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Summary

Genome sequencing has become an important tool for characterization and surveillance of infectious
disease outbreaks. Sequences of novel pathogens can be compared to existing annotated sequences
deposited in curated databases. Analysing the genetic diversity of pathogens in a population over time
can be used to estimate how fast a disease spreads in combination with the speed and direction of
pathogen evolution. If sequencing is done in real time, it can rapidly guide public health measures. In
the example of SARS-CoV-2, the availability of whole genome sequences combined with
epidemiological data can alert on the spread of novel virus variants that might escape either PCR based
detection or vaccine induced immunity. Sequencing can furthermore be used to determine the drug
resistance pattern of a pathogen if based on distinct genes or allelic variants of genes. Continuous
monitoring of drug resistance markers in circulating Plasmodium falciparum strains for example is
essential to guide changes of first-line drug treatment recommendations. Whole genome sequences
of bacteria contain information to detect sources of contamination, trace transmission chains and
detect molecular markers of antimicrobial resistance. To complement sequencing, samples can be
screened for the presence of distinct pathogens, specific genes or single nucleotide polymorphisms

(SNPs) by PCR-based technologies.

Portable gPCR platform such as the diaxxoPCR device have different advantages over standard gPCR
platforms. Acquisition costs are significantly lower, reagents are independent of a cold chain, as they
are preloaded and freeze-dried on cartridges and RT-qPCR results are available in 30 minutes.
Approaches for simplified extraction from various sample types are being developed to improve

widespread and decentralized access to molecular testing.

The MinlON is a portable third-generation sequencing device developed by Oxford Nanopore
Technologies (ONT) that can generate results with a turnaround time of few hours and with simple
library preparation. It is a perfect tool for disease monitoring in resource limiting settings like sub-
Saharan Africa, since it does not require capital investment or elaborate laboratory infrastructure.
Moreover, the generated data can be analysed in real time, not requiring internet connectivity. ONT
sequencing has been used to monitor Ebola and Zika virus outbreaks in real time in the field. ONT
sequencing approaches have further been used for unbiased identification of pathogens in patient
samples using metagenomics approaches. To decrease costs and increase throughput, targeted
approaches have been developed, that amplify microbial DNA using universal primers that are then

subjected to ONT sequencing.



The overall aim of this thesis was to develop and apply molecular detection and sequencing
approaches as well as bioinformatics analysis tools for molecular surveillance of infectious diseases in

Central Africa and the Middle East with high throughput and information depth.

In the first part of this thesis, we aimed to describe the evolution of SARS-CoV-2 in Equatorial Guinea
using a combination of reverse transcription quantitative PCR (RT-qPCR) assays to detect mutations
of interest and amplicon-based whole genome sequencing (WGS). Part one was structured around

four manuscripts.

Manuscript 1: Rapid Identification of SARS-CoV-2 Variants of Concern Using a Portable peakPCR

Platform.

Different SARS-CoV-2 variants of concern (VOC) have a distinct combination of mutations in the Spike
gene. This manuscript describes the development of RT-gPCR assays using primers and probes with
locked nucleic acids for increased specificity to detect two SNPs (E484K and N501Y) and one deletion
(HV69/704A) in the Spike gene. The assays can run on a standard gPCR platform and have been
transferred to the portable peakPCR platform with preloaded freeze-dried cartridges. The assays were
simple to use, rapid and low-cost. Cell culture-derived viral RNA of four SARS-CoV-2 lineages was used
for evaluation of the RT-qPCR assays. The diagnostic performances of both platforms were
comparable, with 100% analytical specificity and a limit of detection of 10 viral copies per microliter.
Evaluation with 59 clinical samples resulted in perfect agreement between RT-qPCR and WGS derived

mutation profile.

Manuscript 2: Emergence and spread of SARS-CoV-2 lineage B.1.620 with variant of concern-like

mutations and deletions.

This manuscript describes a SARS-CoV-2 lineage carrying many Spike gene SNPs (S477N, E484K and
P681H) and deletions (HV69/70A, Y144A, LLA241/243A) previously detected in VOC Alpha and Beta,
but lacking the Spike N501Y SNP. The lineage was first described in an outbreak in Lithuania, a cluster
of isolates with the Spike E484K SNP was subjected to sequencing and found to carry an unusual
combination of SNPs and deletions. This SARS-CoV-2 variant was named B.1.620 and multiple
genomes sequenced in Europe were derived from travellers returning from Cameroon.
Phylogeographic analysis revealed a likely Central African origin and multiple introductions into other
continents. Our SARS-CoV-2 spike gene mutation specific RT-qPCR assays, described in manuscript 1,
were used for genomic surveillance in Equatorial Guinea and we found one isolate belonging to lineage

B.1.620 in a person returning from Cameroon, representing the earliest collection date of a B.1.620

Vi



genome. The Spike gene SNPs found in lineage B.1.620 are likely to induce escape from antibody-
mediated immunity. In Lithuania, B.1.620 was more commonly found in vaccine breakthrough

infections compared to its population prevalence than other SARS-CoV-2 lineages.

Manuscript 3: Genomic Surveillance Enables the Identification of Co-infections With Multiple SARS-

CoV-2 Lineages in Equatorial Guinea.

In this manuscript we describe the molecular epidemiological situation of SARS-CoV-2 in Equatorial
Guinea between March 2020 and August 2021. Three waves of infections and related hospitalisations
took place that were dominated by distinct SARS-CoV-2 lineages. The majority of sequences from the
first wave in April to July 2020 belong to lineage B.1.192, a wild type-like SARS-CoV-2 lineage. The
second wave in early 2021 was caused by the introduction of Beta VOC. In July 2021, Delta VOC was
first detected in Equatorial Guinea and caused a massive third wave. In November 2021 we
implemented mutation specific RT-qPCR assays (described in manuscript 1) to complement WGS and
enhance genomic surveillance. We first detected a SARS-CoV-2 isolate with E484K and N501Y SNPs in
isolates collected in November 2020, the combination that became dominant in January 2021. We
implemented a RT-gPCR assay for the L452R SNP, a marker for Delta VOC in the local diagnostic
laboratory in Equatorial Guinea and were able to inform the public health authorities about the
probable introduction of Delta VOC within a week of sample collection. We detected gPCR signals
indicative of co-infections of two distinct lineages in 2.1% of the samples analysed by mutation specific
RT-qPCR assays. WGS of one co-infection case collected in August 2021 showed the presence of all
lineage-defining mutations of Beta and Delta with mixed reads in an asymptomatic 59-year old

Equatoguinean man who had been vaccinated twice with Sinopharm COVID-19 vaccine.

Manuscript 4: The evolving SARS-CoV-2 epidemic in Africa: Insights from rapidly expanding genomic

surveillance.

This manuscript describes the milestone of reaching 100,000 SARS-CoV-2 genomes collected from
Africa and the continents approach to tracking the pandemic. The number of African countries with
local sequencing facilities increased massively in the first two years of the pandemic and regional
sequencing networks were created. Almost all African countries had SARS-CoV-2 genomes deposited
publicly, but 16 countries did not have local sequencing capacities. Turnaround time of locally
sequenced SARS-CoV-2 genomes was significantly shorter than for outsourced sequencing to
laboratories located outside of Africa. Interestingly, nearly half of the African SARS-CoV-2 genomes
were sequenced using ONT. The first wave of infections was caused by B.1 and B.1.1 lineages on the
whole continent. The second wave of infections was dominated by Alpha VOC in West, North and

parts of Central Africa and Beta VOC in Southern and East Africa, co-circulation of multiple VOC only
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occurred in few countries. Variants of interest (VOI) circulated in certain regions at high levels. As an
example, Eta significantly contributed to the second and third wave in West Africa. Delta and Omicron
VOC spread across the whole continent. South Africa and Nigeria each sequenced about 1% of their

cases, enabling the timely detection of Beta and Omicron VOC and ETA VOI, respectively.

In the second part of this thesis we aimed to improve the monitoring of parasites that evade diagnosis,
treatment or vaccination. We used DNA from malaria rapid diagnostic tests (RDTs) to investigate their
diagnostic performance and to characterise Plasmodium spp. and filarial nematodes circulating on
Bioko Island. We developed a simplified protocol to detect malaria parasite nucleic acids from dried
blood spots using a portable gPCR-platform. We developed a bioinformatics pipeline to detect single
nucleotide polymorphisms associated with antimalarial drug resistance in multiclonal P. falciparum

infections. The second part is based on four manuscripts.

Manuscript 5: Analysis of nucleic acids extracted from rapid diagnostic tests reveals a significant

proportion of false positive test results associated with recent malaria treatment.

This manuscript presents the analysis of nucleic acids extracted from used RDTs for the presence of
Plasmodium spp. to evaluate the diagnostic performance of RDTS used in the 2018 malaria indicator
survey on Bioko Island, Equatorial Guinea. We tested 2865 RDTs, of which 1800 were recorded malaria
negative and 1050 were recorded malaria positive. Using RT-qPCR as a gold standard, the overall
sensitivity and specificity of RDTs were 90% and 85% respectively. Only 4.7% of negative RDTs were
false-negative, whereas 28.4% of positive RDTs were false-positive. False-negative RDT had lower
parasite densities and P. malariae and P. ovale spp. were more prevalent than in true-positive RDTs.
False-positive RDTs were associated with the recent use of antimalarial drugs and higher socio-
economic status. Moderate to severe anaemia and residing in the rural Bioko Sur province decreased
the odds of having a false-positive RDTs. We observed 11.1% of tested P. falciparum likely having a P.
falciparum-specific histidine rich protein 3 (pfhrp3) gene deletion. Masked pfhrp2 and pfhrp3 gene
deletions, where at least one strain in a mixed P. falciparum infection carried a deletion, were

identified in 16.6% of tested P. falciparum.

Manuscript 6: Characterising co-infections with Plasmodium spp., Mansonella perstans or Loa loa
in asymptomatic children, adults and elderly people living on Bioko Island using nucleic acids

extracted from malaria rapid diagnostic tests.

In this manuscript, we repurposed the nucleic acids extracted from used RDTs described in manuscript

5 for molecular detection of the blood-dwelling, highly neglected filarial nematodes Mansonella
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perstans and Loa loa. Both species were simultaneously screened for in a multiplex gPCR assay.
Overall, 6.6% of RDTs were positive for M. perstans and 1.5% for L. loa. The M. perstans positivity rate
was higher in males, residing in rural districts and with lower socio-economic status and also increased
with age. L. loa had higher positivity rates in the rural Bioko Sur province and in adults, but no
difference between males and females was observed. Co-infections between L. loa, M. perstans and
Plasmodium spp. were as frequent as expected based on the relative positivity rates in each age group

and were most often found in Malabo.

Manuscript 7: Development and evaluation of PlasmoPod: A cartridge-based nucleic acid

amplification test for rapid and decentralized malaria diagnosis and surveillance.

This manuscript describes the development of a cartridge-based RT-gPCR test for rapid detection and
guantification of malaria parasites called PlasmoPod. A simplified nucleic acid extraction from dried
blood spots (DBS) was performed by boiling a single 3 mm diameter DBS punch in Chelex for three
minutes. After centrifugation the supernatant was loaded into a ready-to-use cartridge containing
dried primers, probes and RT-qPCR reagents. The RT-qPCR on the rapid and mobile PCR cycler was
completed within 30 minutes. Tests using purified DNA from cultured P. falciparum, malaria-free
human blood and other pathogens resulted in perfect specificity and high sensitivity of the PlasmoPod
with a calculated detection limit of 0.02 P. falciparum parasites per microliter. PlasmoPod identified
81.4% of samples positive by a reference RT-qPCR on a standard laboratory device using nucleic acids
extracted from RDTs of asymptomatic individuals carrying malaria parasites during the malaria
indicator survey in Equatorial Guinea, detection probability depended on the number of input target
molecules. Using clinical samples of symptomatic children, PlasmoPod had a sensitivity of 93.6% and
a specificity of 100% compared to a conventional column-based nucleic acid extraction method and
the highly sensitive 185 rRNA RT-gPCR on a standard gPCR device. PlasmoPod outperformed thick

blood smear microscopy and RDT for detection of Plasmodium parasites in this study.

Manuscript 8: PHARE: A bioinformatics pipeline for compositional profiling of multiclonal

Plasmodium falciparum infections from long-read Nanopore sequencing data.

Presented in the manuscript is the development of a bioinformatics pipeline to detect all haplotypes
of distinct genes in P. falciparum multiclonal infections sequenced with ONT. We evaluated the
pipeline with the well-known drug resistance marker genes dihydrofolate reductase (pfdhfr),
dihydropteroate synthase (pfdhps) and Kelch 13 (pfk13). We amplified the full length drug resistance
marker genes from mixtures of different ratios of P. falciparum laboratory strains with well
characterized SNPs. A minor haplotype had to be present in at least 9% of reads to distinguish from

false haplotypes. The pipeline detected the correct haplotypes in mixtures of two and four P.



falciparum laboratory strains. We tested the pipeline on data from twelve blood samples of febrile
children collected at a single site in the Central African Republic. In this clinical dataset, six different
haplotypes were found that are defined by five SNPs in pfdhps, while two haplotypes were found in
pfdhfr based on one SNP. All SNPs identified in the pfdhfr and pfdhps genes are associated with
antimalarial drug resistant phenotypes. One SNP not associated with antimalarial drug resistance was

detected in the pfk13 gene.

In the third part of this thesis we aimed to evaluate the use of bacterial WGS for the surveillance of

foodborne bacteria in the white meat production chain using a One Health approach.

Manuscript 9: Whole Genome Sequencing for One Health Surveillance of Antimicrobial Resistance
in Conflict Zones: A Case Study of Salmonella spp. and Campylobacter spp. in the West Bank,

Palestine.

In this manuscript we characterise Campylobacter jejuni and Salmonella enterica collected during a
One Health cross-sectional study along the white meat production chain in Palestine. The positivity
rates for C. jejuni were higher than for S. enterica in chicken manure, chicken meat and human stool.
Chicken manure for C. jejuni isolation was collected from the same farms in two consecutive years.
Additionally we included C. jejuni isolates from hospitalized gastroenteritis patients collected in 2022.
WGS revealed that isolates collected during the same year were highly similar independent of sample
origin and belonged to the same sequence type. The average nucleotide identities (ANI) of whole
genome sequences compared between the two years were only 97.84%. Isolates collected in 2021
had clearly different drug resistance gene patterns than those collected in 2022. The majority of S.
enterica isolates collected in 2021 were highly similar with ANI above 99.99% and were assigned to S.
enterica serotype Muenchen. They were almost identical to an emerging multidrug resistant clinical
isolate carrying a megaplasmid recently described from Israel and contained the same drug resistance
genes. Our work highlights the importance of WGS for monitoring of pathogens and the utility of easily

collectable environmental samples for One Health surveillance.
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1. Introduction

1.1. Causes of acute febrile illnesses in sub-Saharan Africa

Common syndromes of acute infectious diseases include signs and symptoms of acute respiratory
infection and/or involvement of the gastrointestinal tract often accompanied by acute febrile illness
(Feikin et al., 2011). Acute febrile illness is caused by many different pathogens, making the distinction
of bacterial, parasitic and viral infections challenging based on clinical diagnosis alone. Appropriate
drug treatment regimens targeting the disease causing pathogen should be administered rapidly to
avoid complications and to prevent drug resistance development. A study conducted in Tanzania
diagnosed 1005 febrile children aged between two months and ten years for the potential cause of
fever using a range of laboratory tests (D'Acremont et al.,, 2014). Taking into account multiple
diagnoses, viral infection was found in 70.5% of fever cases, bacterial infections in 22.0% and parasitic
disease in 10.9%. The cause remained undetermined in 3.2% of fever cases (D'Acremont et al., 2014).
Clearly, treatment decision in primary health care based purely on clinical symptoms is insufficient to

guide adequate treatment decisions (van de Maat et al., 2021).

A study in Burkina Faso found that empirical treatment with antimalarial drugs in children with acute
febrile illness was common even when rapid diagnostic tests (RDTs) were available and that the
majority of viral infections were treated with antibiotics (Kaboré et al., 2021). They also described
malaria co-infections in 21.3% of invasive bacterial infections (Kaboré et al., 2021). Overall, in low and
middle income countries the prescription of antibiotics to children is very high and might contribute
to the emergence of antibiotic drug resistance in bacterial infections (Fink et al., 2020). Better decision
making processes particularly in the primary health care sector in combination with next- generation,
specific, fast and decentralized testing approaches for a diverse set of pathogens would alleviate this

threat possibly saving lives (Kaboré et al., 2021).

1.2. Overview of SARS-CoV-2

1.2.1. Epidemiology and biology of SARS-CoV-2

In December 2019, a novel coronavirus causing pneumonia was first reported from the Chinese town
Wuhan which then rapidly spread worldwide in the following weeks and months (Zhu et al., 2020).
The first human-to-human transmission was estimated to have occurred between mid-October and
mid-November 2019 in Hubei Province, China (Pekar et al., 2021). On 11" March 2020, severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) causing coronavirus disease 2019 (COVID-19) was
declared a pandemic. The World Health Organisation (WHO) reported 7.3 billion SARS-CoV-2 cases

and 6.7 million COVID-19 deaths between January 2020 and December 2022. Male sex, pre-existing



comorbidities such as hypertension and Diabetes mellitus, obesity and older age are risk factors for
progression to severe COVID-19 disease (Zhang et al., 2023). Common symptoms of SARS-CoV-2
infections include fever, dry cough, loss of smell, fatigue, myalgia and dyspnoea (Docherty et al., 2020).
Common routes of human to human transmission are through droplets and aerosols (Salzberger et
al., 2021). The mean incubation period for wildtype SARS-CoV-2 strains is 6.6 days, variants of concern
(VOC) Delta and Omicron have shortened incubation periods of 4.4 days and 3.4 days, respectively
(Wu et al., 2022). Asymptomatic SARS-CoV-2 infections account for about one third of all laboratory
confirmed cases, with higher numbers of asymptomatic cases in children and higher numbers of

symptomatic infections in people suffering from comorbidities (Sah et al., 2021).
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Figure 1. Transmission routes of SARS-CoV-2 between humans. Infectious viruses are found in the
respiratory tract and the gastrointestinal tract. Different modes of transmission for close contacts are
respiratory droplets, direct contact and indirect contact through contaminated surfaces. Airborne
transmission through inhaled aerosols can occur over longer distances. The faecal-oral route is an

additional transmission route. Figure taken from Harrison et al. (Harrison et al., 2020).

SARS-CoV-2 belongs to the genus Betacoronavirus and the subgenus Sarbecovirus (Wu et al., 2020).
Coronaviruses are enveloped, positive-stranded RNA viruses with genome sizes of about 30 kilobases
(Su et al., 2016). Genomic organisation is similar among Coronaviruses, consisting of a 5" untranslated
region (UTR), replicase complex containing two open reading frames with several non-structural

proteins (ORF1ab), spike, envelope, membrane, nucleocapsid, and 3’ UTR (Fehr and Perlman, 2015).



Recombination and genomic plasticity is common in coronaviruses, due to their large unsegmented
RNA genome (Latinne et al., 2020). Before 2020, six coronavirus species that caused respiratory
disease in humans were known. Four of them are well adapted to humans, occur worldwide and cause
common cold, namely HCoV-229E, HCoV-0C43, HCoV-NL63 and HCoV-HKU1 (Su et al., 2016). Only
two of them were highly pathogenic and caused large outbreaks, namely the Severe acute respiratory
syndrome coronavirus (SARS-CoV) and the Middle East respiratory syndrome coronavirus (MERS-CoV)

(Drosten et al., 2003, Zaki et al., 2012).

1.2.2. Origin of SARS-Cov-2

SARS-CoV-2 is most likely of zoonotic origin and related coronaviruses have been found in Rhinolophus
bat species across Southeast Asia (Zhou et al., 2021). The similarity between SARS-CoV-2 and the
closely related bat coronavirus RaTG13 isolated from Rhinolophus affinis in Yunnan province in 2013
is 96.2% at the nucleotide level, however the conservation in the receptor binding domain (RBD) is
below 90% (Zhou et al., 2020). Bat coronaviruses isolated from Rhinolophus spp. in Laos in 2020 have
similar RBD to SARS-CoV-2 and a high binding affinity to the human cellular angiotensin-converting
enzyme 2 receptor, but lack the furin cleavage site (Temmam et al.,, 2022). Other SARS-related
coronaviruses with high similarity in the receptor binding domain have been isolated from pangolins,
which were proposed as intermediate hosts (Lam et al., 2020). Multiple recombination breakpoints
were identified in Sarbecovirus genomes and SARS-CoV-2 fragments were assigned to multiple bat
and pangolin coronavirus strains (Temmam et al., 2022). A wide range of animals is susceptible to
infection with SARS-CoV-2, but no clear intermediate host between bats and humans has been

identified (Maurin et al., 2021).

1.2.3. Evolution of SARS-CoV-2

Little diversifying selection took place between December 2019 and October 2020, indicating that
most adaptive changes for human to human transmission probably occurred before SARS-CoV-2
emerged in the human population (MaclLean et al., 2021). The D614G Spike mutation which emerged
in March 2020 in Europe led to increased viral loads in infected patients and rapidly became the
dominant SARS-CoV-2 variant worldwide (Korber et al., 2020). Three divergent SARS-CoV-2 lineages
that shared the N501Y Spike mutation in addition to the D614G Spike mutation emerged in late 2020
in different parts of the world and caused a second wave of infections (Martin et al., 2021). Lineage
B.1.1.7, which was later named Alpha VOC was first identified in the United Kingdom (Rambaut et al.,
2020b), lineage B.1.351 (Beta VOC) was first identified in South Africa (Tegally et al., 2021) and P.1
(Gamma VOC) was first identified in Brazil (Faria et al., 2021). All three lineages have a set of lineage
defining amino acid substitutions and deletions, many of which arose independently in multiple

lineages, that resulted in increased virus transmissibility, evasion of immune responses or increase in
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virulence (Martin et al., 2021). Persistent SARS-CoV-2 infections in immunocompromised patients can
lead to highly mutated virus variants (Corey et al., 2021). A third wave was caused by lineage B.1.617.2
(Delta VOC), which emerged in India in late 2020 and had reduced sensitivity to neutralizing antibodies
(Mlcochova et al., 2021). In November 2021, SARS-CoV-2 lineage B.1.1.529 (Omicron VOC) was
detected in South Africa, causing a forth wave of infections and within three weeks Omicron was
identified in 87 countries (Viana et al., 2022). Omicron VOC has been divided in over one hundred
sublineages, with distinct transmission and immune evasion capabilities (Xia et al., 2022). The original
Omicron lineage BA.1 is highly divergent from previous lineages, has 30 amino acid substitutions in
the Spike gene alone, 13 of which are at previously conserved sites (Martin et al., 2022). These
substitution represent a shift in antigenicity and causes a significant reduction in antibody neutralizing
activity in vaccinated and convalescent individuals (Cameroni et al., 2022). Early in 2022, SARS-CoV-2
Omicron lineage BA.2 began outcompeting BA.1. BA.2 is more transmissible, more pathogenic and
escapes immunity induced by BA.1 infection (Yamasoba et al., 2022). Comparing the fitness advantage
of VOC to the original A lineage of SARS-CoV-2, Omicron lineage BA.2 has an almost nine-fold and
Omicron lineage BA.1 a 7.5-fold fitness advantage, much higher than Delta which has as three-fold
fitness advantage (Obermeyer et al., 2022). Recombinant viruses with genomic elements of different

VOC including Delta and Omicron or with BA.1 and BA.2 have been observed (Chakraborty et al., 2022)

1.2.4. Public Health interventions

Lockdown measures, quarantine and isolation increased the doubling time of COVID-19 cases from
two to four days in China (Lau et al., 2020). Public health measures such as regular handwashing, mask
wearing and physical distancing decreased the incidence of COVID-19 (Talic et al., 2021). Within one
year of the pandemic, vaccines had been developed using traditional methods such as inactivated
virus and protein subunit vaccines, but also viral vector and nucleic acid-based (mRNA) vaccine
approaches were followed (Grafia et al., 2022). By the end of 2022, 5.5 billion people worldwide have
received at least one dose of any COVID-19 vaccine and 13.1 billion COVID-19 vaccine doses have been
administered in total (Mathieu et al., 2021). A meta-analysis found overall above 70% vaccine efficacy
against severe disease for two adenovirus vector vaccines and above 80% for two mRNA-based

vaccines for up to six months after vaccination (Feikin et al., 2022).

1.2.5. Molecular surveillance of SARS-CoV-2

The gold standard for diagnosis is molecular detection of SARS-CoV-2 nucleic acids by reverse
transcription quantitative polymerase chain reaction (RT-gPCR) in respiratory samples (Boger et al.,
2021). Rapid antigen tests are useful to shorten time to result for symptomatic patients less than a
week after symptom onset (Dinnes et al., 2021). Antibody tests have a high accuracy three weeks to

100 days after infection, making them most useful for seroprevalence surveys (Fox et al., 2022).
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Genomic surveillance has been critical for monitoring the evolution of SARS-CoV-2 and for detection
of new variants (Knyazev et al., 2022). The majority of SARS-CoV-2 whole genomes have been
generated with amplicon sequencing using Illumina or Nanopore technology (Chiara et al., 2021). Over
15 Million SARS-CoV-2 genomic sequences and their metadata have been shared on the online
platform Global Initiative on Sharing All Influenza Data (GISAID) (Shu and McCauley, 2017). Up-to-date
phylogenetic trees are publicly available on the interactive visualization platform Nextstrain (Hadfield
et al., 2018). Rambaut et al. proposed a dynamic nomenclature for SARS-CoV-2 lineages based on
machine learning (Rambaut et al., 2020a). Over 90% of all sequences from 2021 were submitted by
high-income countries, while only 0.1% were submitted by low-income countries (Ohlsen et al., 2022).
The time from sample collection to submission was five times shorter for high-income countries
compared to low-income countries, with a median lag time of 20 days and 98 days respectively (Ohlsen
et al., 2022). Global genomic surveillance capacity increased over time, the number of sequences
generated during the first eight weeks of the spread of a new VOC doubled from Alpha to Delta and

again to Omicron (Ohlsen et al., 2022).

1.3. Overview of Plasmodium spp.

1.3.1. Parasite life cycle

Malaria is an infectious disease caused by eukaryotic single cell organisms belonging to apicomplexan
parasites Plasmodium spp.. Six species cause malaria in humans, namely P. falciparum, P. malariae, P.
ovale curtisi, P. ovale wallikeri and P. vivax (Ashley et al., 2018). In South East Asia, P. knowlesi causes
malaria in long-tailed macaques but was found to increasingly become a zoonotic disease with clinical
presentations in humans (Chin et al., 1965, Singh et al., 2004). Molecular analysis revealed that P.
ovale spp. malaria is caused by two closely related sympatric species, P. ovale curtisi and P. ovale
wallikeri (Sutherland et al., 2010). P. falciparum is the dominant and most lethal malaria species in
Africa (World Health Organization, 2022c). Malaria is transmitted by infected female Anopheles
mosquitoes during feeding on the human host. Plasmodium spp. have a complex life cycle, shown in
Figure 2. A malaria-infected female Anopheles deposits an estimated 1-100 motile sporozoites into
the dermis during a blood meal (Beier et al., 1991). The extracellular sporozoites migrate through the
dermis to reach the blood stream that transports them to the liver where they invade hepatocytes
(Flores-Garcia et al., 2018). Depending on Plasmodium species, strain and host immunity the parasite
goes through the asymptomatic liver stage in one to two weeks (Ashley et al., 2018). After asexual
replication ten thousands of liver merozoites are released in the bloodstream and invade erythrocytes
(Prudéncio et al., 2006). Dormant liver stages called hypnozoites in P. vivax and P. ovale spp. cause
relapses weeks to months after infection (White, 2011). The repeated asexual blood stage cycles take

about 48 hours for P. falciparum, P. vivax, and P. ovale spp., while it is 72 hours for P. malariae and



only 24 hours for P. knowlesi (White et al., 2014). At the end of each asexual blood stage cycle,
schizonts burst and release up to 32 single merozoites into the bloodstream, leading to an
approximately eight-fold parasite multiplication rate in susceptible individuals (Simpson et al., 2002).
Malaria infection followed by the destruction of infected and uninfected erythrocytes, in combination
with the host immune response cause malarial disease (White et al., 2014). A small proportion of
blood stage merozoites undergoes sexual differentiation and develops into male and female
gametocyctes that transmit malaria to mosquitoes (Josling and Llinds, 2015). In the mosquito gut male
gametocytes undergo mitosis to form eight microgametes that fertilize the activated female
gametocyte (Guttery et al., 2022). The diploid zygote transforms into an ookinete, invades the midgut
wall, and develops into an oocyst that produces hundreds of sporozoies that migrate to the salivary

glands, to complete the life cycle (Guttery et al., 2022).
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Figure 2. The life cycle of Plasmodium spp. parasites. The life cycle starts when (A) a malaria-infected
female Anopheles injects motile sporozoites into a human during a blood meal. (B) Sporozoites
migrate to the liver where they infect hepatocytes, undergo asexual replication and mature into liver
schizonts. (C) From the infected hepatocytes, merozoites are released into the bloodstream where
they infect erythrocytes. The asexual blood-stage cycle results in exponential parasite replication
causing malaria symptoms. A number of merozoites develop into female and male gametocytes,
starting the sexual erythrocytic stages. (D) A mosquito takes up a blood meal containing gametocytes.
In the mosquito’s gut the gametes fuse and undergo multiple steps to develop into sporozoites. Figure

taken from White et al. (White et al., 2014).



1.3.2. Epidemiology

With an estimated 247 million cases in 2021 and almost half of the world’s population at risk, malaria
is one of the top three infectious diseases worldwide (World Health Organization, 2022c). The main
burden of malaria affects vulnerable populations such as children below the age of five years and
primigravidae women in resource poor settings (World Health Organization, 2022c). Children below
the age of five years accounted for 76.8% of total malaria deaths in 2021 (World Health Organization,
2022c). The global P. falciparum prevalence in children aged 2 to 10 years is shown in Figure 3. The
WHO African Region carried 95% of global malaria cases and four countries including Nigeria (27%),
the Democratic Republic of the Congo (DRC) (12%), Uganda (5%) and Mozambique (4%) harboured
half of the African malaria cases (World Health Organization, 2022c). Between 2000 and 2015 the
malaria mortality rate was reduced by roughly fifty percent and continued to decrease to 568,000
deaths in 2019. Due to prevention and treatment interruptions caused by the COVID-19 pandemic and
a change in mortality estimations, the number of malaria deaths increased again to 625,000 and

619,000 in the years 2020 and 2021, respectively (World Health Organization, 2022c).

Uncomplicated malaria causes non-specific symptoms such as fever, chills, headache, cough and
diarrhoea and the mortality rate is 0.1% if effective treatment is administered promptly (Ashley et al.,
2018). Severe malaria more commonly manifests with severe anaemia, convulsions and
hypoglycaemia in children, while acute renal failure and jaundice are more common in adults (White,
2022). Cerebral malaria with coma and metabolic acidosis increase significantly the odds of death
among patients with severe malaria in all age groups (Dondorp et al., 2008). The mortality rate of
severe malaria in African children and Asian adults treated intravenously with the artemisinin derivate

artesunate was 8.5% and 15%, respectively (Dondorp et al., 2005a, Dondorp et al., 2010).

Children in malaria-endemic settings with stable transmission acquire sufficient immunity to protect
them from life-threatening disease after one to two episodes of severe malaria at a young age (Gupta
et al., 1999). Older children still have mild malaria symptoms while adults are mostly asymptomatic
parasite carriers (Marsh and Kinyanjui, 2006). The WHO estimated 42 million pregnant women in sub-
Saharan Africa being exposed to malaria in 2021, of which 13.3 million had malaria infections (World
Health Organization, 2022c). Globally, 8.2% of stillbirth is attributable to malaria in pregnancy, in sub-
Saharan Africa the estimate is 19.7% (Lawn et al.,, 2016). In semi-immune women in stable
transmission settings, malaria infections during pregnancy are mostly asymptomatic but can result in
low birthweight and severe anaemia, with the highest risk in primigravid women (Fried and Duffy,
2017). Intermittent preventive treatment of malaria in pregnancy (IPTp) has been adapted in 35

African countries. In 2021, 55% of pregnant women received at least one dose of chemoprophylaxis



at an antenatal care visit, averting 457,000 neonates with low birthweight (World Health Organization,

2022c¢).
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Figure 3. Global P. falciparum infection prevalence in 2020. The Malaria Atlas Project (MAP,
https://map.ox.ac.uk/) was used to map the P. falciparum parasite rate, in 2-10 year old children with

data collected in 2020.

1.3.3. Malaria prevention and treatment

Successful malaria control consists of a combination of rapid access to diagnostics, effective treatment
and vector control. Insecticide-treated nets (ITN) and indoor residual spraying (IRS) with long-lasting
insecticides are used to prevent malaria transmission. More than 2.5 billion ITNs were distributed
globally between 2004 and 2021, 87% of them in sub-Saharan Africa (World Health Organization,
2022c). Of 663 million clinical malaria cases averted between 2000 and 2015 in Africa, 68% can be
attributed to ITNs, 22% to artemisinin-based combination therapy (ACT) and only 10% to IRS (Bhatt et
al., 2015). Incidence of uncomplicated and severe malaria episodes was reduced by 45% and 44%
respectively in participants using ITNs compared to not sleeping under a bednet (Pryce et al., 2018).
Adding non-pyrethroid-like IRS to ITS decreased the malaria parasite prevalence by an additional 39%
compared to ITS alone (Pryce et al., 2022). Unfortunately, pyrethroid resistance is widespread in
Anopheles spp. across Africa (Ranson et al., 2011). Resistance to all four insecticide chemical classes
currently in use (pyrethroids, organophosphates, carbamates and organochlorines) was confirmed for

Anopheles spp. from all WHO regions (World Health Organization, 2022c).

Resistance to chloroquine evolved in the late 1950s in two independent foci in Colombia and at the
Cambodia-Thailand border (Payne, 1987). The first chloroquine resistant P. falciparum in Africa were
described in Tanzania and Kenya in the late 1970s and within a decade were widespread across the
continent (Peters, 1987). Geographic variants of chloroquine resistant P. falciparum have

combinations of four to ten mutations in the chloroquine resistance transporter gene (Ecker et al.,



2012). Chloroquine resistance increased malaria morbidity and mortality in children massively, due to
the lack of an effective and cheap alternative drug (Trape et al., 1998). A combination of the two
antifolate drugs pyrimethamine and sulfadoxine (SP) became the first line treatment when
chloroquine was determined as ineffective (Bloland et al., 1993). However, resistance to SP developed
rapidly and was associated with a stepwise accumulation of mutations in the two genes dihydrofolate
reductase and dihydropteroate synthase (Sibley et al., 2001). SP is still used for IPTp and has been
shown to prevent adverse birth outcomes but does not clear blood stage parasitaemia in pregnant
women infected with SP resistant P. falciparum (Kayiba et al., 2021). The antimalarial properties of
artemisinin, extracted from Artemisia annua, was first described in the 1970s by Chinese scientists
(1979). Artemisinin derivatives reduce the parasite load by a factor of 10,000 per replication cycle,
having a higher killing rate than any other known antimalarial (White and Olliaro, 1996). Due to the
short half-life of artemisinin derivatives, combination therapy with a slow acting partner drug is
recommended to prevent treatment failure and resistance development (White, 2004). Artemisinin
resistance, characterized by slow parasite clearance at the ring stage after appropriate treatment
dosing, was first reported from Cambodia in 2009 (Dondorp et al., 2009). Artemisinin resistance has
become widespread in the Greater Mekong Subregion and more recently it was reported from Africa
(Ashley et al., 2014, Balikagala et al., 2021). Different strategies have been proposed to prolong the
efficacy of ACT, such as extending the treatment duration, alternating between different ACT regimens

or adding a third antimalarial drug to the ACT (Hanboonkunupakarn et al., 2022).

1.3.4. Malaria diagnosis

The gold standard for malaria diagnosis remains microscopy of Giemsa stained whole blood films.
Thick blood smears provide detection and also allow quantification of parasitaemia, while thin blood
smears additionally allow morphological species identification (Moody, 2002). Experienced
microscopists can detect parasite densities of 50 Plasmodium spp. per microliter of blood, however
routine diagnostic laboratories achieve up to ten times lower sensitivities (Moody, 2002). Microscopy
can underestimate parasitaemia, as it is unable to detect sequestered P. falciparum (Dondorp et al.,
2005b). RDTs have almost completely replaced microscopy in resource-limited settings, with 3.5
billion RDTs sold globally between 2010 and 2021 (World Health Organization, 2022c). RDTs most
commonly detect histidine-rich protein 2 (HRP2) specific for P. falciparum and lactate dehydrogenase
(LDH) and aldolase for pan-Plasmodium detection (Mouatcho and Goldring, 2013). HRP2-based RDT
are more sensitive and have a slightly higher accuracy than LDH-based RDTs but show lower specificity
(Li et al., 2017). HRP2-based RDTs have a limit of detection of 100 P. falciparum per microliter of blood
(Varo et al., 2021). False-positive RDTs after recent malaria treatment are common due to the

persistence of HRP2 in the blood for up to six weeks (Dalrymple et al., 2018). P. falciparum lacking the



pfhrp2 gene can cause false-negative HRP2-based RDTs (Gendrot et al., 2019). Molecular assays, such
as quantitative PCR (qPCR) of multi-copy DNA targets or RT-gqPCR targeting total nucleic acids can
reach sensitivities of 0.1 Plasmodium spp. per microliter of blood (Hofmann et al., 2015, Kamau et al.,
2011). Sub-microscopic infections accounted for 49% of malaria infections detected by qPCR, with
significantly higher proportions in low-transmission settings versus high-transmission settings (Okell
et al.,, 2009). The current limitations for widespread use of qPCR are the need for laboratory

equipment, electricity, cold chain, trained personnel and the high costs per test (Varo et al., 2021).

1.4. Overview of filarial nematodes

1.4.1. Parasite characteristics and life cycle
Eight species of filarial nematodes infect humans, the most well-known are Wuchereria bancrofti,
Brugia malayi and B. timori causing lymphatic filariasis (LF) and Onchocerca volvulus causing river

blindness (Taylor et al., 2010). Filarial nematodes share similar life cycles, shown in

Figure 4. Depending on the species, the long threadlike adult worms live in tissues, body cavities or
lymphatic vessels (Bogitsh et al., 2019a). Females are ovoviviparous, the microfilariae migrate to the
blood vessels after deposition (Bogitsh et al., 2019a). Microfilariae can survive for years in the blood
stream, and are taken up by an insect vector eventually (Bogitsh et al., 2019a). In the insect vector,
two moults take place during larval development and after three weeks infective filariform larvae can
be transmitted to the human host (Bogitsh et al., 2019a). During migration to the definitive site of
infection, larvae metamorphose into adult worms (Bogitsh et al., 2019a). W. bancrofti, B. malayi, B.
timori and O. volvulus depend on the presence of the bacterial Wolbachia endosymbionts, that are
absent in Loa loa and Mansonella perstans (Taylor et al., 2005). Adult W. bancrofti, B. malayi and B.
timori reside in the lymphatic system causing LF (Cross, 1996). W. bancrofti occurs in many subtropical
and tropical countries and is responsible for 90% of cases, B. malayi is restricted to Southeast Asia and
B. timori only occurs in South-eastern Indonesia (Taylor et al., 2010). Female worms of W. bancrofti
can live for up to eight years and produce millions of microfilariae that migrate to peripheral blood
vessels to be ingested by mosquitoes during a blood meal (Taylor et al., 2010). Aedes spp., Anopheles
spp. and Culex spp. mosquitoes can transmit LF in different parts of the world (Knopp et al., 2012).
Adult O. volvulus reside in subcutaneous tissues, their microfilariae migrate through the skin and eyes
and cause skin disease and blindness (Cross, 1996). Blackflies of the genus Simulium that are
intermediate hosts of O. volvulus lay their eggs in fast-flowing water (Bogitsh et al., 2019b). Adult L.
loa worms reside in the subcutaneous tissues and the microfilariae can be found in the blood, other
body fluids and in the lungs (Padgett and Jacobsen, 2008). Tabanid flies of the genus Chrysops transmit

L. loa (Boussinesq, 2006). Clinical symptoms of loiasis are worm migration through the conjunctiva of
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the eyes and Calabar swellings frequently located on the forearms, which are subcutaneous oedemas
often accompanied by itching (Boussinesq, 2006). Human mansonellosis is caused by the three species
M. perstans, Mansonella streptocerca, and Mansonella ozzardi (Simonsen et al., 2014). Adult M.

perstans reside in the serous body cavities, the microfilariae circulate in the blood and are transmitted

by biting midges of the genus Culicoides (Simonsen et al., 2011).
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Figure 4. Life cycle of filarial nematodes. Microfilariae hatch in the uterus of female worms. After
larviposition, the microfilaria migrate to the blood stream where they can survive for several years.
Upon ingestion by a suitable arthropod vector, they develop into infective filariaform larvae and
migrate to the proboscis sheath. During the next blood meal the larvae gain access to the human
circulatory system. Larvae develop into adult worms and migrate to the definite site of infection-

Figure taken from Bogitsh et al. (Bogitsh et al., 2019b)

1.4.2. Epidemiology

Filarial nematodes, like other neglected tropical diseases, mainly affect rural, poorer populations in
tropical and subtropical areas of the world (Engels and Zhou, 2020). In 2021, 72 countries were
endemic for LF, with 885 million people at risk (World Health Organization, 2022b). Due to annual
mass drug administration (MDA), the number of individuals with LF decreased from 199 million in
2000 to 51 million in 2018 (Cromwell et al., 2020). In 2018, the majority of infected individuals (71.5%)

lived in Southeast Asia, but prevalence estimates were also high in Central Africa and Coastal West
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Africa (Cromwell et al., 2020). LF causes acute adeno-lymphangitis characterized by fever and
inflammation of lymph nodes, as well as painful swellings of affected body areas (Palumbo, 2008).
About one third of infected people develop chronic filarial disease, with the resulting lymphatic vessel
damage leading to lymphedema, elephantiasis of limbs and hydrocele in males (Taylor et al., 2010). In
2021, onchocerciasis was endemic in 30 countries in sub-Saharan Africa, South America and the Arabic
Peninsula with 245 million people at risk, over 99% of the burden was in 26 African countries (World
Health Organization, 2022a). In 2008, 25.7 million people were infected with O. volvulus, 4.2 million
people suffered from severe itching and one million people had impaired vision or blindness (World

Health, 2010).

In ten Central and West African countries, 14.4 million people live in high risk areas and 15.2 million
people in intermediate risk areas for loiasis, as estimated from the reported frequency of eye worm
history (Zouré et al., 2011). More than 10 million people are estimated to be infected with L. loa
(Metzger and Mordmdller, 2014). At community level, 40% prevalence of eye worm history
corresponds to 20% prevalence of microfilariae, 5% prevalence of high intensity L. loa infection and
2% prevalence of very high intensity L. loa infections (Takougang et al.,, 2002). High L. loa
microfilaraemia has been associated with increased risk of death and the population-attributable
fraction of mortality for loiasis was 14.5% (Chesnais et al., 2017). Infections with adult L. loa but no
detectable microfilariae in the blood stream are common, making diagnosis difficult (Dupont et al.,
1988). Ivermectin treatment for onchocerciasis control programs has been associated with
encephalopathy in people with high L. loa microfilarial loads (Gardon et al., 1997, Boussinesq et al.,
2003). To prevent serious adverse events, a test-and-not-treat strategy has been evaluated in
Cameroon, where 95.5% of participants could be treated with ivermectin and only 2.4% were excluded
due to L. loa microfilarial loads above the risk threshold (20,000 microfilariae per millilitre of blood)
(Kamgno et al., 2017). L. loa microfilariaemia prevalence and intensity are higher in males than in
females and increase with age (Whittaker et al., 2018). Mansonellosis is widely distributed in Africa,
Central and South America and the Caribbean and is the most neglected human filariasis despite being
likely the most prevalent (Ta-Tang et al., 2018). In 2007, an estimated 114 million people were infected
with M. perstans in 33 sub-Saharan African countries with 581 million inhabitants (Simonsen et al.,
2011). Most infections with M. perstans are asymptomatic and no specific clinical picture has been
associated with mansonellosis (Simonsen et al., 2011). Transient swellings, pruritis fever, joint pain
and eosinophilia have been observed in M. perstans infections (Simonsen et al., 2014). A potential
new Mansonella species, termed Mansonella sp. “DEUX” was detected in febrile Gabonese children

(Mourembou et al., 2015). In two endemic communities in Uganda, M. perstans microfilariaemia
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prevalence increased rapidly during childhood and remained above 50% for adults, with higher

prevalence in men than women and increasing microfilaria intensity with age (Asio et al., 2009).

1.4.3. Diagnosis

L. loa shows a diurnal periodicity, while W. bancrofti, B. malyi and B. timori show a nocturnal
periodicity and M. perstans does not show periodicity of microfilariae in peripheral blood (Knopp et
al., 2012). Therefore blood collection for diagnosis should be carried out at peak levels of
microfilariaemia for the species investigated (Alhassan et al., 2015). Filtration of peripheral blood
using 3-um or 5-um pore membrane for concentration of microfilariae, subsequent staining and light
microscopy is the standard diagnostic tool for filarial detection (Moody and Chiodini, 2000). Species
differentiation is done morphologically by size and the absence or presence of a sheath and the nuclei
position in the microfilariae (Moody and Chiodini, 2000). Two filarial antigen tests have been
developed that detect circulating W. bancrofti antigen from serum or fingerprick blood. They are easy
to perform and do not require sampling at night (Weil et al., 1997, Weil et al., 2013). The W. bancrofti
immunochromatographic card test was shown to be false-positive in some individuals with high L. loa
microfilaraemia (Bakajika et al., 2014). Lateral flow strips detecting antibodies to both W. bancrofti
and O. volvulus antigens can be used to assess past and present infections and are more useful for
post-MDA surveillance in children (Steel et al., 2015). PCR and gPCR based assays exist for sensitive
and specific detection and differentiation of filarial species, but are more expensive, have a longer

turnaround time and are restricted to well-equipped laboratories (Alhassan et al., 2015).

1.5. Next-generation sequencing technologies

Clinical microbiology laboratories use next-generation sequencing (NGS) for three main applications,
these are whole genome sequencing (WGS), targeted sequencing of distinct genes and metagenomics
sequencing (Mitchell and Simner, 2019). A number of second- and third-generation sequencing
platforms exist that use different methods and each have their own advantages and disadvantages

(Hilt and Ferrieri, 2022).

Second-generation sequencing platforms rely on amplification of fragmented DNA and subsequent
sequencing by either ligation using ligases or sequencing by synthesis using polymerases (Metzker,
2010). The single-nucleotide addition approach works by adding each of the four nucleotides
iteratively and measuring whether each nucleotide was incorporated, homopolymer regions are
indicated by an increase of signal strength (Goodwin et al., 2016). The first NGS instrument was called
454 pyrosequencing where the incorporation of a base triggered an enzymatic cascade that resulted
in a bioluminescence signal (Margulies et al., 2005). The single-nucleotide addition approach used by

lon Torrent is based on measuring pH changes, as the incorporation of one base leads to the release
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of a single H" ion (Rothberg et al., 2011). The cyclic reversible termination sequencing approach used
by Illumina works by incorporating one fluorescent nucleotide in every cycle, imaging and cleavage of
the fluorescent dye (Metzker, 2010). Second-generation sequencing platforms have limited read
lengths of up to a few hundred base pairs and sequencing run lengths of hours to days (Goodwin et
al., 2016). Cyclic reversible termination sequencing has error rates of 0.1% with mainly substitutions,
while single-nucleotide addition sequencing has error rates of 1%, mainly due to insertions and

deletions in homopolymer regions (Goodwin et al., 2016).

Third generation sequencing platforms rely on single-molecule sequencing technologies, they have
longer read lengths but suffer from lower raw read accuracy compared to second generation
sequencing platforms (Schadt et al., 2010). Pacific Biosciences (PacBio) uses a technology based on an
array of zero-mode wavelength nanostructures (Levene et al., 2003).The single-molecule real-time
sequencing approach measures light emitted from labelled nucleotides incorporated by a single DNA
polymerase in a zero-mode wavelength nanostructure (Eid et al., 2009). The template is a single-
stranded circular DNA that can be sequenced multiple times by the same polymerase to improve the
accuracy (Rhoads and Au, 2015). High-fidelity PacBio sequencing was able to generate reads with
99.8% accuracy and a mean length of 13.5 kilobases to assemble a human genome with 28x coverage

using 89 Gigabases of sequencing data (Wenger et al., 2019).

Nanopore sequencing technology is based on protein nanopores that are embedded in a membrane.
(Clarke et al., 2009). Voltage is applied and changes in ionic current are measured as single-stranded
nucleic acids pass through the nanopore (Clarke et al., 2009). Figure 5 shows the approach developed
by Oxford Nanopore Technologies (ONT). A motor protein controls translocation speed and unwinds
double-stranded DNA or DNA-RNA duplexes (Cherf et al., 2012). Continuous engineering and
refinement of the nanopore and motor protein by ONT improved read length, yield and sequencing
quality (Wang et al., 2021b). Basecalling algorithms rely on machine learning and have improved with
each iteration (Rang et al., 2018). Recently, it was shown that species-specific basecalling models
improve sequencing accuracy, as lineages differ in their methylation motifs and patterns (Ferguson et
al., 2022). The only limitation to read length in ONT sequencing is the length of DNA molecules, read
lengths of one million bases have been reported (Jain et al., 2018). Direct RNA sequencing is also
possible, but error rates are high, as was shown with Influenza virus RNA sequencing, where read level
accuracy was 85% and consensus sequence accuracy was 98.5% (Keller et al., 2018). DNA methylation
patterns can be identified from raw ONT data and have been shown useful for epigenetic studies (Lee
et al., 2020). The latest flow cell R10.4.1 had a modal read accuracy of 98.1% and did not require

polishing with short reads for assembly of near-complete bacterial genome (Sereika et al., 2022).
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Figure 5. Principle of the ONT MinlON sequencer. An ONT MinlON flow cell contains 512 channels
with four nanopores in each channel, resulting in a total of 2,048 nanopores. Nanopores are
embedded in an electrically resistant polymer membrane in arrays of microscaffolds that are
connected to a sensor chip. Each channel is controlled by the application-specific integration circuit
(ASIC). A constant voltage is applied across the membrane, with the trans side being positively charged
and ionic current passes through the nanopore. A motor protein unwinds the double-stranded DNA
molecule. The negatively charged single-stranded DNA ratchets through the nanopore driven by the
voltage. A characteristic current change is measured as the nucleotides pass through the nanopore.

