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Industry Summary:  

Foreign Animal Diseases (FAD) are black swan events – they come as a surprise, have a 
major effect, and are often inappropriately rationalized as foreseeable after the fact with the benefit 
of hindsight. Porcine epidemic diarrhea virus (PEDV) was a wake-up call, but pales in comparison 
to the consequences of a regulated FAD introduction, such as foot-and-mouth disease virus 
(FMDV). The challenges addressed in this study were to develop a rapid method for detection of a 
surprise FAD introduction so that ruinous spread, as occurred with PEDV, and freezing of all 
animal movement can be avoided. FMDV is particularly challenging since any vesicular disease case 
must be addressed and FMDV ruled out so that animal transport is permitted. The threat of an 
undiagnosed FAD introduction, combined with the essential need for rapid rule-outs due to 
endemic vesicular diseases like Senecavirus A (SVA), requires a robust diagnostic capability. We 
proposed to develop and benchmark methods and protocols for pen-side sequencing for vesicular 
disease diagnostics that can provide producers with new options for real-time, robust and rapid 
molecular detection of foreign and endemic pathogens.  

Using SVA as a model for FMDV and PRRSV as a model for endemic pathogens, we evaluated 
the portable, hand-held MinION sequencing device. The protocols that we developed were compared 
to the gold standard of detection, diagnostic PCR detection. Our main results showed that MinION 
sequencing can be used for detection of a pathogen at the species level from a clinical sample 
without the need for prior knowledge. This can be used for unexpected pathogen detection and co-
infection investigations. In addition, our method can improve the detection resolution down to the 
strain level, which is essential for epidemiological analysis and investigation of other challenging 
clinical cases, such as a biosecurity breach or vaccine failure. The analytical sensitivity of MinION 
sequencing as a diagnostic tool was evaluated and compared with real-time PCR. While sequencing 
at the current state is less sensitive than qPCR diagnostics, it is a great support tool for PCR and 
provides valuable genomic information.  

Pen-side and slaughterhouse nucleic acid sequencing addresses a long-sought goal of moving 
diagnostic testing into the field for rapid and accurate pathogen identification. It is particularly 
important for FAD surveillance in suspect cases. We concluded that rapid, direct sequencing can 
identify pathogens causing clinical disease and in the case of vesicular disease, it was able to 
identify SVA (even the strain of SVA) as a cause of clinical signs. In addition, this research resulted 
in a diagnostic method that is immediately adaptable to any pathogen of concern, since it does not 
require specific primers or specific knowledge of genetic sequence. Thus, it is valuable for a broad 
range of applications in which timely differential disease diagnosis is needed for case management 
allowing for improvement in animal care, reduction of costs, and an increase in productivity. Our 
results have been communicated to the swine community through the SDEC newsletter, the SHMP, 
the Leman Conference, and AASV. 
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For more information please contact Dr. Cheryl Dvorak at the Veterinary and Biomedical 
Sciences Department at the University of Minnesota, email: dvora013@umn.edu. 

 

Key Findings:  

• MinION sequencing can be used for robust, unbiased pathogen detection at the species level  
• Using additional bioinformatics analysis, the strain of a pathogen can be identified from 

MinION sequence data 
• This study created a disease diagnostic model for FAD outbreaks  
• This study accelerated the development of rapid, on-site, real-time disease diagnosis 

Keywords:  MinION sequencing, rapid diagnosis, bioinformatics, FMDV, SVA, PRRSV 

Scientific Abstract:   

