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ABSTRACT
Among the numerous variants of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV 
-2) that have been reported worldwide, the emergence of the Omicron variant has drastically 
changed the landscape of the coronavirus disease (COVID-19) pandemic. Here, we analyzed the 
genetic diversity of Moroccan SARS-CoV-2 genomes with a focus on Omicron variant after 
one year of its detection in Morocco in order to understand its genomic dynamics, features and 
its potential introduction sources. From 937 Omicron genomes, we identified a total of 999 
non-unique mutations distributed across 92 Omicron lineages, of which 13 were specific to the 
country. Our findings suggest multiple introductory sources of the Omicron variant to 
Morocco. In addition, we found that four Omicron clades are more infectious in comparison 
to other Omicron clades. Remarkably, a clade of Omicron is particularly more transmissible and 
has become the dominant variant worldwide. Moreover, our assessment of Receptor-Binding 
Domain (RBD) mutations showed that the Spike K444T and N460K mutations enabled a clade 
higher ability of immune vaccine escape. In conclusion, our analysis highlights the unique 
genetic diversity of the Omicron variant in Moroccan SARS-CoV-2 genomes, with multiple 
introductory sources and the emergence of highly transmissible clades. The distinctiveness of 
the Moroccan strains compared to global ones underscores the importance of ongoing 
surveillance and understanding of local genomic dynamics for effective response strategies 
in the evolving COVID-19 pandemic.
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1. Introduction

After SARS-CoV-2 emergence in December 2019, many 
genome variants have been discovered and documen
ted, and they have been linked to a considerable rise in 
the mortality rate in numerous countries [1]. The RNA 
of SARS-CoV-2 exhibits a high mutation rate, resulting 
in more genetic diversity. Mutations, including those in 
the S glycoprotein, ORF1ab, ORF3a, nucleocapsid (N) 
gene, membrane (M) gene, envelope (E) protein, ORF6, 
ORF7a, ORF7b, ORF8, and ORF10, can influence all 
segments of the SARS-CoV-2 genome [2]. Mutations 
occurring in the S glycoprotein region can increase 
transmissibility and disease severity. Furthermore, 
these mutations might facilitate evasion from the 
immune system, treatments, and vaccines, and could 
potentially alter diagnostic procedures [3].

To date, the World Health Organization (WHO) has 
stated five Variants of Concern (VoCs), i.e., Alpha, Beta, 
Gamma, Delta, and Omicron (https://www.who.int/en/ 
activities/tracking-SARS-CoV-2-variants). After its emer
gence on 26 November 2021 in Botswana, South 
Africa, Omicron (B.1.1.529) variant has been spreading 

rapidly across the world [4]. From the VoCs mentioned 
earlier, the Omicron variant, while inducing milder 
symptoms, exhibits heightened transmissibility and 
a swifter rate of spread compared to previous variants. 
It is worth highlighting that the Omicron variant, along 
with its subvariants, maintains its dominant position, 
retaining a notable presence up to the current day [5]. 
This is ascribed to the high number of mutations (more 
than 60 mutations) that are widely distributed on mul
tiple proteins of the genome. More than 32 mutations 
are located at the RBD of the Spike protein. Omicron is 
the variant with the highest number of mutations 
among SARS-CoV-2 variants characterized to date [6,7].

Genomic surveillance is one of the strategies/tools 
that furnish real-time information on circulating var
iants of SARS-CoV-2. This information provides insights 
into its genomic diversity, dispersal and transmission 
mechanisms [8]. A Moroccan genomic monitoring con
sortium composed of several public laboratories was 
constructed in response to the COVID-19 pandemic to 
track the changes in the SARS-CoV-2 mutation profile 
in order to identify keystone events in the evolution of 
the virus and assess the outcomes of COVID-19 
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prevention measures taken by the Moroccan govern
ment [9].

Morocco is considered as a good example not 
only to understand the dynamics of the virus at the 
national level but also to get a global overview of 
the virus’ genome [10]. In fact, the strategic geo
graphic localization of Morocco – being close to 
European, Middle-eastern and other African coun
tries – and its tourism-based economy brings mil
lions of visitors every year. All this has promoted 
higher heterogeneity of the viral population circu
lating in the kingdom despite the strict lockdown 
and restrictions implemented during the first 2 
years of the pandemic to limit the spread of the 
virus. Indeed, previous studies described the 
Moroccan SARS-CoV-2 as heterogeneous and 
demonstrated multiple independent introductions 
of the virus from abroad [11–13]. The aim of this 
work is to study the genomic dynamics of SARS- 
CoV-2 genomes with a focus on Omicron variant in 
Morocco and its sublineages.

