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ARTICLE INFO ABSTRACT

Keywords: The COVID-19 pandemic continues to pose a global health concern, despite the ongoing vaccination campaigns,
COVID-19 due to the emergence and rapid spread of new variants of the causative agent SARS-CoV-2. These variants are
Lebanon identified and tracked via the marker mutations they carry, and the classification system put in place following
glf(?i? tremendous sequencing efforts. In this study, the genomes of 1,230 Lebanese SARS-CoV-2 strains collected
Mutations throughout 2 years of the outbreak in Lebanon were analyzed, 115 of which sequenced within this project.
Phylogenetic relationship Strains were classified into seven GISAID clades, the major one being GRY, and 36 Pango lineages, with three
Two years variants of concern identified: alpha, delta and omicron. A time course distribution of GISAID clades allowed the

visualization of change throughout the two years of the Lebanese outbreak, in conjunction with major events and
measures in the country. Subsequent phylogenetic analysis showed the clustering of strains belonging to the
same clades. In addition, a mutational survey showed the presence of mutations in the structural, non-structural
and accessory proteins. Twenty five (25) mutations were labeled as major, i.e. present in more than 30% of the
strains, such as the common Spike_D614G and NSP3_T183I. Whereas 635 were labeled as uncommon, i.e. found
in very few of the analyzed strains as well as GISAID records, such as NSP2_1349V. Distribution of these mu-
tations differed between 2020, and the first and the second half of 2021. In summary, this study highlights key
genomic aspects of the Lebanese SARS-CoV-2 strains collected in 2020, the first year of the outbreak in Lebanon,
versus those collected in 2021, the second year of COVID-19 in Lebanon.

1. Introduction

In late 2019, the world has been introduced to the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), the causal agent of
the coronavirus-19 disease (COVID-19) which is later on officially
declared as a global pandemic by the World Health Organization (WHO)
on March 11, 2020 (World Health Organization, 2020; Zhang et al.,
2020). Until April 13, 2022, the WHO has reported over 499 million
confirmed cases and around 6.2 million COVID-19 related deaths
(World Health Organization, 2022b). In the past two years, several
strategies have been adopted by different countries to diminish the
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spread of the virus and reduce the severity of the symptoms, leading to
the development and continuing administration of a number of vaccines
(Flanagan et al., 2021; Sharun et al., 2021).

SARS-CoV-2 is a rapidly mutating RNA virus, in which mutations in
the virus’ genome can lead to changes in the amino acid sequence of the
protein in question, potentially changing its structure and/or activity
(Duffy, 2018). For instance, the D614G mutation in the spike protein
leads to a more open conformation, hence a change in its interaction
with the host’s angiotensin-converting 2 (ACE2) receptor (Antony &
Vijayan, 2021; Cecon et al., 2021; Mansbach et al., 2021; Tarek et al.,
2021; Zhang et al.,, 2021). Accumulation of mutations in encoded
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proteins, particularly structural ones, is responsible for the emergence of
the numerous SARS-CoV-2 variants. The WHO and the Center for Dis-
ease Control (CDC) have labeled some of the latter as variants of concern
(VOCQ) (Center for Disease Control and Prevention., 2022; World Health
Organization, 2022a).

Five variants are currently classified as VOC, while also being
assigned (i) a Global Initiative on Sharing All Influenza Data (GISAID)
clades that rely on marker mutations, and (ii) Pango Lineages, which
rely on sequence relatedness and epidemiological events (Global
Initiative on Sharing All Influenza Data (GISAID), 2022; Rambaut et al.,
2020). The first VOC is alpha (B.1.1.7 Pango Lineage; GRY GISAID
clade), originating from the United Kingdom in December 2020 (Davies
et al., 2021; Younes et al., 2021), the second is beta (B.1.351 Pango
Lineage; GH GISAID clade), first detected in South Africa in October
2020 (Tegally et al., 2021), the third is gamma, (P.1, P.1., and P.1.2
Pango Lineages; GR GISAID clade) originated in Brazil in December
2020 (Wang et al., 2021), and the fourth variant is delta, which first
emerged in the Maharashtra state in India in December 2020. This delta
variant displaced the previous VOC, and is estimated to constitute
around 98% of all cases detected after it emerged (Callaway, 2021;
Planas et al., 2021). It is designated the GK GISAID clade, with the main
Pango Lineage B.1.617.2, accompanied by a number of AY sub-lineages,
the latter being an alias of the former, with various geographical dis-
tributions (Callaway, 2021). Finally, the most recent variant omicron,
first detected in November 2021 and also known as the B.1.1.529 line-
age, belongs to the newly formed GRA GISAID clade (Global Initiative on
Sharing All Influenza Data (GISAID), 2022).