Foreign animal diseases present a major threat to the global swine industry. FMDV is 
particularly challenging since any vesicular disease case must be addressed and FMDV ruled out so 
that animal transport is permitted. In pigs, several other viral vesicular diseases, including swine 
vesicular disease (SVD), Senecavirus A (SVA), and vesicular exanthema virus infection, cannot be 
distinguished from FMDV on the basis of clinical findings. The economic implications of the 
prohibition of pig movement and export due to vesicular disease outbreaks can range from severe 
for endemic viruses, to catastrophic for FAD. The proposed project thus directly addresses the 
swine health research priority for rapid, differential diagnostics of vesicular diseases, including 
FMDV, which is an important FAD. The primary goal is to benchmark rapid sequencing methods for 
RNA virus detection and evaluate their sensitivities in biological samples that could be collect on the 
farm or at the slaughterhouse. Rapid, direct sequencing will provide new insights for FMDV 
detection and differentiation from other pathogens that cause vesicular diseases, such as SVA. 
Benchmarks will establish key strengths and limitations that must be improved. Our research is 
directly applicable to all disease pathogens with RNA as the genetic material. 

Using SVA as a model, which has been observed as a cause of vesicular disease in different 
countries throughout the world since 2015, we demonstrated that Oxford Nanopore MinION 
sequencing could be used as a robust tool for investigation of vesicular diseases. 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 generating highly accurate sequences. This study developed whole genome 
sequencing methods to facilitate the diagnosis of SVA and provide a reference for investigations of 
FMD. Next, we used PRRSV, which is the most economically devastating pathogen in the US swine 
industry, to test the method we established above and to aid in developing more precise detection of 
endemic diseases, such as examination of co-infection. 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 quickly 
obtained from clinical samples containing 104 to 106 viral copies or more within 6 hours of 
sequencing.  

Overall, our study not only accelerated the development of robust, rapid, on-site, real-time 
disease diagnosis but also created a disease diagnostic model for FMD and other FAD outbreaks. 
Sequencing followed by bioinformatic analysis proves to be a promising approach for investigation 
of infectious diseases, allowing for more precise prevention and control strategies during outbreaks. 

Introduction:   

On-farm, pen-side molecular disease diagnosis is increasingly needed and valuable for swine 
producers, especially when dealing with emerging eventualities such as FAD introduction. Pen-side 
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detection would provide faster results and facilitate 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 even in 
the midst of regional control programs. This study addressed the gap in on-farm molecular 
diagnosis by evaluating and benchmarking the capacity of the MinION portable sequencer for 
detection and differentiation of pathogens, with a focus on important foreign animal disease and 
endemic diseases. The MinION sequencer (Oxford Nanopore Technologies) is a hand-held device 
that can read sequences >100,000 bases in length. Currently, it only requires about 2h for sample 
preparation, and generates data in real time to provide real time insights (Juul et al., 2015). MinION 
sequencing has been used for the detection of Ebola virus, influenza virus, Venezuelan equine 
encephalitis virus, and other RNA viruses (Hoenen et al., 2016; Kilianski et al., 2016; Wang, Moore, 
Deng, Eccles, & Hall, 2015).  

Foot and Mouth disease (FMD) is one of the most infectious viral diseases known. FMD is 
important because of its high infectivity and ability to rapidly spread through animal populations 
and over long distances. Typical clinical signs of FMD are characterized by high temperature, 
excessive salivation, and formation of vesicles. However, the clinical signs can be confused with 
other diseases like Senecavirus A (SVA), vesicular stomatitis (VS) and swine vesicular disease (SVD), 
thus laboratory-based diagnosis for FMD is necessary (Leme et al., 2015). Current laboratory 
assays for FMDV detection include virus isolation, antigen ELISA and molecular tests (RT-PCR and 
rRT-PCR) (Jamal & Belsham, 2013). Virus isolation takes several days, is labor-intensive and can 
only be performed in specialized biocontainment facilities. The limitation of ELISA is that samples 
with low quantities of virus may yield weak, inconclusive, or negative results (Longjam et al., 2011). 
Conventional gel-based RT-PCR is not sufficiently sensitive and specific to replace ELISA (House & 
Meyer, 1993; Longjam et al., 2011). Quantitative RT-PCR assays have greater sensitivity for 
detection, however, they cannot discriminate between serotypes of FMDV (Rasmussen, Uttenthal, 
de Stricker, Belak, & Storgaard, 2003). Furthermore, none of these diagnostic methods can detect 
other vesicular disease pathogens, thus preventing differential discrimination. What is needed is 
development of a versatile, hand-held FAD detection and diagnosis tool, focusing on FMD and other 
vesicular diseases, that will provide diagnostic lab sensitivity and specificity without diagnostic lab 
delays. 

