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Abstract 

The swine industry is an indispensable part of the food production and agricultural 

system. However, infectious disease poses great threats to the industry. The current 

situation is that “old” infectious diseases are not totally under control and “new” pathogens 

keep emerging. In addition, via food chain and direct or indirect contact, some swine 

pathogens can infect humans and antimicrobial resistance arising from swine pathogens 

can also adversely impact public health. The threat of infectious disease to the swine 

population has been further magnified by globalization which increases the rate and 

breadth of disease transmission, thus having a more devastating impact. 

Fortunately, scientific advances have greatly bolstered our ability to develop 

effective disease control strategies. Sequencing technology has emerged as a powerful 

solution to deal with the challenging infectious disease situations we are facing today. The 

advantages of sequencing as a diagnostic tool are numerous. From our research, we 

confirmed that sequencing has improved the disease diagnostic resolution to the strain level, 

providing more precise and effective control strategies; it is able to generate additional 

genomic information for functional prediction of infectious agents, such as antimicrobial 

resistance profiling; and sequencing can facilitate a prompt response against emerging 

eventualities due to its ability to rapidly detect pathogens in a sample, including the novel 

or unexpected ones.  

Going forward, the more frequent use of sequencing in swine medicine can enhance 

our ability to predict and control the emergence and transmission of infectious disease 

within swine populations.    
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Chapter I - A review of challenges existing in current swine industry and 

how sequencing technologies can improve swine infectious disease 

management 

 

1. Introduction 

The swine industry is an important component of agricultural and food production 

(FAO 2019). Due to the increasing human population and the improved economic status 

of people, there is a greater demand for animal-based proteins (Vallat 2014). The 

intensification of the swine industry is an inevitable trend (Davies 2012). Expanding swine 

farm size and increase in frequency of global trading activities has created an opportunity 

for emergence and spreading of infectious disease.  

Infectious disease is now among the primary constraints to swine production and 

are expected to be an ongoing challenge (VanderWaal and Deen 2018). The direct adverse 

impact of infectious disease on the swine industry is decreased production and economic 

loss. It is estimated that porcine reproductive and respiratory syndrome (PRRS) outbreaks 

reduce swine production by approximately 7.4% on average annually (Valdes-Donoso et 

al. 2018). In addition to the direct impacts on the swine industry, swine pathogens can 

infect human populations (Smith 2015; Davies 2012) such as swine influenza virus, a swine 

zoonotic pathogen, which caused the “2009 H1N1 Pandemic” in humans, affecting over 

200 countries and resulting in more than 12 thousands deaths in the U.S. alone (Sullivan et 

al. 2010). There is also a growing occurrence of antimicrobial resistance (AMR) in swine 

infectious agents that can transfer to the human population and have a great potential to 
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threaten public health (Yang et al. 2019). Therefore, effective swine infectious disease 

management is greatly needed to maintain the stability and productivity of swine 

production, as well as to ensure public health.  

Pigs can be infected by a complex matrix of infectious agents, including bacteria, 

viruses, parasites and protozoans (VanderWaal and Deen 2018). Laboratory diagnostics 

are needed to investigate the cause of infectious diseases. The current widely used 

molecular diagnostic methods, such as polymerase chain reaction (PCR), and serology 

methods, such as enzyme-linked immunosorbent assay (ELISA), can detect target 

pathogens at species level with a prior hypothesis of possible pathogens under investigation. 

While this method is effective in most situations for routine disease surveillance and 

outbreaks investigation, the huge and continuously increasing diversity of pathogen 

species/variants can cause misdiagnosis using the previously described method due to its 

inability to detect new or unexpected pathogens/variants (Morens and Fauci 2013). In 

addition, it is common that swine diseases, especially the respiratory diseases and enteric 

diseases (Theuns et al. 2018; Qin et al. 2018), are caused by multiple pathogens. Previously, 

it has been almost impossible to correctly predict the presence of all pathogens in a sample 

since pathogen detection is performed mainly using hypothesis-driven testing, such as PCR. 

Unbiased, hypothesis-free diagnostic methods are needed to tackle the challenging swine 

infectious disease situation and to assist in better disease management.  

Sequencing is one of the new technologies that has been utilized as an effective tool 

for disease investigation in the field of veterinary medicine (Van Borm et al. 2015). 

Sequencing has been used in swine for precise detection and characterization of bacterial 

and viral pathogens, such as novel pathogen/variant detection, pathogen lineage 



3 

 

identification, sequence typing, genotyping, etc. (Han et al. 2019; Keller et al. 2018). 

Sequencing has also been used for unbiased microbial population diversity characterization, 

thus providing a new approach to investigate coinfections and complex diseases (Hersh 

and Vachani 2017; Qin et al. 2018).  

The facts are, infectious diseases have no country boundary and animal pathogens 

can spread to human populations. Thus, combined global efforts from multiple disciplines 

are needed to win the battle against infectious diseases. This review summarizes the current 

situations of swine infectious diseases and examines the impact of recent sequencing 

technologies on infectious disease management. 

2. Situation of current swine infectious diseases  

2.1. Emerging infectious diseases, especially RNA viruses, pose a big threat to the swine 

industry 

Emerging infectious diseases, that include emergence of new species or strains, 

have always represented a major threat to the swine industry throughout history and are 

expected to remain a considerable challenge in the foreseeable future (Barrett et al. 1998; 

Morens and Fauci 2013). There are two major categories of emerging infections, newly 

emerging (those that have not previously been recognized) and reemerging infectious 

diseases (those that existed in the past but are now rapidly increasing either in incidence or 

in geographical or host range) (Morens, Folkers, and Fauci 2004).  

Currently, the swine industry is facing a variety of infectious pathogens, and new 

pathogens keep emerging. Among these pathogens, viruses and bacteria account for more 

than 75% of the top pathogens under investigation according to a recent analysis of 57,471 

publications from 1996 to 2016 (VanderWaal and Deen 2018). Unlike bacterial genetic 



4 

 

material, which is always DNA, viral genomes may be DNA or RNA (Bethesda 2007). 

RNA viruses are predicted to be the biggest emerging threat to the swine industry due to 

their higher mutation rates and adaptability compared to pathogens with DNA genomes 

(bacterial or DNA viruses) (Marston et al. 2014). This prediction has been proven by the 

observed fact that most of emerging swine infectious diseases in recent years are caused 

by RNA viruses, including the most devastating ones like PRRS virus (PRRSV) and 

porcine epidemic diarrhea virus (PEDV). Diseases caused by RNA viruses are difficult to 

prevent and control, because they evolve rapidly and produce new variants continuously 

(Drew 2011), which can cause missed diagnosis and vaccination failure. In addition, there 

is a special concern of swine RNA viruses causing zoonotic disease (such as Nipah virus) 

due to their intrinsic nature of rapid adaptive rates to new host species (Carrasco-Hernandez 

et al. 2017) . 

PRRS which is caused by PRRSV, was indicated to be one of the most devastating 

swine pathogens between 2006–2016 for North America and Eastern Asia (VanderWaal 

and Deen 2018; Murtaugh et al. 2010). PRRSV infection has been a severe threat to the 

swine industry globally since it was first observed in the 1980s. Due to the frequency of 

global trade, pathogenic PRRSV strains in one place can transmit to other places, and new 

virulent strains keep emerging due to mutation and recombination. For example, the 

NADC30 strain first broke out in America and then later in China, where it recombined 

with the high pathogenic PRRSV and other local strains, generating new variants (Han et 

al. 2019; Zhou et al. 2018). It is evident that globalization facilitates the pathogen spread 

at a larger geographical scale and magnifies the economic loss. This has also been 

demonstrated by transmission of PEDV, which was first identified in the 1980s in China 
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(Wang, Fang, and Xiao 2016), spread to the U.S. in 2013 and had impacted about half of 

U.S. swine herds, resulting in the deaths of more than seven million piglets (Goede and 

Morrison 2016). Today, the swine industry in China is a hot zone of African Swine Fever 

(ASF) (Wang, Sun, and Qiu 2018). The disease spread throughout the continent of Africa, 

then Europe, and finally to China, transmitting from north to south and causing an 

estimated reduction of more than half the pig population. It is currently spreading beyond 

China to its neighboring countries with a huge potential to spread to more even further, 

including to the U.S. (Sur 2019).  

Emerging infectious diseases are unpredictable, but inevitable and very likely to be 

devastating. The ever-increasing connection and interdependence of the world creates 

opportunities for infectious agents’ transmission globally and further magnifies the adverse 

impact of diseases. When an emerging infectious agent enter into a population, most likely, 

there is no immunity against it, no effective vaccine or treatments for it. It is of crucial 

importance to react promptly and implement effective intervention strategies when dealing 

with emerging infectious diseases, which relied on the development and implementation 

of reliable, accurate, and rapid diagnostic methods. 

2.2. Co-infections and disease complexes complicated disease diagnosis and treatments 

Co-infection is the simultaneous infection of a host caused by multiple pathogens, 

which happens frequently in humans and animals (Brealey et al. 2015; Ouyang et al. 2019). 

Co-infections have been shown to reduce disease severity in very few cases (Gonzalez et 

al. 2018). In most cases, they will augment disease severity (Ouyang et al. 2019). One 

extreme example was human immunodeficiency virus (HIV) co-infections in human, 
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which always have adverse, even deadly, consequences (Naidoo, Mahomed, and Moodley 

2017; Rajbhandari et al. 2016).  

Co-infection is generally involved in pig infectious diseases (Choi, Goyal, and Joo 

2003). For example, PRRSV is a significant swine pathogen, and it can damage a hosts 

defenses, resulting in increased susceptibility to infections by secondary pathogens 

(Niederwerder et al. 2016). So far, facts from PRRSV co-infection studies included PRRS 

enhances susceptibility to Streptococcus suis (S. suis) challenge (Thanawongnuwech et al. 

2000); co-infection of PRRSV and swine influenza virus created a very severe and lasting 

respiratory disease (Van Reeth, Nauwynck, and Pensaert 2001); PRRSV infection  

enhances porcine circovirus type 2 (PCV2) replication (Rovira et al. 2002); and pigs 

infected with PRRSV have a  marked decrease in their ability to kill bacteria (Solano et al. 

1998). In addition to PRRSV co-infections with other pathogens, co-infections of multiple 

PRRSV strains also happen frequently in swine farms (Han et al. 2019; Liu et al. 2018), 

possibly causing recombination and generating novel pathogenic variants. It is obvious that 

the co-infections and interaction of PRRSV with other infectious agents made disease 

investigation and control more complicated. PCV2 is endemic on most farms and most 

animals are infected with PCV2. However, PCV2 alone doesn’t usually cause clinical 

disease unless there is a co-infection. PCV2 tends to co-infect with other pathogens, such 

as PRRSV, porcine parvovirus, Mycoplasma hyopneumoniae, and Salmonella spp., as well 

as different PCV2 strains (Ouyang et al. 2019). Co-infections lead to complex diseases. 

Several diseases syndromes relate to PCV2, including porcine dermatitis and nephropathy 

syndrome (PDNS), postweaning multisystemic wasting syndrome (PMWS), and porcine 

respiratory disease complex (PRDC) (Ouyang et al. 2019). Such complex diseases posed a 
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challenge for diagnostics and disease management. Take PRDC as an example, it is caused 

by a combination of bacteria, viruses, management, environment and swine genetic 

conditions (Opriessnig, Giménez-Lirola, and Halbur 2011). There was a long time that no 

single‐reaction diagnostic test existed for the simultaneous detection of major pathogens 

causing PRDC, which led to limited understanding and poor control of this disease. 

Investigation of pathogens using specific PCR for each pathogen are too time consuming. 

Multiplex PCR assay can detect multiple pathogens at one time (Liu et al. 2013; El Kholy 

et al. 2016). However, it is still not an unbiased and robust method, because prior 

hypothesis of existence and prior knowledge of genetic information for primer design are 

needed. As a result, diagnostic laboratories usually fail to detect all disease relevant 

infectious agents because of the high specificity of current diagnostic assays and 

conflicting results and conclusions were drawn from the study of the same disease complex 

(McArdle, Turkova, and Cunnington 2018). In order to address existing co-infections and 

complex diseases challenges in the swine industry, an unbiased, broad-range detection 

method is urgently needed.  

2.3. Zoonotic swine diseases indicated the importance of transdisciplinary collaboration  

The ultimate purpose of rearing domestic swine is to supply nutritious protein to 

humans, which is meant to be a positive impact on human health. However, swine zoonotic 

diseases, caused by bacteria, viruses, parasites and other infectious agents, adversely 

impact human health. It is estimated that zoonotic agents comprise 60% of the known 

pathogens to humans (Jones et al. 2008; Tomley and Shirley 2009). This indicates an urgent 

need to understand the dynamics of zoonotic diseases in order to mitigate the threats to 

animal and public health (Cleaveland, Laurenson, and Taylor 2001). Pathogens infecting 
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swine have a higher probability of spreading to humans compared to pathogens from other 

animals due to the intensity of swine farming worldwide and the close contact between 

pigs and humans (Uddin Khan et al. 2013).  

There are a number of known pathogens infecting swine that can transmit to 

humans, such as S. suis and swine influenza virus (Smith 2015; Smith et al. 2011). Since 

the first human S. suis cases were diagnosed in Denmark (Perch, Kristjansen, and 

Skadhauge 1968), human infections of S. suis infection have been reported in more than 

24 countries worldwide so far (Gottschalk, Segura, and Xu 2007; Hughes et al. 2009). 

Especially in Asia, S. suis is classified as an emerging zoonotic pathogen and has caused 

outbreaks of severe human infections. The swine influenza virus situation is more 

complicated since it can infect multiple hosts. Pigs' susceptibility to both human and avian 

influenza viruses permit them to be infected with viruses originating from both mammals 

and birds. This in return leads to reassortment of genetic material between multiple 

subtypes and generates new influenza viruses. In April 2009, the novel swine-origin H1N1 

virus was detected in humans. The virus quickly spread to over 200 countries, causing 

significant harm (Sullivan et al. 2010). The Centers for Disease Control and Prevention 

(CDC) estimated that between 43 and 89 million individuals were infected in the United 

States within one year (https://www.cdc.gov/flu/pandemic-resources/2009-h1n1-

pandemic.html). Until now, influenza infections in humans continue to occur, posing a 

significant risk to the public (Bowman et al. 2017; Bailey et al. 2018). 

While it is more concerning that infectious diseases of animals can infect human 

beings, transmission of some diseases from humans to domestic animals is also common 

(Pearce-Duvet 2006). In fact, reverse zoonosis of influenza passed from humans to swine 
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has been shown far more frequent than swine to human (Nelson and Vincent 2015). The 

frequent transmission of pathogens among humans and other animals strongly indicates the 

importance and necessity for a “One Health” approach and collaborations from different 

fields to deal with infectious diseases.  

2.4. The rising AMR calls for high resolution diagnosis and precision treatments 

Right after Fleming discovered penicillin in 1946, he gave a warning that “the 

thoughtless person playing with penicillin treatment is morally responsible for the death of 

the man who finally succumbs to infection with the penicillin-resistant organism” (Fleming 

1945). Unfortunately, Fleming's warning was unheeded, bacteria that are resistant to 

penicillin emerged, followed by emergence of bacteria that are resistant to other 

antimicrobials. AMR is a natural product of use of antimicrobials, which can be accelerated 

by overuse and improper use (Chantziaras et al. 2014). The continuously increasing AMR 

in bacteria is now one of the major concerns in human and veterinary medicine. There are 

a number of drivers responsible for this situation and the widespread and uncontrolled use 

of antibiotics in animal production is one of them (Landers et al. 2012). 

Antibiotics have been used routinely in farm animal production since the 1950s to 

keep animals healthy and thus increase productivity (Lekagul 2019). It is estimated that 

80% of antibiotics sold in the U.S. are used in animals, which include therapeutic use to 

treat bacterial infections and subtherapeutic purposes to promote growth (Ventola 2015b). 

The emergence of AMR allows pathogens to evade the action of antimicrobial drugs and 

cause reduction of pig production due to poor disease control outcomes. In addition, it can 

adversely impact human health through the transfer of resistant organisms and associated 

genes via the food chain (Ventola 2015b; 'The antibiotic alarm'  2013). To make things 
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worse, antibiotic development is no longer an economically wise investment, generating 

fewer available new antibiotics (Bartlett, Gilbert, and Spellberg 2013; Ventola 2015b; 

Piddock 2012).  

How to recover the miracle of antibiotics has become a real question that needs to 

be addressed immediately (Cars 2014). Completely curtailing the use of antibiotics in 

livestock is unrealistic considering animal health, welfare and economics. In order to 

regulate antibiotic use, the FDA released a new policy in 2018 for the use of medically 

important antimicrobials in livestock that requires a rigorous evaluation before therapeutic 

use of these drugs (U.S. Food and Drug Administration, 

https://www.fda.gov/AnimalVeterinary/SafetyHealth/AntimicrobialResistance, 7/1/2019). 

It is important to recognize particular needs which can be determined using molecular 

diagnostic methods and treat animals with specifically targeted antimicrobials, instead of 

empiric order, which will effectively control disease and at the same time avoid overuse 

(Davies 2012; 'The antibiotic alarm'  2013; Ventola 2015a; Lekagul 2019). Ideal diagnostic 

methods should be able to detect the genes related to AMR at the point of care, enabling 

rapid AMR identification and effective disease treatments. Hopefully, understanding the 

prevalence of pathogens in pigs, levels of resistance and susceptibility to different 

antibiotics, and prudent use of antibiotics can slow down the emergence of AMR in animal 

production and avoid the risk of humanity losing control of the ability to manage bacterial 

infections with antibiotics (Cars 2014; Bartlett, Gilbert, and Spellberg 2013). 

3. Current strategies to control swine infectious diseases 

Infectious diseases will continue to emerge and re-emerge (Morens and Fauci 2013). 

When it comes to combating infectious diseases, prevention is the first step followed by 

https://www.fda.gov/AnimalVeterinary/SafetyHealth/AntimicrobialResistance
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prompt reaction and effective control of disease spread. Current prevention solutions to 

swine diseases primarily focuses on developing vaccines to reduce the susceptibility of 

pigs, along with implementing biosecurity strategies at farms and between farms to reduce 

the risk of spread. Routine disease surveillance and prompt outbreak response are key 

elements in controlling the spread infectious diseases, which depends on rapid clinical 

diagnosis and infectious agent identification. The awareness of biosecurity, the 

development of vaccines, the improvements on diagnostic methods, and the regulated use 

of antibiotics are some key elements currently standard practice for infectious disease 

control in the swine industry.  

3.1. Vaccination and biosecurity 

Vaccines are one of the most amazing advances to improve animal health (Rose 

and Andraud 2017). The basic principle of vaccines is to confer protection to the vaccinated 

individual. Beyond the individual protection, the indirect protection of non-immune 

individuals in contact with vaccinated ones also contributes to controlling pathogen spread 

at the population scale; a phenomenon known as herd immunity (Rose and Andraud 2017). 

So far, in the swine industry, vaccines have been successfully developed and used to 

control many diseases caused by viral and bacterial pathogens, including PRRS, swine 

influenza, E. coli diarrhea, etc. (Nan et al. 2017; Romagosa et al. 2011; Riising, Murmans, 

and Witvliet 2005). The main drawbacks of vaccination include the lack of robust 

protection across all variants of a species and the challenge introduced by vaccine to 

develop diagnostics allowing for discrimination of infected as opposed to vaccinated 

animals. 
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Biosecurity is a combination of management practices designed to prevent the 

introduction and transmission of infectious agents locally, nationally and internationally 

(Zimmerman et al. 2019). Good biosecurity can prevent the introduction of disease to the 

herd and can help prevent that disease from spreading to other herds if a disease is already 

present in the herd. In addition, farm animals are also a source of human food-borne 

pathogens, as a result, effective biosecurity strategies can prevent zoonotic disease 

transmission and have a broader impact on the environment and biodiversity. However, 

there is still biosecurity breaches. It has been reported that current biosecurity measures 

appear to have been generally more successful for constraining swine bacterial diseases 

(Mycoplasma hyopneumoniae being an important exception) but less effective for viral 

diseases in the swine industry. Thus, the most problematic issue in swine health 

management today is the capacity for local spread of viruses among farms (Davies 2012), 

especially the airborne viruses such as PRRS and influenza (VanderWaal and Deen 2018). 

In such cases, vaccination plays a major role for disease control, and development of 

effective vaccines are priority research goals.  

3.2. Infectious disease surveillance, diagnostics and treatments 

Diagnostic testing is widely used for disease outbreak investigation and for the 

routine surveillance of infectious diseases. Expanded surveillance is imperative to identify 

novel pathogens/strains of potential importance and to understand disease transmission 

within species as well as between species to prevent events like the 2009 pandemic 

A/H1N1 (Berger et al. 2018). Once outbreaks happen, rapid, accurate identification of 

infectious agents is necessary for expediting implementation of appropriate control 

measures. In addition, diagnostic testing can aid in investigation of vaccination failure and 
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biosecurity breaches for more effective infectious disease management. Previously, 

infectious disease reporting was often spotty and delayed, due to the lack of diagnostic 

facilities and the long turnaround time of diagnostic methods. In recent years, there have 

been major improvements both in diagnostic technology and in digital surveillance abilities, 

greatly enhancing pathogen identification, information sharing  and  timely disease control 

(Morse 2012). 

We are in the midst of a transformation where microbiological diagnostics are 

based on a combination of old and new technologies, that include traditional pathogen 

culture methods, more recent well-developed molecular diagnostic methods such as PCR, 

and under-developed technologies such as sequencing. Culture of organisms is a 150-year-

old standard for contemporary clinical microbiology. The development of molecular 

diagnostic methods in recent years, that can detect unique nucleic acid or biochemical 

composition, improved timeliness and resolution of infectious disease investigation (Chan 

et al. 2010). Today, PCR is the gold standard for sensitive and specific detection of viral 

and bacterial pathogens in clinical samples. Nucleic acid sequencing is an emerging 

powerful tool that adds discriminatory power to veterinary molecular diagnostics. The 

features of sequencing complements detection by “gold standard” PCR by further 

confirming the pathogen of interest, providing strain information and functional 

genotyping. Sequencing has the detection resolution at the strain-level, which can be used 

to differentiate vaccine from wild strains. Sequencing has also been used to type bacterial 

and viral isolates, such as detecting virulence, antimicrobial resistance, sequence types, or 

strains (Han et al. 2019; Keller et al. 2018; Estrada et al. 2019). 
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In the swine industry, the use of antibiotics is common for disease prevention and 

treatment, as well as for improvement of feed efficiency and promotion of animal growth 

(Lekagul 2019; Cromwell 2002). The benefits of using antibiotics to improve production 

is undeniable. However, the emergence of AMR is a growing concern to public health. It 

is estimated that by 2050, 10 million human lives a year may be lost to AMR, and the 

cumulative cost in terms of lost global production would be an enormous 100 trillion USD 

if no actions are taken (Resistance 2016; Sugden, Kelly, and Davies 2016). To address this 

issue, it is important to enhance alternative methods for disease control, such as good 

biosecurity and effective vaccination. If antibiotics are actually needed, definitive 

diagnosis and comprehensive assessment should be performed to guide prudent and 

targeted antimicrobial use (Sugden, Kelly, and Davies 2016).  

4. Application of sequencing technologies to combat swine infectious diseases  

4.1. Review of sequencing technologies 

So far, there are numerous sequencing platforms, which have been well 

summarized (Maljkovic et al. 2019). The first generation sequencing method, which 

appeared in the mid-1970s represented by Sanger sequencing, was a real revolution, since 

it brought molecular diagnostics to the nucleic acid level (Sanger, Nicklen, and Coulson 

1977). From the 1970s to the early 2000s, Sanger sequencing remained the predominant 

DNA sequencing method. Until now, Sanger sequencing is still being widely used in the 

swine industry for pathogen investigation due to its low cost, ease of use, and solid 

validation. The major disadvantage of the first generation sequencing is it often requires 

prior knowledge of the target genome for specific primer design and template amplification, 

thus it can only be used when the pathogen causing disease is known. Since one sequencing 



15 

 

reaction covers less than 1000 bp of the genome, several specific primers are often needed 

if the whole genome is desired.   