2. Materials and methods

2.1. RNA collection and next-generation 
sequencing

Encoded RNA samples were obtained from diagnostic 
laboratories as part of the consortium in Rabat, 
Morocco. Between November 2020 and November 
2022, we sequenced 415 SARS-CoV-2 genomes within 
the framework of the national genomic surveillance 
strategy.

cDNA was prepared using a SuperScript VILO 
cDNA synthesis kit (Invitrogen, Thermo Fisher 
Scientific, U.S.A.). The libraries were adjusted to 30 
pM and loaded onto the Ion Chef instrument 
(Thermo Fisher Scientific, U.S.A.) for emulsion PCR, 
enrichment, and subsequent loading onto the Ion S5 
530 chip. Whole-Genome Sequencing (WGS) was 
performed using the Ion Ampliseq SARS-CoV-2 
research panel (Invitrogen, Thermo Fisher Scientific) 
for complete viral genome sequencing according to 
the instructions for use on an Ion GeneStudio S5 
Prime series system. With an amplicon length 
range of 125–275 bp, the panel provides >99% cov
erage at 20X of the SARS-CoV-2 genome (~30 kb), 
with a mean depth >1000. The software Torrent 
Suite (v5.12.0) was used to analyze the raw data. 
Short and poor-quality reads were eliminated using 
the NGS QC Toolkit (v2.3.3) [14]. The consensus 
sequence was produced using IRMAreport (v1.3.0.2) 
[15] and mapped to the reference genome (Wuhan- 
Hu-1, GenBank accession number MN908947.3). 
Variations were found using Variant Caller 
(v5.10.1.19) [16].

2.2. Data collection

A total of 1822 SARS-CoV-2 genomes were 
sequenced in Morocco and deposited in GISAID 
repository, including the aforementioned 415 gen
omes sequenced in Laboratory of Biotechnology. 
The genomic sequences were submitted to GISAID 
between March 2020 and November 2022. After 
filtering, 1407 genomes with high-coverage and 
complete sequences, along with complete collec
tion date were kept for further analysis. Metadata 
of SARS-CoV-2 genomes sequenced in Morocco is 
provided in Supplementary Table 1.

Furthermore, to study the genetic characteristics of 
Omicron variant comparatively to the other VoCs and 
within its own sublineages in Morocco, we analyzed 
a total of 937 Omicron genomes sequenced in 
Morocco between November 2021 and 
November 2022, including 80 Omicron genomes 
sequenced for the purpose of this study 
(Supplementary Table 2).

In order to compare Moroccan samples with 
a global SARS-CoV-2 dataset we used the genomic 
epidemiology dataset of SARS-CoV-2 from Nextstrain 
(https://nextstrain.org/ncov/). The dataset included in 
addition to 1822 genomes sequenced in Morocco, 
3839 genomes collected between December 2019 
and December 2022 by 595 submitting laboratories 
from 186 countries around the world (Supplementary 
Table 3).

2.3. Phylogenetic analysis

The phylogenetic analysis was performed using the 
Nextstrain pipeline (version November 2022: https:// 
github.com/nextstrain/ncov) [17]. The resulting narra
tive and associated datasets (JSONs) were visualized 
in Auspice (https://auspice.us/) in a Newick format 
[18]. Samples were classified phylogenetically and 
studied as clades according to Nextclade annotation 
(v2.9.1) as it provides a time-oriented and less- 
exclusive clustering. We also used the Pangolin anno
tation of lineages to describe more specific lineages 
(cov-lineages.org) [19]. The alignment of genomic 
sequences for the identification of related samples 
was performed using the Basic Local Alignment 
Search Tool (BLAST) from the GISAID platform that 
includes over 14 million SARS-CoV-2 genomes. To 
further enhance the robustness of our analysis, we 
performed another alignment using the 
AudacityInstant tool [20]. This tool was specifically 
built to search the entire EpiCoV database, providing 
access to closely related sequences and valuable 
metadata. Mutations and lineages’ first appearance 
and annotations were extracted from the IDbSV data
base [21].
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2.4. Prediction of mutational escape

We estimated the potential mutational escape of 
SARS-CoV-2 Omicron variant using a mutational 
antigenic profiling of SARS-CoV-2 RBD against 
a panel of antibodies targeting diverse RBD epi
topes [22]. This model predicts polyclonal antibody 
binding to SARS-CoV-2 lineages based on deep 
mutational scanning of RBD targeting antibodies 
(https:// jbloomlab.github. io/SARS2_RBD_Ab_ 
escape_maps/escape-calc/). Then, the complemen
tary plots and figures were generated using 
ggplot2, dplyr, reshape2 and tidyverse packages 
in a custom R-script that can be retrieved from 
our GitHub repository (https://github.com/mou 
neem/SARS-CoV-2-Morocco) [23,24].

