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Source: https://www.genome.gov/about-genomics/fact-sheets/Sequencing-Human-Genome-

cost

The challenge

https://www.genome.gov/about-genomics/fact-sheets/Sequencing-Human-Genome-cost


ERC Advanced Grant, Sept. 1, 2016 – August 31, 2021

Focus: Data modeling, integration, extraction and search for integrative 
genomic analysis 

Approach: Radical change in data management abstractions (broader and 
simpler)

Results so far: Big data management system (GMQL) + integrated 
repository (Metabase) + search system (GenoSurf), demonstrated through 
biological and clinical research

Ongoing work: GeCoAgent (user-friendly platform for biologists and 
clinicians)

Data-Driven Genomic Computing (GeCo)



Today’s COVID-19 Open Research Dataset (CORD-19): over 500,000 
scholarly articles

Focus change: from multi-omics for the human genome to RNA sequencing for 
the viral genome 

• Human genome: 3 x 10^9 (billions) DNA nucleotides 

• Viral genome: 3 x 10^4 (thousands) RNA nucleotides

Number of 

publications about:

Blue: HIV

Yellow: Influenza

Red: SARS-CoV-2

Source: https://theconversation.com/as-scientists-turn-their-attention-to-covid-19-other-research-is-not-getting-done-and-that-can-have-lasting-consequences-154040

The pandemics changes everything

https://theconversation.com/as-scientists-turn-their-attention-to-covid-19-other-research-is-not-getting-done-and-that-can-have-lasting-consequences-154040


Model

Select data sources

Propose conceptual models to unify relevant data 

sources

Integrate and build

Build data integration pipelines (including cleaning, 

normalization ad semantic annotation)

Consolidate and maintain repositories

Search

Understand needs of end-users 

Produce search interfaces over repositories

Two domains

Human genomes

Virus sequences

One systematic   
approach

One goal

Producing 

data-driven abstractions 

and systems

Common aspects in human and viral genomics (GeCo approach)



PART 1 – SARS-CoV-2 Concepts (CoV2K)



The Knowledge Model: STRUCTURE



Basics

RNA viruses have ribonucleic acid (RNA) as their genetic material. 
They are usually single-stranded, and include the common cold, 
influenza, SARS, MERS, Covid-19, Dengue, Ebola, hepatitis C, 
hepatitis E, polio and measles.

SARS epidemics (2003) had no incubation and immediate 
symptoms, and was contained in Hong Kong. Quammen wrote 
about SARS in his book “Spillover” (2012); he anticipated the 
Grand Pandemics of the future (the “big one” expected by 
virologist) as carried by a “modified SARS virus, similar to 
influenza, highly infective before symptoms, moving from one city 
to the next on planes, acting as the angels of death”.



Source: Gordon DE, Jang GM, Bouhaddou M, Xu J, Obernier K, White KM, O’Meara MJ, Rezelj VV, Guo JZ, Swaney DL, Tummino TA. A SARS-CoV-2 protein interaction map reveals 
targets for drug repurposing. Nature. 2020 Jul;583(7816):459-68. https://doi.org/10.1038/s41586-020-2286-9

A close look to the genome of SARS-CoV-2

SARS-CoV-2 genome has about 30K bases (each base encodes guanine, 
uracil, adenine and cytosine, denoted by letters G, U, A and C) that direct the 
synthesis of proteins. It has strong sequence similarity with SARS-CoV
responsible for SARS. 

The genome of SARS-CoV-2 includes 4 structural proteins (Spike, E, M, N), 
16 non structural proteins (NSP1-NSP16) and a variable number of 
“accessory proteins”. The 16 NSP proteins are encoded by two large, 
overlapping ORFs (“open reading frames”).  

https://doi.org/10.1038/s41586-020-2286-9


The Spike protein 

Relevant regions: RBD (receptor binding domain) and NTD (N-terminal domain)

Source: Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh CL, Abiona O, Graham BS, McLellan JS. Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation. 

Science. 2020 Mar 13;367(6483):1260-3. https://doi.org/10.1126/science.abb2507

Source: Huang Y, Yang C, Xu XF, Xu W, Liu SW. Structural and functional properties of SARS-CoV-2 spike protein: potential antivirus drug development for COVID-19. Acta 

Pharmacologica Sinica. 2020 Sep;41(9):1141-9. https://doi.org/10.1038/s41401-020-0485-4

https://doi.org/10.1126/science.abb2507
https://doi.org/10.1038/s41401-020-0485-4


The Knowledge Model: POSITIONS OF INTEREST



● Nucleotide Mutation:
ReferenceNuc/GenomicCoordinates/AlternativeNuc

e.g. A23403G

● Amino Acid Change:

Protein: ReferenceAA/PositionInProtein/AlternativeAA

e.g. spike:D614G (this is the AA change that occurs as result of 
nucleotide A23403G mutation)

Amino acid changes are more relevant – they can impact the protein 
function. Their effect depends on:

• The substitution (regardless of the position)
• The position in the protein
• The co-occurrence with other changes

How to describe mutational processes



Preview: Delta mutations over important ranges

Harvey, W.T., Carabelli, A.M., Jackson, B., Gupta, R.K., Thomson, E.C., Harrison, E.M., Ludden, C., Reeve, R., Rambaut, A., Peacock, S.J. and Robertson, D.L., 2021. SARS-CoV-2 

variants, spike mutations and immune escape. Nature Reviews Microbiology, 19(7), pp.409-424.



