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Outline

▶ Evolution and viruses

▶ “Genomic surveillance” and the hunt for 
SARS-CoV-2 variants

▶ How we identify novel variants of SARS-CoV-2

▶ Limitations/issues and mitigation strategies
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Evolution in viruses
● Viruses can evolve (and “improve”) just like cell-based living 

organisms,
● Evolution is a trial and error process: most of the times 

changes have a little impact and/or are deleterious
● However, sometimes viruses might be lucky and get better 

features
● In the case of pathogens getting better might mean:

○ evade the immune system of the host
○ become more infective
○ become more virulent



Genomic surveillance of pathogens

● Since we can not observe viruses directly, to 
understand what they are up to our best option is 
to sequence their genome

● Advantageous changes become very frequent 
and very rapidly

● During the pandemic we have sequenced more 
than 10M different isolates of SARS-CoV-2

● To make of these data we use GENOMICS 



SARS-CoV-2 “genomic surveillance”
● Understand SARS-CoV-2 evolution

● Compare genomes at different times/in different 
countries to identify “novel” strains

● Find differences (genetic variants) and define viral variants

● Are novel variants associated with novel/advantageous 
<<traits>>?

● From Jan 2020 more than 10M genomic sequences!



USE Case: tracking dangerous variants

● International health authorities (WHO,ECDC,CDC) compile a list of 
dangerous variants (see ECDC for example)

● Genomic surveillance= sequence at least 5% of naso-pharingeal swabs 
from SARS-CoV-2 positive individuals

● Tracking: analyse and share the data, annotate and follow the variants
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https://www.ecdc.europa.eu/en/covid-19/variants-concern


● VOC: variant of Concern
● Increase in transmissibility or detrimental change in COVID-19 epidemiology; OR
● Increase in virulence or change in clinical disease presentation; OR
● Decrease in effectiveness of public health and social measures or available diagnostics, vaccines, therapeutics.  

Dangerous variants: WHO



● Dangerous variants have an advantage over other variants, hence they 
spread more rapidly

● This happened repeatedly for the 5* current variants of concern (VOC)
● We identify dangerous variants retrospectively: i.e track the variant, see 

what happens
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How do WE Identify “dangerous” variants?



Tracking novel “dangerous” variants of SARS-COV-2

● Novel variants= Novel 
“mutations” in the genome

● If “growth advantage”, novel 
mutations will eventually 
replace the old ones!

● VOC= novel viral alleles

Pinoli et al, submitted. See:
https://virological.org/t/using-varianthunter-for
-detecting-emerging-sars-cov-2-variants/797 
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https://virological.org/t/using-varianthunter-for-detecting-emerging-sars-cov-2-variants/797
https://virological.org/t/using-varianthunter-for-detecting-emerging-sars-cov-2-variants/797


Variant “hunting” starts with classification
Different tools/methods to 
name/track variants

Pango. Rambaut et al

Nextstrain. Hadfield et al

HaploCoV. Chiara et al
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● Normally a single mutation does not change the 
property of a virus significantly

● To track novel variants of the virus we need to 
observe and track “co-occuring” of mutations

● i.e. Do viruses that have specific combinations in 
their genome get better?

Again we need computational tools for this task: we 
currently have thousands of variants of SARS-CoV-2. 
Only a few are considered dangerous



Classification. How?
▶ To understand/study SARS-CoV-2 we need to develop systems that can identify 

relevant “viral types” or “lineages”

▶ Nextstrain*: Only clades that reach a prevalence of 20% or higher. Based on 
phylogeny. Currently: 26 “clades”. Each clade > 20.000 genomes

▶ Pangolin: Rambault** et al 2020. Lineage: group of 5 or more genomes with 1 
or more differences with their “ancestor”.  2210 lineages in total. Each lineage 
has 80 genomes on average

▶ HaploCov: Chiara et al 2021. Only mutations that reach a local frequency 
above 1%. Each group has at least 2 characteristic mutations.  1670 groups. 
Each group has 400 genomes on average
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* Hadfield et al, Bioinformatics (2018)

** Rambault  et al, Nat Microb (2020)



HaploCoV: a novel approach to classification
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A simple method for tracking genome diversity in 
SARS-CoV-2:
● Variants with high prevalence (AF≥1%), for a long 

interval of time (>30 days)
● Integrates with other systems

Prioritization?
● predict 

dangerous 
variants?

δ+ variant
doi:10.1093/molbev/msab049 



Prioritization: how do we identify hints of adaptation?

▶ A specific variant can become “highly prevalent” for 
different reasons, including drift, bottlenecks and 
founder effects

▶  Functional annotation of Mutations: 
▶ What is the “predicted” effect?
▶ Is the mutation recurrent (different lineages)?
▶ Is it associated with known functional elements?
▶ Experimental Validation: can we associate a real effect?
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How do we Identify “Interesting” Mutations?

● Computer algorithms can predict/evaluate the effect of mutations in silico
● Since we know the genetic code, we can predict the effect of a mutation 

on the protein sequence
● We also know the biology of the virus, and we know which proteins are 

more important 
● CorGAT, additional annotations. Regulatory elements. Epitopes. 

Prevalence worldwide (and regional)

Using this knowledge we can build computer systems that evaluate, flag and 
identify “interesting” mutations



How do we Identify “Interesting” Variants?

● Evolution/ selection

● Viral Epitopes

● Functional domains

● VOC and prevalence

● Different lines of evidence/resources are integrated
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doi:10.1093/bioinformatics/b
taa1047



CorGAT+HaploCoV: how do dangerous variants differ?