3. Results

3.1. Genetic characteristics of SARS-CoV-2 
variants in Morocco

A total of 1407 SARS-CoV-2 genomes were included in 
this analysis. The phylogenetic clustering and geo
graphic distribution of SARS-CoV-2 samples in 
Morocco are provided in Supplementary Figure 1. We 
began our analysis by characterizing the mutational 
landscape of these genomes, as illustrated in 
Figure 1a. This analysis revealed a significant number 
of mutations present in the genomic regions that code 
for structural proteins such as the Spike (S), Membrane 
(M), Envelope (E), and Nucleocapsid (N) proteins. The 
high rate of mutations in these regions is particularly 

a

b

c

Figure 1. (a) Mutational landscape of the 1407 SARS-CoV-2 whole genomes. (b) Distribution of SARS-CoV-2 clades in Morocco 
three years into the pandemic. (c) Mutational landscape across the Spike gene of SARS-CoV-2 Omicron variant.
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noteworthy, as structural proteins play a crucial role in 
the replication and transmission of the virus. As demon
strated in Figure 1b, the Moroccan landscape was heav
ily influenced by VoCs over a prolonged period of 32  
months. These emerging strains have caused peaks of 
infections in the country during different phases of the 
pandemic. Furthermore, Figure 1c offers a visual repre
sentation of the genetic diversity within the Omicron 
variant by using a Lollipop plot. The plot illustrates the 
distribution of mutations in the Spike gene, a key pro
tein that enables the virus to enter human cells. By 
showing the position of mutations within the gene, 
this plot gives insight into the genetic makeup of the 
Omicron variant, and how it has evolved over time. 
Additionally, the distribution of mutations can also pro
vide information on how the variant might respond to 
existing therapies and vaccines, and how it might 
behave in the future. The projection of mutations on 
the gene annotation reveals that the two regions with 
relatively higher rate of mutations correspond to the 
N-terminal domain (NTD) of the S1 subunit of the 
Spike and the RBD.

Next, we focus on the comparative genomic analy
sis of the main variants observed in Morocco (Alpha, 
Delta, and Omicron) to identify the key features that 

gave Omicron such characteristics. It is noteworthy to 
mention that variants such as Beta were identified in 
Morocco as well; however, we decided not to include 
them in this analysis due to their low frequency and 
short lifespan. The study of mutational rate of VoCs 
revealed outstanding differences. First of all, while the 
median number of substitutions in Alpha and Delta 
was estimated at 32 and 35 substitutions per sample 
respectively, Omicron samples expressed over the 
double of the previous number with 72 mutations 
per sample on average. These observations have 
been noted when analyzing Insertions/Deletions 
(INDELs). Omicron samples have over 5 INDELs per 
sample on average, while the other VoCs had less 
than 3 (Figure 2a).

Furthermore, we observed that Omicron sequences 
are less stable compared to other VoCs. We estimate 
that Omicron samples pile-up new mutations every 11  
days (0.09 new mutations per day). This rate is higher 
than the rate estimated for Alpha and Delta (0.02 and 
0.005 new mutations per day respectively) (Figure 2b). 
This not only highlights the important divergence of 
Omicron but also its high evolution pace compared to 
other variants. With such an unprecedented mutation 
rate, Omicron has become the most prevalent variant of 
the virus only one month after its introduction (Figure 2c). 

Figure 2. (a) Divergence of substitutions and INDELs within variants of concern in Morocco. (b) Linear evolution Model based on 
the mutation rate in SARS-CoV-2 variants. (c) Evolution of variants of concern 365 days after their introduction to Morocco.
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It is noteworthy to mention that the spread of Omicron in 
Morocco and in the rest of the world has not been 
dominated by only one lineage (Supplementary 
Figure 2). It is apparent from Figure 1c that multiple sub- 
lineages of Omicron have been dominating along 
the year 2022, amongst which we featured four notable 
Clades (21K, 21 L, 22B and 22E).

