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General Introduction 

 

Challenges in diagnosing febrile illness 

In the low resources area of the tropics, one of the most common symptoms reported by 

a person seeking medical care is fever (1). Fever can be accompanied by other signs and 

symptoms which can highlight the localization of the inflammation/infection, or it can 

occur in isolation. Though these signs and symptoms can aid in diagnosis, the causal 

pathogen remains difficult to be differentiated without further testing. On the other hand, 

a fever without any localization features (referred to as undifferentiated fever) is 

challenging for a health care worker to diagnose, mainly due to combination of non-

specific symptoms during acute phase and the wide range of the aetiologies, that span 

across both infectious and non-infectious aetiology (1). 

In the places where malaria is endemic, occurrence of fever is highly associated 

with malaria. However, development and deployment of rapid diagnostic tests (RDTs) to 

detect antigen originating from Plasmodium spp., the cause of malaria, has improved the 

diagnosis and therapy for malaria (2). Decreased incidence of malarial fever has given 

more space in the spotlight for other infectious aetiologies. In the past years, less common 

aetiologies of fever, including Leptospira spp., Rickettsia spp., hepatitis B virus, 

enterovirus, and cytomegalovirus have been reported (3,4). In the context of therapeutic 

management, deployment of malaria RDT has led to a more rational usage of antimalarial 

drugs in sub-Saharan Africa, but unsurprisingly it has also led to excessive prescription 

of antibacterial drugs (2). Unfortunately, self-limited viral infections (particularly 

respiratory viruses) were reported to have a high prevalence in primary care, suggesting 

that the antibacterial drugs might be inappropriately prescribed (2). Tests such as RDT 

(antigen or serology) are only currently available for several pathogens (Plasmodium spp. 

and dengue virus, among others) and sophisticated tests, such as culture and polymerase 

chain reaction (PCR), have limited availability. In addition, serology based RDTs have 

several limitations such as risk of cross-reactivity in closely-related pathogens (i.e. cross-

reactivity between flaviviruses (5,6)), requiring extensive effort in development, and low 

levels of immunoglobulin during the early course of an infectious disease. 
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As a result, a considerable portion of febrile illness remains undiagnosed. Several 

studies concluded that up to 40.6% and 74.5% of febrile illness in South Asian and 

Southeast Asian countries were undiagnosed, respectively (7,8). Another review study 

showed that in resource-limited settings, the aetiology of acute febrile illness cases could 

not be identified in 3% to 63% of cases, depending on the testing capacity in the capital 

or on the aid from foreign countries (9). It is possible that those cases without identifiable 

pathogens are caused by non-infectious aetiology, such as cancer and autoimmune disease, 

but a review on the aetiology of fever of unknown origin (FUO) showed otherwise. Fever 

of unknown origin itself is defined as fever (>38.3°C) in immunocompetent patients 

lasting for more than 3 weeks with no diagnosis after a standard minimal diagnostic 

protocol, which include laboratory, microbiology, and imaging tests (10). Studies on FUO 

showed that by employing  extensive testing, infectious aetiology can be detected in 16% 

to 55% of FUO cases depending on the decade, geographic region, age of the patients, 

and type of medical practice (11). The infectious aetiology found during the extensive 

workup suggests that the infection was missed during the initial workup. Collectively, 

those undiagnosed febrile illnesses might arise from undetected or even unknown 

infectious aetiology. 

 

Importance of diagnosis of unknown infections 

There are compelling reasons to pursue the diagnosis of those febrile illnesses that arise 

from unknown infectious origins. Firstly, the coronavirus disease 2019 (COVID-19) 

pandemic in 2019 has shown that early detection of an anomaly in emerging infectious 

disease is critical. Sequencing of the severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) genome through metagenomic sequencing has greatly facilitated the 

development of diagnosis and the vaccine research (12). Secondly, due to limited 

therapeutic means and the self-limited nature of many viral infections, viral infections are 

often overlooked. However, with many antivirals now under development, diagnosis of 

previously overlooked viral disease might improve the therapeutic outcome. Though the 

currently commercially available antivirals are limited for several viruses, other antivirals 

are being developed at an unprecedented rate (13). Finally, sophisticated molecular 

detection methods have become more affordable, boosting their availability and the usage 

of molecular approaches in developing countries (14).  
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Nucleic acid test has become the common approach for diagnosis of febrile illness 

Diagnosis using nucleic acid test (NAT) is one of the most popular molecular approaches 

in diagnosing infectious diseases, and the PCR, both conventional and real-time, are now 

widely applied as diagnostic tools. Commercialized PCR assays are now available for a 

wide variety of pathogens, including Mycobacterium tuberculosis and its drug 

susceptibility testing, Plasmodium spp., dengue viruses, and SARS-CoV-2 (15–18). 

Additionally, as countries braced for SARS-CoV-2, they responded by increasing the 

testing capacity. This provides a huge boost to the availability of NAT, even in developing 

countries. In Indonesia for example, the government increased the number of laboratories 

capable of performing PCR and purchased additional thermal cycler machines to increase 

the testing capacity during the early phase of the pandemic (19). Even before the 

pandemic, testing for several pathogens have been shifted towards NAT as well. For 

example, the Pan-American Health Organization published a recommendation for the 

utilization of reverse transcription polymerase chain reaction (RT-PCR) in diagnosis and 

surveillance of yellow fever virus (YFV) and Zika virus (ZIKV) (20,21). Other non-PCR 

NAT approaches have also been developed using loop-mediated isothermal amplification, 

recombinase polymerase amplification, and multiple displacement amplification (MDA) 

(22–24). These techniques have also been combined with other nonconventional post-

amplification steps, including nucleic-acid chromatography and specific high-sensitivity 

enzymatic reporter unlocking (SHERLOCK), to increase both the specificity and the 

portability (25–27).  

   

Comprehensive or semi-comprehensive diagnostic approach using NGS 

An ideal pathogen detection test should be free from the limitation of target pathogen. 

Semi-comprehensive detection with next generation sequencing (NGS) can be achieved 

by focusing on a genetic region conserved in a certain group of pathogens. These regions 

are known as “genetic barcodes”. For example, bacterial communities can be profiled by 

comparing sequences in their 16S rRNA gene. Several variable regions exist in this gene 

which can be used to identify the bacteria in the sample. The more variable the targeted 

region is, the more specific the taxonomic rank that can be assigned to a sequence. For 

example, analyzing only certain regions of the 16s rRNA gene might only result in 
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species- or family-level resolution, but full-length 16S rRNA sequencing allows 

identification of a bacterium up to the strain level (28). Other genetic barcodes exist in 

different organisms, for example 18S and 28s rRNA gene has been used to detect a wide 

variety of parasitic taxa from samples (including protozoa and helminths), while ITS 

region have been used to explore the fungal community (or mycobiome) (29,30). Even in 

RNA viruses, several conserved regions can be found which are mainly located in gene 

encoding RNA-dependent RNA polymerase (RdRp). This is true at least for family 

Flavivirus, Coronavirus, and Paramyxovirus, in which primer sets targeting this region 

can amplify target sequences originated from members of this family (31–33). 

On the contrary, fully comprehensive NATs should be free from target limitations 

and applicable to any pathogens. This can be achieved through shotgun metagenomic 

sequencing, where all the nucleic acids present in the sample will be sequenced and 

analyzed. This method has greatly improved in the past years, supposedly due to 

improvements and developments in the sequencing technology. The development of 

nanopore sequencing technology, for example, has facilitated rapid turnaround time for 

metagenomic NGS (mNGS) (6 to 8 hours) (34–36). On the other hand, short-read 

platform mNGS is often favoured because it has less errors and has larger output in 

comparison to its long-read counterpart. Indeed, utilizations of mNGS in clinical settings 

have improved the diagnosis of infectious diseases (37–39).  Metagenomic NGS is 

particularly successful in diagnosing infections of the central nervous system. In a case 

series, mNGS was able to detect a case of neuroleptospirosis and a case of neuroinvasive 

astrovirus, which were not detected using the standard practices (40).  

The spread of SARS-CoV-2 has a silver lining, in which it boosted the availability 

of NAT and sequencing technology across the world. Thus, it is not impossible that 

sequencing would be adapted as the standard practice in the future. In order to establish 

mNGS as a standard practice, several studies have tried to compare mNGS and the 

conventional practice for pathogen detection. Though in general mNGS showed good 

performances, conflicting results were observed with mNGS having better performance 

or vice versa, with some of these studies showed that mNGS could detect more pathogens 

(41). At present, a commercial mNGS assay for pathogen detection in cell-free DNA is 

available (Karius test), further showcasing the potential of mNGS application as a 

diagnostic tool (42). For mNGS to be a standard practice, there are some pitfalls that need 
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to be addressed including running cost, turn-around time, library preparation, 

computational burden, and user-friendly analysis, among others. Fortunately, the recent 

development of portable sequencer provides several solutions, including reduced 

instrument and sequencing cost, easier library preparation, increased portability, and most 

importantly the ability to provide real-time sequencing data which is ideal for diagnostic 

purposes. These advances can greatly assist mNGS in peripheral laboratories. Given the 

potential for mNGS as a pathogen detection platform and the opportunity that arose from 

the development of portable sequencing, this study was designed to develop application 

of mNGS as a pathogen detection system with emphasis on utilization of portable 

sequencer and in optimizing the library preparation. 

In Chapter One, the application of NGS to provide a semi-comprehensive 

approach of viral pathogens at a genus (or a family) level was explored using a targeted-

sequencing approach. Viral pathogen shows a high diversity, making targeted sequencing 

approach (i.e. DNA barcode) ineffective. However, when the target resolution is 

narrowed down to a genus or a family level, a conserved region can exist among its 

members, providing a foundation for the semi-comprehensive approach. The amplified 

target regions then can be sequenced with NGS to identify the pathogens. Because the 

genus Flavivirus contains some important human pathogens and its members co-exist in 

highly populated places in the tropics, it was used as a model for a semi-comprehensive 

detection system. In this system, a broad-range RT-PCR for flaviviruses was combined 

with nanopore sequencing. Additionally, as library preparation remains a bottleneck, a 

multiplexing system using indexed primer was also developed and validated. This system 

was validated using a series of experiments using both spiked samples and clinical 

samples. 

Having successfully developed a semi-comprehensive detection system for 

flavivirus, the stake was raised to then develop a comprehensive detection system for viral 

pathogens. In Chapter Two, an alternative unbiased amplification was developed and 

validated. By exploiting the limitations of phi29 enzyme being biased towards the circular 

template, the complementary DNA (cDNA) resulted from reverse transcription was 

circularized prior to non-specific amplification; hence it was designated as circular whole 

transcriptome amplification (cWTA). It was shown that the circularization improved the 

amplification and that the amplicons can be analyzed using NGS (nanopore sequencing). 
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However, an amplification bias was observed which indicate the need for future study to 

assess the bias systematically. 

In Chapter Three, a method to minimize the library size that need to be constructed 

for large scale mNGS screening was applied, in combination with cWTA. Using a group 

testing algorithm, instead of constructed individual libraries for every sample, the samples 

were pooled according to a combinatorial group testing algorithm, which significantly 

reduced the number of libraries that needed to be constructed. This method was able to 

detect sequences homologous to several viruses with different genetic characteristics 

without prior knowledge. Thus, this approach provides an effort-saving, unbiased, 

hypothesis free approach for viral detection. 
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Chapter One 

Universal High-Throughput Detection and Identification of Flaviviruses 

using Nanopore Sequencing 
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1.1 Summary 

Identification of flaviviruses is usually carried out using NAT, especially quantitative 

PCR. Several semi-comprehensive NATs offer a genus-level identification of flaviviruses, 

but further species classification requires a post amplification analysis. To overcome this 

issue, a pan-flavivirus RT-PCR was combined with the portable nanopore sequencing, to 

provide a platform for broad-spectrum flavivirus detection. In addition, a sample 

multiplexing system was developed by modifying the primers to include unique 

nucleotide sequences at the 5’-end. This multiplexing system increased the number of 

samples that can be sequenced in one flowcell, further reducing the cost per sample. A 

streamlined bioinformatic pipeline was also developed and it enabled a plausible cut-off 

value for observed read counts to be defined. Through a series of validation, the system 

was shown to be able to amplify and detect a broad range of flavivirus. In addition, the 

rate of error in index assignment was found to be low (0.02%). The system was deployed 

to detect flavivirus from two different sets of clinical samples. Among the first set of 

clinical samples which were collected in Vietnam, DENV1, DENV2, and DENV4 were 

detected. The observed positive and negative agreement in comparison to a commercial 

NAT were 66.7% and 95.4%, respectively. The combination of pan-flavivirus and 

nanopore sequencing system was able to obtain more positive samples than a commercial 

NAT, suggesting a comparable performance. In a second clinical sample set, diverse 

flaviviruses were able to be detected and thus, supporting the broad-range aspect of the 

system. Collectively, a semi-comprehensive sequencing-based diagnostic system for the 

detection of flavivirus was developed, with a reasonable cost, considerable sensitivity, 

and a relatively easy procedure.  
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1.2 Introduction 

Flaviviruses (family Flaviviridae, genus Flavivirus) are principally vectored by 

arthropods and this family consists of some important human pathogens such as YFV, 

ZIKV, Japanese encephalitis virus (JEV), St. Louis encephalitis virus (SLEV), dengue 

virus (DENV), West Nile virus (WNV), and tick-borne encephalitis virus (TBEV). 

Multiple outbreaks caused by these viruses have been reported across the globe, showing 

their significance to the global health. These include the 2015 yellow fever outbreak in 

Angola and its neighbouring countries, the recent 2022 JEV outbreak in Australia, and 

the ZIKV epidemic from 2015 to 2016 in the Americas (43–45). Meanwhile, in the 

Western Hemisphere, introduction of WNV was followed by a rapid geographical spread, 

with numerous cases of infection in humans with considerable mortality (46). Other 

members of the groups, including DENV, JEV, and TBEV put thousands of individuals 

at risk of infection. For example, up to a quarter of the world’s population live in places 

where DENV is endemic and it is estimated to infect approximately 400 million people 

each year (46). 

 Flaviviruses are small (~50 nm), enveloped, spherical, positive-sense single-

strand RNA viruses (46,47). The genome size varies between 10.5 kB to 11 kB, which 

contains a single open reading frame (ORF) (47). The endoplasmic reticulum (ER) 

translates this ORF into a polyprotein, which is then cleaved by proteases, resulting in 10 

functional proteins, divided into structural (C, prM, E) and non-structural (NS1, NS2A, 

NS2B, NS3, NS4A, NS4B, and NS5) proteins (47). Viral entry to the cell is mediated 

through interaction of structural proteins with multiple C-type lectins, binding of E 

protein to the glycosaminoglycans, and interactions between the viral lipid envelope to 

several surface proteins, including TIM (T-cell immunoglobulin domain and mucin 

domain) and TAM (Tyro3, Axl and, MerTK) family of phosphatidylserine receptors (46). 

Replication of the virus happens in the cytoplasm, initiated by translation of the viral 

RNA and then synthesis of complementary negative-sense RNA which serves as template 

for positive-sense RNA replication (47). Virus assembly happens in the ER and are 

released through exocytosis or cell lysis (47). 

From the clinical aspects, diagnosing a flavivirus infection during the acute phase 

is challenging. Acute flavivirus infection manifests as an undifferentiated fever 

accompanied by other non-specific manifestations, making clinical diagnosis trivial (48). 
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Commonly used serological assays have potentials for cross-reactivity which is 

emphasized by the overlapping distribution of flaviviruses. Serological assay also has a 

limitation during the acute phase due to a low titer of antibody (5,49,50). Commercially 

available antigen test targeting specific circulating non-structural protein 1 (NS1) is 

limited to DENV. This test for DENV, however, could not differentiate the serotype, 

which is important in dengue infection cases due to potential of  antibody-dependent 

enhancement phenomenon (51). Additionally, the sensitivity and specificity of the NS1 

antigen tests vary, depending on which kit is used. In a previous report, the sensitivity 

and specificity of one NS1 antigen RDT were 81.5% and 66.7%, respectively, which is 

lower than those of enzyme-linked immunosorbent assay (ELISA) (89.9% sensitivity and 

100% specificity) (52). Interestingly, one study reported that at high concentration, ZIKV, 

YFV, and Kunjin virus can give a false positive result when using DENV NS1 antigen 

RDT (6). Other than DENV, a similar antigen test targeting NS1 of YFV has been 

described, but it is not currently available for commercial use (53). 

 Due to limitations of the other tests, NAT has been drawing attention. The Pan 

American Health Organization has recommended RT-PCR (either conventional or 

quantitative) for yellow fever diagnosis and for ZIKV laboratory surveillance (20,21). In 

South American countries, reverse transcription quantitative polymerase chain reaction 

(RT-qPCR) is the benchmark method for diagnosis of yellow fever (54). While the United 

States has developed a multiplex DENV1-4 RT-qPCR assay and it has been adopted by 

the Center for Disease Control and Prevention (CDC) as one of the diagnostic approaches 

for diagnosing Dengue. This multiplex DENV test has been validated and shown to be 

reliable (17). Nevertheless, there are some limitations of NAT. Firstly, they require 

advanced and sophisticated equipment that hinders its application outside reference 

diagnostic centers and laboratories. Secondly, as these tests target a specific pathogen, a 

hypothesis of target pathogen should be made prior to testing. Abundance of causal 

pathogens that manifest as undifferentiated fever can muddle the hypothesis, leading to 

oversight of less common pathogens. 

 While the high sensitivity of NAT can be an upside, it can also be a limitation, 

i.e., multiple tests would be required to determine the causal pathogen. On the other hand, 

a broad-spectrum NAT increases the coverage of pathogens that can be detected using a 

test and can reduce the number of tests that need to be done. In flavivirus, a conserved 
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region at the region that encodes non-structural 5 protein (NS5) is ideal for a broad-

spectrum flavivirus NAT. This region has been targeted for broad diagnosis of 

flaviviruses (55–59). Several RT-qPCR based pan-flavivirus approaches have already 

been published; some include post-amplification analysis to identify the viral species 

(31,60). Though conventional RT-PCR can be an affordable NAT approach for pan-

flavivirus diagnosis, similar amplicon size limits the usage of conventional post-

amplification analysis (i.e. gel electrophoresis) in differentiating the viruses. Multiplex 

RT-qPCR can address this problem by utilizing a probe; however, this approach requires 

sophisticated equipment and specialised training, but also designing a probe can be 

complicated. 

 A straightforward way to discriminate similar-sized amplicons would be 

sequencing. Although the conventional Sanger sequencing is low-cost, it is less suitable 

for targeted sequencing approaches, because presence of several amplicons in a sample 

will result in double peaks. Therefore, the result will only represent the dominant 

amplicons or when the amplicons are equally dominant, then the result can be 

uninterpretable. In addition, Sanger sequencing requires advanced machinery and high 

maintenance; a limitation presented by other NGSs as well. One NGS, the nanopore 

sequencer, has leveraged the sequencing process by providing portability through 

minimization of the laboratory-oriented processes. In addition, the nanopore sequencing 

can provide real time data which would be beneficial for diagnostic purposes. However, 

the platform has issues related to accuracy and cost. As a trade-off for its size and 

portability, the nanopore sequencing platform (prior to the release of new flowcell and 

chemistry version) lacks the accuracy when compared to other NGS platforms (5% to 

15% error rate) (61). However, the producer (Oxford Nanopore Technology) promised 

an improved sequencing accuracy with the brand-new chemistry (the so called Q20) and 

flowcell (R10.4). It is currently on an early access program and only a handful of peer 

reviewed papers are published, with many still in the preprint server. Among those 

published, a study looking at a mock microbial community found a striking 99% of 

sequencing accuracy using the Q20 chemistry and R10.4 flowcell (62).  In terms of cost, 

it depends on the type of the flowcell used, with running costs ranging from ~USD150 to 

~USD600 per experiment. Running costs can be reduced by multiplexing samples to 

maximize sample throughput per run. 
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 The aim of this study is to establish a broad-spectrum NAT for flavivirus 

identification. To achieve this, a combination of pan-flavivirus PCR assay and nanopore 

sequencing was employed. In addition, a multiplexing system using unique 

oligonucleotide indexes was included to maximize the sample throughput per sequencing 

run and to reduce the running costs. 
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1.3 Material and Methods 

1.3.1 Primer modifications and index design 

A degenerate primer set targeting the NS5 gene of flaviviruses described in another study 

was used to amplify the target region (31). The primer set consists of three primers; 

including an additional sense primer to improve the amplification for DENV4. The primer 

set produces approximately 260 base-pair (bp) long amplicons (Table 1.1). The primer 

set was modified by concatenating a 26-mer unique oligonucleotide at the 5’ end. These 

oligonucleotides are not to be confused with barcodes provided by Oxford Nanopore 

technologies which also will be mentioned later. The indexes were generated using 

Filled/truncated right end edit Barcodes (FREEBarcodes) (63). There are several criteria 

used by this package when generating barcodes, including balanced GC content (40% to 

60%), no homopolymers, no triplet self-complementarity, and no GGC. At first, a set of 

12-mer and 14-mer index sequences were generated. These sequences were then 

concatenated, to create the 26-mer index sequences. These indexes were then aligned to 

a database containing the newly designed index sequences using Local Alignment Search 

Tool (LAST) to ensure a maximum dissimilarity (64). When an index was found to be 

aligned to other indexes or to itself, then that index was excluded. Twenty-four index 

sequences were obtained at the end. These indexes were divided into two groups, the 

forward indexes were concatenated to the sense primers and the reverse indexes were 

concatenated to the anti-sense primer. Theoretically, by using different forward and 

reverse index combinations, a maximum of 144 combinations can be obtained. In addition, 

a different set of indexed primers (contains 14-mer index sequences) was also used as a 

prototype for the system. 