The second generation of sequencing methods were developed in the 2000s. Many 

sequencing platforms were developed during this time, including Roche 454 sequencing, 

Hiseq and Miseq from Illumina, and Ion Torrent platforms from Life Technologies Co., as 

well as others (Goodwin, McPherson, and McCombie 2016). The main advantages of the 

second generation sequencing methods include high throughput and unbiased detection, 

which makes detection of multiple agents and discovery of novel microorganisms in a 

sample possible (Goodwin, McPherson, and McCombie 2016). The third generation 

Oxford Nanopore MinION sequencing method recently emerged as a good candidate for 

infectious disease diagnosis. The unique features of MinION sequencing include low 

infrastructure cost, high accessibility and portability, easy operation, real-time data 

streaming, direct DNA/RNA strand detection, and long sequence read generation. While 

the third generation sequencing technologies still suffer from high error rates, it has been 

used successfully for outbreak investigations (Hoenen et al. 2016; Faria et al. 2016) and 

infectious agent genome characterizations (Ashton et al. 2015). Research has also been 

done to benchmark MinION sequencing as a routine diagnostic tool against standard 

methods (Tan, Dvorak, and Murtaugh 2019). Of note, MinION sequencing can not only 

sequence DNA, it can sequence RNA in its native form (Garalde et al. 2018). This makes 

it a good fit for RNA viral infectious diseases investigation (Tan, Dvorak, and Murtaugh 

2019; Keller et al. 2018). This is significant as RNA viruses have been shown to cause the 

most emerging disease outbreaks due to their high mutation rates (Carrasco-Hernandez et 

al. 2017). 
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All generations of sequencing have been used for swine infectious diseases and 

have demonstrated its great power to impact our understanding and more effectively 

control swine infectious diseases. Below we demonstrate some important fields where 

sequencing has been used for disease diagnosis. 

4.2. Sequencing technologies aid in different areas of infectious disease diagnosis 

 4.2.1. Sequencing improved diagnostic precision and accuracy 

Antonie van Leeuwenhoek, the “father of the microscope,” changed our perspective 

on infectious diseases when he enabled the visualization of the microbial world. Since then, 

the goal of infectious disease diagnostics has been to detect the infectious agents 

responsible for an infection and enable an appropriate response (Caliendo, Gilbert, 

Ginocchio, Hanson, May, Quinn, Tenover, Alland, Blaschke, and Bonomo 2013). Over the 

years, the resolution of diagnostics and our understanding of infectious agents has been 

improving gradually. The microscope and culture-based methods have been used for 

centuries. However, there is a risk of missing the organism in direct observation, especially 

for viral diseases because of the size of virus particles (Mongan, Tuda, and Runtuwene 

2019), not to mention that there are many viruses and other microorganisms that are 

unculturable. In recent years, molecular techniques have brought great advances in 

infectious disease diagnostics (Jannes and De Vos 2006). Today PCR is considered as a 

milestone in diagnostic history and a gold standard in diagnostic labs due to its short 

turnaround time, high detection accuracy and sensitivity (Caliendo, Gilbert, Ginocchio, 

Hanson, May, Quinn, Tenover, Alland, Blaschke, and Bonomo 2013).  

Sequencing is a process of determining the order of nucleotides in DNA/RNA. 

Nearly all infectious agents contain DNA or RNA genomes, making sequencing an 
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attractive approach for pathogen detection. Sequencing has improved the resolution of 

diagnostics from detecting the species down to detection of the strain. The strain-level 

detections allow swine veterinarians to troubleshoot biosecurity breaches, to determine 

whether vaccination or treatment was successful, and to identify the emergence of new 

strains. Take PRRSV as an example, the PRRSV vaccine is widely used for PRRS control. 

However, the PRRSV vaccine is not completely effective at preventing and controlling 

infection due to the high genetic diversity of the virus, thus outbreaks still occur in 

vaccinated herds (Murtaugh and Genzow 2011; Opriessnig et al. 2002; Wang, Marthaler, 

et al. 2015; Zhou et al. 2017). A diagnostic method which can provide genetic information 

about the strain causing an infection would potentially allow for the determination of 

vaccination failures (Kim et al. 2015; Storgaard, Oleksiewicz, and Botner 1999). The 

reoccurrence of PRRS outbreaks in a swine farm is common, which could be caused by 

new strains or resident strains. Strain-level detection can also differentiate these two 

scenarios and thus guide control strategies. Using PRRSV as an example, we demonstrated 

that sequencing can provide higher detection resolution and thus can allow for more clear 

understanding of outbreaks and guide more effective interventive strategies. In addition to 

strain-level detection, sequencing can go further down to new variant detection (Gwinn, 

MacCannell, and Khabbaz 2017b) and viral quasispecies studies (Domingo, Sheldon, and 

Perales 2012), which gives an unprecedent ultra-precise diagnosis. Sequencing has indeed 

brought precision medicine into infectious disease diagnosis by its power to reveal the 

genetic code of microorganisms. 

Sequencing can support other diagnostic methods. It can provide more information 

to confirm the diagnostic results from other tests, making diagnostic results more accurate. 
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In addition to the extra confirmation provided by sequencing, other molecular diagnostics 

(such as PCR) can be modified in light of pathogen sequence information generated during 

an outbreak. For example, during the 2013–2016 Ebola epidemic, rapidly generated viral 

genome sequences from a portable sequencer were used to update PCR-based diagnostics, 

allowing for accurate pathogen detection (Sozhamannan et al. 2015).  

4.2.2. Sequencing is an all-inclusive diagnostic test that can reveal a lot of functional 

information in a single assay 

Identification of causative agents of infectious disease is the primary goal of clinical 

microbiology laboratories. Beyond that, additional information about a pathogen, including 

sequencing types, AMR profiles, virulence, etc., can be desirable to provide insights on 

pathogenic mechanisms and guide effective control strategies (Roe et al. 2019; Thomas et 

al. 2017; Collineau et al. 2019). Conventionally, typing of pathogens mainly relies on well-

established separate methods (Ribot et al. 2006). While informative, these methods only 

capture a small subset of the total genomic information during a test. If more information 

is desired, multiple tests are needed to be run which makes the procedure laborious, time-

consuming, and expensive. Sequencing can provide complete genetic information to reveal 

multiple functional indications in a single assay (Joensen et al. 2014). Sequencing-based 

genotyping, therefore, could simplify workflow and eliminate the need for multiple 

individual assays.  

For example, using MinION sequencing the MLST and AMR of S. suis can be 

identified in a single assay (Tan et al. 2019). After sequencing, MLST’s were determined 

bioinformatically, and AMR genes were identified using an RGI online tool, both of which 

were able to be determined in a few hours after obtaining sequence (Tan et al. 2019). By 
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comparison, MLST determination conventionally involves PCR amplification of targeted 

regions followed by DNA sequencing, which usually takes days to get a result. AMR can 

be identified through antimicrobial susceptibility testing, which includes microorganism 

cultures and then antimicrobial susceptibility pattern identification by exposing them to 

different type of antimicrobials, a long and laborious process (Mongan, Tuda, and 

Runtuwene 2019). Of note, long-read sequencing, such as MinION, provides new solutions 

to assist in sequencing repetitive regions, such as horizontally acquired virulence genes or 

antibiotic resistance genes that are difficult to detect using short read sequencing due to 

difficulty assembling repetitive or duplicated regions using short reads (Ashton et al. 2015). 

4.2.3. The feature of hypothesis-free detection allows sequencing to identify co-infections 

and discover new pathogens/variants 

Hypothesis-driven molecular testing such as PCR can involve numerous individual 

tests for targeted organisms but may still miss a novel pathogen or strain, which decreases 

the breadth and sensitivity of a detection. A hypothesis-free diagnostic approach, that has 

the potential to detect all pathogens present in a sample, is helpful to be open about all 

possible causes rather than just focused on the common ones. Metagenomic sequencing 

allows screening of most if not all organisms and genetic composition in parallel, providing 

insight into microbial community biodiversity and function (Wang et al. 2013). The 

metagenomic sequencing approach is a hypothesis-free approach, because it doesn’t target 

particular pathogens but equally applies to the detection of all pathogens in a sample. 

Metagenomic sequencing has been successfully used in the investigation of microbiome 

communities or co-infections, which not only included multiple species, but also included 
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different genotypes (Machado et al. 2019) and strain detection (Salipante et al. 2015) due 

to its high differentiation resolution.  

Respiratory and enteric diseases in swine are often caused by multiple pathogens 

and metagenomic sequencing is a useful tool to deal with such challenging situations where 

hypothesis-driven methods fail. For example, porcine respiratory disease complex (PRDC) 

is a common piglet disease and causes substantive economic losses in pig farming. One 

feature of PRDC is its association with co-infections containing multiple pathogens. The 

metagenomic sequencing study of PRDC indicated that sequencing can not only identify a 

greater number of species related to PRDC but also improve the detection resolution by 

differentiating different genotypes of one pathogen (Qin et al. 2018). The robustness of the 

sequencing approach is important since disease situations differ significantly among farms, 

regions and countries. Thus, sequencing as a diagnostic method for PRDC will provide the 

most appropriate treatment and control regimens to individual farms (Qin et al. 2018). 

In addition to simultaneous multiple pathogen detection, metagenomic sequencing 

offers a solution to detect unexpected pathogens (Gu, Miller, and Chiu 2019; Al Rwahnih 

et al. 2018). For example, in a study of porcine viral enteric disease complexes, porcine 

kobuvirus was identified for the first time as an important enteric virus (Theuns et al. 2018). 

Emerging disease, that is caused by newly discovered pathogens or existing pathogens that 

extend into a new geographical region, always come unexpectedly. When dealing with 

emerging diseases, the delayed response can lead to disease spread, which highlights the 

gaps of current infectious disease surveillance systems and the need for prompt 

identification of infectious agents (Gardy and Loman 2018). It is important to improve the 

ability for rapid detection of emerging pathogens, since increasing globalization, 
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agricultural intensification, and climatic changes have caused more frequent occurrence of 

emerging infectious diseases. Metagenomic sequencing can fill existing gaps and serve as 

a valuable diagnostic method for the swine industry. 

4.2.4. Pathogen genome sequencing provides and understanding of pathogen evolution and 

transmission 

Variability is not actually caused by man; he only unintentionally exposes organic 

beings to new conditions of life, and then nature acts on the organization and causes it to 

vary. 

— Charles Darwin 

As pathogens replicate and spread, their genomes accumulate mutations. 

Microorganisms have relatively higher mutation rates than their host. RNA viruses 

especially accumulate changes in their genomes with a typical rate of 0.0005 to 0.005 

changes per site per year (Duffy, Shackelton, and Holmes 2008). Sequencing can be used 

to study pathogen evolution dynamics. In the past, due to technology limitations, gene 

targets were selected to study disease transmission and evolution, such as the ORF5 (GP5) 

gene for PRRSV, HA gene for influenza A virus, ORF2 (capsid) gene for porcine 

circovirus 2, and spike protein gene for porcine epidemic diarrhea virus (PEDV). These 

changes can now be detected via inexpensive and rapid whole-genome sequencing (WGS) 

on an unprecedented scale. Sequencing has been used successfully to understand the 

dynamics of the evolution process which includes genetic changes in terms of virulence, 

pathogenicity, and drug resistance (Bryant, Chewapreecha, and Bentley 2012).  

An infectious disease is caused by the invasion of an infectious agent to a host 

causing damage to the host, followed by transmission of the infectious agent to other hosts 
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(Bethesda 2007). Disease transmission includes any mechanism by which an infectious 

agent is spread from an infected host to a susceptible host. Preventing or blocking 

transmission of infectious disease is one of the cornerstones of veterinary medicine. The 

ability of microbial genome sequencing to identify traceable differences in the pathogen 

genome within a short turnaround time and the application of transmission or phylogenetic 

tree analysis improves the epidemiological understanding of the temporal and spatial 

spread of infectious diseases (Neher and Bedford 2018; Kao et al. 2014). In fact, 

sequencing data plus epidemiological data is a rapidly evolving field and is referred to as 

“genomic epidemiology” (Gardy and Loman 2018; Ladner et al. 2019). With the 

development of sequencing technologies and their decreasing cost, whole genome 

sequences of pathogens can be easily obtained in near real time, which can provide timely 

information about pathogen transmission and prevent disease outbreaks at early stages of 

infection (Gardy and Loman 2018; Kan et al. 2018). By better understanding pathogen 

transmission and evolution, we are potentially able to predict the future, and effective 

prevention and control methods can be developed to combat infectious diseases. 

4.2.5. Sequencing and other bioinformatics prediction tools provide support for vaccine 

development 

Vaccination is one of the most effective disease prevention strategies. Especially, 

given the inevitable emergence and increasing prevalence of antibiotic resistance and 

ineffective biosecurity for all pathogen prevention, vaccines are a valuable strategy to 

prevent infectious diseases (Jansen, Knirsch, and Anderson 2018). So far, great progress 

has been made in the area of vaccines to prevent human diseases (such as influenza, 

hepatitis B, and measles) and animal disease (such as PRRS, PCV2). However, vaccination 
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is not always successful, the failure of which is mostly due to the variability in pathogen 

genomes and the poor understanding of immune escape (Luciani, Bull, and Lloyd 2012). 

Sequencing has been helpful for effective vaccination in many ways that include 

sequencing pathogen genomes, identifying host immune cell responses,  determining 

pathogen-host interactions, etc. (Luciani, Bull, and Lloyd 2012; Dhiman, Smith, and 

Poland 2009). 

Conventionally in veterinary medicine, vaccines are mostly modified live vaccines 

and inactivated vaccines. The former has the drawback of potential residual virulence and 

reversion to pathogenic wild types and the latter has the drawback of less protection power 

(Meeusen et al. 2007). More recent vaccine types include subunit, genetically engineered, 

live viral vector vaccine, etc. Emerging and rapidly mutating viral pathogens are a 

particular challenge for effective vaccine development since their genomes can change 

rapidly and vaccines can lack cross-protection. Sequencing provides a promising solution 

for pathogens that are highly diverse (such as PRRSV, influenza virus) and newly emerged 

(such as PEDV). When a pathogen has high genetic diversity, cross-protection is important. 

Genomics can be a useful tool for guiding vaccine development, since it allows us to 

monitor genetic changes over time and the genetic diversity in pathogen populations 

('Pathogen genomics leading to vaccines'  2019). For example, given the degree of genetic 

diversity observed among the PRRSV strains worldwide, the current vaccines, which are 

all based on one selected virus strain for each commercial vaccine, will unlikely provide a 

sufficient level of protection against the heterologous field strains (Kim et al. 2015). 

Sequencing can examine the genomic variations in pathogens and identify new potential 

candidate genes and antigens to design a universal vaccine that can provide broader 
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protection against multiple strains of the pathogen (Erbelding et al. 2018; Brockmeier et al. 

2018). For pathogens that have no efficacious vaccines yet, sequencing can provide insight 

on potential protein subunits as vaccine candidates and assist future vaccine development 

(Brockmeier et al. 2018; Tuanthap et al. 2019). Global genomic approaches to screen for 

potential vaccine candidates can be a powerful way to increase the chance of success to 

protect swine populations. In addition, sequencing can be used for vaccine contaminant 

detection (Onions et al. 2011), and can be used to investigate vaccine failure. 

4.2.6. A portable sequencer is a possible solution for the uneven resource distribution issue 

The uneven distribution of health resources within countries and communities has 

been noticed long ago (Akhtar and Izhar 1986; Nishiura et al. 2004). Research showed that 

while emerging disease hotspots are more concentrated in lower-latitude developing 

countries, there is more surveillance and investigation resources in richer, developed 

countries, the phenomenon of which is known as “the inverse care law” (Jones et al. 2008).  

In the swine industry, it has been estimated that the most vulnerable scenario may 

be the rapid expansion and intensification of swine industries in developing countries 

where there is a lack of health resources (Davies 2012). For example, it has been identified 

that regions of Southeast Asia, Eastern Europe, Central America, and sub-Saharan Africa 

have high potential for influenza virus spillover, however, it is found that 78.43% of high-

risk areas lacked evidence of influenza virus surveillance (Berger et al. 2018). It is also 

estimated that the next emerging swine infectious disease, possibly zoonotic disease, will 

most likely happened in developing countries, for there is rapid expansion and 

intensification of swine industries but a lack of basic biosecurity measures and diagnostic 

facilities (Davies 2012).  Because of globalization and frequent trade of animals and animal 
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products, infectious disease originating from one place can transmit rapidly throughout the 

world. This indicates that for better control of global infectious disease more scientific 

resources are needed in places where emerging infectious diseases are more likely to 

originate. The dilemma is that infectious surveillance depends on diagnostic facilities, 

which are lacking in resource-limited areas where emerging infectious diseases most often 

occur. While the construction of medical infrastructure is not a simple task, it is promising 

that a number of molecular technologies are adaptable to resource limited settings for 

disease surveillance and can facilitate the decentralization of technology (Lipkin 2010).  

Portable diagnostic devices are a promising tool to solve this dilemma, since they 

can diagnose infectious diseases in places that have a limited laboratory capacity. The 

MinION, from Oxford Nanopore Technologies, is a pocket-sized sequencer (Jain et al. 

2016). The portable sequencer can be shipped and operated under rough field conditions 

to provide rapid, unbiased pathogen detection. It has been used for on-site outbreak 

investigations in remote areas such as during the Ebola epidemic in West Africa (Quick et 

al. 2016). In addition to single pathogen detection, it has been used for biodiversity 

investigation in a remote tropical forest (Pomerantz et al. 2018). Especially, as the 

development of additional equipment such as Voltrax (an add-on for the flowcell which 

will automate library preparation) or MinIT (a GPU computer) may eliminate the need for 

an extraction kit or laptop computer, and even make it more suitable for field work 

(Mongan, Tuda, and Runtuwene 2019). 

4.3. Limitations of sequencing 

Sequencing provides opportunities for infectious disease control, but limitations do 

exist. 
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• Cost. Although the cost of sequencing has dropped, it is still relatively 

costly compared to other conventional methods. It is also still a technology that 

requires structured laboratories and equipment.  

• Resources. The use of sequencing for disease investigation is making 

bioinformatics an integral part of clinical diagnostics. There is a great need for 

experts with the right kind of skills and experience, as well as computational and 

IT infrastructure to support the analyses of large amounts of data produced by high 

throughput sequencing. 

• Technical obstacles. When using metagenomic sequencing for unbiased 

pathogen detection from clinical samples, most DNA/RNA would be host derived 

and the microbial nucleic acids of interest are a minority of the sample (Yamagishi, 

Runtuwene, Hayashida, Mongan, Thi, Thuy, Nhat, Limkittikul, Sirivichayakul, and 

Sathirapongsasuti 2017). This poses a significant needle-in-a-haystack challenge 

for detecting pathogens from metagenomic data. Methods for host depletion and 

target enrichment have been developed (Thoendel et al. 2016; Charalampous et al. 

2018), however, more efforts are needed to improve the efficiency. 

• Interpretation and validation. Whole genome sequencing can provide an 

understanding of a diseases’ functions. Since the genotype and phenotype are still 

not well understood and databases are incomplete, interpretation of sequencing 

results can be biased (Gu, Miller, and Chiu 2019). Validation and standardization 

of sequencing technology is greatly needed. There is no standard method for 

interpreting sequencing results. 
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5. Future directions to improve global swine health 

Currently, infectious diseases are still not under control in the swine industry and 

are continuous threats to swine health. Undoubtedly, infectious diseases are becoming 

better controlled nowadays due to the improvement of technologies and control strategies 

('Pathogen genomics leading to vaccines'  2019). However, infectious pathogens are also 

evolving, and new pathogens keep emerging. The battle against emerging infectious 

diseases is an ongoing process (Morens and Fauci 2013; Morens, Folkers, and Fauci 2004).  

Concentration of pig production makes control or eradication of some diseases 

more difficult. At the same time, the transportation and movement of pigs across regions 

and countries has provided opportunities for global disease transmission. Thus, 

collaboration between regions and countries is needed to improve animal health. Animal 

health is also closely related to human health, since pathogens as well as AMR can jump 

among animals and humans. A “One Health” approach is a trend to deal with infectious 

diseases. New technologies, such as sequencing, can be harnessed as a powerful support 

for infectious disease control. The sequencing data, however, creates more challenges in 

terms of sequencing analysis, sequencing platforms, data sharing and concerns over data 

safety (Moscoso et al. 2019) that need to be addressed. 

5.1. Big data brings opportunities and challenges 

Advances in genomics are transforming our approach to understanding swine 

disease diagnosis (Pak and Kasarskis 2015). As high throughput sequencing methods are 

applied more on veterinary medicine, massive amount of data (“big data”) was generated. 

Big data in the field of veterinary medicine has been mostly focused on spatial and temporal 

epidemiological analysis (VanderWaal et al. 2017; Kao et al. 2014). Recent reports have 
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called for the integration of genomic data with epidemiology streams (Flahault et al. 2017; 

Gardy and Loman 2018). The epidemiological potential of this pathogen genomic 

surveillance system is profound. Sequencing can provide detailed information about 

pathogens and disease surveillance can help us understand global distribution and 

transmission of the vast majority of infectious diseases (Hay et al. 2013).  

The development of technologies and the “big data” era provide new opportunities 

to respond rapidly to infectious diseases and improve animal health. With rapidly 

increasing volumes of sequence data, cloud-based platforms are needed for data storage 

and sharing, along with experts in database management. It is a challenge to define and 

extract the appropriate information from the large amounts of sequence data that is 

generated. Thus, to facilitate the use of whole genome sequencing data and benefit the most 

from big data, experts with genetic knowledge and bioinformatics analysis skills are greatly 

needed.  

5.2. The “One Health” approach is needed to improve public health 

Rising zoonotic diseases (Ang, Lim, and Wang 2018; Al-Muharrmi 2010) and the 

AMR concern (Hernando-Amado et al. 2019) requires integrative and cross-disciplinary 

efforts, to achieve optimum health for people and animals. “One Health” recognizes that 

the health of animals is connected to the health of people, and that infectious disease can 

cross boundaries. The “One Health” concept aims to raise awareness of interdisciplinary, 

and inter-institutional collaborative efforts to tackle current infectious diseases (Dixon, Dar, 

and Heymann 2014; Uddin Khan et al. 2013). It is estimated that 6 out of every 10 

infectious diseases in humans are spread from animals (Jones et al. 2008). Because the 

microbiomes of humans, animals, plants, water and soils are interconnected and most 
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ecosystems contribute to the emergence, acquisition and spread of AMR. AMR can no 

longer be addressed by simply studying the problem within a single system (Hernando-

Amado et al. 2019). In general, a closer cooperation between human and veterinary 

medicine is urgently needed (Houe et al. 2019). Actions have already been made under the 

guidance of “One Health”, such as One Health surveillance systems (Stärk et al. 2015). 

Responses to Hendra virus outbreaks served as a successful story of using a One Health 

practice to effectively fight against zoonotic diseases (Wang and Crameri 2014).  

The world is increasingly connected, which allows for the express movement of 

goods, people and infectious diseases across the globe. In the swine industry, there are 

currently significant international-scale infectious disease outbreaks, such as PRRSV, 

PEDV, and ASF. This not only requires advanced diagnostic methods, such as sequencing, 

for effective disease management, but also needs increased communication and 

collaboration among regions and countries across a variety of sectors including human, 

agriculture and the environment (Kluberg et al. 2016; Sugden, Kelly, and Davies 2016) 

(Chan et al. 2010). 
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Chapter II - MinION sequencing of Streptococcus suis allows for functional 

characterization of bacteria by multilocus sequence typing and antimicrobial 

resistance profiling  

A manuscript published in Journal of Microbiological Methods 
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In recent years, high-throughput sequencing has revolutionized disease diagnosis 

by its powerful ability to provide high resolution genomic information. The Oxford 

Nanopore MinION sequencer has unparalleled potential as a rapid disease diagnostic tool 

due to its high mobility, accessibility, and short turnaround time. However, there is lack of 

a rigorous quality assessment and control processes standardizing the testing on the 

MinION, which is necessary for incorporation into a diagnostic workflow. Thus, our study 

examined the use of the MinION sequencer for bacterial whole genome generation and 

characterization. Using Streptococcus suis as a model, we optimized DNA isolation and 

treatments to be used for MinION sequencing and standardized de novo assembly to 

quickly generate a full-length consensus sequence achieving a 99.4% average accuracy. 

The consensus genomes from MinION sequencing were able to accurately predict the 

multilocus sequence type in 8 out of 10 samples and identified antimicrobial resistance 

profiles for 100% of the samples, despite the concern of a high error rate. The inability to 

unequivocally predict sequence types was due to difficulty in differentiating high identity 

alleles, which was overcome by applying additional error correction methods to increase 

consensus accuracy. This manuscript provides methods for the use of MinION sequencing 

for identification of S. suis genome sequence, sequence type, and antibiotic resistance 

profile that can be used as a framework for identification and classification of other 

pathogens. 

