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ARTICLE INFO ABSTRACT

Keywords: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a novel virus that belongs to the family
Coronavirus Coronaviridae. This virus produces a respiratory illness known as coronavirus disease 2019 (COVID-19) and is to
evolution blame for the pandemic of COVID-19. Due to its massive circulation around the world and the capacity of
Zﬁi;ﬁzve mutation of this virus, genomic studies are much needed in to order to reveal new variants of concern (VOCs). On
COVID-19 November 26th, 2021, the WHO announced that a new SARS-CoV-2 VOC, named Omicron, had emerged. In

order to get insight into the emergence, spread and evolution of Omicron SARS-CoV-2 variants, a comprehensive
phylogenetic study was performed. The results of these studies revealed significant differences in codon usage
among the S genes of SARS-CoV-2 VOCs Alfa, Beta, Gamma, Delta and Omicron, which can be linked to SARS-
CoV-2 genotypes. Omicron variant did not evolve out of one of the early VOCs, but instead it belongs to a
complete different genetic lineage from previous ones. Strains classified as Omicron variants evolved from an-
cestors that existed around May 15th, 2020, suggesting that this VOC may have been circulating undetected for a
period of time until its emergence was observed in South Africa. A rate of evolution of 5.61 x 10~* substitutions/
site/year was found for Omicron strains enrolled in these analyses. The results of these studies demonstrate that S

genes have suitable genetic information for clear assignment of emerging VOCs to its specific genotypes.

1. Introduction

In December, 2019, a pandemic of coronavirus disease (COVID-19)
started in Wuhan, China (Li, Zai and Zhao, 2020a). This pandemic is
caused by a virus known as severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) and the infection by this virus leads to a severe
respiratory pneumonia (Gorbalenya et al., 2020). As December 14th,
2021, there have been more than 270 million confirmed cases world-
wide and the global deaths of SARS-CoV-2 disease surpasses 5 million
people (World Health Organization 2021a).

SARS-CoV-2 possess a single stranded, positive-sense RNA genome of
approximately 30 kilobases in length, which encodes for multiple
structural and non-structural proteins. The structural proteins include
the spike (S) protein, the envelope (E) protein, the membrane (M) pro-
tein, and the nucleocapsid (N) protein (Chen et al., 2020).

The replication cycle of SARS-CoV-2 starts when it infects epithelial
cells using the viral S protein to bind host angiotensin-converting

enzyme 2 (ACE2) and by this means fusing with cell membrane to
gain cell entry (Hoffmann et al., 2020; Xia, 2021).

From the beginning of this pandemic several therapies and preven-
tive health cares were developed, such as clinically applied monoclonal
antibodies (Weinreich et al., 2021) or vaccinations (Wang et al., 2021),
and both were successfully used to neutralize the virus. However, the
emergence of variants of concern (VOCs) with substitutions in the S
protein may make these therapies and vaccines to reduce its efficiency
by escaping to anti-SARS-CoV-2 antibodies (Davies et al., 2021).

Previous studies have identified four VOCs currently circulating in
the human population: VOC Alpha (B.1.1.7, first identified in the United
Kingdom); VOC Beta (B.1.351, first identified in South Africa); VOC
Gamma (P.1, first identified in Brazil) and VOC Delta (B.1.617.2, first
isolated in India). By November 24th, 2021, a new SARS-CoV-2 VOC,
now known as VOC Omicron (B.1.1.529) was first identified in South
Africa (Wang & Chen, 2021).

The emergence of Omicron VOC raised a concern that this variant
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may reduce the efficacy of the anti-SARS-CoV-2 induced-antibodies or
be more transmissible (Callaway, 2021; Zhang et al., 2021).

In order to better understand the emergence, spread and evolution of
Omicron SARS-CoV-2 variants, a comprehensive phylogenetic study was
performed.

