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Abstract—Viral subtyping can facilitate visualization and mod-
eling of the geographic distribution and temporal dynamics of
disease spread. Understanding the virus’s evolution spatiotem-
porally can help forensic strategies. We have identified mutation
variation within SARS-CoV-2 sequences via an entropy measure
followed by frequency analysis. These signatures, Informative
Subtype Markers (ISMs), define a compact set of nucleotide sites
that characterize the most variable (and thus most informative)
positions in the viral genomes sequenced from different individu-
als. Using these ISMs, we show that we can use them for a variety
of downstream analyses, such as comparing countries’ subtype
compositions. We present association graphs as a visualization
tool to connect different ISMs based on their co-occurrence across
different individuals. In particular, we investigate dominant ISMs
for different locations, across different factors such as gender and
age.

Index Terms—Bioinformatics, Viral Genomics, Association
Graphs, Entropy Measures

I. INTRODUCTION

The novel coronavirus responsible for COVID-19, SARS-
CoV-2, has led to over 50 million confirmed cases worldwide
and well on its way to 100 million cases by next year if
no intervention is taken. The global nature of the pandemic
greatly needs tehcniques to track viral transmission dynamics
in real-time. Only a small fraction of the viral samples are
sequenced and deposited in the GISAID database,a global
science initiative and primary source that provides open-access
to genomic data of influenza- and corona-viruses [1]. Since the
virus readily mutates, each sequence of an infected individual
contains useful information linked to the individual’s exposure
location and sample date. But, there are over 30,000 bases in
the full SARS-CoV-2 genome—so tracking genetic variants
on a whole-sequence basis becomes difficult. We use an
entropy-based method [2] to produce compact representation,
a seventeen base-long compressed label, called an Informative
Subtype Marker or “ISM”. In this work, we aim to show
how regional and temporal distributions of subtypes track the
progress of the pandemic. Using the ISMs with association
graphs, we provide a quantitative visualization of the relative
co-occurrence between different ISM pairs.
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II. RELATED WORK
A. Tracing SARS-CoV-2’s evolving lineages

The Nextstrain group has created a massive phylogenetic
tree incorporating sequence data and applied a model of the
time-based rate of mutation to create a hypothetical map of
viral distribution [3] (available at https://nextstrain.org/ncov).
Similarly, the China National Center for Bioinformation has
established a “2019 Novel Coronavirus Resource”, which
includes a clickable world map that links to a listing of
sequences along with similarity scores based on alignment
(available at https://bigd.big.ac.cn/ncov?lang=en) [4]. Exten-
sive phylogenetic analysis has revealed variations in the
genome such as L (70%) and S (30%) clusters as well as A,
B, and C clusters [5], [6]. In [6], a promising network graph
is used to develop these inferences. However, using the entire
genome of the sequence has been shown to have instabilities
[7]. Therefore, techniques that are compressed representations
that take into account redundancies should be developed to
help the forensic tracking of SARS-CoV-2 lineages.

B. Association Graphs

Association graphs have been traditionally used as a knowl-
edge discovery tool [8] to discover and visualize association
rules between variables, known and latent, in high-dimensional
and large-scale data analysis. More recently, the idea of using
graph-based visualization of associations between microbes
in the microbiome was introduced in [9], and a graph-based
visualization of chemical contaminants that co-occur in the
raw instrument signal was introduced in [10]. In this work,
we build upon the visualization in [9], [10] to introduce the
idea of quantifying co-occurrence associations between ISMs
in a graph setting. The key motivation is to discover ISMs that
co-occur across different subject groups to identify dominant
ISMs in different locations and time, and then present these
ISM associations in a graph-setting for expert interpretation.

Accordingly, in Figure 1 we present the schematic diagram
of an association graph for ISMs.

We note that each ISM in Figure 1 is denoted by a unique
vertex with a numerical index. Two vertices are joined by
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Fig. 1. Schematic diagram of an association graph between six ISMs.

an edge if they co-occur across a given data set. An edge
between two connected ISMs with vertex indices m and n
has a metric, henceforth called the “association metric”, and
denoted as p(m,n).

The association metric denotes the relative co-occurrence of
the ISMs across the data set, and as such this co-occurrence
can be measured in multiple ways. In this work, we consider
the relative ratio-based metric in Equation (1), adopted with
modifications from [11]. In principle, it is similar though not
identical in mathematical formulation to relative abundance
(i.e., frequency), a popular metric in the bioinformatics litera-
ture, also presented for reference in this work. Mathematically,
in a dataset of P subjects, if IS M,, is detected M times, and
ISM,, is detected N times, then p(m,n) is given by:

. (M N
p(m,n) = min (N, M)
By design, the association metric in Equation (1) is commu-
tative, i.e., p(m,n) = p(n,m), with highest possible value of
p(m,n) =1 when M = N.

While any two ISMs will always have an association metric,
we can filter an association graph to isolate vertices that share
high (or low) values of p(-).