  

1.3.2 Pan-flavivirus RT-PCR 

One-step RT-PCR was carried on in a total volume of 15 µl using PrimeScript One Step 

RT-PCR Kit Ver.2 (TaKaRa). Each reaction consists of 7.5 µl 2× one step buffer, sense 

primers (Flavi_all_S and DEN4_F) at a final concentration of 250 nM each, primer 

Flavi_all_AS_2 at a final concentration of 500 nM, 1.2 µl PrimeScript II enzyme mix 

(TaKaRa) and nuclease-free water up to 30 µl. Conditions for the RT-PCR were as 

follows: 50°C for 30 minutes (cDNA synthesis), 94°C for 30 seconds, followed by 43 

cycles of 94°C, 53°C, 72°C, 30 seconds each, and lastly 72°C for 5 minutes. The RT-PCR 
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products were then visualized on 1.5% agarose gels. The enzyme mix contains both 

Primescript RTase (TaKaRa) and TaKaRa Ex Taq Hot Start (TaKaRa),  

 

1.3.3 Nanopore sequencing 

Two different nanopore flowcells were used in this study: Flongle and MinION flowcell. 

The main difference between the two flowcells is the number of sequencing pores; a 

MinION flowcell has 2,048 nanopores while a Flongle flowcell has 126 nanopores. The 

difference in pore numbers subsequently affects the sequencing yield and depth. Flowcell 

quality control was performed prior to the sequencing to ensure adequate number of 

sequencing pores (at least 50% active pores). 

Prior to sequencing, amplicons were purified using an equal volume of AMPure 

XP beads (Beckman Coulter) and eluted in 46 µl of nuclease-free water. Concentrations 

of each sample were measured using a Qubit fluorometer (Invitrogen). When using a 

MinION flowcell, 45 µl of the purified amplicons were subjected to end repair and dA-

tailing in a reaction containing 7 µl Ultra II End-prep reaction buffer and 3 µl Ultra II 

End-prep enzyme mix (New England Biolabs), and nuclease-free water to a final volume 

of 60 µl. The reaction was incubated at 20°C for 5 minutes and at 65°C for 5 minutes. 

The end-prepped amplicons were then purified with an equal volume of AMPure XP 

beads (Beckman Coulter), and finally eluted in 25 µl of nuclease-free water. Reactions 

were carried out in half of the volume when using a Flongle flowcell. 

When necessary, each sample was barcoded using Oxford Nanopore native 

barcode. Barcoding kit EXP-NBD103 and EXP-NBD114 (Oxford Nanopore) were used 

in this study. In experiments using MinION flowcell, ligation and tethering of the barcode 

were carried out using 22.5 µl of purified amplicons, 25 µl Blunt/TA ligase master mix 

and 2.5 µl native barcode. The reaction was incubated at 23°C for 10 minutes, then 

purified with equal volume of AMPure XP beads (Beckman Coulter), and then eluted in 

10 µl of nuclease-free water. Reactions were carried out in half of the volume when using 

a Flongle flowcell. 

The concentrations of each sample were measured using a Qubit fluorometer. For 

nanopore library construction, library kit SQK-LSK109 was used. For experiments using 

a MinION flowcell, equimolar amounts of barcoded samples were then pooled and 

diluted in nuclease-free water to a final volume of 50 µl. Purified amplicons or purified 
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barcoded amplicons were then subjected to adapter ligation and tethering. The reaction 

was carried out with 20 µl Barcode Adapter Mix, 20 µl NEB Next Quick Ligation 

Reaction Buffer (5×), and 10 µl Quick T4 DNA Ligase. The adapter-ligated sample was 

then incubated at 23°C for 10 minutes, then purified with 0.4× AMPure XP beads (Beckman 

Coulter), washed with Short Fragment Buffer, and eluted in 15 µl elution buffer. The 

MinION flowcell (version 9.4) was primed with 1 ml of a mix of 30 µl Flush Tether and 

1,170 µl of Flush Buffer. Twelve µl of the adapter-ligated sample, 37.5 µl sequencing 

buffer and 22.5 µl loading beads were mixed and loaded into the flowcell. Sequencing 

was performed for up to 48 hours. 

For experiments using a Flongle flowcell, purified amplicons or purified barcoded 

amplicons were pooled in a final volume of 32.5 µl. Adapter ligation was carried out 

using 2.5 µl Adapter Mix II, 10 µl NEB Next Quick Ligation Reaction Buffer (5×), and 

5 µl Quick T4 DNA Ligase. The reaction was incubated at 23°C for 10 minutes. The 

adapter-ligated sample was then purified with 0.5× AMPure XP beads (Beckman Coulter), 

washed with short fragment buffer and eluted in 7 µl of elution buffer. The Flongle 

flowcell (version 9.4) was primed with 100 µl of a mix of 3 µl Flush Tether and 117 µl 

of Flush Buffer mix. Five µl of the adapter-ligated sample, 15 µl sequencing buffer and 

10 µl loading beads were mixed and loaded into the flowcell. Sequencing was performed 

for up to 18 hours. 

 

1.3.4 Sequence demultiplexing 

Raw FAST5 files obtained from nanopore sequencer were basecalled using Guppy v 3.0 

(Oxford Nanopore Technologies) to generate fastq files. Threshold for quality score was 

set to seven and only reads in the “pass” folder were used for downstream analysis. In 

case where a sample is barcoded using Nanopore native barcode, Guppy v 3.0 was used 

to demultiplex the reads according to Nanopore native barcode. A stricter parameter 

(barcode score of 90) was used, to limit the possible crosstalk which was reported 

previously (65). 

 Reads passing the filter above were then subjected to index demultiplexing. Three 

different tools/packages were evaluated for demultiplexing reads; FREEBarcodes (63),  

LAST (64), and Minibar (66). The simplified depiction of the pipeline can be seen in Fig. 

1.1. The reads were filtered by length; only reads with length of 250-500 bp long were 
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included in the downstream analysis. Different parameters were applied for each pipeline, 

to ensure the best result. Then the read recovery rate and error rates were calculated for 

each sample. Reads obtained after the deindexing process will be referred as deindexed 

reads. 

For the LAST-based pipeline, a database containing the primer sequences 

(including the index) was generated using the option -uNEAR -R01. The debarcoded 

reads were then aligned with the database using following options: -Q1 -q2 -r2 -a1 -b1 -

e 20. Based on the highest alignment score, a forward and a reverse index will be assigned 

for each read. When demultiplexing index using Minibar, different edit distances were 

applied. The developer suggested to infer the ideal edit distance from the sequencing error 

rate of Nanopore sequencer, which is between 12% to 22% (66). This translates to an edit 

distance between 3 to 5, for a 26-mer index sequence. When deindexing the reads using 

FREEBarcodes, the adjusted parameter was filled/truncated right-end (FRE) m-edit, 

which essentially corresponds to the number of correctable errors.  

The index-demultiplexed reads were then converted into fasta files for alignment 

searches using BLAST (basic local alignment search tool) (67). A local virus database 

which was constructed for READSCAN was used for the BLAST search (68). Reads 

were then filtered based on percentage identity (above 80%) and alignment length (250-

290).  

 

1.3.5 Validation of pan-flavivirus RT-PCR using the modified primer 

The validation was carried out in two steps. Firstly, to imitate a serum sample, fetal bovine 

serum (FBS) was spiked with DENV1, DENV2, or YFV to achieve a final titer ranging 

from 10 to 105 PFU/mL. RNA was extracted from samples using QIAamp viral RNA 

mini kit (QIAGEN), according to the manufacturer’s instructions. Then those spiked 

samples were subjected to pan-flavivirus RT-PCR as described in section 1.3.2.  

Secondly, to demonstrate and evaluate the spectrum of flavivirus that can be 

detected, the indexed primer was used to amplify target sequences from nine different 

flaviviruses in comparison to the original, index-free primer. For a more accurate 

calculation of the template concentration and due to limited availability of template RNA, 

target sequence was cloned into a vector and transfected to Escherichia coli. In brief, viral 

RNA (DENV1, DENV2, DENV3, DENV4, JEV, YFV, WNV, ZIKV, and TBEV) was 
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subjected to RT-PCR as described in section 1.3.2, but using index-free primer. Up to 30 

µl of amplicon were used for gel electrophoresis, using low-melt agarose. The gel was 

then cut, melted at 65°C, then directly ligated to pGEM-T vectors (Promega) and 

transformed into E. coli DH5α. Overnight grown colonies containing plasmid with 

insertions were then allowed to proceed to expansion for 12 hours. Plasmids were then 

purified using Wizard Plus SV Minipreps (Promega) according to the manufacturer’s 

instructions. Colony PCR followed by Sanger sequencing was performed to ensure the 

correct target is inserted and to get the exact size of the inserts. The concentration was 

then measured using a Qubit fluorometer (Invitrogen). The estimated copy number was 

calculated using the following formula: 

copy number =  
DNA concentration (ng/µl) × 6.022 × 10ଶଷ

(vector length + insert length)  × 10ଽ × 650
 

The purified plasmids were then diluted to achieve plasmid concentration of 108 copies/ 

µl, then serially diluted up to 100 copies/µl. This serially diluted plasmid was then 

subjected to PCR using TaKaRa Ex Taq Hot Start (Takara), which is an identical 

polymerase used in the one-step RT-PCR. The PCR was carried in a total reaction volume 

of 15 µl containing 1 µl template, 250 nM each of indexed sense primers, 500 nM of 

indexed anti-sense primer. Cycling program was as follows: 94°C for 30 seconds, 

followed by 43 cycles of 94°C, 53°C, 72°C, 30 seconds each, and lastly 72°C for 5 

minutes. Amplicons (1 µl) were then visualized in 1.5% agarose gel.  

 

1.3.6 System validation using spiked sample 

Three sequencing experiments were carried out to evaluate the demultiplexing tools 

described in section 1.3.4. In each experiment, a total of 12 FBS samples were spiked 

with either DENV1 (105 plaque forming unit (PFU)/mL), DENV2 (104 PFU/mL), or YFV 

(105 PFU/mL); thus, there were four samples spiked with each virus in each experiment. 

These samples were subjected to RNA extraction and RT-PCR as above. The samples 

were barcoded using Oxford Nanopore native barcoding kit, then sequenced. The 

barcodes add a layer of information when decoding the sample origin of a read. The 

combination of index, barcode, and virus can be seen in Table 1.3. The sequencing data 

was then used to evaluate the demultiplexing tools and to calculate the demultiplexing 

error rate. 
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 To demonstrate capability of nanopore sequencer and the downstream analysis to 

identify the flavivirus, additional experiments using plasmid-containing target sequences 

were carried out. Firstly, to provide information about the broad range of the system, the 

samples with the lowest template (plasmid) concentration on which an unambiguously 

visible band can be observed on the gel electrophoresis were identified (section 1.3.5). 

These samples were then subjected to pan-flavivirus RT-PCR then sequenced on a 

Flongle flowcell. Secondly, to explore the potential of deep sequencing with MinION in 

detecting the target sequence when an unambiguously visible band is not present, samples 

with template concentrations of 10-1 lower than the concentration mentioned above were 

subjected to pan-flavivirus RT-PCR and then sequenced with MinION.  

 

1.3.7 Reads classification and threshold calculation 

In order to evaluate each tool’s performance in demultiplexing the reads, it is important 

to have a clear definition of the read classification. Essentially, a read will contain three 

different information: barcode, index, and viral sequences. When one information is 

incorrect, the other two information can be used to infer the sample origin and the 

incorrect information is assumed to be caused by an error related to that step. At first, the 

reads were classified as either true or false. True reads have all the decoded information 

to match the information in the experiment’s plan, or simply the reads were classified into 

the correct pair of barcode, matched index, and virus (Fig. 1.1). When one or more 

information does not match, the read is classified as false. The false reads can be classified 

further based on which information was incorrectly decoded. Reads with matched index 

and virus sequence but have mismatched barcode were classified as false results in 

barcode. When index is the mismatched information, the reads are classified as false 

results in index and when the virus sequence is the mismatched information, the reads are 

classified as false results in sequencing. 

Results with very limited read numbers (one or two reads) will be automatically 

omitted from the result. The false results in index represents the error rate (of index 

demultiplexing) and assuming that the false results in index rate would be constant, the 

reliability of the detection, i.e. threshold for positive or negative results, can be calculated 

based on the false results in index rate. Another assumption is that error in classifying 
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index sequence would happen only in one of the two indexes (either forward or reverse); 

thus, crosstalk sequences are expected to come from neighbouring samples with identical 

forward or reverse index. Reads resulting from index crosstalk were estimated through a 

calculation based on the error rate with an arbitrary safety margin of 10 times to minimize 

false positive results. The expected number of crosstalk reads was plotted to Poisson 

distribution. In the event (µ) where the upper cumulative Poisson probability (P(x ≥ µ)) 

was less than 0.01, that event will be determined as the threshold. Result calculation was 

based only on reads that have BLAST hit and counted at the result. If the number of reads 

from a certain virus passed the crosstalk threshold, the sample will be considered positive. 

 

1.3.8 System validation using clinical samples 

Clinical samples were provided by the National Institute of Hygiene and Epidemiology 

(NIHE) Vietnam. A total of 114 serum samples were collected from patients with 

undifferentiated fever in Namh Dinh province between May 2017 and May 2019. The 

samples were stored at -80oC prior to the experiment. Among these samples, 71 were 

tested positive for an ELISA NS1 antigen test (Inbios). The NS1 antigen test positive 

samples were also subjected to CDC DENV-1-4 RT-qPCR Multiplex Assay as described 

previously (17). Six samples were found to be NS1 antigen test positive and RT-qPCR 

positive (Fig. 1.2). These 114 samples were subjected to pan-flavivirus RT-PCR using 

the indexed primers. Combinations of forward and reverse index can be seen in Fig. 1.2. 

The amplicons were then pooled and sequenced using a Flongle flowcell. Samples with 

negative results from Flongle sequencing were pooled and then sequenced with a MinION 

flowcell. 

Second set of clinical samples were obtained from flavivirus Laboratory, the 

Oswaldo Cruz Foundation, Brazil. A total of 24 serum samples from undifferentiated 

fever patients stored in the laboratory were used in this study. These samples were 

subjected to a flavivirus RT-qPCR as described previously (56). Positive samples were 

then subjected to virus-specific protocols as previously described (17,69–72). These 

serum samples were subjected to pan-flavivirus RT-PCR using the 14-mer indexed 

primer (Table 1.2). Amplicons were pooled and sequenced using a MinION flowcell. 

Ethical permission was obtained both from NIHE (351/QD-VSDTTU) and 

Hokkaido University (Jinjyu1-3). For samples from Brazil, ethical permissions were 
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obtained from Oswaldo Cruz Foundation (no. 2.998.362) and Hokkaido University 

(Jinjyu30-4).  
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1.4 Results 

1.4.1 Pan-flavivirus RT-PCR can amplify the genome of designated flavivirus 

A set of index sequences were generated using FREEBarcodes (Table 1.2). The RT-PCR 

were performed using indexed primers using RNA extracted from the serially diluted FBS 

spiked with virus. The modified primers were shown to successfully amplify the target 

sequence from DENV1, DENV2, and YFV from the spiked samples up to 10 PFU/mL, 1 

PFU/mL, and 104 PFU/mL, respectively (Fig. 1.3). Then, the broad spectrum of the 

modified primer was validated using plasmid containing the target sequence. On gel 

electrophoresis, amplicons were unambiguously observed from reaction containing 103 

copies (DENV1, DENV2, DENV3, ZIKV, WNV, TBEV, and YFV), and 102 copies 

(DENV4 and JEV) of template per reaction (Fig. 1.4). However, a decrease in PCR 

efficacy is observed when the result of indexed primer is compared to index-free primers. 

In PCR reactions using original index-free primers, amplicons were visible in reactions 

with 10 to 102 copies of template per reaction lower compared to when using indexed 

primers (Fig. 1.4). 

 

1.4.2 Optimization of bioinformatic parameters and threshold calculation 

Three sets of spiked samples were processed with the system. Each set consists of 12 

samples, that contains either 105 PFU/mL DENV1, 105 PFU/mL YFV, or 104 PFU/mL 

DENV2. One set of spiked samples was sequenced using MinION flowcell, while the 

remaining two sets were sequenced using Flongle flowcells. Three different tools were 

used and compared for the deindexing; FREEBarcodes, LAST version 9.16 (64), and 

Minibar version 0.2.1 (66). Based on these data, the overall recovery rate (percentage of 

index-demultiplexed reads to barcode-demultiplexed reads) was less than 50% in any of 

the three methods (Table 1.4). The reads were then subjected to index demultiplexing 

using the three demultiplexing tools, while employing different parameters. Among the 

three tools evaluated, FREEBarcodes yielded low false results in index rate, but it was 

also the tool with the lowest recovery rate (Fig. 1.5). On the other hand, Minibar has a 

higher recovery rate, but it suffers from high false results in index rate (ranging from 

1.11% to 3.11%). Therefore, the LAST based pipeline was adopted because it has low 

false results in index rate with a decent recovery rate (Table 1.4 and Fig. 1.5). Alignment 

score threshold of 70 was used to balance the recovery rate and error rate. By employing 
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LAST and the threshold, the system can correctly identify the viruses that were spiked in 

the sample in all three experiments (Table 1.5, 1.6, and 1.7). In addition, the other 

parameters (such as recovery rate and false results in index rate) showed consistent results 

across the experiments. 

 Despite the adjustment of alignment score, the false results in index rate when 

demultiplexing using LAST was unable to be zero. It will make it difficult to discriminate 

true reads from and artifact derived from the false reads. Therefore, a method to determine 

the threshold for positive or negative call was developed. Firstly, it is assumed that the 

false results in index reads are most likely to be a crosstalk originating from samples 

sharing identical forward or reverse index. Secondly, it is assumed that the false results 

in index rate is constant and follows a Poisson distribution.  Therefore, the read threshold 

was determined by assuming Poisson distribution given by the observed false result in 

index rate and the total number of reads from the neighbouring samples (Fig. 1.6A). 

Based on the initial sequencing experiments, the adopted sequencing system, and the 

bioinformatic pipeline, the error rate was found to be 0.02%. This rate was multiplied by 

10 as a safety margin. As an example, in reads assigned to barcode 02 there were 1,055 

and one DENV2 reads for the sample with i02-i14 and i07-i14 index pair, respectively 

(Fig. 1.6A). Given that the i07-i14 index pair was not used in this experiment and that 

index i14 was shared with the correct barcode and virus combination (DENV2 and i02-

i14) (Table 1.3), while index i07 was shared with DENV1 and i07-i19, then it is highly 

likely that the read with error is originated from the sample with DENV2/i02-i14 

combination. It is assumed that in that one read, i02 was incorrectly decoded as i07, 

resulting in the crosstalk. If such errors are assumed to occur in stochastic manner 

following Poisson distribution with the rate (λ) derived from number of reads (1,056) and 

error ratio (0.02%), then in this case when seven or more reads were observed, the 

probability that those reads are a result from crosstalk event is low (P(x ≥ 7) = 0.006) (Fig. 

1.6A). 

The amplicons obtained from PCR with indexed primers were sequenced with 

Flongle, resulted in 244,851 raw reads, 53,894 debarcoded reads, and 16,366 deindexed 

reads. Alignment search results showed that the system can differentiate all nine flavivirus 

in the sample (Table 1.8). Reactions containing lower concentrations of template (10-1) 

from the concentrations which resulted in visible band (Table 1.8) were then sequenced 
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using a MinION flowcell. The sequencing resulted in 3,377 raw reads, where substantial 

numbers of reads homologous to DENV3 and DENV4 can be detected (Table 1.9). 

Collectively, it was observed that reads could be detected at least from 103 copies 

(DENV1, DENV2, JEV, TBEV, WNV, YFV, and ZIKV), 102 copies (DENV3), and 101 

copies (DENV4) of template per reaction.  

 

1.4.3 Detection of flavivirus from the clinical samples 

Result of pan-flavivirus RT-PCR for 114 samples from Vietnam can be seen in Fig. 1.7. 

From the electrophoresis, bands corresponding to the expected size were observed from 

three samples: sample 8 (i08-i20), sample 67 (i06-i19), and sample 71 (i06-i23). 

Sequencing of 114 clinical sample from Vietnam using Flongle yielded 3,126 deindexed 

reads, meanwhile deep sequencing of invisible amplicons using MinION yielded 80,579 

deindexed reads. Distribution of deindexed reads for each sample can be seen in Table 

1.10. Collectively, three dengue virus serotypes were detected in this test: DENV1, 

DENV2, and DENV4. Three samples (i01-i20, i06-i19, and i06-i23) showed bands on 

electrophoresis gel and all three were successfully sequenced by Flongle (Table 1.11). 

