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ABSTRACT

Understanding transmission direction is important for the epidemiological assessment of
infectious diseases to identify sources and risks for infection and thus implement preventative
measurements against disease acquisition. Thus, phylogenetic reconstruction methods,
which infer transmission direction using genomic data of sampled individuals, are well suited
for these investigations. Recent developments in sequencing technologies and bioinformatic
tools have streamlined phylogenetic inference in the transmission direction of human

pathogens with reduced cost and required resources.

Previous approaches to infer transmission direction have mostly relied on epidemiological
data which are time and cost intensive to follow and can lead to unreliable self-reported data
from the study participants. In outbreak settings where the transmission involves multiple
individuals such as hospital, household, and school settings, determining the source of the

infection can be difficult to disentangle in the absence of genomic data.

This PhD focuses on the capacity at which we can infer the transmission direction of
Streptococcus pneumoniae and SARS-CoV-2 using whole-genome next-generation
sequencing data from household settings with “known” transmission direction according to
the epidemiological records. In addition to highlighting the potential role of within-host genetic

diversity, in the context of Streptococcus pneumoniae co-carriage, in transmission events.

In summary, the context of Streptococcus pneumoniae, increased sequencing read lengths
and intra-host diversity, in the form of single nucleotide polymorphisms, increased our ability
to infer the correct direction of transmission. Moreover, the presence of a transmission
bottleneck can aid in identifying the source of infection. While for the SARS-CoV-2 study, the
transmission direction inferred from the genomic data suggests reclassification of the
household index case. Findings from this PhD show promising results that we can infer the
linkage and transmission direction of respiratory pathogens, Streptococcus pneumoniae and
SARS-CoV-2.
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CHAPTER 1: INTRODUCTION

1.1 A brief history of genomics
Genomics is the study of deoxyribonucleic acid (DNA) and genes and the interaction between

those genes and their environment and a DNA sequence refers to a specific order of
nucleotides in a DNA molecule. Polymerase chain reaction (PCR) was developed in 1985 to
amplify or make multiple copies of targeted DNA sequences by combining the sample DNA
with a mixture that contains nucleotides which then undergoes a process of denaturation,
annealing, and extension of the sequences via temperature-mediated reactions’. The final
PCR product is multiple copies of the targeted DNA which is ready to undergo sequencing.
Massive improvements have been made since the major breakthrough of Sanger’s first-
generation sequencing method in 19772 which has led to the automated sequencing of more
complex species in 19913, In the mid-2000s, decreased costs, increased efficiency, and
throughput data via parallelisation led to second-generation or next-generation sequencing
methods* including the 454, lon Torrent, and various lllumina platforms (Table 1). The high
throughput of short read fragments generated from second-generation sequencing methods
such as the MiSeq was ideal for studying gene expression and genotyping, however, it fell
short on full genome assemblies® due to the short sequence fragments. This led to third-
generation sequencing methods including PacBio single-molecule real-time technology and
Oxford Nanopore Technologies. Third-generation, compared to previous ones, does not
require an amplification step and thus can produce much longer reads at the cost of read depth

e.g. fewer number of sequences for specific regions on the genome (Table 2).

Table 1. Comparison of various second-generation sequencing platforms (from Kang et al.®)

Instrument 454 series Ion Torrent MiSeq series NextSeq series HiSeq X series ~ NovaSeq series
Amplification ~ Emulsion PCRon Emulsion PCR on Solid-phase bridge Solid-phase bridge Solid-phase bridge Solid-phase bridge
method based based amplification amplification amplification amplification
Sequencing Pyn . Semiconductor Sequencing by Sequencing by Sequencing by Sequencing by
ncin;

mechanism osequencing sequencing synthesis synthesis synthesis synthesis
Run time 10-23h 2-8h 4-55h 12-30h <3d 16-44h
Maxi

um 700 Mb 15Gb 15Gb 120 Gb 1,800 Gb 6,000 Gb
Output
Maxi
R dsn;“;an 1Mb 80 Mb 25 million 400 million 6 billion 20 billion
Maxi Read
lengt}‘:m Upto1000bp  200-400 bp 2 %300 bp 2% 150 bp 2% 150 bp 2% 150 bp
Error profile 1%, Indel 1%, Indel 0.1%, substitution 0.1%, substitution 0.1%, substitution 0.1%, substitution
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Table 2. Comparison of various third-generation sequencing platforms (from Kang et al.®)

Instrument PacBioRS I PacBio Sequel MinION GridION
Sequencing mechanism Single molecule real time - Single molecule real time Nanopore sequencing Nanopore sequencing
(SMRT) (SMRT)
Run time 2h Upto20h 12-48h 12-48h
Maximum output 500Mb-1Gb 35-7Gb 10-20Gb 50-100 Gb
Maximum reads per run - 55,000 -350,000 >100,000 > 500,000
Maximum read length -20kb 8-12kb Up to 100 kb Up to 100 kb
10 - 15% single pass, 10 - 15% single pass,
Error profile <1%circular consensus < 1% circular consensus - 12%, Indel - 12%, Indel
read, Indel read, Indel

First-generation sequencing methods resulted in the first organism to be fully sequenced,
Haemophilus influenzae® in 1995 with 1.8 million base pairs (bp) followed by Saccharomyces
cerevisiae’ in the subsequent year with 12 million base pairs. The Human Genome Project
was initiated in 1990 and the first draft of the entire human genome was published using next-
generation sequencing methods in 2000® which has revolutionised our understanding of
biology, human genetics, and infectious diseases. Since then, genome sequencing has had
an important role across various studies including comparative and functional genomics,
environmental studies, and public health. Further, the improvements to sequencing
technologies have been fundamental to researchers and have made genome research more
accessible globally with the caveat that high-resource countries having the most access® while
the equity gap is currently being addressed for low-resource areas that are

underrepresented'®.

1.2 Role of pathogen genomics in public health
Pathogen genomics has become more prevalent with the advent of affordable, rapid whole-

genome sequencing (WGS) data that provides an additional level of detail and thus impacts
the development of diagnostics, vaccines, therapies, and strategies for disease control.
Currently, there are over 93 million bacterial sequences that are publicly available on the
National Center for Biotechnology Information GenBank Database and over 15 million SARS-
CoV-2 sequences on the Global Initiative on Sharing All Influenza Data (GISAID database)"".
Some of its vast utilities include molecular epidemiology techniques that have allowed us to
rapidly and effectively detect and characterize pathogens using genotyping tools which in turn,
can improve outbreak response times and surveillance of circulating strains'. Additionally,
sequencing data can provide information on phenotypic traits including antigenic type'® and

antimicrobial resistance profiles™.


https://www.zotero.org/google-docs/?akuaAx
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https://www.zotero.org/google-docs/?GHeDxr

With the decreased cost of high-throughput methods, deep sequencing provides a new level
of insight into infectious diseases that were not previously possible with consensus
sequencing. Consensus sequences focus on the representative base at a particular position
taking into account the quality of the base call while deep sequences (e.g. MiSeq) produce a
large volume of short sequence reads in fragments which allows the identification of minor
mutations and detection of multiple strains'® and quasispecies of the same pathogen during
infection®. Detection of accumulated mutations over time via sequencing data in combination
with epidemiological data can provide insight into communicable diseases including respiratory
pathogens’ origins, transmission routes, and evolutionary changes in the absence and
presence of vaccines. Mutations accumulate in an organism’s genome which is then passed
on to the offspring allowing identification of related genomes. Additionally, in conjunction with
temporal and spatial metadata, the clonality of sampled pathogen genomes can also help
determine if cases are linked to an outbreak' or not'. Integrating this information into

epidemiological models can inform epidemic growth rates and reproductive numbers'®.

1.3 Detection of linked infection or transmission clusters
Linkage or cluster of related infections can shed light on recent outbreaks or transmission

events. To elucidate linked infections and then who infected whom, samples from an infected
population are sequenced, then the sequences undergo phylogenetic reconstruction®, then
clusters of closely related sequences are identified, and then inference on transmission
direction is validated against the epidemiological data. Phylogenetic reconstruction is well
suited to infer linkage amongst isolates of related sequences by assessing the accumulated
mutations between the transmission source and recipient e.g. nucleotide substitutions and can
be measured using a distance-based or subtree-based method (Figure 1). The distance-based
method measures the genetic distance or divergence that two sequences have relative to their
common ancestor. Divergence can be calculated from the pairwise distance of the two
sequences which is calculated as a percentage of matching nucleotides over the total number
of aligned nucleotides. Alternatively, linkage can be detected using a phylogeny, which
represents the evolutionary relationship among pathogens of sampled individuals (tips of the
tree) and their unsampled common ancestors (internal nodes of the tree) using the patristic
distance which is a measurement of branch lengths between two tips on the tree. The threshold
defining linkage or cluster is variable and can be set for both pairwise and patristic distance

calculations?".

The subtree-based method can be a portion of the phylogeny or clusters of tips that is defined
by the demographics of the individuals represented by that particular portion e.g. geographical

or risk groups. Alternatively, subtree-based clustering can be derived from a portion of the tree
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that is within an assigned bootstrap support value which is the confidence value assigned to a
branch on the tree®?. The distance-based clustering methods, pairwise and patristic, can be
computed rapidly, while the subtree-based clustering method is more computationally
intensive due to the bootstrapping step where phylogenies are generated from sampling
columns of the multiple sequence alignment with replacement meaning the same columns can

be sampled more than once or not at all.

More information on limitations with linkage detection is in “ldentifying transmission pairs”.

Cluster Picker

Ragonnet-Cronin et al. 2013

——I Bootstrap + branch lengths |

bootstrap Hue et al. 2004;
chaldiack —-{ Bootstrap subtrees E.r ser?:re;f;fé 0210(;)7;
patristic Yerly et al. 2001
subtrees PhyioPar

labels Prosperi et al. 2011

—| Label-based subtrees I
Hue et al. 2005; Kouyos et al. 2010; Hughes et al. 2009

trees —
——I Patristic distances I

Poon et al. 2015, 2016 Balfe et al. 1990;

| = — Aldous et al. 2012;
| Pairwise genetic distances I Wertheim et al. 2013

genetic Gap Procedure

distances Vrbik et al. 2015

—[ Threshold bootstrap I
Prosperi et al. 2010

Figure 1. “A hierarchical clustering dendrogram of nonparametric genetic clustering methods.
This dendrogram was generated from a binary character state matrix that encodes ten different
features for nine categories of nonparametric methods. Internal nodes of the dendrogram are
labelled with features that distinguish the categories below the node. Each category is
annotated with a small number of citations to publications that either describe the method or
provide examples of its usage; these are not meant to be exhaustive lists.” (Figure adapted
from Poon (2016) (CC BY 4.0).%2
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Figure 2. A) A basic phylogenetic tree with consensus sequences from individuals (A, B, C, D,
E) located on the terminal branches of the tree and horizontal black lines represents the branch
length or differences between samples. The internal nodes represent the common ancestry
e.g. the two green internal nodes represent the common ancestors for A and B, and C and D,
while the yellow internal node represents the common ancestors for A, B, C, and D which forms
a cluster of four individuals. Lastly, the orange internal node represents the common ancestors
for all the samples. The common ancestors can be inferred from tree reconstruction using
distance-based methods, maximum likelihood, or Bayesian methods. B) A phylogenetic tree
representing within-host sequences for individuals A and B only where individual A has four

reads and individual B has two reads.

1.4 Transmission directionality in epidemiological studies
Methods to describe temporal or spatial clusters of closely related infection can only describe

individuals at risk of disease acquisition without any additional information on directionality and
thus factors associated with individuals contributing to ongoing spread and ongoing
acquisition. Directionality plays an important role in the epidemiological assessment of
infectious diseases to identify the sources and risks for infection and thus implement
preventative measurements against disease acquisition which has been successful for

24-26

investigating HIV in public health settings

1.4.1 Current approaches to investigate directionality
Current approaches to detect transmission direction between individuals include using i)

contact tracing data, ii) spatial or temporal inference, iii) phylogenetic reconstruction using
pathogen genomes, or iv) a combination of either three?’. Contact tracing data including the
time of symptom onset can aid in identifying the source and recipient of the infection, however,
these inferred directions can be undermined by pre-symptomatic and asymptomatic cases®® in
addition to being costly and time-consuming. Alternatively, transmission chains can be
elucidated from temporal data such as their symptom onsets to infer the probability that the
recipient has been infected by the source given their time interval and duration of the infectious

period of the pathogen of interest while accounting for missing and erroneous data®®. A

10
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phylogenetic approach, using pathogen sequences, can aid in identifying more closely related
pathogens than what would be expected by chance. However, this method can overlook the
complexities of transmission chains including a cluster of tips that can represent multiple
transmission scenarios and branching events that do not necessarily represent a transmission
event® (Figure 2). Despite these limitations, the use of deep sequencing data from next-

31-33 can be

generation sequencing (NGS) methods to detect intra-host genetic diversity
valuable in inferring transmission direction due to the ease of cross-sectional sample collection

and widely adopted NGS data in research settings.

Previous approaches to infer transmission direction have mostly relied on epidemiological data
which are time and cost intensive to follow and can lead to unreliable self-reported data from
the study participants. Self-reported data can be affected by social desirability bias when the
questionnaire asks about sensitive topics such as sexual partners. For example, in settings
where there is a stigma associated with homosexuality, participants with HIV would report
being heterosexual despite the phylogenetic data showing evidence of potential non-disclosed

3435 which would have public health implications on interventions. Self-

same-sex behaviour
reported data can also be affected by recall bias where the participant's ability to recall past
events can be unreliable such as the date of symptom onset and thus leading to unreliable
classification of the source and recipient in the transmission pair®®. In outbreak settings where
the transmission involves multiple individuals such as within hospital, household, and school
settings, determining the source of the infection can be difficult to disentangle in the absence
of genomic data®” due to a lack of evidence that could link patients to the outbreak. Recent
developments in sequencing technologies and bioinformatic tools have streamlined the
phylogenetic inference in the transmission direction of human pathogens with reduced cost

and required resources.

The majority of phylogenetic reconstruction tools have been developed to study fast-evolving
viral pathogens including human immunodeficiency viruses (HIV), hepatitis C virus, and

Dengue3®°

where even a small portion of their genomes can accumulate sufficient mutations
over a few months to inform phylogenetic inferences. Both HIV and hepatitis C viruses are ~10
kbp long and accumulate mutations between 10 and 10~° substitutions/site/replication
cycle*'. Our ability to improve inference accuracy is observable from two studies using the
same cohort, Rose et al. and Zhang et al. who inferred directionality among HIV-infected
partners with epidemiological support for directionality*>*®. The increased accuracy by Zhang
et al. compared to Rose et al. can be attributed to higher sequencing depth in addition to
longer reads. The increased sequencing depth would increase the phylogenetic genetic signal

by detecting minor variations from the between- and within-host genomes. While the longer

11
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read fragments would aid in the genome assembly and thus provide more robust genomes
additionally capturing more mutations on a single read resulting in more robust tree
reconstruction. This suggests increasing the depth and/or read lengths could potentially

increase the phylogenetic signals in inferring the transmission direction.

1.4.2 Ancestral state reconstruction for inferring directionality
Until the development of Phyloscanner, most of the available tools for phylogenetic inference

lacked sufficient sensitivity to infer the direction of transmission. There are insufficient
variations at the consensus genome level between transmission pairs to detect within-host
diversity. Phyloscanner automates the phylogenetic analysis of next-generation sequencing
short reads to detect the transmission direction, presence of multiple infections, recombination,

and contamination for both viruses and bacterial sequencing data®.

In Phyloscanner, directionality is determined from phylogenetic tree reconstruction for each of
a set of sliding windows across an alignment of the generated reads (Figure 3) and the
ancestral state at the root of the phylogeny (either the source or the recipient of the infection)
is determined for each of the trees (subtrees) using the concepts proposed by Romero-
Severson et al.**. For each of the phylogenies reconstructed, the source of the infection is
determined through a modified maximum-parsimony framework, where the most likely identity

of the paired member is inferred at each node.
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Figure 3. “Phyloscanner schematic for whole-genome deep sequence data. In this schematic,
pathogens are sampled from the population infecting three hosts. NGS deep sequencing
produces reads, which are fragments of the genome sequence of one pathogen particle (after
amplification if necessary). Mapping to a reference means aligning each read to the
appropriate location in the genome; this must be done beforehand, as mapped reads are the

inputs to phyloscanner. Phyloscanner produces alignments of reads in sliding windows along

12
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the genome, automatically adjusting for the fact that the reference may be different for each
sample. Phylogenies are inferred for each alignment. These phylogenies are analysed
separately using ancestral host-state reconstruction (e.g., assigning hosts to internal nodes),
and their information is combined to give biologically and epidemiologically meaningful
summaries. For example, here, we infer that the red individual infected the blue individual
directly or indirectly, and the green individual has two distinct pathogen strains.”(Figure
adapted from Wymant (2018) (CC BY 4.0).%*

Based on the topology and ancestral reconstruction, each subtree is classified as one of the
following three relationships based on the subgraphs which are defined as the connected
regions of the tree with the same host state: (i) single ancestry, where the subgraphs, form a
paraphyletic (source) - monophyletic (recipient) relationship, (ii) equivocal, where the source
and recipient subgraphs form dual monophyletic groups and thus the direction of infection is
unclear, (iii) complex is where the subgraphs form paraphyletic - paraphyletic groups where
the ancestral state is assigned to both the source and recipient depending on the subgraph
(Figure 4). The subtrees or relationships are then aggregated and the one that occurs the most
often is the most likely overall scenario for the individuals analysed and the amount of support
for alternative relationships indicates the robustness of the inference. This approach minimizes
the effects of random reconstruction errors that could have been introduced from

contamination or sequencing methods.

equivocal

MM
consistent inconsistent
PM
equivocal consistent inconsistent
PP

AAAA

Figure 4. Classes of topological signal. When one host (red) is epidemiologically linked to
another host (blue), the resulting virus populations upon sampling may relate to each other

such that both populations are monophyletic (MM), or one is paraphyletic and the other

13
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monophyletic (PM), or one is paraphyletic and the other polyphyletic relative to the other (PP).
If the red host was infected first, the deduced root label of the phylogeny may be equivocal
(the root node could be assigned to either host), consistent (correct root assignment in direct
or indirect transmission cases), or inconsistent (incorrect root assignment in direct or indirect

transmission cases).” (Figure adapted from Romero-Severson (2016) (CC BY 4.0).4

The capacity to answer who infected whom using phylogenetics is limited by various factors in
the data acquisition and parameters in the data inference. Factors include imperfect sampling
such as not sampling the direct transmission pair; sequencing of the pathogen including not

capturing sufficient intra-host diversity*®.

1.4.3 Implications of transmission bottleneck on inferring directionality
The transmission bottleneck, which refers to the amount of pathogen genetic diversity that is

passed from the source to the recipient of the infection, has been proven to be difficult to
estimate particularly among respiratory pathogens (Figure 5). This difficulty is due to variability
in transmissibility and modes of transmission e.g. through direct physical contact, indirect
physical contact, large droplets, or aerosols. An estimated 1-3 distinct viral particles are
transmitted amongst both influenza and SARS-CoV-2 infections*® and a single particle is
sufficient to initiate a new infection*’. A narrow bottleneck reduces the amount of genetic
information that is present in the recipient*®, there needs to be a wide bottleneck to be able to
detect an adequate amount of within-host genetic diversity to assess both transmission linkage
and direction of infection®®. If the bottleneck is too narrow, the bacterial population between
linked individuals will be homogenous and if it is too large, the source and recipient will share
the same distribution of mutations. For example, the transmission of influenza A virus, a
respiratory pathogen, is affected by the mode of transmission; a narrow bottleneck would result
in a reduction in the recipient within-host diversity but a wide bottleneck would result in

increased diversity and potential acquisition of drug-resistant viruses®*®".
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Figure 5. “The horizontal transmission model. Starting with a population of n newly infected

hosts, the transmission cycle proceeds as follows. (1) Within each host, the virus undergoes t
periods of intrahost process of replication and mutation. (2) Hosts carrying mature virus
populations release viral particles into the environment. In this model, all hosts contribute viral
particles, in proportion to their viral titer, to a common pool (e.g., a host carrying twice as many
virions as a second host contributes twice as many viral particles to the common pool). (3)
Susceptible hosts are infected by b viral particles drawn at random from this common pool,
thereby generating a new set of newly infected hosts.” (Figure adapted from Bergstrom (1999)
(CC BY 4.0).%

1.5 Limitations when inferring the directionality of bacterial infections
1.5.1 Identifying transmission pairs

Determining linked infections is the first step in phylogenetic inference and understanding the
evolutionary rates of the bacterial genome plays an important role in identifying putative
transmission pairs. The evolutionary rate of bacteria is relatively slow compared to fast-
evolving RNA viruses, between 10 to 107 substitutions/site/year*’, with bacteria evolving
between 107 to 10 nucleotide substitutions/site/year. Further, the estimated rate negatively
correlates with the sampling time frame e.g. estimates over a short period such as outbreak
data will contain more deleterious mutations and would inflate the overall long-term

evolutionary rate®.

The slow mutation rate of bacteria has implications for determining transmission linkage and
how much genetic differences are allowed within the transmission model to determine if two
individuals are directly linked. No or low genetic difference between two pathogens sampled
from an infected population is indicative of potential recent transmission, however, bacterial
genomes tend to have low genetic diversity at the population level due to slow evolutionary
changes and large genomes compared to viruses. More specifically, the mutations that are

observed are generally dispersed along the large genome thus there are only a few regions

15


https://www.zotero.org/google-docs/?AhP5rN
https://www.zotero.org/google-docs/?6ehDbX
https://www.zotero.org/google-docs/?2PVjva

that are conserved and hypervariable. The 16S rRNA region is one of the few which contains
approximately 1,550 base pairs across the nine regions®® and while this region is suitable for
identifying strains and taxa, it lacks the resolution and accuracy in comparison to WGS for
phylogenetic inference. While investigating direct transmission linkage, the number of
mutations from suspected linked individuals should be distinguishable e.g. form independent
clusters from randomly paired individuals®*, however, the definition of linkage is subjective and
there are currently no formal guidelines on clustering criteria®. More specifically, pairwise and
patristic distance thresholds and bootstrap support values are subjective and dependent on

the pathogen of interest.

1.5.2 Limited within-host diversity
Bacterial genome structures can be broadly categorised as i) closed or specialist or ii) open or

generalist which is reflective of the ecological niches and selective pressures in which the
bacteria has evolved®®. Additionally, bacterial genomes are comprised of three components i)
the core genome which refers to the portion of the genome that is under purifying selection,
the removal of harmful mutations over time, and contains the conserved functions of the
bacteria, ii) the accessory genome which refers to the complement genes that is not a part of
the core genome, and iii) pangenome is the full complement genes found within a bacterial
population®®. The proportion of the three genome components will vary depending on if the
bacteria is a specialist, which will generally have a proportionally larger core genome, or a

generalist, which will generally have a proportionally smaller core genome®.

The current standard approach for bacterial phylogenetics is to analyse the core genome using
single-nucleotide polymorphisms (SNP). However, the bacterial core genome tends to be
between 10° and 107 base pairs long while most viruses rarely exceed 10° base pairs®’. In
conjunction with slow rates of evolution, this results in mutations that are sparsely distributed
across the genome reducing population diversity compared to most viruses. Current standard
sequencing methods primarily focus on targeted amplicon sequencing such as 16S-23S rRNA
region for bacterial genomic data analysis which lacks sufficient diversity signal for
phylogenetic analysis. The whole-genome sequencing approach is better able to characterise
bacteria genotypes and phenotypes and provide insight into antimicrobial resistance® because
it provides more information than targeted gene sequencing. Subsequently, it is better
equipped to identify linked infections in a population of homogenous genotype infections
compared to sequencing only a portion of the genome. While the lack of standardisation has
been previously flagged in genomic analysis®®, we are still far from streamlining the analysis of

bacterial whole-genome sequencing®.
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The inability to account for within-host diversity at the sampling sites such as the upper
respiratory tract can lead to inaccurate inference on transmission directionality*®. There is a
large overlap at the consensus genome level of infected individuals making source
identification difficult. The pathogen population infecting an individual can be genetically
diverse at the time of infection, if containing multiple strains or variants, and can further
diversify due to within-host selective pressures*®. The within-host population dynamic is then
maintained through natural selection, genetic drift, and changing population size®'. Ancestral
state reconstruction using next-generation sequencing data is suited to capture the within-host

genetic population improving the transmission inference®.

1.5.3 Recombination
Exchanging genetic material via recombination is fundamental to bacterial evolution and

adaptation which results in mosaic genomes where the components exhibit different
evolutionary histories. Bacteria can acquire antibiotic resistance genes and virulence traits
through horizontal gene transfer and homologous recombination including antiphagocytic

62-64

properties, adherence factors, invasion genes, and host-defence evasion , resulting in new

6566 Recombination events are important to better

pathogenic strains and serotypes
understand pathogen evolution and there is a considerable amount of interest in detecting

recombinant events®’.

