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Abstract

The GISAID database contains more than 100,000 SARS-CoV-2 genomes, including sequences
of the recently discovered SARS-CoV-2 omicron variant and of prior SARS-CoV-2 strains that
have been collected from patients around the world since the beginning of the pandemic. We
applied unsupervised cluster analysis to the SARS-CoV-2 genomes, assessing their similarity at
a genome-wide level based on the Jaccard index and principal component analysis. Our analysis
results show that the omicron variant sequences are most similar to sequences that have been
submitted early in the pandemic around January 2020. Furthermore, the omicron variants in
GISAID are spread across the entire range of the first principal component, suggesting that the
strain has been in circulation for some time. This observation supports a long-term infection

hypothesis as the omicron strain origin.

1. Introduction

The emergence of new variants of the SARS-CoV-2 virus poses a great threat to the progress
made by the ongoing vaccination efforts against COVID-19 worldwide (Dolgin, 2021). It is
therefore important to identify and classify the newly emerging variants. In particular, we are

interested in investigating how similar the nucleotide sequences of the newly emerging omicron
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variant (UCSC Genome Browser, 2021) are with respect to other nucleotide sequences that were

collected from COVID-19 patients over the course of the pandemic.

In contrast to model-based approaches that assume an underlying phylogenetic tree-structure
(Mousavizadeh and Ghasemi, 2021), a model-free, non-parametric way to assess the similarity of
SARS-CoV-2 genomes at a genome-wide level is to utilize unsupervised cluster analysis based
on the Jaccard similarity matrix and principal component analysis, as previously described by
Hahn et al (2020a,b). This approach starts by aligning a given set of nucleotide sequences to a
reference sequence, and subsequently translating all sequences into a Hamming matrix indicating
all mismatches (mutations) with respect to the reference sequence. The Hamming matrix then
serves as input to the Jaccard similarity measure/matrix, which results in a similarity index
between 0 and 1 for all pairwise comparisons of sequences. Principal component analysis is then
applied to the Jaccard similarity matrix to identify clusters and subgroups of SARS-CoV-2

genomes.

In this contribution, we apply the same methodology to calculate a similarity matrix between
sequences of the SARS-CoV-2 virus observed since January 2020 worldwide, and 287 newly
sequenced nucleotide sequences of the omicron variant. All results are based on sequences
downloaded from the GISAID database (Elbe and Buckland-Merrett, 2017; Shu and McCauley,
2017). Using a principal component analysis, we observe that the sequences of the omicron
variant are most similar to nucleotide sequences observed in January 2020, even though they are
the newest/most recent sequences in our analysis. As the omicron variants do not form a cluster
themselves, but are distributed over the entire range of the first principal component, our analysis
provides support for the long-term infection hypothesis for the origin of the omicron strain

(Chertow et al., 2021).

Due to its simplicity and computational speed, the applied unsupervised cluster analysis lends
itself as a well-suited, assumption-free tool to continuously monitor data from public databases
such as GISAID, with the aim to attempt to classify possibly emerging variants of interest for

further follow-up analyses.
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2. Methods

This section describes data acquisition and cleaning (Section 2.1), as well as details on the

cluster analysis we perform (Section 2.2).
2.1 Data acquisition and cleaning

We base all findings reported in this communication on an image of all worldwide SARS-CoV-2
nucleotide sequences since 01 January 2020, available on the GISAID database (Elbe and
Buckland-Merrett, 2017; Shu and McCauley, 2017) under the accession numbers in the range of
EPI_ISL_403962 to EPI_ISL_7494464 (downloaded on 10 December 2021). We only take into
account sequences satisfying all five data quality attributes offered by GISAID, that is complete
(complete sequences are those of length at least 29,000bp), low coverage excluded (meaning that
sequences with more than 5% N-bases are excluded), collection data complete (defined as
submissions with a complete year-month-day collection date), high coverage (defined as
sequences with less than 1% N-bases), and with patient status (defined as sequences for which
meta information in the form of age, sex, and patient status). The metadata information we use is

the geographic location in which each sequence was collected.