Figure taken from Wang et al. (Wang et al., 2021b).

1.5.1. Whole genome sequencing in microbiology

Clinical specimen often contain multiple bacterial species and normal, physiological body flora,
potentially confounding WGS results and antimicrobial resistance (AMR) prediction (Mitchell and
Simner, 2019). Culture and isolation of the organism of interest before DNA extraction is required for
WGS of most bacteria, however severe limitations exist for organisms that are currently difficult or
impossible to culture in vitro (Mitchell and Simner, 2019). Traditional molecular biology typing
techniques such as multilocus sequence typing (MLST) are well established, cheap and fast, however
they lack discriminatory power to differentiate closely related pathogens (Fournier et al., 2007).

Epidemiological typing based on WGS can detect the transmission of health-care associated
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pathogens, identify sources of infection for food-borne pathogens and track transmission chains
(Schirch and Siezen, 2010). In contrast, the value and application of WGS in antimicrobial
susceptibility testing is limited due to the high sensitivity, robustness and low price of phenotypic
susceptibility testing and the limited link between phenotype and genotype (Koser et al., 2012). The
presence of resistance genes and mutations can predict resistance to some antibiotics, but if the
genetic basis of resistance is unknown, more complex statistical models are required (Su et al., 2019).
Machine learning algorithms can predict complex AMR patterns from WGS data (Anahtar et al., 2021).
For slow growing bacteria like the Mycobacterium tuberculosis complex, phenotypic tests take weeks,
but resistance genes and mutations are well known, showing high concordance between WGS and
phenotypic resistance testing (Quan et al., 2018). WGS is able to detect drug resistant subpopulations
in viral infections, as was shown in Human Immunodeficiency Virus (HIV) where low-frequency drug
resistance mutations undetectable by Sanger sequencing could be identified with NGS (Tzou et al.,

2018).

1.5.2. Targeted sequencing of 16S ribosomal RNA gene

The enrichment or selection of organisms of interest from complex samples is most commonly done
by PCR amplification of distinct marker genes for bacteria and fungi and by probe enrichment for
viruses (Hilt and Ferrieri, 2022). For bacterial identification, the 16S ribosomal RNA (rRNA) gene is
amplified, while for fungal identification ribosomal ITS or 28S rRNA genes are amplified and used for
amplicon deep sequencing (Janda and Abbott, 2007, Wagner et al., 2018). Identification of difficult to
culture bacteria is facilitated with 16S rRNA sequencing, which is able to detect species in an agnostic
manner, as was shown for tick-borne bacteria such as Borrelia burgdorferi or Rickettsia rickettsii
(Kingry et al., 2020). While lllumina sequencing generates more accurate reads, it is unable to
sequence the full length 16S rRNA gene, whereas ONT sequencing can cover the full length 16S rRNA
gene but has higher error rates. Both technologies are able to accurately classify the organism in
guestion to the genus level, but have limited discriminatory power at the species level (Winand et al.,
2020). A recent study has shown the improved accuracy to the species level assignment and better
replicability of ONT for 16S rRNA sequencing compared to Illumina and therefore recommends ONT

for microbiome studies (Szoboszlay et al., 2023).

1.5.3. Metagenomics sequencing

Metagenomics NGS allows unbiased detection of pathogen nucleic acids directly from clinical
specimens (Gu et al., 2019). It can simultaneously detect nucleic acids from viruses, bacteria, fungi and
parasites as well as host biomarkers (Mitchell and Simner, 2019). The vast majority of nucleic acids in
clinical specimen derive from the host, limiting the number of nonhuman reads in direct

metagenomics sequencing (Gu et al., 2019). Different methods exist for the depletion of host nucleic
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acids (Hasan et al., 2016, He et al., 2010). The main advantage of metagenomics sequencing is its
ability to identify a wide range of pathogens and even discover novel pathogens without the need for
cultivation or prior knowledge (Chiu, 2013). Metagenomics ONT sequencing was able to detect
pathogens from body fluids of critically ill patients within 6 hours, while lllumina results were available
after 23 hours (Gu et al., 2021). A combination of metagenomics sequencing and conventional testing
including serology improved diagnosis of neurologic infections, led to adjustment of treatment and

enhanced patient care (Wilson et al., 2019).

1.6. One Health surveillance of bacterial pathogens and antimicrobial resistance

Microbes circulating in animal reservoirs are more likely to spill over to other wildlife, livestock or
humans, causing zoonosis, if large-scale environmental, agricultural, or demographic shifts occur
(Morse et al., 2012). The evolutionary transformation from a pathogen exclusively infecting animals
to a pathogen exclusively infecting humans has been defined by five stages with increasing
transmission to and between humans in each stage (Wolfe et al., 2007). Many of the major infectious
diseases are not human-exclusive pathogens and the animal origin of some pathogens is still unknown
(Wolfe et al., 2007). AMR is driven by different factors, the highest impact arising from antimicrobial
misuse or overuse in humans and animals (Holmes et al., 2016a). AMR spreads between humans,
animals and the environment through different direct and indirect pathways (Woolhouse and Ward,
2013). As the majority of antimicrobial classes are used in animal and human sectors, it is important
to minimize antimicrobial use for prophylaxis and avoid use for growth promotion in animal
production systems to prevent AMR development (Collignon and McEwen, 2019). Additionally,
sanitation and hygiene need to be improved to prevent the spread of AMR once developed (Collignon
and McEwen, 2019). One Health approaches collaborate between academic disciplines and society to
improve health at the human—animal-environment interface, such as surveillance of known and novel

zoonotic diseases, AMR, food safety and climate change (Zinsstag et al., 2023).

1.6.1. Overview of Campylobacter jejuni

Campylobacter jejuni is a motile, spiral-shaped Gram-negative bacterium that belongs to the family
Campylobacteraceae (Debruyne et al., 2008). The genome consists of a single circular chromosome
with a size of 1.6 Megabases and a genomic guanine-cytosine (GC) content of 30.6% (Parkhill et al.,
2000). C. jejuni colonize the gut mucosa in the jejunum and ileum (Blaser and Engberg, 2008). Almost
20 Campylobacter species have been shown to infect humans, the majority of infections are caused
by C. jejuni (Man, 2011). Two subspecies of C. jejuni exist, C. jejuni subsp. jejuni und C. jejuni subsp.
doiley (Man, 2011). Diarrhoea, abdominal pain, myalgia, vomiting and blood in faeces are symptoms

of Campylobacter enteritis (Blaser and Engberg, 2008). Long-term complications include reactive
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arthritis, Guillain-Barre’ syndrome and postinfectious irritable bowel syndrome (Blaser and Engberg,
2008). A low infection dose is sufficient for Campylobacter enteritis and the incubation period ranges
from one to seven days with a mean of three days (Blaser and Engberg, 2008). Diarrhoeal disease is
usually self-limiting, but immunocompromised and at risk individuals receive treatment with
fluoroquinolones or macrolides to prevent progression to severe infections (Dai et al., 2020).
Campylobacter have developed resistance to these first-line antibiotics, requiring novel treatment
options and preventive interventions (Dai et al., 2020). Campylobacter outbreaks in the United States
were most commonly caused by foodborne transmission and to a lesser degree by waterborne
transmission or animal contact, while human to human transmission was uncommon (Taylor et al.,
2013). In the United States, the majority of foodborne outbreaks were caused by dairy products, while
undercooked poultry was responsible for most outbreaks in Europe (Greig and Ravel, 2009).
Campylobacter detection is done through bacterial culture and biochemical testing or molecular
methods such as genus- or species-specific PCR or 16S rRNA sequencing (Kaakoush et al., 2015). In
2010, Campylobacter spp. were the most common cause of foodborne illness, accounting for 95.6

million cases of diarrheal disease and 21,000 deaths globally (Havelaar et al., 2015).

1.6.2. Overview of Salmonella enterica

Salmonella enterica is a rod-shaped Gram-negative facultative intracellular bacterium that belongs to
the family Enterobacteriaceae (Knodler and Elfenbein, 2019). Depending on the serotype, S. enterica
invades the intestinal epithelium in the ileum and colon after ingestion and causes gastroenteritis or
disseminates to systemic sites and causes sepsis (Knodler and Elfenbein, 2019). The genome consists
of a single circular chromosome with a size of 4-5 Megabases (Knodler and Elfenbein, 2019). Over
1,500 serotypes of S. enterica subsp. enterica exist, that are classified by antigenically diverse surface

antigens (Grimont and Weill, 2007).

Salmonella serotypes Typhi, Paratyphi A, B and C cause enteric fever, a systemic disease with
unspecific symptoms such as fever, flu-like and abdominal symptoms (Harris and Brooks, 2020).
Salmonella Typhi is restricted to the human host, shedding of bacteria in stool or urine can be
temporary or chronic, transmission occurs through the faecal-oral route, with contaminated water or
food as the main source of infection (Crump, 2019). An estimated 14.3 million cases and 135,900
deaths occurred globally in 2017, a 41% decline in deaths from 1990 (Stanaway et al., 2019b).
Incidence rates were highest among children, case fatality rates were higher among children and older
people in lower-income countries and South Asia accounted for almost 70% of deaths (Stanaway et
al., 2019b). The isolation of S. enterica from bone-marrow culture is considered the gold standard and
is more sensitive than blood culture (Gilman et al., 1975). Antibody and antigen tests have limited

specificity and sensitivity and are cross-reactive with other infections (Parry et al., 2011). Enteric fever
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vaccines, access to clean water and hygiene measures during food preparation are effective at
preventing S. enterica infections (Qamar et al., 2022). Antibiotic treatment depends on the local AMR

profile, disease severity and available resources (Qamar et al., 2022).

Non-typhoidal S. enterica typically cause acute self-limiting gastroenteritis. Diarrhoea is usually non-
bloody and may be accompanied by fever, nausea, vomiting and abdominal cramping (Pegues and
Miller, 2015). Non-typhoidal S. enterica have human and animal hosts, transmission is mostly
foodborne, with poultry being the most common source (Pegues and Miller, 2015). Isolation of S.
enterica from stool confirms diagnosis (Haeusler and Curtis, 2013). Non-typhoidal S. enterica
accounted for 78.7 million cases of diarrheal disease and 59,000 foodborne deaths in 2010 (Havelaar
et al., 2015). Additionally, non-typhoidal S. enterica can cause bacteraemia, leading to a febrile illness
termed invasive non-typhoidal salmonella (iNTS) disease (Crump et al., 2015). An estimated 535,000
cases of iNTS disease occurred worldwide in 2017, sub-Saharan Africa accounted for 78.8% of all cases
(Stanaway et al., 2019a). In 2017, iNTS was responsible for 77,500 deaths, with higher case fatality
rates among children under the age of 5 years, elderly people and HIV positive people and in areas of
low sociodemographic development (Stanaway et al., 2019a). Risk factors for iNTS disease include HIV,

malaria, acute malnutrition and sickle-cell disease (Crump et al., 2015).
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1.7. Aims of this thesis

The overall goal of this thesis was to develop and apply novel molecular diagnostic and bioinformatics
analysis tools with potential for decentralized and mobile testing for the surveillance of fever causing

viruses, bacteria and parasites in Central Africa and the Middle East.

In part one, the aim was to describe the evolution of SARS-CoV-2 in Equatorial Guinea using molecular

tools with three objectives:

i) Develop a sensitive, robust and rapid diagnostic tool for the identification of SARS-CoV-2

mutations associated with variants of concern
i) Describe the epidemiology of SARS-CoV-2 using whole genome sequencing
iii) Understand SARS-CoV-2 epidemiology over time in context of the African continent

In part two, the aim was to improve the molecular monitoring of malaria and filarial parasites that

evade diagnosis or treatment in Equatorial Guinea with the following objectives:

i) Assess the sensitivity and specificity of malaria rapid diagnostic tests collected in the

framework of a malaria indicator survey
ii) Determine the epidemiology of filarial nematode and malaria co-infections

iii) Evaluate a novel gPCR platform for rapid and sensitive detection of malaria suitable for

decentralized testing

iv) Detect minority clones carrying drug resistance conferring mutations in mixed

Plasmodium falciparum infections

In part three the aim was to deploy ONT MinlON for whole genome sequencing of environmental and
foodborne bacterial pathogens by using a One Health approach for surveillance of foodborne

pathogens in Palestine.
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2. Genomic surveillance of SARS-CoV-2 in Equatorial Guinea

This chapter contains the following publications:

Bechtold et al. Rapid Identification of SARS-CoV-2 Variants of Concern Using a Portable peakPCR
Platform. Analytical Chemistry 2021

Dudas et al. Emergence and spread of SARS-CoV-2 lineage B.1.620 with variant of concern-like

mutations and deletions. Nature Communications 2021

Hosch et al. Genomic Surveillance Enables the Identification of Co-infections With Multiple SARS-

CoV-2 Lineages in Equatorial Guinea. Frontiers in Public Health 2022

Tegally et al. The evolving SARS-CoV-2 epidemic in Africa: Insights from rapidly expanding genomic

surveillance. Science 2022
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2.1.Rapid Identification of SARS-CoV-2 Variants of Concern Using a Portable peakPCR

Platform

Published in Analytical Chemistry, 2021
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ABSTRACT: The need for tools that facilitate rapid detection and ‘
continuous monitoring of SARS-CoV-2 variants of concern (VOCs) is

greater than ever, as these variants are more transmissible and Ssotrpec 4P A ot
therefore increase the pressure of COVID-19 on healthcare systems. g
To address this demand, we aimed at developing and evaluating a
robust and fast diagnostic approach for the identification of SARS-
CoV-2 VOC-associated spike gene mutations. Our diagnostic assays
detect the E484K and NS01Y single-nucleotide polymorphisms
(SNPs) as well as a spike gene deletion (HV69/70) and can be run
on standard laboratory equipment or on the portable rapid diagnostic
technology platform peakPCR. The assays achieved excellent
diagnostic performance when tested with RNA extracted from
culture-derived SARS-CoV-2 VOC lineages and clinical samples
collected in Equatorial Guinea, Central-West Africa. Simplicity of usage and the relatively low cost are advantages that make our
approach well suitable for decentralized and rapid testing, especially in resource-limited settings.
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B INTRODUCTION

More than a year after the World Health Organization (WHO)
declared the severe acute respiratory syndrome coronavirus
type 2 (SARS-CoV-2) outbreak a Public Health Emergency of

Global Initiative on Sharing All Influenza Data (GISAID).
More than 1.8 million SARS-CoV-2 sequences have been
publicly shared via GISAID, and numerous mutations in the
gene encoding the spike protein have been identified.” For

International Concern, coronavirus disease 2019 (COVID-19)
has caused more than 3.7 million deaths." Globally, public
health systems are severely impacted and are further
challenged by the emergence of SARS-CoV-2 variants carrying
mutations that are of concern (VOC).> Molecular diagnostic
tools, particularly reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) for viral RNA detection and next-
generation sequencing (NGS) for molecular monitoring SARS-
CoV-2 genetic diversity at the whole genome level, have
proven critical for public health decision-making.” Investigating
SARS-CoV-2 genomes by NGS to track transmission chains,
understand transmission dynamics, and rapidly identify
mutations that potentially have an impact on transmissibility,
morbidity, and mortality, as well as potential escape of
diagnostic tools or vaccine-induced immunity have become
an integral part of public health measures during this
pandemic.

Since the first whole genome sequence (WGS) analysis of
SARS-CoV-2 has been published in January 2020, the virus
has been continuously sequenced, characterized, and data
made publicly available through global initiatives such as
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example, the D614G variant has been shown to increase the
viral load of infected patients and has replaced the original
variant since June 2020 around the globe.” More recently,
SARS-CoV-2 lineages characterized by a combination of
multiple mutations in the spike gene have emerged
independently in different regions of the world. The SARS-
CoV-2 lineages B.1.1.7 (also known as the Alpha variant, VOC
202012/01 or S501Y.V1), B.1.351 (also known as the Beta
variant or 501Y.V2), and P.1 (also known as the Gamma
variant, B.1.1.28.1 or 501Y.V3) were the first VOCs identified.’
The Alpha variant (lineage B.1.1.7) was first described in mid-
December 2020 in the United Kingdom, and the mutation
appears to have substantially increased transmissibility and has
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Table 1. Primer and Probe Combinations Developed for SARS-CoV-2 VOC Identification and Discrimination

assay primer name
HV69/70 assay: 21765—21770“ deletion in alpha VOC HV69/70_F
HV69/70_R

A69/70 (mut)
HV69/70 (wt)

NSO1Y assay: A23063T“ SNP in alpha, beta and gamma
VOCs

E484K assay: G23011A“ SNP in beta and gamma VOCs

spike_gene LNA_F
spike_gene_ LNA_ R
501Y_LNA (mut)
N501_LNA (wt)
Spike_gene_ LNA_F
Spike_gene_ LNA R
484K _LNA (mut)
E484 LNA (wt)

oligo sequence (5’-3") modifications
TCA ACT CAG GAC TTG TTC TTA CCT

TGG TAG GAC AGG GTT ATC AAA C

TCC ATG CTA TCT CTG GGA CCA FAM - BHQI
ACA TGT CTC TGG GAC CAA TGG YYE” - BHQ1
C+TA TCA GGC +CGG TAG CAC +AC

+AGT ACT ACT ACT CTG TAT +GGT TGG +T

C+CC A+CT +t+AT G+GT +G FAM - BHQI
C+CC A+CT +A+AT G+GT +G YYE? - BHQ1
C+TA TCA GGC +CGG TAG CAC +AC

+AGT ACT ACT ACT CTG TAT +GGT TGG +T

TGG +T+GT TaA A+GG T FAM - BHQI
TGG +T+GT TGA A+GG T YYE? - BHQI

“Genome position according to MN908947.3 (SARS-CoV-2 isolate Wuhan Hu-1). LNA nucleotides are indicated with + in front of the nucleotide.
The SNP associated with VOCs is indicated as lower case and bold nucleotides. *YYE = Yakima Yellow (VIC and HEX dye alternative).

quickly developed into the dominant variant circulating in the
UK and beyond.” The Beta variant (lineage B.1.351) was
identified in December 2020, which emerged most likely in
South Africa and is also associated with higher trans-
missibility."” The Gamma variant (lineage P.1) was identified
in January 2021 in Manaus, the largest city in the Amazon
region of Brazil.'' In January 2021, this region experienced a
resurgence of COVID-19 despite the reported high seropre-
valence of antibodies against SARS-CoV-2 in this popula-
tion.'"”"* During the preparation and revision of this
manuscript, the WHO had designated the emerging lineage
B.1.617.2 as the Delta VOC.

To rapidly detect and continuously monitor the appearance,
introduction, and spread of (novel) VOCs, the level of
molecular surveillance needs to be increased globally. The gold
standard of genomic surveillance, NGS, allows for unbiased
identification of mutations, but is limited by its relatively slow
sample-to-result turnaround time and level of laboratory
infrastructure and scientific expertise required. Furthermore,
the relatively high costs of NGS increase the financial burden
on establishing a widespread VOC-tracking strategy, a limiting
factor particularly for resource-limited settings. Therefore,
mutation-specific PCR-based approaches that are more cost-
efficient and allow for high-throughput screening of a
significant proportion of SARS-CoV-2-positive individuals
were developed.'”"> To identify the transmission dynamics
of VOCs in settings with limited sequencing capabilities, we
have designed rapid and cost-efficient RT-qPCR assays
detecting relevant mutations in the spike protein of SARS-
CoV-2. The N501Y mutation is found in the Alpha, Beta, and
Gamma VOCs, while the E484K mutation is restricted to Beta
and Gamma variants. The Alpha variant is characterized by an
additional spike gene deletion (AHV69/70). To further
simplify, decentralize, and speed up the process of VOC
identification, we transformed our assay to a portable and
inexpensive qPCR device, named peakPCR.'® The device can
complete up to 20 RT-qPCR reactions in less than 40 min.
Important characteristics of peakPCR are the relatively low
cost of production and the simplicity of usage. By using
cartridges that are preloaded with lyophilized RT-qPCR
reagents, the user interaction is reduced to loading the sample
onto the cartridge. Furthermore, the preloaded peakPCR
cartridges can easily be shipped and stored at room
temperature, making cold chains superfluous. Here, we report
the development of a new approach for rapid, robust, and
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decentralized identification of SARS-CoV-2 VOCs that can be
both run on standard laboratory RT-qPCR equipment and the
portable and rapid diagnostic technology platform peakPCR.

B MATERIALS AND METHODS

SARS-CoV-2 Cell Culture Supernatants and Clinical
Samples for Assay Evaluation. The cultivation of SARS-
CoV-2 was carried out in a Biosafety level 3 laboratory and
conducted under appropriate safety conditions. Three different
VOC lineages of SARS-CoV-2, namely, B.1.1.7, B.1.351, and
P.1 provided from the University Hospital of Geneva,
Laboratory of Virology, were grown on VeroE6/TMPRSS2
cells obtained from the Centre for AIDS Reagents (National
Institute for Biological Standards and Control)."”'® The day
before infection, VeroE6/TMPRSS2 cells were seeded at 2 X
10° cells per T75 flask in Dulbecco’s modified Eagle medium
(DMEM) (Seraglob, Switzerland) supplemented with 10%
fetal bovine serum (FBS) (Merck, Germany) and 2% SEeticin
(Seraglob, Switzerland). On the day of infection, the cells
reached about 70—90% confluency. The growth medium was
removed and replaced with S mL of infection medium
(DMEM + 2% FBS + 2% SEeticin). Cells were inoculated
with 70 yL of SARS-CoV-2 swab material and incubated for 1
h at 37 °C, 5% CO2, and >85% humidity. After adsorption, 10
mL of the infection medium was added to each flask. Cells
were observed for cytopathic effects (CPE) for 3—6 days using
an EVOSTM FL digital inverted microscope. When CPE
reached 40—100%, the supernatant was collected, cleared from
cell debris by centrifugation (10 min at 500 g), and samples
were aliquoted and frozen. TCID50 was determined on
VeroE6/TMPRSS2 cells. Virus was inactivated with Qiazol,
and RNA was extracted with RNeasy Plus Universal Mini Kit
(Qiagen, Germany).

As a positive control and for initial assay evaluation, a 1869
bp long synthetic SARS-CoV-2 spike gene fragment (genome
position 21,557—23,434 bp), based on the sequence of B.1.1.7,
was synthesized (Eurofin Genomics, Ebersberg, Germany; the
sequence is provided in Figure S1). Using a serial dilution of
the synthetic spike gene, a calibration curve ranging from 0.05
to 50,000,000 copies/uL was prepared (data provided in
Figure S2). The initial viral copy number per yL (cp/uL) of
the cell culture-derived RNA from SARS-CoV-2 was estimated
using the calibration curve’s y-intercept and its slope. Serial
dilutions of the RNA extracted from the culture supernatants
of SARS-CoV-2 isolates Wuhan Hu-1, B.1.1.7, B.1.351, and
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P.1, ranging from 0.1 to 1,000,000 cp/uL, was prepared and
used to evaluate the assays’ performance on both RT-qPCR
platforms. Additionally, a SARS-CoV-2 RT-qPCR diagnostic
assay, targeting the envelope (E) gene, published by the
Institute of Virology at Charité (Berlin, Germany), was used as
a positive control for viral RNA on both platforms."’

Designing HV69/70-Deletion-, E484K-, and N501Y-
Specific RT-gPCR Assays. We developed assays targeting the
HV69/70-deletion, the E484K-, and N501Y-single-nucleotide
polymorphisms (SNPs). For standard RT-qPCR platforms like
the Bio-Rad CFX96 device, multiplex assays were developed.
The multiplex assays are able to detect both sequence
variations, the wildtype and mutated, in a single RT-qPCR
reaction. For the rapid identification of mutations of interest
for mobile and rapid RT-qPCR platforms, such as the
peakPCR device, only the mutated sequence variation is
detected, and no multiplex amplification is performed. SNP
discrimination was enhanced by using primers and probes
containing locked nucleic acids (LNAs). Sequence analysis and
primer design were performed using the Geneious Prime
2021.0.3 software. All oligos, including the LNAs, were
synthesized at Microsynth AG (Balgach, Switzerland), and
details are provided in Table 1.

SARS-CoV-2 HV69/70-, E484K-, and N501Y-Specific
RT-qPCR Assays. The HV69/70-, E484K-, and NS501Y-
specific assays were performed using the Bio-Rad CFX96 real-
time PCR System (Bio-Rad Laboratories, California, USA). A
RT-qPCR run was completed within 1 h and 10 min using the
following thermal profile: reverse transcription step at 50 °C
for S min; polymerase activation at 95 °C for 20 s; and 45
cycles of 3 s at 95 °C and 30 s at 61 °C. Each reaction
consisted of 2 L of RNA and 8 uL of reaction master mix
containing 1X TagMan Fast Virus 1-Step Master Mix (Thermo
Fisher Scientific, Leiden, The Netherlands) and the corre-
sponding 1X primer/probe mixture consisting of 0.4 uM
primers and 0.2 M probes. All RT-qPCR assays were run in
duplicates with appropriate controls. The mutated sequences
were detected by Fluorescein (FAM)-labeled probes and the
wildtype sequences by Yakima yellow (YYE)-labeled probes in
multiplex reactions. Data analysis of the RT-qPCR data was
conducted using the CFX Maestro Software (Bio-Rad
Laboratories, California, USA). RT-qPCR amplification
efficiencies were calculated based on the slope of the standard
curve, as described elsewhere.?’

The HV69/70-, E484K-, and NSO01Y-specific RT-qPCR
assays were transferred to the peakPCR platform (Diaxxo AG,
Zurich, Switzerland) on which FAM-labeled probes detected
the mutated sequence variations only. In order to simplify the
testing procedure for the user, the peakPCR aluminum sample
holders (herein referred to as cartridges) were preloaded with
all necessary reagents in the freeze-dried form. Lyophilized
cartridges were loaded with 4.4 uL of sample, sealed off with
1.2 mL of paraffin oil (Sigma-Aldrich, Germany), and run on
the peakPCR device using the following program: reverse
transcription step at 50 °C for S min; initial denaturation at 95
°C for 60 s; and 45 cycles of 6 s at 95 °C and 30 s at 62 °C.
The total runtime of a peakPCR experiment was 37 min.
PeakPCR data were analyzed using the peakPCR dataAnalysis
1.0 software (Diaxxo AG, Zurich, Switzerland). No drop in
performance was observed when lyophilized reagents were
used compared to nonlyophilized standard RT-qPCR reagents
(Figure S3).

Evaluation of Diagnostic Performance with Clinical
Samples. Clinical evaluation was conducted using RNA
extracted from SARS-CoV-2-positive samples collected in
Equatorial Guinea. Sample collection and analysis was done
as part of a research collaboration with the Equato-Guinean
Ministry of Health and Social Welfare and was enabled by
several presidential emergency decrees. All patient data were
fully anonymized, and publication was approved by the
National Technical Committee for the Response and
Monitoring of the Novel Coronavirus (Comité Técnico
Nacional de Respuesta y Vigilancia del Nuevo Coronavirus),
which is charged with preventing, containing, controlling,
tracking, and evaluating the development and evolution of
COVID-19 in Equatorial Guinea.

MinlON SARS-CoV-2 Whole Genome Sequencing. A
total of 59 SARS-CoV-2-positive samples from Equatorial
Guinea were selected for reconfirmation using WGS by
MinION (Oxford Nanopore Technologies, Oxford, UK)
according to the open-source ARTIC protocol (https://artic.
network/ncov-2019). Sample preparation for MinION se-
quencing was based on the ARTIC Network nCoV-2019
sequencing protocol v2*' and v3.”> The RNA samples were
diluted in nuclease-free water according to their cycle
threshold value in the diagnostic RT-qPCR. (Cq <15: 1:100
dilution, Cq 15—18: 1:10 dilution) for cDNA synthesis, for
which either SuperScript IV Reverse Transcriptase (Thermo
Fisher Scientific, USA) or LunaScript RT SuperMix (New
England BioLabs, USA) was used with random hexamer
primers. A total of 218 primer pairs covering the whole virus
genome were used for PCR amplification.”® The ligation
sequencing kit (Oxford Nanopore Technologies, UK) was
used for library preparation. Sequencing was conducted on a
FLO-MIN106 (R9.4.1) flow cell. Base calling was performed in
real time on a MinlON Mklc using MinKNOW version
20.10.6. The ARTIC Network bioinformatics protocol was
followed for data analysis.”* Consensus sequences were
generated with the Wuhan Hu-1 isolate (GenBank accession
number MN908947.3) as a reference sequence. Variants were
called using Nanopolish and Medaka. Lineage assignment was
done using the pangolin tool.”> All sequences are deposited in
GISAID.

B RESULTS

Design of RT-qPCR Assays for the Rapid Identifica-
tion of SARS-CoV-2 VOCs. Three mutation-specific RT-
qPCR assays based on TagMan chemistry were designed. The
first assay targets the 6 bp deletion in the spike gene, leading to
the loss of two amino acids at positions 69 and 70 within the
spike protein (HV69/70 assay). This deletion is found in the
Alpha VOC, but not in Beta or Gamma VOCs. Universal
primers amplify a 102-bp (wildtype) or 96-bp (mutant)
amplicon. Based on the presence or absence of the deletion,
either a FAM-labeled probe or YYE-labeled probe binds, and
the resulting fluorescence is detected. The second assay targets
a nonsynonymous SNP in the spike gene (A23011G), leading
to an amino-acid exchange at positions 484 (E484K). The
E484K mutation is only present in Beta and Gamma VOCs. In
a multiplex reaction, a YYE-labeled probe detects the wildtype
and a FAM-labeled probe the mutated sequence. The third
assay targets a nonsynonymous SNP in the spike gene
(A23063T), leading to an amino-acid exchange at positions
501 (NSO1Y). The NSO1Y mutation is present in Alpha, Beta,
and Gamma VOC:s. Similar to the E484K assay, a YYE-labeled
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Figure 1. RT-qPCR platforms for SARS-CoV-2 VOC identification. (A) Standard RT-qPCR device Bio-Rad CFX96. (B) Detection of NSO1Y-wt
in serial dilution of Wuhan Hu-1 lineage, ranging from 1 to 10,000 cp/uL using the YYE channel of the Bio-Rad CFX96 instrument. (C) Detection
of NSO1Y-mut in serial dilution of P.1 lineage, ranging from 1 to 1,000,000 cp/uL using the FAM channel of the Bio-Rad CFX96 instrument. (D)
Portable and rapid diagnostic platform peakPCR. (E) Ready-to-use cartridges with preloaded lyophilized RT-qPCR reagents. (F) Photograph after
cycle 45, detecting fluorescence in each well with a CCD sensor. The depicted well marked with a white circle contains a positive signal after RT-
gqPCR amplification, while the negative sample, marked with a red circle, did not display amplification of a PCR product.

probe detects the wildtype and a FAM-labeled probe the
mutated sequence. A summary of the oligonucleotide
sequences used is provided in Table 1. Wildtype sequences
are defined as the nucleotide sequences of the original Wuhan
Hu-1 isolate published.”®

The novel assays were run on two different RT-qPCR
platforms in parallel. On the Bio-Rad CFX96 platform (Figure
1A), three sequence-discriminatory assays were run as duplex
assays, detecting the wildtype sequence in the YYE channel
(Figure 1B) and the mutated sequence in the FAM channel
(Figure 1C). As a second technology platform, the peakPCR
device was selected (Figure 1D), which is a portable and rapid
diagnostic technology platform running the RT-qPCR reaction
on ready-to-use cartridges (Figure 1E). Fluorescence is
detected using the Raspberry Pi Camera Module V2 as an
inexpensive charge-coupled detector (CCD) sensor (Figure
1F). For the peakPCR device, the multiplex assays were
reduced to mutation-specific assays, capable of detecting the
mutated sequences only.

Analytical Performance of HV69/70, E484K, and
N501Y Assays Using Well-Characterized RNA from
SARS-CoV-2 VOCs. Four SARS-CoV-2 lineages, namely,
Wuhan Hu-1 (wildtype, non VOC), B.1.1.7 (Alpha VOC),
B.1.351 (Beta VOC), and P.1 (Gamma VOC), were used to
assess the RT-qPCR efficiency, specificity, and sensitivity of
novel mutation-specific assays. We used serial dilutions,
ranging from 0.1 to 1,000,000 cp/uL, of cell culture-derived
viral RNA for assay characterization. The presence and
quantity of RNA molecules in these serial dilutions were
confirmed by monitoring the pan-Sarbecovirus E-gene
amplification (Figure 2A). Mutation-specific assays for
HV69/70 (Figure 2B), E484K (Figure 2C), and NSO01Y
(Figure 2D) were run on both platforms, while wildtype-
specific assays were solely run on the Bio-Rad CFX96 platform.

The data provided in Figure 2 were used to obtain the RT-
gPCR amplification efficiencies, sensitivities, and specificities
shown in Figure 3. High amplification efficiencies (>90%) were
obtained for the E-gene, the HV69/70 and E484K assays on
the Bio-Rad CFX96 platform, and for the E-gene and E484K
assays on the peakPCR device. All other assays achieved
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amplification efficiencies >80%, which is considered moderate
(Figure 3A). The analytical sensitivity of the assays was defined
as the lowest viral RNA concentration at which mutations are
identified in >80% of replicates. We used the detection rate
among all four SARS-CoV-2 lineages to identify the limit of
detection (LOD) (Figure 3B). For the E-gene, HV69/70, and
E484K assay, a detection rate of 100% was achieved at a viral
RNA concentration as low as 10 cp/uL. At the same
concentration for the NSO1Y assay, S out of 6 replicates
(83%) were amplified. At the LOD of 10 cp/uL (dashed line in
Figure 3B), no difference between the two RT-qPCR platforms
in terms of sensitivity was observed. Viral RNA concentrations
below 10 cp/uL cannot be detected, with the exception of the
HV69/70 assay run on the Bio-Rad CFX96 device, where 1
cp/pL is still reliably detected.

The specificity of all three assays and their ability to
distinguish between mutated and wildtype sequences were
assessed by testing the assays with RNA from SARS-CoV-2 cell
culture supernatants. On both platforms, no signal was
observed at any viral RNA concentration if there was not a
perfect sequence match of the oligos to the nucleotide
sequence to be detected, resulting in a 100% analytical
specificity. At a viral RNA concentration of 10,000 cp/uL, the
HV69/70, E484K, and NS501Y genotypes were all correctly
identified among wildtype, Alpha, Beta, and Gamma SARS-
CoV-2 strains (Figure 3C). The mutation-specific probe of the
HV69/70 assay gave a signal only when run with RNA of the
Alpha VOC carrying the mutation. The E484K-mutation assay
did not result in amplification when run on RNA from
wildtype non-VOC Wuhan Hu-1 lineage and Alpha VOC. The
NS501Y-mutation assay correctly detected all VOCs but not the
wildtype non-VOC Wuhan Hu-1 lineage. In summary, the
three assays correctly identify lineage-associated mutations
with moderate to high RT-qPCR efliciencies in samples with
more than 10 cp/uL of SARS-CoV-2 RNA. We also
demonstrated that these assays can be successfully conducted
on the rapid diagnostic platform peakPCR, and the perform-
ance in terms of sensitivity and specificity does not significantly
differ between these two RT-qPCR platforms.
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Figure 2. RT-qPCR performance of novel SARS-CoV-2 mutation-specific assays. (A) SARS-CoV-2 E-gene reference assay, (B) HV69/70 assay,
(C) E484K assay, and (D) NSO1Y assay. Each circle represents a technical replicate. Mutation-specific assays were run on both platforms, while
wildtype-specific assays were only run on the Bio-Rad CFX96 platform. For the Wuhan Hu-1 lineage, the two highest RNA concentrations of
1,000,000 and 100,000 cp/uL were not available. Tests for performance on the peakPCR device used the 1,000,000, 10,000, 100, 10, and 1 cp/uL
concentrations. The Cq values for samples without amplification are set arbitrarily to 46 for the peakPCR and to 47 for Bio-Rad CFX96 devices.
Data points within the gray area are considered negative (Cq values >45).

Clinical Performance of HV69/70, E484K, and N501Y between November 2020 and March 2021 for further
Detecting RT-qPCR Assays. We used 59 clinical samples evaluation of all three mutation-specific RT-qPCR assays.
positive for SARS-CoV-2 collected in Equatorial Guinea The outcome of the RT-qPCR assays was compared to
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Figure 3. Analytical performance of HV69/70, E484K, and NSO1Y detecting RT-qPCR assays. (A) RT-qPCR amplification efficiency of the E-
gene, HV69/70, E484K, and NS501Y assays as determined by serial dilutions of RNA derived from four cell culture supernatant SARS-CoV-2
lineages. Amplification efficiencies >80% are considered moderate (dashed lines). (B) Analytical sensitivity represented by detection rates
calculated from all replicates for each viral RNA concentration. The LOD was defined as the lowest concentration at which >80% of replicates were
amplified. The dashed line represents the LOD of 10 copies per yL. (C) Analytical specificity for the multiplex sequence-discrimination assays run
on the Bio-Rad CFX96 device. The data shown are based on RT-qPCR amplification for viral RNA concentrations of 10,000 cp/uL. Data points

within the gray area are considered negative (Cq values >45).

Table 2. Performance Evaluation of HV69/70, E484K, and N501Y Detecting RT-qPCR Assays Using Clinical Samples

SARS-CoV-2 lineage Mutation profile” n HV69/70
wild type” HV69/70, E484, N501 14 14/14
alpha (B.1.1.7) A69/70, E484, 501Y 1 0/1
beta (B.1.351) HV69/70, 484K, 501Y 43 43/43
B.1.620 A69/70, 484K, N501 1 0/1

A69/70 E484 484K NS501 501Y
0/14 14/14 0/14 14/14 0/14
1/1 1/1 0/1 0/1 1/1
0/43 0/43 43/43 0/43 43/43
1/1 0/1 1/1 0/1 0/1

“Based on SARS-CoV-2 WGS. “Includes the following SARS-CoV-2 lineages: B.1, B.1.1, B.1.177, B.1.192, B.1.36.10, B.1.535, B.1.596, B.1.623.

Nanopore MinION-based SARS-CoV-2 WGS data obtained
from the same clinical samples (Table 2). The HV69/70 assay
identified the spike gene deletion A69/70 correctly in 2 out of
2 samples, while for all other samples, in accordance with
WGS, the wildtype HV69/70 genotype was found. The E484K
assay accurately identified the 484K SNP in 43 samples with
the Beta VOC and in one sample assigned to the B.1.620
lineage. The NS501Y assay correctly identified the S01Y
mutation in one confirmed Alpha VOC sample and 43
confirmed Beta VOC samples. In summary, the evaluation with
clinical samples resulted in a 100% agreement between the
novel mutation-specific RT-qPCR assays and SARS-CoV-2
WGS.

Investigating the Introduction and Spread of SARS-
CoV-2 Beta VOC in Equatorial Guinea Using Mutation-
Specific RT-gPCR Assays. In total, we analyzed 184 SARS-
CoV-2-positive samples from Equatorial Guinea using all three
mutation-specific RT-qPCR assays collected from November
2020 to March 2021 (Figure 4A). While between November
and December 2020, all samples were wildtype for the three
spike gene mutations associated with SARS-CoV-2 VOCs,
starting from January 2021, more than 85% (102/119) of
samples carried the 484K + 501Y mutant combination. The
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WGS analysis of a subset of these samples revealed an
expansion of the SARS-CoV-2 Beta VOC (lineage B.1.351) in
Equatorial Guinea (Figure 4B). Other combinations of
mutations of interest were also found, the sample with A69/
70 + SO1Y was identified as the Alpha variant (B.1.1.7 lineage),
and the sample with A69/70 + 484K was identified as the
B.1.620 lineage. In summary, these RT-qPCR-based assays
enable rapid and cost-effective genotyping of larger numbers of
clinical samples, resulting in a more accurate reflection of
SARS-CoV-2 epidemiology and their local transmission
dynamics.

B DISCUSSION

The COVID-19 pandemic is a continuous, unprecedented,
global public health crisis with severe economic and social
consequences.”” More than 1 year into the pandemic, the
emergence of VOCs starts to pose again a serious threat to
contain the virus. Rapid and reliable identification of SARS-
CoV-2 variants is a critical component of public health
interventions to mitigate the further spread of VOCs that
might undermine the performance of diagnostic tests and
vaccine-induced immunity against this virus.”*
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Figure 4. Rapid detection of SARS-CoV-2 VOC-associated mutations using HV69/70, E484K, and N5S01Y RT-qPCR assays. (A) Identification of
spike gene mutations using HV69/70, E484K, and N501Y RT-qPCR assays in 184 clinical samples collected in Equatorial Guinea from November
2020 to March 2021. (B) Identification of SARS-CoV-2 lineages using Nanopore MinION SARS-CoV-2 WGS in 59 clinical samples collected in

Equatorial Guinea from November 2020 to March 2021.

We designed, tested, and validated three mutation-specific
RT-qPCR assays, detecting the E484K and NS01Y SNPs as
well as the 6-bp deletion affecting HV69/70, all located in the
SARS-CoV-2 spike gene. All assays can be performed under
standard RT-qPCR conditions, simplifying integration into
existing laboratory environments, and the assays proved to be
highly sensitive, specific, and reproducible. We demonstrated
the usefulness of such screening assays to rapidly identify
potential VOCs using clinical samples. Using our assays, we
were able to observe the introduction and spread of the
B.1.351 lineage in Equatorial Guinea. It is noteworthy that it
took less than 4 weeks for the B.1.351 lineage to become the
dominant lineage in this cohort. Using more than one VOC
marker enabled us to identify SARS-CoV-2 variants with an
unusual combination of mutations, such as the E484K plus the
HV69/70 deletion. This sample was later assigned to the
SARS-CoV-2 lineage B.1.620, which is most likely of Central
African origin and has recently been described in several
countries in Europe.29

The approach presented here is well suited for cost-effective,
robust, and high-throughput screening of large cohorts.
Mutation-specific RT-qPCRs are not intended to replace
NGS, but rather complement and extend molecular
surveillance programs and focal outbreak monitoring. During
the preparation of this manuscript, the WHO had designated
the lineage B.1.617.2 as the fourth VOC. The Delta variant
(lineage B.1.617.2) was first documented in India, where it has
contributed to the surge in cases and has now been detected
across the globe.”” Based on the perfect mismatch discrim-
ination of LNA-based assays and the simplicity of this type of
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assay in both design and implementation will allow for rapid
adaptation of our approach to B.1.617.2 and also to newly
emerging VOCs identified in future.

A similar LNA-based approach for the detection of N501Y
and HV69/70 has been successfully tested in Canada on 2430
samples.”’ The results of their in-house assay were concordant
with the commercial assay VirSNiP SARS-CoV-2 (TIB
Molbiol, Berlin, Germany), which is based on melting-curve
analysis. This underlines the possibility of using LNA-based
RT-qPCR assays for single-nucleotide discrimination as
opposed to using melting-curve analysis. Although the SARS-
CoV-2 SNP genotyping by melting-curve analysis is widely
used,”” the LNA-based approach has several advantages: it is
faster, easier to integrate into existing laboratory workflows,
and could be combined with a diagnostic assay, allowing
immediate genotyping. Furthermore, LNA-based sequence-
discriminatory assays are better suited to identify the presence
of more than one lineage of SARS-CoV-2 in a single sample, a
phenomenon which was recently observed in Brazil.”’

To reduce the sample-to-result turnaround time in routine,
decentralized testing settings, our strategy included the transfer
of these assays to a portable, robust, and rapid diagnostic RT-
qPCR platform. Starting from extracted RNA, the peakPCR
platform completed sample analysis in 37 min, which is half of
the time required to run the same assay on a standard RT-
qPCR platform, while retaining comparable efliciency,
specificity, and sensitivity. For the first time, we show that
complex RT-qPCR-based genotyping assays can be transferred
to the rapid and portable peakPCR platform. Apart from the
speed and simplicity of usage, the relatively low costs of
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equipment and reagents make this platform interesting. The
peakPCR device costs are an estimated $2500, a fraction of the
price at which commercially available qPCR devices are being
sold, and because of the lower reaction volume used in
peakPCR experiments (4 uL), the cost per preloaded and
freeze-dried 20-well cartridge is kept similar to the reagent
costs for a standard RT-qPCR reaction. Future technological
developments will focus on simplified sample-preprocessing
strategies to replace the RNA extraction step completely. This
would allow the placement of this molecular diagnostic
platform in peripheral health care settings. Furthermore, the
deployment of cartridges preloaded with lyophilized reagents
independent from the cold chain for reagent supply is a
significant technological advantage that makes this platform
well suited for decentralized, rapid molecular testing of
infectious diseases, particularly in resource-limited settings.
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A RTl C L E W) Check for updates

Emergence and spread of SARS-CoV-2 lineage
B.1.620 with variant of concern-like mutations
and deletions

Distinct SARS-CoV-2 lineages, discovered through various genomic surveillance initiatives,
have emerged during the pandemic following unprecedented reductions in worldwide
human mobility. We here describe a SARS-CoV-2 lineage - designated B.1.620 - discovered
in Lithuania and carrying many mutations and deletions in the spike protein shared with
widespread variants of concern (VOCs), including E484K, S477N and deletions HV69A,
Y144A, and LLA241/243A. As well as documenting the suite of mutations this lineage
carries, we also describe its potential to be resistant to neutralising antibodies, accompanying
travel histories for a subset of European cases, evidence of local B.1.620 transmission in
Europe with a focus on Lithuania, and significance of its prevalence in Central Africa owing to
recent genome sequencing efforts there. We make a case for its likely Central African origin
using advanced phylogeographic inference methodologies incorporating recorded travel
histories of infected travellers.

A full list of authors and their affiliations appears at the end of the paper.
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ver a year into the pandemic and with an unprecedented

reduction in human mobility worldwide, distinct SARS-

CoV-2 lineages have arisen in multiple geographic areas
around the world!~3. New lineages are constantly appearing (and
disappearing) all over the world and may be designated variant
under investigation (VUI) if considered to have concerning
epidemiological, immunological or pathogenic properties. So far,
four lineages (i.e. B.1.1.7, B.1.351, P.1 and B.1.617.2 according
to the Pango SARS-CoV-2 lineage nomenclature*®) have been
universally categorised as variants of concern (VOCs), due to
evidence of increased transmissibility, disease severity and/or
possible reduced vaccine efficacy. An even broader category
termed variant of interest (VOI) encompasses lineages that are
suspected to have an altered phenotype implied by their mutation
profile.

In some cases, a lineage may rise to high frequency in one
location and seed others in its vicinity, such as lineage B.1.177 that
became prevalent in Spain and was later spread across the rest of
Europe?. In others, reductions in human mobility, insufficient
surveillance and passage of time allowed lineages to emerge and rise
to high frequency in certain areas, as has happened with lineage
A23.1 in Uganda® a pattern reminiscent of holdover HINI
lineages discovered in West Africa years after the 2009 pandemic’.
In the absence of routine genomic surveillance at their origin
location, diverged lineages may still be observed as travel cases or
transmission chains sparked by such in countries that do have
sequencing programmes in place. A unique SARS-CoV-2 variant
found in Iran early in the pandemic was characterised in this way®,
and recently travellers returning from Tanzania were found to be
infected with a lineage bearing multiple amino acid changes
of concern’. As more countries launch their own SARS-CoV-2
sequencing programmes, introduced strains are easier to detect
since they tend to be atypical of a host country’s endemic SARS-
CoV-2 diversity, particularly so when introduced lineages have
accumulated genetic diversity not observed previously, a phenom-
enon that is characterised by long branches in phylogenetic trees. In
Rwanda, this was exemplified by the detection of lineage B.1.380°,
which was characteristic of Rwandan and Ugandan epidemics at the
time. The same sequencing programme was then perfectly posi-
tioned to observe a sweep where B.1.380 was replaced by lineage
A.23.1%, which was first detected in Ugandal?, and to detect the
country’s first cases of B.1.1.7 and B.1.351. Similarly, sequencing
programmes in Europe were witness to the rapid displacement of
pan-European and endemic lineages with VOCs, primarily B.1.1.7
(e.g- Lyngse et al.l1).

Given the appearance of VOCs towards the end of 2020 and
the continued detection of previously unobserved SARS-CoV-2
diversity, it stands to reason that more variants of interest (VOIs),
and perhaps even VOCs, can and likely do circulate in areas of
the world where access to genome sequencing is not available nor
provided as a service by international organisations. Lineage
A.23.110 from Uganda and a provisionally designated variant of
interest A.VOLV2® from Tanzania might represent the first
detections of a much more diverse pool of variants circulating in
Africa. We here describe a similar case in the form of a lineage
designated B.1.620 that first caught our attention as a result of
what was initially a small outbreak caused by a distinct and
diverged lineage previously not detected in Lithuania, bearing
multiple VOC-like mutations and deletions, many of which
substantially alter the spike protein.

The first samples of B.1.620 in Lithuania were redirected to
sequencing because they were flagged by occasional targeted PCR
testing for SARS-CoV-2 spike protein mutation E484K repeated
on PCR-positive samples. Starting April 2nd 2021, targeted
E484K PCR confirmed a growing cluster of cases with this
mutation in Anyks$¢iai municipality in Utena county with a total

of 43 E484K™ cases out of 81 tested by April 28th (Supplementary
Fig. S1). Up to this point, the Lithuanian genomic surveillance
programme had sequenced over 10% of PCR-positive SARS-
CoV-2 cases in Lithuania and identified few lineages with E484K
circulating in Lithuania. During initial B.1.620 circulation in
Lithuania the only other E484K-bearing lineages in Lithuania had
been B.1.351 (one isolated case in Kaunas county, and 12 cases
from a transmission chain centred in Vilnius county) and
B.1.1.318 (one isolated case in Alytus county), none of which had
been found in Utena county despite a high epidemic sequencing
coverage in Lithuania (Supplementary Fig. S2).

