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Abstract

Background Tracking the emergence, introduction and spread of SARS-CoV-2 variants of
concern are essential for informing public health strategies. In 2021, Cambodia faced two
major epidemic waves of SARS-CoV-2 triggered by the successive rise of the Alpha and
Delta variants.
Methods Phylodynamic analysis of 1,163 complete SARS-CoV-2 genomes from
Cambodia, along with global sequences, were conducted between February and
September 2021 to infer viral introductions, molecular epidemiology and population
dynamics. The relationship between epidemic trends and control strategieswere evaluated.
Bayesian phylogeographic reconstruction was employed to estimate and contrast the
spatiotemporal dynamics of the Alpha and Delta variants over time.
Results Here we reveal that the Alpha variant displays rapid lineage diversification,
accompanied by the acquisition of a spike E484K mutation that coincides with the national
implementation of mass COVID-19 vaccination. Despite nationwide control strategies and
increased vaccination coverage, the Alpha variant was quickly displaced by Delta variants
that exhibits a higher effective reproductive number. Phylogeographic inference indicates
that theAlpha variantwas introduced throughsouth-central regionofCambodia,with strong
diffusion rates from the capital of Phnom Penh to other provinces, while the Delta variant
likely entered the country via the northern border provinces.
Conclusions Continual genomic surveillance and sequencing efforts, in combination with
public health strategies, play a vital role in effectively tracking and responding to the
emergence, evolution and dissemination of future emerging variants.

Cambodia is a lower-to-middle income, least developed country located in
the Greater Mekong Subregion of Southeast Asia. The country is a hotspot
of emerging andendemic infectiousdiseases andhighly interconnectedwith
other parts of Asia. In January 2020, before the Public Health Emergency of
International Concern (PHEIC) declaration due to the outbreak of Severe
Acute Respiratory Coronavirus 2 (SARS-CoV-2), Cambodia utilized its
existing surveillance andoutbreak response capacity to commence testing of

and response to suspected cases of coronavirus disease 2019 (COVID-19).
The first case of COVID-19 in Cambodia was detected on 27 January 2020
in a traveler fromWuhan1.

Genomic surveillance and sequencing have been a critical factor in the
global response to COVID-19, being essential for tracking the evolution of
variants,monitoringmutations and tracing the transmission of SARS-CoV-
2 variants from regional outbreaks to global predominance2–5. In 2020,
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Plain language summary

Tracking how SARS-CoV-2, the virus that
causes COVID-19, changes over time is
important for public health. In Cambodia,
there were two major COVID-19 waves in
2021, driven by the Alpha and Delta variants.
We analyzed 1,163 virus samples from
Cambodia, plus samples from other places,
to understand how these variants spread.We
found that the Alpha variant quickly spread
and changed as Cambodia started a mass
vaccination campaign. Despite efforts to
control it, the Delta variant, which spreads
moreeasily, soon tookover. TheAlphavariant
likely came into Cambodia from the south,
while the Delta variant probably entered from
the north. Monitoring these changes helps us
respond better to future outbreaks.
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sequencing inCambodiawas primarily used formonitoring imported cases;
however, it became critical for outbreak response by aiding the determi-
nation of the probable origin and transmission during limited community
outbreaks6. Global sequencing efforts played a critical role in confirming
that these clusters stemmed from importation and were not a result of
undetected community transmission. Since the emergence of COVID-19,
SARS-CoV-2has undergone rapiddiversification, giving rise to a succession
of variant strains with enhanced transmissibility that became predominant
across different regions.

One suchVariant of Concern (VoC) B.1.1.7, also known asAlpha, first
emerged in the United Kingdom (UK) in September 20207. The B.1.1.7
variant was characterized by numerous uniquemutations, including six key
mutations in the spike protein: the 69/70 deletion, the 144Y deletion,
N501Y, A570D, D614G, and P681H8. It was estimated to be 30–80%more
transmissible than Wuhan-lineage wild-type SARS-CoV-28–10. Another
VoC that posed major challenges was B.1.617.2 also known as Delta, first
detected in India in late 2020. The Delta variant contained several key
mutations in the spike protein such as L452R, T478K, and P681R, which
increased binding affinity to the human ACE2 receptor11–13. Additionally,
mutations like T478K and P681R potentially helped the virus evade neu-
tralizing antibodies fromprevious infection and vaccination14–16. As a result,
the Delta variant was estimated to be around 40–60% more transmissible
than Alpha14,17,18. Furthermore, Delta was associated with higher viral loads,
hospitalization rates and secondary attack rates compared to Alpha and
ancestral strains19–22. These features facilitated the rapid spread and takeover
of Delta leading to replacement of previously dominant variants and
explosive outbreaks globally17,20.