Recombined pathogen genomes violate the assumptions of tree reconstruction that isolates
share only one ancestor, therefore, recombinant genomes are often discarded in phylogenetic
studies, despite their potential role in a better understanding of the pathogen’s molecular
evolution®®. Tree reconstruction is impacted by strong selective pressures resulting in biased
exchanges of DNA®, therefore highly conserved genes that evolve under high selective
pressure might be good candidates for tree reconstruction’®. Recombination Detection
Programs (RDP), including RDP4 and RDP5’'"2 are able to detect and characterise
recombination events by identifying potential recombination breakpoints, regions with different
phylogenetic relationships from a multiple sequence alignment then statistically test the
significance of the changes’. One approach to handle recombinant events is to partition the
data into genomic regions of recombination or non-recombination and apply different
evolutionary models to each partition or implement a step-by-step approach as proposed by

Didelot et al. by constructing dated phylogenies that account for recombination’.

1.6 Introducing Streptococcus pneumoniae
Streptococcus pneumoniae (pneumococcus) is an opportunistic Gram-positive bacterium that

asymptomatically colonises the human upper respiratory tract. Pneumococcus is considered
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invasive when it proliferates to other areas of the respiratory tract or aspirates to sterile body
fluids, which can lead to invasive pneumococcal diseases (IPD) including pneumonia or
meningitis’®. Pneumococcal disease contributes substantially to worldwide morbidity and
mortality amongst young children (1 to 5 years old), older adults, and immunocompromised
individuals™®. Children are more likely to acquire pneumococci compared to adults’’. Moreover,
pneumococcal disease is one of the largest contributors to mortality amongst children less
than five years old (Figure 6)"87°.
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Figure 6. “Pneumococcal deaths in children aged 1-59 months per 100 000 children younger
than 5 years (HIV-negative pneumococcal deaths only). The boundaries shown and the
designations used on this map do not imply the expression of any opinion by WHO concerning
the legal status of any country, territory, city, or area, or of its authorities, or concerning the
delimitation of its frontiers or boundaries. Dotted lines on maps represent approximate border
lines for which there may not yet be full agreement.”(Figure adapted from O’Brien (2009) (CC
BY 4.0).”

1.6.1 Pneumococcal colonisation
Pneumococcal colonisation is a prerequisite for IPD. Pneumococci can colonise children within

the first days of birth and carriage is typically higher amongst children in lower-resource
settings’®®. Child carriage rates in high-income settings are between 25% to 50% while in low-
to middle-income settings rates are between 20% to 90%®'. Colonisation is usually dominated
by a single serotype; however, multiple serotype colonisation has been previously observed®?.
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Moreover, carriage rates can vary by demographics such as age, household settings, and

presence/absence of upper respiratory infection’®8384

. Carriage duration also differs for
children (weeks) compared to adults (months)®®. Further, the duration of carriage amongst
children can vary by serotype such as 28 days for serotype 20 and up to 124 days for serotype

6 A86—88.

1.6.2 Transmission
The pneumococcus is a commensal inhabitant of healthy individuals’ nasopharynx and upper

respiratory tract, however, there have been previous reports of outbreaks in certain
settings®®®°. There is also evidence children could be possible pneumococcal reservoirs during
outbreaks®'. The main route of transmission is predominantly through direct contact with
contaminated respiratory secretion between members within the same house, infants, and
children®®. The primary source of transmission is from the nasopharynx mostly via aerosol®?
and less frequently through fomites®® to another individual’'s nasopharynx. While
pneumococcus can be detected in other parts of the body including blood, urine, and
cerebrospinal fluid,* they are an unlikely transmission source that would seed an infection in
the recipient's nasopharynx. A study revealed an association between increased carriage
prevalence and ethnicity which was a result of heightened transmission due to a higher
frequency of physical contact®. Other studies have determined young children were the main
source of transmission®®*’. Young children contribute substantially to ongoing transmission
highlighting the importance of high pneumococcal conjugate vaccine (PCV) coverage to induce

herd protection against vaccine type Streptococcus pneumoniae.

1.6.3 Invasive pneumococcal disease
IPD is defined by the isolation of pneumococcus from a sterile site including the inner ear,

blood, and central nervous system which could lead to pneumonia, bacteraemia, and
meningitis®®. Similarly to carriage rates, disease outcome is also dependent on age, genetic
background, socio-demographics, and immune status®. For children in lower- to middle-
income settings, the higher risk of childhood pneumonia is increased amongst those who are
malnourished, immunocompromised, and those who have been exposed to tobacco smoke or

other air pollutants'®.

There is a heightened risk of IPD for children, the elderly, and people with underlying
comorbidities®”. Other studies have suggested infection with other respiratory viruses can
increase pneumococcal infection'®''% More specifically, Wolter et al. observed respiratory

viruses were associated with increased colonisation density, and thus IPD'% while Launes et
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al. reported that nearly half of the children with IPD were also co-infected with respiratory

viruses'%",

1.6.4 Pneumococcal serotypes and their global distribution
Most pneumococci are encapsulated with a complex polysaccharide that contributes to their

virulence and pathogenicity'®. Previous findings demonstrate serotypes with thicker capsules
are associated with increased mortality'%'%. The capsule polysaccharide locus (cps) encodes
for the capsule biosynthesis gene cluster. All typeable Streptococcus pneumoniae are

107,108 and there are

characterised by the cps locus which is flanked by the dexB and aliA genes
currently more than 100 different pneumococcal serotypes identified'®. The Global
Pneumococcal Sequencing project has provided surveillance and insight into circulating
pneumococcal strains and a better understanding of the impact of vaccines''® with the potential
to forecast emerging strains enabling interventions. A systematic review of countries that have
already introduced PCV reported, overall, non-PCV13 serotypes contribute to 42% of

childhood IPD cases in descending order 22F, 12F, 33F, 24F, 15C, 15B, 23B, 10A, and 38"

Serotyping relies on the capsule region and a complete or partial deletion of the cps results in
defective capsules, thus do not have evidence of capsule expression or possess a capsule for
which there are no current typing antisera and are categorised as non-typeable (NT)'2113 A
previous study demonstrated a single-point mutation in the wchA gene resulted in serotype
change from 7F to NT'"“. Isolate classified as NT could be due to current tools only being
limited to serotyping based on the capsular protein or the limitation of the currently available
antisera. Following the introduction of PCV in the early 2000s, a study revealed an increase in
NT pneumococcal isolates from 1.5% in 2001 to 5.6% in 2006''°. Moreover, carriage of non-
typeable pneumococcal isolates has predisposed those who develop infectious conjunctivitis

and IPD"6"7,

1.6.5 Pneumococcal conjugate vaccines and potential impact on transmission
The diversity of pneumococcus is based on the capsular polysaccharides and is the basis of

pneumococcal vaccines'”’. The current vaccines against Streptococcus pneumoniae on the
market include the 23-valent pneumococcal polysaccharide-based vaccine (PPV23) and three
polysaccharide-protein conjugate vaccines (PCV13, PCV15, PCV20) where PCV13 is
recommended for children under 5 years old and PCV15 or PCV20 for adults over 65 years
old"®. Indirect protection can be established by reducing vaccine-type carriage by vaccinating
thus mitigating onward spread’'®-'?2. Routine infant PCV vaccination in high-income countries

123-

has greatly reduced carriage and IPD of vaccine serotypes'®'?5, PCVs are effective in

reducing pneumococcal disease but they are costly and not effective against emerging non-
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vaccine types'?®'?’. There has been serotype replacement as a result of types that are not

included in the current vaccines within vaccinated communities'?~

130 Moreover, capsular
switching is a recombination event of large DNA fragments usually including the capsular gene

resulting in a different serotype'°. Both events do limit overall vaccine effectiveness.

Despite the financial aid from the Global Vaccine Alliance (GAVI) to support the uptake of PCV
in many low-income countries, the cost associated with either of the World Health Organisation
(WHOQO) recommended 3-dose schedule is still a barrier to PCV uptake in middle-income
countries who are not able to receive support from GAVI despite the countries’ limited
resources'?®'31132 One potential approach in ameliorating these costs is to reduce the number
of PCV from 3 to 2 doses'*"** and a better understanding of pneumococcal transmission

dynamics can aid vaccination strategies without compromising herd immunity.

1.6.6 Introducing co-carriage and its potential role in transmission dynamics
While most bacterial carriage is dominated by a single strain, multi-strain carriage is frequently

observed among carriers of Streptococcus pneumoniae®. Multiple carriage can promote
recombination such as acquiring genetic elements from other microbes through
transformation. Pneumococci is highly transformable and can recombine at the cps locus
resulting in a different serotype also known as serotyping switching and this could aid in
vaccine escape'® and contribute to its pathogenicity'*'%. Carriage with multiple sequence
types can increase the within-host bacteria diversity, however, inferring the transmission
direction in the presence of a strong transmission bottleneck where a single strain is
transmitted from the source to the recipient can be difficult due to potential unsampled lineages
from either the source or recipient®'. To mitigate this limitation, adequate sampling at the
collection and sequencing steps would be needed for both the source and recipient of the
transmission. Carriage of multiple unique pneumococcal strains is common in settings with
high carriage prevalence'’ with an estimated 40% of children having co-carriage within the
first year of life in The Gambia'®'3®. Carriage of multiple serotypes provides an opportunity for
horizontal gene transfer could lead to serotype switching and thus result in vaccine
escape™®'° This highlights the importance of mixed-serotype carriage surveillance when
monitoring vaccine impact. Due to the complexities of co-carriage, studies have mostly relied
on single serotype carriage from a representative genome or from purified single colony picks

which limits the sensitivity of carriage surveillance underestimating the carriage rates'".

The Quellung reaction is the current gold standard for serotyping pneumococcus using
serotype-specific monoclonal antibodies where the pneumococcal isolates are sequentially

tested first with a pooled antisera and then against each individual antisera’?. The antibody
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binds to the pneumococcal capsule and apparent swelling, under a microscope, indicates the
presence of the specific polyclonal antibody. This method is labour-intensive requires training
and expertise and is not scalable to large studies'? thus is now primarily used by reference

laboratories'*?

. Other methods include the dot blot assay and latex agglutination, however,
these methods are time-consuming™* and are only limited to a few serogroups/serotypes’*®,
respectively. DNA microarray is another serotyping technique with high sensitivity and
specificity that uses serotype and serogroup-specific probes to target the highly variable
glycosyltransferase genes'®'*8. DNA microarray analysis is rapid and can be used to detect
and quantify serotypes and co-carriage of multiple serotypes'*®. However, this method requires

trained personnel and is not as accessible due to logistical and cost constraints.

WGS for pneumococcal serotyping has been widely used in IPD surveillance and can
effectively identify serotypes from a single carriage and co-carriage'® "%, Tools such as
PneumoCaT and SeroBA use a k-mer-based method to detect concordance of the cps locus
with the pneumococcus Capsular Type Variant database with high sensitivity, 99% and 98%,
respectively but offer little to no co-carriage detection™®'%3, PneumoKITy has been developed
using the same approaches as SeroBA but includes flexibility to allow multiple serotypes to be
detected with 92% sensitivity to identify co-carriage''. Further, SeroCall uses a mapping
approach, and while this method is 100% sensitive for major serotypes and 86% for minor, it

is also more computationally intensive compared to PneumoKITy %2

. Additionally, SeroCall was
validated from co-carriage of up to five distinct serotypes and implemented more costly
sequencing methods to generate greater read depths. Co-carriage is important for
pneumococcal surveillance and there are free-access genomic serotyping tools available to

detect co-carriage.

1.7 Introducing SARS-CoV-2
According to the WHO (https://covid19.who.int/) the severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) pandemic has caused over seven million deaths since it was first
identified in 2020 with many more cases being mild or leading up to severe pneumonia. The
efficiency of SARS-CoV-2 human-to-human transmission during the rapid rise of cases prior
to national lockdowns was evident. Transmission arises from the respiratory tract of an
infectious individual and can be transmitted via inhalation of fine aerosols and small droplets
or contamination of the eyes, nose, or mouth from large droplets'®*. Transmission efficiency is
affected by the viral load of the infector in addition to external factors including ventilation,
temperature, humidity, and behaviour factors including mask-wearing, cleaning of the exposed

|154

surface, vaccination, and immunity level ™. While most individuals were infectious around the

time of symptom onset, contact-tracing information revealed frequent pre-symptomatic'®®'%¢
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and asymptomatic infection®’

. Additionally, even in high-income countries, most cases were
not ascertained due to limited testing capacity, asymptomatic cases, and fear of loss of
livelihood from infection™®'%®, The high transmissibility is largely due to virological factors of
SARS-CoV-2 including high viral load and thus high virus shedding during the first week of

symptom onset'®.

An estimated 10% of infectious individuals have contributed to 80% of secondary SARS-CoV-
2 transmission'®" with indoor settings such as hospitals, care homes, schools, and households

acting as potential hubs for linked cases'®?

. A review and meta-analysis from Madewell et al.
estimated a 16.6% household secondary attack with higher attack rates from symptomatic
cases compared to asymptomatic and transmission to adult contacts compared to
transmission to child contacts'®®. A more recent review and meta-analysis estimated a
secondary attack rate from household child index cases to be lower at 7.6%'%*. Inconsistent
study definitions of index cases contribute to heterogeneous secondary attack rate (SAR)
across different studies'®. Inference of household transmission pairs can be unreliable thus
genomic data has the potential to reduce the risk of coincidental infections being attributed to
household settings by identifying dissimilar infections using a phylogenetic approach. The
inclusion of sequencing data has been previously analysed in SAR which excluded potential
outside-of-the-household infections and thus added confidence in the household case-contact

designation'®®.

Routine sequencing of coronavirus disease-positive (COVID-19) samples during the pandemic
has helped track and monitor the spread of variants of concerns. The COVID-19 Genomics
UK Consortium (COG-UK) had sequenced over half a million viral samples by the summer of
2021 which allowed the epidemic in England to be characterised'®®'®”. Dominant circulating

variant B.1.1.77%17%(

alpha) was rapidly replaced by B.1.617 (delta) over the summer of 2021
in the UK'", simultaneously, vaccine efficacy against delta infection diminished depending on

the vaccine type'’? and was even lower in household compared to community settings'’>.

Whole-genome analysis has been routinely implemented and applied to track and identify
mutations and subsequently variants of concern in the UK and these data help guide public
health interventions during the COVID-19 pandemic'’*. Large-scale genomic epidemiology
coupled with phylogenetic analysis has provided insight into the epidemic in the UK with an
estimate of more than 1,000 independent introductions of SARS-CoV-2 into the UK during the

early stages of the epidemic'®.

The SARS-CoV-2 genome is about ~30 kb and most infections have limited within-host
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diversity and with a large number of mutations inevitably lost during the transmission process
from the source to the recipient'®. In cross-sectional sampling near the time of the
transmission event, the presence of a lower genetic diversity in the recipient compared to the

176,177

source due to the small founding population can aid in determining the transmission

direction.

1.8 Aim
This PhD thesis aimed to evaluate the potential of phylogenetic inference methods for

detecting putative transmission pairs and assessing the direction of transmission for both

Streptococcus pneumoniae and SARS-CoV-2.

1.9 Objectives
The objectives of this PhD thesis are stratified into the following:

1. Streptococcus pneumoniae
a. Evaluate the potential of phylogenetic inference to identify the direction of
pneumococcal transmission (Chapter 2)
b. Assess the potential to discriminate multiple pneumococcal serotypes from co-
carriage NGS data (Chapter 3)
2. SARS-CoV-2
a. The uses of genomic data to identify unlinked infections in household studies
(Chapter 4)
b. Evaluate the potential of phylogenetic inference to identify the transmission
direction of SARS-CoV-2 (Chapter 5)
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0. Abstract

Inference on pneumococcal transmission has mostly relied on longitudinal studies which are
costly and resource intensive. Therefore, we conducted a pilot study to test the ability to infer
who infected whom from cross-sectional pneumococcal sequences using phylogenetic

inference.

Five suspected transmission pairs, for which there was epidemiological evidence of who
infected whom were selected from a household study. For each pair, Streptococcus
pneumoniae full genomes were sequenced from nasopharyngeal swabs collected on the
same day. The within-host genetic diversity of the pneumococcal population was used to infer
the transmission direction and then cross-validated with the direction suggested by the

epidemiological records.

The pneumococcal genomes clustered into the five households from which the samples were
taken. The proportion of concordantly inferred transmission direction generally increased with
increasing minimum genome fragment size and single nucleotide polymorphisms. We
observed a larger proportion of unique polymorphic sites in the source bacterial population
compared to that of the recipient in four of the five pairs, as expected in the case of a
transmission bottleneck. The only pair that did not exhibit this effect was also the pair that had
consistent discordant transmission direction compared to the epidemiological records

suggesting potential misdirection as a result of false-negative sampling.

This pilot provided support for further studies to test if the direction of pneumococcal
transmission can be reliably inferred from cross-sectional samples if sequenced with sufficient

depth and fragment length.
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1. Introduction

Pneumococcal disease is a major contributor to global mortality amongst children less than
five years old (O’Brien et al. 2009; Wahl et al. 2018). The main route of Streptococcus
pneumoniae (Sp) transmission is through close physical interpersonal contact and exposure
to contaminated respiratory secretion (van der Poll and Opal 2009; le Polain de Waroux et al.
2018; Neal et al. 2019). Children are the main reservoir for infection and transmission (Zivich
et al. 2018; Weinberger et al. 2019; Flasche et al. 2020; Qian et al. 2022). Reduction of
vaccine-type carriage via Pneumococcal Conjugate Vaccines enhances direct vaccine impact
beyond the vaccinated children by mitigating onward spread (O’Brien and Dagan 2003;
Grijalva et al. 2007; Poolman et al. 2013; Principi and Esposito 2016). With a more in-depth
understanding of pneumococcal transmission, vaccination strategies may be further improved,
but classical epidemiological approaches to understanding transmission rely on time and

resource-intensive longitudinal studies.

Phylogenetic inference is particularly well suited for the exploration of infectious disease
dynamics at the between-host and within-host level and may allow inference of transmission
even from more easily collected cross-sectional infection surveys, including those for
pneumococcal carriage (PANGEA Consortium and Rakai Health Sciences Program et al.
2019; Xu et al. 2020; Gouliouris et al. 2021). The phylogenetic analysis of pathogen genomes
sampled from an infected population in principle not only allows the identification of
transmission partners or clusters but also, the direction of transmission (who infected whom)
(Rose et al. 2020; Zhang et al. 2020). These approaches have so far been mainly developed
for and applied to study viral pathogens, particularly human immunodeficiency virus (HIV) and
hepatitis C virus (Jacka et al. 2014; Hall et al. 2019; Leitner 2019; Rose et al. 2020; Street
et al. 2020).

Phyloscanner is a phylogenetic algorithm that infers the direction of transmission from
similarities in within-host pathogen diversity by reconstructing phylogenetic trees from deep
sequencing data using a sliding window approach across the alignment thus each of the
sliding window results in a tree. Until the development of Phyloscanner, most of the available
tools lacked sufficient sensitivity to infer the direction of transmission due to limited use of the
within-host genetic signal (Wymant et al. 2018). Moreover, Phyloscanner has been validated
in the context of HIV direction of transmission with high concordance with the epidemiological
records (Zhang et al. 2020).

Bacteria’s large genome size, slow rates of evolution, and frequent horizontal gene transfer
characteristics make the application of phylogenetic approaches more difficult for these

organisms than for most viruses. The decrease in genetic diversity that accompanies the
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transmission bottleneck limits the amount of genetic information that is detectable even further
(Worby et al. 2014). A weak transmission bottleneck is needed to detect an adequate amount
of within-host genetic diversity in both source and recipient to assess transmission linkage and
its direction (Didelot et al. 2016). Despite these inherent limitations, the methodology applied

to viral infectious diseases could still be applicable to bacterial infectious diseases.

This pilot study explored within-host pneumococcal bacterial diversity from whole-genome
next-generation sequencing (NGS) data. We test and adapt currently available phylogenetic
approaches to infer linked pneumococcal infections and their transmission direction from

cross-sectional pneumococcal carriage data.

2. Results

2.1 Streptococcus pneumoniae study samples

The bacterial populations analysed in this study are from a prospective longitudinal household
pneumococcal colonisation study (Hussain et al. 2005). The previous study enrolled and
followed 121 families in monthly intervals for 10 consecutive visits. The carriage prevalence
was 52% for children 0-2 years old, 45% for 3-4 years, 21% for 5-17 years, and 8% for 18-
year-old adults. A total of 10 transmission events across nine households met this study’s
inclusion criteria where there is epidemiological evidence to support a transmission event and

its direction.

Across the nine households, 37 samples were connected to suspected transmission events
and were thus sequenced. Among those, 5 pairs containing the same serotypes were
available and thus included in the main direction of transmission analysis (same-visit
samples). Moreover, there were 10 pairs containing the same serotypes that were collected
one month apart that were included in the sensitivity analysis (subsequent-visit samples).
There were 10 individuals that had swabs with the same serotype across consecutive visits
and thus included in the within-host evolutionary rate estimation. Of these 10 individuals, five

had up to three consecutive swabs while the others had up to two (Table 1).

2.2 Whole-genome sequencing and sequence quality control

The isolates were cultured and whole plate scrapes were processed for whole-genome
sequencing using lllumina MiSeq. The mean sequencing coverage of the genomes was 112
reads per position (standard deviation (SD), 31 reads), with the lowest mean coverage of 26
reads per position (samples H3IAM3 and H9IBM3) and the highest of 337 reads per position
(sample H1IBM2). Overall, 85.6% (£ 9.7) of the raw reads matched with S. pneumoniae
genomic positions (range, 33.1% (H9IBM3) - 93.0% (H91AM2)), and unmatched reads were

filtered out for the downstream analysis (Supplemental Table 1).
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2.3 Serotyping

Of the 37 samples, 29 were previously serotyped using DNA microarray, while the remaining
8 were serotyped using the Quellung reaction. For quality assurance, the isolates were then
serotyped from the raw NGS reads using SeroBA genomic serotyping tool. The sequence-
based serotype assignments were concordant with microarray serotyping, except for three of
the 37 samples. Samples H9IAM2 and H9IBM3 were both originally identified as serotype 6A
using the Quellung reaction but as 6C in the genomic serotyping. This was due to the
reclassification of sub-lineages of serotype 6A to 6C subsequent to the original serotyping (In
et al. 2007). Furthermore, all three consecutive-visit samples from individual H2IB were
classified as serotype 23F according to the microarray typing, however, sequence-based
methods determined swab H2IBM6 as serotype 6B while H2IBMS and H2IBM7 were
concordant with the microarray data. Since we could not exclude the possibility that this
discrepancy was the result of a sample mix-up, isolate H2IBM6 was excluded from the
analysis but the subsequent-visit samples from H2IB were still included in the sensitivity

analysis (Figure 1A).

2.4 Multiple-carriage’s role in phylogenetic tree reconstruction

Samples were tested for the presence of multiple distinct pneumococcal populations. Clusters
of single nucleotide polymorphism (SNP) frequencies below 100% were indicative of the
presence of multiple pneumococcal haplotypes. Sample H4IBM7 demonstrated two SNP
clusters, one at 20% and the other at 80% which were designated as the minor and major
strain, respectively. The reads from both strains were separated using a SNP frequency cut-
off of 50%. The major strain from H4IBM7 was genetically more similar to the linked isolate
H41AM8 (distance 0.11 nuc sub/site) compared to the minor strain to H4IBM7 (distance 0.44

nuc sub/site) (Supplemental Figure 1).

2.5 Putative transmission pairs identified with consensus SNP phylogenetic reconstruction

A maximum-likelihood (ML) phylogeny of the five putative transmission pairs was
reconstructed from the consensus SNP sequences of the respective cross-sectional samples.
The tree confirmed the clustering of isolate pairs that belonged to the same serotypes and
were collected from the same households (Figure 1A). The average genetic distance between

the putative source-recipients pairs was 0.045 nuc sub/site (range, 0.038-0.057 nuc sub/site).

Consecutive-visit swabs from the same individuals were also included in the consensus SNP
tree reconstruction for households 3 and 8. The phylogeny revealed there was an insufficient

phylogenetic signal to distinguish samples collected from the same individual a month apart
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compared to samples collected cross-sectionally from transmission pairs within a month after

the transmission event (Figure 1B).

In the sensitivity analysis, we reconstructed a tree using consensus SNP sequences from
likely transmission pairs but taken at subsequent visits e.g. one month apart (N=10 pairs). Of
the 10 putative pairs, 9 pairs (90%) clustered concordantly with the epidemiological data with
290% bootstrap support. Amongst those clustered pairs, eight demonstrated short genetic
distances (<0.10 nuc sub/site) except for pair H41BM7_major and H4IAM8 which could be due
to the imperfect haplotype reconstruction and for H6IAM6 and H6IBM5 we found >0.10 nuc
sub/site difference between the two isolates suggesting a potential indirect transmission event

(Supplemental Figure 3).