An in-depth search for relatives of this lineage on GISAID!?
uncovered a few genomes from Europe initially, though more
continue to be found since B.1.620 received its Pango lineage
designation which was subsequently integrated into GISAID. This
lineage now includes genomes from a number of European
countries such as France, Switzerland, Belgium, Germany, Eng-
land, Scotland, Italy, Spain, Czechia, Norway, Sweden, Ireland,
and Portugal, North America: the United States (US) and Canada,
and most recently The Philippines and South Korea in Asia.
Interestingly, a considerable proportion of initial European cases
turned out to be travellers returning from Cameroon. Since
late April 2021, sequencing teams operating in central Africa,
primarily working on samples from the Central African Republic,
Equatorial Guinea, the Democratic Republic of the Congo, Gabon
and lately the Republic of Congo have been submitting B.1.620
genomes to GISAID.

We here describe the mutations and deletions the B.1.620
lineage carries, many of which were previously observed in
individual VOCs, but not in combination, and present evidence
that this lineage likely originated in central Africa and is likely to
circulate in the wider region where its prevalence is expected to be
high. By combining collected travel records from infected patients
entering different European countries, and by exploiting this
information in a recently developed Bayesian phylogeographic
inference methodology!3!4, we reconstruct the dispersal of line-
age B.1.620 from its inferred origin in the Central African
Republic to several of its neighbouring countries, Europe and the
US. Finally, we provide a description of local transmission in
Lithuania, France, Spain, Italy, and Germany through phyloge-
netic and phylogeographic analysis, and in Belgium through the
collection of travel records.

Results

B.1.620 carries numerous VOC mutations and deletions.
Lineage B.1.620 attracted our attention due to large numbers of
unique mutations in B.1.620 genomes from Lithuania in next-
clade analyses (its genomes are 18 mutations away from nearest
relatives and 26 from reference strain Wuhan-Hu-1), and those
genomes initially being assigned to clade 20A, corresponding to
B.1 in Pangolin nomenclature*>. Meanwhile, Pangolin (using the
2021-04-01 version of pangoLEARN) variously misclassified
B.1.620 genomes as B.1.177 or B.1.177.57 and occasionally as
correct but unhelpful B.1, prior to the official designation of
B.1.620 by the Pango SARS-CoV-2 lineage nomenclature team.
To this day even after official designation Pangolin still often
struggles with B.1.620 sequences and classifies them as various
VOC:s (often as B.1.1.7) when not used in the new UShER mode
and vice versa sometimes classifies non-B.1.620 genomes as
B.1.620. Closer inspection of B.1.620 genomes revealed that this
lineage carries a number of mutations and deletions that have
been previously observed individually in VOCs and VOIs (Fig. 1
and Supplementary Fig. S3), but had not been seen in combi-
nation. Despite sharing multiple mutations and deletions with
known VOCs (most prominently HV69/70A, LLA241/243A,
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Fig. 1 Lineage-defining SNPs of lineage B.1.620. Only SNPs that differentiate B.1.620 (genomes outlined with a dashed line) from the reference (GenBank
accession NC_045512) and that are shared by at least two B.1.620 genomes are shown in the condensed SNP alignment. Sites identical to the reference are
shown in grey, changes from the reference are indicated and coloured by nucleotide (green for thymidine, red for adenosine, blue for cytosine, yellow for
guanine, dark grey for ambiguities, black for gaps). The first 100 and the last 50 nucleotides are not included in the figure but were used to infer the
phylogeny. If a mutation results in an amino acid change, the column label indicates the gene, reference amino acid, amino acid site, and amino acid change
in brackets. The phylogeny (branch lengths in the number of mutations) on the right shows the relationships between depicted genomes and was rooted
on the reference sequence with coloured circles at the tips indicating the country from which the genome came. Posterior probabilities of nodes leading up
to lineage B.1.620 are shown near each node with the long branch leading to lineage B.1.620 labelled as ‘B.1.620'".

S477N, E484K and P681H), lineage B.1.620 does not appear to be
of recombinant origin (Supplementary Fig. S4).

Through travel-related cases of B.1.620 discussed later we
suspected Cameroon as the immediate source of this lineage and
therefore sought to identify close relatives of this lineage there.
While genomic surveillance in Cameroon has been limited, the
genomes that have been shared on GISAID are quite diverse and
informative. A handful appears to bear several mutations in
common with lineage B.1.620 and could be its distant relatives
(Fig. 1). Synonymous mutations at site 15324 and S:T1027I
appear to be some of the earliest mutations that occurred in the
evolution of lineage B.1.620, both of which are found in at least
one other lineage associated with Cameroon (B.1.619), followed
by S:E484K which also appears in genomes closest to lineage
B.1.620. Even though the closest genomes to B.1.620 were
sequenced from samples collected in January and February,
lineage B.1.620 has 23 changes (mutations and deletions) leading
up to it compared to the reference. During this study, SARS-CoV-
2 genomes collected in January-March 2021 from the Central
African Republic were deposited on GISAID, but none of them
resembles forebearer or sibling lineages to B.1.620.

B.1.620 is likely to escape antibody-mediated immunity. Like
most currently circulating variants, B.1.620 carries the D614G
mutation, which enhances infectivity of SARS-CoV-2, likely through

enhanced interactions with the ACE2 receptor by promoting the up-
conformation of the receptor-binding domain (RDB)!°. Furthermore,
B.1.620 contains P26S, HV69/70A, V126A, Y144A, LLA241/243A
and H245Y in the N-terminal domain (NTD) of the spike protein.
The individual V126A and H245Y substitutions are still largely
uncharacterised to the best of our knowledge, but might be coun-
terparts to the R246I substitution in B.1.351, and the latter may
interfere with a putative glycan binding pocket in the NTD!, All
other mutations of B.1.620 in the NTD result in partial loss of
neutralisation of convalescent serum and NTD-directed monoclonal
antibodies!”. This indicates that these mutations present in B.1.620
may have arisen as an escape to antibody-mediated immunity'8. The
spike protein of B.1.620 also carries both $477N and E484K muta-
tions in the RBD, but in contrast to other VOCs not the N501Y or
K417 mutations. Like the mutations in the NTD, $477N and E484K
individually ~enable broad escape from antibody-mediated
immunity!8. Moreover, deep mutational scanning experiments have
shown that these substitutions also increase the affinity of the RBD
for the ACE2 receptor!®. Both S477N and E484K occur on the same
flexible loop at the periphery of the RDB-ACE2 interface?0.

We have modelled the RBD-ACE2 interface with the 477N and
E484K substitutions using refinement in HADDOCK 242l
These models show that both individual substitutions and their
combination produce a favourable interaction with comparable
scores and individual energy terms to the ancestral RBD
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(Supplementary Fig. S5). Whereas S477N may modulate the loop
conformation®?, E484K may introduce new salt bridges with E35/E75
of ACE2. These results indicate that B.1.620 may escape antibody-
mediated immunity while maintaining a favourable interaction with
ACE2. The remaining mutations in the spike protein—P681H,
T10271 and D1118H—are uncharacterised to the best of our
knowledge. Of these, P681H is also located on the outer surface of
the spike protein, directly preceding the multibasic S1/S2 furin
cleavage site?3. In contrast, T10271 and D1118H are both buried in
the trimerisation interface of the S2 subunit?4.

While only limited empirical data are available, they seem to agree
with the expectation that B.1.620 is likely to be antigenically drifted
relative to primary genotypes. A report presented to the Lithuanian
government on May 22, 20212° indicated that amongst 101 sequenced
B.1.620 cases at the time, 13 were infections in fully vaccinated
individuals, five of whom were younger than 57 years old. Though
not systematised properly, sequencing indications for a substantial
number of SARS-CoV-2 genomes from Lithuania were available, of
which 213 were ‘positive PCR at least 2 weeks after the second dose
of vaccine’, of which 195 were B.1.1.7 and 12 were B.1.620. Since
detection of the first B.1.620 case on March 15, 2021, in Lithuania
~10,000 SARS-CoV-2 genomes were sequenced to date, 9251 of
which were B.1.1.7 and 248 of which were B.1.620. Thus B.1.620 is
found 2.4 times more often in vaccine breakthrough cases compared
to its population prevalence, whereas for B.1.1.7 this enrichment is
only 1.05-fold. Similarly, the frequency of B.1.620 across the five most
affected European countries (Lithuania, Germany, Switzerland,
France and Belgium) appears relatively stable though at a low level,
unlike B.1.1.7 which has been in noticeable decline since April-May
(Supplementary Fig. S6), presumably on account of increasing
vaccination rates and improving weather in Europe.

Local transmission of B.1.620 in Europe. Local transmission of
B.1.620 in Lithuania has been established as a result of mon-
itoring the outbreak in Anyks$¢iai municipality (Utena county,
Lithuania) via sequencing and repeat PCR testing of SARS-CoV-2
positive samples for the presence of E484K and N501Y muta-
tions, as well as looking for S gene target failure (SGTF) caused by
the HV69A deletion. Genotypes identical to those found initially
in Vilnius and Utena counties were later identified by sequencing
in Panevézys and Siauliai counties, indicating continued trans-
mission of lineage B.1.620 in-country. Interestingly, a single case
in Tauragé county, Lithuania, identified by sequencing was a
traveller returning from France found to be infected with a dif-
ferent genotype than the main outbreak lineage in Lithuania
without evidence of onward transmission via local contact tracing
efforts or genomic surveillance.

In addition to an ongoing disseminated outbreak of B.1.620 in
Lithuania, genomes of this lineage have been found elsewhere in
Europe. Though derived from separate introductions from the
one that sparked outbreaks in Lithuania, other B.1.620 genomes
from Europe appear to indicate ongoing transmission in Europe,
with the clearest evidence of this in Germany and France, where
emerging clades are comprised of identical or nearly identical
genotypes (Fig. 2). Presenting evidence for local transmission in
Europe, B.1.620 genomes from countries like Spain and Belgium
(also see next section) were notably picked up by baseline
surveillance and thus are likely to represent local circulation,
though presumably at much lower levels at the time of writing.
Figure 2 shows the aforementioned local transmission clusters in
Lithuania, Spain (Vilassar De Mar, province of Barcelona), France
(see below), and Germany (state of Bavaria), amongst numerous
others.

In France, nine B.1.620 genomes (EPI ISL 1789089 - EPI ISL
1789097) were recently obtained from a large contact tracing

investigation of a single transmission chain. These infections in
the municipality of Pontoise (Val d’Oise department, to the
northwest of Paris) occurred in adults (ages 24-38) who were all
asymptomatic at the time of sampling. Additional infections in
Pontoise outside of this cluster occurred in four adults (ages
29-57) and form a monophyletic cluster with the other nine
infected individuals (Supplementary Fig. S4). The putative index
case for these infections has yet to be determined through contact
tracing at the time of writing but these cases clearly point to the
B.1.620 lineage circulating in the Val d’Oise department. These
infections seem to stem from local ongoing transmission in the
Ile-de-France region, clustering with two patients ages 1 (sample
from a children’s hospital in Paris: Hopital Necker-Enfants
malades) and 69. These infections in Ile-de-France in turn cluster
with two infections from Le Havre (region of Normandy; 180km
from Pontoise), pointing to either a travel event from Normandy
to Ile-de-France or possible local transmission in the north of
France (Supplementary Fig. S4).

B.1.620 likely circulates at high frequency in central Africa. In
the absence of routine surveillance at a location, sequencing
infected travellers originating from there constitutes the next
most efficient way to monitor distinct viral populations. This
has been used successfully to uncover cryptic outbreaks of Zika
virus in Cuba2® and SARS-CoV-2 in Iran at the beginning of the
pandemic!3. The latter study describes a novel approach to
accommodate differences in sampling location and location of
infection, and is hence specifically targeted to exploit recorded
travel histories of infected individuals in Bayesian phylogeo-
graphic inference, rather than arbitrarily assigning the origin of
the sample to either location. When we first compiled our
B.1.620 genomes dataset we had seven genomes from travellers
and six were sampled in the Central African Republic (CAR)
near the border with Cameroon, indicating the most plausible
geographic region where B.1.620 is circulating widely to be
central Africa (Supplementary Fig. S7). Neighbours of countries
reporting local B.1.620 circulation (Cameroon, CAR, DRC,
Gabon, Equatorial Guinea, and later the Republic of Congo)
have either not submitted genomes to GISAID during the
study period (Chad, Sudan, South Sudan, Burundi) or have
epidemics dominated by SARS-CoV-2 lineages that are not
B.1.620 (Supplementary Fig. S8).

The collected individual travel histories themselves point to
several independent introductions of B.1.620 into Europe, with
documented cases of infected travellers returning from Cameroon
to Belgium, France and Switzerland, and from Mali to Czechia
(Fig. 3). We note that the metadata for a returning traveller from
Cameroon to Belgium (EPI_ISL_1498300) presents evidence of
ongoing local transmission within Belgium of B.1.620. Whereas
this patient had spent time in Cameroon from the 16th of January
until the 7th of February, a positive sample was only collected on
the 15th of March, 2021. Even when assuming a lengthy
infectious period of up to twenty days?’, this patient’s infection
can not stem from his prior travel to Cameroon, which indicates
an infection with B.1.620 within Belgium and hence stemming
from contact within the patient’s community. Additionally, two
Belgian patients (EPI_ISL_1688635 and EPI_ISL_1688660) were
likely infected by the former’s niece who had travelled with her
family to Cameroon and tested positive upon their return to
Belgium. These findings are reinforced by more recent samples
from Belgium, for which no travel history could be recorded and
the patients declared not having left the country.

Using a Bayesian phylogeographic inference methodology that
accommodates individual travel histories we were able to reconstruct
location-annotated phylogenies at both the continent and country
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Fig. 2 Maximum-likelihood tree of lineage B.1.620 in Europe. Relationships between B.1.620 genomes, coloured by country of origin (same as Fig. 1) with
a thicker coloured outline indicating the country of origin for travel cases. At least ten genomes shown (samples collected in Belgium, Switzerland, France
and Equatorial Guinea) are from individuals who returned from Cameroon, one is from a traveller returning from Mali and one Lithuanian case returned
from France. Genomes from the Central African Republic (CAR) and Czechia (returning traveller from Mali) are descended from the original B.1.620
genotype, while the genome from Equatorial Guinea is already closely related to genomes found in Europe and happens to be a travel case from Cameroon.
Each genome is connected to the available geographic location in Europe with the smallest circles indicating municipality-level precision, intermediate size
corresponding to county-level information (centred on county capital) and largest circle sizes indicating country-level information (centred on country

capital). Countries are assigned the same colours as in Figs. 1 and 3.

levels. Figure 4A shows the MCC tree of the continent-level
phylogeographic analysis, which yields 99.5% posterior support for
an African origin of lineage B.1.620. From this inferred African
origin, the variant then spread to different European countries via
multiple introductions, which is confirmed by our collection of travel
history records for individuals returning to these countries.
Subsequent country-level phylogeographic analysis—shown in
Fig. 4B—points to central Africa as the likely origin of this lineage,
with the Central African Republic receiving posterior support of
80.5% and Cameroon 16.8%, taking up 97.3% of the probability mass
together. Assuming a Central African Republic origin, the variant is
estimated to have spread to Europe via a series of introductions,
confirming what was also observed in our recorded travel history
records. Interestingly, a single Lithuanian case—a returning traveller
from France—does not cluster with the cluster of remaining
sequences from Lithuania, illustrative of at least two independent
introductions of lineage B.1.620 into Lithuania. Figure 4B also shows
multiple separate B.1.620 introduction events from central Africa into
the United Kingdom and the United States.

Air passenger flux out of Cameroon and Central African
Republic (Fig. 5) shows that many travellers had African

countries as their destination, including many that have not
reported any B.1.620 genomes to date. This suggests that B.1.620
could be circulating more widely in Africa and its detection in
Europe has mostly occurred in countries with recent active
genomic surveillance programmes. Detections of B.1.620 in
African states neighbouring Cameroon and Central African
Republic (Equatorial Guinea, Gabon, DRC and lately the
Republic of Congo), even at low sequencing levels, suggest that
B.1.620 may be prevalent in central Africa. We find this apparent
rise to high frequency and rapid spread across large areas of
Africa noteworthy in light of other findings reported here, namely
that currently available B.1.620 genomes appeared suddenly in
February 2021 (Fig. 3), are genetically homogeneous (Fig. 2), and
to date have no clear close relatives (Fig. 1).

Discussion

In this study, we have presented evidence that a SARS-CoV-2
lineage designated B.1.620, first detected in Europe in late Feb-
ruary, is associated with the central African region, where it
appears to circulate at high prevalence, and has been introduced
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Fig. 3 Known locations and travel history of B.1.620 cases. Collection dates of B.1.620 genomes are shown for each country (rows). Genomes from
travellers are outlined with colour indicating travel of origin (e.g. dark red for Cameroon) and connected to a smaller dot indicating which country’s
diversity is being sampled at the travel destination. Bars at the top indicate the number of genomes of B.1.620 available for a given date across all countries.

Countries are assigned the same colours as in Fig. 1.

into Europe, North America, and Asia on multiple occasions. A
fair number of known B.1.620 genomes that were sequenced in
Europe stem from travel-related cases returning from Cameroon
(Fig. 3), and recently sequenced genomes from CAR and
Cameroon similarly belong to lineage B.1.620, suggesting that the
central African region is likely to be the immediate source of this
lineage. Importantly, our findings are quite insensitive to the
actual sequence data used. Older datasets we used dating from the
end of April 2021 (Supplementary Fig. S9) included only six
genomes from CAR and travel cases in Europe coming from
Cameroon and yet still confidently identified Cameroon as the
immediate origin of lineage B.1.620. Adding more data from CAR
(Supplementary Fig. S10) made available later made the Central
African Republic the more likely country where B.1.620 circulated
prior to spreading elsewhere, but ultimately no country other
than CAR and Cameroon are considered as remotely plausible by
the model.

Substantially higher passenger flux out of Cameroon compared
to CAR (practically an order of magnitude) is a likely explanation
for why B.1.620-infected travellers were overwhelmingly coming
to Europe from Cameroon. So far the only observation that is
difficult to explain is the Czech case returning from Mali, since
Mali is over 1000 km away from Cameroon. We consider the
introduction of B.1.620 from central Africa to Mali via land
routes improbable, since outbreaks caused by B.1.620 have not
been observed in Niger and Nigeria, the countries separating the
region from Mali. The lack of any B.1.620 genomes from Nigeria
in particular, one of the leaders in SARS-CoV-2 genome
sequencing on the continent to date, despite higher civil air
passenger volumes (Fig. 5) suggests other means of long-distance
travel between central Africa and Mali?®2°,

In addition to the multiple introductions of the B.1.620 lineage
we observe (Fig. 3) and estimate (Fig. 4) in Europe and North
America, we also found evidence of local transmission of this
lineage in Europe, with clearest evidence in Lithuania (Supple-
mentary Fig. S1) followed by Germany and France (Fig. 3), and
finally, Belgium and Catalonia, where B.1.620 genomes were
picked up by baseline surveillance and infected individuals did
not report having travelled abroad. B.1.620 is worrying for several
reasons—its genomes are genetically homogeneous—as it
appeared suddenly in February 2021 bearing a large number of
VOC-like mutations and deletions in common with multiple
VOCs (Supplementary Fig. S3), yet in the absence of any clear

close relatives or sampled antecedents (Fig. 1). The discovery of a
novel lineage bearing many mutations of concern and with
indications that they are introduced from locations where
sequencing is not routine, is concerning and such occurrences
may become an alarming norm.

The continued lack of genomic surveillance in multiple areas of
the world, let alone equitable access to vaccines to drive trans-
mission down, will continue to undermine efforts to control
SARS-CoV-2 everywhere. Without the ability to identify unusual
variants, to observe their evolution and learn from it, and to
evaluate how vaccine-induced immunity protects against them,
any response enacted by individual countries is reactive and,
much like the process of evolution that generates variants of
concern, short-sighted. The emergence of B.1.1.7 was unprece-
dented and has had a devastating impact on the state of the
pandemic, so it is concerning that similar information gaps in
global genomic surveillance still persist to this day. As an example
we have shown that B.1.620 lacks intermediate relatives, resulting
in a long branch that connects this lineage to the ancestral gen-
otype of B.1. This could be the result of gradual but unsampled
evolution, perhaps even far away from central Africa, but it could
have also happened due to unusual selection pressures in
immunosuppressed individuals®® which is hypothesised for line-
age B.1.1.7. The long branch leading to B.1.620 also means that
we can not reconstruct the order of mutations that have occurred
during the genesis of this lineage and therefore whether some
amino acid changes have allowed others to happen by altering the
fitness landscape via epistatic interactions3!. Given the number of
VOC-like mutations B.1.620 has, this is a significant loss.

Our work highlights that global inequalities, as far as infectious
disease monitoring is concerned, have tangible impacts around
the world and that until the SARS-CoV-2 pandemic is brought to
heel everywhere, nowhere is safe for long. Additionally, we
highlight the importance of collecting and sharing associated
metadata with genome sequences, in particular regarding indi-
vidual travel histories, as well as collection dates and locations, all
of which are important to perform detailed phylogenetic and
phylogeographic analysis. We only observed one single instance
where a GISAID entry was accompanied by travel information
and had to request such information for all the samples in our
core dataset by contacting each individual lab. Whereas many
labs were quick to provide the requested information, we were
certainly not able to retrieve all related individual travel histories.
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Fig. 4 Maximum clade credibility trees of lineage B.1.620 coloured by reconstructed location using the latest available data as of June 2021. A Global
phylogeny of SARS-CoV-2 genomes with branches coloured by inferred continent from a Bayesian phylogeographic analysis that makes use of individual
travel histories. Lineage B.1.620 is outlined and a horizontal bar shows the posterior probability of its common ancestor existing in a given continent. Africa
is reconstructed as the most likely location (posterior probability 0.995) where B.1.620 originated. The 95% and 50% highest posterior density (HPD)
intervals for the most recent common ancestor date of lineage B.1.620 are indicated with violin plots centred on the common ancestor. B Phylogeny of
lineage B.1.620 with branches coloured by inferred country from a Bayesian phylogeographic analysis that makes use of travel histories. A vertical bar
shows posterior probabilities of where the common ancestor of B.1.620 existed. In this analysis, Central African Republic (CAR) and Cameroon are
reconstructed as the most likely locations (with posterior probabilities of 0.805 and 0.168, respectively) of the common ancestor of lineage B.1.620. Larger
white dots at nodes indicate nodes with a posterior probability of at least 95%, while smaller grey circles indicate nodes with a posterior probability of at
least 50%. The 95% and 50% highest posterior density (HPD) intervals for the most recent common ancestor date of lineage B.1.620 are indicated with

violin plots centred on the common ancestor.

The scientific community therefore still faces the important task
of reporting and sharing such critical metadata in a consistent
manner, an aspect that has been brought to attention again
during the ongoing pandemic3233,

Methods

Study design. This study was initiated upon detection of SARS-CoV-2 strains in
Lithuania bearing spike protein amino acid substitutions E484K, $477N and
numerous B.1.1.7-like (HV69/70A and Y144A) and B.1.351-like (LLA241/243A)
deletions, amongst others. In Lithuania, repeat PCR testing of SARS-CoV-2 posi-
tive samples is occasionally carried out to detect N501Y, E484K and S gene target
failure (SGTF) caused by the HV69A deletion. Upon detection of E484K-positive
cases, samples were redirected to sequencing. Initially identified cases of B.1.620
were mistakenly classified by pangolin as B.1.177 or B.1.177.57, while nextclade3*
assigned it to clade 20A rather than the expected 20E (EU1), while highlighting that
B.1.620 sequences bore many unique mutations compared to the closest sequence.
Searching GISAID for mutations E484K, S477N and HV69/70A, which are found
in numerous VOCs individually but not in combination, identified additional
genomes that contained other mutations and deletions found in B.1.620.

We downloaded all available sequences of this lineage from GISAID in July
2021, and identified members that clearly belonged to this lineage. Prior to official
lineage designation as B.1.620, most of its genomes could be identified by the
presence of spike protein E484K and $477N mutations and the HV69/70A deletion.
Some of B.1.620 genomes were excluded from phylogenetic analyses because they

were misassembled (e.g. hCoV-19/Belgium/UZA-UA-24912930/2021 is missing
deletions characteristic of this lineage but has the mutations) or had too many
ambiguous sites (e.g. hCoV-19/France/ARA-HCL021061598501/2021) but we
recovered travel information about them regardless as this may prove useful to
perform travel history-aware phylogeographic reconstruction!3.

SARS-CoV-2 whole-genome sequencing. Every sample that tests positive for
SARS-CoV-2 by PCR in Lithuania with Ct values < 30 may be redirected by the
National Public Health Surveillance Laboratory to be sequenced by the European
Centre for Disease Prevention and Control (ECDC), Vilnius University Hospital
Santaros Klinikos (VUHSK), Hospital of Lithuanian University of Health Sciences
Kauno Klinikos (HLUHSKK), Vilnius University Life Sciences Centre (VULSC) or
Lithuanian University of Health Sciences (LUHS). Samples of this particular
lineage were sequenced by ECDC using in-house protocols, infrastructure and
assembly methods, VUHSK using Illumina COVIDSeq reagents, Illumina MiSeq
platform, and assembled with covid-19-signal®®>, HLUHSKC using Twist SARS-
CoV-2 Research Panel reagents, Illumina NextSeq550 platform, and assembled
with V-pipe3¢, LUHS using ARTIC protocol, Oxford Nanopore Technologies
MinION platform, and assembled using ARTIC bioinformatics protocol for SARS-
CoV-2, and VULSC using ARTIC V3 protocol combined with Invitrogen Collibri
reagents, Illumina MiniSeq platform, Illumina DRAGEN COVID Lineage com-
bined with an in-house BLAST v2.10.18-based assembly protocol. Samples from
CAR were sequenced using the very same ARTIC V3 protocol as the Lithuanian
University of Health Sciences (LUHS).
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Fig. 5 Total air passenger flows out of Cameroon (top) and Central African Republic (bottom) between December 2020 and April 2021. Destination
countries are sorted by total passenger volume arriving from Cameroon and Central African Republic (CAR) combined, coloured by continent (Europe in
light blue, North America in dark blue, Africa in green, and Asia in red) and limited to countries where at least 100 passengers have arrived from either
Cameroon or CAR between December 2020 and April 2021. Note the nearly order of magnitude greater passenger flux out of Cameroon compared to the
Central African Republic (CAR). Numbers above each country’s bar indicate the total number of genomes on GISAID from that country since January st
2021, according to GISAID's 2021-07-02 metadata release. Bars outlined in black represent countries that have submitted at least one B.1.620 genome as

of June 2021.

All SARS-CoV-2 genomes used here were downloaded from GISAID. A
GISAID acknowledgement table containing all genome accession numbers is
included with this study as Supplementary Data 1.

Associated travel history. When available on GISAID as part of the uploaded
metadata, we made use of this associated metadata information and contacted the
submitting labs to determine precise travel dates. For all other cases, we retrieved
individual travel histories by contacting the submitting labs—who then, in turn,
contacted either the originating lab or the patient’s general practitioner—for any
travel records they may have available. This resulted in travel itineraries for 10
patients, with 7 of these also containing detailed dates for the recorded travel.
When a returning traveller visited multiple countries on the return trip, we
included all visited countries as possible locations of infection by using an ambi-
guity code in the phylogeographic analysis!>!4. The travel history information
collected can be found in Supplementary Table S1. While we were able to retrieve
travel history for a fair number of cases, this information is considered private
information in certain countries and we were hence unable to retrieve such data for
a subset of our sequences.

SARS-CoV-2 genomes from the United Kingdom (UK) make up a sizeable
proportion of any phylogenetic and phylogeographic analysis, given significant
sequencing efforts by the COVID-19 Genomics UK Consortium. Given the lack of
individual travel histories for B.1.620 genomes from England in our dataset, we
investigated the passenger volumes from all airports in Cameroon and the Central
African Republic to all airports internationally, incorporating volumes from both
direct and connecting flights between December 2020 and April 2021, from the
International Air Transportation Association (IATA37). These passenger data
cover the time frame of our estimated B.1.620 lineage since its origin (see ‘Results’
section), with the passenger volumes for February having become available at the
time of writing as these data need to be retrieved and processed. These air

8

passenger flux data reveal a very real possibility of missing travel histories from
Cameroon for B.1.620 cases in England, given that over 98% (i.e. 852 out of 867) of
the passengers from Cameroon to the UK during this time frame had an English
airport (London, Manchester or Birmingham) as their final destination. At the time
of writing, information on the origin of B.1.620 infections detected in England is
not available.

Modelling RBD-ACE2 interaction. We have modelled the RBD-ACE?2 interface
with the S477N and E484K substitutions using the final refinement step of
HADDOCK 2.42!, We used the crystal structure of ACE2 (19-615) bound to SARS-
CoV-2 RBD (PDB ID: 6m0j20) as a starting point and introduced the substitutions
using UCSF ChimeraX?3$. We used default parameters for refinement with exten-
ded molecular dynamics (MD) simulation (steps for heating phase: 200, steps for
300K phase: 2500, steps for cooling phase: 1000).

Phylogenetic and phylogeographic analysis. We combined 614 sequences
belonging to lineage B.1.620 with sequences from lineages that have circulated in
Lithuania at appreciable levels: B.1.1.7, B.1.1.280, B.1.177.60 and other VOCs that
share mutations with lineage B.1.620: B.1.351, P.1 and B.1.526.2. We included
high-quality sequences from Cameroon that were closest to lineage B.1.620 as well
as the reference SARS-CoV-2 genome NC_045512. Some sequences had clusters of
SNPs different from the reference at the ends of the genome, particularly the 5’ end.
In such cases, the ends of the genomes were trimmed to exclude these regions of
likely sequencing or assembly error. This resulted in a core set of 665 genomes,
which is visualised in Supplementary Fig. S4, that serves as the starting point for
our phylogenetic and phylogeographic analyses. This core set was subsequently
combined with 250 randomly selected sequences from the Nextstrain global ana-
lysis on April 29, 2021 (https://nextstrain.org/ncov/global**) to provide context for
the B.1.620 analysis, plus an additional two reference sequences: Wuhan/Hu-1/
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2019 and Wuhan/WHO01/2019. We filtered these sequences based on metadata
completeness and added an additional four Chinese sequences as well as eight non-
Chinese sequences from Asia spanning both A and B lineages, in order to balance
the representation of different continents in our analyses. These sequences were
aligned in MAFFT (FFT-NS-2 setting)®® with insertions relative to reference
removed, and 5’ and 3’ untranslated regions of the genome that were susceptible to
sequencing and assembly error trimmed. We employed TempEst*’ to inspect the
dataset for any data quality issues that could result in an excess or shortage of
private mutations in any sequences, or would point to assembly or any other type
of sequencing issues.

To look for sequences that could resolve the long period of unobserved
evolution separating lineage B.1.620 from its closest relatives, we constructed a
BLAST nucleotide database?! of all contemporary SARS-CoV-2 lineages available
via GISAID (accessed 2021-07-01, n = 2, 038, 838). We queried this database using
a synthetic B.1.620-like sequence containing SNPs and deletions shared by
B.1.620 sequences England/CAMC-13B04C1/2021 and France/PDL-IPP07069/
2021 that were not present in the reference sequence Wuhan/Hu-1/2019. The
synthetic query sequence was primarily comprised of ambiguous nucleotides (N)
except for 100 nt surrounding each mutation or deletion characteristic of B.1.620.
We checked the top 500 matches to see if the mutations they carry, their pango
lineages or phylogenetic placement via IQ-TREE*>—using a general time-reversible
substitution model with among-site rate variation (GTR+T,*344)—could identify
sequences closer to lineage B.1.620 than B.1.619. No such sequences were
identified.

We performed Bayesian model selection through (log) marginal likelihood
estimation to determine the combination of substitution, molecular clock and
coalescent models that best fits the data. To this end, we employed generalised
stepping-stone sampling (GSS#°) by running an initial Markov chain of 5 million
iterations, followed by 50 path steps that each comprise 100,000 iterations,
sampling every 500th iteration. We found that a combination of a non-parametric
skygrid coalescent model*®, an uncorrelated relaxed clock model with underlying
lognormal distribution®’ and a GTR+T substitution model provided the optimal
model fit to the data. We employed Hamiltonian Monte Carlo sampling to
efficiently infer the skygrid’s parameters?S.

We subsequently performed a discrete Bayesian phylogeographic analysis in
BEAST 1.10.5% using a recently developed model that is able to incorporate
available individual travel history information associated with the collected
samples!>14, Exploiting such information can yield more realistic reconstructions
of virus spread, particularly when travellers from unsampled or under-sampled
locations are included to mitigate sampling bias. When the travel date for a
sample could not be retrieved, we treated the time when the traveller started the
journey as a random variable, and specified normal prior distributions over these
random variables informed by an estimate of time of infection and truncated to
be positive (back-in-time) relative to sampling date. As in previous work!314, we
used a mean of 10 days before sampling based on a mean incubation time of
5 days®0, a constant ascertainment period of 5 days between symptom onset and
testing®!, and a standard deviation of 3 days to incorporate the uncertainty on the
incubation time.

In our phylogeographic analysis, we made use of Bayesian stochastic search
variable selection (BSSVS) to simultaneously determine which migration rates are
zero depending on the evidence in the data and infer ancestral locations, in
addition to providing a Bayes factor test to identify migration rates of
significance®2. We first performed a continent-level phylogeographic analysis by
aggregating sampling locations as well as the individual travel histories that
occurred between continents. To ensure consistent spatial reconstruction regardless
of sampling, we fixed the root location of this tree to be in Asia—so as to match the
known epidemiology of the COVID-19 pandemic. Conditional on the results of
this analysis, we performed a country-level analysis on the B.1.620 lineage and its
parental lineage, in order to substantially reduce the computational burden and
statistical complexity associated with having 87 sampling locations in a travel
history-aware phylogeographic analysis. We made use of the following prior
specifications for this analysis: a gamma (shape = 0.001; scale = 1000) prior on the
skygrid precision parameter, Dirichlet (1.0, K) priors on all sets of frequencies (with
K the number of categories), Gamma prior distributions (shape = rate = 1.0) on
the unnormalized transition rates between locations®2, a Poisson prior (country
level: A = 28; continent level: A = 5) on the sum of non-zero transition rates
between locations, a CTMC reference prior on the mean evolutionary rate and as
well as on the overall (constant) diffusion rate®3. In the country-level analysis, we
assumed a normally distributed root height prior on the time of origin of B.1.620’s
parental lineage, with a mean on the 27th of February 2020 and standard deviation
of 2 weeks, as derived from the corresponding internal node’s 95% highest
posterior density interval in the preceding continent-level analysis. For continent-
level analysis 18 independent Markov chains were set up, running for ~50 million
states and sampling every 40,000th state. All 18 runs were then combined after
removing 10% of the states as burnin, giving a total MCMC length of 810 million
states. For country-level analysis 16 independent Markov chains were set up,
running for ~3.5 million states and also sampling every 40,000th state. All 16 runs
were then combined after removing 10% of the states as burnin, giving a total
MCMC length of 50.4 million states. Both continent-level and country-level
combined run were inspected using Tracer v1.7°% to confirm that effective sample
sizes (ESSs) for all relevant parameters were at least 200. We used TreeAnnotator to

construct maximum clade credibility (MCC) trees for both posterior sets of trees
and used baltic (https://github.com/evogytis/baltic) to visualise it.

In addition to sophisticated phylogeographic analyses, we also depict the raw
relationships between SARS-CoV-2 in the core dataset of 665 genomes using
substitution phylogenies. Figure 2 and Supplementary Fig. S4 depict maximum-
likelihood phylogenies inferred from the core dataset using PhyML>® under
the HKY T, model of nucleotide substitution4>¢ which was then rooted on the
reference sequence. To occupy less space in Fig. 1 the number of B.1.620
genomes was reduced down to a representative set of 27, and a phylogeny was
inferred using MrBayes v3.2°7 under the HKY+T, model of nucleotide
substitution?$°¢ and rooted on the reference sequence. MCMC was run for 2
million states, sampling every 1000th state and convergence confirmed
by checking that effective sample sizes (ESSs) were above 200 for every
parameter.

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

Data availability

SARS-CoV-2 sequence data generated in this study have been deposited in the GISAID
database. These sequence data are available under restricted access due to GISAID’s
Database Access Agreement, access can be obtained by registering an account with
GISAID and downloaded via the list of accession used that we provide in the
supplementary GISAID acknowledgement table. The processed SARS-CoV-2 genome
data in the form of phylogenetic trees are available at https://github.com/evogytis/
B.1.620-in-Europe or under Zenodo https://doi.org/10.5281/zenodo.5494346. The SARS-
CoV-2 genome data used in this study are available in the GISAID database under
accession codes provided in the supplementary acknowledgement table, https://
github.com/evogytis/B.1.620-in-Europe, and under Zenodo https://doi.org/10.5281/
zenodo.5494346. A list of GISAID accessions for genomes used here, as well as
phylogenetic trees used in figures, are available at https://github.com/evogytis/B.1.620-in-
Europeor under Zenodo https://doi.org/10.5281/zenodo.5494346. To access sequence
data from GISAID one has to register an account with https://www.gisaid.org/, which
involves identifying oneself and agreeing to GISAID’s Database Access Agreement.

Code availability

Scripts used to generate figures are available at https://github.com/evogytis/B.1.620-in-
Europe or under Zenodo https://doi.org/10.5281/zenodo.5494346. We provide the XML
files to perform the Bayesian phylogeographic reconstructions in BEAST 1.10.5%° as
Supplementary Data 2.
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COVID-19 disease caused by SARS-CoV-2 represents an ongoing global public health
emergency. Rapid identification of emergence, evolution, and spread of SARS-CoV-2
variants of concern (VOC) would enable timely and tailored responses by public
health decision-making bodies. Yet, global disparities in current SARS-CoV-2 genomic
surveillance activities reveal serious geographical gaps. Here, we discuss the experiences
and lessons learned from the SARS-CoV-2 monitoring and surveillance program at the
Public Health Laboratory on Bioko Island, Equatorial Guinea that was implemented as
part of the national COVID-19 response and monitoring activities. We report how three
distinct SARS-CoV-2 variants have dominated the epidemiological situation in Equatorial
Guinea since March 2020. In addition, a case of co-infection of two SARS-CoV-2 VOC,
Beta and Delta, in a clinically asymptomatic and fully COVID-19 vaccinated man living in
Equatorial Guinea is presented. To our knowledge, this is the first report of a person
co-infected with Beta and Delta VOC globally. Rapid identification of co-infections is
relevant since these might provide an opportunity for genetic recombination resulting
in emergence of novel SARS-CoV-2 lineages with enhanced transmission or immune
evasion potential.

Keywords: SARS-CoV-2, co-infection, variant of concern, genomic surveillance, Central-Africa

INTRODUCTION

Whole genome sequencing of SARS-CoV-2 viruses has been widely used since the beginning of the
COVID-19 pandemic to facilitate understanding of virus biology and epidemiology. The World
Health Organization (WHO) recommends that countries ship at least 5% of their COVID-19
samples to reference sequencing laboratories or keep producing sequencing data if they have the
capacity (1). Angola, Burundi, Cameroon, the Central African Republic, Chad, the Democratic
Republic of the Congo, the Republic of the Congo, Equatorial Guinea, Gabon, Rwanda, and
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Sdao Tomé and Principe are the 11 Central-African nations
forming the Economic Community of Central African States
(ECCAS). Combined, the ECCAS nations have deposited 3,924
SARS-CoV-2 whole genome sequences to GISAID and therefore
have sequenced on average 0.9% of all reported cases. The
proportion of sequenced cases from Central Africa over the
time course of the COVID-19 pandemic reveals that with
the exception of March and April 2020, the recommended
sequencing rate of 5% could not be achieved.

A cost-efficient alternative to whole genome sequencing are
multiplex reverse transcription quantitative polymerase chain
reactions (RT-qPCR) assays which detect relevant mutations
associated with SARS-CoV-2 variants of concern (VOC) (2-4).
Mutation-specific assays can complement genomic surveillance
programs, especially in settings where widespread sequencing
capabilities are not available. If carefully designed and evaluated
these kind of assays show a perfect concordance with whole
genome sequencing as reported elsewhere for monitoring
distinct VOC (5, 6). Mutation-specific RT-qPCR assays allow
identification of patients with co-infections by more than one
SARS-CoV-2 lineage simultaneously. The frequency of co-
infected humans and their role in promoting SARS-CoV-2
evolution is poorly understood (7). Co-infections might provide
an opportunity for genetic recombination between circulating
strains resulting in the emergence of novel SARS-CoV-2 lineages
(8). Interlineage recombination has been described for SARS-
CoV-2 (9) as well as for other closely related viruses of the
Coronaviridae family (10, 11).

In this brief research report, we describe the experiences
and lessons learned from the SARS-CoV-2 genomic surveillance
program at the Public Health Laboratory on Bioko Island, which
was implemented as part of the national COVID-19 response
and monitoring activities in Equatorial Guinea. We describe our
approach to identify efficiently and timely SARS-CoV-2 VOC and
co-infections in Sub-Saharan Africa, which is highly neglected
when it comes to global genomic surveillance activities.

METHODS

COVID-19 Datasets for Central-Africa

The number of confirmed COVID-19 cases and SARS-CoV-
2 whole genome sequences from Central-Africa were obtained
through the data repositories of “Our World in Data” (OWD)
(12) and the “Global Initiative on Sharing All Influenza Data”
(GISAID) (13), respectively on November 11th 2021.

SARS-CoV-2 Genomic Surveillance in
Equatorial Guinea

Nasopharyngeal and/or oropharyngeal swab samples were
collected between February 2020 and October 2021 under
the umbrella of the current Equatorial Guinea SARS-CoV-2
surveillance activities. Samples that are processed at the Public
Health Laboratory on Bioko Island include asymptomatic and
symptomatic cases, as well as samples derived from contact
tracing. Extracted RNA aliquots from positive samples are
collected and stored in a local biobank at —80°C. A randomly
selected subset of SARS-CoV-2 samples with Cq < 30 are

analyzed by spike gene mutation-specific RT-qPCR assays (n =
281) and/or by whole genome sequencing (n = 206). The spike
gene mutation-specific RT-qPCR assays target three spike gene
single nucleotide polymorphisms (SNPs) (L452R, E484K, and
N501Y) and one spike gene deletion (A69/70) associated with
VOCs (5, 14). In each of the four multiplex RT-qPCR assays,
probes detecting the wildtype as well as probes detecting the
mutant nucleotide sequences are used to enable detection of
wildtype and mutated sequence simultaneously. Co-infections,
with more than one single SARS-CoV-2 lineage, were defined
as samples with more than one genotype in at least two of
the spike gene markers analyzed. SARS-CoV-2 whole genome
sequencing was conducted using the R9.4.1 flow cell on a
MinION MkIC device (Oxford Nanopore Technologies) based
on the ARTIC protocol (15).

RESULTS

As of November 25" 2021, Equatorial Guinea has reported
a total of 13,579 confirmed SARS-CoV-2 infections, which
resulted in 173 deaths. The majority (77.2%) of SARS-CoV-
2 infections were reported from the insular region (Bioko
Island) and 23.8% from the continental region (Rio Muni)
(https://guineasalud.org/estadisticas/). Since the first case was
identified on March 16" 2020, the country has experienced three
distinct epidemic waves characterized by an increase of COVID-
19-related hospitalizations (Figure 1A). Continuous sequencing
of 206 SARS-CoV-2 positive samples revealed that each of
these epidemic waves were dominated by a distinct lineage
(Figure 1B). We showed that the first wave lasting from April to
July 2020 was dominated by wildtype-like SARS-CoV-2 lineage
B.1.192. The introduction of the Beta VOC (B.1.351) caused
a second wave lasting from January to April 2021. The first
Delta VOC (AY.43) positive cases in Equatorial Guinea were
identified in the first half of July 2021 leading to a severe third
wave that is still ongoing at the time of this report. Interestingly,
the Alpha VOC was found only in a single sample with no
indication of its widespread circulation in Equatorial Guinea.
Starting from November 2020, mutation specific RT-qPCR assays
were implemented to complement whole genome sequencing
for enhanced genomic surveillance (Figure 1C). Three spike
gene SNPs (L452R, E484K, and N501Y) and one spike gene
deletion (HV69/70A) associated with VOCs were monitored. In
each of the four multiplex RT-qPCR assays, a probe detecting
the wildtype as well as the mutant nucleotide sequences are
used. The 484K+501Y combination of spike gene mutation,
which is associated with the Beta VOC, were first observed in
November 2020 and became dominant by January 2021. This
combination was later replaced by viruses with the 452R spike
gene mutation, a marker for the Delta VOC. Overall, 2.1%
(6/281) of samples analyzed with the spike gene mutation-specific
RT-qPCR assays showed a pattern indicating co-infections of two
distinct variants (Table 1). The four cases identified in November
2020, included three that had a combination indicative of co-
infection between a wildtype-like lineage and the Beta VOC
(wildtype and mutant specific amplification signals at spike
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FIGURE 1 | (A) Number of COVID-19 patient hospitalizations per month. (B) SARS-CoV-2 lineages identified in Equatorial Guinea over time. (C) Surveillance of
SARS-CoV-2 VOC-associated spike gene mutations. RT-qPCR results for the spike gene mutations L452R, E484K, and N501Y and the spike gene deletion
HV6B9/70A indicative of a co-infection are marked with “x”.

gene positions E484K and N501Y). The fourth case showed a
pattern that corresponds to a co-infection between a wildtype-
like and a B.1.620-like lineage (wildtype and mutant specific
amplification at spike gene positions 69/70 and E484K). Two
additional co-infections were observed in August 2021, both
of them with spike gene mutation patterns indicative of Beta
and Delta VOC co-infections (wildtype and mutant specific
amplification at spike gene positions L452R, E484K, and N501Y).

All six co-infections were identified during the transition phase
between two consecutive epidemic waves in which new variants
emerged while other variants were still circulating.

The receptor-binding domain of the spike protein constitutes
the immunodominant target of 90% of the neutralizing activity
present in SARS-CoV-2 immune sera (16). Importantly, all
co-infections included one SARS-CoV-2 variant carrying
the receptor-binding domain mutation E484K that has
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TABLE 1 | SARS-CoV-2 co-infections identified in Equatorial Guinea.

Patient Date of Spike gene mutation specific RT-qPCR assay results Potential lineages involved in

swab co-infection*

collection HV69/70A L452R E484K N501Y
EG-SARS-COV-2-P1 12/11/2020 HV69/70 NA E484 + 484K N501 + 501Y Wildtype (e.g., B.1.192) 4+ Beta VOC (B.1.351)
EG-SARS-COV-2-P2  14/11/2020 HV69/70 NA EA84 + 484K N501 + 501Y Wildtype (e.g., B.1.192) 4 Beta VOC (B.1.351)
EG-SARS-COV-2-P3  25/11/2020 HV69 + 69/70A NA EA84 + 484K N501 Wildtype (e.g., B.1.192) + B.1.620
EG-SARS-COV-2-P4  25/11/2020 HV69/70 NA E484 + 484K N501 + 501Y Wildtype (e.g., B.1.192) 4+ Beta VOC (B.1.351)
EG-SARS-COV-2-P5  10/08/2021 HV69/70 L452 + 452R  E484 + 484K N501 + 501Y Beta VOC (B.1.351) + Delta VOC (AY.43)
EG-SARS-COV-2-P6  30/08/2021 HV69/70 L452 + 452R  E484 + 484K N501 + 501Y Beta VOC (B.1.351) + Delta VOC (AY.43)

*Potential lineages involved in co-infections were proposed based on spike gene mutations and known circulating variants at the time.

been associated with immune evasion in polyclonal human
antibodies (17, 18).

For the EG-SARS-CoV-2-P6 co-infection case, which had the
highest viral load among all co-infected patients (spike gene
RT-qPCR assay Cq-value of 20.2), we were able to generate
whole genome sequencing data for further investigation. The
timeline of this co-infection case is shown in Figure 2A. While
living under quarantine and after having been in contact with
a positive SARS-CoV-2 case, a 59-year-old Equatoguinean man
was tested positive by RT-qPCR for SARS-CoV-2 on August 30
2021. According to his vaccination certificate, he had received
the first dose of Sinopharm COVID-19 vaccine (Beijing Bio-
Institute of Biological Products Co., Ltd.) on April 20 2021
and the second dose on May 5% 2021. This person had no
history of clinically significant underlying medical conditions,
did not report any clinical symptom during the entire period
of virus infection and has reported no travel history. As part
of our routine contact tracing and SARS-CoV-2 surveillance
activities his sample was analyzed for the presence of three spike
gene mutations associated with VOCs. The mutation-specific RT-
qPCR results for the spike gene mutations are shown for L452R
(Figure 2B), E484K (Figure 2C), and N501Y (Figure 2D). For all
three SNPs, the wildtype as well as the mutated sequence were
amplified simultaneously. An earlier and stronger amplification
was observed for the mutations associated with the Beta VOC
compared to the Delta VOC. In the HV69/70A assay, targeting
a spike gene deletion common in the Alpha VOC, only the
wildtype target was amplified, as neither Beta nor Delta VOC
carry the deletion at positions 69 and 70 of the spike gene (data
not shown).

Next, we conducted whole genome sequencing of this
particular sample using our MinION sequencing platform. A
total of 27,932 reads passed quality control and we achieved
an average sequencing depth of 203x. Sequencing quality
and depth was sufficient to identify all nine lineage-defining
mutations of Beta and 11 of 12 lineage-defining mutations
of Delta VOC (19). There was insufficient coverage of the
spike gene SNP TI9R. The average percentage of reads
matching Beta VOC was 69.2% (range 50.0-83.3%) and the
average percentage of reads matching Delta VOC was 21.6%
(range 4.9-48.6%). Ambiguities represented 9.2% (range 1.4-
30.0%) of reads. As shown in Figure2E, the number of

reads containing the mutations associated with Delta VOC
was lower compared to the reads with sequences associated
with Beta VOC. The higher Beta to Delta VOC ratio of
RNA sample input was also observed in the RT-qPCR data
(Figures 2B-D).

