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Abstract

Emerging severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants continue to be responsible for an unprecedented
worldwide public health and economic catastrophe. Accurate understanding and comparison of global and regional evolutionary
epidemiology of novel SARS-CoV-2 variants are critical to guide current and future interventions. Here, we utilized a Bayesian phy-
lodynamic pipeline to trace and compare the evolutionary dynamics, spatiotemporal origins, and spread of five variants (Alpha, Beta,
Delta, Kappa, and Eta) across the Arabian Peninsula. We found variant-specific signatures of evolution and spread that are likely linked
to air travel and disease control interventions in the region. Alpha, Beta, and Delta variants went through sequential periods of growth
and decline, whereas we inferred inconclusive population growth patterns for the Kappa and Eta variants due to their sporadic intro-
ductions in the region. Non-pharmaceutical interventions imposed between mid-2020 and early 2021 likely played a role in reducing the
epidemic progression of the Beta and the Alpha variants. In comparison, the combination of the non-pharmaceutical interventions and
the rapid rollout of vaccination might have shaped Delta variant dynamics. We found that the Alpha and Beta variants were frequently
introduced into the Arab peninsula between mid-2020 and early 2021 from Europe and Africa, respectively, whereas the Delta variant
was frequently introduced between early 2021 and mid-2021 from East Asia. For these three variants, we also revealed significant and
intense dispersal routes between the Arab region and Africa, Europe, Asia, and Oceania. In contrast, the restricted spread and stable
effective population size of the Kappa and the Eta variants suggest that they no longer need to be targeted in genomic surveillance
activities in the region. In contrast, the evolutionary characteristics of the Alpha, Beta, and Delta variants confirm the dominance of
these variants in the recent outbreaks. Our study highlights the urgent need to establish regional molecular surveillance programs to
ensure effective decision making related to the allocation of intervention activities targeted toward the most relevant variants.
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1. Introduction disease a pandemic (WHO Emergency Committee. Statement on
the second meeting of the International Health Regulations 2005),
which subsequently prompted governments to impose unparal-
leled public health restrictions that lasted for approximately 2

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has caused unprecedented health and economic losses across
the globe (Andersen et al. 2020). Within approximately 4 months
from SARS-CoV-2 emergence in China in late 2019 (Zhu et al. ~ Years. As of October 2021, over 240 million cases and 5 million
2020), it rapidly spread to almost every country, causing unprece- deaths were reported in 223 countries or territories [World Health
dented rapid hospitalizations and mortalities on global scale  Organization (WHO) 2021a]. The SARS-CoV-2 is an enveloped
[World Health Organization (WHO) 2021a]. Thus, on 11 March  single-stranded positive-sense RNA virus that causes the coron-
2020, the World Health Organization (WHO) declared the new  avirus disease 2019 (COVID-19) in humans (genus Betacoronavirus,
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family Coronaviridae). This family of viruses infects a wide variety
of mammalian and avian species, and SARS-CoV-2 is the sev-
enth coronavirus recognized to infect humans from potentially
zoonotic origins (Andersen et al. 2020; Zhu et al. 2020). As
of December 2021, RaTG13 and RmYNO2 coronaviruses are the
closest relatives to the SARS-CoV-2 (96 per cent and 93 per cent
nucleotide similarity, respectively) and are commonly isolated
from wild bats belonging to the species Rhinolophus affinis and
Rhinolophus malayanus (Zhou et al. 2020).

The Gulf Cooperation Council (GCC) countries across the Ara-
bian Peninsula have accumulated a total of 2.5 million confirmed
cases and 19.5 thousand fatalities as of 20 October 2021 [World
Health Organization (WHO) 2021a]. The first confirmed four cases
of SARS-CoV-2 in the GCC region were detected in the United
Arab Emirates on 29 January 2020, in a family of travelers arriving
from Wuhan in central China (Nandkeolyar 2020). Subsequently,
Kuwait, Bahrain, Qatar, Oman, and Saudi Arabia reported their
first confirmed cases between mid-February and early March of
2020 [World Health Organization (WHO) 2021a]. Notably, patterns
of SARS-COV-2 prevalence are heterogeneous among GCC mem-
ber states. For example, between 29 January 2020 and 20 October
20201, the highest prevalence of SARS-CoV-2 cases was reported
in Bahrain (16.24 per cent), whereas the lowest was reported in
Saudi Arabia (0.02 per cent) [World Health Organization (WHO)
2021a]. Yet, such observed prevalence was highly correlated with
country population size, number of daily tests, and whether the
countries reported both symptomatic and asymptomatic cases
or only symptomatic patients. Furthermore, the mortality rate
from the disease during the period, described above, was low
(< 0.001 per cent) in all GCC member states compared to the Euro-
pean countries such as Spain and Italy [World Health Organization
(WHO) 2021a]. This low mortality rate from SARS-CoV-2 is mainly
attributed to the well-funded healthcare system (Al Awaidy et al.
2021) and the region’s past experience with the successful con-
trol and prevention efforts against the Middle East Reparatory
Syndrome (Assiri et al. 2013).