The Knowledge Model: VARIANTS



Determination: 

Phylogenetic analysis 

provides an in-depth 

understanding of how 

SARS-CoV-2 sequences 

evolves though genetic 

changes. 

Different phylogenetic 

trees are captured and 

named by different 

organizations (lineages, 

clades..)

Image generated with: https://nextstrain.org/ncov/gisaid/global on Aug. 2, 2021

Variants

Characterized by several co-occurring amino acid changes. The cumulative 
effect of characterizing amino acid changes gives to “variants” significative 
advantages, e.g. alpha and delta variants – which have become dominant.

https://nextstrain.org/ncov/gisaid/global


• Variants associated to an increased risk to global public health 
prompted WHO  (World Health Organization) to characterizes specific 
Variants of Interest (VOIs) and Variants of Concern (VOCs).

• Many other sources provides different classifications methods, e.g. CDC 
(US Center for Disease Control) classifies them as Variants of Interest 
(VOIs), Variants of Concern (VOCs), and Variant of High Consequence 
(VOHCs).

Issues in Variant Characterization

Issues in Variant Naming

• Names are primarily assigned by GISAID, Pangolin, and Nextstrain. 
Pangolin’s “B.1.1.7 lineage” was then named as the “UK variant”. 

• The emergence of VOIs and VOCs prompts WHO to consider easy-to-
pronounce and non-stigmatising labels for those VOIs and VOCs using 
letters of the Greek Alphabet e.g. Alpha, Beta, and Gamma.





Characteristic mutations for a 
lineage: those amino acid 
changes or deletions that 
occur in more than 75% of 
lineage sequences.

Accordingly, the B.1.1.7 lineage 
(named Alpha variant by 
WHO) has 22 characteristic 
mutations. Eight of them are 
on the spike protein.

Variants are characterized in 
different ways by different 
organizations, resulting in 
different “contexts”

Protein Change
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Alpha variant: context



Alpha variant, dynamics: all the changes grow together



The Delta variant (VOC): prevalence worldwide

Source: https://outbreak.info/

https://outbreak.info/


The Knowledge Model: EFFECTS



Effects of amino acid changes linked to genomic positions

Associated to single changes or to groups of changes

Depend on the proximity to critical positions, e.g. 

- Spike protein 

- Inside Spike protein, Relational Binding Domain 

(RDB) or N-Terminal Domain (NTD)



• Viral transmission: Viral 
capability to pass from a host to 
another host.

• Infectivity: Capability of a 
transmitted virus to establish an 
infection.

• Disease severity: Associates with
more severe symptoms caused by 
the virus.

• Fatality rate: Proportion of 
persons who died after the viral 
infection over the total confirmed 
cases.

Effects of amino acid changes:epidemiology



• Sensitivity to convalescent sera (or 
vaccinated sera): obtained from 
recovered (or vaccinated) individuals, 
used for prevention and treatment.

• Sensitivity to neutralizing 
monoclonal antibodies: currently the 
target of biomedical research for 
COVID-19 treatment.

• Binding affinity to host receptor: 
alteration of the interaction between 
receptor binding domain (RBD) of the 
Spike protein and the host’s ACE2 
receptor - changes infectivity.

Other effects on protein dynamics and kinetics

Effects of amino acid changes:Immunology
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doi.org/10.1038/s41586-021-03291-y

https://assets.publishing.service.gov.uk/government/uploads/syste

m/uploads/attachment_data/file/959438/Technical_Briefing_VOC_

SH_NJL2_SH2.pdf

doi.org/10.1101/2020.12.16.423118

https://www.gov.uk/government/publications/nervtag-update-note-on-

b117-severity-11-february-2021

Alpha Variant: Characteristic changes and their effect

https://doi.org/10.1038/s41586-021-03291-y
https://doi.org/10.1101/2020.12.16.423118
https://www.gov.uk/government/publications/nervtag-update-note-on-b117-severity-11-february-2021
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doi.org/10.1016/j.jmb.2020.07.009

doi.org/10.3390/microorganisms9071542

doi.org/10.1016/j.cell.2021.06.020

doi.org/10.1101/2021.03.07.21252647

doi.org/10.1038/s41586-021-03777-9

Delta Variant: Characteristic changes and their effect

https://doi.org/10.1016/j.jmb.2020.07.009
https://doi.org/10.3390/microorganisms9071542
https://doi.org/10.1016/j.cell.2021.06.020
https://doi.org/10.1038/s41586-021-03777-9


The Knowledge Model: RESIDUES



Each amino acid has its own properties depending on its 
chemical structure, e.g.

