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ABSTRACT

Early identification and isolation of SARS-CoV-2 infected individuals, predominantly asymptomatic,
is crucial for the containment of the disease. Such surveillance strategies can only be achieved through
mass and regular testing. However, the high cost of PCR tests, currently the standard gold test, is a
significant challenge in low-income countries. Group testing, otherwise known as specimen pooling,

offers a viable alternative in cost reduction and skill requirements.

Most research on specimen pooling focuses on reducing the number of tests required to pinpoint a
positive specimen in a group of pools. This study explored a unique strategy that utilizes the least
possible number of tests to identify positive samples in the various pools without requiring a second
round of testing. This conserves resources and reduces turnaround time, which indirectly impacts the
high transmissibility of the virus.

We implemented a proof of concept pooling strategy using 3-d and 4-d hypercubes to test a professional
sports team in South Africa and show that infected samples can be reliably detected in groups of 27 and
81, with minimal loss of assay sensitivity for samples with individual Ct values up to 32. We also report
on our automation of sample pooling, using a liquid-handling robot and an automated web interface to
identify positive samples. We conclude that hypercube pooling allows for the reliable RT-PCR

detection of SARS-CoV-2 infection at a significantly lower cost than lateral flow antigen tests.
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CHAPTER ONE

Introduction and literature review
1.1.1 Introduction

The end of 2019 marked the beginning of a new normal for social activities following the identification
of a cluster of pneumonia cases observed in Chinese hospital admissions. Concerns regarding the
strange outbreak spurred scientists to search for the possible cause. This led to the identification of the
new coronavirus that has continued to plague human activities globally. A throat swab sample study
conducted by the Chinese Centre for Disease Control (CDC) revealed that a novel coronavirus, now
known as (server acute respiratory syndrome coronavirus) SARS-CoV-2, was responsible for the
outbreak (Zhu et al., 2020). As of October 2021, more than 200 million people have been infected due
to the rapid spread of the virus (WHO, 2021). The emergence of the virus was believed to have a
zoonotic origin from a wet market in Wuhan city of Hubei province in China. Human-to-human
transmission of the virus was later identified to contribute significantly to the high infection rate (Li et
al., 2020a). In China, for instance, a rapid increase in cases was seen in less than a month and a further
spread to other provinces in a short timeframe and consequently extending to international and

intercontinental spread (Wu et al., 2020).

The first case of SARS- CoV- 2 infection in South Africa (SA) was reported on 5 March 2020 (NICD,
2020b) and spontaneously increased with a substantial burden on the national public health system. The
outbreak's impact spread across all human activities and has posed an unusual burden on the global
public health system as has never been seen in recent centuries. To this end, the international community
has been exploring various options to effectively mitigate the impacts of the pandemic and possibly halt

the spontaneous infection growth.

Several policy proposals targeted at suppressing the spread of the virus have supported the
implementation of population-wide testing to monitor infection and detect outbreaks quickly (Majid et
al., 2020). However, such testing is expensive and requires skilled personnel, making it unfeasible in
most, if not all, low-income countries. In the United States, an acute shortage of testing reagents was
previously reported, leading to the stopping of testing in certain places, resulting in an exponential
increase in infection rate (Abdalhamid et al., 2020). The limited availability of the resources needed for
wider population testing has remained a challenge. This highlights the need for a more efficient and

cost-effective testing strategy to achieve an optimal outcome.

Several diagnostic approaches for detecting SARS-CoV-2 have been developed since the beginning of
the outbreak, each with different detection times (Carter et al., 2020). Most commonly available tests
are dominant on molecular assays, such as reverse transcription-polymerase chain reaction (RT-PCR).

However, other techniques such as isothermal nucleic acid amplification assays, serological and
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immunological assays for anti-SARS-CoV-2 antibody, hybridization microarray assays, and chest CT
scans are also being explored. The gold standard PCR test has many limitations, such as multiple
temperature changes in each cycle, high cost of reagents and laborious instrumental work, and days to
get the results. At the same time, the serological assays are functionally limited by low sensitivity and
specificity (Majumder and Minko, 2021a). Thus, increasing the need for developing rapid, less
laborious and cost-effective diagnostic methods, which can directly detect the presence of SARS-CoV-
2 virus in clinical samples in the shortest possible time. Specimen pooling offers a viable alternative to
drive the benefits of mass population testing and is highly effective in different population-based
screening scenarios. A study aimed at boosting testing efficiency showed that a pooling strategy could
preserve testing resources and time with an increase in testing capacity of 69% for an incidence rate of
SARS-CoV-2 infection of 10% or less (Cabrera Alvargonzalez et al., 2020). The pooling approach
groups and tests samples drawn from multiple individuals as a single specimen. If the test result is
negative, everyone in the group is considered negative; if it returns positive, at least one individual is
infected with SARS-CoV-2. Further individual testing of constituent samples of the positive group is

carried out to identify the positive ones (Dorfman, 1943).

Community screening and testing (CST) was among the unique and early responses to the pandemic in
SA, which almost overwhelmed the country and its medical infrastructure. This strategy saw the
mobilization of 28 000 health care workers who screened over 7 million individuals (more than 1 in 10
South Africans). As the cumulative number of cases increased exponentially due to the virus’s rapid
spread through the country, the national laboratories became overwhelmed with the demand for testing
(Bhekisisa, 2020). This resulted in severe backlogs, with delayed turnaround times, which further
contributed to the spread of the virus. Front-line staff shortages compounded this problem due to
suspected/confirmed SARS-CoV-2 infection and the shortage of testing Kits required to make accurate
diagnoses. The testing demand decreased in SA, but as the country eventually moved to lockdown level
1, a second wave of infection appeared inevitable, as this was the trend witnessed in other countries of
the world. Therefore, new strategies needed to be developed to facilitate quick and accurate testing and

release of results to contain the virus and maintain the integrity of our health systems (Mallapaty, 2020).

In light of limited resources, many nations are turning to pooled sample testing (Ghosh et al., 2020),
which offers a viable alternative and efficient use of scarce testing kits. Pooled testing, also known as
group testing, is a procedure that involves combining individual samples drawn from multiple patients
into pools and testing it as a single sample (Bilder and Tebbs, 2012). With the first and the most widely
used form of pooling known as “Dorfman testing", all samples of a negative pool are considered
negative. In contrast, the positive pool is retested individually to identify the positive samples (Dorfman,
1943Db), thus reducing the associated cost of resources and time needed to test all samples individually.
Various forms of pooling have been developed from the foremost Dorfman method ranging from

adaptive and non-adaptive pooling. The adaptive process generally involves two-round testing, which
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allows the detection of the positive pools and further retesting to identify the positive samples. In the
non-adaptive methods, advanced improvement has been made to address the time consuming two round
testing. Many of the methods in use deploy a single round of testing and a detection algorithm to identify
the positive samples, thereby improving turnaround time, conservation of testing Kits and cost reduction
(Furstenau et al., 2020).

We explored a simplified multi-dimensional pooling method developed by Wilfred Ndifon and Neil
Turok, which is very efficient for low prevalence (Mutesa et al., 2020a). By optimizing the pool size,
the method identifies infected individuals in fewer tests than the standard procedure. Best results are
obtained for relatively low prevalence. Field tests have already been reported and have attracted the
attention of the international media. We estimate that using this approach for community screening in
South Africa could save more than half a million tests, significantly reducing the cost of testing. This
research focused on reducing the number of tests needed to pinpoint a positive case in a group. In the
context of coronavirus and the associated high transmissibility, a shorter turnaround time is crucial to
reduce infection spread. The proposed technique minimises cost and number of tests and has been

improved to increase throughput in the shortest time possible.

1.1.2 Hypercube pooling strategy

The concept of the hypercube pooling follows a geometric algorithm in which each sample in the group
to be tested is represented by a set of N points on a cubic lattice in D dimensions, organized in the form
of a hypercube with L points on a side. Instead of testing individual sample, each gets divided into equal
D subsamples according to N points on each L planar sides. They are recombined by slicing the
hypercube into L planar slices, perpendicular to one of the principal directions on the lattice. each set
of slice consist of subsamples in each of the D principal direction and are pooled and tested in parallel
in a round of slicing tests. If there is one positive sample, then one slice out of the L slices, in each of
the D directions, will yield a positive result. That slice indicates the coordinate of the point

corresponding to the infected individual, along the associated principal direction.

Groups of 27 or 81 samples are sub-pooled into 9 and 12 slices respectively, each consisting of 9 or 27
subsamples respectively, resulting in each sample being represented in 3 or 4 different slices. Thus, the
test results for the slices can be used to infer which sample is positive, based on its consistent detection
within each of the hypercube slices, without an individual test ever being required. The
multidimensional pooling approach takes advantage low positivity rate and is very efficient when the
group pools are negative. The criteria for the choice of group size depends on positivity rate. For a pool
size of 27 and 81, prevalence is estimated at a range of 2.3-0.78% and 0.78-0.26% respectively (Mutesa,
2020).

14



1.1.3 Epidemiology of SARS-CoV-2

Following the initial report of SARS-CoV-2 in China in December 2019, the disease spread rapidly,
and the number of infections increased exponentially. On January 13 2020, the World Health
Organisation (WHO) confirmed the first case of infection outside of China in Thailand (WHO, 2020),
and within months, the disease had spread to all continents except Antarctica. By 15 May 2020, there
were 4,621,410 cases and 308,542 related deaths (Giandhari et al., 2020) worldwide, involving almost
every country in the world. The first death reported in China was of a 61-year-old man from Wuhan,
and the first death outside of China was recorded in the Philipines (skynews, 2021). At the time of
writing, statistics online show more than 170 million people have been infected globally, with more
than three million deaths (worldometer, 2021). Much of Africa was spared the impact of the virus in
the early stages. However, the first case of infection on the continent was recorded in Nigeria in
February 2020, and in early March, the first case in South Africa was reported (NICD, 2020a).

South Africa has recorded the highest number of cases in Africa. As of September 2021, more than 2
million infected cases and 84 152 deaths (NICD, 2021) had been reported. The pandemic has been
extremely difficult for most African countries and other developing countries to contend with, given
the high cost of the available tests for diagnosing the infection (Reddy et al., 2020). Following the
confirmation of the first case in SA, decisive action was implemented by the government, including
many travel restrictions and largescale testing. However, these efforts were hampered by restricted
population testing due to scarcity of resources and the high cost of testing.