3.2. Potential introduction sources of Omicron 
variant to Morocco

Here, we focused only on Omicron lineages through 
the study of their lifespan and their possible introduc
tion sources to Morocco. As observed in the previous 
results, the clades 21K, 21 L, 22B and 22E were in 
competition for dominance across 2022. Although 
two other clades (22A and 22C) have been also identi
fied amongst the studied samples, they had very low 
abundance and very short lifespan in Morocco 
(Table 1).

Clade 21K was introduced to Morocco in 
December 2021, only a few weeks after its first appear
ance in South Africa. Our phylogenetic clustering sug
gests that the spread of this lineage was through 
multiple independent introductions from abroad. The 
BLAST alignment of the first Moroccan Omicron sam
ples revealed high similarity with several samples from 
England, United Kingdom. Yet, the alignment of other 
samples revealed different potential sources such as 
Quebec, Canada (EPI_ISL_15387263), South Dakota, U. 
S.A. (EPI_ISL_10070711) or Okinawa, Japan 
(EPI_ISL_13421945). These results were confirmed 
with the AudacityInstant that showed the high similar
ity between Moroccan Omicron sequence and samples 
from the United Kingdom (UK) and United States of 
America (U.S.A.).

Clade 21L was the second Omicron variant identi
fied in Morocco. The first introduction of this clade 
dates back to February 2022. The alignment of the 
first 21L sample in Morocco revealed high similarity 
with several samples from Rio de Janeiro, Brazil, 
although this variant is suspected to have originated 
in South Africa. One interesting fact about 21L is that it 
has evolved after a few weeks to most of the known 

Omicron variants circulating to this day i.e., 22A, 22B, 
22C, 22D, 22E and 22F. While 22C has barely appeared 
among the studied samples (1.01%), 22B has widely 
spread in the Moroccan kingdom, representing over 
half (56.2%) of Moroccan Omicron samples. According 
to the samples deposited in the GISAID database, 22B 
has likely arisen in early 2022 in South Africa. Initially, 
the sequences were mainly from South Africa, 
although its detection became more widespread, par
ticularly in Europe, by April 2022. Interestingly, the first 
known 22B sample in Morocco (EPI_ISL_13408047) 
shares similarities with samples from the Moscow 
Region, Russia.

The last interesting Omicron clade in Morocco is 
22E, which appeared in the last quarter of 2022 and 
became dominant by October 2022. This variant is also 
a 21L descendant. Omicron variant 22E has likely 
appeared in mid-2022 in Central or Western Africa. 
Phylogenetic trees of all Omicron clades are available 
in Supplementary Figure 3.

3.3. Comparative mutation analysis within 
Omicron lineages

Omicron variants were divided into three generations; 
i. The first Omicron generation includes 21K and 21L 
clades that appeared by the end of 2021. ii. The second 
Omicron generation includes 22A, 22B and 22C clades 
which appeared in the first half of 2022 as a result of 
the genetic evolution of 21L that harbors 65 to 85 
mutations. iii. The third Omicron generation includes 
lineages hosting more than 75 mutations and evolving 
from 22B and 22C that spread starting from the second 
half of 2022.

The clades 21L and 21K share 38 nucleotide muta
tions coding for amino-acid mutations, these muta
tions are shared as well with their ancestor clade 
21M. In addition to those, 21L and 21K have 27 
and 20 exclusive mutations, respectively. At the 
Spike-level, both have 21 amino-acid mutations, 
with 21K having 12 exclusive amino-acid mutations 
and 21L having 6. The six additional Spike mutations 
in 21L are S:T19I, S:V213G, S:S371F, S:T376A, S:D405N, 
and S:R408S. On top of these, there is a deletion of 

Table 1. Lifespan and spread of Omicron clades in Morocco and their possible introduction sources.
Clade Lifespan No of samples Potential source of the first introduction

21K Dec 2021 and Jun 2022 172 EPI_ISL_10740491Europe/UK/England 
Europe/UK/England

21 L Feb 2022 and Aug 2022 178 EPI_ISL_13588936South America/Brazil/Rio de Janeiro/Resende 
South America/Brazil/Rio de Janeiro/Resende

22A Jun 2022 and Jul 2022 5 EPI_ISL_15701296Europe/Switzerland/Basel-Landschaft 
Europe/Switzerland/Basel-Landschaft