MinION sequencing is a robust pathogen detection tool that can be used for metagenomic 
sequencing to determine the presence and relative abundance of the microbiome in a sample 
(Greninger et al., 2015; Juul et al., 2015). Compared to a method that can only detect the presence 
of FMDV, MinION sequencing provides differentiation with other vesicular diseases and extensive 
additional genetic information about a sample to better inform diagnosis. Traditional sequencing for 
RNA requires preliminary conversion of RNA to cDNA. Oxford Nanopore sequencing is the only 
technique that can sequence RNA directly, which eliminates the time and biases introduced during 
reverse transcription. At present, MinION is mainly used for DNA sequencing, so direct RNA 
sequencing needs thorough benchmarking to characterize the error profiles and coverage needed for 
accurate disease diagnosis.  

RNA genetic material presents the same technical demands for extraction, processing and 
sequencing whether it is FMDV, arteriviruses, influenza viruses, coronaviruses, other 
picornaviruses, rotaviruses, or many foreign animal disease viruses for which rapid pathogen 
identification and discrimination can be critically important. Knowledge gained from any one virus 
would be immediately translatable to rapid diagnostic detection and sequencing of an entire class of 
important swine pathogens. These experiments used PRRSV as model endemic pathogens and SVA 
as model of FADs due to its molecular similarities to FMDV and genetic diversity that models FMDV 
diversity. We developed and benchmarked protocols for MinION sequencing from RNA viruses 
including bioinformatic pipelines to determine the species and strain of virus present as well as 
determination of analytical sensitivity of the method. These methods can be translated directly into 
use for detection and analysis of many significant viral diseases of pigs.   

Objectives:   

Objective 1. Optimize the viral RNA extraction method for MinION sequencing.  
Objective 2. Benchmark MinION RNA sequencing for SVA, including error profiles and coverage biases.  
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Objective 3. Develop a classification model for rapid pathogen detection and differentiation and 
determine the detection limits (analytical sensitivity) of MinION sequencing for viral detection. 

Materials & Methods:   

Viral 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 line (ATCC CRL-5803) as previously described (Joshi et al., 2016).  

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, Rahe, Gray, Martins, & Murtaugh, 2018). 
PRRSV 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). 

RNA extraction and viral copy number determination 
SVA and PRRSV RNA was extracted from cell culture supernatants, virus-negative pig serum 

spiked with PRRSV/SVA, and clinical PRRSV-positive serum or SVA-positive vesicular fluid 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 50 ul nuclease-free 
water. For PRRSV, 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). For SVA, the Ct value and viral copies for all 
samples were determined by RT-qPCR at the University of Minnesota Veterinary Diagnostic 
Laboratory. 

A Qubit 3.0 fluorometer (Life technologies, Carlsbad, CA) and a Nanodrop1000 
spectrophotometer (Thermo Scientific, Waltham, MA) were used for quantitative and qualitative 
assessments.  

MinION direct RNA sequencing and PCR-cDNA sequencing  
SVA RNA was sequenced using 2 different kits, the direct RNA sequencing kit or the cDNA-

PCR sequencing kit (ONT, Oxford, UK). Only direct RNA sequencing was used for PRRSV 
examination. Direct RNA sequencing (DRS) library preparation was performed according to the 
direct RNA sequencing online protocol (ONT, Oxford, UK) (Garalde et al., 2018). cDNA-PCR 
sequencing (PCS) libraries were generated according to the cDNA-PCR sequencing online protocol 
(ONT, Oxford, UK). 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 (RNA 
calibration strand) and for PCS 60ng SVA RNA. The RCS is provided with the library kit and 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 for optimized sequencing output. Samples were sequenced for approximately 6 hours. 