Here, we employ an efficient real-time PCR and whole-genome
sequencing analytical pipeline to detect and obtain complete genomes of
SARS-CoV-2 variants during two successive large-scale outbreaks in
Cambodia in 2021. We use phylodynamic inference and phylogeographic
reconstruction to investigate the evolutionary trajectories and spatio-
temporal patterns of Alpha and Delta variants following their importation
into Cambodia. We demonstrate the correlation between changes in virus
populations and the implementationof vaccinations andother public health
measures in Cambodia. Our findings uncover divergent evolutionary tra-
jectories and population dynamics, along with contrasting migration pat-
terns, between Alpha and Delta variants throughout the course of the
COVID-19 pandemic inCambodia. This work highlights the importance of
ongoing genomic surveillance and the critical role of strategic public health
measures and vaccinations inmonitoring the genetic diversity and spread of
emerging variants, as well as in mitigating larger disease outbreaks.

Methods
Ethics statement
All SARS-CoV-2 sequences and accompanying information (e.g., collection
date, location) included in this analysis were obtained as part of the national
outbreak response and routine first-line testing of suspected cases. All
patient sampleswerede-identifiedprior toanalysis, andnoother individual-
specific information was utilized. As the study involved de-identified data
and samples collected as part of a public health response, explicit patient
consent was not required. Additionally, formal ethics approval was not
sought, as thework fell under the remit of national public health surveillance
activities, where individual consent and ethics approval are typically not
required for anonymized, aggregate data used for outbreak investigations.

All data used in thismanuscript, including genetic sequences and daily
case numbers, are publicly available and can be accessed through relevant
public databases. For additional context related to outbreaks and vaccina-
tion efforts in Cambodia, relevant data can also be found in public media
sources.

COVID-19 reporting, vaccination, and mobility data
Official COVID-19 notification and vaccination data for Cambodia was
downloaded from Our World in Data23. Mobility data was downloaded
from Google COVID-19 Community Mobility Reports (https://www.

google.com/covid19/mobility). The data used in this study spans the period
from 1 January to 30 September 2021. Due to changes in the Cambodian
government’s testing strategy from 1 October 2021 onwards, geographic
and demographic representation of samples was significantly reduced and
virus genomes from this date onward were not included in this study.

Sample collection, metadata, RNA extraction, and initial testing
of SARS-CoV-2
Between1 January2021 and30September 2021, pairednasopharyngeal and
oropharyngeal swab sampleswere collected in the same tube fromsuspected
local cases and overseas travelers as part of multisource surveillance in
Cambodia. Total viral RNA was extracted using the QIAamp Viral RNA
MiniKit (Qiagen,Germany) following themanufacturer’s instructions. The
detectionofCOVID-19 caseswas confirmedbyRT-PCRdetectionmethods
throughout the study period24. Positive sampleswere then selected forwhole
genome sequencing based on genomic surveillance strategy or for cluster/
outbreak assessment. Informationongeographical location at theprovincial
level was collected from the sequencing database. No identifying informa-
tion was used for any subjects in this study.