1.1.4 Transmission dynamics

Initially, zoonotic transmission was considered the sole cause of infection since initial cases were
epidemiologically linked to the wet market in China. However, the number of people who developed
the disease without a history of exposure to the market or other people with any respiratory disease and
occurrences in hospital settings increased, suggesting a person-to-person spread of the virus (Robyn et
al., 2020). The precise transmission mode is unknown, but as common with other respiratory viruses,
directly or indirectly, droplet-borne infection through formites is modelled as the dominant transmission
mode (Faridi et al., 2020). Considering the basic reproduction rate (Ro), the possible number of
secondary infections likely to emanate from exposure to a primary case in a susceptible population was
estimated to be within the range of 2 to 3 (Covid-19 National Emergency Response Center et al., 2020).

This is indicative of the risk of an epidemic spread.

Another factor determining infectivity is the secondary attack rate, the probability of infection occurring
in a specific group of susceptible people exposed to a primary case, which was high among family
members and close contacts. This points to the impact of social behaviour on transmissibility. A study

on the effect of undocumented infection on viral dissemination postulated that undocumented infection
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accounts for 79% of documented cases owning to high transmissibility during disease onset or
asymptomatic phase (Li et al., 2020b). These could be significantly averted by widespread early and
regular testing of the vulnerable populations. The unique features of SARS-CoV- 2 support the short
incubation period and time it takes for the epidemic to double in size, which has been described in the
literature. A study suggested 3-7 days as the doubling time while the incubation period was estimated
to be 4-6 days (Park et al., 2020); these factors, together with limited testing, contribute to rapid
infection spread.

Following the first case report in SA, a genomic epidemiological study on early transmission of SARS-
CoV-2 revealed a heterogeneous introduction and transmission patterns, which resulted in early high
death cases and a fast infection growth (Giandhari et al., 2020). The multiple introductions may have
been augmented by restrictions of testing to recent travellers to at-risk countries. Substantial exportation
of presymptomatic, asymptomatic cases and the absence of large-scale public health interventions on
both population and personal levels was identified to exacerbate the exponential spread of SARS-CoV-
2.

COVID 19 pandemic has overwhelmingly surpassed that of SARS-CoV-2 and MERS in terms of the
number of laboratory-confirmed cases and spatial range of the epidemic areas (Deng and Peng, 2020).

Thus, informing the need for a readied mitigations intervention and future occurrences.

1.1.5 Structure of SARS-CoV-2

Coronaviruses are a diverse group of highly transmissible and pathogenic viruses capable of infecting
a wide variety of hosts. The name is derived from the Latin root word ‘corona’, meaning crown, which
refers to their unique appearance under the electron microscope. They appear as round particles with a
rim of projections resembling the solar corona. They are enveloped, positive-sense, single-stranded
RNA viruses of ~30kb. Coronavirus belongs to the family Coronaviridae, which produces mild to

severe respiratory diseases in humans (Cui et al., 2019).

In recent times, three notable species have emerged and have been responsible for disease outbreaks,
beginning with the severe acute respiratory syndrome coronavirus (SARS—CoV) in 2002, followed by
the Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012 (Dhar Chowdhury and
Oommen, 2020), and now the severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) named
due to homology (~80%) to SARS-CoV (Ksiazek et al., 2003). As shown in figure 1.1, SARS-CoV-2
consists of four structural proteins designated as; Spike (S), membrane (M), envelop (E), and

nucleocapsid (N).
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Figure 0.1.1: SARS- CoV 2 Structure by Rohan Bir Singh
(https://www.ncbi.nlm.nih.gov/books/NBK554776/figure/article-52171.image.f3/)

The Spike proteins of SARS-CoV-2 have been described as different from other viruses, given the
presence of multiple cleavage sites for various proteases. This unique feature is likely responsible for
their high and broad infectivity to many host organisms. Another characteristic of SARS-CoV-2 that
distinguishes it from other coronaviruses is the existence of the furin cleavage site (“RPPA” sequence)

at the S1/S2 site (figure 1), which may confer high pathogenicity to the virus (Coutard et al., 2020).
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1.1.6 Genomic organisation
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Figure 0.2: Diagramatic representation of SARS-CoV-2 genome organisation relative to other
coronaviruses (Taken from https://www.futuremedicine.com/cms/10.2217/fmb-2020-
0063/asset/images/medium/figurel.gif)

Bioinformatic data reveals that SARS-CoV-2 shares close to 80% and 50% genome identity with other
beta coronaviruses such as SARS-CoV and MERS, respectively (Lu et al., 2020). The single-stranded
RNA genome consists of 29891 nucleotides in size and encodes 9860 amino acids. Consistent with
other BCoVs, the SARS-CoV-2 genome contains two flanking untranslated regions (UTRs) and a single
long open reading frame encoding a polyprotein. The genome order of arrangement follows a 5’ to 3’
sequence including replicase (ORF1a/ORF1b), spike (S), envelope (E), membrane (M), and
nucleocapsid (N). It lacks the hemagglutinin-esterase gene, which is characteristically found in lineage
A B-CoVs. Additionally, seven putative ORFs encode accessory proteins interspersed between

structural genes (Chan et al., 2020).

The majority of SARS-CoV-2 proteins shares a similar length and amino acid identity with the
corresponding proteins in SARS-CoV except for the S protein, which differs significantly (Lu et al.,
2020). Spike is composed of a transmembrane trimetric glycoprotein protruding from the viral surface,

which determines the diversity of coronaviruses and host tropism (Bosch et al., 2003a). Its glycoprotein

18



consists of two functional subunits. The S1 subunit contains a signal peptide, followed by an N-terminal
domain (NTD) and receptor-binding domain (RBD). In contrast, the S2 subunit contains conserved
fusion peptide (FP), heptad repeat (HR) 1 and 2, transmembrane domain (Reddy et al.), and cytoplasmic
domain (CP) (Chan et al., 2020).

A comparative analysis of SARS-CoV-2 S protein reveals its distinctiveness from the S proteins of
most members in the subgenus Sarbecovirus, sharing amino acid sequence similarities of 76.7—77.0%
with SARS-CoVs from civets and humans, 75-97.7% with bat coronaviruses in the same subgenus and
90.7-92.6% with pangolin coronaviruses (Zhou et al., 2020). In the receptor-binding domain, there is a
73% similarity in amino acids. Another important genomic feature observed in the S protein is the
insertion of four amino acid residues in the junction of S1 and S2 subunits (Coutard et al., 2020). Such
integration provides a polybasic cleavage site for furin and other proteases not found in other
coronaviruses. This feature may be associated with the high pathogenicity of SARS-CoV-2, which

allows it to bind to different host receptors.

A structural study suggested that the furin cleavage site can reduce the stability of S protein and provide
the conformational adaption needed to bind the RBD to its receptor (Wrobel et al., 2020). However,
whether or not the association of the furin cleavage site to the high transmissibility of SARS-CoV-2 as
a gain function is yet to be demonstrated, thus necessitating further investigation. Another notable
distinction is found in the ORF8 of SARS-CoV-2, which encodes a novel protein with 40% amino acid
identity with the ORF8 of SARS-CoV. Unlike SARS-CoV, the ORF8 of SARS-CoV-2 lacks a motif
that triggers intercellular stress pathways (Chan et al., 2020).

1.1.7 Evolution of SARS-CoV-2 variants

The emergence of SARS-CoV-2 variants poses a threat to the containment of the pandemic. Since the
onset of the pandemic, several variants of concern (Alpa, Beta, Delta and Gamma) have been identified
in different countries, including the UK, South Africa, Brazil and India, respectively, as the origin of
detection of the VOC. These variants are associated with increased transmissibility, increased risk of
reinfection and reduced vaccine efficacy (Tao et al., 2021). Several factors ranging from error-prone
polymerase fidelity of viral replicating enzymes, host antiviral enzymes and environmental mutagens
drives the rapid evolution of SARS-CoV-2 (Duffy et al., 2008), which ushers in a new and more
complex phase of the pandemic. These variants are currently only detectable by genomic surveillance

tools, which are expensive and not readily available (de Oliveira et al., 2021b).

Similar to host adaptation for survival, rapid genetic evolution occurs in viruses to enable them to adapt
to host resistances. With SARS-CoV-2, several evolutionary changes, including mutations in the major
functional proteins, have been reported since the outbreak. To explore the genetic variation of different

SARS-CoV-2 strains, the Chinese national centre for bioinformatics aligned 77,801 genome sequences
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of SARS-CoV-2 detected globally and identified 15,018 mutations, including 14,824 single-nucleotide
polymorphisms (Zhao et al., 2020a). For instance, four amino acid alterations were identified in the S
protein proximal to the receptor-binding interface. However, whether or not they affect the binding of
the virus to host receptors is yet unknown. Another alteration, D614G has been identified in the S1
subunit and appears to be more frequently distributed in S variant sites. Following the identification,
another variant with G614 in S protein was reported and dominantly circulating globally (Korber et al.,
2020).

High viral load was observed in patients infected with the G614 variants, but clinical data suggested no
disease severity in the D614G variant. In an in vitro experiment model, pseudotyped viruses carrying S
proteins with the G614 variant were shown to generate more infectious titres than the original D614G,
suggesting the alteration may have increased the infectivity of SARS-CoV-2. A phylogenetic analysis
using the amino acids sequences of ORF1 a/b and the four structural genes of SARS-CoV-2 clustered
with lincage B of BCoVs (Paraskevis et al., 2020). These SARS-related coronaviruses have been
consistently found in horseshoe bats found in China and likely suggest a possible origin from bats.
However, it has not been ascertained whether an intermediate or amplification animal host infected with

SARS-CoV-2 exists in transmission to humans.

1.1.8 Pathogenesis of SARS-COV-2

Clinical observations indicate that although all population ages are susceptible to SARS-CoV-2, the
older population is most seriously affected. Clinical manifestations vary, but the older age group (<60
years above) and people with comorbidities show high disease severity. In contrast, the young
population and children have mild or no symptoms (Wu and McGoogan, 2020). Fever, fatigue, and dry
cough have been observed as the most common symptoms among patients. Less observed symptoms
included sputum production, headache, haemoptysis, diarrhoea, anorexia, sore throat, chest pain, chills,

nausea, and vomiting in studies of patients in China (Chen et al., 2020).

Data from a Chinese hospital used to study risk factors associated with in-hospital death revealed older
age, higher sequential organ failure assessment (SOFA) score, and d-dimer >1 pg/mL to be consistent
in multi-variable analysis. For the univariable analysis, coronary artery disease, diabetes, and
hypertension were also considered risk factors (Zhou et al., 2020a). Most people present with disease
symptoms between 1-15 days (most commonly around day five; thereafter, dyspnoea and pneumonia

develop within a median time of eight days from the time of illness onset) (Guan et al., 2020).