 

1. Introduction 

Precise identification of specific pathogenic organisms is one of the crucial goals 

for public health. Ideal diagnostics would be able to provide a rapid diagnosis while 
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creating a stream of genomic data revealing critical functional information to aid in precise 

treatments. Although the resolution of diagnostic technologies has been improving from 

the cell level down to the molecular level, there are still unmet needs. 

For bacterial pathogens, disease control relies heavily on the use of antibiotic drugs, 

but the rise of antimicrobial resistance (AMR) presents a global threat to public health due 

to the high use of antibiotics (Centner 2016). To effectively prevent the potential rise of 

antibiotic-resistant bacteria, the FDA released a new policy in 2018 for the use of medically 

important antimicrobials in livestock that requires a rigorous evaluation before therapeutic 

use of these drugs (U.S. Food and Drug Administration, 

https://www.fda.gov/AnimalVeterinary/SafetyHealth/AntimicrobialResistance, 7/1/2019). 

Therefore, there is now a pressing need for identification of AMR to guide in effective 

antimicrobial usage. Sequencing technologies have emerged as a potential candidate to fill 

this unmet need by providing genetic information without any prior knowledge of possible 

pathogen presence, allowing for accelerated pathogen detection as well as providing 

valuable information on strain discrimination, and genome functions including antibiotic 

resistance profiles (Lecuit and Eloit 2014). 

Currently, short-read next generation sequencing, such as the Illumina platform 

(Illumina, Inc.), is the dominant method for obtaining genomic sequences (Deurenberg et 

al. 2017). However, the fragmented short-read sequences can present serious limitations 

for genome assemblies and downstream analyses (Cao et al. 2017; Ricker, Qian, and 

Fulthorpe 2012). Long-read single-molecule sequencers, represented by Oxford Nanopore 

MinION (Oxford Nanopore Technologies Ltd.) and PacBio Sequel (Pacific Biosciences of 

California, Inc.), are able to overcome this obstacle by providing longer assemblies (Ardui 

https://www.fda.gov/AnimalVeterinary/SafetyHealth/AntimicrobialResistance
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et al. 2018; Jain et al. 2018). In addition, MinION has other unique advantages such as 

potential on-site detection due to its small size, real-time data stream, and its universal 

accessibility given its relatively affordable price. This technology has been tested for 

genome sequencing research of bacteria, viruses, and yeast, and it has shown a great 

potential for infectious disease diagnosis (Giordano et al. 2017; Loman, Quick, and 

Simpson 2015; Wang, Moore, et al. 2015; Mitsuhashi et al. 2017). However, the shift from 

research to routine diagnostic applications requires rigorous quality control processes and 

standardization of testing. Thus, the purpose of this study was to optimize methods and 

provide benchmarking for bacterial detection and genome characterization using MinION 

sequencing. 

Streptococcus suis (S. suis) is a model pathogen for optimization of MinION 

sequencing for bacterial detection and characterization, as S. suis is an important pathogen 

for pigs and can be transmitted to humans. Additionally, it has received growing attention 

for its increasing and complex antibiotic resistance (Devi et al. 2017; Yongkiettrakul et al. 

2019). S. suis strains have been reported to encode antibiotic resistance genes against 

antimicrobials including tetracyclines, macrolides, β-lactams, aminoglycosides, 

trimethoprim–sulfamethoxazole, chloramphenicol, and fluoroquinolones (Palmieri, 

Varaldo, and Facinelli 2011). It is crucial to understand and determine the AMR profile to 

develop a better understanding of S. suis AMR mechanisms and importance as a reservoir 

of antibiotic resistance determinants. S. suis is also highly diverse with more than 1000 

sequence types (STs) registered in the S. suis multilocus sequence type (MLST) database, 

which makes control and surveillance of this pathogen more challenging (Gauthier-

Levesque et al. 2016; King et al. 2002; Segura et al. 2017). The genome size of S. suis 
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varies greatly from 1.6 to 2.1 million bases, reflecting again its high diversity (Feng et al. 

2014). Establishment of a MinION workflow for S. suis whole genome sequencing will 

allow for disease surveillance, sequence typing, AMR profiling, and will lead towards the 

identification of resistance mechanisms. Our research has provided an optimized 

operational S. suis sequencing workflow using Oxford Nanopore MinION technology and 

has demonstrated its potential as a widely applicable technology for diagnostics and 

characterization of pathogens including MLST classification and antibiotic resistance 

profiling. This method can be used as a reference to develop a framework for MinION 

sequencing and characterization of other pathogens. 

2. Materials and Methods 

2.1. Bacterial strains 

T7 Express Competent Escherichia coli (E. coli) (New England Biolabs, Inc) was 

used for evaluation of the DNA purification method. E. coli was grown in Luria Broth for 

12h and then used for DNA extraction. Stock cultures of 10 S. suis strains were kindly 

provided by Dr. Connie Gebhart at the University of Minnesota Veterinary Diagnostic 

Laboratory, along with Illumina HiSeq sequencing raw reads for each sample (BioSample 

accession numbers: SAMN11854274, SAMN11854276, SAMN11854295, 

SAMN11854277, SAMN11854278, SAMN11854305, SAMN11854328, 

SAMN11854241, SAMN11854253, SAMN11854163).  

2.2. Bacterial DNA isolation 

E. coli cultures were used to compare four different genomic DNA extraction 

methods starting with the same amount of culture for each method. An organic method for 

DNA extraction using phenol, chloroform, and isoamyl alcohol was performed based on 
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Wright, et al with a final volume of 100 μL of DNA in nuclease-free water (Wright, 

Adelskov, and Greene 2017). A silica-based magnetic bead kit (Qiagen MagAttract HMW 

DNA kit), a silica-based membrane spin column (Qiagen DNeasy Blood & Tissue kit), and 

a differential precipitation kit (Qiagen Gentra Purgene Yeast/Bact. kit) were all used 

following the manufacturer’s instructions with a final elution of DNA in 100 μL of 

nuclease-free water.  

After the DNA isolation comparison, genomic DNA was isolated for the remainder 

of the experiments using the DNeasy Blood & Tissue Kit (Qiagen) according to the 

manufacturer’s protocol for gram-positive bacteria, replacing the enzymatic lysis buffer 

with 160 l Buffer P1 (Qiagen) containing 5 l mutanolysin (25 KU/l, MilliporeSigma). 

This was followed by a 2h incubation at 37°C and a final elution in 100l of nuclease-free 

water. DNA concentrations were measured using a Qubit 3.0 fluorometer (ThermoFisher 

Scientific) following manufacturer’s protocols. DNA purity was measured using a 

Nanodrop ND-1000 spectrophotometer (ThermoFisher Scientific) to examine the OD 

260/280 and OD 260/230 ratios. DNA integrity was determined using an Agilent 4200 

TapeStation (Agilent Technologies).  

To improve samples with poor DNA purity, drop dialysis of DNA samples was 

performed by floating a 0.025 m, mixed cellulose ester, MF-Millipore membrane filter 

(MilliporeSigma) on the surface of sterile water in a petri dish, adding the DNA sample 

onto the membrane, and incubating for 1 hour at room temperature. The DNA sample was 

then recovered by pipetting it off the membrane and was measured using a NanoDrop ND-

1000 spectrophotometer (ThermoFisher Scientific) to examine the DNA concentration, as 

well as the purity of the DNA by OD 260/280 and OD 260/230 ratios.  
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2.3. DNA shearing and size selection 

Four combinations of DNA size selection and shearing methods were evaluated 

using three S. suis samples and sequence results from the four treatments were compared. 

The four combination groups were gDNA (genomic DNA with no size selection or 

shearing), gtube (sheared genomic DNA using g-TUBE), BlueP (size selected genomic 

DNA using BluePippin), and gtube/BlueP (sheared, size selected genomic DNA using g-

TUBE followed by BluePippin).  

DNA was sheared using a g-TUBE (Covaris, Inc.) according to manufacturer’s 

protocols targeting 18kb fragments as determined by mass of DNA and centrifuge speed. 

A total of 12ug of genomic DNA was centrifuged at 5800 rpm for 1 minute to obtain 

fragments of approximately 18kb. DNA was size selected using BluePippin (Sage Science) 

following manufacturer’s protocols targeting fragments >6kb. Briefly, a 6000 to 50,000 bp 

size range for DNA was selected in the program and 2 lanes of 5ug of each sample were 

loaded into a 0.75% agarose cassette. DNA fragment size following treatments was 

examined using an Agilent 4200 TapeStation (Agilent Technologies) following 

manufacturer’s instructions. 

2.4. MinION library preparation and sequencing  

A MinION Mk I sequencer and flow cell versions R9.4.1, R9.5 and R9.5.1 were 

used for this study (Oxford Nanopore Technologies Ltd). An R9.4.1 flow cell, the Ligation 

sequencing kit and the rapid barcoding kit were used for sequencing to compare DNA 

treatments (Oxford Nanopore Technologies Ltd). An R9.5.1 flow cell and the 1D² 

sequencing kit were used for optimizing de novo assembly following the manufacturer’s 

instructions (Oxford Nanopore Technologies Ltd). Sequencing results from all versions of 
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flow cells and sequencing kits were used for comparisons with Illumina sequencing for de 

novo assembly and genome characterization. 

The input DNA quantity for library preparation was calculated using the average 

fragment size and a targeted molarity of 0.3 pmol. Library preparation was performed using 

the 1D or 1D2 Ligation sequencing kits (Oxford Nanopore Technologies Ltd) following 

manufacturer’s protocols. Briefly, DNA were end-repaired using the NEBNext® End 

Repair Module (New England Biolabs), and subsequently cleaned up by AMPure XP beads 

(Beckman Coulter). Then, Blunt/TA Ligase Master Mix (NEB) was added to ligate 

adapters and purified using AMPure XP beads. Prepared DNA libraries were then added 

to the flow cells in the MinION (Oxford Nanopore Technologies Ltd), the MinION was 

connected to the MinKNOW software (Oxford Nanopore Technologies Ltd), and 

sequencing was initiated and run for the desired amount of time.  

2.5. MinION sequence analysis 

MinION raw sequencing reads were basecalled using Albacore (version 2.3.1, 

Oxford Nanopore Technologies Ltd) with a default quality filter of 7 to determine pass 

reads. The total raw read quality was examined using MinIONQC (Lanfear et al. 2019) to 

determine yields, mean read length, and mean quality. MinION raw reads, for all 10 

isolates have been deposited in the NCBI Sequence Read Archive (SRA): SRR10240057 

to SRR10240066. 

De novo assembly of MinION reads was performed using Canu (version1.6) with 

default parameters, which has 3 main steps; correct, trim, and assemble (Koren et al. 2017). 

Quast (version 4.5) was used to evaluate assembly quality, including the number of contigs 

and N50 (Gurevich et al. 2013). Alignment of the MinION raw fastq file from basecall to 
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the draft genome from Illumina sequencing was performed using Graphmap (version 0.5.2) 

(Sovic et al. 2016). AlignQC (version 2.0.5) was used to evaluate the alignment and to 

determine the single read error rates (Weirather et al. 2017). Qualimap (version2.2.1) was 

used to characterize the coverage distribution of the alignment across the whole genome 

(Garcia-Alcalde et al. 2012).  

All bioinformatics methods and source code used in this manuscript are also 

provided in the public GitHub repository at github.com/ShaoyuanTan/ssuisproject 

2.6. De novo assembly optimization  

Optimization of de novo assembly was performed by examining different fold 

coverage levels, adjusting read quality filters, and applying different error correction 

methods. Different fold coverage subsets (5X, 10X, 20X, 40X, 60X, 80X, 100X, 200X, 

and 400X) were obtained by randomly selecting reads from a single sequencing dataset 

using Seqtk (github.com/lh3/seqtk) and fastq-tools (github.com/dcjones/fastq-tools). 

Different quality filter cut-off subsets from the same dataset were generated using R 

(version 3.4.0), followed by generation of 25X, 50X, and 100X fold coverage sets for each 

quality filter subset (Team 2016). De novo assembly was then performed on the subsets 

using Canu. Consensus accuracy and assembly quality of each were evaluated using 

Mummer (version 4.0.0beta2) (Marcais et al. 2018) and Quast to determine the optimal 

cutoffs. 

MinION consensus sequences generated using Canu have been deposited at NCBI 

under BioProject PRJNA545328. This Whole Genome project has been deposited at 

GenBank under the accession VIEM00000000 to VIEV00000000. The version described 

in this paper is version VIEM01000000 to VIEV01000000. For AMR gene analysis, Canu 
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parameters were modified by adding corOutCoverage=1000 to allow for generation of 

plasmids before examination of antimicrobial resistance (AMR) genes. MinION consensus 

sequences generated using the modified Canu parameters that gave different AMR profiles 

from original consensus sequences have been deposited at NCBI under BioProject 

PRJNA547797. This Whole Genome project has been deposited at GenBank under the 

accession VIFG00000000 and VIFH00000000. The version described in this paper is 

version VIFG01000000 and VIFH01000000. 

Improvement of the assembly consensus accuracy from 5X to 100X coverage was 

performed using 3 different open source software programs (racon, nanopolish and Pilon). 

Racon (version 1.3.1) is a consensus module that was used to correct draft genome 

assemblies using MinION raw reads (Vaser et al. 2017). Nanopolish (version 0.10.1) 

exploits a single-level algorithm that was used to calculate an improved consensus 

sequence for the draft genome assembly using MinION raw reads 

(github.com/jts/nanopolish). MinION consensus genomes corrected using nanopolish have 

been deposited at NCBI under BioProject PRJNA547794. This Whole Genome project has 

been deposited at GenBank under the accession VIFI00000000 and VIFJ00000000. The 

version described in this paper is version VIFI01000000 and VIFJ01000000. 

A hybrid genome was assembled to provide a long and accurate consensus 

sequence by combining long reads from MinION sequencing and accurate reads from 

Illumina sequencing for error correction using Pilon (version 1.22) (Walker et al. 2014). 

Hybrid consensus genomes have been deposited at NCBI under BioProject PRJNA547793. 

This Whole Genome project has been deposited at GenBank under the accession 
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VIEW00000000 to VIFF00000000. The version described in this paper is version 

VIEW01000000 to VIFF01000000. 

2.7. Illumina sequence analysis  

The S. suis Illumina HiSeq sequencing was performed by the University of 

Minnesota BioMedical Genomics Center and raw data was provided to us by Dr. Connie 

Gebhart at the University of Minnesota Veterinary Diagnostic Laboratory (Estrada et al. 

2019). Raw reads from Illumina HiSeq sequencing were evaluated by FastQC 

(www.bioinformatics.babraham.ac.uk/projects/fastqc) and then trimmed using 

Trimmomatic (version 0.36) (Bolger, Lohse, and Usadel 2014). De novo assembly was 

performed using SPAdes (version3.11.1) (Bankevich et al. 2012). Assembly quality was 

assessed using Quast. Illumina consensus genomes have been deposited at NCBI under 

BioProject PRJNA547781. This Whole Genome project has been deposited at GenBank 

under the accession VIEC00000000 to VIEL00000000. The version described in this paper 

is version VIEC01000000 to VIEL01000000. 

In addition to the Genbank, all consensus genomes are also provided in the 

following figshare project: 

https://figshare.com/articles/Consensus_sequences_for_S_suis_project/9955211  

2.8. Characterization of the S. suis genomes 

The consensus genomes assembled using Oxford Nanopore MinION sequence 

(MinION), Illumina Hiseq sequence (Illumina), and the hybrid assembly (hybrid) were 

compared using the hybrid consensus as the reference genome.  

Quast was used to assess all assemblies, and the identity of Illumina contigs and 

MinION contig(s) to the hybrid consensus were generated using Mummer (version 
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4.0.0beta2). The ability of each sequencing and assembly method to generate a S. suis 

consensus, predict the MLST, and identify antibiotic resistance genes were compared. 

MLST profiles of the S. suis genomes were predicted using PubMLST (pubmlst.org/). A 

total of 7 housekeeping genes (aroA, cpn60, dpr, gki, mutS, recA, thrA) for S. suis MLST 

analysis were downloaded from the PubMLST website (6/21/2018 update). Alignment of 

the MinION, Illumina, and hybrid assemblies to the dataset of 7 housekeeping genes was 

performed using BLASTn. Knowing that the consensus genome from MinION was less 

than 100% accurate, the highest bit score from BLASTn for each gene was recorded and 

used even if the identity was less than 100% and both the BLAST score and percent identity 

were recorded (Supplemental Table S1). The alleles with the highest BLAST score for each 

of the 7 genes were then used to predict the sequence type by filling out the allelic profile 

on PubMLST using the “exact match only” search option (Jolley, Bray, and Maiden 2018). 

Antimicrobial resistance (AMR) genes were characterized by the Resistance Gene 

Identifier (RGI) online analysis tool from the Comprehensive Antibiotic Resistance 

Database (CARD), which uses CARD’s curated AMR detection models to predict the 

complete resistome from genome sequences (https://card.mcmaster.ca/analyze/rgi). AMR 

genes from Illumina and hybrid assemblies were detected under the strict algorithm and 

MinION assemblies used the loose algorithm, all using a custom cutoff of “% Identity of 

Matching Region” > 90. The genes detected by RGI were then confirmed using BLASTn 

to compare the AMR gene sequence to the MinION genome using a cutoff of alignment 

length/AMR gene length > 0.8 (coverage > 80%).  



42 

 

2.9. Sanger sequencing to confirm the new gki allele 

Primers were designed for PCR amplification of the gki gene region using Primer3 

(forward primer 5’ TTGGGTGTTGGTATGGGGT 3’, reverse primer 5’ 

TAGCCGTTACATCTTGCCCA 3’) (Untergasser et al. 2012). DNA was amplified using 

AccuStart PCR SuperMix (Quantabio). PCR was performed under standard conditions of 

94°C for 3 min, 35 cycles of 94°C for 20 sec, 55°C for 20sec, and 72°C for 1.5 min, 

followed by a final elongation of 72°C for 5 min (Dvorak et al. 2013). PCR products were 

then cleaned up using ExoSAP-IT (Thermo Fisher Scientific). Sanger sequencing was 

performed on the PCR products at the University of Minnesota Genomics Center. Results 

were visualized by Unipro UGENE (Okonechnikov, Golosova, and Fursov 2012). The new 

allele (gki_360) and new sequence type (ST1214) were submitted to and are available at 

PubMLST (https://pubmlst.org/). 

2.10. Statistical methods 

Two-way ANOVA and Tukey's multiple comparisons test were performed using 

Graphpad Prism (v. 8.0.0, GraphPad Software).  
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3. Results 

3.1. Optimization of DNA isolation 

Extraction of high quality and quantity DNA is an essential preliminary step for 

microbial sequencing. Oxford Nanopore MinION sequencing requires high quality input 

DNA with a recommended OD 260/280 ratio of 1.8 and OD 260/230 ratio of 2.0–2.2. Four 

different DNA extraction methods were examined for isolation of E. coli DNA; organic, 

silica-based magnetic beads, silica-based membrane spin columns, and differential 

precipitation. Following extraction, DNA recovery and the presence of contaminants such 

as protein and salts were examined.  

Figure 1. A comparison of DNA quantity and quality using 4 different DNA extraction methods.  

The identical amount of a single E. coli culture was used for DNA extraction using 4 different 

methods (organic, silica-based magnetic beads, silica-based membrane spin column, and 

differential precipitation). The final output volume was identical for each method to allow for direct 

comparison. A) The DNA concentration was measured using Qubit (*p<0.05) (n=3). B) A260/280 

and C) A260/230 absorbance ratios were examined using a nanodrop spectrophotometer with the 

ideal ratio shown as a dashed line (B) or grey bar (C) (n=3). 

 

The highest amount of DNA was obtained using the organic extraction method, 

which was significantly higher than that obtained using silica beads (p<0.05), but not 

significantly different from those using the silica membrane or precipitation methods 

(Figure 1A). The purity of the DNA samples was examined by analyzing the 260/280 
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absorbance ratio, looking for an optimal ratio of 1.8, with either lower or higher ratios 

suggesting poor quality DNA (Figure 1B). Both the silica-membrane and precipitation 

methods gave 260/280 ratios around 1.8 while the silica bead method was a little higher at 

1.9 and the organic method gave a ratio over 2.0, suggesting RNA contamination (Figure 

1B). Another DNA purity measure is examination of the 260/230 absorbance ratio, which 

can be used to measure the salt contamination in the sample, with an optimal ratio being 

2.0-2.2. The silica-membrane, precipitation and organic methods gave the best ratios at 

1.8-2.1, and the silica-bead method had a much lower ratio of 1.0 suggesting a high salt 

contamination (Figure 1C). However, the DNA quality of samples with a lower OD 

260/230 ratio was able to be improved using drop dialysis to remove salts (data not shown). 

Overall, the two optimal methods of DNA extraction were using the silica-membrane or 

differential precipitation methods. The silica-based membrane spin column extraction 

method was used for DNA extraction of S. suis samples for the remainder of the study.  

3.2. Optimization of DNA shearing and size selection 

Although the MinION sequencer has the ability to generate long reads, high 

molecular weight (HMW) genomic DNA is recommended to be sheared and size selected 

prior to MinION sequencing to theoretically optimize the sequence adapter binding 

efficiency and thus sequencing output. Four methodologies were examined to determine 

which technique resulted in optimal yield, read size, and read quality. The 4 methodologies 

were as follows; 1) intact HMW genomic DNA (gDNA), 2) sheared DNA using a g-TUBE 

to target 18kb fragments (gtube), 3) size selected DNA for fragments >6kb using 

BluePippin (BlueP), and 4) g-TUBE sheared DNA that was then size selected using 

BluePippin (gtube/BlueP). Following BluePippin treatment, DNA was treated by drop 
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dialysis to improve the 260/230 ratio. The DNA recovery after BluePippin treatment was 

only about 40%, thus a much higher amount of starting material was needed to obtain 

similar output DNA amounts as compared to the other treatments. The average DNA 

fragment size following treatment was 

examined (Figure 2A). Genomic DNA 

showed an average size of 23 kb, g-

TUBE sheared DNA gave an average 

size of 20kb, BluePippin size selection 

gave an average size of 18kb, and g-

TUBE sheared DNA followed by 

BluePippin size selection gave an 

average size of 17kb (Figure 2A). 

DNA from each of the 

different treatments (0.3 pmol each) 

was barcoded for MinION library 

preparation and sequencing. Using 

the same DNA molarity for all 

samples instead of the same quantity 

allowed for a reduction of the 

confounding variable of binding efficiency to the adapters during library preparation. 

Sequence outputs were then compared for yield, size, and quality of the output reads 

(Figure 2B-2D). The ratio of total yield (mb, million bases) over the total amount used for 

library preparation (ng) was highest in both of the g-tube treatment groups, but no 
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Figure 2. The effect of DNA size selection and 

shearing on sequencing read quality.  

Four DNA size selection and shearing treatments were 

performed on a S. suis stock DNA sample. A) 

Following each treatment, the average DNA fragment 

size was determined. A total of 0.3pmol of DNA from 

each treatment was used for MinION library 

preparation and sequencing (n=3). Sequencing output 

was examined for B) the ratio of total sequence yield 

per total amount of DNA (ng) used for library 

preparation, C) the sequencing read size distribution, 

and D) the Phred quality score of the sequencing reads. 
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significant difference among groups was observed (Figure 2B). An examination of the read 

length distribution from the four groups showed that while BluePippin did remove many 

small fragments, long reads were present in all groups (Figure 2C). No significant 

difference in the read quality between treatments was observed and all treatments showed 

an average Phred quality score around 10 (Figure 2D).  

The influence of DNA shearing or size selection on de novo assembly from raw 

reads was examined by comparing the number of contigs, N50, and consensus accuracy at 

25X, 50X, and 100X coverage. The N50 is a measure of the mean contig length that gives 

more weight to longer contigs. De novo assembly was not significantly impacted by any 

of the shearing or size selection treatments (Figure 3A-3C). However, consensus accuracy 

was significantly different between 25X and 100X coverage in all groups, with 100X 

coverage giving a significantly higher consensus accuracy (Figure 3C). Overall, 

sequencing of genomic DNA without any DNA shearing or size selection already gave 

good results, but the average fragment sizes were big and required more input DNA to 

3  Figure 3. The effect of size selection and shearing on de novo sequence assembly.  

Four DNA size selection and shearing treatments were performed on a S. suis stock DNA sample 

followed by library preparation using 0.3 pmol input DNA and MinION sequencing. De novo 

assembly of raw reads was performed and bioinformatic analysis of the de novo assembly from 

each treatment at 25X, 50X, and 100X coverage was examined (n=3). A) The number of contigs 

created, B) the N50 (mean contig length), and C) the consensus accuracy were compared between 

treatments (*p<0.05). 
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obtain the same molar amount for library production. Following BluePippin treatment, 

there was only about a 40% recovery of the DNA, and the de novo assembly results were 

similar among groups, indicating this was an unnecessary step. The g-TUBE treatment had 

almost a 100% recovery following treatment, and since there were more DNA ends 

available for adapter ligation after shearing, less DNA was needed for library preparation. 