2.6 Direction of transmission using within-host genomic variation

The direction of transmission was inferred from the five pairs of same-visit samples using
Phyloscanner, a tool that implements a sliding window approach across the genomes and
reconstructs sub-trees using the reads present in a given window. For each sub-trees
reconstructed, the source of the infection is determined through a modified maximum-
parsimony ancestral state reconstruction inference, where the most likely identity of the pair

member is inferred at each node.

We conducted a total of 200 inferences of the direction of transmission conducted across the
five transmission pairs. The inferences were generated from a combination of varying sliding
window sizes (50, 75, 100, 125, 150 bp) and varying minimum number of SNP
(1,3,5,7,9,11,13,15 SNP) in the sub-tree reconstruction as these parameters would most likely
affect the phylogenetic signal. Sub-trees were filtered for a minimum of two reads per
individual and a clear ancestral state assignment to one of the individuals. This resulted in 102
inferences (51.5%) being viable to infer the direction of transmission. As expected, increasing
either the minimum number of SNP threshold or the window size decreased the number of

sub-trees included in the inference (Figure 2 and Supplemental Figure 4).

For small window size and a low SNP threshold, concordance with the epidemiologically
inferred direction of transmission was two to three out of the five pairs, with 50% being the
expected concordance if inference was no better than random chance. The proportion of pairs
in which the direction of transmission was inferred in concordance with the epidemiological
records generally increased with larger window sizes and/or more SNP. At least four out of

the five inferred directions of transmission were concordant if using sliding window sizes of
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125 bp, however, no analyses with further increased window size were possible due to the

lack of samples with sufficient read lengths in the present sequencing approach (Figure 2).

Increasing the sliding window size and/or minimum number of SNP resulted in a higher level
of concordance with the epidemiological evidence in the directionality inferred for pairs
H3IBM7 and H3ICM7; and H7IAM10 and H7IBM10. Pairs H3IBM3 and H3IAM3; and H11BM3
and H11AM3 demonstrated consistently concordant directionality independent of window size
and/or minimum number of SNP. Conversely, the pair H8IAM3 and H8IBM3 demonstrated

consistent discordant directionality (Figure 3A).

In a sensitivity analysis using a different reference genome, serotype 23F, the findings were
qualitatively similar in the direction of transmission analysis with subsequent-visit sample

pairs, albeit the association was less apparent (Supplemental Figure 4).

2.7 Within-host diversities of source-recipient pairs

The proportion of unique SNP in the source-recipient pairs when sampled during the same
visit was used as a proxy for the presence of a transmission bottleneck effect; expecting the
source to have had more time to evolve before transmitting a subset of the acquired within-

host heterogeneity and thus presenting more unique SNP than the recipient.

The average number of polymorphic sites between the source and recipient of a pair was
11,975 per transmission pair (SD, £ 1067). The source and recipient of all five same-visit pairs
shared a large proportion of SNP (mean 91.6%; SD, + 8.6%). The source of infection as
determined by the epidemiological records had a higher proportion of unique polymorphic sites
compared to the recipient for 4 of the 5 pairs; 7.3% vs 1.1% (range of unique SNP source vs
recipient, 0.7%-22.6% vs 0.3%-2.7%). The only pair where the putative sources had a smaller
proportion of unique polymorphic sites was H8IAM3 (source) and H8IBM3 (recipient); the pair
was found to consistently suggest a direction of transmission discordant to the epidemiological
records (Figure 3B, 3C).

The direction of transmission inferred by the larger number of unique SNP was compared to
that inferred by Phyloscanner. Pair H3IBM3 and H3IAM3 had the largest difference in the
proportion of unique SNP as previously mentioned, while pair H11BM3 (source) and H11AM3
(recipient) had a relatively moderate difference with 4.7% and 0.03% unique SNP,
respectively. Both of these pairs had a consistent concordant transmission direction across all
permutations of window sizes and a minimum number of SNP. Conversely, pair H3IBM7

(source) and H3ICM?7 (recipient) had the smallest differences in the proportion of unique SNP
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and mixed inferences. Further, pair H7IAM10 (source) and H7IBM10 (recipient) had relatively
large differences in the proportion of unique SNP and also had mixed inferences (Figure 3B).
Interestingly, the only pair that exhibited a larger proportion of unique SNP in the recipient
compared to the source, H8IAM3 (source) and H8IBM3 (recipient), had a consistent
discordant directionality despite an increase in window sizes or minimum number of SNP
(Figure 3).

2.8 Estimation of the within-host rate of nucleotide substitution

The within-host rate of nucleotide substitution for S. pneumoniae was 65 SNP/month (range,
15-1539 SNP) and the within-host evolutionary rate 1.8E-5 nucleotide substitutions/site/year
(range, 6.0E-5, 1.7E-6) (Figure 4).

3. Discussion

In this study, a genomic approach was used to infer the direction of S. pneumoniae
transmission and cross-validated with the direction of transmission inferred from
epidemiological evidence. We found that linkage was concordantly identified from
reconstructed phylogenies in all five of the same-visit pairs and nine of the ten subsequent-
visit pairs. Albeit, the phylogenetic linkage of the same-visit pairs may in part be attributable
to the serotype heterogeneity. To address this, paired isolates from subsequent months were
assessed where there is more serotype homogeneity and more transmission pairs and the
phylogenetic reconstruction revealed distinguishable linkage in addition to the
indistinguishable linkage of pairs within their respective serotypes. The indistinguishable
linked pairs within a serotype cluster could be due to the difference in sampling time between
the two consecutive months which could contribute to genetic drift and the accumulation of
variation in the recipient of the infection. These results imply that linked pneumococcal
infection is identifiable from genomic data alone, however, more stringent phylogenetic criteria
e.g. more conservative bootstrap cut-off or larger intra-cluster genetic distance thresholds
might have to be placed in settings where there is more serotype homogeneity and less

population diversity.

The two parameters that were likely to affect the probability of identifying the concordant
source-recipient relationship within a transmission pair using a sliding-window phylogenetic
approach were the sliding window sizes and the minimum number of SNP present within those
windows. These two parameters indeed impact the phylogenetic signal of the read alignment
used to reconstruct the sub-trees, e.g. on the capacity to reconstruct a robust phylogeny from
which conclusions can be drawn with sufficient statistical certainty. Under optimal conditions,

the direction of transmission was concordant between the epidemiological records and

50



phylogenetic inference for all five same-visit transmission pairs with a window size of 125 bp
and a minimum number of 3 SNP. Moreover, based solely on the genomic data, the
phylogenetic inference and the transmission bottleneck analysis were concordant in all five

same-visit pairs.

In general, these results suggest an increased concordant direction inferred from
combinations of longer window sizes and a larger minimum number of SNP, however, the
sample size and the maximum window size were too low to allow a definitive conclusion.
Hence further studies are needed to determine whether higher coverage and/or read lengths
can increase the phylogenetic signal for inferring the direction of transmission. More
sequencing coverage would increase the phylogenetic genetic signal by detecting minor
variations between source-recipient pairs while the longer reads would aid in the genome

assembly and thus provide more robust genomes.

To our knowledge, the only studies that have attempted to validate genomic approaches
against epidemiological data on the direction of transmission were using HIV transmission
pairs (Rose et al. 2020; Zhang et al. 2020; Villabona-Arenas et al. 2022). Villabona-Arenas
et al. investigated the phylogenetic inference of known transmission direction of HIV-1
transmission partners. They observed an increase in correct transmission direction up to 93%
when inferring from paraphyletic-monophyletic tree topology highlighting the importance of
sufficient intra-host diversity to distinguish HIV-1 populations amongst partners (Villabona-
Arenas et al. 2022). Rose et al. looked at HIV transmission partners where the accuracy of
transmission direction was inferred concordantly for 55%-74% of the pairs and the range was
dependent on the sequencing and inference methods used (Rose et al. 2020). While a more
recent study from Zhang et al., using the same cohort as Rose et al., increased the accuracy
up to 93.3% (Zhang et al. 2020). Zhang et al. speculated the higher accuracy for inferring
transmission direction compared could be attributable to higher sequencing coverage in
addition to the longer sequencing reads up to 400 bp. Zhang et al. also used Phyloscanner
for their analysis and similarly explored the impact of varying window sizes across the entire
HIV genome. They reconstructed sub-trees between 280 - 400 bp in 20 bp increments and
observed higher accuracy using larger window sizes. This prompts further investigation to
assess if increased coverage and/or sequencing reads would also increase phylogenetic

signal in bacterial pathogen transmission.

The evolutionary rate of bacteria is relatively slow compared to fast-evolving RNA viruses such
as HIV where bacteria evolve between 107 to 10~ substitutions/site/year and amongst the

fastest evolving pathogens, between 10 to 107 substitutions/site/year (Didelot et al. 2016).
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The relatively slower evolutionary rate of bacteria to viruses substantially affects the number
of accumulated mutations, therefore, the number of genetic fingerprints to link transmission

pairs and their direction.

The comparison of within-host bacterial diversity within the transmission pairs showed
evidence of a transmission bottleneck of varying strengths, with a higher percentage of unique
SNP in the source’s bacterial population compared to the recipient’s in 4 of 5 of the studied
pairs implying the direction of transmission according to the epidemiological records could be
incorrect which could be explained by false negative sampling (Thindwa et al. 2021). This
directed reduction of diversity could aid in determining the direction of transmission when the

latter is not known.

Hall et al. used a similar approach to investigate the transmission direction of Methicillin-
resistant Staphylococcus aureus (MRSA), in a high-transmission setting (Hall et al. 2019).
They observed varying transmission bottleneck strengths among their source-recipient pairs.
The bottleneck strength ranged from strong where a single lineage was transmitted from the
source to the recipient to weak where the transmission pairs shared multiple lineages,
however, the direction was ambiguous. In conjunction with our study, this suggests the
presence of a transmission bottleneck for bacteria, however, the strength of the bottlenecks is
not associated with a higher probability of inferring the concordant direction of transmission. In
other words, while we observed more unique SNP in the source of the infection compared to
the recipient, a larger proportion of unique SNP in the source compared to the recipient is not
associated with higher chances of inferring the concordant direction. These results imply that
the observed bottleneck effect is not random and a comparison of the number of unique SNP
in the members of a suspected transmission pair can aid in supporting the direction of
transmission inferences, under the assumption that the recipient will be the individuals with

the bacterial population exhibiting the least number of unique SNP.

The inclusion of additional longitudinal samples from the same individual, sampled over a
couple of months, confounded the ability to detect true transmission pairs. This suggests that
there is relatively little within-host diversity within that time frame to distinguish transmission
pairs from within-host samples. The evolutionary rate that was extrapolated from the SNP
accumulated over time is relatively small and there would be less diversity accumulated
especially when looking at a 1-month or even 2-month sampling time difference. The within-
host evolutionary rate for S. pneumoniae that we estimated is similar to the estimates by
Chaguza et al. who looked at the natural colonisation of longitudinal samples with estimates

around 107 substitutions/site/year for most serotypes and as low as 10 substitutions/site/year
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for serotype 19A (Chaguza et al. 2020). Moreover, the rates are dependent upon the carrier,
serotype, and colonisation episodes, suggesting the importance of the host-microbe

interaction during the evolution of pneumococcus.

Rather than longitudinal within-host diversity, Hall et al. looked at within-host MRSA diversity
between samples from different body sites and similarly saw no evidence for decreased or
increased genetic diversity between the within-host samples. Other studies, in the context of
Clostridioides difficile and slow-evolving bacteria such as Mycobacterium tuberculosis,
observed difficulty capturing within-host level diversity from whole-genome sequences (Martin
et al. 2018; Balaji et al. 2019). As expected, the within-host diversity of bacteria is difficult to
capture, especially in the absence of relatively high-coverage sequencing data. While most
pneumococcal infections are dominated by a major serotype, there are settings of mixed high
carriage rates, and being able to capture the within-host diversity is crucial for understanding

transmission dynamics (Kamng'ona et al. 2015).

The transmission directions that were phylogenetically inferred and discordant with the
epidemiological records could be attributable to multiple factors and inherent limitations of the
studies. The first is the imperfect sensitivity of the swab collection in combination with the
imperfect sensitivity of the culturing technique to detect pneumococci and identify the
dominant serotype. Pneumococcal testing has been previously reported with 85% sensitivity
(95% ClI, 73%-94%) which would result in up to 15% false-negative tests (Abdullahi et al. 2007;
Thindwa et al. 2021). With false-negative testing, a carriage episode could have been missed
and thus led to a different interpretation of transmission direction based on the epidemiological

data on the sequence of pneumococcal positivity within the households.

The second includes potential unsampled intermediary transmission partners that were not
included in the study. Since the transmission is predominantly through close contact and within
households, it is unlikely an individual outside of the household is introduced to the
transmission chain. However, the possibility of an unsampled person within the link cannot be
discarded. If there was an intermediary individual within the chain between the time of
sampling of the source and recipient pairs, then the directionality would be more difficult to

determine due to the decreased mutation similarities between the source and recipient.

The third factor includes the phylogenetic uncertainty that is limited by the short-read
fragments. An increase in read lengths would result in improved genome assembly and
therefore increased genomic signal (Mantere et al. 2019). Other sequencing methods such as

PacBio can yield longer read lengths, up to 10 kbp, and should be further investigated and
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assessed if improved genome assemblies improve phylogenetic inference in assessing the

directionality of transmission.

In summary, in this pilot study we find evidence that conventional NGS may offer too little
phylogenetic signal to allow robust inference for the direction of transmission for cross-
sectionally sampled pairs of pneumococcal carriage, but that with increased sequencing depth
and particular fragment size, such inference may be possible. This motivates further studies
to explore the feasibility and limits of inference of who infected whom with pneumococci from

genomic data.

4. Materials and Methods
4.1 Study design and study samples

This study cohort was from a prospective, longitudinal household study of pneumococcal
colonisation conducted in the county of Hertfordshire, United Kingdom in 2001-2002. The
original study is described in detail elsewhere (Hussain et al. 2005). In summary, preschool
children and their household contacts were enrolled and followed up monthly for 10
consecutive months. At each visit, nasopharyngeal swabs were collected and any S.
pneumoniae bacteria isolated by culture were serotyped using DNA microarray or the

Quellung reaction to identify carriage type (Southern et al. 2018).

A total of 10 within-household putative source-recipient transmission events were included
based on the following inclusion criteria which were also the epidemiological evidence
supporting a transmission event and its direction: (i) the recipient is tested positive for carrying
a single pneumococcal serotype, (ii) the potential source of infection is an individual within the
same household who was carrying the same serotype in the month before the recipient was
tested positive, and (iii) in the two visits prior to the carriage episode of the recipient, the

remainder of the household were found to not carry pneumococci of the same serotype (Table

1).

The epidemiological inclusion criteria aimed to maximise the probability of correctly identifying
a transmission pair. In five instances, the source also carried pneumococci of the same
serotype on the following visit resembling cross-sectional sampling of source and recipient.
These five same-visit paired samples were used for the main direction of transmission
analysis. We defined the sample ID in the following format: household (H), individual ID (1),
and the month the swab was collected from (M); e.g. sample H11AM1 was collected from

household 1, individual A, from month 1 of the study.
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The selected study samples were included in two different analyses:

(i) The main analysis tested the direction of transmission and included same-visit swabs of
putative transmission pairs (N=10 individuals), simulating a cross-sectional carriage survey.
Of the five pairs where same-visit samples were available, two pairs had a second same-
serotype same-visit instance to assess within-host diversity (Table 1). The same-visit samples
were additionally used to estimate the proportion of unique SNP in the source-recipient pairs.
Alongside this, the 10 pairs (N=20 individuals) where samples of source and recipient were
taken from subsequent visits (one month apart) were used to also test the direction of
transmission to assess the sensitivity of the method on more temporally distant samples. (ii)
The second analysis was to estimate the within-host evolutionary rate from 10 individuals who

had at least 2 consecutive swabs of the same serotype (N=25 sequences) (Table 1).

4.2 Isolate culturing and whole-genome sequencing

Isolates were grown overnight on horse blood agar with 5% CO2. The isolates used were from
stock cultures stored at -80°C in glycerol blood broth medium since 2001/02. The stocks used
were pneumococcal isolates obtained from the culture plates directly inoculated with the swab
in the original study. Samples from the glycerol blood broths were partially thawed when plated

and DNA was extracted until a minimum concentration of 20 ng/uL (Kapatai et al. 2016).

Whole-genome sequencing was carried out on the lllumina MiSeq platform on the DNA
extracts. Library preparation was done using QlAseq FX DNA Library Kit (96 — Cat no:180475)
as per the manufacturer's protocol yielding a DNA fragment size of 300 bp, including adaptors.
Sequencing was completed using the Illlumina MiSeq in conjunction with the MiSeq Reagent
Kit v2 (300-cycles — Cat no: MS-102-2002). The sequencing was run in duplicates and were
later merged. Adaptors were removed from the raw sequencing data using Trimmomatic
v0.39, along with low-quality reads based on an average quality and sliding window approach
(Bolger et al. 2014). Additional quality control of the reads was carried out with Kraken2 v2.0.9
and unmatched S. pneumoniae reads were filtered out from the downstream analysis (Wood
et al. 2019).

4.3 Genomic serotyping

Genomic serotyping of the isolates was carried out on the S. pneumoniae sequencing reads
using SeroBA v1.0.1, a tool that predicts pneumococcal serotypes using a k-mer-based
approach from raw fastq data (Epping et al. 2018). Then the reads were aligned to a reference
genome strain KK0981 (serotype 3, GenBank accession number AP01797) with the Burrow-
Wheeler Alignment (BWA-MEM) and SAMtools mpileup software (Li et al. 2009; Li 2013;

Chiba etal. 2017). Variant calling format files (VCF) containing information on SNP were
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generated using Freebayes v1.3.2 (Garrison and Marth 2012) A consensus sequence of all
polymorphic positions was generated for each of the isolates which were then included in the

phylogenetic reconstruction to identify linkage.

4.4 Multi-carriage detection

We tested samples for multiple pneumococcal populations by assessing the distribution of
SNP frequencies in all of the samples using LoFreq, a sensitive-variant calling tool (Wilm et
al. 2012). The presence of more than one cluster or peak of SNP was considered as evidence
for carriage of multiple haplotypes, under the assumption that clusters of SNPs are associated

with common polymorphic sites within the reads (Supplemental Figure 1).

4.5 Phylogenetic reconstruction of putative transmission pairs

The phylogenies of the sequenced bacterial genomes were reconstructed by maximum-
likelihood inference using RAXML v2.0.2, under the General Time Reversible model of
nucleotide substitutions and with 1,000 bootstrap replicates from the alignment of consensus
single nucleotide polymorphisms (Stamatakis 2014). Transmission pairs were identified from
the consensus SNP tree topology as clusters of sequences (<0.10 nuc sub/site) with branch
support 290%.

4.6 Inference of transmission direction

The most likely direction of transmission within a transmission pair was inferred using
Phyloscanner v1.4.7 (Wymant et al. 2018). Each phylogeny inferred from Phyloscanner is
classified as one of the following three relationships (i) single ancestry, where the subgraphs
from the two populations form a paraphyletic (source) - monophyletic (recipient) relationship,
(i) equivocal, where the source and recipient subgraphs form dual monophyletic groups and
thus the direction of infection is unclear, and (iii) complex ancestry, where the subgraphs form
paraphyletic - paraphyletic groups and where the ancestral state is assigned to both the source
and recipient depending on the subgraph (Chiba et al. 2017). The sub-trees, relationships
identified with reads within a restricted sliding window, are then aggregated and the one that
occurs the most often was considered to be the most likely scenario for the pair of individuals
analysed. See Wymant et al. for more details on the methods implemented (Wymant et al.
2018).

Given the size of the pneumococcal genome analysed, approximately 2.1 million bp, and its
low mutation rate, we restricted Phyloscanner to only process those windows that contained
a predefined minimum number of SNP across the reads, to increase phylogenetic signal, and

tested a range of window sizes. In addition, sub-trees (i) that had less than 2 tips from each
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host and (ii) where sequences from both hosts were equidistant from the reference sequence
used as an outgroup were excluded to further enhance the accuracy of the inference
(Supplemental Figure 2). This approach was used for the inference of transmission direction

from both the same-visit and the subsequent-visit pairs.

As a sensitivity analysis to test the presence of bias in the inference in direction, the
Phyloscanner analysis was carried out using reference strain ATCC700669 (serotype 23F,

GenBank accession: NC_011900) as the mapping genome (Croucher et al. 2009).

4.7 Identifying unique SNP among source-recipient pairs

The count and proportion of unique SNP detected in both members of a suspected
transmission pair were estimated from the VCF files containing polymorphic sites mapped to
the reference genome. The average percent of unique SNP in each individual was reported
with standard deviation. The percent of unique SNP was compared between the putative
source and recipient of each pair, using 95% confidence intervals (95% Cl) and a two-tailed t-

test.

4.8 Comparison of Within-host Diversities

S. pneumoniae within-host rate of nucleotide substitution, expressed as the number of
nucleotide substitution/site/year, was estimated from the number of unique polymorphic sites
accumulated between consecutive pneumococcal isolates from the same individual using the

same methods as the proportion of unique SNP in recipient-source pairs.
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Supplemental materials will be made available online.

Acknowledgements
We thank the participants who made this study possible. We thank the nurses who recruited
and followed up on the participants and the staff who isolated, characterised, and archived the

swabs. We also thank Oliver Ratmann for his invaluable feedback for the data analysis.

Funding

This study was supported by the Japanese Ministry of Education, Culture, Sports, Science
and Technology (MEXT) and the WISE scheme and EU grant QLG4-CT-2000- 00640. SF is
funded by a Sir Henry Dale Fellowship through the Wellcome Trust and the Royal Society
(208812/2/17/Z). EM receives support from the National Institute for Health Research (NIHR)
Health Protection Research Unit in Immunisation at the London School of Hygiene and
Tropical Medicine in partnership with the UKHSA (Grant Reference NIHR200929). The

funders had no input in the study design, data analysis, or manuscript draft.

Author Contributions

S.H, S.F, E.M, M.H, N.K.F, and D.L designed the project.

S.S, C.S, and W.J organised, cultured, and sequenced the samples, respectively.
J.P and B.S provided bioinformatic support throughout the data analysis.

L.Y and M.T provided feedback and direction on the data analysis.

J.H carried out the data analysis and drafted the manuscript.

All authors read, edited, and approved the article.

Data Availability
The whole-genome sequencing data has been made available for download on the European
Nucleotide Archive under study accession “PRJEB60532”. The specific data for this study are

available from the authors upon request and subject to a data-sharing agreement.

Conflict of Interest
C.L.S.,, D.J.L. and N.K.F. received grant funding from Pfizer and GSK for investigator-led

research projects into carriage and disease caused by S. pneumoniae in England.

Ethics
Ethical approval for the study was granted by LSHTM’s institutional ethics board (reference
number: 17642).

