirmed that most only contained viruses from either

state. There were some instances where individual viruses from
NSW were nested within diversity solely comprised of WA strains,
and vice versa, and which may represent viral migration events
between the jurisdictions. The overall pattern suggests low levels
of mixing between NSW and WA, perhaps due to the large geo-
graphic area of each state and the distance that separates them.
Moreover, we had suggested previously that some evidence of viral
persistence across seasons was present in NSW (Di Giallonardo
et al.,, 2018). Here, we found no direct link between the 2016
and 2017 seasons in both jurisdictions and that viral diversity
is likely maintained and seeded from imported yet unsampled
locations. An examination of the better-sampled G gene phylo-
genies (Supplementary Figs S4 and S5) did not clarify potential
additional sources, except for sporadic examples where NSW
or WA were clustered genetically and temporally with Asian or
European strains. Importantly, we also found examples where
two Australian sequences clustered in the G gene phylogeny but
were then sufficiently different at a genome scale to not be clas-
sified as clusters such as seen with the NSW and WA strains
WM1079A/14 August 2016 (MH760625) and PW3375488K/9 August
2016 (MW160759) (Supplementary Figs S1 and S4). This is con-
sistent with other studies that have shown that local persistence
makes a minimal contribution to the diversity of RSV strains in
any given area (Agoti et al., 2015b; Zou et al., 2016). Rather, viral
importation and global mixing of strains seem to be the major
driver of RSV diversity and their sources. Despite the data suggest-
ing limited east-west viral traffic across the Australian continent,
the Sydney-Perth air route remains one of the busiest in the
country, nor can we discount other regions within Australia such
as the tropical North, where persistence of viral lineages may
occur as important sources of viral diversity. Indeed, from our
understanding of the influenza virus in Australia, the synchro-
nised dissemination of viral strains across the country is driven
by both multiple introductions from the global population and
strong domestic connectivity (Geoghegan et al., 2018). Increasing
the breadth of WGS data for RSV cases nationally would assist
in confirming what domestic viral traffic networks exist, particu-
larly between tropical and temperate regions, as well as between
major population centres on the east coast such as Sydney and
Melbourne.

Next, we examined genetic clusters defined by high genetic
identity (<10-bp difference across the genome) and similar sam-
pling periods (collection dates within 2 weeks) to consider what
features such as patient age and sampling location define them.
For RSV-A, we identified 8 clusters (Supplementary Fig. S1 and
Table S1), and for RSV-B, we identified 10 clusters (Supplemen-
tary Fig. S2 and Table S2). In this study, 75 per cent (n=6/8) and
80 per cent (n=8/10) of RSV-A and RSV-B clusters, respectively,
could be linked to common localities and/or institutions, includ-
ing individual hospital wards or emergency departments. Whilst
two of the RSV-B clusters were found to be repeat samples of the
same patient (Supplementary Table S2), overwhelmingly, these
clusters of genetically and temporal related sequences most likely
represent fine-scale transmission events.

4. Conclusions

In summary, our analysis has identified a number of features
of RSV epidemiology and patterns of spread, including (1) the
co-circulation of both major subtypes—RSV-A and RSV-B, (2) a sin-
gle genotype for each subtype predominates each season, (3) mul-
tiple distinct sub-lineages of each genotype will co-circulate and
which are associated with regional and local clustering/outbreaks,
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(4) little viral mixing across the east-west coasts of Australia
despite apparent overall geographic clustering, (5) that geneti-
cally and temporal-related sequences most likely represent fine-
scale transmission events such as institutional outbreaks, and
(6) that whole-genome sequence is required and encouraged over
partial G gene sequencing for elucidating clusters and transmis-
sion pathways. Taken together, this presents a complex phy-
lodynamic pattern with globally circulating diversity with viral
mixing across different regions, yet, finer-scale patterns revealing
multiple endemic sub-lineages and clusters consistent with local
transmission events and outbreaks. This highlights the connec-
tions of genomic data across multiple epidemiological scales and
further strengthens the need for a much greater sampling of RSV,
not just here in Australia, but globally.

Supplementary data

Supplementary data is available at Virus Evolution online.
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Abstract

Genetic parameters of growth, reproductive efficiency and survival are important
for designing successful genetic improvement programmes. In this study, a database
was assembled and a meta-analysis was conducted using 87 peer-reviewed pub-
lished studies on genetic parameters of 63 economically important traits reported
across nine major farmed shrimp species. A total of 641 estimates of heritability,
978 estimates of genetic correlations and 658 estimates of phenotypic correlations
were included in this study. Pacific white shrimp (Penaeus vannamei) was the most
widely reported species followed by giant freshwater prawn (Marcobrachium rosen-
bergii) and black tiger prawn (Penaeus monodon). Published studies demonstrate large
variability across heritability and correlation estimates. Consensus estimates were
based on both unweighted and weighted averages. The traits were broadly classed
into weight, morphology, growth rate, body composition, feeding efficiency, repro-
ductive efficiency and survival. This meta-analysis revealed moderate-to-high herit-
ability estimates for weight (0.30 + 0.002), morphological (0.26 + 0.003), growth
rate (0.27 + 0.01) and feeding efficiency (0.58 + 0.07) traits, but low for body com-
position (0.06 + 0.009), reproductive efficiency (0.11 + 0.006) and survival traits
(0.15 + 0.003). Strong responses to selection were found among the shrimp species
studied. We have developed a ShinyApp (https://khatkar.shinyapps.io/shrimp_genet
ics/) for visualization of the individual heritability estimates. In addition to the meta-
analysis of genetic parameters, we have calculated the correlated responses among
economically important traits and highlighted response to selection, realized herit-
ability, social interaction and common environmental effects in shrimp breeding pro-
grammes in terms of industry implications. Consensus estimates suggest that there
is sufficient additive genetic variation to carry out effective genetic improvement

programmes in these species.
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genetic and phenotypic correlation, genetic improvement, heritability, prawn, review
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1 | INTRODUCTION

Aquaculture has emerged as a food source of increasing importance
to the growing global human population. It is evident that an ex-
panding population and change in socio-demographics have led to
an increase in demand for animal-based protein (Henchion, Hayes,
Mullen, Fenelon, & Tiwari, 2017). Although shrimp and shrimp prod-
ucts have historically been viewed as a high-value species and con-
sidered a luxury product, demand for shrimp has grown with the
increase in demand for animal-based protein. In response, annual
global aquaculture production of shrimp has grown from 1.2 million
tonnes to 4.8 million tonnes over the last two decades to meet this
demand (Anderson, Valderrama, & Jory, 2018). Three shrimp spe-
cies, Pacific white shrimp (Penaeus vannamei, Penaeidae), black tiger
prawn (Penaeus monodon, Penaeidae) and giant freshwater prawn
(Marcobrachium rosenbergii, Palaemonidae), account for 65% of the
total global annual production (FAO, 2018). Although significant
work has been done for improving hatchery and seed production
techniques in Pacific white shrimp, much more information is needed
for improved farming of other shrimp species (Norman-Lopez et al.,
2016).

Animals that grow faster, reproduce well, have strong resistance
to pathogens and resilient to environmental variations are the key
to profitable aquaculture production systems (Gjedrem, Robinson, &
Rye, 2012) and form the basis of genetic improvement programmes.
Estimates of genetic parameters of these economically important
traits, including heritability, and genetic and phenotypic correlations,
are the foundation to the development of breeding programmes
and genetic improvement of shrimp (Gjedrem, 2012). Over the last
few decades, a number of studies on genetic parameter estimates
for commercially important traits in shrimp have been published.
Heritability estimates have been derived using a variety of meth-
ods and study designs and often have varying reliability. There is a
large disparity among estimates across studies as well as between
estimates within a species. Although genetic parameter estimates
are considered population- and species-specific, it is likely that small
sample sizes, statistical models and limited data used to estimate
genetic parameters, at the individual study level, can cause varia-
tion between studies (Gitterle, @degérd, Gjerde, Rye, & Salte, 2006;
Visscher, Hill, & Wray, 2008). Furthermore, shrimp are typically
raised in environments which experience extreme variation where
management practices vary within species and between farms; con-
sequently, genetic parameter estimates show a lack of consensus.
Moreover, due to the low heritability estimates of some traits of
economic importance, as well as a small resource population of phe-
notyped shrimp, the estimates of genetic parameters in individual
studies may lack precision. As a result of variation among published
estimates, consensus estimates of genetic parameters have not been
available to shrimp breeders and researchers. To obtain a consen-
sus summary of the available estimates, a statistical meta-analysis
was conducted which combined data from multiple studies to derive
pooled estimates of parameters that are closest to the unknown true
parameters (Sutton et al., 2000).

1 INTRODUCTION 1151
2 MATERIAL AND METHODS 1152
2.1 Data collection 1152
2.2 Data processing 1152
2.3 Handling of missing standard errors of 1155

parameter estimates

2.4 Unweighted average trait means and genetic 1155

parameters
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The purpose of this study was to provide a quantitative, unbiased
synthesis of published findings and provide summary estimates of
important genetic parameters for economically important traits. The
resultant outputs will enable the expedited development of breed-

ing schemes for nine of the leading commercially farmed shrimp
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species internationally. The cumulative use of data available in a me-
ta-analysis summary can aid in improving the precision of the con-
sensus estimates of the genetic parameters. We have developed a
ShinyApp for visualization of the individual heritability estimates. In
addition to the meta-analysis of genetic parameters, we have calcu-
lated the correlated responses among economically important traits
and highlight response to selection, realized heritability and genomic
selection in shrimp breeding programmes in terms of industry impli-
cations. Furthermore, we have reviewed studies on non-additive ge-
netic variation and impact of genotype-by-environment interaction
in shrimp breeding programmes. A review of this nature had not yet
been performed on the genetic parameters of commercially farmed

shrimp species.

2 | MATERIALS AND METHODS
2.1 | Data collection

A systematic approach to the inclusion of literature related to ge-
netic parameter estimates of shrimp production traits was ap-
plied. The species were selected for their recognized presence
in farmed shrimp production, these species are as follows: Pacific
white shrimp, black tiger prawn, banana shrimp (Fenneropenaeus
merguiensis, Penaeidae), Chinese white shrimp (Fenneropenaeus
chinensis, Penaeidae), giant freshwater prawn, Indian white prawn
(Fenneropenaeus indicus, Penaeidae), kuruma prawn (Penaeus japoni-
cus, Penaeidae), green tiger prawn (Penaeus semisulcatus, Penaeidae)
and western blue prawn (Penaeus stylirostris, Penaeidae). Studies
were included if they met the following criteria: (a) heritability es-
timates were provided for commercially important traits to one of
nine shrimp species; (b) the studies clearly identify the method of
evaluation used to estimate heritabilities; (c) studies that contained
genetic and phenotypic correlations were included, but lack of these
estimates was not cause for exclusion; (d) presented estimates of
variation (SE or SD) for the genetic parameter estimates, however,
lack of these variation measures was also not cause for exclusion;
and (e) they were published in English.

Studies targeting genetic parameter estimates for shrimp were
extracted using the Google Scholar and PubMed search engines
with the topic search terms ‘shrimps’, ‘prawn’ and ‘genetic param-
eter estimates’. The latest date of literature search was December
2019. The preliminary search yielded 98 articles on the search top-
ics. However, 11 studies were removed because they were either
not available in English or provided inadequate information for the
meta-analysis. The final data were sourced from 87 peer-reviewed
studies (Table 1). For each study, the year of publication, species
name, country of study, number of individuals and families used, trait
means, genetic parameter estimates and software used to calculate
genetic parameters were recorded. The studies included here re-
port original research conducted in Mexico, China, Hawaii, Thailand,

Vietnam, Indonesia, the United States of America, Australia, India

and Columbia. In total, 641 estimates of heritability, 978 genetic
and 658 phenotypic correlation estimates across 63 commercially
relevant traits of shrimp production were included in this study. The
total number of genetic parameter estimates for the nine selected
species may be greater than what has been included in this analysis
during the specified time period, this can be as a result of data that
are unpublished or unavailable to the public. Data were recorded
to four decimal places, and values were rounded where necessary.