PRRSV cell culture, spike-in and clinical samples were sequenced following the direct RNA 
sequencing protocol with the addition of exogenous cellular RNA instead of RCS, as needed. 

Evaluation of sequencing reads  
Basecalling of raw reads was performed using Guppy (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, Cruts, De 
Coster, D’Hert, & Schultz, 2018). To obtain raw error rates and error patterns, sequencing reads 
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were mapped to the reference sequence using minimap2 (Li, 2016), processed with SAMtools (Li et 
al., 2009) to generate BAM files, and then evaluated by AlignQC (Weirather et al., 2017). Depth of 
coverage across the consensus genome was analyzed using Qualimap (Okonechnikov, Conesa, & 
Garcia-Alcalde, 2016). The average coverage and accuracy across the genome were then evaluated 
and visualized using GraphPad Prism 8 (GraphPad Software, San Diego, CA). 

Species and strain detection of SVA 
Taxonomic analysis at the species level was performed to identify pathogens existing in 

spike-in and clinical samples using what’s in my pot (WIMP), which is provided by ONT’s subsidiary 
Metrichor (Juul et al., 2015). SVA and PRRSV custom databases were created to analyze 
SVA/PRRSV sequencing reads by downloading all of the SVA/PRRSV whole genomes from GenBank 
(132 complete SVA genomes as of March 2019, 949 PRRSV sequences downloaded in Nov 2018). To 
detect SVA/PRRSV at the strain level, pass reads were analyzed against the SVA/PRRSV custom 
database using Basic Local Alignment Search Tool (BLAST) (Altschul, Gish, Miller, Myers, & 
Lipman, 1990) to identify the strain with the best match. 

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 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. 

Consensus generation 
For direct RNA sequencing, a consensus genome was generated using the longest 

PRRSV/SVA read from the sequencing data as a scaffold. The longest SVA or 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 the map file was processed using Racon (Vaser, Sovic, 
Nagarajan, & Sikic, 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). For 
PCR-cDNA sequencing, de novo assembly was performed using the Canu assembler (Koren et al., 
2017). 

Using SVA, evaluation and optimization of consensus generation for both sequencing 
methods (DRS and PCS) 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 using the ClustalW pairwise 
alignment in Geneious 8.0.5 software (https://www.geneious.com) (Kearse et al., 2012).  

https://homes.cs.washington.edu/%7Edcjones/fastq-tools/
https://homes.cs.washington.edu/%7Edcjones/fastq-tools/
https://www.geneious.com/
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Evaluation of analytical sensitivity  
Analytical sensitivity was determined for both direct RNA sequencing and PCR cDNA 

sequencing using spike-in and clinical SVA samples containing a range of input virus amounts. For 
spike-in samples, an SVA viral stock was 10-fold serially diluted from 1X to 10,000X to generate 
decreasing amounts of virus 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. For clinical samples, 8 vesicular fluid clinical samples ranging from 102 to 106 viral 
copies/ml (Ct values ranging from 24 to 13) were sequenced. For both sample sets, viral RNA was 
extracted from 1ml of sample with half of the sample used for direct RNA sequencing (DRS) and half 
for PCR-cDNA sequencing (PCS). For spike-in samples, the SVA strain was determined by blasting 
raw sequencing reads to the custom SVA database, and then the detected strain was compared to 
the known reference genome using ClustalW pairwise alignment from the Geneious software to 
identify the accuracy of the strain level detection. For clinical samples, Sanger sequencing was used 
to determine a partial 3’ sequence (partial 3C, 3D, 3’UTR) which was used as the reference genome 
sequence. Detection accuracy was determined by comparing the strain identified as the best BLAST 
match to the reference sequence using ClustalW pairwise alignment in Geneious 8.0.5 software 
(https://www.geneious.com). A correlation analysis was performed to test if DRS and PCS were 
quantitative diagnostic methods. 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).  