58



TABLES AND FIGURES

Table 1. Samples were selected for inference of the direction of transmission of S.

pneumoniae and within-host diversity.
Household (H) Individual (1) Month 1 Month 2 Month 3 Month 4 Month 5 Month 6 Month 7 Month 8 Month 9 Month 10

1 A 6B 6B + + +
1 B | 6B 6B* + + + + +
2 A 23F*
2 B 23F* 23F** 23F**
3 A 23F + NA
3 B + v [ear ] 6A + +
3 C + 6A
4 A 22F* NA
4 B + + + 22F* NA
5 A 23F* + +
5 B 23F* + NA NA NA NA NA NA
6 A 6B* 6B + + +
6 B [ 6B 6B* NA NA
7 A + + 14*
7 B + +
8 A 19F* 19F + + + + +
8 B \—_ 19F 19F + + +
9 A + 6A* NA NA NA NA NA NA
9 B 6A* NA NA

Green highlights paired same-visit samples used to infer the direction of transmission

Box line highlights consecutive-visit samples used to estimate the within-host evolutionary rate

* Paired subsequent-visit samples used for the sensitivity analysis

** Discordant serotyping between epidemiological data and genomic serotyping data for
individual H2IB at month 6

+ A positive nasal swab for pneumococci, but samples were not included in the analysis

because they did not satisfy the epidemiological inclusion criteria

Empty cell, a negative test for pneumococcal carriage

“‘NA”, samples that were not obtained in the respective month
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Figure 1. Maximum-likelihood phylogeny of the 10 S. pneumoniae genomes from five same-

visit putative transmission pairs rooted to the reference genome, KK0981. (A) The consensus

SNP tree was reconstructed from an alignment of polymorphic sites along the genomes

(42,499 base pairs). Branch supports 250%, as determined by 1,000 bootstrap replicates, are

denoted on the relevant branches. Branch length represents nucleotide substitutions per site

(nuc sub/site), as denoted by the scaled bar. Clusters of two sequences supported by a

bootstrap score 290% were considered as putative transmission pairs and are highlighted by

the dark green boxes. (B) An additional same-visit transmission pair was included from
household 3 (H3IBM8 and H3ICM8) and household 8 (H8IAM4 & H8IBM4). The light green
boxes highlight the intermingling of transmission pairs with their respective within-host

longitudinal swabs.
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Figure 2. The proportion of concordant directionality with the epidemiological data inferred per
minimum number of SNP per read (1,3,5,7,9,11,13, or 15 SNP) and read window sizes (50,
75,100 125, or 150 bp). (A) Inference from samples collected during the same visit. Green and
red-coloured boxes denote the proportion of pairs for which the inferred transmission direction
was concordant with the epidemiological data, green is equivalent to 100% and red is
equivalent to 0%. White boxes denote equal distributions of concordant and discordant
inferred directions (proportion = 0.50). While grey boxes denote that phylogenies were
generated, however, they were classified as “unlinked” or “ambiguous directions” and empty
boxes denote that no sub-trees were generated for this combination of window size and SNP.
The “N” represents the number of pairs analysed for the respective window size and SNP
combination and the “N of Trees” is the average number of sub-trees used for the direction of
transmission for those pairs analysed.
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Comparison of proportional abundance of unique SNPs and phylogenetic inferences

Source ID Recipient ID No. SNPs Source No. SNPs Recipient SNPs Shared % of Concordant Inferences
H1IBM3 H1IAM3 555 30 11349 100% (16/16)

H3IBM3 H3IAM3 2715 47 9227 100% (15/15)

H3IBM7 H3ICM7 216 82 11944 76% (19/25)

H7IAM10 H71BM10 739 304 10252 36% (5/14)

H8IAM3 H8IBM3 92 212 12110 18% (2/11)

Figure 3. (A) The proportion of sub-trees concordant with the epidemiological data, for each
pair, with the different combinations of window sizes and minimum number of SNP
represented by the coloured bars. (B) Proportional abundances of unique SNP in source-
recipient pairs. The proportional abundances are observed in source and recipients with the
red bar denoting the percentage of unique SNP from the suspected source of infection, while
the blue bar is the recipient (C) The raw number of unique SNP detected for the source,
recipient, and variants that are shared. The % of concordant inferences represents the number
of inferences (combinations of a minimum number of SNP and window sizes) that were

analysed and concordant with the epidemiological data.
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Figure 4. Proportional abundances of unique SNP count from 1-month intervals from within-
host longitudinal samples. Where individuals had at least two consecutive swabs, the first time
point was compared to the second time point and subsequently, the second time point was
compared to the third time point. Instances of individuals having more than two consecutive
swabs are denoted by the grey brackets. The light green represents the proportion of SNP
from the first time point and the dark green represents the count from the second time point of
the consecutive sets. The grey represents the shared SNP counts present in both time points.
The proportions of the unique number of SNP are explicitly written within each of the
corresponding coloured bars.
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Supplemental Table 1. Sequencing quality of the whole-genome NGS reads for all 37

isolates included in the study.

ID Mean Coverage SD Streptococcus pneumoniae read match (%)
H11AM3 53 24 811
H1lAM4 130 47 842
H1IAMS 200 70 849
H1IBM1 186 66 86.7
H1IBM2 337 135 90.7
H1IBM3 189 66 85.0
H2IAM6 95 39 906
H2IBMS 71 30 876
H2IBM6 151 52 846
H2IBM7 141 56 800
H3IAM3 26 19 771
H3IBM2 91 37 929
H3IBM3 169 66 86.9
H3IBM6 76 29 907
H3IBM7 182 68 855
H3IBM8 166 61 839
H3ICM7 80 32 924
H3ICM8 168 62 858
H41AM8 133 55 926
H4IBM7 67 25 910
HSIAM3 128 53 897
HSIBM2 90 37 904
HE6IAME 115 48 903
H6IAM7 50 19 886
H6IBM4 42 18 854
H6IBMS 110 41 854
H7IAM10 116 48 802
H7IAM9 66 28 892
H7IBM10 86 49 902
H8IAM2 59 27 918
H8IAM3 106 44 834
H8IAM4 103 43 833
H8IBM3 75 32 909
H8IBM4 103 43 826
H8IBMS 125 51 840
H9IAM2 39 17 929
H9IBM3 26 26 33.1

64



A Single haplotype carriage: B Multi-haplotype carriage: C Haplotype reconstruction
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Supplemental Figure 1. Haplotype reconstruction. (A) This is an example where there is no
evidence to support that the individual is infected with multiple haplotypes. A single point on
the SNP frequency plot represents a single polymorphic site to the reference genome. SNP
that occur at a frequency of 1.0 indicate the SNP is present in all of the sample’s reads while
the density plot shows the density of the SNP frequencies. (B) This is an example where there
is evidence to support that the individual is infected with multiple haplotypes. The points on
the SNP frequency plot reveal there are two populations with distinct clusters of polymorphic
sites at 20% and 80% likewise in the density plot. The distribution occurring at 20% is
designated as the minor strain and is highlighted in a red box throughout. (C) Shows a
snapshot of the phylogenetic consensus SNP tree with H4IBM7 (no haplotype isolation) and
the linked isolate, H4IAM8. The snapshot of the variant calling format files highlights reads
that correspond to the minor strain while the remainder corresponds to the major strain. The
phylogenetic consensus SNP tree reconstruction after haplotype isolation reveals clustering
of H4IBM7_major and H4|AM8 while H4IAM8_minor is more distantly related to H4IAMS.
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Excluded: Ambiguous

Included Excluded: <2 tips for host source of infection
Individual 1
Individual 1
Individual 1 Individual 1
Individual 2 Individual 1 Individual 2
Individual 1 |- -
Individual 2 Individual 2
Ref - Ref Ref

Supplemental Figure 2. Two additional quality control steps were included in the direction of
transmission analysis. (A) Shows a simplified sub-tree that would pass the quality control steps
and would be included in the call for directionality where individual 1 is the source of the
infection. (B) Highlights the first step of the quality control which was to exclude sub-trees that
were revealed to have only one tip from either individual (highlighted in red). (C) Highlights the
second step which is the excluded sub-trees that demonstrate both individuals being equally

the source of the infection (highlighted in red).
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Supplemental Figure 3. Maximum-likelihood phylogeny of the 20 S. pneumoniae genomes

from the 10 pairs of isolates from subsequent visits rooted to the reference genome, KK0981.

The consensus SNP tree was reconstructed from an alignment of all polymorphic sites along

the genomes (51,682 bp). Branch supports =50%, as determined by 1,000 bootstrap
replicates, are denoted on the relevant branches. Branch length represents nucleotide

substitutions per site (nuc sub/site), as denoted by the scaled bar. Within-serotype clustering

is highlighted in grey boxes.

67



Direction of transmission analysis using same-visit samples
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Direction of transmission analysis using subsequent-visit samples
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Supplemental Figure 4. Sensitivity analysis inferring the direction of transmission. The
proportion of concordant inferred directionality per minimum number of SNP per read
(1,3,5,7,9,11,13, or 15) and read window sizes (50, 75, 100 125, or 150 base pairs). (A)
Inference from samples collected during the same visit. Green and red-coloured boxes denote
the proportion of pairs for which the inferred direction of transmission was concordant with the
epidemiological data, green is equivalent to 100% and red is equivalent to 0%. White boxes
denote equal distributions of concordant and discordant inferred directions (proportion = 0.50).
While grey boxes denote that phylogenies were generated, however, they were classified as
“‘unlinked” or “ambiguous directions” and empty boxes denote that no sub-trees were
generated for this combination of window size and SNP. The “N” represents the number of
pairs analysed for the respective window size and SNP combination and the “N of Trees” is
the average number of sub-trees used for the direction of transmission for those pairs
analysed. (B) The proportion of sub-trees concordant with the epidemiological data, for each
pair, with the different combinations of window sizes and minimum number of SNP

represented by the coloured bars.
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ABSTRACT
Background
Detection of multiple pneumococcal serotype carriage is important for monitoring vaccine
impact, particularly among populations in which pneumococcal co-carriage is common. We
compared pipelines for identifying pneumococcal subpopulations using whole-genome

sequencing data.

Methods

We selected 24 paediatric nasopharyngeal samples from Blantyre, Malawi, previously
assessed by DNA microarray serotyping with confirmed pneumococcal co-carriage including
up to six different serotypes. Pneumococcal DNA from culture plate sweeps were sequenced
using lllumina MiSeq and genomic serotyping was carried out using SeroCall and
PneumoKITy. We also used a mixture modelling on mutation frequency distributions to identify
respective serotype subpopulations. Six samples were re-sequenced at higher depths to

improve the detection of low-abundance serotypes.

Results

DNA microarray detected a total of 79 non-unique serotypes, of which 41 occur at high
abundance (>10%) while the remaining 37 occur at low abundance (<10%). The average
sequencing depth for the 24 samples was 57X. In comparison with DNA microarray, SeroCall
had 100% sensitivity in determining the dominant serotype while PneumoKITy had 92%
(22/24) concordance. SeroCall’s sensitivity for identifying high abundance serotypes was 98%
(95% CI, 0.68-1.00); low abundance was 54% (95% CI, 0.22-0.86), any abundance was 66%
(95% CI: 0.44-1.00) for any abundance. While PneumoKITy’s sensitivity for identifying high
abundance serotypes was 86% (95% ClI, 0.56-1.00); low abundance was 19% (95% ClI, 0.00-
0.51), any abundance was 54% (95% CI: 0.32-0.76) for any abundance.

An average 3-fold increase in sequencing depth slightly increased sensitivity for low-
abundance serotype identification. Mixture modelling showed some potential for identifying

serotypes in the sample through their associated SNP frequency.
Conclusion

Genomic serotyping pipelines have high sensitivity for identifying serotypes unless carried at

low abundance.
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INTRODUCTION

Carriage of Streptococcus pneumoniae is typically asymptomatic but can lead to the
development of invasive pneumococcal disease (IPD) and it is one of the most common
causes of childhood pneumonia. Most pneumococci are encapsulated with a complex
capsular polysaccharide (cps) that contributes to its virulence and pathogenicity®. All typeable
pneumococci are typed by the cps locus flanked by the dexB and aliA genes?® and there are

currently more than 100 distinct serotypes identified*.

Carriage of multiple unique pneumococcal strains (co-carriage) is common in settings with
high carriage prevalence®, with an estimated 40% of children found to carry multiple serotypes
within their first year of life in The Gambia and Malawi®’. Monitoring of co-carriage is an
important part of surveillance activities, including in the characterisation of the ecological
response of pneumococci to vaccine pressures. Additionally, there is a limited understanding
of co-carriage within transmission dynamics which is likely due to limited sensitivity to detect

minor variants from genomic data.

DNA microarray that uses serotype and serogroup-specific probes to target the highly variable
glycosyltransferase genes has been established as the gold standard for reliable detection of
co-carriage®'°. Recently, whole-genome sequencing (WGS) has become a cost-effective
alternative for serotyping IPD samples in routine surveillance to identify the serotypes that are
present'!. Bioinformatic tools such as PneumoCaT and SeroBA use a k-mer-based method to
identify concordance between query cps locus next-generation sequencing reads and the
pneumococcus Capsular Type Variant database'', with high sensitivity (99% and 98%,
respectively). However, these tools have limited capacity to identify serotypes in specimens
with pneumococcal co-carriage. However, the recently developed pipelines PneumoKITy and
SeroCall can identify co-carriage with high sensitivity (<85%), making them an attractive

alternative to previous approaches.
In this study, we compared pneumococcal serotyping methods for identifying pneumococcal

co-carriage using whole-genome sequencing and assessed the potential to differentiate these

variants for further analyses.
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MATERIALS AND METHODS

Sample collection

A total of 24 S. pneumoniae-positive nasopharyngeal swab samples were included in this
study. These were part of a larger study, the study design and sample collection of which
were detailed elsewhere'. In summary, the nasopharyngeal swabs were collected from
asymptomatic children as a part of a prospective observational study using random sampling
to monitor pneumococcal carriage in Blantyre, Malawi, following the introduction of
Pneumococcal Conjugate Vaccine (PCV) over 3.5 years. Two samples, S13 and S16 (Table
1), were also a mixture with other non-Streptococcus pneumoniae including Bifidobacterium

infantis, and Streptococcus mitis, oralis, and parasanguinis for the purpose of this analysis.

Sample processing

Nasopharyngeal swabs were stored in milk—tryptone—glucose—glycerol (STGG) medium of
which 30 yL was plated on gentamicin-sheep blood agar and incubated overnight at 37°C in
5% CO2. The presence of Streptococcus pneumoniae was identified by optochin sensitivity

and colony morphology.

DNA microarray for co-carriage detection

The nasopharyngeal swab specimens were prepared for S. pneumoniae microarray
serotyping at BUGS Bioscience Ltd. (London, United Kingdom) as previously described®. The
DNA purified from the pneumococcal plate sweeps prepared for microarray analysis was
stored at -20°C. The 24 samples were selected to represent a mix of colonisation with a range
of 1 to 6 pneumococcal serotypes present at varying frequencies, as determined by microarray
(Table 1). The subsequent genomic serotyping analysis was initially carried out blinded to the

results of the microarray data.

Sequencing and sequence processing

Aliquots of the samples’ DNA were transported to the London School of Hygiene and Tropical
Medicine (London, United Kingdom) for whole-genome sequencing on the lllumina MiSeq
platform, using Qiagen FX library kit (Qiagen), with enzymatic fragmentation for 12 minutes
targeting 300-400 bps fragments. Of the original 24 samples, six were selected to be

resequenced at a higher sequencing depth.

Adaptors from the raw data were trimmed using Trimmomatic v0.39". The forward and
reverse FASTQ files containing the reads were aligned using the reference genome KK0981,
with Burrow-Wheeler Alignment v.0.7.17 (BWA-MEM) and SAMtools mpileup v1.9.114". The
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quality of the sequencing data was assessed using Kraken2 and non-S. pneumoniae reads
were excluded for subsequent analysis except for the genomic serotyping. Sequencing
coverage and depth were calculated from mapped reads in the bam files containing only S.
pneumoniae reads, using SAMtools. For the 6 samples resequenced at greater depth, original

and resequencing reads were pooled, resulting in higher sequencing depth.

Genomic serotyping

I'® and PneumoKITy", to

Two genomic serotyping approaches were implemented, SeroCal
identify the occurrence of co-carriage. These were carried out using the sequencing raw reads
(e.g. not filtered for S. pneumoniae reads). There were no options to modify the SeroCall
algorithm, however, PneumoKITy was initially run with the default parameters, including the
requirement that 90% of k-mers were found in the reference. This was later lowered to 80%
and 70% to investigate the corresponding trade-offs in sensitivity and specificity for serotyping

(Supplemental Table 1).

Concordance of genomic serotyping with DNA microarray

The serotyping results from SeroCall and PneumoKITy were compared to DNA microarray
serotyping. For both SeroCall and PneumoKITy, a sample was categorised as (i) completely
concordant if the serotypes detected by genomic serotyping matched those detected by
microarray exactly, (ii) semi-concordant when only serotypes present at high abundance
(>10%) were observed by genomic serotyping, (iii) semi-discordant when some serotypes
present at high abundance (>10%) were not observed, and (iv) complete discordance when
the dominant serotype (>50%) was not observed as the most abundant by genomic
serotyping. The genomic serotyping methods were compared to DNA microarray and
sensitivity is defined as being able to detect the serotype levels and not just the serogroup
level, additionally, non-typeables are included in the sensitivity calculation. Sensitivity was

reported as a percentage with a 95% confidence interval (95% ClI).

Identifying subpopulations based on SNP frequency

Variant calling format files containing the distribution and frequency of single nucleotide
polymorphisms (SNP) found in the samples were generated using Freebayes v1.3.2'8. They
were then visualised using LoFreq v2'°, which plots the relative frequency of observed SNPs.
The number of frequency peaks and relative SNPs abundance were first estimated by visual
inspection of the plots. A mixture modelling approach was then implemented to estimate the
number of subpopulations based on the SNPs frequency distributions. This was carried out in

R version 4.2.2, using the package gamlss.mx version 4.3-5. The modelling approach fitted
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one-to-size normal distributions to the SNPs frequency data for subpopulation number

estimates and the best estimates were assessed using Akaike Information Criterion values.

SNPs were filtered in an attempt to increase the genomic signal prior to serotyping: SNPs that
occurred at 100% frequency were removed, as these were not informative for intra-host
diversity. Additionally, SNPs at very low frequencies were removed due to potential
sequencing artefacts by setting a density threshold which was determined by visual inspection
as these areas, densities <0.3, under the curve were commonly observed between two defined

peaks (Figure 3).

RESULTS

Sample description

The number and frequency of serotypes detected in the samples by microarrays are shown in
Table 1. Of the 24 nasopharyngeal swab samples, DNA microarray detected six serotypes in
two samples, five serotypes in four, four serotypes in four, three serotypes in four, two
serotypes in four, and a single serotype in four samples (Table 1). The most abundant
dominant serotype was 35B (4/24) followed by 23F (3/24) and the most prevalent serotype
that was co-carried was serotype 14 (5/20). These results were used as a point of comparison

to assess the genomic methods.

Table 1. Overview of the 24 sequence data quality and the DNA microarray results on the

serotypes detected.

DNA Microarray
Sample ID_ Number of mapped reads Coverage Mean depth % Sp reads No. of st stno. 1 (%) stno. 2 (%) stno. 3 (%) stno. 4 (%) stno.5 (%) stno.6 (%)
1 675683 92 51 81 3 35B (92 6A/B[6A] (6) 14(2)
2 639079 91 53 87 1 3 100)
3 1053737 92 86 86 2 3(18)
4 1031636 94 88 86 4 20A/B[20B] (4) 23F (3) 15F (1)
5 892799 96 74 83 6 4(22) 19B (12) 6A/B[6A] (11) 21(6) NT2 (5)
6 785997 98 67 84 5 38 (24) NT3b (6) NT2 (5) 9L-like (1)
7 776809 97 65 82 2 11AD/E[11A] (4)
8 586890 93 48 83 4 23A(8) 19A (4)
9 450136 93 34 80 6 22F (3) 35B (1) 19B (1) NT2 (1)
10 561528 95 45 82 5 5 5 1(15) 11AD/E[11A] (1) 23B-like (1)
11 409984 93 32 81 3 3(30) 213)
12 914487 95 71 82 5 28AJF[28F] (8) 20A/B[20B] (5) 14 (4) 6A/B[6B] (3)
13* 819610 90 65 79 3* 36-like* (3) 18B/C[18C] (1)
14 977902 90 79 86 2 38(1)
15 506404 98 41 82 4 9F (38 11A/D/E[11A] (3) 6A/B[6B] (2)
16* 701352 92 56 62 4* 7C[7C] (54) 17F (28 19F (14) 7F-like* (4)
17 792903 93 66 81 1 6A/B[6B] (100)
18 556650 94 44 84 5 4(36 3(7) 34(2) 38 (1)
19 623422 95 51 85 4 0/7BI7C[7C] (25) 38 (7) 11AD/E[11A] (3)
20 748438 90 62 86 1 12F] (100)
21 573636 95 47 85 3 34 (32) 2
22 273984 920 21 40 2 NT2 (38)
23 655286 94 55 84 3 3 0B (13) 19F (4)
24 745529 88 60 83 1 23B-like (100)
* Artificial mixture of Str Pi iae with Bifidob. ium infantis, and Streptococcus mitis, oralis, and parasanguinis

Abbreviations: Streptococcus pneumoniae (Sp), number (no.), serotype (st)
Green text, highlight st detected >10% with DNA microarray
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Sequencing results

The average sequencing coverage for the original 24 samples was 93% (range, 88%-98%),
with a corresponding average sequencing depth of 57X (standard deviation, +17X). Sample
S22 had the lowest average depth at 21X (Table 1, Supplemental Figure 1). The average
percentage of reads that matched the pneumococcal genome was 81% (standard deviation,
+ 10%). Three samples had more than 20% of reads that did not match Streptococcus
pneumoniae, the two mixture samples, S13 and S16, and S22 (Table 1). S13 had 86% of
reads that matched with Streptococcus pneumoniae, while the remainder (14%) of the reads
were non-pneumoniae Streptococcus, while S16 had 62% of reads matched with
Streptococcus pneumoniae and the remainder were mostly non-pneumoniae Streptococcus
and Actinobacteria (7%), Eukaryota (1%), and unclassified (3%). S22, a non-mixture sample,
had 40% of reads match with Sp, while the remainder were mostly non-pneumoniae

Streptococcus (7%), Lactococcus (24%), Enterococcaceae (21%), and unclassified (2%).
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Supplemental Figure 1. Sequencing depth for all 24 original samples. Boxes and whiskers

display the sequencing depth's lower, median, and upper bounds.

Sensitivity of genomic serotyping methods compared to DNA microarray

Compared to DNA microarray, SeroCall correctly identified the dominant serotypes in all 24
samples (100%, [95% CI, 0.85 - 1.00]) and correctly identified up to five extra serotypes in
cases of co-carriage. There was complete concordance for 7/24 (29%) of the samples, of
which, four were single serotype carriage, one dual co-carriage, and two co-carriage of three
serotypes. There was semi-concordance for 16/24 (67%) and semi-discordance for 1/24 (4%)

which was due to an unobserved non-typeable that was detected by DNA microarray at 38%
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(Table 2). DNA microarray detected a total of 79 non-unique serotypes, of which 41 occur at
high abundance while the remaining 37 occur at low abundance. Of the total detected by DNA
microarray, SeroCall was able to identify 40 (98% [95% ClI, 0.68-1.00]) at high abundance, 20
(54% [95% CI, 0.22-0.86]) at low abundance, and 52 (66% [95% CI, 0.44-1.00]) at any

abundances (Figure 1).
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Figure 1. (A) Top, relative abundance of serotypes detected by DNA Microarray and their
relative abundances observed by SeroCall; bottom, SeroCall sensitivity (%) to identify
serotypes detected by DNA microarray, regardless of their relative abundance, with the light
grey line representing 95% confidence interval. (B) Same as (A) but using PneumoKITy as the

genomic serotyping method.
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Table 2. Sensitivity of SeroCall and PneumoKITy compared to DNA Microarray

SNP frequency SeroCall PneumoKITy p = 80%
Sample ID_ Visual no. of peaks % of peaks MM no. of st no.ofst no.capreads stno.1 (%) stno.2 (%) stno.3 (%) stno.4 (%) stno.5 (%) discordance /notes no.ofst stno.1 (%) stno. 2 (%) stno. 3 (%) discordance / notes
so1 2 90%, 10% 2 1 580 358 (100) 2 35B/35D (92.65) 6A_6B_6C_6D (7.35)
s02 1 100% 1 1 659 358 (100) 1 35B/35D (100)
S03 2 80%, 20% 3 2 638 03 (79.4) 13 (20.6) 2 3(78.3) 13(21.7)
S04 1 100% 2 1 1931 23A(100) 2 23A (50.54) 23F (49.46) PK detect higher 23F
S05 3 50%,30%,20% 3 5 1227 35B(56.2) 14 (21.6) 06E[6A] (9.1) 19B(85) 21(4.6) onlyNT undetected 3 35B/35D (59.3) 14 (27.91) 6A_6B_6C_6D (1279) 18B
S06 2 80%,20% 3 2 1322 23F (86.2) 38 (13.8) 2 23F (82.67) 25F_25A_38 (17.33)
so7 1 100% 3 1 1332 23F (100) 1 23F (100)
S08 2 90%, 10% 5 3 670 14 (81.4) 23F (12.9) 23A(5.7) 3 14 (78.12) 23A(10.94) 23F (10.94)
S09 2 90%, 10% 3 2 584 19F (91.6) 14 (8.4) 2 19F (87.23) 14 (12.77)
s10 2 80%, 20% 3 3 764 19A (64.8) 15B/15C (19.9) 01 (15.3) 3 19A_19AF (63.64) 15B/15C (18.18) 1(18.18)
s11 2 80%, 20% 6 2 402 15B/15C (64.3) 13 (35.7) 2 15B/15C (75.76) 13 (24.24)
s12 2 90%, 10% 2 3 1194 12F (86.9) 28F (8.9) 14 (4.3) 3 12F_12A_12B_44_46 (87.5) 14 (5.56) 6A_6B_6C_6D (6.94)
s13* 1 100% 1 1 1039 22A(100) 1 22A(100)
s14 1 100% 1 1 990 358 (100) 1 35B/35D (100)
s15 2 50%, 15% 4 2 536 19F (51.8) 23F (48.2) 2 23F (54.29) 19F (45.71)
s16* 2 80%, 20% 3 3 1148 07C (77.8) 17F (13.2) 19F (9.0) 3 7BJ40 (45.67) 7C (46.46) 19F (7.87)
s17 1 100% 1 1 1435 06E[6B] (100) [ Serogroup_6_(6E) (100)
s18 3 50%,40%,10% 3 2 587 13(51.2) 14 (48.8) 2 13 (57.5) 14 (42.5)
s19 3 70%,20%,10% 3 3 541 07C (46.4) 03 (42.8) 38(10.8) 1 7C (100)
s20 1 100% 1 1 1508 12F (100) 1 12F (100)
s21 2 70%, 30% 4 3 503 16F (46.3) 34 (28.3) 03 (25.4) 2 16F (50.0) 34 (50.0)
s22 1 100% 2 1 411 19B (100.0) 1 198 (100)
s23 2 90%, 10% 2 3 864 34 (83.6) 10B (12.4) 19F (4.0) 2 34 (86.76) 10B (13.24)
s24 1 100% 1 1 1092 23B (100.0) 1 23B (100) R
* Artificial mixture of P iae with Bifidob ium infantis, and Streptococcus mitis, oralis, and parasanguinis

(Sp), number (no.), serotype (st), mixture modelling (MM)
Red text, additional false-positive serotypes detected with decrease spe:
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PneumoKITy, with an 80% k-mer percentage cut-off, was able to identify the dominant
serotypes in 23/24 samples (96%) and identified co-carriage with up to three serotypes. There
was complete concordance for 4 (17%) of the samples, of which, one sample had co-carriage
of up to two serotypes. There was semi-concordance for 14 (58%) of the samples, semi-
discordance for 4 (17%), and complete discordance for 2 (8%). Semi-discordant samples were
due to unidentified high abundance serotypes including serotypes 19B, 17F, 3, and a non-
typeable population while the two complete discordant cases were due to dominant serotype
3 that was not observed for one sample and the other only identified to the serogroup level,
serogroup 6 (Table 2). In comparison to the 79 unique serotypes detected by DNA microarray,
PneumoKITy was able to identify 36 (86% [95% CI, 0.56-1.00]) at high abundance, 7 (19%

[95% CI, 0.00-0.51]) at low abundance, and 43 (54% [95% CIl, 0.32-0.76]) at any abundances
(Figure 1). Of the six serotypes that were unobserved by PneumoKITy at high abundances,

two were serotype 3, one was 17F, one was 19B, one was 6B, and one was non-typeable-2.