Like many countries, the GCC member states imposed a series
of strict non-pharmaceutical interventions throughout the pan-
demic period, including complete and partial lockdowns, interna-
tional travel restrictions, public gatherings, contact tracing, and
school closures (Hale et al. 2021). During the first wave, these
non-pharmaceutical interventions were considered successful in
reducing the number of cases, hospitalizations, and deaths [World
Health Organization (WHO) 2021a]. However, for the subsequent
waves, which were dominated by emerging SARS-CoV-2 variants,
non-pharmaceutical interventions were less effective in shaping
the epidemic curves in the GCC member states. Declines in cases,
hospitalization, and mortalities only occurred when most GCC
countries reached a vaccination coverage of greater than 40 per
cent [World Health Organization (WHO) 2021a].

After the first global wave of the pandemic, new variants of
the SARS-CoV-2, characterized by increased transmissibility and
a large number of mutation and deletions rates on the spike
(S) protein, began to rapidly emerge and spread within a short
time in different continents (Gomez, Perdiguero, and Esteban
2021). These variants are classified differently by the major
repositories and organizations; Global Initiative on Sharing All
Influenza Data (GISAID; gisaid.org), NextStrain (nextstrain.org),
and Pangolin (cov-lineages.org). However, the WHO reclassified
SARS-CoV-2 emerging variants into three categories, namely
variants of concern (VOC), variant of interest (VOI), and vari-
ants under monitoring (VUM) [World Health Organization (WHO)
2021b]. As of October 2021, VOCs include Alpha (B.1.1.7, GRY, or

201), Beta (B.1.351, GH/501Y.V2, or 20H), Gamma (P.1, GR/501YV3,
or 20J), and Delta (B.1.617.2, or 21A, 21I, and 21J), whereas VOIs
includes Lambda (C.37, GR/452Q.V1, or 21G) and Mu. Addition-
ally, VUMs includes Kappa (B.1.617.1, G/452R/V3, or 21B), Iota
(B.1.526, GH/253.V1), Eta (B.1.525, G/484K.V3, or 20A/S484K),
and Epsilon (B.1.427/B.1.429, GH/452R/V1, or 20C/S.452R) [World
Health Organization (WHO) 2021b]. The WHO issued guidance
for each designated variant category containing recommended
surveillance activities and primary action measures [World Health
Organization (WHO) 2021b]. We adapted the nomenclature pro-
posed by the WHO throughout the study to maintain its clarity
and consistency.

Many countries have implemented SARS-CoV-2 whole-genome
sequencing programs as a genetic surveillance tool through-
out the pandemic, including the GCC member states (Tayoun
et al. 2020; Al-Mahrugi et al. 2021; Benslimane et al. 2021;
Bindayna, Deifalla, and Mokbel 2021; Liu et al. 2021; Mourier
et al. 2022). However, countries that implemented integrated phy-
lodynamic methods have uncovered important epidemiological
insights at local, regional, and global scales (Benvenuto et al. 2020;
Fountain-Jones et al. 2020; Worobey et al. 2020). For example,
Bayesian phylodynamic methods have been used as a robust tool
for investigating circulating variants’ evolutionary epidemiology
by tracing their origins (Giovanetti et al. 2020; Nabil, Sabrina, and
Abdelhakim 2020; Butera et al. 2021), quantifying transmission
events (Miller et al. 2020; Seemann et al. 2020), and assess-
ing the impact of non-pharmaceutical interventions before and
after their implementation (Geoghegan et al. 2020; Lopez et al.
2021). However, phylodynamic and biogeographic methods have
not been fully utilized in the GCC member states, with the excep-
tion of Saudi Arabia (Mourier et al. 2022), as well as in other Asian
countries (Farah et al. 2020; Jeewandara et al. 2021). This repre-
sents an important gap not only for local COVID-19 surveillance
but also as the region is a major travel hub between Europe and
Asia (Tayoun et al. 2020). Between 16 November 2020 and 28 June
2021, Alpha, Beta, Delta, Kappa, and Eta were the most preva-
lent WHO-designated variants in the GCC member states, but the
epidemiological dynamics of these variants is largely unknown in
the region. Utilized in a unified Bayesian framework (Pybus and
Rambaut 2009; Grubaugh et al. 2019), these methods have the
capacity to model viral evolution and spread in time and space
to untangle epidemiological patterns and variant dynamics.

Between November and December 2021, the Omicron variant
(B.1.1.529, or GRA) emerged and rapidly spread to over 70 coun-
tries worldwide [World Health Organization (WHO) 2021b]. Thus,
a comparative understanding of global and regional evolutionary
epidemiology of SARS-CoV-2 rapidly emerging variants is criti-
cal to guide current and future interventions. Here, we adapt a
Bayesian phylodynamic pipeline to trace and compare evolution-
ary history, spatiotemporal origins, and transmission dynamics
of the five variants described above. We uncover new compara-
tive insights into the evolutionary characteristics of SARS-CoV-2
selected variants and their spread from and into the GCC member
states. These findings may improve current genetic surveillance
efforts on regional scales and subsequently reduce the impacts of
current and future emerging variants.