(D

III. METHODS
A. Preprocessing step: Forming the ISMs

The ISM procedure is to align the sequences using MAFFT
[12]. Then, we calculated the entropy at a given position ¢ by:

H(i) = = pr(i) * loga(px (i) 2)
kel

where L is a list of unique characters in all sequences and
pi (i) is a probability of observing a character & at position 4.
We estimated py(¢) from the frequency of characters at that
position. The result is that we get 30,000 entropies as seen in
Fig. 2. We then select sites that have more than 0.2 entropy
and mask out ambiguous bases, which is described more in

[2].
B. Associations between ISMs

Association graphs provide a visual tool to represent the
relative co-occurrence of two or more ISM sequences. Figure
1 shows the schematic diagram. We created associations by
direct string comparisons between two ISMs.

Position i

SARS-CoV-2:1 A AT|GICC e« CAGGT
SARS-CoV-2:2 A AT|GICC < CAGGG
SARS-CoV-2:3 AATTI|ICC e CAGGG
SARS-CoV-22k A AT TICC < CAGGG
SARS-CoV-22N A AT GICC e« CAGGT

o L

o

o
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LL] S s— — S— — (XXX S — — — >

H

(@)
Fig. 2. Variable sites that have a high entropy are chosen to be indicated in
the ISM representation.

IV. RESULTS

We demonstrate that ISMs can be used to show spatiotempo-
ral trends in SARS-CoV-2 data. By simple frequency analysis,
we are preliminarily able to observe that countries in similar
parts of the world tend to have similar subtypes. We also
observe that subtype frequencies in a given location come in
waves. However, this analysis does not tell the entire story.
We wish to investigate if one subtype was “transmitted” from
one country to another and how this progressed over time.
In this regard, association graphs allow a simple graph-based
visualization of relative co-occurrence between ISM sequences
and allow us to track the vertices that cluster together across
time, location and other variables.

A. Preliminary Plots of Geographic and Temporal Relative
Abundances

At the country/region level, we assess the geographic dis-
tribution of SARS-CoV-2 subtypes, and, in turn, we count the
frequency of unique ISMs per location. The ISM pipeline cre-
ates pie charts for different locations to show the geographical
distribution of subtypes. Fig. 3 show the distributions of ISMs
per country. Each subtype is also labeled with the earliest date
associated with sequences from a given location in the dataset.
ISMs with less than 5% abundance are plotted as “OTHER”.

To study the progression of SARS-CoV-2 viral subtypes in
the time domain, we group all sequences in a given location
that were obtained no later than a certain date (as provided
in the sequence metadata) together and compute the relative
abundance (i.e., frequency) of corresponding subtypes. Any
subtypes with a relative abundance that never goes above
2.5% for any date are collapsed into “OTHER” category per
location. Fig. 4 shows the ISM relative abundance over time
in the USA.

517



Mainland China Japan singapore Hong Kong

2020012
-20200120
2200210

- 20200123

20191230

®
e

Australia New Zealand Brazil

Belgium

@

- 20200303 20200220
2200336 20200208
—202003.02

9
4

United Kingdom Iceland Netherlands
20200330
- 20200308
20200229

200236

4

ity Germany

Fig. 3. Distribution of ISM subtypes in various countries as of mid-October
2020. exact ISM sequences can be seen at [2]. We can see that East Asia has
a different composition from North American and Central Europe.
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Fig. 4. ISM subtypes over time, where waves can be seen. (of mid-October
2020). At the beginning, newly introduced ISMs became highly abundant
as previous outbreaks were squashed. However, now two subtypes seem to
persist.

B. Associations

In this preliminary work, we introduce the concept of
association graphs, and given practical limitations, we only
provide the bar-graphs of the relative distributions of dominant
ISMs for different groups of subjects taken from the GISAID
database. Figures 5-8 provide the results over diverse subject
groups across a range of age, location and gender from the
GISAID database. From these types of graphs, we can see
that there is more diversity in England of viral subtypes (from
the uniform spread) than in North America.
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Fig. 5. Measuring associations between ISM sequences for North American
females, all age groups
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Fig. 7. Association profile variability based on gender, for a particular region
(New York and New Jersey), for all age groups. ISM sequences marked in
red are distinct between male and female, i.e, their association metrics are
either extremely low or zero.
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Fig. 8. Association profile variability based on age group, for all male subjects
within a given region (New York and New Jersey). ISM sequences marked
in red are distinct between the two age classes, i.e, their association metrics
are either extremely low or zero.

V. CONCLUSION

We use an entropy-based method [2] to produce a seventeen
base-long compressed label, called an Informative Subtype
Marker or “ISM”, to create a compact representation. Based on
GISAID database, we demonstrate how regional and temporal
distributions of subtypes track the progress of the pandemic.
Using the ISMs with association graphs and related association
variability charts, we provide a quantitative visualization of the
relative co-occurrence between different ISM pairs.
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