More reproducible sequencing results from lower amounts of starting material, regardless 

of the genome size of the pathogen, would be generated using g-TUBE treatment prior to 

library preparation. Thus, further sequencing experiments in this manuscript were 

performed using g-TUBE treatment after DNA extraction prior to library preparation and 

sequencing.  

3.3. Optimization of de novo assembly 

Optimization of de novo assembly was performed by examining assembly results 

using different fold coverage levels, different read quality filters, and by applying different 

error correction methods. The minimal amount of coverage necessary for optimal de novo 

assembly was examined by comparing consensus accuracy and contig assembly at 

sequence coverages from 5X-400X. Between 5X to 20X coverage, consensus accuracy and 

N50 increased and the number of contigs dropped considerably creating as few contigs as 

possible (Figure 4A-4C). From 20-100X coverage relatively small variations were 

observed in consensus accuracy, N50, and the number of contigs and they were near 
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optimal by 100X coverage (Figure 4A-4C). Thus, 20-40X coverage is adequate, but 100X 

or higher is ideal for de novo assembly. 

Use of a strict quality filter can optimize the quality of input reads for de novo assembly. 

However, the higher the quality filter the fewer reads will pass the quality filter (pass reads), 

which leads to lower coverage during de novo assembly. Examination of the number of 

bases available after different quality filters shows a dramatic drop between a quality filter 

of 4 to 9 from 1.5 x109 to 5.4 x108 total bases available, which means at a quality filter of 

9 only 40% of the data generated is used (Figure 4D). Next, an examination of different 
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Figure 4. Analysis and optimization of consensus accuracy following de novo assembly.  

A consensus sequence was assembled from MinION sequencing reads using de novo assembly. 

A) The consensus accuracy, B) the N50, and C) the number of contigs were examined at 

coverage levels from 5X-400X. D) The total number of bases that passed quality filter cut-offs 

ranging from 0-12 were examined. E) At 25X, 50X, and 100X coverage the consensus accuracy 

following de novo assembly using different quality filter cut-offs from 4-9 was determined. F) 

The effect of error correction methods on the consensus accuracy of de novo assembly using 

nanopolish, racon, or pilon was examined at coverage levels from 4X to 100X. (*p<0.05) 
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quality filter cut-offs from 4 to 9 at three coverage levels (25X, 50X, and 100X, 

representing low, medium and high coverage) were performed to determine optimal or 

acceptable quality filter cutoffs (Figure 4E). As quality filter cut-offs increased, consensus 

accuracy increased, however, the consensus accuracy of lower coverage samples (25X and 

50X) was never able to reach the accuracy of higher coverage samples even using lower 

quality filter cut-offs (100X, quality 4 cut-off) (Figure 4E). This suggests that coverage is 

more important than read quality for consensus accuracy and if the total sequence yield 

gives less than 100X coverage, no quality filter should be used. If the coverage is greater 

than 100X, then use of the quality filter can significantly improve consensus accuracy 

(Figure 4E). No significant difference was observed in the N50 or the number of contigs 

generated as quality filter cut-offs increased at each coverage level (data not shown). For 

the remainder of this study, a quality filter of 7 was applied, which is the default filter when 

using Albacore basecalling software. 

Besides coverage and read quality optimization, consensus accuracy can also be 

improved by using an error correction program. Three different error correction methods 

were compared to identify which gave optimal improvement in consensus accuracy (Figure 

4F). The Pilon method is a hybrid error correction method incorporating Illumina 

sequencing reads to correct the MinION consensus and gives a high consensus accuracy 

regardless of the coverage level but requires Illumina as well as MinION sequencing data 

(Figure 4F). For the raw read consensus, and the racon and nanopolish error correction 

methods, the consensus accuracy improved greatly from 5X to 40X coverage and then 

maintained a similar accuracy out to 100X coverage (Figure 4F). At 100X coverage, the 

raw consensus accuracy with no error correction was 99.6%, racon gave poor results 
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(99.3%), self-correction using nanopolish increased the accuracy to 99.8%, and Pilon 

generated the highest accuracy at 99.9% (Figure 4F). Knowing that nanopolish and Pilon 

could improve the consensus accuracy, the time and computing power needed to run these 

error correction methods needs to be weighed against the accuracy that is needed. Using 

the University of Minnesota Supercomputing Institute High Performance Computing (HPC) 

system with 252gb supercomputing memory, acquisition of the raw consensus using Canu 

with no error correction takes about 1 hour. Performing a self-correction on this raw 

consensus using nanopolish requires approximately 12 hours of computing time while a 

hybrid-correction using Pilon requires less than 10 minutes of computing time, but requires 

Illumina data. 

3.4. Determination of sequence type and antibiotic resistance  

A total of 10 different S. suis strains were sequenced following optimal sample 

preparation as determined above by isolating DNA using the silica-membrane spin column 

extraction and g-TUBE shearing followed by MinION (long-read) library preparation and 

sequencing. Raw reads from each sample were assembled into contigs using Canu. 

Illumina raw reads were assembled using SPAdes. A hybrid consensus genome 

incorporating the long contigs from MinION and the high accuracy reads from Illumina 

was generated for each sample using Pilon. This hybrid genome was used as the reference 

genome for comparing genomes generated by the other 2 methods (Table 1). The average 

Phred quality score was vastly different between the 2 methods with a Phred score of 8.5 

for MinION and >30 for Illumina, thus highlighting the differences in sequence accuracy. 

A comparison between the MinION and Illumina assembled genomes indicated that 

although Illumina sequencing generated more sequence data and created contigs with 
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higher accuracy than MinION contigs, it was unable to assemble into long contigs (Table 

1), thus confirming that MinION sequencing is superior to Illumina for generation of large, 

continuous contigs.  

Table 1. De novo assembly results for MinION and Illumina sequencing.   

BioSample 

accession 

Sample 

ID 

Total input for 

assembly (mb) 
 

Number of 

contigs 
 N50 (mb)  % Identity* 

MinION Illumina  MinION Illumina  MinION Illumina  MinION Illumina 

SAMN11854274 1 196 859  2 41  2.1 0.8  98.82 99.87 

SAMN11854276 2 434 785  1 129  2.2 0.1  99.64 99.95 

SAMN11854295 3 200 856  1 59  2.1 0.2  99.55 99.96 

SAMN11854277 4 632 893  1 39  2.2 1.1  99.15 99.91 

SAMN11854278 5 870 978  1 102  2.1 0.1  99.54 99.94 

SAMN11854305 6 586 678  1 48  2.1 0.2  99.49 99.98 

SAMN11854328 7 458 825  1 62  2.2 0.2  99.47 99.95 

SAMN11854241 8 597 640  1 63  2.1 0.1  99.54 99.99 

SAMN11854253 9 286 666  16 54  2.1 0.2  99.22 99.59 

SAMN11854163 10 280 632  3 112  2.1 0.2  99.48 99.83 

 Average 454 781  2.8 71  2.1 0.3  99.39 99.90 
*% identity as compared to the genome generated using the hybrid method. 

 

Multilocus sequence typing (MLST) was performed using the 10 S. suis consensus 

genomes generated by each MinION, Illumina, and hybrid method. For the Illumina and 

hybrid consensus genomes, MLST was determined by 100% identity matching to alleles. 

Because MinION does not generate highly accurate sequence, MLST cannot be performed 

using the normal parameters of matching an allele using 100% identity. However, the lack 

of accuracy is due to sequencing error across the genome as opposed to nucleotide changes 

in a particular region which is observed between alleles, so we assessed the possibility that 

sequence types (ST) could be accurately predicted by finding the best match allele, even 

though it would have less than a 100% identity due to random base changes throughout the 

gene. To test if MinION data could be used to predict the sequence type and to determine 
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the accuracy of this prediction, the allele with the highest BLAST score was identified. 

These alleles were then used to determine the ST for each of the 10 S. suis samples by 

PubMLST online tools (pubmlst.org) (Table 2). For sample 4, the gki gene didn’t match 

any existing gki alleles, indicating the discovery of a new allele and thus a new sequence 

type. The gene was identified in all 3 assemblies and was PCR amplified and sequenced 

using Sanger sequencing. The new allele was confirmed, submitted to PubMLST and the 

allele is now identified as gki_360, and the sequence type is assigned to be ST1214.  

Table 2. MLST identification using MinION and Illumina sequencing data. 

S. suis 

sample ID 

MLST 

MinION 
MinION + 

nanopolish* 
Illumina Hybrid 

1 975 - 975 975 

2 1001 - 1001 1001 

3 1 or 134 1 1 1 

4† 1214 - 1214 1214 

5 971 - 971 971 

6 1 - 1 1 

7 988 - 988 988 

8 1 or 127 1 1 1 

9 995 - 995 995 

10 1 - 1 1 
*Nanopolish was only performed on the MinION sequences for samples 3 and 8 to 

determine if this could resolve the ambiguity observed in the MinION MLST. 
†newly identified ST from this study 

The MinION assemblies unequivocally identified the same ST/allelic profile as the 

Illumina and hybrid genomes for 8 of the 10 samples (Table 2). The MinION genome 

identified two possible STs for samples 3 and 8 due to 2 alleles giving the same BLAST 

score (cpn60_1 and cpn60_61 for sample 3; thrA_1 and thrA_18 for sample 8). An 

examination of the indistinguishable alleles using the clustalW alignment tool identified a 

99.7% identity between the alleles for both genes, suggesting that the consensus accuracy 

of the MinION sequence cannot distinguish between highly similar alleles. After increasing 
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the accuracy of the MinION genome by performing nanopolish error correction on these 

two samples, the ST was re-examined. A single allele was now identified using the highest 

BLAST score for each of the MinION+nanopolish genomes, identifying the same 

ST/allelic profile as the Illumina and hybrid and genomes with no ambiguities (Table 2). 

Thus, the original MinION genome, with an average accuracy of 99.6%, was able to predict 

the majority of STs but had difficulty differentiating high identity alleles (>99.7% identity) 

while the MinION genome that was error corrected using nanopolish, which increased the 

average accuracy to 99.8%, was able to correctly predict all STs. Thus, MinION data can 

be used to predict the MLST of an isolate with 99.7% identity and with higher accuracy if 

sequencing errors in the genome are corrected using nanopolish. 

Antimicrobial resistance (AMR) profiles are an important characterization of 

bacteria and are necessary for identification of effective treatment of infection. Commonly 

used antibiotics to treat pigs infected by S. suis included ampicillin, chlortetracycline, 

clindamycin, florfenicol, gentamicin, neomycin, oxytetracycline, penicillin, spectinomycin, 

tiamulin, trimethoprim, and tylosin. To determine if MinION sequencing could detect 

AMR genes, especially for those antibiotics involved in pig production listed above, the 

MinION, Illumina, and hybrid consensus sequences were analyzed using the RGI analysis 

tool (Jia et al. 2017), followed by confirmation using BLASTn analysis. The RGI analysis 

tool matches translated protein sequences to the protein sequence of the known AMR genes. 

Due to insertions and deletions in MinION data, only short sections of the gene are usually 

able to be translated correctly to determine a >90% identity between the consensus genome 

and the AMR gene. To further confirm that the AMR gene was present in the genome, 

BLASTn was used to compare the nucleotide sequence of the identified AMR genes to the 
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consensus genomes using a cutoff of coverage > 80% to confirm the presence of the entire 

gene. A total of 6 AMR genes, including tetO, ermB, ANT(6)-la, lnuB, lnuA and tetL, were 

identified in at least one sample from at least one genome sequence using the RGI tool. 

Among the 6 AMR genes identified, only tetO, conferring resistance to chlortetracycline 

and oxytetracycline, and ermB, conferring resistance to tylosin and clindamycin, were 

antibiotics relevant to pig production (Table 3). The AMR detection results from RGI were 

consistent among three methods for all samples except sample1, whose results were 

different depending upon the consensus genome. BLASTn confirmation of gene coverage 

confirmed RGI results for all the samples except sample 1. BLASTn identified that the RGI 

results for the sample1 MinION results only covered a small region of the tetO gene, thus 

the gene was not actually present (Table 3). Another 4 AMR genes, not relevant to pig 

production, were found to be present in sample 1 (ANT(6)-la, lnuB) and in sample 9 (lnuA, 

tetL) by RGI, but only 2 of these were confirmed with BLASTn analysis, sample 1 (lnuB; 

lincosamide) and sample 9 (lnuA; lincosamide).  

Table 3. AMR genes detected in the 10 S. suis samples. 

AMR genes tetO ermB 

Method RGI detection 
BLASTn 

confirmation 
RGI detection BLASTn confirmation 

1* +/-/+† - + + 

2* + + - - 

3 + + + + 

4 + + + + 

5 + + + + 

6 + + - - 

7 + + + + 

8 + + + + 

9 + + + + 

10 + + + + 

+ denotes gene presence and – denotes gene absence 
*AMR detected using modified Canu parameters and contigs 
†detection varies based on the sequence method and are shown as MinION/Illumina/Hybrid 

results  
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4. Discussion 

Rapid diagnostics are important for effective treatment and control of infectious 

diseases. Identification and treatment of bacterial infections have become routine, but with 

the emergence of antibiotic resistant bacteria, new approaches are necessary to guide 

appropriate antibiotic use (Spellberg, Bartlett, and Gilbert 2013; Schurch and van Schaik 

2017). Whole genome sequencing (WGS) offers a potential solution for the control of 

antibiotic resistance and bacterial characterization by providing all relevant genomic 

information about a pathogen in a single inexpensive, quickly performed assay (Reuter et 

al. 2013; Ashton et al. 2015; Koser, Ellington, and Peacock 2014). In this study, 

optimization of MinION sequencing for bacterial detection and characterization was 

performed to determine if this technology could be effectively used for disease diagnostics 

and identification of antibiotic resistance.  

Since it became commercially available in December 2014, Oxford Nanopore 

sequencing has been predicted to be a good fit for rapid infectious disease detection 

(Hoenen et al. 2016). Complete bacterial genome sequences have been generated using the 

MinION sequencer, either by following a MinION-Illumina hybrid approach or with 

MinION-only data (Risse et al. 2015; Goldstein et al. 2019). Here we optimized the Oxford 

Nanopore MinION sequencing workflow for bacterial characterization using S. suis as a 

model organism, since it causes disease in both livestock (pigs) and humans. The methods 

we developed here can be used as a starting point to optimize sequencing of other bacterial 

pathogens.  

Major disadvantages of MinION sequencing include its need for high quality input 

DNA and its high sequencing error rates. Analysis of different methods for obtaining high 
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quality input DNA, including an examination of shearing or size selecting DNA, was 

performed to determine the most effective method for production of high quality genomic 

sequence. Our results indicated that use of a silica-based membrane spin column DNA 

extraction method combined with shearing of this DNA using a g-TUBE gave optimal 

performance. To overcome the high sequencing error rates associated with MinION 

sequencing, de novo assembly using Canu was exploited to generate a more accurate 

consensus sequence. It was determined that 20X-40X coverage was adequate for assembly, 

but 100X coverage was ideal for optimal consensus accuracy. Use of a quality filter was 

found to improve consensus accuracy if >100X coverage was obtained, but with lower 

coverage levels (<100X) no quality filter should be used since coverage seems to be more 

important than quality. Bioinformatic error correction using nanopolish for self-correction 

was able to generate sequence with a consensus accuracy of 99.8%, although if Illumina 

data was available, a hybrid error correction using Pilon generated the highest consensus 

accuracy (99.9%) in much fewer contigs than that of Illumina alone. However, nanopolish 

takes a large amount of computing power and a relatively long time to run, so it is not 

recommended unless high accuracy is necessary, and Pilon requires Illumina sequencing 

data from the same sample, which is unlikely to be an option. However, if Illumina 

sequence has already been produced and long contigs are further desired, a quick 

sequencing run with MinION can be performed and the data combined with the Illumina 

sequence to obtain high accuracy long read sequence. 

Previous research has indicated that long-read sequencing technology (such as 

MinION) may be more suitable for de novo assembly than short-read sequencing (such as 

Illumina) (Goodwin et al. 2015; Bainomugisa et al. 2018; Tyson et al. 2018). Our research 
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confirms this observation, as Illumina generated higher accuracy sequence, but MiniON 

data was superior for generation of long continuous contigs. Use of a hybrid method to 

generate long contigs using MinION data as a reference genome and then Illumina data to 

correct for accuracy gave optimal sequence results and is perfect if both contig length and 

accuracy are desired. However, in most situations there is no need for a highly accurate 

consensus sequence and sequencing using 2 different methods is not usually performed. 

MinION sequence from de novo assembly (coverage >100X and quality >7) was 

successfully used for MLST and AMR detection. MLST unequivocally identified 8 of the 

10 strains examined and the other 2 strains were typed to 2 possible alleles which differed 

by less than 0.3%. If more accurate typing was necessary, error correction of the sequence 

using nanopolish could be performed to correctly identify ambiguous STs. Our study 

accurately predicted the STs for clinical S. suis samples using MinION sequencing, in spite 

of low accuracy sequence. This indicated that MinION sequencing errors, which are 

observed across the genome, only give a noisy background of error, instead of a bias for 

single nucleotide polymorphisms (SNPs) predictive of differing alleles. Of note, MinION 

sequencing was able to detect the real SNPs and discover a new ST just as well as was 

performed with Illumina sequencing. Identification of AMR genes using the MinION 

consensus genome was performed successfully for all genes present in the bacterial 

genome. However, modification of default assembler parameters was needed to allow for 

the generation of plasmids, which may contain AMR genes. Also, since consensus 

sequences from MinION had relatively high errors, the loose algorithm from RGI was used 

instead of the strict algorithm, which was used for Illumina and hybrid consensus 
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sequences. In addition, BLASTn was exploited to erase possible false positive results due 

to identification of partial protein sequence and to confirm detection of AMR genes. 

In this study, we optimized the MinION whole genome sequencing workflow for 

S. suis bacterial characterization and demonstrated its use for sequence typing and 

antibiotic resistance profiling. As sequencing technologies mature, rapid, comprehensive 

disease diagnosis in a single assay will gradually become a reality. Although the advantage 

of WGS for disease diagnosis is clear, we have only begun to identify the first steps in 

standardization of the WGS workflow to decrease costs and shorten the turnaround time 

for routine application of the technology. Notably, since MinION is a portable sequencer, 

on-site detection of adverse health events using real-time streaming of information will 

need to become available to aid in rapid precision treatment solutions (Strong et al. 2014). 
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Chapter III - Rapid, unbiased PRRSV strain detection using MinION direct RNA 

sequencing and bioinformatics tools  
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Prompt detection and effective control of porcine reproductive and respiratory 

syndrome virus (PRRSV) during outbreaks is important given its immense adverse impact 

on the swine industry. However, the diagnostic process can be challenging due to the high 

genetic diversity and high mutation rate of PRRSV. A diagnostic method that can provide 

more detailed genetic information about pathogens is urgently needed. In this study, we 

evaluated the ability of Oxford Nanopore MinION direct RNA sequencing to generate a 

PRRSV whole genome sequence and detect and discriminate virus at the strain-level. A 

nearly full length PRRSV genome was successfully generated from raw sequence reads, 

achieving an accuracy of 96% after consensus genome generation. Direct RNA 

sequencing reliably detected the PRRSV strain present with an accuracy of 99.9% using 

as few as 5 raw sequencing reads and successfully differentiated multiple co-infecting 

strains present in a sample. In addition, PRRSV strain information was obtained from 

clinical samples containing 104 to 106 viral copies or more within 6 hours of sequencing. 

Overall, direct viral RNA sequencing followed by bioinformatic analysis proves to be a 

promising approach for identification of the viral strain or strains involved in clinical 

infections, allowing for more precise prevention and control strategies during PRRSV 

outbreaks. 

 

1. Introduction 

The swine industry plays an important role in feeding the world, as pork is one of 

the highest consumed animal proteins in the world (FAO 2019; Lager and Buckley 2019). 

Emerging and re-emerging viral infectious diseases have been posing great challenges to 

the swine industry, among which porcine reproductive and respiratory syndrome (PRRS) 

is one of the most devastating diseases (Nathues et al. 2017; Neumann et al. 2005). PRRS 
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virus (PRRSV) is the causative agent of PRRS which contains a positive-sense, single-

stranded, 15 kb RNA genome (Snijder and Meulenberg 1998). PRRSV is categorized into 

two genotypes, type 1 (European type) and type 2 (North American type), which differ by 

approximately 40% at the genomic level between the two genotypes (Forsberg 2005; 

Murtaugh et al. 1998; Nelsen, Murtaugh, and Faaberg 1999), and strains within each 

genotype also vary considerably with genomic differences as high as 20% (Meng 2000). 

Globally, PRRS remains a threat to the swine industry despite many years of 

combined efforts to combat and control infection and disease (Han et al. 2019). One of the 

challenges for PRRSV control is the frequent recurrence of PRRS outbreaks in swine farms 

(Tousignant et al. 2015), with a prediction that of farms reporting an outbreak today, 71% 

will have a recurrence of PRRSV infection within the following two years (Carles Vilalta 

2019). The PRRSV recurrence is either caused by introduction of a new strain or a re-break 

with the resident virus strain. The knowledge of which type of break is crucial to determine 

the necessary control methods. Controlling against a new introduction from outside the 

farm indicates a need for enhanced biosecurity, while a re-break of a resident strain 

suggests better strategies for an elimination or vaccination program are needed. Another 

big challenge for PRRS control is that PRRSV vaccine is not completely effective at 

preventing and controlling infection due to the high genetic diversity of  the virus, thus 

outbreaks still occur in vaccinated herds (Murtaugh and Genzow 2011; Opriessnig et al. 

2002; Wang, Marthaler, et al. 2015; Zhou et al. 2017). A diagnostic method which can 

provide genetic information about the strain causing infection would allow for 

identification of potential reasons for vaccination failure, such as limited cross-protection 

due to high genetic divergence from vaccine (Kim et al. 2015), or in the case of genetic 
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similarity to vaccine, perhaps a reversion to virulence (escape mutation) of the vaccine 

itself (Storgaard, Oleksiewicz, and Botner 1999). In addition to the clinical challenges 

mentioned above, PRRSV has widely divergent genetic lineages and is a rapidly evolving 

pathogen with novel variants which seem to be more divergent and virulent than those in 

the past (Murtaugh et al. 2010; Hanada et al. 2005; Kappes and Faaberg 2015; Han et al. 

2019). The continuous emergence of new virulent strains causes unexpected devastating 

outbreaks, such as the severe outbreaks of HP-PRRSV in China and MN184 and NADC30 

outbreaks in the United States (Zhou and Yang 2010; Han, Wang, and Faaberg 2006; 

Brockmeier et al. 2012; Han et al. 2017). The increasing incidence of co-infections of 

multiple strains further complicates PRRS diagnosis and control (Yang et al. 2017). Hence, 

diagnostic tools that can provide more genetic information are extremely important for 

investigation, prevention, and control strategies for PRRSV outbreaks.  

Prompt detection of pathogens during an outbreak is essential for efficient disease 

control.  Real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) 

testing, which has the advantages of short turnaround time and high sensitivity (Schmitt 

and Henderson 2005; Prachayangprecha et al. 2014), is currently the primary molecular 

diagnostic method for PRRSV detection and is performed routinely in diagnostic 

laboratories. The current PCR methods can quickly detect the presence of PRRSV in 

general  (Lurchachaiwong et al. 2008), but cannot identify specific strains unless targeted 

primers are designed which requires prior knowledge about the strains of interest (Yang et 

al. 2017; Wernike et al. 2012). Nucleic acid sequencing technologies have been 

incorporated as a new diagnostic tool in recent years to provide necessary support, such as 

strain information, for PCR in clinical sample diagnostics (Van Borm et al. 2015; Gwinn, 
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MacCannell, and Armstrong 2019). Sequencing approaches have been applied successfully 

to various fields in virology so far, such as the discovery of novel viruses/strains, whole 

viral genome sequencing, quasispecies detection, and epidemiological investigations 

(Capobianchi, Giombini, and Rozera 2013; Houldcroft, Beale, and Breuer 2017). The fact 

that sequencing is robust and doesn’t need prior knowledge of the pathogens/strains under 

detection is particularly important for rapid responses to highly variable pathogens, such 

as PRRSV (Liu et al. 2018). The routine use of viral genome sequencing and genomic 

surveillance will not only serve as a powerful tool for PRRSV detection (Parker and Chen 

2017), but also provides researchers with a better understanding of PRRSV epidemiology 

and how the virus transmits, spreads, and evolves, thus facilitating effective prevention and 

control measures (Zhao et al. 2012).  