Regarding disease severity of Covid-19, several research interests has delved into the relationship
between severity of disease and gender. A case study of the Chinese series showed an equal humber of
cases between males and females; however, the data suggested that men suffered more than women,

similar to observations from other countries (Jin et al., 2020). A study found that men older than 68
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years had a higher risk of respiratory failure, acute cardiac injury, and heart failure that led to death,
regardless of a history of cardiovascular disease. Also, adverse outcomes of COVID-19 were associated
with comorbidities such as hypertension, cardiovascular disease, and lung disease. These conditions are
more prevalent in men; the study suggests they are correlated with smoking and drinking alcohol.
Immunological differences associated with sex differences are also suggested to explain the severity
differences (Hall et al., 2020). Further, a study that explored factors influencing the adoption of non-
pharmaceutical measures to prevent infection spread found that women are 50% more likely to
implement the measures than men, which may partly impact disease severity (Moran and Del Valle,
2016).

Since the beginning of the outbreak, clinical observations recorded in children have continued to reflect
a small prevalence percentage. In reference to data from the Chinese centre for disease control and
prevention from February 2020, children younger than ten years and within the 11-19 age group
occupied 1% of recorded cases (Wu and McGoogan, 2020). Given that the paediatric population
represents 20% of the total population, this indicates a low prevalence among children. However,
considering the global problem of limited testing capacities, this may not be a true reflection of the

actual prevalence in the paediatric population.

A confounding factor was that schools in China were closed for most of the epidemic, which coincided
with the Chinese New Year holidays and may have influenced the results. This may have contributed
to less exposure of children and consequently impacted the case number. In Italy, data of Covid-19
patients within the age range of 8 to 18 years represented 1.2% of the population, and the fatality rate
was similar to that in China (Giorgi Rossi et al., 2020). Similar observations were also recorded in the
US, Korea and other countries in the study, suggesting fewer symptomatic manifestations in children

than adults.

A patient history record for children recorded that only 73% developed fever, cough, or shortness of
breath. This is comparable to 93% of adults reported in the same time frame, between the ages of 18
and 64 years. The estimated hospitalization rate for children aged one to 17 was 14%, at most (Yuki et
al., 2020). Despite the overall favourable outcome for the paediatric population, many deaths were also

reported in the US and other countries.

1.1.9 Life cycle and receptor use

A five-step process involved in the life cycle of SARS-CoV-2 with its host has been described and
includes; attachment, penetration, biosynthesis, maturation and release (Figure 1.3). Upon adherence to
the host receptor interface, the virus gains entrance (penetration) into the host cell through endocytosis
or fusion of viral and host membranes. Thereafter, viral contents are released and the RNA integrated

into the nucleus for replication. The intermediate viral mRNA synthesises new viral particles

21



(biosynthesis), which undergoes maturation and release (Bosch et al., 2003b). S proteins are actively
involved in viral binding to host receptors. The S1 subunit of S protein is responsible for binding to
receptors, while the S2 subunits mediate the fusion of viral and cellular membranes (Walls et al., 2020).
Angiotensin-converting enzyme 2 (ACE 2) has been identified as a functional receptor for SARS-CoV-
2 and has been shown to bind effectively to S proteins. ACE 2 is highly expressed in the lungs, heart,
ileum, kidney and bladder (Li et al., 2003). The abundance of ACE 2 in lung epithelial cells likely
explains the high pathogenicity observed in the lung. Whether or not SARS-CoV-2 binds to another
receptor requires further investigation.
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Figure 0.3 Image showing the life cycle and host receptor for SARS-CoV-2 (Dr. Amit Ray,
https://amitray.com/life-cycle-of-coronavirus-covid-19-the-sars-cov-2-virus/)

Similar to other coronaviruses, proteolytic processing of S protein is essential for the endocytic process
of SARS-CoV-2. A two-step sequential protease cleavage model was used to describe the protease
cleavage activities of S proteins with host receptors (Belouzard et al., 2009). The process consists of
cleavage at the S1/S2 site for priming and another cleavage for activation at the S'2 site, a position
adjacent to a fusion peptide within the S, subunit. After the cleavage at the S1/S2 cleavage site, a non-
covalent bond exists between Si: and S, subunits. The distal S1 subunit contributes to stabilising the

membrane-anchored S; subunit at the prefusion state, while the cleavage at the S'2 site presumably
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activates the spike for membrane fusion via irreversible, conformational changes. This form of cleavage
activity is unusual among viruses and enables the cleaving of different proteases. The existence of the
furin cleavage site at the S1/S2 site is another unique characteristic of SARS-CoV-2, which allows for
cleavage during biosynthesis instead of direct incorporation of S protein observed during assembling of
viral particles in SARS-CoV (Walls et al., 2020). Again, this feature likely increases the pathogenicity
of SARS-CoV-2. It has also been reported that SARS-CoV-2 can recognize other non-human ACE 2
receptors with varied use efficiency (Zhao et al., 2020b), thus indicating different host susceptibilities
to SARS-CoV-2.

The pathogenic manifestation of SARS-CoV-2 ranges from mild symptoms to severe respiratory
failure. On binding to respiratory tract epithelial cells, they start to replicate and migrate down to the
airways and enter the alveolar cells of the lungs. Rapid replication of the virus in the lungs potentially
triggers strong immune responses with an accompanying cascade of cytokine storms (CS). CS causes
acute respiratory disease syndrome and has been identified as a potent cause of death. Patients aged 60
years and above with pre-existing diseases have a high risk of developing respiratory disease and are
unlikely to survive (Mehta et al., 2020). Histopathological changes are primarily observed in the lungs
and result in bilateral diffused alveolar damage, hyaline membrane formation, desquamation of
pneumocytes and fibrin deposits in lungs of severe COVID-19 patients. An immunohistochemical study
identified SARS-CoV-2 antigen in the upper airway, bronchiolar epithelium and submucosal gland
epithelium, type I and type Il pneumocytes, alveolar macrophages and hyaline membranes in the lungs
(Martines et al., 2020).

The airway consists of three cell types that mediate its immunity, including epithelial cells, dendritic
cells (DCs), which are located below the epithelium, while the macrophages are positioned on the apical
side. DCs and macrophages provide innate immunity against viruses until adaptive immunity is
developed. T-cell mediated immune response against SARS-CoV-2 has been reported in which
presentation of viral particles are initiated by DCs and macrophages (Yoshikawa et al., 2009). The
guestion of how SARS-CoV-2 enters apoptotic cells remains unclear, although DCs and macrophages

can phagocytize virus-infected apoptotic cells.

Following phagocytosis, these antigen-presenting cells move to the draining lymph nodes with viral
particles, consequently activating T cells. CD4* and CD8* T cells play an essential role. CD4* T cells
activate B cells to promote virus-specific antibody production, while CD8" T cells mediate the killing
of infected cells. In addition to respiratory symptoms, thrombosis and pulmonary embolism have been
identified in severe disease cases, thus supporting the elevated d-dimer levels equally observed in severe
disease (Wang et al., 2018). Endothelium functions in promoting vasodilation, fibrinolysis, and anti-
aggregation. Given that endothelium plays a significant role in thrombotic regulation, hypercoagulable

profiles seen in severe diseases likely indicate significant endothelial injury. Endothelial cells also
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express ACE2. Endothelial cells form one-third of lung cells, and microvascular permeability resulting

from the endothelial injury may facilitate viral invasion.

1.1.10 The current state of SARS-CoV-2 control and infection management

To contain further spreading of COVID-19, several control measures, including non-pharmaceutical
activities, quarantine, social distancing, and travel restrictions, each with varying degrees of impact,
were instituted by governments of various countries. A study that used the deterministic SEIR model
estimated that travel restrictions led to 91% case reductions in seven days compared to a baseline
scenario with no restriction (Tian et al., 2020). A similar study found that travel restrictions delayed the
epidemic in Wuhan for 2.91 days and 3-5 days (Chinazzi et al., 2020). Considering the simulating effect
of pre-symptomatic transmission of COVID-19, a study reported the impact of quarantine depends on
when it is implemented and the proportion of the quarantine. Therefore, the study recommended a 63%
guarantine rate and prolonged control measures throughout the outbreak to avert the epidemic (Xiong
and Yan, 2020).

A modelling study that simulated the impact of various control measures found that workplace social
distancing was more effective in reducing the viral spread than school closure. Further, the study
demonstrated that a combination strategy of case isolation, close contact quarantining, school closure,
and workplace social distancing was most effective in reducing the outbreak in size (Xiong and Yan,
2020). Owverall, the effectiveness of the control measures may be significantly hampered by
asymptomatic and pre-symptomatic transmissions, which can only be overcome through early and

regular testing.

Despite several ongoing research and clinical trials on drugs to treat COVID-19, no clinically approved
targeted therapy has been achieved. Management efforts, including early diagnosis, immediate patient
isolation, and protective conditions to prevent infection spread, effectively contain the virus. Typical
treatment for COVID-19 includes general supportive care, respiratory support, and nutritional support
(Majumder and Minko, 2021b). Research efforts on drugs are hampered mainly by the high cost and
time associated with developing a new drug (Pushpakom et al., 2019). Repurposing existing drugs based
on the relatedness of the disease mechanism to the target drug improve the cost and time parameters.
Research targets for developing therapeutic drugs for COVID-19 have focused on either the blockage
of viral entry mechanisms to host cells or the suppression or complete interference of one of the
replication processes (Correia, 2010). However, the low stability associated with the target drug
components before delivery to the target site and the loss of binding specificity is potent limitations to

the research approach (Rogers et al., 2020).

Vaccines, on the other hand, are biological preparations from altered forms of disease agents capable

of stimulating the immune system to fight the pathogen and at the same time create a memory that helps
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the immune system to respond more robustly to the repetition of the same or a similar disease (Graham,
2013). Vaccines differ from therapeutic drugs in their ability to keep the memory of previous encounters
with the pathogen. They consist of essential components of the disease agent that serve as an antigen.
Various vaccines consist of either protein, nucleic acids or a synthetic substitute of the disease agent
capable of stimulating immune response but not inducing the disease (Majumder and Minko, 2021b).
Existing forms of vaccines are being explored and repurposed for use against SARS-CoV-2 and have
shown positive results. If successful, it is expected that a combination of personal defence and epidemic

control measures will lead to complete elimination or extermination of the virus.