Similarly, analytical sensitivity of sequencing for PRRSV was determined using spike-in as well 
as clinical samples. 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 compare 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 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. 

Computer codes and sequencing data 
The main bioinformatic methods and codes used in this study can be found here: 

https://github.com/ShaoyuanTan/SVAproject 

 

 

 

 

 

 

https://github.com/ShaoyuanTan/SVAproject


 
 

7 

Results:   

Objective 1. Optimize the viral RNA extraction method for MinION sequencing.  

Viral RNA was isolated from PRRSV and SVA samples using QIAamp Viral RNA mini kit, 
which has been shown previously to give good RNA quality and quantity. RNA quantity was 
determined by Qubit 3.0 fluorometer and RNA quality was examined by a Nanodrop1000 
spectrophotometer, targeting at OD260/280 of 2.0 and OD 260/230 2.0-2.2.  

Sequence results from SVA samples showed both 
DRS and PCS can generate long reads over 7000 bp, 
close to the full-length genome size of 7268 bp. PCS had 
a much better performance than DRS in terms of higher 
SVA yield (DRS 4.5Mb, PCS 66.1Mb), longer average read 
length (DRS 1267bp, PCS 1721bp), and lower raw error 
rates (DRS 15.14%, PCS 11.23%) (Table 1). Direct RNA 
sequence results from PRRSV samples gave mean read 
lengths of approximately 1250 bases, mean error rates of 
approximately 14.64% and the longest raw read was over 
15,000 bp (close to the full-length genome of 15,182 bp) 
(Table 1).  
One problem with the direct RNA sequencing kit was 
that a large amount of input RNA was needed; much more RNA than would ever be found in a clinical 
sample. Thus, we examined the addition of an exogenous mRNA or RCS (control RNA provided by 
Oxford nanopore) sample to the desired RNA sample to increase the RNA quantity to the suggested 
amount for library preparation and sequencing. An examination of decreasing amounts of input 
PRRSV genome copies along with added exogenous mRNA was performed and a strong correlation 
(r2=0.93, p<0.05) between the number of input viral copies and the yield of viral sequences obtained 
was observed (Figure 1). Similar findings were 
observed with SVA samples (r2 = 0.99 , p < 0.05). 
Thus, the addition of exogenous mRNA did not 
deleteriously affect the ability to sequence the 
virus and knowing the viral copy number in a 
sample could predict the number of expected 
sequencing reads and vice versa. 

Objective 2. Benchmark MinION RNA sequencing 
for SVA, including error profiles and coverage 
biases.  
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 A thorough understanding of MinION direct RNA sequencing was performed using PRRSV 
sequence outputs. First, analysis of PRRSV sequencing results was evaluated for total yield, total 
reads, read quality, and read length as explained in objective 1 above. The raw error rates and error 
patterns were examined by mapping to the reference genome sequence. An examination of the error 
rates showed a total error rate of almost 14% with the highest error coming from deletions (Figure 2a). 
The most frequently observed error patterns were insertions or deletions of T nucleotides and C and T 
mismatches (Figure 2b).  
 Genome coverage was observed to be uneven with high coverage on the 3’ end of the genome 
and low coverage at the 5’ end, but consensus 
accuracy across the genome was similar (93-97%) in 
spite of the large differences in coverage (Figure 3). 
 The direct RNA sequencing (DRS) method and 
analysis was also performed for SVA, showing 
similar results to that of PRRSV DRS sequncing 
(Figure 4). In addition, sequencing of the SVA 
genome was performed using the MinION PCR-cDNA 
kit (PCS). Results showed the PCS method 
generated higher quality raw reads, provided a 
much more even coverage distribution across the 
genome, and had a higher accuracy than direct RNA 
sequencing (Figure 4, Table 1).  