When conducted deep sequencing using MinION, reads homologous to dengue were 

obtained from additional five samples (i04-i15, i06-i15, i06-i20, i06-i22, and i08-i20) 

which do not show band on electrophoresis gel (Table 1.12). Interestingly, one of them 

(i08-i20) was obtained from a NS1 antigen test negative sample collected one day after 

fever onset (Table 1.13). In the result, 20 and 12 samples with limited number of DENV 

reads by Flongle and MinION, respectively, were regarded as negative because the 

numbers were below their threshold. For example, when the samples were sequenced by 

Flongle, three DENV1 reads were acquired from the i01-i19 indexed sample, but this 

samples were considered negative when subjected to our calculation (λ=0.48, P(x≥3) = 

0.013, Fig. 1.6B); therefore, the sample were regarded as negative. Meanwhile in the 

result of MinION sequencing, a sample with i10-i13 index pair showed a very limited 

number of reads yet it is still above the threshold. This sample will be regarded as false 

positive as well, due to limited read number (< 3 reads). In comparison to the NS1 test, 

the positive agreement and negative agreement of the sequencing test using Flongle were 

4.2% and 100%, respectively and those with the MinION-integrated test were 9.9% and 

97.7%. In contrast, in comparison to the RT-qPCR test, the positive agreement and 
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negative agreement of the sequencing test using Flongle were 33.3% and 98.5%, 

respectively. Those of the MinION-integrated test were 66.7% and 95.4%. On the other 

hand, when compared to sequencing test using Flongle, the positive agreement and 

negative agreement of RT-qPCR were 66.7% and 94.1% respectively and when it is 

compared to MinION-integrated test, the sensitivity and specificity were 57.1% and 

96.9%, respectively (Table 1.14). 

For the 24 clinical samples from Brazil, the pan-flavivirus RT-PCR was also 

conducted using a prototype primer with shorter index sequence (Table 1.3). 

Unambiguous bands were observed from 12 samples. Additionally, there were five 

samples with ambiguous results and seven samples with negative results. Sequencing of 

these PCR products, including the ambiguous and negative samples, with MinION 

yielded 1,698,573 reads and deindexing with LAST resulted in 1,316,420 deindexed 

reads. Then sequences homologous to SLEV, YFV, WNV, DENV, and ZIKV were 

identified (Table 1.15). Detection of flavivirus by RT-qPCR and the pan-

flavivirus/sequencing system was mostly comparable for the positive amplicons; however, 

several discrepancies were observed for the ambiguous and negative samples. From this 

data, it was demonstrated that the system can detect broad-spectrum flavivirus from 

clinical samples. 

 

  



25 
 

1.5 Discussion 

In this study, a targeted sequencing approach for detection and identification of 

flaviviruses was developed through a combination of pan-flavivirus RT-PCR and 

nanopore sequencing. The primers were modified by adding index sequences, allowing 

samples to be multiplexed. The RT-PCR system with modified primer was tested using 

FBS spiked with virus. When using target sequence-containing plasmid, detection of up 

to 102 or 103 copies of plasmid per reaction was achieved. Assuming 100% conversion of 

RNA to cDNA, 2:1 extraction volume (140 µl sample, eluted to 60 µl elution), and 

reaction was carried using 2 µl of extracted RNA, then the initial sample concentration 

can be inferred to be approximately 2×104 to 2×105 copies/mL. The viral load during 

some flavivirus infection were reported in a range from 102 to 108 RNA copies/mL and 

thus, cases with low viral load might not be detected by pan-flavivirus RT-PCR using the 

modified primers (73–77). The pan-flavivirus primer (without index modification) was 

able to detect 10-100 copies lower when compared to the modified primers (31). It 

strongly suggests that the modification is affecting the PCR efficacy. The long index 

sequence might affect the primer’s annealing to the template and/or inhibit reaction 

through primer dimer formation. Nevertheless, the new R10.4 flowcell from nanopore 

with improved raw sequencing accuracy should allow a shorter index to be used, and 

subsequently improve the detection sensitivity.  

Several demultiplexing pipelines were evaluated. One of them, the 

FREEBarcodes showed a low recovery rate, which is supposedly due to issue in decoding 

the index at the 3’-end. Because FREEBarcodes cannot decode dual index at the same 

time, indexes at the 5’-end and 3’-end of a read were decoded separately, in which a 

striking difference between the number of reads with decoded 5’-end index and 3’-end 

index was observed. Closer inspection of the sequencing at the 3’-end of the read, showed 

a tendency to have some additional bases (just before the index sequences) which affected 

the decoding process of FREEBarcodes. This observation suggests that an approach using 

a single index would be ideal when employing FREEBarcodes.   

When the samples were multiplexed, a limited but substantial number of reads 

were detected from unassigned index sets. These reads are highly likely to originate from 

migration of reads from samples sharing identical forward or reverse index. Reads with 

errors at both sides can be ignored because the error ratio is squared. A model based on 
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Poisson distribution was used to differentiate migrating reads from true positive reads. 

By applying error rate (false results in index rate) as the rate and the total number of reads 

potentially spilled to a particular index, the total number of reads with low probability of 

being a crosstalk can be calculated. To further avoid any false positive result, an arbitrary 

10 times higher error rate was applied. This “safety margin” can be adjusted along the 

way as more and more data are gained from the sequencing. Ultimately, this approach 

can exert more control in calling positive or negative results by minimizing the false 

positive result, as demonstrated in the result from clinical samples. 

With RT-qPCR as a comparison, the positive agreement and negative agreement 

of the pan-flavivirus/sequencing system were calculated to be 66.7% and 95.4%, 

respectively. While the positive agreement is decent, the result is in concordance with the 

cycle threshold (Ct) values; samples with lower Ct values were also positive and in 

contrast, those with higher Ct values were negative in the pan-flavivirus/sequencing test 

(Table 1.13). Three additional RT-qPCR negative samples turned out to be positive when 

subjected to sequencing. In total, the pan-flavivirus/sequencing test showed more positive 

results then the RT-qPCR. When the RT-qPCR is compared to the pan-

flavivirus/sequencing test, the consequent positive agreement and negative agreement of 

the RT-qPCR to our system was 57.14% and 96.88%, respectively. Given that the RT-

qPCR  is not the gold-standard, the newly developed system does have comparable 

performance to the commercial RT-qPCR assay used in this study (17). On the other hand, 

a low positive agreement was observed when the sequencing was compared to NS1 

antigen test. Yet, DENV sequences can be detected in one NS1 antigen test negative 

sample. There are several explanations to this observation. Firstly, the difference in basic 

principle of the test (protein and nucleic acid detection). Secondly, there is a difference 

in the detectable window between antigen and viral RNA. The NS1 antigen can be 

detected from first to the ninth day (sixth day in secondary infection) after fever onset and 

can stay in blood two or three days longer after viremia, providing a longer window period 

for detection (78,79). Nevertheless, despite this outstanding performance of NS1 antigen 

test, the test did not provide serological information and a report regarding declining in 

sensitivity has also been reported, especially in secondary infection and in DENV4 

infection (80). 
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The pan-flavivirus/sequencing system provides a broad detection platform of 

flavivirus. The comprehensiveness of the flavivirus identification was demonstrated by 

detection of the target sequence of nine different viruses. From Vietnam, DENV1, 

DENV2, and DENV4 were detected in clinical samples albeit the other flaviviruses were 

not detected because of distribution. In addition, SLEV, YFV, WNV, DENV, and ZIKV 

were detected from clinical samples in Brazil. Though, for this data, shorter index 

sequences (14-mer) were employed. Therefore, the observation still includes some 

ambiguities such as discrepancy to RT-qPCR test and a lack of differentiation between 

true positive and false positive. However, in cases where a substantial number of reads 

were assigned the existence of a virus would be likely enough.   

It is observed that in the absence of an unambiguous band in gel electrophoresis, 

viral sequence can still be obtained from the sample. This has been observed from 

validation carried out using plasmid sequence (Table 1.9) and also from clinical samples. 

Thus, a workflow was proposed to accommodate this. In cases where post amplification 

analysis (gel electrophoresis) showed an unambiguous band, it can be directly sequenced 

with Flongle. As shown from the clinical testing, when signal from electrophoresis can 

be observed, the sequence can also be obtained using Flongle. Negative samples can be 

subjected to deep sequencing with MinION to recover some viral sequences which exist 

in a minute amount (Fig. 1.8). Since electrophoresis result is rather a qualitative approach, 

it is possible to use a RT-qPCR instead of RT-PCR/gel electrophoresis in determining 

which sample should be sequenced with Flongle or MinION (i.e. RT-qPCR positive 

samples should be sequenced using a Flongle flowcell, while negative results can be 

sequenced using a MinION flowcell).  

Infectious disease outbreaks in recent years have highlighted the importance of 

molecular detection and sequencing as an inseparable part in controlling the outbreaks. 

In this chapter, a combination of nanopore sequencing and pan-flavivirus RT-PCR has 

provided a broad detection for flaviviruses. This approach overcomes several limitations 

of the current molecular approaches for flavivirus detection, including lack of broad 

specificity for NAT and serology test, as well as cross reactivity between flavivirus 

species when serology test is employed. This approach includes a dual index system for 

multiplexing up to 144 samples in one sequencing run and a tailored bioinformatics 

pipeline to minimize crosstalk between samples. Comparison to a commercially available 
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NAT kit showed that pan-flavivirus RT-PCR/sequencing test could detect more positive 

samples. One downside of the multiplexing approach is that the index sequence appeared 

to interfere with the PCR reaction. Shorter index sequence in combination with the 

improved accuracy of the new flowcell and chemistry would be beneficial in resolving 

this issue. Taken altogether, the pan-flavivirus RT-PCR/sequencing detection system can 

be expected to provide a considerable contribution to the detection and surveillance of 

flaviviruses. 
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Table 1.1 List of pan-flavivirus primer used in this study (31). 
Primer Name Sequence (5' to 3') 
Flavi_all_AS_2 GTGTCCCAGCCNGCKGTGTCATCWGC  
DEN4_F TACAACATGATGGGRAAACGTGAGAA 
Flavi_all_S TACAACATGATGGGGAARAGAGARAA 
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Table 1.2 List of index sequences used for multiplexing. 

Name 
26-mer Index  

Sequence (5' to 3') 
14-mer Index  

Sequence (5' to 3') 
Remarks 

i01 ATTCTCTGGATCTCAAGCGGTCATTA CTATACAGCATGAG 

Forward 

i02 AATGGTTCACACTCAAGGATACTCTC AGAGTCTAGCTAGC 

i03 AACCGAGAATTAGGAAGTCACACGCC TGCGACACATGTGA 

i04 GTTCAGACAGTATGACAAGAGATTCC GACTATGCAGTGCA 

i05 CACTTATATCACGGACCTCCTGCGAA ACGCGTGCATCTAC 

i06 ACGGTCTATTGTTGAGTATCTGGTGA TCGAGTAGTCTCAG 

i07 AACAACAACAACCGATGCACCTCTGT GTATCATGTCAGCA 

i08 TGCCATCTTGCGGAATTCATACCAGC AGCTAGTAGCTACT 

i09 ACCATTGACCATAGCACTTCCGAGCT CGAGACGATACTCT 

i10 TGGTGGTCGCTGAACCGGTGAGTTAA TAGATGCTCGCGAG 

i11 CCTAACAATTCTGCCGTACCGGACAA GCTACGCTGAGTAG 

i12 CCGAAGCTCCACTACTAACCATGAAG TCTCAGCGCAGTGA 

i13 CGTCTTCCTCCATACTCTTAGCAGTA TAGCTCGACTGCGA 

Reverse 

i14 CGTTGTGAGGTGGAGATTATGGTACG AGCTGCTGATCACT 

i15 TTATGCCAATCGGAGCCTGACGCTTA TGACAGTCAGTCGT 

i16 AACACCGCTCTTCTGCTGCAATATAC GCATGTGTATACAC 

i17 CTCCGCATTAACTGGGTGGTGACAAG CTCGCATCGATGCA 

i18 ACGCCACCTAAGATGTATTCCAGATG TATGAGATCTGCTC 

i19 CGTAGGAACCAAGAGTCGCCACAACT GACGTCATAGTGCA 

i20 AGTAAGCCTGTGCCTAGTGACGATGG TCGATCGCGCATAG 

i21 CAGGAGTGTCTTAATATCATTCGCTC TAGTACTGTGACAC 

i22 AAGGTAAGAGAAGGTCGAAGCGCGTT CATGCACTGATCGT 

i23 AAGTTGCGGTTATGTGAGAGCCTATT ACTCTGTCACGTGA 

i24 AAGAATGTATCGCCTTATGTGCTGCG CTACGTGCGCTAGA 
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Table 1.3 Information about the virus, barcode, and the 26-mer index combinations for 

each sample used for validations of the system. 

Sample 
No 

Sp
ik

ed
 viru

s 

MinION Flongle 1 Flongle 2 

B
arcod

e 

In
dex 

B
arcod

e 

In
dex 

B
arcod

e 

In
dex  

 

1 DENV1 1 
i01 

1 
i01 

1 
i01  

i13 i24 i14  

2 DENV2 2 
i02 

5 
i02 

2 
i02  

i14 i23 i15  

3 YFV 3 
i03 

9 
i03 

3 
i03  

i15 i22 i16  

4 DENV1 4 
i04 

2 
i04 

4 
i04  

i16 i19 i17  

5 DENV2 5 
i05 

6 
i05 

5 
i05  

i17 i20 i18  

6 YFV 6 
i06 

10 
i06 

6 
i06  

i18 i14 i19  

7 DENV1 7 
i07 

3 
i07 

7 
i07  

i19 i18 i20  

8 DENV2 8 
i08 

7 
i08 

8 
i08  

i20 i17 i21  

9 YFV 9 
i09 

11 
i09 

9 
i09  

i21 i13 i22  

10 DENV1 10 
i10 

4 
i10 

10 
i10  

i22 i16 i23  

11 DENV2 11 
i11 

8 
i10 

11 
i10  

i23 i21 i24  

12 YFV 12 
i12 

12 
i12 

12 
i12  

i24 i15 i13  

DENV, dengue virus; YFV, yellow fever virus. 
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Table 1.4 The mean recovery reads, true result, and false results from the bioinformatic analysis using three different tools and various 

parameters.  

Tools  Parameter 

Recovery Ratea (%) TRUEb (%) 
False results in barcodec 

(%) 
False results in indexd (%) 

False results in 
sequencinge (%) 

M
in

IO
N

 

F
lo

ng
le

 1
 

F
lo

ng
le

 2
 

A
ve

ra
ge

 

M
in

IO
N

 

F
lo

ng
le

 1
 

F
lo

ng
le

 2
 

A
ve

ra
ge

 

M
in

IO
N

 

F
lo

ng
le

 1
 

F
lo

ng
le

 2
 

A
ve

ra
ge

 

M
in

IO
N

 

F
lo

ng
le

 1
 

F
lo

ng
le

 2
 

A
ve

ra
ge

 

M
in

IO
N

 

F
lo

ng
le

 1
 

F
lo

ng
le

 2
 

A
ve

ra
ge

 

LAST 
 

Score - 60 41.78 49.05 53.29 48.04 98.89 99.27 99.19 99.12 0.63 0.17 0.45 0.42 0.44 0.50 0.22 0.39 0.04 0.06 0.14 0.08 
Score - 65 31.97 38.89 41.63 37.50 99.17 99.60 99.37 99.38 0.67 0.25 0.44 0.45 0.12 0.08 0.05 0.08 0.05 0.07 0.14 0.09 
Score - 70 22.50 28.62 29.46 26.86 99.32 99.70 99.33 99.45 0.60 0.20 0.49 0.43 0.01 0.02 0.03 0.02 0.07 0.07 0.14 0.09 
Score - 75 14.05 18.92 18.56 17.18 99.29 99.70 99.28 99.42 0.63 0.24 0.55 0.47 0.00 0.00 0.01 0.00 0.08 0.07 0.16 0.10 
Score - 80 7.55 10.88 9.56 9.33 99.22 99.59 99.28 99.36 0.69 0.33 0.55 0.52 0.00 0.00 0.01 0.00 0.09 0.08 0.16 0.11 
Score - 85 2.86 4.52 3.48 3.62 98.54 99.65 99.18 99.12 1.19 0.26 0.62 0.69 0.00 0.00 0.00 0.00 0.28 0.09 0.20 0.19 
Score - 90 0.37 0.76 0.54 0.56 97.22 99.40 99.67 98.76 2.78 0.00 0.33 1.04 0.00 0.00 0.00 0.00 0.00 0.60 0.00 0.20 

MINIBAR  

Edit distance 6 28.53 37.76 49.47 38.59 95.77 95.06 98.15 96.33 0.58 0.17 0.47 0.41 3.57 4.50 1.24 3.10 0.08 0.27 0.14 0.16 
Edit distance 5 24.36 33.03 41.45 32.95 98.69 97.15 99.28 98.37 0.55 0.17 0.45 0.39 0.72 2.61 0.15 1.16 0.04 0.07 0.13 0.08 
Edit distance 4 19.53 27.15 32.79 26.49 98.67 97.14 99.27 98.36 0.57 0.18 0.46 0.40 0.72 2.64 0.16 1.17 0.04 0.04 0.11 0.06 
Edit distance 3 14.09 20.90 23.51 19.50 98.51 97.01 99.18 98.23 0.55 0.13 0.47 0.38 0.88 2.82 0.21 1.30 0.06 0.05 0.14 0.08 
Edit distance 2 8.81 13.45 14.27 12.18 98.80 97.37 99.10 98.42 0.51 0.13 0.55 0.40 0.61 2.46 0.27 1.11 0.08 0.04 0.08 0.07 

FREEBARCODES  

Edit distance 7 10.78 1.09 1.23 4.37 98.96 91.67 99.07 96.57 0.58 0.00 0.00 0.19 0.37 0.31 0.62 0.43 0.08 0.00 0.31 0.13 
Edit distance 5 9.92 1.19 1.18 4.10 99.43 91.67 99.74 96.95 0.57 0.00 0.00 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.26 0.09 
Edit distance 3 5.15 0.64 0.59 2.13 99.23 91.20 99.31 96.58 0.77 0.00 0.00 0.26 0.00 0.00 0.00 0.00 0.00 0.46 0.69 0.38 

aPercentage of input reads to reads with decoded index (number of deindexed reads/numbers of input (debarcoded) reads).  
bTrue results are reads with the correct barcode, index, and virus combination. Percentage was calculated as the number of true reads divided by the 
total number of true and false reads. 
cFalse results in barcode are deindexed reads with matched index and virus combination but were binned into the wrong barcode. Percentage was 
calculated as the number of false in barcode reads divided by the total number of true and false reads. 
dFalse results in index are deindexed reads with matched barcode and virus combination but were binned into the index pair not included in the sample. 
Percentage was calculated as the number of false in index reads divided by the total number of true and false reads. 
eFalse results in sequencing are deindexed reads with matched index and barcode but hit other sequences beside the designated virus (Table 1.3).  
Percentage was calculated as the number of false in sequencing reads divided by the total number of true and false reads.  
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Table 1.5 Distribution of reads binned to index and barcode from sequencing of spiked samples with MinION flowcell (experiment 1/3) 

using the optimized pipeline (LAST, score 70).  

Sample 
no 

Spiked 
virus 

MinION 

Barcode Index 
Debarcoded 

readsa 

Deindexed Readsb 

TRUEc 

False 
results 

in 
barcoded  

False 
results 

in 
indexe 

False results in sequencingf 

Correct 
Index 

Other 
Index 

No 
Index 

Other 
Flaviviruses 

Other 
viruses 

Other 

(%) (%) (%) (%) (%) (%) (%) (%) (%) 

Sample 
01 

DENV1 1 
i01 

2,960 
684 0 2,276 607 0 0 0 0 0 

i13 (23.11) (0) (76.89) (100) (0) (0) (0) (0) (0) 

Sample 
02 

DENV2 2 
i02 

5,062 
1,454 2 3,606 1,055 1 1 2 0 1 

i14 (28.72) (0.04) (71.28) (99.53) (0.09) (0.09) (0.19) (0) (0.09) 

Sample 
03 

YFV 3 
i03 

3,066 
397 9 2,660 350 8 0 0 0 0 

i15 (12.95) (0.29) (87.05) 97.77 (2.23) 0 (0) (0) (0) 

Sample 
04 

DENV1 4 
i04 

5,312 
2068 4 3,240 1,784 3 0 0 0 0 

i16 (38.93) (0.08) (61.07) (99.83) (0.17) (0) (0) (0) (0) 

Sample 
05 

DENV2 5 
i05 

2,541 
271 0 2,270 203 0 0 0 0 0 

i17 (10.67) (0) (89.93) (100) (0) (0) (0) (0) (0) 

Sample 
06 

YFV 6 
i06 

5,942 
1988 5 3,949 1,754 5 0 0 0 0 

i18 (33.46) (0.08) (66.54) (99.72) (0.28) (0) (0) (0) (0) 

Sample 
07 

DENV1 7 
i07 

1,583 
306 2 1,275 266 1 0 0 0 0 

i19 (19.33) (0.13) (80.67) (99.63) (0.37) (0) (0) (0) (0) 

Sample 
08 

DENV2 8 
i08 

1796 
498 14 1,284 353 12 0 0 0 0 

i20 (27.73) (0.78) (72.27) (96.71) (3.29) (0) (0) (0) (0) 

Sample 
09 

YFV 9 
i09 

1978 
506 0 1,472 457 0 0 0 0 0 

i21 (25.58) (0) (74.42) (100) (0) (0) (0) (0) (0) 
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Sample 
10 

DENV1 10 
i10 

2382 
541 4 1,837 492 4 0 0 0 0 

i22 (22.71) (0.17) (77.29) (99.19) (0.81) 0 (0) (0) (0) 

Sample 
11 

DENV2 11 
i11 

4183 
533 0 3,650 410 0 0 2 0 0 

i23 (12.74) (0) (87.26) (99.51) (0) (0) (0.49) (0) (0) 

Sample 
12 

YFV 12 
i12 

3253 
456 0 2,797 403 0 0 0 0 0 

i24 (18.42) (0) (85.98) (100) (0) (0) (0) (0) (0) 

Average  
     808.5 3.33 2,526.33 677.83 2.83 0.08 0.33 0 0.08 

          (22.49) (0.13) (77.50) (99.32) (0.60) (0.01) (0.06) (0) (0.01) 
aNumber of reads passing the filter for the debarcoding step. 
bNumber of reads passing the filter for the deindexing step. 
cTrue results are reads with correct barcode, index, and virus combination. Percentage was calculated as number of true reads divided by total of true 
and false reads. 
dFalse results in barcode are deindexed reads with matched index and virus combination but were binned into the wrong barcode. Percentage was 
calculated as the number of false in barcode reads divided by the total number of true and false reads. 
eFalse results in index are deindexed reads with matched barcode and virus combination but were binned into the index pair not included in the sample. 
Percentage was calculated as the number of false in index reads divided by the total number of true and false reads. 
fFalse results in sequencing are deindexed reads with matched index and barcode but hit other sequences beside the designated virus (Table 1.3).  
Percentage was calculated as the number of false in sequencing reads divided by the total number of true and false reads.  
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Table 1.6 Distribution of reads binned to index and barcode from sequencing of spiked samples using a Flongle flowcell (experiment 2/3) 

using the optimized pipeline (LAST, score 70). 