1.1.11 SARS-CoV-2 testing during the pandemic

Following the identification of the virus, scientists were able to sequence and make available the viral
genome. This enabled the development of Reverse Transcription—Polymerase Chain Reaction (RT-
PCR) assays, which are now the gold standard for molecular diagnosis of the respiratory syndrome
COVID19. RT-PCR test involves isolation of viral RNA from the clinical sample followed by
generation of complementary DNA (cDNA) by RNA-dependent DNA polymerase reaction. Next,
cDNA is converted to double-stranded DNA (dsDNA) through PCR amplification. The amplification
of this sample is performed until the viral cDNA is detected by a fluorescent or electrical signal that
allows for the real-time quantification of the virus (VanGuilder et al., 2008). Because of the rising
number of cases and rapid spread of the virus, the world has been facing a shortage of RT-PCR supplies,
hampering the widescale testing containment strategies of the public health system.

Specimen pooling involves combining specimens into groups and processing them as a single specimen.
As already mentioned, this technique was proposed by Dorfman to screen recruits in the 1940s. It has
undergone several modifications and better improved for applications in HIV and hepatitis screening in
blood banks. Research on the technique has focused on reducing the number of tests needed to pinpoint
a positive case in a group. In the context of coronavirus and the associated high transmissibility, a
shorter turnaround time is crucial to reduce infection spread. This study aimed to improve the technique

to reduce cost and number of tests and increase throughput in the shortest time possible.

Pooling has gained global application, with many laboratories exploring testing alternatives to ensure
optimal use of resources and efficiency. A recent study demonstrated an eight per cent increase in testing
efficiency and an eight per cent cost reduction (Shental et al., 2020) using a single round of testing.
Another study reported a method that creates multiple pools from samples followed by a single round
of RT-gPCR and an application that produces results with the viral load of each sample (Ghosh et al.,
2020). This not only increases testing capacity and efficiency but, at the same time, provides more
detailed information than routine PCR testing. Though the single round method appears to have many

complex steps, it is advantageous over the two-round pooling. It addresses the dilemma of performing
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RNA extraction before pooling in both the first and second-round testing. To this end, a robust and
simplified method is needed to achieve a population-wide screening as institutional and organizational

activities resumes.

1.1.12 Aim and Objectives

This study aims to refine the pooling method and apply it to the South African context to investigate
whether it could speed up and reduce the cost of testing of SARS-CoV-2. A successful study could

streamline large scale testing of the whole population.

Specifically, the objectives are to:
1. Develop a SARS-CoV-2 qPCR pooling protocol for diagnostic testing
2. Validate this method using locally available samples

3. Improve the technique for application in the South African context (based on different

prevalence)

The method was evaluated in two scenarios using pool sizes of 27 and 81 to estimate the most
appropriate cost-effectiveness ratio of positive vs negative. The experiment was repeated several times

to evaluate the accuracy and check for loss of sensitivity.
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1.1.13 Dissertation outline

This dissertation comprises three chapters with an overall aim of detailing the research findings on

implementing specimen pooling for high throughput diagnosis of SARS-CoV-2.

*This chapter contains the introduction, literature review, the aims and objectives of
the study.
Chapter one
*This chapter is a written article version of the research, published in the Scientific
reports journal and titled: Implementation of an efficient SARS-CoV-2 specimen
pooling strategy for high throughput diagnostic testing.
Chapter two

*This chapter includes the general discussion, conclusion and future
recommendation

Chapter three
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Bridging Chapter one and Chapter two

Chapter one gives a general overview of the role of mass screening using specimen pooling to control
the SARS-CoV-2 pandemic. The review further describes the epidemiology, life cycle, structure and
general management of the virus. Specimen pooling offers a viable alternative to the standard gold test
for achieving the benefits of mass testing in a pandemic scenario. Hence the optimization of the method
and its application is an urgent necessity of which this study addresses. Chapter two provides detailed
review and study outcomes from implementing the hypercube-based pooling method described in the
dissertation. Positive samples were reliably detected in groups of 27 and 81, with minimal loss of assay

sensitivity for samples with individual Ct values of up to 32.

Results from the study confirm our method saves time and cost as compared to other diagnostic
approaches. This Chapter is published in the journal Scientific Reports.

Singh, L., Anyaneji, U.J., Ndifon, W. et al. Implementation of an efficient SARS-CoV-2 specimen
pooling strategy for high throughput diagnostic testing. Sci Rep 11, 17793 (2021).
https://doi.org/10.1038/s41598-021-96934-z

DOI: https://doi.org/10.1038/s41598-021-96934-z
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Abstract

The rapid identification and isolation of infected individuals remains a key strategy for
controlling the spread of SARS-CoV-2. Frequent testing of populations to detect infection
early in asymptomatic or presymptomatic individuals can be a powerful tool for intercepting
transmission, especially when the viral prevalence is low. However, RT-PCR testing — the
gold standard of SARS-CoV-2 diagnosis — is expensive, making regular testing of every
individual unfeasible. Sample pooling is one approach to lowering costs. By combining
samples and testing them in groups the number of tests required is reduced, substantially
lowering costs. Here we report on the implementation of pooling strategies using 3-d and 4-d
hypercubes to test a professional sports team in South Africa. We have shown that infected
samples can be reliably detected in groups of 27 and 81, with minimal loss of assay
sensitivity for samples with individual Ct values of up to 32. We report on the automation of
sample pooling, using a liquid-handling robot and an automated web interface to identify
positive samples. We conclude that hypercube pooling allows for the reliable RT-PCR
detection of SARS-CoV-2 infection, at significantly lower costs than lateral flow antigen

tests.

Keywords

SARS-CoV-2, RT-PCR, pooled testing, high-throughput

Introduction

A novel coronavirus, SARS-CoV-2, emerged at the end of 2019 in the city of Wuhan, China.
The highly transmissible nature of SARS-CoV-2 (Hu et al., 2020) has resulted in a pandemic
which continues to persist. South Africa (SA) and other African countries are currently facing

a resurgence or “third wave” of infections, which in some countries is more severe than



previously experienced.(Long et al., 2020, Tegally et al., 2020a, Vahidy et al., 2020)
Although there are approved vaccines against SARS-CoV-2, these are not yet available in
amounts sufficient to control the pandemic. To make matters worse, there are new SARS-
CoV-2 variants (which are typically identified using genomics surveillance tools (de Oliveira
et al., 2021a, Rao et al., 2020)) that have been identified in SA,(Diseases, 2020) which may
be associated with higher transmissibility and hence a more rapid spread of the virus. There
is therefore an urgent need for more efficient population screening and the isolation of

infected individuals to reduce the transmission of SARS-CoV-2.

Presymptomatic or asymptomatic individuals, who are infectious viral carriers,(Barak et al.,
2020) are the hidden drivers of the pandemic. They represent an estimated proportion
ranging from 18 — 81% of infections,(Nikolai et al., 2020) thereby posing a major challenge
to the containment of SARS-CoV-2. If such individuals can be efficiently detected through
frequent, repeated population testing at scale and thereby enabled to isolate before they
infect others, the spread of the virus can be prevented.® Therefore, efficient and affordable,
high throughput SARS-CoV-2 testing is highly desirable as a means of controlling the

pandemic.

Reverse-transcription real-time polymerase chain reaction (RT-PCR) testing is the gold-
standard technology used for SARS-CoV-2 diagnosis. This test can cost up to US$ 56 (ZAR
850) per test, making high-throughput RT-PCR testing of every individual impractical.
Sample pooling offers an attractive solution. By combining samples and testing them
together, instead of performing individual tests, one can significantly reduce the number of
tests and the associated labour and consumable costs. This method was first proposed by
Dorfman (Dorfman, 1943) in 1943. Hypercube pooling, developed by Mutesa et al

(2020),(Mutesa et al., 2020b) requires even fewer tests and yields greater cost savings. For



example, at viral prevalences p<0.05%, hypercube pooling yields a 100-fold cost-reduction
as opposed to a 22-fold for Dorfman’s  algorithm. Hypercube pooling therefore offers a
highly affordable means of testing large numbers of samples. We also describe a
guantitative cost comparison with lateral flow antigen (Bendavid et al.) tests, finding
hypercube pooling to have a significant cost advantage at low viral prevalence
(Supplementary Information - Cost comparison of hypercube-based pooled tests vs. lateral

flow antigen tests).

Hypercube pooling has been eloquently explained in the literature.(Mutesa et al., 2020b)
Briefly, the samples to be tested are divided into equally sized subsamples which are pooled
together according to a mathematical algorithm. Here we report on pooled testing methods
which can uniquely identify infected samples among groups of 27 and 81 samples (using 3-
and 4-dimensional hypercubes, respectively), in far fewer than 27 or 81 tests. If the group is
negative, then all individual samples in that group are deemed negative. If a group is
positive, then its sub-samples are recombined in the form of slices within the hypercube
corresponding to different overlapping sub-pools. Groups of 27 or 81 samples are sub-
pooled into 9 and 12 slices respectively, each consisting of 9 or 27 subsamples respectively.
Each individual sample is then represented in 3 or 4 different slices respectively, and the test
results for the slices can be used to infer which sample is positive, based on its consistent
detection within each of the hypercube slices, without an individual test ever being required.
The slicing patterns for these groups are shown in the Supplementary Information Tables S1

and S2 and the complete workflows are presented in Figure. 1.
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Figure. 1. Examples of 3-dimensional (top) and 4-dimensional (bottom) hypercube workflows; (A) one positive
sample (red, sample 2) is contained in a group of 27 samples or, respectively, 81 samples; (B) 9 (resp. 12) slice
pools, each consisting of 9 (resp. 27) sub-samples, are created using a liquid handling robot; (C) RNA extraction
is done on the group pool of 27 (resp. 81) samples (1 reaction) and 9 (resp. 12) slice pools (9 or 12 reactions);
(D) qPCR results are positive for the group of 27 (resp. 81) samples and the respective slices 1, 4 and 8 (resp. 1,
4,7, and 11); (E) De-bundling software is used for the automatic determination of the positive sample in the

hypercube and for generating individual diagnostic reports.