DISCUSSION

Large scale genome sequencing has become a critical part of
SARS-CoV-2 surveillance globally. Yet, comprehensive analysis
of genome sequences deposited to GISAID highlight stark global
disparities with only 6% of genome sequences derived from
low and middle income countries (20). In settings with limited
access to sequencing capabilities, targeted sampling with low
coverage of positive cases might be a possible alternative to
representative sampling which would enable population-based
surveillance. The Equato-Guinean Public Health Laboratory
located in the Baney district of Bioko Island uses a hybrid
approach combining rapidly adaptable spike gene mutation-
specific RT-qPCR assays and whole genome sequencing to
monitor the emergence, evolution, and spread of SARS-CoV-2
lineages in the country. Selection of samples for whole genome
sequencing can be guided by the results of the mutation-specific
RT-qPCR assays and has successfully led in the past to the
discovery of the novel lineage B.1.620 (21). Additionally, results
from mutation-specific RT-qPCR assays can be generated in
real-time in standard local diagnostic laboratories and therefore
genomic surveillance becomes actionable. Before implementing
mutation-specific RT-qPCR assays, it took more than 8 weeks
between sample collection and providing the information to the
Ministry of Health that the Beta VOC is circulating in Equatorial
Guinea based on the whole genome sequencing approach. By
this time, the Beta VOC was already the dominant lineage. By
using the L452R-specific RT-qPCR assay, the time from sample
collection to providing the information of potential introduction
of the Delta VOC was significantly reduced to <1 week. The first
Delta VOC whole genome sequence was generated and uploaded
to GISAID 8 weeks later.

We propose that in locations where SARS-CoV-2 sequencing
capacity are limited and difficult to sustain, sequencing
resources might be better utilized when focusing on phases
in-between epidemiological waves which are characterized by
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lower infection rates. This might provide essential information
on the introduction or emergence of new variants that might
soon dominate the ensuing COVID-19 wave. Increase of
sequencing efforts during times of high infection rates in the
population might not yield novel sequencing information based
on the strong dominance of distinct variants at that time.

We describe here the case of an asymptomatically infected
adult male carrying two distinct lineages of SARS-CoV-2 that are
both VOCs. The Beta VOC was first described in South Africa

in October 2020 and has become the dominant lineage in many
African countries by March 2021 (22). The Delta VOC was first
described in India in October 2020 and has become the dominant
lineage worldwide by August 2021 (23). Both VOC lineages have
been circulating in Equatorial Guinea at the time when this co-
infection was identified. Co-infection events between dominant
SARS-CoV-2 lineages have been previously reported from the
USA in 0.18% (53/29,993) of sequenced samples (24) and Brazil
in 0.61% (9/1,462) of investigated samples (7). To our knowledge,
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this is the first time that a co-infection between the Beta and Delta
VOCs s reported globally. Recombination among Coronaviridae,
including SARS-CoV-2, has been described as an important
evolutionary mechanism underlying genetic shift (9, 25). Newly
recombined viruses might result in increased transmissibility or
immune evasion and therefore continuous genomic monitoring
of SARS-CoV-2 lineages are warranted (8, 22). Strengthening and
continuous support of public health laboratories in Sub-Saharan
countries to avoid underreporting of cases and enhance detection
of emerging variants is a prerequisite for successful and global
SARS-CoV-2 containment (20).
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INTRODUCTION: Investment in Africa over the
past year with regard to severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2)
sequencing has led to a massive increase in
the number of sequences, which, to date, ex-
ceeds 100,000 sequences generated to track
the pandemic on the continent. These se-
quences have profoundly affected how public
health officials in Africa have navigated the
COVID-19 pandemic.

RATIONALE: We demonstrate how the first
100,000 SARS-CoV-2 sequences from Africa

A Local sequencing facilities

C Number of African SARS-CoV-2 genomes

0

have helped monitor the epidemic on the conti-
nent, how genomic surveillance expanded
over the course of the pandemic, and how
we adapted our sequencing methods to deal
with an evolving virus. Finally, we also ex-
amine how viral lineages have spread across
the continent in a phylogeographic frame-
work to gain insights into the underlying
temporal and spatial transmission dynam-
ics for several variants of concern (VOCs).

RESULTS: Our results indicate that the number
of countries in Africa that can sequence the

B Sequencing strategies
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Expanse of SARS-CoV-2 sequencing capacity in Africa. (A) African countries (shaded in gray) and
institutions (red circles) with on-site sequencing facilities that are capable of producing SARS-CoV-2 whole
genomes locally. (B) The number of SARS-CoV-2 genomes produced per country and the proportion of
those genomes that were produced locally, regionally within Africa, or abroad. (C) Decreased turnaround time
of sequencing output in Africa to an almost real-time release of genomic data.
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virus within their own borders is growing and
that this is coupled with a shorter turnaround
time from the time of sampling to sequence
submission. Ongoing evolution necessitated
the continual updating of primer sets, and, as
a result, eight primer sets were designed in tan-
dem with viral evolution and used to ensure
effective sequencing of the virus. The pandemic
unfolded through multiple waves of infection
that were each driven by distinct genetic lineages,
with B.1-like ancestral strains associated with
the first pandemic wave of infections in 2020.
Successive waves on the continent were fueled
by different VOCs, with Alpha and Beta cocir-
culating in distinct spatial patterns during the
second wave and Delta and Omicron affecting
the whole continent during the third and fourth
waves, respectively. Phylogeographic reconstruc-
tion points toward distinct differences in viral
importation and exportation patterns associ-
ated with the Alpha, Beta, Delta, and Omicron
variants and subvariants, when considering
both Africa versus the rest of the world and viral
dissemination within the continent. Our epide-
miological and phylogenetic inferences there-
fore underscore the heterogeneous nature of
the pandemic on the continent and highlight
key insights and challenges, for instance, rec-
ognizing the limitations of low testing pro-
portions. We also highlight the early warning
capacity that genomic surveillance in Africa
has had for the rest of the world with the de-
tection of new lineages and variants, the most
recent being the characterization of various
Omicron subvariants.

CONCLUSION: Sustained investment for diag-
nostics and genomic surveillance in Africa is
needed as the virus continues to evolve. This
is important not only to help combat SARS-
CoV-2 on the continent but also because it can
be used as a platform to help address the many
emerging and reemerging infectious disease
threats in Africa. In particular, capacity build-
ing for local sequencing within countries or
within the continent should be prioritized
because this is generally associated with
shorter turnaround times, providing the most
benefit to local public health authorities
tasked with pandemic response and mitiga-
tion and allowing for the fastest reaction to
localized outbreaks. These investments are
crucial for pandemic preparedness and re-
sponse and will serve the health of the con-
tinent well into the 21st century.
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Investment in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) sequencing in Africa
over the past year has led to a major increase in the number of sequences that have been generated
and used to track the pandemic on the continent, a number that now exceeds 100,000 genomes.

Our results show an increase in the number of African countries that are able to sequence domestically and
highlight that local sequencing enables faster turnaround times and more-regular routine surveillance.
Despite limitations of low testing proportions, findings from this genomic surveillance study underscore the
heterogeneous nature of the pandemic and illuminate the distinct dispersal dynamics of variants of concern—
particularly Alpha, Beta, Delta, and Omicron—on the continent. Sustained investment for diagnostics
and genomic surveillance in Africa is needed as the virus continues to evolve while the continent faces
many emerging and reemerging infectious disease threats. These investments are crucial for pandemic
preparedness and response and will serve the health of the continent well into the 21st century.

hat originally started as a small cluster
of pneumonia cases in Wuhan, China,
more than 2 years ago (Z) quickly turned
into a global pandemic. COVID-19 is the
clinical manifestation of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection, and by March 2022, there had been
more than 437 million reported cases and more
than 5.9 million reported deaths (2). Although
Africa accounts for the lowest number of re-
ported cases and deaths thus far, with ~11.3 mil-
lion reported cases and 245,000 reported deaths
as of February 2022, the continent has played
an important role in shaping the scientific re-
sponse to the pandemic with the implementation
of genomic surveillance and the identification of
two of the five variants of concern (VOCs) (3, 4).
Since it emerged in 2019, SARS-CoV-2 has
continued to evolve and adapt (5). This has led
to the emergence of several viral lineages that
carry mutations that either confer some viral
adaptive advantages that increase transmis-
sion and infection (6, 7) or counter the effect
of neutralizing antibodies from vaccination
(8) or previous infections (9-11). The World
Health Organization (WHO) classifies certain
viral lineages as VOCs or variants of interest
(VOIs) based on the potential impact they may
have on the pandemic, with VOCs regarded as
the highest risk. To date, five VOCs have been
classified by the WHO; of these, two were first
detected on the African continent (Beta and
Omicron) (3, 4, 12) and two (Alpha and Delta)
(12, 13) have spread extensively on the conti-
nent in successive waves. The remaining VOC,
Gamma (I4), originated in Brazil and had a lim-
ited influence in Africa, with only four recorded
sequenced cases.
For genomic surveillance to be useful for
public health responses, sampling for sequenc-

Tegally et al., Science 378, eabq5358 (2022)

ing needs to be both spatially and temporally
representative. In the case of SARS-CoV-2 in
Africa, this means extending the geographic
coverage of sequencing capacity to capture the
dynamic genomic epidemiology in as many
locations as possible. In a meta-analysis of the
first 10,000 SARS-CoV-2 sequences generated
in 2020 from Africa (15), several blind spots were
identified with regard to genomic surveillance
on the continent. Since then, much investment
has been devoted to building capacity for ge-
nomic surveillance in Africa, coordinated mostly
by the Africa Centers for Disease Control (Africa
CDC) and the regional office of the WHO in
Africa (or WHO AFRO) but also provided by
several national and international partners,
resulting in an additional 90,000 sequences
shared over the past year (April 2021 to March
2022). This makes the sequencing effort for
SARS-CoV-2 a phenomenal milestone. In com-
parison, only 12,000 whole-genome influenza
sequences (16) and only ~3700 whole-genome
HIV sequences (17) from Africa have been shared
publicly, even though HIV has plagued the con-
tinent for decades.

Here, we describe how the first 100,000 SARS-
CoV-2 sequences from Africa have helped de-
scribe the pandemic on the continent, how this
genomic surveillance in Africa has expanded,
and how we adapted our sequencing meth-
ods to deal with an evolving virus. We also
highlight the impact that genomic sequencing
in Africa has had on the global public health
response, particularly through the identifica-
tion and early analysis of new variants. Finally,
we also describe here how the Delta and Omicron
variants have spread across the continent and
how their transmission dynamics were dis-
tinct from the Alpha and Beta variants that
preceded them.

7 October 2022

Results

Epidemic waves driven by variant dynamics

and geography

Scaling up sequencing in Africa has provided a
wealth of information on how the pandemic
unfolded on the continent. The epidemic has
largely been spatially heterogeneous across
Africa, but most countries have experienced
multiple waves of infection (18-29), with sub-
stantial local and regional diversity in the first
wave and to a lesser extent in the second wave,
followed by successive sweeps of the continent
with Delta and Omicron (Fig. 1A). In all re-
gions of the continent, different lineages and
VOIs evolved and cocirculated with VOCs and,
in some cases, contributed considerably to epi-
demic waves.

In North Africa (Fig. 1B and fig. S1A), B.1
lineages and Alpha dominated in the first and
second waves of the pandemic and were re-
placed by Delta and Omicron in the third and
fourth waves, respectively. Interestingly, the
C.36 and C.36.3 sublineages dominated the
epidemic in Egypt (~40% of reported infections)
before July 2021 when they were replaced by
Delta (30). Similarly, in Tunisia, the first and
second waves were associated with the B.1.160
lineage and were replaced by Delta during the
country’s third wave of infections. In southern
Africa (Fig. 1C and fig. S1C), we see a similar
pandemic profile, with B.1 dominating the
first wave; however, instead of Alpha, Beta was
responsible for the second wave, followed by
Delta and Omicron. Another lineage that was
flagged for close monitoring in the region was
C.1.2 because of its mutational profile and pre-
dicted capacity for immune escape (31). However,
the C.1.2 lineage did not cause many infections
in the region because it was circulating at a time
when Delta was dominant. In West Africa (Fig.
1D and fig. S1B), the B.1.525 lineage caused a
large proportion of infections in the second
and third waves, where it shared the pandemic
landscape with the Alpha variant. As with other
regions on the continent, these variants were
later replaced by the Delta and then the Omicron
VOCs in successive waves. In Central Africa
(Fig. 1E and fig. S1D), the B.1.620 lineage caused
most of the infections between January and
June 2021 (32) before systematically being
replaced by Delta and then Omicron. Lastly,
in East Africa (Fig. 1F and fig. S1E), the A.23.1
lineage dominated the second wave of infec-
tions in Uganda (33) and much of East Africa.
In all of these regions, minor lineages such as
B.1.525, C.36, and A.23.1 were eventually re-
placed by VOCs that emerged in later waves.

Finally, we directly compared the official
recorded cases in Africa with the ongoing SARS-
CoV-2 genomic surveillance data (GISAID date
of access: 31 March 2022) for a crude estimation
of the variants’ contributions to cases. We ob-
serve that Delta was responsible for an epi-
demic wave between May and October 2021
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Fig. 1. Epidemiological progression of the COVID-19 pandemic on the
African continent. (A) Total reported new case counts per million inhabitants
in Africa (data source: Our World in Data; log-transformed) along with

the distribution of VOCs, the Eta VOI, and other lineages through time (the
size of each circle is proportional to the number of genomes sampled per
month for each category). (B to F) Breakdown of reported new cases

(Fig. 1A) and had the greatest impact on the
continent, with almost 34.2% of overall in-
fections in Africa possibly attributed to it.
Beta was responsible for an epidemic wave at
the end of 2020 and beginning of 2021 (Fig.
1A), with 13.3% of infections overall attributed
to it. Notably, Alpha, despite being predomi-
nant in other parts of the world at the begin-
ning of 2021, had only minimal importance in
Africa, accounting for just 4.3% of infections.
At the time of writing, the Omicron VOC had
contributed to 21.6% of the overall number of
sequenced infections. At this time, the Omicron
wave was still unfolding globally and in Africa
with the expansion of several sublineages (34),
such that its full impact is yet to be determined.
However, because of increased population im-
munity (35) from SARS-CoV-2 infection and
vaccination (fig. S2), the impact of Omicron on
mortality has been less in comparison to the
other VOCs, as can be observed by the relatively
low death rate in South Africa during the
Omicron wave (36). The findings from mapping
epidemiological numbers onto genomic sur-
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A.23.1, respectively).

veillance data are reliable as far as the pro-
portional scaling of genomic sampling across
Africa with the size and timing of epidemic
waves [fig. S3; model estimate (b) = 0.011,
standard error (SE) = 0.001, p < 2 x 1079].
This comes with the obvious caveats that
testing and reporting practices have varied
widely across the continent along with ge-
nomic surveillance volumes throughout the
pandemic. Countries in Africa with reported
data have tested in proportions from as little as
0.1 daily tests per million population to more
than 1000 tests per million (fig. S4). Some coun-
tries have consistently tested at high proportions,
for example, South Africa, Botswana, Morocco,
and Tunisia. Incidentally, these countries have
also generally reported more cases per million
population, providing an indication that recorded
low incidences in other parts of the continent
have been underestimates due to low testing
rates. However, even for these countries, epi-
demic numbers are certainly underrepresented
and underdetected, given that in several time
frames, test positivity rates were still on the
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per million (data source: Our World in Data; log-transformed) and monthly
sampling of VOCs, regional variant, or lineage of interest and other
lineages for three selected countries for North, southern, West, Central,
and East Africa, respectively. For each region, a different variant or lineage
of interest is shown, relevant to that region (C.36, C.1.2, Eta, B.1.620, and

higher end, approaching or exceeding 20% (fig.
S4), and as concluded by seroprevalence sur-
veys and estimates of true infection burdens in
Africa (37, 38). Findings of attributing case
numbers of variants must therefore be inter-
preted in the context of this limitation but can
nevertheless provide a qualitative overview of
the spatial and temporal dynamics of VOCs in
relation to epidemic progression in Africa.
The African regional (table S1) and country-
specific (table S2) NextStrain builds also clearly
support the changing nature of the pandemic
over time. From these builds, we observe a strong
association of B.1-like viruses circulating on the
continent during the first wave. These “ances-
tral” lineages were subsequently replaced by the
Alpha and Beta variants, which dominated the
pandemic landscape during the second wave
and were later replaced by the Delta and Omicron
variants during the third and fourth waves.

Optimizing surveillance coverage in Africa

By mapping and comparing the locations of spec-
imen sampling laboratories to the sequencing
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laboratories, a number of aspects regarding
the expansion of genomic surveillance on the
continent became clear. First, even though
several countries in Africa started sequencing
SARS-CoV-2 in the first months of the pan-
demic, local sequencing capacity was initially
limited. However, local sequencing capabil-
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Fig. 2. Sequencing strategies and outputs in Africa. (A) Geographical
representation of all countries (shaded in gray) and institutions (red dots) in
Africa with their own on-site sequencing facilities. The inset graph shows

the number of countries in Africa that are able to carry out sequencing locally
over time. (B) Key regional sequencing hubs and networks in Africa showing
countries (shaded in bright colors) and institutions (red dots) that have
sequenced for other countries (shaded in corresponding light colors and linking
curves) on the continent. ACEGID, African Centre of Excellence for Genomics
of Infectious Diseases; CERI, Centre for Epidemic Response and Innovation;
KEMRI-WT, Kenya Medical Research Institute-Wellcome Trust; KRISP, KwaZulu-
Natal Research Innovation and Sequencing Platform; ILRI, International
Livestock Research Institute; INRB, Institut National de Recherche Biomédicale;
IPD, Institut Pasteur de Dakar; MRC/UVRI, Medical Research Council/Uganda
Virus Research Institute; MRCG, Medical Research Council Unit-The Gambia;
NICD, National Institute for Communicable Diseases; NMIMR, Noguchi Memorial
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ities slowly expanded over time, particularly
after the emergence of VOCs (Fig. 2A). The fact
that almost half of all SARS-CoV-2 sequenc-
ing in Africa was performed using the Oxford
Nanopore Technology (ONT), which is rela-
tively low-cost compared with other sequenc-
ing technologies and better adapted to modest

Regional Sequencing Networks

laboratory infrastructures, illustrates one com-
ponent of how this rapid scale-up of local
sequencing was achieved (fig. S5). Yet, to rely
only on local sequencing would have thwarted
the continent’s chance at a reliable genomic
surveillance program. At the time of writing,
52 of 55 countries in Africa had SARS-CoV-2

C  Mixof Strategies to Scale Up Genomic Surveillance
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Institute for Medical Research. (C) Geographical representation of the total
number of SARS-CoV-2 whole genomes produced over the course of the
pandemic in each country, as well as the proportion of those sequences that
were produced locally, regionally, or abroad. (D) Correlation of the proportion of
COVID-19 positive cases that have been sequenced and the corresponding
number of epidemiological weeks since the start of the pandemic that are
represented with genomes for each African country. The color of each circle
represents the number of cases and its size the number of genomes.

(E) Comparison of sequencing turnaround times (lag times from sample
collection to sequence submission) for the three strategies of sequencing in
Africa, showing a significant difference in the means (****p < 0.0001). The box
and whisker plot denotes the lower quartile, the median and upper quartiles
(box), the minimum and maximum values (whiskers), and the outliers

(black dots). (F) Pearson correlations of the total number of sequencing
laboratories per country against key sequencing outputs.
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genomes deposited in GISAID; however, there
were still 16 countries with no reported local
sequencing capacity (Fig. 2A) and undoubtedly
many with limited capacity to meet demand
during pandemic waves.

To tackle this, three centers of excellence
and various regional sequencing hubs were
established to maximize the resources avail-
able in a few countries to assist in genomic
surveillance across the continent. This se-
quencing is done either as the sole source of
viral genomes for those countries (e.g., Angola,
South Sudan, and Namibia) or concurrently
with local efforts to increase capacity during
resurgences (Fig. 2B). Sequencing is further
supplemented by a number of countries that
use facilities outside of Africa. Ultimately, a
mix of strategies from local sequencing, col-
laborative resource sharing among African
countries, and sequencing with academic col-
laborators outside the continent helped close
surveillance blind spots (Fig. 2C). Countries in
sub-Saharan Africa, particularly in southern
and East Africa, most benefited from the re-
gional sequencing networks, whereas coun-
tries in West and North Africa often partnered
with collaborators outside of Africa.

The success of pathogen genomic surveil-
lance programs relies on how representative
it is of the epidemic under investigation. For
SARS-CoV-2, this is often measured in terms
of the percentage of reported cases sequenced
and the regularity of sampling. African coun-
tries were positioned across a range of differ-
ent combinations of overall proportion and
frequency of genomic sampling (Fig. 2D). Al-
though the ultimate goal would be to optimize
both of these parameters, a lower proportion
of sampling can also be useful if the frequency
of sampling is maintained at as high a level as
possible. For instance, South Africa and Nigeria,
which have both sequenced ~1% of cases over-
all, can be considered to have successful ge-
nomic surveillance programs based on the fact
that sampling is representative over time and
has enabled the timely detection of variants
(Beta, Eta, Omicron).

Additionally, for genomic surveillance to be
most useful for rapid public health response
during a pandemic, sequencing would ideally
be done in real time or in a framework as close
as possible to that. We show a general trend of
decreasing sequencing turnaround time in
Africa (fig. S6), particularly from a mean of
182 days between October and December 2020
to a mean of 50 days over the same period a
year later, although this does come with several
caveats. First, we measure sequencing turn-
around time in the most accessible manner,
which is by comparing the date of sampling of
a specimen to the date its sequence was de-
posited in GISAID. Generally, the genomic data
potentially informs the public health response
more rapidly than reflected here, particularly

Tegally et al., Science 378, eabq5358 (2022)

when it comes to local outbreak investigations
or variant detection. This analysis is also con-
founded by various factors such as country-
to-country variation in these trends (fig. S7),
delays in data sharing, and potential retro-
spective sequencing, particularly by countries
that joined sequencing efforts at later stages
of the pandemic. The most critical caveat is
the fact that sequencing from the most recently
collected samples (e.g., over the past 6 months)
may still be ongoing. The shortening duration
between sampling and genomic data sharing
is nevertheless a positive takeaway, given that
these data also feed into continental and global
genomic monitoring networks. Overall, the con-
tinental average delay from specimen collec-
tion to sequencing submission is 87 days, with
10 countries having an average turnaround
time of less than 60 days and Botswana, of less
than 30 days (fig. S8).

Most importantly, in the context of optimiz-
ing genomic surveillance, we found that the
route taken to sequencing affects the speed of
data generation. Of the three frameworks we
investigated, local sequencing has statistically
faster sequencing turnaround times (median
of 51 days), followed by sequencing within re-
gional sequencing networks in Africa (median
of 93 days) and finally outsourced sequencing
to countries outside Africa (median of 113 days)
(Fig. 2E). This finding strongly supports the
investments in local genomic surveillance to
generate timely and regular data for local and
regional decision-making. Finally, we show
that it is beneficial in several ways for coun-
tries to undertake genomic surveillance through
several sequencing laboratories rather than
by centralizing efforts. For instance, we esti-
mate strong correlations between the numbers
of sequencing laboratories per country and the
total number of genomes produced by that
country (Pearson correlation, 0.75), the total
number of epiweeks for which sequencing data
was produced (Pearson correlation, 0.81), and,
importantly, sequencing turnaround time
(Pearson correlation, —0.37) (Fig. 2F).

With the increase in sequencing capacity on
the continent, a decrease in the time taken to
detect new variants was observed. For exam-
ple, the Beta variant was identified in Decem-
ber 2020 in South Africa (4), but sampling and
molecular clock analyses suggest that the var-
iant originated in September 2020. This 3-month
lag in detection means that a new variant, like
Beta, has ample time to spread over a large
geographic region before its detection. How-
ever, by the end of 2021, the time to detect a
new variant was substantially improved. Phy-
logenetic and molecular clock analyses suggest
that the Omicron variant originated around 9
October 2021 (95% highest posterior density:
30 September to 20 October 2021), and the
variant was described on 23 November 2021
(83). Thus, Omicron was detected within ~5 weeks
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from origin compared with the Beta variant
(~16 weeks) and the Alpha variant, which was
detected in the United Kingdom (~10 weeks).
More importantly, the time from sequence dep-
osition to the WHO declaring the new variant
a VOC was substantially shortened to 72 hours
for the Omicron variant.

To interpret insights from the described ge-
nomic surveillance in Africa, it is important
to understand the context of epidemiological
reporting and sampling strategies used for
sequencing on the continent (table S3). Most
countries provided daily reports of newly
recorded cases, whereas a few provided weekly
and monthly reports. For most countries, sur-
veillance was mainly focused on the major
cities, suggesting potential cryptic circulation
in rural areas. We find that at the onset of the
pandemic, surveillance was focused on identi-
fication of imported cases from incoming trav-
elers or local residents returning from various
countries. As community transmissions began
to emerge, the focus shifted toward regular sur-
veillance and outbreak investigations. Together,
these three strategies account for the vast ma-
jority of samples generated on the continent
and analyzed here. As the pandemic progressed
and vaccines were made available, some coun-
tries on the continent began to explore other
sampling strategies such as reinfections, en-
vironmental samples such as wastewater sam-
ples, and vaccine breakthrough cases to gain
new insights into the evolutionary dynamics
of SARS-CoV-2. The utility of sequencing for
viral evolution tracking and VOC detection in
the way described above is obviously also de-
pendent on sampling proportions, especially
within sampling for regular surveillance.

The speed of SARS-CoV-2 evolution has com-
plicated sequencing efforts. Common methods
of RNA sequencing include reverse transcrip-
tion followed by double-stranded DNA ampli-
fication using sequence-specific primer sets
(39). Ongoing SARS-CoV-2 evolution has neces-
sitated the continual evaluation and updating
of these primer sets to ensure their sustained
utility during genomic surveillance efforts. Here,
we examined the current set of genomes to
determine aspects of the sequencing process
that might be improved in the future. Many of
the primer sets that were used were designed
using viral sequences from the start of the pan-
demic and may require updating to keep pace
with evolution. Indeed, the ARTIC primer sets
are now in version 4.1 (40). The Entebbe primer
set was designed mid-2020, well into the first
year of the epidemic, and used an algorithm
and design that accommodates evolution (41).

The effects of viral evolution on sequencing
patterns can be seen with low median unspec-
ified nucleotide (N) values (a consequence of
primer dropout or low coverage at that site) that
were observed for the first 12 months of the
epidemic, with an increase from October 2020
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(Fig. 3A). Additional challenges appear (as in-
dicated by increasing median N values) as
the virus further evolved into the Delta and
Omicron lineages from January 2021 onward
(Fig. 3A). By examining the role of sequenc-
ing technology, it appears that the two major
technologies used (Illumina and ONT) have
similar gap profiles (as measured by mean N
count per genome), whereas Ion Torrent, MGI,
and Sanger show a reduced mean N count per
genome (Fig. 3B). Likely factors for this pat-
tern are the primers used in sequencing, with
primer choice playing a key role in the quantity
of gaps (Fig. 3C). The mean N count per ge-
nome varied with viral lineage (Fig. 3D). There
was a modest difference in mean N count per
genome across the lineages. Lineages that re-
turned no classification with Pangolin (“none”)
showed the highest mean N count, suggesting
that high mean N count per genome was prob-
ably the basis for failed classification. The more
recent lineages, Delta (e.g., AY.39, AY.75) and
Omicron (BA.1.1, BA.2), also showed higher
mean N count per genome, consistent with vi-
rus evolution impairing primer function. This
pattern is further explored in fig. S9, where the
position of gaps shows an enrichment in the
genome regions after position 19,000, with fre-
quent gaps disrupting the spike coding region.

Phylogenetic insights into the rise and spread
of VOCs in Africa

During the first wave of infections in 2020 in
Africa, as was the case globally, most correspond-
ing genomes were classified as PANGO B.1 (n =
2456) or B.11 viruses (n = 1329). Toward the
end of 2020, more-distinct viral lineages started
to appear. Of these, the most important ones
that affected the African continent are B.1.525
(n =1797), B.1.1.318 (n = 398) (42), B.1.1.418 (n =
395), A.23.1 (n = 358) (15, 29, 31, 33), C.1 (n =
446) (29), C.1.2 (n = 300) (31), C.36 (n = 305)
(30, 43), B.1.154 (n = 287) (I5, 29, 31, 33),
B.1.416 (n = 272), B.1.177 (n = 203), B.1.620 (n =
138), and B.1.160 (n = 61) (32) (fig. S10, A and
B). Our discrete state phylogeographic infer-
ence from phylogenetic reconstruction of non-
VOC African sequences and an equal number
of external references revealed that African
countries were primarily seeded by multiple
introductions of viral lineages from abroad
(mainly Europe) at the beginning of the pan-
demic. The observed pattern of non-VOC viral
lineage movement then consistently shifted
toward more intercontinental exchanges (fig.
S10C). Mapping out the spatial routes of dis-
semination shows that various countries in all
subregions of the continent acted as sources
of these viral lineages at one point or another
(fig. S10D). Although uneven testing rates and
proportions of samples sequenced on the con-
tinent may have influenced these inferences (dis-
cussed later), the results presented here are in
line with the fact that these most predominant
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Fig. 4. Inferred viral dissemination patterns of VOCs within Africa. (A) Genomic
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VOCs (Omicron as BA.1 and BA.2) based on case-sensitive phylogeographic
inference. Introductions and viral transitions within Africa are shown as solid lines,
and exports from Africa are shown as dotted lines; the lines are colored by continent.

non-VOC lineages in Africa, except B.1.177,
emerged and circulated widely in different
subregions (Fig. 1).

Similar to the pandemic globally, VOCs be-
came increasingly important in Africa toward
the end of 2020. The Alpha, Beta, Delta, and
Omicron variants demonstrate many similar-
ities as well as differences in the way that they
spread on the continent. For all these VOCs,
we observe large regional monophyletic trans-
mission clusters in each of their phylogenetic
reconstructions in Africa (fig. S11). This sug-
gests an important extent of continental dis-
semination within Africa. Alpha and Beta were
epidemiologically important in distinct re-
gions of the continent, with Alpha primarily
circulating in West Africa, North Africa, and
most of Central Africa; Beta circulating in
southern and most of East Africa; and both
only substantially cocirculating in a few coun-
tries such as Angola, Kenya, Comoros, Burundi,
and Ghana (Fig. 1 and fig. S12). However, we
may not have enough resolution in the geo-
spatial data to know whether and to what ex-
tent they were truly cocirculating throughout
these countries or whether there were regional
outbreaks of Alpha and Beta within these coun-
tries. In Kenya, for example, Beta was detected
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more frequently in coastal regions and Alpha
more frequently inland (26, 44). By contrast,
the Delta and Omicron variants sequentially
dominated most infections on the entire con-
tinent shortly after their emergence (Fig. 4A
and fig. S12).

The Alpha variant was first identified in
December 2020 in the United Kingdom and
has since spread globally. In Africa, Alpha was
detected in 43 countries, with evidence of com-
munity transmission based on phylogenetic
clustering in many countries, including Ghana,
Nigeria, Kenya, Gabon, and Angola (fig. S11).
Discrete state maximum likelihood reconstruc-
tion from a globally case-sensitive genomic sub-
sampling inferred at least 80 introductions
[95% confidence interval (CI): 78 to 82] into
Africa, with the bulk of imports attributed to the
United States (>47%) and the United Kingdom
(>25%) (Fig. 4B). Only 1% of imports into any
particular African country were attributed to
another African nation. Phylogeographic re-
construction enriched in African sequences
revealed that of those, >85% of the intercon-
tinental Alpha exchanges in Africa originated
from West African countries (Fig. 4C). This
occurred in spite of initial importations of the
Alpha variant from Europe into all regions of
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origin of viral exchange routes are also shown with dots, and the curves go from
country of origin to destination country in a counterclockwise direction.

the continent (fig. S13B) but is in line with
Alpha having dominated circulation mostly in
West Africa (fig. S12). In countries where Alpha
was introduced but did not grow and cause an
expansion of cases, this can be explained by
competition with the already established Beta
variant, which simultaneously circulated. The
characteristics of multiple introductions of
Alpha into Africa and between African coun-
tries is similar to the spread of Alpha that has
been documented in the United Kingdom,
Scotland, and Ireland (45-47).

The second VOC, Beta, was identified in
December 2020 in South Africa (4). However,
sampling and molecular clock analyses suggest
that the variant originated around September
2020 (fig. S11). At the end of 2020 and be-
ginning of 2021, Beta was driving a second
wave of infection in South Africa and quickly
spread to other countries within the region.
The concurrent introductions and spread of
Alpha and other variants (Eta, A.23.1) in other
regions of the continent may have reduced
the Beta variant’s initial growth, limiting its
spread largely to southern Africa and, to a
lesser extent, the East Africa region. Beta spread
to at least 114 countries globally, including
37 countries and territories in Africa. For this
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variant, viral circulation and geographical ex-
changes occurred predominantly within the
continent. Indeed, phylogeographic recon-
struction from a globally case-sensitive sam-
pling revealed that of the 810 (95% CI: 803 to
818) inferred introductions of the Beta var-
iant into African countries, only 110 (95% CI:
105 to 115; 13%) were attributed to sources
outside the continent (fig. S13C), whereas
more than half of the introductions were at-
tributed to South Africa (63%) (Fig. 4C). This
is in line with expectations because the variant
originated in South Africa. Beyond southern
Africa, most of the introductions back into the
continent were attributed to France and other
European Union countries into the French
overseas territories, Mayotte and Reunion, and
other Francophone African countries. Africa-
focused phylogeographic analysis revealed a
similar spatial pattern that showed southern
countries as substantial sources of the variant,
followed in small numbers by countries in
East Africa (Fig. 4C).

The fourth VOC observed was Delta (13),
which rose to prominence in April 2021 in India,
where it fueled an explosive second wave. Since
its emergence, Delta has been detected in >170
countries, including 37 African countries and
territories (fig. S11). Our global case-sensitive
subsampled analysis infers at least 100 (95% CI:
93 to 106) introductions of the Delta variant
into Africa, with the bulk attributed to India
(~72%), mainland Europe (~8%), the United
Kingdom (~5%), and the United States (~2.5%).
Viral introductions of Delta also occurred from
one African country to others in 7% of inferred
introductions. From our Africa-focused phylo-
geographic inferences, we infer that unlike
Alpha and Beta, viral dissemination of Delta
within Africa was not restricted to or domi-
nated by any particular region but rather spread
across the entire continent (Fig. 4C). After in-
troductions from Asia in the middle of 2021,
Delta rapidly replaced the other circulating
variants (Fig. 4A). For example, in southern
African countries, the Delta variant rapidly dis-
placed Beta and, by June 2021, was circulating
at very high (>90%) frequencies (48).

The latest VOC, Omicron, was identified and
characterized in November 2021 in southern
Africa (3). At the time of writing, the variant
had been detected and caused waves of infec-
tions in >160 countries, including 39 African
countries and two overseas territories (fig. S11).
Because of the genetic distance between them
and their sequential (rather than simultane-
ous) epidemic expansion globally, phylogenies
were reconstructed separately for Omicron
BA.1 and BA.2. Our discrete ancestral-state
reconstruction from a global case-sensitive
sampling for Omicron BA.1 infers at least 55
(95% CI: 47 to 62) viral exports of BA.1 out of
various African countries, of which 31 (95% CI:
25 to 36) were toward Europe and 8 (95% CI:
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6 to 10) were toward North America (Fig. 4B).
After explosive expansion of Omicron around
the world, we inferred even more reintroduc-
tions of the variant back into Africa, at least 69
(95% CI: 60 to 78) from Europe and 102 (95% CI:
92 to 112) from North America (Fig. 4B). From
our Africa-focused phylogeographic reconstruc-
tions, we determine that, as with Delta, routes
of dissemination of this variant involved all
regions of the continent spatially (Fig. 4C). Yet
~75% of all BA.1 viral movement volume in
Africa happened between southern African
countries, likely because of rapid epidemic ex-
pansion in the region soon after its detection
(8). Omicron BA.2’s reach in Africa was lim-
ited at the time of writing, with only 3260 se-
quences from 19 countries attributed to BA.2
on GISAID (date of access: 31 March 2022) (15%
of all Omicron sequences from Africa). Our
discrete ancestral-state reconstruction from
a global case-sensitive sampling for Omicron
BA.2 infers at least 68 (95% CI: 53 to 84:) viral
exports out of African countries, of which most
were toward Europe (~88%) (Fig. 4B). We also
infer at least 99 (95% CI: 87 to 109) separate
introduction or reintroduction events of BA.2
back into African countries, of which ~65% are
from Europe and ~30% from Asia, primarily
from India (Fig. 4B). This is consistent with
India having experienced one of the earliest
large BA.2 waves globally. In the context of
global incidence of BA.2, this case-sensitive
phylogeographic analysis revealed that only
0.01% of viral movements of this lineage glob-
ally happened from one African country to
another. Our Africa-focused analysis inferred a
similar pattern of BA.2 spatial diffusion within
African to that of BA.1 (Fig. 4C). However, given
that this accounted for such a small percent-
age of global BA.2 movements, BA.2 diffusion
from one African country to another is unlikely
to have had a substantial impact on epidemi-
ological expansion, compared with introduc-
tions from Asia, Europe, or North America.
Globally, dissemination of the SARS-CoV-2
virus throughout the pandemic was intricately
linked with human mobility patterns (49-53).
To determine the validity of the VOC move-
ment patterns that we infer into and within the
Africa continent in this study, we compared viral
import and export events to and from South
Africa with travel to the country. In December
2020, the United Kingdom accounted for the
fifth-highest number of passengers entering
South Africa, whereas other countries with the
top-nine sources of travelers were all neighbor-
ing countries in southern Africa (fig. S14:A). Con-
sidering that incidence of the Alpha variant
was not meaningful in the region, this sup-
ports our inference of the United Kingdom
contributing 60% of Alpha introductions to
South Africa (fig. S15A). In March 2021, the
United States, Germany, the United Kingdom,
and India were among the top-12 sources of
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travelers to South Africa after eight African
countries (fig. S14B). During this time of Delta
dissemination globally, we infer that ~90% of
introductions of Delta into South Africa orig-
inated in the United Kingdom, the United States,
and India (fig. S15B). At the end of 2021, most
introductions or reintroductions of Omicron
to the country came from the United Kingdom,
the United States, or Botswana, corresponding
to locations of both high Omicron incidence at
the time and high numbers of passengers to
South Africa (figs. S14C and S15C). These travel
patterns also fit the findings that ~89, ~70, and
~75% of Beta, Delta, and Omicron exports, re-
spectively, from South Africa to other African
countries were directed to locations in south-
ern Africa (figs. S14, D and E, and S15, D and E).

Discussion, limitations, and conclusions

By April 2020, a total of 20 African countries
were able to sequence the virus within their
own borders. This was largely made possible
by other preexisting sequencing efforts on the
continent that were focused on other human
pathogens (e.g., HIV, tuberculosis, Ebola, and
HI1N1). However, these efforts were quickly
limited by global supply chain issues, and, in
many countries, sequencing efforts substan-
tially slowed down or stopped toward the end of
2020. To facilitate more sequencing on the con-
tinent over the course of the past year (April 2021
to March 2022), the Africa CDC and partners
invested heavily to support genomic surveillance
on the continent. This included the transfer
of 24 new sequencing platforms (including
Minlon, GridIon, MiSeq, and NextSeq), the dis-
tribution of reagents and flow cells to support
the sequencing of 100,000 positive samples, the
training of >230 students and technicians in
wet laboratory and bioinformatic techniques,
and additional grants to support 10 regional
sequencing hubs. This investment has started
bearing fruit and should be intensified as the
virus continues to evolve, requiring the adap-
tation of methodologies locally on the continent
to keep pace with the emergence of variants. The
continued development of sequencing proto-
cols in Africa is of crucial importance (41, 54, 55)
given the number of variants and lineages
that emerged in, and were introduced to, the
continent. In North Africa, the SARS-CoV-2
pandemic was caused by waves of infections
that were similar to those seen in Europe (first
wave attributed to B.1 descendants, second
wave to Alpha, third wave to Delta, and fourth
wave to Omicron); in southern Africa, the pat-
tern was similar but with a Beta wave instead
of an Alpha one. In East Africa, the pandemic
was more complex, involving both Alpha and
Beta as well as its own lineage A.23.1 before the
arrival of Delta and Omicron. Central Africa
experienced epidemic patterns that sometimes
mirrored those of East Africa and other times
those of southern Africa. In West Africa, Eta
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made a considerable contribution to both a
second wave (together with Alpha) and a third
wave (together with Delta). The factors that
resulted in these regional differences are not
clear but could be due to differences in human
mobility, founder effects, competition between
lineages, or the immunity induced by earlier
waves in a region.

Public health benefits of such broadly in-
clusive genomic surveillance are manifold. The
most prominent insight from this expanded
genomic surveillance in Africa has been an
early warning capacity for the world after the
detection of new lineages and variants, most
recently relevant in the detection of Omicron
BA.1, BA.2, BA.3, BA4, and BA.5 subvariants
(3, 4, 34). Furthermore, the reporting of local
SARS-CoV-2 sequences made the epidemic
more immediate to the Ministries of Health
from the reporting African countries. It be-
came clear early on that the viral evolution is
global and that the transmission of the virus
is extremely rapid, which guided mitigation
strategies. The generation and availability of
local sequences also validated local diagnos-
tics and allowed investigators to determine
whether nucleic acid-based diagnostics that
were in use could still detect local variants.
The detection of SARS-CoV-2 in returning
travelers and truck drivers indicated routes
that the virus might be using to enter a coun-
try and guided early efforts to slow virus entry
and gain time to establish vaccination plans.
Later, the difficulty of stopping the virus at
borders combined with data showing that the
variants were already in community circula-
tion allowed public health officials to focus
efforts and limited resources on vaccination
rather than on border controls. The detection
and reporting of the more-recent lineages with
enhanced transmission (i.e., Omicron) and the
ability to bypass existing immunity is impor-
tant information and an early alert to public
health officials globally that the epidemic is
still proceeding. As the pandemic progresses
in an evolving global context, we provide evi-
dence that with each new variant, transmis-
sion dynamics are changing and the use of
sequencing with phylogenetics could poten-
tially alter decisions of public health measures.
For example, the demonstrated shift away from
regional dynamics of Alpha and Beta toward
more global patterns with Delta and Omicron
can provide insights to public health officials
as they anticipate epidemic developments lo-
cally. With Omicron, it became clear that al-
though the variant expanded first in Africa,
the continent ultimately had a minimal role
in global dissemination and that continental
expansion beyond southern Africa was most
influenced by external introductions, in con-
trast to the Beta variant. All of these public
health benefits to sequencing SARS-CoV-2 are
primarily amplified, as we show in this study,
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if the sequencing can be conducted locally
within a country, which strongly supports the
continued investment into pathogen sequenc-
ing on the continent.

Despite the recent successful expansion of
genomics surveillance in Africa, additional work
is necessary. Even with investments from the
Africa CDC-Africa Pathogen Genomics Initiative
and other investments, there are still 16 coun-
tries with no sequencing capacity within their
own borders. The only option for these coun-
tries is to send samples to continental sequenc-
ing hubs or to centers outside of the continent,
which increases turnaround times and limits
the utility of genomic surveillance for public
health decision-making. Secondly, not all coun-
tries are willing to share data openly in a timely
fashion for fear of being subject to travel bans
or restrictions that could bring substantial eco-
nomic harm. Such hesitancy has obvious po-
tential ramifications for the future of genomic
surveillance on the continent. Furthermore,
with the expansion of sequencing on the con-
tinent, there is a growing need for more bio-
informatics support and knowledge to allow
investigators to analyze and report their data
in a reasonable time frame that makes it use-
ful for a public health response. It is also clear
that the SARS-CoV-2 sequencing primers are
not a static development and may require up-
dating as the virus evolves. A number of research
groups have been addressing the SARS-CoV-2
sequencing primer questions. Issues of gaps in
the genomes due to missing amplicons have
been discussed (56, 57). The ARTIC primer set
has gone through a number of revisions to ac-
commodate virus evolution (39, 40). Additional
longer amplicon methods have been published
(568-60), including methods to use a subset of
ARTIC primers (61).

The patterns we describe here are of course
limited to reported cases and apply to both the
phylogeographic as well as the epidemiology
inferences. As such, the results need to be in-
terpreted with these limitations in mind. Our
primary phylogeographic inference relied on a
sampling strategy that considered all high-
quality African sequences and an equal number
of external references. Though this strategy has
the advantage of placing all African sequences
in a phylogenetic context, it introduces a bias
when applied to discrete ancestral-state recon-
struction because more internal nodes are in-
ferred to be from Africa. To address this, we
performed an even sampling of global cases,
based on reported case counts through time, to
compare against our oversampled inference.
The even-sampling approach has the benefit
that the discrete ancestral-state reconstruc-
tion is not biased by uneven sampling. After
comparing the two, there are obvious differ-
ences, most notably that the number of inferred
introductions into Africa is proportional to
sampling proportions (fig. S16) because we no
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longer consider all African sequences but rather
just a small subset against a global sample.
However, inferences from the two approaches
correspond well with one another. For exam-
ple, considering Alpha, we still observed that
the vast majority of introductions into Africa
originated from Western Europe. Patterns of
dissemination within Africa are more robustly
comparable between the two, for instance, that
countries in West Africa were the biggest source
of Alpha within the continent. High concor-
dance between the two inference methods was
also observed for other VOCs for dispersal routes
within Africa, which gives us confidence in the
inferred patterns we observe here. Although we
represent an inference based on oversampling
and case-sensitive sampling, it is, at present, not
possible to explore how undersampling affects
the phylogeographic reconstruction because of
uneven testing rates. Additionally, the robust-
ness of the phylogeographic inference can also
be affected by the underlying methodology
that is used. Broad consensus would favor the
use of Bayesian methods for phylogeographic
reconstruction, which is often considered to
be the “gold standard” in the field. The main
drawbacks of Bayesian methods are that they
can only be applied to a relatively small num-
ber of sequences at a time (<1000) and they
are extremely computationally and time inten-
sive. Given the explosion of sequence data over
the past 2 years, the scientific community will
have to adapt or put forth new analytical meth-
ods to fully capitalize on the global sequencing
efforts for SARS-CoV-2.

Despite our best attempts to consider and
minimize genomic sampling bias, the accuracy
of the resulting phylogenetic inferences is lim-
ited by the available epidemiological and ge-
nomic data, leading to unaccounted biases in
the estimates of viral movements. This includes
limited testing and subsequent sequencing
in many African countries. Although the per-
centage of reported cases sequenced in African
countries (0.01 to 10%, mean = 1.27%) is not far
from global figures (0.01 to 16%, mean = 1.31%),
testing rates and infection-to-detection ra-
tios in Africa were some of the lowest globally
(38, 62). Together with estimates of excess mor-
tality being as much as 20-fold greater than the
reported numbers in African countries (63),
these are strong indications of undetected and
underreported epidemic sizes in Africa, lead-
ing to undersampling of genomic data (62)
and thus underestimates of viral exchange
inferences in our study. Some countries with
no publicly available SARS-CoV-2 sequences
are, by definition, completely missing in our
inference. This in turn means that inferred
routes of viral transmission within Africa could
be missing important intermediate locations,
although this is potentially true around the
world. Nevertheless, we believe that the viral
movement inferences that we discuss in this
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study provide a likely qualitative description
of the patterns of SARS-CoV-2 migration into,
out of, and within Africa.

Finally, we should also mention uneven se-
quencing and reporting standards across the
different laboratories on the continent—and
globally, for that matter. Different groups use
different measures for what constitutes a high-
quality sequence (e.g., 70 versus 80% sequence
coverage) or use different sequencing depth
coverage. This lack of global standardization
complicates the direct comparison of sequences
that may have been submitted to GISIAD using
different criteria, further biasing any inference.
Given the sheer size of SARS-CoV-2 sequenc-
ing, with ~10 million whole-genome sequences
shared on the GISAID database (date of access:
31 March 2022), there is an urgent need for
global standards with regard to sequence qual-
ity and associated metadata.

Africa needs to continue expanding genomic
sequencing technologies on the continent in
conjunction with diagnostic capabilities. This
holds true not just for SARS-CoV-2 but also for
other emerging or reemerging pathogens on
the continent. For example, in February 2022,
the WHO announced the reemergence of wild
polio in Africa, and sporadic influenza HINI,
measles, and Ebola outbreaks continue to occur
on the continent. The Africa CDC has estimated
that more than 100 pathogen outbreaks are
reported across the continent every year. Be-
yond the current pandemic, continued invest-
ment in diagnostic and sequencing capacity for
these pathogens could serve the public health
of the continent well into the 21st century.

Methods and methods
Ethics statement

This project relied on sequence data and as-
sociated metadata that are publicly shared by
the GISAID data repository and adhere to the
terms and conditions laid out by GISAID (16).
The African samples processed in this study
were obtained anonymously from material ex-
ceeding the routine diagnosis of SARS-CoV-2
in African public and private health labora-
tories. Individual institutional review board
references or material transfer agreements
(MTAs) for countries are as follows: Angola
(MTA - CON8260); Botswana-genomic surveil-
lance in Botswana was approved by the Health
Research and Development Committee (pro-
tocol HPDME 13/18/1); Egypt-surveillance in
Egypt was approved by the Research Ethics
Committee of the National Research Centre
(Egypt) (protocol number 14155, dated 22 March
2020); Kenya-samples were collected under
the Ministry of Health protocols as part of the
national COVID-19 public health response, and
the whole-genome sequencing study protocol
was reviewed and approved by the Scientific
and Ethics Review Committee (SERU) at Kenya
Medical Research Institute (KEMRI), Nairobi,
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Kenya (SERU protocol #4035); Nigeria (NHREC/
01/01/2007), Mali-study of the sequence of SARS-
CoV-2 isolates in Mali, Letter of Ethical Commit-
tee (N0-2020 /201/CE/FMPOS/FAPH of 09/17/
2020); Mozambique (MTA - CON7800); Malawi
(MTA - CON8265); South Africa-the use of South
African samples for sequencing and genomic
surveillance was approved by University of
KwaZulu-Natal Biomedical Research Ethics
Committee (ref. BREC/00001510/2020), the Uni-
versity of the Witwatersrand Human Research
Ethics Committee (HREC) (ref. M180832), Stel-
lenbosch University HREC (ref. N20/04/008_
COVID-19), the University of the Free State Re-
search Ethics Committee (ref. UFS-HSD2020/
1860/2710), and the University of Cape Town
HREC (ref. 383/2020); Tunisia-for sequences
derived from sampling in Tunisia, all patients
provided their informed consent to use their
samples for sequencing of the viral genomes,
and the ethical agreement was provided to the
research project ADAGE (PRFCOVID19GP2) by
the Committee of Protection of Persons (Tunisian
Ministry of Health) under the reference CPP
SUD N 0265/2020; Uganda-the use of samples
and sequences from Uganda was approved by
the Uganda Virus Research Institute, Research
and Ethics Committee UVRI-REC Federalwide
Assurance (FWA) no. 00001354, study refer-
ence GC/127/20/04/771, and by the Uganda
National Council for Science and Technology,
reference number HS936ES; and Zimbabwe
(MTA - CON8271).