This leaves 132065 sequences for analysis. Since this number exceeds the size for which it is
feasible to compute the Jaccard similarity matrix and subsequent principal component analysis,
we further down-sample the dataset by taking an unbiased sample without replacement of size
10,000. The GISAID accession numbers of the 10000 sequences we analyzed are given in the
supplementary material. Since we are interested in relating those sequences to the newly
emerged omicron variants, we finally add all 287 sequences of the omicron variants available on
GISAID on 26 December 2021 (having accession numbers in the range of EPI_ISL._6854346 to
EPI_ISL_8090517), leading to a total of n=10287 sequences.

Next, we align all sequences to the official SARS-CoV-2 reference published on GISAID under
the accession number EPI_ISL_402124. The alignment was performed with MAFFT (Katoh et
al, 2002) using the keeplength option, and with all other parameters set to their default values.
This allowed us to establish a well-defined window for comparison of length L=29891 base

pairs.
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2.2 Cluster analysis and regression analysis

Next, comparing each aligned nucleotide sequence to the reference genome allows us to compute
a binary matrix X € B"*! in which an entry of X;;=1 indicates that the sequence with number i
differs from the reference sequence at locus j, while an entry of 0 indicates no mismatch (here,
the set B is defined as the binary numbers, that is B={0,1}). The number of rows n is taken as
n=10287. Therefore, X can be interpreted as a Hamming distance matrix on the genomes with

respect to the reference genome.

As in Hahn et al (2020a,b) we proceed by computing the similarity of all pairs of sequences
using the Jaccard similarity measure (Jaccard, 1901; Prokopenko et al, 2016; Schlauch et al,
2017) based on the matrix X. The Jaccard matrix J(X) has dimensions n times n, and each matrix
entry (i,j) is a measure of similarity between the vector of mismatches for genome i and genome
j. The computation of the Jaccard similarity measure was carried out with the R-package

“locStra”, available on CRAN (Hahn et al, 2020c,d).

For visualization of the Jaccard similarity measures, we compute the first two principal
components of the Jaccard matrix. We color the principal components based on (a) the
geographic location that each sequence was collected in and (b) its time stamp (Elbe and
Buckland-Merrett, 2017; Shu and McCauley, 2017), as well as (c) its clade (Hamed et al., 2021).
Regarding the coloring by geographic location, we group all countries according to their WHO
region, precisely AFRO (Regional Office for Africa), EMRO (Regional Office for the Eastern
Mediterranean), EURO (Regional Office for Europe), SEARO (South-East Asia Region), WPRO
(Western Pacific Region), and PAHO (Pan American Health Organization). Regarding the
coloring by time stamp, we group all sequences by month (from January 2020 to December
2021) and look at their progression over time. For the coloring by clade, we differentiate
according to the 11 clades of the SARS-CoV-2 genome available on GISAID (those are clades
G, GH, GK, GR, GRA, GRY, GV, L, O, S, V).

We aim to quantify our claim that the aforementioned plot of the first two principal components
of the Jaccard matrix indeed shows a progression of all nucleotide sequences in time. To this
end, we perform a linear regression analysis in which the dependent variable, the Euclidean
distance of each sequence from the origin in the principal component plot, is regressed on the

following covariates: the number of days since the start of the pandemic (defined as the number
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of days between 2020-01-01 and the time stamp of each sequence), the sequence’s clade
membership (an ordinal variable with categories G, GH, GK, GR, GRA, GRY, GV, L, O, S, V),
and its geographic origin (an ordinal variable with categories AFRO, EMRO, EURO, PAHO,
SEARO, WPRO). For the clade membership, we define the clade GRA of the omicron strain as
the reference factor level. Similarly, for the geographical location, WPRO (Asia) is used as the
reference factor level. The significance of the two categorical variables, clade and geographic
location, as a whole (as opposed to their respective categories returned by “Im”) is assessed via

ANOVA analysis using the command “anova” in R.

3. Results

Figures 1-3 display the first two principal components of the Jaccard matrix, color coded by the
WHO region each sequence was submitted from, by submission date, and by clade, respectively.
In all three figures, the omicron sequences are depicted as triangles, while the other sequences

are plotted as crosses.