• Molecular weight: The mass of a given molecule.

• Isoelectric point: pH at which a molecule carries no net electrical 
charge.

• Hydrophobicity: A physical property of a molecule that measures affinity 
for water. 

• The more distant (e.g. R. 

Grantham 1974) two amino acids 

are, the more damaging is their 

substitution.

• E.g. Ile and Leu are very close 

amino acids, therefore, their 

substitutions probably will not lead 

to change in the overall phenotype.

Source: https://www.news-medical.net/

Amino acid change effects (regardless of position) 

https://www.news-medical.net/


The Knowledge Model: SEQUENCE DATA



The process of sequence deposition

Occurs from laboratories worldwide

Main worldwide resource (databases)
- GenBank (fully open, worldwide)
- CogUK (fully open, UK)
- GISAID (open but protected, authorized access given to registered users)

Deposited data: the full RNA sequence (FASTA format, 30K bases)

Relevant metadata: 
- Collection date (of the host’s sample)
- Deposition date (to the database)
- Depositing lab
- Geo-location (continent, country, region, sub-region)
- Lineage (according to some method, e.g. Pangulin)

Relevant processing:
- Extract nucleotide mutations
- Extract amino acid changes



Growth of deposited sequences (observed in ViruSurf)



Depositions vs. COVID-19 cases



Delay between collection date and sequence deposition (2021)



Number of SARS-CoV-

2 genomic sequences 

available from the 

GISAID portal. Only 

countries for which 

1000 or more genomes 

are available are 

represented. 

Blue: “novel” genomes, 

submitted between Jan 

24th and Feb 26th 

2021. Gray: genomes 

available in GISAID 

before Jan 24th 2021.

Uneven sampling in time

Source: https://www.covid19dataportal.it/highlights/highlight10/

https://www.covid19dataportal.it/highlights/highlight10/


Uneven geographical sampling

As of July 1st, 2021, Italy has 

submitted 36888 sequences to 

GISAID. 

More than 50% comes only from 

1 of the 20 Italian regions, 

Campania (Naples region)



Source: GISAID - The Submission tracker USA: 

https://www.gisaid.org/index.php?id=209

Uneven sampling in the US

https://www.gisaid.org/index.php?id=209


The Knowledge Model: EPITOPES



• Epitopes are strings of amino 
acids from an antigen (e.g. derived 
from virus protein) that can be 
recognized by antibodies or B/T-
cell receptors to provoke an 
immune response.

Source: https://vaccsbook.com/

Other biological concepts: Epitopes

https://vaccsbook.com/


The Immune Epitope Database (IEDB)

• The largest open-source collection of epitopes for many species. 

IEDB has over a 1M epitopes.

• Currently includes about six thousands epitopes for SARS-CoV-2; 

almost 3 thousands refer to the Spike protein.

• From what is known about Pfizer and Moderna and vaccines, they 

use all available epitopes on the Spike protein at the time of their 

design.

• A mutation in an epitope might compromise the epitope's recognition 

from the immune system. E.g., E484K, E484Q, E484P are associated 

with the reduction of neutralization titres, possibly generating an immune 

escape.

Vita, R., Mahajan, S., Overton, J.A., Dhanda, S.K., Martini, S., Cantrell, J.R., Wheeler, D.K., Sette, A. and Peters, B., 2019. The immune 

epitope database (IEDB): 2018 update. Nucleic acids research, 47(D1), pp.D339-D343.

Dae Eun Jeong, Matthew McCoy, Karen Artiles, Orkan Ilbay, Andrew Fire*, Kari Nadeau, Helen Park, Brooke Betts, Scott Boyd, Ramona Hoh, 

and Massa Shoura. Assemblies of putative SARS-CoV2-spike-encoding mRNA sequences for vaccines BNT-162b2 and mRNA-1273. 

https://virological.org/t/assemblies-of-putative-sars-cov2-spike-encoding-mrna-sequences-for-vaccines-bnt-162b2-and-mrna-1273/663

Harvey, W.T., Carabelli, A.M., Jackson, B., Gupta, R.K., Thomson, E.C., Harrison, E.M., Ludden, C., Reeve, R., Rambaut, A., Peacock, S.J. and 

Robertson, D.L., 2021. SARS-CoV-2 variants, spike mutations and immune escape. Nature Reviews Microbiology, 19(7), pp.409-424.

https://virological.org/t/assemblies-of-putative-sars-cov2-spike-encoding-mrna-sequences-for-vaccines-bnt-162b2-and-mrna-1273/663


Putting all together again



Part 2: Our Contributions

1. Understanding data --- covered

2. Modeling data

3. Building repositories

4. Building tools

5. Using tools



From requirements elicitation to action
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The Viral Conceptual Model (VCM), centered on the virus sequence described from four perspectives:

- biological perspective (virus species and host environment)

- technological perspective (sequencing technology)

- organizational perspective (project responsible for producing the sequence)

- analytical perspective (properties of the sequence, such as known annotations and variants)

Viral Conceptual Model

Bernasconi A., Canakoglu A., Pinoli P., Ceri S. Empowering Virus Sequence Research through Conceptual Modeling, International Conference on Conceptual Modeling (ER), 2021.
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We coordinated the efforts to produce 

the patient phenotype definition that will 

be used as a standard to collect and 

harmonize data from studies.