Traits deemed commercially important are those which are rel-
evant to shrimp production globally and are likely to be included as
key determinants of breeding objectives. A total of 63 traits were
compiled and grouped into eight overarching classes: weight (7),
morphology (23), growth rate (2), body composition (6), feeding ef-
ficiency (3), reproductive efficiency (14), survival measurements (6)
and other (2). A list of traits and the corresponding abbreviations
are presented in Table 2a,b. In Table 2a, trait abbreviations are de-
scribed, and in Table 2b, trait groups are defined along with their
basis of classification.

Traits were measured at various time points post-stocking;
consequently, traits were further grouped into three broad peri-
ods, pre-harvest (0-119 days), harvest (120-180 days) and mature
(>180 days). These three classifications were constructed around
the optimal harvest time for the shrimp species included in this
study (Araneda, Hernandez, & Gasca-Leyva, 2011; Coman, Arnold,
Wood, & Kube, 2010). Estimates classified as “pre-harvest” are any
measurements that have been taken prior to the optimal harvest pe-
riod, whilst the “harvest” classification encompasses measurements
taken during the optimal harvest period and estimates deemed “ma-
ture” are those based on measurements post-optimal harvest period.
In cases where no age information was provided, the data were used
only to compute overall estimates.

2.2 | Data processing

The data set comprised estimates of three genetic parameters,
namely heritability, and genetic and phenotypic correlations as de-
scribed above. There were a few heritability estimates outside of the
zero to one range, and these were excluded from the meta-analysis.
Phenotypic means were recorded for each trait where available,
along with sample size and standard deviation. The recorded param-
eter estimates utilized in this meta-analysis were analysed under the
assumption of normality. This assumption was tested by creating
box plots for traits with more than 20 estimates and observing the
distribution, in all cases the distributions were approximately nor-
mal, after relevant data transformation (see Appendix S1). Where
more than one report of a specific genetic parameter estimate or
trait mean was available in the literature, the values were averaged
in an unweighted and weighted manner, and presented separately.
Where only one value was available, the data were presented as
given in the original study. All parameter estimates and trait means
were separated into groups relative to the time (number of days)
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TABLE 1 Number of studies, study ID, species, country and trait abbreviation® of the traits studied

Study No.

VO O N ot AWN

L T S e e e
Vv ©® N O A W N P O

20
21
22

23
24
25
26
27
28
29

30
31
32

33
34
35
36
37

38
39
40

Species

Pacific white shrimp
Pacific white shrimp
Pacific white shrimp
Pacific white shrimp
Pacific white shrimp
Pacific white shrimp
Pacific white shrimp
Pacific white shrimp
Pacific white shrimp
Pacific white shrimp
Pacific white shrimp
Pacific white shrimp
Pacific white shrimp
Pacific white shrimp
Pacific white shrimp
Black tiger prawn

Banana shrimp

Giant freshwater prawn

Pacific white shrimp

Giant freshwater prawn

Pacific white shrimp

Giant freshwater prawn

Pacific white shrimp
Pacific white shrimp
Pacific white shrimp
Pacific white shrimp
Pacific white shrimp
Pacific white shrimp

Pacific white shrimp

Pacific white shrimp
Black tiger prawn

Pacific white shrimp

Pacific white shrimp
Pacific white shrimp
Pacific white shrimp
Pacific white shrimp

Chinese white shrimp

Pacific white shrimp
Pacific white shrimp

Pacific white shrimp

Origin
Mexico
China
Mexico
China
Australia
Australia
Mexico
China
Mexico
USA
Colombia
China
China
China
Hawaii
Australia
Australia
Vietnam

China

Vietnam
China
Thailand

China
Mexico
China
Colombia
USA
Mexico
China

China
India

Mexico

China
China
China
China
China

Mexico
China

Mexico

Trait abbreviation®

BW, NN

BW

BW

BW, BL, CL, CAW, CAH
BW

EN, NN

BW, SUR

BW

TL, AL, BW, FASW

SUR

BW, SUR

GR

GR

BW, SUR

BW, BL, CL, AL, SUR
GR, BW

BW, BL, HL, BW, TL, MY
BW, BL, HL, BWI, TW, MY

BW, BL, TL, FASD, FASW,
TASD, PCL

BW, BL, CL, CW, AL, AW
SUR
BW, CLAL, TL, BL, CL

BW

BW

BW, BL, EN, NN, SF, K, SS
BW, SUR

GR, SUR, BW

BW

TL, BL, FASD, TASD,
FASW

BL, SUR, SURT
BW, SUR
BW, SUR

CL, AL, BL, BW, SUR
BL, BW, SUR

ASL, BL, BW, SUR
BW, SUR

BW, BL, SUR, SUR_TIME,
SUR_TEMP

BW, TW, TP
RFI, FER, ADG, DFI
BW, FA
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Kitcharoen, Rungsin, Koonawootrittriron, and Na-
Nakorn (2012)

Sui, Luan, Luo, Meng, Cao, et al. (2016)
Montaldo et al. (2013)

Tan, et al. (2017)

Gitterle, Rye, et al. (2005)

Argue et al. (2002)

Ibarra and Famula (2008)
Andriantahina et al. (2012)

Lu, Luan, Cao, Meng, et al. (2017)
Krishna et al. (2011)

Alejandra Caballero-Zamora, Cienfuegos-Rivas,
et al. (2015)

Zhang et al. (2017)

Zhang et al. (2017)

Yuan, Hu, Liu, and Zhang (2018)
Li, Lu, et al. (2016)

Wang, Kong, et al. (2017)

Campos-Montes et al. (2017)
Dai, Luan, Lu, Luo, Meng, et al. (2017)
Nolasco-Alzaga et al. (2018)
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TABLE 1

Study No.

41

42
43

44

45
46
47
48
49
50

51

52

53
54
55

56
57
58
59
60
61
62
63
64
65
66

67
68
69
70
71

72

73

74
75
76

(Continued)
Species

Banana shrimp

Western blue prawn

Pacific white shrimp

Pacific white shrimp

Green tiger prawn
Giant freshwater prawn
Kuruma prawn

Pacific white shrimp
Giant freshwater prawn

Pacific white shrimp

Black tiger prawn

Pacific white shrimp

Pacific white shrimp
Pacific white shrimp

Pacific white shrimp

Giant freshwater prawn
Giant freshwater prawn
Black tiger prawn

Giant freshwater prawn
Chinese white shrimp
Black tiger prawn

Giant freshwater prawn
Chinese white shrimp
Kuruma prawn

Pacific white shrimp

Pacific white shrimp

Giant freshwater prawn
Pacific white shrimp
Pacific white shrimp
Pacific white shrimp

Pacific white shrimp

Pacific white shrimp

Pacific white shrimp

Giant freshwater prawn
Indian white prawn

Kuruma prawn

!
FISH and FISHERIES =, g

HASAN ET AL.

Origin

Australia

France

Mexico

Mexico

Egypt
Vietnam
China
Norway
Indonesia

Mexico

Thailand

China

Mexico
Colombia

Mexico

China
Vietnam
Australia
Vietnam
China
India
USA
China
Australia
Mexico

Mexico

India
Venezuela
Mexico
Mexico

Mexico

Thailand

Mexico

China

Egypt
India

Trait abbreviation®

HPV, BW, BL, BWI, MY,
CRS, CCS, FS, YH

GR

TL, CL, AL, BW, AWT,
FASW, CWT

BW

BW, SUR

BW, FEC, SUR
BLAL, BW
SUR

BW, TL, SL
BW, SUR

BW, SUR

BW, TL, BL, FASD, TASD,
FASW, PCL

BW, SUR
BW, SUR
SUR

SUR

SUR, BL, BW, AW
BW, TL

BW, REP

BW, SUR

SUR

GR

GR

GR

NS

BW, DTFS, EN, ED, VIT,
FA

BW, BL, CL
BW, GR, SUR
VTG, NO, DO
SUR

NO, DO, OA, DTFS, FFS,
FEC, NS

BW, BL, AL, CL, BW/BL

BL, FASL, SASL, CW,
FASW, SASW, CWT, AL

SUR
SUR
GR, SUR
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TABLE 1 (Continued)

Study No. Species Origin

77 Pacific white shrimp Mexico BL

78 Pacific white shrimp Colombia BW, SUR
79 Pacific white shrimp Colombia SUR

80 Black tiger prawn Australia

81 Pacific white shrimp Vietnam SUR, GR
82 Pacific white shrimp China

83 Pacific white shrimp Vietnam GR, SUR
84 Giant freshwater prawn China BW

85 Pacific white shrimp Mexico BW, SUR
86 Chinese white shrimp China ADG, FER
87 Pacific white shrimp Vietnam BW

*Trait abbreviations are described in Table 2a.

measurements were made post-stocking as described above. Where
the number of days post-stocking information was not provided, pa-
rameter estimates and trait means were still included in the overall
calculation.

2.3 | Handling of missing standard errors of
parameter estimates

A portion of estimates did not include standard errors of parameter
estimates: approximately 33% of genetic, 51% of phenotypic and 4%
of heritability standard error (SE) values were missing. For these es-
timates, a conservative approximate SE value of the upper quartile
of known SE estimates was used and attributed to the estimate. This
imputation procedure was applied within the trait classes for SE of
heritability, whereas all the available SE estimates were used for im-
puting the missing SE of the correlations. Finally, for the trait means,
only values where standard deviation was reported were used in the

meta-analysis.

2.4 | Unweighted average trait means and
genetic parameters

For each trait mean and the genetic parameter estimates, an un-
weighted average value was calculated for each of the 63 traits
across species. The data were partitioned and re-analysed with time
of measurement, that is the three stages. For trait class-specific
means, unweighted averages were calculated as above; however,
data were subdivided into species before analysis within trait and
time of measurement. This was due to the relevance of the physical
measurement to both the species and the trait itself as well as the

influence of time of measurement on the value itself.

Trait abbreviation®

SUR, GAV_LOAD

GR, ADG, FER, DFI
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FISH and FISHERIES = - ~=-2\WVAN EY¥

References

Campos, Montaldo, Arechavaleta, and Castillo-
Judarez (2006)

Gitterle et al. (2007)

Gitterle, Gjerde, et al. (2006)

Noble et al. (2019)

Trinh et al. (2019)

Dai et al. (2019)

Trinh et al. (2019)

Sui, Luan, Luo, Meng, Lu, et al. (2016)

Hernandez-Ruiz, Montaldo, Bustos-Martinez,
Campos-Montes, and Castillo-Juarez (2019)

Dai, Luan, Lu, Luo, Cao, et al. (2017)
Nguyen, Ninh, and Hung (2019)

2.5 | Weighted parameter estimates

Weighted genetic parameter and correlation estimates were calcu-
lated for all traits where more than one estimate was available, in-
cluding estimates across species. As indicated above, weighted trait
means were also calculated within species and within each individual
trait, where more than one estimate was available. Where there was
only one estimate or trait mean in any class, the value was recorded
as it appeared in the original study.

Previous studies have identified the inverse of the sampling
variance, that is inverse of the standard error squared, as the op-
timal weighting method for a weighted meta-analysis (Hedges &
Olkin, 1985; Marin-Martinez & Sanchez-Meca, 2010), and this
weighting method was applied here. The detailed procedures for
computing weighted estimates for heritability and correlations
are provided in Appendix S1. The SE of a weighted estimate pro-
vides precision of the consensus estimate. All resultant weighted
outputs were tabulated and presented in corresponding tables,
alongside unweighted values for comparison and ease of inter-
pretation. Data analysis and visualizations were performed in R (R
Core Team, 2020).