Genomic surveillance strategy and Variant of Concern testing
To analyze the incursion and dissemination of SARS-CoV-2 VoCs,
Cambodia implemented a genomic surveillance strategy where samples
were chosen based on availability of previous day’s testing and attempts
weremade to distribute testing and analysis across provinces and sample
types. From the early pandemic until week 14 (April) of 2021, all variant
determination relied on genomic sequencing6. However, starting from
week 15 of 2021, Cambodia introduced the KogeneBiotech PowerChek™
SARS-CoV-2 S-gene Mutation Kit for routine genomic surveillance.
This enabled a significant number of samples to be tested daily for VoCs
in the country. Further confirmatory testing was conducted using
individual SNP VoC-PCR tests from LGC Biosearch Technologies25.
These tests confirmed the presence of several spike gene mutations that
are specific to certain VoCs and/or mutations of concern detected by
PowerChek. Sequencing of a subset (~15% per week) of confirmed VoC
samples based on availability, viral load, and provincial distribution was
conducted and identification of VoCs was determined by both
Nextclade 2.30.026 and Pangolin 4.3.127.

Next-generation sequencing
Complete genomes of SARS-CoV-2 were obtained utilizing a highly mul-
tiplexed PCR tiled-amplicon approach28 using the ARTIC Network multi-
plexPCRprimer set v3, and following the v4protocols onOxfordNanopore
GridION/MinION technology29. Samples were multiplexed using Oxford
Nanopore barcodes and run in batches on a singleflow cell. Base callingwas
conducted with Guppy onMinKNOW software while being monitored on
RAMPART in real-time. ONT reads were filtered by length (min 250 max
500) to remove chimeric reads. Consensus sequence building was carried
outwith theArtic v1.2.1minionpipeline.Consensus sequenceswere quality
checked manually using BioEdit30. Pango lineages and specific mutations
were determined from consensus sequences usingNextclade 2.30.0 (https://
clades.nextstrain.org/)26 and Pangolin 4.3.127 (https://pangolin.cog-uk.io/).
All sequences of sufficient quality were submitted toGISAIDdatabase31 in a
timely manner post sequencing to ensure data from Cambodia remained
relevant for global comparisons.

Phylodynamic analysis
A total of 1163 complete genomes of SARS-CoV-2 virus from COVID-19
cases inCambodia fromFebruary2021 to September2021were available for
analysis. To infer the evolutionary relationships of Cambodian genomes, we
used the Nextstrain SARS-CoV-2 phylogenetic tree generation pipeline26 to
reconstruct a phylogeny using 5964 genomes from Cambodia and world-
wide. Virus lineage classification of SARS-CoV-2 was performed with
Pangolin v.4.3.1 and Nextstrain v.2.30.0. A Nextstrain time-resolved tree
was visualized using Auspice v.2.0.
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To infer the past population dynamics of SARS-CoV-2 Alpha and
Delta variants in Cambodia, we employed independent Bayesian
coalescent-based analyses in BEAST v1.10.432. The Alpha dataset was sub-
sampled proportionally from an inferred maximum likelihood tree using
SMOT software33.We used linear regression analysis of root-to-tip distance
inTempEst34 to check the temporal signal and remove the sequence outliers.
The final datasets for the Alpha and Delta variants comprised 500 and 295
Cambodian genomes, respectively. For each variant, the changes in effective
population sizewere inferred using the strict clockmodel under theHKY85
nucleotide substitution model with gamma distributed rate heterogeneity,
and the Gaussian Markov Random Field (GMRF) Bayesian skyride coa-
lescent model35 in BEAST. Four independent runs of 100 million genera-
tions, with every 10,000 generations were sampled. The effective sampling
size (ESS) values of all parameters were reached above 200 and convergence
of Markov Chain Monte Carlo (MCMC) runs were checked using Tracer
v.1.7.236 after excluding appropriate burn-in values to ensure the ESS values
have been reached for all parameters. The resulting tree and log files were
summarized using LogCombiner v.1.10.4. The mean and 95% highest
posterior density (HPD) interval of relative genetic diversity over time was
calculated from both files using the GMRF skyride reconstruction with
Tracer v.1.7.2 and visualized using in-house scripts.