As we have used the official SARS-CoV-2 reference genome for the alignment and the
Hamming distance matrix assesses the magnitude of the deviation from the reference genome for
all analyzed SARS-CoV-2 nucleotide sequences, the sequences that were submitted to GISAID
from Wuhan in the early days of the pandemic are predominantly around the origin (0,0) of the
plots. As in Hahn et al (2020b), we observe that the SARS-CoV-2 nucleotide sequences extend
from the origin in a rather particular way, and form numerous clusters, distinctly according to
their WHO region. For instance, we observe clusters of sequences from Africa in the upper left
quadrant, or from Europe in the lower left quadrant. Interestingly, the sequences for the new
omicron variant are somewhat outliers, with for instance the omicron cases observed in Europe
(displayed in red) being far off the European cluster, and closer to the origin. Moreover, the
omicron sequences do not cluster themselves, which could hint at the fact that the strain has been

in circulation for some time.

Similarly interesting as the clustering by geographic location is the coloring by time, displayed in
Figure 2. We observe that the SARS-CoV-2 nucleotide sequences fall into three distinct point

clouds, starting with the one in the center of the plot (for the sequences from early 2020), after
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which sequences around early 2021 fall into the lower half of the plane. The newest sequences
from the end of 2021 fall into the upper half of the principal component plot. Interestingly, the
sequences stemming from the omicron variant, displayed as triangles, fall together with the older
sequences from early 2020 in the similarity plot and are completely disconnected from the other

sequences that have been submitted recently.

Finally, Figure 3 examines the clustering by clade. We again observe a distinctive clustering,
with almost all of the GK clade clustering in the upper half of the plane, the GRY clade falling
almost exclusively into the lower half of the plane, and all other sequences being situated in the
center of the plot. The omicron samples belong to the GRA clade and do not cluster with the

other GRA sequences.

The conclusion that the newly observed omicron samples are more similar to older samples
stemming from early 2020 relies on the fact that Figure 2 indeed displays a progression in time.
To support this claim analytically, we perform a linear regression as described in “Methods”.
Table 1 provides the analysis results of the linear regression. The covariate for the submission
date is highly significant (p-value of 8.28e-16), demonstrating that indeed the submission date is
a significant predictor of the distance of each sequence from the origin. Using ANOVA analysis,
the p-values for the categorical variables, clade and geographic region, as a whole are calculated

to be < 2.2e-16 in both cases, confirming their importance in the cluster analysis.

4. Discussion

We performed a non-parametric principal component analysis on single stranded nucleotide
sequences of the SARS-CoV-2 virus, which are publicly available in the GISAID database. We
calculated a similarity score (the Jaccard measure), similarly to Hahn et al (2020b), with the aim
to relate new cases of the so-called omicron variant of SARS-CoV-2 with the sequences that

were collected during the past two years of the pandemic.

Using principal component plots, we observed that the new omicron sequences are closely
related to sequences stemming from the early months of the pandemic, around January 2020, and
are disconnected from the other sequences that have been submitted recently to GISAID,

regardless of their origin. This could support the hypothesis that the omicron variant is linked to
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long-term infections. The wide spread of the omicron genomes with respect to the first principal

component could suggest that the omicron strain has been in circulation for some time.

Funding

Funding for this study was provided through the National Institutes of Health (1IR01A1154470-
01; 2U01HG008685; RO1HG008976; U0O1HL089856, U01HL089897, PO1HL120839,

PO1HL 132825, 2U01HG008685) and the National Science Foundation (NSF PHY 2033046 and
NSF GRFP 1745302) and NIH Center grant P30-ES002109.

Conflicts of interest

The authors declare that there are no conflicts of interest.

Acknowledgements

The authors gratefully acknowledge the contributors, originating and submitting laboratories of
the sequences from GISAID's EpiCoV™ Database (Elbe and Buckland-Merrett, 2017; Shu and
McCauley, 2017) on which this study is based. A detailed list of contributors is available in the

Supplementary Information.


https://doi.org/10.1101/2021.12.29.474469

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.29.474469; this version posted January 30, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

Dolgin, E. (2021). Omicron is supercharging the COVID vaccine booster debate. Nature,
https://doi.org/10.1038/d41586-021-03592-2

Chertow D., Stein S., Ramelli S., Grazioli A., Chung J.-Y., Singh M., Yinda C.K.,
Winkler C., Dickey J., Ylaya K., Ko S.H., Platt A., Burbelo P. Quezado M., Pittaluga S., Purcell
M., Munster V., Belinky F., Ramos-Benitez M., Boritz E., Herr D., Rabin J., Saharia K.,
Madathil R., Tabatabai A., Soherwardi S., McCurdy M., Peterson K., Cohen J., de Wit E.,
Vannella K., Hewitt S., and Kleiner D. (2021). SARS-CoV-2 infection and persistence
throughout the human body and brain. https://doi.org/10.21203/rs.3.rs-1139035/v1

Elbe S. and Buckland-Merrett G. (2017). Data, disease and diplomacy: GISAID’s
innovative contribution to global health. Global Challenges, 1:33-46.