Overall, increasing the sequencing depth of the 6 samples had no impact on the sensitivity of
the genomic serotyping methods. The specificities of the resequenced samples were
reiterated through genomic serotyping using both SeroCall and PneumoKITy where samples
maintained the same pneumococcal serotype mixtures and abundance. Pooling the original
and resequenced samples to further increase the sequencing depth by 3-fold increased the
sensitivity of the genomic serotyping methods to further identify low abundance serotypes. Of
the 37 low abundance serotypes identified by DNA microarray, SeroCall was able to find an
additional two serotypes, serotype 21 at 2.7% for sample S11, and serotype 11A at 5.4% for
sample S19. Similarly, PneumoKITy was also able to identify one additional serotype at high
abundance, serotype 38 at 15.56%, and two low abundance serotypes, 11A/11D at 8.89% for
sample S19 and serotype 17F at 8.92% for sample S16 (Table 3).
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Table 3. Effect of increased sequencing depth on the sensitivity of genomic serotyping

methods

SeroCall PneumoKITy p = 80%
Sample ID Fold increase no. of reads Fold increase mean seq depth no.ofst stno.1 (%) stno.2 (%) stno.3 (%) stno.4 (%) no.ofstno. stno.1 (%) stno. 2 (%) stno.3 (%) stno. 4 (%)
S03 Ref Ref 2 03 (79.4) 13 (20.6) 2 3(78.3) 13 (21.7)
S03.reseq 38 37 2 03 (78.1) 13(21.9) 2 3(78.82) 13(21.18)
S03.pooled 4.7 48 2 03 (78.0) 13 (22.0) 2 3(78.86) 13 (21.14)
S09 Ref Ref 2 19F (91.6) 14 (8.4) 2 19F (87.23) 14 (12.77)
S09 reseq 20 20 2 19F (92.4) 14 (7.6) 2 19F (86.96) 14 (13.04)
S09.pooled 3.0 3.1 2 19F (93.3) 14 (6.7) 2 19F (87.67) 14 (12.33)
S11 Ref Ref 2 15B/15C (64.3) 13 (35.7) 2 15B/15C (75.76) 13 (24.24)
S11.reseq 43 4.2 2 15B/15C (70.5) 13 (29.5) 2 15B/15C (75.35) 13 (24.65)
S11.pooled 5.3 54 3 15B/15C (68.8) 13 (28.6) 21 (2.7) 2 15B/15C (75.98) 13 (24.02)
S16* Ref Ref 3 07C (77.8) 17F (13.2) 19F (9.0) 3 7B/40 (45.67)  7C (46.46) 19F (7.87)
S16.reseq* 1.9 1.8 3 07C (79.2) 17F (13.4) 19F (7.3) 3 7B/40 (46.32) 7C (46.75) 19F (6.93)
S16.pooled* 2.9 3.1 3 07C (804) 17F (12.4) 19F (7.2) 4 7B/40 (42.49) 7C (42.96) 19F (5.63) 17F (8.92)
S19 Ref Ref 3 07C (46.4) 03 (42.8) 38(10.8) 1 7C (100)
S19.reseq 1.1 1.1 3 07C (28.2) 03 (64.9) 38(6.8) 1 7C (100)
S19.pooled 2.2 24 4 07C (37.2) 03 (48.7) 38(8.8) 11A (5.4) 3 7C (75.56) 38 (15.56) 11A/11D (8.89)
S22 Ref Ref 1 19B (100.0) 1 19B (100)
S22.reseq 3.0 3.0 1 19B (100.0) 1 19B (100)
S22.pooled 4.0 43 1 19B (100.0) 1 19B (100)

* Artificial mixture of Streptococcus Pneumoniae with Bifidobacterium infantis, and Streptococcus mitis, oralis, and parasanguinis

Abbreviations: Streptococcus pneumoniae (Sp), number (no.), serotype (st)
Blue text, additional serotypes detected from increased sequencing depth
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Subpopulation identification from SNP frequency

The frequency distribution of polymorphic sites revealed some samples having clear and
distinct peaks of frequencies of SNPs (e.g. S03) that likely indicate distinct subpopulations and
potentially different capsular serotypes, while other samples had more ambiguous distributions
(e.g. S05), and samples with minor genomic signals but no defined distributions of SNPs (e.g.
S04) (Figure 3). For all 24 samples, the range of frequency peaks that were visually observable
ranged from one to three peaks with two peaks being observed the most (Supplemental Figure
2). Compared to the number of serotypes detected by DNA microarray, 5/24 samples had a
concordant number of peaks, four of which were single serotype carriage, while the remaining
one had co-carriage of two serotypes. Additionally, the sample with concordant frequencies
between visual estimates and microarray was also similar, 80%/20% and 82%/18%,
respectively. The number of SNP frequency peaks identified for the remainder of 19/24
samples were on average two fewer serotypes detected by DNA microarray (Table 2). Of the
original 24 samples, mixture modelling identified between one to six subpopulations from the
SNP frequencies and estimated the same number of subpopulations as DNA microarray in 6
(25%), more in 5 (21%), and fewer in 13 (54%); SeroCall and PneumoKITy

only identified fewer in 17 (71%) and 19 (80%), respectively.
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Figure 2. Density plot of SNP frequencies (left) and genome plot of SNPs in reference to
KK0981 whole genome (right) where a single point on the SNP frequency plot represents a
single polymorphic site to the reference genome. S02 is an example where there is no
evidence to support that the individual is infected with multiple haplotypes. S03 is an example
where there is evidence to support that the individual is infected with multiple haplotypes. S04
is an example where is there evidence there is probably a single population, however, there
is some signal represented by the small peaks indicating potential unobserved minor variants.
S05 is an example of clear co-carriage, however, it is difficult to distinguish. The red box, in
the density plot, highlights the threshold (<0.3) that was set to exclude potential artefacts due
to sequencing error, and in the genome plot, highlights the SNPs that occur at a frequency of

1.00 which are SNPs that are present in both samples.
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The resequenced samples with increased sequencing depth had a qualitative impact on the
SNPs frequency distribution for three of the six samples. Samples S03, S11, and S22
demonstrate darker frequency bands in the resequenced runs, highlighting a more mutation
specificity, however, the same number of frequency bands remain, indicating the sensitivity
has not been impacted. The remaining three samples maintained quantitatively similar
frequency distributions. The mixture modelling revealed that S03 and S19 maintained the
same number of subpopulations, and S09, S11, and S22 reduced the number of

subpopulations by one, while S16 increased the subpopulation from three to seven (Table 1).

Sensitivity analyses

For PneumoKITy, configuring the alternative filter cut-off value for k-mer percentage
parameter from the default (90%) to 80% resulted in higher sensitivity for identifying serotypes
without compromising specificity. The adjustment increased sensitivity to identify an additional
10 serotypes across 9 samples. However, lowering the threshold to 70%, lowered the

specificity and thus false positive serotypes were observed (Supplemental Table 1).
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Supplemental Table 1. Sensitivity of PneumoKITy with varying levels of specificity.

PneumoKITy p =90% PneumoKITy p = 80% PneumoKITy p =70%
Sample ID__no. of st stno. 1 (%) stno.2 (%) stno.3 (%) discordance / notes no. of st stno. 1 (%) stno.2 (%) stno.3 (%) discordance / notes no. of st_stno. 1 (%) stno.2 (%) stno.3 (%) stno.4(%) discordance / notes
s01 1 35B/35D (100) 2 35B/35D (92.65) 6A_6B_6C_6D (7.35) 2 35B/35D (92.65) 6A_6B_6C_6D (7.35)
s02 1 358/35D (100) 1 35B/35D (100) 1 358 (100)
s03 1 3(100) 2 3(783) 13(21.7) 2 13(21.7) 3(783)
S03.reseq 3(100) 2 3(78.82) 13 (21.18) 2 13 (21.18) 3(78.82)
S04 1 23A(100) 2 23A (50.54) 23F (49.46) 2 23A (50.54) 23F (49.46)
S05 3 358/35D (59.3) 14(27.91) 6A_6B_6C_6D (12.79) 3 35B/35D (59.3) 14 (27.91) 6A_6B_6C_6D (12.79) 4 14 (21.43) 198 (11.61) 35B/35D (45.54) 6A_6B_6C_6D (21.43)
S06 2 23F (83.78) 25F_25A_38 (16.22) 2 23F (82.67) 25F_25A_38 (17.33) 2 23F (8267) 25F_25A_38 (17.33)
s07 1 23F (100) 1 23F (100) 1 23F (100)
S08 2 14 (87.72) 23F (12.28) 3 14 (78.12) 23A(10.94) 23F (10.94) 3 14 (78.12) 23A(10.94) 23F (10.94)
s09 1 19F (100) 2 19F (87.23) 14 (12.77) 2 14 (12.77) 19F (87.23)
S09.reseq 14(13.04) 19F (86.96) 2 19F (86.96) 14 (13.04) 2 14 (13.04) 19F (86.96)
s10 3 19A_19AF (63.64) 15B/15C (18.18)  1(18.18) 3 19A_19AF (63.64) 15B/5C (18.18) 1(18.18) 4 1(15.38) 15B/15C (15.38) 15F_15A (15.38) 19A_19AF (53.85)
Ss11 1 15B/15C (100) 2 15B/15C (75.76) 13 (24.24) 2 13 (2424) 15B/15C (75.76)
S11reseq 15B/15C (100) 2 15B/15C (75.35) 13 (24.65) 2 13 (24.65) 15BM5C (75.35)
s12 1 12F (100) 3 12F_12A_12B_44_46 (87.5) 14 (5.56) 6A_6B_6C_6D (6.94) 4 12F_12A_12B_44_46 (80.77) 14(5.13) 28F28A (7.69)  6A_6B_6C_6D (6.41)
s13° 1 22A(100) 1 22A(100) 2 22A (48.54) 22F (51.46)
s14 1 358/35D (100) 1 35B/35D (100) 1 35B/35D (100)
s15 2 23F (54.29) 19F (45.71) 2 23F (54.29) 19F (45.71) 3 19F (30.77) 23A (32.69) 23F (36.54)
s16° 2 7€ (8551) 19F (14.49) 3 7BI40 (45.67) 7C (46.46) 19F (7.87) 3 19F (7.87) 7B/40 (45.67) 7C (46.46)
S16reseq 7C (87.1) 19F (12.9) 3 78140 (46.32) 7C (46.75) 19F (6.93) 3 19F (6.93) 7BI40 (46.32) 7C (46.75)
s17 1 Serogroup_6_(6E) (100) 1 Serogroup_6_(6E) (100) 1 Serogroup_6_(6E) (100)
s18 1 14 (100) 2 13 (57.5) 14 (42.5) 2 13 (57.5) 14 (42.5)
s19 1 7C (100) 1 7C (100) 3 3(57.14) 7B/40 (21.43) 7C (21.43)
S19reseq 7C (100) 1 7C (100) 3 3(58.33) 7B/40 (20.83) 7C (20.83)
s20 1 12F (100) 1 12F (100) 1 12F (100)
s21 2 16F (50.0) 34 (50.0) 2 16F (50.0) 34(500) 3 16F (27.91) 3(44.19) 34(27.91)
s22 1 198 (100) 1 198 (100) 1 198 (100)
S22reseq 198 (100) 1 198 (100) 1 198 (100)
s23 2 34 (86.76) 108 (13.24) 2 34 (86.76) 108 (13.24) 3 10A (11.69) 10B (11.69) 34 (76.62)
S24 1 238 (100 1 238 (100, 1 23B (100,

‘with Bifi infantis, and oralis, and parasanguinis

* Artificial mixture of

(Sp), number (no.), serotype (st)
Blue text, additional sertoypes detected with decrease specificity
Red text, additional false-positive with d sficity
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Co-carriage detection sensitivity was cross-validated using the pipeline implemented by
Tonkin-Hill et al. ® which combines SeroCall with a deconvolution-based strategy and the

results were comparable.

A subset of samples was resequenced at a higher depth in an attempt to improve sensitivity.
Samples S03, S09, S16, and S22 increased sequencing depth from an average of 49X to
138X. While S19 and S11 had a slightly decreased coverage from the original run to the rerun
51X to 56X and 45X to 32X, respectively (Table 1).

DISCUSSION

Detecting co-carriage of S. pneumoniae serotypes through genomic sequencing could be
advantageous over other serotyping methods by providing additional information on
phylogenetic relationships and antimicrobial resistance. We demonstrate that both genomic
pneumococcal serotyping methods tested in this study, SeroCall and PneumoKITy, can
reliably identify the dominant serotypes of a mixed population, with a steep drop of sensitivity
for serotypes carried at low abundance (<10%). However, increasing sequencing depth can

increase the sensitivity of these methods and identify low-abundance serotypes.

SeroCall identified all the dominant serotypes in all 24 samples. However, PneumoKITy did
not identify the majority populations in two samples, one of which was only identified at the
serogroup level and the other an unobserved serotype 3. The developers of PneumoKITy,
Sheppard et al., noted that there is a limitation in identifying serotype 3, particularly in co-
carriage at low abundances and that this could be potentially mitigated by lowering the
specificity parameter. In our study, serotype 3 was co-carried at a high abundance and was
only observable when the k-mer percentage threshold was lowered from 90% to 80%. The
80% threshold resulted in 100% specificity across the study samples, however, when the

threshold was lowered from 80% to 70%, false-positive serotypes were observed.

Most of the discordance between microarray and genomic methods was due to the genomic
serotyping methods lacking sufficient sensitivity to identify serotypes at relatively low
abundance, highlighting the importance of read depth in the genomic detection of multi-
carriage. However, increasing sequencing depth did not necessarily result in better detection
rates, and there were instances where PneumoKITy was also not able to identify non-
dominant high-abundance serotypes. This later observation could largely be explained by the
reference database used by the program lacking a sufficient number of reference sequences

that are reflective of current circulating diverse strains in Africa’’.
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Partial or complete deletion of the cps gene cluster can result in a serotype being non-typeable
meaning they do not react with current antisera. Sample genomically serotyped as non-
typeable could be due to current tools only being limited to serotyping based on the capsular
protein or the limitation of the currently available antisera. Currently, PneumoKITy is not
programmed to identify non-typeables, however, SeroCall was able to observe non-typeables.
A previous study demonstrated a single-point mutation in the wchA gene resulted in serotype

change from 7F to non-typeable?', highlighting the difficulties in distinguishing non-typeables.

Previous studies have evaluated serotyping methods but they have been limited to single
carriage or have compared genomic methods between them, without comparison to
microarray detection. Sheppard et al. did include a small comparison between PneumoKITy
and SeroCall in their study, however, it was limited to a combination of a small number of
unique serotypes (n=10), while our study had 34 unique serotypes'’. Similarly, a study from
Swarthout et al., using the same dataset as our study, observed high concordance of serotype
identification of single carriage between latex agglutination, genomic serotyping
(PneumoCaT), and DNA microarray using 1,347 samples from community carriage
surveillance in Blantyre, Malawi?®>. Manna et al. observed discordant results between
PneumoCaT, SeroBA, and SeroCall, as well as discordant results within SeroCall in the
identification of single carriage of serotype 14-like identifying them as serotype 14 and/or non-
typeableble?®, highlighting the importance of additional phenotypic testing to validate

serotyping data.

Knight et al. highlighted that read depth would affect the sensitivity of SeroCall and
recommended that samples should have between 2-3 million reads per sample. Only 5 of the
30 sequenced samples had >1 million S. pneumoniae reads, of which 3 samples were
resequenced at a higher frequency. Despite the increased sequencing depth, SeroCall was
unable to identify additional serotypes in these cases. However, when the original and
resequenced samples were pooled, increasing the overall sequencing coverage, additional
serotypes were picked up with SeroCall and PneumoKITy, most of which were present at low
abundances. These results concur with the notion that higher sequencing depth could improve

sensitivity for identifying co-carriage of low abundant serotypes from genomic data.

Limitations of the study

The first limitation of this study is the small sample size of 24 which limited the variation in
combination and the quantity of co-carriage we were able to study. The second limitation is
the use of a single next-generation sequencing method (lllumina MiSeq). Other sequencing

methods such as lllumina HiSeq or Oxford Nanopore Technologies could result in a higher
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depth of coverage or longer sequencing reads, which could impact the sensitivity and
specificity of the genomic serotyping. On the other hand, some alternative methods have a
higher sequencing error rate (e.g. Oxford Nanopore), which could also potentially affect
detection. Increasing sequencing depth would increase the sensitivity of identifying low
abundance variants as we observed when we pooled the duplicate sequencing runs together
which improved our identification of serotypes <10%. Additionally, we suspect that increasing
the read lengths would improve the alignment thus increasing specificity using the genomic
serotyping methods. The third limitation is the potential degradation of the DNA between the
sample preparation for DNA microarray and whole-genome sequencing resulting in potentially
less optimal sequencing data. The fourth limitation of genomic serotyping methods is the
potential bias induced by the reference database used in the pipeline, which could lead to
misclassification or misquantification. For example, genetically similar stereotypes could then
be misclassified due to phenotypic differences or closely related serotypes would be difficult

to quantify compared to distantly related serotypes.

Future work
Future work will focus on parsing the SNPs frequencies in an attempt to reconstruct the
serotypes that are present in co-carriage that were identified by the mixture modelling. The

reconstruction of the serotypes present in co-carriage will be added benefit.

Conclusion

One of the major limitations of the genomic-based serotyping approach is its lack of sensitivity
compared to DNA microarray in its detection of minority serotypes. Despite that, genomic
serotyping can identify high-abundant populations, which are likely to be the ones with the
highest public biological relevance. NGS has become a cost-effective method compared to
DNA microarray and can be easily implemented as a part of routine monitoring, particularly in
resource-poor settings with higher rates of co-carriage. Additionally, there is an added benefit
to including sequencing as a part of routine surveillance including additional information for
phylogenetic inference to investigate transmission dynamics. While Quellung/latex
agglutination might be more cost-effective at detecting dominant serotypes, this method is not
optimal for identifying co-carriage®. It has been reported that 120 colonies must be sampled
by latex agglutination to identify serotypes that are co-carried at 5% and 299 colonies must
be sampled to identify serotypes that are co-carried at 1%?°. SeroCall and PneumoKITy are
free-access options with sufficient sensitivity for routine carriage surveillance to characterise
dominant serotypes, additionally, SeroCall is able to identify co-carriage of serotypes >10%

relative abundance.
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Abstract

Background: The ability of SARS-CoV-2 vaccines to protect against
infection and onward transmission determines whether immunisation
can control global circulation. We estimated the effectiveness of
Pfizer-BioNTech mRNA vaccine (BNT162b2) and Oxford AstraZeneca
adenovirus vector vaccine (ChAdOx1) vaccines against acquisition and
transmission of the Alpha and Delta variants in a prospective
household study in England.

Methods: Households were recruited based on adult purported index
cases testing positive after reverse transcription-quantitative (RT-
q)PCR testing of oral-nasal swabs. Purported index cases and their
household contacts took oral-nasal swabs on days 1, 3 and 7 after
enrolment and a subset of the PCR-positive swabs underwent
genomic sequencing conducted on a subset. We used Bayesian
logistic regression to infer vaccine effectiveness against acquisition
and transmission, adjusted for age, vaccination history and variant.
Results: Between 2 February 2021 and 10 September 2021, 213 index
cases and 312 contacts were followed up. After excluding households
lacking genomic proximity (N=2) or with unlikely serial intervals
(N=16), 195 households with 278 contacts remained, of whom 113
(41%) became PCR positive. Delta lineages had 1.53 times the risk
(95% Credible Interval: 1.04 - 2.20) of transmission than Alpha;
contacts older than 18 years old were 1.48 (1.20 - 1.91) and 1.02 (0.93
- 1.16) times more likely to acquire an Alpha or Delta infection than
children. Effectiveness of two doses of BNT162b2 against transmission
of Delta was 36% (-1%, 66%) and 49% (18%, 73%) for ChAdOx1, similar
to their effectiveness for Alpha. Protection against infection with Alpha
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was higher than for Delta, 69% (9%, 95%) vs. 18% (-119%, 59%),
respectively, for BNT162b2 and 24% (-41%, 72%) vs. 9% (-15%, 42%),
respectively, for ChAdOx1.

Conclusions: BNT162b2 and ChAdOx1 reduce transmission of the
Delta variant from breakthrough infections in the household setting,
although their protection against infection within this setting is low.

Keywords
covid, vaccination, secondary attack rate, SARS-CoV-2, household
transmission
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Introduction

The rapid development of safe and effective coronavirus disease
2019 (COVID-19) vaccines using both novel and traditional
platforms, is an unprecedented scientific achievement.
The United Kingdom was the first country to launch a
national COVID-19 vaccination programme with the rollout
of the Pfizer-BioNTech mRNA vaccine (BNTI162b2) on
8th December 2020, followed shortly after by the Oxford
AstraZeneca adenovirus vector vaccine (ChAdOxl). By
September 2021, over 40% of the world’s population had
received at least one dose of a COVID-19 vaccine, whether an
mRNA, adenovirus vector, or inactivated whole virion vaccine'. In
most countries, vaccine deployment has been focussed on direct
protection of those individuals at the greatest risk of a severe
outcome of SARS-CoV-2 infection, including the elderly and
those with co-morbidities. Health care workers and others who,
if infected, pose a transmission risk to vulnerable individuals,
have also been identified as a priority group for vaccination.

The primary outcome of the efficacy trials of the currently
authorised COVID-19 vaccines was symptomatic laboratory
confirmed SARS-CoV-2 infection, with little information
generated on protection against severe COVID-19 infection nor
on the ability of the vaccines to prevent onward transmission in
those infected. There is now a growing body of evidence from
observational studies showing high protection against severe
COVID-19 from inactivated whole virion, mRNA, and adeno-
virus vector vaccines”' but information on protection against

is still limited’. A have been made to infer
protection against transmission by comparing the viral load in
the nasopharynx of vaccinated individuals with breakthrough
infections with that in unvaccinated cases, using cycle threshold
(Ct) values as a proxy’. Other approaches have used routine
diagnostic PCR testing data, constructing households based
on individuals’ addresses or identifying them with contact
tracing, and to estimate secondary attack rates by vaccination
status of the index case. However, these studies are potentially

Wellcome Open Research 2023, 8:96 Last updated: 26 JUL 2023

No additional measures were taken in the study to prevent
household transmission. The vaccination status of index cases
and their household contacts is obtained by data linkage with
the National Immunisation Management System (NIMS) for
England and checked with participants by the study nurse at
the time of recruitment. Self-testing kits for the index case and
household contacts to take combined nose and throat swabs
on Day 1 (day of recruitment), Day 3 and Day 7 are couriered
to households and subsequently tested by dual target PCR at
PHE Colindale (ORF and E genes). PCR positive swabs are
sequenced as part of the COG-UK initiative'’. Household
contacts were defined as infected if one or more swabs was PCR

positive.