Focus on Patient and his/her data at:

- Admission

- Course of hospitalization

- Discharge

Collected data will be  hosted by EGA

(European Genome-phenome Archive) of 

EMBL-EBI

FREEZE-1 DATA DICTIONARY released 

on  April 2020

FREEZE-2 DATA DICTIONARY released 

on August 2020

with additions and improvements

Used for studies reported in the following 

publication: 

Working group

Stefano Ceri and Anna Bernasconi (Politecnico di Milano)

Alessandra Renieri and Francesca Mari  (Università degli Studi di Siena)
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COVID-19 Host Genetics Initiative. Mapping the human genetic architecture of COVID-19. Nature (2021). https://doi.org/10.1038/s41586-021-03767-x

https://docs.google.com/spreadsheets/d/1RXrJIzHKkyB8qx5tHLQjcBioiDAOrQ3odAuqMS3pUUI/edit#gid=1645477253
https://docs.google.com/spreadsheets/d/1RXrJIzHKkyB8qx5tHLQjcBioiDAOrQ3odAuqMS3pUUI/edit#gid=549383528
http://gmql.eu/genosurf/
http://gmql.eu/virusurf/
https://doi.org/10.1038/s41586-021-03767-x


Tools at a glance

ViruSurf: search engine for selecting sequences from metadata, nucleotide 
changes and amino acid changes

- Endpoints: ViruSurf for GenBank/CogUK, ViruSurf_GISAID for GISAID

VirusViz: client-side visualizer offering rapid comparative analysis among viral 
populations extracted from ViruSurf

EpiSurf: searching engine for selecting sequences and epitopes and 
integrating them for testing epitope stability 

- Endpoints: EpiSurf for GenBank/CogUK, EpiSurf_GISAID for GISAID

VirusLab: virtual laboratory accepting RNA sequences in standard format and 
producing nucleotide mutations and amino acid changes

ViruClust: tool for fine tuning of clusters of sequences, used for fine-grain 
surveillance

CoV2K: knowledge model + library for accessing SARS-CoV2 data and 
knowledge



Data integration pipelines from data sources (July 30th, 2021)
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ViruSurf-GISAID content

- GISAID EpiCoV™ db ~ 2.5M 
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(~ 1.9M are GISAID specific)

ViruSurf content

- GenBank ~ 717K sequences 

(SARS-CoV-2)

- GenBank ~ 35K sequences 

(other viruses)

- COG-UK ~ 598K sequences

- NMDC ~ 300 sequences

Sources



ViruSurf search system
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Four sections: 

1) a menu bar to access the different 

services; 

2) the search interface over the metadata 

attributes; 

3) the search interface over annotations and 

nucleotide/amino acid variant information;

4) a result visualization section.
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http://gmql.eu/virusurf/

Canakoglu A., Pinoli P., Bernasconi A., Alfonsi T., Melidis D.P., Ceri S. ViruSurf: an integrated database to investigate viral sequences. Nucleic Acids Research, Database Issue, 2021.

http://gmql.eu/virusurf/


Sequencing numbers: one year ago and today

Aug. 4th, 

2020

July 25th, 

2021



Top-runners in GISAID depositions (July 25th, 2021)



Source: https://www.nytimes.com/2020/06/12/science/coronavirus-mutation-genetics-spike.html

G614 genotype:

- not detected in February 2020

- found with low frequency in March 

2020

- increased rapidly from April onward

→ indicating a transmission 

advantage over viruses with D614G

Zhang, L., Jackson, C. B., Mou, H., Ojha, A., Rangarajan, E. S., Izard, T., Farzan, M., & Choe, H. (2020). The D614G mutation in the SARS-CoV-2 spike protein reduces S1 shedding and 

increases infectivity. bioRxiv : the preprint server for biology, 2020.06.12.148726.