2. Material and Methods
2.1. Sequences

Available and comparable complete S gene sequences of 159 Omi-
cron SARS-CoV-2 strains isolated from November 13" to December 2“d,
2021, in South Africa, Ghana, Singapore, Portugal, Netherlands, Mexico,
Malaysia, Japan, Hong Kong, Germany, Canada, Botswana, Israel,
Ireland, Belgium, Austria, Australia, South Korea, USA, Sri Lanka and
Switzerland, were used throughout these studies. These sequences were
aligned with corresponding sequences from 97 Alfa, Beta, Gamma and
Delta SARS-CoV-2 strains isolated elsewhere. Sequences were obtained
from the Global Initiative on Sharing Avian Influenza Data (GISAID)
database. For accession numbers, country of origin and date of isolation,
see Supplementary Material Table 1.

2.2. Sequence alignment

Sequences were aligned using MAFFT version 7 program (Katoh
et al., 2019).

2.3. SARS-CoV-2 genotype assignment

In order to capture local and global patterns of virus genetic diversity
in a timely and coherent manner, we employed Pangolin COVID-19
genetic lineage strain assignment (Rambaut, Holmes, O'Toole et al.,
2020).

2.4. Data analysis

Nucleotide frequencies and codon usage of S proteins from SARS-
CoV-2 variants were calculated using the program CodonW (written
by John Peden) as implemented in the Galaxy server version 1.4.4
(Afgan et al., 2018). The relationship between compositional variables
and samples was obtained using Principal Component Analysis (PCA).
Singular value decomposition (SVD) method was used to calculate the
PCA method. The unit variance was used as the scaling method. This
means that all variables are scaled so that they will be equally important
(variance = 1) when finding the components. By the same approach,
Heatmaps were also constructed, which is a data matrix for visualizing
values in the dataset by the use of a color gradient. Rows and/or columns
of the matrix are clustered so that sets of rows or columns rather than
individual ones can be interpreted. PCA and Heatmaps analysis were
done using the ClustVis program (Metsalu and Vilo, 2015).

To reconstruct the evolutionary history of Omicron SARS-CoV-2
strains, a Bayesian Markov Chain Monte Carlo (MCMC) approach was
used as implemented in the BEAST package v2.5.2 (Bouckaert et al.,
2019). First, the evolutionary model that best fit the sequence dataset
was determined using the IQ-TREE program (Trifinopoulos et al., 2016).
Bayesian information criterion (BIC), Akaike information criterion
(AIC), and the log of the likelihood (LnL) were used to identify the best
model. Both strict and relaxed molecular clock models were used to test
different dynamic models (constant population size, exponential popu-
lation growth, Bayesian Skyline and Birth-Death Skyline Serial). Statis-
tical uncertainty in the data was reflected by the 95 % highest
probability density (HPD) values. Results were examined using the
TRACER v1.7.2 program (available from http://beast.bio.ed.ac.
uk/Tracer). Convergence was assessed by effective sample sizes (ESS)
above 200. Models were compared by AICM from the likelihood output
of each of the models. Maximum clade credibility trees were generated
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by means of the use of the Tree Annotator program from the BEAST
package. Visualization of the annotated trees was done using the FigTree
program v1.4.4 (available at: http://tree.bio.ed.ac.uk).

3. Results

3.1. Trends in evolution across S proteins from SARS-CoV-2 VOCs
variants

In order to gain insight into the trends of evolution of the S protein,
codon usage frequencies of 256 S genes from SARS-CoV-2 strains
belonging to VOCs Alpha, Beta, Gamma, Delta and Omicron were
determined and PCA and Heatmap analysis were performed (for strains
included in these analyses, see Supplementary Material Table 1). This
analysis revealed significant differences in codon usage among the S
genes of SARS-CoV-2 VOCs, which can be linked to SARS-CoV-2 geno-
types (see Fig. 1A and B). Average linkage suggest that VOCs Alfa, Beta,
Gamma and Delta have a closer genetic relation among themselves and a
more distant genetic relation with Omicron variants (see Fig. 1B, upper
part). Moreover, average linkage also shows that Omicron isolates are
not identical and heterogeneity can be observed (see Fig. 1B).