Epidemiological and genomic data dynamics

We analyzed trends in daily numbers of cases
of SARS-CoV-2 in Africa up to 31 March 2022
from publicly released data provided by the Our
World in Data repository for the continent of
Africa (https://github.com/owid/covid-19-data/
tree/master/public/data) as a whole and for in-
dividual countries (2). To provide a comparable
view of epidemiological dynamics over time in
various countries, the variable under primary
consideration for Fig. 1 was “new cases per
million (smoothed).” To calculate the genomic
sampling proportion and frequency for each
country for Fig. 2, the total number of recorded
cases as of 31 March 2022 was considered, as
well as the total length of time for which each
country had recorded cases of SARS-CoV-2.
Genomic metadata was downloaded for all
African entries on GISAID for the same time
period (date of access: 31 March 2022). From
this, information extracted from all entries for
this study included the date of sampling, coun-
try of sampling, viral lineage and clade, orig-
inating laboratory, sequencing laboratory, and
date of submission to the GISAID database.
The geographical locations of the originating
and sequencing laboratories were manually
curated. Sequences originating and sequenced
in the same country were defined as locally se-
quenced, irrespective of specific laboratory or
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finer location. Sequences originating in one
African country and sequenced in another
were defined as sequenced within regional
sequencing networks. Sequences sequenced in
a location not within Africa were labeled as
sequenced outside Africa. Sequencing turn-
around time was defined as the number of
days that had elapsed from specimen collection
to sequence submission to GISAID. Sequencing
technology information for all African en-
tries was also downloaded from GISAID on
31 March 2022.

Primer choice and sequencing outcomes

All SARS-CoV-2 genomes from African coun-
tries were retrieved from GISAID (16) for sub-
mission dates from 1 December 2019 to 31 March
2022, yielding 100,470 entries. Associated meta-
data for the entries were also retrieved, includ-
ing collection date, submission date, country,
viral strain, and sequencing technology. Data
on the primers used for the sequencing were
requested from investigators and yielded primer
data for 13,973 of the entries (~13%). The total
N (bases with low sequence depth) per ge-
nome were counted, the results of which were
then used for genome quality analysis and vi-
sualization. Gap locations in the genomes were
mapped and visualized with respect to the
original Wuhan strain (64).

Phylogenetic investigation

All African sequences on the GISAID sequence
database (16) were downloaded on 31 March
2022 (n = 100,470). Of these, Alpha accounted
for 3851 sequences, Beta accounted for 14,548
sequences, Delta accounted for 35,027 sequences,
Omicron accounted for 21,708 sequences, and
25,336 sequences were classified as non-VOCs.
Before any phylogenetic inference, we performed
some quality assessment on the sequences to
exclude incomplete or problematic sequences
as well as sequences lacking complete meta-
data. Briefly, all African sequences were passed
through the NextClade analysis pipeline (65)
to identify and exclude (i) sequences missing
>10% of the SARS-CoV-2 genome, (ii) sequences
that deviate by >70 nucleotides from the Wuhan
reference strain, (iii) sequences with >10 ambig-
uous bases, (iv) clustered mutations, and (v)
sequences flagged with private mutations by
NextClade. Additionally, Omicron variants were
screened for traces of viral recombination
with RDP5.23 (66) using default settings and a
p value of <0.05 as evidence of recombination.
A large number of sequences were removed
(n = 57,421), with incomplete sequences (<90%
genome coverage) being the biggest contrib-
utor. This produced a final African dataset of
43,049 high-quality African sequences. Because
of the sheer size of the dataset, we opted to per-
form independent phylogenetic inferences
on the main VOCs (Alpha, Beta, Delta, and
Omicron BA.1 and BA.2) that have spread on the
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African continent, as well as a separate inference
for all non-VOC SARS-CoV-2 sequences.

To evaluate the spread of the virus on the
African continent, we aligned the African data-
sets against a large number of globally repre-
sentative sequences from around the world.
Because of the oversampling of some variants
or lineages, we performed a random down sam-
pling while retaining the oldest two known
variants from each country. Reference sequences
were respectively aligned with their African
counterparts independently with NextAlign
(65). Each of the alignments was then used to
infer maximum likelihood (ML) tree topologies
in FastTree v 2.0 (67) using the general time
reversible model of nucleotide substitution
and a total of 100 bootstrap replicates (68). The
resulting ML tree topologies were first inspected
in TempkEst (69) to identify any sequences that
deviate more than 0.0001 from the residual
mean. After the removal of potential outliers
in R with the ape package (70), the resulting
ML trees were then transformed into time-
calibrated phylogenies in TreeTime (71) by ap-
plying a rate of 8 x 10~* substitutions per site per
year (72) to transform the branches into units
of calendar time. Time-calibrated trees were
then visualized, along with associated metadata,
in R using ggtree (73) and other packages.

We performed a basic viral dispersal analy-
sis for each of the VOCs (excluding Gamma) as
well as for the non-VOC dataset. Briefly, a mi-
gration model was fitted to each of the time-
calibrated tree topologies in TreeTime, mapping
the country location of sampled sequences to
the external tips of the trees. The mugration
model of TreeTime also infers the most likely
location for internal nodes in the trees. Using
a custom python script, we could then count
the number of state changes by iterating over
each phylogeny from the root to the external
tips. We count state changes when an internal
node transitions from one country to a different
country in the resulting child node or tip(s). The
timing of transition events is then recorded,
which serves as the estimated import or export
event. To infer some confidence around these
estimates, we performed 10 replicates for each of
the datasets by random selection from the 100
bootstrap trees. Because of the high uncertainty
in the inferred locations for deep internal nodes
in the trees, we truncated state changes to the
earliest date of sampling in each dataset. All data
analytics were performed using custom python
and R scripts, and the results were visualized
using the ggplot libraries (74). Such phylogeo-
graphic methods are always subject to uneven
sampling through time (i.e., over the course of
the pandemic) and through space (by sam-
pling location). To address this, we have per-
formed a case-sensitive analysis to investigate
the effects of oversampling African locations
on the inferred number of viral introductions.
Furthermore, in a previous analysis (15), we

Tegally et al., Science 378, eabq5358 (2022)

performed a sensitivity analysis to address some
of these issues and found no substantial var-
iations in estimates.

Case-sensitive phylogeographic inference

To address the potential oversampling of African
sequences relative to global reference in the
above-mentioned analyses, we performed an-
other phylogeographic inference on subsamples
based on global case counts to try to eliminate
oversampling bias in our inference. To this
end, we considered all high-quality sequences
for each of the VOCs (Alpha, Beta, Delta, and
Omicron BA.1 and BA.2) globally over the same
sampling period (until 31 March 2022). We used
subsampler (https://github.com/andersonbrito/
subsampler) to generate subsamples for each
variant based on globally reported cases. In
short, subsampler uses a case-count matrix
of daily cases, along with the fasta sequences
and GISAID associated metadata, to sample
a user-defined number of sequences. For each
VOC and for BA.1 and BA.2, we performed
10 samplings using different number seeds to
sample datasets of ~20,000. Once again, sam-
pled sequences were screened for viral recom-
bination as described above and sequences
with signs of recombination were removed. Sub-
sampler has the added advantage that it dis-
regards poor quality sequences (e.g., <90%
coverage) and sequences with missing meta-
data (e.g., exact date of sampling). Each data-
set was then subjected to the same analytical
pipeline as mentioned above to infer the viral
transitions between Africa and the rest of
the world.

Regional and country-specific NextStrain builds

To investigate more-granular changes in line-
age dynamics within a specific country or re-
gion in Africa, we used the NextStrain pipeline
(https://github.com/nextstrain/ncov) to gen-
erate the regional and country-specific builds
for African countries (75). First, all sequence
data and metadata were retrieved from the
GISAID sequence database and filtered for
Africa based on the “region” tab for inclusion
in regional and country-specific African builds.
For country-specific builds, ~4000 sequences
from a given country were randomly selected
and analyzed against ~1000 randomly selected
sequences from the Africa “nextregions” records
that do not match the focal country of interest.
For regional (e.g., West Africa) builds, ~4000
sequences from the focal region were selected
at random and analyzed against ~1000 ran-
domly selected sequences from the Africa
“nextregions” records that do not match the
focal region of interest. The methodological
pipeline for NextStrain is well documented
and performs all analyses within one workflow,
including filtering of sequences, alignment,
tree inference, molecular clock, and ancestral-
state reconstruction. For more information,
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please visit https://docs.nextstrain.org/en/
latest/index.html.

All regional and country-specific builds are
regularly updated to keep track of the evolv-
ing pandemic on the continent. All builds are
publicly available under the links provided
in tables S1and S2 as well as on the NextStrain
web page (https://nextstrain.org/sars-cov-2/
#datasets).
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from rapid diagnostic tests reveals a significant
proportion of false positive test results
associated with recent malaria treatment
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Abstract

Background: Surveillance programmes often use malaria rapid diagnostic tests (RDTs) to determine the proportion
of the population carrying parasites in their peripheral blood to assess the malaria transmission intensity. Despite

an increasing number of reports on false-negative and false-positive RDT results, there is a lack of systematic quality
control activities for RDTs deployed in malaria surveillance programmes.

Methods: The diagnostic performance of field-deployed RDTs used for malaria surveys was assessed by retrospective
molecular analysis of the blood retained on the tests.

Results: Of the 2865 RDTs that were collected in 2018 on Bioko Island and analysed in this study, 4.7% had a false-
negative result. These false-negative RDTs were associated with low parasite density infections. In 16.6% of analysed
samples, masked pfhrp2 and pfhrp3 gene deletions were identified, in which at least one Plasmodium falciparum
strain carried a gene deletion. Among all positive RDTs analysed, 28.4% were tested negative by gPCR and therefore
considered to be false-positive. Analysing the questionnaire data collected from the participants, this high proportion
of false-positive RDTs could be explained by P, falciparum histidine rich protein 2 (PfHRP2) antigen persistence after
recent malaria treatment.

Conclusion: Malaria surveillance depending solely on RDTs needs well-integrated quality control procedures to
assess the extent and impact of reduced sensitivity and specificity of RDTs on malaria control programmes.

Keywords: Molecular malaria surveillance, False-positive malaria rapid diagnostic test, PfHRP2 persistence, pfhrp2
gene deletion

Background
According to the World Health Organization (WHO),
- - more than 409,000 malaria-related deaths were reported
*Correspondence: claudia.daubenberger@swisstph.ch; . . .
tobias schindler@swisstph.ch in 2019, most of them in children below the age of 5 years
TClaudia Daubenberger and Tobias Schindler contributed equally to this [1]. The majority of malaria infections (94%) and malaria-
work related deaths (95%) occurred in sub-Saharan Africa
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malaria parasite [1]. The test-treat-track strategy advised
by WHO is one of the backbones of current malaria con-
trol and elimination programmes [3]. This strategy entails
every suspected malaria case be tested, every confirmed
case be treated, and the disease be tracked through sur-
veillance systems [4]. Testing relies heavily on rapid diag-
nostic tests (RDTs), exemplified by the more than 348
million RDTs distributed globally in 2019 [1]. In SSA,
RDTs have almost completely replaced light micros-
copy for malaria diagnosis, accounting for an estimated
75% of all malaria tests conducted in 2017 [5]. RDTs
are point-of-care tests that detect circulating antigens,
such as the P falciparum-specific histidine rich protein
2 (PfHRP2) or histidine rich protein 3 (PfHRP3), as well
as the pan-Plasmodium spp. enzymes, lactate dehydro-
genase (pLDH) or aldolase [6]. More than 90% of RDTs
currently in use target the PfHRP2 antigen because of
its higher sensitivity compared to non-PfHRP2 antigens
[7]. PfHRP2-based RDTs used for the diagnosis of febrile
patients that suffer from malaria infection are highly sen-
sitive and specific [8]. RDTs are often used by national
malaria surveillance programmes. However, when indi-
viduals are asymptomatic with low parasite densities,
RDTs often fail to detect the parasites due to low antigen
concentrations [9, 10].

A recent study showed that false-negative RDTs (FN-
RDT) are more common in lower malaria transmission
settings, younger subjects and in urban areas in SSA [11].
Reduced diagnostic performance of RDTs has also been
attributed to genetic diversity of the pfhrp2 gene [12], dif-
ferences in expression levels of PfHRP2 antigen in para-
site field strains [13], or deletion of pfhrp2 and pfhrp3
genes in isolates [14]. Pfhrp2 gene deletions appear to be
common and therefore are relevant as they might be a
threat to malaria control programmes based on monitor-
ing of malaria prevalence through RDTs [15, 16].

Less attention has been given to the specificity of
malaria RDTs used in malaria surveys that potentially
result in false-positive results. False-positive RDTs (FP-
RDT) have been associated with high levels of circulat-
ing rheumatoid factor [17-19] or acute typhoid fever
[20]. There is evidence of FP-RDTs in patients infected
with Schistosoma mekongi [21] or human African trypa-
nosomiasis [22]. FP-RDTs are also caused by persisting
antigen circulation in peripheral blood after successful P
falciparum drug treatment. A meta-analysis revealed that
around half of the PfHRP2-detecting RDTs remain posi-
tive 15 days (95% CI 5-32) post P, falciparum treatment,
which is 13 days longer than RDTs based on the pLDH
antigen [23]. The latter study also reported a higher per-
sistent RDT positivity among individuals treated with
artemisinin combination therapy (ACT) than those
treated with other anti-malarial drugs. Since RDTs are
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instrumental to malaria surveillance programmes, their
diagnostic performance should be systematically moni-
tored over time using sensitive and highly specific meth-
ods detecting Plasmodium spp. molecular markers.
Described here is an approach for quality control of field-
deployed RDTs by retrospective molecular analysis of the
parasite DNA retained on them using RT-qPCR.

Methods

The 2018 malaria indicator survey conducted on Bioko
Island as a biobank of RDTs for molecular malaria
surveillance

A malaria indicator survey (MIS) has been conducted
annually since 2004 on the island of Bioko, Equatorial
Guinea, to evaluate the impact of malaria control inter-
ventions [24]. The survey uses a standard questionnaire
developed by the Roll Back Malaria initiative to gather
information on selected households and their occupants.
The 2018 Bioko Island MIS covered 4774 households with
20,012 permanent residents, among whom 13,505 per-
sons consented to storage and molecular analysis of their
RDT. Briefly, consenting individuals living in surveyed
households are tested for malaria and malaria-related
anaemia. Malaria testing was done with the CareStart'"
Malaria HRP2/pLDH (Pf/PAN) combo test (ACCESS
BIO, NJ, USA). PfHRP2-positive RDTs were recorded as
P. falciparum, pLDH-positive RDTs as Plasmodium spp.
and RDT-positive for both antigens as mixed. The hae-
moglobin level in peripheral blood was measured during
the MIS using a battery-operated portable HemoCue sys-
tem (HemoCue AB, Angelholm, Sweden). The anaemia
status (mild, moderate, severe) was categorized based
on definitions published by WHO [25] stratified by age,
gender and pregnancy status. Households were assigned
scores based on the type of assets and amenities they
own to derive a surrogate of their socio-economic status
(SES), using principal component analysis (PCA). After
ranking all households based on their score, they were
divided into five equal categories (quintiles), each with
approximately 20% of the households. The first quintile
corresponded to the lowest wealth index and the fifth to
the highest wealth index. The household wealth index
categories were also assigned to permanent household
members.

Detection and quantification of Plasmodium spp. nucleic
acids extracted from RDTs

A previously published dataset generated with the Extrac-
tion of Nucleic Acids from RDTs (ENAR) protocol devel-
oped by the authors was extended for this study [26].
Briefly, RDTs were barcoded, stored at room temperature
and shipped to Basel, Switzerland, for nucleic acid (NA)
extraction and detection. This approach simplifies small
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volume blood collection, transport and storage logistics,
and allows linking outcomes of molecular-based detec-
tion of parasite-derived NA with the demographic and
socio-economic information collected from each corre-
sponding MIS participant at high throughput.

All 2865 samples were initially screened with the
PlasQ RT-qPCR assay [27]. In this RT-qPCR assay, the
high copy number P. falciparum-specific varATS region
[28] and the pan-Plasmodium 18S rDNA gene were tar-
geted [29, 30]. Samples with cycle of quantification (Cq)
value <45 in two replicates of either of the two targets,
varATS or 18S rDNA, were considered positive for active
blood-stage malaria infection. Plasmodium falciparum
parasites were quantified based on their Cq value for var-
ATS [26]. In addition, only samples with Cq value<35
for amplification of the internal control gene, the human
rnasep gene were included, to demonstrate that the NA
extracted from the RDTs is sufficient for reliable molecu-
lar analysis of malaria parasites. Non-falciparum malaria
species identification of samples positive for the pan-
Plasmodium target 185 rDNA was performed with a
multiplex RT-qPCR assay based on species-specific 18S
rDNA sequences as described previously [26].

Quality control and categorization of RDT outcomes

A RDT was considered positive if a healthcare worker
recorded a positive signal for the PHRP2, pLDH or both
targets during the MIS. Among these positive RDTs, a
true-positive RDT (TP-RDT) result was defined as a RDT
with detectable Plasmodium spp. NA (two replicates with
varATS and/or 18S rDNA Cq<45 and human rnasep
Cq<35). A FP-RDT result was defined as positively read
and recorded RDT in the field but with a negative out-
come for Plasmodium spp. NA based on PlasQ RT-qPCR
in the presence of human rnasep Cq<35. Negative RDTs
were classified as being read as negative by a healthcare
worker during the MIS and recorded in the database.
A true-negative RDT (TN-RDT) result was defined as
a RDT whose negative result collected in the field was
confirmed by the PlasQ RT-qPCR. A FN-RDT result was
defined as negatively read by a healthcare worker in the
field with a positive PlasQ RT-qPCR result based on two
replicate amplifications with varATS and/or 185 rDNA
Cq <45 and the human rnasep Cq < 35.

gHRP2/3-del assay for detection of pfhrp2 and pfhrp3
deletions

The previously published qHRP2/3-del assay that simul-
taneously amplifies the pfhrp2 and pfhrp3 genes together
with the internal control gene pfinr2e2 was adapted to
accommodate for the lower input of NA [31]. Briefly, the
probe for the internal control gene pfrnr2e2 was labelled
with fluorescein (FAM) instead of Cy5 to improve its
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detectability. Additionally, the final concentration of all
primers was increased from 0.3 uM to 0.45 pM. Con-
centrations of 0.15 pM were used for the pfrnr2e2 probe,
and 0.225 puM for the pfhrp2 and pfhrp3 probes each.
All samples were run in triplicates and the number of
amplification cycles was increased from 45 to 50. Every
96-well qPCR plate contained control DNA extracted
from a known pfhrp2-deleted P. falciparum strain (Dd2),
a pfhrp3-deleted P. falciparum strain (HB3), and a P, fal-
ciparum strain without pfhirp2 and pfhrp3 gene deletions
(NF54) as well as a non-template control (NTC). Suc-
cessful amplification was defined as a mean Cq<40 for
pfrnr2e2 calculated from at least two replicates for each
sample. The qHRP2/3-del assay only was run with NA
extracted from RDTs that had displayed a Cq < 35 for the
varATS target in the PlasQ RT-qPCR.

Pfrnr2e2, pfhrp2 and pfhrp3 are all single-copy genes
and they show comparable performances in the multiplex
qPCR assay [31]. One approach to detect P. falciparum
strains with pfhrp2 and/or pfhrp3 gene deletions in mixed
P, falciparum strain infections (herein defined as masked
gene deletions), is to calculate the difference in Cq values
obtained between pfhirp2 or pfhrp3 and pfrur2e2 amplifi-
cations (ACq values). This is done by subtracting the Cq
value obtained during the amplification of pfrnr2e2 from
the Cq value of pfhrp2 or pfhrp3, respectively. Combining
all runs that were conducted, the mean ACq for pfhrp2
in controls (NF54 and HB3) was 0.00 (SD +0.52) and for
pfhrp3 the mean ACq in controls (NF54 and Dd2) was
1.19 (SD+£0.83). For pfhrp2 the ACq cut-off value of 2.0
determined by Schindler et al. [31] was used to identify
masked gene deletions. For pfhrp3 a ACq cut-off value of
4.0 was chosen to identify masked gene deletions due to
the shift in mean ACq in the controls.

Genotyping of Plasmodium falciparum pfmsp1 and pfmsp2
genes

Genotyping with pfimspl and pfinsp2 was performed fol-
lowing published procedures using nested PCR [32]. The
first two PCR reactions amplify conserved sequences
within the polymorphic regions of pfimspl and pfinsp2,
respectively. The second, nested PCR targets allele-specific
sequences in five separate reactions. Samples were run in
20-uL total volume with 1 x Hot Firepol Master Mix (Solys
BioDyne, Estonia), 0.25 uM of forward and reverse prim-
ers and 2-pL template DNA. The cycling conditions for the
first PCR were 95 °C for 12 min, 25 cycles of 95 °C for 30s,
58 °C for 1 min and 72 °C for 2 min and 72 °C for 10 min.
For the second PCR, the cycling conditions for the three
allele-specific pfimspl primer pairs were 95 °C for 12 min,
35 cycles of 95 °C for 30 s, 56 °C for 40 s and 72 °C for 40 s
and 72 °C for 10 min. For the two pfimsp2 allele-specific
reactions the conditions were: 95 °C for 12 min, 35 cycles of
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95 °C for 30 s, 58 °C for 40 s and 72 °C for 40 s and 72 °C for
10 min. Presence and size of PCR products was determined
and documented visually on a 1% agarose gel with a 100 bp
DNA ladder.

Genotyping of Plasmodium malariae circumsporozoite
protein (pmcsp)

The pmcsp gene was amplified by semi-nested PCR for all
samples with a positive signal for Plasmodium malariae
in the non-falciparum malaria species identification assay
[26]. The first PCR was run with 3 uL of DNA template in
a reaction volume of 20 pL. The reaction mix contained
1 x Hot Firepol Master Mix and 0.25 uM of each of the
primers csp_OF [33] and csp-R [34]. The conditions for
the first PCR were: 95 °C for 12 min; 35 cycles of 95 °C for
155,53 °C for 30 s and 65 °C for 90 s and final elongation at
65 °C for 10 min. The second, semi-nested PCR used 1.5 pL
of the product from the first reaction in a total volume of
15 pL. The reaction mix contained 1 x Hot Firepol Master
Mix and 0.33 uM of the primers csp_IF [33] and csp-R. The
conditions for the second PCR were: 95 °C for 12 min; 35
cycles of 95 °C for 15 s, 52 °C for 30 s and 62 °C for 90 s
and final elongation at 62 °C for 10 min. The PCR product
was sent to Microsynth (Microsynth AG, Switzerland) for
bidirectional sanger sequencing. The 15 sequences of P
malariae circumsporozoite protein from Bioko Island have
been deposited into GenBank under the Accession Num-
bers MW963324—-MW963338.

Data analysis and statistics

The generated (RT)-qPCR data was initially analysed with
the CFX Maestro Software (Bio-Rad Laboratories, CA,
USA). Thresholds for each fluorescence channel were set
manually and Cq values were then uploaded to the ELIMU-
MDx platform for data storage and analysis [23]. Sequence
analysis was performed using Geneious Prime 2019.1.1
(https://www.geneious.com). Statistical analysis and data
visualization was performed using the R statistical lan-
guage (version 4.0.3) based on packages data.table, dplyr,
epiDisplay, epitools, ggplot2, ggpubr, ggridges, gridExtra,
Ime4, readxl, reshape2, scales, stringr, tidyr, tidyverse. Wil-
coxon rank sum test was used for numeric values. Fisher’s
exact test (two-sided) was used for contingency tables.
A generalized linear mixed-effects model with fixed and
random effects was used for calculation of odds ratios and
their confidence intervals.

Results

Integration of molecular diagnostic methods

into the national malaria control programme to assess

the performance of malaria RDTs

In total, 2865 RDTs (21.2%) collected during the 2018
MIS were included in this study. The median age of
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volunteers included in this sample collection was 22 years
(interquartile range 9 to 38 years), female participants
were over-represented (58.2%), and 97.8% of the partici-
pants were asymptomatic, non-febrile individuals. Of the
507 (17.7%) participants that reported to have been sick
in the 2 weeks preceding the survey, 81.5% (413/507) had
had fever. Other common symptoms were headache in
34.1% (173/507), followed by articular and bone pain in
21.3% (108/507), pallor and weakness in 13.0% (66/507),
vomiting in 11.9% (60/507), and shaking chills in 7.5%
(38/507). Fever was accompanied by other symptoms in
87.2% (360/413) of those who reported to have had fever.
More than two-thirds of the RDTs were collected in the
urban areas of the capital city Malabo on Bioko Island.

Following NA extraction, a PlasQ RT-qPCR result was
generated for 1800 malaria negative and 1065 positive
RDTs, as recorded in the MIS database. By comparison
between PlasQ RT-qPCR results with the RDT results
collected in the field, RDTs were grouped into four cat-
egories, namely true-positive (TP), true-negative (TN),
false-positive (FP), and false-negative (FN), respectively
(Fig. 1). The PlasQ RT-qPCR was used as a gold standard
to evaluate the performance of the RDT, and this resulted
in an overall sensitivity of 90.0% and specificity of 85.0%
of field-deployed RDTs.

When stratified by type of antigen, RDTs classified as
FP-RDTs were predominantly those that detected the
PfHRP2 antigen (88.4%); whereas 8.9 and 2.6% of the FP-
RDTs were those that detected both PfHRP2 plus pLDH
antigens or the pLDH antigen only, respectively. Around
half of RDTs classified as TP-RDTs were those that
detected the PfHRP2 antigen only (50.1%), followed by
those that detected PfHRP2 plus pLDH antigens (45.9%)
and lastly, those that detected the pLDH antigen only
(4.0%).

Low parasite density infections are likely to cause FP-RDT
results in the field

The ENAR approach used in this study detects 10-100
times lower asexual blood stage parasite densities than
the PfHRP2-based RDT [26]. The data confirms that
a clear association exists between FN-RDT, TP-RDT
and P falciparum parasite densities assessed by the
PlasQ RT-qPCR outcome. TP-RDT had higher geomet-
ric mean parasite densities (35.0 P falciparum/uL, IQR:
7.2-166.0) compared to FN-RDTs (4.6 P falciparum/
puL, IQR: 1.1-20.0) (Fig. 2a, Wilcoxon rank sum test,
p<0.001). Although P falciparum was the most com-
mon (93.8%) Plasmodium spp. species among RT-qPCR
positive RDTs, P. malariae (4.0%) and Plasmodium ovale
spp. (1.1%) were also identified. Co-infections between
Plasmodium spp. species were included in these preva-
lence calculations. In 3.2% (27/847) of Plasmodium
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spp.-positive samples, no species could be assigned, pos-
sibly due to low parasite density and the generally lower
sensitivity of the species-specific qPCR assays. No Plas-
modium vivax and Plasmodium knowlesi parasite NAs
were detected. The central repeat region of the P malar-
iae circumsporozoite protein (pmcsp) was amplified by
PCR and Sanger sequenced to reconfirm the presence
of P malariae derived NA (Additional file 1: Fig. S1b).
Nucleotide sequences were unique among all the 15 P
malariae PCR fragments sequenced and also the num-
ber of NAAG and NDAG repeats varied between these
isolates indicating high diversity of the local P malariae
population. Plasmodium wmalariae was found among
6.6% of FN-RDTs compared to 3.8% among TP-RDTs.
Similarly, P ovale spp. was more prevalent in FN-RDTs
(2.6%) than in TP-RDTs (0.9%).

To exclude the possibility that FP-RDTs are the con-
sequence of failed amplification related to the degrada-
tion of NA retained on the RDTs, an additional analysis
was carried out. During the PlasQ RT-qPCR, the human
rnasep gene was used as an internal control to monitor
the amount of NA extracted from each RDT. On average,
the human rnasep was amplified with a Cq value of 28.5
(SD+£1.0). There was no significant difference in the Cq
values of the human rnasep gene amplification among
RDTs, which were categorized as FP (28.6, SD+1.0), TP
(28.5, SD+1.0), or FN (28.6, SD+1.0). TN-RDTs had
a significantly lower median Cq value (28.2, SD+1.1)
(Fig. 2b). These results indicate that the lack of detectable
P falciparum NA in the blood retained on FP-RDTs is
not related to poor NA extraction performance or a fail-
ure in detecting NAs.
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FN-RDT results are not associated with parasites carrying
pfhrp2 and pfhrp3 gene deletions

Plasmodium falciparum strains were genotyped to iden-
tify strains with pfhrp2 and/or pfhrp3 gene deletions. The
number of samples available was limited based on the
combination of low parasite density infections and the
limited amount of blood retained on RDTs as a source
of NA. The single copy gene pfrnr2e2, serving as the
internal control of the qHRP2/3-del assay, was amplified
with Cq<40 in 184/406 (45.3%) samples. To avoid false
reporting of pfhrp2 and/or pfhrp3 gene deletions, the
analysis was restricted to samples that had an additional
successful amplification in either pfinspl (32/47, 68.1%)
or pfimsp2 (31/47, 66.0%). No amplification in pfmspl or
pfmsp2 was observed in 23.4% (11/47) of samples. Based
on the available data from the 27 samples with success-
ful pfinspl and pfimsp2 genotyping (Additional file 1:
Fig. S1a), polyclonal infections consisting of two or more
distinct P, falciparum clones were found in 63.0% (17/27)
of samples. Association between parasite density and
amplification of each of the three distinct reference genes
(pfrnr2e2, pfmspl or pfimsp2) is shown in Fig. 3a—c. At
least two out of three reference genes were amplified in
36 samples, which were then included in the analysis of
the pfhrp2 and pfhrp3 deletion status. No evidence for
parasites carrying a pfhrp2 gene deletion was found in
these 36 samples, but 4 out of 36 samples (11.1%) were
likely to carry pfhrp3 gene deletions. All 4 samples with
pfhrp3 deletion were recorded as positive for PfHRP2 by
RDT.

The qHRP2/3-del assay was used to identify pfhrp2
and/or pfhrp3 gene deletions in polyclonal P, falciparum
infections by calculating the ACq values as the difference
of Cq values between pfhrp2 and pfhrp3 gene amplifica-
tion and the pfrur2e2 internal control. Figure 3d shows
the distribution of samples with their respective ACq val-
ues for pfhrp2 and pfhrp3. Of the 36 samples included, 2
samples (5.6%) had increased ACq values for both genes,
2 samples (5.6%) only for the pfhrp2 gene and 2 samples
(5.6%) only for the pfhrp3 gene, respectively. Importantly,
all 36 samples, which were screened for pfhirp2 and
pfhrp3 gene deletions, were positive for PfHRP2 by RDT.
Three out of 6 samples with increased ACq values for
pfhrp2 and/or pfhrp3 were successfully genotyped with
pfmspl and pfmsp2. Two genotypes were found in one
sample with increased ACq value for pfhrp2 and pfhrp3
each and a single genotype in one sample with increased
ACq value for pfhrp3.

FP-RDT results are associated with recent use

of anti-malarial drugs

The rate of FP-RDTs differed across age, level of anae-
mia, geographical location of residence, and the SES

Page 6 of 12

(Additional file 1: Fig. S2). Interestingly, no study partici-
pant with a FP-RDT had a fever (>37.5 °C) at the time
of survey, while 1.6% (12/754) of those with TP-RDTs
were recorded with fever. Eight variables collected dur-
ing the MIS were used to identify risk factors associated
with FP-RDTs through multivariate logistic regression
analysis in which the outcome of the test was set as the
outcome variable (Additional file 1: Table S1). FP-RDTs
(n=297) were compared to TP-RDTs (n=754). Because
sample collection was clustered within communities,
community affiliation was introduced as a random effect
to the model. The MIS included 299 communities, of
which 201 (67.2%) were represented in the dataset. The
median number of samples from a community was 3.
Survey participants belonging to higher socio-economic
classes (aOR 1.51 p=0.01) had increased odds of having
a FP-RDT. Participants who were reported to have been
treated with an anti-malarial drug 2 weeks preceding the
survey had more than four times the odds of a FP-RDT
result than a TP-RDT (aOR 4.52, p<0.001). Noteworthy,
46.6% (136/292) of the participants who had received
an anti-malarial treatment in the 2 weeks preceding the
survey did recall what drug they had been treated with.
The majority of MIS participants (80.9%, 110/136), who
reported to have received recent anti-malarial treatment,
mentioned that they had received artemisinin derivates
or ACT. Due to the small number of MIS participants
treated with non-ACT anti-malarials, the variety of
anti-malarials used within this group, and the fact that
this information is self-reported, it was decided not to
include any further analysis, including a breakdown into
individual drugs. In contrast, moderate to severe anae-
mia reduced the odds of having a FP-RDT (aOR 0.60,
p=0.02). Those who reside in the rural Bioko Sur Prov-
ince had also decreased odds of having a FP-RDT (aOR
0.44, p=0.01). Age, gender, bed-net use, and reported
sickness in the 2 weeks preceding the survey were not
significantly associated with FP-RDTs (Fig. 4).

The impact of asymptomatic malaria infections

on anaemia status might be underestimated by FP-RDT
results

It was hypothesized that high rates of FP-RDTs are likely
to result in underestimating the impact of asympto-
matic malaria infections on the anaemia status. Among
malaria-infected children aged<5 years, the prevalence
of anaemia was 67.7% if malaria status was assessed by
RDT. Proportion of anaemic children with FP-RDT
result (48.9%) is similar to children with TN-RDT result
(41.4%) (p=0.85, Fisher exact test), whereas children
with a TP-RDT result are more likely to suffer from
anaemia (78.3%) (p=0.0005, Fisher exact test) (Fig. 5).
This significant effect is even more pronounced among
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children<5 years with moderate and severe anaemia if
compared to mild anaemia. Removing all FP-RDTs in this
association between malaria infection status and anaemia
levels in children<5 years reveals that the association
between asymptomatic malaria with moderate or severe
anaemia might be even stronger. In older children and
adults, the impact of FP-RDTs on assessing the anaemia
status is negligible.

Discussion

Malaria control programmes rely on continuous and
systematic collection of surveillance data for decision
making and resource allocation [35]. A critical measure

that closely reflects malaria transmission intensity is the
parasite rate, which is the proportion of the population
found to carry parasites in their blood [36]. RDTs, more
specifically PfHRP2-based RDTs, are the most widely
used test to measure parasite rates in endemic coun-
tries and are a cornerstone of malaria control. However,
diagnostic performance issues of PfHRP2-based RDTs
were identified to be particularly related to limited
specificity. Therefore, malaria surveillance depending
solely on RDTs might profit from well-integrated qual-
ity control procedures assessing the potential impact
of reduced sensitivity and specificity of the RDT used.
Presented in this report is an efficient approach to
assess the performance of field-deployed RDTs used for
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malaria surveillance based on NA extraction from the
RDTs followed by qPCR analyses.

Plasmodium spp. NA was found in 4.7% (84/1800) of
the negative RDTs and were classified as FN-RDTs. The
low proportion of FN-RDTs can be explained by the
low parasite densities in these asymptomatic individu-
als (geometric mean of 5.4 P falciparum/uL) and the
low amount of blood (one drop corresponds to approxi-
mately 5 pL) used as starting material for the molecular
analysis. This is a certainly one of the major limitations
of the approach. In a previous study conducted among
asymptomatic blood donors in Malabo, PfHRP2-based
RDTs showed a sensitivity of only 23.1% and more than
75% of infections had densities below 100 P. falciparum/
pL [27]. Therefore, the true proportion of FN-RDTs in a
high prevalence setting such as Bioko Island is likely to be
higher than reported here.

Plasmodium falciparum isolates were identified with
potential pfhrp3 deletions but not a single isolate with
a confirmed pfhrp2 deletion. Given the overall high fre-
quency of polyclonal P falciparum infections in this
setting (63.0% by pfmspl/pfmsp2 genotyping), it was
assumed that if P falciparum-carrying pfhrp2 dele-
tions exist, then they would be most likely masked by
co-infecting P. falciparum isolates without pfhrp2 gene
deletions. Of all the samples included for final analysis,
11.1% had an increased ACq value for pfhrp2 and 11.1%
for pfhrp3 amplification, indicating for the first time that

there are likely P. falciparum strains circulating on Bioko
Island carrying deletions in their pfhrp2 and/or pfhrp3
genes. So far, one report described P. falciparum strains
carrying pfhrp2 and pfhrp3 deletions in blood samples
collected on the continental region of Equatorial Guinea
[37]. Since travel activity between Bioko Island and the
mainland of Equatorial Guinea is high, it can be assumed
that parasite strains are exchanged frequently between
these locations [38]. Most importantly, blood samples
with P falciparum clones indicative of masked pfhrp2
and pfhrp3 gene deletions were recorded as PfHRP2
positive by RDT. Likely, the co-circulating P. falciparum
clones compensate for the lack of PfHRP2 expression
resulting in RDT-positive testing. In 462 clinical samples
from different African countries, 7.4% (34/462) samples
carried a pfhirp2 deletion and 10.6% (49/462) a pfhrp3
deletion, while masked pfhirp2 and pfhrp3 deletions were
found in 3.0 and 3.2% of samples, respectively [39].

The data support the notion that in settings where
polyclonal P falciparum infections are common assays
with the ability to identify masked pfhrp2 and/or pfhrp3
gene deletions should be used [40]. Importantly, to avoid
false reporting of pfhrp2 and/or pfhrp3 gene deletions,
a robust and multi-layered approach was used by which
only samples with a pre-defined parasite density, suc-
cessful amplification of the assays’ internal control, and
additional, independent amplification of either pfmsp1 or
pfmsp2 genes were included into the analysis.
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In this study, a significant proportion of FP-RDTs were
discovered. The findings are not unique to Bioko Island.
In a study conducted in Tanzania, 22% of malaria-positive
RDTs were negative by molecular analysis for P. falcipa-
rum [41]. A study performed in Guinea-Bissau reported
26% FP-RDTs [42], and in Western Kenya, approximately
one-third of positive RDTs were negative by molecular
detection methods for P, falciparum [43]. With introduc-
tion of a novel RDTs labelled as ‘ultra-sensitive; detecting
lower concentrations of the PfHRP2 antigen, the prob-
lem of FP-RDT results is expected to become greater, as
already shown in a recent study [44].

The wrong positivity of RDTs based on PfHRP2 detec-
tion could be associated with recent use of anti-malarial
drugs confirming previous reports [23, 45-48]. It has

been well established that anti-malarial treatment leads
to FP-RDT results because the PfHRP2 antigen persists
in the blood days to weeks after parasite clearance [23,
45-48].

In addition, an association was found between FP-
RDTs and potential access to anti-malarial drugs based
on higher SES and on living in urban parts of the Island.

The impact of FP-RDTs differs greatly depending on the
setting in which RDTs are deployed. In clinical settings,
FP-RDTs might be less common, but the consequences
are serious since wrong prescription of anti-malarials
might increase risk of overlooking other life-threatening
diseases causing fever [49]. In cases where RDTs are used
for epidemiological surveys, a high proportion of FP-
RDTs due to PfHRP2 antigen persistence might lead to
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an overestimation of malaria prevalence, particularly in
populations with good access to anti-malarial treatment.
Using RDT only as test for malaria infection status might
underestimate the negative consequences of asympto-
matic malaria infections on haemoglobin levels, particu-
larly in children <5 years of age [50].

The benefits and the challenges that come with large-
scale deployment of molecular techniques for malaria
surveillance in malaria-endemic regions have been dis-
cussed [51]. Alternative and non-molecular approaches
such as automated malaria diagnosis using haematology
analysers [52] should be further evaluated for malaria
surveillance purposes. The ongoing COVID-19 pandemic
has raised the awareness of the value of introducing novel
methods as surveillance tools in the public health systems
in Africa [53]. Building on this experience will potentially
accelerate efforts to integrate sensitive and specific tools
for continous, large-scale surveillance of malaria in con-
trol programmes.

Conclusion

Malaria surveillance programmes based on RDT assess-
ments of malaria prevalence should be strengthened by
the integration of molecular epidemiological data in the
same setting. These data will serve as an early warn-
ing system for (i) spread of P falciparum strains evading
widely used diagnostic tests; (ii) understanding overuse
of malaria drugs; (iii) help with identifying fever-causing
diseases beyond malaria; and, (iv) help to clarify the bur-
den of asymptomatic malaria as a cause of severe to mod-
erate anaemia, particularly in children <5 years.
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Abstract

Background

Regular and comprehensive epidemiological surveys of the filarial nematodes Mansonella
perstans and Loa loa in children, adolescents and adults living across Bioko Island, Equato-
rial Guinea are lacking. We aimed to demonstrate that blood retained on malaria rapid diag-
nostic tests, commonly deployed for malaria surveys, could be used as a source of nucleic
acids for molecular based detection of M. perstans and L. loa. We wanted to determine the
positivity rate and distribution of filarial nematodes across different age groups and geo-
graphical areas as well as to understand level of co-infections with malaria in an asymptom-
atic population.

Methodology

M. perstans, L. loa and Plasmodium spp. parasites were monitored by gPCR in a cross-sec-
tional study using DNA extracted from a subset malaria rapid diagnostic tests (MRDTs) col-
lected during the annual malaria indicator survey conducted on Bioko Island in 2018.

Principal findings
We identified DNA specific for the two filarial nematodes investigated among 8.2% (263) of
the 3214 RDTs screened. Positivity rates of M. perstans and L. loa were 6.6% and 1.5%,
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respectively. M. perstans infection were more prominent in male (10.5%) compared to
female (3.9%) survey participants. M. perstans parasite density and positivity rate was
higher among older people and the population living in rural areas. The socio-economic sta-
tus of participants strongly influenced the infection rate with people belonging to the lowest
socio-economic quintile more than 3 and 5 times more likely to be L. loa and M. perstans
infected, respectively. No increased risk of being co-infected with Plasmodium spp. para-
sites was observed among the different age groups.

Conclusions/Significance

We found otherwise asymptomatic individuals were infected with M. perstans and L. loa.
Our study demonstrates that employing mRDTs probed with blood for malaria testing repre-
sents a promising, future tool to preserve and ship NAs at room temperature to laboratories
for molecular, high-throughput diagnosis and genotyping of blood-dwelling nematode filarial
infections. Using this approach, asymptomatic populations can be reached and surveyed for
infectious diseases beyond malaria.

Author summary

Mansonella perstans and Loa loa are filarial nematodes that infect millions of people living
in less developed areas, predominantly in sub-Saharan Africa. Both parasites are neglected
among other filarial nematodes because both are regarded as causing mainly asymptom-
atic infections. The aim of this study was to explore the feasibility of using malaria rapid
diagnostic tests (mRDTs) deployed during malaria surveys as a convenient sampling strat-
egy for molecular surveillance of blood-dwelling filarial nematode infections. Our findings
demonstrate the potential of mRDTs as a source of parasite DNA beyond malaria, provid-
ing an opportunity to expand current knowledge on the distribution and populations
mostly affected by M. perstans and L. loa infections to Equatorial Guinea, located in Cen-
tral-West Africa.

Introduction

Human filariases are vector-borne infectious diseases that encompass Mansonellosis and loia-
sis [1]. Mansonellosis is caused by three main nematode species, M. perstans, M. streptocerca
and M. ozzardi [2]. Recently, an additional species has been described in Gabon named Man-
sonella sp "DEUX" [3]. Mansonellosis is one of the most neglected tropical diseases despite the
fact that in large parts of sub-Saharan Africa, as well as in Latin America an estimated 100 mil-
lion people are infected [2,4]. The life cycles of Mansonella spp. generally alternate between an
insect vector and humans who are the final hosts. The insect vectors transmitting M. perstans
belong to the genus Culicoides [2]. When feeding on an infected human, female vectors pick-
up microfilariae (mf) circulating in the blood. The mf penetrate the insect’s gut and undergo
developmental stages in the thoracic flight muscle, migrate to the head and proboscis from
where M. perstans is transferred to humans during the next feeding round [2]. The third-stage
infective larvae (L3) actively penetrate the human skin before migrating and maturing into
adult worms that can be found in serous body cavities, mainly the peritoneal cavity [2]. Adult
male and female worms mate and female worms begin to produce unsheathed mf circulating
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in peripheral blood. Unsheathed mf of M. perstans are detected by microscopic examination in
thick or thin blood films stained with Giemsa in blood samples taken at any time of the day
[5,6]. Little is known about the clinical outcome of chronic M. perstans infections in endemic
populations, and as for other filarial infections most infections seem to be clinically silent [2,5].
Clinical symptoms attributed to M. perstans infections include eosinophilia, angioedema,
arthralgia, fever, headache, pruritus, skin eruption, serositis, neurologic manifestations, ocular
or palpebral pruritus, visual impairment and chest pain [1].

At least 10 million people are infected with Loa loa in endemic countries of Central, and
Western Sub-Saharan Africa [7]. L. loa larvae are transmitted to humans during blood feeding
of an infected vector fly belonging to the genus Chrysops spp. [1]. The sheathed adult worms
live freely in the subcutaneous tissues where they produce thousands of sheathed mf daily, usu-
ally with a peak between 10 AM and 4 PM [8]. Diagnosis of L. loa can be challenging since
adult worms can be present without detectable mf in blood [8].

In areas where different filarial nematodes are co-endemic, misclassification of mf by
microscopy can be problematic [8,9]. Therefore, molecular methods have been developed to
improve filarial nematode detection [10] and qPCR-based molecular techniques have shown
higher sensitivity to detect low parasite density infections, and to discriminate between differ-
ent filarial nematode species [8]. Large-scale implementation of molecular diagnostic methods
for neglected tropical diseases has been regarded as a challenge in the public health systems of
low and middle-income countries based on cost, human resource requirement and complexity
of supply chain management [11].

The aim of this work was to demonstrate that blood retained on malaria rapid diagnostic
tests (mRDTs) is a source of nucleic acids for molecular based detection of M. perstans and L.
loa in otherwise asymptomatic individuals. In doing so, we described the association of filarial
infections with demographic and geographic factors and assessed the level of multi-parasitism
of these nematodes with the highly endemic malaria parasites on Bioko Island. We also used
Cq values as a proxy of filarial parasite density and compared this measurement against demo-
graphic and geographic characteristics of the investigated population as well as the time of the
day of RDT sample collection.

Material and methods
Ethics statement

The MIS in 2018 was approved by the Ministry of Health and Social Welfare of Equatorial
Guinea and the Ethics Committee of the London School of Hygiene & Tropical Medicine

(Ref. No. LSHTM: 5556). Consent was sought from eligible respondents before the administra-
tion of the questionnaire. A signed authorization was requested from the parents or legal
guardians of children, and adult participants to use their samples for further analyses. Labora-
tory experiments were performed in accordance with relevant guidelines and regulations.

Study area

Bioko Island is located on the West African continent shelf, precisely in the Gulf of Guinea
and separated from Cameroon by no more than 32 kilometres of shallow ocean. With its total
land surface of approximately 2000 km?, Bioko forms part of the nation of Equatorial Guinea
and is administratively divided into four districts: Malabo, the capital of Equatorial Guinea,
and Baney both located in the northern part of the Island; and Luba and Riaba both located in
the Southern part. The Island has an estimated population size of 270°000 people, with the
majority (85%) living in Malabo [12]. Bioko has a typical equatorial climate, with high temper-
atures, high humidity, and heavy rainfall [13].
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Malaria has historically been hyper-endemic in Bioko Island with a prevalence of 45%
among 2-14 year old children before the launch of the Malaria control program [14,15]. The
Bioko Island Malaria Control Program—implemented since 2003—has successfully reduced
malaria prevalence and malaria related morbidity and mortality [14,16]. Malaria indicator sur-
veys (MIS) have been conducted annually since 2004 within sentinel sites across the island to
enable monitoring and evaluation of this programme [14,17].

Study design

The 2018, the MIS on Bioko Island was conducted on a representative sample using the
Malaria Pf/PAN (HRP2/pLDH) Ag Combo rapid diagnostic test (ACCESS BIO, NJ, USA).
Consent to store used mRDTs for further molecular analyses was obtained from 13,505 survey
participants and unique barcode labels were affixed to the used mRDTs that were shipped to
the Swiss Tropical and Public Health Institute for further analyses. Each mRDT barcode was
linked to a household unique identification code [18]. This allowed a detailed geographic allo-
cation of the mRDT results. The age distribution of MIS 2018 participants differed slightly
between the four districts. Malabo district with median age of 17 years, (IQR 7-30) and is char-
acterized by a slightly younger MIS 2018 population than Riaba (17 years, IQR 7-40), Luba (19
years, IQR 8-45) or Baney (16 years, IQR 7-32). To derive parasite positivity rate estimates, all
individuals found positive and all tested in the sample were aggregated at a 1x1 km” grid. Coin-
fections were estimated at the same spatial resolution, for comparison.

A subset of the mRDT were selected for molecular analysis of the blood retained on the
mRDT based on the mRDT test outcome for malaria. Out of the 1376 malaria positive mRDT's
identified during the 2018 MIS, we analysed the nucleic acids from 1065 mRDTs (77.4%). In
addition, other malaria negative mRDT were selected for the molecular analysis.

Extraction of nucleic acids from used mRDTs

We reused the extracted nucleic acids (NAs) from a study which was published recently by our
group [19]. Briefly, the entire and uncut nitrocellulose strip in the used mRDT was carefully
removed and incubated in a lysing buffer at 60°C for two hours. After several washing steps,
NAs were eluted in a final volume of 75 pL and stored at -20°C. The extracted NAs were ampli-
fied and detected by reverse transcription quantitative real time PCR (RT-qPCR) to identify
and quantify Plasmodium spp. parasites [19]. For the study presented here, we extracted and
analysed NAs from additional mRDTs collected during the same MIS and extend the approach
by using the extracted NAs to detect the filarial nematodes, M. perstans and L. loa, by qPCR
using well described marker genes [20,21]. We have calculated the median number of days
between blood collection onto the mRDT during the MIS 2018 and extraction of NA in our
laboratory in Basel to be 253 days (IQR 138-352 days).