ViruSurf example of use

ViruSurf ViruSurf-GISAID ViruSurf ViruSurf-GISAID

≤ 31/03/2020 ≥ 01/04/2020

With D614G 6,592 15034 23,649 18,421

Without D614G 4,664 8821 3,331 3369

D614G% 58.56% 63.02% 87.65% 84.54%

total 61.59% 86.26%

SARS-CoV-2 viruses 

with D614G mutation in Spike protein 

(position 614 from D (Aspartic acid) to 

G (Glycine) amino acids)

seem to infect a cell more likely 

than viruses without that mutation



VirusViz: comparative visualization of nucleotide/amino acid variants

Sequence report 32 Population report 4 Variants distribution 5 Sub-populations comparison

1 Define GroupsProject Home

For each group:
- Consensus sequences in FASTA
- Sequence variants in VCF
- CSV for metadata

Single FASTA Graph PNG Graph PNG

VirusViz Home

Bernasconi, A., Gulino, A., Alfonsi, T., Canakoglu, A., Pinoli, P., Sandionigi, A. and Ceri, S., 2021. VirusViz: comparative analysis and effective visualization of viral nucleotide and amino 

acid variants.



Italians returning from summer 2020 vacations present many mutations



The Spike mutation A222V arrived from Spain after Summer

Hodcroft, E.B., Zuber, M., Nadeau, S., Vaughan, T.G., Crawford, K.H., Althaus, C.L., Reichmuth, M.L., Bowen, J.E., Walls, A.C., Corti, D. and Bloom, J.D., 2021. Spread of a SARS-CoV-2 

variant through Europe in the summer of 2020. Nature, pp.1-9.



Minks mutation in Denmark

An NSP3 mutation may have been transmitted from minks to humans after the first spillover in Denmark (Nov. 2020)

Dyer O. Covid-19: Denmark to kill 17 million minks over mutation that could undermine vaccine effort BMJ 2020; 371 :m4338 https://doi.org/10.1136/bmj.m4338

https://doi.org/10.1136/bmj.m4338


UK variant (Alpha)

Preliminary genomic characterisation of an emergent SARS-CoV-2 lineage in the UK defined by a novel set of spike mutations Report written by: Andrew Rambaut, Nick Loman, Oliver 

Pybus, Wendy Barclay, Jeff Barrett, Alesandro Carabelli, Tom Connor, Tom Peacock, David L Robertson, Erik Volz, on behalf of COVID-19 Genomics Consortium UK (CoG-UK). Online at 

https://virological.org/t/preliminary-genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-set-of-spike-mutations/563

The first alert of the “Alpha variant” was in a post of Dec. 2020 (indicating N501Y and N69-/V70- on Spile). Shortly later 

more amino acid changes were added.  

https://virological.org/t/preliminary-genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-set-of-spike-mutations/563


Californian variant (Epsilon)

Zhang, W., Davis, B.D., Chen, S.S., Martinez, J.M.S., Plummer, J.T. and Vail, E., 2021. Emergence of a novel SARS-CoV-2 variant in Southern California. Jama, 325(13), pp.1324-1326.

The first alert of the “Epsilon variant” was in a letter dated Feb. 11, 2011, indicating 3 amino acid changes on Spike: 

S13I, W152C, L452R.



South Afican variant (Beta)

Tegally, H., Wilkinson, E., Giovanetti, M., Iranzadeh, A., Fonseca, V., Giandhari, J., Doolabh, D., Pillay, S., San, E.J., Msomi, N. and Mlisana, K., 2021. Detection of a SARS-CoV-2 variant 

of concern in South Africa. Nature, 592(7854), pp.438-443.



EpiSurf

Bernasconi A., Cilibrasi L., Al Khalaf R., Alfonsi T., Ceri S., Pinoli P., A., Canakoglu A. EpiSurf: metadata-driven search server for analyzing amino acid changes on epitopes of SARS-CoV-

2 and other viral species, to appear on Database (IF 3.4)

Sequence population search

Epitope search



Checking the Delta mutations in UK over important epitope ranges

Harvey, W.T., Carabelli, A.M., Jackson, B., Gupta, R.K., Thomson, E.C., Harrison, E.M., Ludden, C., Reeve, R., Rambaut, A., Peacock, S.J. and Robertson, D.L., 2021. SARS-CoV-2 

variants, spike mutations and immune escape. Nature Reviews Microbiology, 19(7), pp.409-424.



VirusLab: Packaging of customizable services for use within protected sites

KnowledgeBase

QUANTIA CONSULTING (SERVICE PROVIDER) POLITECNICO DI MILANO/DELFT UNIV. 

CUSTOMIZED USE 
WITHIN PRODUCT

PUBLICRaw sequences with seq. ID
FASTQ

Spreadsheet: metadata

COMPUTE LINEAGE

COMPUTE CLOSEST SEQUENCES 
(BLAST)

VARIANT IMPACT ANALYSIS

VARIANT ANALSYS VirusViz

Report

PIPELINE 
RAW DATA ANALYSIS

PIPELINE 

CONSENSUS SEQUENCE 
ANALYSIS (VARS,CLADES...)