Sample 
no 

Spiked 
virus 

Flongle_1 

Barcode Index 
Debarcoded 

readsa 

Deindexed Readsb 

TRUEc 
False 

results in 
barcoded  

False 
results in 

indexe 

False results in sequencingf 

Correct 
Index 

Other 
Index 

No 
Index 

Other 
Flaviviruses 

Other 
viruses 

Other 

(%) (%) (%) (%) (%) (%) (%) (%) (%) 

Sample 
01 

DENV1 1 
i01 

1,669 
447 0 1,222 408 0 0 0 0 0 

i24 (26.78) (0) (73.22) (100) (0) (0) (0) (0) (0) 

Sample 
02 

DENV2 5 
i02 

1,254 
182 1 1,072 151 1 0 0 0 0 

i23 (26.92) (0.15) (73.08) (99.34) (0.66) (0) (0) (0) (0) 

Sample 
03 

YFV 9 
i03 

964 
362 1 602 329 1 0 0 0 0 

i22 (25.30) (0.07) (74.70) (99.70) (0.30) (0) (0) (0) (0) 

Sample 
04 

DENV1 2 
i04 

1,237 
312 2 925 276 2 0 0 0 0 

i19 (24.88) (0.16) (75.12) (99.28) (0.72) (0) (0) (0) (0) 

Sample 
05 

DENV2 6 
i05 

676 
483 3 193 400 1 1 1 0 0 

i20 (40.79) (0.25) (59.21) (99.26) (0.21) (0.21) (0.21) (0) (0) 

Sample 
06 

YFV 10 
i06 

1,184 
272 0 912 254 0 0 0 0 0 

i14 (27.39) (0) (72.61) (100) (0) (0) (0) (0) (0) 

Sample 
07 

DENV1 3 
i07 

607 
210 1 397 190 0 0 0 0 0 

i18 (21.78) (0.10) (78.22) (100) (0) (0) (0) (0) (0) 

Sample 
08 

DENV2 7 
i08 

2,304 
91 0 2,213 70 0 0 0 0 0 

i17 (14.99) (0) (64.89) (100) (0) (0) (0) (0) (0) 

Sample 
09 

YFV 11 
i09 

1,431 
371 0 1,060 338 0 0 0 0 0 

i13 (35.30) (0) (74.70) (100) (0) (0) (0) (0) (0) 
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Sample 
10 

DENV1 4 
i10 

993 
459 0 534 401 0 0 0 0 0 

i16 (37.11) (0) (62.89) (100) (0) (0) (0) (0) (0) 

Sample 
11 

DENV2 8 
i11 

1,051 
809 3 242 618 3 0 4 0 0 

i21 (35.11) (0.13) (64.70) (98.88) (0.48) (0) (0.64) (0) (0) 

Sample 
12 

YFV 12 
i12 

1,010 
273 0 737 243 0 0 0 0 0 

i15 (27.03) (0) (72.97) (100) (0) (0) (0) (0) (0) 

Average      1,198.83 355.92 0.92 841.5 306.5 0.75 0.08 0.42 0 0 
          (28.62) (0.07) (71.38) (99.70) (0.20) (0.02) (0.07) (0) (0) 

aNumber of reads passing the filter for the debarcoding step. 
bNumber of reads passing the filter for the deindexing step. 
cTrue results are reads with correct barcode, index, and virus combination. Percentage was calculated as number of true reads divided by total of true 
and false reads. 
dFalse results in barcode are deindexed reads with matched index and virus combination but were binned into the wrong barcode. Percentage was 
calculated as the number of false in barcode reads divided by the total number of true and false reads. 
eFalse results in index are deindexed reads with matched barcode and virus combination but were binned into the index pair not included in the sample. 
Percentage was calculated as the number of false in index reads divided by the total number of true and false reads. 
fFalse results in sequencing are deindexed reads with matched index and barcode but hit other sequences beside the designated virus (Table 1.3).  
Percentage was calculated as the number of false in sequencing reads divided by the total number of true and false reads.  
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Table 1.7 Distribution of reads binned to index and barcode from sequencing of spiked samples using a Flongle flowcell (experiment 3/3) 

using the optimized pipeline (LAST, score 70). 

Sample 
no 

Spiked 
virus 

Flongle_2 

Barcode Index 
Debarcoded 

readsa 

Deindexed Readsb 

TRUEc 
False 

results in 
barcoded  

False 
results in 

indexe 

False results in sequencingf 

Correct 
Index 

Other 
Index 

No 
Index 

Other 
Flaviviruses 

Other 
viruses 

Other 

(%) (%) (%) (%) (%) (%) (%) (%) (%) 

Sample 
01 

DENV1 1 
i01 

6,632 
2,291 2 4,339 1,872 2 0 0 0 0 

i14 (34.54) (0.03) (65.46) (99.89) (0.11) (0) (0) (0) (0) 

Sample 
02 

DENV2 2 
i02 

5,243 
1,711 6 3,526 1,187 4 1 0 0 0 

i15 (32.63) (0.11) (67.37) (99.58) (0.34) (0.08) (0) (0) (0) 

Sample 
03 

YFV 3 
i03 

3,970 
1,085 1 2,884 943 1 0 7 0 0 

i16 (27.33) (0.03) (72.67) (99.16) (0.11) (0) (0.74) (0) (0) 

Sample 
04 

DENV1 4 
i04 

5,563 
709 8 4,846 573 7 1 0 0 0 

i17 (12.74) (0.14) (87.26) (98.62) (1.20) (0.17) (0) (0) (0) 

Sample 
05 

DENV2 5 
i05 

2,384 
737 11 1,636 515 10 0 1 0 0 

i18 (30.91) (0.46) (69.09) (97.91) (1.90) (0) (0.19) (0) (0) 

Sample 
06 

YFV 6 
i06 

687 
155 0 532 134 0 0 0 0 0 

i19 (22.56) (0) (77.44) (100) (0.00) (0) (0) (0) (0) 

Sample 
07 

DENV1 7 
i07 

4,163 
1,666 1 2,496 1,388 1 0 0 0 0 

i20 (40.02) (0.02) (59.98) (99.93) (0.07) (0) (0) (0) (0) 

Sample 
08 

DENV2 8 
i08 

8,422 
3,254 10 5,158 2,251 8 0 3 0 0 

i21 (38.64) (0.12) (61.36) (99.51) (0.35) (0) (0.13) (0) (0) 

Sample 
09 

YFV 9 
i09 

3,630 
845 3 2,782 751 2 0 0 0 0 

i22 (23.28) (0.08) (76.72) (99.73) (0.27) (0) (0) (0) (0) 
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Sample 
10 

DENV1 10 
i10 

5,323 
1,790 8 3,525 1,555 5 0 0 0 0 

i23 (33.63) (0.15) (66.37) (99.68) (0.32) (0) (0) (0) (0) 

Sample 
11 

DENV2 11 
i11 

7288 
2,045 23 5,220 1,400 18 1 3 0 0 

i24 (28.06) (0.32) (71.94) (98.45) (1.27) (0.21) (0.21) (0) (0) 

Sample 
12 

YFV 12 
i12 

2613 
791 0 1,822 657 0 0 3 0 0 

i13 (29.12) (0) (70.88) (99.55) (0.00) (0) (0.45) (0) (0) 

Average      4659.83 1,420.75 6.08 3,233 1,102.17 4.83 0.25 1.42 0 0 
          (29.46) (0.12) (70.54) (99.33) (0.49) (0.03) (0.14) (0) (0) 

aNumber of reads passing the filter for the debarcoding step. 
bNumber of reads passing the filter for the deindexing step. 
cTrue results are reads with correct barcode, index, and virus combination. Percentage was calculated as number of true reads divided by total of true 
and false reads. 
dFalse results in barcode are deindexed reads with matched index and virus combination but were binned into the wrong barcode. Percentage was 
calculated as the number of false in barcode reads divided by the total number of true and false reads. 
eFalse results in index are deindexed reads with matched barcode and virus combination but were binned into the index pair not included in the sample. 
Percentage was calculated as the number of false in index reads divided by the total number of true and false reads. 
fFalse results in sequencing are deindexed reads with matched index and barcode but hit other sequences beside the designated virus (Table 1.3).  
Percentage was calculated as the number of false in sequencing reads divided by the total number of true and false reads.  
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Table 1.8. Results of sequencing amplicons from pan-flavivirus PCR using plasmid template (102 or 103 copies/reaction) that contains 

sequences from nine different flaviviruses. Target sequence obtained from nine flaviviruses were cloned into plasmids, which then subjected 

to PCR using the 26-mer indexed primers. The resulted amplicons were sequenced using a Flongle flowcell.  

Target 
sequence in 
the plasmid 

Copies/ 
Reaction 

D
E

N
V

1 

D
E

N
V

2 

D
E

N
V

3 

D
E

N
V

4 

JE
V

 

Z
IK

V
 

Y
F

V
 

W
N

V
 

T
B

E
V

 

Other 
flaviviruses 

Other 
viruses 

Others 

DENV1 103 2,259 0 0 0 0 0 0 0 0 0 0 0 

DENV2 103 0 1,143 0 0 0 0 0 0 0 0 0 0 

DENV3 103 0 0 760 0 0 0 0 0 0 0 0 0 

DENV4 102 0 0 0 869 0 0 0 0 0 0 0 0 

JEV 103 0 0 0 0 1,190 0 0 0 0 0 0 0 

ZIKV 103 0 0 0 0 0 947 0 0 0 0 0 0 

YFV 103 0 0 0 0 0 0 2,110 0 0 0 0 0 

WNV 103 0 0 0 0 0 0 0 1,270 0 0 0 0 

TBEV 103 0 0 0 0 0 0 0 0 1,303 0 0 0 
Each row represents which viral sequence were inserted into the plasmid, which were used as the PCR template. Number in the cells represents the read 
homologous to virus in the column name.  
DENV, Dengue Virus; JEV, Japanese Encephalitis Virus; ZIKV, Zika Virus; YFV, Yellow Fever Virus; WNV, West Nile Virus; TBEV, Tick-borne 
Encephalitis Virus. 
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Table 1.9. The MinION deep sequencing was able to retrieve sequence in invisible amplicons with lower concentration (10 to 102 
copies/reaction) 

ID 

Target 
sequence 

in the 
plasmid 

Copies/ 
reaction 

D
E

N
V

1 

D
E

N
V

2 

D
E

N
V

3 

D
E

N
V

4 

JE
V

 

T
B

E
V

 

W
N

V
 

Y
F

V
 

Z
IK

V
 

Other 
flaviviruses 

Other 
viruses 

Others 

1 DENV1 102 0 0 0 0 0 0 0 0 0 0 0 0 
2 DENV2 102 0 0 0 0 0 0 0 0 0 0 0 0 
3 DENV3 102 0 0 61 0 0 0 0 0 0 0 0 0 
4 DENV4 10 0 0 0 26 0 0 0 0 0 0 0 0 
5 JEV 10 0 0 0 0 0 0 0 0 0 0 0 0 
6 TBEV 102 0 0 0 0 0 0 0 0 0 0 0 0 
7 WNV 102 0 0 0 0 0 0 0 0 0 0 0 0 
8 YFV 10 0 0 0 0 0 0 0 0 0 0 0 0 
9 ZIKV 102 0 0 0 0 0 0 0 0 0 0 0 0 

Each row represents which viral sequence were inserted into the plasmid, which were used as the PCR template. Number in the cells represents the read 
homologous to virus in the column name. Concentration of template in each reaction is exactly 10-1 from the template concentration used in Table 1.8. 
DENV, Dengue Virus; JEV, Japanese Encephalitis Virus; ZIKV, Zika Virus; YFV, Yellow Fever Virus; WNV, West Nile Virus; TBEV, Tick-borne 
Encephalitis Virus. 
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Table 1.10 Distribution of reads binned to each index combination, based on Vietnam 

samples, sequenced with Flongle (top) and MinION (bottom). 

Flongle 
 i13 i14 i15 i16 i17 i18 i19 i20 i21 i22 i23 i24 

i01 5 6 8 3 20 2 7 82 52 3 8 0 

i02 13 2 5 2 5 2 2 4 27 5 0 3 

i03 2 32 8 0 4 3 21 4 31 4 6 2 

i04 3 2 2 8 5 0 24 5 18 1 0 1 

i05 2 9 4 5 15 2 2 8 23 2 2 0 

i06 0 1 1 2 4 0 211 0 26 2 47 4 

i07 10 24 9 8 6 21 117 157 33 28 52 28 

i08 7 8 0 5 4 1 17 4 10 7 3 3 

i09 4 5 3 2 5 1 3 4 19 5 1 1 

i10 4 3 1 8 2 2 6 2 48 5 2 0 

i11 480 11 1 355 20 8 5 8 14 1 2 1 

i12 2 0 1 3 4 1 74 434 11 134 34 0 

             

MinION 
 i13 i14 i15 i16 i17 i18 i19 i20 i21 i22 i23 i24 

i01 349 515 481 251 2,111 133 312 184 3,498 402 771 446 

i02 358 117 442 87 398 69 79 154 1,979 513 115 185 

i03 164 2,846 765 129 161 174 961 252 1,206 236 356 180 

i04 107 109 82 533 138 22 961 124 935 213 71 86 

i05 72 302 57 180 276 110 66 521 760 104 66 101 

i06 55 163 168 95 180 29 38 354 1,115 261 21 136 

i07 474 3,287 501 762 245 1,092 5,797 
19,50

1 
2,361 2,138 3,005 3,477 

i08 320 603 45 474 355 72 584 217 593 318 128 162 

i09 101 195 120 164 562 36 77 195 841 112 75 109 

i10 107 238 119 341 174 142 76 44 143 37 23 45 

i11 0 0 0 0 1 0 0 0 0 0 0 0 

i12 0 0 0 0 0 0 0 1 0 0 0 0 

  Positive for NS1 but negative for DENV1-4 qPCR. 

  Positive for both NS1 and DENV1-4 qPCR. 

  Negative for NS1 and were not subjected to DENV1-4 qPCR. 
 Sample set from experiment not included in this study. 
 Unused index combination. 
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Table 1.11 Distribution of viral reads obtained from Vietnam sample, sequenced with Flongle. 
DENV1   DENV2 

  i13 i14 i15 i16 i17 i18 i19 i20 i21 i22 i23 i24    i13 i14 i15 i16 i17 i18 i19 i20 i21 i22 i23 i24 
i01 0 0 0 0 0 0 3 3 0 0 0 0   i01 2 0 0 0 0 0 0 44  0 0 0 0 
i02 0 0 0 0 0 0 0 2 0 0 0 0   i02 0 0 0 0 0 0 0 0 0 0 0 0 
i03 0 0 0 0 0 0 0 1 0 0 0 0   i03 1 0 0 0 0 0 0 0 0 0 0 0 
i04 0 0 0 0 0 0 0 1 0 0 0 0   i04 0 0 0 0 0 0 0 0 0 0 0 0 
i05 0 0 0 0 0 0 1 1 0 0 0 0   i05 0 0 0 0 0 0 0 0 0 0 0 0 
i06 0 0 0 1 1 0 179 0 3 0 43 1   i06 0 0 0 0 0 0 0 0 0 0 0 0 
i07 0 0 0 0 0 0 0 1 0 0 0 0   i07 0 0 0 0 0 0 0 1 0 0 0 0 
i08 0 0 0 0 0 0 0 0 0 0 1 0   i08 1 0 0 0 0 0 0 0 0 0 0 0 
i09 0 0 0 0 0 0 1 2 0 0 0 0   i09 1 0 0 0 0 0 0 0 0 0 0 0 
i10 0 0 0 0 0 0 1 0 0 0 0 0   i10 1 0 0 0 0 0 0 0 0 0 0 0 
i11 1 0 0 272 0 6 1 4 2 0 0 0   i11 196 0 0 0 0 0 1 1 3 1 0 0 
i12 0 0 1 1 0 0 50 370 2 1 0 0   i12 0 0 0 0 0 0 9 0 0 0 0 0 

                           
DENV3   DENV4 

  i13 i14 i15 i16 i17 i18 i19 i20 i21 i22 i23 i24    i13 i14 i15 i16 i17 i18 i19 i20 i21 i22 i23 i24 
i01 0 0 0 0 0 0 0 0 0 0 0 0   i01 0 0 0 0 0 0 0 0 0 0 0 0 
i02 0 0 0 0 0 0 0 0 0 0 0 0   i02 0 0 0 0 0 0 0 0 0 0 0 0 
i03 0 0 0 0 0 0 0 0 0 0 0 0   i03 0 0 0 0 0 0 0 0 0 0 0 0 
i04 0 0 0 0 0 0 0 0 0 0 0 0   i04 0 0 0 0 0 0 0 0 0 0 0 0 
i05 0 0 0 0 0 0 0 0 0 0 0 0   i05 0 0 0 0 0 0 0 0 0 0 0 0 
i06 0 0 0 0 0 0 0 0 0 0 0 0   i06 0 0 0 0 0 0 0 0 0 0 0 0 
i07 0 0 0 0 0 0 0 0 0 0 0 0   i07 0 0 0 0 0 0 0 0 0 0 0 0 
i08 0 0 0 0 0 0 0 0 0 0 0 0   i08 0 0 0 0 0 0 0 0 0 0 0 0 
i09 0 0 0 0 0 0 0 0 0 0 0 0   i09 0 0 0 0 0 0 0 0 0 0 0 0 
i10 0 0 0 0 0 0 0 0 0 0 0 0   i10 0 0 0 0 0 0 0 0 0 0 0 0 
i11 0 0 0 0 0 0 0 0 0 0 0 0   i11 0 0 0 0 0 0 0 0 0 0 0 0 
i12 0 0 0 0 0 0 0 0 0 0 0 0   i12 0 0 0 0 0 0 0 0 0 0 0 0                            
  Positive for NS1 but negative for DENV1-4 qPCR.    Unused index combination. 

  Positive for both NS1 and DENV1-4 qPCR.  1 Positive* 
  Negative for NS1 and were not subjected to DENV1-4 qPCR.  1 Negative* 
  Sample set from experiment not included in this study.               