Although the pooling strategy described above offers considerable benefits over individual

testing, it does involve tedious and repetitive pipetting steps, which can be cumbersome



when performed manually and can raise the risk of human error. For example, a 3-d
hypercube involves 108 precise pipetting steps in different combinations, i.e., a group-level
pool of 27 sub-samples plus 9 slice-level sub-pools of 9 sub-samples each. The 4-d
hypercube involves 405 pipetting steps, i.e., the first group-level pool of 81 sub-samples plus
12 slice-level sub-pools of 27 sub-samples each. To reduce these intensive demands on
laboratory staff as well as the risk of human error, we have implemented an automated
pipeline using a liquid-handling robot, Opentrons OT-2. This open source robotic platform
lends itself to scalability and rapid deployment. The OT2 is modularly constructed and
utilises widely available non-proprietary electronic components that are neither difficult nor
expensive to repair or replace. Flexibility is offered through the Python Application
Programming Interface (API), which simplifies custom protocol development. The additional
laboratory automation described here, refers to the automatic determination of the individual
positive result(s) and the de-bundling (or ungrouping) of pooled results into individual results
using an automated web interface. The advantages of automated sample pooling include
increased human-resource time (which can be better allocated for data analysis,
experimental setup, etc.), the elimination of the possibility of human error (due to fatigue or
distraction, for example), the reduction of costs associated with manual labour, and the
flexibility to easily replicate or modify protocols based on the starting number of samples and

desired pooling strategy.

Results

3-d 27-sample hypercube experiments:

The results of three 3-d hypercube experiments (Experiments A — C), in which a single
positive sample is diluted up to 27-fold, are shown in Figure 2. The plots are based on the

Ct scores obtained for each of the three target genes (Supplementary Information Table S3).
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Figure 2. Detection of a single positive sample after 9-fold and 27-fold dilution, in 3-d

hypercube pooling. Error bars are shown for the 3 positive pools, where the positive sample

is diluted 9-fold.

The results show that the positive samples for each experiment can be successfully
amplified and detected in the pool containing 27 samples and in each of the positive slices

containing 9 samples each.

4-d 81-sample hypercube experiments:



The results of eight 4-d hypercube experiments (Experiments A — H), in which a single
positive sample is diluted up to 81-fold, are shown in Figure. 3. The plots are based on the

Ct scores obtained for each of the three target genes (Supplementary Information Table S4).
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Figure. 3. Detection of a single positive sample out of 81 for each of eight 4-d hypercube
experiments (A — H). Ct scores are shown for: a) the undiluted sample, b) the mean and
standard errors for the four positive slice pools which is diluted 27-fold, and c) the hypercube

pool in which the single positive is diluted 81-fold.

The operational sensitivity of the pooled test procedure is decreased for samples with an
initial (undiluted) Ct value exceeding 32 as indicated by experiments D and H, where
amplification in the 81-pool samples was not successful (none of the target genes were

detected).

Efficiency — number of tests saved using the pooling method:



We received approximately 121 samples per week over an 8 week period, for testing (ie. 968
individual samples in total). Each week, three groups of either 27 or 81 pooled tests were
performed (ie. 24 sets of pooled tests in total). The starting point for each set of pooled tests
is a single, group-level test, in which either 27 or 81 samples are pooled and then tested.
Slice-level tests are conducted only if the group-level test is positive. Since all 24 group-
level tests were negative, a greater than 40 (i.e. 986 divided by 24)-fold reduction in the

number of tests used was achieved compared to individual testing.

Laboratory automation:

We created an automated and easy-to-use web interface to assist in the de-bundling of
pooled testing results and the identification of the positive sample(s) found in a pool. The
de-bundling module requires as input the analysis file generated from the pooled testing
results and a list of sample identifiers. It produces a de-bundling report, which can be easily
integrated into a laboratory information management system (LIMS) such as LabWare 7

(used in our laboratory), for individual result reporting.

To infer the positive sample, the user specifies the pool size, i.e. 27 or 81, the number of
positive slices and their respective slice numbers. The application then uses this information
to determine and output individual positive test results. Both applications, freely available at

http://krisp2.ukzn.ac.za:8080/rega-pooling/pooling (Supplementary Information Figure. S3),

were used for all the analysis and reporting of results described in this paper.
Discussion

Diagnostic detection of SARS-CoV-2 is crucial for managing the pandemic.(Mujawar et al.,
2020, Paliwal et al., 2020) The early identification and isolation of SARS-CoV-2 infected

individuals remain a key strategy to interrupt community transmission. In this pilot study, we



have successfully implemented hypercube pooling for frequent testing of a professional
sports team. We show that this procedure reliably detects a single positive sample in a group
of 81, provided the starting sample has a Ct < 32. Whilst there is a need for further
evaluation, particularly with samples with a wider range of Ct values and pools with multiple
positive samples for different viral prevalence scenarios, these results indicate that the

pooling strategy is indeed a promising approach for cost-efficient RT-PCR testing.

Other studies have demonstrated the successful implementation of pooled testing using
groups of up to 5 and 8 samples each.(Barak et al., 2020) To our knowledge, this is the first
study that has implemented the SARS-CoV-2 hypercube-based pooled testing strategy,

using group sizes as large as 81.

We selected for analysis samples with Ct values that are typical for the population under
study. For comparison, we also selected samples with Ct values that are one standard
deviation away from the mean Ct value. We used historical data from the population of
samples tested routinely in KZN to determine the distribution of Ct values present at various
percentile ranges (Supplementary Information Figure. S1). The asymmetrical (left-skewed)
distribution of the data may be attributed to the population of samples that was used to
generate the curve i.e. symptomatic people with active disease (and therefore lower Ct

scores) presenting at health facilities.

The retention of the sensitivity of the pooled test procedure as the hypercube dimension size

(and consequently the dilution) increases is an obvious concern.

Our results demonstrated no loss of assay sensitivity for samples with an initial (undiluted)
Ct value < 32 (Figure. 3). Samples with higher Ct values would typically have a lower viral

load, which may be deemed as clinically and / or epidemiologically insignificant, since the
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infection is not likely to be contagious (a cut-off Ct > 30 can be associated with non-

infectious samples).(Jefferson et al., 2020)

Propagating SARS-CoV-2 from clinical samples can also be used as a valuable proxy for
infectiousness. There are however, conflicting reports on the cut-off Ct value at which the
virus is not cultivable, which can range anywhere from 30 to >35.(Singanayagam et al.,
2020, Young et al., 2020) In any event, high Ct values are expected to be associated with
low infectivity;(Bullard et al., 2020) the maximum viral load occurs during the onset of
symptoms, when the risk of transmission is highest.(Cevik et al., 2020a) In respiratory
samples, the viral load is highest during the initial stage of infection (patients in the early
stages of infection usually have Ct values of 20 — 30 or less(Young et al., 2020)), and
reaches a peak in the second week, and then falls.(Kevadiya et al., 2021a) The pooling
strategy we have implemented is therefore most beneficial for detecting asymptomatic or
presymptomatic people who are on the viral load incline. In addition, the effects of the loss
of assay sensitivity can be mitigated by implementing more frequent testing — a solution
which could be more easily afforded given the demonstrated cost savings of the pooled

testing strategy.

There have also been reports of inherent inaccuracy due to higher false negative rates
associated with the pooled testing method.(Daon et al., 2020) Our method however,
includes many consistency checks. For example, the detection of a single positive pool
(corresponding to a hypercube slice) when all other pools are negative is indicative of a
testing error.(Mutesa et al., 2020b) This is especially beneficial when compared to
approaches such as binary pooled testing(Hwang, 1972) which relies on repeated,
sequential testing of the positive sample, and a single negative test can prematurely

terminate the sequence of tests leading to a false negative result. Another cause of false
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negative results is sequence variation at primer or probe binding sites on the viral
RNA.(Reijns et al., 2020a) In South Africa, a new SARS-CoV-2 lineage (501Y.V2)
characterised by various mutations in the spike (S) gene has been reported.(Tegally et al.,
2020a) However, there was no apparent loss of sensitivity for the S-gene in the RT-PCR

assay used in this study.

We have developed and successfully implemented a pilot SARS-CoV-2 pooled testing
strategy for a prominent South African rugby team. The successful implementation of
pooled testing requires that 3 important criteria are met viz. (i) efficiency, (ii) sensitivity and
(iii) operational feasibility (Barak et al., 2020). Our study was successful in satisfying each of
these criteria. Firstly, we achieved a >40-fold gain in testing efficiency, and a corresponding
reduction in cost, compared to individual testing. The cost reduction is most impressive
when all individuals are negative, because 27 or 81 different samples can be determined to
be negative by using just one qPCR reaction, in a 3-d or 4-d hypercube, respectively. This
was the case with the screening of a South African rugby team at the KRISP laboratory,
where, during the first 8 weeks, all of the samples were tested using hypercubes of sizes 27
or 81, and found to be negative. Only from the 9th week was an additional round of slice
testing required. Secondly, no significant loss of sensitivity for samples with appreciable viral
loads (Ct < 32) was observed. Thirdly, we validated our pooling workflow, i.e., by using
liquid-handling robots to automated sample pooling and software applications to automate

the identification of positive samples.

There are more conventional methods for high-throughput diagnostic testing which are
available. For example, SARS-CoV-2 lateral flow antigen (Bendavid et al.) tests are point-of-
care rapid tests that can be used for large-scale screening. Although LFAs may be

appealing because they are cheap, since they do not require a laboratory with specialized
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equipment or personnel and can provide results in 15 — 30 minutes, they do present some
limitations; the sensitivity of this type of technology can vary considerably around an average
sensitivity of 56.2% (95% CI 29.5 to 79.8%), (Dinnes et al., 2020) thereby decreasing its
utility in screening certain populations such as health-care workers and other front-line
personnel. We have performed a detailed cost comparison of the hypercube-based pooled
testing strategy compared to the LFAs. We estimate that at prevalences below 0.43%, it
costs over 6 times more to achieve the reliable detection (ie. a detection probability of at
least 99.9%) of SARS-CoV-2 infectious individuals by using LFAs compared to hypercube
testing (Supplementary Information - Cost comparison of hypercube-based pooled tests vs.
lateral flow antigen tests). Despite their higher cost for reliable detection, LFAs may be used
to complement hypercube-based testing, particularly when quick results are needed and the

lower sensitivity of the assay is not considered problematic.