Loa loa and Mansonella perstans detection by a multiplex qPCR assay

A multiplex qPCR assay, herein referred to as llmp-qPCR, was developed and performed to
detect L. loa and M. perstans DNA. In a multiplex qPCR reaction, the L. loa specific qPCR
assay amplifies a 62 base pair (bp) fragment from the hypothetical protein LLMF72 [20] and
the M. perstans specific qPCR assay is based on amplification of a 187 bp fragment of the 18S
ribosomal RNA gene [21]. The human rnasep gene (RNaseP) served as an amplification inter-
nal control to monitor the successful extraction and amplification of DNA [22]. All reactions
were run in duplicates on 96-well plates. Molecular biology grade H,O was run as a non-tem-
plate control, and a mix of M. perstans and L. loa DNA served as a positive control for each
run. Each reaction contained 2 pL of template DNA and 8 uL master mix consisting of 1 x
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Luna Universal Probe gPCR Master Mix (New England Biolabs, Ipswich), 0.4 pM of M. per-
stans forward primer, 0.4 uM of M. perstans reverse primer, 0.25 pM of the Yakima Yellow-
labelled M. perstans probe, 0.8 uM of L. loa forward primer, 0.8 uM of L. loa reverse primer,
0.4 uM of FAM-labelled L. loa-specific minor groove binder (MGB) probe, 0.4 pM HsRNaseP
forward primer, 0.4 uM of HsRNaseP-reverse primer and 0.4 pM of Cy5-labelled HsRNaseP
probe. Using the Bio-Rad CFX96 Real-Time PCR System (Bio-Rad Laboratories, California,
USA), amplification program was 1min at 95°C, followed by 50 cycles of 15s at 95°C and 45s
at 55°C. Samples were considered positive if the quantification cycle (Cq) value was <50.

Co-infection of Mansonella perstans and Loa loa with Plasmodium spp.

The PlasQ is a multiplex RT-qPCR assay for Plasmodium spp. and P. falciparum detection and
quantification that has been developed by our group and described previously [19,22]. This
qPCR assay consisted of amplification of two targets combined in a multiplex assay, namely
the Pan-Plasmodium 18S rDNA sequence (Pspp18S) and the P. falciparum-specific acidic ter-
minal sequence of the var genes (PfvarATS). The human RNaseP (HsRNaseP) gene served as
an internal control to assess the quality of DNA extraction and qPCR amplification. The PlasQ
was performed on NA extracted from mRDT and samples with Cq value <45 of either of the
two targets, PfvarATS or Pspp18S, were considered positive for Plasmodium spp. Then, results
obtained were linked to llmp-qPCR results obtained from the same aliquot of NA extracted
from identical mRDT to assess co-infection status between Plasmodium spp., L. loa and M.
perstans. Coinfections were estimated at the same 1x1 km? grid, for comparison.

Sanger sequencing analysis of Mansonella perstans and Loa loa

The ribosomal internal transcribed spacer 1 region was amplified with a set of primers that
bind universally to all filarial species and are designed to highlight interspecific differences
[23]. The PCR products were 484 base pairs (bp) for M. perstans and 457 bp for L. loa. PCR
products of 10 and 23 samples tested positive by lmp-qPCR for L. loa and M. perstans, respec-
tively, were sequenced from both ends by Sanger Sequencing (Microsynth AG, Balgach, Swit-
zerland) to confirm specificity of the qPCR assays. Samples covering a large and representative
range of different Cq values were selected for sanger sequencing of the ribosomal internal tran-
scribed spacer 1 region (S4 Fig). Sequence analysis was realized using Geneious Prime 2019.1.1
(https://www.geneious.com). A consensus sequence of all 23 M. perstans and 10 L. loa
sequences of 417 bp and 390 bp length, respectively, served as a query sequence to identify all
GenBank entries with >90% identity and >95% coverage using BLAST. Additionally, repre-
sentative sequences for M. streptocerca (KR868771) and M. ozzardi (EU272180) deposited to
GenBank were included. Geneious Prime software (version 2021.0.3) was used for the multiple
sequence alignment and to generate the phylogenetic analysis using its in-build neighbour-
joining (NJ) clustering method [24]. Branch lengths were estimated with the Tamura-Nei
model [25] with Onchocerca volvulus (EU272179) as an outgroup. The resulting newick file
was imported into R for final phylogeny and visualization using the ggplot2, ggtree, and treeio
packages.

Data analysis

Households were assigned scores based on the type of assets and amenities they own (radio,
television, sofa, fan, air-conditioner, car, etc) to derive a surrogate of Socio-Economic Status
(SES), using Principal Component Analysis (PCA). Households were ranked based on their
score and the distribution was further divided into five equal categories (quintiles), each with
approximately 20% of the households. The first quintile corresponded to the lowest wealth
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index (WI) and the fifth to the highest WI. The household WI categories were also assigned to
permanent (de jure) household members. Predicted co-infection rates for Plasmodium spp.
and M. perstans or L. loa were expressed as the product and 95% confidence interval (95% CI)
of Plasmodium spp., M. perstans and L. loa the prevalence stratified by age group. The ELIM-
U-MDx platform was used for quality control, management and analysis of qPCR data [26].
Statistical analysis and visualization of data were conducted using R version 3.5.1. Univariate
analysis (Fisher’s exact test and Wilcoxon-Mann-Whitney-Test, as appropriate) was used for
comparison between groups. P-value < 0.05 was considered statistically significant.

Results
Sample selection and study population characteristics

A total of 4774 households, including 20°012 individuals, from across Bioko Island participated
in the MIS 2018. 13’505 participants provided an additional consent for molecular analysis of
the mRDT collected. To increase the probability to identify individuals with filarial nematodes
and Plasmodium spp. co-infections, we over-sampled mRDTs from two specific sub-popula-
tions. Firstly, malaria positive mRDTs were preferentially selected and processed and secondly,
for filarial nematodes infections, mRDTs from adults living in rural districts were enriched for
selection and analysis. A graphical representation of the over-sampling is shown in S1 Fig.
Among the mRDTs selected for NAs extraction, 1065 mRDTs were malaria positive, account-
ing for 75.8% of all positive mRDTs identified during the 2018 MIS. Significantly higher pro-
portions of adults and people living outside of urban Malabo were included. The subset of
mRDTs which were selected to investigate the positivity rates of M. perstans and L. loa infec-
tions stratified by geographical location, age and socio-economic status is shown in Table 1.
Noteworthy, from each district or age group at least 10% of the collected mRDT's were
included into the analysis. In summary, the majority of the samples included were collected in
Malabo (64%). The proportion of mRDTs collected from women was higher compared to
men. The mean age was 22 years (SD = 19.7) and participants aged <20 belonged to the most
common age group (45.4%). Socio-economic status was higher in participants living in
Malabo and Baney compared to the two southern districts (Luba and Riaba). The mean hae-
moglobin value of all participants was 12.02 g/dl (SD = 1.9) and 99.4% of people did not have
fever at time of the sample collection.

Positivity rates of L. loa and M. perstans among participants of the annual
malaria indicator survey

Using the lmp-qPCR assay, detecting simultaneously M. perstans and L. loa in a single gPCR
reaction (S2 Fig), of the 3214 mRDTs that were tested, 8.2% (263) were positive for M. perstans
and/or L. loa. The proportion of mRDTs positive for M. perstans was 6.6% (213) compared to
1.5% (50) for L. loa. Fig 1 details the positivity rates of M. perstans and L. loa stratified by age
(A), socio-economic status (B) and gender (C). People living in rural districts have signifi-
cantly higher positivity rates for M. perstans than people living in the urban areas. Positivity
rates in rural districts ranged from 17.1% (Luba) to 13.2% (Baney) compared to 2.1% in the
urban district of Malabo. On the contrary, no significant differences in L. loa positivity rates
were observed between rural and urban districts. L. loa was more prevalent in the two South-
ern districts, Riaba (3.9%) and Luba (2.7%), compared to the Northern districts of Malabo
(1.5%) and Baney (0.7%). M. perstans infection rates in high-endemic rural districts increased
significantly with age and the highest positivity rate was observed in participants older than 60
years (p< 0.00001). L. loa was found at higher rates in participants older than 20 years of age
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Table 1. Distribution of population included by age, gender, sociodemographic status and district of residence.

Characteristics Malabo (n = 2064) Baney (n = 690) Luba (n = 257) Riaba (n =203) Total (n = 3214)
Gender

Women (%) 1261 (61.1) 384 (55.7) 139 (54.1) 100 (49.3) 2086 (55.0)
Men (%) 803 (38.9) 306 (44.3) 118 (45.9) 103 (50.7) 1704 (45.0)
Age (years)

0-19 (%) 1261 (61.1) 110 (15.9) 42 (16.4) 47 (23.2) 1460 (45.4)
20-39 (%) 576 (27.9) 379 (54.9) 58 (22.7) 46 (22.7) 1059 (33)
40-59 (%) 111 (5.4) 141 (20.4) 81 (31.6) 58 (28.6) 391 (12.2)
> 60 (%) 116 (5.6) 60 (8.7) 75 (29.3) 52 (25.6) 303 (9.4)
Socio-economic status (quintile)

1 lowest 185 (9.0) 153 (22.5) 93 (36.3) 94 (46.3) 525 (16.4)
2 second lowest 348 (16.8) 132 (19.4) 66 (25.8) 53 (26.1) 599 (18.7)
3 middle 473 (22.9) 130 (19.1) 29 (11.3) 32 (15.8) 664 (20.7)
4 second highest 487 (23.6) 119 (17.5) 49 (19.1) 22 (10.8) 677 (21.1)
5 highest 571 (27.7) 145 (21.4) 19 (7.4) 2(1.0) 737 (23.0)

https://doi.org/10.1371/journal.pntd.0009798.t001

in urban as well as in rural areas (p = 0.0001) (Fig 1A). Among children below the age of five, a
positivity rate of 1.4% (4/296) for M. perstans and not a single infection for L. loa was observed.
In older children and adolescents, positivity rates of 2.4% and 0.7% were estimated for M. per-
stans and L. loa, respectively. Infection rates were strongly influenced by the socio-economic
status of the individuals (Fig 1B). People from rural district assigned to the lowest SES were
three times more likely to harbour an M. perstans infection than people belonging to the high-
est SES. The same was observed for L. loa where the positivity rate was also higher among low-
est SES compared to highest SES.

While the proportion of L. loa infections was comparable between male and female individ-
uals combined for rural and urban districts (p = 0.4), M. perstans was significantly higher
among male (21.1%) compared to the female (9.0%) inhabitants of rural districts (p< 0.00001)
(Fig 1C).

Filarial nematode species identification by ribosomal internal transcribed
spacer 1 region sequence analysis

Specificity of the qPCR-based species identification was confirmed by sequence analysis of the
conserved ribosomal internal transcribed spacer 1 region that encompassed 390 to 450 bp
depending on the filarial species (Fig 2). To our knowledge, this is the first time that a molecu-
lar marker, regularly used for filarial nematode species identification, was amplified and
sequenced from DNA extracted from blood retained on mRDTs. Twenty-three samples posi-
tive for M. perstans and ten samples positive for L. loa identified by the llmp-qPCR assay were
all confirmed by sequence analysis. The M. perstans sequences clustered closely with each
other and other M. perstans sequences, but are distinct from Mansonella spp. DEUX
sequences. The L. loa sequences generated in this study are closely related to sequences from
Central- and West-Africa deposited in GenBank.

Geographical distribution of M. perstans, L. loa and Plasmodium spp. show
distinct patterns

On Bioko Island the environmental living conditions for the population differ starkly between
the urban centre in Malabo and the rural districts in Baney, Riaba and Luba. Therefore, we
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Fig 1. Positivity rates of M. perstans and L. loa by rural and urban districts. (A) across all age groups investigated, (B) grouped according
to socio-economic status and (C) stratified by gender. Positivity rates and 95% confidence intervals were calculated as the proportion of llmp-
qPCR positive mRDTs in all tests carried out in each group and are given on top of each bar. Data supporting the Fig 1 are detailed in S2

Table.

https://doi.org/10.1371/journal.pntd.0009798.9001

mapped the prevalence and geographical distribution of P. falciparum for all samples collected
during the MIS based on mRDT positivity in Fig 3A. To investigate the level of co-infections
between malaria and filarial parasites in different populations, malaria positive RDTs were
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sequence length).

https://doi.org/10.1371/journal.pntd.0009798.9g002

given priority when selected for molecular analysis described here. This intentional enrich-
ment resulted in higher positivity rates of Plasmodium spp. when analysed by RT-qPCR (Fig
3B). High positivity rates of M. perstans were found in areas along the East coast as well as in
the Southern districts; while in urban areas around Malabo, M. perstans was found at low rates
or was even absent (Fig 3C). L. loa positivity rates are generally low and no distinct patterns
are seen. Interestingly, no L. loa were found in the district of Baney, where positivity rates of

M. perstans are the highest (Fig 3D).
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Fig 3. Positivity rate of Plasmodium spp, M. perstans and L. loa across Bioko Island. (A) Prevalence of PIHRP2-positive mRDTs for the entire MIS 2018
population. (B) Plasmodium spp. RT-qPCR positivity rate of mRDTs selected for molecular analysis. (C) M. perstans qPCR based positivity rate. (C) L. loa
qPCR based positivity rate. The size of the squares represents the number of people analysed living in the corresponding 1x1 km? grid. The areas marked in
green are nature reserves. Greyed out spots on the maps represent settlements from which mRDTs were collected with null positivity rate for Plasmodium spp,
M. perstans and L. loa.

https://doi.org/10.1371/journal.pntd.0009798.9003

Co-infection of M. perstans or L. loa with Plasmodium spp. parasites

Next, we wanted to estimate the proportion of malaria positive individuals co-infected with
filarial nematodes at the molecular level. From the total 3214 mRDTs extracted, we analysed
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2775 mRDTs for Plasmodium spp., by using the PlasQ assay because of limited availability of
NA. Ten out of 2775 mRDTs were positive for both, Plasmodium spp., and L. loa, 32 were posi-
tive for both, Plasmodium spp., and M. perstans, and six were positive for both M. perstans and
L. loa. Triple infection of M. perstans, L. loa, and Plasmodium spp., was found in three samples
(Fig 4A). Then, we analyzed the likelihood that predicted co-infection rates between Plasmo-
dium spp. and either M. perstans or L. loa differed from observed proportions indicative of
biological interaction between these infectious diseases as described previously [27]. We did
not find evidence for unexpected higher or lower proportions of co-infections in any of the
investigated age groups (Fig 4B). Coinfections were mapped with areas positive for either M.
perstans (Fig 4C) or L. loa (Fig 4D). Infections were highlighted according to the presence of
people infected with more than one of the investigated parasites. Most coinfections were
observed in Malabo, the area with the highest population density.

Age is associated with variation of microfilaria levels in peripheral blood

The llmp-qPCR Cq values for both, M. perstans and L. loa, were used as approximations of
parasite density and compared between infected individuals older and younger than 40 years
of age. The median age of all M. perstans positive individuals was 40 years. Persons older than
40 years had a significantly lower M. perstans Cq values compared to individuals below the age
of 40 years (geom. Mean of 34.0 versus 35.1, p = 0.02) (Fig 5A). The difference in M. perstans
infection parasite densities associated with age is not the result of variation in blood volumes
analysed or amount of DNA amplified since the Cq values of the human RNaseP gene is simi-
lar between the two groups. The same outcome can be observed in Fig 5B. For instance, at a
Cq value of 33, the cumulative frequency of individuals older than 40 years of age is 33.6%
compared to only 15.5% for younger individuals. Analysing the distribution of the M. perstans
Cq values reveals a clear shift towards lower Cq values in infected individuals above the age of
40 years (Fig 5C). Combining all these findings directs towards the conclusion that older indi-
viduals have a tendency to higher M. perstans parasite densities. No significant differences
were observed among the individuals infected with L. loa. Apart from age (S3A Fig), no signifi-
cant difference was observed between female and male gender (S3B Fig), while the parasite
density of M. perstans infections was higher in rural areas comprising districts of Baney, Luba
and Riaba compared to the more urban district of Malabo (p = 0.018) (S3C Fig). Interestingly,
no difference of llmp-qPCR Cq values were seen in samples collected during the morning ver-
sus afternoon (S3D Fig).

Discussion

We conducted a larger scale, cross-sectional study of samples including paediatric, adolescent,
adult and elderly populations residing in urban and rural regions of Bioko Island. To the best
of our knowledge, this report represents the first molecular epidemiological study of M. per-
stans and L. loa in Equatorial Guinea that also includes the evaluation of geographical distribu-
tion and association with socio-economic status.

Between 1978 and 2020, a total of 20 publications described Mansonellosis, Loasis, Oncho-
cerciasis, and lymphatic filariasis in the context of Equatorial Guinea (S1 Table). Five of these
publications described L. loa and M. perstans infections among Equato-Guineans living in
Spain [28-31] or Singapore [32], while three were case reports of foreigners returning from
Equatorial Guinea [33-35]. One cross-sectional study investigated the prevalence of L. loa and
M. perstans on Bioko Island using microscopy and qPCR-based detection [36].

We have extended our mRDT-based molecular surveillance tool, originally developed for
malaria, to the filarial nematodes M. perstans and L. loa. The widespread availability and use of
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https://doi.org/10.1371/journal.pntd.0009798.9004

mRDTs in malaria endemic regions that are also endemic to M. perstans and L. loa, the sim-
plicity of mRDT collection and storage, would make this approach convenient for large-scale
molecular epidemiological studies covering Plasmodium spp., M. perstans and L. loa. Using
our extraction protocol based on mRDTs, high quality and sufficient quantities of M. perstans
and L. loa specific DNA fragments were obtained as demonstrated by successful Sanger
sequencing of the ribosomal internal transcribed spacer 1 region. Therefore, apart from ampli-
fying short DNA fragments usually used for gPCR, our NA extraction method also allows to
amplify larger fragments suitable for genotyping of the pathogens of interest. In future, switch-
ing to more polymorphic markers for genotyping in combination with next generation
sequencing technologies might improve tracking of infections and importantly help to
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https://doi.org/10.1371/journal.pntd.0009798.g005

understand if there are multiple strain infections that possibly accumulate over time in the
elderly population showing the highest parasite density of M. perstans infections by qPCR.

The cost of our mRDT-based M. perstans and L. loa test system was estimated to be $4 per
sample, from which $3 were spent for NA extraction and $1 on the llmp-qPCR assay. Note-
worthy, the same aliquot of extracted NA was used for genomic characterization and quantifi-
cation of malaria parasites as described [19] making this approach highly cost efficient. The
low cost and high scalability of our approach enables systematic monitoring of impact of pub-
lic health interventions against blood borne pathogens through large scale surveillance.

Here, we found that infections with M. perstans (6.6%) are more prevalent than L. loa
(1.5%) and that M. perstans infections can be mostly found in the older, male, population liv-
ing in rural parts of Bioko Island. This finding reconfirms previous reports [37-39]. We found
similar prevalence data for M. perstans and L. loa compared to a qPCR-based cross-sectional
study conducted on Bioko Island in 2018. Ta and colleagues found that 8.8% and 0.7% of per-
sons tested were infected with M. perstans and L. loa, respectively [36]. The similar proportions
found in these two independent studies indicate that detection rates for both filarial nematode
species are comparable in spite of different sampling methods (dried blood recovered from
mRDT versus freshly collected whole blood) and blood volumes (5 pL versus 200 pL) used.
The prevalence of L. loa found in both studies could be underestimated and partially explained
by the fact that 70% of infected individuals do not show mf circulation in peripheral blood,
with occult infection or occasional presence of adult worms under conjunctive tissue [40].
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The higher parasite density, as expressed by the qPCR’s Cq values, of M. perstans infection
found in rural areas on the East coast of Bioko Island might reflect the distribution or abun-
dance of the vector and its active transmission in those areas. The vector Culicoides presence is
more likely associated to aquatic environments, banana and plantain stems [9] that might
describe the environmental characteristics of rural areas in Bioko Island. Entomological moni-
toring for the presence of these vectors would be justified to improve the understanding of the
geographic patterns observed and inform control interventions. Elderly people above the age
of 60 were proportionally the most affected age group. The increased infection rates in combi-
nation with higher M. perstans parasite densities compared to younger people might be due to
the cumulative effect of reinfection during their lifespan [39].

It has been shown that filarial worms including M. perstans and L. loa cause chronic infec-
tions that are associated with strong immune modulation in the human host [41,42]. These
long- standing and strong immune modulatory effects particularly of M. perstans might nega-
tively impact on mf clearance [37] as well as on co-infections like malaria or tuberculosis out-
comes in the same host [43]. In addition, albeit not clinically overt, M. perstans infections
might impair vaccine induced immune responses and protection by exerting strong immune
modulatory effects as described for other helminth infections [44,45]. Therefore, molecular
epidemiological studies using the methodology outlined here may prove critical in identifying
cofounders of the protective efficacy of experimental malaria vaccine studies currently ongoing
in Equatorial Guinea [46,47].

Quantitative measurements of filarial nematodes might become important in the context of
development of novel drug interventions against Mansonellosis, loiasis, lymphatic filariasis
and onchocerciasis in areas with high co-infections between these parasites [48]. The lack of
an international standard with predefined numbers of mf of each of the filariasis causing para-
sites that could be used for quantitative assessment of microfilaremia based on Cq values mea-
sured is one of the tools limiting our approach.

Our study presented had some limitations. We restricted our analysis to L. loa and M. per-
stans, both blood-borne pathogens. Onchocercha volvulus and M. stretocerca were described
on Bioko Island [36] but their mf are located in the skin and therefore are detected using pri-
marily skin biopsies for microscopy for molecular analyses. Although Lymphatic filariasis has
not been reported on Bioko Island, using mRDTs collected during daylight as a source of the
blood sample would not allow exploring the presence of Wuchereria bancrofti. Also, we have
used primers/probe combinations in our Limp-qPCR assay that could most likely not amplify
the newly identified Mansonella sp “DEUX, thereby potentially omitting this novel Mansonella
species described recently [4]. We conducted a feasibility study to demonstrate that it is possi-
ble and sensible to use the mRDTs and metadata collected during an annual MIS to assess at
very low additional costs the positivity rate of highly neglected nematode filarial infections for
different demographic and socio-economic groups. However, a full analytical and clinical per-
formance evaluation to determine the sensitivity and specificity of our approach based on a
direct comparison with microscopy would be needed to fully understand the limitations of our
molecular testing for routine surveillance of filarial nematodes in endemic regions.

Conclusion

In summary, our approach of repurposing used mRDT as source of NA provides a promising,
future tool that enables a cost-effective approach to monitor the prevalence, genotypes, para-
site densities and co-infections of filarial nematodes and potentially other blood borne infec-
tious diseases. Also, PCR amplification and sequencing of DNA fragments allowing for
genotyping extends the range of possible applications of using NA stored on mRDTs. This
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method might be of particular interest in settings with limited access to cool chains, laboratory
infrastructure and in populations not necessarily served by clinics and health posts in rural
areas.
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Abstract

Malaria surveillance is hampered by the widespread use of diagnostic tests with low sensitivity.
Adequate molecular malaria diagnostics are often only available in centralized laboratories.
PlasmoPod is a novel cartridge-based nucleic acid amplification test for rapid, sensitive, and
quantitative detection of malaria parasites. PlasmoPod is based on reverse-transcription quan-
titative polymerase chain reaction (RT-gPCR) of the highly abundant Plasmodium spp. 18S
ribosomal RNA/DNA biomarker and is run on a portable qPCR instrument which allows diagno-
sis in less than 30 minutes. Our analytical performance evaluation indicates that a limit-of-
detection as low as 0.02 parasites/pL can be achieved and no cross-reactivity with other patho-
gens common in malaria endemic regions was observed. In a cohort of 102 asymptomatic indi-
viduals from Bioko Island with low malaria parasite densities, PlasmoPod accurately detected
83 cases, resulting in an overall detection rate of 81.4%. Notably, there was a strong correlation
between the Cq values obtained from the reference RT-qPCR assay and those obtained from
PlasmoPod. In an independent cohort, using dried blood spots from malaria symptomatic chil-
dren living in the Central African Republic, we demonstrated that PlasmoPod outperforms
malaria rapid diagnostic tests based on the PfHRP2 and panLDH antigens as well as thick
blood smear microscopy. Our data suggest that this 30-minute sample-to-result RT-gPCR pro-
cedure is likely to achieve a diagnostic performance comparable to a standard laboratory-
based RT-qPCR setup. We believe that the PlasmoPod rapid NAAT could enable widespread
accessibility of high-quality and cost-effective molecular malaria surveillance data through
decentralization of testing and surveillance activities, especially in elimination settings.
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Introduction

Malaria is an infectious disease caused by different Plasmodium spp. species and is transmitted
through female Anopheles spp. mosquitoes to humans [1]. Although significant progress on
combating the spread of the disease has been achieved, more than 600’000 people still die
annually [2]. Considerable improvements in the accuracy and availability of diagnostics need
to be achieved to reduce the overall burden of the disease further with the aim of malaria elimi-
nation [3]. Currently employed methods comprise blood smear microscopy, antigen rapid
diagnostic tests (RDT) and nucleic acid amplification tests (NAAT) [4]. Diagnosis of malaria
by light microscopy using Giemsa-stained thick or thin blood smears has been the gold stan-
dard since the early 20™ century. Well trained and experienced microscopists can reach a limit
of detection (LOD) of 50-100 parasites/pL blood [5]. Expert microscopists are however chron-
ically lacking, and the sample throughput is rather low. RDT's are based on detection of para-
site antigens in blood and can provide valuable and rapid answers in remote areas without the
need for extensive training. They are low-cost and widely available with 419 million WHO pre-
qualified malaria RDTs sold globally in 2020 [2]. Despite the improvements in the quality of
malaria RDTs through programs like the WHO product testing [6, 7], their sensitivity remains
limited as they detect antigens without involving target molecule amplification. A LOD, of
100-200 parasites/uL for PFHRP2-based RDTs [8] and about 1000 parasites/uL for panLDH-
based RDTSs [9] renders them unsuitable for surveillance in endemic and low-transmission
environments and in elimination settings [10]. The presence of P. falciparum strains with
pfhrp2 gene deletions poses an additional challenge for malaria surveillance as these strains
cannot be detected by PHRP2-based RDTs [11]. NAAT such as reverse transcription quanti-
tative polymerase chain reaction (RT-qPCR) have shown a LOD of 0.05 parasites/uL [12],
which is by a factor of 1000 more sensitive than microscopy. This approach is especially
favourable in areas where a high proportion of asymptomatic malaria carriers are living, main-
taining the transmission cycle of the parasite [13, 14]. However, in resource-constraint settings
the use of highly sensitive RT-qPCR based malaria testing has been restricted to well-equipped
centralized laboratoriesdue to high initial investment cost, sophisticated supply chain manage-
ment and shortage of trained laboratory personnel [15]. Simple, rapid, highly sensitive and
reliable molecular diagnostic tools are needed more than ever in conjunction with a functional
surveillance system to enable and sustain malaria elimination.

The diaxxoPCR technology is based on a portable and easy-to-use gPCR instrument, which is
designed for rapid identification, quantification and genotyping of pathogens at affordable costs.
Only minimal hands-on-operations are needed, and pathogens can be detected in less than 30
minutes, based on an innovative temperature control strategy that allows reaching unprecedented
high heating and cooling rates (> 13°C/s) during the PCR [16]. Importantly, no cold-chain dur-
ing shipping, storage or usage of the reagents is needed since the RT-qPCR reactions are run in
aluminium-based cartridges, which come preloaded with all reagents in dried form. The car-
tridges are equipped with a total of 20 wells that can be loaded according to specific requirements.
Each well accommodates a single gPCR assay to measure one sample. With a single qPCR assay,
the maximum number of patient samples per cartridge is 20. However, when incorporating con-
trols or a standard curve, the number of samples per cartridge will be reduced accordingly.

For mobile testing applications, the device can be powered using a car battery and the
results can be accessed directly on the device’s screen or through the browser of a smartphone
or laptop. The diaxxoPCR device performs RT-qPCR amplification with very small reagent
and sample input volumes, rendering it highly cost efficient in addition to its unparalleled
speed. The PlasmoPod offers cost advantages over standard RT-qPCR assays due to its mini-
mal reagent volumes, with an estimated cost-per-sample of around EUR 1.5 in small-size
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batches and the potential to decrease below EUR 1.0 at scale. The diaxxoPCR platform has
delivered results comparable to state-of-the-art qPCR devices for SARS-CoV-2 detection and
genotyping [17]. The instrument achieved excellent diagnostic performance when tested with
RNA extracted from culture-derived SARS-CoV-2 Variants of Concern (VOC) lineages and
clinical samples collected in Equatorial Guinea, Central-West Africa [17].

In the current study, we describe the development of a Plasmodium spp. cartridge for the
diaxxoPCR device referred to as “PlasmoPod”. We further report on the performance of Plas-
moPod as a rapid and highly sensitive NAAT-based diagnostic tool for malaria and compare it
to other currently available diagnostic tests using samples collected from children and adults
living in two different Central African countries.

Materials and methods
Ethics statement

The malaria indicator survey conducted on Bioko Island, Equatorial Guinea was approved by
the Ministry of Health and Social Welfare of Equatorial Guinea and the Ethics Committee of
the London School of Hygiene & Tropical Medicine (Ref. No. LSHTM: 5556). Written
informed consent was obtained from all adults and from parents or guardians of children who
agreed to participate. Only samples for which an additional consent for molecular analysis was
obtained were included in this study. The study in Bangui, Central African Republic was con-
ducted in accordance with the Declaration of Helsinki and was approved by the Ethics and Sci-
entific Committee from the University of Bangui (approval n°3/UB/FACSS/CSCVPER/PER)
and by the Ministry of Health of the Central African Republic (approval n°0277/MSPP/CAB/
DGSPP/DMPM/ SMEE du 05 aotit 2002) as part of the communicable and endemic diseases
surveillance diagnostic program. The patients were informed about the objectives of the study
and nature of their participation. Then, written and signed informed consents were obtained
from the participants or the parents on behalf of their children.

PlasmoPod NAAT development and analytical performance evaluation

The experiments on the diaxxoPCR platform were performed using the PlasmoPod cartridges
supplied by Diaxxo AG (Zuerich, Switzerland). The 20 well cartridges contain all reagents nec-
essary for running a RT-qPCR in preloaded and in dried form. The Plasmodium spp. assay
used for PlasmoPod is a TagMan probe-based qPCR assay which uses a 6-Carboxyfluorescein
(6-FAM) labelled probe to enable the detection of a specific amplification product produced
during PCR. Published oligonucleotide sequences and concentrations for detection of Plasmo-
dium spp. parasites are used [18]. Analytical performance of PlasmoPod was evaluated with
purified NAs from different relevant pathogens. Cross-reactivity was tested against DNA or
RNA extracted from bacteria (Salmonella enterica subsp. enterica serovar Typhi), viruses (Den-
gue virus serotype 3, Chikungunya virus, Yellow fever virus and Zika virus) and closely related
apicomplexan parasites (Cryptosporidium parvum and Cryptosporidium hominis). Addition-
ally, the assay’s specificity was evaluated using Plasmodium spp.-free human blood and serum
samples from four different donors. The sensitivity, accuracy, and reproducibility of the Plas-
moPod NAAT was assessed using DNA extracted from cultivated and synchronized ring-stage
NF54 P. falciparum parasites. Four technical replicates from a total of 15 DNA titration steps
with concentrations ranging from 500 to 0.0008 parasites/uL, were analysed with PlasmoPod
using the following cycling parameters on the diaxxoPCR instrument: reverse transcription of
300 seconds at 53°C, initial polymerase activation for 60 seconds at 90°C and then 45 cycles of
10 seconds at 94°C and 20 seconds at 56°C. Raw data was analysed by diaxxoPCR software
and Cq values were automatically assigned to the samples.
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Collection and characterization of samples from the asymptomatic malaria
cohort

Bio-banked samples collected during The Malaria Indicator Surveys (MIS) conductedSurvey
on Bioko Island, Equatorial Guinea in 2018 and 2019 were used for this study. The MIS
involved voluntary participation of permanent residents and short-term visitors. The volun-
teers included in the survey were classified as asymptomatic for malaria and the survey was
conducted at their respective places of residence. They were tested for malaria using the CareS-
tart Malaria HRP2/pLDH Combo RDT. The used RDT's were stored at room temperature in
plastic bags with desiccants and subsequently transported to the Swiss Tropical and Public
Health Institute for additional molecular analysis. Total nucleic acids were extracted by the
“Extraction of Nucleic Acids from RDTs” (ENAR) protocol and [19, 20] and the pan-Plasmo-
dium spp. 18S ribosomal DNA and RNA molecules were targeted [18, 21] and detected by a
highly-sensitive RT-qPCR (herein referred to Pspp18S RT-qPCR assay) [19]. A total of 102
samples, found positive by the Pspp18S RT-qPCR assay (Quantification Cycle (Cq)Cq values
<40),) were included into the PlasmoPod evaluation study.

Collection and characterization of samples from the clinical malaria cohort

The samples from the clinical cohort were collected at the Paediatric Hospital and University
Complex of Bangui (CHUPB), located in the Central African Republic (CAR). Collection took
place between March 8th and 13th, 2021. The patients were children aged between 2 months
and 15 years that were admitted to the emergency department with fever as their main clinical
symptom. In case malaria was suspected and after obtaining informed consent from their legal
guardians, whole blood samples were collected in EDTA blood collection tubes. A malaria RDT
(A&B Rapid Test Malaria P.f./Pan, Luca, Italy)), thick blood smear (TBS) microscopy and a
complete blood count were routinely performed. An aliquot of the whole blood was prepared as
dried blood spots (DBS) on filter papers. The DBS were stored at room temperature and sent to
the Swiss Tropical and Public Health Institute, Basel, Switzerland for further molecular analysis.

Molecular characterization of malaria parasites identified among clinical
cohort samples with reference molecular assays

A molecular reference dataset from the DBS collected in the CAR was established to be used as
a gold standard against which the performance of PlasmoPod was compared to. The reference
dataset included the species identification of Plasmodium spp. positive samples as well as the
analysis of the pfhrp2/3 deletion status and quantification of the parasite density of all P. falcip-
arum positive samples. Briefly, the New Extraction Method (NEM) protocol developed by Zai-
nabadi et al. was used to extract total nucleic acids (NA), including DNA and RNA, from the
DBS [22]. In short, one entire DBS, which corresponds to 30-50 uL of whole blood, was lysed
at 60°C for 2 h. NAs were subsequently purified and eluted in 100 pL elution buffer as
described elsewhere [19]. The same Pspp18S RT-qPCR assay targeting pan-Plasmodium

spp. 18S ribosomal DNA and RNA molecules as for the analysis of the asymptomatic malaria
cohort, was used. The Pspp18S assay was analysed and samples with Cq values <40 were con-
sidered malaria positive. All samples positive for the Pspp18S assay were analysed by species-
specific QPCR assays as described previously [23]. All samples positive for P. falciparum were
screened for pfhrp2 and/or pfhrp3 deletions using a multiplex qPCR assay detecting pfhrp2/3
deletions [24]. Only samples with a Cq value < 35 for the internal control of the pfhrp2/3 dele-
tion assay were considered eligible for analysis of deletion status. All reference qPCR and RT-
qPCR assays were run on a Bio-Rad CFX96 Real-Time PCR System (Bio-Rad Laboratories,
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California, USA). Samples were analysed in duplicate with positive (DNA from P. falciparum
strain NF54) and non-template controls (molecular biology grade H,O) added to each run.

qPCR-based quantification of P. falciparum parasite density of clinical
malaria samples

The P. falciparum parasite density was determined based on the amplification and detection of
the P. falciparum-specific single copy gene ribonucleotide reductase R2_e2 (herein referred to
as PfRNR?2 assay) [24, 25]. Briefly, the WHO International Standard for Plasmodium falciparum
DNA for NAAT-based assays (PfIS) [26] was used to generate a serial dilution in parasite-free
whole blood, ranging from 0.01 to 100°000 parasites/pL. Thirty pL of each dilution step was put
on a DBS and dried, followed by NA extraction and qPCR quantification by the PERNR?2 assay.
The resulting standard curve, including the slope and y-axis intercept, was used to quantify the
parasite densities in the clinical samples. Based on a cut-off value of 5000 parasites/pL, the
malaria positive children were categorized into high and moderate parasite density infection
groups. The parasite density cut-off was determined based on clinical study criteria for symp-
tomatic and severe malaria [27-29]. In case the PIRNR2 assay was negative while the more sen-
sitive Pspp18S assay was positive the child was assigned to the moderate parasite density group.

PlasmoPod NAAT evaluation using the asymptomatic and clinical malaria
cohort samples

Asymptomatic malaria cohort. One replicate of 4.5 uL of extracted total NAs was loaded
into a well of the PlasmoPod and run on the diaxxoPCR device using its standard cycling pro-
gram and data analysis as described above. Raw data was analysed by diaxxoPCR software and
Cq values were automatically assigned to the samples.

Clinical malaria cohort. Rapid extraction was performed on a single DBS punch with a
3mm diameter. The DBS punch was submerged in 100 uL of a 5% Chelex (Bio-Rad, California,
USA) solution and heated to 95°C for 3 min. The supernatant of the resulting solution was used
directly for PlasmoPod analysis. Briefly, 4.5 pL of eluate per sample were loaded in duplicates
onto the 20-well cartridge, covered with paraffin oil (Sigma-Aldrich, St. Louis, USA) and cycled
for a duration of 25 minutes (for 45 cycles) in the diaxxoPCR device. Each run contained two
wells with positive (DNA from P. falciparum strain NF54) and two wells of a non-template con-
trol (molecular biology grade H,O) control. The cycling parameters on the diaxxoPCR were as
follows: reverse transcription of 300 seconds at 50°C, initial polymerase activation for 60 sec-
onds at 92°C and then 45 cycles of 2 seconds at 92°C and 15 seconds at 55°C. Raw data was ana-
lysed by diaxxoPCR software and Cq values were automatically assigned to the samples.
Specimens with amplification with a Cq < 40 in 2/2 of replicates were considered positive.

Data analysis

Statistical analysis and data visualization was performed using the R statistical language (ver-
sion 4.1.2) based on packages dplyr, epiR, ggplot2, ggpubr, gridExtra, readxl, reshape2, scales,
tidyr, tidyverse, cowplot, and plyr.

Results

PlasmoPod is a cartridge-based NAAT for rapid Plasmodium spp.
detection

The diaxxoPCR device is a novel, small-scale and standalone qPCR instrument (Fig 1A) which
can be used to run and analyse ready-to-use cartridges which contains all RT-qPCR reagents
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Fig 1. DiaxxoPCR and PlasmoPod setup for rapid molecular malaria detection. A) The DiaxxoPCR instrument is a pyramid-shaped stand-alone device for
rapid gPCR cycling and fluorescence acquisition. (B) The PlasmoPod assay is based on a single-use cartridge which is pre-loaded with all gPCR reagents in
dried form. (C) The PlasmoPod laboratory setup consisting of the diaxxoPCR device, a heatblock, a pipette and PlasmoPod cartridges. (D) Finger prick blood is
sampled and stored as dried blood spots (DBS). (E) The setup for rapid NA extraction from DBS. (F) The NA are amplified and signals analysed using the
diaxxoPCR device and its integrated analysis software. Images A and B are republished from diaxxo AG under a CC BY license, with permission from Dr
Michele Gregorini (who is an author of this manuscript), original copyright [diaxxo AG, 2020-2022]. The granted permission to the manuscript has been
uploaded. Partially created with Biorender.com.

https://doi.org/10.1371/journal.pgph.0001516.9001

and oligonucleotidesoligo nucleotides in dried form (Fig 1B). The cartridge developed and
evaluated in this study was named “PlasmoPod”. The diaxxoPCR device was selected as the
core component for our minimal laboratory setup for molecular malaria diagnosis due to its
compact size and robustness (Fig 1C). Unlike many other devices, the diaxxoPCR does not
incorporate moving parts, making it highly suitable for mobile testing applications. In terms of
dimensions, the device is comparable to a standard laboratory heating block, ensuring ease of
portability and integration into various testing environments. As a first application for malaria
diagnosis using diaxxoPCR, we developed a novel molecular diagnostic approach for rapid,
sensitive, and quantitative detection of malaria parasites from blood sampled and stored on
DBS. This approach included a rapid NA extraction procedure from DBS by submerging and
boiling a single 3 mm diameter DBS punch in a Chelex solution (Fig 1D). During the 3-minute
incubation step the blood preserved on the DBS is dissolved into the solution, the cells are
lysed, and potential PCR inhibitors are removed by the Chelex (Fig 1E). Without any further
processing 4.5 pL of this solution are directly loaded into a well of the PlasmoPod. Using the
diaxxoPCR device, the reverse transcription and a total of 45 PCR cycles are run in less than 30
minutes. The results can then be accessed through the screen of the diaxxoPCR device, a
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connected smartphone or a computer (Fig 1F). In the current study we evaluated the Plasmo-

Pod cartridge run on the diaxxoPCR rapid PCR device by comparison with a standard labora-
tory-based diagnostic approach for malaria based on state-of-the-art NA extraction procedure
and RT-qPCR detection.

The analytical performance evaluation of PlasmoPod enables quantitative
detection of Plasmodium spp. parasites with high specificity,
reproducibility and sensitivity

The primary objective of the analytical performance evaluation was to assess the performance
of the qPCR itself. Thus, we utilized purified NAs, without considering the rapid extraction
procedure’s potential impact on the analytical performance. The potential for cross-reactivity
and unspecific amplification of PlasmoPod was tested with purified NA from a range of patho-
gens co-circulating in malaria endemic countries and parasite-free human-derived samples
(Fig 2A). PlasmoPod measurements with bacteria (Salmonella enterica subsp. enterica serovar
Typhi), viruses (Dengue virus serotype 3, Chikungunya virus, Yellow fever virus and Zika
virus), closely related apicomplexan parasites (Cryptosporidium parvum and Cryptosporidium
hominis) and Plasmodium spp.-free human blood resulted in delta fluorescence values (end-
point minus baseline fluorescence) and maximum amplification curve slope values below the
pre-defined positivity cut-off values. As comparison, results obtained with purified total NAs
from culture-derived ring-stage synchronized P. falciparum parasites analysed at different con-
centrations are shown. To demonstrate the ability to also detect non-falciparum human patho-
genic Plasmodium spp. species, we analysed clinical samples positive for P. vivax, P. ovale spp.
and P. malariae. For P. falciparum, the two dilutions with the lowest input concentration were
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below the pre-defined positivity thresholds but still distinguishable from the non-malaria sam-
ples (Fig 2A). Using the same serial dilution of DNA extracted from culture-derived ring-stage
synchronized P. falciparum parasites, the relationship between concentration and Cq values
was established (Fig 2B). Four replicates of all concentrations were run on three different Plas-
moPod cartridges. The lowest concentration which resulted in a positive signal for all four rep-
licates was 0.02 parasites/pL. The relationship between Cq values and parasite concentration is
described by an R* value of 0.99. The slope of -3.21 translates into an almost perfect qPCR effi-
ciency of 104.91%.

Diagnostic performance of PlasmoPod evaluated with samples from
asymptomatic parasite carriers using NAs extracted from archived RDTs

To assess the performance of PlasmoPod as a sensitive molecular tool for malaria surveillance,
we examined extracted NA from 102 asymptomatic individuals carrying malaria parasites,
who were part of the annual malaria indicator survey conducted on Bioko Island, Equatorial
Guinea. For this study, only samples found positive by a previous qPCR screening were
included. Among the participants, 47 tested positive for both PFHRP2 and panLDH antigens,
23 for panLDH alone, 12 for PfHRP2 alone, and 20 were negative for both antigens. NAs were
extracted directly from the blood stored on the archived RDTs and analyzed using the labora-
tory RT-qPCR assay targeting Plasmodium spp. 18S rDNA/rRNA as the gold standard diag-
nostic test. All 102 individuals had detectable Plasmodium spp. NA on their archived RDTs,
with Cq values ranging from 23.6 to 39.0 and a median of 33.4. PlasmoPod correctly identified
83 out of the 102 samples, yielding an overall detection rate of 81.4%. A strong correlation was
observed between the Cq values obtained from the reference RT-qPCR assay on the standard
laboratory platform and the Cq values derived from PlasmoPod (Fig 3A). The detection proba-
bility of PlasmoPod was dependent on the input target molecule number, as indicated by the
Cq values obtained from the reference RT-qPCR assay (Fig 3B). At an ultra-high Cq value of
39.9, the estimated detection rate was 64.1% (95% CI: 42.6-85.6%), suggesting a high recall
rate even at very low target molecule concentrations.

This dataset encompassed individuals of all age groups, ranging from 1 to 75 years old,
which is of particular interest since older asymptomatic individuals are expected to exhibit
higher natural immunity and consequently lower parasite densities. To conduct a more
detailed analysis, we stratified the cohort into children (up to 15 years old) and adults (Fig 3C).
Children exhibited a higher detection rate (88.4%) compared to adults (76.3%), likely due to
the typically higher parasite densities observed in children. The Cq values obtained with Plas-
moPod were lower in the children’s group, although this difference was not statistically signifi-
cant (Fig 3D).

Parasitological and clinical characteristics of clinical malaria cohort used
for PlasmoPod test evaluation

Next, the performance of the PlasmoPod was evaluated by analyzing blood samples collected
from febrile patients admitted to the Paediatric Hospital and University Complex of Bangui.
DBS from a total of 47 children were included and an overview of the parasitological and
demographic characteristics of these children are shown in Table 1. The age of the children
ranged from 2 months to 15 years with 48.9% (23/47) being female. DBS collected from these
children were screened for Plasmodium spp. NAs with a high sensitivity diagnostic RT-qPCR
assay based on the parasites’ 18S ribosomal DNA/RNA (Pspp18S assay) using the Bio-Rad
CFX96 qPCR device. Parasite density in P. falciparum positive children was estimated by the
PfRNR2 qPCR assay and children were stratified accordingly into moderate (<5000 parasites/
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uL) and high (>5000 parasites/uL) parasite density groups. Out of 47 children, 16 were nega-
tive for Plasmodium spp. and P. falciparum by RT-qPCR screening, 16 had moderate P. falcip-
arum parasite densities and 15 had higher P. falciparum parasite density infection. The
children assigned to the higher parasite density group were younger compared to the children
with moderate parasite densities or children without detectable parasites.
A strong correlation between parasite densities derived from TBS microscopy and qPCR
was observed (Fig 4A). Interestingly, five out of the seven Pspp18S qPCR-positive samples

Table 1. Parasitological and demographic characteristics of the study population selected for evaluation of PlasmoPod from Central African Republic.

Malaria stratification Number of children Age Sex (% female) Parasite density (parasites/pL)
Median and Range

Negative for malaria 16 5.5 years 50.0% 0
6 month- 15 years

Moderate parasite density 16 3 years 46.7% Median: 1158

<5000 per uL 10 month- 14 years IQR: 447-2858

High parasite density 15 13 months 53.3% Median: 25’800

>5000 per uL 2 month—8 years IQR: 12°171-47°960

https://doi.org/10.1371/journal.pgph.0001516.t001
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which were negative by TBS microscopy, were positive by PFHRP2-based RDT, indicating a
low diagnostic performance of the TBS microscopy in this setting. The modelled parasite den-
sity for the moderate- and high-density groups are visualized in Fig 4B. A large dynamic
range, covering parasite densities from 52 to 332’983 parasites/uL, is included in this diagnos-
tic test evaluation. Next, we wanted to compare the four hematological parameters, including
counts on erythrocytes (RBC), leukocytes (WBC), thrombocytes (PLT) as well as the hemoglo-
bin concentration (Hb) that had been collected from these children during blood collection
stratified by malaria infection status (Fig 4C). RBC, PLT and Hb were significantly lower
among the high parasite density infection group compared to the malaria negative children.
The parasitological characteristics of the malaria positive children was further analyzed by
additional RT-qPCR assays in which the Plasmodium spp. species as well as the pfhrp2 and pfhrp3
deletion status was investigated. The highly sensitive Pspp18S RT-qPCR assay was run as a multi-
plex assay combined with the internal control of the screening assay, the human rnasep gene (S1
Fig). Human-derived NAs were found in all 47 samples with an average Cq value of 27.8 and a
standard deviation of 1.5, indicating that the nucleic acid extraction procedure worked efficiently
and consistently. All 31 malaria positive children were tested positive for P. falciparum and no
other Plasmodium spp. species were found (S1 Fig). The P. falciparum parasites identified in this
cohort were analyzed for the presence of pfhrp2 and/or pfhrp3 gene deletions and not a single case
of a P. falciparum strain with pfhrp2/pfhrp3 gene deletion was found (S1 Fig).

PlasmoPod, coupled with a quick NA extraction procedure from DBS,
enables rapid malaria diagnosis

A clinical evaluation dataset, including the well characterized malaria negative and positive
samples described above, was used to compare the diagnostic performance of PlasmoPod with
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malaria diagnosis based on PfHRP2/panLDH RDTs and TBS microscopy. During the clinical
evaluation stage, PlasmoPod was run with NAs extracted by the rapid Chelex-based procedure
on the diaxxoPCR instrument. As the gold standard for qualitative comparisons, we used the
outcome of the highly sensitive Pspp18S RT-qPCR assay based on amplification of NAs
extracted with the NEM protocol and run on the Bio-Rad CXF96 qPCR instrument. All quanti-
tative analysis was conducted based on the parasite densities obtained by the highly accurate
PfRNR2 qPCR assay. In comparison to the gold standard the sensitivities and the specificities
were calculated summarized in Table 2. PlasmoPod showed an overall sensitivity of 93.6%.
With 83.9%, the PfHRP2-based RDT achieved the second highest sensitivity, while TBS micros-
copy and panLDH-RDT outcomes resulted in overall sensitivities below 70%. As expected, all
diagnostic methods achieved higher sensitivity in children with high parasite densities com-
pared to children with moderate parasite densities. Among children with moderate parasite
densities, PlasmoPod missed 2/16 children resulting in a sensitivity of 87.5% for this group.
Interestingly, the two false-negative children had parasite densities below the LOD of the
PfRNR2 gPCR and were only detected by the highly sensitive RT-qPCR assay based on amplifi-
cation of 18S ribosomal total NAs. Sensitivities among the moderate parasite density ranged
from 75.0% to 43.8% for the other three diagnostic methods. Only TBS microscopy and Plasmo-
Pod, performed with a 100% specificity. The panLDH-RDT and PfHRP2-RDT tests were
wrongly positive in 1, and 2 out of 16 Plasmodium spp. negative children, respectively.