22B May 2022 and Sep 2022 496 EPI_ISL_15701252Europe/Russia/Moscow Region/Solnechnogorsk 
Europe/Russia/Moscow Region/Solnechnogorsk

22C Jun 2022 and Jul 2022 9 EPI_ISL_12413598North America/U.S.A./Ohio 
North America/U.S.A./Ohio

22E Oct 2022 and Nov 2022 20 EPI_ISL_15501517Europe/Switzerland/Zurich 
Europe/Switzerland/Zurich

PATHOGENS AND GLOBAL HEALTH 245



nine nucleotides (from position 21,633 to 21,641) 
which lead to the mutations S:L24-, S:P25-, S:P26-, 
and S:A27S. Meanwhile, amongst the 20 specific 
mutations for 21K we observed a particular cluster 
of mutations at the S1-S2 furin cleavage site (S: 
H655Y, S:N679K, S:P681H). Moreover, we found that 
S:Q498R and S:N501Y mutations are shared between 
21L, 22B and 22E.

Like the previously discussed Omicron clades, 22A 
and 22B harbor suspicious high-rate of mutations. 
Remarkably, although we characterized very similar 
Spike protein changes in 22A and 22B, and most Spike- 
focused studies often group them together. The clade 
22A was very rare in comparison to 22B that repre
sented 52% of Omicron samples in this study. In fact, 
the same pattern was observed in Morocco’s neighbor
ing countries (Europe, North Africa and Middle-East) 
where 22B was more prevalent than 22A that has 
spread mainly in North America and Southern Africa. 
The high similarity between 22A and 22B can be 
explained by their shared ancestor 21L. Both 22A and 
22B differ from 21L by S:L452R and S:F486V mutations 
in addition to the S:69–70 deletion that they share with 
21K. Apart from the Spike mutations, 22B is character
ized by M:D3N and ORF6:D61L. Every mutation found 
in 22B is also present in 22E, along with other muta
tions in 22E, namely S:K444T and S:N460K. It is note
worthy to mention that several 22E lineages, such as 
PANGO lineage BQ.1.1, have acquired the additional 
mutation S:R346T. Besides, 22E harbored extra muta
tions in regions aside the Spike like, ORF1a:Q556K, 
ORF1a:L3829F, ORF1b:Y264H, ORF1b:M1156I, ORF9b: 
P10F, and N:E136D (Figure 3a-b). A lollipop plot 

showing the distribution of mutations across the SARS- 
CoV-2 genome of each Omicron clade is provided in 
the Supplementary Figure 4.

3.4. Genetic profiling of the locally spread 
Omicron clades

To characterize the genetic features of Omicron clades 
spread at the national level and how they differ from the 
rest of the world, we compared the mutations from 
clades identified in Morocco to samples collected from 
different regions worldwide (Supplementary Table 4 
and 5). At a national level, our observations indicate 
that the majority of SARS-CoV-2 samples in Morocco are 
classified as either 22B or 21K, which is in line with global 
trends. Figure 4 shows that in cities like Casablanca, 
Tanger, and Kenitra, the 22B clade was found to be 
predominant, whereas in cities such as Rabat, 
Mohammedia, and Marrakech, a higher proportion of 
samples belonged to clades 21K and 21L. Such regional 
variation in clade distribution among different cities sug
gests the potential for distinct emergence patterns. 
However, the close proximity of cities like Casablanca 
and Mohammedia, as well as Rabat and Kenitra, indicates 
the absence of localized clusters. This proximity implies 
a broader and interconnected transmission of the 
Omicron variant that extends beyond individual cities. 
Although both local and international datasets contained 
the same number of clades (Nextstrain annotation), we 
noted that only 61 pangolin lineages descendant from 
Omicron have been identified in Morocco, instead of 250 
in the rest of the world including 13 lineages exclusive to 
Morocco (Figure 5a). It is important to note that the 

Figure 3. (a) Divergence of Omicron clades. (b) Mutational Heatmap of Omicron clades.
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pangolin classification is more sensitive to genetic 
changes compared to Nextstrain classification, which 
indicates the existence of specific mutations characteriz
ing the Moroccan Omicron samples. Actually, we identi
fied a total of 318 mutations (Occurrence > 1) exclusive to 
Moroccan Omicron samples (Figure 5b). Amongst the 
318 mutations, 72 were located in the Spike region and 
18 were INDELS (Figure 5b). Therefore, we devote this last 
part of the manuscript to study and describe the impor
tant characteristics of these mutations.