The pooled testing strategy and downstream automation protocol described in this study
have together led to a significant reduction in cost, kit usage and turnaround time in our
laboratory. While we demonstrated its successful application for frequent testing of a
professional sports team, this approach can potentially be applied for screening other low
prevalence, asymptomatic population groups. Further evaluation of this approach in

different populations and epidemic settings is desirable.
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Online Methods

SARS-CoV-2 clinical diagnostics:

The standard protocol used for SARS-CoV-2 detection at the KRISP Laboratory, University
of KwaZulu-Natal, is to extract viral ribonucleic acid (RNA) from nasopharyngeal and / or
oropharyngeal swab samples. This is followed by RT-PCR (TagPath COVID-19 CE-IVD RT-
PCR kit, ThermoFisher Scientific, MA, USA) for the detection of three SARS-CoV-2 target
genes (viz. S-gene, N-gene and ORF1ab). A sample is considered “positive” if at least 2 out
of the 3 target genes are amplified with an above-background fluorescence signal, cycle
threshold, Ct, < 40 PCR cycles. A sample is considered “inconclusive” if 1 out of the 3 target
genes is positive (Ct < 40) and should then be repeat tested. A sample is considered
“negative” if none of the 3 target genes is amplified. Swab samples collected in viral
transport medium (VTM) for routine SARS-CoV-2 surveillance in KwaZulu-Natal, South
Africa were used in this study. All experiments were conducted in accordance with relevant

local guidelines and regulations.

Historical data from a population of approximately 1200 samples tested routinely in KZN was
used to determine the distribution of Ct values present at various percentile ranges
(Supplementary Information Figure. S1). Positive samples used for each of the experiments
were chosen based on their respective Ct scores to represent different quantiles of the Ct

value distribution.

Pooling experiments were conducted to verify the successful detection of a positive sample
embedded inside: (Covid-19 National Emergency Response Center, 2020.) a 3-d hypercube
containing 26 other, negative samples; and (2) a 4-d hypercube containing 80 other,

negative samples.
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27-sample, 3-d hypercube experiments

Three positive samples were used in three independent pooling tests to evaluate proof-of-
concept and determine whether these samples would still result in successful PCR
amplification when diluted 27- (in group-level pools) and 9- (in slice-level pools) fold using 3-

d hypercubes.

First, for each positive sample, a group-level pool containing 27 samples was created. Each
positive sample was combined with 26 negative swab samples as follows: sample tubes
were labelled from 1 to 27. Samples were added to each of the labelled tubes, with the
positive sample inserted blindly, i.e. in a position of the hypercube not known to the person
performing the pooling experiments or the analysis of results. Each sample was vortexed
briefly and 200 ul was manually pipetted into a separate collection tube containing the
pooled sample. The collection tube (with a total volume of 5400 pl) was then briefly vortexed
and 200 ul was used for paramagnetic bead-based RNA extraction using the Chemagic360
automated extraction system (PerkinElmer Inc., Cat.# CMG-1049, MA, USA). The purified
nucleic acid was eluted in 100 pl of elution buffer. 10 ul of RNA was then used in the RT-

PCR reaction (TagPath™ COVID-19 CE-IVD RT-PCR Kit, Thermo Fisher Scientific).

Group-level pools that were positive were sub-pooled into 9 slice-level pools, containing 9
samples each (Supplementary Information - Table S1). Each sample found in the positive,

group-level pool was represented in 3 different slice-level pools.

81-sample, 4-d hypercube experiments
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As in the 3-d experiments, positive samples were chosen to represent the different quantiles
of the Ct value distribution that is typical of our study population (Supplementary Information

Figure. S1).

One positive swab sample was combined with 80 negative swab samples in each of eight
experiments (Experiments A — H). For each experiment, sample tubes were labelled from 1
to 81, and each of the respective positive samples was inserted blindly into a position within
the 81-sample hypercube. Each sample was vortexed briefly and 200 pul was added to a
separate collection tube containing the pooled sample. The collection tube (with a total
volume of 16 200 ul for each experiment) was then briefly vortexed and 200 pl was used for
RNA extraction and subsequent RT-PCR, as described above. For each experiment, the
81-sample pool was further sub-pooled into 12 slices containing 27 samples each
(Supplementary Information - Table S2). Each individual sample was therefore represented

in 4 different slices in each experiment.

Based on the consistent amplification of the positive sample across the respective slices in
each of the 3-d and 4-d hypercube experiments, the location of the positive sample could be

deduced.

Laboratory robotics:

The robotics work flow is summarised in the following steps (Supplementary Information

Figure. S2):

1. A new 200 pl tip is collected by the single-channel 300 pl electronic pipette.
2. The electronic pipette draws 200 pl from the sample rack for the current slice

iteration.
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3. The electronic pipette dispenses the sample in the relevant sample sub-pool.

4. The tip is discarded into the robot’s trash.

The programming codes for the 3-d and 4-d pooling experiments using the OT-2 liquid

handling robot is available at https://github.com/krisp-kwazulu-natal/efficient-SARS-CoV-2-

pooled-testing-strateqy-code

Software for the de-bundling and inference of positive results

Custom scripts were implemented in Python for the de-bundling and inference of positive
results from a pool of 27 or 81 samples. When inferring positive results, our scripts take into
account degenerates and can infer more than one positive sample per pool at low
prevalence. For ease of use, we developed a user-friendly, web-based front end using the
Java Web Toolkit (Jwt), an open-source, robust Java web front end (GUI,

http://webtoolkit.eu/jwt) library. Minimal user interaction is required as user interaction is

limited to uploading the files to be processed or providing pool details in the case of
inference. A report detailing the de-bundling results is provided to the user once processing
of the data is complete. Our de-bundling and inference software is freely available and can

be accessed at the URL: http://krisp2.ukzn.ac.za:8080/rega-pooling/pooling. The

programming scripts for the software we developed are available at https://github.com/krisp-

kwazulu-natal/efficient-SARS-CoV-2-pooled-testing-strategy-code
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CHAPTER THREE
3.1. General discussion, conclusion and future recommendation.

Rapid diagnosis of SARS-CoV-2 is crucial to evaluate the disease spread and contain the effects of the
pandemic. Several factors, including the emergence of new variants, the role of transmission before
symptoms, and presymptomatic/asymptomatic individuals, sustain outbreaks, thus making early
detection vital. Given the many limitations around the standard gold test, a pertinent need is to consider
applying a strategy that could help conserve scarce reagents and reduce other constraints associated
with the individual PCR test. For this purpose, we implemented a prove of concept sample pooling
strategy using 3-d and 4-d hypercubes to test samples from a professional sports team in South Africa
and show that infected samples can be reliably detected in groups of 27 and 81, with minimal loss of
assay sensitivity for samples with individual Ct values up to 32. We reported on the automation of
sample pooling, using a liquid-handling robot and an automated web interface to identify positive
samples. We conclude that hypercube pooling allows for the reliable RT-PCR detection of SARS-CoV-
2 infection at a significantly lower cost than lateral flow antigen (Bendavid et al. 2020) tests.

Implementing our pooling strategy is highly beneficial for early detection of infection at the initial
stages and detects samples within the detection limit threshold values. Studies reveal that maximum
viral loads are reached at the onset of symptoms, with an associated increase in the risk of transmission
(Cevik et al., 2020b). Samples from the respiratory system have also been reported to reach the highest
viral load during the early stages of infection and present Ct values ranging from 20-30 or less, followed
by low viral load (Kevadiya et al., 2021b). More frequent testing may be implemented to mitigate the
effect of loss of assay sensitivity, which is more easily compensated by the cost affordability of the
entire pooling strategy. (Shental et al., 2020) reported the efficiency gains of sample group testing using
pooling strategy and, as supported by the US food and drug administration, published guidelines for
sample pooling. A unique advantage of our method is that it is a nonadaptive single-stage method.
Positive samples are detected using a single round of testing, which reduces the overall test time and
does not require storing samples for a second round of testing. The pooling method is equally highly
attractive for diagnostic laboratories, given the logical simplicity augmented by the automated pipetting

component.

Our method incorporates many consistency checks that addressee inherent inaccuracy from higher false
negatives, likely resulting from dilution. For example, detecting a single positive slice pool with the
other negative slices indicates a mistake in testing. This is quite beneficial compared to binary testing
methods that solely rely on repeated testing of the positive pools in subsequent rounds of testing, which
can incorrectly obstruct the identification of the positive samples where there are false-negative results.
False-negative results may also arise from sequence variation at primer or probe binding sites on the
viral RNA (Reijns et al., 2020b). A similar instance has been observed from a new SARS-CoV-2

variant (501Y.V2) identified in South Africa, which is commonly characterised by various mutations
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in the spike (S) gene (Tegally et al., 2020b). However, there was no apparent loss of sensitivity for the

S-gene in the RT-PCR assay used in this study.

Our pooling method is more affordable than other conventional methods for large-scale screening, such
as lateral flow assays, which are considered cheap and do not require highly skilled personnel. It has
reliable sensitivity and a wider range of applications in different populations contexts. The sensitivity
of LFAs has considerable variation averaged at 56.2% (95% CI1 29.5 to 79.8%) (Lee et al., 2020), which
reduces their applicability in different population contexts (such as health-care workers and other front-
line personnel). A comparative study of LFAs to molecular genetic assays found that the sensitivity of
LFAs was significantly lower in patients presenting to the hospital but higher in patients with at least
seven days of symptoms and those with CRP levels >100 mg/L upon presentation (Ong et al., 2020).
The gross dependence of LFASs on the production of antibodies allows a significant time for viral spread
and consequently annuls the benefits of early detection of infection. We analysed a cost comparison
of the hypercube-based pooled testing strategy compared to the LFAs and found that, at prevalence
below 0.43%, it costs over six times more to achieve reliable detection of SARS-CoV-2 infectious

individuals using LFAs compared to hypercube testing (assuming a detection probability of 99.9%).

Our method can be easily adapted to work on any standard liquid-dispensing robot, which offers
increased scalability and rapid deployment. This is essential to reduce or eliminate human error that
may occur from the tedious manual pipetting. Another benefit of our method is the automatic
determination of the individual positive result(s) and the de-bundling (or ungrouping) pooled results
into individual results using an automated web interface. Our method offers advantages such as
increased human-resource time (which can be better allocated for data analysis, experimental setup,
etc.), elimination of the possibility of human error (due to fatigue or distraction, for example), reducing
costs associated with manual labour, and the flexibility to easily replicate or modify protocols based on

the starting number of samples and desired pooling strategy.

As the pandemic continues, the influence of host selection pressure, environmental pressure, and
therapeutic pressure influence the evolution of newer variants. Processes underlying viral evolution
results in changes in viral RNA sequences for assay binding sites. These new SARS-CoV-2 variants
may have increased transmissibility and the potential to evade immune responses. This, therefore,
warrants the need for improved surveillance of the different circulating lineages. In light of this, we
validated an assay specifically targeting the mutations in the emerging variants of concern, as shown in
chapter three of this study. This method enables timely detection and efficient surveillance of the new
variants. Further to expanding testing efforts to accommodate the detection of new viral variants, it is

worthwhile to explore the utilization of the assay in the pooling strategy.