In order to study if these trends of evolution of the VOC’s S genes are
due to differences in nucleotide composition, an analysis of nucleotide
frequencies for first, second and third codon positions were established
for the complete S genes from VOCs SARS-CoV-2 variants included in
these analyses and PCA and Heatmap analysis was performed (see
Fig. 2). A significant bias in nucleotide composition frequencies was
found among VOCs S proteins.

3.2. Bayesian coalescent analysis of Omicron SARS-CoV-2 strains

In order to reconstruct the evolutionary history of Omicron SARS-
CoV-2 population, a Bayesian MCMC approach was employed (Bouck-
aert et al., 2019) using 89 available and comparable full-length genomes
by December 274, 2021, (for isolates included in these analyses see
Supplementary Material Table 1). The results shown in Table 1 are the
outcome of 20 million steps of the MCMC, using the HKY-+I nucleotide
model, a strict molecular clock and the Birth-Death Skyline Serial pop-
ulation model.

The results of these studies suggest that strains classified as Omicron
variants evolved from ancestors that existed around May 15% 2020. A
mean rate of evolution of 5.61 x 10~* substitutions/site/year (s/s/y)
was found for Omicron strains enrolled in these analyses (95 % high
probability density values of 3.051 x 10~ t0 9.014 x 10~ *s/s/y). This
is in agreement with previous estimations of SARS-CoV-2 rate of evo-
lution of SARS-CoV-2 populations (6.57 x 1074 s/s/y, Castells et al.,
2020; 7.80 x 10~* s/s/y, Lai et al., 2020; 9.90 x 10~ s/s/y, Nie et al.,
2020; 3.0 x 10~* s/s/y, Simmonds, 2020; 1.60 x 1073 s/s/y, Bai et al.,
2020; 1.19-1.31 x 10_3s/s/y, Li, Zai and Zhao, 2020b).

To study the phylogenetic relations among Omicron variants,
maximum clade credibility trees were generated using software from the
BEAST package (Bouckaert et al., 2019)(). The results of these studies
are shown in Fig. 3.

Strains isolated in South Africa belong to two different genetic
clades, revealing that Omicron variants have diversified into two
distinct genetic groups in that country. Strains isolated in Malaysia and
India conform another genetic group (see Fig. 3). Inside main cluster of
South African strains, strains isolated in Singapore, Hong Kong, Europe,
Brazil and the USA are observed, suggesting a rapid spread of this
lineage in different continents.

4. Discussion
SARS-CoV-2 S protein plays a key role in virus biology, epidemiology

and adaptation of virus to its human host. Moreover, almost all vaccine
candidates against SARS-CoV-2 are based on the S protein (Xia, 2021).
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Fig. 1. PCA of codon usage in Spike proteins from SARS-CoV-2 VOCs strains. In (A) the position of the Spike proteins in the plane conformed by the first two major
components of PCA is shown. SVD was used to calculate principal components and unit variance was applied. The proportion of variance explained by each axis is
shown between parentheses. Prediction ellipses are such that with probability 0.95, a new observation from the same group will fall inside the ellipse. Genotypes are
indicated at the right of the figure. N = 256 data points. In (B) Heatmaps of codon usage in Spike proteins are shown. Unit variance scaling was applied. Each column
corresponds to a different Spike protein from SARS-CoV-2 VOCs strains, who’s genotype is shown in the upper part of the figure. Both rows and columns are clustered
using correlation distance and average linkage.
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Fig. 2. PCA of nucleotide composition in Spike proteins from SARS-CoV-2 VOCs. In (A) a PCA analysis of nucleotide frequencies for first, second and third codon
positions in S protein from SARS-CoV-2 strains is shown. SVD was used to calculate principal components and unit variance was applied. The proportion of variance
explained by each axis shown between parentheses. Prediction ellipses are such that with probability 0.95, a new observation from the same group will fall inside the
ellipse. Genotypes are indicated at the right of the figure. N = 256 data points. In (B) Heatmaps of nucleotide frequencies in Spike proteins are shown. Frequencies for
A, C, U and G at first, second and third codon positions are indicated 1 through 3. Unit variance scaling was applied. Each column corresponds to a different Spike
protein from SARS-CoV-2 VOCs strains, who’s genotype is shown in the upper part of the figure. Both rows and columns are clustered using correlation distance and

average linkage.