A strong correlation of Cq values derived from the PlasmoPod measurements obtained
from the di-axxoPCR device and the Cq values obtained from two reference qPCR assays run
on the Bio-Rad CFX96 instrument was observed (Fig 5A). The correlation of PlasmoPod with
the Pspp18S RT-qPCR wasis stronger than the correlation with the DNA-based PIRNR2 qPCR
assay. There wasis an overall high correlation between two independent qPCR assays, run with
DBS extracted NAs following standard procedures on a standard qPCR instrument like Bio-
Rad CFX96 qPCR instrument, and our novel approach based on rapid extraction procedure
from DBS in combination with ready-to-use PlasmoPod cartridgesPlasmoPods and rapid PCR
cycling. Additionally, a significant correlation between PlasmoPod Cq values and parasite den-
sities measured by thick blood smear microscopy was observed (Fig 5B). In summarysummay,
the data presented is a strong indication that PlasmoPod allows for quantitative measurements
of malaria parasites in DBS collected under field conditions.

Discussion

Accurate and reliable diagnostic tests are the fundamental backbone of healthcare systems.
Yet, 47% of the global population has little to no access to diagnostics [30]. The global technical

Table 2. Diagnostic performance of RDT (PfHRP2/panLDH), TBS microscopy and PlasmoPod compared to the gold standard RT-qPCR assay run on the BioRad

CFX96 qPCR instrument.
All positive children
n=31
TBS microscopy 64.55% (20/31) (45.4% - 80.8%)
PfHRP2-RDT 83.9% (26/31) (66.3% - 94.6%)
panLDH-RDT 67.7% (21/31) (48.6% - 83.3%)
PlasmoPod 93.6% (29/31) (78.6% - 99.2%)

CI = Confidence interval

https://doi.org/10.1371/journal.pgph.0001516.t002

Sensitivity (95% CI)
Moderate-density infections
(<5000 parasites/uL)
n=16
43.8% (7/16) (21.3% - 73.4%)
75.0% (12/16) (47.6% - 92.7%)
62.5% (10/16) (32.3% - 83.7%)
87.5% (14/16) (61.7% - 98.5%)

High-density infections
(>5000 parasites/uL)
n=15
86.7% (13/15) (59.5% - 98.3%)
93.3% (14/15) (68.1% - 99.8%)
80.0% (12/15) (51.9% - 95.7)
100.0% (15/15) (78.2% - 100.0%)

Specificity (95% CI)
n=16
100.0% (16/16) (79.4% - 100.0%)
87.5% (14/16) (61.7% - 98.5%)
93.8% (15/16) (69.8% - 99.8%)
100.0% (16/16) (79.4% - 100.0%)

= | =

PLOS Global Public Health | https://doi.org/10.1371/journal.pgph.0001516  September 27, 2023

11/18


https://doi.org/10.1371/journal.pgph.0001516.t002
https://doi.org/10.1371/journal.pgph.0001516

PLOS GLOBAL PUBLIC HEALTH Decentralized and sensitive molecular malaria surveillance with PlasmoPod

A PfRNR2 gPCR assay (DNA only) Pspp18S RT-qPCR assay (DNA+RNA) | B Thick blood smear microscopy |
\
[©)
c R?=0.9, p<1e-04 B R=-0.64, p=0.0024
S35 35
8 10000
%
[}
()
el
® 30 30
> —_
8 3
£ g
izs 25 8
g g
8 <, 1000
Q.50 20 3
Q 2
2 &
o
S 15 15
e
8 100
=2
[ \
T 10 10 \
} \
10 15 20 25 30 35 10 15 20 25 30 35 10 15 20 25 30 35
PlasmoPod Cq with quick extraction PlasmoPod Cq with quick extraction

Fig 5. Quantification of P. falciparum parasites using PlasmoPod. (A) Correlation of Cq values derived from PlasmoPod and reference (RT)-qPCR assays
based on Plasmodium spp. 18S ribosomal DNA and RNA (left panel) and the P. falciparum ribonucleotide reductase R2_e2 assays (right panel). (B) Correlation
between PlasmoPod and thick blood smear microscopy for quantification of P. falciparum parasites. The grey color represents the 95% confidence interval.

https://doi.org/10.1371/journal.pgph.0001516.g005

strategy for malaria 2016-2030 sets the target of reducing global malaria incidence and mortal-
ity rates by at least 90% by 2030 [31]. One of the major pillars of the strategy ensuring access to
malaria prevention, treatment and diagnosis. Expansion of diagnostic testing is required to
provide timely and accurate surveillance data. This data is crucial for tracking the successes or
drawbacks of malaria control and elimination efforts. Furthermore, in low transmission set-
tings aiming for malaria elimination, the large-scale deployment of highly sensitive and spe-
cific diagnostic techniques is required to ensure the accurate diagnosis of low density
asymptomatic parasite carriers [32]. Due to limited access to sensitive molecular tests for
malaria surveillance and despite their low diagnostic performance, PPHRP2-based RDTs are
still the most widely used diagnostic tests for malaria surveillance in endemic regions [2].
Molecular diagnostic techniques, in particular PCR-based tests, are much more accurate tools
for surveillance. Incorporating NAATS in reactive case detection (RCD) [33] or monitoring
activities related to mass drug administration (MDA) [34] programs provides clear advantages
over antigen-based RDT's due to their higher sensitivity. However, these diagnostic tests are
rarely used in malaria control programs since the infrastructure is often limited to centralized
testing facilities and the costs of equipment and consumables are relatively high [35]. Tradi-
tional approaches to molecular malaria surveillance are centralized, where samples are col-
lected and analysed at reference laboratories. This can be limit the process by logistical and
financial constraints, leading to under-detection and under-reporting of malaria cases. Decen-
tralized testing, on the other hand, involves the use of portable diagnostic devices and decen-
tralized laboratories. These can be deployed at the point-of-care or in community settings.
This approach enables more rapid and widespread testing, leading to more timely and accurate
disease surveillance. In addition, decentralized testing can reduce the burden on central labo-
ratories and improve access to testing in underserved or remote areas.
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As a first step towards our goal of developing novel tools for improved and decentralized
malaria surveillance, we designed, developed and extensively evaluated a rapid NAAT-based
diagnostic test for Plasmodium spp. parasites using the portable and low-cost diaxxoPCR plat-
form. Starting from DBS, in less than 30 minutes a diagnostic test for malaria is conducted
with an analytical performance similar to sensitive, state-of-the-art laboratory-based RT-qPCR
assays. Our novel approach is based on PlasmoPod cartridges which requires little hands-on
time, no cold chain and almost no technical expertise as they are preloaded with all RT-qPCR
reagents. In this initial study, we introduced a proof-of-concept for a cartridge-based molecu-
lar malaria test and presented validation data for our PlasmoPod platform. However, we
acknowledge that further validation of this platform is necessary through direct testing con-
ducted in endemic countries. A major limitation of our study is that the validation was con-
ducted in a controlled laboratory setting, which does not necessarily represent the real-world
conditions found in malaria-endemic testing sites. Additionally, we have identified several
areas that can be improved. The current process of rapid extraction and loading of the Plasmo-
Pods still relies on manual pre-processing of the samples. The pipetting steps involved present
a challenge for widespread implementation of our approach, as it requires a certain level of
expertise. Therefore, the next generation of the diaxxoPCR platform should incorporate auto-
mated nucleic acid extraction and loading of the PlasmoPods to reduce hands-on time and
manual sample handling. By overcoming these challenges, PlasmoPods in combination with
rapid PCR cycler could be well-suited for deployment to satellite public health laboratories
enabling decentralization of molecular malaria surveillance activities or for remote health care
settings which do not have a fully equipped laboratory infrastructure.

In this initial study, we used a three-step approach to evaluate PlasmoPod for malaria diag-
nosis. We started with an analytical performance evaluation using well characterized samples
and laboratory strains. Two different samples sets originating from two Central Africa coun-
tries, the Central African Republic and Equatorial Guinea, were used to further test the perfor-
mance of PlasmoPod. Samples from malaria asymptomatic individuals from Bioko Island,
Equatorial Guinea and symptomatic children from Bangui, Central African Republic, were
analysed with PlasmoPod.

Our analytical performance evaluation suggests that a LOD as low as 0.02 parasites/pL can
be achieved if NA are extracted from whole blood and no cross-reactivity with other pathogens
common in malaria endemic regions was observed. This high sensitivity is achieved by using
the highly abundant Plasmodium spp. 18S ribosomal total NA (RNA and DNA) as a biomarker
for malaria infection. The parasite’s 18S ribosomal NAs are present as a multicopy gene in the
DNA as well as transcribed as RNA molecules.

PlasmoPod exhibited an 81.4% detection rate when analysing samples from 102 asymptom-
atic malaria-positive individuals on Bioko Island, emphasizing its efficacy as a sensitive molec-
ular tool for malaria surveillance, particularly among asymptomatic cases.

The evaluation of the PlasmoPod and diaxxoPCR for malaria diagnosis among symptom-
atic children was performed with DBS collected from children attending the emergency
department at the Paediatric Hospital and University Complex of Bangui. The results revealed
that the PlasmoPod has a sensitivity of 100% if tested with children having high parasite densi-
ties and 87.5% if tested with children having a moderate-density infection. Since the gold-stan-
dard test used purified nucleic acids extracted from an entire DBS corresponding to
approximately 30 uL of blood, while the PlasmoPod approach utilized only a 3 mm DBS
punch containing 1-2 uL of blood [36], we conclude that PlasmoPod is likely to achieve a per-
formance similar to a laboratory-based diagnostic platform for diagnosing symptomatic
patients. Using a highly abundant biomarker like 18S ribosomal RNA and DNA for the RT-
qPCR, the lower sample input and lack of highly pure NA due to the rapid extraction process,
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can be compensated resulting in a robust approach suitable for field applications. Further-
more, it was shown that, diagnostic performance of the TBS microscopy and the PfHRP2/
panLDH-RDTs lack sensitivity. Even among the 15 symptomatic children carrying parasites
densities above 5’000 parasites/{L, two were missed by TBS microscopy, one by PEHRP2-RDT
and three by the panLDH-RDT. In addition to lack of sensitivity, also the specificity of the
RDTs was reduced. Two out of 16 Plasmodium spp. negative children were wrongly tested pos-
itive for P. falciparum by PfHRP2-based antigen RDT. False-positive RDT's are common in
endemic regions and are likely caused by persisting PFHRP2 antigen circulation post anti-
malarial treatment [37, 38]. However, a limitation of our study was that we used an RDT that
had not undergone WHO prequalification.

In summary, using samples from two different independent cohorts, including asymptom-
atic individuals and symptomatic patients, PlasmoPod achieved sensitivities above 80% com-
pared to a highly sensitive RT-qPCR assay. While the initial evaluation of PlasmoPod using
samples from 149 individuals shows promising results, further validation studies are necessary
to fully assess its performance and reliability. During this initial testing phase, PlasmoPods
underwent successful evaluation using NAs extracted through various methods. These meth-
ods encompassed commercial column-based extraction kits, the ENAR protocol from archived
RDTs, and chelex-based extraction from DBS samples. While the method of NA extraction
influences overall sensitivity, it's noteworthy how PlasmoPod demonstrates efficacy across
varying levels of NA quantity and purity.

Opver the past decade, various NAATS for malaria diagnosis have been published, utilizing
different technologies such as qPCR [18, 21, 39-42] and isothermal amplification [43-48].
Each of these assays has its own advantages and disadvantages concerning analytical perfor-
mance, throughput, simplicity, storability, and laboratory setup requirements. In this study,
we introduced the PlasmoPod as a proof-of-concept for a cartridge-based NAAT, aiming to
simplify and standardize molecular malaria diagnosis and surveillance. Currently, the Plasmo-
Pod is designed to detect conserved NA sequences present in all human pathogenic Plasmo-
dium spp. species. However, future development of this platform should focus on the design
and validation of cartridges specifically designed for identifying individual Plasmodium spp.
species. Given that the diaxxoPCR device is a universal qPCR platform, adapting published
multiplex species-specific gPCR assays [23, 49, 50] to the PlasmoPod could be a straightfor-
ward process. Additionally, separate cartridges could be developed for the molecular charac-
terization of P. falciparum isolates. Incorporating assays that enable the detection of pfhrp2
gene deletions [24, 51, 52] or molecular markers of anti-malarial drug resistance [53, 54] could
be particularly valuable in supporting decentralized malaria surveillance efforts. By expanding
the capabilities of the PlasmoPod platform to include species identification and molecular
characterization of drug resistance, we can enhance its utility and contribute to more effective
malaria control and surveillance programs.

Conclusions

In conclusion, we have established a 30-minute sample-to-result RT-qPCR procedure that
delivers results with similar diagnostic performance as state-of-the-art RT-qPCR assays for
malaria diagnosis. In most malaria endemic regions, molecular malaria diagnostics are only
available in centralized laboratories and inaccessible at peripheral health facilities where they
are needed most. We believe that the PlasmoPod rapid NAAT can bridge this gap and will
enable widespread accessibility of high-quality, sensitive and easy to handle molecular malaria
testing at the individual as well as the population level allowing decentralization of testing and
surveillance activities.
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Supporting information

S1 Fig. Molecular analysis of Plasmodium spp. parasites identified in the CAR dataset.
Three different molecular assays were used to (A) screen for Plasmodium spp. parasites, (B)
identify Plasmodium spp. species and (C) detect pfhrp2/3 gene deletion. Each child is repre-
sented in a column stratified according to malaria infection status. Green colors represent neg-
ative measurements for the respective qPCR assay, while grey colors were chosen for tests
which were not conducted. All tests were run on the Bio-Rad CXF96 qPCR instrument.

(TIF)

S1 Data. Supplementary dataset. All data that support the findings of this study are available
as a supplementary document uploaded to the journal’s website.
(XLSX)
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Synopsis

Background: The emergence of drug-resistant clones of Plasmodium falciparum is a major public
health concern, and the ability to detect and track the spread of these clones is crucial for effective
malaria control and treatment. However, in endemic settings, malaria infected people often carry
multiple P. falciparum clones simultaneously making it likely to miss drug resistant clones using

traditional molecular typing methods.

Objectives: Our goal was to develop a bioinformatics pipeline for compositional profiling in multiclonal
P. falciparum samples, sequenced using the Oxford Nanopore Technologies MinlON platform.
Methods: We developed the “Finding P. falciparum haplotypes with resistance mutations in
polyclonal infections” (PHARE) pipeline using existing bioinformatics tools and custom scripts written
in python. PHARE was validated on three control datasets containing P. falciparum DNA of four
laboratory strains at varying mixing ratios. Additionally, the pipeline was tested on clinical samples

from children admitted to a paediatric hospital in the Central African Republic.

Results: The PHARE pipeline achieved high recall and accuracy rates in all control datasets. The
pipeline can be used on any gene and was tested with amplicons of the P. falciparum drug resistance

marker genes pfdhps, pfdhfr, and pfK13.

Conclusions: The PHARE pipeline helps to provide a more complete picture of drug resistance in the
circulating P. falciparum population and can help to guide treatment recommendations. PHARE is
freely available under the GNU Lesser General Public License v3.0 on GitHub:

https://github.com/Fippu/PHARE
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Introduction

Malaria is one of the top three infectious diseases globally, with an estimated 247 million cases
reported in 2021 and continuing efforts are needed for its control . Artemisinin combination therapy
(ACT) is the primary treatment for Plasmodium falciparum (Pf), the deadliest malaria species. ACT
consists of an artemisinin derivative combined with one of six partner drugs or drug combinations %3.
Delivered together, the fast-acting artemisinin component rapidly kills most of the asexual blood stage
parasites within a few days, and the longer-acting partner drug clears the residual parasite populations
24 Recent reports have confirmed the increased prevalence of Pf strains showing reduced clearance
rate after ACT treatment indicative of partial resistance development in Africa °>. Modelling of
widespread resistance to both artemisinin and a partner drug in Africa indicated a potential scenario
of 16 million additional annual malaria cases ° resulting in nearly 80,000 additional malaria deaths

each year, in addition to economic losses of 1 billion US dollar 7.

Adaptations of guidelines for treatment with antimalarial drugs are developed based on
parasitological data determined in therapeutic efficacy studies ®°. Alternatively, sensitivity to

10 and sensitivity to artemisinin by

antimalarial drugs can be assessed in vitro with 1Csp studies
performing ring stage survival assays . However, since both in vitro and in vivo studies are expensive
and labour-intensive, molecular markers, such as single nucleotide polymorphism (SNPs) and copy
number variations (CNV), can be used as indicators of resistance to a particular antimalarial drug >*3.

These markers can be identified through rapid and relatively inexpensive molecular biology

14 15,16

techniques such as amplicon sequencing and quantitative PCR-based technologies
Incorporating blood sampling and storage on filter papers enables the analysis of samples from
remote settings for the presence of drug resistance markers.'”!8, Using molecular markers may be
more appropriate for approaches where samples are collected regularly and analysed more frequently
over a longer time period to monitor potential changes in drug resistance patterns over time %,
Longitudinal monitoring of antimalarial drug efficacy supported with molecular surveillance on
resistance markers is essential for making data-driven decisions on combination therapy guidelines in

a country or region %,

Malaria infections often consist of multiple parasite clones, known as multiclonal infections.
Multiclonal malaria infections are common in areas with high malaria transmission rates 2! and can
complicate the identification of molecular markers, especially if some clones are present at lower
densities within a sample. Compositional profiling aims to characterize the different clones present in

the infection and their relative proportions.
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Advances in single molecule sequencing technologies and bioinformatics analyses have improved the
ability to detect and analyse genetic variation within the parasite population, enabling the
identification of molecular markers even in multiclonal infections 22724, Additionally, using novel long
read sequencing methods such as Oxford Nanopore Technologies (ONT) MinlON, full length genes can
be sequenced in one read. All SNPs present in this gene can therefore be analysed as one haplotype
instead of SNP sites being analysed individually. However, most bioinformatics tools for haplotype
calling have been developed for Illumina short read data and are difficult to adapt to single-molecule
long-read sequencing data derived from ONT sequencing. Therefore, we developed the “Finding P.
falciparum haplotypes with resistance mutations in polyclonal infections” (PHARE) pipeline, which is
designed to identify the molecular markers of drug resistance of all detectable clones in a sample,

leveraging the technological advancements made available through long read sequencing.
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Materials and Methods

Clinical and laboratory datasets to validate the PHARE pipeline

To develop and test our bioinformatics analysis pipeline, Pf in vitro culture strains Dd2, HB3, K1 and
NF54 were mixed, followed by DNA extraction and ONT sequencing to generate three datasets
(supplementary methods). Clinical testing and comparison with conventional methods was done with
blood samples collected at the Paediatric Hospital and University Complex of Bangui (CHUPB) in the
Central African Republic from children with fever between March 8™ and 13, 2021. The study was
conducted in accordance with the Declaration of Helsinki and was approved by the Ethics and
Scientific Committee from the University of Bangui (approval n°3/UB/FACSS/CSCVPER/PER) and by the
Ministry of Health of the Central African Republic (approval n°0277/MSPP/CAB/DGSPP/DMPM/ SMEE
from 5 august 2002) as part of the communicable and endemic diseases surveillance diagnostic
program. The patients were informed about the objectives of the study and nature of their
participation. Then, written and signed informed consent was obtained from the parents on behalf of

their children.

PCR amplification and Sanger sequencing

The antimalarial drug resistance markers pfdhps, pfdhfr and pfKk13 were amplified using previously

27,28

established nested PCR protocols and sent to Microsynth AG (Balgach, Switzerland) for Sanger

sequencing using the same primers as the nested PCR.

PCR amplification, library preparation and ONT sequencing

The full-length drug resistance genes pfdhfr, pfdhps and pfK13 were amplified separately using
published primers #. Amplified DNA was purified using 0.8x volume AMPure® XP beads (Beckman
Coulter) and quantified with the Qubit dsDNA HS Assay Kit (Invitrogen). For the control datasets using
laboratory strains, the Native Barcoding Kit 96 (ONT SQK-NBD112.96) and R10.4 flow cell (ONT FLO-
MIN112) were used. For the clinical samples, Ligation Sequencing Kit (ONT SQK-LSK109), Native
Barcoding Expansion 13-24 (EXP-NBD114) and R9.4.1 flow cell (ONT FLO-MIN106D) were used.
Sequencing libraries were prepared according to manufacturer’s instruction. Briefly, 200 fmol
amplicon DNA were end-prepped, unique barcodes were ligated, and sequencing adapters were

ligated. The libraries were loaded onto the flow cell and sequenced on the MinlON Mk1C.

Data analysis and availability

Sanger sequencing data was analysed in SeqScape v4.0 (Applied Biosystems). The sequences and

basecalling were manually checked. Mutations were marked and a mutation report was generated.
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The mutation report was then saved as a .csv file and imported into R. ONT sequencing data was
extracted as raw data in FAST5 format. Basecalling was done using the “super high accuracy”
basecalling in guppy (v6.4.2). To test the impact of the guppy basecalling model, the “high accuracy”
and the “fast” model were also tested with the second control dataset. All sequencing data was

uploaded to the NCBI Sequence Read Archive under BioProject ID PRINA974955.

Programming of PHARE pipeline

The pipeline uses the tools Filtlong (v0.2.1) ¥, SeekDeep extractor (v3.0.1) 31, minimap2 (v2.24) ¥,
samtools (v1.16.1) 3 and pysam (v0.20.0) 34 The code is written in bash, R (v4.2.2) and python
(v3.7.11).
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Results

We developed PHARE, a novel multi-step bioinformatics pipeline to comprehensively profile the
composition of genetic drug resistance markers in multiclonal samples. To fine tune parameters and
validate the PHARE pipeline, we analysed a total of four datasets. The PHARE pipeline is documented
and available for download and modification under the GNU Lesser General Public License v3.0 on

GitHub: https://github.com/Fippu/PHARE

PHARE is a multi-step pipeline combining quality control (1), SNP identification (2) and graphical
representation of haplotypes (3). Adjustable parameters and required reference files are listed in

Table S1.

(1) The first step of the pipeline is to filter the input reads based on read quality and read length using
Filtlong. Optionally, amplicons get extracted using SeekDeep extractor based on primer recognition
and read length. Following this, an alignment to the provided reference sequence is done using

minimap2.

(2) We developed a python-based algorithm that reduces the complexity of the data, by first defining
SNPs, then discarding the remaining information of the sequenced read. This approach improves the
analysis of error prone ONT reads. SNPs are found by iterating over the alignment and finding
nucleotide sites, where at least two different bases are found with a frequency above a predefined
threshold (SNP selection cut-off parameter, default 10%) or where the majority of bases differ from

the nucleotide provided in the reference.

ONT has higher error rates in low complexity regions since the translocation speed of DNA through
the nanopore is not constant and the basecaller cannot accurately determine the length of

homopolymers where the electrical signal remains the same 3°

. During alignment, minimap2
introduces gaps at the ends of these homopolymers to correct for the erroneous reads. This leads to
a lower coverage and a higher error rate at these sites. Therefore, SNPs at sites below a coverage

minimum of 80% are filtered out.

In an optional step, silent mutations which do not affect the amino acid sequence, are removed. When
investigating phenotypic variations such as drug resistance, silent SNPs are of limited interest and can
reduce the vyield of the pipeline, since every read must fulfil a minimal quality score (minqual
parameter, default Phred score of 15) at each SNP site. If at any SNP site of a read a gap is present or
the quality score at that position is below the threshold the read is excluded from analysis. This leads
to a linear decline in the number of reads passing quality control when adding SNPs at random sites

(Figure S1).
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The core step of the PHARE pipeline is the extraction of haplotypes, defined here as a set of genetic
determinants located on a single gene, from each read. Like the detection of SNP sites, this is an
iterative approach. The algorithm loops through all reads which did align to the reference and
concatenates all the SNP sites to result in one haplotype per single read. In this step, reads with gaps
at any of the SNP sites and reads with insufficient base quality are removed from further analysis. The
output of the pipeline is a tab-separated file for each sample, which lists all present haplotypes and

their respective read counts.

(3) The tab-separated files with the results of the PHARE pipeline for each sample are analysed in an
R script to generate a visual output of the data. In this step, the minimum haplotype frequency filter

(default 5%) is applied, to filter out low abundance haplotypes that are considered noise.

PHARE can identify SNPs with 100% accuracy and recall

To tune the parameters and test the limits of detection of the PHARE pipeline we prepared simulated
multiclonal samples from ONT sequencing data of three in vitro culture strains with mixing ratios
ranging from 1:99 to 99:1. In addition to the limits of detection, the SNP finding process was also
validated on this simulated dataset with a total of 39 samples. A SNP selection cut-off of 10% was
used. SNPs in the pfdhfr, pfdhps and pfKk13 genes were correctly identified in all samples, resulting in
100% accuracy and recall. Figure 1a is a graphical representation of the nucleotide distribution and
SNP finding process in pfdhps, using the 50% HB3 and 50% K1 mixture sample: At two nucleotide
positions, one of the minority nucleotides was more frequent than the SNP selection cut-off of 10%
and these positions got correctly identified as SNPs. A dip in coverage below the SNP coverage
minimum of 80% (Figure 1a) can be observed in the three homopolymer regions of the pfdhps gene
starting at nucleotide positions 983, 1727 and 2190, respectively (Figure 1b). By using a minimum
haplotype frequency of 5%, the minor clone could be distinguished from noise, hence no false

haplotypes were identified in all three genes (Figure 1c).
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Figure 1. Simulated multiclonal infections were created by mixing reads from laboratory strains HB3,
K1 and NF54 at different ratios ranging from 1% to 99%. a) SNP calling in pfdhps with a mixture of 50%
HB3 and 50% K1 reads. The nucleotide position is on the x-axis. The read depth is shown in grey and
the relative frequency of different bases in the respective colour. The lower dotted line is the SNP
selection cut-off, which was set at 10%. The upper dotted line is the minimum coverage which was set
at 80%. b) The homopolymer length over the whole gene based on the reference sequence is shown
in grey. Below are the exons (thick dark-green lines). c) The input frequencies are compared against
the output frequencies of the plot. A minimum haplotype frequency of 5% (dotted black line) was set

to distinguish true haplotypes from noise (grey).
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The PHARE pipeline performs better with more accurate basecalling models and can distinguish true

haplotypes from sequencing errors

In a second control experiment, culture media of two in vitro culture strains (NF54 and Dd2) with
highly similar parasitaemia were mixed at different concentrations. Pfdhps was amplified in three
technical replicates and ONT sequenced to test the impact of the guppy basecalling model on the
pipelines output and to test the quantitative performance and limit of detection of the PHARE
pipeline. The performance of the PHARE pipeline improves with more accurate basecalling (Figure 2a).
Haplotypes could be recalled with a high accuracy and low variability when using the “super high
accuracy” basecalling. The three replicates had very little variation (IQR 0.95%) and haplotypes of the
laboratory strains 436f/613s (Dd2) and S436/A613 (NF54) were correctly identified. No false
haplotypes were observed using the “super high accuracy” basecalling. Variation between replicates
increased when changing the basecalling model to “high accuracy” and even more when using the
“fast” basecalling model. Furthermore, SNP calling could not be reliably done using the “fast”
basecalling dataset, since too much noise was masking the true SNPs and the coverage at many
nucleotides was below 80% (Figure S2). Therefore, the same SNPs which were found in the “super
high accuracy” data were manually set for the “fast” basecalling in this experiment. All subsequent

analyses were performed using “super high accuracy” basecalling.

Over all concentrations, the percentage of reads mapping to the NF54 haplotype was lower than the
frequency of NF54 in the original sample. To test for a bias in the pipeline, we compared the results
generated with PHARE to mapping the full length reads directly to the pfdhps reference sequences of
the two laboratory strains NF54 and Dd2 with minimap2. The haplotypes found by both methods have
a high correlation (R? > 0.99) (Figure S3).

We determined the impact of the minqual parameter of the pipeline which sets both, the minimal
quality that must be reached at the SNP sites, as well as the minimal quality of the whole read. The
minimal quality is estimated by the guppy basecaller and corresponds to a Phred score Q which is
defined as Q =-10 x logio(P), where P is the sequencing error probability. As an example, a Phred
score of 10 corresponds to 10% error probability. The effect of the minqual parameter on the ratio of
noise haplotypes compared to true haplotypes and its influence on the read depth is shown in Figure
2b. Increasing minqual led to a reduction in noise, though the benefits were decreasing. Meanwhile
the read depth declined linearly with increasing minqual, with a rapid decline after minqual 20. We
settled on a minqual of 15 for further analysis. We then assessed the effect of the minimum haplotype
frequency which differentiates true haplotypes from false haplotypes on precision, recall and f1 score

(Figure 2c). Precision reached its maximum at a minimum haplotype frequency of over 3.6%, while the
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recall reached a plateau between 5.0% and 9.8%. We therefore decided on a minimum haplotype

frequency of 5% for subsequent experiments.
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Figure 2. Data from pfdhps experiment with NF54 and Dd2 in vitro culture strains at different mixing
ratios. a) Using a minimal quality score of 15 and three different basecalling models. The colours
indicate the strain that was inferred based on the haplotypes found by the PHARE pipeline (436f/613s
[fs] in Dd2 and S436/A613 [SA] in NF54). b) Read depth and noise ratio (the fraction of noise reads as
part of the total amount of reads) at different minimum read qualities (Phred scores). c) Precision,
recall and f1 score with the minqual parameter set to 15. Both, b) and c) use data generated by “super

high accuracy” basecalling.

Compositional profiling of four haplotypes is possible with the PHARE pipeline

We tested the ability of the PHARE pipeline to detect more than two haplotypes in a single sample,
using the three drug resistance marker genes pfdhfr, pfdhps and pfk13. DNA of the four in vitro culture
strains NF54, Dd2, HB3 and K1 was mixed in equimolar ratios for two or four strains and amplified by
PCR. Figure 3 shows the PHARE pipeline outputs for mixes of NF54+Dd2, HB3+K1 and all four culture
strains combined. All expected haplotypes and no false haplotypes were detected. The estimated

haplotype frequency did not always correspond to the input amount of DNA prior to PCR. For example,
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in the equimolar mixture of NF54 and Dd2, the haplotype corresponding to NF54 was found with a
relative frequency of 67.3% in pfdhfr but only 27.6% in pfdhps. In pfdhps and pfdhfr the four
haplotypes differ by one to three SNPs leading to an amino acid exchange, while in pfk13 only HB3

differs from the other three strains by one single SNP making a distinction not always possible.
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Figure 3. PHARE pipeline output for pfdhfr, pfdhps and pfK13. The width of the bars indicates the

relative frequency of the haplotype written on the bar as determined by the PHARE pipeline. The
colour indicates the laboratory strain matching the haplotype found by the pipeline. SNP sites are

N51i, C59r and $108n for pfdhfr; S436f, G437a, A581g and A613s for pfdhps and K189t for pfK13.

The SNPs detected by the PHARE pipeline share a high agreement with conventional Sanger

sequencing, while enabling the detection of complex haplotypes

Next, we used a sample set of twelve dried blood spots from the Central African Republic to
understand the performance on clinical samples sequenced on ONT flow cell R9.4.1. Since older
chemistry was used for sequencing, adapted parameters were used for SNP calling, namely the

coverage minimum was set to 50%.

PHARE and Sanger sequencing detected the same three and five SNP sites in pfdhfr and pfdhps,
respectively (Table 1). In pfdhfr, the same variants were detected for all 12 samples. At the G437a SNP
site in pfdhps, PHARE and Sanger sequencing disagreed in three samples: the first sample was
G437/437a with PHARE and 437a with Sanger, the second sample was G437/437a with PHARE and
G437 with Sanger and the third sample was G437 with PHARE and G437/437a with Sanger. In pfK13
both, PHARE and Sanger found no SNPs in the 849 bp region analysed by Sanger sequencing. However,
outside of this region the K189n and K189t SNPs were found by PHARE.
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Marker SNP Agreement over 12 Samples wt mut mixed
N51i 100% 1 11 0
pfdhfr C59r 100% 0 12 0
S108n 100% 0 12 0
1431v 100% 10 1 1
S436a 100% 2 6 4
PHARE 2 5 5
pfdhps G437a 75%
Sanger 2 6 4
K540e 100% 1 1 2
A581g 100% 11 0 1
wild
pfk13 100% 12 0 0
type*

Table 1. Comparison of drug resistance SNPs detected with Sanger and ONT sequencing for twelve

clinical isolates from the Central African Republic. * Outside of the 849 bp region analysed by Sanger,

the K189n and K189t SNPs were found.

To demonstrate the default output of the pipeline, the results for pfdhps are shown in Figure 4. Using
the PHARE pipeline we were able to find six different pfdhps haplotypes based on five SNP sites. We
found up to four haplotypes in a single sample. In pfdhfr, we found two different haplotypes based on
N51i. Eleven of the twelve samples had the 51i mutated haplotype and one the N51 wild type

haplotype. The SNPs C59r and S108n SNPs were mutated in all samples. Furthermore, all SNP sites

which were found by the PHARE pipeline in pfdhps and pfdhfr are known sites of drug resistance.
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Figure 4. PHARE pipeline output for 12 clinical samples from the Central African Republic. a) SNP sites

and the relative frequencies of mutated and wild type SNPs for each sample. b) Relative frequencies

of each haplotype per sample, as well as the noise level. Every point in the noise graph represents a

hypothetical haplotype that was filtered out because it is below the minimum haplotype frequency.

In pfK13, three different haplotypes were found, with one to three haplotypes per sample based on

K189 which was mutated to either threonine or asparagine. As opposed to pfdhps and pfdhfr, the SNP

found by the PHARE pipeline in pfk13 in this clinical sample set has not been reported to be associated

with drug resistance.
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Discussion

Here we present the development of the PHARE pipeline, a novel method for compositional profiling
of haplotypes in multiclonal Pf positive samples. Our pipeline has shown excellent performance in
both control and clinical datasets, detecting up to four clones in a sample and detecting minor clones
with an occurrence of as low as 5%. With upcoming technical improvements of ONT, the sensitivity of
the pipeline is expected to increase further. Against popular misconception, it is possible to analyse
SNPs in ONT data. Numerous studies have shown the feasibility of using Nanopore data for SNP
analysis %37 and multiple tools have been developed for this purpose, such as Longshot 3, NanoSNP

39 and Clair “°.

While qualitative performance of the PHARE pipeline was excellent, the estimated haplotype
frequency did not always correspond to the input amount of DNA prior to PCR. Bias during PCR is a
possible cause and could be reduced with a lower number of PCR cycles as well as sufficient template
DNA %, Furthermore, while several publications state that ONT sequencing does not suffer from a GC
content bias in terms of reads sequenced 341743 others did find biases resulting from GC content and
read length *. Further investigation into the quantitative performance of the PHARE pipeline is

needed.

Differentiating real, well-described haplotypes from false haplotypes that occur due to sequencing
errors is a trade-off between avoiding false positives and being sufficiently sensitive. To avoid false
positives and reach a specificity of 100%, we used a minimum haplotype frequency of 5%, discarding
haplotypes with a prevalence below. This limits the sensitivity and prohibits detecting minority clones
with frequencies below 5%. Depending on the research question, a lower value could be used,
increasing the sensitivity. Read depth did not have a strong influence on the relative frequency of
haplotypes reported by the pipeline when comparing replicates. However, the required sequencing
depth depends on the number of variable sites of the genetic marker. Furthermore, the beginning and
end of ONT reads tend to be of lower quality than the middle section 343, Therefore, it is important
to design amplicons long enough to accommodate for this, preferably with primer binding sites

outside of the gene of interest.

It is crucial to differentiate between samples containing one clone with a combination of drug
resistance SNPs and samples with the same SNPs spread over multiple clones, because for some
antimalarial resistance genes, drug resistance increases exponentially with the addition of further
SNPs to the same gene *. If the SNP sites responsible for generating malaria drug resistance are far
apart on a single gene, it is necessary to sequence and analyse the full-length gene using long read

sequencing. This is where ONT sequencing combined with the PHARE pipeline offers significant
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benefits over other methods generating shorter reads such as Illumina < 600 bp *¢ and Sanger < 900

bp /.

Analysing more samples and conducting further studies will provide a deeper and more refined
understanding of its ability in compositional profiling of multiclonal Pf infections. We believe that the
PHARE pipeline has important implications for tracking the spread of resistance against malaria drugs,
especially, since drug resistance markers are monitored in minority clones and across the whole gene

without prior knowledge of SNP sites.
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Supplementary methods

Control experiments using laboratory P. falciparum clones to validate the PAHRE pipeline

P. falciparum in vitro culture strains Dd2, HB3, K1 and NF54 were used to develop and test our
bioinformatics analysis pipeline. For each strain, the cultured parasites were mixed with P.
falciparum negative human blood and extracted with the QIAamp DNA Blood Mini Kit (Qiagen)
according to the manufacturer’s instructions. To generate the first dataset, the dihydrofolate
reductase (pfdhfr), dihydropteroate synthase (pfdhps) and kelch 13 (pfk13) genes of strains HB3,
NF54 and K1 were amplified and ONT sequenced on a R10.4 flow cell. After basecalling, reads were
length filtered and aligned to the respective reference sequence to filter out contaminants. Then, to
simulate mixed multiclonal samples, reads were randomly selected to generate 39 samples per
gene. These 39 samples consisted of three different in vitro culture strain mixes (HB3-K1, HB3-NF54
and K1-NF54) at different mixing ratios, namely 1:99, 2.5:97.5, 5:95, 7.5:92.5, 10:90, 25:75, 50:50,
75:25,90:10, 92.5:7.5, 95:5, 97.5:2.5, 99:1.

For the second control dataset, Dd2 and NF54 culture media with highly similar parasitaemia (ACq
0.24 as determined by qPCR on the P. falciparum ribonucleotide reductase R2_e2 gene !) were
mixed to generate mixtures ranging from 100% NF54 to 0% NF54 (steps: 100%, 99%, 90%, 50%, 25%,
5%, 0.5%, 0%). The culture medium mixes were added to parasite-free human whole blood and DNA
was extracted individually. The pfdhps gene was amplified in three replicates for each mixture and

sequenced on a R10.4 flow cell.

In a third control dataset to test the performance of detecting more than one clone in a single
sample, DNA extracted from the in vitro control strains was mixed as follows: NF54-Dd2 (1:1), K1-
HB3 (1:1) and a third sample with all four strains (1:1:1:1), followed by PCR amplification of the

pfdhfr, pfdhps and pfK13 genes and sequencing on a R10.4 flow cell.

SNP detection rate and performance of the PHARE pipeline compared to conventional methods

using clinical samples

Blood samples were collected at the Paediatric Hospital and University Complex of Bangui (CHUPB)
in the Central African Republic from children with fever between March 8™ and 13%, 2021. Routinely
collected data included malaria rapid diagnostic test (RDT) results, thick blood smear microscopy and
full blood count. Dried blood spots were collected and then sent to the Swiss Tropical and Public

Health Institute (Swiss TPH) for analysis of antimalarial resistance markers. DNA extraction was
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performed using a previously established extraction protocol 3. To generate the clinical dataset, the
pfdhfr, pfdhps and pfK13 genes of twelve P. falciparum positive samples were amplified and

sequenced on a R9.4.1 flow cell.

The study was conducted in accordance with the Declaration of Helsinki and was approved by the
Ethics and Scientific Committee from the University of Bangui (approval
n°3/UB/FACSS/CSCVPER/PER) and by the Ministry of Health of the Central African Republic (approval
n°0277/MSPP/CAB/DGSPP/DMPM/ SMEE from 5 august 2002) as part of the communicable and
endemic diseases surveillance diagnostic program. The patients were informed about the objectives
of the study and nature of their participation. Then, written and signed informed consent was

obtained from the parents on behalf of their children.

PCR amplification for Sanger sequencing

For the detection of antimalarial drug resistance markers pfdhps, pfdhfr and pfK13, previously
established protocols were used *°. In brief, a primary PCR was performed with 5 ul DNA in a
reaction volume of 25 pl, using 1 U HOT FIREPol DNA Polymerase (Solis Biodyne) and 0.25 uM
primers. For pfdhfr (646 bp) and pfdhps (756 bp) primary PCRs, the following thermal cycling
conditions were used: initial denaturation at 95 °C for 12 minutes, 30 cycles of 95 °C for 30 seconds,
52 °C for 90 seconds, 72 °C for 90 seconds, followed by final extension at 72 °C for 5 minutes. For
pfK13 primary PCR (2097 bp), the following cycling conditions were used: initial denaturation at 95
°C for 15 minutes, 30 cycles of 95 °C for 30 seconds, 58 °C for 2 minutes, 72 °C for 2 minutes,
followed by final extension at 72 °C for 5 minutes. Nested PCRs were performed for each gene
individually, using 1 ul DNA in a reaction volume of 50 pl, using 2 U HOT FIREPol DNA Polymerase
(Solis Biodyne) and 0.25 uM primers. For pfdhfr nested PCR (638 bp), the following thermal cycling
conditions were used: initial denaturation at 95 °C for 12 minutes, 30 cycles of 95 °C for 30 seconds,
52 °C for 90 seconds, 72 °C for 90 seconds, followed by final extension at 72 °C for 5 minutes. For
pfdhps nested PCR (709 bp), the following thermal cycling conditions were used: initial denaturation
at 95 °C for 12 minutes, 30 cycles of 95 °C for 30 seconds, 58 °C for 90 seconds, 72 °C for 90 seconds,
followed by final extension at 72 °C for 5 minutes For pfK13 nested PCR (849 bp), the following
cycling conditions were used: initial denaturation at 95 °C for 15 minutes, 40 cycles of 95 °C for 30
seconds, 60 °C for 1 minute, 72 °C for 1 minute, followed by final extension at 72 °C for 5 minutes.
The final PCR product was checked for correct amplification on the QlAxcel Advanced Instrument
and analysed with the corresponding QlAxcel ScreenGel 1.6.0 software (Qiagen). Samples with no

band in the expected size were repeated. The successfully amplified samples were then sent to
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Microsynth AG (Balgach, Switzerland) for Sanger sequencing using the same primers as the nested

PCR.

PCR amplification, library preparation and ONT sequencing

The full-length drug resistance genes pfdhfr, pfdhps and pfK13 were amplified separately using
published primers ® with a reaction concentration of 0.5 pM. PCR amplification was performed with
3 ul of template DNA in a reaction volume of 25 pl, using 1x KAPA HiFi HotStart ReadyMix (Kapa
Biosystems) according to the manufacturer’s protocol. The conditions of the PCR were: 95 °C for

3 minutes, 35 cycles of 95 °C for 15 seconds, 50 °C for 30 seconds and 62 °C for 3 minutes, followed
by final extension at 62 °C for 5 minutes. All PCR products were evaluated by agarose gel

electrophoresis.

Amplified DNA was purified using 0.8x volume AMPure® XP beads (Beckman Coulter) and quantified
with the Qubit dsDNA HS Assay Kit (Invitrogen). For the control datasets using laboratory strains, the
Native Barcoding Kit 96 (ONT SQK-NBD112.96) and R10.4 flow cell (ONT FLO-MIN112) were used.
For the clinical samples, Ligation Sequencing Kit (ONT SQK-LSK109), Native Barcoding Expansion 13-
24 (EXP-NBD114) and R9.4.1 flow cell (ONT FLO-MIN106D) were used. Sequencing libraries were
prepared according to manufacturer’s instruction. Briefly, 200 fmol amplicon DNA were end-
prepped, unique barcodes were ligated, and sequencing adapters were ligated. The libraries were

loaded onto the flow cell and sequenced on the MinlON Mk1C.

Data analysis and availability

Sanger sequencing data was analysed in SeqScape v4.0 (Applied Biosystems). The sequences and
basecalling were manually checked. Mutations were marked and a mutation report was generated.
The mutation report was then saved as a .csv file and imported into R. ONT sequencing data was
extracted as raw data in FASTS format. Basecalling was done using the “super high accuracy”
basecalling in guppy (v6.4.2). To test the impact of the guppy basecalling model, the “high accuracy”
and the “fast” model were also tested with the second control dataset. All sequencing data was

uploaded to the NCBI Sequence Read Archive under BioProject ID PRINA974955.

Programming of PHARE pipeline

The pipeline uses the tools Filtlong (v0.2.1) 7, SeekDeep extractor (v3.0.1) & minimap2 (v2.24) °,
samtools (v1.16.1) 1° and pysam (v0.20.0) . The code is written in bash, R (v4.2.2) and python
(v3.7.11).
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Supplementary Table

Parameter

Description

Default value

SNP selection cut-off

Minimum % of sequencing

reads with SNP at this site

10%

coverage minimum

Minimum % of reads covering
a nucleotide position

considered a SNP

80% for ONT sequencing
chemistry R10.4 or 50% for

ONT sequencing chemistry

at SNP sites

R9.4.1
minimum haplotype frequency | Minimum % of reads with 5%
certain haplotype
Minqual Minimum Phred score of reads | 15

reference sequence

Gene reference in fasta format
and additionally, genbank

report in .jsonl format

optional primer file

A file containing the primer
sequences (according to the

SeekDeep specification)

Gene Gene name
Contig Name of the contig in the fasta
file
Targetlen Length of the PCR amplicon
Minlen Minimum length of reads Targetlen - 50
Maxlen Maximum length of reads Targetlen + 350

Table S1. Adjustable parameters and input files of the PHARE pipeline.
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Supplementary Figures
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Figure S6. Relative number of reads compared with the number of SNPs used for variant calling.
100% is set at one SNP and corresponds to 5450 reads. To generate this figure, data of the second
control experiment was used. The pipeline was run with default parameters 40 times, adding one

SNP at a random site with every iteration, storing the mean number of reads over all samples.
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Figure S7. SNP calling using a dataset generated using “fast” basecalling of the 1:1 mix of in vitro
culture strains NF54 and Dd2. The nucleotide position is on the x-axis. The read depth is shown in
grey and the relative frequency of different bases in the respective colour. The lower dotted line is
the SNP selection cut-off, which was set at 10%. The upper dotted line is the coverage minimum

which was set at 80%.
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4. One Health surveillance of foodborne bacteria

This chapter contains the following publication:

Abukhattab et al. Whole Genome Sequencing for One Health Surveillance of Antimicrobial
Resistance in Conflict Zones: A Case Study of Salmonella spp. and Campylobacter spp. in the West

Bank, Palestine. Applied and Environmental Microbiology 2023
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4.1. Whole Genome Sequencing for One Health Surveillance of Antimicrobial Resistance
in Conflict Zones: A Case Study of Salmonella spp. and Campylobacter spp. in the

West Bank, Palestine

Published in Applied and Environmental Microbiology, 2023
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Whole-genome sequencing for One Health surveillance of
antimicrobial resistance in conflict zones: a case study

of Salmonella spp. and Campylobacter spp. in the West
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ABSTRACT Antimicrobial resistance (AMR) is a critical global concern driven by the
overuse, misuse, and/or usage of inadequate antibiotics on humans, animals’ agriculture,
and as a result of contaminated environments. This study is the first One Health survey
in the Middle East that incorporated whole-genome sequencing (WGS) to examine the
spread of AMR in Campylobacter spp. and Salmonella spp. This cross-sectional study was
conducted to examine the role of AMR at the human-animal-environmental interface
and was performed in Ramallah/Al-Bireh and Jerusalem governorates of the central
West Bank, Palestine. In 2021 and 2022, a total of 592 samples were collected and
analyzed. From a total of 65 Campylobacter jejuni and 19 Salmonella spp. isolates, DNA
was extracted for WGS using Oxford Nanopore Technologies MinlON platform. We found
that the dominant serotypes of C. jejuni and Salmonella enterica were present in chicken
manure, chicken meat sold in markets, and feces of asymptomatic farm workers, with
high genetic similarities between the isolates regardless of origin. Additionally, our
results showed rapid strain turnover in C. jejuni from the same sites between 2021 and
2022. Most of the positive Salmonella spp. samples were multidrug-resistant (MDR) S.
enterica serovar Muenchen carrying the plasmid of emerging S. infantis (pESI) megaplas-
mid, conferring resistance to multiple antibiotics. Our findings highlight the spread of
MDR foodborne pathogens from animals to humans through the food chain, empha-
sizing the importance of a One Health approach that considers the interconnections
between human, animal, and environmental health.

Editor Christopher A. Elkins, Centers for Disease
Control and Prevention, Atlanta, Georgia, USA

IMPORTANCE  Prior to this study, there existed hardly an integrated human-animal-envi-
ronmental study of Salmonellosis and Campylobacteriosis and related AMR in Middle
Eastern countries. The few existing studies lack robust epidemiological study designs,
adequate for a One Health approach, and did not use WGS to determine the circulating
serotypes and their AMR profiles. Civil unrest and war in Middle Eastern countries drive
AMR because of the breakdown of public health and food security services. This study
samples simultaneously humans, animals, and the environment to comprehensively
investigate foodborne pathogens in the broiler chicken production chain in Palestine
using WGS. We show that identical serotypes of C. jejuni and S. enterica can be found See the funding table on p. 11.

in samples from chicken farms, chicken meat sold in markets, and asymptomatic broiler Received 21 April 2023

chicken production workers. The most striking feature is the rapid dynamic of change in Accepted 13 July 2023

the genetic profile of the detected species in the same sampling locations. The majority ~ Published 1 September 2023

of positive Salmonella spp. samples are MDR S. enterica serovar Muenchen isolates Copyright © 2023 Abukhattab et al. This is an
carrying the pESI megaplasmid. The results demonstrate a close relationship between  open-access article distributed under the terms of
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responsible for 40% of all clinical Salmonella spp. isolates in Israel as previously reported,
with a sequence identity of over 99.9%. These findings suggest the transboundary
spread of MDR S. enterica serovar Muenchen strains from animals to humans through
the food chain. The study underscores the importance of combining integrated One
Health studies with WGS for detecting environmental-animal-human transmission of
foodborne pathogens that could not be detected otherwise. This study showcases the
benefits of integrated environmental-animal-human sampling and WGS for monitoring
AMR. Environmental samples, which may be more accessible in conflict-torn places
where monitoring systems are limited and regulations are weak, can provide an effective
AMR surveillance solution. WGS of bacterial isolates provides causal inference of the
distribution and spread of bacterial serotypes and AMR in complex social-ecological
systems. Consequently, our results point toward the expected benefits of operationaliz-
ing a One Health approach through closer cooperation of public and animal health and
food safety authorities.