The household transmission study is ongoing and inclusion
in this analysis is based on participants having returned at
least one swab, being either unvaccinated or vaccinated with
one or two doses of either BNT162b2 or ChAdOx1 with the
vaccination dates recorded in the national vaccination register,
and the age at time of recruitment and the date of onset of
symptoms (fever, cough, runny nose, sore throat, shortness of
breath, loss of taste or smell, nausea, diarrhoea, muscle/body
pain, headache or other) recorded.

The analysis code used can be found as Extended data'.

Statistical analysis

All analysis was conducted in R Project for Statistical Computing
(RRID:SCR_001905) 4.1.1"" with Bayesian models fit using
the rjags package (RRID:SCR_017573)"". The secondary attack
rate (SAR) for each combination of case and contact is esti-
mated here by predicting the probability an unseen contact
acquires an infection from an infected case given the vaccination
history and age of each and the index case’s variant. As the
observed SARs in this study were high, model-estimated odd
ratios poorly approximate relative risks. Thus, effect estimates

subject to ascertainment bias as they are reliant on the testing
behaviour of household contacts™.

Here we report the results of a prospective household transmis-
sion study set up by Public Health England (PHE) (now the
UK Health Security Agency) in January 2021 to assess the
effect of the vaccination history of index cases with COVID-19
on transmission of SARS-CoV-2 to household contacts, and
the protection afforded to vaccinated contacts under conditions
of household exposure.

Methods

Data

Households. The prc for household and
laboratory testing are the same as those used in the household
transmission study conducted prior to vaccine availability and
are detailed elsewhere'’. In brief, infected index cases, identified
via community testing in England (known as Pillar 2 testing),
and their consenting household contacts are recruited by study
nurses, on average, three days after their initial PCR test.

recr

are calculated as risk ratios (RRs) of SARs. Unless mentioned
otherwise, the baseline age groups for such comparisons were
adult index cases younger than 50 years old and contacts at
least 18 years old. The predicted SARs and RRs are summarised
with medians and 95% credible intervals.

Household secondary attack rate. We fit a Bayesian hierar-
chical linear model with Bernoulli likelihood for the prob-
ability that a household contact of an index case acquires a
SARS-CoV-2 infection within a week of recruitment. The
model estimates both a protective effect for vaccinated contacts
against infection and a reduction in transmission for vacci-
nated cases, which are d to be independent. The effect
of the first dose is assumed to only occur 21 days after the
vaccination is received, and an additional effect of the second
dose requires at least seven days have passed since the second
vaccination as in the SIREN study, which considers the effec-
tiveness of BNTI162b2 in healthcare workers in England”.
These effects are assumed to depend on the vaccine product,
and number of doses thereof, received by both the index case
and the contact (Table 1). The probability of acquiring infection
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Table 1. Number of contacts with listed vaccine status for each case
vaccine status (N). Numbers in brackets show the additional individuals
included in the sensitivity analysis (n). BNT162b2, Pfizer-BioNTech mRNA vaccine;
ChAdOx1, Oxford AstraZeneca adenovirus vector vaccine.

Case

N(n) N(n)
1 ChAdOx1 17 (4) 1
2 ChAdOx1 2(1) 26 (5)
1 BNT162b2 6 1
2 BNT162b2 9 8
None 6 2

is also assumed to depend on the age of both the case
and contact, and the circulating lineage. Vaccine effectiveness
is calculated for both protection against infection and reduc-
tion of transmission as 1 -RR for RRs of household SARs with
and without the vaccine. For such, the SARs were sampled
during the Markov Chain Monte Carlo (MCMC) sampling,
for each combination of variant and case and contact vaccine
status (1 or 2 doses for each product) and age group, against
a baseline of that case-contact pair and variant in the absence
of any vaccination.

For the model of secondary attack rate, the likelihood is

Yi ~ Bem(py)

Pi
hg(l-_p,-] = ﬂo+8,,i+

ﬂw‘,-". I (dl.i.oonua 2 kl) * ﬂz-v,.l',- I (dz.i.mma B kl) *
B M cane 2 80) + By, (e 2 ) +

Econtact (Ai,m;n < "cannu) F €l (Ai.cze 2 "ﬂ*)

where I is an indicator function, which is 1 when its input
is true and O otherwise, and dm is the number of days since
the jth dose of vaccine product ¥ was given to either contact i
or their household index case (indexed by ¢) who is infected
with variant V. A fixed effect, d, accounts for the increased
infectivity of Delta beyond that of Alpha. Protection afforded
by dose j is assumed to begin after k = (21,7} days. These
are currently fixed, but a distribution may be used instead if
there is some observed variability we wish to include. Age
effects, £ are assumed to be non-zero when the contact is
younger than A, = 18 and when the case is at least as old
as A __ = 50. Where V| was missing due to that household’s
swabs not being sequenced, it was sampled at each step of
the MCMC from a Bernoulli distribution with its single param-
eter representing the modelled proportion of sequenced
Pillar 2 swabs with Delta lineage at time of that household’s
Day 1 swabs.

1ChAdOx1 2ChAdOx1 1BNT162b2 2BNT162b2 None

N(n) N(n) N(n)
3 4 23(5)

7(1) 12(1) 21(9)
15(2) 2 33(2)
4 10 9

4 5 48(2)

The priors for the model parameters associated with transmis-
sion reduction are parameterised as weakly informative normal
distributions (with means and precision (=0%))

7),1'_l' ~N(',Vj‘0“v.7'-,)
Yioy ~N(©,10%)
=0’

o, ~Exp(0.3)

The penalised complexity prior on the standard deviation
implies a prior probability of it exceeding 10 of 0.05.

For the infection protection parameters, informative priors
are derived from reported vaccine efficacy of the two vaccine
products against the Alpha (B.1.1.7) and Delta (B.1.617.2)
variants of SARS-CoV-2"°. The priors are normally distributed
for the log-odds ratios, with mean and precision parameters,

By1.4~N(log0.5,2) B11.0~N(log0.65,2)

8,24~ N(l0g0.43,0.25) 3, p~N(log0.67,0.25)

0.25 0.33
Bara ~N(logﬁ, 2] ﬁz,w”N(k’s 0.65° 2]

012 o5
067

Braa ‘N{IOB %»0-25] Ba2p ~N[bs
Here we have taken the point estimates of the log odds ratios
and scaled the standard errors up by a factor of two, rounding
to the nearest 0.5, in order to provide informative priors with
additional variance that ensure that the posteriors are still
sensitive to the data. As the f,  represent the marginal effect
of the second dose, we derive B, = f§, +f, . the log-odds
of the effect of double vaccination against variant V with
vaccine product U,

The effects of age have informative priors derived from Davies
et al.”’, for under-18s acquiring infection, £ ~N(log 0.50,24),
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and from Yousaf er al,” cited in Goldstein et al.,” for case
transmission, £, _~N(log 1.86,4.67).

To determine how informative the priors above are, we
replace the informative priors above for all ﬂ“_‘, with a weakly
informative N(O.o;g") prior with G~Exp(0.3) and the effects
of age each having a weakly informative N(0,10%) prior.

Lineage. At the start of data collection, the B.1.1.7 (Alpha)
SARS-CoV-2 variant was most prevalent in the United
Kingdom, and an increasing proportion of swabs sequenced
by Pillar 2 testing were identified as B.1.617.2 (Delta) variant
over time". Where sequencing was not available to determine
the variant for a positive swab, the probability that it was the
Delta variant was estimated from the date of sampling and a
logistic regression model fit to the number of weekly cases
identified through Pillar 2 that were either Alpha or Delta
variant.

Wellcome Open Research 2023, 8:96 Last updated: 26 JUL 2023

cases, the minimum age of index cases was 21 years old. The
median age of index cases was 48 years old and so we split
adults into younger (between 18 and 49 years old) and older
(at least 50 years old) age groups. Few participants were older
than 65 years old, so we did not distinguish between groups
aged 50-64 and 65+ years old. We did not adjust for prior infec-
tion status as information on this was incomplete at the time
of data lock, nor for gender as this was previously shown
not to be a factor in determining household transmission’’.
Table 2 shows the age and vaccine status breakdown of index
cases and their household contacts.

Infection history dynamics. PCR positivity relative to the onset
of symptoms was estimated using data from all symptomatic
cases and contacts, with pseudo-absences generated to simu-
late the time of infecting exposure. Comparison is made for
each combination of vaccine product, number of doses, and
variant against the corresponding unvaccinated group.

Participants’ age. Vaccine eligibility and type is correlated
with age and date of vaccination. This is because from 7th April
2021 the BNTI162b2 vaccine was recommended for individu-
als under 30 years old in preference to ChAdOxI, which was
then extended to those between 30 and 40 years old from
Tth May 2021°' and also because, apart from those in high risk
groups, vaccination was not offered to the general 16-17 year
old population until August 2021 and the general 12-15 year
old population until September 2021°. We account for age
in the model by considering that children under 18 years old
will have decreased susceptibility to infection, compared to
adults”’, and that older adults are more likely to transmit".
While the study did not specifically recruit only adult index

Identification of non-h hold transmission. As per the
study design, the index case for each household was by default
considered to be the individual who presented for Pillar 2 test-
ing. To reduce the risk of misclassification bias we excluded
from the analyses all households where both the index
case and an infected household contact were symptomatic and
the index case’s symptoms appeared more than two days after
the contact’s symptoms.

To further reduce the potential for misclassification bias, a
phylogenetic approach was used to identify apparent secondary
cases in the household who were in fact infected elsewhere.
If none of the sequences from a contact clustered with at least

Table 2. Number of index cases and their
household contacts with listed vaccine status for
each age group (N). Numbers in brackets show the
additional individuals included in the sensitivity analysis
(n). There are no index cases younger than 18 years old.
BNT162b2, Pfizer-BioNTech mRNA vaccine; ChAdOx1,
Oxford AstraZeneca adenavirus vector vaccine.

Status Vaccine

1 ChAdOx1
2 ChAdOx1

1 BNT162b2
2 BNT162b2
None

1 ChAdOx1
2 ChAdOx1
1 BNT162b2
2 BNT162b2
None

Case

Contact

<18
N(n)

67 (7)

Age group

18-49 50-64
N(n)  N(n)

0 15(2) 17(2)
0 20(3) 26(4)
0 22(1) 13(2)
0
0

N(n)
3(1)

13 17
33 12(1)
13(2) 22(2)
0 13(Q2) 22(2) 3(1)
0 22(2 9 2(1)
0 14() 16 3
55(8) 11(2) 1(1)

nm o = n =
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one of the sequences from the household’s index case, then
this was considered as evidence for an infection acquired
outside of the household; therefore, the contact was excluded
from the downstream analysis..

Whole-genome Illumina reads were retrieved from the European
Nucleotide Archive (ENA) (RRID:SCR_006515) under the
accession PRIEB37886. Consensus genomes were generated
using the Snippy pipeline mapping to the reference genome
NC_045512.2*. Highly ambiguous and/or homoplastic sites were
masked in the consensus alignment as described by de Maio
et al.”. A maximum-likelihood phylogeny was reconstructed
from the consensus genomes under the Hasegawa-Kishino-Yano
(HKY) model of nucleotide substitution with 1,000 ultrafast
bootstrap replicates to assess branch supports and visualized
in iTOL (RRID:SCR_018174)*~.

ClusterPicker was used to identify clusters of tr ion in

Wellcome Open Research 2023, 8:96 Last updated: 26 JUL 2023

been sequenced. Of the 72 individuals without information
on the infecting lineage, we estimated that 18 were likely of
Alpha and 54 were likely of Delta lineage based on the date of
sampling and the national prevalence of lineages at the time.
That is, 60% of index cases had an Alpha variant infection
and the remainder were Delta.

Identification of non-household transmission

Sequencing information for both index case and contact were
available for 92 PCR positive case-contact pairs across 79
households. In total, 345 whole-genome sequences (including
longitudinal samples) were available for analyses, a majority
of which were of Alpha variant (82.6%) and the remainder
were Delta (17.4%).

The phylogeny provided evidence that in two households the
contact of the recruited index case had acquired infection

the phylogeny™. These were defined as clusters of sequences
with patristic distances of no more than 2 SNP (6.6 x 107
substitutions/site)™” and bootstrap support of at least 70%.

Results

By September 10th, 2021, a total of 213 index cases and 312
contacts had been recruited and met the criteria for inclusion
at that time. Two contacts were removed due to lack of
genomic proximity (outlined below), which resulted in the
removal of each of their households as there were no further
contacts. The serial interval was two (95% range: -6, 10) days.
A total of 16 households with their respective index cases and
a total of 32 contacts were excluded from the main analysis
because at least one infected household contact presented
symptoms more than two days before the index case. Thus,
the main analysis was performed on 195 index cases and their
278 contacts. Households had between one and seven con-
tacts, with a mean of 2.2, median of 2, and standard deviation
of 1.2. The mode number of household contacts was 1.

Of the included individuals, 175 index cases (90%) and 113
(41%) contacts tested positive for SARS-CoV-2 at least once
in the week since recruitment. Sequencing information was
available for 122 (69%) and 81 (71%) of those, respectively.

A total of 24% of contacts were less than 18 years old, and
therefore not eligible for vaccination at the time. The propor-
tion of at least partially vaccinated (adult) household index
cases and contacts was 77% and 69%, respectively (Table 2).
Only 10 index cases (5%) were asymptomatic, reflecting the
bias of Pillar 2 testing in the UK towards detecting mostly
symptomatic infections. Fully vaccinated cases had received
their second dose on average 70 days before enrolment and
fully vaccinated contacts 71 days.

Prevalence of lineages

Of the 195 index cases analysed here, 99 were identified as
infected with B.1.1.7 (Alpha), 24 with B.1.617.2 (Delta), 20
did not test positive again after recruitment, and 52 were of
unknown lineage as their PCR-positive swabs had not yet

Isewh (Figure 1, households HHO02 and HHO007). Five
households that did not form unique clusters in the phylogeny
did not meet the exclusion criteria: in two a sequence from
an index case did not cluster with the remaining household
sequences but another sequence from the same index case did
(HHO04 and HHO006), while the other three households did
not have sufficient bootstrap support to be a part of a cluster
(HHOO1, HHO003, and HHO005). Of the remaining households,
72 (91%). formed unique, household-specific clusters that
included all and only sequences of members of the household,
indicating likely direct transmission within the household.

Age and lineage effects

We estimate that in the absence of vaccination of either case or
contacts, Delta lineage infections were much more transmissible
within the household than Alpha lineage infections (RR: 1.53,
95% Credible Interval: 1.04, 2.20 for adult cases <50 years
old). Children younger than 18 years old were less likely than
adults to acquire an Alpha infection (RR: 0.67, 95%: 0.52,
0.83) and just as likely to acquire a Delta infection (RR: 0.98,
95%: 0.86, 1.07). Compared to a baseline of index cases
aged between 18 and 49 years old, those 50 years old and over
did not transmit either an Alpha (RR: 1.15, 95%: 0.89, 1.47)
or Delta (1.08, 95%: 0.96, 1.30) infection to any greater degree
at a 95% level of credibility.

Effectiveness of vaccination

Either one or two doses of BNTI62b2 provide contacts with
a protective effect against infection from a symptomatic index
case with Alpha variant SARS-CoV-2 with a vaccine effec-
tiveness of 51%, (95% credible interval: 4%, 83%) and 69%
(95% credible interval: 9%, 95%), respectively (Table 3). At
0% (-33%, 39%) and 18% (-11%, 59%) the effectiveness of
one and two doses of BNTI62b2 against infection with the
Delta variant was lower than against Alpha. The protection
offered by ChAdOx1 to either variant after two doses was also
low, with effectiveness against Alpha of 24% (-41%, 72%)
and against Delta of 9% (-15%, 42%).

We estimate that the effectiveness of one and two doses
of BNT162b2 against onward transmission from cases infected
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Figure 1. Maximum-likelihood phylogeny of household index cases and contacts’ sequences with 1,000 ultrafast bootstrap
replicates rooted to the reference sequence with a scaled bar of 2 SNP (6.6 * 10* substitutions/site). The dotted line at bottom
left indicates where a single long branch was collapsed for visualisation. The non-grey shading on the outer ring represents non-clustered
households where sequences are coloured by their households. HH002 and HHO07 were the only households where none of the contacts’
sequences clustered with that of their household's index case and this is evidence that the contact could have acquired the infection
elsewhere and is thus excluded from the analysis. SNP, Single Nucleotide Polymorphism.

Table 3. Median VE and 95% credible intervals for infection
protection in contacts and transmission reduction in cases,
by variant, vaccine product, and number of doses. VE, vaccine
effectiveness; BNT162b2, Pfizer-BioNTech mRNA vaccine; ChAdOx1,
Oxford AstraZeneca adenavirus vector vaccine.

Variant Vaccine Doses VEinfection VEtransmission

Alpha ChAdOx1 1 1% (-42%, 36%)  -9% (-63%, 28%)
2 24% (-41%, 72%) 36% (-29%, 74%)
BNT162b2 1 519% (4%, 83%)  23% (-18%, 54%)
2 69% (9%, 95%) 57% (2%, 85%)
Delta ChAdOx1 1 1% (-28%, 28%)  15% (-17%, 58%)
2 9% (-15%, 42%)  49% (18%, 73%)
BNT162b2 1 0% (-33%, 39%)  10% (-20%, 54%)
2 18% (-11%, 59%)  36% (-1%, 66%)

with the Alpha variant was 23% (-18%, 54%) and 57%
(2%, 85%), respectively, and for Delta variant one and two
doses reduce transmission by 10% (-20%, 54%) and 36% (-1%,
66%), respectively. RRs for the protective effect of BNT162b2
over ChAdOxI for one and two doses of against both Alpha

and Delta variants indicate that at 95% credibility there is no
difference between the effectiveness of the two vaccine prod-
ucts. Specifically, the RRs for acquisition of Alpha and Delta
after two doses of BNTI62b2 vs. ChAdOxl for an adult
contact are 0.41 (0.06, 1.70) and 0.92 (0.52, 1.31), respectively.
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Secondary attack rates

The estimated secondary household attack rate among adults in
an unvaccinated household was 50% (37%, 64%) for the Alpha
variant and 78% (54%, 95%) for the Delta variant (Figure 2).

BNTI162b2 is very effective against Alpha variant infection
when either the case or contact are vaccinated, and especially
when both have received two doses (Figure 2). SARs for Delta
variant infection in unvaccinated case-contact pairs are substan-
tially higher. Full (two dose) vaccination with either vaccine
is still effective against Delta infection when both the case and
contact are vaccinated, at least halving the SAR; eg., case
and contact both fully vaccinated with BNT162b2 has an
SAR of 31% (13%, 59%). Notably, the reduced susceptibility
to infection of (unvaccinated) individuals under 18 years old
results in Alpha SARs that are no greater than those seen in
adult contacts who have received two doses of ChAdOxl.
Conversely, for Delta infections, there is no reduced suscep-
tibility for those aged under 18 years and so unvaccinated
under- and over-18s have similar probability of becoming
infected, with a single dose of either vaccine providing no
discernible protection.

Sensitivity analysis

Sensitivity analysis was conducted by including the 16-index
case-contact pairs with serial intervals less than two days. This
did not qualitatively change our results. The absence of
informative priors on the protective vaccine effects against
infection led some of the vaccine effectiveness against infec-
tion in our study to be re-attributed to effectiveness against
onward transmission or to age effects.

Case: Adult <50

Wellcome Open Research 2023, 8:96 Last updated: 26 JUL 2023

Infection history dynamics

We estimate that within a week of symptom onset, the rela-
tive risk of symptomatic cases testing PCR positive is near
identical for vaccinated and unvaccinated participants. For
cases infected with the Alpha variant, there was little difference
in PCR positivity generally between vaccinated and unvac-
cinated cases, while in cases infected with the Delta variant
the proportion of participants with PCR detectable infection
in participants fully vaccinated with BNTI162b2 declined
about four days before that in unvaccinated participants. At
two to three days the effect in participants fully vaccinated with
ChAdOx1 was slightly less pronounced.

Discussion

In this prospective household-based study of SARS-CoV-2
infection, we showed that both the ChAdOx1 and BNT162b2
vaccines are effective in reducing transmission of the Alpha
and Delta variants from those who develop breakthrough
infections despite having received two doses. The estimated
vaccine effectiveness against acquisition of a Delta infection in
the household setting was however low; 9% (-15%, 42%) and
18% (-11%, 59%) after two doses of ChAdOx1 and BNT162b2,
respectively. This is much lower than that estimated from cases
presenting for Pillar 2 testing in the community for which
the effectiveness of two doses of ChAdOxI against sympto-
matic infection is estimated as 67.0% (61.3%, 71.8%) and 88.0%
(85.3%, 90.1%) for BNT162b2"". Effectiveness against acqui-
sition of an Alpha infection in the household was substantially
higher in our study than that against Delta but still lower
than that estimated from Pillar 2 community testing. The lower
protection against acquisition in the household likely reflects

Alpha Delta
None ChAdOXx1 BNT162b2 None ChAdOXx1 BNT162b2
1 2 1 2 1 2 1 2
045 0s2 036 034 024
o 2| 0415 017 | 0.07 0.09 | 0.05
§ o0 00 oo 0o oo
= o4t )
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1.00
__+
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Figure 2. Predicted SARs for each combination of vaccine status of case and contact. Large numbers inside cells are the median
SAR, with the small numbers below and above corresponding to the 95% credible interval. SAR, secondary attack rate; BNT162b2, Pfizer-
BioNTech mRNA vaccine; ChAdOx1, Oxford AstraZeneca adenovirus vector vaccine.
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the prolonged and intense exposure that occurs in this
setting. Similarly, although the effectiveness estimates against
Delta transmission within the household were moderate at 49%
(18%, 73%) and 36% (-1%, 66%) after two doses of ChadOx1
and BNT16b2, respectively, the protective effect in those with
breakthrough infections may be higher in the community where
exposure is less intense and of shorter duration. The reduction
in duration of PCR positivity in breakthrough infections
(average of four days shorter for the Delta variant for those
infected after two doses of BNT162b2 and around two to three
days for ChAdOx1) will also have more of an impact in the
community than in the household setting where generation
times between infections are short — around 3.5 days for the
Delta variant”. Our household contacts were actively followed
up with repeated swabbing and showed the high secondary
attack rates that occur in this setting: 81% for Delta infec-
tions in unvaccinated households but that reduced to 25-40%
in households where both index case and contacts were fully
vaccinated.

Comparison with other studies

Our finding of a moderate level of protection against onward
transmission from fully vaccinated individuals, with either
vaccine and against either variant, is in apparent contrast to a
study that similarly followed up contacts reported by the UK
test and trace system prospectively, about 90% of whom were
in the same household as the index case’. The study estimated
a moderate effect of vaccination against infection but no differ-
ence in secondary attack rates with the delta variant between
fully vaccinated and unvaccinated index cases (24% and
23%, respectively). However, such estimates were neither
controlled for age nor vaccination status of the contact. Notably,
only four out of 17 (24%) unvaccinated contacts were
infected by fully vaccinated index cases, whereas eight out of
20 (40%) unvaccinated contacts were infected by unvaccinated

ChAdOx1
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index cases; a reduction in transmission of 41% albeit based
on very small numbers. In a similar study from Singapore
Delta-exposed fully vaccinated household, contacts were
56.4% less likely to test positive on quarantine exit screening™.
Also, this study had insufficient power to detect a significant
vaccine effect in onward transmission; the odds of a positive
exit screening test for Delta-exposed household contacts was
27% (95% CI: -40, 62) lower in contacts of fully vaccinated
index cases. Secondary attack rates in our study were much
higher, potentially owing to the regular testing dunng quar-
antine and the absence of to p t m in
the household. This has helped through providing statistical
power to the point estimates of the other two studies and show
a protective eﬁ'ect against onward transmission. Vaccine effec-
t 0 d transmission of 40-80% has been
suggested by several retrospective observational studies using
either information on the household structure’ or contact
tracing™ in combination with routine national COVID-19 noti-
fication systems to estimate reductions in secondary attack
rates from breakthrough infections. While observational studies
are prone to biases introduced by testing behaviour particularly
for mild disease manifestations, our study combines prospec-
tively collected longitudinal data from recruited households
with a robust analytical framework to confirm that both vaccines
reduce transmissibility of breakthrough infections in fully
vaccinated individuals.

Among symptomatic index cases and contacts, we found a
lower rate of PCR positivity within two weeks of symptom
onset in all vaccinated groups (Figure 3). PCR positivity for
Delta declined fastest (four days ahead of unvaccinated) in indi-
viduals fully vaccinated with BNT162b2. These results largely
mirror those in other studies that found enhanced clearance
following vaccination’', but raise the question whether enhanwd
clearance can be the driving h for red tr

BNT162b2

1 dose 2 doses

-2 © 8 o =
Moo N
[ v
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o

Proportion of ever-symptomatic
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Figure 3. PCR positivity by variant and vaccination status for symptomatic infections (index cases recruited from Pillar 2 testing
and the symptomatic household contacts they infected). Lines represent median trajectories, and the ribbon is the 95% credible
interval. BNT162b2, Pfizer-BioNTech mRNA vaccine; ChAdOx1, Oxford AstraZeneca adenowvirus vector vaccine.
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in a frequent contact household setting. Another mecha-
nism may be that while positivity with the highly sensitive
PCR test is similar to that in the unvaccinated, vaccination
can reduce” both peak viral load"** and viral shedding™
although such effects have not been reported in all studies and
may be masked by age effects.

