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Tracing Viral Transmission and Evolution of BLV through Long 
Read Oxford Nanopore Sequencing of the Proviral Genome

Bovine leukemia virus (BLV) causes Enzootic Bovine Leukosis (EBL), a persistent life-long 
disease resulting in immune dysfunction and shortened lifespan in infected cattle. The 
shortened lifespan and decreased milk production of infected animals severely impacts 
the profitability of the US dairy industry. Our group has found that 94% of dairy farms 
in the USA are infected with BLV with an average in-herd prevalence of 46%. This is 
partly due to the lack of clinical presentation during the early stages of primary 
infection and the elusive nature of BLV transmission. This study sought to validate a 
near-complete genomic sequencing approach for reliability and accuracy before 
determining its efficacy in characterizing the sequence identity of BLV proviral genomes 
for the purposes of viral contact tracing. These BLV-infected animals were comprised of 
seven adult dam(mother)/daughter pairs, from one commercial dairy herd, that tested 
positive by ELISA and qPCR. The results demonstrate sequence identity or divergence 
of the BLV genome from the same samples tested in two independent laboratories, 
suggesting both vertical and horizontal transmission in this dairy herd. This study 
supports the use of Oxford Nanopore Technologies (ONT) sequencing for the 
identification of viral SNPs that can be used for retrospective genetic contact tracing of 
BLV transmission.

Abstract
Sequencing Controls
The generated reference sequence, using the previous Sanger sequencing along with 
the known sequence of the vector, was found to have 100% identity to the sequences 
generated by ONT. 
Oxford Nanopore Technologies Sequencing
Approximately 7.5kb PCR products were generated using two different sets of primer 
pairs from two independent laboratories. Electrophoretograms of the generated 
amplicons were evaluated to determine amplicon quality and infer the accuracy of 
subsequent analysis. The differences seen with a cross-laboratory comparison of the 
labs could be due to read depth variability caused by amplicon quality which can 
confound phylogenetic analysis. 
Phylogenetic Analysis
Ten out of the 14 pairs of technical replicates from the two laboratories matched on 
taxa location, solidifying the accuracy of both PCR techniques and the sequencing of 
the generated amplicons. The outlying samples were concluded as resulting from poor 
coverage. When analyzing the samples based on familial relationships, the distance 
between proviral sequences varies. Pair 5 shows sequence identify based on clade 
location while pair 6 are significantly different. Pair 2  displayed viral evolution in just 
one generation. 
Amino Acid Substitutions
A comparative amino acid analysis was performed to further compare the 
dam/daughter pair relationship. Amino acid profiles of 5 dams diverged from their 
daughters where 2 were identical. The Gag/Pol/Pro complex was the most 
polymorphic. The amino acid changes show a significant level of functional variation 
between the dam/daughter pairs investigated. 

Results

Seven adult dam/daughter pairs were tested by ELISA and qPCR to determine PVL 
followed by HMW DNA extraction and long-range PCR to amplify the BLV genome for 
Oxford Nanopore sequencing. The corresponding DNA extracts were amplified 2x in 
independent laboratories using different PCR chemistries and primer sets. Phylogenetic 
analysis of the sequences geographically shows the similarity of the generated 
sequences and can be used to determine relatedness. Sequencing controls were 
developed via the ligation of previously Sanger sequenced bacterial inserts into a well-
known TOPO vector to validate the fidelity and accuracy of ONT sequencing. The Rapid 
Barcoding Sequencing kit was used for the library preparation and the pooled samples 
were loaded onto a R9.4 flow cell on a GridION device and run with the SQK-
RBK004_plus_Bascalller script of MinKnow1.5.12. Reads were base called using Guppy
and demultiplexed with qcat v1.1.0. Medaka v1.2.2 was used to ID consensus-level 
variant candidates. The methods pipeline is shown below. 

Methods and Materials

Figure 1. Project Methodology Pipeline

Figure 2. Electrophoretograms of the BLV proviral amplicons generated by two 
independent laboratories.

Figure 3. Dot plot matrices highlighting 
the 100% similarity between the 

references and the ONT sequences

Figure 4. Phylogenetic tree of the BLV genomes derived from both laboratories displaying both vertical and 
horizontal transmission between dam-daughter pairs. 
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Since a novel library preparation and bioinformatics pipeline were used, the fidelity of 
the generated reads were evaluated via the creation and sequencing of bacterial 
positive controls and the use of stepwise validation as a quality control check at each 
step along the pipeline. This phylogenetic analysis tool can help in tracing spatial and 
temporal modeling of infections within different herds and elucidate how cattle 
movement and farm management practices affect transmission. This approach could 
also be used to help resolve genetic relationships of dynamic viral populations of other 
pathogens, such as SARS-CoV-2. The use of the entire proviral genome would aid in the 
comparison of international strains instead of drawing conclusions on the analysis of a 
singular gene, which is historically how these comparisons have been done. Future 
research could investigate the impacts of the identified amino acid changes, along with 
the use of RNA transcripts. Due to the small sample size, a longitudinal study including 
neonate samples is needed to evaluate direct and temporally relevant transmission 
patterns.
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