Next, we compared samples at a clade-specific 
level (Figure 5c). While no significant difference was 
observed in samples classified as clade 21K in 
Morocco and worldwide, the clade 21L included 
slight changes at both ends of the genome. The 
most notable difference is that more than 35% of 
Moroccan samples included a deletion of 25 nucleo
tides at the 29,734–29759 positions. Meanwhile the 
C241T mutation that was observed in 98% of 
Moroccan samples is one of the most frequent 5’ 

Figure 4. (a) Heatmap showing the distribution of Omicron clades in Moroccan cities.
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UTR mutations in SARS-CoV-2 with a frequency 
higher than 95% in 21L, 22B and 22E.

Our findings showed that 86.1% and 85% of 
Moroccan samples harbored two different synon
ymous mutations ORF1ab:L454L and N:G16G respec
tively. These mutations were observed in relatively less 
frequencies worldwide data (55.9% and 54.4%). The 
PANGO lineage analysis of these mutations showed 
that they are associated with some sublineages of 
22B mainly BA.5.2 that emerged in the beginning of 
July 2022 and spread mainly in the U.S.A., Japan and 
Europe and was introduced to Morocco in May 2022.

Moroccan 22E samples were characterized by the 
mutations ORF1ab:N5592S, S:del 69–70 and S:T19I. 
Although these mutations were already very frequent 
worldwide, they were identified more frequently in 
Moroccan samples by 14%, 13% and 11%, respectively. 
In contrast, ORF1ab:L454L, which was also observed in 
higher frequency in 22B, was identified exclusively in 
18% of 22E Moroccan samples. This lineage analysis 
showed the association of this mutation to BQ.1.1 
sublineage more specifically.

3.5. Predicted mutational escape from antibodies

In this section, we estimated the potential mutational 
escape of each Omicron clade using a mutational anti
genic profiling of SARS-CoV-2 RBD against a panel of 
antibodies targeting diverse RBD epitopes [16]. This 
estimation allowed us to visualize the cumulative 
effect of the mutation in each variant in regard to its 
bind-affinity to three monoclonal antibodies: LY- 
CoV016 (etesevimab), LY-CoV555 (bamlanivimab), 
and REGN10987 (imdevimab). The clades 21K, 21L, 
22B and 22E harbored 10, 16, 17 and 20 mutations 

respectively in the RBD region of the Moroccan strains. 
Amongst the studied samples, we identified specific 
mutations in the Moroccan samples. The C1419T sub
stitution was present in 7 sequences (Clade 21K). 
Notably, these samples exhibited a high degree of 
relatedness, as they were identified in the same region 
and during the same period (November– 
December 2021, Rabat). Similarly, we observed muta
tions in Casablanca region, where six samples from 
clade 21K harbored the G2246A mutation, five samples 
from clade 22B had the A13859G mutation, and five 
samples from clade 21K contained the G1747A muta
tion. This clustering of mutations in specific geo
graphic regions further supports the notion of 
relatedness among the samples introduced to 
Morocco. While both mutations S:S375F and S:T376A 
have unknown impact on the studied structure, the 
other 22 mutations yielded an average escape score of 
0.04 (with a median of 0.03), which is in line with the 
findings of Bloom et al., [25]. The mutations S:E484A, S: 
F486V and S:Q493R had the greatest impacts on the 
structure stability with 0.15, 0.08 and 0.05 escape 
scores, respectively (Figure 6a-b). Notably, these muta
tions were all identified in the 22E clade. In fact, 
amongst the four Omicron clades studied, we 
observed that 22E accumulated the highest escape 
score (Supplementary Table 4).

4. Discussion

In the current study, we identified a total of 21 clades 
(92 lineages) from 1407 samples analyzed, amongst 
four VoCs (Alpha, Beta, Delta and Omicron). Our find
ings show that the genomic dynamics of SARS-CoV-2 
in Morocco is characterized by the dominance of VoCs 