2. Methods
2.1 Preliminary phylogenetic analysis

We retrieved 3728 non-identical complete genome SARS-CoV-2
sequences from the GISAID (file S1) isolated from cases reported
in the GCC member states between 28 January 2020 and 28
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June 2021. We excluded identical sequences from the analy-
sis, as they usually have a very low prevalence in full genome
datasets. Also, 100per cent identical sequences usually do
not improve the temporal signal of the phylogeny, lead to
improper convergence of the posterior estimates, and may
substantially increase the computational costs (Lycett et al.
2021; Morel et al. 2021). Approximately 81.5per cent (n=3041;
file S1) of the GCC sequences contained earlier lineages such
as A, B, C, and G. While approximately 18.5per cent (686;
Supplementary Table S1) of the published sequences contained
WHO-designated variants, which comprised the Alpha, Beta,
Delta, Kappa, and Eta. Next, we downloaded the metadata of
the sequences used to construct the Novel Coronavirus-Global
Subsampling (n-cov) tree from the NextStrain web interface
(https://nextstrain.org/ncov/gisaid/global) in order the retrieve
the corresponding sequences from the GISAID database (file S2 for
the accession numbers). The NextStrain sequence dataset com-
prised 2971 globally representative sequences collected between
26 December 2019 and 1 July 2021. Here, we adapted the termi-
nology suggested by NextStrain documentation (Hadfield et al.
2018) and designated the GCC dataset as focal sequences (i.e.
sequences obtained locally), while the NextStrain global dataset
as context sequences (i.e. sequences obtained from global pub-
lic repository). The NextStrain algorithm randomly subsamples
approximately 600 sequence predefined continental regions, with
approximately 400 from the previous 4months and approxi-
mately 200 from earlier strains, to generate representative infer-
ences that are computationally efficient for the average users
(see https://nextstrain.org/ncov/gisaid/global). Since countries
like Denmark have substantially surpassed other regions in terms
of the number of sequences isolates (see gisaid.org). We chose
the NextStrain genomic dataset as our context sequences because
they ensure a more equitable representation of sequence distribu-
tion across different continental regions.

To reduce the computational intensity of the subsequent anal-
yses, we used genome-sampler version 2.0 (Bolyen et al. 2020) to
subsample the context sequences while maintaining their rep-
resentation in terms of the time of isolation, location of isola-
tion, and genetic diversity (Bolyen et al. 2020). This procedure
excluded 1781 sequences (59.9 per cent) of the context sequences,
and therefore, the final combined dataset (i.e. focal and con-
text) comprised 4918 sequences. We used MAFFT version 7.49
(Katoh and Standley 2013) to align our sequence dataset and
trimmed the first 130bp and last 50bp from the final align-
ment, as suggested elsewhere, using AliView version 1.74 (Larsson
2014). We found no recombination events in the final alignment
using Recombination Detection Program version 4.0 (Martin et al.
2015). We then used IQ-tree version 2.0 (Minh et al. 2020) to
construct a maximum likelihood (ML) tree with 1000 ultrafast
bootstraps. Using the inbuilt model selection algorithm imple-
mented in IQ-tree (Kalyaanamoorthy et al. 2017), we found the
general time-reversible model with empirical base frequencies
and gamma-distributed varying rates with four rate categories
(GTR +F 4+ R4) was the best substitution model fitting the data.

We then extracted the sequences from each WHO-designated
variant (L.e. Alpha, Beta, Delta, Kappa, and Eta; Fig. 1) from the ML
tree and constructed an independent ML tree for each variant. We
used the root-to-tip regression procedure implemented in Tem-
pEst version 1.5.3 (Rambaut et al. 2016) to confirm the presence of
significant temporal in the phylogeny of each variant. We found
that all variants’ sequence datasets exhibited significant tempo-
ral signals (R?>0.2; Fig. 1), suitable for the subsequent molecular

M. A. Alkhamisetal. | 3

clock analyses. Furthermore, we also used TempEst to investi-
gate additional sequence errors and outliers within the dataset
of each variant. Additionally, we used TreeTime (Sagulenko,
Puller, and Neher 2018) to calibrate the phylogeny (not shown) of
each variant in time. We used two genomes from Wuhan 2019
(i.e. hCoV-19/Wuhan/WHO01/2019 and hCoV-19/Wuhan/Hu-1/
2019) as an outgroup to estimate the posterior parameters of the
subsequent molecular clock analyses.

2.2 Variant demographics and phylogeography

We reconstructed the demographic and phylogeographic his-
tory of SARS-CoV-2 selected variants using the relaxed-molecular
clock models implemented in BEAST 1.10.4 (Suchard et al. 2018)
and the BEAGLE library (Ayres et al. 2019) to improve the computa-
tional efficiency of the subsequent phylodynamic models. We used
the substitution model described above and assessed three para-
metric [i.e. constant population size (Kingman 1982), exponential
(Griffiths and Tavare 1994), and expansion growth (Griffiths and
Tavare 1994)] one non-parametric [i.e. Bayesian Skygrid (Gill et al.
2013)] coalescent node-age tree priors. Also, we evaluated the
uncorrelated exponential and the lognormal branch-rate priors
in combination with each node-age model. Additionally, we com-
pared eight candidate models using the Alpha and Delta sequence
datasets to determine the best fitting demographic model for other
variants in the subsequent analyses, using the Bayes factor (BF)
comparison of the marginal-likelihood estimates calculated using
path-sampling (Ps) and stepping-stone (Ss) methods (Baele et al.
2012).