KEYWORDS Palestine, Campylobacter, Salmonella, AMR, WGS, One Health

he global spread of antimicrobial resistance (AMR), often referred to as the “silent
pandemic” is one of the major challenges to public health in the 21st century.
The O'Neill report estimates that by 2050, 10 million lives could be lost annually due
to AMR (1). The problem of AMR is exacerbated in conflict-torn regions, such as the
Middle East, where overuse of antibiotics, fragmented monitoring systems, inadequate
infrastructure, and a lack of regulations and controls contribute to the rise of AMR. This
includes both community and nosocomial transmission, which raises the incidence of
AMR in these areas (2). Evidence is accumulating that prolonged and intense conflicts,
as in the Palestine territories, lead to social and environmental conditions that foster the
emergence of AMR (3). In Palestine, the lack of comprehensive national surveillance for
AMR and weak published data hinder the ability to assess the extent of the problem and
its risk factors. Furthermore, as a religious tourist destination, Palestine poses a potential
risk for the emergence and international spread of AMR bacteria through the visitors.
Salmonellosis and Campylobacteriosis are leading causes of foodborne diseases (4).
With an estimated 100 million individuals falling ill from foodborne infections each
year, the Middle East has the third-highest prevalence globally (5). Due to the rapid
spread of AMR, fluoroquinolone-resistant Salmonellae and Campylobacter were declared
as high-priority pathogens for research and development of new antibiotics by the
World Health Organization (6). Multidrug-resistant (MDR) foodborne pathogens are
found widespread across the entire ecosystem and can spread to humans through
food, environmental contamination, or direct contact with animals (7). The excessive
use of antimicrobials in the food-producing animal industry fuels the emergence and
spread of AMR (8). In 2017, approximately 73% of all antimicrobial usage worldwide
was reported in animal agriculture (9). Based on recent projections, the global usage
of antimicrobials in food-producing animals will further increase by 2030 (10). Accord-
ing to the agricultural census in 2021 by the Palestinian Central Bureau of Statistics
(PCBS), there has been a significant growth in the industrial production of broiler
chicken meat in Palestine. From 2010 to 2021, a remarkable increase of 128% was
reported. This surge in production resulted in a total of 71 million broiler chickens
being produced in 2021 (PCBS report in Arabic is available at https://www.pcbs.gov.ps/
Downloads/book2606.pdf). The industrialized meat production in Palestine goes along
with the excessive use of antibiotics (5, 10) and likely contributes to the spread of AMR.
Early detection and comprehensive understanding of drug-resistant pathogens,
including their reservoir, spread, and genetic diversity, are, therefore, crucial to adopt
intervention measures to combat AMR (11). This complexity highlights the importance
of the One Health approach, which recognizes the interconnection between human,
animal, and environmental health and focuses on demonstrating an incremental benefit
of closer cooperation between human and animal health and related sectors (12).
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Implementing this approach in the surveillance, prevention, and control of AMR in food
animal production is vital in safeguarding human health and curbing the spread of AMR
via the food supply chain. An integrated surveillance response system (iSRS) (13) for
AMR should include continuous collection and testing of bacteria from various sources,
such as animals, environment, food, and humans, in combination with surveillance tools
like whole-genome sequencing (WGS). WGS data enable in-depth investigations into
the transmission dynamics of AMR strains that circulate between animals, food, the
environment, and humans (14). We used an iSRS approach complemented with WGS to
investigate in the Ramallah/Al-Bireh and Jerusalem districts the two leading endemic
foodborne pathogens, Salmonella enterica and Campylobacter jejuni in humans, chickens,
and the environment.

RESULTS AND DISCUSSION

To our knowledge, this is the first integrated One Health survey supported by next-gen-
eration sequencing (NGS) that reports on the emergence and spread of Campylobacter
spp. and Salmonella spp. AMR in the Middle East. AMR is a serious global public
health concern, and surveillance has historically been concentrated in clinical settings
in high-income countries. Outside clinical settings, resistant bacteria can circulate largely
undetected in healthy humans, animals, and the environment, particularly in low- and
middle-income countries (15). Very few studies exist that study the human-animal-envi-
ronmental interface simultaneously (16). Our approach combines a One Health study
design and WGS to identify the source and spread of foodborne pathogens and their
AMR. Integrating WGS data from pathogens collected in the same place and time
from humans, animals, and their environment using a One Health iSRS can lead to
effective AMR control policies by identifying critical transmission routes and popula-
tion dynamics (12). NGS technologies, such as Oxford Nanopore Technologies’ MinION
sequencing, have revolutionized clinical microbiology (17). Switching to NGS from
traditional microbiological methods has a wide range of benefits, such as simultaneous
identification of pathogens, assignment of serotypes, and detection of AMR markers.
Therefore, integrating WGS-derived information into iSRS will help to design and guide
control interventions and support monitoring of their effectiveness leading to reduced
morbidity and mortality as well as saving health system resources (18).

A high positivity rate and distinct risk factors associated with Salmonella spp.
and Campylobacter spp. characterize the broiler chicken production chain in
Palestine

Three hundred and nineteen (319) specimens of C. jejuni were collected from chicken
manure (n = 126), chicken meat (n = 92), and human stool (n = 101). Two hundred and
seventy-three (273) specimens of S. enterica were collected from chicken manure (n =
91), chicken meat (n = 81), and human stool (n = 101). All samples which were culture
positive for Campylobacter spp. were identified as C. jejuni, and all samples which were
culture positive for Salmonella spp. were identified as S. enterica. The species identifica-
tion of all positive samples was confirmed by PCR (Fig. 1A). In chicken manure samples,
the positivity rate for C. jejuni was 30.1% (39/126) and for S. enterica 7.7% (7/91). Among
chicken meat samples, the positivity rate for C. jejuni was 19.6% (18/92) and 9.9% (8/81)
for S. enterica. Among fecal samples of broiler chicken production workers, we found a
positivity rate of 19.8% (20/101) for C. jejuni and 1.0% (1/101) for S. enterica, respectively.
Fig. 1B shows risk factors for infection with C. jejuni among workers’ sociodemographic
characteristics, with higher education decreasing the risk of infection (OR = 0.23, P <
0.005).

The high positivity rate of Campylobacter spp. and Salmonella spp. in the investigated
samples, especially from chicken manure and meat, highlights the need for better
hygiene control in chicken farms and the need for better food safety measures through-
out the food production chain. A study on food safety in Palestinian territories found that
poor hygiene practices, monitoring system fragmentation, a lack of regulations and
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FIG1 Epidemiology of C. jejuni and S. enterica in broiler chicken production chain in Palestine. (A) Positivity rate of C. jejuni and S. enterica among samples tested
from different sources. (B) Univariable analysis of risk factors for C. jejuni infection among workers’ sociodemographic characteristics and health status. filled
circles are the reference group.

controls, and overuse of antimicrobials were obstacles to improving the food safety
system (5). These results reflect the socioeconomic challenges in the region, including
chronic conflict, population pressure, limited economic development, rapid urbanization,
intensive agriculture, and difficulty enforcing policies and regulations (19). In conflict-
torn places, collecting samples from the environment can have significant advantages,
especially when access to human patients is limited. Environmental samples, such as
chicken manure, can provide important information about the presence of foodborne
pathogens and AMR, as these pathogens often persist in the environment long after the
animals have left (20).

The survey result showed that meat production workers with higher education
level have a lower risk of infection with Campylobacter. These results are consistent
with a recent study that showed that education level was a determinant of zoonotic
disease knowledge among workers in the production chain in Palestine and significantly
influenced hygiene practices among them (5). Therefore, to address the challenges in
food safety, zoonotic diseases, and AMR in Palestine, we recommend several strategies
focusing on education, training, and awareness campaigns. Specific groups such as farm
workers, slaughterhouse, and meat shop employees, families, and health professionals
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should be the focus of targeted education and training initiatives to enhance their
knowledge and skills.

A rapid strain and AMR profile turnover are observed in samples positive for
C. jejuni

Regardless of the sample origin, all 47 C. jejuni isolates collected in 2021 were highly
similar with an average nucleotide identity (ANI) of 99.95% (range: 99.90%-99.98%).
The same was observed for 16 C. jejuni isolates collected in 2022, for which an ANI
of 99.98% (range: 99.97%-99.99%) was determined. Comparing the isolates collected
in 2021 and 2022 revealed an ANI of only 97.84% (range: 97.80%-97.93%) (Fig. 2A).
A phylogenetic tree based on 1,000 single copy genes was created using 10 representa-
tive isolates from Palestine (Fig. 2B). For comparison, 29 closely related genomes from
Bacterial and Viral Bioinformatics Resource Center (BV-BRC) and 22 genomes with the
same sequence type (ST) as identified in PubMLST were added. All 47 isolates collected
in 2021 were assigned to ST 11040 by Multi Locus Sequence Typing (MLST). Only one
other isolate with the same ST was found in the PubMLST database, a human blood
culture isolate collected in 2015 in Israel. These isolates did not match closely with any
known genomes and showed a distinct AMR pattern. All samples collected in 2021
consisted of a single chromosome with a median length of 1,670,867 base pairs (range:
1,670,766-1,671,976 bp) and had identical drug resistance gene patterns, consisting of
the aminoglycoside resistance genes APH(2 )-llla, ANT(47, and ANT (6)-la, OXA B-lacta-
mase bla-OXA184, macrolide resistance gene ermB, quinolone resistance mutation T86l
in gyrA, and tetracycline resistance gene tetL. No plasmid was detected. The closest
WGS we found had an ANI of only 98.39% (range: 98.27%-98.44%). The co-resistance
conferred by the combination of AMR markers to both aminoglycosides and macrolides
is worrisome, as these drugs are typically the first line of treatment for human cases (21).
The 16 isolates collected in 2022 were assigned to ST 305, which has a total of 95 entries
in PUbMLST. The majority of sequences with available WGS data (53.1%, 17/32) were
submitted by the United Kingdom, while only one isolate originated from the Middle
East. These isolates consisted of a chromosome with a median length of 1,677,345 bp
(range: 1,677,331-1,677,357 bp) and a plasmid with a median length of 51,587 bp (range:
51,584-51,589 bp). Isolates collected in 2022 had a resistance gene pattern consisting
of OXA B-lactamase bla-OXA61 and quinolone resistance mutation T86l in gyrA on the
chromosome and the plasmid-encoded tetracycline resistance gene tetO. The C. jejuni
isolates collected in 2022 did not have AMR markers conferring resistance to aminoglyco-
sides or macrolides. Establishing an iSRS to address large annual fluctuations in bacterial
strains and resistance characteristics requires enhanced collaboration and partnerships
among relevant stakeholders (22). Implementation of standardized protocols for data
collection, testing, and reporting is essential, supported by a robust data management
system for centralized data collection and analysis (22). Regular monitoring activities also
play a vital role in observing dynamic patterns, while collaborative research efforts can
help identify factors that contribute to these changes (23). In addition, capacity building
through introducing new laboratory techniques such as WGS, training programs, and
effective sharing of information and communication among stakeholders is pivotal
(18, 24). If successfully implemented, these approaches could result in an immediate
response and intervention to effectively address emerging AMR threats. A recent study
identified Palestine as a global hotspot for veterinary antimicrobial consumption (10),
underscoring the problem of antibiotic overuse in intensive animal production. This issue
is particularly prevalent in broiler production, where lower levels of biosecurity measures
lead to heavy reliance on antibiotics. This excessive use could be a contributing factor to
the rapid shift in the C. jejuni strain observed between 2021 and 2022.
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FIG 2 Phylogenetic analysis of C. jejuni isolates. (A) Average nucleotide identities between all 47 isolates collected in 2021 and all 16 isolates collected in 2022.
(B) C. jejuni phylogenetic tree with 10 representative genomes from Palestine and 51 closely related genomes from different countries collected between 1997
and 2019. MLST-based sequence types are shown for the sequence types represented by Palestinian isolates. The presence of AMR markers is shown in light gray
if located in the genome or an unidentified contig or dark gray if located on a plasmid. sample sources are depicted by colored, filled circles. Genomes generated
in this study are in bold text. All human isolates collected in 2021 are from broiler chicken production chain workers, while all four human isolates collected in
2022 are from hospitalized gastroenteritis patients.
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The MDR isolates S. enterica serovar Muenchen are found across the entire
broiler chicken production chain

A phylogenetic analysis based on 1,000 single-copy genes for S. enterica revealed that
12 out of 14 S. enterica isolates collected in 2021 were assigned to S. enterica serovar
Muenchen (Fig. 3A). These 12 isolates had a median chromosome length of 4,857,056 bp
(range: 4,856,898-4.857,070 bp) and a median plasmid length of 285,076 bp (range:
285,070-285,085 bp). The isolates show a high similarity across all samples with an
ANI of 100.00% (range: 99.99%-100.00%). The two other isolates were sampled from
chicken meat in 2021 and assigned to S. enterica serovar Paratyphi B. The two S.
enterica serovar Paratyphi B isolates had chromosome lengths of 4,697,034 bp and
4,697,043 bp and chromosome encoded aminoglycoside resistance genes AAC(6)-ly
and ANT(37)-la, quinolone resistance mutation S83F in gyrA, trimethoprim resistance
gene dfrA1, and the mdsABC efflux pump. Additionally, they have the plasmid-encoded
B-lactamase blaTEM-1, phenicol resistance gene floR, sulfonamide resistance gene sul2,
and tetracycline resistance gene tetA. They were closely related to S. enterica serovar
Paratyphi B isolates collected from environmental and avian sources in Europe and
Israel. Additionally, three confirmed S. enterica clinical isolates obtained from humans in
2022 were added as positive controls. These three isolates had a median chromosome
size of 4,720,112 bp (range: 4,720,107-4,720,159 bp), a plasmid with a median length
of 37,698 bp (range: 37,698-37,699 bp) as well as a plasmid with a median length of
59,372 bp (range: 59,372-59,373 bp). The S. enterica serovar Enteritidis isolates contain
the chromosome-encoded aminoglycoside resistance gene AAC(6J-ly and the mdsABC
efflux pump. They were closely related to S. enterica serovar Enteritidis strains isolated
from humans globally. All 12 isolates assigned to S. enterica serovar Muenchen shared
an identical pattern of molecular markers for AMR with resistance markers, including
the aminoglycoside resistance gene AAC(6 J-laa, the fluoroquinolone resistance mutation
T57S of parC, and the mdsABC efflux pump encoded on their chromosome (Fig. 3B).
Additionally, on the 285,077 bp (range: 285,070-285,085 bp) megaplasmid that was
99.99% (99.97-100.00) similar to “plasmid of emerging S. Infantis (pESI)” described from
Israel (25), aminoglycoside resistance gene ANT(3 J-la, sulfonamide resistance gene sull,
tetracycline resistance gene tetA, and trimethoprim resistance gene dfrA714 are located
(Fig. 3Q).

Our study shows that the MDR S. enterica serovar Muenchen isolates are found in the
entire chicken meat production chain. Among the S. enterica serovar Muenchen isolates,
we found genotypical resistance markers to at least five classes of antibiotics, including
aminoglycosides, fluoroquinolones, aminocoumarines, sulfonamides, and tetracyclines.
Given the significant clinical importance of S. enterica infections, with a global annual
incidence of over 27 million cases of enteric fever (26) and 78.7 million cases of gastroen-
teritis (4), the AMR monitoring as part of a One Health iSRS is of utmost importance.

All 12 isolates identified as S. enterica serovar Muenchen in our study showed a close
relationship to an emerging clinical isolate reported in Israel (25). In addition, this study
identified 19 additional S. enterica serovar Muenchen isolates from the United States, the
United Kingdom, and South Africa containing the pESI plasmid with high genetic
similarity (25). These S. enterica serovar Muenchen isolates were obtained from human
clinical samples or avian sources. This noteworthy similarity among globally sourced
isolates is likely to be attributed to the widespread and synchronized dissemination of
breeding stocks contaminated with the bacteria due to the centralized sourcing
practices and international trade. Similar patterns have been observed for S. enterica
serotype Enteritidis (27), highlighting the role of global trade in facilitating the spread of
such MDR bacterial strains.

The researchers from Israel noted an increasing prevalence of an MDR strain of S.
enterica serovar Muenchen among their clinical Salmonella spp. isolates (25). These
isolates displayed significant sequence similarity to the isolates described in our study.
This suggests that there may be a regional spread of this particular MDR strain. This could
be due to importing some of the raw materials used in animal feed production from
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FIG 3 Phylogenetic analysis of S. enterica isolates. (A) Phylogenetic tree for S. enterica with 17 genomes from Palestine and 31 closely related genomes belonging
to the three serotypes found in this study from different countries collected between 1987 and 2020. The presence of AMR markers is shown in light gray if
located in the genome or an unidentified plasmid or dark gray if located on a plasmid. Sample sources are depicted by colored, filled circles. Genomes generated
in this study are in bold text. Genomes used for Fig. 3B and C are marked with an asterisk. Comparison of Palestinian S. enterica serotype Muenchen chromosome
(B) and pESI plasmid (C) from chicken manure and human feces as well as meat with a clinical isolate from Israel collected in 2018. The presence and location
of antibiotic-resistance genes are shown in red. The human isolate collected in 2021 is from a broiler chicken production chain worker, while all three human
isolates collected in 2022 are from hospitalized gastroenteritis patients.

Israel, intersecting distribution networks, and sharing the same ecosystem (19, 28).
Moreover, the prolonged and intense conflicts in the Palestinian territories contribute to
a weak control system, which leads to cross-border smuggling (5, 28). The discovery of a
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dominant MDR strain emphasizes the need for continuous monitoring and open data
sharing in real time to understand the epidemiology of AMR across borders and political
systems.

MATERIALS AND METHODS
Study design, setting, and participants

This cross-sectional study was performed in Ramallah/Al-Bireh and Jerusalem governo-
rates of the central West Bank, Palestine. Between June and October 2021, 557 samples
were collected, and 284 samples were tested for the presence of Campylobacter and 273
samples for Salmonella. The samples came from abattoirs (n = 50, fresh chicken meat),
large-scale broiler chicken farms with single batch at a time (all-in and all-out) system
(n =91), chicken manure, and asymptomatic chicken meat production workers (n = 101,
fecal samples). In August 2022, an additional 35 chicken manure samples were collected
from the same farms addressed in 2021 to investigate the persistence or replacement of
C. jejuni strains over time. Furthermore, four C. jejuni isolates and three S. enterica isolates
were isolated from gastroenteritis patients in 2022 after confirmation by Vitek 2 and PCR,
preserved in the hospital laboratory to be used as positive control isolates at one of
the targeted region’s hospitals to compare the pathogens isolated in our study to those
reported in the hospitals. To investigate the risk factors for the presence of Salmonella
spp. and Campylobacter spp. along the broiler chicken production chain, a questionnaire
in Arabic was used to collect information on workers’ sociodemographic characteristics
and health status related to infection with gastroenteritis infections. All sampling sites
were selected using a random sampling approach and using authorities’ records about
farms, abattoirs, meat stores, and workers. All study participants signed a written consent
form.

Microbiological laboratory procedures

The fecal samples from humans and chicken manure were grown directly on Campylo-
bacter Selective Agar (Oxoid, UK) for Campylobacter selection and Xylose-Lysin-Desoxy-
cholat Agar (Oxoid, UK), MacConkey (Oxoid, UK), and Sheep Blood Agar Base (Oxoid,
UK) for Salmonella selection. Agar plates were incubated at 37°C and checked for the
presence of colonies after 24-48 hours. The chicken meat samples were pre-processed
according to the I1SO 10272-1:2017 guidelines for Campylobacter and 1SO 6579-1:2017
guidelines for Salmonella. From all samples, suspected colonies for each of the species
were selected for microbiological confirmation by the Vitek 2 NH ID card for Campylo-
bacter or Vitek 2 GN ID card for Salmonella using the Vitek 2 compact automated system
(BioMerieux, France). All isolates which were confirmed as Salmonella or Campylobacter
by the Vitek 2 microbial testing system were subjected to further confirmation by
PCR. Molecular species identification for Campylobacter spp. was performed using the
PCR protocol published by Nayak et al. (29), while for Salmonella spp., the procedure
published by Paido et al. was used (30).

DNA extraction and WGS

From a total of 65 C. jejuni and 19 Salmonella spp. isolates, DNA was extracted using
QlAamp DNA Mini Kit (Qiagen, Germany) and Quick-DNA Fungal/Bacterial Miniprep Kit
(Zymo Research, USA), respectively. Extracted DNA was shipped to the Swiss Tropical
and Public Health Institute. DNA was quantified with the Qubit dsDNA HS Assay Kit
(Invitrogen, Germany). Samples with DNA concentrations >33 ng/uL were selected for
WGS using MinlON platform (Oxford Nanopore Technologies, UK). The sequencing library
was prepared according to the manufacturer’s instructions using the Native Barcoding
Kit 96 and loaded onto the R10.4 flow cell and sequenced on the MinlON Mk1C using
super-accurate basecalling.
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Bioinformatics and statistical analysis

De novo assembly was conducted using Flye 2.9.1 (31) and Trycycler v0.5.3 (32) at the
scientific computing core facility of the University of Basel. The BV-BRC was used for
annotation and phylogenetic analysis of the assemblies. The assemblies were annota-
ted using the RAST 2.0 toolkit (33). Only assemblies with less than 10 contigs were
considered for further analysis. ST and serotype of assembled contigs were determined
using MLST (34) and SeqSero (35), respectively. Phylogenetic trees were generated
by aligning protein and nucleotide sequences using MUSCLE (36), MAFFT (37), and
RAXML (38). The 20 most closely related genomes from BV-BRC were selected for each
C. jejuni ST. Additionally, all available WGS for the respective ST were obtained from
the public databases for molecular typing and microbial genome diversity (PubMLST).
The 10 most closely related genomes from BV-BRC were selected for each S. enterica
serotype. Additionally, four selected S. enterica serotype Muenchen genomes containing
the pESI plasmid were obtained from the National Center for Biotechnology Informa-
tion (GCA_008248485, GCA_009444355, GCA_010825065, GCA_019543295). C. jejuni and
S.enterica genomes were filtered to contain high-quality genomes with available data for
collection year, country, and sample origin.

Closely related isolates from the Middle East collected after 2008 were selected for
S. enterica. Genome-wide ANIs were determined with FastANI (39). Resistome analysis
was performed using CARD (6.0.0) (40) and ResFinder (4.2.2) (41). The comparison of S.
enterica serotype Muenchen genomes was visualized using BRIG (42). Risk factors for
C. jejuni infections among study participants were calculated using median-unbiased
estimates to calculate the univariate odds ratio using the R software environment version
4.2.2 and the package epitools.
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5. Discussion

5.1.ONT MinION is a state of the art next-generation sequencing platform

In my work, | have sequenced and analysed genes and genomes of AT-rich organisms, like P.
falciparum and C. jejuni, as well as genes and genomes of GC-rich genomes like nontuberculous
mycobacteria using the ONT MinlON. It is well known that GC-rich genomes can be difficult to
sequence with multiple NGS platforms and library preparation methods (Browne et al., 2020). For
example, lllumina MiSeq quality scores were significantly lower for sequences with GC contents above
65% (Browne et al., 2020). Low GC regions have lower coverage in lllumina and PacBio sequencing,
however ONT sequencing remained unbiased (Browne et al., 2020). The choice of PCR conditions and
enzymes introduces sequencing bias by preferably amplifying GC-rich or AT-rich targets and further
bias can be introduced later in the library preparation for Illumina sequencing (Aird et al., 2011).
Whitford et al. reported read depth variation in ONT sequencing of equimolar ratios of amplicons,
with preferential sequencing of longer amplicons and amplicons with lower GC content (Whitford et
al., 2022). Li et al. compared ONT to PacBio and lon Torrent for viral detection and observed a lower
mean GC content among ONT reads compared to the other technologies (Li et al., 2020). Read lengths
did not have an effect on ONT basecalling quality, but the beginning and end of the sequence had

lower basecalling quality (Krishnakumar et al., 2018).

It is commonly accepted that a combination of short-read and long-read sequencing technologies is
best to obtain high quality reference genomes for vertebrates, since long reads enable resolution of
complex repeats and remove errors, as observed in previous short-read assemblies (Rhie et al., 2021).
Polishing of long-read assemblies with short reads obtained from the same sample usually improves
per-base accuracy, however reads need to properly be split between heterozygous haplotypes in
diploid genomes (Rhie et al., 2021). Structural variants (SV) such as insertions and deletions can be
detected from human genome sequencing data for ONT and PacBio with similar performance, in the
case of ONT sequencing, each genome was run on two PromethlON flow cells generating 100
Megabases to achieve 33x coverage of the human reference genome (Fatima et al., 2020). ONT
sequencing was used for a large-scale analysis of 3,622 individuals from Iceland for unbiased detection

of SV and linking of SV with phenotypic traits (Beyter et al., 2021).

With the right setup, ONT data can be analysed during a sequencing run that can be stopped once
sufficient data has been generated. The current main ONT basecaller Guppy based on Bonito’s neural
network architecture performed well in a recent basecaller benchmark analysis (Pagés-Gallego and de

Ridder, 2023). Different basecalling models exist for Guppy, fast basecalling can be done in real time
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on an Mk1C device, high accuracy basecalling is about eight times slower, but still possible on an Mk1C
and the highest fidelity super-accuracy basecalling requires eight fold more computational power than
high accuracy basecalling. Super-accuracy basecalling for flow cell R9.4.1 had similar accuracy as high
accuracy basecalling with additional short read polishing for Klebsiella pneumonia WGS and was able
to determine resistance and virulence factors as well as assign lineages, but failed to determine SNP

distances for outbreak cluster assignment (Foster-Nyarko et al., 2023).

Most analysis tools are based on command-line tools run on UNIX systems. Cloud-based analysis
platforms such as BugSeq (Fan et al., 2021) and ONT EPI2ME are easy to use and fast, but cannot be
adapted to specific needs. Minimap2 is widely used for mapping reads to a reference database (Li,
2018). The ARTIC Network released a bioinformatics protocol for automated SARS-CoV-2 consensus
generation that combined different existing tools (Loman et al., 2020). De novo assembly tools such
as Flye (Kolmogorov et al., 2019) and Canu (Koren et al., 2017) work best with read lengths of several

kilobases, requiring high quality input DNA.

5.2. Molecular surveillance of emerging viruses

We generated over 200 high-quality SARS-CoV-2 genomes from upper respiratory tract samples
collected between March 2020 and January 2022 in Equatorial Guinea using an amplicon sequencing
approach. The first version of the SARS-CoV-2 amplicon sequencing protocol was provided by the
ARTIC network in January 2020 and was updated and improved multiple times to adapt to circulating
variants (Tyson et al., 2020). Reagent costs below £10 per sample were achieved using reduced
volumes, cheaper reagents and a simplified workflow (Tyson et al., 2020). A comparison of SARS-CoV-
2 sequencing approaches showed the superior performance of amplicon-based sequencing for low
viral loads (Charre et al., 2020). Hybridisation capture virus enrichment provided an even depth of
coverage across the genome including genome ends for higher viral loads (Charre et al., 2020).
Metagenomics sequencing should be used to investigate loss of coverage of targeted approaches due
to virus evolution (Charre et al., 2020). Similarly, direct sequencing of Zika virus from clinical material

was difficult due to high host background and low viral loads in serum samples (Faria et al., 2016).

A mean 1.27% of reported SARS-CoV-2 infections were sequenced from African isolates, comparable
to the global mean (1.31%), but infection detection rates were ten times lower in sub-Saharan Africa
than the global average (Barber et al., 2022, Tegally et al., 2022). Different recommendations exist for
the proportion of SARS-CoV-2 positive samples to be sequenced to detect and follow the spread of
emerging lineages. Brito et al. set a benchmark for genomic surveillance, to sequence 0.5% of positive
cases within 21 days after sample collection (Brito et al., 2022). Han et al. recommended testing 0.1%

of the population per day and sequencing 5 to 10% of positive SARS-CoV-2 samples at every fourth
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tertiary health facility within one week to detect emerging variants within 30 days (Han et al., 2023).
In sub-Saharan Africa, the median sequencing turnaround time for positive SARS-CoV-2 samples varied
from 51 days for locally sequenced samples to 113 days for isolates sequenced outside of Africa

(Tegally et al., 2022).

An alternative to WGS is targeted sequencing of regions of interest. For SARS-CoV-2, sequencing a
region of the Spike gene was used to detect key mutations of VOC (Singh et al., 2022). For Mpox
surveillance, a similar protocol where regions containing identified SNPs were amplified by PCR and
subsequently sequenced using ONT was used (Buenestado-Serrano et al., 2023). Results whether the
sample belonged to the outbreak or not were generated within five hours and for €14 per sample,
providing more information than RT-gPCR with similar turnaround time and costs (Buenestado-

Serrano et al., 2023).

Additionally, mutation-specific RT-qPCR can be used to screen larger numbers of SARS-CoV-2 positive
samples for known spike gene mutations at low cost and high speed to complement WGS. Our work
has shown that primers and probes with locked nucleic acids (LNAs) enhance the discriminatory power
of RT-gPCR at SNP level (Bechtold et al., 2021). Different VOC and VOI can be distinguished using
distinct spike gene mutations and deletions (Wang et al., 2021a). LNA-based RT-gPCR assays can be
adapted to emerging variants with novel SNPs rapidly (Bechtold et al., 2021). Mutation-specific RT-
gPCR assays were successfully used to detect a novel VOC-like lineage with an unusual combination
of SNPs in a SARS-CoV-2 isolate from Equatorial Guinea and this SARS-CoV-2 lineage (B.1.620) was
later found to have originated in Central Africa and to be introduced to Europe by travellers with
subsequent local transmission (Dudas et al., 2021). Since wild type and mutated sequence were
detected simultaneously using two different fluorophores, co-infections could be identified in 2.1% of
analysed samples (Hosch et al., 2022a). For the sample with the highest viral load determined by RT-
gPCR, WGS confirmed the presence of almost all lineage-defining mutations of Beta VOC and Delta
VOC (Hosch et al., 2022a). We transferred the mutation-specific RT-qPCR to the portable diaxxoPCR
platform with ready-to-use cartridges containing lyophilized reagents. Little adaptation was required
and the performance was comparable to a standard gPCR machine, however the PCR runtime was
reduced by half and no cold chain was required, rendering it an attractive future approach for

decentralized testing (Bechtold et al., 2021).

The unbiased approach of metagenomics NGS allows the timely identification of a known or novel
pathogen in an outbreak situation, improving the public health emergency response (Yek et al., 2022).
Norovirus was identified from a stool sample stemming from a diarrhoea outbreak within 10 hours

using ONT, 20 hours using lon Torrent and 66 hours using PacBio (Li et al., 2020). Although the
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consensus sequence generated with ONT differed from the other sequencing platforms, it was
sufficient to identify the viral pathogen (Li et al., 2020). Within ten days after confirmation of the Ebola
virus outbreak in DRC, ONT sequencing identified the virus strain as Zaire Ebola virus (Mbala-Kingebeni
et al., 2019). In the Ebola epidemic from 2013 to 2016 in West Africa, WGS was done for about 5% of
clinical cases, however most sequencing was performed by international scientists and local public
health laboratories received little capacity building (Holmes et al., 2016b). During the Ebola outbreak
in DRC in 2018-2019, Illumina sequencing became available in two laboratories and 24% of positive
samples were sequenced in country (Kinganda-Lusamaki et al., 2021). The local sequencing and
bioinformatics capacity was later used to support the SARS-CoV-2 response (Kinganda-Lusamaki et al.,

2021).

The co-circulation of multiple pathogens resulting in similar clinical symptoms in diseased people can
result in misclassification and inaccurate reporting of diseases (Wilson et al., 2019). One example is
the co-circulation of Dengue virus and Zika virus during a Chikungunya virus outbreak in Thailand,
where all three arboviruses were found in serum of patients suspected to be infected with
Chikungunya virus (Khongwichit et al.,, 2022). SARS-CoV-2 and Influenza present with flu-like
symptoms and are difficult to distinguish based on clinical symptoms alone (Havasi et al., 2022). About
19% of febrile patients in an outpatient fever clinic in Japan were SARS-CoV-2 positive and among
febrile patients presenting with a sore throat and a cough the SARS-CoV-2 positivity rate was as high
as 45% (Inaba et al., 2023). The high rate of asymptomatic SARS-CoV-2 infections that are able to
transmit SARS-CoV-2 has negatively impacted control measures. Cross-sectional studies reported a
median of 45.6% asymptomatic infections at the time of testing, in longitudinal studies 72.3% did not
develop any symptoms during a follow-up period, resulting in the conclusion that at least one third of
total SARS-CoV-2 infections remain asymptomatic (Oran and Topol, 2021). Therefore, it is relevant to
identify the pathogen in persons with clinical symptoms to provide adequate treatment and to

monitor circulating pathogens in asymptomatic carriers to prevent transmission to at-risk populations.

5.3. Molecular monitoring of diagnostic escape in multiclonal infections

We extracted nucleic acids from over 2,500 used malaria RDTs collected during the 2018 malaria
indicator survey (MIS) on Bioko Island. These samples were tested for Plasmodium spp. parasites by
RT-gPCR, malaria species were identified by qPCR and the pfk13 propeller region was amplified and
sequenced in P. falciparum positive samples with sufficiently high parasite densities (Guirou et al.,
2020). The extracted nucleic acids were used to assess the diagnostic performance of the RDTs used
in the 2018 MIS. We found a high proportion of false-positive RDTs and were able to associate this
observation with PfHRP2 persistence due to recent use of anti-malarial drugs (Hosch et al., 2022b).

Recently developed highly sensitive HRP2/LDH RDTs have five-fold lower limits of antigen detection
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compared to conventional RDTs, resulting in a higher sensitivity, however detection of false-positive

RDTs are more common due to persisting PfHRP2, resulting in lower specificity (Niyukuri et al., 2022).

A side-by-side comparison of DNA extraction protocols for P. falciparum showed that five- to ten-fold
more DNA can be recovered from fresh whole blood compared to dried blood spots (DBS) of the same
blood volume, with the magnetic bead-based method outperforming the spin-column based method
(Holzschuh and Koepfli, 2022). The low proportion of 4.5% false-negative RDTs in the 2018 MIS can be
explained by the low amount of dried blood retained on a RDT and the low parasite densities of these
asymptomatic infections, limiting the sensitivity of the RT-qPCR-based Plasmodium spp. detection
(Hosch et al., 2022b). We have successfully adapted the RT-gPCR assay used to screen for Plasmodium
spp. in DBS to the portable, rapid and mobile PCR cycler previously used for SARS-CoV-2 mutation
detection (Bechtold et al., 2023). Tween-Chelex has been used for DNA extraction from DBS for whole
genome sequencing of P. falciparum (Teyssier et al., 2021). Even though Tween-Chelex isolation does
not remove all contaminants, less parasite DNA is lost during purification compared to commercial
extraction kits, resulting in similar detection limits for P. falciparum at significantly lower costs
(Holzschuh and Koepfli, 2022). To further facilitate the workflow for molecular Plasmodium spp.
detection, we have developed a method based on blood from DBS. A punch of the DBS is boiled for
three minutes in Chelex solution before applying the supernatant on a preloaded cartridge containing
RT-gPCR master mix, primers and probes in a freeze-dried form and running a RT-gPCR on the rapid

PCR cycler (Bechtold et al., 2023).

In recent years, P. falciparum with pfhrp2/3 gene deletions have been reported from the Americas,
Africa and Asia using different methods (Martidfiez-Vendrell et al., 2022). Surveillance of these gene
deletions is highly relevant, as parasites with pfhrp2/3 gene deletions are no longer detected by HRP2-
based RDTs, threatening reliable malaria diagnosis (Verma et al., 2018). In malaria-endemic settings,
infections with multiple different clones are common (Koepfli and Mueller, 2017). In multiclonal
infections where only one strain carries a gene deletion, qualitative protocols for detection of pfhrp2/3
deletions fail to detect the deletion that is masked by other strains (Schindler et al., 2019). The
implementation of a validated protocol with high sensitivity and the ability to detect masked deletions
in multiclonal infections based on molecular methods would improve the surveillance of pfhrp2/3
gene deletions (Martiafiez-Vendrell et al., 2022). We ran a multiplex gPCR assay to detect pfhrp2/3
gene deletions in samples collected during the 2018 MIS (Schindler et al., 2019). To avoid false
reporting of pfhrp2/3 gene deletions, we restricted the analysis to samples with sufficiently high
parasite densities, successful amplification of the internal control gene and independent amplification
by nested PCR of one P. falciparum merozoite surface protein gene (Hosch et al., 2022b). We found

evidence of masked pfhrp2/3 gene deletions and pfhrp3 gene deletions but no pfhrp2 gene deletions
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in this setting with a high proportion of multiclonal infections, indicating the presence of P. falciparum

strains carrying pfhrp2 deletions on Bioko Island (Hosch et al., 2022b).

The nucleic acids extracted from these RDTs were additionally screened for the presence of DNA from
the highly neglected filarial nematodes M. perstans and L. loa (Yoboue et al., 2022). Even though only
a single drop blood is retained on a RDT, M. perstans and L. loa positivity rates in RDTs were similar to
a cross-sectional study studying filarial nematodes on Bioko Island in 2014 using whole blood (Ta et
al., 2018). However, we were not able to study filarial nematodes residing in the skin nor were we able
to study W. bancrofti with their nocturnal periodicity due to the design of the MIS (Yoboue et al.,
2022). In contrast to malaria, where an international standard for P. falciparum with defined
parasitaemia exists, approximate quantification as well as determination of sensitivity and specificity
would require paired samples with gPCR quantification cycle value and microscopy-based number of

microfilariae and was therefore not feasible.

In summary, this series of manuscripts have shown that malaria RDTs which are routinely used by
malaria control programs for MIS in sub-Saharan African countries can be used to store nucleic acids
at room temperature for months to years. Extracted nucleic acids can be used for molecular screening
of blood-borne pathogens as well as further characterization by sequencing. In Equatorial Guinea,
yearly MIS are conducted and the collection site for each volunteer tested by RDT is georeferenced
(Guerra et al., 2019). The molecular detection of M. perstans on these georeferenced samples allowed
us to understand the age and geographical distribution of this under-researched parasite at very

limited additional cost (manuscript in preparation).

5.4. Molecular monitoring of P. falciparum malaria drug resistance markers

SNPs conferring resistance to different antimalarials are distributed across multiple molecular
resistance markers (Murmu et al., 2021). Sanger sequencing has limited sensitivity to detect minority
clones in multiclonal P. falciparum infections that are encountered in medium to high malaria
transmission settings (Sharma et al., 2016). A recent comparison of Illumina and lon Torrent targeted
amplicon deep sequencing of molecular resistance markers and showed the ability of both methods
to detect minority alleles at 1% density with a read depth of 500x (Kunasol et al., 2022). In some genes,
SNPs conferring drug resistance are distributed at a larger distance on the molecular resistance marker
than the maximum read length of Illumina sequencing, making it necessary to amplify multiple
fragments to cover all SNPs of interest (Nag et al., 2017). If SNPs are distributed across multiple
fragments, only SNP frequencies can be obtained, but no haplotype can be assigned unequivocally
(Nag et al., 2017). A different protocol that amplified the full length molecular resistance marker but

then fragmented the PCR products for lon Torrent sequencing found heterozygous variants at some
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positions indicative of multiclonal infections but could not identify haplotypes from SNPs (Rao et al.,

2016).

Our work likely fills an important gap of drug resistance marker monitoring tools at full length markers
and in multiclonal infections by developing the PHARE pipeline. The PHARE pipeline for detection of
drug resistance conferring SNPs in P. falciparum shows the ability of ONT sequencing to accurately
identify SNPs using novel bioinformatics tools in combination with sufficient read depth. Different
bioinformatics tools exist for SNP analysis from ONT sequencing data. An ONT sequencing approach
for six SNPs related to perioperative outcomes mapped a probe containing the SNP site to the reads
in silico and estimated allele frequencies from sequences with perfect match (Tabata et al., 2022).
With this approach using 1000 reads per site and sample, allele frequencies for heterozygote and
homozygote variants were close to 50% and 100% respectively. The entire workflow from DNA
isolation, PCR, ONT sequencing to bioinformatics could be performed in less than four hours (Tabata
et al., 2022). Others have used the ONT reads of thirty genetic loci associated with the autism
spectrum disorder that were mapped to custom references and called variants were compared to
Sanger sequencing (Whitford et al., 2022). After excluding variants in low complexity regions such as
homopolymers, a coverage of 130x per amplicon was sufficient for accurate genotyping (Whitford et
al., 2022). Forensic SNP and short tandem repeat (STR) profiling for forensic applications like human
identity and kinship testing with ONT reads resulted in successful SNP profiling at all 94 loci with an
overall accuracy of 99.96% (Ren et al., 2021). STR typing was possible for 32 out of 55 loci due to short
insertion and deletion errors in ONT reads that hampered repeat recognition (Ren et al., 2021). The
PHARE pipeline has the advantage over other pipelines that it is not limited to predefined SNPs but
determines SNP sites using an iterative approach. In summary, the combination of targeted whole
gene amplification of markers of interest with ONT sequencing resulting in high sequencing coverage
will be able to overcome current problems of detecting minority malaria clones carrying drug

resistance conferring combinations of SNPs in the field.

5.5.0ne Health pathogen surveillance using whole genome sequencing

While traditional laboratory workflows require multiple complex laboratory processes that might take
days to weeks for bacterial species identification and susceptibility testing, WGS can be performed in
a single step after pathogen isolation by culture (Didelot et al., 2012). The genome sequence of
bacterial pathogens contains the information required for species identification and can guide

treatment decisions and public health measures (Didelot et al., 2012).

Previous studies of genotypic resistance conducted in the Middle East for C. jejuni and S. enterica have

relied on amplification and sequencing of few resistance genes of interest (Abukhattab et al., 2022).

177



Here, we have used a collection of C. jejuni and S. enterica isolated from chicken manure, chicken
meat and human faeces in the white meat production chain to sequence by ONT. We found high
genetic similarities between isolates of C. jejuni and S. enterica from all three sample types collected
during the same time period. All C. jejuni collected in the same year showed the same sequence type
and shared AMR genes and point mutations. However the AMR markers of C. jejuni isolated from
chicken manure of the same farms but from consecutive years were completely different. Importantly,
C. jejuniisolates from hospitalized gastroenteritis patients in Palestine were closely related to isolates
from chicken faeces highlighting the power of WGS in the context of One Health approaches
(Abukhattab et al., 2023).

In Israel, C. jejuni was isolated from human, poultry and cattle between 2003 and 2012 and the isolates
clustered by WGS independent of sample source but no clear epidemiological link was established
between isolates of a cluster (Rokney et al., 2018). Closely related C. jejuni isolates shared acquired
AMR genes and point mutations and the accordance between AMR prediction from WGS data and
phenotypic resistance was high (Rokney et al., 2020). However, WGS-based prediction was unable to
find some resistant phenotypes and could not determine minimum inhibitory concentrations,
requiring further optimization (Rokney et al., 2020). Similarly, Campylobacter spp. from chicken and
human diarrhoeal disease cases in Botswana were highly related using core genome phylogenetic

analysis and the isolates carried a high number of antimicrobial resistance genes (de Vries et al., 2018).

A study comparing bioinformatics pipelines for AMR prediction from WGS data of clinical carbapenem-
resistant Enterobacterales between different laboratories with the same sequence data resulted in
discordant results between laboratories (Doyle et al., 2020). Doyle et al. report that sequence quality,
read depth and choice of reference database impacted resistance prediction the most, showing the
need for sufficient coverage and strict quality control (Doyle et al., 2020). There is a need for an up-
to-date curated database with stringent sequence identity cut-offs, as databases may differ and exact
gene variants are required for reliable phenotypic AMR prediction of clinically relevant bacterial
pathogens (Doyle et al., 2020). A catalogue of genomic mutations associated with AMR exists for the
M. tuberculosis complex, where sensitivities were above 80% and specificities above 90% for fist-line
drugs (Walker et al., 2022). A machine learning model to predict minimum inhibitory concentration

for 15 antibiotics in non-typhoidal Salmonella species had an accuracy of 95% (Nguyen et al., 2019).

Apart from AMR prediction, the generation of WGS data also allows for improved bacterial species
classification. MLST based on several housekeeping genes using first-generation sequencing
approaches like Sanger sequencing is time consuming and expensive, therefore tools have been

developed to extract MLST alleles from raw or assembled WGS data (Larsen et al., 2012). While
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phenotypic serotyping is labour-intensive and time-consuming, genetic markers can be extracted from
WGS data of S. enterica and predict the serotype rapidly and accurately at no additional costs (Zhang
et al., 2015). Further distinction of isolates can be done from WGS data using SNP-based or allele-
based approaches. The core genome MLST approach showed high concordance with epidemiological
data for clustering outbreak isolates, whole genome MLST and high quality SNP approaches were able

to further differentiate Campylobacter spp. isolates (Joseph et al., 2023).

In summary, with decreasing sequencing costs and improved bioinformatics pipelines, the use of WGS
in microbiology based on ONT MinlON has the potential to become an important tool outside of
academia for regular disease outbreak tracking and monitoring in combination with drug resistance
surveillance. ONT based disease monitoring might become an important tool particularly in fragile
socio-political environments where severe limitations on equipment and lack of human resources are

evident (Truppa and Abo-Shehada, 2020).

5.6. Molecular diagnosis of fever causing viruses, bacteria and parasites

A diagnostic platform able to support a range of molecular tests would allow the rapid differentiation
of fever causing pathogens (Mehta et al., 2019). A RT-gPCR for rabies virus with a limit of detection of
10 viral copies per microliter has been developed for a portable rapid gPCR device, however prior RNA
extraction is required (Demetria et al., 2023). Inhibitor resistant RT-qPCR reagents have been shown
to be able to directly amplify targets from clinical and environmental samples containing PCR
inhibitors (Trombley Hall et al., 2013). SARS-CoV-2 detection directly from respiratory samples could
be performed within 36 minutes on a portable PCR device with minimal hands-on-time and low costs
(Wee et al., 2020). RT-qPCR for Dengue virus detection directly from plasma samples on a low-cost
portable instrument had a sensitivity of 78.3% and a specificity of 93.3% compared to a commercial
RT-gPCR kit with extracted RNA on a conventional laboratory gPCR instrument (Mehta et al., 2019).
RT-gPCR based P. falciparum detection directly from blood with the same instrument had a sensitivity
and specificity of 100%, with a limit of detection of 0.1 Plasmodium spp. per microliter (Taylor et al.,
2017). Our protocol for simplified extraction from DBS combined with RT-qPCR to detect Plasmodium
spp. on a rapid gPCR cycler with preloaded cartridges had comparable performance to a laboratory-
based RT-gPCR approach (Bechtold et al., 2023). The same device has been used for detection of
Schistosoma haematobium, Mpox virus, bacteria causing sexually transmitted diseases (gonorrhoea

and chlamydia), Influenza A and Influenza B (unpublished data).
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6. Conclusion and future directions

We successfully developed and applied tools for molecular surveillance to a variety of infectious
diseases. The work described in this thesis was carried out during the COVID-19 pandemic, tools were
implemented as they were developed. Therefore, the work on SARS-CoV-2 had a direct impact on the

public health response in Equatorial Guinea.

Molecular testing for pathogens or variants on a mobile RT-gPCR device combined with ONT
sequencing increases the speed to respond to challenges. RT-qPCR approaches are suitable to rapidly
screen large numbers of samples and can be used to select relevant subsets for ONT sequencing.
Genetic changes impacting the performance of primers and probes used for RT-qPCR are detected in

ONT sequencing data and can optimize primer design.

Many public health laboratories in sub-Saharan Africa have been supplied with gPCR devices and NGS
platforms as a response to the COVID-19 pandemic. Now that COVID-19 is no longer a public health
emergency of international concern, these platforms should be used for routine pathogen surveillance
to avoid loss of laboratory and bioinformatics expertise. A decentralized gPCR platform and a portable
sequencing platform like the ONT MinlON require little additional equipment. They can therefore
easily be implemented in basic laboratories or even independent of existing laboratories, filling
essential gaps in socioeconomically fragile environments. Acquisition costs of ONT MinlON are
negligible and running costs comparable to other sequencing platforms. Protocols can easily be

adapted to novel research questions, making it possible to quickly react to changing circumstances.

These characteristics make the ONT MinlON a suitable tool for the molecular disease surveillance of
any pathogen in any environment. Outbreaks of known and novel pathogens can be confirmed and
their evolution can be monitored, helping public health authorities to an informed decision with a
short turnaround time. Variants that may escape vaccine- or natural exposure-derived immunity can
be characterised, as has been shown for SARS-CoV-2 VOC. Analysis of known markers of antibiotic or

antimalarial resistance can inform on suitable drugs to be recommended in the local context.

Laboratory workflows for library preparation take one or two days, sequencing up to three days, but
the longest time is spent on bioinformatics analyses of the generated data. Data transfer from the
ONT device to the computing cluster could be optimized by integrating the sequencer into the
network, as raw signal data has high data storage needs. The most accurate basecalling is currently
only possible on a high performance computer. Data cleaning and filtering need to be rigorously
applied. Most tools only exist for UNIX system and require significant computational resources due to

the high amount of data. Automated bioinformatics pipelines for rapid analysis of general questions
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exist, however in-depth analysis requires adaptation of pipelines and integration of different tools.

After establishing a pipeline for a specific research question, little manual work is required.

We have implemented ONT sequencing in the Centre Suisse de Recherches Scientifiques en Cote
d'lvoire in spring 2022, where seven students and three laboratory technicians have been trained in
library preparation and sequencing data analysis. As next steps, we plan to implement the ONT
sequencing technologies in laboratories in Palestine and Equatorial Guinea. This technology transfer
will help to generate local molecular testing and sequencing capacity preparing for future outbreaks

of emerging or re-emerging pathogens.
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