In Lebanon, a Mediterranean country with an estimated population
of seven million (The World Bank, 2022), the outbreak began on
February 21, 2020 (Bizri et al., 2021) and escalated after 24 months,
until end of January 2022, to 847,624 confirmed positive cases and 9,
445 COVID-19 related deaths (Ministry of Public Health, 2022). The
spread of the virus in Lebanon over 24 months follows three timeframes.
First, 181,503 confirmed cases have been reported in the year 2020
(February 21 until December 31), along with 1,455 related deaths.
Second, 358,885 new cases and 6,274 deaths have been reported in the
first half of 2021, that is from January 1 until May 31, 2021. In fact, in
early January 2021, a drastic increase in cases occurred, resulting in the
highest number of cases per day seen so far in the Lebanese outbreak
(Ministry of Public Health, 2022). This number slowly decreased in the
following months, until a new elevation of cases has been reported. This
new wave marks the beginning of the third timeframe, from June 2021
until January 20, 2022, during which 306,994 new confirmed cases
have been reported, along with 1,710 deaths (Ministry of Public Health,
2022). SARS-CoV-2 genomes from the first timeframe have been previ-
ously analyzed and classified in four GISAID clades and 11 Pango Lin-
eages that show the GRY clade slowly taking over from the other clades,
with the rapid spread of the alpha variant between the end of December
2020 and early January 2021 (Fayad et al., 2021; Ministry of Public
Health, 2022; Younes et al., 2021). This is also the case globally (Global
Initiative on Sharing All Influenza Data (GISAID), 2022).

However, globally and according to the GISAID time course distri-
bution, the GK and GRA clades has become dominant, with almost 100%
of new cases resulting from an infection with either the delta or omicron
variant (Global Initiative on Sharing All Influenza Data (GISAID), 2022).
Little is known about this evolution in Lebanese SARS-CoV-2 strains.

In this study, we aim to explore the evolution of COVID-19 in
Lebanon on a genomic level. We analyzed the genomes of 1,230 Leb-
anese SARS-CoV-2 strains collected over the span of 24 months, between
February 2020 and January 2022, and submitted prior to March 10,
2022. 115 of these strains were sequenced within this project. Following
genomic analysis, we classified these strains, established their phylo-
genetic relationship, and surveyed the mutations they carry, high-
lighting the changes that have occurred since the start of the outbreak in
Lebanon.
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2. Materials and methods
2.1. Sample collection

115 Naso- and oro-pharyngeal swabs of confirmed COVID-19 pa-
tients were collected from the Lebanese American University Medical
Center-Rizk Hospital (LAUMC-RH) and Al-Hadi Medical Center
(AHMC), between May 1, 2020 and January 5, 2021, labeled LAU-R (75
strains) and LAU-H (40 strains) respectively.

2.2. Sample processing and SARS-CoV-2 genome sequencing

SARS-CoV-2 RNA was extracted from each sample using QIAmp viral
RNA mini kit (cat. No. 52906; Qiagen, Hilden, Germany) according to
the manufacturer’s instructions, and stored at -80°C. A real-time PCR
using Verso 1-step RT-qPCR Kit (Cat. No. AB4100C; Thermo Fisher
scientific), with primers targeting the S and ORF genes, confirmed the
presence of SARS-CoV-2. Complementary DNA (cDNA) was generated
using the SuperScript™ IV One-Step RT-PCR kit (cat. No. 12594025;
Thermo Fisher Scientific, Waltham, MA) for genome sequencing, using
the following protocol: reverse transcription for 10 min at 50°C; initial
PCR activation for 2 min at 98°C, followed by standard initial dena-
turation for 10 sec at 98°C; annealing for 10 sec at 42°C; extension for 1
min at 72°C, with repeating the last three steps 40 times; and then final
extension for 5 min at 72°C. Next Generation Sequencing (NGS) of SARS-
CoV-2 genome was then performed using Nextera Illumina protocol as
per manufacturer instructions, at Saint Jude Children’s Research Hos-
pital, Memphis, TN. 50 ng of SARS-CoV-2 genomic DNA were first tag-
mented and cleaned, ie. fragmented and tagged, prior to DNA
amplification for library preparation. Libraries were then normalized
and pooled for sequencing. Pooled libraries were sequenced with an
[lumina MiSeq personal genome sequencer with 150-bp paired-end
reads. CLC Genomics Workbench version 20 (CLC Bio, Qiagen) was
used to analyze and process the sequencing reads through workflow.
Only reads aligned to SARS-CoV-2 reference (NC_045512.2) were
retained. Unmapped reads were discarded.

2.3. Bioinformatic analysis

In addition to 115 strains sequenced in this study, 1,115 Lebanese
SARS-CoV-2 genomes were collected from the GISAID (1,085) and the
NCBI GenBank/Virus (30) public databases. All 1,230 genomes were
assigned a GISAID clade and Pango Lineage, via the built-in GISAID
classifier or Pangolin COVID-19 Lineage Assigner (https://pangolin.
cog-uk.io/, last accessed on March 20, 2022). Phylogenetic relation-
ships between strains were established following a MAFFT alignment
and using a FastTree v2.10.1 algorithm under the general time revers-
ible (GTR) model (bootstrap = 1,000) using NGPhylogeny.fr online tool
(Lemoine et al., 2019). The resulting tree was annotated with iTOL
v6.3.1 (Letunic & Bork, 2021). Reference strains adopted by GISAID for
each clade were included in the phylogenetic analysis.