Phylodynamic analyses can be extremely useful to study viral adapta-
tion, particularly since new SARS-CoV-2 VOCs have emerged.

On November 26‘h, 2021, the WHO announced that a new SARS-
CoV-2 VOC, named Omicron (initially named B.1.1.529), appeared to
be increasing in almost all of South Africa’s provinces, particularly
Gauteng (World Health Organization, 2021b). Just three days after the
announcement, cases of VOC Omicron have been detected in several
other countries, including Austria, Australia, Belgium, Brazil, Canada,
Czech Republic, Denmark, France, Germany, Italy, the Netherlands and
the United Kingdom.

Omicron has some deletions and more than 30 substitutions in S
protein, several of which (e.g., 69-70del, T95I, G142D/143-145del,
K417N, T478K, N501Y, N655Y, N679K, and P681H) overlap with those
in alpha, beta, gamma, or delta VOCs (GISAID, 2021). Nevertheless,
Omicron also has specific S protein substitutions and insertions, like
A67V, 1212, ins214EPE, G339D, S371P, S375F, N440K, N466S, S477N,
Q493R, Y505H, T547K, N679K, N764K, D796Y, N856K, Q954H, N969K
and L981F (GISAID, 2021).

In these studies, PCA and Heatmap analysis revealed correlation
among codon usage and genotypes in the S protein from VOC’s strains
(see Fig. 1). These results demonstrate that S genes have suitable genetic
information for clear assignment of emerging VOCs to its specific ge-
notypes (Fig. 1). These differences are also related to biases in nucleotide
composition among VOC'’s strains (Fig. 2). These findings highlight the
latent diversity of SARS-CoV-2 that has yet to be fully explored. This is
also in agreement with similar results found in other members of the
family Coronvaviridae (Kumar et al., 2021).

Bayesian coalescent analysis revealed that Omicron strains evolved
from ancestors that existed by May 15™, 2020. This result revealed that
this VOC may have been circulating undetected for a period of time until
its emergence was observed in South Africa (Petersen et al., 2021). This
is in agreement with recent results suggesting that Omicron variants
have been circulating much longer than previously anticipated (Kandeel
et al., 2021). The earliest known case of Omicron in South Africa was a
patient diagnosed with COVID-19 on Nov 9, 2021 (Karim & Karim,
2021). The results of these studies revealed that South African’s
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Table 1

Bayesian coalescent inference of Omicron SARS-CoV-2 strains.
Value” HPD® Ess?
-41527.05 -41604.75 to -41432.15 214.50
318.78 255.70 to 397.14 209.40
-41845.83 -41863.00 to -41830.62 314.10
5.613 x 10°* 3.051 x 10 *t0 9.014 x 10™* 208.10
1.539 0.806 to 2.251 210.70
May 15, 2020
0.310 0.120 to 0.570

October 10", 2021

“See Supplementary Material Table 1 for strains included in this analysis.
“The rate of evolution is indicated in substitions/site/year.
ftMRCA, time of the most common recent ancestor is shown in years.
8tMRCA South Africa, time to the most recent common ancestor for all strains
isolated in South Africa. The date estimated for the tMRCAs are indicated in
bold.

b Inall cases, the mean values are shown.

¢ HPD, high probability density values.

4 ESS, effective sample size.

Omicron strains evolved from ancestors that circulated around October
10, 2021, just before it emerged in the South African population (see
Table 1). Nevertheless, strains isolated at Singapore and Hong Kong can
be traced to one of the main genetic lineages of Omicron, suggesting that
although Omicron strains were first detected in South Africa, they may
have also been circulating in other regions of the world undetected (see
Fig. 3). Besides, Omicron strains isolated in South Africa can be assigned
to two different genetic groups (see Fig. 3). This is in agreement with
recent results suggesting that Omicron strains diversified in two
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different sub-lineages in that country (Wang & Chen, 2021).