Conventional sequencing methods for RNA viruses usually includes reverse 

transcription and PCR amplification during library preparation which is then followed by 

amplicon sequencing. These extra steps not only introduce bias, but also increase the 

sequencing time, making rapid diagnosis difficult (Lahens et al. 2014; Hoenen et al. 2016; 

Garalde et al. 2018). The Oxford Nanopore MinION sequencer allows for sequencing of 

the RNA molecule directly, in its native format. This feature, together with other 

characteristics such as low start-up costs, portability, and real-time data streaming, makes 

the Oxford Nanopore MinION sequencer a good candidate for rapid RNA virus detection, 

even in resource limited or remote areas (Gallagher et al. 2018; Faria et al. 2016; Hoenen 

et al. 2016). Influenza virus was the first pathogen to be successfully sequenced in its native 

RNA format by direct RNA sequencing (DRS) using Oxford Nanopore MinION 

technology (Keller et al. 2018). Since then, studies have been performed for other viruses, 
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confirming the potential of MinION technology to aid in the detection of infectious viral 

agents (Viehweger et al. 2018; Depledge et al. 2019). PRRSV whole genome sequencing 

(WGS) has been carried out previously using traditional Sanger sequencing (Han et al. 

2019) and next-generation short-read sequencing platforms (Kvisgaard et al. 2013). 

Incorporating a bioinformatic approach, we systematically evaluated and standardized 

third-generation long-read MinION DRS for PRRSV whole genome generation and 

determined its ability to detect the viral strain present, its analytical sensitivity for strain-

level diagnosis of clinical samples, and its feasibility for differentiation of co-existing 

multiple strains in a single sample. To our knowledge, our study is the first time PRRSV 

has been sequenced in its native RNA format without amplification.  

2. Materials and Methods  

2.1. Viral strains and samples 

A PRRSV type 2 isolate, VR2332 (GenBank: EF536003.1), was used as the main 

reference strain. A PRRSV type 1 isolate PRRSV1/USA/Lab6 (SDEU, GenBank: 

MN175678) and PRRSV type 2 isolate PRRSV2/USA/Lab3 (1-7-4, GenBank: 

MN175677) were used for experiments examining the detection of multiple viral isolates 

in a single sample. All viral isolates were propagated on MARC 145 cells as previously 

described (Robinson et al. 2018). Clinical samples and the corresponding ORF5 sequences 

from Sanger sequencing, were obtained from Dr. Sunil Kumar Mor at the University of 

Minnesota Veterinary Diagnostic Laboratory (St. Paul, MN). 

2.2. RNA extraction and viral copy number determination 

PRRSV RNA was extracted from cell culture supernatants, virus-negative pig 

serum spiked with PRRSV, and clinical PRRSV-positive serum samples using the QIAamp 
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Viral RNA mini kit (Qiagen, Germantown, MD) following manufacturer’s instructions 

without the addition of carrier RNA and with a final elution in 50 ul nuclease-free water. 

A high concentration PRRSV stock (supernatants from virus grown in MARC-145 cells) 

was extracted to generate a large amount of high concentration RNA for whole genome 

sequencing. Generation of known concentrations of virus in serum samples (spike-in 

samples) was performed by adding the PRRSV stock to virus negative pig serum, half of 

which was used for sequencing and the other half for determining the number of viral 

copies present. For clinical samples, RNA was extracted from 300 ul of serum, two thirds 

of which was used for sequencing and the remaining third was used to determine the 

number of viral copies present. Viral copies were determined using an RT-qPCR assay as 

described previously using a standard curve to determine the number of viral copies and 

then calculating the total number of copies sequenced (Robinson et al. 2018). 

Since MinION RNA sequencing requires a high amount of input RNA for library 

preparation (>500ng), lower viral RNA concentration samples were supplemented with 

exogenous cellular RNA for sequencing library preparation. This exogenous cellular RNA 

was obtained by extracting total RNA from MARC-145 cells using the Qiagen RNeasy 

mini kit (Qiagen, Germantown, MD) according to the manufacturer’s protocol with the 

addition of on-column DNAse digestion. When needed, concentration of RNA was 

performed using a SpeedVac lab concentrator (Savant, NY, USA). A Qubit 3.0 fluorometer 

(Life technologies, Carlsbad, CA) and a Nanodrop1000 spectrophotometer (Thermo 

Scientific, Waltham, MA) were used for quantitative and qualitative assessments.  
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2.3. MinION direct RNA sequencing 

Sequencing libraries were generated from 600ng of extracted viral RNA or a 

combination of viral RNA and exogenous cellular RNA using the direct RNA sequencing 

kit (Oxford nanopore Technologies Ltd, Oxford, United Kingdom) according to the 

manufacturer’s protocol (Garalde et al. 2018). The sequencing library was then loaded onto 

a R9.4.1 SpotON flow cell and sequenced using a MinION Mk I sequencer (Oxford 

nanopore Technologies Ltd, Oxford, United Kingdom) which was connected to a computer 

and remotely controlled by the MinKNOW software (Oxford nanopore Technologies Ltd, 

Oxford, United Kingdom). The estimated yield was monitored in real-time, samples were 

sequenced for approximately 6 hours and adjusted for more or less time if needed.  

For evaluation of whole viral genome generation from MinION direct RNA 

sequencing, two duplicate runs were performed starting with 600 ng PRRSV VR2332 

genomic RNA. Sequencing of mixed-strain samples combined 300 ng of VR2332 RNA 

and 300ng of strain 1-7-4 or SDEU RNA, or 600 ng VR2332 RNA total as a control. Other 

samples that contained less than 600 ng of PRRSV RNA, such as clinical samples, were 

supplemented with exogenous cellular RNA to obtain a total of 600 ng RNA for use in 

library preparation.  

2.4. Evaluation of sequencing reads and consensus sequences 

Basecalling of raw reads was performed using Albacore (Oxford nanopore 

Technologies Ltd, Oxford, United Kingdom) to generate FASTQ files. Total yield, total 

reads, read quality, and read length from whole genome sequencing were analyzed using 

NanoPlot (Van Broeckhoven et al. 2018). To obtain raw error rates and error patterns, 

sequencing reads were mapped to the VR2332 reference sequence using minimap2 (Li 



67 

 

2016), processed with SAMtools (Li et al. 2009) to generate BAM files, and then evaluated 

by AlignQC (Weirather et al. 2017).  

A consensus genome was generated using the longest PRRSV read from the 

sequencing data as a scaffold. The longest PRRSV read was extracted from the FASTQ 

file using an awk command, all other raw reads were then mapped to this sequence using 

minimap2 (Li 2016), and then the map file was processed using Racon (Vaser et al. 2017). 

A comparison of this consensus genome to the reference genome was analyzed by pairwise 

alignment using Geneious software (version 8.0.5) (Kearse et al. 2012). Depth of coverage 

across the consensus genome was analyzed using Qualimap (Okonechnikov, Conesa, and 

Garcia-Alcalde 2016). The average coverage and accuracy across the genome were then 

evaluated using a window size of 1000 bp and visualized using GraphPad Prism 8 

(GraphPad Software, San Diego, CA).  

2.5. Evaluation of analytical sensitivity  

The analytical sensitivity of MinION direct RNA sequencing was analyzed by 

examining the sequencing yield needed for viral strain detection, as well as the number of 

viral copies needed to generate detectable viral sequence. The sequencing yield needed for 

viral strain detection was examined by generating datasets with targeted yields ranging 

from 3,000 to 30,000,000 bases from the two whole genome sequencing runs. Specifically, 

the text summary of the sequencing file from basecalling was analyzed using R (version 

3.4.0) (Team 2016) and groups with the desired yields were generated by setting a cutoff 

at the sequencing time in which the desired yield was reached. Examination of the number 

of viral copies needed in a sample in order to detect the virus was performed by sequencing 

viral RNA extracted from cell supernatant samples, spike-in samples, and clinical samples 
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containing different amounts of virus. Because samples with a relatively low number of 

viral copies yielded low amounts of viral RNA, exogenous cellular RNA was added to 

achieve efficient library production. Following sequencing of the libraries containing both 

viral RNA and cellular RNA, the PRRSV sequences needed to be extracted for further 

analysis. First, a custom PRRSV sequence database containing 951 PRRSV whole genome 

sequences was generated by downloading all PRRSV whole genome sequences available 

in GenBank (949 sequences including our VR2332 strain, download date: Nov 2018) with 

the addition of sequences from our SDEU and 1-7-4 lab strains. Then, the PRRSV reads 

were able to be identified and obtained by mapping the raw sequencing reads to this custom 

PRRSV database using minimap2 (Li 2016) and extracting the mapped reads using 

SAMtools (Li et al. 2009).  

Identification of the viral strain present in the sample was examined using Basic 

Local Alignment Search Tool (BLAST) with a significance filter of expect value (E) < 10-

50 to examine the PRRSV sequence reads. The PRRSV raw reads were compared to the 

custom PRRSV database using nucleotide BLAST (BLASTn) and the top match, based on 

bit score, was regarded as the strain detected in the sample. This detected sequence was 

then aligned to the known reference genome using Geneious software version R8.0.5 

(Kearse et al. 2012) and the percent identity was recorded to show the accuracy of 

detection. For supernatant and spike-in samples, both the VR2332 whole genome and the 

ORF5 sequence were known and designated as the reference sequence to compared to the 

MinION generated sequences. For clinical samples, only the ORF5 sequence was known 

and was used as the reference sequence for comparison. A consensus genome was 
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generated, if possible, for each dataset or sample using the longest PRRSV read as a 

scaffold followed by analysis of consensus length and accuracy as described above. 

Linear regression analysis was performed to compare PRRSV sequencing reads to 

viral RNA copies using GraphPad Prism 8 (GraphPad Software, La Jolla, CA). In order to 

normalize among different sequencing runs with varying total reads, the ratio of PRRSV 

reads to total reads was used to allow for comparison. The viral RNA copies were 

determined by RT-qPCR and reported as total viral copies per sequencing run.  

2.6. Differentiation of multiple viral isolates in a single sample 

Samples containing a mixture of two viral isolates, or VR2332 alone as a control, 

were sequenced as above. In order to identify the yields needed for accurate strain detection 

and differentiation, datasets with yields from 30,000 to 30,000,000 bases were generated 

randomly from total reads using fastq-tools 

(https://homes.cs.washington.edu/~dcjones/fastq-tools/). PRRSV reads were extracted by 

mapping all reads to the PRRSV database using minimap2 (Li 2016). In order to detect 

PRRSV strains, PRRSV reads were first BLASTn analyzed to identify the top BLAST hit 

as determined by bit score (BLAST filter of E < 10-50 plus alignment identity > 80% and 

length > 900 bp). Then, all PRRSV reads were mapped to the this top BLAST hit using 

minimap2  with “map-ont” preset option (Li 2016) and mapped reads were extracted using 

SAMtools (Li et al. 2009). The unmapped reads were also extracted and were analyzed 

against the PRRSV database a second time to detect any other strain existing in the same 

sample. The top BLAST hit was recorded and the mapped and unmapped reads to the 

second top match were again separated. This was repeated until no PRRSV strain was 

detected in the extracted unmapped reads. The read length and accuracy were based on the 
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results of the analytical sensitivity experiment, where the detection limit was 

approximately 900 bp and 80% identity. The top BLAST hits were compared to the 

targeted known strain (1-7-4, SDEU, or VR2332) and the percent identity was recorded. 

The percentages of reads matching the detected isolates to total PRRSV reads were also 

recorded. 

The investigation of previous-run contamination was conducted by extracting all 

reads from the suspected sequencing results that mapped to the reference sequence of the 

contaminating strain. The “read_id” of the contaminating reads were extracted using 

SAMtools. As an indication of when during the sequencing run the contaminating read was 

observed, the “start_time” that matched the “read_id” of the contaminating reads was 

extracted using R (version 3.4.0) (Team 2016). The number of total contaminating reads 

over the time course of the sequencing run was analyzed using GraphPad Prism 8 

(GraphPad Software, La Jolla, CA).  

2.7. Computer codes and sequencing data 

The main bioinformatic methods and codes used in this study can be found here: 

https://github.com/ShaoyuanTan/PRRSVproject 

The sequencing data has been deposited to NCBI Sequence Read Archive (SRA) 

under accession numbers: SRR10292736 to SRR10292741. 

3. Results 

3.1. Evaluation of MinION RNA sequencing for generation of viral genomes 

A high concentration cell culture grown PRRSV VR2332 stock was used for RNA 

isolation and evaluation of MinION direct RNA whole genome sequencing. PRRSV RNA 

was extracted using the QIAamp Viral RNA mini kit, which has shown consistently good 

https://github.com/ShaoyuanTan/PRRSVproject
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performance in several studies (Cornelissen et al. 2017; Conceicao-Neto et al. 2015). A 

total of 600 ng RNA was used for library preparation and sequencing, which was performed 

in duplicate. Since the whole genome sequencing was under ideal conditions using 600 ng 

RNA starting material, one-hour of sequencing was sufficient to generate more than 

enough reads for sequence analysis (Table 4).  

Table 4. Assessment of raw reads from direct RNA sequencing  

 Run #1 Run #2 

Available pores (group 1) 474 495 

Sequencing time 1 hour 1 hour 

Total pass bases 20,351,741 27,167,775 

Total pass reads 14,963 23,547 

Mean read length (bp) 1,360 1,154 

Mean read quality 8.2 8.5 

Mappable reads / percentage 13,284 / 88.8% 19,549 / 83.0% 

Longest read (bp) / accuracy 15,026 / 86.3% 15,060 / 86.7% 

Consensus length (bp) / accuracy 15,140 / 95.5% 15,055 / 95.3% 

 

Raw reads from the first hour of sequencing were extracted and evaluated for yield, 

read quality, read length, raw error rates and consensus generation (Table 4). Both 

sequencing runs generated more than 20 megabases (mb) total yield within one-hour of 

sequencing with the longest raw read over 15,000 bp in length, very close to the full length 

VR2332 reference sequence (15,182 bp) (Table 4). Comparing the longest raw read to the 

VR2332 reference sequence gave an identity of approximately 86.5%, and the sequence 

accuracy improved to 95.4% after generating a consensus using the longest raw read as a 

scaffold (Table 4). Further examination of the error rates between the raw reads and the 
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reference 

sequence 

identified total 

error rates at 

13.9%, 

including 

6.3% deletion 

(45% of total 

error), 4.1% 

mismatch 

(30% of total 

error), and 

3.5% insertion (25% of total error) error types (Figure 5a). Of note, error patterns showed 

that insertion and deletion of T nucleotides, and C/T mismatches were the most frequently 

observed error patterns (Figure 5b).  

The depth of coverage across the PRRSV genome was observed to be extremely 

uneven with higher coverage on the 3’ end of the genome and gradually decreasing towards 

the 5’ end, which agrees with what has been observed previously (Figure 6) (Viehweger et 

al. 2018; Keller et al. 2018). This is not surprising since the sequence adaptor was ligated 

to the poly(A) tail on the 3’ end and this is where sequencing began. If the RNA was 

partially degraded or RNA second structure hampered the movement of the RNA through 

the nanopores, then only the 3’ end would be sequenced, thus resulting in uneven coverage 

distribution. Despite the uneven coverage, the accuracy across the genome was similar, 

Figure 5. Analysis of direct RNA sequencing errors. 

To obtain raw error rates and error patterns, raw reads were mapped to the 

VR2332 reference sequence, followed by evaluation of the mapping. (a) The 

percent of each error type is shown as well as the total error rate. (b) The error 

patterns of insertions (first row with darker pink indicating higher errors), 

deletions (first column with darker orange indicating higher errors) and 

mismatches (center matrix with darker red indicating higher error). The U 

bases in the query sequence were adjusted to T automatically by the minimap 

program in order to map to the reference sequence which was DNA. 

Total error rate = 13.9%

30%
 mismatch

45%  deletion

25%
insertion

(a) (b)
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around 95%, with the 

middle region of the 

genome having a 

higher accuracy 

(97%) and the 3’ end 

having the lowest 

accuracy (93%) 

(Figure 6). This was 

surprising since 

higher coverage can 

correct random 

sequencing errors 

and usually results in higher accuracy, which would suggest the 3’ end would have a much 

higher accuracy instead of a lower accuracy. Such conflicts imply the existence of 

technological bias resulting in sequencing errors that cannot be corrected by depth of 

coverage. 

3.2. Analytical sensitivity of MinION direct RNA sequencing  

3.2.1 Examination of sequencing yield needed for strain detection 

Analytical sensitivity of MinION direct RNA sequencing was first evaluated by 

examining sequencing results over a range of sequence yields to determine the lowest 

sequencing yield at which the PRRSV virus could be identified and at which a consensus 

genome could be generated. A range of sequence yields from 3 kilobases (kb) to 30,000 kb 

were obtained from the two whole genome sequencing runs above. Total reads were 

Figure 6. Depth of coverage and consensus accuracy across the 

PRRSV whole genome.  

Raw reads were mapped to the longest raw read which served as 

a scaffold to generate a consensus genome. The coverage 

distribution (left y-axis, black closed circles) was evaluated by 

Qualimap. The consensus accuracy (right y-axis, grey open 

square, dashed line) was generated using a Geneious pair-wise 

alignment. Both the average coverage and accuracy were 

evaluated using a window size of 1000bp and visualized using 

GraphPad prism software. 
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analyzed against a custom PRRSV database using BLASTn and the top match for each 

sequence yield, even those with only a few reads, was GenBank ID KC469618.1 (15,458 

bp). A 99.9% identity was observed between the known sequence of the VR2332 strain 

used in this experiment (GenBank ID EF536003.1, 15,182 bp) and the top BLAST match, 

KC469618.1, with an alignment length of 15,183 bp and only 15 base changes, suggesting 

they are basically the same isolate, especially since PRRSV has a high mutation rate 

estimated at (4.71–9.8) × 10−2/ site/year (Hanada et al. 2005).  

The length and accuracy of the longest reads, and generation of consensus 

sequences were further examined at the different sequence yields (Table 5). As sequencing 

yield increased, the length of the longest reads obtained increased, as did the length of the 

consensus sequence, reaching a maximal level at a yield of 15,000 kb (Table 5). The 

accuracy of the longest read at the different yields didn’t change, confirming that read 

quality was similar over time and that read quality was not related to read length. However, 

the accuracy of the consensus sequence increased from about 92% to 95% from 15 kb to 

7,500 kb input yield, due to the increased depth of coverage (Table 5). Consensus accuracy 

generated from yields more than 7,500 kb were consistently above 95% (Table 5). A nearly 

full length, 15,101 bp in length (breadth of coverage 99.5%), PRRSV consensus genome 

sequence with a sequence accuracy of 95.2%, was generated from a sequence yield of 15 

mb (Table 5). The minimal sequencing yield required for accurate PRRSV strain detection 

was found to be 3 kb (~5 reads) (Table 5). A total sequencing yield of 15 mb (~6×104 reads) 

allowed for accurate whole PRRSV genome generation (Table 5). 
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Table 5. Detection power of MinION direct RNA sequencing at different sequence yieldsa 

Sequencing yield 

(kb) 

Number of total 

reads 

Longest read Consensus sequence Coverage 

Length 

(bp) 
Accuracy 

Length 

(bp) 
Accuracy Breadthb Depthc 

3 5 1,606 84.2% - - - - 

15 109 1,899 88.1% 1,861 92.10% 12.3% 1 

75 443 4,036 84.1% 4,081 91.95% 26.9% 5 

150 790 4,496 83.4% 4,548 92.45% 30.0% 10 

750 3,500 7,533 84.9% 7,609 92.55% 50.1% 49 

1500 6,857 8,382 85.8% 8,435 94.20% 55.6% 99 

7500 32,571 12,990 86.6% 12,988 95.20% 85.5% 494 

15000 64,860 15,043 86.7% 15,101 95.20% 99.5% 988 

30000 127,411 15,081 86.0% 15,171 95.50% 99.9% 1,976 
aaverage of two sequence runs 

bconsensus genome length (bp)/reference genome length (bp) 

csequencing yield (bp)/reference genome size (bp) 

 

3.2.2 Determination of minimal viral copy level needed for sequencing 

The high amounts of viral RNA used for evaluation of MinION sequencing yields 

above are unrealistic and do not represent amounts of virus that can be found in field 

samples. Thus, analytical sensitivity was next examined using samples with a more realistic 

amount of viral copies present. A total of 5 lower concentration cell culture samples, 3 

serum samples with known amounts of virus spiked-in, and 6 clinical samples containing 

varying amounts of virus were sequenced. The total number of viral copies that were used 

for each MinION sequencing reaction was determined using RT-qPCR, with a range of 3.2 

x 104 to 5.9 x 109 viral copies per sequencing reaction in these samples (Table 6). The 

PRRSV strain was determined by analyzing total raw reads from sequencing against the 

custom PRRSV database and the top BLAST match was used to identify the viral strain 

present in the sample (Table 6). MinION sequencing was able to detect PRRSV in spike-

in samples containing as low as 3.4 x 104 viral copies and in clinical samples at 3.8 x 106 
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viral copies (Table 6). The analytical sensitivity difference related to sample type was 

unexpected, but, in fact, reasonable. One possible reason for this sensitivity difference 

could be related to viral RNA quality. Viral RNA extracted from cell culture supernatants 

are produced cleanly in a lab and are quickly stored properly to minimize viral and RNA 

degradation, thus giving higher quality samples. Clinical samples, on the other hand, are 

usually obtained on farm and the subsequent handling, shipping, and storage of clinical 

samples will inevitably increase viral and RNA degradation and decrease sample quality, 

resulting in lower sequencing yields, while RT-qPCR, which is less sensitive to these 

conditions, can still detect the presence of the virus (Sanchez-Romero et al. 2019). 

The detection accuracy of the raw PRRSV reads was determined by comparing the 

top BLAST hit to the known ORF5 sequence and/or whole genome sequence (Table 6). 

For cell supernatant and spike-in samples, the detection accuracy remains almost the same 

even as the viral copy number increased from an order of 104 to 109, and the top hits all 

showed more than a 99% identity to the reference whole genome sequence (Table 6). For 

clinical samples, more than 2.3x105 viral copies were needed in order to detect viral 

sequence (Table 6). At 3.8 x 106 viral copies the detection accuracy, comparing the top 

BLAST hit to the known ORF5 sequence, was 94%, increasing to 97% as the number of 

viral copies increased (Table 6). 
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Table 6. Analytical sensitivity of direct PRRSV RNA sequencing. 

Sample type 

Viral 

copies/ 

reaction 

# of total 

reads 

Top BLAST 

match 

Identity to 

ORF5/whole 

genome % 

# of 

PRRSV 

reads 

Consensus/longest 

read 

Length 

(bp) 
Accuracy % 

Cell 

supernatant 

5.9 x 109 19,198 KC469618.1 100.0/99.9 1,247 8,282 94.5 

2.0 x 109 23,068 KC469618.1 100.0/99.9 949 7,167 93.8 

1.7 x 109 83,192 KC469618.1 100.0/99.9 831 9,187 93.2 

6.8 x 108 116,698 KC469618.1 100.0/99.9 699 5,975 93.1 

3.7 x 108 118,879 KC469618.1 100.0/99.9 422 6,028 93.7 

Spike-in 

1.5 x 109 322,778 KC469618.1 100.0/99.9 1,589 15,021 93.0 

9.4 x 106 300,143 KC469618.1 100.0/99.9 45 3,743 90.5 

3.4 x 104 161,569 CS484777.1 99.0/99.4 3 905* 82.1 

Clinical 

1.4 x 108 77,468 MF327000.1 96.8/- 42 1,984 90.5 

2.4 x 107 266,120 KX192112.1 97.0/- 16 2,431 88.4 

3.8 x 106 286,680 KT581982.1 94.4/- 6 940* 83.7 

2.3 x 105 201,887 ND - 0 - - 

6.5 x 104 240,944 ND - 0 - - 

3.2 x 104 307,822 ND - 0 - - 

ND: not detected 

*Longest raw read was used 

 

PRRSV consensus sequences were obtained from each of the samples, if possible, 

in order to evaluate the ability of DRS to generate accurate consensus sequence from low 

viral copy samples (Table 6). MinION sequencing produced a large number of total raw 

reads, most of which were from the added exogenous cellular RNA necessary for 

successful library preparation. The desired PRRSV reads were obtained through mapping 

raw reads against the custom PRRSV database and using those that matched to generate a 

consensus sequence. A consensus sequence was not able to be obtained for 2 of the samples 

(spike-in 3.4 x 104 viral copies and clinical 3.8 x 106 viral copies) because of the low 

number of PRRSV reads present, so the longest PRRSV read was used for accuracy 

analysis instead of a consensus sequence (Table 6). The accuracy of the consensus 

sequence (or longest PRRSV read) was determined by comparing it to the known whole 

genome and/or ORF5 sequence (Table 6). Not surprisingly, there was a general trend that 
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longer and more accurate consensus sequences were generated when more viral copies 

were sequenced, with slight fluctuation due to variations in sequencer performance (Table 

6). Notably, a basically full-length genome with a consensus accuracy of 93.0% was 

observed in the spike-in sample containing 1.5 x 109 viral copies (Table 6). The other three 

samples in which more than 109 viral copies were used as the input sample were also able 

to generate a consensus genome with an accuracy higher than 93%, but were not full-length 

genomes, perhaps due to the low number of PRRSV reads (and total reads) even though 

the percent of PRRSV reads per total reads was higher in these samples. Thus, more than 

109 viral copies with perhaps 1,500 PRRSV reads are recommended if the goal is to obtain 

a full-length genome sequence, but if identification of the viral strain involved in infection 

is all that is needed, then clinical serum samples need only have 106-107 viral copies to be 

successful (Table 6).  