Next, “CoVsurver: Mutation Analysis of hCoV-19” (https://www.
gisaid.org/epiflu-applications/covsurver-mutations-app/; last accessed
on March 20, 2022) was used to mine mutations in comparison with the
GISAID reference Wuhan_WIV04 (GISAID accession number: EPI -
ISL_402124; GISAID classification Clade: L; Pango Lineage: B). The
mutations caused by the presence of an “N” nucleotide resulting in an
“X” amino acid were disregarded.

3. Results
3.1. SARS-CoV-2 genomes: Sequencing and public databases
In this study, 115 samples were collected from walk-in patients of

two medical centers: LAUMC-RH and AHMC. These patients presented
to the centers for a RT-qPCR swab test after either being exposed or
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starting to show symptoms. 38.3% of the patients were identified as
females, 47.0% as males and 14.8% did not disclose their gender. The
biggest portion of the patients who disclosed their age were between 41
and 50 years old (18.26%), followed by 15.65 and 13.91% for the age
ranges 21 to 30 and 31 to 40 years old, respectively (data not shown).

The 115 SARS-CoV-2 genomes sequenced within this study averaged
a genome coverage of 30 - 33x, with an average of one million read per
sample. The genome length of these 115 sequences ranged between
29,897 and 29,905 bp, with a percentage of “N” nucleotides between
0 and 3.27%. As for the genomes retrieved from public databases
(Supplementary Table S1), their length ranged between 28,603 and
29,893 bp, with 0 to 48.70% “N” nucleotides per genome.

From February 21, 2020, until December 31, 2020, 181,503 cases
and 1,455 COVID-19 related deaths were confirmed in Lebanon
(Table 1). During this time, 161 samples were collected and sequenced,
96 of which within this study. Their genome length ranged between
28,603 and 29,905 bp. Between January 1, 2021 and end of May 2021,
358,885 COVID-19 cases and 6,274 related deaths were recorded in
Lebanon. During this time, 983 SARS-CoV-2 strains were sequenced
(29,148 - 29,904 bp), 21 of which within this study. As for the period
between June 1° 2021 and January 20, 2022, the latest collection date
for the analyzed strains, 306,994 additional cases and 1,710 deaths were
confirmed; 86 samples were collected and sequenced, (29,295 - 29,776
bp) (Table 1).

3.2. Strain classification and lineage

The 1,230 Lebanese SARS-CoV-2 strains were first assigned a Pango
Lineage, and labeled, when applicable, as a VOC. The strains belonged to
36 lineages, including VOC. B.1.1.7 (alpha) was the most prevalent
lineage, with 71.54% of the strains (Fig. 1). B.1.398 came next, with
11.71% of the strains. As for the delta VOC, it constituted 6.87% of the
total strains, with AY.4 being the most prevalent delta lineage (61.25%
of the delta strains). Strains labeled as VOC formed 78.46% of the total
strains.

As for GISAID clades, all except clades S, V and L were detected. GRY,
the alpha GISAID clade, was the most prevalent (71.54%) (Fig. 2A). The
second most prevalent was the clade G (14.07%), followed by GK
(6.50%), the delta variant clade. Finally, 0.41% were classified as the
omicron variant, and 0.24% of the strains, not specifically classified,
were assigned the “O/Other” clade.

Clade prevalence varied greatly over time. For GRY, only 1% of
strains were collected in 2020 vs 99% in 2021 (Fig. 2B). As for strains
belonging to clades G, GH, and GR, most were collected in 2021. The GV
clade is only found in 2021, as is the case with the GK — delta variant —
clade. As for the newly formed GRA clade, covering the omicron variant,

Table 1
COVID-19 in Lebanon: number of cases, related deaths and strains sequenced.
2020 2021 2021/2022
21 February 2020 - 1 January 2021 1 June 2021 - 20
31 December 2020 — 31 May 2021 January 2022
Confirmed COVID-19 181,503 358,885 306,994
cases *
Number of COVID-19 1,455 6,274 1,710
related deaths *
Number of sequenced 161 (96) 923 (21) 86

genomes (In this
study)

Genome length range
(bp)

Prevalent GISAID
clades ©

Prevalent Pango
Lineage "

28603 - 29905 29148 - 29904 29295 - 29776

G (65.8%) GRY (87.97%) GK (98.76%)

B.1.398 (61.5%) B.1.1.7 (80.9%) AY.4 (60.49%)

@ As reported by the Lebanese Ministry of Public Health.
b Ppercentage of the total analyzed strains.
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three of the four analyzed strains were collected in December 2021.