The changes in effective reproductive number (denoted as Re) of the
Alpha andDelta variants of SARS-CoV-2virus inCambodiawere estimated
using BEAST 2 v.2.6.637. The estimates of Re represent the average number
of secondary infections caused by an infected individual in a population,
which is a useful indicator for assessing the growth of the epidemic or the
effectiveness of interventions38. This parameterization is analogous to
dividing the “births” of new infectious individuals by the termination or
“death” of their infectious status. An Re > 1 at any point of time signifies a
growing epidemic, while anRe < 1 suggests recession

39. To estimate theRe of
SARS-CoV-2 Alpha and Delta variants in Cambodia, we employed a birth-
death skyline serial (BDSKY) model as implemented in BEAST 2. For each
variant, an optimized relaxed clock model with the HKY85 nucleotide
substitution model was used40. The clock rate prior was set to 0.0006 sites/
substitutions/year and the kappa prior set to 5.5 was applied. The repro-
ductive number was set to 10 dimensions across the study period. Four
independent runs of 300 million generations was run with a Bactrian
operator schedule using BEAST 2, with sampling every 10,000 generations.
Convergence of the runs were checked in Tracer and the appropriate burn-
in values were removed. The resulting log files were summarized using
LogCombiner v.1.10.4. Themean and 95%highest posterior density (HPD)
interval of Re over time was calculated and visualized using the R package
bdskytools39.Additionally,we conducted independentBayesianSkyride and
Re analyses based on Cambodian Delta Group 1 (n = 80) and 2 sequences
(n = 215) separately, and their resulting plots are visualized.

Correlation analyses
To examine the relationship between daily case numbers and other para-
meters (effective population size, mobility data for residential and work-
place/retail), pairwise Pearson correlation coefficients (r) were calculated
using the R package corrplot v0.9241. Correlation analyses were conducted
separately for Alpha and Delta cases in Cambodia. Significance tests were
performed, with P-values < 0.05 indicating significance. Correlation coef-
ficients greater than 0.7 were considered a very strong correlation, 0.5–0.7 a
strong correlation, 0.3–0.5 as moderate correlation, and <0.3 as weak
correlation.

Discrete phylogeographic analysis
To assess the spatiotemporal dynamics of SARS-CoV-2 in Cambodia,
geographic locations were coded as discrete location states. The Alpha and
Delta datasets consisted of 545 and 384 sequences, respectively. We coded
Cambodia into nine location states, namely: Battambang, Kampong
(including Kampong Cham, Kampong Chhnang, Kampong Speu, Kam-
pong Thom), Kandal, Meanchey (Banteay Meanchey and Oddar Mean-
chey), Phnom Penh, PSRKM (including Preah Vihear, Stung Treng,

Ratnanakiri, Kratie and Mondulkiri), Southeast Cambodia (including
Tbong Kmoum, Prey Veng, Svay Rieng and Takeo), Siem Reap and
Southwest Cambodia (including 4 provinces: Pursat, Koh Kong, Preah
Sihanouk and Kampot). During the COVID-19 pandemic, there are two
potential routes of SARS-CoV-2 introduction into Cambodia, either by
international air travel from foreign countries into the capital city of Phnom
Penh, or by land transport from Southeast Asian regions into the northern
land borders of Cambodia. Two additional location states were coded to
represent Southeast Asia and others (rest of world). For each variant,
asymmetric non-zero migration rates between paired location states were
inferred using the Bayesian Stochastic Search Variable Selection (BSSVS)
method42 as implemented in BEAST. FourMCMC chains were run for 100
million states, sampling every 10,000 states. Ancestral trunk proportions for
each location were also inferred through time using the 10,000 output trees
using the program PACT v.0.9.543. To visualize the spatiotemporal history
and assess the statistical significance of migration rates between location
states, Bayes factor and posterior probabilities were inferred using SpreaD3
version 0.9.644. To understand the impact of sampling bias on the trans-
mission patterns of SARS-CoV-2 within Cambodia, we randomly sub-
sampled the datasets for the Alpha (n = 355) and Delta (n = 250) variants
separately. Phylogeographic analyses were conducted using the same cri-
teria as mentioned above. Circular migration diagrams and estimated dif-
fusion rates between geographic locations were visualized using in-house
scripts.