Our study on assay for detection and discrimination of new variants revealed that the gold standard
Tagpath PCR assay was only able to detect the B.1.1.7 (also 501Y.V1) variant, first detected in the
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United Kingdom, due to a key deletion in these viruses, spike A69—70, which causes a “spike gene
target failure” (SGTF) result(Vogels et al., 2021). However, an SGTF result is not definitive for B.1.1.7,
and this assay cannot detect other variants of concern (VOC) that lack spike A69-70, such as B.1.351
(also 501Y.V2), detected in South Africa, and P.1 (also 501Y.V3), recently detected in Brazil. We
identified a deletion in the ORF1a gene (ORFla A3675-3677) in all three variants, which has not yet
been widely detected in other SARS-CoV-2 lineages. Using ORF1a A3675-3677 as the primary target
and spike A69-70 to differentiate, we designed and validated an open-source PCR assay to detect
SARS-CoV-2 VOC. Our assay can be rapidly deployed in combination with our pooling method in
laboratories worldwide to enhance surveillance for the local emergence and spread of B.1.1.7, B.1.351,
and P.1. (Vogels et al., 2021).

To allow for an increase in testing efficiency, which is sequel to minimizing the number of pools
required to screen a given population, designs should vary according to the prevalence rate. Pooling
designs generally differ by the number of pools and by the number of samples per pool. Specifically,
as the prevalence rate in population rises, more pools are required to correctly identify all positive
carriers in a single testing round. Similarly, the required number of samples per pool decreases with an
increase in the positivity rate. Conversely, where there are low case rates, more efficient pooling designs
can be used, i.e., fewer pools are required to test the same number of individuals while the number of
samples per pool increases. As the pandemic continues to spread, the infection rates within a given
population change continuously. To provide a close to optimal pooling design, it is ideal to make a
rough estimate of the current positivity in the population. In general, this rate can be estimated based
on the carrier rates observed during the last few days for a given population since they typically vary
over time. Further studies are therefore necessary to ascertain the consistency of our observation in

different population positivity rates.

In summary, this study explored a novel method for efficient SARS-CoV-2 diagnostic testing that can
significantly increase throughput and testing resources and be readily implemented in clinical diagnostic

laboratories.
3.2.Conclusion

The hypercube pooling strategy offers an attractive compromise between minimizing the total number
of tests to reduce costs and maximizing the speed of testing to reduce the spread of the virus. We have
demonstrated its viability for group sizes up to 81 samples, showing that significant cost savings can be
achieved. We have quantified the loss of sensitivity due to dilution and discussed several ways to
mitigate it—for example, through frequently repeated group tests. These strategies could enable the use
of larger pool sizes, bringing even more significant cost savings at low prevalence. The most striking
aspect of our approach is how rapidly the cost of testing a population can reduce, pooled test sensitivity

permitting, as the viral prevalence decreases. This should incentivise decision-makers to act firmly to
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drive the prevalence down through mass screening, contact tracing and isolation. As the viral prevalence

is reduced, all aspects of this strategy become more and more affordable
3.3.Recommendation

During a rapidly changing epidemic, testing strategies will need to adapt to potential increases in the
positive test rate. Group testing of pooled specimens also requires highly sensitive assays to low positive
samples that are not missed. Therefore, strategies must be employed to closely monitor the use of
pooling as the positive rate of test specimens increases in an outbreak. Additionally, the impact of
different extraction methods on the recovery of RNA and overall test sensitivity need to be evaluated.
Therefore, laboratories must perform their own validation pool studies for kits used for each RNA
extraction and amplification based on the prevalence rate of COVID-19 in their own region. The use of
saliva samples, which have been reported to be more sensitive than nasopharyngeal swabs, needs further
exploration. In conclusion, this study showed that pooling is an effective approach to expand the impact
of limited test resources and reagents during specific stages of an infectious disease outbreak.
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APPENDIX 2: Supplementary information for Chapter two; published article

Table S1. Slicing pattern for sub-pools using a 27-sample (3 dimensional) hypercube experiment

Slice 1 Slice2 | Slice3 | Slice4 |Slice5 |Slice6 |Slice7 | Slice8 | Slice9

sub-pool | sub- sub- sub- sub- sub- sub- sub- sub-
pool pool pool pool pool pool pool pool

1 10 19 1 4 7 1 2 3

2 11 20 2 5 8 4 5 6

3 12 21 3 6 9 7 8 9

4 13 22 10 13 16 10 11 12

5 14 23 11 14 17 13 14 15

6 15 24 12 15 18 16 17 18

7 16 25 19 22 25 19 20 21

8 17 26 20 23 26 22 23 24

9 18 27 21 24 27 25 26 27
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Table S2. Slicing pattern for sub-pools using an 81-sample (4 dimensional) hypercube experiment

Slice | Slice | Slice | Slice | Slice | Slice | Slice | Slice | Slice | Slice | Slice | Slice

1sub- | 2 3 4 5 6 7 8 9 10 11 12

pool |sub- |sub- |sub- |[sub- |sub- |sub- |sub- |sub- |sub- |sub- |sub-
pool | pool | pool |pool |pool |pool |pool |pool | pool | pool | pool

1 28 55 1 10 19 1 4 7 1 2 3

2 29 56 2 11 20 2 5 8 4 ) 6

3 30 57 3 12 21 3 6 9 7 8 9

4 31 58 4 13 22 10 13 16 10 11 12

5 32 59 5 14 23 11 14 17 13 14 15

6 33 60 6 15 24 12 15 18 16 17 18

7 34 61 7 16 25 19 22 25 19 20 21

8 35 62 8 17 26 20 23 26 22 23 24

9 36 63 9 18 27 21 24 27 25 26 27

10 37 64 28 37 46 28 31 34 28 29 30

11 38 65 29 38 47 29 32 |3 |31 |32 |33

12 39 66 30 39 48 30 33 36 34 35 36

13 40 67 31 40 49 37 40 43 37 38 39

14 41 68 32 41 50 38 41 44 40 41 42

15 42 69 33 42 51 39 42 45 43 44 45

16 43 70 34 43 52 46 49 52 46 47 48

17 44 71 35 44 53 47 50 53 49 50 51

18 45 72 36 45 o4 48 51 54 52 53 54

19 46 73 55 64 73 55 58 61 55 56 57

20 47 74 56 65 74 56 59 62 58 59 60

21 48 75 57 66 75 57 60 63 61 62 63

22 49 76 58 67 76 64 67 70 64 65 66

23 50 77 59 68 77 65 68 71 67 68 69

24 51 78 60 69 78 66 69 72 70 71 72

25 52 79 61 70 79 73 76 79 73 74 75
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Mean Ct score of the three SARS-CoV-2 target genes...
Fig. S1.  Distribution of Cycle Threshold (Belouzard et al.) scores from population of samples tested

in KwaZulu-Natal; the figures inside the bars represent the percentage of samples that fall within this
The solid red vertical line represents the Ct at which sensitivity of the assay is
compromised (Ct > 32).

Ct score range.

Table S3. 27-sample 3-d hypercube results

Experiment

ID Description S-gene Ct N-gene Ct ORFlab Ct | Result

A 27-pool sample | 21.85 21.07 21.4 Positive
9-pool slice 1 Undetermined | Undetermined | Undetermined | Negative
9-pool slice 2 Undetermined | Undetermined | Undetermined | Negative
9-pool slice 3 19.99 19.22 19.55 Positive
9-pool slice 4 | Undetermined | Undetermined | Undetermined | Negative
9-pool slice 5 19.92 19.39 19.63 Positive
9-pool slice 6 | Undetermined | Undetermined | Undetermined | Negative
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9-pool slice 7 Undetermined | Undetermined | Undetermined | Negative
9-pool slice 8 | Undetermined | Undetermined | Undetermined | Negative
9-pool slice 9 20.53 19.62 20.09 Positive
stencerd 0.33 0.20 0.29

27-pool sample | 28.81 28.06 28.71 Positive
9-pool slice 1 Undetermined | Undetermined | Undetermined | Negative
9-pool slice 2 Undetermined | Undetermined | Undetermined | Negative
9-pool slice 3 26.94 26.92 27.51 Positive
9-pool slice 4 | Undetermined | Undetermined | Undetermined | Negative
9-pool slice 5 26.4 26.14 26.39 Positive
9-pool slice 6 | Undetermined | Undetermined | Undetermined | Negative
9-pool slice 7 Undetermined | Undetermined | Undetermined | Negative
9-pool slice 8 | Undetermined | Undetermined | Undetermined | Negative
9-pool slice 9 26.14 26.22 26.51 Positive
stencerd 0.41 0.43 0.61

27-pool sample | Undetermined | 38.03 37.64 Positive
9-pool slice 1 Undetermined | Undetermined | Undetermined | Negative
9-pool slice 2 Undetermined | Undetermined | Undetermined | Negative
9-pool slice 3 | 30.91 30.31 30.9 Positive
9-pool slice 4 | Undetermined | Undetermined | Undetermined | Negative
9-pool slice 5 29.97 29.77 30.54 Positive
9-pool slice 6 | Undetermined | Undetermined | Undetermined | Negative
9-pool slice 7 Undetermined | Undetermined | Undetermined | Negative
9-pool slice 8 | Undetermined | Undetermined | Undetermined | Negative
9-pool slice9 | 30.21 29.97 30.06 Positive
323?332?1 0.49 0.27 0.42

Pool = 27-fold dilution; Slice = 9-fold dilution

Based on the consistent amplification of the positive sample across the respective slices, the location of
the positive sample can be deduced to be in position 24 within each of the three 3-d hypercubes.
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Table S4. 81- sample 4-d hypercube results

Experiment

ID Description S-gene Ct N-gene Ct ORFlab Ct | Result

A ;’;‘S‘?t'l'\‘j;ed 19.9 17.62 19.16 Positive
81-pool sample | 26.33 23.92 25.95 Positive
27-pool slice 1 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 2 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 3 | 24.24 22.04 23.92 Positive
27-pool slice 4 | 24.52 22.35 24.55 Positive
27-pool slice 5 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 6 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 7 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 8 | 24.67 22.37 24.52 Positive
27-pool slice 9 | Undetermined | Undetermined | Undetermined | Negative
ig'poo' slice | 54 25 21.94 23.92 Positive
ﬁ-pool slice Undetermined | Undetermined | Undetermined | Negative
i;-pool slice Undetermined | Undetermined | Undetermined | Negative
stencord 0.21 0.22 0.36