We quantified the global origins of SARS-CoV-2 selected vari-
ants and identified significant dispersal routes between the GCC
and other geographical regions (i.e. continents) using the dis-
crete Bayesian phylogeographic analysis extension implemented
in BEAST (Lemey et al. 2009). We aggregated the GCC countries
into a single geographical location and specified a total of seven
discrete traits, including Africa, Asia, Europe, GCC, Oceania, and
North and South America (Supplementary Table S2). However,
for each variant, continents with sequences less than two were
excluded from the discrete trait assignment to limit the impact of
biased posterior inferences related to the phylogeographic analy-
sis (De Maio et al. 2015). For each variant, we identified significant
dispersal routes and their directionality between regions using the
Bayesian stochastic search variable selection (BSSVS) approach
(Pybus and Rambaut 2009). Also, we explored the fit of each
sequence dataset to the asymmetric model (irreversible transi-
tions) and the symmetric model (reversible transitions) using the
BF comparisons, as described above. Further, we used the Markov-
jump (MJ) procedure (Farr, Mandel, and Stevens 2015) to infer the
expected number of backward and forward transitions between
the GCC and other regions.

We performed our phylodynamic analysis in duplicate and ran
the Markov chain Monte Carlo (MCMC) simulations for 350 mil-
lion iterations sampling every 30,000 steps for the Alpha, Beta,
and Delta variants. However, due to the small sample sizes of
the Kappa and Eta datasets, we performed 100 million MCMC
cycles while sampling every 10,000 steps. We used Tracer version
1.7.1 (Rambaut et al. 2018) to monitor the proper convergence of
the posterior parameters by reaching the effective sample size
(i.e. ESS>200) We discarded the first 10 per cent of the sampled
trees from each MCMC chain and generated the maximum clade
credibility (MCC) tree based on the median node heights using
TreeAnotator version 1.10.4.
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Figure 1. Reconstructed ML (n =4918) tree and the selected variants’ prevalence among the Arabian Peninsula countries of SARS-CoV-2 between
November 2020, and June 2021. (A) The ML tree consisted of all SARS-CoV-2 variants identified worldwide between 26 December 2019, and 28 June
2021 and was reconstructed using the GTR + F 4+ R4 substitution model, and 1000 bootstrap replicates implemented in IQ-Tree version 2. The scale bar
below the tree indicates the substitution rate per site. The five selected variants are highlighted by distinct colors, and their root-to-tip divergence was
estimated using TempEst version 1.5.3. (B) Pie charts represent the prevalence of the selected variants per GCC country, in which the size of the pies is
proportional to the number of sequences published in www.gisaid.org. The maps were generated using Q-GIS version 3.16.

To estimate the effective population size of each variant
through time, we used the Skygrid coalescent tree with the uncor-
related lognormal branch-rate models. We used FigTree version
1.4.4 (Rambaut 2018) to plot the resulting phylogeographic MCC
tree for each variant. We estimated the effective population size
for all sequences combined as well as for clades circulating
predominantly in the GCC. We identified these clades based on the
root-state posterior probability inferred from the phylogeographic
reconstructions that represent the earliest introduction into the
GCC region. Clades introduced to the GCC that had>5per cent
of the sequences from other countries were excluded. We did not
use this approach on the Kappa and the Eta variant due to the
extremely low number of sequences isolated in the GCC (Supple-
mentary Table S1). Then, we used Tracer to generate the Skygrid
plots for each variant as well as for each identified dominant
GCC clade. Further, we used SPREAD3 (Bielejec et al. 2016) ver-
sion 0.9.6 to assess the significance of the non-zero rate dispersal
routes using the implemented BSSVS BF procedure (BSSVS BFs > 3).
We plotted significant dispersal routes between regions using the
JavaScript Object Notation maps and SPREAD3. Finally, we used
the Bayesian Tip-association significance test (Parker, Rambaut,
and Pybus 2008) implemented in BaTs version 2.0 to validate the
association between the posterior phylogeny and spatial discrete
traits. We used the association index (Al) and parsimony score (PS)
computed from a sample of 1000 posterior trees and a 100 null
replicated to assess whether the sampling regions contributed
significantly to the structure of the inferred MCC tree for each
variant.

3. Results

3.1 Demographic history and pandemic
dynamics

The results of the BF comparisons indicated that the combi-
nation of the expansion growth node-age and the uncorrelated
exponential branch-rate priors are the best fitting model for the

Table 1. Inferred substitution per site per year for the selected
SARS-CoV-2 variants in the GCC countries between 16 November
2020 and 28 June 2021.

Variant Substitution/site/year 95% HPD?

Alpha 2.60x 107+ [1.63x 1074, 3.70x 1074]
Beta 7.0x10°4 [5.32x 10~ 4, 8.68x1074]
Delta 1.12x1073 [9.71x107%, 1.38x 107%]
Eta 5.07x 1074 [4.81x 1074, 8.78 x 1074
Kappa 6.49x 107 [4.63x107%,9.09x 1074]

@HPD = High Posterior Density.