3 | RESULTS

The heritability estimates are presented in Table 3 and Table 4, and
genetic and phenotypic correlations in Table 5 and Figure 1. Species-
specific trait means and weighted heritabilities are presented in
Tables S1-S9 (Appendix S2). The distribution of individual herit-
ability estimates for different trait classes is shown in Figure 2. The
heritability estimates based on i) whether or not common environ-
mental effect was included in the statistical models, ii) rearing condi-

tions and iii) study origins have been provided in Appendix S2, and
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TABLE 2A Definition of traits used across studies and grouped
in eight major trait classes® in this meta-analysis

Trait abbreviation
AWT

ADG

AGE_PL

AL

ASL

AW

BL

BW

BW:BL

CAH
CAW
CL
CLAL
Ccw
CWT
DC
DFI
DO
DTFS
ED
EN
ET
ETL
ETP
EV
FA
FASL

FER
FS
FSAD

FSAW

GR
GAV_LOAD
HATCH

HL

HPV

MY
NN

Trait

Abdominal weight
Average daily gain

Days to reach post-larvae
Abdominal length
Abdominal segment length
Abdominal width

Body length

Body weight

Body weight-to-body
length ratio

Body width
Carapace height
Carapace width
Carapace length
Claw length
Cephalothorax width
Cephalothorax weight
Dark colour

Daily feed intake
Oocyte diameter
Days to first spawn
Egg diameter

Egg number

Egg triacylglycerides
Egg total lipid

Egg total protein

Egg vitellin

Fatty acid

First abdominal segment
length

Feed efficiency ratio
Flesh streaks

First abdominal segment
depth

First abdominal segment
width

Growth rate
Gill-associated virus load
Hatching rate

Head length

Hepatopancreatic
parvovirus titre

Condition factor
Meat yield

Number of nauplii

HASAN ET AL.
TABLE 2A (Continued)
Trait abbreviation Trait Trait class
el Gl NO Number of oocytes REP
wT NS Number of spawns REP
GR OA Ovary area REP
OTHER oM Ovary maturity REP
MOR PCL Partial carapace length MOR
MOR RC Red colour MOR
MOR REP_S Reproductive status REP
MOR RFI Residual feed intake FEED
wT SASL Sixth abdominal segment MOR
MOR length
SASW Sixth abdominal segment MOR
MOR width
MOR SF Spawning frequency REP
MOR SOwW Skeleton off weight WT
MOR SS Spawning success REP
MOR SUR Survival SUR
MOR SUR_TEMP Survival temperature SUR
WT SUR_TIME Time survived after SUR
MOR treatment
FEED TASD Third abdominal segment MOR
depth
REP
TOW Telson of f weight WT
REP
TP Tail percentage MOR
REP
W Tail weight WT
REP
VTG Vitellogenin COMP
COMP
VL Virus load SUR
COMP
YH Yellow hepatopancreas OTHER
COMP . ) o ) )
coMP The trait class abbreviations are described in Table 2b.
COMP
MOR Figures S1-S3, respectively. We only draw attention to individual
species and trait-specific weighted heritabilities if five or more indi-
FEED vidual observations were reported.
MOR We have developed a ShinyApp (https://khatkar.shinyapps.io/
MOR shrimp_genetics/) for visualization of the database of individual her-
itability estimates and trait means as reported in different studies.
MOR The species and trait group can be selected from the left-hand side
panel. A screen grab of the App is shown in Figure S4 (Appendix
GR S2). The specific findings of trait means and heritability estimates
SUR are described below.
REP
MOR N~ .
3.1 | Heritability estimates
SUR
REP 3.1.1 | Weight traits
WT . .
REP The overall average weighted heritability of for all traits grouped

(Continues)

in the weight class was moderate with a value of 0.30 + 0.002
(Table 4). Age-specific heritability analysis revealed a moder-
ate estimate of 0.26 + 0.002 for weight traits at pre-harvest
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stage, whilst the estimates were slightly higher at the harvest
(0.30 + 0.005) and mature stage (0.36 + 0.01). Of the traits that
comprise the weight class, BW was recorded most extensively
with 185 observations for this trait. The heritability estimates for
this class ranged from 0.001 to 0.89. The mean weighted herit-
ability estimates for BW differed across time of measurement;
the heritability estimate for body weight was lowest at the pre-
harvest (0.26 + 0.003), followed by the harvest (0.29 + 0.005)
and highest at the mature time period (0.35 + 0.015) (Table 3).
For Pacific white shrimp, average weighted heritability for BW
was in the range of 0.30-0.32 depending on the age of meas-
urement, whilst for black tiger prawn it was higher in the range
of 0.39-0.48. For Chinese white shrimp, the average heritability
estimate for body weight was 0.26 + 0.01 and lowest average
estimate was observed for kuruma prawn (0.18 + 0.01), whilst for
giant freshwater prawn this estimate ranged from 0.14 to 0.41
(Appendix S2, Tables S1-59).

Among the traits included in the weight class, cephalothorax
weight (CWT) is the most heritable (0.81 + 0.12) at the pre-har-
vest period, and meat yield (MY) was least heritable (0.04 + 0.02).
Growth rate, another very important trait for aquaculture, showed
a low estimate of heritability of 0.16 + 0.01 at the pre-harvest
time but a high estimate at the harvest period (0.45 + 0.05) and
mature stage (0.43 + 0.03) (Table 3). For Pacific white shrimp,
average weighted heritability for GR ranged from 0.47 to 0.53,

whilst for giant freshwater prawn estimates of weighted average

TABLE 2B Definition of trait classes,
according to which individual traits were

Trait class
classified

Weight

Morphology

Growth rate

Body composition

Feeding efficiency

Reproductive
efficiency

Survival

Other

— 1157
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heritability for GR were substantially lower at 0.11 (Appendix S2,
Tables S1-59).

3.1.2 | Morphometric traits

There were 213 individual reported estimates of heritability
across the 23 traits included in the morphometric class (Table 3).
The overall weighted heritability estimates of the morphometric
trait class are comparable across different life stages with the av-
erage value of 0.26 + 0.005, 0.27 + 0.004 and 0.23 + 0.002 for
pre-harvest, harvest and mature stages, respectively (Table 3).
Body length (BL) was the most frequently reported trait (n = 87) in
the morphological trait class. The mean heritability of BL trait was
0.29 + 0.006 across all stages. For Pacific white shrimp, average
weighted heritability for BL was of 0.35 + 0.01 and 0.32 + 0.01
at pre-harvest and harvest stages, respectively. However, for ku-
ruma prawn heritability estimates were lower at 0.17 + 0.02 for BL
measured across all stages.

Among the morphological trait class, the highest heritability was
observed for width of the sixth abdominal segment (SASW) with a
mean value of 0.77 + 0.12, and the lowest estimate was reported for
claw length (CLAL) (0.01 + 0.02; Table 3). Species-specific heritability
estimates of note were seen for Pacific white shrimp where average
weighted heritability for abdominal length (AL) was in the range of

0.25 to 0.34 depending on the age of measurement, with relatively

Definition and corresponding trait

Abbreviation abbreviations®

WT Aspects of body weight of the shrimp:
AWT, BW, CWT, MY, SOW, TW.

MOR All aspects of morphological features: AL,
ASL, AW, BL, BW:BL, BWI, CAH, CAW,
CL, CLAL, CW, DC, FASL, FS, FSAD,
FSAW, HL, PCL, RC, SASL, SASW, TASD,
TL, TP.

GR Daily weight gain or difference in weight
gain after specific time period: GR.

COMP Lipid or fatty acid contents in various
body composition estimates: ET, ETL,
ETP, EV, FA, VTG.

FEED Daily feed intake and feed efficiency: DFI,
FER, RFI.

REP Various aspects of reproduction: REP_
STATUS, DO, DTFS, ED, EN, HATCH, K,
NN, NO, NS, OA, OM, SF, SS, VTG.

SUR Overall survival (%) after certain period/
treatment, or in any challenge test, any
measure of survival, including pathogenic
and environmental challenge: SUR, SUR_
TIME, SUR_TEMP.

OTHER Traits those do not fit within any of the

above trait classes: AGE_PL and YH.

*Trait abbreviations are described in Table 2a.
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higher estimates for third abdominal segment depth (TASD) at 0.30
to 0.41, 0.27 to 0.40 for first abdominal segment depth (FASD) and
0.37 for first abdominal segment width (FASW). In the same species,
average weighted heritability estimates for carapace length (CL)
were lower and ranged from 0.17 to 0.22 and higher for PCL with
estimates ranging from 0.33 to 0.42. For kuruma prawn, weighted
average heritability for AL was 0.17 + 0.01, whilst for giant fresh-
water prawn it was 0.22 + 0.01 with similar estimates for abdominal
width (AW) 0.22 + 0.01 and for carapace width (CW) 0.22 + 0.01 in
this species. All the individual estimates can be found in Appendix
S2 (Tables S1-S9).

3.1.3 | Growth rate

For growth trait class, there was only a single trait named growth
rate itself. There were altogether 28 reported estimates of heritabil-
ity for this trait. The overall heritability estimate was 0.27 + 0.01,
and estimates ranged from 0.05 to 0.84. The heritability estimate
was higher in harvest (0.45 + 0.05) and mature (0.43 + 0.03) stages
as compared to pre-harvest stage (0.16 + 0.01) (Table 4).

3.1.4 | Body composition and feed traits

There were 33 estimates of heritability reported for the traits in-
cluded in the body composition class. Overall, the heritability for
body composition was low with a mean estimate of 0.06 + 0.009
ranging from 0.001 to 0.29 (Table 3). Heritability for traits in-
cluded in this class was only recorded at harvest or mature stage
(Table 4).

Traits related to feed trait class include daily feed intake (DFI),
feeding efficiency ratio (FER) and residual feed intake (RFI). A total
of seven heritability estimates have been reported for these traits,
all of which were categorised in the pre-harvest stage class. The her-
itability estimate of the feed-related trait was high and ranged from
0.25 to 0.70 with a mean value of 0.58 + 0.07 (Table 4).

3.1.5 | Reproduction traits

The overall heritability estimate for the 14 traits included in the
reproduction class was 0.11 + 0.006 (Table 4). The highest mean
heritability estimate was observed for ovary maturity (OM)
(0.71 £ 0.26), and the lowest estimate was recorded for egg diam-
eter (ED) trait (0.001 + 0.001). All the heritability estimates in this
class were reported for the harvest and mature stages. This is likely
due to traits of reproductive performance needing to be measured
at the point of sexual maturity which for all species occurs in the
mature stage. For individual species, very few studies on reproduc-
tive traits (e.g. fecundity and reproductive status) have sufficient
replication to warrant specific mention, with the only exception
for giant freshwater prawn where a weighted average heritability

for reproductive status was 0.17 + 0.01 based on eight studies
(Appendix S2, Tables S1-S9).

3.1.6 | Survival traits

The survival trait class is comprised of traits related to survival in-
cluding, survival (SUR), survival time (SUR_TIME), survival tem-
perature (SUR_TEMP) and virus load (VL), which is measured as a
percentage of animals which have survived after experimental treat-
ments. However, we have highlighted the challenges and limitations
of conducting meta-analysis of this group of traits in the discus-
sion section. This meta-analysis included 119 measures of survival
across a number of different species. Overall, mean estimates sug-
gest heritability of this trait class is low, 0.15 + 0.003. Survival time
and survival temperature had five and one observation, respectively,
with the mean heritability estimates of 0.46 + 0.03 and 0.07 + 0.05,
respectively. Virus load had four heritability estimates with a mean
value of 0.18 + 0.01. For Pacific white shrimp, average weighted her-
itability for SUR was 0.12 + 0.004, whilst for giant freshwater prawn
it was higher in the range of 0.21 + 0.01 and highest for green tiger
prawn at 0.31 + 0.01.

3.2 | Genetic and phenotypic correlations

Weighted and unweighted correlation estimates were calculated
among each of the broad trait class, viz. weight, growth, morphomet-
ric, reproduction and survival. Weighted means were also calculated
for all traits within the same trait class and across classes, for exam-
ple morphometric traits were compared with other morphometric
traits as well as all other trait classes, including weight, reproduction,
survival and growth. The number of correlation estimates contribut-
ing to weighted mean genetic and phenotypic correlations for the
trait class pairs ranged from 2 to 217 (Table 5). There were more esti-
mates of genetic correlation than phenotypic correlation. The details
on the estimates within and across trait classes are described in the

following sections.