3.2.3 Determination of sequencing as a quantitative method  

A comparison between the number of viral copies and the number of viral reads 

from sequencing was performed to determine if there was a quantitative relationship 

between input PRRSV RNA amounts and output PRRSV sequencing reads. Of note, the 

total raw reads varied greatly even though the same amount of total RNA was used for 

library preparation (Table 6), which was mainly due to the variation of flow cell 

performance, such as available pores. In order to normalize the comparison, the ratio of 

PRRSV reads to total reads was calculated and compared to the input viral copies and a 

strong positive correlation (r2=0.88) was observed. Thus, the knowledge of the number of 

viral copies in a sample can predict the approximate number of raw reads that will be 

obtained after sequencing allowing for more successful sequencing results, and the number 
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of reads obtained from sequencing can be used to estimate the number of viral copies 

present in a sample. 

3.3. Detection of multiple viral isolates present in a single sample 

In swine farms PRRS outbreaks can occur even in herds that are vaccinated, 

therefore it is necessary to be able to differentiate the presence of infectious field strains 

from vaccine to aid in outbreak investigation (Murtaugh and Genzow 2011; Opriessnig et 

al. 2002; Zhou et al. 2017). To address this issue, we explored the use of MinION DRS for 

detection of multiple PRRSV strains in the same sample using a stepwise BLAST approach. 

Samples were created that contained the VR2332 strain (parental strain to the type 2 

PRRSV MLV vaccine) to represent vaccine, and either a type 1 PRRSV strain (SDEU, 

61.4% similarity with VR2332) or another type 2 PRRSV strain (1-7-4, 82.4% similarity 

with VR2332). After sequencing, PRRSV reads were extracted from total reads. PRRSV 

reads were BLAST analyzed against the custom PRRSV database to identify the top match 

strain and all PRRSV reads that were able to map to this strain were obtained. The 

unmapped reads were then BLAST analyzed a second time against the custom PRRSV 

database to identify the top match of these remaining sequences and they were then mapped 

to this second top match. If unmapped sequences remained, this pipeline was repeated to 

identify more than 2 PRRSV strains present in the sample. Results showed that even at a 

total sequence yield of 30 kb (20-26 PRRSV reads), MinION sequencing was able to 

identify a PRRSV strain with >99.9% identity to the input VR2332 strain (Table 7). The 

control samples did not identify a second PRRSV sequence present (at any sequence yield) 

which was promising, since VR2332 was the only virus present. In the mixed virus samples, 

the second viral strain was not detectable at a total yield of 30 kb. However, at 300 kb or 
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higher yields (245 or more PRRSV reads), the second strain could be identified with an 

accuracy > 99.8% (Table 7). Thus, if enough virus is present from both strains, they could 

be successfully detected in a single sample. Interestingly, in the VR2332 + 1-7-4 sample, 

SDEU sequences were also detected, which was not expected since that strain was not 

present in the sample. Previously, others have observed between-run carryover 

contamination on the same MinION flowcell (Greninger et al. 2015; Ma, Stachler, and 

Bibby 2017). Our observation also indicates the carryover contamination from our previous 

VR2332 + SDEU sample sequencing. This reiterates the need for effective washing of flow 

cells, as well as good records of what is run on each flow cell previously, especially if flow 

cells are used for diagnostics. Further investigation into the SDEU carry over 

contamination showed that SDEU reads were consistently generated during the entire 

sequencing run, thus contaminating reads could not be minimized by removing the first 

few minutes of sequencing, they contaminated the entire sequencing run. Although this 

experiment was designed to differentiate field strains from vaccine strain, it can be applied 

to the investigation of multiple co-infection strains. Since the identification of the strains 

present is based on the top BLAST match, any strain with a known genome or similar 

genome to one in the database could be identified. The strains examined here had at least 

an 82.4% identity and it is not known if strains with higher identity to each other would 

both be able to be distinguished, but with an adjustment of the minimap parameters used 

to map reads to the top BLAST hit, they should be able to be observed. 
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Table 7. Mapping status of direct RNA sequencing on samples containing multiple viral strains. 

Groups 
Total yield 

(kb) 

# of 

total 

reads 

# of 

PRRSV 

reads 

PRRSV 

reads / total 

reads 

First match Second match Third match 

Top BLAST 

match 

(identity %) 

# of 

matching 

reads 

% of 

PRRSV 

reads 

Top BLAST 

match 

(identity %) 

# of 

matching 

reads 

% of 

PRRSV 

reads 

Top BLAST 

match 

(identity %) 

# of 

matching 

reads 

% of 

PRRSV 

reads 

Control 

30 25 20 80% 
KC469618.1 

(99.9) 
20 100% ND      

300 245 210 86% 
KC469618.1 

(99.9) 
208 99% ND      

3,000 2,451 2,079 85% 
KC469618.1 

(99.9) 
2,044 98% ND      

30,000 24,512 20,819 85% 
KC469618.1 

(99.9) 
20,472 98% ND      

VR2332 + 

SDEU 

mixed 

sample 

30 38 23 61% 
KC469618.1 

(99.9) 
19 83% ND      

300 375 234 62% 
KC469618.1 

(99.9) 
194 83% 

CS421743.1 

(99.8) 
35 15% ND   

3,000 3,748 2,281 61% 
KC469618.1 

(99.9) 
1,722 75% 

SDEU 

(100.0) 
514 23% ND   

30,000 37,478 23,004 61% 
KC469618.1 

(99.9) 
17,610 77% 

SDEU 

(100.0) 
4,879 21% ND   

VR2332 + 

1-7-4 

mixed 

sample 

30 34 26 76% 
JA894280.1 

(100.0) 
18 69% ND      

300 335 272 81% 
KC469618.1 

(99.9) 
224 82% 

1-7-4 

(100.0) 
38 14% ND   

3,000 3,351 2,699 81% 
KC469618.1 

(99.9) 
2,287 85% 

SDEU 

(100.0) 
14 1% 1-7-4 (100.0) 348 13% 

30,000 33,512 26,917 80% 
KC469618.1 

(99.9) 
22,668 84% 

SDEU 

(100.0) 
136 1% 1-7-4 (100.0) 3,633 13% 

ND: not detected 
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From this study we also noticed that the percentage of PRRSV reads that mapped 

to the first BLAST hit could be used as an indicator for the presence of other PRRSV strains 

(Table 7). The samples that only contained VR2332 had > 98% of PRRSV reads mapping 

to VR2332, while in the mixed strain samples less than 85% of the PRRSV reads mapped 

to the first BLAST match, VR2332 (Table 7). Thus, less than 98% of reads mapping to the 

first BLAST hit would suggest the presence of a second strain (Table 7). 

4. Discussion 

PRRSV has been a severe threat to the swine industry worldwide ever since it was 

first described in the late 1980s (Albina 1997). Control of PRRSV is difficult, but important 

for animal welfare and swine production, where the development and implementation of 

reliable, accurate and rapid diagnostic methods play a key role. Several methods have been 

developed and applied to PRRSV diagnosis, which are well described by Ko, et al (Ko et 

al. 2015). Currently, PRRSV diagnostics mainly includes anti-PRRSV antibody detection 

by serological testing and nucleic acid detection using PCR based assays. Sequencing of 

PRRSV began in the mid-1990s, to discriminate between strains, which mainly focused on 

open reading frame 5 (ORF5) or other short regions of interest, but rarely encompassed the 

complete genome due to technological and monetary limitations (Murtaugh 2012; Kapur 

et al. 1996). PRRSV ORF5 shows extensive genetic diversity and has been used for 

providing insight into PRRSV epidemiology, however it is only 5% of the whole genome, 

thus 95% of the genomic information remains for prediction of genetic variation. Whole 

genome sequencing is greatly needed to provide a more complete picture of the virus 

(Slatko, Gardner, and Ausubel 2018; van Dijk et al. 2018), which is now gradually 

becoming more feasible with the rapid development and innovation of new sequencing 
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technologies (Lu, Archibald, and Ait-Ali 2014). Oxford Nanopore direct RNA sequencing 

(DRS) is revolutionary for sequencing RNA viral genomes, since it can sequence the RNA 

directly, allowing for detection of methylation sites and decreasing bias inherent in reverse 

transcription and PCR amplification of samples prior to sequencing, and it can generate 

long reads, allowing for the elucidation of recombination events (Viehweger et al. 2019).  

This study was planned and performed to assess the feasibility of Oxford Nanopore 

MinION DRS in clinical PRRSV diagnostics to identify the viral strains involved in 

infection. The key interests addressed in this study included whether sequencing can detect 

PRRSV strains to identify an outbreak as occurring due to the introduction of a new strain 

or recirculation of a previous outbreak, whether sequencing can generate whole genome 

information to aid in further understanding of PRRSV epidemiology, and whether 

sequencing can detect and differentiate multiple strains in a single sample to investigate 

outbreaks that occur in vaccinated herds or co-infection of multiple field-strains. 

Previously, PRRSV whole genomes have been generated using Sanger and Illumina 

sequencing technologies (Han et al. 2019; Zhang et al. 2017; Kvisgaard et al. 2013). While 

both sequencing technologies can generate whole PRRSV genome with more than 99.9% 

accuracy, the raw reads produced are usually less than 1500bp. As a result, in order to 

generate a PRRSV whole genome, multiple primer sets and multiple individual sequencing 

reactions are needed for Sanger sequencing which is labor and time consuming; or for 

Illumina, computing resource intensive genome assembly is needed which requires time 

and knowledge to perform effectively. Oxford Nanopore MinION sequencing, on the other 

hand, can generate ultra-long raw reads which are in theory only limited by input fragment 

length (Jain et al. 2018). This feature is beneficial, since it saves time and effort when 
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generating a whole genome sequence. In this study, we successfully generated PRRSV raw 

reads up to the length of the entire genome (15 kb) with an approximate 86% identity to 

the known input genome sequence. A bioinformatics approach was developed that used the 

longest raw read as a scaffold to effectively generate a consensus sequence, improving the 

accuracy to 96% identity of the input genome.  

Sequencing can be incorporated as a supportive tool for PCR to aid in diagnostic 

strain level PRRSV detection. It has been reported that both Sanger and Illumina 

sequencing can accurately detect PRRSV strains present in a sample, but both require 

transcription of RNA into cDNA followed by PCR amplification prior to sequencing (Han 

et al. 2019; Zhang et al. 2017). Differing from this, MinION technology directly sequences 

RNA strands for detection of PRRSV strains. Most importantly, the MinION sequencer is 

cost-effective and easily accessible, without the investment of expensive sequencing and 

bioinformatics infrastructure. Despite the low raw read accuracy of direct RNA sequencing 

(~86%), which is the main concern with this technology, PRRSV strains were identified 

with 99.9% accuracy using as few as 5 raw reads (3kb total yield). This accurate strain-

level detection, even though the sequence accuracy is low, allows for guidance on 

determining effective control methods due to the precise detection of the circulating strains 

on a farm.  

Now knowing the potential of DRS for strain level detection of pathogens as 

determined through this study as well as others (Kilianski et al. 2015), we next investigated 

the analytical sensitivity of PRRSV detection to determine its usefulness for obtaining 

reliable sequencing results. Previous research examining analytical sensitivity of next-

generation sequencing has reported sensitivities that are similar or less sensitive than RT-
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qPCR (Prachayangprecha et al. 2014; Huang et al. 2019a), and the third-generation 

nanopore DRS has previously shown a sensitivity of 1.89 × 107 viral copies in an influenza 

virus study (Keller et al. 2018). Our results indicated that samples with a minimum of 104 

to 106 viral copies, depending on the sample type, can be successfully sequenced to 

accurately identify strains after about 6 hours of sequencing. Although DRS is not as 

sensitive as PCR for use as a diagnostic tool identifying viral presence (Zhao et al. 2019; 

Hu et al. 2015), it can be used for further investigation of the strain causing an outbreak, 

either directly from high viral load samples or following amplification of virus in cell 

culture. Additionally, a very strong correlation was observed between the number of viral 

reads generated through sequencing and the starting number of viral copies, indicating 

sequencing reads can be predicted by viral copies in a sample and vice versa, which has 

been confirmed by other studies as well (Prachayangprecha et al. 2014). Interestingly, the 

observation that the sensitivity of sequencing was higher from cell culture virus spiked into 

serum as opposed to clinical serum samples suggests that sample handling or perhaps the 

quality of the sample was an important factor for sequencing sensitivity (Relova et al. 2018), 

thus emphasizing the importance of careful handling, transporting and storing of clinical 

samples to protect the viral RNA from degradation (Houseley and Tollervey 2009; 

Gonzalez-Perez et al. 2010). This also suggests that on-site sequencing of samples as 

opposed to a centralized diagnostic system may allow for higher sensitivity of detection 

due to the ability to immediately process samples after sampling.   

In addition to a single strain infection, clinical situations have been shown to be 

more complicated, sometimes involving infection with multiple strains simultaneously, 

such as co-infection of multiple field strains or co-existence of field strain(s) with vaccine 
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strain (Wang, Marthaler, et al. 2015; Zhao et al. 2015). This not only poses challenges to 

disease diagnosis but also increases the chance of PRRSV recombination, which is 

considered to be one of the most important mechanisms in PRRSV evolution (Han et al. 

2019; Wang et al. 2018). In order to address this issue, Oxford Nanopore DRS was 

evaluated to determine if it could be used to discriminate co-infection by two PRRSV 

strains from different genotypes (61.4% similarity) as well as from the same genotype (82.4% 

similarity) in a single sample. In fact, the strains were easily differentiated, and the same 

method could be used to identify more than 2 strains present in a single sample. 

This study begins the process of developing rapid and high-resolution PRRSV 

diagnostics for use in clinical situations where genomic data is urgently needed. This 

includes situations of potential infection, outbreak investigation, vaccine design guidance, 

and producer desires for more specific information. The PRRSV RNA genetic material 

presents the same technical demands for extraction, processing and sequencing as do 

influenza virus, coronaviruses, picornaviruses, rotaviruses, and many foreign animal 

disease viruses for which rapid pathogen identification and discrimination can be critically 

important. Knowledge gained from PRRSV in this study can be immediately translatable 

to aid in rapid diagnostic detection and strain-specific identification of an entire class of 

important swine pathogens. In fact, MinION sequencing technology might end up being a 

useful and affordable diagnostic tool for swine veterinary medicine in general. This 

technology can provide a complete readout of RNA viruses and RNA from other pathogens 

present in a sample without the need for pre-existing knowledge of what might be present 

(Theuns et al. 2018). 
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The current evaluation of this sequencing technology indicates that it can be used 

successfully along with qPCR for diagnosis of a pathogen, whole genome generation, 

strain-level pathogen detection and differentiation. As the DRS technology continues to 

develop and RNA isolations are optimized for use outside of a research laboratory, the 

future goal is to realize on-site infectious diseases investigation using the Oxford Nanopore 

MinION portable sequencer to allow for quicker diagnosis and facilitation of more rapid 

decision-making, an important consideration in an industry in which delays in moving 

animals due to unknown health status can disrupt flow patterns and schedules, or cause 

disease outbreaks with great economic losses.  
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Chapter IV - Characterization of emerging swine viral disease through 

Oxford Nanopore sequencing using Senecavirus A as a model 

A manuscript in preparation 

 

Emerging viral infectious diseases present a major threat to the global swine 

industry. Since 2015, Senecavirus A (SVA) has been observed as a cause of vesicular 

disease in different countries throughout the world and is considered an emerging disease. 

Despite the growing concern about this virus, there is a lack of information about SVA for 

development of prevention and diagnostic strategies, which is a problem for all newly 

emerging infectious diseases. Using SVA, we demonstrated that Oxford Nanopore 

MinION sequencing could be used as a robust tool for investigation of emerging infectious 

diseases caused by RNA viruses. Our results identified the presence of a pathogen from a 

clinical sample, allowing for identification at the species and strain level. SVA whole 

genome sequences were generated using both direct RNA sequencing and cDNA-PCR 

sequencing, with a consensus accuracy of 94% and 99% respectively. The advantages of 

direct RNA sequencing lie in its simplicity of library preparation and direct RNA strand 

information which can indicate potential nucleic acid modifications, while cDNA-PCR 

sequencing excelled at creating highly accurate sequences. This study developed whole 

genome sequencing methods to facilitate the understanding of SVA and provide a reference 

for investigations of other emerging infectious diseases.   
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1. Introduction 

Emerging and re-emerging viral diseases have caused a significant adverse impact 

on swine production and will be an ongoing challenge. Emerging infections can be caused 

by previously unknown/undetected agents or known pathogens spreading to a new 

geographic locations or populations. The appearance of emerging diseases has been usually 

characterized by sudden unpredictable outbreaks, which then spread across regions and 

countries (Meng 2012).  

The onset feature of emerging infectious diseases drives the need for effective 

disease management via rapid novel pathogen detection and efficient epidemiological 

surveillance (Devaux 2012; Burrell, Howard, and Murphy 2017; Jones et al. 2008). In the 

last 40 years, important emerging swine diseases include, but are not limited to, porcine 

reproductive and respiratory syndrome virus (PRRSV) first described in the late 1980s 

(Lunney, Benfield, and Rowland 2010), porcine circovirus type 2 (PCV2) discovered in 

the late 1990s (Segales, Kekarainen, and Cortey 2013) and more recent porcine epidemic 

diarrhea virus (PEDV) appearing in the early 2010s (Goede and Morrison 2016). The 

current introduction of African Swine Fever (ASF) into China again confirmed the 

devastating impact of viral diseases to the swine industry (Wang, Sun, and Qiu 2018). It 

has been estimated that by the end of 2019 half of China’s pork supply, roughly a quarter 

of world’s pork supply, will have been culled due to ASF disease (Loeb 2019). So far, ASF 

has spread from China to the neighboring countries and it is very likely to eventually enter 

other disease-free regions, such as the United States, despite all attempts to keep it out 

(Jurado et al. 2019). It is evident that globalization, increased travel and trade activities 

have been facilitating the transmission of pathogens and magnifying the adverse impact of 
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infectious diseases. The United States is now free of FMDV, ASF, and CSFV, but they are 

very likely to eventually arrive to the US in the closely connected world. 

Senecavirus A (SVA), is a single‐stranded, positive‐sense RNA virus that is 

classified into the Senecavirus genus of the Picornaviridae family (Hales et al. 2008). The 

whole genome of SVA is approximately 7.3 kilobases (kb), which contains a 5′ 

untranslated region (UTR), a single open reading frame and a 3′ UTR with a poly(A) tail 

(Venkataraman et al. 2008). Previously, the study of SVA mainly focused on its oncolytic 

virotherapy (Burke 2016). More recently SVA has been detected in association with 

outbreaks of vesicular disease and neonatal mortality in pigs of many places worldwide 

including the United States, Brazil, Thailand and China (Leme et al. 2015; Wu et al. 2016; 

Canning et al. 2016; Saeng-Chuto et al. 2018).  Due to its rapid spread SVA is now 

considered an emerging infectious disease (Segalés et al. 2017). So far, the risk of SVA 

causing an epidemic is still possible and the spread of SVA needs to be better controlled.  

Effective surveillance and rapid response to SVA infections are imperative to 

reduce its adverse impact, which depend on the development of diagnostic tools. A variety 

of diagnostic methods have been developed, including virus isolation, direct detection in 

tissues by immunohistochemistry (Oliveira et al. 2017), serology assays such as enzyme‐

linked immunosorbent assay (Dvorak et al. 2017) and virus neutralization (Goolia et al. 

2017), and nucleic acid detection using PCR (Leme et al. 2015; Fowler et al. 2017; 

Feronato et al. 2018; Zhang et al. 2019). The detection methods mentioned above play 

important roles in SVA detection and control. However, the limitation is that all 

methodologies are hypothesis-driven and need prior information about the pathogen 

detected, which will inevitably slow down the rapid identification of an unexpected 
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emerging virus or existing mutated virus where little or no information is present. PCR is 

considered to be a sensitive and accurate method, yet it suffers from inconsistent results as 

indicated by other studies, which suggests the necessity of supporting diagnostic tools for 

confirmation (Gimenez-Lirola et al. 2016). An additional complication is SVA-induced 

vesicular lesions look exactly like the ones caused by foot-and-mouth disease (FMD). FMD 

is an OIE-listed disease (http://www.oie.int) and a priority foreign animal disease for many 

countries, including the United States. Currently, the USDA actively investigates farms 

that show vesicular lesions to rule out the presence of FMDV, even when SVA is suspected 

(APHIS 2014). That makes the rapid and accurate detection of infectious agents 

responsible for vesicular lesions even more crucial (Segalés et al. 2017). A diagnostic 

method is needed for quick identification and confirmation of the presence or absence of 

FMDV to minimize the economic impact of infection on swine farm production. 

High-throughput sequencing technologies have created a new possibility for 

surveillance and diagnostics of emerging viruses (Huang et al. 2019a). The robust, 

unbiased feature of sequencing allows for large-scale virus detection, as well as the 

discovery of unexpected even novel pathogens. Additionally, the subsequent whole 

genome generation from sequencing can enlarge the genome database for further 

investigation (Qian et al. 2016; Zhao et al. 2017). This is beneficial in the case of SVA, 

since very few SVA whole genomes are available in NCBI GenBank (i.e. 203 complete 

genomes as of Jan 2020). As more SVA genomes are sequenced and analyzed the more 

our understanding of SVA will improve, including SVA genotyping, molecular 

epidemiology, infection dynamics, and vaccine development.  

http://www.oie.int/
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Oxford Nanopore Technologies (ONT) MinION (ONT, Oxford, UK) is a single-

molecule, long-read sequencer that determines bases by detecting ionic current changes as 

a DNA/RNA strand passes through a nanoscale protein pore (Loman and Watson 2015). 

The MinION sequencer is highly accessible to any research or diagnostic laboratory due to 

its low capital investment. As opposed to all other existing sequencing technologies, 

MinION is smaller than a smart phone, thus is potentially able to fulfill a point-of-care test 

in field environments (Jain et al. 2016), which has already been done and has been proven 

to work by several studies including Ebola, Zika and influenza surveillance and outbreak 

investigations (Quick et al. 2016; Rambo-Martin et al. 2019; Quick et al. 2017).  

Viral infectious diseases include RNA viruses and DNA viruses. RNA viruses are 

a particularly high risk for causing the next emerging events, due to their high mutation 

rate and adaptability to new environment and hosts (Woolhouse and Brierley 2018). In this 

study we evaluated Oxford Nanopore sequencing for SVA investigation, aiming to provide 

insight on investigating emerging RNA viral diseases through sequencing. Oxford 

Nanopore provided two methodologies for RNA viral genome sequencing: traditional 

amplicon sequencing (cDNA-PCR sequencing, PCS), which has lower error rates and 

higher throughput, but involves reverse transcription and PCR amplification that is time 

consuming and loses some RNA genome structure information through the process; and 

direct RNA sequencing (DRS), which is an innovative technique under development that 

can sequence RNA strands directly, thus eliminating the length limitations possibly coming 

from reverse transcription and allowing for detection of nucleic acid base modifications. 