A consensus genome was generated for DRS 
sequencing using Racon and PCS sequencing 
using Canu. Optimization of consensus 
generation was performed for both DRS and PCS 
data by examining the sequencing yield and 
different read filters on the consensus quality. 
Datasets were generated containing different 
sequencing yields (0.7, 7, and 70 Mb) by 
randomly selecting reads from the total pass 
reads dataset. Within the same yield dataset, 

three groups were generated based on different filters, with group 1 containing all the pass reads 
(Phred quality > 7), group 2 consisting of pass reads with a length filter > 1314 bp to remove short 
reads and all RCS reads (RCS was added to DRS to increase the efficiency of library preparation), and 
group 3 with pass reads that mapped to the SVA database. Using the “70Mb yield” datasets as an 
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example, we evaluated the effect of the different filters on read recovery, read length and read quality.  
Read recovery of the DRS dataset after the length filter (group 2) was 11% of the pass reads (group 2 
yield/group 1 yield) and after the SVA mappable filter (group 3) it was 7% of the pass reads (group 3 
yield/group 1 yield). The low recovery was due to the large number of short reads present, mainly RCS 
reads. Read recovery of the PCS dataset after the length filter (group 2) and SVA mappable filter (group 
3) was 75% and 73% of the pass reads (group 1), respectively. The average read length and Phred 
quality score was greater for PCS than for DRS irrespective of the filters. The average read length of the 
unfiltered DRS reads (group 1) was especially low and was mainly due to the presence of short RCS 
reads, which account for >90% of reads that are less than 1314bp. Next, examination of each read 
filter at different sequence yields was performed to determine optimal conditions for generation of a 
consensus sequence. For the DRS groups, as the starting yield increased, the length and accuracy of 
the generated consensus sequence increased (Table 2). The highest consensus length and accuracy 
were observed at the 70Mb yield (~ 5Mb of SVA reads, 7% SVA mappable rate) (Tables 2). At the same 
yield level, the consensus accuracy and length with different filters were similar, indicating that the 
sequencing yield is the leading factor for consensus accuracy and length and the raw read filters have 
minimal influence on results (Table 2). A similar result was observed for PCS sequencing, as within a 
sequencing yield, the different filters showed similar consensus length and accuracy (Table 2). 
However, for PCS an increase in yield didn’t always result in better consensus generation, as 70 Mb 
pass reads generated a lower accuracy and a shorter consensus than that of the 7 Mb read group 
(Table 2). The most accurate consensus for PCS was generated using a total sequencing yield of 7 mb 
(~5Mb of SVA reads, 73% SVA mappable rate) (Table 2). While both DRS and PCS can generate a 
nearly full length SVA genome, the consensus from PCS achieved a 99% accuracy, much higher than 
that of DRS which only reached a 94% accuracy (Table 2). In this study, no obvious differences were 
observed when comparing different filters using the cell culture samples. However, filters may be 
useful in some situations not examined here such as in clinical samples from tissues that would 
contain a large amount of host RNA. In order to make our pipeline applicable to all sample types, we 
used the SVA mappable reads (group 3 filter set) for the following spike-in and clinical sample 
analysis. 

Objective 3. Develop a classification model for rapid pathogen detection and differentiation and 
determine the detection limits (analytical sensitivity) of MinION sequencing for viral detection. 