3.2.1 | Weight traits

There were 394 genetic and 300 phenotypic correlation estimates
reported for weight-related traits. The weighted average estimate
for genetic correlation among the traits within the weight trait class
was 0.64 + 0.01 and ranged from -0.39 to 0.99 (Table 5). There
were 47 phenotypic correlations among weight traits within the
range of -0.06 to 0.99 with a weighted average of 0.70 + 0.006.
High genetic and phenotypic correlations were found between
weight and morphological traits, with values of 0.81 + 0.002 and
0.68 + 0.002, respectively (Table 5). For weight traits, there were
negative genetic and phenotypic correlations with body composition
traits (-0.13 + 0.21 and -0.13 + 0.03 for genetic and phenotypic
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TABLE 3 Trait-wise heritability (h?) estimates pooled across nine shrimp species

Trait Abbreviation®
AWT
AWT
AWT

BW

BW

BW

BW

CWT
CWT
CWT

GR

GR

GR

GR

MY

MY

SOW
SOW
TOW
TOW

T™W

™

SUR

SUR

SUR

SUR
SUR_TEMP
SUR_TEMP
SUR_TIME
SUR_TIME
DO

DO

DTFS
DTFS

ED

ED

EN

EN

EN
HATCH

NN
NN

Stage®
Overall
Pre-harvest
Mature
Overall
Pre-harvest
Harvest
Mature
Overall
Pre-harvest
Mature
Overall
Pre-harvest
Harvest
Mature
Overall
Harvest
Overall
Pre-harvest
Overall
Pre-harvest
Overall
Harvest
Overall
Pre-harvest
Harvest
Mature
Overall
Pre-harvest
Overall
Pre-harvest
Overall
Mature
Overall
Mature
Overall
Mature
Overall
Harvest
Mature
Overall
Overall
Mature
Overall

Harvest

185
59
89
36

28
14

iy
[N

[T TN O N O NSRS IN

109

» U
o wu

P W R, R, RN R DA DNDN R NN OO R RN

Weighted h?
0.31+0.04
0.36 +0.05
0.18 + 0.06
0.30 + 0.002
0.26 +0.003
0.29 +0.005
0.35+0.01
0.33 +0.09
0.81+0.12
0.15 + 0.06
0.27 +0.01
0.16 +0.01
0.45 +0.05
0.43 +0.03
0.04 +0.02
0.04 +0.02
0.31+0.05
0.31 +0.05
0.28 +0.04
0.28 +0.04
0.38 +0.06
0.38 + 0.06
0.14 + 0.002
0.17 +0.003
0.07 + 0.004
0.10 + 0.009
0.07 +0.05
0.07 + 0.05
0.46 +0.03
0.46 +0.03
0.31+0.11
0.31+0.11
0.44 +0.12
0.41 +0.20

0.001 +0.001

0.001 + 0.001
0.17 +0.04
0.13 + 0.04
0.11 +0.07
0.18 +0.16
0.10 + 0.06
0.10 + 0.06
0.02 +0.01
0.03 +0.04
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Min
0.16
0.16
0.18
0.001
0.01
0.001
0.02
0.15
0.78
0.15
0.05
0.05
0.25
0.12
0.04
0.04
0.20
0.20
0.17
0.17
0.16
0.16
0.00
0.001
0.001
0.008
0.07
0.07
0.15
0.15
0.23
0.23
0.41
0.41
0.001
0.001
0.09
0.13
0.09
0.18
0.10
0.10
0.001
0.03

FISH and FISHERIES

=

]

Max
0.97
0.97
0.18
0.89
0.89
0.8

0.71
0.89
0.89
0.15
0.84
0.84
0.50
0.55
0.04
0.04
0.41
0.41
0.39
0.39
0.49
0.49
0.43
0.43
0.40
0.14
0.07
0.07
0.78
0.78
0.57
0.57
0.47
0.41
0.01
0.01
0.41
0.13
0.12
0.18
0.10
0.10
0.27
0.03

Unweighted
h?

0.46 +0.11
0.50 +£0.12
0.18

0.30 +0.01
0.32 +0.02
0.27 +0.01
0.34 +0.02
0.60 +0.23
0.83 +0.05
0.15

0.38 +0.04
0.36 +0.07
0.37 +0.12
0.43 £ 0.04
0.04

0.04

0.27 + 0.04
0.27 + 0.04
0.24 + 0.05
0.24 +0.05
0.32+0.16
0.32+0.16
0.11+0.01
0.16 +0.01
0.05 +0.01
0.08 +0.02
0.07

0.07
0.45+0.11
0.45 +0.11
040+0.17
040+0.17
0.44 +0.03
0.41

0.006 + 0.004
0.006 + 0.004
0.18 + 0.07
0.13

0.10 £ 0.01
0.18

0.10

0.10

0.10 + 0.08
0.03

(Continues)
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Appendix A3: Meta-Analysis of Genetic Parameters of Production Traits in Shrimp Species

1 | wiLEY

TABLE 3 (Continued)

Trait Abbreviation®
NN

NO

NO

NS

NS

OA

OA

oM

oM
REP_STATUS
REP_STATUS
SF

SF

SS

SS
AGE_PL
AGE_PL
HPV
HPV
YH

YH

AL

AL

AL

AL

ASL
ASL
ASL
AW

AW

AW

BL

BL

BL

BL
BW_BL
BW_BL
BW_BL
BWI
BWI
CAH
CAH
CAW
CAW

Stage®
Mature
Overall
Mature
Overall
Mature
Overall
Mature
Overall
Mature
Overall
Mature
Overall
Mature
Overall
Mature
Overall
Pre-harvest
Overall
Harvest
Overall
Harvest
Overall
Pre-harvest
Harvest
Mature
Overall
Pre-harvest
Harvest
Overall
Pre-harvest
Harvest
Overall
Pre-harvest
Harvest
Mature
Overall
Pre-harvest
Harvest
Overall
Harvest
Overall
Harvest
Overall

Harvest

= .

FISH and FISHERIES

e

PR R R R R R R R R 00 R R R R R R NN e

=N
o W

B, 0N P W AN G

W » ©
A NN

N N e = e = T S CRNCN

HASAN ET AL.
Unweighted
Weighted h? Min Max h?
0.001 +0.001 0.001 0.001 0.001
0.01 + 0.009 0.001 0.11 0.05 +0.05
0.01 +0.009 0.001 0.11 0.05+0.05
0.20 +0.15 0.20 0.20 0.20
0.20 +0.15 0.20 0.20 0.20
0.001 + 0.001 0.001 0.001 0.001
0.001 +0.001 0.001 0.001 0.001
0.71+£0.26 0.71 0.71 0.71
0.71 +0.26 0.71 0.71 0.71
0.17 +£0.01 0.001 0.56 0.14 +0.06
0.17 +£0.01 0.001 0.56 0.14 +0.06
0.06 +0.06 0.06 0.06 0.06
0.06 +0.06 0.06 0.06 0.06
0.37 +0.14 0.37 0.37 0.37
0.37+0.14 0.37 0.37 0.37
0.30+0.28 0.30 0.30 0.30
0.30+0.28 0.30 0.30 0.30
0.41 +0.08 0.41 0.41 0.41
0.41 +0.08 0.41 0.41 0.41
0.02 +0.01 0.02 0.02 0.02
0.02 +0.01 0.02 0.02 0.02
0.20 +0.01 0.07 0.78 0.29 +0.04
0.20 +0.01 0.07 0.78 0.31+0.05
0.19 +0.03 0.11 0.35 0.22 +0.04
0.25 +0.06 0.23 0.33 0.28 +0.05
0.35+0.04 0.28 0.42 0.34 +0.03
0.37 £ 0.04 0.28 0.42 0.37 +0.04
0.28 +0.11 0.28 0.28 0.28
0.22+0.01 0.10 0.35 0.20 +0.03
0.22 +0.01 0.10 0.35 0.20 +0.03
0.22 +0.04 0.22 0.22 0.22
0.29 + 0.006 0.07 0.86 0.34 +0.02
0.29 +0.009 0.09 0.86 0.41 +0.03
0.29 +0.007 0.07 0.46 0.27 +£0.01
0.26 +0.03 0.17 0.51 0.28 +0.04
0.42 +0.11 0.34 0.58 0.46 +0.12
0.58 +£0.20 0.58 0.58 0.58
0.34 +£0.13 0.34 0.34 0.34
0.45 +0.03 0.45 0.45 0.45
0.45+0.03 0.45 0.45 0.45
0.13+0.01 0.13 0.13 0.13
0.13+0.01 0.13 0.13 0.13
0.15+0.01 0.15 0.15 0.15
0.15+0.01 0.15 0.15 0.15
(Continues)
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Appendix A3: Meta-Analysis of Genetic Parameters of Production Traits in Shrimp Species

HASAN ET AL.

TABLE 3 (Continued)

Trait Abbreviation®
CL

CL

CL

CL
CLAL
CLAL
cw
Ccw
cw
DC
DC
FASD
FASD
FASD
FASL
FASL
FASL
FASW
FASW
FASW
FASW
FS

FS

HL

HL
PCL
PCL
PCL
RC

RC
SASL
SASL
SASW
SASW
TASD
TASD
TASD
TP

TP

TP
DFI
DFI
FER
FER

Stage®
Overall
Pre-harvest
Harvest
Mature
Overall
Harvest
Overall
Pre-harvest
Harvest
Overall
Harvest
Overall
Pre-harvest
Harvest
Overall
Pre-harvest
Harvest
Overall
Pre-harvest
Harvest
Mature
Overall
Harvest
Overall
Harvest
Overall
Pre-harvest
Harvest
Overall
Harvest
Overall
Pre-harvest
Overall
Pre-harvest
Overall
Pre-harvest
Harvest
Overall
Pre-harvest
Harvest
Overall
Pre-harvest
Overall

Pre-harvest

S

=N
NN

[ N - T SN S SN S VAN - TR SN TN NOON

=
w

N N N NN P W 00 P 0O N NMNNDND PR B 0 R VOV B P P P N Y b

Weighted h?
0.18 + 0.007
0.18 + 0.01
0.17 £ 0.009
0.20 +0.03
0.01+0.02
0.01 +0.02
0.23+0.01
0.23 +0.01
0.19 +0.03
0.18 +0.05
0.18 +0.05
0.30 +0.008
0.40 +0.02
0.27 + 0.009
0.67 +0.11
0.65 +0.12
0.89 +0.21
0.33+0.01
0.43 +0.02
0.34 +0.01
0.18 +0.05
0.03 +0.02
0.03 +0.02
0.14 +0.03
0.14 +0.03
0.37 +0.01
0.42 +0.03
0.33+0.01
0.08 +0.03
0.08 +0.03
0.70 +0.12
0.70 +0.12
0.77 £0.12
0.77 +0.12
0.32 +0.01
0.41 +0.03
0.30+0.01
0.11 +0.03
0.24 +0.11
0.09 +0.02
0.68 +0.17
0.68 +0.17
0.62 +0.17
0.62 +0.17
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Min

0.05
0.06
0.05
0.17
0.01
0.01
0.10
0.10
0.19
0.18
0.18
0.17
0.40
0.17
0.59
0.59
0.89
0.14
0.22
0.25
0.14
0.03
0.03
0.14
0.14
0.23
0.42
0.23
0.08
0.08
0.67
0.67
0.74
0.74
0.19
0.41
0.19
0.05
0.24
0.05
0.66
0.66
0.57
0.57

— 1161
FISH and FISHERIES = - ~=-2\WVAN EY¥

Max
0.59
0.59
0.26
0.25
0.01
0.01
0.94
0.94
0.19
0.18
0.18
0.41
0.40
0.41
0.89
0.74
0.89
0.97
0.97
0.43
0.35
0.03
0.03
0.14
0.14
0.42
0.42
0.42
0.08
0.08
0.74
0.74
0.82
0.82
0.42
0.41
0.42
0.24
0.24
0.12
0.69
0.69
0.68
0.68

Unweighted
h2

0.21 +0.02
0.24 +0.04
0.16 +0.03
0.20 +0.01
0.01

0.01
0.35+0.10
0.38 +0.11
0.19

0.18

0.18

0.28 +0.03
0.40

0.27 +0.03
0.74 + 0.08
0.66 +0.07
0.89

0.40 £ 0.06
0.64 +0.18
0.33 +0.02
0.24+0.1
0.03

0.03

0.14

0.14

0.32 +0.02
0.42

0.31 +0.02
0.08

0.08

0.70 £ 0.03
0.70 £ 0.03
0.78 + 0.04
0.78 + 0.04
0.30+0.03
0.41

0.28 +0.03
0.13 £ 0.05
0.24

0.08 +0.03
0.68 +0.01
0.68 +0.01
0.63 +0.05
0.63 +0.05

(Continues)
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Appendix A3: Meta-Analysis of Genetic Parameters of Production Traits in Shrimp Species