Pango lineages classification, a more refined and detailed approach,
was paralleled to the GISAID classification, a simpler and more global
one. Each GISAID clade encompassed several lineages, except the alpha
VOC GRY clade that only housed the B.1.1.7 Pango lineage. As for the
other clades, first, the aforementioned B.1.398 lineage formed ca. 83%
of the G GISAID clade. Second, B.1 and B.1.36.1 constituted 37.25 and
23.53% of the GH clade, respectively. Third, AY.4 and AY.12 were the
most prevalent lineages of the delta VOC clade GK, at 61.25 and 28.75%
of the strains, respectively. Finally, B.1.1 constituted 30.56% of the GR
clade, alongside 27.78% of this clade’s strains being labeled as “none”
by the Pango lineage classification. As for the GRA, GV and O clades, the
most prevalent lineages were BA.1, B.1.177 and B.4. However, GRA, GV
and O have a very low number of strains (5, 2 and 3 strains, respec-
tively), among the ones that were analyzed - collected until January 20,
2022, submitted prior to March 10, 2022; hence this observation is quite
limited.

The time course distribution of the GISAID clades showed an overlap
between clades GR, GH, and G in the first months of the outbreak in
Lebanon (Fig. 3). The latter peaked with about 90% of the strains over
the span of June, July, and August 2020, to reach around 80% then 50%
in October and December 2020, respectively, giving way to the GRY
clade (alpha) following its introduction to the Lebanese community. By
March 2021, GRY had almost completely taken over until early May
2021 when the delta variant, GK clade, began to spread reaching 100%
of the strains collected in June and July 2021, before giving way to the
GRA clade, omicron variant in December 2021 — January 2022 (Fig. 3A).
This time course matches that of the GISAID database (Global Initiative
on Sharing All Influenza Data (GISAID), 2022).

A comparison of the GISAID time course distribution to the evolution
of the confirmed COVID-19 cases through time showed an overlap be-
tween key events, a surge of positive cases, and the prevalence of key
VOC clades (Fig. 3B). This is the case of the end of year holidays in
December 2020 - January 2021: a surge of cases was seen reaching
almost 120,000 confirmed cases per month, coinciding with the intro-
duction to Lebanon of the GRY clade, also known as the alpha VOC.
Another high surge is seen again in July - August 2021, with the entry of
the delta variant represented by the GK clade. However, the number of
cases reached its highest peak at ca. 200,000 cases per month in January
2022, after the 2021-2022 end of year holidays, and the introduction of
the omicron VOC, shown by the GRA clade.

3.3. Phylogenetic relationships

The genomes of the sequenced 1,230 Lebanese SARS-CoV-2 strains
were aligned and their phylogenetic relationships assessed. The result-
ing unrooted tree was annotated based on: (i) whether they were clas-
sified as a VOC or not, indicated by the symbol on the label, (ii) the
GISAID clades to which belong the reference strains from each clade
(circle closest to the tree leaves) and those analyzed in this study (second
circle from the inside), (iii) whether they were sequenced within this
study (third circle from the inside), and (iv), their collection year (outer-
most circle).

Strains belonging to the same clade clustered together, with some
being phylogenetically distant (Fig. 4). Such is the case, for example, of
strains QIB-222/2021 and MDC-LAU-6/2021 (highlighted with a blue
strip at about five o’clock position in the tree). These strains belong to
the G clade, but are nonetheless phylogenetically distant from its cluster.
Another example is that of strain QIB-283/2021, which belongs to the
GR clade (highlighted with a gold strip at a 1 o’clock position).

Almost 66% of the strains collected in the year 2020 belonged to the
G clade (Fig. 3), whereas around 82% of the 2021 strains were classified
as GRY. Hence, the year 2020 strains (pointed-out by a gold strip on the
outer-most circle) were all clustered together in the G, GH, and GR
clades, with some exceptions in the GRY cluster for strains collected in
late 2020, after the spread of the alpha variant. The strains sequenced
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Distribution of Variants of Concern and the corresponding Pango Lineages among the 1,230
Lebanese SARS-CoV-2 strains

Av.12, 1.87%

Delta,

6.50%

AY.8,3.98%

Fig. 1. Sunburst graph showing the distribution of Pango Lineages among the 1,230 Lebanese SARS-CoV-2 strains. Percentage of the strains belonging to each

lineage or group is indicated.

within this study were mostly collected in the year 2020; hence, they
belonged to the G, GH and GR clades, and their phylogenetic relatedness
(Fig. 4).

The phylogenetic tree was also annotated based on the three VOC
detected in the analyzed strains: alpha, delta and omicron. Strains
belonging to either one of the VOC (indicated by colored arrowheads on
the tips of the branches) clustered together, as expected. A noteworthy
remark is the phylogenetic closeness of the omicron and alpha VOC.

3.4. Mutation survey: 2020 vs. 2021

Much like other RNA viruses, SARS-CoV-2 is highly prone to muta-
tions that might affect the amino acid composition of its encoded pro-
teins. A survey of such changes in the 1,230 analyzed Lebanese SARS-
CoV-2 genomes revealed 1,986 different mutations, out of which
22.10%, 66.21%, and 11.68% were located in the structural, non-
structural, and accessory proteins, respectively.