B Unc_ji_l uted Positive
positive 29.21 29.20 29.16
81-pool sample | 33.42 34.55 33.85 Positive
27-pool slice 1 | 31.23 34.29 31.35 Positive
27-pool slice 2 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 3 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 4 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 5 | 31.68 34.92 31.53 Positive
27-pool slice 6 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 7 | Undetermined | Undetermined | Undetermined | Negative
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27-pool slice 8 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 9 | 32.05 34.04 32.23 Positive
%_pOOI slice Undetermined | Undetermined | Undetermined | Negative
ﬂ'poo' slice | 31 47 34 31.08 Positive
i;-pool slice Undetermined | Undetermined | Undetermined | Negative
Standard 0.35 0.42 0.49

deviation

Undiluted Positive
positive 24.64 24.91 24.41

81-pool sample | 27.82 31.13 28.86 Positive
27-pool slice 1 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 2 | 25.83 29.48 27.22 Positive
27-pool slice 3 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 4 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 5 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 6 | 26.86 29.47 27.17 Positive
27-pool slice 7 | 26.11 29.44 27.21 Positive
27-pool slice 8 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 9 | Undetermined | Undetermined | Undetermined | Negative
ig'poo' slice | 5464 29.34 27.25 Positive
ﬁ—pool slice Undetermined | Undetermined | Undetermined | Negative
i;-pool slice Undetermined | Undetermined | Undetermined | Negative
Standard 0.92 0.06 0.03

deviation

Undiluted Positive
positive 32.46 32.60 32.03

81-pool sample | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 1 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 2 | Undetermined | Undetermined | Undetermined | Negative
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27-pool slice 3 | Undetermined | Undetermined | 35.2 Inconclusive
27-pool slice 4 | 34.82 39.37 Undetermined | Positive
27-pool slice 5 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 6 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 7 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 8 | 34.5 39.93 Undetermined | Positive
27-pool slice 9 | Undetermined | Undetermined | Undetermined | Negative
ig-pool slice Undetermined | Undetermined | Undetermined | Negative
ﬁ-pool slice Undetermined | Undetermined | Undetermined | Negative
i;pOOI slice Undetermined | Undetermined | Undetermined | Negative
Standard 0.23 0.40 NA

deviation

Undiluted 30.7 30.35 30.6 Positive
positive

81-pool sample | 39.59 37.67 Undetermined | Positive
27-pool slice1 | 39.9 36.56 38.46 Positive
27-pool slice 2 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 3 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 4 | 38.97 35.88 39.44 Positive
27-pool slice 5 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 6 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 7 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 8 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 9 | 36.52 35.7 37.61 Positive
i(?)-pool slice Undetermined | Undetermined | Undetermined | Negative
ﬂ'poo' slice | 35 g 36 39.03 Positive
i;-pool slice Undetermined | Undetermined | Undetermined | Negative
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jg:::;‘:] 1.92 0.37 0.79

;’;‘s‘?t'l'\‘j;ed 31.08 29.85 30.8 Positive
81-pool sample | Undetermined | 38.63 Undetermined | Inconclusive
27-pool slice 1 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 2 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 3 | 37.33 34.55 35.78 Positive
27-pool slice 4 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 5 | 38.79 34.38 37.11 Positive
27-pool slice 6 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 7 | 36.86 35 36.75 Positive
27-pool slice 8 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 9 | Undetermined | Undetermined | Undetermined | Negative
%'poo' slice | 35 gg 34.88 42.48 Positive
ﬁ—pool slice Undetermined | Undetermined | Undetermined | Negative
i;—pool slice Undetermined | Undetermined | Undetermined | Negative
i;?/':g:;‘:] 121 0.29 3.02

Undiluted

positive 27.12 27.52 25.66 Positive
81-pool sample | 33.06 33.26 31.71 Positive
27-pool slice 1 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 2 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 3 | 30.96 31.44 30.31 Positive
27-pool slice 4 | 31.47 31.47 29.91 Positive
27-pool slice 5 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 6 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 7 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 8 | 31.65 31.86 30.72 Positive
27-pool slice 9 | Undetermined | Undetermined | Undetermined | Negative
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27-pool slice

10 Undetermined | Undetermined | Undetermined | Negative
27-pool slice
11 31.91 32.18 31.44 Positive
27-pool slice
12 Undetermined | Undetermined | Undetermined | Negative
Standard
deviation 0.40 0.35 0.65

H Undiluted
positive 33.01 34.96 32.65 Positive
81-pool sample | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 1 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 2 | 34.70 36.34 Undetermined | Positive
27-pool slice 3 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 4 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 5 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 6 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 7 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 8 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice 9 | Undetermined | Undetermined | Undetermined | Negative
27-pool slice
10 Undetermined | Undetermined | Undetermined | Negative
27-pool slice
11 Undetermined | Undetermined | Undetermined | Negative
27-pool slice
12 Undetermined | Undetermined | Undetermined | Negative
Standard
deviation NA NA NA

Pool = 81-fold dilution; Slice = 27-fold dilution

NA=Not available
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Fig. S2. Top view of the Opentrons2 liquid-handling robot and electronic pipette workflow path:
position 1 — pipette tips; position 2 — source plate containing individual samples; position 3 — target
plate containing sample pools; position 4 — trash compartment to discard used pipette tips
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Fig. S3. Automated web application for processing pooling results. (A) Interface for inference of
positive sample(s) in the pool. (B) Interface for de-bundling of pooled results into individual results.

Cost comparison of hypercube-based pooled tests vs. lateral flow antigen tests

Here we answer the following question: how much more will it cost to detect infectious individuals
with a defined level of accuracy by using a lateral flow antigen (Bendavid et al. 2020) test vs. a
hypercube-based (HC) pooled test with <81 samples per pool?

To illustrate the analytical framework that we will use, we denote by C = (0, 40] the range of possible
Ct values that an infected individual can have. Suppose that an individual is infectious when their Ct
value is within an interval I c C. We assume that individuals are infectious when their Ct value is below
30 (11, 20), so we set | = (0, 30).

Now, let {U;}, U; = (c;_1,¢i], 1= 1,2,...,n, be a set of sub-intervals induced by a finite partition {c;} of
the interval C, with 0 = ¢1 < ¢, <+ < ¢y = 40. Let the probability that a particular testing method will
produce a positive result when the Ct value is in the interval U; be denoted pi. Then, given an
individual’s Ct trajectory the probability that the individual will test positive while infectious is given

by

_ lufnrt
Ppos = 7i‘L=1 lll—tl Pi (1)

where |I| denotes the length of the interval I, N denotes the intersection of intervals, and I¢ and Uf are
the time intervals for which the Ct values are in the corresponding range. Equation (Covid-19 National
Emergency Response Center, 2020.) follows from the assumption that an individual can be tested at
any time point, chosen uniformly at random.

If the length of the infectious period is t; days, then infectiousness will be detected with probability ppos
if tests are conducted every t; days. If ppes < 1, then it may be necessary to increase the frequency of
testing to above 1/t day in order to detect infectiousness with a sufficiently high probability.

Suppose that two testing methods A and B require testing frequencies of qu and qu , respectively, to
achieve a detection probability g. In addition, suppose that the testing cost per individual is Xa
(respectively xg) for method A (respectively B). Then, the ratio of the cost required to achieve a
detection probability g using method A vs. method B is given by

A
r=Ji%4 2)

fE xg’

To compare the cost required to achieve a desired detection probability by using HC vs. LFA, we need
the following information: (i) Sample Ct trajectories from infected individuals; (ii) the probability that
a given method will produce a positive test as a function of the Ct value; and (iii) the testing cost per
individual.

For (i), we use the posterior distribution of Ct trajectories generated by a mathematical model that was
previously parametrized using experimental data (21). A representative output from this model is shown
in Fig. S4.
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Fig. S4. Ct trajectories for asymptomatic (left panel) and symptomatic (right panel) individuals
simulated using a mathematical model based on experimental data (21). This model is conservative in
allowing a sharp spike of infectiousness, so that the period of infectiousness is relatively brief. The
mean trajectory calculated from 1000 simulations is shown together with envelopes (dotted lines)
showing lower and upper 95% credible bounds for these trajectories at each time.

In addition, for (ii) and (iii), we make the following assumptions:

1) Based on data collected in our lab (see main text) and elsewhere (21), for simplicity we assume that
an HC test that dilutes positive samples by 81-fold produces a positive result 100% of the time when
the positive sample’s Ct value is below 30. For LFA, we use the following sensitivity estimates (20),
which are optimistic in the light of published data (22, 23): LFA yields a positive result 95% of the time
when the Ct value is less than 27, and 65% of the time when the Ct value is between 27 and 30.

2) We assume that LFA costs USD 5 per individual (24). The cost of each PCR test is about USD 56.
The cost of HC is calculated as USD 56 times the expected number of tests per individual, which
depends on the viral prevalence. At a viral prevalence that is just small enough to allow 81 samples to
be pooled (i.e. a prevalence of 0.35/81 = 0.43%) the cost is USD 3.4. The cost per individual is lower
at viral prevalences less than 0.43%.

Using the calculated posterior distribution of Ct trajectories (Fig. 5) (21); we find that the mean length
of the infectious period is 4.16+0.75 days for asymptomatic individuals and 5.8+1.03 days for
symptomatic individuals. In addition, using Equation (Covid-19 National Emergency Response Center
et al.), we estimate that HC testing will detect 100% of infectious individuals if applied once during the
infectious period, an average of once every 4 days for asymptomatics and once every 6 days for
symptomatics. In contrast, LFA will detect only 83% of infectious individuals under the same
conditions. We estimate that, in order to detect infection with a probability of 99.9%, an asymptomatic
infectious individual will have to be tested with LFA up to 4 times during the infectious period, i.e.,
daily. This is equivalent to the testing frequency calculated using the following simple formula based
on the assumption that test outcomes are Bernoulli random variables:

LFA _ _ log(1-q) -1
4 ty 108(1_ ppos) day ' (3)

where @ = 0.999, ppos = 0.83, and t; = 4 days.

Therefore, using Equation (2), we estimate that, at a viral prevalence of 0.43%, it will cost 6 times more
to detect infectious individuals with a 99.9% probability using LFA compared to using HC. The cost
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advantage of HC relative to LFA increases as the viral prevalence falls. Note that in this comparison
we have neglected the possibility of detecting infection prior to the Ct score rising above 30. Since HC
is more sensitive than LFA, it is more likely to succeed in detecting infection early, adding to its relative
advantage.
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