● Dimension-reduction analyses identify distinct clusters associate with 
“dangerous” variants (VOC,VOI,VUM)

All the “dangerous”
variants have
some features in
common.

and “cluster” in
the same group

doi.org/10.1101/2021.06.23.449558



Prioritization of “dangerous” variants
● Features integrated into a linear score
● With a simple model we identify >93% of 

dangerous variants (flagged by international 
health authorities)

● Plus c.a 20 additional lineages, with similar 
mutational profiles (not flagged by health 
authorities)

● The score can also identify/pinpoint novel 
sub-variants with increased “VOC-potential”
○ currently we identify 5 within Omicron



C.1.2

● First observed in 
May 2021

● VUM in Sept 2021

● Prioritized by 
scoring system in 
c.a 1 second



Οmicron Variant, Evolution
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● I.e lack of mutations is due to 
errors in  sequencing/assembly

● ARCTIC V4 particularly popular 
in the UK (apparently)

Sequencing artifact



Omicron sub-variants

● 5 sub-variants of Omicron 
predicted to be than parental 
“more dangerous”:
○ BA.2.12 and BA.2.12.1
○ BA.2.16 
○ BA.4
○ BA.5

● 3 “validated” by recent reports



Genomic surveillance: limitations
● WHO and other international health authorities recommended to 

sequence between 5 and 10% of all positive samples
● Currently most countries do not follow these recommendations
● Data sharing is still an issue! Only c.a. 1 out of 4 genome sequences 

are available from open access repositories 

Missing data == Missing VOC/VOI/VUM?

Sampling bias:
● >50% data UK or 

USA
● less 5% data Africa
● >70% data EU



Genomic surveillance: limitations

● only c.a 1 out of 4 genome sequences are available from 
open access repositories 

● ~90% of the “open access sequences” are from the U.S.A

Missing data == Missing VOC/VOI/VUM?



Getting data to Scientists: the COVID-19 data-portal

● Unprecedented amounts of data were 
produced during the COVID-19 pandemic

● Making this data available and accessible is a 
fundamental prerequisite to advance our 
knowledge

● The EU has launched and international 
initiative to pro promote best practices for 
data sharing and curation: COVID-19 data 
portal

● We currently run the Italian instance



https://www.covid19dataportal.it/



Why do we need a data portal in Italy https://www.covid19dataportal.it/ 

• Clinical research coordinated within 
region/institution

• Lack of national research facilities
 

• Limited Open Science, DM/DS 
practices awareness 

• Inefficient efforts duplications 

• Lack of dedicated funding 

Research coordination issues within the Country 

• Stimulate coordination between 
institutions

• Increase best practice implementation
 

• Rise Open Science, DM/DS practices 
awareness 

• Increase use of national available 
resources 

• Support joint grant applications 

Increase coordination 

https://www.covid19dataportal.it/


Data portal, training and dissemination



Conclusions
▶ Genomics is a very powerful tool for studying/understanding evolution
▶ By sequencing the genomes of SARS-CoV-2 we can identify and monitor 

“dangerous” or more aggressive forms of the virus
▶ This requires bioinformatics tools and methods  

▶ Currently available methods are very good for tracking. 
But Limited data

▶ Currently available methods are very good for tracking. 
▶ But Biased Sampling

▶ “Predictive” tools. Can identify relevant variants
▶ Sampling however remains an issue: we need to see variants!
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Pango system in depth
▶ Pango/pangolin is currently considered the standard
▶ Each new lineage/group is identified by a letter (from A to Z)
▶ Each time a novel group is formed within an existing group a number from 1 

to N is appended to name of the group.
▶ i.e B is father to B.1
▶ B.1 is father to B.1.1
▶ and so on

▶  Only 4 levels of hierarchy are supported. I.e up to 1 letter and 3 numbers. 
When the 4th level is reached, the name gets “rebooted” and a new letter 
is used
▶ B.1.617 is father to B.1.617.2
▶ B.1.616.2 has a child. Hierarchy saturated! New name is rebooted to AY 

(and so on)



SARS-CoV-2 transcription

Read start
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CS-B

Alignment of sgRNA sequences identifies 
highly conserved repetitive sequence 
motifs (CS-B). CS-B has 9 occurrences in 
the genome: one in TRS-L, 8 (TRS-B) 
corresponding very well with the ATG of 
sgRNAs genes

A negative correlation is observed 
between the position of CS-B and the 
length of the associated transcript: most 
transcripts are a complete read-through 
from CS-B to the end of the genome.
A pervasive transcription along the 
genome is clearly evident.

ONT RNA-seq data in Kim et al. (Cell, 2020) consisting of >250000 split reads (average L of 
2794 nt) plotting read starts (x-axis) and lengths (y-axis)



expression levels (log2 TPM) are indicated in the barplot. Each gene has a different 
color: the spike protein has the lowest “expression level” whereas geneN and 
ORF7A are the most expressed genes (almost 70x more than spike)

SARS-Cov-2 transcription



● Current methods for the detection of 
SARS-CoV-2 use PCR to detect the genome of 
the virus

● To <actively replicate> the virus need to use 
the genome to make proteins (transcription)

● We recently implemented a lab procedure 
than detect/quantify the transcripts of 
SARS-CoV-2

● Potentially improving the diagnosis 
○ i.e not just present/absent but aso 

active/not active viruses 
From https://www.nature.com/articles/d42473-020-00123-x



Assay based on transcripts. You know if virus 
is “alive” and replicating