3.4.1. Structural proteins: Key players in SARS-CoV-2’s infectivity

In the four structural proteins encoded by SARS-CoV-2, and
throughout the Lebanese outbreak, 14 major mutations were detected in
more than 30% of the analyzed strains, 10 of which in the spike (S)
protein. Throughout the two years of the pandemic, the most prevalent S
protein mutation was S_D614G, found in 1,226 (99.67%) strains. This
mutation is the main marker of the G clade, and those that derive from it:
GH, GR, GRY, GRA and GK; hence its presence in almost all of the
analyzed strains.

As shown above with the time course distribution of GISAID clades,
one clade emerged as the most prevalent in each time frame. Hence, this
comparison was also drawn for the most prevalent mutations, where a

large variability was detected throughout 2020 and 2021, and in the
three designated time frames: February-December 2020, January-May
2021 and June 2021-January 2022 (Table 2). For instance, two muta-
tions found in the nucleocapsid (N) protein, N.G204R and N_R203K,
were at only 12.42% in 2020, and rose to about 90% in the period
extending from January to May 2021. N_R203K was then replaced in the
third period by N_R203M, a mutation associated with the VOC delta.

As for the S protein, the S_D614G remained, on one hand, the most
prevalent since the beginning of the outbreak in Lebanon until January
2022. On the other hand, in 2020, the other major mutation was S_T95I,
which was not found in 2021. In total, four mutations for the structural
proteins were considered major in 2020, versus 14 in 2021. However, 13
of the latter, with the exception of S_D614G, were absent in the months
after June 2021, during which ten other mutations were detected in
more than 30% of the strains, with four, one and five in the N, M and S
proteins, respectively (Table 2). One of the mutations found in 95.06%
of the June 2021-January 2022 strains is S_P681R, previously detected
in the January-May 2021 strains as S_P681H. The change from a proline
to an arginine residue is a key marker of the delta variant (Callaway,
2021), the prevalent variant in the second half of 2021. Moreover, in the
latter, a major mutation in the membrane (M) protein was detected in
98.77% of the strains, whereas no major mutation in the M protein was
detected in another time frame.

3.4.2. Non-structural proteins (NSPs)

Sixteen non-structural proteins (NSP1-16) encoded by the SARS-
CoV-2 genome were not directly involved in the virus’s infectivity, but
played key roles in viral replication, i.e. NSP12 (RNA-dependent RNA
polymerase), NSP13 (helicase), and the Nsp3-Nsp4-Nsp6 subcomplex
(Astuti & Ysrafil, 2020; Hillen et al., 2020; Lei et al., 2018; Mariano
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GISAID Clade Distribution among the 1,230 Lebanese SARS-CoV-2 strains
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Fig. 2. Percentage pie chart distribution of (A) GISAID clades among the 1,230 Lebanese SARS-CoV-2 strains, and (B) strains collected in 2019, 2020, 2021 or 2022

for each of the GISAID clades. Legend keys are shown under the charts.

et al., 2020). For the NSPs, the most prevalent mutation in the analyzed
strains was NSP12_P323L detected in 1,218 (99.02%) strains. Six other
major mutations were also detected in NSP3 and NSP6 (Supplementary
Table S2A).

A difference between mutations present in strains collected in 2020
and those collected in 2021 was also seen for the NSPs. In 2020, three
major mutations were noted vs seven in January-May 2021 and ten in
June-July 2021 (Table 2). A constant was NSP12 P323L, the most
prevalent NSP mutation, present in over 98% of the strains of the three
timeframes. Six other major NSP mutations were seen in January-May
2021 but were absent from June 2021-January 2022, in which nine
other major mutations were found. Six of the latter were located in the
Nsp3 (3), Nsp4 (2) and Nsp6 (1) subcomplex, two in NSP12 and one in
each of NSP13 and NSP14.

3.4.3. Accessory proteins

Within the five accessory proteins encoded by the SARS-CoV-2
genome, five major mutations were detected in NS3 and NS8 proteins.
Two of these mutations resulted in a stop codon, NS8 Q27stop and
NS8_K68stop, which may lead to the truncation of the NS8 protein.

As for the change between 2020 and 2021, no major mutations were
found, contrary to five major mutations found in January-May 2021
(Table 2). These mutations were not detected in June 2021-January
2022, where two other major mutations, NS3_S26L and NS7b_T40I,
were found. On one hand, NS7b_T40I was only noteworthy in June 2021
(16.7%), but became major in July 2021 (68.1%). On the other,
NS3_S26L was detected in 100% and 97.1% of the June 2021 and July

2021 strains, respectively (Supplementary Table S2A).