*Positive or negative call was made based on the read number. When the detected viral read is < 3 reads, then the result is automatically 
omitted. When read number > 2, then the threshold should be calculated according to explanation in Fig. 1.6.  
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Table 1.12 Distribution of viral reads obtained from Vietnam sample, sequenced with MinION (bottom). 
DENV1   DENV2 

  i13 i14 i15 i16 i17 i18 i19 i20 i21 i22 i23 i24    i13 i14 i15 i16 i17 i18 i19 i20 i21 i22 i23 i24 
i01 0 0 0 0 0 0 0 0 0 0 0 0   i01 0 0 0 0 0 0 0 0 0 0 0 0 
i02 0 0 0 0 0 0 0 1 0 0 0 0   i02 0 0 0 0 0 0 0 0 0 0 0 0 
i03 0 0 0 0 0 0 0 1 0 0 0 0   i03 0 0 0 0 0 0 0 0 0 0 0 0 
i04 0 0 12 0 0 0 0 0 0 0 0 0   i04 0 0 0 0 0 0 0 0 0 0 0 0 
i05 0 0 0 0 0 0 0 0 0 2 0 0   i05 0 0 0 0 0 0 0 0 0 0 0 0 
i06 1 0 0 0 2 0 0 187 0 107 0 0   i06 0 0 0 0 0 0 0 0 0 0 0 0 
i07 0 0 0 0 0 0 0 1 0 0 0 0   i07 0 0 0 0 0 0 0 0 0 0 0 0 
i08 0 0 0 0 0 0 0 60 0 0 0 0   i08 0 0 0 0 0 0 0 0 0 0 0 0 
i09 0 0 0 0 0 0 0 0 0 1 0 0   i09 0 0 0 0 0 0 0 0 0 0 0 0 
i10 2 0 0 1 0 0 0 0 0 1 0 1   i10 0 0 0 0 0 0 0 0 0 0 0 0 
i11 0 0 0 0 0 0 0 0 0 0 0 0   i11 0 0 0 0 0 0 0 0 0 0 0 0 
i12 0 0 0 0 0 0 0 0 0 0 0 0   i12 0 0 0 0 0 0 0 0 0 0 0 0 

                           
DENV3   DENV4 

  i13 i14 i15 i16 i17 i18 i19 i20 i21 i22 i23 i24    i13 i14 i15 i16 i17 i18 i19 i20 i21 i22 i23 i24 
i01 0 0 0 0 0 0 0 0 0 0 0 0   i01 0 0 0 0 0 0 0 0 0 0 0 0 
i02 0 0 0 0 0 0 0 0 0 0 0 0   i02 0 0 0 0 0 0 0 0 0 0 0 0 
i03 0 0 0 0 0 0 0 0 0 0 0 0   i03 0 0 0 0 0 0 0 0 0 0 0 0 
i04 0 0 0 0 0 0 0 0 0 0 0 0   i04 0 0 0 0 0 0 0 0 0 0 0 0 
i05 0 0 0 0 0 0 0 0 0 0 0 0   i05 0 0 0 0 0 0 0 0 0 0 0 0 
i06 0 0 0 0 0 0 0 0 0 0 0 0   i06 0 0 16 0 0 0 0 1 0 0 0 0 
i07 0 0 0 0 0 0 0 0 0 0 0 0   i07 0 0 0 0 0 0 0 0 0 0 0 0 
i08 0 0 0 0 0 0 0 0 0 0 0 0   i08 0 0 0 0 0 0 0 0 0 0 0 0 
i09 0 0 0 0 0 0 0 0 0 0 0 0   i09 0 0 0 0 0 0 0 0 0 0 0 0 
i10 0 0 0 0 0 0 0 0 0 0 0 0   i10 0 0 0 0 0 0 0 0 0 0 0 0 
i11 0 0 0 0 0 0 0 0 0 0 0 0   i11 0 0 0 0 0 0 0 0 0 0 0 0 
i12 0 0 0 0 0 0 0 0 0 0 0 0   i12 0 0 0 0 0 0 0 0 0 0 0 0 

                           
  Positive for NS1 but negative for DENV1-4 qPCR.    Unused index combination. 
  Positive for both NS1 and DENV1-4 qPCR.  1 Positive 
  Negative for NS1 and were not subjected to DENV1-4 qPCR.  1 Negative 

*Positive or negative call was made based on the read number. When the detected viral read is < 3 reads, then the result is automatically omitted. When 
read number >2, then the threshold should be calculated according to explanation in Fig. 1.6.  



44 
 

Table 1.13 Summary of clinical information, NS1 antigen-test, RT-qPCR, pan-flavivirus RT-PCR, and sequencing results. 

Index 
Day 
of 

fever 

NS1-
antigen 

test 

Ct Value 
(qPCR) 

 RT- 
PCRa  

Flongle MinION  
Number of reads 

DENV1 DENV2 DENV3 DENV4 
Other 

flaviviruses 
Other 

viruses 
i01-i20 4 + - +/- DENV2 not tested 3 44 0 0 0 0 

i03-i15 6 + - - - DENV1 12 0 0 0 0 0 

i06-i15 2 + - - - DENV4 0 0 0 16 0 0 

i06-i18 3 + 39 - - -             

i06-i19 1 + 28.2 ++ DENV1 not tested 179 0 0 0 0 0 

i06-i20 4 + 41.5 - - DENV1 187 0 0 0 0 0 

i06-i21 2 + 35.8 - - -             

i06-i22 3 + 34 - - DENV1 107 0 0 0 0 0 

i06-i23 2 + 32.5 + DENV1 not tested 43 0 0 0 0 0 

i08-i20 1 - - -   DENV1 60 0 0 0 0 0 
aIntensity of gel electrophoresis of PCR products; ++, marked strong; +, strong; +/-, ambiguous;  -, negative 
NS1, non-structural protein 1; Ct, cycle threshold; RT, reverse transcription; PCR, polymerase chain reaction; qPCR, quantitative PCR; DENV, dengue 
virus. 
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Table 1.14 Positive and negative agreements between the tests. 
Comparative assay Test Positive agreement Negative agreement 

NS1 antigen test gel 4.2% 100.0% 
NS1 antigen test RT-qPCR 8.5% 100.0% 
NS1 antigen test Flongle 4.2% 100.0% 
NS1 antigen test Nanopore 9.9% 97.7% 

RT-qPCR Flongle 33.3% 98.5% 
RT-qPCR Nanopore 66.7% 95.4% 
Flongle RT-qPCR 66.7% 94.1% 

Nanopore RT-qPCR 57.1% 96.9% 
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Table 1.15. Result of pan-flavivirus system in clinical sample from Brazil. 
Sample 

No 
Barcode 

Index 
F 

Index 
R 

Result of RT-
qPCRa 

pan-flavi-
PCRb 

Virus reads 

SLEV YFV WNV DENV1 DENV2 DENV3 DENV4 ZIKV 
1 3 i01 i13 SLEV ++ 118,350 2 1 0 1 0 47 0 
2 3 i02 i14 SLEV ++ 62,830 3 15 1 1 0 28 0 
3 3 i03 i15 WNV + 4 4 5,591 0 0 0 5 0 
4 3 i04 i16 WNV ++ 2 0 29,035 0 1 1 3 0 
5 3 i05 i17 YFV ++ 5 23,420 0 0 1 0 11 0 
6 3 i07 i19 DENV ++ 6 6 1 99 5,006 1,334 27,848 0 
7 3 i08 i20 DENV + 29 23 6 495 325 104 3,336 0 
8 1 i09 i21 ZIKA +/- 2 0 3 749 0 0 0 0 
9 1 i10 i22 ZIKA - 2 0 0 0 0 0 0 0 

10 1 i11 i23 DENV4 and ZIKV ++ 30 1 0 0 0 0 2560 0 
11 1 i12 i24 YFV + 3 4,018 0 0 1 0 0 0 
12 2 i01 i13 ZIKA ++ 105 0 0 0 0 0 27 1217 
13 2 i02 i14 YFV + 63 32,141 0 0 0 0 12 0 
14 2 i06 i18 DENV4 ++ 0 0 0 0 0 0 21,974 0 
15 2 i08 i20 WNV +/- 1 2 0 0 2 1 24 0 
16 2 i09 i21 unknown +/- 0 150 0 2 0 0 4 0 
17 2 i05 i17 unknown +/- 0 38 0 0 0 0 0 0 
18 2 i07 i19 unknown +/- 0 0 0 0 2 2 23 0 
19 2 i04 i16 unknown - 0 0 30 0 0 0 0 0 
20 2 i10 i22 unknown - 0 1 0 0 0 0 5 0 
21 2 i11 i23 unknown - 0 2 0 0 0 0 32 0 
22 2 i12 i24 unknown - 0 13 0 0 0 0 0 0 
23 2 i03 i15 YFV - 0 1 8 0 0 0 2 0 
24 1 i06 i18 YFV - 0 0 0 1 0 0 7 0 

a Diagnostic decision by qRT-PCR. The question mark (?) represent uncertainty owing to their high Ct value. 
b Intensity of gel electrophoresis of PCR products; ++, marked strong; +, strong; +/-, ambiguous; -, negative 
SLEV, Saint Louis Encephalitis Virus; YFV, Yellow Fever Virus; WNV, West Nile Virus; DENV, Dengue Virus; ZIKV, Zika Virus. 
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Figure 1.1 Bioinformatic workflow to analyze the sequences. Errors were classified 

based on the properties assigned to each read (barcode, index, and virus sequence). 
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 i13 i14 i15 i16 i17 i18 i19 i20 i21 i22 i23 i24 

i01 1 2 3 4 5 6 7 8 9 10 11 12 

i02 13 14 15 16 17 18 19 20 21 22 23 24 

i03 25 26 27 28 29 30 31 32 33 34 35 36 

i04 37 38 39 40 41 42 43 44 45 46 47 48 

i05 49 50 51 52 53 54 55 56 57 58 59 60 

i06 61 62 63 64 65 66 67 68 69 70 71 72 

i07 73 74 75 76 77 78 79 80 81 82 83 84 

i08 85 86 87 88 89 90 91 92 93 94 95 96 

i09 97 98 99 100 101 102 103 104 105 106 107 108 

i10 109 110 111 112 113 114       
i11 

            

i12 
            

 
Figure 1.2 Information about the forward and index combination applied to 114 samples 

from Vietnam. Sample numbers are written in each cell. 

  

  Positive for NS1 but negative for DENV1-4 qPCR. 

  Positive for both NS1 and DENV1-4 qPCR. 

  Negative for NS1 and were not subjected to DENV1-4 qPCR. 
 Sample set from experiment not included in this study. 
 Unused index combination. 
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Figure 1.3 Gel electrophoresis image obtained from serial dilution experiment. Fetal 

bovine serum was spiked with viruses, then diluted accordingly to 1 PFU/mL. Viral RNA 

was extracted, then subjected to pan-flavivirus RT-PCR using the 26-mer index-added 

primer. DENV, dengue virus; YFV, yellow fever; PC, positive control; NTC, no template 

control. Red arrowhead denotes the expected amplicon size (~312 bp).  
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Figure 1.4 Gel electrophoresis image obtained from PCR using serially diluted plasmid 

template containing viral sequences as template. Index (+) indicate the result from 26-

mer index-added primer sets while index (-) indicate index-free primer sets. DENV, 

Dengue Virus; JEV, Japanese Encephalitis Virus; ZIKV, Zika Virus; YFV, Yellow Fever 

Virus; WNV, West Nile Virus; TBEV, Tick Borne Encephalitis Virus. 
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Figure 1.5 A plot showing the mean recovery rate (x axis) and mean error in index rate 

(y axis) obtained from three separate experiments using spiked sample. LAST-based 

demultiplexing system (green) showed a consistent performance, with modest recovery 

rate but lower error rate. The label on each dot represents the tools and the used 

parameters. 
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Figure 1.6 Calculation of threshold for potential crosstalk. Threshold was calculated 

based on assumption that spill-over reads originate from neighbouring samples with 

identical forward or reverse index. Error rate with a safety margin of ten times was used 

to estimate the λ value. The value was then plotted to Poisson cumulative distribution. In 

the event (µ) where the upper cumulative Poisson probability (P(x ≥ µ)) was less than 

0.01 was determined as the threshold. A) Calculation of crosstalk threshold for i07-i14, 

showed that seven reads are needed for the result to be classified as positive. B) Similar 

calculation was performed on a clinical sample. The obtained 3 reads with i01-i19 index 

pair were classified as negative. The numbers colored in red is the possible source of 

crosstalk. 
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Figure 1.7 Visualization of the pan-flavivirus RT-PCR result of the 114 samples collected in Vietnam. Sample ID number can be seen at the 

bottom of the picture and the corresponding forward index (row) and reverse index (column) can be seen in the matrix (Figure 1.2). Asterisks 

represent positive sample and red arrowheads denote the expected amplicon size (~312 bp).
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 1 

Figure 1.8 Proposed workflow for a sequencing-based detection of Flavivirus. When 2 

clear band is visible, the sample can be sequenced using Flongle. However, in the absence 3 

of clear band on gel electrophoresis, some viral sequences can be detected when MinION 4 

sequencing is employed.  5 
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Chapter Two 1 

Circular Whole Transcriptome Amplification: An Alternative for 2 

Comprehensive RNAome Amplification 3 

  4 
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2.1 Summary 1 

Limited amount of genetic material present in the sample challenges the application of 2 

NGS, due to the minimum requirement of DNA/RNA amount for library preparation. 3 

Comprehensive amplification is commonly used to increase the amount of genetic 4 

material. Among the available methods, PCR-based methods (such as sequence 5 

independent single primer amplification and its modification, SISPA) is one of the most 6 

common approaches. However, PCR-based amplification has several limitations 7 

including requirement of a precise temperature control and risk of introducing bias. Thus, 8 

in this chapter, an alternative unbiased amplification was developed and validated. This 9 

amplification relies on MDA, which uses phi29 polymerase, a high-fidelity polymerase 10 

that requires isothermal conditions. However, MDA is known to be less efficient in 11 

amplifying short template and it is also known to have an amplification bias towards 12 

circular single stranded DNA (ssDNA) templates. To overcome this issue, the synthesized 13 

cDNA was circularized using an enzyme that has a high affinity towards ssDNA. This 14 

method was termed circular whole transcriptome amplification, or cWTA. A series of 15 

experiments were carried out to validate cWTA. Firstly, comparison of the amplification 16 

result from reaction using circular or linear cDNA was able to show that circularization 17 

of the cDNA template improves the amplification. Secondly, the resulting amplicons 18 

were subjected to nanopore sequencing and viral sequences were able to be detected from 19 

sequencing, suggesting that the cWTA amplicon is suitable for NGS analysis. Lastly, the 20 

system was tested on clinical samples obtained from Bangladesh and Brazil. Sequences 21 

that are homologous to DENV were detected from samples obtained in Bangladesh, while 22 

sequences that are homologous to chikungunya virus (CHIKV) were detected from 23 

samples obtained in Brazil. The minimum requirement of cWTA in combination with 24 

nanopore allows for such system to be applied in laboratories or clinics with limited 25 

resource to leverage the genomic surveillance of infectious disease in such places. 26 
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2.2 Introduction 1 

At present, one of the most popularly employed methods to detect pathogens is NAT. 2 

Among the available NATs, PCR is widely applied as a means of diagnosis. Not only 3 

limited to PCR, other non-PCR NATs have also been developed in the past years, 4 

including loop-mediated isothermal amplification, recombinase polymerase 5 

amplification, and MDA (22–24). Combination of these techniques with some non-6 

conventional post amplification analysis, including nucleic acid chromatography (such as 7 

printed strip arrays) and specific high-sensitivity enzymatic reporter unlocking or 8 

SHERLOCK, have been described to increase  the specificity (25–27). 9 

Detection of nucleic acid is often highly specific to a certain target pathogen or a 10 

pathogen group, which is not suitable when there are numerous possible causes behind 11 

an undifferentiated febrile illness. Ideally a comprehensive NAT should be employed in 12 

such cases. One of the widely employed approaches for a semi-comprehensive NAT is 13 

by targeting conserved regions known as “genetic barcodes” (i.e., 16S rRNA gene, 18S 14 

rRNA gene, and ITS region) (40). In viruses, such sequences can be found only if targets 15 

are narrowed down into a genus or a family, as discussed in Chapter One. For further 16 

identification, additional analyses, such as microarrays, Sanger sequencing, or NGS, are 17 

required (60,81). In contrast, fully comprehensive NATs should be free from target 18 

limitations and applicable to any pathogens.  19 

In principle, conventional RNA sequencing provides one possible approach, given 20 

that every pathogen has RNA as a genome or as transcripts. Indeed, transcriptomic data 21 

have been used to identify novel viruses, to characterize the virome present in the sample, 22 

or to detect viral contaminants in the laboratory reagents (82–84). Because these RNAs 23 

are often present in only a minute amount in samples, an amplification step is required 24 

for NGS. Among the current methods, random PCR is the most straightforward (85,86). 25 

Comprehensive amplification can also be achieved by modification of sequence 26 

independent single primer amplification (SISPA). Using random primers with a universal 27 

primer sequence attached on its 5’-end, the resulting cDNA can then be amplified using 28 

the attached universal primer sequence (86,87). Another amplification method, the 29 

multiple annealing and looping based amplification cycles (MALBAC) utilizes Bst 30 

polymerase to generate amplicons with universal sequence at both ends which 31 

complement each other (88). Because of that, the amplicons will form a “loop” preventing 32 
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the amplicon to be used as a template. A derived commercial product, TransPlex Whole 1 

Transcriptome Amplification (Sigma), is also available (89). However, bias, and limited 2 

reproductivity in the amplification step cannot be excluded, given that these methods 3 

depend on PCR. Other commercial products, such as a Direct RNA Sequencing Kit and 4 

a PCR-cDNA Sequencing Kit (Oxford Nanopore Technologies), are available for single-5 

molecule sequencing, but their performance still requires optimization (90). A study 6 

utilized nanopore direct RNA sequencing for direct virus sequencing has been reported 7 

(91). The sequencing adapter contains a poly-dT sequence, and in the study E. coli 8 

poly(A) polymerase was used to add poly-A tail in viruses that lack it. Several unique 9 

amplification methods are designed to enrich the viral sequences. Combination of random 10 

primer and spiked primer designed to target certain groups of virus has successfully 11 

captured the target virus while preserving the metagenomic value of mNGS (92). Other 12 

method relies in “not-so-random primer”, which were designed not to complement the 13 

host’s ribosomal sequence, a major source of host sequence in transcriptomic data (93). 14 

Since most methods rely on PCR, which tends to introduce bias in the results, 15 

other PCR-free amplification strategies are needed and should be considered for ease of 16 

handling and price. Thus, in this chapter, the focus will be on the application of MDA as 17 

an alternative for PCR-based amplification. It is known that MDA is unsuitable for the 18 

amplification of RNA or small cDNA fragments (< 2,000 bases) and is biased toward 19 

circular ssDNA templates (94–96). A novel approach was developed by combining MDA 20 

with cDNA circularized using a ligase with high affinity towards ssDNA. It is expected 21 

that the circular template will be amplified more efficiently by MDA and eliminate the 22 

template-size restriction.  23 

  24 
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2.3 Material and Methods 1 

2.3.1 Samples and RNA extraction 2 

Several types of samples were used in this study. For the feasibility experiments, 3 

approximately 106 of human foreskin fibroblast (HFF) cells and as a serum mimic, FBS 4 

samples that were spiked with DENV1 or DENV2 to achieve a concentration range from 5 

102 to 105 PFU/mL, were used. Total RNA from the HFF cells was extracted using TRIzol 6 

(Thermo Fisher Scientific) and Direct-zol RNA Kits (Zymo Research) according to the 7 

manufacturer's instructions (including the DNase treatment). The amount of RNA was 8 

measured using a Qubit Fluorometer (Invitrogen). While RNA in the spiked FBS samples 9 

were extracted using QIAamp Viral RNA Mini kit (Qiagen) according to the 10 

manufacturer's instructions. 11 

 Two sets of serum samples obtained from Bangladesh and Brazil were used in this 12 

study. Two samples from Bangladesh were obtained from Evercare Hospital, Dhaka. 13 

From these 2 samples, nucleic acids of DENV2 were detected using a commercial RT-14 

qPCR kit. The other set was a set of serum samples of patients with fever collected in 15 

2018 and stored by the Flavivirus Laboratory, Oswaldo Cruz Institute/Oswaldo Cruz 16 

Foundation (Fiocruz) in Rio de Janeiro, Brazil. These two sets of clinical samples were 17 

processed independently. For both sets, RNA extractions were carried out using QIAamp 18 

Viral RNA Mini kit (Qiagen) according to the manufacturer's instructions. Ethical 19 

approvals were obtained from Apollo Hospital (present Evercare Hospital), Dhaka (ERC 20 

16/2018-2), Fiocruz (90249218.6.1001.5248: 2.998.362), and Hokkaido University 21 

(Jinjyu1-3 and Jinjyu30-4). 22 

 23 

2.3.2 Circular Whole Transcriptome Amplification 24 

The extracted RNA was subjected to first strand cDNA synthesis using SuperScript IV 25 

Reverse Transcriptase (Invitrogen). The random primers were replaced with random 9-26 

mer primers with phosphate modification at the 5’-end (N9P primer) at final 27 

concentration of 1.25 µM. For total RNA extracted from the cell culture, the RNA amount 28 

was adjusted so that each reaction contained 1 pg to 10 ng of RNA. For samples other 29 

than the culture, 11 µL of extracted RNA were used in each reaction. Other than the 30 

primer, the RT reaction was performed according to the manufacturer's instructions. The 31 
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cDNA was then purified with 1.8× volume of AmPure XP beads and finally eluted in 15 1 

µL of nuclease-free water. 2 

 The purified cDNA was then circularized using CircLigase II ssDNA ligase 3 

(Lucigen). In brief, 12.5 µL of purified cDNA, 2 µL reaction buffer, 1 µL MnCl2, 0.5 µL 4 

CircLigase II (Lucigen), and nuclease-free water were mixed and incubated at 60oC for 1 5 

hour, and 80oC for 10 mins. The resulting circularized products were purified using 1.8× 6 

volume of AmPure XP beads. 7 

 Multiple displacement amplification was carried out using 1 µL of circularized 8 

cDNA. GenomiPhi V2 (Cytiva), a phi29 polymerase, was used in this reaction. The 9 

circularized cDNA was mixed with 9 µL sample buffer which contained 6-mer random 10 

primer. The mixture was incubated at 95°C for 5 minutes then placed on ice directly, to 11 

prime the random primer. Following the priming, 9 µL of reaction buffer and 1 µL of the 12 

enzyme were added. The MDA reaction was incubated at 30oC for 90 minutes, followed 13 

by inactivating the enzyme at 65C for 5 minutes. Schematic process of the cWTA can 14 

be seen in Fig. 2.1. 15 

 Three different experiments were carried out to evaluate the feasibility of cWTA. 16 