Results
Timeline of Alpha and Delta outbreaks
In January 2021, Cambodia detected the Alpha variant in several tra-
velers entering the country, but these cases were effectively contained
through ongoing control measures. However, during the Lunar New
Year on 12 February 2021, a superspreader event occurred in Phnom
Penh, and on 20 February 2021, the Cambodian Ministry of Health
announced the country’s first major community outbreak. This marked
the onset of the first wave of COVID-19 with a substantial surge in cases
caused by Alpha variant, leading to the closure of schools. By early
March 2021, over 10,000 Phnom Penh residents were placed under
quarantine amidst escalating cases. As the number of cases continued to
rise, a strict curfew was imposed in Phnom Penh for two weeks and non-
essential businesses were closed from 1April 2021. A subsequent 14-day
lockdown (Fig. 1a) was enacted in the capital from 14 April 2021 to 28
April 2021. During this period, the Alpha variant was predominant in
Cambodia, accounting for more than 65% of SARS-CoV-2 cases by July
2021 (Fig. 1b).

Amidst the dominance of the Alpha variant, the Delta variant was first
identified in Cambodia on 24 May 2021. Delta was initially detected in the
northern border provinces, primarily among migrant workers returning
fromThailand. In June 2021, curfews were imposed in cities close to border
including SiemReapandPoipet, anda lockdownwas enforced in three areas
of Oddar Meanchey Province. On 18 July 2021, Cambodia suspended
border crossings with Vietnam for a month. Subsequently, on 29 July 2021,
an additional 14-day lockdown was implemented in various provinces,
including Banteay Meanchey, Oddar Meanchey, Battambang, Pailin, Pur-
sat, Koh Kong, Preah Vihear and Siem Reap, to combat community
transmission of the Delta variant. Despite these measures, the Delta variant
spread widely across Cambodia, becoming the predominant strain towards
the end of September 2021 (Fig. 1b).

COVID-19 vaccination
In tandemwith non-pharmacological interventions, Cambodia initiated
aCOVID-19 vaccination programon 10 February 2021, with priority for
healthcare workers and officials. In response to the COVID-19 outbreak
driven by the Alpha variant, Cambodia launched a mass vaccination
drive in April 2021, named the “Blossom Plan,” initially focusing on
adults aged 18 and above receiving two vaccine doses in Phnom Penh
before extending it nationwide (Fig. 1a). By July 2021, more than 76% of
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Fig. 1 | Genomic epidemiology and population dynamics of confirmed SARS-
CoV-2 cases in Cambodia fromFebruary to September 2021. a Epidemic waves of
confirmed COVID-19 cases and key control measures and events. The left y-axis
represents the total number of positive cases (purple bars), while the right y-axis
displays total cumulative number of cases (solid dark purple line) and local human
mobility index (solid green and orange horizontal lines indicating residential and
work/retailmobility, respectively). Dotted vertical lines denote key festive events and
public health interventions. Abbreviations: VoC, variant of concern; Vax, COVID-
19 vaccinations; yo+, years old above; b Proportion of the Alpha and Delta case

numbers in Cambodia was indicated by shaded areas (blue and pink, respectively).
Others denotes pre-VoC cases. c, d Relative genetic diversity and the effective
reproductive number (Re) of the Alpha and Delta lineages based on Cambodian
sequences. Solid lines represent median values, with the Alpha and Delta variants
denoted by blue and pink lines, respectively. The shaded areas represent the cor-
responding 95% highest posterior density (HPD) intervals. The dotted green line
represents an Re of 1. An Re greater than 1 signifies epidemic growth, while an Re less
than 1 indicates recession.
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the initial target population of 10 million had received at least one
vaccine dose. The programwas further expanded on 1 August to include
vaccination for all individuals aged 12 and above, and by September 2021
vaccination encompassed individuals aged 3 and above (Fig. 1a). From
August 2021 third booster doses were introduced to protect frontline
workers. By the end of September 2021, Phnom Penh reached nearly
99% of its adult population fully vaccinated and the country progressed
to achieve full vaccination coverage of over 70% of its total population.