Alpha and Delta variants (BFs>50 and 3, respectively; Tables S3
and S4) and therefore was used to infer the evolutionary history
of other variants. The highest estimate of the mean nucleotide
substitution rate per year was inferred for the Delta variant
(1.12x 1073, 95per cent HPD [9.71x107%, 1.38x1073]; Table 1),
whereas the lowest estimate was inferred for the Alpha vari-
ant (2.60x 107*, 95 per cent HPD [1.63 x 107%, 3.70 x 107*]; Table 1).
Our demographic reconstructions revealed sequential peaks of
the effective population size for Alpha, Beta, and Delta variants
(Fig. 2).

Our BF comparisons revealed that the asymmetric phylogeo-
graphic model with irreversible transitions was the best fitting
model for the Alpha and the Delta variants. In contrast, the
symmetric phylogeographic model with reversible transitions was
the best fitting model for the Beta, Kappa, and the Eta variants
(BFs>15). Further, all of the estimated Al indices and PS scores of
the selected geographic discrete traits were statistically significant
among all variants (Table 2).

Our combined phylogeographic and demographic reconstruc-
tions revealed sequential variant waves with divergent phylo-
geographic and demographic histories (Fig. 2). Our regional phy-
logenetic analysis suggests that the introductions of the Alpha
variant into the GCC originated from Europe [root-state posterior
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Figure 2. Maximum clade credibility (MCC) phylogeny of the SARS-CoV-2
variants in the GCC countries (with related global isolates) between
November 2020 and June 2021 and their demographic reconstruction of
selected early introductions (encompassed by rectangles) in the Arabian
Peninsula countries. (A, C, E, G, & H) Color of the branches indicate the
most probable geographical location state of their descendent nodes and
corresponds to the legend on the upper left of each tree. Circle sizes are
proportional to the posterior node support (P> 0.5 for larger circles and
P<0.5 for smaller circles). The arrows point to the earliest probable
introduction of the variant to the GCC countries from other regions with
their inferred root state posterior probability (RSPP). The panels on the
right (B, D, & F) represent Bayesian skygrid plots of the effective
population size through time for the selected GCC clades within the
phylogeny of the Alpha, Beta, and the Delta variants. The posterior
median estimate is indicated by the dark colored line, and the light
shaded areas correspond to the 95% high posterior density (HPD). The
vertical doted lines corresponds to the estimated time at which each
variant transitioned from slow to fast population growth. (A-B) Alpha
variant; (C-D) Beta variant; (E-F) represents Delta variant (G) represents
Kappa variant; (H) represents Eta variant.

probability (RSPP)=0.77], with strong posterior support, during
July 2020 (95 per cent HPD [May 2020, August 2020]; Fig. 2A). Since
the Alpha variant was introduced to the GCC, our demographic
reconstruction of the dominant GCC clade showed plateauing
effective population size after September 2020 followed by a
decline in January 2021 (Fig. 2B). In contrast, our results showed
that the introductions of the Beta and the Delta variants orig-
inated from Africa (RSPP=0.76) in June 2020 (95per cent HPD
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[April 2020, September 2020]; Fig. 2D) and East Asia (RSPP =0.98)
in January 2021 (95 per cent HPD [December 2020, February 2021];
Fig. 2G). Our demographic reconstruction of the selected Beta
clade dominant in the GCC post introduction showed two distinct
peaks in January and May 2021 followed by notable declines in the
effective populations (Fig. 2D). However, the effective population
size of the Delta clade rapidly peaked and declined from June 2021
onward (Fig. 2F). All of the selected GCC clades partially mirrored
our complete demographic construction (i.e. when sequences
from all countries included, Supplementary Fig. S2A-C). Results
of the mixed global and local demographic reconstructions for
the effective population size through time for the five selected
variants are illustrated in Supplementary Fig. S2. We found some
support for the Kappa and the Eta variants originating from Ocea-
nia (RSPP=0.71) in January 2021 (95 per cent HPD [November 2020,
May 2021]) and Europe (RSPP=0.70) in February (95 per cent HPD
[August 2020, April 2021]), respectively, in which both of their
estimated posterior statistical supports were substantially low
(P<0.5; Fig. 2G, H). As the number of sequences from these vari-
ants was low (Tables S1 and S2), we were unable to reconstruct the
demographic history of these variants within the GCC. However,
we did detect substantially low effective population sizes for both
the Kappa (Supplementary Fig. S2D) and the Eta (Supplementary
Fig. S2E) variants with little sign of decline.