MW[ LEY— o o HASAN e
=
TABLE 3 (Continued)

Unweighted
Trait Abbreviation®  Stage? n Weighted h? Min Max h?
RFI Overall 2 0.67 +0.17 0.64 0.70 0.67 +0.03
RFI Pre-harvest 2 0.67 +0.17 0.64 0.70 0.67 +0.03
ET Overall 1 0.20+0.20 0.20 0.20 0.20
ET Mature 1 0.20 +0.20 0.20 0.20 0.20
ETL Overall 1 0.001 + 0.001 0.001 0.001 0.001
ETL Overall 1 0.001 + 0.001 0.001 0.001 0.001
ETP Overall 1 0.13 +0.23 0.13 0.13 0.13
ETP Mature 1 0.13+0.23 0.13 0.13 0.13
EV Overall 1 0.28 £0.22 0.28 0.28 0.28
EV Mature 1 0.28 +0.22 0.28 0.28 0.28
FA Overall 28 0.06 +0.01 0.001 0.19 0.07 +0.01
FA Harvest 28 0.06 + 0.01 0.001 0.19 0.07 +0.01
VL Overall 4 0.18 +0.01 0.08 0.42 0.22 +0.07
VL Pre-harvest 2 0.18 + 0.01 0.18 0.21 0.19 +0.01
VL Harvest 2 0.17 +0.16 0.08 0.42 0.25+0.17
VTG Overall 1 0.29 +0.12 0.29 0.29 0.29
VTG Mature 1 0.29 +0.12 0.29 0.29 0.29

Stages (pre-harvest = <120 days, harvest = 120-180 days and mature = >180 days), number of observations (n), weighted and unweighted
heritability estimates with minimum (Min) and maximum (Max) value of range.

®Trait abbreviations are described in Table 2a.

correlations, respectively), suggesting a potential trade-off among

these traits.

3.2.2 | Morphometric traits

A total of 450 genetic and 459 phenotypic correlation estimates
were recorded for morphological traits. A weighted average
mean for the genetic correlations among morphological traits was
0.77 + 0.003 with a range of -0.99 to 0.99 for individual estimates.
The corresponding average phenotypic correlation was 0.62 + 0.002
(range: —0.99 to 0.99). Morphological traits depicted very low phe-
notypic correlation with reproduction traits (e.g. 0.03 + 0.06 and
0.01 + 0.004 for genetic and phenotypic correlations, respectively;
Table 5).

3.2.3 | Growth, survival and reproductive traits

There were 58 genetic and 32 phenotypic correlations for growth
traits of shrimp species (Table 5). High genetic and phenotypic cor-
relation estimates were found among growth traits at 0.45 + 0.05
and 0.35 + 0.01, respectively. No phenotypic correlations were re-
ported between growth traits and any other trait classes. Genetic
correlations between traits in the growth class and reproduction
class were low (0.05 + 0.11), similarly for growth and survival
(0.17 + 0.07).

For survival traits, a total of 102 genetic and 83 phenotypic cor-
relations were recorded. The highest weighted genetic correlation
was 0.62 + 0.01 among survival traits (range: -0.99 to 0.99), whilst
the weighted average phenotypic correlation was 0.49 + 0.003
among survival traits. There were 87 reports for genetic and 56
observations for phenotypic correlations of reproductive traits.
Overall, the weighted phenotypic correlation estimate was low
(0.07 + 0.01), and similarly, genetic correlation was close to zero
among reproduction traits (0.09 + 0.09; Table 5).

3.2.4 | Correlated response among various
trait classes

In selective breeding programmes, it is important to understand how
the improvement of one trait can cause simultaneous change in other
traits. Here, we present estimates of predicted correlated responses
using the heritability and genetic correlation among different trait
classes (Table 6). As these estimates are based on an average across
traits within a trait class, the results should be considered for illustra-
tion only. The response, in standard deviation units of a correlated
trait, was calculated by multiplying the genetic correlation by the
product of the square root of the heritability estimates of both traits
and the genetic standard deviation of the correlated trait, where one
standard deviation unit of selection differential was applied on the
selected trait (Falconer, 1989). The correlated response was com-
pared to direct response in the trait under selection using the same
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Appendix A3: Meta-Analysis of Genetic Parameters of Production Traits in Shrimp Species

HASAN ET AL.

TABLE 4 Trait class-wise heritability

(h?) estimates pooled across nine shrimp . b N . 2 . U2nweighted

species Trait class Stage n Weighted h Min Max h
WT Overall 236 0.30 + 0.002 0.001 0.97 0.32+0.01
WT Pre-harvest 91 0.26 +0.002 0.01 0.97 0.35 +0.02
WT Harvest 94 0.30 + 0.005 0.001 0.80 0.28 +0.01
WT Mature 49 0.36 +0.01 0.02 0.71 0.36 +0.02
SUR Overall 119 0.15 +0.003 0.00 0.78 0.13 +0.01
SUR Pre-harvest 63 0.19 + 0.003 0.001 0.78 0.18 + 0.02
SUR Harvest 42 0.07 + 0.004 0.001 0.42 0.06 +0.01
SUR Mature 7 0.10 + 0.009 0.008 0.14 0.08 + 0.02
REP Overall 30 0.11 + 0.006 0.001 0.71 0.18 +0.03
REP Harvest 2 0.11 + 0.035 0.03 0.13 0.08 +0.05
REP Mature 24 0.09 +0.006 0.001 0.71 0.17 + 0.04
MOR Overall 213 0.26 +0.003 0.01 0.97 0.33+0.014
MOR Pre-harvest 106 0.26 +0.005 0.06 0.97 0.39 +0.024
MOR Harvest 93 0.27 +0.004 0.01 0.89 0.26 +0.013
MOR Mature 14 0.23 +0.02 0.14 0.51 0.25 +0.025
FEED Overall 0.58 +0.07 0.25 0.70 0.60 + 0.06
FEED Pre-harvest 0.58 +0.07 0.25 0.70 0.60 + 0.06
COMP Overall 33 0.06 +0.009 0.001 0.29 0.08 +0.01
COMP Harvest 28 0.06 +0.009 0.001 0.19 0.07 +0.01
COMP Mature 5 0.06 +0.025 0.001 0.29 0.18 + 0.05
OTHER Overall 3 0.16 +0.03 0.02 0.41 0.24 +0.11
OTHER Pre-harvest 1 0.30+0.28 0.30 0.30 0.30
OTHER Harvest 2 0.17 + 0.04 0.02 0.41 0.21 +0.19

Stages (pre-harvest = <120 days, harvest = 120-180 days and mature = >180 days), number
of observations (N), weighted and unweighted heritability estimates with minimum (Min) and
maximum (Max) value of range.

®The trait class abbreviations are described in Table 2b.

selection intensity. The computed estimates suggested selection on
weight traits can indirectly improve morphological traits; however, it
can only result in small changes in survival and reproductive traits.
Similarly, selection of growth traits can improve feed, reproduction
and survival traits indirectly. However, selection on weight traits can
negatively impact survival and body composition traits (Table 6).

3.3 | Trait means

There were 409 estimates for Pacific white shrimp, 90 estimates for
giant freshwater prawn, 39 for Chinese white shrimp, 17 for kuruma
prawn, 20 for black tiger prawn, 11 for banana shrimp, 10 for green
tiger prawn and 4 for Indian white prawn across 57 traits. In general,
body weight was the most frequently reported trait across the stud-
ies. The average body weight information across species suggests
that black tiger prawn are, in general, the heaviest at mature stage
as compared to the other shrimp species. Among the morphomet-
ric traits, body length (BL) is most frequently reported across the
shrimp species. The analysis revealed that banana shrimp is the long-
est with an average body length of 13.9 cm at harvest time period,

compared with more popular aquaculture species such as black tiger
prawn (9.26 cm) and Pacific white shrimp (7.96 cm). Growth rate was
measured in grams of gain per day over a specific time period. The
highest growth rate was found for the giant freshwater prawn dur-
ing the pre-harvest period with an average estimate of 0.11 g/day.
Body composition was measured mainly as per cent of fatty acid in
the haemolymph and eggs of shrimp. The average unweighted fatty
acid content was 9.43%, with a range of 0.16 to 41.03% in Pacific
white shrimp. Daily feed intake (DFI) and feed efficiency ratio (FER)
were estimated as the measures of feed efficiency. The mean un-
weighted FER was higher (0.66) in Pacific white shrimp compared
with Chinese white shrimp (0.24) in the pre-harvest stage (Dai,
Luan, Lu, Luo, Meng, et al.,, 2017). A wide range of reproductive
traits were recorded across studies at the mature stage. A condi-
tion factor (K) estimate of 1.41 was recorded at the mature stage
for Pacific white shrimp. There was one recorded measurement for
spawning frequency (this measurement is a count of how frequently
an animal spawned over a 55-day period) of 1.70 (Tan, Kong, et al.,
2017) for Pacific white shrimp. Spawning success (SS) (per cent of
females spawned) also had a single value recorded for Pacific white
shrimp at maturity of 76.11% (Tan, Kong, et al., 2017). Egg number
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Appendix A3: Meta-Analysis of Genetic Parameters of Production Traits in Shrimp Species

MW[ LEY—lib:ent FISHERIES‘_(:;; HASAN e
TABLE 5 Genetic and phenotypic correlations® among different traits classes®
Trait class Genetic Phenotypic

Trait class 1 2 n correlation Min Max n correlation Min Max
COMP COMP 159 0.07 +0.04 -0.99 0.99 6 0.01 +0.02 -0.11 0.88
COMP REP 14 0.06 +0.11 -0.82 0.99 12 -0.04 +£0.01 -0.37 0.24
COMP WT 4 -0.13+0.21 -0.72 0.14 4 -0.13+0.03 -0.19 -0.1
FEED FEED 11 0.49 +0.07 -0.76 0.86 9 0.10 + 0.01 -0.61 0.70
FEED GR 6 0.38 + 0.07 -0.01 0.85 6 0.47 +0.01 -0.007 0.81
GR GR il 0.45 + 0.05 -0.26 0.98 26 0.35+0.01 -0.22 0.98
GR REP 12 0.05+0.11 -0.48 0.63 NA NA NA NA

GR SUR 9 0.17 + 0.09 -0.02 0.46 NA NA NA NA

MOR MOR 217 0.77 +£0.003 -0.99 0.99 219 0.62 +0.002 -0.99 0.99
MOR REP 8 0.03 +0.06 -0.98 0.72 8 0.01 + 0.004 -0.77 0.30
MOR SUR 28 0.26 £0.01 -0.43 0.99 28 0.08 + 0.004 -0.17 0.41
MOR WT 197 0.81 +0.002 -0.6 0.99 204 0.68 +0.002 -0.11 0.99
REP REP 24 0.09 +0.09 -0.77 0.99 17 0.07 +£0.01 -0.30 0.85
REP SUR NA NA NA NA 2 0.01 +0.04 -0.06 0.08
REP WT 29 0.04 +0.05 -0.95 0.93 17 0.02 +0.004 -0.65 0.99
SUR SUR 65 0.62 +0.01 -0.99 0.99 25 0.49 +0.003 -0.94 0.88
SUR WT 61 -0.06 +0.02 -0.98 0.82 28 0.02 +0.005 -0.72 0.62
WT WT 103 0.64 +0.01 -0.39 0.99 47 0.70 + 0.006 -0.06 0.99

*Weighted correlation estimates.
®The trait class abbreviations are described inTable 2b

(EN) was reported for the Pacific white shrimp and black tiger prawn
species as mean counts of 116.9 and 216, respectively. A total of 82
estimates of survival traits were included in this study, 52 of which
were based on measurements taken at the pre-harvest stage, and

Q
o
& £ & 1
2 |-043| 2
0.8
” ” 2 06
04
2 2 | 047
0.2
2 | 006 | 005 |} o
-0.2
FEED 2 | 038
~04
coMP | 0.07 | 2 o8
-0.8

GR

FIGURE 1 Mean genetic correlations among different trait
classes pooled across nine shrimp species (missing values are
indicated as “?”). The trait class abbreviations are described in
Table 2b [Colour figure can be viewed at wileyonlinelibrary.com]

the remaining 30 based on measurements made in the harvest and
mature stage. The species-specific estimates of all trait means are
provided in Tables S1-S9 and individual estimates in the ShinyApp
(https://khatkar.shinyapps.io/shrimp_genetics/).