Genomic epidemiology of COVID-19 epidemic waves
From January 2021 to September 2021, we sequenced a total of 1163 gen-
omes from SARS-CoV-2 positive patients across Cambodia. During this
period Alpha B.1.1.7 (n = 759) and Delta B.1.617.2 variants (n = 337) were
prevalent, aligning with the global predominance of these variants. Evolu-
tionary analysis indicated that the majority of Alpha and Delta sequences
formed large monophyletic clusters within Cambodia (indicated by red tip
circles in Fig. 2), alongside single independent cases detected in the country.
From June 2021, Delta viruses spread locally in Cambodia and two large
clusters were formed, with the AY.30 (n = 210) and AY.85 (n = 61) lineages
being the most predominant (Fig. 2). The Cambodian AY.30 cluster was
closely related to other AY.30 sequences from Thailand. The AY.85 cluster
from Cambodia were related to AY.20 viruses from Mexico, AY.114 from
USA, AY.116 from Africa, and B.1.617.2 from multiple regions including
Australia, France, England, Romania, theMiddle East, and theNetherlands.
A minority of other SARS-CoV-2 variants were concurrently observed in
Cambodia, including Epsilon B.1.427/B.1.429 (Fig. 2), albeit only in a few
incoming cases and there was no evidence of their widespread community
transmission.

Our phylogenetic inference indicates that a limited number of Cam-
bodian Alpha cases stemmed from single transmission events (marked by
red arrows in Fig. 2) from other parts of the world, indicating multiple
introductions of Alpha variants, consistent with epidemiological findings
(Fig. 2, Supplementary Fig. 1). Subsequently, rapid dissemination of the
Alpha variants throughout the country led to a substantial increase in cases,
forming large monophyletic clusters between 5 April and 27 September
2021 (Figs. 2 and 3a). Several individualAlpha cases fromThailand grouped
within Cambodian clusters. Notably, the Cambodian Alpha cluster was
closely related to a large monophyletic cluster comprised primarily of
Thailand sequences and someAlpha cases fromCambodia (Supplementary
Fig. 1). Our results suggest bi-directional transmission of Alpha viruses
between Cambodia and Thailand. We also observed that Delta cases from
Thailand were grouped within Cambodian Delta lineages from 24May–24
September 2021 (Supplementary Fig. 1).

All Cambodian Alpha viruses exhibited a two-amino-acid-deletion at
positions 69–70 in the spike protein. This 69–70 deletion, also found in
Alpha B.1.1.7 as well as other variants such as B.1.375, B.1.258 and P.1, has
been associated with enhanced infectivity and syncytia formation45. An
additional N501Y spike mutation was present in all Cambodian Alpha
variants.Thismutation, also found in early globally circulatingAlpha strains
from the United Kingdom, Brazil and South Africa, is considered a major
determinant contributing to enhanced infection and transmission of SARS-
CoV-2 virus46. Within Cambodia, two main clusters of the Alpha variant
emerged during circulation: labeled as Alpha Group 1 and Group 2 viruses
(Fig. 3a). The Group 1 viruses underwent genetic diversification and
acquired an E484K amino acid mutation within the receptor-binding
domain of the spike protein, which showed an increase in proportion of
E484K cases (approximately 33%) in July 2021 (Fig. 3a, b). These Cambo-
dian E484K viruses then acquired two additional mutations in ORF1a
(nsp5: P241L) and in ORF3a (V48F). The nsp5 P241L (ORF1a: P3504L)
mutation was identified in another variant of P.1 (Gamma)47. In contrast,
Alpha Group 2 viruses did not possess the E484K spike mutation, but had
mutations in the ORF1a (nsp2: E264G, nsp4: M458I), ORF1b
(nsp16: H119R) and ORF8 (*68 K) regions. A gradual decline in the pre-
valence of 484E viruses occurred from July 2021 followed by an increase in
Alpha viruses bearing the E484K mutation (Fig. 3b), coinciding with the

implementation ofmass vaccination in Cambodia fromMay 2021 onwards
(Fig. 3c). Of note, the spike E484Kmutation emerged early in the spread of
global Alpha cases around November 2020, followed by a reversal to 484E
around January 2021, prior to the introduction of the Alpha variant into
Cambodia (Fig. 1). Later within the Cambodian Group 1 cluster, the 484K
mutation became predominant, suggesting thismutationmay play a crucial
role in the persistence and circulation of the virus. However, by the end of
September 2021, there was a substantial reduction in the prevalence of
Alpha variant as they were replaced by Delta variant (Figs. 1b and 3b).