3.4.4. Uncommon mutations

In addition to the mutations labeled as major discussed above, a total
of 635 were detected by CoVsurver and labeled as “unique” or “un-
common” by the mutation-detection server. After verification and cross-
referencing with NCBI Virus Sequence Read Archive (SRA) data, it was
confirmed that these mutations are found in a limited number of sub-
mitted SARS-CoV-2 sequences, ranging between 10 and 610 counts
(Supplementary Table S2B). In Lebanese SARS-CoV-2 strains, the ma-
jority of these uncommon mutations was detected in NSPs (475 muta-
tions; 75%). As for the structural proteins, 70 mutations (11%) were
found in the S protein. However, some of these mutations, for example
NSP14_E347D was most commonly found as an E347G. This is also true
for other mutations, where the site of the mutation was previously re-
ported, but the new amino acid was not. Another example was N_R203T,
an uncommon mutation, whereas N_R203K and N_R203M were among
the most prevalent detected mutations. Among the 1,230 Lebanese
SARS-CoV-2, the most prevalent of these “uncommon” mutations were
NSP2 1349V and NSP5_V204I, detected in 12 (0.98%) and 10 (0.81%)
strains, respectively. While the former was only found in 2020 strains,
the latter was restricted to the first half of 2021 (Supplementary
Table S2A).

On another level, 28 of these mutations, most of which were located
in the RNA-dependent RNA polymerase NSP12, resulted in a stop codon,
(Supplementary Table S2B). This might lead to a truncation in the cor-
responding protein.
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Timecourse Distribution of GISAID clades for the 1,230 Lebanese SARS-CoV-2 strains
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Fig. 3. (A) Time course distribution of the GISAID clades since the start of the Lebanese outbreak in February 2020 until late January 2022. Legend keys are shown
under the chart. (B) Number of confirmed COVID-19 cases per month and key events related to the pandemic. The asterisk sign indicated months during which no
strains were collected and sequenced.
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Fig. 4. Unrooted circular phylogenetic tree representing the relationship between the 1,230 Lebanese SARS-CoV-2 strains: genome were aligned with MAFFT then a
tree was inferred using FastTree v2.10.1 algorithm under the general time reversible (GTR) model with a bootstrap value of 1,000. The resulting tree was then
annotated with iToL (22)(22)(22)(22). Legend key is shown under the tree for the tree tips — VOC; inner-most circles — GISAID clades for, one, the reference strains,

and two, the

analyzed Lebanese SARS-CoV-2 strains; middle circle - strains sequenced within this study, indicated with a black strip; and the outer-most circle —

collection year.
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Table 2

The most common mutations found in the encoded proteins of strains collected in 2020 vs in 2021.

Virus Research 317 (2022) 198824

2020 (n = 161)

2021-2022 (n = 1068)

February - December

January - May (n= 983)

June 2021 - January 2022 (n=85)

N_R203K" 90.64%  N_D63G 94.12%
Nucleocapsid (N) Major Mutations * N_S194L 56.52% N_G204R 90.34%  N_R203M" 91.76%
June -December
N_T3911 40.37% N_D3L 89.93% N_G215C 80.00%
June -December N_S235F 89.42% N_D377Y 56.47%
Other noteworthy Mutations °  N_G204R 12.42% NA NA NA NA
N_R203K
Membrane (M) Major Mutations NA NA NA NA M_I82T 94.12%
Other noteworthy Mutations NA NA NA NA NA NA
Spike (S) Major Mutations S_D614G* 99.90%
S_A570D 89.93%
S P681H" 89.93%  S_D614G* 100%
S D614G* 98.14% S_T7161 89.83%  S_L452R 94.12%
S_T95I1 60.25% S_D1118H 89.73%  S_T478K 96.47%
June -December
S_S982A 89.32%  S_D950N 90.59%
S_V70del 89.32%  S_P681R” 90.59%
S_H69del 89.22%  Spike T19R 82.35%
S_Y144del 86.98%
S_N501Y 59.41%
Other noteworthy Mutations NA NA NA NA Spike_T2501 17.64%
Spike_S680T 15.29%
Spike T29A 14.11%
Spike E156G 10.58%
Spike_F157del 10.58%
Spike_ R158del ~ 10.58%
Non-Structural Proteins (NSP) Major Mutations NSP12 P323L 98.82%
NSP12_G671S 94.12%
NSP12 P323L*  99.19%  NSP13_P77L 92.94%
NSP12 P323L*  98.14% NSP3_T183I 90.13%  NSP4_T4921 80.00%
NSP3_V4731 63.98% NSP6_F108del 89.73% NSP14_A394V 78.82%
June - December
NSP3_S1717L 47.83% NSP6_G107del ~ 89.73%  NSP3_A488S 78.82%
July - December
NSP6_S106del 89.73%  NSP3_P1469S 78.82%
NSP3_A890D 89.62%  NSP4_V167L 78.82%
NSP3_11412T 84.64%  NSP6_T77A 78.82%
NSP3_P1228L 77.65%
Other noteworthy Mutations NSP12_G823S 13.66% NA NA NSP2 K81N 21.17%
June - December 2020 NSP12_A311S 16.47%
NSP14_A119V 16.47%
NSP3_A579V 16.47%
NSP4_A446V 14.11%
NSP6_V149A 14.11%
Other noteworthy Mutations NSP12_G823S 13.66% NA NA NA NA
June - December
Accessory Proteins Major Mutations NA NA NS3_W131C 78.33%
NS8_Y73C 89.17%  NS3_S26L 98.55%
NS8_Q27stop 87.87%  NS7b_T401 42.40%
NS8_R52I 87.54%
NS8_K68stop 81.80%
Other noteworthy Mutations NS3_Q57H 19.88% NA NA NS3_D238Y 16.47%
NS8_D63Y 19.25%