The results of these studies revealed that Omicron variant did not
evolve out of one of the early VOC’s. Instead, it belongs to a complete
different genetic lineage from previous VOC’s. These results highlight
the possibility of Omicron (or other VOCs currently unknown) may
change the course of the pandemic. Whether the virus could have been
circulating undetected in countries with little surveillance and se-
quences capacities is currently unknown (Kupferschmidk, 2021). More
studies will be needed to address these important questions.

While this manuscript was in the review process, very recent studies
revealed that Omicron SARS-CoV-2 viruses have diversified in three
different genetic lineages: BA.1, composed by the first emerging viruses
isolated in South Africa, Botswana, and elsewhere and being enrolled in
the analyses shown in this work; and two more genetic lineages, BA.2,
which have been remained minoritarian in several countries although its
incidence became predominant in Demark (Houhamdi et al., 2022) and
BA.3 (Colson et al., 2022). In order to gain insight into this recent
evolutionary process, the same strains enrolled in these studies were
aligned with comparable BA.2 and BA.3 strains recently isolated in
different countries (for strains, accession numbers, date and country of
isolation, see Supplementary Material Table 2). Then, the same Bayesian
MCMC approach depicted in these studies were performed and their
results are shown in Supplementary Material Fig. 1. As it can be seen in
the figure, the same conclusions about the origin and phylogenetic re-
lations of BA.1 strains were obtained. Moreover, BA.2 and BA.3 strains
belong to different genetic lineages in agreement with recent results
(Colson et al., 2022). More studies will be needed in order to establish
the origin and evolution of BA.2 and BA.3 strains.

201741202
l[=n¢:ov IS outh Al e MICD N2 1453/2021
V-19/SouthAfrica/NICD-N21673/2021
hCoV-19/SouthAfrica/CERI-KRISP-K032355/2021
E hCoV-19/SouthAfricalNICD-N21668/2021
hCoV-18/SouthAlricaiCERI KRISP K03236612021
hCoV. 19/ outhKorea/KDCA18128/2021
o S TUSAINY PR 202112601D0812021

hCoV.- |9:Brmusr AL 1985/2021
hCoV-19/SouthAfrica/NICD-N21631/2021
RGOV 15/SeuthATricaINICD-N3 165012031
hCoV-19/SouthAfrica/NICD-N21671/2021
RCoV-1S/USAIHI-H21592412021
oV-19/Netherlands/NH AUMC 01539812021
RCoV- 19/ 0uthAT rica/NICD-N21440/20;
hCoV.- NICDN? 166512021
hCoV-13/SouthKorea/KDCA18124/2021
hCoV-19/SouthAfrica/NICD-N21672/202°
E hCoV-19/USA/CA-CDC-FG-177176/2021
EOVASTUSANY BRL 2051
hCoV-19/Brazil/SP-HIAE-1D930/2021
hCoV-19/SouthAfrica/CERI-KRISP-K032244/2021
-CERBAHC-12742312/2021
hCoV-19/Germany/BE-RKI-1-353502/2021
PCoV-1S/South AT e AINICD N3 1 45412024 [EFI
hCoV-19/Mexico/CMX-InDREFD12243759550/2021
hCoV-19/Netherlands/NH-AUMC-015400/2021

hCoV-19/SouthAfrica/NICD-N21661/2021
hCoV-13/SouthAfrica/NICD-N21641/2021
V. ica/NICD-N21441/2021

he
hCoV-19/Portugal/PT21715/2021
hCoV 9/Portugal/PT21727/2021
oV-19/Portugal/PT21716/2021
-KRISP-K032342/2021
212021