The global Delta virus lineage had key amino acid mutations at
L452R, T478K and P681R in the spike protein (Fig. 2). Additionally,
most globally circulating Delta viruses acquired two amino acid dele-
tions at residues 156 and 157, as well as R158G in theN-terminal domain
(NTD) of the spike protein, which are associated with immune evasion
and reduced sensitivity to antibodies48. Based on phylogenetic infer-
ences, the global Delta viruses evolved into two distinct monophyletic
groups, referred to as Delta Group 1 and Group 2 (Fig. 4). The Delta
Group 1 viruses exhibited sequential amino acid substitutions in ORF1a
(L1640P, T3255I, P2046L, P2887S, A1306S, T3646A), ORF1b (A1918V,
T40I) and N (G215C) regions. The Delta Group 2 viruses acquired
mutations in ORF1a (A3209V, V3718A, P309L), ORF1b (H2285Y),
spike (A222V, -156E, -157F, G158R), ORF7a (L116F) and N (R385K,
L139F) regions. Of note, reversions of spike mutations occurred at
amino acid position 158 (R158G) and 142 (G142D) (Figs. 2 and 4). Most
CambodianDelta viruses lacked two amino acid deletions at the 156 and
157 residues in the spike protein. Also, some of the AY.30 lineage clades
from Cambodia had sequential mutations in the ORF3a (D173G),
ORF3a (A54S) and nsp14 (R163C) (Fig. 4). Similarly, sequential
mutations were observed in AY.84 lineage from Cambodia, including
ORF7a (L116F), spike (I95T), nsp3 (H1467Y and A231Y) and N
(R385K). Furthermore, the Delta viruses in Cambodia displayed notable
local transmission, as larger nationwide clusters were evident from the
phylogenetic tree (Fig. 4).

Comparative population dynamics and growth of Cambodian
Alpha and Delta variants
To compare the population dynamics of the Alpha and Delta variants of
SARS-CoV-2 in Cambodia, relative genetic diversity of each variant was
quantified over time. Skyride plots revealed that Alpha viruses exhibited a
gradual increase in diversity from early 2021, peaking in August 2021,
followed by a decline in diversity shortly afterwards (Fig. 1c). In contrast,
later Delta strains displayed greater levels of genetic diversity around mid-
July 2021 and mid-August 2021 compared to earlier Delta strains. These
peaks coincided with the increased genetic diversification of Delta variants
in Cambodia.

Further estimation of the effective reproductive number (Re) of the
Alpha and Delta variants in Cambodia using the birth-death skyline serial
(BDSKY) model inferred changes in epidemic growth, steady growth or
recession over time. TheCambodianAlpha variant (represented by the blue
line in Fig. 1d) initially experienced a rapid exponential increase in Re,
shortly after introduction into the countrywith a peak estimatedmeanRe of
approximately 3.7 (95%HPDinterval: 2.1–5.2) inMarch2021, reflecting the
efficient transmissionofAlphavariants.However, byApril 2021, therewas a
two-fold decrease and the mean Re dropped to around 1.8 (95% HPD
interval: 1.2–2.7). TheCambodianAlpha variant further declined in growth
to Re ≈ 1 by June 2021 (Fig. 1d, Supplementary Data 1). This rapid fall in
epidemic growth coincidedwith lockdowns restrictingmovement, andwith
implementation of mass vaccination programs (Fig. 1a, d). Although there
was a slight increase in mean Re to around 1.5 from mid-June to mid-July
2021, this value remained markedly lower compared to the early stages of
Alpha transmission inCambodia. ByAugust 2021, themeanRe of theAlpha
variant dropped back to 0.4, soon after extending vaccination to individuals
aged 12–17 years old, and its growth remained at 1 or below throughout
September 2021 (Fig. 1d).
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In contrast, the initial exponential growth of the Cambodian Delta
variant was relatively lower compared to the Alpha variant.We observed
a gradual increase in growth, which peakedwith an estimatedmean Re of
around 2.3 (95% HPD interval: 0.9–4.1) in May–June 2021 (Fig. 1d,
Supplementary Data 1). This period also coincided with a substantial