Firstly, 1 pg to 10 ng of total RNA from HFF cells were subjected to cWTA. Secondly, a 17 

serially diluted spiked FBS sample containing 103, 104, and 105 PFU/mL of DENV1 18 

virions and 102, 103, and 104 PFU/mL of DENV2 virions were subjected to cWTA. 19 

Thirdly, to demonstrate the importance of circularization a comparison of reaction using 20 

linear and circular template was carried out using RNA extracted from a spiked sample 21 

containing 105 pfu/mL of DENV1. In untreated samples, the enzymes (the ssDNA ligase 22 

or the phi29 polymerase) were replaced with nuclease-free water. The amplified product 23 

was then quantified with qPCR, using a pan-flavivirus primers set (see Chapter One). The 24 

reaction was carried out using the Kapa Taq Extra PCR Kit (Kapa Biosystems) in a total 25 

volume of 15 µL containing 1.5 µL of 50× diluted cWTA amplicons, 250 nM of each 26 

primer DEN4_F and flavi_all_S, 500 nM primer flavi_all_AS2, and 0.75 µL EvaGreen 27 

(Biotium). The qPCR was performed in a Bio-Rad CFX96 apparatus with temperature 28 

conditions for the PCR as follows: 94C for 30 seconds, followed by 43 cycles of 94C, 29 

53C, and 72C for 30 seconds each, and finally at 72C for 5 minutes. 30 

 31 

2.3.3 Sequencing library preparation 32 
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The amplicons obtained from the serially diluted virus-spiked FBS samples were purified 1 

using 1.8× volume of AmPure XP beads, then prepared using sequencing kit SQK-2 

RLB001 and SQK-LSK109 (Oxford Nanopore Technologies), per the manufacturer's 3 

instructions. Samples from Bangladesh and Brazil were prepared using library kit SQK-4 

LSK108 (Oxford Nanopore Technologies) according to the manufacturer’s instruction. 5 

When necessary, the libraries were barcoded with barcoding kit NBD-LSK103 (Oxford 6 

Nanopore Technologies). Sequencing was carried out on a MinION Flowcell (version 7 

9.4) per the manufacturer’s instruction. 8 

 9 

2.3.4 Bioinformatic pipeline 10 

Raw Fast5 data were basecalled with Albacore version 1.1.2 or Guppy version 3.2.4 to 11 

generate the fastq files. The qscore threshold was set to seven and only sequences in the 12 

pass folder were used on the subsequent analysis. In cases where barcodes were used, the 13 

debarcoding was performed using the default parameters. To eliminate the host sequence, 14 

the reads were aligned to the host sequence [Homo sapiens (GCF_000001405.39) or Bos 15 

taurus (GCF_002263795.1)] using Minimap2 version 2.17 (97). Unmapped reads were 16 

then extracted using SAMtools version 1.10 (98). For variant calling, the reads assigned 17 

to a virus were first extracted and then mapped to its reference genome using Minimap2. 18 

Then, variants were identified using LoFreq version 2.1.5 (99).  19 

 Host-decontaminated reads were subjected to an alignment search using BLAST 20 

version 2.9.0 with the word size parameter set to 11 (67). To reduce the time needed for 21 

alignment search, a small viral database containing important pathogenic viruses were 22 

used (83). This database contains 5,139 viruses. In this database, regions highly 23 

resembling human or bacterial genomes were masked and viral genomes with up to 90% 24 

of similarity were concatenated. Based on the results of the first BLAST search, 25 

sequences aligned to the database with e-value less than 1.0e-10 were extracted and 26 

subjected to the second BLAST search. The database for second BLAST consisted of the 27 

viral sequences, human genome, and representative prokaryotic genomes. The purpose of 28 

the second blast was to further remove any reads which possibly belong to bacteria or 29 

humans. The sequences were assigned to the top-hit feature based on the bit-score. When 30 

a read had more than one hit to a different virus, with identical bit-score, the read was not 31 
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counted at the final count. The schematic diagram of the bioinformatic pipeline can be 1 

seen in Fig. 2.2.  2 
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2.4 Results 1 

2.4.5 Amplification of RNAome with cWTA 2 

As an initial proof of the concept, the cWTA was shown to successfully amplify RNA 3 

extracted from the cell culture (Fig, 2.3). The amplicons were visible up to reaction 4 

containing 10 pg of RNA. Interestingly, in a reaction using linear template, no bands were 5 

observed even when the reaction contained 10 ng of RNA. The observed high intensity 6 

of the band in the gel electrophoresis is a strong indication that template circularization 7 

improved the MDA. 8 

In the next experiment, a spiked FBS sample containing 105 PFU/mL of DENV1 9 

was subjected to cWTA (Fig. 2.4). To further test the effect of linear and circular template, 10 

the RNA was subjected to different reactions where the ssDNA ligase or the phi29 11 

enzyme was substituted with nuclease-free water. When the amplicons were visualized 12 

in gel electrophoresis, bands were observed only in reaction containing both CircLigase 13 

II and phi29, suggested that circularization of ssDNA template improved the 14 

amplification. Nevertheless, gel electrophoresis is a rather qualitative measurement, and 15 

to get a quantitative data, the amplicons were subjected to a qPCR experiment. When the 16 

template for qPCR originated from amplicons generated from circularized cDNA, the 17 

resulted Ct value was lower than when the amplicons generated from linear cDNA was 18 

used as the template (Table 2.1). Taken on all accounts, it is obvious that circularization 19 

of cDNA templates improved the amplification considerably. 20 

 21 

2.4.6 Identification of the viral genome sequences  22 

In the next step, the feasibility of coupling cWTA and NGS was evaluated. Serially 23 

diluted spiked FBS samples were used for this purpose. On gel electrophoresis, amplicons 24 

were visible up to the lowest concentrations (Fig 2.5A). The amplicons were sequenced 25 

using nanopore sequencing, on a MinION flowcell. Basecalling resulted in 96,502, 26 

62,893, 91,183, and 101,591 reads for samples containing 105, 104, 103, and 102 PFU/mL 27 

of DENV1, respectively. While for DENV2, the basecalling resulted in 75,906, 47,000, 28 

and 80,900 from samples containing 104, 103, and 102 PFU/mL DENV2, respectively. 29 

Among these reads, reads aligned to the Dengue virus genome were unambiguously 30 

detected from samples containing 105 and 104 PFU/mL DENV1 and 104 PFU/mL DENV2 31 

(Table 2.2). However, on gel electrophoresis, the amplicons were observed up to the 32 
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lowest concentration. Additionally, reads with tandem-repeat patterns presumably 1 

derived from the continuous amplification of the circular template were also observed 2 

(Fig. 2.5B). In one case, the size of each tandem-repeat unit was approximately 300 bp. 3 

 Further experiment was then conducted to see if the system can be applied to 4 

clinical samples. For this, two clinical sample sets were subjected to cWTA and then 5 

sequenced with nanopore sequencing (on a MinION flowcell). The first clinical sample 6 

set are two serum samples obtained in Bangladesh. The samples were tested positive for 7 

DENV2 at the hospital using a commercial assay. Sequencing of cWTA amplicons from 8 

these samples yielded 18,539 and 6,789 reads, of which three reads from each sample 9 

were found to be homologous to DENV2. The second clinical samples were obtained in 10 

Brazil. Sequencing of the cWTA amplicons from these samples yielded 7,266 to 77,877 11 

reads. Reads homologous to CHIKV were obtained from six samples.  These CHIKV 12 

reads from two samples were then extracted and aligned to the CHIKV reference genome, 13 

resulting in 90% coverage with depth range from 2× to 363× (Fig. 2.6). This result 14 

showed that the system can detect the presence of viral genome in the sample and that it 15 

is also possible to use the data for subsequent analysis. Indeed, alignment of CHIKV reads 16 

originating from Fiocruz01 and Fiocruz02 to its reference genome showed a significant 17 

number of reads aligned at certain positions in the genome, particularly at the 5’-end of 18 

the genome, indicating an amplification bias. The similar pattern was observed from both 19 

the samples. Alignment results showed that the two viruses in the sample shares 20 

considerable number of single nucleotide polymorphisms (SNPs), however each sample 21 

has their own unique SNPs (Fig 2.7), suggesting that the sequences are likely originated 22 

from two different viruses and that the bias is reproducible in the two samples. 23 

Interestingly, the bias was also observed when DENV1 sequences obtained from 24 

sequencing of the spike sample using nanopore sequencing were aligned to its reference 25 

genome (Fig. 2.6).  26 

  27 
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2.5 Discussion 1 

In this chapter, an alternative amplification method targeting RNAome termed as circle 2 

whole transcriptome amplification was developed. The amplification relies on phi29 3 

polymerase, a polymerase isolated from bacteriophage phi29 (100). This enzyme 4 

amplifies DNA strand in isothermal conditions with high fidelity (due to proofreading 5 

ability) and it is also capable of producing long amplicons (up to 70 kilo-base-pair (kb)) 6 

(100,101). One of the well-known applications of this enzyme is MDA, which is utilized 7 

in whole genome amplification. However, amplification of MDA is known to be less 8 

efficient in amplifying short templates because short templates have less priming site and 9 

thus, resulting in fewer hyperbranching cycles (94). Circular template, which serves as an 10 

infinite length template, is known to be preferrable for phi29 (96,102,103). Thus, several 11 

other methods generate circular templates to be amplified with phi29, including rolling 12 

circle amplification (RCA) and its variations (25,104–106). Though in general RCA uses 13 

random primer for the amplification, a prior step to create the circular template is usually 14 

target-specific and therefore it lacks the comprehensiveness. For example, one of the 15 

modifications of RCA relies on a splint oligonucleotide whose sequences are 16 

complementary to the 5’- and 3’-end of the target sequence (105,107). On the contrary, 17 

cDNA template for cWTA is generated from random primer and circularization is carried 18 

out using a ligase with known affinity towards ssDNA, allowing cWTA to provide a 19 

comprehensive RNAome amplification. 20 

 Due to the bias towards circular ssDNA template, the cDNA circularization 21 

significantly improved the amplification. The striking difference in the band intensity was 22 

clearly observed from the circular and the linear template. Amplification of phi29 relies 23 

on the generated hyperbranching cycle, and this number is in linear correlation with the 24 

length of the template. Using circular templates, phi29 was able to generate a long-25 

concatemeric DNA which was confirmed from sequencing using the long-read platform. 26 

This long-concatemeric read is likely the key to the improvement, because it can serve as 27 

a template for amplification and generating more hyperbranching cycles. 28 

 An amplification step is often necessary, given that the amount of genomic RNA 29 

or transcripts of pathogens in the sample are limited. These constraints come from the 30 

minimum amount of genetic material that is required for NGS (i.e., 200 ng for Illumina 31 

TruSeq library preparation and 100 to 200 ng for nanopore library prep). Several studies 32 
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using synovial fluids required unbiased amplification (WGA) to obtain sufficient amounts 1 

of DNA for library preparation (108,109). With unbiased amplifications, it is expected 2 

that the amount of genetic material can be increased without affecting the detection. In a 3 

previous study focusing on cerebrospinal fluid, it was reported that reads that come from 4 

pathogens were enriched 1 to 9 times when the sample was amplified with WGA (110). 5 

In this study, such systematic comparison using NGS data was not carried out. However, 6 

when the amplicons were subjected to a qPCR assay, comparison of amplicons produced 7 

from MDA reaction using circular and linear templates showed that amplification using 8 

circularized template resulted in nearly 32 times more amplicons compared to the result 9 

from linear template. This observation is true at least for the target region of the qPCR 10 

assay (the 260 bp region in the NS5 gene) and this observation is less likely to be the 11 

result of amplification bias since the bias was observed to be more prominent at the 5’-12 

end of the viral genome. Taken altogether, it can be concluded that circularization of 13 

template cDNA improved MDA. 14 

 There are some limitations of this study. Firstly, random amplification can 15 

potentially introduce bias, which was not systematically assessed in this study. Several 16 

studies have reported amplification bias of MDA on the viral composition, with the most 17 

notable report being the bias towards circular ssDNA virus (96). Additionally, this study 18 

did not compare the bias with other random amplification methods (such as random 19 

primer amplification, modified SISPA, or MALBAC). Yet, a bias towards the 5’-end of 20 

the viral genome was observed in CHIKV and DENV1 samples. It is hypothesized that 21 

given the unique structure of CHIKV and DENV1 genome which has a cap at the 5’-end, 22 

the region closer to the cap might be more resistant to degradation, resulting in enrichment 23 

of region in the virus genome close to the 5’-end. A second hypothesis is that phi29 might 24 

have bias towards different template length. Evaluation on the effect of template lengths 25 

(range: 68 to 95 nucleotides (nt)) on RCA, showed a template dependent bias with a 26 

sinusoidal pattern (111). When an RT primer anneals to a location close to the 5’-end of 27 

RNA, the synthesized cDNA will have a shorter length. Yet, the correlation of template 28 

length (above 100 nt) and efficiency of phi29 amplification is currently unknown; thus, it 29 

is possible that the template length can affect the efficiency of cWTA. Given the current 30 

findings, a future study that includes a systematic evaluation (using NGS) of the amplicon 31 
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resulted from linear and circular template, while employing different types of viruses will 1 

help elucidate potential biases.  2 

Another limitation is that most of the reads were dropped during host sequence 3 

decontamination. This is a common finding in metagenomic sequencing, and a host 4 

decontamination step will benefit the workflow. Though serum samples are known to 5 

have less genetic material, cell free DNA and RNA (cfDNA and cfRNA) that originate 6 

from the host (or pathogens) can be found. From the experiment using serially diluted 7 

spiked samples, amplification was observed even at lower concentrations of spiked virus. 8 

This amplicons are likely to originate from the host’s cfDNA or cfRNA. Several pathogen 9 

detection methods targeting these cell-free nucleic acid have been described before (112–10 

115). These cfDNA and cfRNA are usually highly fragmented but still be amplified 11 

because phi29 is shown to amplify circular templates with only 43 bp long (25). Yet, 12 

despite this limitation, analysis of cWTA amplicons with NGS was able to detect the virus 13 

in the clinical sample. 14 

This chapter established cWTA as a non-specific amplification which can be 15 

analyzed with NGS. Indeed, pathogen sequences were able to be detected from clinical 16 

samples collected in Bangladesh and Brazil. Additionally, the reads obtained from at least 17 

two samples from Brazil was enough to cover almost the entire genome of CHIKV (depth 18 

range from 2× to 363x for Fiocruz01). Additional downstream analysis to uncover 19 

additional information about the pathogen can be carried out when enough reads can be 20 

obtained. For example, the similarity in coverage of CHIKV alignments from Fiocruz01 21 

and Fiocruz02 suggests that the reads in Fiocruz02 might come from contamination 22 

during sample preparation or a result from barcode crosstalk from Fiocruz01. However, 23 

analysis of the variants between the two samples suggests that the reads come from two 24 

different viruses. Given that the nanopore sequencer is portable, stand-alone, and has low 25 

implementation costs, the application of cWTA and nanopore sequencer is promising for 26 

detection of pathogens in field settings or local clinics with limited resources. At last, 27 

implementation of cWTA-nanopore sequencing system can assist rural clinics in 28 

detection and also obtaining genetic information from pathogens with high potential 29 

threat. 30 

  31 
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Table 2.1 Comparison of Ct value obtained from subjecting cWTA amplicon to a RT-1 

qPCR assay targeting NS5 region of flavivirus. RNA extracted from FBS spiked with 105 2 

PFU/mL of DENV1 was subjected to reverse transcription then amplification with phi29. 3 

The cWTA reactions were carried out using either circularized or linear cDNA and either 4 

with or without amplification with phi29.   5 

CircLigase II phi29 
Ct value 

Mean 
rep1 rep2 

+ + 32.22 31.8 32.01 
+ - ND ND ND 
- + 37.01 36.95 36.98 
- - ND ND ND 

Ct, cycle threshold; ND, not detected; rep, technical replicates. 6 
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Table 2.2 Sequencing statistics and viral reads detected from the spiked and clinical samples using nanopore sequencing. 

Sample 
Number 
of raw 
reads 

Reads mapped to host (%) Unmapped reads (%) 

D
E

N
V

1 

D
E

N
V

2 

C
H

IK
V

 

O
th

er
 

vi
ru

se
s 

Spiked sample DENV1 105 96,502 45,309 (46.95) 51,193 (53.05) 35 0 0 0 
DENV1 104 62,893 46,859 (74.51) 16,034 (25.49) 8 0 0 0 
DENV1 103 91,183 68,702 (75.35) 22,481 (24.65) 1 0 0 0 
DENV1 102 101,591 78,776 (77.54) 22,815 (22.46) 0 0 0 0 
DENV2 104 75,906 34,125 (44.96) 41,781 (55.04) 0 36 0 0 
DENV2 103 47,000 36,622 (77.92) 10,378 (22.08) 0 1 0 0 
DENV2 102 80,900 63,060 (77.95) 17,840 (22.05) 0 0 0 0 

Clinical sample Bangladesh01 18,539 16,596 (89.52) 1,943 (10.48) 0 3 0 0 
Bangladesh02 6,789 6,048 (89.09) 741 (10.91) 0 3 0 0 

Fiocruz01 11,068 8,854 (80.00) 2,214 (20.00) 0 0 1,576 0 
Fiocruz02 9,868 8,930 (90.49) 938 (9.51) 0 0 417 0 
Fiocruz03 10,148 9,372 (92.35) 776 (7.65) 0 0 1 0 
Fiocruz04 11,897 10,983 (92.32) 914 (7.68) 0 0 4 0 
Fiocruz05 7,266 6,955 (95.72) 311 (4.28) 0 0 15 0 
Fiocruz06 11,190 10,715 (95.76) 475 (4.24) 0 0 43 0 

DENV, dengue virus; CHIKV, chikungunya virus.



70 
 

 

Figure 2.1 Diagram showing the concept of circular whole transcriptome amplification. 

Complementary DNA was synthesized using random 9-mer primer with 5’-phosphate 

modification. The resulted cDNA then circularized, before being amplified with random 

6-mer primer and ph29 polymerase. 
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Figure 2.2 Schematic diagram of bioinformatic analysis. Raw sequence data were 

basecalled using Guppy or Albacore (depends on the kit version). The data were then 

decontaminated from host sequence by aligning it to the host genome. The identification 

of virus is based on two steps BLAST search as described previously (82). 
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Figure 2.3 Amplification of total RNA with cWTA. A) The scheme of the experiment. 

Total RNA extracted from approximately 106 HFF cells were subjected to cWTA. B)  Gel 

electrophoresis result showing amplicons can be observed up to 10 pg (lane 5) when the 

template is circularized, but no observable bands when the template is linear (lane 7). 

Lane 1, 1 kb marker; lanes 2 to 6, amplicons from reactions containing 10 ng, 1 ng, 100 

pg, 10 pg, and 1 pg total RNA; lane 7, reaction containing 10 ng without circularization. 
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Figure 2.4 Amplification of total RNA with cWTA. A) The scheme of the experiment. 

Viral RNA were extracted from a spiked FBS sample containing 105 PFU/mL of DENV1. 

B)  Gel electrophoresis result showing amplicons when the template is circularized, but 

no observable bands when the template is linear. Lane 1, 100 bp marker; lane 2, stock 

circularized cDNA; lane 3, stock linear cDNA; lane 4, circularized template amplified 

with phi29; lane 5, circularized template without amplification; lane 6, linear template 

amplified with phi29; line 7, linear template without amplification.
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Figure 2.5 Visualizations of cWTA amplicon. A) Amplification of RNA in the spiked samples. Amplification was observed in FBS spiked 

with DENV1 and DENV2 virions. Lane 1, 100 bp marker; lanes 2 to 4, 105 to 103 PFU/mL DENV1; lanes 5 to 7, 104 to 102 pfu/mL DENV2. 