Strengths and limitations of this study

Our study comes with limitations. To minimise the potential
for misclassification we restricted the main analyses to only
those putative transmission pairs where there was no evidence
against direct transmission based on phylogenetic distance
(which was available for 63% of all putative transmission pairs)
and where symptom onset in the contact did not pre-date that
of the index case by more than two days. Our model does not
account for the introduction of SARS-CoV-2 into the house-
hold from two index cases who acquired the infection sepa-
rately, opting instead to exclude the most recently PCR-positive
index case. Importantly, if there is residual misclassification
between infector and infected this would attribute infection
protection to transmission protection and vice versa.

Only households with adult index cases were recruited into
the study. During the time of data collection, children were
ineligible for vaccination and so there would be no vaccine
effectiveness for reducing transmission to estimate even if such
data were included. The inclusion of households with child
index cases would, however, provide useful further information
on the protection against acquisition for both adult and child
contacts of unvaccinated cases, particularly in understanding
the risk of children who acquire infection in their school
environment and may transmit to family members.

Prior infection status is not included in the model as the data
were not available at the time of data lock. This can be incor-
porated in the model under the same structure as a vaccine
product, though this may be difficult when considering
protection against a specific variant provided by infection with
previously seen variants when the prior infection’s variant is
unidentifiable.

The ability to detect an infection in contacts relies on the sensi-
tivity of PCR and the timing of swabs. A vaccinated contact who
acquires infection may be less detectable due to a reduction in
viral load and/or shorter shedding period™ and may have been
detectable between the swabs on days three and seven.

We did not include waning of vaccine protection in our analyses.
In the analysed dataset the longest reported time since vaccine
receipt was 169 days. While some individuals in the analy-
sis have since become eligible for a booster vaccination over
concerns of waning protection, some of this potential effect
will have been absorbed in our model in the age structuring
because of the strong correlation between age and timing of
vaccine eligibility as per the vaccine roll-out strategy in the
UK. Lastly, data collection spanned a period of multiple months
during which Delta became the dominant strain in circula-
tion in the UK and included participants vaccinated with two
different vaccine products; thus, requiring sub-strata analy-
ses and reducing the effective sample size for each strata. We

Wellcome Open Research 2023, 8:96 Last updated: 26 JUL 2023

used a Bayesian model that allowed the borrowing of strength
through the model hierarchy, and priors allowing us to make
use of the heterogeneity in risk factors and not only estimate
vaccine effectiveness against transmission in these strata but
simultaneously estimate the difference in transmissibility in
Alpha and Delta variants and the effectiveness of partially
completed dosing schedules. The use of informative priors
was integral to disentangling the confounded age and vaccine
history effects, which arose due to vaccine product prioritisation
and were exacerbated by low counts for case-contact vaccine
history combinations. Additionally, we assume that carriage of
multiple variants does not occur, with genomic sequencing
only showing a single variant.

Conclusions

Our findings provide robust evidence that vaccination with
either BNT162b2 or ChAdOx1 can help to substantially reduce,
but not completely prevent, household transmission with
SARS-CoV-2. This highlights the importance of vaccines to
limit circulation of SARS-CoV-2 particularly in close and
prolonged contact indoor settings. The effectiveness of booster
doses to further enhance protection against transmission will
need to be evaluated to better understand the extent to which
we can rely on vaccination for the control of SARS-CoV-2
infection, particularly during winter seasons when most contacts
occur in households or household-like settings.
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lation/3/made) under Sections 3(1) (a) to (¢), 3(1Md) (i) and (ii)
and 3(3). The study protocol was subject to an internal review
by the PHE Research Ethics and Governance Group and was
found to be fully compliant with all regulatory requirements.
As no regulatory issues were identified, and ethical review is
not a requirement for this type of work, it was decided that
a full ethical review would not be y. All y
patient/participant consent has been obtained and the appro-
priate institutional forms have been archived. Oral informed
consent for sampling and follow up was obtained by the nurses
from household members who were free to decline to partici-
pate in the surveillance at any time. Consent for children was
obtained by a parent or legal guardian. Only anonymised data
were provided to non-UKHSA authors.

Data availability

Underlying data

The data necessary to replicate results are available from the
authors on request, subject to a data sharing agreement. Requests
for the underlying data should be made via the UKHSA office
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ABSTRACT

Households have been linked to the rapid transmission of SARS-CoV-2. Accurately identifying
household index cases and secondary transmission ensures rigorous estimation of attack
rates and vaccine effectiveness against transmission. We evaluated the potential of
phylogenetic inference to identify the direction of SARS-CoV-2 transmission in household

infection pairs.

Positive SARS-CoV-2 nasopharyngeal swabs were collected between February and
September 2021 from a prospective longitudinal household study in the UK. We inferred the
direction of transmission among household infection pairs using Phyloscanner on whole-
genome sequences and cross-validated findings on a study population level through the

distribution of resulting serial intervals.

Of the 146 putative within-household transmission events, sequencing information was
available for 92, of which, 58 had sufficient intra-host phylogenetic diversity to infer a direction
of transmission and had a date of symptom onset for cross-validation. Longer sequence read
length increased the phylogenetic signal to infer transmission direction. The inferred direction
of transmission was consistent across phylogenies constructed from different sequence read
lengths. In the cross-validation, we found that the phylogenetically inferred index case was no

more likely to be the first of the pair to report symptoms.
Phylogenetic detection of who infected whom with SARS-CoV-2 in a household context was

possible, but it lacked robustness and conflicted with epidemiological information in some

instances.
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IMPACT STATEMENT

Household settings are a major source of rapid SARS-CoV-2 transmission, however, there is
limited research exploring the transmission direction in households using phylogenetic
inference methods. A better understanding of the transmission dynamics in these settings is
critical for assessing secondary attack rates, risk factors associated with infection, the role of
asymptomatic infections, and the effectiveness of the current vaccines against transmission.
To address this gap, this study uses routine whole-genome sequencing data and
epidemiological data to investigate the potential of phylogenetic inference in identifying the
direction of SARS-CoV-2 transmission in households. This study revealed that longer
sequencing reads improved the robustness of the phylogenetic inferences, thereby reducing
ambiguity among putative transmission pairs. Additionally, the inferred transmission direction
was consistent across various sequencing read lengths, highlighting the reliability of this
method. However, this study also noted a high level of discordance between phylogenetically
inferred index cases and epidemiologically inferred index cases. This suggests that while
phylogenetic methods can be useful in detecting the transmission direction of SARS-CoV-2 in
household settings, the routine sequencing data used may lack the necessary robustness and
should be used with caution in future studies. Overall, this study contributes to the
understanding of the transmission dynamics of SARS-CoV-2 in households and can inform

public health interventions aimed at controlling its spread.
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INTRODUCTION

Crowded and poorly ventilated indoor settings such as hospitals, care homes, schools, and
households have been hubs of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) transmission.'? The analysis of viral transmission in these settings is critical in characterising
secondary attack rates (SAR), the risk factors associated with infection, the contribution of

asymptomatic infections, and the effectiveness of vaccines against transmission.®

Studies have reported a wide range of SARs for different settings and SARS-CoV-2 variants.
A review and meta-analysis from Madewell et al. estimated a 16.6% household secondary
attack with higher rates from symptomatic cases than asymptomatic ones and to adult contacts
compared to children contacts.* Another review and meta-analysis estimated the SAR from
household child index cases to be as low as 7.6%.° A household study reported a 21% SAR
for Delta variant infection and an increased transmission for unvaccinated individuals.®
Inconsistent definitions of household index cases and contacts across studies and lack of
accuracy in self-reported symptom onsets are likely to result in discordant serial intervals and

SAR estimates.*

Phylogenetic inference has been widely used to characterise and investigate localised SARS-
CoV-2 transmission events in various settings such as hospitals, urban districts, care homes,
and universities.”"" A few studies have used viral sequencing of SARS-CoV-2 to better identify
direct transmission within household settings based on genomic similarities.'*'® This can
reveal apparent transmission events where in fact the infection was acquired not directly from
the index case or even as part of a different transmission chain; thus reducing misclassification

in SAR estimates.'""3

Furthermore, while most SARS-CoV-2 transmission studies use consensus viral genomes to
infer the direction of transmission, intra-host viral diversity has been vastly ignored.
Approaches to estimate directionality have been refined to include some level of within-host
diversity, opening new perspectives for the study of transmission through genomic analyses."*
'® Inferring the transmission direction from viral sequences can improve accuracy when
identifying household index cases and mitigate potential misclassification biases for SAR or

vaccine effectiveness.

We used a large household study conducted during the Alpha and Delta waves of the SARS-
CoV-2 pandemic in England to phylogenetically infer the likely direction of transmission among
household transmission pairs and cross-validated these against the order and time of reported
dates of illness onset. We found differences in the inferred direction of transmission when

comparing the phylogenetic inference to the order of symptom onset.
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METHODS

Study design

The SARS-CoV-2 household transmission study has been described in detail elsewhere." In
summary, between 2 February 2021 and 10 September 2021, adult PCR-positive index cases
were identified and enrolled via Pillar 2 community testing in England, together with their
consenting households’ contacts. Thus, as per the study design, the index case is defined as
the first individual recruited to the study. Self-taken nasal-throat swabs were obtained from
both index cases and contacts on days 1, 3, and 7 and tested by RT-qPCR. Contacts were
classified as infected if they had at least one PCR-positive sample. Participants were asked to
self-report the first day of symptoms including fever, cough, runny nose, sore throat, shortness

of breath, loss of taste or smell, nausea, diarrhoea, muscle pain, and/or headache.

Sequence data

The COVID-19 Genomics UK (COG-UK) consortium has facilitated large-scale routine
sequencing of COVID-19-positive samples.'®'® All PCR-positive samples were sequenced on
the lllumina NextSeq 550 or HiSeq 2500 platform and sequencing reads were deposited to the
COG-UK consortium.?’ The sequenced samples were then labelled according to World Health
Organisation variant nomenclature, “Alpha” (Pango lineage B.1.1.7), or “Delta” (Pango lineage
B.1.617.2).° Whole-genome sequencing reads from households with suspected transmission
(e.g. at least one positive swab from at least one contact) were retrieved from the European
Nucleotide Database under the accession PRJEB37886 accessed September 2021
(https://www.ebi.ac.uk/ena/browser/view/PRJEB37886).%'

Consensus genomes were generated using the Snippy pipeline mapping to the reference
genome NC_045512.2.21 (Wuhan strain). Highly ambiguous and/or homoplasic sites were
masked in the consensus alignment as described by de Maio et al. to reduce artefact
mutations that arise due to contamination during the sample preparation, sequencing, and or

consensus calling methods.??®

Genetic diversity calculations

Mean read lengths were calculated using BAMPEFragmentSize from deepTools.?* Pairwise
genetic distances were calculated from all of the available consensus genomes stratified by
variant. Longitudinal samples from the same individuals were included in the pairwise genetic
distance calculation. Pango lineages were assigned using the pangolin web application
https://pangolin.cog-uk.io/ version 4.3?°. SNP distance comparisons were carried out for both
Alpha variant sequences and Delta variant sequences from consensus genomes that were
generated, as previously described.?! Following Lythgoe et al., three or more pairwise

differences between paired case-contact sequences were considered as evidence for indirect
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transmission and sequences with three or more consensus SNPs were excluded from the
direction of transmission analysis." More specifically, infections are usually cleared within two
weeks and SARS-CoV-2 evolutionary rate is relatively slow thus an individual would most likely

not accumulate more than 2 consensus SNP mutations during the short infection period.

Phylogenetic inference of SARS-CoV-2 household transmission

Within household transmission pairs were previously identified from the reconstructed
phylogeny of the studied genomes that were collected from the UK.?" In summary, a maximum-
likelihood phylogeny was reconstructed from the consensus genomes under the Hasegawa-
Kishino-Yano model of nucleotide substitution, with 1,000 ultrafast bootstrap replicates, and
rooted against the SARS-CoV-2 reference genome NC_045512.2.21. The clustering of
genomes within the phylogeny was deemed indicative of a household transmission event if at
least one sequence from an index case and one sequence from their household contacts
formed a monophyletic cluster of support greater than 70%. If none of the contact sequences
clustered with their household index case sequence, then the whole household was excluded

from the analysis.

The software Phyloscanner was used to infer the direction of SARS-CoV-2 transmission
between putative case-contact pairs from viral intra-host genetic similarities.?® Phyloscanner
reconstructs phylogenies within sliding windows of deep sequencing reads alignments of the
case-contact pairs. For each tree, the direction of transmission is inferred from the tree
topology and the relative positioning of the individuals’ sequences in the trees, with 4 possible
outcomes:
[.  Individual A infected individual B

II.  Individual B infected individual A

. Aand B are linked but the direction of transmission is ambiguous

IV. Aand B are unlinked

The primary phylogenetic inference was carried out for each household independently using
the largest available sliding window lengths for inferring directionality. All genomes from
individuals with multiple samples were included in the phylogenetic inference e.g. if an
individual had two sequenced genomes they would be labelled as A1, A2 etc. Moreover,
households can have multiple transmission events e.g. households can only have one index
case but multiple contacts. Potential transmission pairs were excluded from the analysis if
either of the paired individuals had mean read lengths less than 70 bp. The within-host diversity
penalty (k parameter) was set to allow up to 3.4% within-host genetic diversity (s = 29.903).
The direction of transmission was supported by the largest proportion of phylogenies, e.g. the

relationship with the highest number of supporting sub-trees.
121


https://www.zotero.org/google-docs/?4njqEZ
https://www.zotero.org/google-docs/?8XZ55q
https://www.zotero.org/google-docs/?ynatyS

Secondary analysis was carried out to explore the trade-off between the number of sliding
windows within a genome (shorter windows) and the robustness of phylogeny (longer
windows, spanning multiple mutations) by using multiple sliding window sizes for the clusters
of sequencing read lengths observed in the data, e.g. 70, 95, or 120 base pairs (bp). The
consistency of inferred transmission direction in dependence of window size choice was
assessed for pairs with genome mean read lengths greater than or equal to 120 bp each (thus
allowing inference for each of the chosen window sizes). This analysis was carried out for all
permutations of case-contact pairs within their respective households, regardless of multiple
longitudinal samples from the same individual. This resulted in more pairs available for testing

the sensitivity to sequence read length from which the sub-trees are reconstructed.

Serial intervals calculation

Serial intervals were calculated for symptomatic case-contact pairs as the number of days after
the recruited Pillar 2 positive household member symptoms appeared that the contact’s
symptoms appeared. Serial intervals were calculated (i) based on enrolment, the recruited
cases being the index case, and (ii) based on the direction of transmission inferred from the

genomic analysis.

RESULTS

Study samples

Of the 146 putative within-household transmission events (based on the results and samples
from Chapter 4) based on positive swabs, sequencing information for both index case and
contact was available in 92 (63%) unique pairs across 79 households. All of the analysis
assumes the first recruited case is the index case. All of the index cases that were recruited
were at least 21 years of age. The median age of the index case was 48 years old. For every
household index case, there was a mean of one within-household contact (range 1-3
individuals) with an average of two longitudinal sequences per individual (range 1-4
sequences/individual). This resulted in a total of 345 whole-genome sequences (including
longitudinal samples) available for the study. Mean sequencing read lengths of all 345 whole-
genome distributions showed three distinct clusters and these clusters were used to determine
the sliding window sizes, 70, 95, or 120 bp, in the Phyloscanner analysis for inferring the

direction of transmission (Figure 1).
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Figure 1. Mean read length distribution of the 345 whole-genome sequences (including
longitudinal samples) available on the European Nucleotide Archive. Red dashed lines mark

the three window sizes used in the analysis (70, 95, and 120 base pairs).

Genetic diversity

The majority of the sequenced viruses were Alpha variants (82.6%; World Health Organisation
lineage designation), and the remainder were Delta variants (17.4%). The distribution of
pairwise SNP distance for Alpha variant sequences was unimodal with a mean of 12 SNPs per
genome [Range 0 and 29] except for a small number of zero-distance SNP pairs (Figure 2).
Delta variant genetic distance distribution was multimodal, suggesting the presence of distinct
sub-lineages in the dataset. Pango lineages were assigned to the consensus genomes and
revealed that 4/60 Delta infections were B.1.617.2, and the remainder 56/60 were AY.* variants
with most (40/56) belonging to AY.4. The mean pairwise SNP distance was 11 SNPs per
genome [Range 0-31], even though the distribution is near-zero around 11. As expected, given
the more recent introduction and spread of variant Delta in the study area, a higher proportion
of the Delta variant genomes differed by less than 2 SNPs per genome (30.7%) compared to

Alpha genomes (1.5%).
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Figure 2. Pairwise genetic differences among available SARS-CoV-2 consensus genomes,
expressed as the number of SNPs per genome, for Alpha variant (A) and Delta variant (B)

sequences (B.1.617.2 and AY.* variants).
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The average distance between the SNPs along the whole genome for all 345 samples included
in the study was 62 base pairs (range, 174 - 29975 base positions, standard deviation, 73

bases).

(((((

Number of individuals with SNP at position

Position along the gent

Supplemental Figure 1. Number of samples with a detected SNP along the whole genome in
reference to NC_045512.2.21. The distribution of SNPs is split into 75 breaks with the red box
highlighting the spike regions of the genome (21,563 - 25,384 base positions).

Phylogenetic inference of SARS-CoV-2 household transmission

As previously reported, phylogenetic evidence to support multiple introductions is defined as
the purported household case-contact paired individuals’ viral sequences being too distantly
related (=3 SNPs) to represent direct transmission. One contact belonged to Alpha and the
other contact belonged to Delta variant resulting in a total of 339 of 345 (including longitudinal
samples) sequences across 77 of 79 households included in the direction of transmission

analysis.?'

Inference of direction of transmission

Of the 77 included households, all had sufficient minimum read length for analyses with a
sliding window size of 70 bp, 69 (89%) for a window size of 95 bp, and 52 (68%) for a window
size of 120 bp. For the primary phylogenetic inference, the largest window size available was
used for the inference on household transmission and each household was analysed
independently. The index case was identified, using phylogenetic inference, for 60 of the 77
households when the direction of transmission was analysed with the largest possible window
size. While the index case was not identifiable for the remaining 17 households due to high
phylogenetic tree support for either “unlinked”, or “ambiguous” direction of transmission or
conflicting directions where there was support for A1 infected B1 and B1 infected A2. The 60

putative transmission pairs were included in the serial interval calculation comparison.
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Only 52 households had sufficient read lengths (2120 bp) to be included in the sensitivity
analysis which looks at the effect of the sliding window sizes and the ability to infer transmission
direction. A total of 139 transmission events generated from permutations of index cases and

contacts within the study were included in this secondary analysis.

Across all three window sizes analysed, there was insufficient evidence to support a direction
of transmission (e.g. the relationship with the highest tree support was “ambiguous”) in most
instances, while for 10 (7.2%), 15 (10.8%), and 26 (18.7%) transmission pairs a direction of
transmission was inferred as the most likely outcome for window sizes of 70, 95, and 120 bp,
respectively (Table 1, Max support). The expected little within-host diversity of SARS-CoV-2
would result in little phylogenetic signal thus making inference on transmission direction
difficult. Intuitively, we observed a high number of “ambiguous” relationships. When we
excluded ambiguous as a potential relationship due, we found that 39 (28.0%), 32 (23.0%),
and 35 (25.2%) pairs were more likely unlinked than samples from a direct transmission event
for window sizes 70, 95, and 120 bp, respectively (Table1, Ambiguous excluded). There were
only 10 pairs that never had an "ambiguous" relationship for any of the window sizes (70, 95,
or 120 bp) (Table 1, Ambiguous ever). There was an increased relationship of “a direction of
transmission” in either direction and also an increase in the proportion of supporting trees with

increasing sliding window sizes.

Of the 139 pairs analysed, 123 pairs did not yield information on the underlying transmission
dynamics when the possible outcomes were i) either direction of transmission ii) unlinked or
iif) ambiguous (Figure 3A). However, 120 of the 139 pairs were consistent in the directionality
inferred when the possible outcomes were restricted to i) either direction of transmission or ii)
unlinked (Figure 3B). Lastly, of the 16 pairs that did yield information on the underlying
transmission (Figure 3A), 10 of the 16 pairs had sufficient sequence read length for a
comparison analysis resulting in a consistent direction of transmission across all three window

sizes for all 10 pairs (Figure 3C).
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Table 1. Overview of the sliding window sizes tested in the sensitivity analysis and the

phylogenetic inference for the relationship with the highest tree support

Sliding window sizes
70 bp % 95 bp % 120 bp %

Max support N=139 pairs

Average no. of trees among pairs 393 279 210

No. of pairs with ambiguous relationship 129 124 113
Average supporting trees 271 69 182 65 120 57

No. of pairs with a DoT 10 15 26
Average supporting trees 248 63 178 64 137 65

Ambiguous excluded N=139 pairs

Average no. of trees among pairs 392 279 210
No. of pairs with unlinked relationship 39 32 35
Average supporting trees 66 17 52 19 40 19
No. of pairs with a DoT 100 107 104
Average supporting trees 100 26 86 31 83 40

Ambiguous ever removed N=10 pairs

Average no. of trees among pairs 404 294 221
No. of pairs with a DoT 10 10 10
Average supporting trees 248 61 193 66 162 73

Max support: possible relationships were “ambiguous”, “A infected B or B infected A”, or
“‘unlinked”

Ambiguous excluded, possible relationships were “A infected B or B infected A” or “unlinked”
Ambiguous ever removed, if a putative pair resulted in an “ambiguous” relationship in Max
support analysis using sliding window sizes of 70, 95, or 120 bp. The pairs were removed from
the analysis. The possible relationship was “A infected B or B infected A” or “unlinked”

% is calculated from overall mean trees for a given analysis

B
70 bp 95 bp 70 bp 95 bp 70 bp 95 bp

0 - -
oa o [0

120 bp 120 bp 120 bp

Figure 3. Comparing the most frequently inferred relationship either “ambiguous”, "unlinked",
or "a direction of transmission" to test the sensitivity of sliding window sizes in Phyloscanner.
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Window sizes analysed were selected based on the mean read length distribution and the
outcome is the relationship with the highest tree support. A) Possible relationships include
"unlinked", "ambiguous", A infected B, or B infected A. B) Possible relationships include
"unlinked", A infected B or B infected A. C) Based on pairs where "ambiguous” never had the

highest tree support in A).

Inferred serial interval

Of the 60 case-contact pairs with phylogenetic support for a given direction of transmission in
the primary analysis, 4 (7%) did not have data on symptom onset for either case or contact
and thus were excluded resulting in 58 case-contact pairs for the comparison. Of those, 13
(22%) pairs had a serial interval of 0 days meaning same-day case-contact symptom onset.
While 19 (32%) pairs retained the epidemiological index case classification and the remaining
24 (40%) pairs had phylogenetic support for index case reclassification. Of the 24 households
with index case reclassifications, 20 were reclassified with negative serial intervals while 4

were reclassified with positive serial intervals (Figure 4B).

Assuming that the recruited index case was the first case in the household, the average serial
interval was 2 days with a median of 2 days and a standard deviation of 4 days. In comparison,
based on the self-reported date of symptom onset and the phylogenetic inference of the
direction of transmission the average serial interval was -1 day with a median of -1 day and a
standard deviation of 4 days, suggesting a large amount of misclassification in the inferred

direction of transmission (Figure 4A).

Of the 43 pairs with non-zero serial intervals, the phylogenetically inferred index case was
recruited first in 4 (9%) instances while the contacts were recruited first in 3 (7%) instances
and both index case and contacts were recruited on the same days for the remainder 36 (84%)
instances. Additionally, the phylogenetically inferred index case experienced symptoms first in
15 (35%) instances.
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Figure 4. A) Serial intervals calculated from the index case-contact statuses classified
according to the epidemiological evidence. B) Serial intervals calculated from the index case-
contacts status reclassified, if there was support from the phylogenetic data. Dark grey fill
represents serial interval concordance between the phylogenetic inference and the
epidemiological evidence while light grey fill represents those with a serial interval of zero days.
Orange fill represents households that now have a negative serial interval and green fill
represents households that now have a positive serial interval due to phylogenetic evidence

to support the reclassification of the household index case.

DISCUSSION

We inferred the direction of putative SARS-CoV-2 household transmission events from viral
genome sequences and compared our estimates to patient-derived epidemiological evidence.
We then investigated the impact these estimates have on the calculation of serial intervals, a
key epidemiological parameter. We observed that increased sequence read length increased
phylogenetic signal to infer the direction of transmission and directionality was consistent
among transmission pairs across sequence read lengths. Moreover, we found a high level of
discordance between the serial intervals calculated from epidemiological evidence compared

to phylogenetic inference.