4 | DISCUSSION

This meta-analysis presents the first quantitative analysis of genetic
parameters derived from selected studies in the nine main shrimp
species farmed commercially. The 87 studies in our analysis suggest
a substantial global research effort in the genetic analysis of shrimp
species. This meta-analysis combined different published estimates
of heritability and genetic correlation for economically important
traits of farmed shrimp species and shows both the degree of con-
sensus and variability among estimates in the literature. As such,
this study provides the most complete consensus view of genetic
parameters which are critically important for genetic improvement
programmes in these farmed aquatic species.

Pacific white shrimp was the species most represented in this
study, which reflects its successful domestication and importance
in aquaculture among the commercially farmed shrimp species. A
dramatic increase in the global production of this species has been
seen in the last two decades, rising from approximately 0.1 million
tonnes in 1995 to 3 million tonnes in 2017, especially in South-East
Asia (Global Aquaculture Alliance, 2018). The need for ongoing
aquaculture development in this species led to the development of
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resource populations and increased research effort. Although black
tiger prawn is considered another important shrimp species for
aquaculture, with only 20 trait means reported, it was poorly repre-
sented when compared to Pacific white shrimp with 379 trait means
reported. This may be due to the lack of successful domestication
of this species and limited availability of resource populations for
genetic analysis.

Across all studies, body weight was the most common trait re-
ported on, followed by morphological traits, which may be due to
the ease of recording and also being the core focus in shrimp breed-
ing programmes for increased biomass production. Body weight is
important as it provides industry with a direct assessment of an an-
imal's performance and potential farm productivity (Boyd, Tucker,
McNevin, Bostick, & Clay, 2007). At present, weight is a major deter-
mining factor of price paid for stock at the farm gate. Morphometric
traits encompass the largest number of individual traits with a large
proportion (33.2%) of all heritability estimates. By contrast, repro-
duction traits, which are of considerable importance to the industry,
account for less than 4.6% of all heritability estimates. This can be
attributed to the difficulty of measuring this trait accurately, com-
bined with the challenges faced in closing the life cycle of many
shrimp species in captivity. Further explanation for the substantially
lower representation of reproductive traits in this analysis can be
found in the structure of many breeding programmes and facilities.
The housing and breeding protocols of many shrimp producers im-
pose inherent difficulties associated in obtaining the exact number
of eggs or nauplii spawned by any one dam. Genetic parameter esti-
mates for other traits of economic importance, including meat yield,
tail and carapace length, were less frequently reported despite being
influential in the profitability of shrimp farming. The increased dif-
ficulty of obtaining measurements related to these more complex
traits may be the reason that these traits are underrepresented in
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FIGURE 2 Distribution of trait class-specific heritability
estimates shown with violin plots. The trait class abbreviations
are described in Table 2b [Colour figure can be viewed at
wileyonlinelibrary.com]

,,,. 1165
FISH and FISHERIES = - = Z\WVA | LEY¥

S

the meta-analysis. The majority of reproduction traits were mea-
sured at the mature stage, whilst the majority of weight, morpho-
metric and growth traits were measured at the harvest stage, and
survival was most frequently measured at the pre-harvest stage.
Across the studies, we observed a faster growth rate for giant
freshwater prawn at the early life stage. This suggests that this
species might be preferable to culture where multiple/ crops are
targeted in a short period of time and/or in areas with restricted
growing season, for example in the temperate regions. On the other
hand, the highest average body weight, body length and growth rate
till harvest stage were found in Pacific white shrimp, suggesting the
potential for this species to provide better yields compared with the
other species. This might be the reason why this species is consid-
ered an excellent aquaculture species. However, black tiger prawn
are heaviest when they are harvested in the mature stage (Appendix
S2, Table S2), suggesting an extended culture period is needed to

gain higher weight from this species.

4.1 | Heritability estimates

This meta-analysis revealed that economically important traits, such
as body weight, length and growth among selected shrimp species,
are moderately to highly heritable. We would consider the estimates
obtained in our meta-analysis to be the norm since estimates of her-
itability for these traits are consistently high across a wide range of
species, including fish (Bolivar & Newkirk, 2002), beef cattle (Bourdon
& Brinks, 1982) and human (Yang et al., 2010). Meta-analysis stud-
ies with cattle, sheep, pig and goat also revealed moderately higher
heritability estimates of growth traits (Akanno, Schenkel, Quinton,
Friendship, & Robinson, 2013; Jembere et al., 2017; Safari, Fogarty,
& Gilmour, 2005). Most of the aquaculture species are raised in
the diverse water environments characterized by highly variable
aquatic parameters among different ponds or production units,
for example variation in temperature, salinity, pH and level of dis-
solved oxygen, which might greatly affect overall animal production
(Mengistu, Mulder, Benzie, & Komen, 2019). Moreover, due to ease
in transportation of fertilized eggs and larvae, aquaculture species
are disseminated across many locations and experience great vari-
ability in rearing conditions. These variable environmental factors
can critically impact on heritability estimates of economically impor-
tant traits (e.g. growth) of aquaculture species. However, despite the
potential impact of environmental variation, the observed medium-
to-high heritability of the growth traits suggests that there are suf-
ficient additive gene actions regulating variation of these traits. This
in turn offers great potential for selection and genetic improvement
of these traits as is discussed further below.

Heritability estimates for growth-related traits also varied
greatly among shrimp species. For banana shrimp and Pacific white
shrimp, body weight and body length were highly heritable whereas
growth rate was highly heritable in black tiger prawn, suggesting
each species may have unique attributes that can be exploited for
selective breeding (Appendix S2, Tables S1-S9).
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TABLE 6 Expected correlated response among various trait classes®

Trait Heritability Heritability Genetic correlation Correlated response Comparative performance of

Trait class 1 class 2 trait 1 (hf) trait 2 (hg) traits 1 and 2 (rg) trait 2 (CR)° indirect selection®
MOR WT 0.26 0.30 0.81 0.22 75.40%

WT MOR 0.30 0.26 0.81 0.22 87.01%

MOR SUR 0.26 0.16 0.26 0.05 33.14%

MOR REP 0.26 0.11 0.03 0.005 4.61%

WT SUR 0.30 0.16 -0.06 -0.01 -8.21%

WT COMP 0.30 0.06 -0.13 -0.01 -29.07

COMP REP 0.06 0.11 0.06 0.005 4.43%

FEED GR 0.58 0.27 0.38 0.15 55.69%

GR FEED 0.27 0.58 0.38 0.15 25.92%

GR REP 0.27 0.11 0.05 0.009 7.83%

GR SUR 0.27 0.16 0.17 0.03 22.08%

REP WT 0.11 0.30 0.04 0.007 2.42%

*The trait class abbreviations are described in Table 2b.

PCorrelated response in trait 2 with 1 SD selection differential in trait 1, that is CR, =rgxhy xh, xSD, where SD, is the SD of trait 2.

“Correlated response in trait 2 as a percentage of gain possible from direct selection for trait 2 % x100= (rgxhi/hz) x 100.
>

The heritability estimate of survival traits was low with the ex-
ception of repeated studies in green tiger prawn where the heri-
tability for survival was moderate at 0.31. Although survival traits
depicted a low heritability, they do express genetic variation which
suggests genetic improvement of this trait is feasible through selec-
tive breeding (Argue, Arce, Lotz, & Moss, 2002; Campos-Montes,
Montaldo, Martinez-Ortega, Jiménez, & Castillo-Juarez, 2013;
Zhang, Cao, Liu, Yuan, & Hu, 2017). However, heritability of survival
trait class has to be interpreted with caution and this should be con-
sidered as overall estimate. This is because survival traits are highly
heterogeneous, and the meta-analysis of survival trait class consists
of data of survival from a wide range of environmental conditions
with various biotic (e.g. pathogenic strains) and abiotic (e.g. salinity,
ammonia and temperature tolerance) conditions. This might be re-
flected through the wide range of heritability estimates of survival
traits. Heritability estimates for specific environmental conditions
were in the following ranges: commercial pond (0.00 to 0.43), tanks
(0.36 to 0.72), population density (0.22 to 0.61), hypoxia tolerance
(0.07 to 0.15), ammonia tolerance (0.13 to 0.17), salinity tolerance
(0.21 to 0.78), cold tolerance (0.019 to 0.26), WSSV resistance (0.00
to 0.17), HPV (0.41), AHPND (0.24 to 0.43) and TSV (0.07 to 0.41).
The details of individual estimates are provided in the ShinyApp
(https://khatkar.shinyapps.io/shrimp_genetics/).

Survival, which is a fitness trait, is assumed to show lower herita-
bility due to strong selection which ultimately can cause a reduction
in genetic variation. Moreover, increased environmental variability
can result in low estimates of heritability even in the presence of
significant genetic variation (Merild & Sheldon, 1999). In spite of
the importance of survival and reproductive traits, the implemen-
tation of selection for these traits in shrimp breeding programmes
is limited (Ibarra, Pérez-Rostro, Ramirez, & Ortega-Estrada, 2007;
Ibarra, Racotta, Arcos, & Palacios, 2007). Despite the limitations and

difficulty in measurement and low heritability, their high economic
importance warrants further investigation on how they can best be
incorporated in selective breeding programmes. In particular, the
use of indirect or genomic selection technologies may provide an
attractive avenue as discussed below.

Another interesting observation from our meta-analysis was that
heritability estimates for all traits showed life stage-specific varia-
tion and appear to be strongly age-dependent, with higher additive
genetic variance observed for harvest-size shrimp. Since response to
selection could vary due to animals’ life stages (Charmantier, Perrins,
McCleery, & Sheldon, 2005), age of selection could be an important
factor in the design of breeding programmes.

4.2 | Genetic and phenotypic correlation
among traits

In order to optimize and direct-controlled breeding programmes, it
is essential to understand the phenotypic, genetic and environmen-
tal correlations among important traits. A limited number of studies
report genetic and phenotypic correlations for paired trait combi-
nations in shrimp species and highlight the need for additional es-
timates to be reported on in shrimp species. Morphological traits
have more reports on correlation estimates followed by correlations
within weight, survival, growth and reproductive trait classes. In gen-
eral, genetic correlations were high between weight and morpholog-
ical traits. The genetic correlation between morphological and body
weight traits has been reported to be very high or close to unity
for several other aquatic species. For example, the genetic correla-
tion between body weight and carapace length of black tiger prawn
was 1 (Kristjansson & Arnason, 2016; Sun et al., 2015). This suggests
that these correlated traits can be improved by selecting for body
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weight. Similar to body weight traits, strong genetic and phenotypic
correlations among morphological traits were noted. This suggests
that these traits are regulated by the same set of genes and have
a high degree of autocorrelation because of the nature of physical
body measurements. Therefore, selection of one morphological trait
will lead to a change in other correlated morphological traits. In this
perspective, body condition factor (e.g. length-to-weight ratio) can
be considered to avoid selection of extreme body types, that is long
skinny versus short fat shrimp (Li, Zhou, et al., 2016).

The survival traits had low genetic and phenotypic correlations
with growth and morphological traits, whilst with body weight it was
close to zero. However, genetic correlation between survival and
growth traits has been found to be both negative and positive in
shrimp (Argue et al., 2002; Gitterle, Salte, et al., 2005; Li et al., 2015;
Moss, Moss, & Lotz, 2013; Zhang, Cao, Liu, & Yuan, 2017) and in a
range of other aquaculture species (Charo-Karisa, Rezk, Bovenhuis,
& Komen, 2005; Perry, Martyniuk, Ferguson, & Danzmann, 2005;
Zhang et al., 2014). The correlation between survival and growth
traits also varies greatly across growth phase, species, experimental
conditions and pathogens (Zhang et al., 2017). This suggests correla-
tion between survival and growth traits is species- and life stage-spe-
cific, and thus, it should be interpreted with care. Therefore, shrimp
genetic improvement programmes should consider the correlation
between growth and survival traits on an individual case basis to
design optimal breeding schemes.