July - December

For each mutation, we indicate the percentage of strains that present it, as well as the timeframe during which it was a major or a noteworthy one.

@ Major mutations: found in more than 30% of the strains.

b Noteworthy mutations found in more than 10% of the strains.

" Common mutations found in 2020, January-May 2021, and June-July 2021.
# Different mutations occurring at the same position in the protein;

4. Discussion

The rapidly mutating SARS-CoV-2, causative agent of COVID-19, is
still spreading around the globe, despite mitigation and vaccination ef-
forts, especially with the emergence of several infective and/or severe
VOC. In Lebanon, the first COVID-19 case was reported on February 21,
2020, a woman returning from Iran (Bizri et al., 2021). Since then, and
until April 14, 2022, Lebanon reached 1,095,260 confirmed positive
cases and 10,354 COVID-19 related deaths (Ministry of Public Health,
2022). In this study, 1,230 Lebanese SARS-CoV-2 genomes, including

115 sequenced within this project, were analyzed on a classification,
phylogenetic and mutational levels. These strains were collected over
the span of two years, starting from February 2020 until the end of
January 2022. Results for genomic analyses were then compared be-
tween the strains collected in 2020, the first year of the Lebanese
outbreak, and those collected during 2021.

During 2020, 161 strains were sequenced, 95 of which within this
study, whereas the other 1,068 strains were sequenced in 2021, 20 of
which within this study. The difference in the number of collected
strains between 2020 and 2021 is due to the difference in the number of
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confirmed cases. In 2021, the number of confirmed cases is 3.6 times
higher in comparison to 11 months of outbreak in 2020, with the
number of COVID-19 related deaths being 5.5 times higher. This in-
crease in the number of confirmed cases, seen in Lebanon and in other
countries as well, was most likely due to a number of factors such as the
relaxation of preventive measures, the end-of-year holidays, and a
general “corona-fatigue” where the population was no longer willing to
abide by social distancing rules (Tsai et al., 2021). The latter is partic-
ularly true in Lebanon, after a series of socio-economic and political
blows, including the Beirut port explosion on August 4, 2020 (Bizri et al.,
2021).

Moreover, the introduction of the alpha variant to the Lebanese
community in late 2020 also contributed to the rapid increase in the
number of confirmed cases, coinciding with its worldwide spread after
its emergence in the United Kingdom in December 2020 (Davies et al.,
2021). This VOC, also known as GRY GISAID clade or the B.1.1.7 Pango
lineage, was the most prevalent clade and lineage in the analyzed
strains. In fact, GRY took over the previously dominant clade G from the
period of December 2020 — January 2021 until the end of May 2021,
when the new GK clade quickly replaced GRY. The GK clade is also
known as the delta variant or the B.1.617.2/AY Pango lineages, and
evolved to encompass the new potentially dangerous delta-plus variant
(Rahman et al., 2021). Nevertheless, a noteworthy non-VOC lineage is
B.1.398. Even though this lineage englobes only 11.71% of the analyzed
strains, it forms 58.06% of non-VOC strains. According to recent sta-
tistics, B.1.398 is most prevalent in Denmark 34.0%, Lebanon 30.0%,
United Kingdom 6.0%, Germany 6.0% and Saudi Arabia 4.0%
(https://cov-lineages.org/lineage.html?lineage=B.1.398; last accessed
March 30, 2022). A hypothesis could be made that this lineage first
entered Lebanon and began its spread from a Lebanese expat or a tourist
arriving from Europe. This is highly plausible, because of the tight re-
lationships and exchanges between Lebanon and European countries.

The phylogenetic analysis of the 1,230 strains revealed a clustering
of same-clade strains, with several subclades within each cluster and
some phylogenetic distance between strains of the same clade. This
might be due to subtle variations on a nucleotide level, that do not
necessarily reflect as marker mutations, affecting a strain’s classifica-
tion, but that are taken into consideration when conducting alignment of
nucleotide sequences. The three VOC detected in the analyzed strains,
VOC alpha, delta and omicron, formed the majority of the strains. On a
phylogenetic level, the alpha and omicron variants are closer together,
than they are with the delta VOC, as was also highlighted in a recent
review that contemplated omicron genetic and clinical peculiarities, as
well as the possibility of omicron being the last VOC and the end of the
COVID-19 pandemic (Tiecco et al., 2022).