PIPELINE 
REPORT GENERATION

client

Past reports

CUSTOMER

Customer

FASTA

VirusViz-EIT

HOMOGENEITY ANALYSIS CODE

METADATA 
ACQUISITION

FASTA

JSON

KNOWLEDGE BASE TABLE

VIRUSVIZ CODE

Pangolin Tool

SNPEff Tool

Custom offline 
pipeline

CONSENSUS 
SEQUENCE 

ACQUISITION

Consensus sequences with seq. ID
FASTA

CSV

Project funded by EIT Digital innovation activity “DATA against COVID-19”

For supporting a laboratory wishing to perform secondary (row data) analysis and to add sensible metadata (e.g. 

clinical), still using our data and knowledge bases and visualization tools



Finally: data analysis - A Study on the Delta (VOC) variant

● First identified in the state of Maharashtra (India) in late 2020

● Currently the most widespread variant of SARS-CoV-2 worldwide

● 50 to  60%  more efficient in infecting human cells than any other 

variant of the virus, with enhanced ability to escape immune 

response (see Otto et Al. 2021, PM: 34314723)

How can we monitor the properties/evolution of Delta?

● Identify mutations in the genome unique to Delta (w.r.t. other variants)
● Study evolution in time (when were all the mutations acquired)
● study evolution in space (novel mutations acquired in different 

countries)
● focus on the “Spike” protein: 

○ determines the <infectivity> of the virus
○ main target of the immune system (hence used by all the 

vaccines)



Introducing our last tool: ViruClust

Supporting pairwise comparison (target/background) of viral populations in
○ lineages (with different mutations)
○ time (time intervals vs monthly/weekly periods)
○ space (different continents, countries, regions)
○ any of the above (custom analyses)

http://geco.deib.polimi.it/viruclust_gisaid/

http://geco.deib.polimi.it/viruclust_gisaid/


What happened in the “early” evolution of Delta? are there mutations in India (the 
likely place of origin) that are not observed elsewhere? Spatial analysis

● India VS Rest of Asia
● India VS Rest of the World



Overview of the comparison



India (target) VS Asia (background) timeframe



How to select, mutations of interest (advanced filters)

We focus on mutations with a high prevalence (observed in at least 10 genomes and/or 1% 

of the total)



Results

Increase of 

frequency

outside 

India

WHY?



India VS world … repeat ...



Mut % India % Asia (no India) % World (no Asia) Allele

Spike_D950N 72.66% 94.85% 97.55% A1

Spike_E156G 29.43% 91.91% 94.17% A2

Spike_F157- 29.54% 91.89% 93.55% A2

Spike_R158- 29.65% 91.81% 94.20% A2

Spike_G142D 24.41% 76.90% 89.33% A3

Results 

3 alleles (5 mutations) are observed in the spike protein of the Delta variant 
in India but have a much higher frequency outside of India.

Several possible alternative explanations:
○ 1) founder effect 
○ 2) selection outside of India
○ 3) selection in time
○ 4) selection in time and outside of India

Can ViruClust help?



Temporal analysis

What is the pattern in time? are the alleles fixed over time? in:

• India

• Asia not India

• Rest of the world



Temporal analysis (X3: India, Asia, World)

India:

● the 3 alleles are 

never fixed at >90% 

prevalence

● all have a different

profile of frequency

● all increase in 

frequency over time



Temporal analysis (X3: India, Asia, World)

Asia:

● the 3 alleles are 

fixed at >90% 

prevalence

● only one G142D 

show a detectable 

change (increase) 

in prevalence



Temporal analysis (X3: India, Asia, World

World:

● the 3 alleles are fixed at 

>90% prevalence

● we see additional 

mutations that are not seen 

in Asia (Delta expanded 

considerably outside of 

Asia)



But then…

If the “novel” mutations are “selected” and confer some advantages to Delta, they 
should not be observed in other, closely related, variants that did not become a VOC

Delta has a very close (VOI) relative, the Kappa variant. Kappa emerged (more or 
less) at same point in time and space than Delta. But never reached the same level of 
prevalence. WHY? What are the differences?

In ViruClust we can use the “open” analysis to compare virtually anything! thus 
we can compare Delta and Kappa ...



Open analysis: compare lineages



How do the Spike of Delta (VOC) and Kappa (VOI) differ?

Moreover: we found evidence that two of these Spike changes S_158-

and S_G142D are implicated in immune escape (McCallum et Al., 

https://doi.org/10.1016/j.cell.2021.03.028) 

https://doi.org/10.1016/j.cell.2021.03.028


Some conclusions on ViruClust

● Allows the execution of (otherwise) complex comparison of SARS-CoV-2 
genomes

● Comparisons can per performed at different levels (geographic, temporal, and 
lineage)

● Integration of different types of analyses allows the generation of “testable 
hypotheses” that can be used to pinpoint interesting evolutionary patterns

For example in the case of Delta...