Overall, our analysis of genetic correlations among different
traits suggests that the selection for higher body weight has mostly
positive or only a marginal negative impact on other traits. A multi-
trait selection index composed of the key economic traits will be the

most efficient means to bring improvement in overall profitability.

4.3 | Non-additive genetic variation in shrimp
breeding programmes

Selection is generally carried out utilizing the existence of additive
genetic variance. However, non-additive genetic effects (e.g. domi-
nance and epistasis) can have important roles in improving produc-
tion efficiency in breeding programmes. Cross-breeding can bring
complementary additive effects by crossing superior lines and can
exploit non-additive effects (dominance and epistasis), thus generat-
ing heterosis (Maluwa & Gjerde, 2006). To date, limited studies have
reported the benefits of cross-breeding to improve the yield from
the shrimp breeding programmes. Lu, Luan, Cao, Sui, et al. (2017)
documented a higher survival rate of line-crossed Pacific white
shrimp compared with the control population. Lu et al. (2016) as-
sessed the growth performance of hybrid Pacific white shrimp by
crossing several strains and revealed that 75% of hybrids have posi-
tive heterosis for harvest body weight, suggesting the possibility of
dominant gene action controlling this trait. It is expected that higher
production efficiency could be obtained by combining cross-breed-
ing and selective breeding whilst negating the negative effects of

inbreeding.
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4.4 | The social interaction and indirect genetic
effects in shrimp

Genetic effects due to social interaction (e.g. mutualism, antago-
nism, aggression, dominance and population density) have been
widely studied in animals and plants. The social interaction impact
is also evident in shrimp species. In particular, aggression and can-
nibalism are very common in shrimp (Chak, Bauer, & Thiel, 2015).
Furthermore, these behaviours become more evident when stock-
ing density is high and feeding frequency is low. Cannibalism has
been reported more frequently during moulting periods in shrimp
(Karplus, 2005). Luan et al. (2015) reported that social interaction
accounted a substantial amount of heritable variation in growth
traits in Pacific white shrimp. Dinh and Nguyen (2014) found nota-
ble differences in additive genetic variance of body weight between
morphotypes of giant freshwater shrimp. Hung, Nguyen, Hurwood,
and Mather (2014) also reported morphotypes, and reproductive
status of giant freshwater prawn had significant effects on estimates
of genetic parameters of body weight. Ellen et al. (2014) reported a
low-to-moderate heritability of between 0.1 and 0.4 for social inter-
action traits in farmed animals, suggesting possibilities of selecting
these traits for better growth and survival. Studies on the assess-
ment of social effects on economically important traits in shrimp
species are limited. Future shrimp breeding programmes should con-
sider the presence of indirect social genetic effects on the heritable

variation of target traits.

4.5 | Common environmental effects

In animal breeding, phenotypic records may be similar for envi-
ronmental reasons. This occurs when the related animals share
the same environment, for example when separate families are
raised in separate tanks. If the common environmental effects are
omitted from the statistical models, then inflated heritability esti-
mates can be obtained (Appendix S2, Figure S1) (Rutten, Komen, &
Bovenhuis, 2005). Across the literature, the common environment
effect ranged from 0.00 to 0.22, suggesting it may account for a
substantial amount of the phenotypic variation in shrimp. However,
we observed that only 29% of studies reported common environ-
ment effects. Of these, only nine studies reported that common en-
vironment effect was significant. Due to this low number reporting
common environmental effects, we were unable to include this in-
formation in our meta-analysis. In most experiments, rearing families
in separate tanks made it difficult to separate common environment
and genetic effects (Lu, Luan, Cao, Sui, et al., 2017; Sui, Luan, Luo,
Meng, Lu, et al., 2016). Overall, there is evidence that economically
important traits in shrimp are affected by common environmental
effects, and therefore, it is essential to design breeding experiments
where these effects can be accounted in the statistical models to
avoid obtaining inflated heritability estimates (Montaldo, Castillo-
Juarez, Campos-Montes, & Pérez-Enciso, 2013). Moreover, common
environmental effect can be significantly reduced by maintaining
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standardized hatchery and management practices (Trinh, Nguyen,
Nguyen, Wayne, & Nguyen, 2019). A number of studies have been
conducted in the presence of genotype-by-environment interaction
(G x E) in shrimp; however, these were not related to the impact of
G x E on the genetic parameters. Therefore, future studies should be
directed to quantify the impact of G x E on the estimates of genetic

parameters.

4.6 | Industry implications

From the meta-analyses, it is clear that growth traits are mod-
erately to highly heritable and can be selected for in a breeding
improvement programme. This is also supported by a number of
selection experiments. Hetzel, Crocos, Davis, Moore, and Preston
(2000) reported the response to selection for growth in kuruma
prawn. The average response to selection was 10.7% in a single
generation. Andriantahina, Liu, Huang, and Xiang (2012) also re-
ported a 10.7% response to selection for a growth trait in first
generation in Pacific white shrimp. Within the same species,
Preston, Crocos, Keys, Coman, and Koenig (2004) showed that,
after four generations of selection, selected shrimp were 9 to 14%
heavier than the non-selected population. Sui, Luan, Luo, Meng,
Cao, et al. (2016) evaluated the response to selection of harvest
body weight of the Chinese white shrimp. After five generations
of multi-trait selection, the accumulated realized genetic gain was
18.6%. Hung, Nguyen, Ponzoni, Hurwood, and Mather (2013) re-
ported an average selection response in body weight of 7.4% per
generation in a selected giant freshwater prawn population. Sui
et al. (2019) and Luan et al. (2012) also reported 6.6% and 14%
realized response, respectively, per generation for body weight of
giant freshwater prawn. Goyard et al. (2002) carried out a selec-
tion breeding experiment for higher growth rate of western blue
prawn and observed that after the five generations of selection,
shrimp growth rate was 21% higher than the non-selected popu-
lation (Goyard et al., 2002). Overall, the results from these stud-
ies suggest that significant genetic improvement of growth traits
can be achieved following only a few generations of selection.
Although some of the estimates of response to selection were
calculated from only one cycle of selection, this provides useful
information to predict responses up to a middle term, for example
up to five generations (Falconer, 1989). The response to selection
for survival traits has also been reported. In a multi-trait selection
breeding programme of Pacific white shrimp, Gitterle et al. (2007)
reported an average selection response per generation of 5.7%
for survival and 1.7% for traits related to WSSV resistance. After
five generations of selection, an accumulated genetic change of
8.46% was obtained for survival trait of giant freshwater prawn.
The average genetic gain per generation was low, with a value of
1.69% (Luan et al., 2012). Vu, Trong, and Nguyen (2017) reported
an 18% higher survival rate of a selected line compared with the
unselected wild stock of giant freshwater prawn species. A selec-
tive breeding experiment of Pacific white shrimp for growth and

resistance to Taura syndrome virus revealed after one generation
the selected line grew 21% faster and had an 18.4% higher survival
than the control group (Argue et al., 2002). In summary, the results
from these selection experiments are broadly consistent with the
expectation from genetic parameters and suggested that signifi-
cant improvement can be made in shrimp body size, survival and
disease resistance traits through selective breeding.

Analysis of comparative performance of indirect selection sug-
gested that selection for weight can effectively change morpho-
logical traits with an efficiency of 87% (Table 6), whereas selection
for morphological traits can be 75% efficient in changing weight
indirectly. Moreover, selection of morphological traits can improve
survival traits indirectly with an efficiency of 33% and would be
much easier to measure. However, selection for increased body
weight has shown to have a marginal positive impact on repro-
ductive traits. Direct selection on growth traits can increase feed
traits (e.g. feed conversion ration; FCR) by 26% indirectly (Table 6).
Overall, these examples suggest that morphological, weight,
growth, feeding and survival traits can be simultaneously selected
and index selection can be effective in shrimp selection breeding

programmes.

4.7 | Future directions

Large-scale phenotyping is critical for obtaining reliable estimates
of genetic parameters and implementing efficient selective breeding
programmes. This is becoming more important for the application
of genomic selection where the accuracy of models is established
on the basis of phenotyping large training populations. The manual
recording of phenotypes is error-prone and labour-intensive, and in-
duces stress to the animals in culture. High-throughput phenotyping
can enhance genetic gain within a breeding programme. Studies with
wheat breeding have shown that high-throughput phenomics can be
successfully applied to collect data from thousands of plots to un-
cover the genetic factors and increase the rate of gain for complex
traits (Singh et al., 2019). Recently, complex phenotypes have been
recorded and analysed using machine learning-based high-through-
put platform for a number of aquaculture species, for example tilapia
(Zhao et al., 2017) and salmon (Pinkiewicz, Purser, & Williams, 2011).
However, to date high-throughput phenotyping has not been em-
ployed for genetic parameter estimation and selection breeding
programmes of aquaculture species. Recent advances in phenomics,
which combine sensor and imaging technologies with artificial intel-
ligence, can help to develop systems to accurately record novel high-
throughput phenotypes for incorporation into aquaculture breeding
programmes (Zenger et al., 2018).

Access to accurate estimates of genetic parameters, in par-
ticular heritability and correlation estimates among groups of
economically important production traits, is a prerequisite for
building successful breeding programmes. Ideally, these parameter
estimates are obtained under environments in which shrimp are
selected and produced. The analysis presented in this study will
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serve as the baseline reference for genetic parameter estimates for
shrimp species which are commercially farmed. However, our anal-
ysis was greatly hindered by limited availability of comprehensive
information on the background details of the genetic parameter
studies. Therefore, we recommend that the future studies should
report the following information, at a minimum (a) breeding design,
(b) origin of the population, (c) number of samples and families
used, (d) standardized definition of traits and phenotyping proto-
cols, (e) statistical methods used for estimating genetic parameters,
(f) standard error(s), and (g) estimates of additive and residual vari-
ance-covariance components.

Most of the genetic parameter estimates are reported from the
resource population raised in hatcheries or in controlled environ-
ments. The estimates of genetic parameters and selection based on
data from commercial ponds are required to ensure that the selec-
tive breeding programmes are evaluated in the target environment.
This can be achieved by using genomic information. Selection in
breeding programmes in shrimp species is mostly based on pedi-
gree information, but see Khatkar et al. (2017); Wang, Yu, Li, Zhang,
and Xiang (2017); Wang, Yu, Yuan, et al. (2017); Wang et al. (2019),
for studies using genomic information. Availability of low-cost and
high-throughput SNP panels and incorporating whole-genome se-
lection will be of utmost importance for implementing efficient
breeding programmes (Dekkers, 2012; Zenger et al., 2018).

5 | CONCLUSION

Overall, the moderate-to-high heritability and genetic correlation
estimates for body size and growth rate recorded in this meta-
analysis suggest that there is substantial genetic variability for
economically important traits in all shrimp species studied to date,
with realistic potential for genetic improvement of these traits.
Although low heritability estimates were reported for reproduc-
tion and survival traits, there is sufficient underlying genetic
variation to suggest that selecting for improved survival and re-
production is possible. The genetic correlations among morpho-
logical, weight, growth, feeding and survival traits suggest these
traits can be simultaneously improved using index selection. This
meta-analysis identified that there is a lack of studies of several
economically important traits in shrimp species, namely disease
resistance and feed efficiency. Currently, most of the data avail-
able are from Pacific white shrimp: in future, additional data from
other shrimp species are required to gain a precise understanding
of genetic parameter estimates. The derived estimates reported in
this meta-analysis along with online ShinyApp will be an important
key reference point for designing future genomic selection pro-

grammes in shrimp species.
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Abstract

The SARS-CoV-2 epidemic has rapidly spread outside China with major outbreaks occurring in Italy, South Korea, and Iran.
Phylogenetic analyses of whole-genome sequencing data identified a distinct SARS-CoV-2 clade linked to travellers return-
ing from Iran to Australia and New Zealand. This study highlights potential viral diversity driving the epidemic in Iran, and
underscores the power of rapid genome sequencing and public data sharing to improve the detection and management of

emerging infectious diseases.
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1. Introduction

From a public health perspective, the real-time whole-genome
sequencing (WGS) of emerging viruses enables the informed de-
velopment and design of molecular diagnostic assays, and trac-
ing patterns of spread across multiple epidemiological scales
(i.e. genomic epidemiology). However, WGS capacities and data
sharing policies vary in different countries and jurisdictions,
leading to potential sampling bias due to delayed or underrepre-
sented sequencing data from some areas with substantial
SARS-CoV-2 activity. Herein, we show that the genomic analy-
ses of SARS-CoV-2 strains from Australian returned travellers
with COVID-19 disease may provide important insights into vi-
ral diversity present in regions currently lacking genomic data.

