What can we learn from millions of viral genome
sequences?
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David Ussery and Pratul Agarwal, Professors in the Department of
Physiological Sciences at Oklahoma State University, discuss
their work using high-performance computing for the analysis of
millions of viral genome sequences

Advances in nanotechnology and machine learning methods have made possible
disruptive changes in genome sequencing; it is now possible to sequence hundreds of
viral genomes in parallel, within a few hours', allowing for the routine monitoring of
viruses in water?, and other environments®. The dramatic improvements in ease and cost
of sequencing have resulted in millions of genome sequences being deposited in public
databases®. Currently, there are several viral species with more than a million genomes:
>9 million SARS-CoV-2 viral genomes available at NCBI®; >1.5 million Influenza viral

genomes®;:and > 1.1 million human immunodeficiency (AIDS) viral genomes’.
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Lessons from millions of SARS-CoV-2 genomes

In principle, genomic epidemiology can follow viral outbreaks in near-real time, as they
occur, and make predictions, kind of like the weather forecast for the next few days —
here’s where the virus is today, and where it’s likely to spread tomorrow.

The SARS-CoV-2 outbreak was the first pandemic with large-scale viral genome
sequencing, allowing the tracking of novel variants as they appeared. There are several
useful and important observations from analysis of millions of SARS-CoV-2 genome
sequences. Here we will discuss three lessons we’ve learned from looking at millions of
viral genome sequences, as shown in the Figure.

1. At the protein level, only a few viral proteins have significant mutational frequencies;
changes in non-synonymous mutations can predict possible surges in new variant
strains. Based on more than 8 million SARS-CoV-2 genome sequences, a
comprehensive overview of all 26 proteins encoded in the SARS-CoV-2 genome
has been mapped?®, and regularly updated®
(https://pandemics.okstate.edu/covid19/). Panel A in the figure shows the relative
mutational frequency of the proteins encoded along the SARS-CoV-2 genome. The
height of the bar represents the number of mutations in amino acids for each
protein, normalized to the total length of the protein. This is a modification of Figure
4 from Najar et al. (2023)°. Note that the spike protein has the highest mutational
frequency (8.2%), followed by the nucleocapsid protein (6.7%), and then the
envelope protein(4.2%); the 23 remaining proteins all have mutational frequencies
of less that 3%.

2. At the genomic RNA level, SARS-CoV-2 has the few mutational hot-spots, but most
of the genome is relatively stable, with a limited mutational repertoire. This is
represented by Panel B of the figure, which shows the relative mutational frequency
of the genome; this is a modification from Figure 3 of our work describing a
comparison of about 6 million Covid-19 genomes?. At the time, we saw changes in
about 5% of the genome, but as can be seen from the figure, the frequency of these
changes varies throughout the genome, with a few spikes localized at specific
regions along the chromosome, representing mutational ‘hot-spots’.
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3. It is possible to design optimal primers in stable regions of the genome, which will
be resistant to mutations in the viral genome over time. One of the major problems
with large-scale sequencing of the SARS-CoV-2 genomes during the Covid-19
outbreak was the failure of primers, due to mutations in the primer-binding regions.
This caused problems with the detection of specific variants if the primers did not
bind to that region.The most commonly used procedure (Arctic11) requires 98
different pairs of primers (196 primers in total!), which allows tiling across the entire
genome of about 30,000 nt. Fewer primers means fewer chances of mutations in
the primer binding sites. The “Midnight” protocol12 takes advantage of longer reads
using third-generation sequencing, and only requires 29 sets of primers. We have
designed a set of 7 primers that can be used for long-range sequencing of the entire
genome, avoiding primer failure in variable regions of the genome13. This is
summarized in Panel C of the figure, which is modified from Figure 1 in Kandel et
al., 202413,

What does the future look like in terms of genomic epidemiology?

The future of viral genomics is headed towards ‘big data’, in terms of the vast amount of
viral genomes becoming available. It might be possible to predict new viral outbreaks, just
like weather reports, on a daily basis. In addition to the explosion of (DNA) viral genomes,
third-generation sequencing technologies allow for the direct sequencing of RNA viruses
(dRNAseq), including detection of modified bases in the RNA genomes'. Direct RNA
sequencing of SARS-CoV-2 genomes continues to improve'®'® and is becoming a fast
and economical method of choice. Third-generation sequencing technologies will allow
quantification of viral genome length distributions, as well as alternative splicing and
epigenetic modifications.
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