In order to detect viruses at the species level in an unbiased and hypothesis-free manner, 
taxonomic analysis was performed using the what’s in my pot (WIMP) workflow. Here, SVA clinical 
samples were sequenced and analyzed. Results showed that SVA was able to be easily detected using 
both sequencing methods in both spike-in and clinical samples containing more than 5 x 104 total 
viral copies (Table 3). Using DRS to investigate spike-in samples, SVA reads were detected in samples 
with as low as 4.7 x 102 SVA viral copies, while for PCS, SVA reads were detected in samples with viral 
copies of 1.2 x 104 or greater (Table 3). In clinical samples, the analytical sensitivity for species 
detection was 9.2 x 102 viral copies for DRS and 2.2 x 103 viral copies for PCS (Table 3). Other 
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observations include the low portion of reads detected as virus (Table 3), which indicates the need to 
further optimize the sequencing or enrich viral material to increase assay sensitivity. 
 For epidemiological and precision infection control purposes, it is necessary to know not only 
the infectious virus present, but the strain of the virus causing disease. Thus, to investigate whether 
DRS or PCS can identify the strain of SVA that is present in a sample, total reads were BLASTn 
analyzed against our SVA whole genome database and the sequence with the best match (top BLAST 
hit based on bit score) was considered as the SVA strain present in the sample (Table 3). The percent 
identity between the top BLAST hit and the known sequence of the sample was determined to identify 
the accuracy of strain level detection (Table 3). For the spike-in samples, a laboratory strain with a 
known whole genome reference sequence (MN164664) was used and this sequence was also present in 
our SVA whole genome database. The MN164664 sequence was compared to the top BLAST hit to 
determine the percent identity which indicates the accuracy of strain level detection (Table 3). For each 
of the clinical samples, a partial genome reference sequence was obtained using Sanger sequencing, 
which was then used to compare with the top BLAST hit, but since these reference sequences are 
partial sequences, they are not present in our SVA whole genome database, so we do not expect a 
100% identity between the top BLAST hit and our reference sequence (Table 3). Both sequencing 
methods were 100% accurate when detecting strains for the spike-in samples, in which the reference 
strain was present in the SVA whole genome database and it was identified as the best match (Table 
3). For clinical samples, a comparison of the known partial genome to that of the top BLAST hit 
showed a sequence identity of 97.0 – 98.2% for both sequencing methods (Table 3). Further 
examination of sequencing accuracy was determined by creating a consensus genome which was then 
compared to the known reference sequence to determine the sequencing accuracy. All raw reads that 
mapped to the SVA database were used to generate a consensus sequence. This consensus sequence 
(or longest read when no consensus could be generated) was then compared to the known viral 
reference sequence usually showing higher accuracies from samples with a higher amount of virus 
and with PCS usually giving higher accuracies than DRS (Table 3).  

The analytical 
sensitivity of MinION direct 
RNA sequencing was also 
examined for PRRSV, in 
addition to SVA. PRRSV was 
able to be identified at the 
strain level with 99.4% 
accuracy using the direct 
RNA sequencing method if it 
was at a level greater than 
approximately 104 viral 
copies (Ct value of 20) in 
PRRSV negative serum 
samples that were spiked 
with known amounts of 
virus (Table 4). When 
examining PRRSV positive 
clinical serum samples from 
the field, the limit of 
detection of PRRSV by 
MinION sequencing 
increased to about 106 viral 
copies (Table 4). 
Unfortunately, the majority of clinical samples are found at lower levels than could be detected by 
MinION sequencing. However, during a disease outbreak, high levels of virus are present and would 
easily be able to be examined using MinION sequencing.  
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An examination of the capability of direct RNA sequencing to differentiate between multiple 
PRRSV strains present in the same sample, representing clinical scenarios of a suspected PRRSV 
outbreak in a vaccinated herd, was also performed. Mock samples were created containing VR2332 

virus to represent type 2 modified live virus vaccination (MLV) and either an SDEU viral strain (type 1 
field strain) or a 1-7-4 viral isolate (type 2 field strain) to represent concurrent field infection (Table 5). 
The top hit (which in this case was VR2332) was used to remove viral sequences from that strain and 
the rest of the raw reads were able to give a good match to the other PRRSV strain that was present in 
the sample. These observations confirm that even with multiple fairly similar genomes present, they 
could be identified, if at high enough levels (# PRRSV reads appx 250 in this study), even if they were 
not known to be present in the sample (Table 5). Thus, confirming that sequencing is an unbiased 
diagnostic tool with robust advantages. While examining this data we also observed carryover in the 
MinION flow cell from one experiment to the next when a large amount of input RNA was used even 
after the suggested procedures of washing and storing flow cells between runs. This suggests a need to 
keep track of what samples have been used on the flow cell previously in case of unexpected results 
that may be explained by high concentration samples used in the previous run. In the future, a more 
effective flow cell wash kit or protocol would be expected to solve this technical problem. 