Of note, both methods used in this study are independent of previous sequence information 

such as is needed for primer design, however a poly(A) tail, which is present in the SVA 
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genome, is needed for adapter ligation. The approach lends itself readily to the sequencing 

of RNA viruses with the 3′ poly(A). Many of the swine RNA viruses have a 3′poly(A) tail, 

such as coronaviruses, picornaviruses, PRRSV/porcine arterivirus, and rhabdoviruses. 

However, sequencing of RNA pathogens (such as rotaviruses) which do not contain a 

poly(A) tail is possible through enzymatic addition of a 3′ poly(A) tail. 

This study evaluated Oxford Nanopore DRS and PCS for detection and genome 

generation of RNA viruses using SVA as a model. SVA was successfully detected at the 

species and strain level from clinical samples. SVA whole genome sequence was able to 

be generated using cell culture grown viruses as well as clinical samples. The methods 

established here will accelerate more precise SVA detection in the field and increase the 

number of whole genome sequences available in GenBank to improve our understanding 

of the virus and thus better control of this disease. Additionally, this work will provide 

insights into the potential of the portable MinION sequencer as a diagnostic tool to aid in 

the investigation of emerging viral infectious diseases.   

2. Materials and Methods 

2.1. SVA samples 

A Senecavirus A (SVA) lab isolate (GenBank: MN164664) and clinical samples of 

SVA positive vesicular fluid were provided by Dr. Fabio A. Vannucci at the University of 

Minnesota Veterinary Diagnostic Lab. The SVA lab isolate was propagated in cell culture 

in NCI-H1299 non-small cell lung carcinoma cell lines (ATCC CRL-5803) as previously 

described (Joshi et al. 2016).  
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2.2. RNA extraction 

SVA RNA was extracted from cell culture SVA supernatants (cell culture samples), 

virus-free pig serum spiked with the SVA lab isolate (spike-in samples), and clinical 

vesicular fluids (clinical samples) using the QIAamp Viral RNA mini kit (Qiagen, 

Germantown, MD) following manufacturer’s instructions without the addition of carrier 

RNA and with a final elution in 50ul nuclease-free water. Concentration of viral RNA was 

performed using a SpeedVac lab concentrator (Savant, NY, USA). A Qubit3.0 fluorometer 

(Life technologies, Carlsbad, CA) and a Nanodrop1000 spectrophotometer (Thermo 

Scientific, Waltham, MA) were used for RNA quantity and quality assessments. 

2.3. Oxford Nanopore sequencing  

Viral RNA was sequenced using 2 different kits, the direct RNA sequencing kit or 

the cDNA-PCR sequencing kit (ONT, Oxford, UK). The input RNA for the direct RNA 

sequencing (DRS) library preparation was extracted SVA RNA with the addition of the 

RNA calibration strand (RCS, 1314bp) which is provided in the sequencing kit. This RCS 

is Enolase II mRNA (YHR174W, NCBI Reference Sequence: NC_001140.6) provided at 

a concentration of approximately 50ng/ul. Library preparation was performed according to 

the direct RNA sequencing online protocol (ONT, Oxford, UK) (Garalde et al. 2018). The 

input RNA for the cDNA-PCR sequencing was the extracted SVA RNA only. CDNA-PCR 

sequencing (PCS) libraries were generated according to the cDNA-PCR sequencing online 

protocol (ONT, Oxford, UK). Briefly, 50ng or less poly(A)+ RNA was ligated to a poly(T) 

primer at 65 ℃ for 5min, followed by reverse transcription using a strand-switching primer 

and Maxima H Minus Reverse Transcriptase (ThermoFisher, Waltham, MA). Then, PCR 

was performed using a set of primers annealing to the end of Poly(T) primer and strand-
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switching primer to amply the full-length transcripts. Exonuclease I (New England Biolabs, 

Ipswich, MA) was added to cleave nucleotides from the end of the PCR products, which 

were then purified by adding a 0.8-fold of Agencourt AMPure XP beads (Beckman Coulter, 

Brea, CA) and eluted in 12μl elution buffer. Following this, sequencing adapters were 

ligated to the amplified cDNA library. Immediately before sequencing, 12μl of the RNA 

library was mixed with 25.5μl of loading beads and 37.5μl of running buffer, yielding 75μl 

of final library. After library preparation, the DRS and PCS libraries were loaded onto a 

R9.4.1 SpotON flow cell and sequenced using a MinION Mk I sequencer (ONT, Oxford, 

UK) which was connected to a computer and remotely controlled by the MinKNOW 

software (ONT, Oxford, UK).  

For genome sequencing of the cell culture SVA lab isolate, two sequencing 

replicates were performed for both DRS and PCS, with DRS starting with 60ng SVA RNA 

plus 300ng RCS and for PCS 60ng SVA RNA. The RCS was added to the DRS sequencing 

because more input RNA (~500ng total RNA) is suggested for optimized results. For 

sequencing runs of clinical samples and negative pig serum spiked with the SVA lab isolate, 

the same amount of SVA RNA was used for DRS and PCS library preparation, with the 

addition of 300ng RCS added to each of the DRS samples to increase the amount of total 

RNA present. The estimated sequence yield was monitored in real-time and samples were 

sequenced for approximately 6 hours with more/less time adjusted if needed to obtain the 

desired yield. 

2.4. Bioinformatics analysis  

Basecalling was carried out using guppy (ONT, Oxford, UK). Only raw reads that 

passed the quality filter of Phred quality score ≥ 7 (pass reads) were used for downstream 
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analysis. For DRS, the RNA Control Strand (RCS, 1314bp), which was used to enhance 

library generation and sequencing performance, was filtered out of the desired raw reads 

by turning on the corresponding guppy parameter. Total yield, pass reads yield, read quality, 

and read length of raw reads from whole genome sequencing were analyzed using 

MinIONQC (Lanfear et al. 2019), a script written in R to provide quality control for Oxford 

Nanopore data.  

For sequencing of cell culture samples, raw pass reads were mapped to the SVA 

reference genome (GenBank: MN164664) using minimap2 (Li 2016), then analyzed using 

Qualimap (Okonechnikov, Conesa, and Garcia-Alcalde 2016), generating raw error rates 

and coverage information which was visualized using GraphPad prism software (GraphPad 

Software, San Diego, CA). The reads that mapped to the SVA reference genome (SVA 

reads) were extracted using SAMtools (Li et al. 2009), and the SVA yield, average reads 

length and quality were determined using NanoPlot (Van Broeckhoven et al. 2018). 

For the clinical and spike-in samples, taxonomic analysis at the species level was 

performed to identify pathogens existing in the sample using what’s in my pot (WIMP), 

which is provided by ONT’s subsidiary Metrichor (Juul et al. 2015). An SVA custom 

database was created to analyze SVA sequencing reads by downloading all of the SVA 

whole genomes from GenBank (132 complete SVA genomes as of March 2019). To detect 

SVA at the strain level, pass reads were analyzed against this SVA database using Basic 

Local Alignment Search Tool (BLAST) (Altschul et al. 1990) to find the strain with the 

best match. 
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2.5. SVA consensus generation 

Comparison was first performed among different assemblers, Canu (Koren et al. 

2017), Miniasm (Li 2016), Racon (Vaser et al. 2017), and wtdbg2 (Ruan and Li 2019), 

using reads from direct RNA sequencing and cDNA-PCR sequencing. The best assembler 

for each sequencing method was selected to generate consensus. For DRS, a consensus 

sequence was generated, without need for reference or assembly, by extracting the longest 

read among all sequencing reads as a scaffold and mapping all pass reads to this longest 

read sequence using minimap2 (Li 2016) followed by consensus generation using Racon 

(Vaser et al. 2017). For PCS, de novo assembly of pass reads was performed using the 

Canu assembler (Koren et al. 2017). Evaluation and optimization of consensus generation 

for both sequencing methods was performed in terms of input, total sequence yield, and 

pre-treatment of raw reads using the cell culture virus in which the whole genome sequence 

was already known. Groups containing different yields, ranging from 70 kilobases (kb) to 

7 megabases (mb), were generated by random selection using fastq-tools 

(https://homes.cs.washington.edu/~dcjones/fastq-tools/) from the total pass reads dataset. 

In the same yield group, three subgroups were formed using different raw reads filters; 1) 

original pass reads without further filters, 2) pass reads with read length > 1314bp to get 

rid of short reads, and RCS in the case of this study, and 3) pass reads that can be mapped 

to the SVA database. The consensus length and accuracy were the two main parameters 

evaluated for comparison. Consensus accuracy was determined by a comparison of the 

consensus genome to the reference genome and was analyzed by the ClustalW pairwise 

alignment in Geneious 8.0.5 software (https://www.geneious.com) (Kearse et al. 2012).  

https://homes.cs.washington.edu/~dcjones/fastq-tools/
https://www.geneious.com/
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2.6. Sanger sequencing and analysis 

Primers were designed for PCR amplification of the 3’ end (3’ UTR, 3D and partial 

3C genomic regions) of SVA similar to previous studies (Wu et al. 2017) (forward 

primer_1 5’ GGGTGACGACTTACAAGGGA 3’, reverse primer_1 5’ 

GAGCCAGTGCCGTGTGAAGAGT 3’; forward primer_2 5’ 

CGCCAAGTTTCAATCCCATC 3’, reverse primer_2 5’ TCCCTTTTCTGTTCCGACTG 

3’). SVA RNA was PCR-amplified using AccuStart PCR SuperMix (Quantabio, Beverly, 

MA) (Dvorak et al. 2013). PCR products were then cleaned up using ExoSAP-IT (Thermo 

Fisher Scientific, Waltham, MA). Sanger sequencing was performed on the PCR products 

at the University of Minnesota Genomics Center. Results were visualized and reads quality 

were checked using CLC Genomics Workbench 11.0 

(https://www.qiagenbioinformatics.com/). The consensus sequence for each clinical 

sample was generated using Geneious (Kearse et al. 2012). 

2.7. Analytical sensitivity determination  

Analytical sensitivity was determined for both sequencing methods using spike-in 

and clinical samples containing a range of virus amounts. An SVA viral stock was 10-fold 

serially diluted from 1X to 10000X to generate decreasing amounts of viruses which were 

then added into SVA-free pig serum. The Ct value and viral copies for all samples were 

determined by RT-qPCR at the University of Minnesota Veterinary Diagnostic Lab. Eight 

clinical samples ranging from 102 to 106 viral copies/ml (Ct value range 24 to 13). Viral 

RNA was extracted from 1ml of sample with half of the sample used for direct RNA 

sequencing (DRS) and half for cDNA-PCR sequencing (PCS).  
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Taxonomic analysis was performed using WIMP, which allowed for pathogen 

detection, including SVA, at the species level. To further detect SVA at the strain level, 

BLAST analysis was carried out as described above. For spike-in samples, the sequence of 

the detected strain was determined using BLAST and then compared to the known 

reference genome using the ClustalW pairwise alignment in the Geneious software (Kearse 

et al. 2012) to identify the accuracy of the strain level detection. For clinical samples, the 

consensus sequence determined using Sanger sequencing was used as the reference. 

Detection accuracy was determined by comparing the strain identified as the best BLAST 

match to the reference sequence obtained from Sanger sequencing using ClustalW pairwise 

alignment (Larkin et al. 2007).  

A consensus sequence was able to be generated for most samples. In the spike-in 

and clinical samples, SVA reads first needed to be separated from background sequence 

for successful SVA consensus generation. SVA reads were extracted by mapping all of the 

reads against the custom SVA database (generated above), followed by consensus 

generation using Racon for DRS and Canu for PCS as described above. The consensus 

length and accuracy were calculated to indicate the performance of consensus generation 

using varying amounts of viral copies. 

To test if DRS and PCS were quantitative diagnostic methods, correlation analysis 

was performed. The total number of reads varied for each sequencing reaction, thus reads 

were normalized by calculating the ratio of SVA reads / total reads in order to compare 

between samples. Linear regression analysis was then performed to determine if there was 

any correlation using the reads/total reads ratio and the amount of input viral copies using 

GraphPad prism software (GraphPad Software, San Diego, CA).  
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3. Results 

3.1. Raw reads assessment from direct RNA sequencing and cDNA-PCR sequencing  

In order to evaluate and compare the general performance of DRS and PCS, two 

whole genome sequencing runs were carried out for each method. The available pores for 

each sequencing run were recorded to indicate the condition of the flow cell. All runs 

started with 60 ng of SVA RNA for library preparation and sequenced for 6 hours. SVA 

reads were extracted and analyzed. PCS had a much better performance than DRS in terms 

of SVA yield (66.1mb vs 4.5mb), average read length (1721bp vs 1267bp), and lower raw 

error rates (11.23% vs 15.14%) (Table 8). These differences could be explained by the 

intrinsic feature of Oxford Nanopore DNA sequencing and RNA sequencing, where the 

latter is a novel technology still under development. The main reason for higher SVA yield 

of PCS was that the two methods started with same amount of SVA RNA, but PCS 

involved a PCR amplification step increasing the number of SVA DNA strands.  

Table 8. A comparison between sequencing statistics of the direct RNA and cDNA-PCR 

methods after 6h sequencing. 

Sequencing statistics 
direct RNA sequencing cDNA-PCR sequencing 

#1 #2 average #1 #2 average 

No. of available pores 474 332 403 434 408 421 

Total pass yield mb 68 68 68 109 75 92 

SVA yield mb 4.9 4.1 4.5 77.5 54.6 66.1 

No. of SVA reads 3812 3306 3559 45964 31124 38544 

Mean SVA read length 1295 1239 1267 1687 1754 1721 

SVA reads error rates 14.91% 15.36% 15.14% 11.06% 11.39% 11.23% 

 

Coverage analysis showed that PCS is able to generate more even coverage 

distribution than DRS (Figure 7). The uneven distribution of DRS has been observed 

previously (Tan, Dvorak, and Murtaugh 2019; Keller et al. 2018). Possible reasons for 
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uneven DRS coverage include partially degraded RNA and RNA second structures 

hampering the movement of the RNA through the nanopores.  

3.2. Consensus generation and comparison for direct RNA sequencing and cDNA-PCR 

sequencing 

From the comparison of different assemblers in terms of consensus length and 

accuracy, PCS datasets worked best with Canu (Koren et al. 2017), and DRS datasets 

worked best with Racon (Vaser et al. 2017). Following this, we determined the sequence 

yield and pre-assembly reads filter needed for optimized consensus generation.  After 

basecalling, different yield datasets (0.7, 7, or 70mb) were generated by randomly selecting 

reads from the total pass reads dataset. For each yield dataset, three groups were generated 

based on different filters, with group_1 containing all the pass reads (quality > 7), group_2 

consisting of pass reads with a length filter >1314 bp, and group_3 with pass reads that 

mapped to the SVA database. The rationale behind the length filter was to test if a dataset 

with longer reads on average would help consensus generation. Also, the RCS which was 

Figure 7. Coverage distribution of direct RNA sequencing and cDNA-PCR sequencing.  

SVA reads were mapped to reference genome by minimap2 and analyzed by Qualimap to 

generate coverage information file which was then visualized by GraphPad prism software. 

The solid black line represents PCR-cDNA sequencing reads distribution over SVA genome, 

and the dash black like represents direct RNA sequencing reads distribution. 
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added during DRS library preparation was 1314bp, thus this cutoff not only removed short 

reads but also all RCS sequences. The rationale for use of the mappable filter was the 

assumption that a “less noisy” dataset would be beneficial for SVA assembly and 

consensus generation, especially in a clinical sample setting where large portions of 

sequencing reads may be host mRNA. The dataset statistics were first evaluated. For DRS, 

the yield after the length filter was 11% of the total input pass reads and after the mappable 

filter was 7%. The low recovery was due to the removal of RCS reads. For PCS, the 

recovery rate after the length filter and mappable filter was 75% and 73%, respectively 

(Table 9). The average read length and Phred quality score of PCS is greater than DRS. 

The average read length of DRS group_1 is especially low due to the presence of short 

RCS reads (Table 9).  

Table 9. Sequencing statistics of datasets using different reads filters. 

Sequencing statistics 

direct RNA 

sequencing 

cDNA-PCR 

sequencing 

#1 #2 average #1 #2 average 

Group_1 

Read quality > 7 

Yield mb 68 68 68 70 70 92 

Average length bp 619 622 621 1519 1492 1506 

Average quality 8.7 8.2 8.5 8.6 8.5 8.6 

Group_2 

Read quality > 7 &  

length > 1314 bp 

Yield mb 7.5 6.9 7.2 52 53.1 52.55 

Average length bp 2338 2289 2314 2960 2994 2977 

Average quality 8.6 8.6 8.6 8.9 8.9 8.9 

Group_3 

Read quality > 7 &  

mapped to SVA database 

Yield mb 4.9 4.1 4.5 49.8 51 66.1 

Average length bp 1295 1239 1267 1691 1760 1726 

Average quality 8.3 8.2 8.3 8.6 8.5 8.6 

 

For the DRS groups, as the starting yield increased, the consensus length and 

accuracy increased (Table 10). The highest consensus length and accuracy were observed 

at the 70mb yield (Table 10). At the same yield level, the performance of consensus 

generation with different filters were similar, indicating that the sequencing yield is the 
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leading factor for consensus generation and the raw reads filters didn’t have much influence 

on results. A similar observation was observed for PCS sequencing, as within a sequencing 

yield, the different filters showed similar consensus generation results. However, for PCS 

an increase in yield didn’t always result in better consensus performance, as 70 mb pass 

reads generated lower accuracy and a shorter consensus than the 7 mb read group did 

(Table 10). The best consensus for PCS was generated using a total sequencing yield of 7 

mb (~5mb SVA reads). For both DRS and PCS, since there were no obvious advantages 

of applying extra filters to our original pass reads datasets, pass reads were used for further 

consensus evaluation and comparison.  

Using the optimized consensus sequences generated from DRS in the 70mb total 

yield group (~5mb SVA reads) and PCS in the 7mb total yield group (~5mb SVA reads), 

a comparison was conducted in terms of consensus length and accuracy. While both DRS 

and PCS can generate nearly full length SVA, the consensus from PCS can achieve 99% 

accuracy, much higher than that of DRS in which the highest consensus accuracy was 94% 

(Table 10). Of note, in our research there is no obvious difference among the three different 

filter groups in the same yield group, however, it doesn’t mean that reads filters were 

unnecessary for all situations. In some clinical samples, consensus generation may by 

improved by only using mappable SVA reads, especially if a large amount of host mRNA 

is present in the samples. We used the SVA mappable reads (Group_3 filter set) for 

consensus generation from following spike-in and clinical samples. 
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Table 10. Performance of consensus generation using different raw reads filters and at different starting yield.  

Groups  Group_1   Group_2   Group_3  

Reads 

filters 
Read quality > 7 Read quality > 7 & length > 1314 bp Read quality > 7 & mapped to SVA database 

Runs #1 #2 Average #1 #2 Average #1 #2 Average 

 Yield 

mb 

Length 

bp 
Accuracy 

Length 

bp 
Accuracy 

Length 

bp 
Accuracy 

Length 

bp 
Accuracy 

Length 

bp 
Accuracy 

Length 

bp 
Accuracy 

Length 

bp 
Accuracy 

Length 

bp 
Accuracy 

Length 

bp 
Accuracy 

DRS 

0.7 5654 87.6% 4542 91.0% 5098 89.3% 6103 88.5% 3659 91.1% 4881 89.8% 5248 88.6% 6865 83.7% 6057 86.2% 

7 7152 91.8% 7157 89.7% 7155 90.8% 6391 93.3% 4653 89.0% 5522 91.2% 7059 89.9% 7123 91.7% 7091 90.8% 

70 7150 94.4% 7175 94.1% 7163 94.3% 7075 94.6% 7117 94.1% 7096 94.4% 7095 94.7% 7124 94.0% 7110 94.4% 

PCS 

0.7 7038 98.9% 6438 99.0% 6738 99.0% 6698 99.1% 5933 95.7% 6316 97.4% 6246 97.3% 6937 98.7% 6592 98.0% 

7 7173 98.6% 7360 99.2% 7267 98.9% 7251 99.1% 7224 98.9% 7238 99.0% 6965 99.0% 7192 99.0% 7079 99.0% 

70 3077 82.3% 3028 98.6% 3053 90.5% 5250 87.8% 7941 95.4% 6596 91.6% 6057 86.5% 7464 89.3% 6761 87.9% 
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3.3. Analytical sensitivity of direct RNA sequencing and cDNA-PCR sequencing 

Selection of certain diagnostic methods depends on the features of a diagnostic 

method and the purpose of an investigation. Analytical sensitivity of a diagnostic method 

is necessary to know in order to guide diagnostic use depending upon what is needed in 

different situations. The analytical sensitivity of nanopore DRS and PCS was evaluated 

using spike-in and clinical samples over a range of virus concentrations from 4.7 x 102 to 

1.0 x 107 total viral copies.  

After sequencing, the number of total reads from each run was determined (Table 

11). In order to detect SVA at species level in an unbiased, hypothesis-free way. 

Taxonomic analysis was performed using WIMP. The number of reads classified as SVA 

was recorded (Table 11). In general, results showed that SVA can be detected using both 

method in spike-in and clinical samples with viral copies of 104 or more. Using DRS to 

investigate spike-in samples, we could detect SVA reads using as low as 4.7 x 102 SVA 

viral copies, while for PCS, we could detect SVA reads with viral copies of 1.2 x 104. In 

clinical samples, the detection limit was 9.2 x 102 viral copies for DRS and 2.2 x 103 for 

PCS.  The number of total reads indicated the overall performance of sequencing, while 

the SVA reads suggested the presence and abundance of SVA in a sample (Table 11).  

We noticed that the total reads generated from DRS varied a lot from 105 to 106 

using similar sequencing time. PCS total reads varied from 104 to 106 (Table 11). Of note, 

SVA was not detected using PCS from a clinical sample with viral copies of 1.2 x 104 but 

can be detected in a spike-in sample with viral copies of 1.2 x 104 and clinical samples with 

less viral copies (7.6 x 103, 2.3 x 103, and 2.2 x 103) (Table 11). This could be explained 

by the few total reads generated. Even though 1.2 x 104 is 5 time of 2.2 x 103, the total 



106 

 

reads generated of the former sample is 16 times less than the latter, which makes it 

reasonable that the sample with more viral copies didn’t detect SVA while the sample with 

less did detect SVA. Our observation of varying total and SVA reads on the other hand 

confirmed the inconsistency condition of the current flow cells, that would lead to 

inconsistent sequencing output for each run. Our experience agreed with observation by 

other researchers (Lu, Giordano, and Ning 2016). In order to minimize the inconsistency 

between runs, our suggestion is sequencing yield should be used as a target instead of 

sequencing time. This is easy to perform because we can monitor the sequencing process 

and approximate yield from MinKNOW interface in real-time. 

In order to investigate whether SVA can be determined at strain level by DRS and 

PCS, total reads were BLASTn analyzed against SVA database, the best match was 

detected and was considered as the SVA strain existing in the sample (Table 11). The 

similarity between the detected strain sequence and the reference was identified to show 

the accuracy of the strain level detection. For spike-in samples, a lab isolate of known 

sequence was used and was compared to the consensus sequence or top BLAST hit to 

evaluate the detection accuracy. For each of the clinical samples, a partial genome sequence 

was obtained using Sanger sequencing which was then used to determine detection 

accuracy. The detection for SVA strain was accurate using both DRS and PCS methods, 

since the top hit from BLAST analysis was the reference strain for all spike-in samples. 