2. SARS-CoV-2 emergence and dissemination

In late December 2019, a cluster of cases of pneumonia of un-
known aetiology in Wuhan city, Hubei province, China was
reported by health authorities (Wuhan Municipal Health
Commission 2019). A novel betacoronavirus, designated SARS-
CoV-2, was identified as the causative agent (Wu et al. 2020) of
the disease now known as COVID-19, with substantial human-
to-human transmission (Lu et al. 2020). To contain a growing
epidemic, Chinese authorities implemented strict quarantine
measures in Wuhan and surrounding areas in Hubei province.
Significant delays in the global spread of the virus were
achieved, but despite these measures, cases were exported to
other countries. As of 9 March 2020, these numbered more than
100 countries, on all continents except Antarctica; the total
number of confirmed infections exceeded 110,000 and there
were nearly 4,000 deaths (Dong, Du, and Gardner 2020).
Although the majority of cases have occurred in China, major
outbreaks have also been reported in Italy, South Korea, and
Iran (World Health Organisation 2020a). Importantly, there is
widespread local transmission in multiple countries outside
China following independent importations of infection from
visitors and returned travellers.

3. WGS of SARS-CoV-2 cases in Australia and
New Zealand

Viral extracts were prepared from respiratory tract samples
where SARS-CoV-2 was detected by reverse-transcription poly-
merase chain reaction (RT-PCR) using World Health
Organisation (2020b) recommended primers and probes target-
ing the E and RdRp genes. In New South Wales (NSW), Australia,
WGS for SARS-CoV-2 was developed based on an existing
amplicon-based Illumina sequencing approach (Di Giallonardo
et al. 2018). Viral extracts were reverse transcribed with SSIV
VILO cDNA master mix and then used as input for multiple
overlapping PCR reactions (~2.5kb each) spanning the viral ge-
nome using Platinum SuperFi master mix (primers provided in
Supplementary Table S1). Amplicons were pooled equally, puri-
fied, and quantified. Nextera XT libraries were prepared and se-
quencing was performed with multiplexing on an Illumina iSeq
(300 cycle flow cell). In New Zealand, the ARTIC network proto-
col was used for WGS (Quick 2020). In short, 400-bp tiling ampli-
cons designed with Primal Scheme (Grubaugh et al. 2019a) were
used to amplify viral cDNA prepared with SuperScript III. A se-
quence library was then constructed using the Oxford NanoPore
ligation sequencing kit and sequenced on a R9.4.1 MinION flow
cell. Near-complete viral genomes were then assembled de novo
in Geneious Prime 2020.0.5 or through reference mapping with
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RAMPART V1.0.6 (Hadfield 2019) using the ARTIC network nCoV-
2019 novel coronavirus bioinformatics protocol (Loman and
Rambaut 2020). In total, 13 SARS-CoV-2 genomes were sequenced
from cases in NSW diagnosed between 24 January and 3 March
2020, as well as a single genome from the first patient in
Auckland, New Zealand sampled on 27 February 2020 (Table 1).
Australian and New Zealand sequences were aligned to global
reference strains sourced from GISAID with MAFFT (Katoh 2002)
and then compared phylogenetically using a maximum-
likelihood approach—PhyML v2.2.4 (Guindon and Gascuel 2003).

4. A distinct clade of SARS-CoV-2 identified in
travellers returned from Iran

The Australian strains of SARS-CoV-2 were dispersed across the
global SARS-CoV-2 phylogeny (Fig. 1A). The first four cases of
COVID-19 disease in NSW occurred between 24 and 26 January
2020, and these were closely related with 1-2 single nucleotide
polymorphisms (SNPs) difference to the dominant variant circu-
lating in Wuhan at the time (prototype strain MN908947/SARS-
CoV-2/Wuhan-Hu-1). As the four patients identified in this pe-
riod had recently returned from China, this region was the likely
source of infection. From 1 February 2020, travel to Australia
from mainland China was restricted to returning Australian res-
idents and their children, who were placed in home quarantine
for 14 days. Despite the intensive testing of such returning trav-
ellers, no further cases of COVID-19 were detected in NSW until
28 February 2020, when SARS-COV-2 was detected in an individ-
ual returning from Iran (NSWO05). A close contact of this individ-
ual also tested positive (NSW14) providing the first evidence of
local transmission within NSW. This was followed by further
Iran travel-linked cases in NSW (NSWO06, NSW11, NSW12, and
NSW13) and New Zealand (NZ01).

Of note, the genomes of all patients with a history of travel
to Iran were part of a monophyletic group defined by three nu-
cleotide substitutions (G1397A, T28688C, and G29742T) in the
SARS-CoV-2 genome relative to the Wuhan prototype strain
(Fig. 1B). G1397A and T28688C both occur in coding regions with
G1397A producing a non-synonymous change (V378I) in the
ORFlab-encoded non-structural protein 2 region. G29742T
occurs in the 3’-UTR. In addition to the Australian and New
Zealand strains, this clade also included a traveller who had
returned to Canada from Iran (BC_37_0-2), providing further evi-
dence of its likely link to the Iranian epidemic. Indeed, a search
of all currently available GISAID sequences and metadata
revealed no other complete genome sequences from patients
with documented history of travel to or residence in Iran (as of 9
March 2020). A search of partial sequences identified two SARS-
CoV-2 sequences which originated in Iran (413553/IRN/
Tehran15AW/2020-02-28 and 413554/IRN/Tehran9BE/2020-02-
23) spanning a 363nt region of the viral nucleoprotein (N).
Although short in length, these two sequences covered one of
the informative SNPs defining this clade—T28688C, and both
Iranian strains matched the sequences from patients with
travel histories to Iran and grouped by phylogenetic analysis
(Supplementary Figs. S1 and S2).

5. Discussion

Technological advancements and the widespread adoption of
WGS in pathogen genomics have transformed public health and
infectious disease outbreak responses (Popovich and Snitkin
2017). Previously, disease investigations often relied on the
targeted sequencing of a small locus to identify genotypes and
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Table 1. SARS-CoV-2 genomes sequenced in this study
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GISAID ID

Virus name

EPI_ISL_408976
EPI_ISL_407893
EPI_ISL_408977
EPI_ISL_413490
EPI_ISL_412975
EPI_ISL_413594
EPI_ISL_413595
EPI_ISL_413213
EPI_ISL_413214
EPI_ISL_413596
EPI_ISL_413597
EPI_ISL_413600
EPI_ISL_413598
EPI_ISL_413599

408976/Australia/Sydney-2/2020-01-22
407893/Australia/NSW01/2020-01-24
408977/Australia/Sydney-3/2020-01-25

413490/New_Zealand/01/2020-02-27

412975/Australia/NSW05/2020-02-28
413594/Australia/NSW08/2020-02-28
413595/Australia/NSW09/2020-02-28
413213/Australia/NSW06/2020-02-29
413214/Australia/NSW07/2020-02-29
413596/Australia/NSW10/2020-02-28

413597/AUS/NSW11/2020-03-02
413600/AUS/NSW14/2020-03-03
413598/AUS/NSW12/2020-03-04
413599/AUS/NSW13/2020-03-04

Location Collection date Travel history
Sydney, Australia 22 January 2020 China
Sydney, Australia 24 January 2020 China
Sydney, Australia 25 January 2020 China
Auckland, New Zealand 27 February 2020 Iran
Sydney, Australia 28February 2020 Iran
Sydney, Australia 28 February 2020 SE Asia
Sydney, Australia 28 February 2020 SE Asia
Sydney, Australia 29 February 2020 Iran
Sydney, Australia 29 February 2020 None
Sydney, Australia 1 March 2020 SE Asia
Sydney, Australia 2 March 2020 Iran
Sydney, Australia 3 March 2020 None
Sydney, Australia 4 March 2020 Iran
Sydney, Australia 4 March 2020 Iran

%
Z

G1397A
T28688C
G29742T

88

84| 413600/AUS/NSW14/2020-03-03 (contact of NSWO05)
412975/AUS/NSW05/2020-02-28 [
413490/NZD/01/2020-02-27 [
412981/CHN/Wuhan-HBCDC-HB-05/2020-01-18

69| 413214/AUS/NSW07/2020-02-29
413599/AUS/NSW13/2020-03-04 []

408482/CHN/Shandong-1VDC-SD-001/2020-01-19
413213/AUS/NSW06/2020-02-29 []
86

413597/AUS/NSW11/2020-03-02 []
e 413598/AUS/NSW12/2020-03-04 []
412965/CAN/BC_37_0-2/2020-02-16 [J

407988/SGN/3/2020-02-01

. 408481/CHN/Chongqing-IVDC-CQ-001/2020-01-18
\ 412030/CHN/Hong_Kong-VB20026565/2020-02-01

6.0E-5 6.0E-5

73] 413459/JPN/20-31-3/2020-02-20
412969/JPN/Hu_DP_Kng_19-027/2020-02-10
412968/JPN/Hu_DP_Kng_19-020/2020-02-10

O Recent travel to Iran

71 411218/FRA/IDF0571/2020-02-02

410984/FRA/IDF0515-is1/2020-01-29
8
408430/FRA/IDF0515/2020-01-29

Figure 1. Phylogenetic analysis of SARS-CoV-2 genome sequences highlighting a clade of imported cases from Iran. (A) Global diversity of circulating SARS-CoV-2
strains including Australian sequences (blue circles, n=19). The prototype strain Wuhan-Hu-1 is shown as a red circle. An emergent clade containing cases imported
from Iran is highlighted with grey shading. (B) Sub-tree showing the informative branch containing imported Iranian cases (highlighted with yellow squares) and de-
fined by substitutions at positions G1397A, T28688C, and G29742T. Node support is provided as bootstrap values of 100 replicates. For both (A) and (B), the scales are

proportional to the number of substitutions per site.

infer patterns of spread along with epidemiological data (Dudas
and Bedford 2019). As seen with the recent West African Ebola
(Dudas et al. 2017) and Zika virus epidemics (Grubaugh et al.
2018), rapid WGS significantly increases resolution of diagnosis
and surveillance thereby strengthening links between genomic,
clinical, and epidemiological data (Grenfell 2004), and poten-
tially uncovering outbreaks in unsampled locations (Grubaugh
et al. 2019b). This advance improves our understanding of path-
ogen origins and spread that ultimately lead to stronger and
more timely intervention and control measures (Grubaugh et al.
2019c¢). Following the first release of the SARS-CoV-2 genome
(Wu et al. 2020), public health and research laboratories world-
wide have rapidly shared sequences on public data repositories
such as GISAID (Shu and McCauley 2017) (n =236 genomes as of
9 March 2020) that have been used to provide near real-time
snapshots of global diversity through public analytic and visual-
ization tools (Hadfield et al. 2018).
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Although all known cases linked to Iran are contained in this
clade, it is important to note the presence of two Chinese
strains sampled during mid-January 2020 from Hubei and
Shandong provinces. It is expected that further Chinese strains
will be identified that fall in this clade, and across the entire
phylogenetic diversity of SARS-CoV-2 as this is where the out-
break started, including likely for the outbreak in Iran itself.
However, while we cannot completely discount that the cases
in Australia and New Zealand came from other sources includ-
ing China, our phylogenetic analyses, as well as epidemiological
(recent travel to Iran) and clinical data (date of symptom onset),
provide evidence that this clade of SARS-CoV-2 is directly linked
to the Iranian epidemic, from where genomic data are currently
lacking. Importantly, the seemingly multiple importations of
very closely related viruses from Iran into Australia suggest that
this diversity reflects the early stages of SARS-CoV-2 transmis-
sion within Iran.
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Supplementary data are available at Virus Evolution online.
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