KAt
R outhAlricaINICD-N2 145
H———— hcov-13/SouthAfr ricalNICD-N21655/2021

V-1 21
hCoV-19iHong Kong/HKU-211129-001/2021
hCoV-19/SouthAfrica/NICD-N21648/2021
hCoV-19/SouthAfrica/CERI-KRISP-K032367/2021
hCoV-19/SouthAfrica/NICD-N21446/2021

hC v 1SISouihA'ncalNICD N21630/2021
NICD-N21451/2021
hCoV. |91$outthcalNlCD N21437/2021
hCo' v |s s uthAIncalN ICD-N21442/2021
9/Singapore/8539nan/2021
TCaV-15/SouthAlEaNICD NS 143812021
hCoV-19/Hong Kong/VM211044713WHP5047-S5/2021
C

hCoV 1SISoutthcalNlcn Nz!slslzozi

V-19/Brazil/SP-I1AL-6479
TCOV- 1878 oUthATHCANICD N2 144412021
hCoV-19/SouthAfrica/NICD-| N11‘50I202|
hCoV-19/GhanalTRA-2342/2021
hCoV-19/Israel/SMC-7024821/2021

hCoV-13/SouthAfrica/NICD- N21439/2021
hCoV-19/SouthAfrica/NICD-N21675/202"
f— hCoV 1915 outhAfricaiNICD-N2 144912021
L—— hCoV-15/SouthAfricaiNICD-N21448/2021
hCoV-13/SouthAfrica/NICD-N21620/2021
hCoV-19/SouthAfrica/CERI-KRISP-K032210/2021
hCoV-13/SouthAfrica/NICD-N21447/2021
hCoV-19/SouthAfrica/NICD-N21443/2021
HKU-211129-002/2021
gKon: 044713-1/2021
hCoV-19/SouthKorea/KDCA18126/2021
hCoV-19/SouthAfrica/NICD-N21627/2021
hCoV-19/SouthAfrica/NICD-N21660/2021
hCoV-19/Hong Kong/HKU
hCev 1slsou'hA m:alNICD N2153M202
-COLOR-SFDPH-CC001/2021

TCOV-197 SOuthATNCANICONS 161412031
hCoV-18/SouthAfrica/NICD-N21623/2021
hCoV-13/SouthAfrica/NICD-N21638/2021
hCoV-1/SouthAfricalNICD-N21656/2021
hCoV-13/SouthAfrica/NICD-N21676/2021
s hC0V-19/Singapore/8540nan/2021

hCoV-13/SouthAfrica/NICD-N21664/2021
hCoV-13/SouthAfrica/NICD-N21667/2021
hCoV-19/SouthAfrica/NICD-N21669/2021
hCoV-19/SouthAfrica/NICD-N21670/2021
hCoV-13/SouthAfrica/NICD-N21666/2021
hCoV-19/SouthAfrica/NICD-N21677/2021
hCoV-19/Indial SACOG-

GBRCnsII?ozi
hCov-19/Malaysia/IMRWC606483/2(

02

02
RCoV-19/1ialy/CAM-COLLI- T eNo-B1011812021

D 025 05 0,75

125 15 1,75
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5. Conclusions

The results of these studies revealed significant differences in codon
usage among the S genes of SARS-CoV-2 VOCs, which can be linked to
SARS-CoV-2 genotypes. These results demonstrate that S genes have
suitable genetic information for clear assignment of emerging VOCs to
its specific genotypes. VOCs Alfa, Beta, Gamma and Delta have a closer
genetic relation among themselves and a more distant genetic relation
with Omicron variants. Omicron variants did not evolve out of one of the
early VOCs, but instead it belongs to a complete different genetic lineage
from previous VOCs. A significant bias in nucleotide composition fre-
quencies was found among VOCs S proteins. Omicron variants evolved
from ancestors that existed around May 15th, 2020 suggesting that this
VOC may have been circulating undetected for a period of time until its
emergence was observed in South Africa. Strains isolated in South Africa
belong to two different genetic clades, suggesting that Omicron variants
have diversified into two distinct genetic groups in that country.
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