The average strain-level detection accuracy of clinical samples, which was determined by 

comparing sequence of BLAST top hit and reference sequence from Sanger sequencing, 

was 97.6% for both methods.  
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SVA reads were extracted by mapping total reads to the SVA custom database and 

the number mappable SVA reads was determined (Table 11). Consensus sequence was 

generated for all samples using the extracted SVA reads. Consensus sequences were 

generated using Racon for DRS and Canu for PCS as described above. The results showed 

that from a spike-in sample containing 1.2 x 106 viral copies, a nearly whole SVA (breadth 

of coverage > 95%) consensus was generated from both sequencing methods with an 

accuracy of 91% for DRS and 99% for PCS. Similar results were observed for a clinical 

sample containing 1.1 x 106 viral copies, which generated SVA consensus sequences 

(breadth of coverage > 97%) that had an accuracy of 99.6% or 97.0% (Table 11). For 

samples containing less than 106 viral copies, lower consensus accuracy was observed. A 

similar limit of detection and consensus generation for the DRS and PCS sequencing was 

observed, with DRS being slightly more sensitive and PCS generating slightly more 

accurate consensus sequences.  
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Table 11. Analytical sensitivity comparison of DRS and PCS  

    Species 

detection 
Strain detection Consensus generation 

 Ct 

val

ue 

Viral 

copies 

No. of total reads 
SVA reads 

from WIMP 
blast_DRS blast_PCS 

SVA reads 

from minimap 
DRS_consensus PCS_consensus 

 DRS PCS DRS PCS top blast Identity% top blast Identity% DRS PCS 
Length 

bp 
Accuracy % 

Length  

bp 
Accuracy % 

Spike-in 

10 1.0 × 10
7
 94572 16515 5722 2913 MN164664 100.0 MN164664 100.0 42936 4658 7189 94.8 7395 99.2 

13 1.2 × 10
6
 40555 5775 236 1182 MN164664 100.0 MN164664 100.0 1961 1611 7177 91.0 6873 99.0 

18 6.5 × 10
4
 185259 5071 17 296 MN164664 100.0 MN164664 100.0 43 420 2551 90.6 6770 99.4 

20 1.2 × 10
4
 219789 3889 3 3 MN164664 100.0 MN164664 100.0 10 3 1306 90.3 916

*
 80.8 

25 4.7 × 10
2
 110641 7880 1 0 MN164664 100.0 NA NA 1 0 456

*
 85.1 NA NA 

Clinical 

13 1.1 × 10
6
 45478 78075 299 436 KX019804.1 97.1 KX019804.1 97.1 377 630 7157 97.0 7013 99.6 

16 1.3 × 10
5
 148513 5256 83 7 KX019804.1 98.2 KU058182.1 97.8 124 9 3421 96.4 880* 89.0 

18 5.0 × 10
4
 47411 174551 19 24 KY618836.1 97.4 KY618836.1 97.4 20 27 6534 97.1 2285* 95.3 

20 1.2 × 10
4
 54964 5943 3 0 KU051394.1 97.9 NA  4 0 1957 82.4 NA NA 

21 7.6 × 10
3
 39465 242239 3 4 KY618835.1 97.7 MK256736.1 97.4 3 5 1158 94.3 988* 87.0 

22 2.3 × 10
3
 53359 96661 1 4 KY618836.1 97.4 KT827250.1 97.7 1 7 511* 88.8 7745* 85.0 

23 2.2 × 10
3
 58929 633632 4 1  KX019804.1 98.2 MH634514.1 98.2 4 1 3206 92.1 1171* 94.5 

24 9.2 × 10
2
 41645 135552 1 0 MH490944.1 97.0 NA NA 1 0 300* 80.0 NA NA 

*Longest read was used because no consensus was generated. 
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 We also investigated if there was a quantitative relationship between the output 

SVA reads and the input SVA viral copies. In order to minimize the inter-sequencing 

variations, SVA reads were normalized for each sequencing run based on the total reads 

generated. Thus, a correlation analysis between the ratio of SVA reads/total reads and SVA 

viral copies was performed. The results showed that DRS has a stronger linear regression 

with an r2=0.99 while PCS has a weak linear regression with an r2=0.54, indicating DRS is 

a quantitative method while PCS is not (Figure 8).  

 

4. Discussion 

Early and reliable detection of infectious agents soon after the onset of infection is 

essential for disease control as delays and misdiagnosis inevitably lead to increased spread 

of disease and escalation of adverse impacts. When a new pathogen emerges in a 

Figure 8. Correlation of SVA input viral copies and sequencing output. 

Sequencing results from Table 10 were used to determine if there was a correlation 

between input viral copies per reaction with the ratio of SVA reads to total reads. Both 

direct RNA sequencing (DRS) and PCR-cDNA sequencing (PCS) were evaluated. For 

DRS r2 = 0.99, p < 0.0001, and for PCS r2= 0.51, p = 0.03. 
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population, there is usually no existing immunity, as well as no vaccine or specific 

treatment against it. While prompt diagnosis and treatment are especially crucial for 

emerging and re-emerging diseases, these infections are more likely to be missed during 

routine disease surveillance or adverse event investigation since most diagnostic methods 

are based on previously known agents and are not prepared for unexpected pathogens. 

Diagnostic methods that are rapid, available at the point-of-care, able to detect new 

pathogens, and robustly applicable across a wide range of pathogens are greatly needed to 

effectively fight against emerging eventualities (Caliendo, Gilbert, Ginocchio, Hanson, 

May, Quinn, Tenover, Alland, Blaschke, Bonomo, et al. 2013; Blaschke et al. 2015). 

Sequencing has been proven to be an accurate, precise, and hypothesis-free method for 

infectious disease investigation (Lefterova et al. 2015; Gwinn, MacCannell, and Khabbaz 

2017a). It has been successfully used to investigate disease outbreaks (Houlihan et al. 2018), 

reveal genetic diversity among microbial populations (Zukurov et al. 2016) and discover 

emerging infectious agents (Kruppa et al. 2018). Among all pathogens, RNA viruses have 

the highest mutation rates, and are anticipated to have the highest possibility to cause the 

next emerging event (Woolhouse and Brierley 2018). Also, RNA viruses are of special 

concern regarding zoonotic transmission due to their high adaptability to new hosts 

(Carrasco-Hernandez et al. 2017).  

In this study we used Oxford Nanopore sequencing for SVA detection at both the 

species and strain level in a research setting to develop a robust, on-site sequencing tool 

for investigation of SVA and to serve as a reference for investigation of other emerging 

RNA viral diseases. Our workflow involved a robust and unbiased species-level detection 

of pathogens via WIMP where we can get a general picture of all pathogens involved in a 
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sample. Combined with clinical symptoms and professional knowledge, suspected 

pathogen(s) can be targeted. Strain-level detection of the targeted pathogen(s) was then 

performed to provide more information about the investigation. We also optimized whole 

genome generation of SVA to provide support to expand the SVA database for further 

research of pathogenic mechanism or disease epidemiology. 

Table 12. Summary of direct RNA sequencing and cDNA-PCR sequencing. 

 cDNA-PCR sequencing Direct RNA sequencing 

Laboratory time (sample prep) 5 h 3 h 

Laboratory time (generation of sequences) 6 h 6 h 

Amount of RNA required for input 2 ng 500 ng* 

Pass yield per hour mb 11 15 

Sensitivity (derivation of sequences from 

low viral copies samples) 
103 to 104 102 to 103 

Recommended consensus generation 

program 
Canu Racon 

Raw reads accuracy 89% 85% 

Consensus accuracy 99% 94% 

Consensus genome coverage 100% 100% 

Depth of sequencing distribution Even distribution Coverage biases 

Key attributes Accessible, portable, 
Rapid, accessible, portable 

potential RNA structure detection 

Key concerns 
need for amplification, 

time consuming 

High requirement for input RNA 

amount, high error rate 
*RCS or addition of exogenous RNA can be used to make up the majority of the RNA 

needed. 

 

In addition, we provided thorough comparisons for PCS and DRS, which are 

summarized in Table 12, aiming to provide guidance on selection of a sequencing method 

when in different clinical situations and for different purposes. PCS takes more time but 

can generate a more accurate consensus, the advantage of which was especially obvious 

with higher viral copy number samples. DRS is less accurate, just as sensitive, but has 

unique and promising features such as detection of nucleic acid modifications as confirmed 

by other studies (Ovcharenko and Rentmeister 2018; Viehweger et al. 2018). Despite the 

differences between read accuracy, both methods can detect SVA at strain level correctly 
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using raw reads without the need for any further bioinformatics analysis. This allows 

anyone to run the assay easily since one of the limitations of sequencing as a diagnostic 

tool is its high requirement for data management and analysis.  

When it comes to analytical sensitivity of sequencing diagnostics, it is important to 

define sequencing time, since longer time means more reads thus higher sensitivity. In our 

study, we sequenced samples for 6 hours in order to set a shorter turnaround time frame 

for generation of same day results. During disease outbreaks, time from sample collection 

to a clinical report should occur as quickly as possible and same day results would be ideal. 

Surprisingly, the analytical sensitivity of DRS and PCS was shown to be similar, 

approximately 102 to 104 viral copies, with DRS being slightly more sensitive than PCS. 

Other sequencing studies have discovered a detection limit of 102-103 genome copies/ml 

for influenza virus detection when sequencing samples for 48h instead of 6h (Lewandowski 

et al. 2019). It can’t be emphasized enough the importance of short time frame on clinical 

management decisions. Because diseases can spread rapidly without infectious agents 

identified and proper control, especially when there is usually no effective vaccine or 

treatment available in the case of emerging pathogens. Of note, we observed that direct 

RNA sequencing is a quantitative assay while cDNA-PCR sequencing (amplicon 

sequencing) is not. Similar conclusions were drawn from other research groups. In one 

influenza virus research the authors concluded that there was a strong relationship between 

the viral titer and the proportion of influenza reads using Oxford Nanopore direct RNA 

sequencing technology (Lewandowski et al. 2019). However, in a hepatitis B virus (HBV) 

study using Oxford Nanopore amplicon sequencing, authors concluded that the amplicon 

sequencing is not quantitative where they observed considerable variability in total yields 
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and the proportion of mapped HBV reads between sequencing runs (McNaughton et al. 

2019). The reason could be that cDNA-PCR sequencing included more steps during library 

preparation, including amplification and PCR products selection which could possibly 

introduce bias, while the process of direct RNA library preparation is simple and 

straightforward.  

This study evaluated the ability of MinION sequencing as a diagnostic tool using 

SVA as a model. The method established in this study provided a framework for 

investigation of other emerging viral diseases and can be applied to aid in real-world 

problems directly. There are a few limitations to this sequencing method. Our method of 

species and strain detection largely depend on the genome database, GenBank. While 

investigating emerging viral diseases that are caused by known viruses expanding to new 

hosts or geographical regions, GenBank will have the viral genome information. Some 

previously unknown, newly discovered pathogens won’t be detected directly from the 

databases due to lack of sequence information. However, the information is present, and 

the emerging pathogen can still be determined by carefully examining the unclassified 

sequencing reads and determining if they are at all similar to previously identified 

pathogens.  

So far, the analytical sensitivity of MinION sequencing is lower than that of 

diagnostic PCR assays, which are limited by availability of assays for detection of known 

pathogens.  However, it has been indicated that with further development, short-read 

second-generation sequencing will have a sensitivity to detect viruses that is comparable 

to PCR assays (Huang et al. 2019b).  We believe as MinION sequencing continues to 

develop, its ability for pathogen detection will increase. Even at the current state, MinION 
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sequencing can be used as a support for PCR detection to provide strain information for 

more effective disease control. At a high enough viral presence, sequencing can be used to 

generate whole genome sequence and expand the genome database. 

The portability of the MinION sequencer makes it suitable for fieldwork. There is 

a lack of veterinary infrastructure, expertise, diagnostic laboratories and surveillance in 

developing countries or remote places where emerging diseases are more likely to occur 

(Jones et al. 2008). However, emerging viruses know no country. In fact, the next emerging 

swine pathogen is mostly likely to happen in those resource-limited regions due to the lack 

of biosecurity measures and diagnostic facilities (Davies 2012). With globalization, they 

can transmit easily across borders. Thus, in order to effectively prevent emerging diseases 

globally, high priority should be given to provide surveillance and diagnostics in areas that 

are far away from established diagnostic laboratories. While most sequencing is generally 

restricted to large university laboratories and reference laboratories, due to its low 

accessibility, high instrument cost, extensive pre-sequencing library preparation and 

complex after-sequencing bioinformatics analysis, the portable sequencer, MinION, 

appears to be a perfect solution to address the issue of poorly allocated resources, since it 

can be taken to places with limited access to the critical infrastructure. In fact, several field 

studies have been conducted to confirm such advantages of a portable sequencer. During 

the Zika Virus (ZIKV) outbreak of 2015–2016 in Brazil, the incidence of ZIKV infection 

and study ZIKV vector dynamics were tracked in real-time by researchers using MinION 

(Faria et al. 2016). During the Ebola outbreak in 2015, MinION sequencing device were 

taken to the site for disease detection, which demonstrated the possibility of real-time 

genomic surveillance in resource-limited settings (Quick et al. 2016). Research for Dengue 
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virus serotyping using LAMP’s simplicity and MinION’s portability has been determined 

for Dengue virus investigation in the field in developing countries (Yamagishi, Runtuwene, 

Hayashida, Mongan, Thi, Thuy, Nhat, Limkittikul, Sirivichayakul, Sathirapongsasuti, et al. 

2017). While it is surely a promising revolution, challenges to the full realization of this 

potential still need to be addressed, including automation of wet lab experiments in the 

field.  

Infectious diseases will continue to emerge, getting prepared for the next one is the 

first step (Morens and Fauci 2013). In this study, we demonstrated that the portability, 

easy-operation, and low-maintenance of the MinION platform is a promising tool for 

disease surveillance and emerging infectious agent detection (Russell et al. 2018).  
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Chapter V - General Discussion 

 

Infectious disease is a major constraint for the swine industry. There is a complex 

matrix of swine infectious agents, including bacteria, viruses, parasites and protozoans. 

Among these pathogens, viruses and bacteria account for more than 75% of the top 

important pathogens (VanderWaal and Deen 2018). RNA viruses are especially tricky to 

deal with, since they can mutate rapidly and adapt to new environments quickly. The most 

devastating infectious diseases in the swine industry, such as PRRS, PED, FMD, etc., are 

caused by RNA viruses. At the same time, bacteria have been gaining more attention in 

recent years due to the emergence of antimicrobial resistance (AMR), which can be 

transferred to human beings. Details about the current challenges to combat infectious 

disease in the swine industry have been described in Chapter I, Section 2. 

The bright side is that we have made continuous improvements in infectious disease 

control. The detection resolution of diagnosis has been improved continuously, from 

observation of clinical signs and necropsy, to the use of culture and microscopy for 

diagnosis (Smith and Wolfe 1980), then to the detection of the pathogens nucleic acid and 

proteins. Sequencing is a rapidly evolving technology that has been used for infectious 

disease surveillance and outbreak investigation. The advantages and application of 

sequencing have been thoroughly reviewed in Chapter I , Section 4. Throughout our 

research, we evaluated a portable sequencer, MinION (Oxford Nanopore Technologies), 

to aid in swine infectious disease management. Other sequencing platforms usually need a 

core facility mainly due to expensive investment for sequencing equipment and operation 

difficulties. In comparison, MinION has the features of low cost, portability, ease of access 
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and operation. As a result, MinION sequencing is very much a possibility for becoming a 

first-line strategy for pathogen detection and characterization in clinical and public health 

settings. Lack of thorough evaluation and validation is a major limitation of MinION 

sequencing; thus, we evaluated and provided benchmark for this technology. 

To test the performance of MinION sequencing on bacterial genome 

characterization, AMR detection, and provide benchmarks for future clinical use, we 

performed comprehensive analysis and optimization of MinION sequencing using S. suis 

in Chapter II.  The results showed that full-length S. suis consensus sequences with a 99.4% 

average accuracy can be generated easily following our pipeline of optimized DNA 

extraction, DNA treatments, whole genome sequencing, and bioinformatic analysis. The 

MLST can be predicted and AMR can be accurately detected using the consensus genomes. 

This study illustrated the advantages of MinION sequencing as an “all-in-one” diagnostic 

assay that can provide high diagnostic resolution and reveal quite a bit of functional 

information about a pathogen. The method is a revolution in disease diagnosis because of 

the depth of information it is able to reveal.  

Control of RNA viral disease is of high priority in the swine industry. RNA viruses 

cause enormous adverse impact on pigs, among which PRRS is one of the most devastating 

diseases (Nathues et al. 2017; Neumann et al. 2005). In order to address some issues we 

are facing today, such as vaccine failure, co-infections by multiple strains, and 

continuously emerging virulent strains, we applied MinION sequencing to PRRSV 

investigation in Chapter III. We successfully detected single PRRSV strain and 

differentiated multiple strains in a single sample using MinION direct RNA sequencing. 

The strain-level detection makes sequencing a great support for PCR, which is the gold 
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standard for diagnosing infections currently in diagnostic labs, to investigate challenging 

clinical cases. In addition, we were also able to generate the PRRSV whole genome (15kb), 

which opens the door to additional types of analysis, such as pathogenic mechanisms, 

evolution, and disease epidemiology, thus facilitating effective disease control. The 

method can be immediately applied to rapid diagnostic detection and strain-specific 

identification of an entire class of important swine pathogens. In fact, MinION sequencing 

might end up being a useful diagnostic tool for swine veterinary medicine in general. 

Of note, in this study we not only developed a rapid PRRSV strain-level detection 

and whole genome generation workflow. We also demonstrated the unbiased detection 

feature of sequencing, that can detect all pathogens and host genomes present in a sample. 

We used what’s in my pot (WIMP) to reveal all pathogens in our clinical samples. This 

can be a useful first step for disease investigation in clinical samples to generate a general 

picture about the pathogen species composition. Ideally, a workflow for disease 

investigation should be robust first to detect all pathogens and then be specific to 

investigate pathogens of interest.  As the WIMP program develops, strain-level detection 

and other genomic analyses are highly possible.  

Emerging viral infectious diseases present a major threat to the global swine 

industry. SVA is considered an emerging swine pathogen. Like other emerging infectious 

diseases, there is a lack of understanding of SVA, and extensive research is needed to guide 

effective disease control. In Chapter IV, using SVA as a model, we provided a sequencing 

approach to detect swine emerging viral pathogens at the species and strain levels. 

Additionally, in this study two different sequencing methods, direct RNA sequencing and 

cDNA-PCR sequencing, were compared in terms of yields, accuracy, de novo assembly, 
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and analytical sensitivity. cDNA-PCR sequencing is the traditional approach to sequencing 

RNA that includes transcription and PCR amplification. Direct RNA sequencing is a new 

technology that can sequence the RNA strand directly, without the need for PCR 

amplification. Our main results showed that SVA whole genomes can be generated from 

both direct RNA sequencing and cDNA-PCR sequencing, with a consensus accuracy of 

94% and 99%, respectively. Despite of the difference in sequencing accuracy, both 

methods can be used for species and strain level pathogen detection directly from clinical 

samples using just raw reads. The advantages of direct RNA sequencing lay in its short 

turn-around time, more sensitive pathogen detection, and direct RNA strand information 

present indicating detection of potential nucleic acid modifications. In comparison, cDNA-

PCR sequencing excelled at its higher accuracy, especially at higher viral copies when it 

has better performance for whole genome generation than direct RNA sequencing. The 

comprehensive comparison of the two methods for RNA virus investigation highlighted 

their advantages and limitations, which can serve as a guidance for decisions about method 

selection for different situations and purposes. Basically, our results suggest that for low 

viral copy clinical samples, direct RNA sequencing should be performed; while for high 

viral copy clinical or cell culture viral samples, cDNA-PCR sequencing should be 

performed, since it can produce more accurate raw reads and generate consensus genomes 

with higher accuracy.  

From our study, we demonstrated that sequencing combined with bioinformatics is 

indeed a revolutionary method for infectious diseases diagnosis. It can be incorporated into 

the current infectious disease diagnostic system for more accurate detection, 

characterization of pathogen and further epidemiology analysis. Oxford Nanopore 
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sequencing is rarely used for swine infectious disease diagnosis so far, but we demonstrated 

that it is a promising diagnostic tool to improve swine infectious disease management. The 

low device cost makes it highly accessible to diagnostic labs or individual farms. During 

sequencing, data can be streamed and analyzed in real-time. This can save time in during 

outbreak investigations. In addition to the feature of real-time data generation and analysis, 

MinION is a portable device that can be taken to the field, allowing for on-site diagnosis. 

The development of additional devices, such as VolTRAX, an automatic library 

preparation device to get your biological sample ready for analysis, Flongle, an adapter of 

MinION suitable for field work, and MinIT, a preconfigured, portable replacement for the 

sequencing laptop, making this technology progressive as compared to other sequencing 

technologies in its ability to be used for field applications. The limitations of Oxford 

Nanopore sequencing are acknowledged (Chapter I, Section 4.3), which includes high 

cost, lack of interdisciplinary experts, pathogen genome separation from host background, 

and data interpretation. 

Applications of genome sequencing in infectious disease surveillance and outbreak 

detection will considerably benefit public health, in addition to swine health. Because 

pathogens of veterinary interest are not only related to animal health but have significant 

impact on public health. It has been generally accepted that most infectious diseases 

affecting human beings originated from pathogens of other mammalian species. There is a 

high chance of swine pathogens spread to humans and  human pathogens spread to swine 

due to the intensity of swine farming worldwide and the close contact between pigs and 

humans (Uddin Khan et al. 2013). Similarly, AMR can be transmitted back and forth 

between hosts since microbials of humans and animals, which carry AMR genes, are 
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interconnected. AMR determinants can transfer from animals or the environment to human 

beings via direct/indirect contact or through the food chain (Ventola 2015b; 'The antibiotic 

alarm'  2013). The frequent transmission of pathogens and AMR among humans and other 

animals strongly indicates the importance and necessity for a “One Health” approach. In 

addition, the world is increasingly connected, which makes it convenient for disease 

transmission. The frequent international-scale infectious disease outbreaks in the swine 

industry called for global efforts for effective disease control. While technological 

development is the foundation for disease control, more important is the global 

collaboration across a variety of sectors (human, agricultural and environmental). 

Undoubtedly, we are making great progress in controlling and preventing infectious 

diseases worldwide. Infectious diseases were even considered soon to be eradicated in the 

1960s, due to the development of vaccination and use of antibiotics (Brachman 2003). 

However, adaptation of pathogens to environmental pressure encouraged the emergence 

and reemergence of infectious disease and created new challenges. Fortunately, new 

technologies and strategies are developed to control infectious disease effectively. 

Sequencing as a diagnostic tool can provide great support to the current diagnostic systems 

and has huge potential. In the future, a portable sequencer can be used as an on-site 

diagnostic tool for routine disease surveillance and outbreak investigation, to provide rapid 

insights for disease control. Challenges exist to realize this future goal. First, while 

sequencing as a complement to PCR can be used to investigate challenging clinical cases, 

more efforts are needed to realize the routine and independent use of sequencing as a 

diagnostic tool. The current analytical sensitivity of sequencing is still relatively low, 

compared with PCR. It can only detect clinical samples with medium to high viral titers. 
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So, sequencing can be used for situations such as disease outbreaks or cell cultured virus, 

where the number of viral copies is usually high. But the application of sequencing for 

routine surveillance is limited, since the viral titer is not always high enough in the sample. 

Secondly, sequencing can reveal almost everything present in a sample, which is an 

advantage for co-infection investigation and microbial community characterization. 

However, this can also generate cofounders and make it difficult to highlight the pathogens 

of interest. Especially for sequencing technologies like Oxford Nanopore sequencing that 

has low accuracy, the sequencing errors can be confused with real mutations. Various 

methods have been developed to enrich the pathogens under investigation and minimize 

the host material background. However, its efficiency is still questionable and needs to be 

improved. Next, for emerging pathogen detection, the challenges described above are an 

issue. In addition, if the pathogen genome is not present in GenBank, then it won’t be 

identified, as most classification software is based on the GenBank database. The 

classification accuracy is also something to take into consideration. How similar/different 

two sequences are will allow for them to be classified into the same/different species or 

strains? Again, the accuracy of MinION sequencing is far from 100%, and this further 

complicates the classification process. Also, a “portable diagnostic lab” is attractive, since 

it can be used in regions that lack diagnostic capacities and it can allow for rapid disease 

investigation. To realize on-site infectious disease investigation, on-site extraction, library 

preparation, and sequencing are needed. In addition, electricity and Wi-Fi are needed for 

device operation and necessary data analysis. Finally, sequencing as a diagnostic tool needs 

further validation. In addition to analytical sensitivity which we evaluated in our study, 

diagnostic sensitivity, specificity, and repeatability need to be evaluated. 
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We are in a continuous battle with infectious disease. The fact that pathogens 

(especially RNA viruses) evolve faster than their host (us and our animals) puts us on the 

inferior side of the battle against infectious diseases. Biological evolution is like Pandora’s 

Box, and novel agents will continue to emerge and surprise us. We need the ability to deal 

with the current diseases and prepare for upcoming ones. Especially due to the climate 

change, population expanding, frequent travel and integration between humans and 

animals, it is estimated that more and more emerging eventualities are going to happen. So, 

infectious disease is and will be a continuous threat to animal and human health. New 

technologies, such as sequencing, are needed to help better control infectious disease. The 

adverse impact of infectious disease nowadays can be profound, since the world is highly 

connected, allowing for quick movement of pathogens across the globe. Collaboration 

among regions and information sharing are essential, especially in the case of emerging 

diseases, to limit the disease spread. Swine infectious disease can not only influence swine 

health and pork production, it can also adversely impact human health, such as zoonotic 

disease and antibiotic resistance. A coordinated, “One Health” response is urgently needed 

for infectious disease control in general. 
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