One parameter that affects the phylogenetic signal is the length from which the phylogenetic
trees are reconstructed. As we increased the window sizes from which the phylogenies are
generated, we noticed a decreased proportion of ambiguous phylogenies and thus an
increased proportion of phylogenies that support a direction of transmission. This observation
is intuitive because longer sequencing read lengths result in more phylogenetic signals,

although this will also decrease the number of trees we can draw inferences from.

The three window sizes analysed resulted in a high proportion of "ambiguous” relationships
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between the index and contact cases. However, when "ambiguous" relationships were
excluded, the direction of transmission was concordant between window sizes. We observed
high concordance (>85%) similarities between the three window sizes that were analysed

therefore we selected the largest window sizes allowed for each household’s sequences.

Some studies have highlighted the challenges of sequence-based transmission inference,?’
and similarly observe highly similar consensus SARS-CoV-2 genomes among household
members.

While other studies have looked at the direction of SARS-CoV-2 transmission using within-
host diversity which was calculated from the intrahost single nucleotide variants (iISNVs) and
the direction of transmission was tested on a range of minor allele frequency thresholds from

1416 However, these methods were not tested on samples from routine

as low as 1% up to 50%.
sequences. An analysis with simulated genomic data using Phyloscanner demonstrated that
as sequencing length increased, the accuracy of phylogenetic reconstruction also increased.
However, accuracy was not affected by the number of viruses sampled per host, highlighting
the inherent lack of genomic diversity in SARS-CoV-2 genomes due to short infection periods
and slow mutation rates.?® Our data revealed an increase in consensus SNPs around the spike
region. Additionally, we observed high frequencies of SNPs which align with previously
identified regions of elevated mutations®. This includes regions downstream of the spike
(25,800 base position and higher) which corresponds to the nucleocapsid, membrane, and
non-structural protein 3 (nsp3) and upstream of the spike region (~10,000 base position) which

corresponds to the non-structural protein 5 (nsp5).°

Viral RNA can be detected in the respiratory tract up to 2-3 days before patients’ symptom
onset *° and individuals can be infectious asymptomatically or presymptomatically®'~33, with
most patients with mild cases of COVID-19 infectious for up to 10 days. Of the 62 putative
transmission pairs analysed, 14 of them had same-day contact-case symptom onsets,
indicating presymptomatic transmission. There could be self-reported bias, however, when a
household individual’s symptom onset date influences the reported date of another household
individual's symptom onset date.®* Lastly, we cannot exclude the idea that both individuals
could have been infected by a common infector that was not captured in the study resulting in

the index and contact same-day symptoms and an inferred direction of transmission.

A previous study calculated shorter mean household serial intervals for Delta infections than
Alpha (1.8 days, 95% CI 1.0-2.4 vs 3.5 days, Cl 2.7—4.1). Other studies from household data
estimated Alpha infection serial interval of 2.38 days (95% Cl, 2.30-2.47)*, while Delta

infection serial interval was 3 days (95% 95% ClI, 2 - 3 days).*
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There are limitations to this study. First, a major limitation of this study is the high proportion
of individuals with relatively short sequencing read lengths (<100 bp) which massively limits
our ability to reconstruct trees using Phyloscanner. Second, inherent limitations using
genomes from SARS-CoV-2 in inferring the direction of transmission include the slow
evolutionary rate of 2 mutations per month and short infection times,* and the difficulty in
adequately sequence low-viral-load samples.*® Third, other limitations include batch effects,
sampling biases, and study-specific definitions of linked cases and the direction of
transmission.®® Fourth, the study designs limit the ability to test for a common infector of

infection for index and contact cases with zero-day serial intervals.

In summary, we found little correlation between the phylogenetically inferred direction of
transmission and that suggested by either the order of symptom onset or the order of
recruitment. While phylogenetic inference holds great promise for such inference, our results
show a potentially high rate of misclassification in either inference or reporting of symptom
onset. Thus, phylogenetic inference to detect who infected whom should be applied with great

caution in the absence of supporting additional data or further validation analyses.
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CHAPTER 6: DISCUSSION AND CONCLUSION

6.1 Summary on findings
This thesis aimed to investigate to which capacity we can use genomics to infer the

transmission direction of respiratory pathogens. Pathogen genomics plays an important role in
epidemiological studies and its utilisation has been routine in investigating SARS-CoV-2 and
is widely used but not yet routine for Streptococcus pneumoniae. The use of pathogen whole-
genome sequences for identifying linkage or determining transmission directionally can aid in

the identification and prevention of infection of respiratory pathogens.

6.1.1 Summary on transmission direction of Streptococcus pneumoniae (Chapter 2)
The initial objective of the thesis was to investigate the capacity at which we can use genomic

data to link Streptococcus pneumoniae infections and infer the direction of transmission where
there is suspicion of infection between two individuals. | found that linked Streptococcus
pneumoniae infections were identifiable from phylogenetic tree reconstruction using
consensus SNP sequences and that household transmission pairs were distinguishable from
transmission occurring outside of their households. However, the introduction of longitudinal
samples from the same individual into the tree reconstruction highlighted the little within-host
diversity accumulated over the weeks following transmission, making longitudinal genomic
sequences of an individual indistinguishable from those collected from the other member of

the transmission event.

The NGS data from the phylogenetically linked individuals were then used for transmission
direction inference, using ancestral state reconstruction within Phyloscanner, and the inferred
direction was compared to the epidemiological records on who infected whom. Various
parameters, including a minimum number of SNPs and the sliding window size lengths were
tested and the sensitivity analysis revealed that both parameters did affect our abilities on the
transmission direction inference. Increasing the minimum number of SNPs in the subtree
reconstruction resulted in higher concordance between the transmission direction inferred from
phylogenetic inference and the epidemiological records. Interestingly, four of the five
phylogenetically identified sources largely agreed with the epidemiological data and
demonstrated a higher number of unique SNPs compared to the recipient except for one pair
where the phylogenetic data suggest the source-recipient status could have potentially been
flipped. This study demonstrates promising results in bacterial transmission direction inference
and how we can improve our inference abilities by increasing the robustness of the phylogenies

which we infer from.

6.1.2 Summary of detecting multiple serotypes during co-carriage (Chapter 3)

While most bacterial genomes have low within-host diversity, thus hindering our abilities to
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infer transmission direction, co-carriage of multiple Streptococcus pneumoniae serotypes can
result in high within-host diversity and thus aid in transmission direction inference. However,
there is little understanding of the role of minor serotypes within transmission dynamics which
is largely due to our current lack of sensitivity to detect and disentangle minor variants from
the genomic data. This led to us testing our ability to detect the occurrence and quantify co-

carriage of multiple pneumococcal serotypes.

| used whole-genome NGS data to detect the occurrence and relative abundance of
pneumococcal serotypes from individuals with co-carriage and compared current genomic
serotyping methods to identify co-carriage. | investigated two popular genomic-based methods
for detecting co-carriage, SeroCall and PneumoKITy, and then compared these results to DNA
microarray, a highly sensitive and specific method for serotyping multiple pneumococcal
populations. Both SeroCall and PneumoKITy had high sensitivity for detecting the dominant
serotypes and low sensitivity for detecting serotypes at low abundances (<10%). Increasing
the sequencing depth did have an impact and improved the detection of low-abundance

serotypes for both genomic serotyping methods.

The current methods to capture the within-host diversity at the sequencing level and minor
serotypes at the serotyping level have implications for transmission direction inference. More
specifically, the inability to detect serotypes at low abundances would result in underestimating
the within-host genetic diversity and thus impact the ancestral state reconstruction resulting in
more ambiguous subtrees reconstructed. The importance of these findings suggests that
increased sequencing depth can identify more within-host genetic diversity and thus lead to

improved detection of minor variants.

In addition to comparing genomic methods to detect co-carriage, mixture modelling was
implemented to estimate the sub-population based on the SNP frequency distribution alone.
This method aimed to isolate the sub-populations in hopes of reconstructing the haplotypes in
future studies. Initial attempts have been made for haplotype reconstruction for this thesis with
little success. Further work is needed to improve the pipeline and to validate the reconstructed
haplotypes, ideally against genomic data based on the extraction of DNA from morphologically

different bacterial growth at culture.

6.1.3 Summary on transmission direction of SARS-CoV-2 (Chapter 4)
Transmission direction of SARS-CoV-2 alpha and delta variants was investigated from

samples collected as a part of a UK prospective household transmission study. | was able to
confirm putative household transmission pairs from the whole-genome sequencing data using
patristic distance and bootstrap thresholds. | identified non-direct transmission using
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phylogenetics thus excluded these individuals from estimates on the effectiveness of
BNT162b2 and ChAdOx1 vaccines against household transmission of SARS-CoV-2.

The direction of transmission was inferred for the phylogenetically confirmed putative
transmission pairs, using the method implemented in Chapter 2. | explored the effects of
sequencing read length on directionality and compared the distribution of serial intervals
obtained between serial intervals inferred phylogenetically and those inferred from the
epidemiological data. | observed that the most likely direction inferred was not sensitive to the
read lengths, however, the subtree inferred from longer reads provided better resolution e.g.
fewer ambiguous relationships and stronger support for the most likely scenario. Further, the
direction inferred from Phyloscanner was used to recalculate the serial interval between the
suspected source and recipient and this was compared to the serial intervals calculated from
the epidemiological data between the index case and the contact. The phylogenetic evidence
supported 19/43 pairs to retain their epidemiological index case classification while 24/43 had
evidence for reclassification. From this, | observed that phylogenetic inference was able to
identify who infected whom, however, it should be interpreted with caution due to lack of

robustness and conflict with the epidemiological data.
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6.2 Context on transmission directionality inference using phylogenetic approaches
There are a limited number of studies that have validated transmission direction using

phylogenetics approaches against epidemiological records', all of which were from known
source-recipient of HIV-infected pairs. Those studies, like ours, had varying degrees of
concordance between the phylogenetically and epidemiologically inferred source-recipient
which were influenced by the sequencing depth and read lengths Rose et al. observed
between 55%-74% concordance while Zhang et al. had up to 93%. Zhang et al. highlight the
impact of sequencing depth and read lengths from which the subtrees are reconstructed and
discovered increased accuracy, compared to the previous study led by Rose et al. on the
transmission direction inference?®. Both studies were from the same cohort but the sequencing
method, Rose et al. used amplicon sequencing targeting different HIV genomic regions while
Zhang et al. used an ultra-deep whole-genome NGS approach. The latter approach can
generate depths over 10,000-fold which allows the detection of low-frequency variants,
however, the cost and resources required for analysis of such large data associated with this

method might not be feasible for routine surveillance studies?.

Additionally, there are a limited number of studies looking at the transmission direction of
bacterial infections using whole genome sequencing and phylogenetic approaches. One of
which is a study from Hall et al. who used a similar approach to our study, Phyloscanner, to
investigate the transmission direction of Methicillin-resistant Staphylococcus aureus from WGS
NGS data®. An interesting finding from this study was that despite the presence of a large
transmission bottleneck, e.g. a large number of shared lineages between source-recipient, the
transmission direction was still ambiguous. This indicates that there is a presence of a
bottleneck effect, however, its strength might not be associated with a higher probability of
inferring the correct transmission direction. While in our study we observed a higher number
of unique SNPs in the source compared to the recipient which implies that the bottleneck effect
is not random. This assumes the pathogen population from the source has had more time to
accumulate within-host genetic diversity compared to the recipient and thus the individual with

the higher number of unique SNPs is also likely to be the source within the transmission pair.

Laboratory experiments have postulated that pneumococcal transmission usually involves a
single cell from the source to the recipient resulting in a very narrow bottleneck that likely
occurs following the exit from the source but prior to the establishment in the recipient®.
However, a different study by Tonkin-Hill et al. revealed that human-to-human transmission
bottleneck probably results in more than one transmitted bacterial cell®. Capturing within-host
diversity can improve inference on transmission links’ and only considering the dominant

variant can substantially underestimate the number of transmission links®. Additionally, if we
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can reconstruct the haplotypes detected in co-carriage, this would help us better understand

the role of minor variants in pneumococcus transmission dynamics.

Despite carriage of multiple unique serotypes being common in settings with high carriage
prevalence®® the role of co-carriage of multiple pneumococcal serotypes is poorly understood
in the transmission dynamics. There are tools available to detect co-carriage of multiple
Streptococcus pneumoniae serotypes and previous studies have compared different
pneumococcal serotyping methods'® but there is a limited head-to-head comparison that
includes the use of genomic data for determining mixed serotypes in co-carriage. The genomic
serotyping tools that are available to detect multiple serotypes lack sensitivity for detecting low
abundant serotypes when compared to DNA microarray. Despite the lack of sensitivity, there
is an added benefit to including sequencing as a part of routine surveillance including additional
information for phylogenetic inference to investigate transmission dynamics. Tonkin-Hill et al.
demonstrated the high sensitivity of genomic serotyping of pneumococcal co-carriage and

highlighted the added insights on drug resistance and within-host evolution®.

Other studies have investigated the transmission of SARS-CoV-2 using phylogenetic
approaches and also observed highly similar consensus genomes among household
transmission pairs'', with less than two consensus mutations. Most SARS-CoV-2 infections
have limited within-host diversity and most of the mutations are inevitably lost during the
transmission from the infection source to the recipient'. In cross-sectional sampling near the
time of the transmission event, the presence of a lower genetic diversity in the recipient

compared to the source due to the small founding population''*

can aid in determining the
transmission direction. Despite the inherent lack of within-host genomic diversity',
directionality was able to be inferred from the whole-genome NGS data using ancestral state
reconstruction. Most of the subtrees resulted in ambiguous relationships amongst the putative
pairs, however, increasing the sliding window size which the subtrees are reconstructed from,
resulted in more non-ambiguous relationships and the directionality inferred was consistent
across the tested sliding window sizes. This implies less robust subtrees will result in more
ambiguous relationships rather than incorrect transmission direction, while more robust trees
will result in a transmission direction. However, these results should be interpreted with caution
as there are inherent limitations specifically due to the sequencing read lengths (<200 bp)

which limited the length of the sliding windows | was able to test.

The key takeaway from previous and current studies on phylogenetic inference on
transmission direction is the necessity to consider intra-host diversity. The inability to account
for within-host diversity can lead to inaccurate inference on transmission directionality’®. The

question remains, how much sequencing depth is sufficient for detecting linkage and
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subsequently transmission direction inference? Linkage is observable using standard Illlumina
sequencing methods and consensus genomes for viruses and bacterial genomes. However,
transmission direction has only been validated on HIV partners which used sequences up to
10,000-fold, but this method might not be feasible for most settings studying bacterial

transmission.

Additionally, disease persistence should be considered when using within-host dynamics to
infer transmission direction e.g. how much diversity should be expected at a certain stage and
type of the infection. For example, HIV infections go through an acute stage resulting in rapid
replication and high within-host diversity which then later usually transitions into a chronic
stage''®. While the within-host diversity slows down in the chronic stage, the persistence of
HIV infections allows a longer timeframe for additional within-host evolution to occur.
Conversely, both pneumococcal carriage and COVID-19 are considered acute where carriage
of pneumococcus usually lasts up to a month'® and COVID-19 infections are usually cleared
within two weeks®. The shorter timeframe compared to HIV results in a limited time frame in

which within-host evolution can occur.

While pneumococcus and SARS-CoV-2 are both usually transmitted by respiratory routes in
settings with close contact, there are key differences to take into account when assessing
transmission dynamics. Individuals can asymptomatically carry pneumococcus while SARS-
CoV-2 infection can be asymptomatically or presymptomatically?'-2® thus making it difficult to
determine transmission direction from epidemiological data. Even in the presence of genomic
data, there is still uncertainty with the transmission direction inference due to slow mutation
rates and small regions of mutational hotspots for SARS-CoV-2 and large genomes with

mutations spread along the genomes for pneumococcus?.

6.3 Study limitations
The below summaries highlight important limitations that can be observed across multiple

chapters of this thesis and trends that can often be observed when using pathogen genomics

to detect within-host diversity thus affecting abilities to infer directionality.

6.3.1 Short and low-depth sequencing reads
The sequencing reads for the PhD were generated by various lllumina methods resulting in

short-read fragments (<200 base pairs) for the subtree reconstruction in Phyloscanner. Short
reads limited our abilities during the genome assembly and subsequently affected the
phylogenetic signal for Chapters 2, 4, and 5, and potentially excluded unmapped mutations for
Chapter 3 which could impact our ability to detect co-carriage. Increasing the sequencing read

lengths would improve the mapping step which would improve the genomic signal for better
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detection of within-host diversity and thus the phylogenetic signal for inferring directionality.
Additionally, longer sequencing would most probably help aid in the haplotype reconstruction
from Streptococcus pneumoniae population with co-carriage. Similar to the limitations imposed
by short sequencing reads, low depth of sequencing also affects our abilities to detect within-

host diversity and thus infer directionality for both pneumococcal infection and SARS-CoV-2.

6.3.2 Directionality inferred from cross-sectional household pairs excludes potential
intermediary infections
Transmission direction inference from cross-sectional data can capture genetically similar

pathogen populations from the source and recipient because the pathogen has less time to
evolve. The approach to infer directionality attempts to maximise the probability of linking
putative transmission pairs within their respective households. While | did test for linkage
amongst putative household transmission pairs, the phylogenetic inference on transmission
direction was only tested on those household pairs for both pneumococcal and SARS-CoV-2
infections based on our assumption that it is unlikely that individuals for either study were
infected by a non-household individual. This assumption excludes potential unsampled
intermediary transmission links or a common source of infection making directionality difficult
to determine due to decreased mutation similarities between the assumed household
transmission pairs. To mitigate this limitation and increase inference certainty, future studies
should sequence community samples or close contacts of the household members to
potentially identify non-household links with the exception of mother-child transmission where

there is an unlikely unknown transmission link.

6.3.3 Reference genome and potential biases with mapping
Short sequencing reads are usually processed two different ways, either by mapping to a

reference genome or through de novo assembly, where you do not need a reference genome.
However, the small number of representative and reliable pneumococcal whole-genome
sequences limited our selection pool. The reference genomes | used to map the Streptococcus
pneumoniae lllumina sequencing reads could have introduced biases in the polymorphic sites
that were detected or undetected. More explicitly, not all the reads necessarily map to the
reference genome which could have potentially excluded particular reads or polymorphic sites
that go undetected because too few reads were mapped to that region. Thus we would not be
able to fully exploit the within-host diversity and this would affect the transmission direction

inference, most likely resulting in more ambiguous relationships.

Particularly for Chapter 2, where | was investigating Streptococcus pneumoniae transmission
directionality, | tried to capture as much within-host diversity as possible to get the maximal

possible phylogenetic signal, however, | was analysing a heterogenous population of
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serotypes and the reference genome selected for mapping all the samples was serotype 3. |
performed a sensitivity analysis using another representative genome, serotype 23F, which
resulted in similar inference outcomes, however, reference genome selection could still be
improved for more accurate SNP detection. If available, a local representative genome should
be used to map the study samples, similar to what Lee et al. did for inferring the transmission
direction of tuberculosis (TB) where they mapped their samples, generated by lllumina, to a
novel local reference genome, generated by PacBio?. They were able to identify a previously
undetected TB super-reader and demonstrated that the previous reference genome resulted
in false positive SNPs in the study population. The false-positive SNPs that were detected
were due to an alignment error and a local reference genome should be considered for

identifying accurate variants.

6.3.4 False-negative diagnoses impacting linked infections
In addition to excluding potential intermediary infections and missing potential transmission

links, false-negative nasal swab results for both pneumococcus and SARS-CoV-2 could also
miss a potential transmission link. Pneumococcal detection sensitivity using culture-based
methods is about 85%, however false negative rates for detecting pneumococcal carriage are
up to 15%%27.

While RT-PCR is a sensitive method and the current gold standard for testing SARS-CoV-2,
false negative rates for the initial detection can be as high as 54%?2® which can be partially
explained by the incorrect administration and sample collection using the home nasal swabs?
and thus administered by a medical professional. An undetected infected household individual
due to false-negative testing would impact our assumptions on who the source and recipient
are in the putative transmission pairs. Additionally, it would impact our ability to infer

directionality similar to if a potential intermediary was not sampled.

6.4 The future of inferring transmission directionality using pathogen genomics
While pathogen genomics is useful and sensitive to detecting linked infections and able to infer

transmission directions, there are clear limitations that need to be addressed. The decreased
amount of cost and time associated with pathogen whole-genome sequencing has fallen over
the past decade with applications to small local outbreaks to large pandemic scale. Genomic
data has provided insights into pathogen evolution which has led to better disease control

measurements.

6.4.1 Improving sequencing methods to better detect within-host diversity
One of the biggest limitations for inferring linkage and directionality of respiratory pathogens is

the limited ability to capture sufficient within-host variation amongst linked infections which

limits our ability to reconstruct the ancestral state and thus infer who infected whom. However,
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despite this limitation, our capacity to sequence pathogens at increasing lengths and depths is
one promising way to minimise the impacts of the limited within-host diversity®. The findings of
this PhD show promising results which prompt further investigations into the impacts of longer
and greater depth sequencing reads on phylogenetic inferences, particularly for bacterial

infections where there is limited within-host diversity.

Results from Chapter 2 revealed that sequencing read length has an impact on inference
abilities thus, | hypothesize that an increased read length would improve the transmission
direction inferred e.g. less ambiguous trees. However, this was not tested during the PhD due
to time constraints, therefore, future work on inferring directionality should aim to use
sequencing methods that produce longer reads. This approach would improve the mapping
and result in more robust genome alignments. Additionally, longer reads would allow the
flexibility to reconstruct more robust subtrees that would be able to capture more within-host
diversity with the longer sliding window lengths as previously observed by Rose et al. and

Zhang et al.?>.

6.4.2 Validating transmission linkage from homogeneous Streptococcus pneumoniae population
Transmission direction was inferred from cross-sectional samples of putative household pairs

of heterogeneous serotypes. While this approach maximised our chances of selecting true
transmission pairs, it limited our abilities to explore the capacity at which we can infer linked
Streptococcus pneumoniae infections. Thus, future work should rely on putative transmission
pairs from a homogeneous population of serotypes to determine a genetic threshold for
determining link and non-linked infections. This has been previously established for HIV*
where the distribution of the patristic distance was bimodal revealing genetic distances of
closely (<0.05% substitution per site) and distantly (>0.05% substitution per site) related

infections.

6.4.3 Haplotype reconstruction from Streptococcus pneumoniae co-carriage
Co-carriage is detectable and quantifiable from genomic data and the mixture modelling shows

promising results in being able to distinguish subpopulations. Haplotype reconstruction is
largely based on the assumption that polymorphic sites that occur at the same frequencies
belong to the same haplotype and thus the reads containing those polymorphic sites can be
parsed based on those frequencies. The main limitation of this approach is haplotypes that
occur at the same or similar frequencies. However, more work is needed to improve the
reconstruction pipeline, particularly in validating the haplotypes that are reconstructed. More
specifically, due to the already low read depths for the samples with co-carriage, once the
serotype populations are parsed, this reduces the number of reads belonging to a specific

serotype, making it difficult to serotype the parsed samples. Future work on haplotype
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reconstruction will include using the merged samples with higher read depths with the
hypothesis that increasing the number of reads will also increase the read count for the
respective haplotypes that are present in the mixed population and thus | will be better able to
validate the subpopulations. After, validate the haplotype reconstructed by reconstructing a
phylogenetic tree using closely related circulating isolates to see if the reconstructed haplotype

clusters with their respective serotypes.

6.4.4 Scalability for bacterial genomics
Future endeavours in pathogen epidemiology should consider investment in infrastructure for

scaling NGS whole-genome sequencing and processing on the computational and analytical
front. Most of the current tools have been developed for fast-evolving viruses and bacterial
genomes are often magnitudes larger than viral genomes and undergo more frequent
recombination. Currently, there are integrated pipelines that have streamlined the data
processing and analysis of viral phylogenetics®, however, to our knowledge, such tools
currently do not exist for bacterial phylogenetics due to scalability. Didelot et al. proposed a
step-by-step approach for scaling bacterial phylogenetics in epidemiology studies by
integrating bacterial genomic tools into pipelines that were previously developed for viral
phylogentics®®. While the proposed step-by-step approach can reduce computational time due
to the parallelisation of large datasets, the limitation is the practicality of input and output
compatibility from one tool to another which could result in inconsistency and is at risk for

errors.

6.5 Conclusion
In summary, this thesis revealed the capacity at which we can determine linked infection and

transmission of respiratory pathogens, Streptococcus pneumoniae and SARS-CoV-2, using
next-generation whole-genome sequencing data. While there are some limitations in our
studies particularly using sequencing methods that can be routinely generated resulting in
limited detection of within-host variation thus impacting our ability to detect linkage and infer
transmission direction. Despite these limitations, | was able to observe key findings including
the influence of sequencing coverage and sequencing depth which has implications for future

studies on respiratory pathogens particularly for bacterial species.
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