Figure 5. (a) Venn Diagram of Omicron clades in Morocco and worldwide. (b) Venn Diagram of Omicron mutations in Morocco and 
worldwide (frequency <1 excluded). (c) Heatmap of mutations within Omicron lineages.
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circulating across 32 months. In fact, the first intro
duced lineage to Morocco in March 2020 was 20A 
(Lineage B.1.1) characterized by the D614G mutation 
at the RBD, which was widely spread in Europe, Middle- 
East and Africa and became the origin of most circulat
ing lineages worldwide by the end of 2020. By the 
beginning of 2021, the Alpha variant (a mutant version 
of 20A) was introduced to Morocco in January 2021 
[26] and rapidly spread to become dominant after 2 
months. This dominance was interrupted by Delta and 
Omicron variants by August 2021 and March 2022 
respectively [8]. Moreover, our findings suggest that 
the Spike protein harbors a higher rate of mutations as 
compared to other genomic regions of the virus, more 
particularly in the RBD and the NTD. This is the result of 
the relatively higher affinity of some Spike-mutant 
strains to the human Angiotensin-Converting Enzyme 
2 (ACE2), and several studies have demonstrated this 
computationally and experimentally [5,27,28]. 
Interestingly, these regions have been extensively ana
lyzed in previous studies, and several molecular assays 
linked changes in these regions specifically to 
increased affinity and transmission rate [29]. 
Furthermore, we mainly identified four dominant 
Omicron clades in Morocco (21K, 21L, 22B and 22E) 
originating from multiple potential sources around the 
world. We also noted that 22E was particularly more 
transmissible and has become the dominant variant in 
Morocco by October 2022.

While analyzing the mutational profile of Omicron 
lineages, we found that clades 21L and 21K share 
several mutations in addition to some exclusive muta
tions at the Spike level and other regions of the viral 
genome. Omicron clade 21K is characterized by 

a cluster of mutations in the S1-S2 furin cleavage. 
These mutations seem to be associated with increased 
transmissibility [27]. We also found that clades 22B and 
22E harbor the same mutations except for three muta
tions only present in 22E (S:K444T; S:N460K; S:R346T). S: 
R346T is known to increase viral neutralizing antibo
dies escape [30]. In fact, a significant decrease in neu
tralization titers was observed in a study that examined 
the ability of the virus to neutralize antibodies in vac
cinated and unvaccinated individuals with Omicron- 
22E [31]. Breakthrough infections have also high
lighted that 22E can escape the monoclonal antibodies 
(mAbs) Evusheld and Bebtelovimab [30]. Meanwhile, S: 
N460K was reported to promote neutralizing antibo
dies escape [32]. In other studies, the same mutation 
was linked to neutralization resistance and enhanced 
fusogenicity in 22E as compared to its ancestral 22B 
[31,33]. We also found that the mutations S:E484A 
shared by the four clades of interest have been linked 
to immune escape in other variants i.e., 20H (Beta), 20J 
(Gamma), and 21B (Kappa) [34,35]. Additionally, S: 
Q498R and S:N501Y mutations shared by 21L, 22B 
and 22E have been linked to the increase in the bind
ing affinity to ACE2 according to several in vitro stu
dies [36].

Next, we compared the genetic profile of Omicron 
clades in Morocco and worldwide. We found that 
there is no significant difference in sequences classi
fied as clade 21K. However, in clade 21L, we noticed 
that 35% of Moroccan sequences included a deletion 
of 25 nucleotides at the 29,734–29759 positions. This 
region corresponds to the 3’UTR s2m. Recent studies 
have explained how it forms homodimeric kissing 
complexes that the viral N protein converts into 

a b

Figure 6. (a) Individual escape score of each mutation in Omicron variant Spike protein. (b) Cumulative mutational impact on 
immune escape from antibodies for each Omicron clade.
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a stable structure [37]. Whereas, other studies 
showed that it contains two binding sites for the 
host miR1307p, which has been proposed to control 
a variety of cytokines and their receptors, including 
IL18 and IL6R [38]. Remarkably, the projection of this 
deletion over time shows that most of the sequences 
harboring this deletion have appeared in the latter 
stage of the clade 21L, which suggests that the 
sequences identified in Morocco are the mutant 
form of 21L that acquired this deletion before mutat
ing into one of the second-generation Omicron 
lineages (22A, 22B or 22C). C241T is another muta
tion that was found in 98% of Moroccan sequences 
and reported to reduce replication efficiency which 
is correlated with an increase in recovery rates and 
a decrease in mortality rates of SARS-CoV-2 cases 
worldwide [39]. Two synonymous mutations namely 
ORF1ab:L454L and N:G16G were identified in more 
than 85% of 22B Moroccan sequences and reported 
in a study to contribute in enhancing the transmis
sibility of SARS-CoV-2 [40]. This high prevalence can 
be explained by the rapid viral spread in the country, 
especially as 87.1% of sequences harboring these 
mutations were collected in the Casablanca region 
which is the most populated area in Morocco. 
Meanwhile, the mutations located in 22E are slightly 
more frequent in Moroccan sequences as compared 
to sequences in the rest of world. This indicates the 
relative homogeneity of the analyzed sequences as 
well as the introduction of this lineage to Morocco 
after acquiring these mutations (Supplementary 
Figure 5). In contrast, we identified the ORF1ab: 
L454L mutation exclusively in 22E Moroccan 
sequences, more particularly in BQ.1.1 sublineage, 
therefore we suggest the accumulation of this muta
tion during the expansion and evolution of this sub
lineage in Morocco.