We identify a set of mutations in the Spike glycoprotein: 

1. Not universally present at the “beginning” but fixed outside the place of origin
2. Which constantly increase in frequency (inside and outside of India)
3. Reach complete fixation almost everywhere
4. Are potentially associated with immune escape
5. Are not observed in the closely related Kappa VOI 

Taken all-together these analyses highlight a potentially important event



Some more general conclusions on “the COVID-19 Virus”

“Variants” are like football teams
- The more amino acid changes, the more players (Delta: 29 players)
- Each player brings together its effects, the stronger variants have the best 

players (Ronaldo=S:N501Y)
- Some players team together effectively (Ronaldo & Dybala Pogba = 

S:N501Y+S:del69/70). 

“Variant effects” depend on genomic positions 
- Most dangerous ones are on Spike, close to RBD or NTD
- Changes falling upon Spike “epitopes” affect their stability hence vaccine 

efficacy (vaccines use spike epitopes known at the time of their design)

Data is powerful for explaining SARS-CoV-2 evolution
- Should be deposited continuously and quickly on public sources as result of 

government regulations
- Thanks to data, it could be possible to quickly determine dangerous amino 

acid changes within local clusters, and possibly restrict their diffusion (active 
surveillance)

Today’s virus is no longer the same
- E.g. in Italy/EU we went from Wuhan to Alpha to Delta
- Other steps are very likely, perhaps virus evolution can even be predicted. 



Some relevant publications, SARS-CoV-2
Bernasconi A., Canakoglu A., Masseroli M., Pinoli P., Ceri S. A review on viral data sources and search

systems for perspective mitigation of COVID-19 Briefings in Bioinformatics (IF 8.990), 2021.

Bernasconi A., Canakoglu A., Pinoli P., Ceri S. Empowering Virus Sequence Research through
Conceptual Modeling, International Conference on Conceptual Modeling (ER), 2021.

Canakoglu A., Pinoli P., Bernasconi A., Alfonsi T., Melidis D.P., Ceri S. ViruSurf: an integrated database
to investigate viral sequences Nucleic Acids Research, Database Issue (IF 16.971), 2021.

Bernasconi A., Gulino A., Alfonsi T., Canakoglu A., Pinoli P., Sandionigi A., Ceri S. VirusViz: Comparative
analysis and effective visualization of viral nucleotide and amino acid variants Nucleic Acids
Research (IF 16.971), 2021.

Bernasconi A., Cilibrasi L., Al Khalaf R., Alfonsi T., Ceri S., Pinoli P., A., Canakoglu A. EpiSurf: metadata-
driven search server for analyzing amino acid changes on epitopes of SARS-CoV-2 and other viral
species, to appear on Database, Oxford Journals (IF 3.4).

Al Khalaf R., Alfonsi T., Ceri S., Bernasconi A.CoV2K: a Knowledge Base of SARS-CoV-2 Variant
Impacts. The 15th International Conference on Research Challenges in Information Science (RCIS),
2021.

Bernasconi A., Al Khalaf R., Alfonsi T., Ceri S, Knowledge model about SARS-CoV-2 sequences and
their mutations/variants, submitted as commentary to Scientific Data (Nature Group, IF 5.9).

Cilibrasi L., Pinoli, P., Bernasconi, A., Canakoglu A., Chiara, M., Ceri S., ViruClust: direct comparison of
SARS-CoV-2 genomes and genetic variants in space and time, submitted to Bioinformtics (IF 5.6).

Pinoli, P., Bernasconi, A., Sandionigi, A., Ceri S., VirusLab, a tool for customized SARS-CoV-2 data
analysis, submitted to BioTech (MDPI), special issue “Bioinformatics and High-Performance Computing
Methods for Deciphering and Fighting COVID-19”.
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More work on COVID-19 (the beauty of data science)

Mapping the human genetic architecture of COVID-19, Covid-19 Host 
Genetics Initiative, (with A. Bernasconi, A. Canakoglu, P. Pinoli and over one 
thousand contributors), Nature, July 8, 2021.

Employing a systematic approach to biobanking and analyzing clinical and 
genetic data for advancing COVID-19 research, S . Daga et Al. (with P. 
Pinoli) European Journal of Human Genetics, 2021.

Post-Mendelian genetic model in COVID-19, N. Picchiotti et Al., (with P. Pinoli), 
submitted to BMC-Bioinformatics.

Data-driven analysis of amino acid change dynamics timely reveals SARS-
CoV-2 variant emergence, A. Bernasconi et Al., minor rev., Scientific Reports.

VaccinItaly: monitoring Italian conversations around vaccines on Twitter 
and Facebook, F. Pierri et Al.,  Proceedings of the International AAAI 
Conference on Web and Social Media (ICWSM’2021).

Socioeconomic differences and persistent segregation of Italian territories 
during COVID-19 pandemic, G. Bonaccorsi et Al. (with F. Pierri), minor rev., 
Scientific Reports.