Hahn G., Lee S., Weiss S.T., and Lange C. (2020). Unsupervised cluster analysis of
SARS-CoV-2 genomes indicates that recent (June 2020) cases in Beijing are from a genetic
subgroup that consists of mostly European and South(east) Asian samples, of which the latter are

the most recent. bioRxiv, pages 1-8, https://doi.org/10.1101/2020.06.22.165936

Hahn G., Lee S., Weiss S.T., and Lange C. (2020). Unsupervised cluster analysis of
SARS-CoV-2 genomes reflects its geographic progression and identifies distinct genetic

subgroups of SARS-CoV-2 virus. Genet Epidemiol, 45(3):316-323.

Hahn G., Lutz S.M., Hecker J., Prokopenko D., Cho M.H., Silverman E., Weiss S.T., and
Lange C. (2020). locstra: Fast analysis of regional/global stratification in whole genome

sequencing (wgs) studies. Genet Epidemiol, 45(1):82-98.

Hahn G., Lutz S.M., and Lange C. (2020). locStra: Fast Implementation of (Local)

Population Stratification Methods (v1.3). https://cran.r-project.org/package=locStra.

Hamed S.M., Elkhatib W.F., Khairalla A.S., and Noreddin A.M. (2021). Global
dynamics of SARS-CoV-2 clades and their relation to COVID-19 epidemiology. Sci Rep 11,
8435 (2021).

Jaccard P. (1901). Etude comparative de la distribution florale dans une portion des Alpes

et des Jura. Bull Soc Vaud Des Sci Nat, 37:547-579.


https://doi.org/10.1038/d41586-021-03592-2
https://cran.r-project.org/package=locStra
https://doi.org/10.1101/2020.06.22.165936
https://doi.org/10.21203/rs.3.rs-1139035/v1
https://doi.org/10.1101/2021.12.29.474469

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.29.474469; this version posted January 30, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Katoh K., Misawa K., Kuma K., and Miyata T. (2002). MAFFT: a novel method for
rapid multiple sequence alignment based on fast Fourier transform. Nucleic Acids Research,

30(14): 3059-3066.

Mousavizadeh L. and Ghasemi S. (2021). Genotype and phenotype of COVID-19: Their

roles in pathogenesis. Journal of Microbiology, Immunology and Infection, 54(2):159-163.

Prokopenko D., Hecker J., Silverman E., Pagano M., Nothen M., Dina C., Lange C., and
Fier H. (2016). Utilizing the Jaccard index to reveal population stratification in sequencing data:
a simulation study and an application to the 1000 Genomes Project. Bioinformatics, 32(9):1366-
1372.

Schlauch D., Fier H., and Lange C. (2017). Identification of genetic outliers due to sub-

structure and cryptic relationships. Bioinformatics, 33(13):1972-1979.

Shu Y. and McCauley J. (2017). GISAID: Global initiative on sharing all influenza data

-- from vision to reality. EuroSurveillance, 22(13):30494.

UCSC Genome Browser on SARS-CoV-2 (2021). Omicron variant:
https://genome.ucsc.edu/cgi-bin/hgTracks?
hgsid=1237196085 IsfCVVz6HLtTQ0q0pmGkwwWhAaWH&db=wuhCorl&position=lastDbP

oS


https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=1237196085_IsfCVVz6HLtTQ0q0pmGkwwWhAaWH&db=wuhCor1&position=lastDbPos
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=1237196085_IsfCVVz6HLtTQ0q0pmGkwwWhAaWH&db=wuhCor1&position=lastDbPos
https://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=1237196085_IsfCVVz6HLtTQ0q0pmGkwwWhAaWH&db=wuhCor1&position=lastDbPos
https://doi.org/10.1101/2021.12.29.474469

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.29.474469; this version posted January 30, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