The BSSVS approach suggested that the most significant uni-
directional dispersal route inferred for the Alpha variant was
from Europe to the GCC (BF>100; Fig. 3A), whereas the least
significant dispersal route was inferred from Asia to the GCC
(BF<100; Fig. 3A). Additionally, Europe had the highest mean
counts of relative forward transitions into the GCC (Forward =32
us Reverse=10; Fig. 3A). Results of the Beta variant suggest
that the most significant bidirectional viral dispersal routes were
between the GCC and Africa (BFs>100; Fig. 3B), followed by Asia
(BF<100; Fig. 3B). However, both Africa and Asia had notably
higher forward than reverse transitions (MJs >4) in terms of viral
jumps into the GCC (Fig. 3B). We found four significant unidirec-
tional dispersal routes for the Delta variant (Fig. 3C), in which
the most significant routes (BFs>100) were from the GCC to Asia
and Oceania (Fig. 3C). However, the relative forward transitions
from Asia and Oceania were substantially higher than those from
the GCC (MJs>25; Fig. 3C). Further, the least significant disper-
sal routes inferred for the Delta variant were from the GCC to
Africa and from North America to the GCC (BFs<100; Fig. 3C).
Overall, we inferred least significant dispersal routes (BF <100)
and low mean counts of viral jumps for the Kappa and the Eta
variants (Fig. 3D, E). However, for both the Kappa and the Eta vari-
ants the mean count of forward transitions from different global
regions into the GCC was substantially higher than from reverse
transitions from the GCC (Fig. 3D, E).

4, Discussion

We used a rigorous comparative Bayesian phylodynamic statisti-
cal framework to untangle the evolutionary epidemiology of five
SARS-CoV-2 variants in the GCC member states. We shed new
insights into each variant’s demographic history in parallel with
the epidemic progression and geographic origins by quantifying
their demographic history and migration routes between the GCC
and other continents. Thus, our results represent a mixture of
global and local demographic and phylogeographic reconstruc-
tions with special emphasis on the evolutionary characteristics
of GCC viruses. These findings are not only critical for guiding
current and future SARS-CoV-2 molecular surveillance programs
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Table 2. Association indices and PSs for the discrete trait phylogeographic model of each selected variant.

Variant AI? 95% CI P-value PSP 95% CI P-value
Alpha Observed 12.1 (10.4,13.7) <0.001 123.4 (117.0, 129.0) <0.001
Null 45.5 (43.7,47.8) 282.4 (275.5, 289.9)

Beta Observed 3.4 (2.6,4.2) <0.001 38.0 (36.0, 40.0) <0.001
Null 19.7 (18.5,21.0) 103.8 (101.4, 106.2)

Delta Observed 8.0 (6.7,9.3) 0.009 90.9 (86.0, 96.0) < 0.001
Null 31.3 (29.8,32.8) 178.9 (174.7,182.6)

Kappa Observed 1.3 (1.0,1.7) 0.004 9.7 (9.0, 11.0) 0.005
Null 2.2 (1.7,2.7) 15.0 (13.3,16.5)

Eta Observed 0.5 (0.1,0.9) <0.001 6.1 (5.0,7.0) 0.009
Null 2.6 (2.1,3.1) 14.3 (13.5, 14.9)
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Figure 3. Regional exchange routes and posterior mean counts of the Markov jumps (MJ) over the phylogeny of the selected SARS-CoV-2 variants in
the GCC countries between November 2020 and June 2021. Dispersal routes with none-zero rates were inferred using the Bayesian stochastic search
variable selection (BSSVS) and were selected using Bayes factor comparisons. Significantly supported Dispersal routes (Bayes Factor > 3) are plotted.
Arrows represent dispersal routes with the statistical significant posterior support (BSSVS BF > 3) as indicated by the legend on the lower left. The bar
chart on the right of each map summarizes the total expected forward and reverse MJs between the GCC countries and other regions. (A) represents
Alpha and was inferred from the asymmetric phylogeographic model with irreversible transitions; (B) represents Beta and was inferred from the
symmetric phylogeographic model with reversible transitions; (C) represents Delta and was inferred from the asymmetric phylogeographic model
with irreversible transitions; (D) represents Kappa and was inferred from the symmetric phylogeographic model with reversible transitions; (E)
represents Eta and was inferred from the symmetric phylogeographic model with reversible transitions. (F) GCC countries’ names. The maps were

generated using by Q-GIS version 3.16 and SPREAD3 version 0.96.

globally and in the GCC but assist with the intervention efforts on
this public health devastating pathogen.

Our phylogeographic analysis revealed that the Alpha, Beta,
and Delta epidemic waves in the GCC member states resulted
from multiple direct introductions from regions where the viruses
were first identified (i.e. Europe, Africa, and East Asia, respec-
tively; Fig. 2A, C, E) (Galloway et al. 2021; Kirola 2021; Mwenda
etal. 2021; Yadav et al. 2021). Our findings support the notion that
the evolution of SARS-CoV-2 emerging variants is strongly struc-
tured and maintained by their geographic origins (Hassan et al.
2021). Also, our results demonstrate that the increased number
of reported cases in the regions of origin precipitates the intro-
duction of each variant into the GCC region (Fig. 2A, C, E). For the
Alpha variant, we found significant and intense (BF-BSSVS > 100,
MJs>30) unidirectional dispersal routes from Europe into the
GCC region (Fig. 3A). In contrast, weakest and least supported
dispersal routes were from Asia in the GCC (Fig. 3A). These find-
ings are likely to reflect the effect of partial travel restrictions
imposed by the GCC countries, in which citizens were allowed to
return immediately to their countries while limiting the entries
of expatriates and migrant workers (Hale et al. 2021). There is a