Reasoning on company takeovers during the COVID-19 crisis with 
knowledge graphs Bellomarini et A. RuleML+ RR Conference, 2011 (with D. 
Magnanimi)

Reasoning on Company Takeovers: From Tactic to Strategy, Luigi Bellomarini 
et Al. (with D. Magnanimi), submitted to Data and Knowledge Engineering.



A few words about GeCo

Completed on August 30 (5years, 2.5 MEuro)

Main results
• Language paradigm: GMQL 

• High level, optimized, somehow cited and used

• Available at DEIB (Polimi), CINECA and on TERRA(Broad Int.) and GALAXY

• Accessible through Python and R

• Human Genomics Repository
• Conceptually well defined

• Connected to major repositories: Encode, TCGA-CDC, Epigenomic Roadmap, 
Cistrome, GenCode, Geo, GWAS, … 

• Over 300K files with uniform format

• Searchable through GenoSurf

• Several biological and clinical problems considered
• Three-dimensional structure of the genome

• Drug repurposing

• Precision medicine for cancer

Over 100 papers, 12PhD graduated, 6 in process, a new LM on “Computational 
biology for genomics” (joint Polimi-University of Milan)







Some Recent GeCo Work (journal papers only, 2020-21)

GECO TECHNOLOGY

The road towards data integration in human genomics: players, steps 
and interactions, A Bernasconi et Al., Briefings in Bioinformatics (with A 
Canakoglu and M Masseroli) (IF 8.9)

Federated sharing and processing of genomic datasets for tertiary 
data analysis, A Canakoglu, P Pinoli et Al., Briefings in Bioinformatics 
(with L Nanni, M Masseroli) (IF 8.9) 

OpenGDC: Unifying, Modeling, Integrating Cancer Genomic Data and 
Clinical Metadata E Cappelli et Al, Applied Sciences (with A Bernasconi, A 
Canakoglu, M Masseroli) (IF 2.6)

DRUG PREDICTION THROUGH MATRIX FACTORIZATION 

Matrix factorization-based technique for drug repurposing, IEEE 
journal of biomedical and health informatics, 2020, G. Ceddia et Al. (with 
P. Pinoli and M. Masseroli) (IF 5.2)

Predicting Drug Synergism by Means of Non-Negative Matrix Tri-
Factorization, P. Pinoli et Al., IEEE/ACM Transactions on Computational 
Biology and Bioinformatics (with M. Masseroli) (IF 2.4)



3D STRUCTURE

Systematic inference and comparison of multi-scale chromatin sub-
compartments connects spatial organization to cell phenotypes, Y. Liu et 
Al., Nature Communications (with L. Nanni) (IF 12.1) 

Spatial patterns of CTCF sites define the anatomy of TADs and their 
boundaries, L. Nanni et Al., Genome Biology (IF 10.8) 

Exploring chromatin conformation and gene co-expression through graph 
embedding, L. Nanni et Al., Bioinformatics (IF 7.4)

CANCER

Pan-cancer analysis of somatic mutations and epigenetic alterations in 
insulated neighbourhood boundaries, P Pinoli et Al., Plos-One (IF 3.2)

Identifying collateral and synthetic lethal vulnerabilities within the DNA-
damage response, P. Pinoli et Al., BMC bioinformatics (IF 3.2) 

EPIGENETICS

NAUTICA: classifying transcription factor interactions by positional and 
protein-protein interaction information S Perna et Al., Biology Direct (with P. 
Pinoli) (IF 4.5) 

Search and comparison of (epi) genomic feature patterns in multiple 
genome browser tracks A Ceol et Al., BMC Bioinformatics (with M. Masseroli) 
(IF 3.2)

Some Recent GeCo Work (journal papers only, 2020-21)
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The second GeCo spinoff: GeCoAgent

Multi-modal tool for facilitating the use of genomic and data science.

• Addresses data extraction (genomic –specific) and data analysis 
(general data science)

• Uses a conversational agent in the form of a chat box and a 
dashboard with several objects, progressively built and shown to 
the user as the interaction goes on.

• Directly addresses genomics experts
• Directly produces streamlined, cleaner and error-free solutions 

from requirements.

GeCoAgent: a Conversational Agent for Empowering Genomic Data 
Extraction and Analysis. P. Crovari et Al,  Accepted for publication on ACM 
Transactions on Computing for Healthcare (with A. Bernasconi, P. Pinoli, F. 
Garzotto)

.Show, Don’t Tell. Reflections on the Design of Multi-modal Conversational 
Interfaces. P. Crovari et Al. International Workshop on Chatbot Research and 
Design, 2020 (with F. Garzotto)

OK, DNA! A Conversational Interface to Explore Genomic Data. P. Crovari et 
Al., Conference on Conversational User Interfaces, 2020 (with P. Pinoli and F. 
Garzotto)



GeCoAgent Team
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ARIF CANAKOGLU PIETRO PINOLIANNA BERNASCONI