B)  Visualization of the alignment result of one read obtained from nanopore sequencing showing that the 6 kbp read consists of an 

approximately 300 bp tandem repeat. The trapezoids represent projection of the subject onto the query. The color represents the quality of 

alignment, with darker shade meaning stronger alignment (based on e-value and bit-score). 
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Figure 2.6 Depth and coverage obtained from mapping viral reads obtained from nanopore sequencing to its respective viral reference 

genome. The y axis denotes the coverage depth, and the x axis denotes the genome position. The accession numbers for the reference genomes 

were NC_001477 (DENV1), and NC_004162 (CHIKV). 
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Figure 2.7 Number of shared and unique SNPs between sequences mapped to CHIKV 

detected in Fiocruz01 and Fiocruz02. CHIKV reads were extracted and aligned to the 

reference genome using Minimap2. The variant calling was performed using LoFreq.         
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Chapter Three 

High Throughput and Comprehensive Virus Identification with 

Metagenomic Next Generation Sequencing Enhanced by A Group Testing 

Algorithm (mEGA) 
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3.1 Summary 

A single test that can detect multiple pathogens is an ultimate approach for diagnosing 

infectious diseases. A hypothesis free mNGS, can serve as a comprehensive detection 

system. However, it is constrained by a complicated library construction as it is often 

costly and complicated. Furthermore, to increase the sample throughput and to further 

reduce the cost per sample, a combination of cWTA, Illumina sequencer, and group 

testing algorithm were employed to detect viral pathogens in 44 serum samples obtained 

in Vietnam, which included one sample known to be positive for DENV1 as a positive 

control. Combination of mNGS and cWTA were termed mNGS enhanced by a group 

testing algorithm (mEGA). Due to the large number of samples being pooled together, 

Illumina sequencer which can generate more reads was used. Utilizing a group testing 

algorithm, the number of sequencing libraries needed to be constructed were reduced to 

11 libraries, while retaining the sample information. The origin of viral reads detected in 

the pools were able to be traced back to each sample, which were validated using 

pathogen-specific test. From these 43 samples (one sample is positive control), DENV2, 

hepatitis B virus (HBV), and human parvovirus B19, were able to be detected without 

prior knowledge.  
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3.2 Introduction 

The application of mNGS has been shown to be useful for identifying pathogens in 

clinical settings. Many studies have been conducted with various findings. Several studies 

have reported that mNGS was able to detect more positive samples when compared to the 

traditional method under certain situations (116,117). Studies comparing mNGS to 

conventional testing reported various sensitivity and specificity, ranging from 55% to 

98% and  63% to 98%, respectively (41). Interestingly, one study explores utilization of 

nanopore sequencer to provide rapid mNGS diagnosis for upper respiratory infection with 

turnaround time of only six hours, much faster than the culture method (34). These reports 

showed that mNGS has potential as a complementary of the conventional method, or even 

replacing the conventional method. However, one of the major bottlenecks in application 

of mNGS is the library preparation. The library preparation usually consisted of multiple 

steps that require significant cost and labour. 

 Group testing algorithms can be a solution to overcome this bottleneck. At the 

core, group testing is how samples can be pooled to minimize the number of tests required 

to screen a population. In general, there are two main approaches for group testing: 

hierarchical and combinatorial (non-hierarchical) (Fig. 3.1). The first mention of group 

testing was a hierarchical approach proposed by Dorfman in 1943 to conduct a large 

screening of a sexually transmitted disease (118). He proposed that instead of testing each 

person, the sample can be pooled and only people in the positive pool will be tested 

individually. This approach would later be known as hierarchical group testing algorithm. 

On the other hand, in non-hierarchical or combinatorial group testing, a sample is tested 

several times in pools consisting of different samples (119). Despite the mixing, 

combinatorial group testing preserves the sample identification and makes it possible for 

the positive result to be traced back to its individual sample. 

In the dawn of COVID-19 pandemic, several approaches have been made to make 

the most out of the limited testing resource using a group testing algorithm. One of the 

approaches is the hypercube algorithm, a form of combinatorial group testing in which 3n  

samples can be pooled so that only 3n tests are needed (120). Application of this algorithm 

was successfully applied in COVID-19 screening in 81 samples at once using 12 tests 

(121). The current application of group testing is limited to certain tests targeting a 
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specific pathogen. It would be interesting to combine group testing with a broad range 

mNGS platform.  

Thus, in this chapter the performance of a comprehensive NAT in combination 

with a combinatorial group testing algorithm has been validated, which was termed 

mEGA. This method enabled the number of mNGS libraries of 2n samples to be 

significantly compressed to just 2n libraries, while preserving the broad pathogen 

coverage. 

 

3.3 Material and Methods 

3.3.1 Clinical samples, pooling, and sequencing 

A total of 44 serum samples collected from patients in Nam Dinh Province, Vietnam, 

from May 2017 to May 2019, were used to validate mEGA. These serum samples were 

stored at −80C prior to RNA extraction and they were also screened for dengue virus 

with NS1 ELISA antigen test (Inbios). Extraction of RNA was carried out using QIAamp 

Viral RNA Mini kit (Qiagen) according to the manufacturer’s instructions. Samples were 

subjected to cWTA and later sequenced on an Illumina sequencer. One sample positive 

for DENV1 confirmed by RT-qPCR (CDC DENV-1-4 Real-Time RT-PCR Multiplex 

Assay) was included as a positive control.  Serum samples were collected and stored at 

NIHE, Hanoi, Vietnam. Ethical approvals were obtained from NIHE (351/QD-VSDTTU) 

and Hokkaido University (Jinjyu30-1). 

 The extracted RNA from all the 44 samples were subjected to cWTA as described 

in section 2.4.1. The amplicons from each sample were then pooled into 11 pools, 

encoded by number (1 to 5) and letter (a, b, or c). The details of the pools can be found 

in Table 3.1. In brief, amplicons from a sample was pooled in five different pools. The 

combination of these 5 pools was unique to each sample and thus, allowed for the sample 

ID to be traced back. Prior to pooling, a 500 ng of cWTA product from each sample was 

diluted with nuclease-free water to a final volume of 10 µL. Then, 1.5 µL from each 

diluted sample were added to five different pools as assigned from the table. From each 

pool, 200 ng of DNA were used to construct the sequencing library. Sequencing libraries 

were prepared with TruSeq Nano DNA Library prep (Illumina) according to the 

manufacturer’s instructions. Libraries were then quantified with a fluorometer, and the 

quality was assessed with Bioanalyzer (Agilent). The concentration of the libraries was 



81 

adjusted to a final concentration of 4 nM. Sequencing was performed using the Illumina 

MiSeq to generate 2 × 150 bp, paired end reads. 

 

3.3.2 Bioinformatic pipeline 

Essentially, the pipeline is similar to the pipeline explained in section 2.3.4 but tailored 

for a short-read platform. Adapter sequences were r-moved, and the quality filter of bases 

was carried out with Cutadapt version 2.10 (122).  Reads passing filters were then 

processed with Trimmomatic version 0.3.9 (123) for second adapter removal and quality 

filtering. The parameters set for Trimmomatic were as follows: leading 3, trailing 3, 

sliding window [4, 15], and minimal length 36. Surviving sequences were then filtered 

for low-complexity sequencing with Komplexity (124) version 0.3.6 (the complexity 

score threshold set to 0.55). Filtered reads were then mapped against the human sequence 

(GCF_000001405.39) using Bowtie2 (125) version 2.2.4. Unmapped reads were 

extracted using SAMtools (98) using the following flags: -f 12 -F 256. Decontaminated 

reads were then subjected to three pipelines for detection of viral reads. First tool is a two-

step alignment search with BLAST (as described in section 2.3.4). In short, the unmapped 

reads were subjected to BLAST using a custom viral database (83). The word size 

parameter was set to 11.  Based on the result of the first BLAST, the sequences aligned 

to the database with e-value less than 1.0e-10 were extracted and subjected to the second 

BLAST search which used a database comprised of the viral sequences, human genome, 

and representative prokaryotic genomes. The sequences were assigned to the top-hit 

feature based on the bit-score. If a read has multiple hits, with identical bit-score value, 

the read will not be counted. Additionally, because the sequencer generated a paired end 

read, if the hit with the highest bit-score for R1 is not the same as the hit with the highest 

score for R2, then the read will not be counted. The schematic diagram of the pipeline 

and result counting can be seen in Fig. 3.2. As a comparison, the reads were also subjected 

to two other pipelines. First comparison tool is DAMIAN (Detection & Analysis of viral 

and Microbial Infectious Agents by NGS) (126). This tool performed de novo assembly 

(using IDBA-UD) from the decontaminated reads, to obtain a longer contig, which will 

give higher specificity in the alignment search with MEGABLAST. The third tool is 

VIRTUS (VIRal Transcript Usage Sensor), which is made specifically for analysing 

transcriptomic data (127). While the two other pipelines used BLAST for similarity 
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search, VIRTUS aligns the host-decontaminated reads to a database of virus using STAR. 

The mapped reads were then counted. 

 

3.3.3 Cross validation 

To increase the confidence of the findings (with mEGA being an unbiased approach), 

subsequent pathogen specific PCR must be carried out to validate the findings. The list 

of primers used for cross validation can be found in Table 3.2 (128–133). Each 10 µL 

reaction consisted of 1 µL template, 2 µL Taq Buffer, 0.8 µL deoxynucleotide 

triphosphates (5 mM each), 0.05 µL ExTaq Hot Start polymerase (TaKaRa), and 200 to 

500 nM of each primer (forward and reverse). The cDNA synthesized from extracted 

RNA (linear) was used as the template, except for probable human immunodefiency virus 

1 (HIV-1) samples, in which the cWTA product was used due to limited amount of the 

remaining cDNA.  Cycling conditions for each PCR can be found in Table 3.2. For semi 

nested or nested PCR, the template for the second PCR was 100 times diluted product of 

the first PCR. As much as 1 µL PCR products were visualized with gel electrophoresis 

on 1.5% agarose gels. Furthermore, all PCR amplicons were cloned into the pGEM-T 

vector (Promega) and transformed into Escherichia coli D5Hα. The amplicons were 

cloned to the plasmids due to some amplicons being too short to be sequenced using 

Sanger sequencing. The cloned plasmids were then subjected to PCR with the SP6 and 

T7 primers. The amplicons were then processed for Sanger sequencing. 
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3.4 Results 

3.4.1 Sequencing statistics 

Combination of cWTA and mEGA was performed on a set of serum samples collected in 

Vietnam. The group testing algorithm significantly reduced the number of sequencing 

libraries (from 44 to 11), while preserving the information related to sample number. 

Total raw reads obtained ranged from 2,852,907 to 5,054,500 (median, 4,260,704). On 

average, 16.41% ± 0.5% (mean ± standard deviation) of the raw reads were filtered out 

during the quality control. Up to half of the raw reads (57.97% ± 0.99%) were aligned to 

the human genome and then subsequently filtered out. The remaining reads (25.61% ± 

1.02%) were then subjected to the alignment search with BLAST. The number of reads 

with hits to a certain pathogen can be seen in Table 3.3.  

 

3.4.2 Detection of viral reads 

In general, the BLAST-based pipeline and the two other pipelines detected the same 

viruses (Table 3.4). These viruses are DENV1, DENV2, HBV, human parvovirus B19, 

and HIV-1. However, the comparison pipelines failed to detect certain viruses in certain 

pools. Viruses with limited read were particularly difficult to be detected in DAMIAN 

due to the contig-building step. Indeed, the contig-based approach increases the 

specificity as demonstrated by not detecting human erythrovirus V9 (a closely related 

virus to human parvovirus B19). Meanwhile, VIRTUS and BLAST-based pipeline 

showed an almost identical result, except for HIV-1. The inflated read count in VIRTUS 

is due to the paired reads being counted individually as two reads. While the difference 

in read number is likely due to difference in database used and also difference in the 

algorithm between BLAST search and STAR alignment. Taken altogether, the BLAST-

based pipeline was able to detect more viruses compared to other pipelines. 

Additionally, reads homologous to human erythrovirus V9 and torque teno virus 

(TTV) were detected (Table 3.3). Human erythrovirus V9 and human parvovirus B19 are 

closely related viruses, and it is highly likely that these reads are misassigned reads. To 

investigate it, the read assigned as human erythrovirus V9 (n = 258 reads) was extracted 

and aligned to the reference genome. The result showed that the reads were mapped only 

to a certain part of the genome (Fig. 3.3), suggesting that this result was most probably 

an artifact. Alignment of human erythrovirus V9 genome and genome of several human 
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parvovirus B19 strains shows that these regions are highly similar among the virus and 

thus explained the misassignment. In addition, some reads have BLAST with hits for both 

human parvovirus B19 and human erythrovirus V9 with identical bit-score and e-value 

(n = 1,198 reads, including the 258 reads mentioned above). As it is impossible to tell 

them apart, these reads (total 1198 reads, 0.4% of all detected parvovirus B9 and human 

erythrovirus V9 reads) were filtered out. On the other hand, reads homologous to TTV 

were only detected in less than five pools, not sufficient to trace the sample origin. 

Interestingly, among these three tools, only the BLAST-based pipeline was able 

detect HIV-1 in at least five different pools (enough to track the sample number). 

Alignment to the reference genome showing that the reads were aligned to only a 

particular region, raising the possibility that these reads are an artifact, or a possibility 

that it came from unclassified human endogenous retrovirus (Fig. 3.4). On the contrary, 

at least in pool 2a, HIV-1 can be detected by all pipelines, suggesting that the HIV-1 

sequence does exist among the samples. However, further testing using pathogen-specific 

PCR would be necessary to confirm these findings.  

It is also known that index hopping is a common issue when performing multiplex 

sequencing. Using the same strategy applied in Chapter One and by assuming 0.1% as 

the index hopping rate, it is possible to estimate the possible number of reads caused by 

the index hopping (134,135). Number of reads (µ) that resulted in upper cumulative 

Poisson probability (P(x ≥ µ)) less than 0.01 was determined as the cut-off value. Based 

on this approach, the cut-off value for B19 was 341 reads; then reads in pools 1a, 3a, and 

4a were a possible migration from the other pools (Table 3.5).  

 

3.4.3 Identification of samples from which the viral read originated from. 

By comparing the pool in which a specific virus was detected to the pool where a sample 

was pooled, the origin of the sample can be traced back. For example, a DENV1 positive 

sample was included as a positive control as sample no. 67. This sample was pooled into 

pool 1a, 2a, 3a, 4b, and 5b (Table 3.1, Fig. 3.5). The BLAST result showed that DENV1 

reads were detected in those five pools, and therefore it can be inferred that the DENV1 

reads must have originated from sample no. 67. Using the similar logic, reads homologous 

to DENV2 in pools 1a, 2a, 3a, 4a, and 5b originated from sample no. 8. While reads 

homologous to human parvovirus B19 and hepatitis B virus (HBV) were presumed to 
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originate from samples no. 98 and no. 99, respectively. In case of HIV-1, there are two 

pools with HIV-1 reads in the pool group 5, and thus there are two possible samples (no. 

96 and no. 97) from which the HIV-1 read might have originated. 

Presence of DENV1, DENV2, HBV, and human parvovirus B19 RNA or DNA 

in the cDNA sample were able to be validated using pathogen specific PCR (Fig. 3.6). 

The amplicons were then cloned to a vector, multiplied, then subjected to Sanger 

sequencing. Similarity search of the amplicons sequence returned a hit with more than 

95% to each respective virus target (Table 3.6). For HIV-1, several primer sets were not 

able to yield a positive result. Thus, a specific nested primer set was generated to target 

the location in which the HIV-1 reads were aligned (the primer locations can be seen in 

Fig. 3.7). Additionally, due to the limited amount of the samples, the cWTA amplicon 

was diluted and used as the template. Amplicons were obtained from sample no. 97 but 

not sample no. 96 and when subjected to a BLAST search, the sequence was found to be 

homologous to an HIV-1 group M subtype B isolate, with 92.49% identity.   
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3.5 Discussion 

In this chapter, a combinatorial group testing algorithm was successfully combined with 

mNGS for a broad range of pathogen detection. Unlike the hierarchical group testing 

algorithm, all samples were included in multiple pools (in this case five pools), resulting 

in each sample having distinct combinations of five pools they are in. This information 

was later used to trace the origin of the samples, which is the most promising point of the 

group testing algorithm. Using this combinatorial strategy, 2n samples can be pooled into 

2n libraries. Sequencing of such pooled samples would naturally require a greater depth, 

and thus making nanopore sequencing less useful for this purpose. Instead, for a high 

throughput screening, short-read sequencing (Illumina) was employed. Indeed, 44 

amplicons were able to be pooled into eleven libraries and viral reads were successfully 

obtained.  

 Sequencing of these 11 pooled samples was able to detect the positive control 

(DENV1) and additional three viruses (DENV2, human parvovirus B19, and HBV) 

without prior knowledge. Interestingly, the four viruses pose different genomic 

characteristics (single-stranded RNA, ssDNA, and partially double-stranded DNA) 

suggesting the broad spectrum of this approach. Mapping of other virus reads to the 

reference genome of the corresponding virus resulted in 30.45% to 100% coverage, 

denying presumably artifacts. Reads aligned to human parvovirus B19 were sufficient to 

cover the entire genome. There could be two explanations to this observation. Firstly, it 

is presumed that this observation was due to the high viral load of human parvovirus B19 

in the serum sample, which was supported by a previous report (136). Secondly, it is 

possible that the ssDNA genome of the virus was extracted from intact virion found in 

serum and undergone preferential amplification by phi29. The alignment result showed 

that the reads are mapped across the viral genome, supporting the notion that the reads 

come from genomic DNA. Nevertheless, the amplification and sequencing method 

showed that both RNA and DNA virus can be detected. 

 In contrast, when the reads assigned to HIV-1 were extracted and aligned to the 

reference genome, the reads are aligned around the gag-pol region. It is possible that these 

results could be an artifact. However, a PCR assay targeting this particular region resulted 

in amplicons with 92.5% similarity with an isolate of HIV-1 subtype B. Given the high 

diversity in gag sequence among HIV-1 subtypes (up to 35%) and the diversity within 
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the genome of HIV-1 subtypes (5% to 10%), it is possible that these reads are truly 

coming from HIV-1 (137,138). It can be speculated that the low number of reads might 

be a result from low viral load because of anti-retroviral therapy. Unfortunately, clinical 

history of HIV diagnosis and treatment for this patient is unavailable. 

In a group testing algorithm, the number of samples that can be pooled will have 

a direct consequence on the sensitivity. Simply speaking, pooling a positive sample 

among 20 samples is equal to 20× dilution, at least when using a pathogen-specific test. 

This study did not assess the effect of the pooling on the sensitivity. However, when NGS 

is employed, the problem can potentially be resolved by getting more reads (137).  

Application of short-read NGS sequencer might offer additional benefit by providing 

larger sequencing depth, and thus increase the chance for the viral reads to be detected. 

Group testing algorithm was originally developed for the effective diagnosis for 

syphilitic antigen in 1974 (118). Currently, a derivative of the algorithm was also applied 

for the screening of SARS-CoV-2 (120). A hypercube algorithm that creates 3n pools for 

3n samples instead of making 2n pools for 2n samples was used in this study; however, 

essentially in both approaches the number of libraries grew in a logarithmic fashion (Fig. 

3.8). In contrast, an algorithm that comprehensively identifies multiple pathogens was 

expanded, in which pathogens could be identified without prior knowledge of their origin. 

Therefore, the identification of potential pathogens from patients with FUO in hospital 

settings, retrospective screening of biobank samples for identification of potentially 

zoonotic pathogens, and routine testing of blood transfusions can be optimised. In contrast, 

similar to other group testing algorithms, identification/tracing of the sample becomes 

impossible if the same pathogen reads are detected from more than two additional pools, 

because the number of potentially positive samples will exponentially increase according 

to the number of additional pools. Ideally, when the samples are grouped into two pools 

(i.e., 1a and 1b), the pathogen would be detected only from one of the pools. However, 

when the pathogen reads can be detected from both pools, the number positive samples 

will become two. In short, when pathogen reads can be detected from both pools in a 

column (Table 3.1), the number of possibly positive sample will be two and it will 

increase in an exponential manner for every column containing positive pools. 

Nevertheless, this disadvantage is not critical because the major targets of the method are 

rare, undiagnosed, neglected pathogens. In addition, if enough reads were obtained for 
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pathogens, genomic polymorphism could be employed to discriminate the same 

pathogens originated from different samples. 

This chapter describes mEGA and its validation as an application of the group 

testing algorithm for comprehensive pathogen detection, and to reduce the number of 

sequencing libraries that need to be constructed to successfully identify unknown 

pathogens without prior knowledge. In the previous chapter, it has been discussed that 

given the affordability and portability of the nanopore sequencer and the isothermal 

nature of cWTA, the workflow is feasible for more peripheral laboratories with limited 

settings. In contrast, application of mEGA using the Illumina platform will improve the 

scalability, making it more suitable for large-scale screening. Lastly, although this study 

has only focused on viruses, it is theoretically possible for this pipeline to provide a broad 

range pathogen detection, including protozoa, fungi, and bacteria. Taken together, this 

approach and workflow may provide one of the better practices in NAT for a 

comprehensive approach for pathogen identification. 
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Table 3.1 List of samples and their respective pools. Each sample is added into five 

different pools denote by the pool in each row. 

Sample 
no 

Pools 
 

Sample 
no 

Pools 

5 1a 2a 3a 4a 5a  89 1b 2a 3a 4a 5a 
8 1a 2a 3a 4a 5b  90 1b 2a 3a 4a 5b 
16 1a 2a 3a 4a 5c  91 1b 2a 3a 4a 5c 
36 1a 2a 3a 4b 5a  92 1b 2a 3a 4b 5a 
67 1a 2a 3a 4b 5b  93 1b 2a 3a 4b 5b 
72 1a 2a 3a 4b 5c  94 1b 2a 3a 4b 5c 
73 1a 2a 3b 4a 5a  95 1b 2a 3b 4a 5a 
74 1a 2a 3b 4a 5b  96 1b 2a 3b 4a 5b 
75 1a 2a 3b 4a 5c  97 1b 2a 3b 4a 5c 
76 1a 2a 3b 4b 5a  98 1b 2a 3b 4b 5a 
77 1a 2a 3b 4b 5b  99 1b 2a 3b 4b 5b 
78 1a 2b 3a 4a 5a  100 1b 2b 3a 4a 5a 
79 1a 2b 3a 4a 5b  101 1b 2b 3a 4a 5b 
80 1a 2b 3a 4a 5c  102 1b 2b 3a 4a 5c 
81 1a 2b 3a 4b 5a  103 1b 2b 3a 4b 5a 
82 1a 2b 3a 4b 5b  104 1b 2b 3a 4b 5b 
83 1a 2b 3a 4b 5c  105 1b 2b 3a 4b 5c 
84 1a 2b 3b 4a 5a  106 1b 2b 3b 4a 5a 
85 1a 2b 3b 4a 5b  107 1b 2b 3b 4a 5b 
86 1a 2b 3b 4a 5c  108 1b 2b 3b 4a 5c 
87 1a 2b 3b 4b 5a  109 1b 2b 3b 4b 5a 
88 1a 2b 3b 4b 5b  110 1b 2b 3b 4b 5b 
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Table 3.2 List of primers used for cross validation and their PCR condition. 