well-established preference for GCC citizens to travel to Europe
for tourism, study, and medical care, and therefore, they may
have been vectors of Alpha dispersal into the GCC when they were
allowed to return. However, our analysis revealed significant bidi-
rectional, although notably less intense, migration routes for the
Beta variant between the GCC and Africa and Asia (Fig. 3B). This
regional circulation might reflect the heterogeneous implementa-
tion of the travel restrictions across the GCC region. For example,
Qatar (Benslimane et al. 2021) and UAE (Liu et al. 2021) both with
major international airports allowed limited commercial flights
mainly for foreign travelers throughout the second half of 2020
(Hale et al. 2021). Interestingly, our Delta variant results unveiled
significant unidirectional dispersal from the GCC into Asia and
Oceania, but the forward viral jumps from both regions were more
intense than the GCC (Fig. 3C). The easing of non-pharmaceutical
interventions in March and April 2021 may have facilitated the
circulation and maintenance of the Delta variant in the region.
The easing of movement restrictions for migrant workers may
have been a driver of this pattern as they constitute a substantial
portion of the total population in the GCC (International Labour
Organization 2021). Migrant workers in the GCC largely originate



from East Asian countries such as India, Bangladesh, and Nepal,
and the circulation between Asia and the GCC may be explained by
the increased movement of these workers between countries after
restrictions were lifted. The paucity of migration routes detected
for the Kappa and Eta variants (Fig. 3D, E) highlights the reduced
importance of these variants in the region. This finding is in line
with what is known globally about the biology of these variants
of interest. For example, the Kappa variant is known not to be as
transmissible as Delta, and Eta is only found at low prevalence
(Tao et al. 2021). Yet, the low prevalence of the Kappa and the
Eta variants in the GCC (Supplementary Table S1 and S2) might
significantly affect their posterior inferences.

Moreover, our phylogeographic results were used to inform our
demographic analyses to help isolate the phylodynamic patterns
at a regional scale. The robustness of our Bayesian Skygrid anal-
ysis was reflected by demonstrating how the effective population
size of each targeted clade in the GCC was similar to the overall
population size (Fig. 2B, D, F, Supplementary Fig. S2A-C). Further,
we found a similar declining pattern after an increase in the pop-
ulation sizes of the GCC Alpha and the Beta clades that coincided
with the temporal pattern of the reported cases (Supplementary
Fig. S1). Yet, a second increase in the effective population size
for the Beta variant in March and April 2021 (Fig. 2D) coincided
with an increase in the number of sequenced isolates. This find-
ing suggests the introduction of the second wave of Beta strains
in the region. However, the effective population size of the Delta
clade predominantly in the GCC remained high for approximately
4months with a notable decline by the end of the study period
(Fig. 2F) mirroring the temporal pattern of the overall reported
cases in the region (Supplementary Fig. S1). These findings may
indicate that the Delta variant was introduced into the GCC at
later stages of the global Delta wave, since its emergence in East
Asia in late 2020 [World Health Organization (WHO) 2021b]. This
is not surprising, since most commercial flights between the GCC
and East Asia were mostly restricted in early 2021 while the first
sequenced isolates were reported in early March 2021 (GISAID.org)
throughout the region in parallel to the beginning of easing such
restrictions. Thus, given the high mutation rate of the Delta vari-
ant, the continued genomic surveillance should either detect a
persistent decline in the genetic diversity of the circulating Delta
viruses or introduction of further strains that could reaggravate
the genetic diversity as inferred with the Beta variant (Fig. 2D).
Such findings justify the allocation of additional resources for tar-
geted genomic surveillance of the Delta variant over other selected
variants during this specific period of time.

Our results also show the potential impact of pharmaceuti-
cal and non-pharmaceutical interventions on variant dynamics.
Most GCC member states relaxed their non-pharmaceutical inter-
ventions at the beginning of 2021 following the large-scale rollout
of vaccinations (Hale et al. 2021). At this time, our models show
a rapid decline in the population sizes for Beta and Delta vari-
ants that may be attributed to this vaccination rollout (Fig. 2D, F).
However, the slow decline of the genetic diversity of the Alpha
variant in late January 2021 maybe attributed to the strict imple-
mentation of the non-pharmaceutical interventions and natural
immunity resulting from the highly observed recovery rate in the
region (Kojima and Klausner 2021; Lopez et al. 2021). These find-
ings are almost in agreement with the observed epidemic curve in
the GCCregion (Supplementary Fig. S1). It is worth noting that the
waves dominated by the Beta and the Delta variant had coincided
with an unusual, prolonged sandstorm that occurred during mid-
March 2021(Meo et al. 2021) and lasted for approximately 2 weeks
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throughout the GCC region. This sandstorm resulted in a sub-
stantial increase in the air Particle Matter (PM) 2.5, subsequently
leading to a sharp increase in the number of cases throughout the
region (Supplementary Fig. S1). Also, it is worth that noting shorter
duration (i.e. 2-4 days long) sand storms are frequent in the region
between April and May of each year (Arishi 2021), and therefore,
the air pollution accompanied by related anthropological behav-
iors could have aggravated and intensified the prolonged popula-
tion growth of the local Delta variant (Fig. 2F), and subsequently,
its transmissibility in the communities (Baron 2021). Furthermore,
the epidemic curve of the GCC had two prominent peaks between
May and July for both 2020 and 2021 (Supplementary Fig. S1), sug-
gesting hints of seasonality in the transmission of the virus in the
region (Fountain-Jones et al. 2020). Therefore, just like other respi-
ratory diseases, air pollution and seasonality of the SARS-CoV-2
could be considered in future studies using generalized linear
model-based phylodynamic methods (Tobias et al. 2021; Lemey
et al. 2014).