A specific classification model was not necessary for detection of the virus as the raw reads or 
consensus could be BLAST analyzed against the custom PRRSV or SVA database or the whole 
GenBank database. In this study, a database containing only PRRSV or SVA whole genome sequences 
was developed to allow for quicker results than BLAST analysis against the entire GenBank database. 
If another specific pathogen or group of pathogens was of interest, a related sequence database could 
quickly and easily be developed accordingly to allow for quicker BLAST results. 

Discussion:   

SVA-induced vesicular lesions present 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 

http://www.oie.int/
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vesicular lesions even more crucial (Segalés, Barcellos, Alfieri, Burrough, & Marthaler, 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. In this study we 
used Oxford Nanopore sequencing for SVA detection at both the species and strain level in a 
research lab 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 general workflow 
involved several steps. A robust and unbiased species-level detection of pathogens via WIMP where 
we can get a general picture of all pathogens involved in a 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 
pathogen for further investigations. We also optimized whole genome generation of SVA to provide 
support to expand the SVA database for further research of pathogenic mechanisms or disease 
epidemiology. We concluded that sequencing can be used for investigation of emerging diseases by 
identifying unexpected pathogens and can be incorporated as a supportive tool for PCR and to aid 
in primer design of new strains or pathogens.  

This study used SVA as a model for emerging diseases and PRRSV as a model for endemic 
disease. PRRSV is one of the most challenging endemic pathogens to control in the swine industry. 
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, Xu, Wang, & He, 2019; Zhang et al., 2017). Differing from this, MinION 
technology offers the option to directly sequence 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 able 
to be identified. 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 present on a farm.  

In addition, we provided thorough comparisons for 2 MinION sequencing methods, PCS and 
DRS, 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 & Rentmeister, 2018; 
Viehweger et al., 2018). Despite the differences between read accuracy, both methods can detect 
virus at the strain level correctly 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. 

Analytical sensitivity of sequencing was analyzed for both PCS and DRS. When it comes to 
analytical sensitivity of MinION 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. The analytical sensitivity of DRS and PCS was shown 
to be similar, approximately 102 to 104 viral copies. So far, the analytical sensitivity of MinION 
sequencing is lower than that of diagnostic PCR assays, but PCR is 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., 2019).  We believe as MinION sequencing continues to develop, its 
ability for pathogen detection will increase. Even at the current state, MinION 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. 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 an influenza virus study, a strong relationship between the viral titer 
and the proportion of influenza reads using Oxford Nanopore direct RNA sequencing technology was 
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observed (Lewandowski et al., 2019). However, in a hepatitis B virus (HBV) study using Oxford 
Nanopore amplicon sequencing, authors concluded that amplicon sequencing was not quantitative 
and considerable variability in total yields and the proportion of mapped HBV reads between 
sequencing runs was observed (McNaughton et al., 2019). The reason could be that cDNA-PCR 
sequencing includes more steps during library preparation, including amplification and PCR 
product selection which can introduce bias, while the process of direct RNA library preparation is 
simple and straightforward.  

The methods established in this study provide a framework for investigation of other 
emerging or endemic viral diseases and can be applied to aid 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.  

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, and strain-level 
pathogen detection and differentiation. 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. Knowledge gained from PRRSV and SVA 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. 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). In fact, MinION 
sequencing technology might end up being a useful and affordable diagnostic tool for foreign animal 
diseases in general.  
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