Target 
pathogen 

Name Sequences (5' - 3')  Cycling condition 
Reference 

B19 
e1905f TGCAGATGCCCTCCACCCA 

45 cycles of 95oC for 30 seconds, 60oC for 1 minute. (128) 
e1987r GCTGCTTTCACTGAGTTCTTC 

HBV 
SP1s GCTCCGACTATTGCCTCTCTCACA 

45 cycles of 95oC for 30 seconds, 60oC for 1 minute. (129) 
SP1a TGTAACACGAGAAGGGGTCCTAGGA 

DENV  

D1 TCAATATGCTGAAACGCGCGAGAAACCG 1st PCR (primer D1 and D2): 40 cycles of 94oC for 30 
seconds, 55oC for 1 minute, 72oC for 2 minutes. 2nd 
PCR (primer D1 and TS1/TS2): 20-25 cycles f 94oC 
for 30 seconds, 55oC for 1 minute, 72oC for 2 minutes. 

(130) 
D2 TTGCACCAACAGTCAATGTCTTCAGGTTC 
TS1 CGTCTCAGTGATCCGGGGG 
TS2 CGCCACAAGGGCCATGAACAG 

HIV-1  

6F-HIV CATGTTTTCAGCATTATCAGAAGGA 
45 cycles of 95oC for 30 seconds, 60oC for 1 minute. (131) 

84R-HIV TGCTTGATGTCCCCCCACT 
HIV-intF CCCTACAATCCCCAAAGTCA 35 cycles of 95oC for 30 seconds, 55oC for 30, 72oC 

for 30 seconds. 
(132) 

HIV-intR CTTGCCACACAATCATCACC 
SK39 TTTGGTCCTTGTCTTATGTCCAGAATGC 1st PCR (SK39 and SK145): 45 cycles of 95oC for 30 

seconds, 60oC for 1 minute. 2nd PCR (SK39 and 
SK101): 25 cycles of 95oC for 30 seconds, 60oC for 1 
minute. 

(133) SK101 GCTATGTCAGTTCCCCTTGGTTCTC 
SK145 AGTGGGGGGACATCAAGCAGCCATGCAA

AT 
HIV1-outer-F AGGGCTGTTGGAAATGTGGA 

1st PCR (outer primer): 45 cycles of 95oC for 30 
seconds, 60oC for 1 minute. 2nd PCR (inner primer): 
25 cycles of 95oC for 30 seconds, 60oC for 1 minute. 

This study 
HIV1-outer-R ACGTTGACAGGTGTAGGTCC 
HIV1-inner-F TGGAAATGTGGAAAGGAAGG 
HIV1-inner-R GCCAAAGAGTGATTTGAGGGC 

B19, human parvovirus 19; HBV, hepatitis B virus; DENV, dengue virus; HIV, human immunodeficiency virus. 
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Table 3.3 Total raw reads obtained from sequencing, reads dropped during downstream analysis, viral reads, and confirmation PCR results 

of Vietnam samples using cWTA and mEGA. 

Pool Raw reads 
Reads dropped from 

QC (%) 
Reads mapped to host 

(%) 
Unmapped reads (%) 

Reads 

D
E

N
V

1 

D
E

N
V

2 

B
19

 

H
IV

-1
 

H
B

V
 

T
T

V
8 

T
T

V
24

 

V
9 

1a 3,548,149 594,485 (16.75) 2,025,030 (57.07) 928,634 (26.17) 9 84 4 0 0 0 0 0 
1b 4,776,701 780,689 (16.34) 2,815,856 (58.95) 1,180,156 (24.71) 0 0 47,820 2 3 0 1 0 
2a 2,852,907 471,288 (16.52) 1,632,297 (57.22) 749,322 (26.27) 5 101 34,861 8 5 0 1 0 
2b 3,960,684 639,447 (16.14) 2,348,298 (59.29) 972,939 (24.56) 0 0 0 0 0 1 0 0 
3a 3,616,010 600,703 (16.61) 2,055,922 (56.86) 959,385 (26.53) 10 37 5 0 0 0 0 0 
3b 5,054,500 859,593 (17.01) 2,919,607 (57.76) 1,275,300 (25.23) 0 0 73,521 12 3 0 0 1 
4a 4,861,811 839,593 (17.27) 2,785,501 (57.29) 1,236,717 (25.44) 0 137 31 4 0 0 0 0 
4b 4,664,334 737,011 (15.80) 2,731,045 (58.55) 1,196,278 (25.65) 22 0 46,792 0 1 0 0 0 
5a 4,782,575 768,445 (16.07) 2,682,222 (56.08) 1,331,908 (27.85) 0 0 96,198 0 0 0 0 1 
5b 3,964,608 618,340 (15.60) 2,367,500 (59.72) 978,768 (24.69) 9 134 0 1 2 0 0 0 
5c 4,260,704 697,628 (16.37) 2,510,115 (58.91) 1,052,961 (24.71) 0 0 0 9 0 0 0 0 

Sample no            67 8 98 96/97 99  UD UD  UD 
Confirmation PCR  + + + - +  NT  NT NT 
Serum Samples from fever patients (n = 43) and one sample positive for DENV, were subjected to cWTA and then sequenced on Illumina platform. 
The bottom row shows the sample number and result of the confirmation PCR.  DENV, dengue virus; B19, human parvovirus 19; HIV, human 
immunodeficiency virus; HBV, hepatitis B virus; TTV, torque teno virus; V9, human erythrovirus V9; UD, undetermined; NT, not tested. 
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Table 3.4 Comparison of result using three different identification pipelines. 

Pool 

BLAST VIRTUS (Reads) DAMIAN 

D
E

N
V

1 

D
E

N
V

2 

V
9 

B
19 

H
IV

-1 

H
B

V
 

D
E

N
V

1 

D
E

N
V

2 

V
9 

B
19 

H
IV

-1 

H
B

V
 

D
E

N
V

1 

D
E

N
V

2 

V
9 

B
19 

H
IV

-1 

H
B

V
 

1a 9 84 0 4 0 0 1 14 0 6 0 0 - + - - - - 

1b 0 0 0 47,820 2 3 0 0 34 85,749 0 4 - - - + - - 

2a 5 101 0 34,861 8 5 2 28 34 62,342 2 2 - + - + + + 

2b 0 0 0 0 0 0 0 0 0 0 0 0 - - - - - - 

3a 10 37 0 5 0 0 2 10 0 9 0 0 - + - - - - 

3b 0 0 1 73,521 12 3 0 0 66 131,363 6 4 - - - + - - 

4a 0 137 0 31 4 0 0 30   50 0 0 - + - + - - 

4b 22 0 0 46,792 0 1 10 0 32 83,860 0 2 - - - + - - 

5a 0 0 1 96,198 0 0 0 0 98 175,590 0 0 - - - + - - 

5b 9 134 0 0 1 2 4 32 0 0 0 4 - + - - - - 

5c 0 0 0 0 9 0 0 0 0 0 4 0 - - - - - - 

For BLAST-based method and VIRTUS, number denotes number of reads assigned to a particular virus. For DAMIAN, +/- denotes the assembled contig. 
Cell highlighted in green are in agreements with the BLAST-based method, while cells highlighted in red are in disagreements. DENV; Dengue virus V9; 
human erythrovirus V9, B19; human parvovirus B19, HIV; Human immunodeficiency Virus, HBV; Hepatitis B virus; DAMIAN, Detection & Analysis 
of viral and Microbial Infectious Agents by NGS; VIRTUS, VIRal Transcript Usage Sensor.  
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Table 3.5 Sequencing reads from the pooled experiment aligned to parvovirus B19 and 

the subsequent threshold calculation. 

Pool B19 reads 

 
1a 4  

1b 47,820  

2a 34,861  

2b 0  

3a 5  

3b 73,521  

4a 31  

4b 46,792  

5a 96,198  

5b 0  

5c 0  

Total viral read 299,232  

Index hopping rate (%) 0.1  

λ* 299.232  

positive threshold (≥) 341  
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Table 3.6 Result of BLAST search of the amplified fragment from each virus. 

Query Accession Subject 
Perc. 
Ident. 

Length 
E-

value 
Bit-score 

B19 MK097259.1 

Primate erythroparvovirus 1 
isolate B19V_CbaAR_2017.16 
nonstructural protein 1 gene, 
partial cds 

100 103 
5.00e-

45 
191 

DENV2 AY079174.1 
Dengue virus type 2 Sullana-
Peru 6682-01 capsid protein 
gene, partial cds 

98.32 119 
2.00e-

50 
209 

DENV1 KX595191.1 
Dengue virus 1 strain 
Hue265/2013, complete 
genome 

98.93 468 0 837 

HBV MH925939.1 
Hepatitis B virus isolate 
TG_62 large S protein (S) 
gene, partial cds 

97.27 110 
7.00e-

44 
187 

HIV-1 JF683794.1 
HIV-1 isolate CY251 from 
Cyprus, partial genome 

92.49 213 4e-79 305 
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Figure 3.1 Illustration of two different group testing algorithm. A) In hierarchical group 

testing, samples from a group were pooled then tested. When a pathogen is detected from 

a pool, then the samples that were pooled in that pool will be tested individually to find 

the positive sample. B) In combinatorial group testing, a sample will be pooled in several 

pools and then tested in parallel. The positive sample then can be inferred based on the 

positive pools.  
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Figure 3.2 Schematic diagram showing the bioinformatic pipeline and how the reads 

were counted.
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Figure 3.3 Alignment of reads assigned to human erythrovirus V9 showed that those reads are mapped in certain genomic region, which is 

highly similar to other parvoviruses. 
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Figure 3.4 Mapping of viral reads obtained from Illumina sequencing to the respective viral reference genome. The accession numbers for 

the reference genomes were NC_001477 (DENV1), NC_001474 (DENV2), NC_000883 (human parvovirus B19), NC_003977 (HBV), and 

NC_001802 (HIV-1). DENV, dengue virus; B19, human parvovirus B19; HBV, hepatitis B virus; HIV, human immunodeficiency virus. 
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Figure 3.5 Summary of mEGA result and how the sample identity was recovered. When viral reads can be detected from five different pools, 

into which a sample was pooled (see Table 3.1), then it can be assumed that the viral reads must have originated from that sample. Pools 

where the viral reads were detected are shaded in red, while sample that were pooled into those pools are outlined in red. 
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Figure 3.6 Visualization of the amplicons obtained from pathogen specific PCR. For DENV, human parvovirus B19, and HBV, the cDNA 

synthesized from the extracted RNA were used as the template for the pathogen specific PCR. While for HIV-1, due to limitation of sample 

amount, diluted cWTA amplicons were used as template for PCR (using a newly designed primer).  

DENV, dengue virus; B19, human parvovirus B19; HBV, hepatitis B virus; HIV, human immunodeficiency virus.  
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Figure 3.7 Alignment result and location of each primer targeting HIV-1 used in this study. The top part shows HIV-1 genome and its 

ORFs, the bottom part shows where the reads homologous to HIV-1 (obtained from mEGA) were aligned in the reference genome. The 

locations of the sequence targeting by each primer are denoted using colored bar and number in the top image. Amplicons were obtained 

when using the newly designed primer (primer number 4; the target location is marked with green bar) (Fig. 3.6E). This amplicon was then 

subjected to sequencing. Primer sequences are listed in Table 3.2.
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Figure 3.8 Figure depicting the number of libraries (y axis) that need to be 

reconstructed for n number of samples (x axis) when using mEGA (2n libraries for 2n 

samples). 
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General Conclusion 

 

Determining the etiological pathogen behind a febrile illness can be a challenging task. 

The numerous possible etiologies in combination with non-specific clinical presentation 

are the main reasons. The current hypothesis-based approach relies on medical 

practitioner’s expertise to determine the most possible pathogens that need further testing. 

Unfortunately, though this approach is beneficial for common pathogens, this approach 

risks missing less common pathogens. As a result, a considerable portion of febrile illness 

remains to be diagnosed. While it is possible that those cases arise from non-infectious 

aetiology, it is also possible that the infection is missed from the initial workup. Thus, an 

unbiased approach would be beneficial for febrile illness. Metagenomic NGS has gained 

popularity for clinical usage in recent years, though the usage is currently limited as a 

complementary to the conventional practice or only in certain cases of infections where 

the diagnosis is difficult. Additionally, previous works shows that mNGS were able to 

detect more pathogens compared to those of conventional approaches further cementing 

mNGS as a promising candidate for pathogen diagnostics in the coming years.  

The technological development in the NGS field has also boosted the application 

of mNGS. While the conventional, high-throughput, high-accuracy short-read sequencing 

(Ilumina) remains to be the standard practice, the portable, long-read sequencer 

(nanopore) has gained more grounds in resource limited settings. The accuracy boost in 

sequencing accuracy received by nanopore sequencer recently will make the platform 

even more reliable for usage in remote laboratories. Though there are limitations on the 

application of NGS on standard practice, this study explores two main limitations for 

large scale application of NGS; one being cost and the other being complicated and time-

consuming library preparation. Through this study, several alternative ways in creating 

sequencing libraries were explored, including multiplexing samples to reduce the number 

of libraries that need to be constructed, while preserving the comprehensiveness of mNGS. 

In Chapter One a foundation for comprehensive NGS detection was laid out by 

establishing a semi-comprehensive platform for universal detection of a virus family. This 

chapter focuses on flaviviruses, a notoriously known cause of febrile illness. The 

universal identification of the flavivirus was achieved by amplifying a conserved region 

in the NS5 gene of flaviviruses. In a sense, this approach is similar to targeted mNGS 
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which usage lacks in viruses due to their genetic diversity. Indeed, through a targeted 

sequencing approach, various flavivirus were detected either from spiked samples or from 

clinical samples. Additionally, sample throughput per sequencing run was improved 

through a dual indexing system. The portability of nanopore sequencing in combination 

with sample multiplexing to reduce cost per sequencing run, it is expected that the system 

can be used for middle to large scale screening or diagnosis in resource-limited settings. 

Having established a semi-comprehensive detection system using targeted 

sequencing approaches, the target was then shifted towards establishing an unbiased viral 

detection workflow. In Chapter Two, a comprehensive RNAome amplification was 

developed and validated. To achieve an unbiased detection, the focus was set to RNAome 

assuming that it can capture the genome of RNA virus and the viral transcripts, which 

include DNA viruses. In short, the method relies on circularization of the cDNA template 

prior to amplification with phi29. It is shown that the circularization significantly 

improves the amplification and that viral sequences were able to be detected using NGS. 

From two sets of clinical samples, DENV2 and CHIKV were successfully detected from 

the clinical sample. The portability of nanopore sequence and relatively easy cWTA will 

be a useful application in peripheral laboratories to gain genetic insight from an infectious 

agent.  

In Chapter Three, mNGS was used to provide an unbiased screening platform for 

viral pathogens. As library preparation remains costly, time consuming, and complicated, 

sequencing large sample numbers can be burdensome. To overcome this issue, a pooling 

method known as group testing algorithm was employed together with cWTA. To achieve 

high sample throughput screening, the short-read platform was used to generate a larger 

sequencing depth. In theory, the combinatorial group testing approach can reduce the 

number of libraries for 2n samples to 2n libraries with the sample information preserved. 

This approach was validated on a set of 44 clinical serum samples originated from patients 

with fever, which were pooled into 11 libraries. Indeed, virus sequences (DENV2, HBV, 

human parvovirus B19) were detected from those samples. Compared to the approach in 

Chapter Two, this approach will be more applicable in central laboratories for it requires 

a deep sequencing. 

Overall, these studies have shown that mNGS can be utilized for large-scale and 

broad-range detection of viral pathogens. These studies have also shown that mNGS can 
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serve as a powerful tool for a hypothesis-free approach and that both short-read or long-

read NGS can be used for high-throughput screening, depending on the capacity of the 

laboratory. 
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Japanese Abstract (和文要旨) 
 

感染による発熱性疾患は、臨床症状が非特異的である場合が多く、また、病因

となりうる病原体も多岐にわたることから、その原因特定は容易ではない。従

って多くの場合、医療従事者の専門知識や経験に依存して、数種類の最も蓋然

性の高い病原体に限定した検査が行われているのが実情である。この方法は感

染者数の多い主要な病原体に対しては有効だが、そうではない病原体を見逃し

てしまう危険性がある。それらは、個々の患者数が少ないとしても、それを引

き起こす病原体が多数存在することから、全体として、かなりの部分が診断さ

れないままになっていると考えられている。それらを特定するアプローチとし

て、近年、次世代シーケンサー（NGS）を応用した metagenomic NGS（mNGS）

の臨床応用が進みつつある。これまでの研究では、mNGS による病原体ゲノム

の網羅的検出により、従来の手法に比べてより多くの病原体を検出できること

が示されている。しかしながら、現状では、コストや手技の煩雑さから、従来

の診療を補完するもの、あるいは診断が困難な特定の感染症に限定して用いら

れており、標準的な診断方法として利用されるには至っていない。一方、NGS

分野における技術開発が近年加速しており、mNGS 実用化へ向けた追い風とな

っている。Ilumina 社が提供するプラットフォームは、高精度を特徴とするショ

ー ト リ ー ド を ハ イ ス ル ー プ ッ ト に 出 力 す る の に 対 し 、 Oxford nanopore 

technologies 社のプラットフォームは、精度には劣るものの、デバイスが安価か

つ持ち運び可能で、ロングリードを出力できることもあり、開発途上国等のリ

ソースの限られた環境下でより多くの支持を得ている。さらに、弱点とされる

精度の向上も報告されている。mNGS による病原体診断の社会実装には、解析

に係る高額な費用と複雑で時間を要するライブラリ調製が妨げになっている。

そこで本研究では、これらの問題の解決に資する代替方法の開発を行った。 

 

第 1 章では、熱性疾患の原因としてよく知られているフラビウイルスをモデ

ルに、同一の属や科に属するウイルスを網羅的に検出するための方法を開発し

た。具体的にはフラビウイルス属の NS5 遺伝子の保存領域を PCR により増幅

し、nanopore シーケンサーで解析することにより、同属ウイルスの網羅的な同

定を実現した。さらに、PCR プライマーにインデックス配列を付与することで、

マルチプレックス解析によるシーケンスランあたりのコスト削減が可能なこと
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を実証した。本技術は、リソースが限られた環境での中・大規模なスクリーニ

ングや診断に利用することが期待される。 

 

第 2 章では、RNAome 増幅法の開発と検証を行った。RNAome は、RNA ウイ

ルスのゲノムと、DNA ウイルスを含むウイルスの転写産物を含んでおり、理論

上、ｍNGS を用いることで全てのウイルスを検出可能である。しかしながら、

微量な RNA を検出するためには、NGS 解析の前に網羅的な増幅を行う必要が

あるため、簡便かつ偏りの少ない RNA 増幅法の開発が求められていた。そこで

本研究では、cDNA を一本鎖 DNA 特異的な ligase により環状化した後、phi29 で

増幅する circular whole-transcriptome amplification (cWTA)の開発に成功した。本

法により実験的に増幅したウイルスの検出が可能なことも示され、臨床サンプ

ルから DENV2 と CHIKV を検出することにも成功した。実施が比較的容易な

cWTA と可搬的な nanopore 型 NGS を組み合わせることで、ゲノム配列に基づく

網羅的な感染症診断が、辺境地域でも実施可能になることが期待される。 

 

第 3 章では、mNGS による網羅的な病原体検出をより効率的に行うためのラ

イブラリー調整法の開発を行った。本研究では、グループテストアルゴリズム

と呼ばれるプーリング方法を採用し、mNGS と組み合わせた。本法を用いるこ

とで、2n 個のサンプルに対するライブラリの数を、サンプル情報を保持したま

ま 2n 個のライブラリに削減し、そこに含まれる病原体を網羅的に検出すること

ができる。実証試験として、発熱患者から採取した 44 の臨床血清試料を 11 の

ライブラリにプールし検証を行った。その結果，これらのサンプルから、事前

情報を用いることなくウイルス配列（DENV2，HBV，ヒトパルボウイルス B19）

を検出することに成功した。第 2 章でのアプローチと比較すると、本アプロー

チは大規模検体の一括解析に適し、より高出力の NGS プラットフォームを必要

とするため、中央研究所でより適用しやすいと思われる。 

 

以上、中央研究所だけでなく、小規模研究室や辺境地域等、状況に応じた

mNGS による網羅的病原体解析を実施可能とする種々のライブラリー調整方法

の開発に成功し、mNGS による網羅的病原体解析の社会実装を妨げるコストに

関する課題を解決する道筋が示された。 