Our study has limitations typically found in phylogenetic stud-
ies derived from publicly available genomic surveillance data.
One important limitation is that our phylodynamic analyses used
only sequences available at GISAID within the time frame of the
present study. This restriction resulted in some biases in space and
time for each variant. For example, Saudi Arabia and Oman were
severely underrepresented in terms of the number of sequences
and variants detected (see Fig. 1 and Supplementary Table S1). Fur-
thermore, the availability of sequence metadata mainly related to
travel history was extremely rare. Thus, such limitation prevented
us from implementing the recently introduced phylodynamic
method that accommodates individual travel history to gener-
ate less biased and more realistic posterior inferences (Lemey
et al. 2020). Also, the notable inflation in the uncertainty esti-
mates of substitution per site per year for each variant (Table 1)
might be attributed to the short time frame of the sampling events
(Supplementary Fig. S2) (Ghafari et al. 2022). That said, our phy-
lodynamic inferences were based on all available genomic data
collected by passive and active surveillance in the GCC region.
Furthermore, our spatial discrete trait aggregation of the GCC
countries into one unit might be helped in reducing the biases
caused by missing information. For example, with the excep-
tion of the Beta variant, the demographic reconstruction results
showed an early prolonged slow increase in the effective popula-
tion size rather than a sharp increase even though most isolates
were collected at a later stage of the study period (Supplemen-
tary Fig. S2A-E; Fig. 2B, F). Additionally, consistent declines in the
population size were inferred, particularly for the Alpha and the
Delta variants, which were also not affected by the later intensity
of the sampling events (Fig. 2B, F). Further, for the Alpha, Beta,
and Delta variants, we inferred the region from which they were
first isolated, as the ancestral location of introduction, while the
GCC sequences’ number was substantially larger (Supplementary
Table S2).

Saudi Arabia was the first country in the GCC that integrated
phylodynamic methods in its genomic surveillance of SARS-CoV-2
(Mourier et al. 2022). However, their implementation focused
on identifying mutations in the nucleocapsid (N) protein, fol-
lowed by reconstructing population demographics and epidemic
progression of earlier lineages (Mourier et al. 2022). Therefore,
there were no rigorous attempts related to the direct implemen-
tation of phylogeographic reconstructions of multiple emerging
variants in the region to the authors’ knowledge. It is worth not-
ing that revisiting the best fitting model for the selected variants


https://GISAID.org

8 | Virus Evolution

is critical when a new sequence dataset is made available, espe-
cially when sampling events are done over shorter time durations.
This is because the evolutionary parameters of rapidly evolv-
ing pathogens like SARS-CoV-2 are time-dependent, in which
best fitting node-age or/and branch rate might change over time
with new sequence datasets, leading to different inferred pos-
terior estimates (Ghafari et al. 2022). Furthermore, our analysis
pipeline is focused on the comparative evolutionary characteris-
tics of emerging variants to guide risk-based genomic surveillance
efforts. Thus, in our GCC scenario, future genomic efforts should
target the Delta variant and compare its evolutionary charac-
teristics to the newly emerging variants, such as the Omicron
variant. Also, if one decides to analyze multiple partial gene seg-
ments simultaneously, it is important to note that each gene seg-
ment might require different node-age or/and branch-rate model
combinations, which might lead to similar or different posterior
results.

5. Conclusions

Our study represents the first attempt in the GCC region and
the Middle East to implement a rigorous Bayesian phylodynamic
analytical pipeline to compare and target the evolutionary char-
acteristics of emerging variants of SARS-CoV-2. We unveiled and
compared the evolutionary demographics and phylogeographic
history of the Alpha, Beta, Delta, Kappa, and Eta variants under
pharmaceutical and non-pharmaceutical interventions in the
GCC region. Our inferred phylodynamics for the Kappa and the
Eta variants suggests that they no longer need to be targeted
in genomic surveillance activities in the GCC. In contrast, the
evolutionary characteristics of the Alpha, Beta, and Delta vari-
ants confirm their dominance in the GCC in the 2021 outbreaks
and therefore need to be targeted, particularly the Delta vari-
ant. Due to the continued rapid evolution of SARS-CoV-2 and
the emergence of new variants, increasing sequencing capacity
and detailed reporting of their related metadata, particularly in
undersampled geographical areas, is critical for improving the per-
formance and accuracy of current genomic surveillance programs
in the region. Therefore, our study highlights the urgent need to
establish collaborative regional molecular surveillance programs
to ensure effective decision making related to the allocation of
intervention activities targeted toward the most relevant variants.

Data availability

BEAST XML files and R-codes for the analysis of each variant
are available at: https://github.com/maalkhamis/Comparative-
Phylodynamic-Models-for-SARS-CoV-2-in-the-GCC.
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Supplementary data is available at Virus Evolution online.
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