- i I B ++, & + Africa
% pre T S WAL e St .
+ T+ 5‘ B, B + Eastern Mediterranean
w0 T Tt Lo+ e+ + Tt s
2 GAC N ‘# i ~+ + + L +  Europe
; - +
H + + T+ Pan American
+ | H i ++ ¥
T T T + South-East Asia
i U ety oy
2 | + + t + + Western Pacific
2 +
+ +
N +
. +
S +
S
s
g +
2 + +
s ' + "
s g + L *
y " g " - o T
N ¢ R ol % AL A r
o A Ly RS Nl % o AN A i
§ h &, Jﬁwﬂr;fvf‘ i Al +7A+‘i:+‘*’ﬁ‘ o Pt ¥
3 A g it g b S e ‘ +
- ¥ i %m. U LR +_g-+i }+A++ ke
9 - * N ! et ® 4% M b+ + R
R : ﬁ. ¥ cae s #ﬁ++w++¢1%‘# T - wjt: !
= s .
AT . Carks o
iﬁ““ + P T T L . + F
" m.ﬂf =
. 4 4 t ¥
o 4 + qaw;ﬂ + + o+
2 | e
< +++++++
H;v . ++ o
+ oy + &* ‘%ﬂ % %& A
, e S L rAT
5 i M 1 ‘?‘fﬁaﬁ P
7
T T T T T T
-0.014 -0.012 -0.010 70.008 70.008 -0.004 -0.002 0.000

Figure 1. First two principal components of the Jaccard matrix, color coded by WHO region
(AFRO in red, EMRO in blue, EURO in purple, PAHO in orange, SEARO in green, WPRO in
black). Displayed are the 10013 sequences from GISAID, one point per sequence. The omicron

samples are depicted as triangles.
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Figure 2. First two principal components of the Jaccard matrix, color coded by the time point
each sequence was collected (from 01/2020 in green until 12/2021 in red). Displayed are the
10013 sequences from GISAID, one point per sequence. The omicron samples are depicted as
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Figure 3. First two principal components of the Jaccard matrix, color coded by the clade of each
sequence (clade G in red, GH in blue, GK in purple, GR in orange, GRA in green, GRY in black,
GV in yellow, L in maroon, O in light green, S in turquoise, V in brown). Displayed are the
10013 sequences from GISAID, one point per sequence. The omicron samples are depicted as

triangles.
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variable estimate standard error | t-value p-value
intercept 8.15e-03 2.92e-04 27.867 < 2e-16
date 2.49e-06 3.09e-07 8.063 8.28e-16
clade G 1.05e-03 2.63e-04 3.978 6.99e-05
clade GH 1.55e-03 2.39e-04 6.485 9.27e-11
clade GK 6.94e-03 2.06e-04 33.611 < 2e-16
clade GR 2.92e-03 2.34e-04 12.471 <2e-16
clade GRY 7.86e-03 2.29e-04 34.37 <2e-16
clade GV -1.76e-03 3.28e-04 -5.366 8.23e-08
clade L -3.57e-05 5.98e-04 -0.06 9.52e-01
clade O 1.12e-03 3.40e-04 3.292 1.00e-03
clade S -9.59e-04 4.01e-04 -2.39 1.69e-02
clade V -2.83e-03 1.35e-03 -2.1 3.58e-02
AFRO -1.16e-03 1.88e-04 -6.149 8.10e-10
EMRO -4.57e-03 2.75e-04 -16.589 <2e-16
EURO -2.84e-04 1.08e-04 -2.623 8.74e-03
PAHO -1.36e-03 1.08e-04 -12.671 <2e-16
SEARO -1.12e-03 1.79e-04 -6.252 4.21e-10

Table 1. Results of a linear regression with intercept of the response variable “distance” (defined
as the distance from the origin of each sequence in the principal component plot of Figure 2) on
the date (defined as the number of days between the sequence’s time stamp and 2020-01-01), the
clade (categorical variable with categories G, GH, GK, GR, GRA, GRY, GV, L, O, S, V, where
the clade GRA of the omicron strain is used as the reference factor level), and the geographic
location (categorical variable with categories AFRO, EMRO, EURO, PAHO, SEARO, WPRO,
where WPRO for the Asian countries is used as the reference factor level). Using ANOVA
analysis, the p-values for the categorical variables clade and geographic region as a whole are

calculated as <2.2e-16 in both cases.
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