In the last part of this study, we estimated the 
potential mutational escape from antibodies of the 
four Omicron clades. We noticed that 22E accumulated 
the highest escape score. This result could explain the 
rapid expansion of this particular clade by the end of 
2022 despite the high vaccination rate in the country. 
The projection of the antibody-escape scores on the 
spread timeline of different lineages in Figure 1c 
demonstrates that Omicron clades with high antibody- 
escape scores were able to replace their predecessors 
due to the specific RBD mutations in each Omicron 
clade (21L: T376A, D405N, and R408S; 22B: L452R and 
F486V; 22E: L452R and F486V). This finding suggests 
that genetic selection influenced by the introduction 
of vaccines has led to positive selection of lineages 
with high rate of mutations located at structural 
genes, particularly the Spike protein with a potential 
to increase the ability of the virus to bind tohuman 
ACE2 and reduce its ability to be cleaved by antibodies. 
However, despite the outstanding traits of Omicron, 

a drastic decline in the number of fatal cases and 
deaths was observed during the spread of Omicron 
variants in Morocco where most of the vulnerable 
populations are vaccinated. This observation was also 
true worldwide, given the fact that the overall genetic 
landscape is not very different from Morocco 
(Supplementary Figure 6). In fact, Omicron causes less 
severe symptoms, even though it is more transmissible 
than other variants [41]. These results were confirmed 
by a proteomic analysis, which demonstrated how 
immune responses to Omicron infection in vaccinated 
individuals were less severe in comparison to indivi
duals infected with other variants [42].

We underline the crucial synergy between phyloge
netic analysis and epidemiological data in revealing 
viral transmission patterns. Phylogenetic research 
enables the reconstruction of evolutionary links, iden
tification of transmission clusters, and likely sources of 
infection. Meanwhile, epidemiological data provide 
insights into disease spread among populations and 
the demographic factors influencing transmission 
dynamics [43,44]. However, we acknowledge that the 
imbalanced sampling size across countries is 
a significant challenge that necessitates cautious inter
pretation of our findings. These discrepancies in sam
pling attempts can generate biases, resulting in 
inadequate representations of transmission patterns 
across areas. To overcome this constraint, future 
research should concentrate on enhancing data collec
tion efforts in underrepresented regions, increasing 
collaboration between researchers and public health 
organizations and conducting sensitivity analysis to 
test the robustness of our findings. By recognizing 
these limitations, we aim to emphasize the necessity 
of taking a comprehensive and global perspective 
when interpreting our findings to guide successful 
public health initiatives and treatments.

5. Conclusions

The SARS-CoV-2 Omicron variant that was first identi
fied in South Africa in November 2021 and has become 
the dominant strain globally. This variant has a higher 
number of mutations in the Spike protein compared to 
other SARS-CoV-2 variants. Our study focused on ana
lyzing four specific clades of Omicron, 21K, 21L, 22B 
and 22E, which were found to be more infectious and 
able to evade the immune system more effectively. 
These clades possess mutations in the Spike RBD, 
such as S477N, Q498R, N440K, Y505H, N679K, N764K, 
D796Y, and Q954H that contributed to their increased 
infectivity. Notably, the 22E clade was particularly 
more transmissible and has become the dominant 
variant in Morocco and many other countries. 
Furthermore, our analysis indicated that the 22E 
clade possesses specific Spike RBD mutations K444T 
and N460K that enable it to evade immunity from 
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vaccines. However, it is worth noting that the spread of 
Omicron variants has been associated with a decrease 
in the fatality rate in Morocco and worldwide, consis
tent with studies indicating that Omicron causes less 
severe illness, especially in vaccinated individuals.
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