The analyzed strains offered a plethora of mutations located in the
various proteins. Comparing 2020 and 2021 in terms of mutational
survey, revealed variabilities between strains collected during the first
year of the Lebanese outbreak, and those collected in the second. These
include mutations in the four structural proteins, particularly the spike
protein, key in the interaction with the host’s receptor protein ACE2,
hence affecting a strain’s transmissibility and infectivity (Arya et al.,
2021; Astuti & Ysrafil, 2020; Satarker & Nampoothiri, 2020). In fact,
variation of the mutations detected in the three time frames goes hand in
hand with the observed change in VOC, lineages and clades, since the
mutations themselves and their combinations define a certain clade or
variant. For instance, S-P681R detected in 95.06% of the June 2021 —
January 2022 strains, affects infectivity since it leads to a change from a
proline to an arginine residue within the Furin cleavage site of the S
protein, involved in the fusion of the viral membrane with that of the
host cell (Peacock et al., 2021).

As for “uncommon” mutations, an interesting case is that of
N_R203T. This mutation was previously detected as N_R203K and
N_R203M, in 90.64 and 91.76% of the strains collected in the first and
second halves of 2021, respectively. These mutations involve amino
acids of completely different natures: from an arginine (R), a positively
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charged amino acid, to either a threonine (T), a polar uncharged amino
acid, a lysine (K), a positively charged amino acid, or a methionine (M),
a hydrophobic amino acid. Whereas R203K is associated with the
increased infectivity, virulence and fitness of the alpha VOC, N_R203M
has been tagged among the main mutations in the delta VOC. N_R203M
was shown to be associated with increased infectivity, as well as immune
system evasion (Letizia et al., 2021). Moreover, although 38 mutations
resulted in a stop codon, mRNA in RNA viruses may follow a
non-canonical translation, overtaking a stop codon to continue protein
translation (Firth & Brierley, 2012; Namy & Rousset, 2010).

Current evidence points towards a protection against the different
variants (Andrews et al., 2022; Letizia et al., 2021). Nevertheless, some
studies have suggested that some mutations’ combinations could affect
neutralizing antibodies developed following natural infection or vacci-
nation (Chen et al., 2021; Zhou et al., 2021). In fact, the B.1.351 variant
was shown to escape from natural and vaccine-induced neutralization
(Zhou et al, 2021). In Lebanon, continued monitoring of the
SARS-CoV-2 variants circulating among the Lebanese community is
imperative, not only to follow-up on the entry and circulation of VOC,
but also to monitor the mutations, be it major or uncommon.

Although SARS-CoV-2 sequencing has improved after the first year of
the pandemic, the number of sequenced strains remains a big limitation
for a true surveillance of variants. Compared to neighboring countries,
the sequencing effort in Lebanon is en route for improvement, yet it re-
mains quite low for the number of confirmed COVID-19 cases
(https://www.epicov.org/epi3/frontend#816a9). Another limitation is
the geographic distribution of samples, mostly originating from Beirut
and Mount Lebanon, where most cases were reported (Ministry of Public
Health, 2022). This was not seen in different eastern Mediterranean
countries, where sequences were collected from different regions all
over the country (GISAID metadata; data not shown). Therefore, a tar-
geted sample collection from all Lebanese regions and governorates
should be done, in order to follow the presence of VOC in all Lebanon.
Moreover, the beta VOC was not detected among the Lebanese strains,
contrary to the United Arab Emirates, which recorded an entrance and a
spread of this variant, originating from travelers (Yadav et al., 2022).

Strain collection and sequencing in Lebanon still needs to be
improved, particularly after social mixing and touristic periods (summer
and end-of-year holidays). . Finally, a detailed functional interpretation
of uncommon or unique mutations is yet to be done, along with their
effects on the proteins in question and their potential effect on
neutralizing antibodies.

5. Conclusion

In conclusion, the Lebanese outbreak has seen many changes since it
started in February 2020, passing through high and low points. After
approximately two years of the outbreak, there are 1,230 sequenced
Lebanese SARS-CoV-2 strains, 115 of which in this study, and 28 in a
previous one (Fayad et al., 2021). Thanks to the continuing sequencing
effort, and the subsequent analysis of the genomes, an evolutionary
track can be drawn concerning the variants circulating within the Leb-
anese community according to the available sequences. Mutational
survey of these strains, collected at various times of the outbreak,
showed a change in the major mutations in each period, in parallel to
that of the GISAID clades and their corresponding Pango Lineages, as
well as the presence of uncommon mutations. A prevalence of the G
clade gave way to GRY (alpha variant), then the GK clade (delta variant),
to arrive at the end of January 2022 to the GRA clade, representing the
omicron variant.

Data Availability Statement
SARS-CoV-2 sequences are available on GISAID (14; https://www.gi
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