reduction in Re to below 1 for the Alpha variant. The Re estimates for the
Delta variant started declining and reached a minimal value (mean
Re = 0.5) in mid-August, indicating a recession of the epidemic during
that month. The observed reduction in growth could potentially be
attributed to the higher rates of COVID-19 vaccine uptake in Cambodia,
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Fig. 2 | Phylogenetic analyses of global and Cambodian SARS-CoV-2 genome
sequences, 2021. A maximum likelihood phylogeny was reconstructed using Next-
strain based on 5964 full genomes comprising Cambodian and subsampled global
sequences. Colored tip circles represent different virus lineages or clades, with light blue
and pink tips circles denoting the Alpha and Delta variants, respectively. Deep pink tip

circles represent sequences obtained from SARS-CoV-2 positive patients in Cambodia.
Red arrows indicate single transmission events of Alpha cases introduced into Cam-
bodia. Amino acid mutations are displayed at the major nodes. Grey triangles indicate
additional mutations in the Delta lineage that are specified in Fig. 4. The annotation
block provides colored Pango lineages for each respective tip sequence.
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combinedwith governmentmandates like border and travel restrictions,
as well as strict isolation of positive cases. In late August 2021, the Re of
the Cambodian Delta rose to around 1.5 in late August 2021, greater that
of the Alpha (Fig. 1d), indicating a higher level of transmissibility of the
Delta variant and coinciding with its increasing proportion to nearly
50% (Fig. 1b). Additionally, we conducted analyses to independently
assess the population dynamics of the twoCambodianDelta groups.Our
results indicate that the variations in relative genetic diversity and Re

based onDeltaGroup 2 (n = 215) broadlymirrored those observed in the
combined dataset of Cambodian Delta sequences (Supplementary
Fig. 2). Delta Group 1 did not show the same trends as the combined
analysis, likely due to the smaller number (n = 80) of Cambodian
sequences in this clade.

We further examined the relationship between the total number of
daily cases and virus population dynamics. Our results show a positive
correlation between the number of Alpha cases and relative genetic
diversity (r = 0.38), with even stronger positive correlations observed
between the number of Delta cases and its relative genetic diversity
(r = 0.69, Fig. 5). These correlations suggest that genomic surveillance
in Cambodia was sufficient to accurately capture virus dynamics. We
also found that the number of Alpha cases showed a positive association
with residential mobility (r = 0.34, Fig. 5), possibly indicating localized
transmission during the 14-day stay-at home order and restriction
of non-essential movement that was imposed in Phnom Penh in
April 2021, when Alpha was the only circulating variant. Conversely,
the number of Delta cases showed a positive correlation with work
or retail mobility (r = 0.29), likely due to the relaxation of

lockdowns during the period that Delta was becoming predominant in
Cambodia (Fig. 5).

Spatial transmission dynamics of the Alpha and Delta variants in
Cambodia
To unravel the spatial diffusion dynamics of theAlpha andDelta variants in
Cambodia, phylogeographic analyses using Bayesian stochastic search
variation selection (BBSVS) model estimated the rates of virus migration
between discrete geographical states (Fig. 6). The trunk reward proportion
of the Alpha variant was estimated for each ancestral location through time
(Fig. 6a, Supplementary Data 2). Phylogeographic inference suggests that
Phnom Penh was the initial source of Alpha variant within Cambodia in
early 2021. FromMarch 2021 onwards, a rapid dissemination of the Alpha
variant occurred to all other regions of Cambodia surrounding the capital,
particularly Kampong, Meanchey, Southeast Cambodia, Siem Reap and
Southwest Cambodia (Supplementary Fig. 3). Notably, Phnom Penh con-
sistently accounted for the majority of trunk proportion throughout this
period, indicating that the capital was the primary source of continuous
Alpha circulation. This observation was supported by the estimated diffu-
sion rates between location states. Specifically, Alpha displayed greater
diffusion rates (ranging from 0.79 to 3.56, Fig. 6c, Table 1) with significant
support (Bayes Factor >100) from Phnom Penh to the rest of Cambodia.
Strongly supported routeswere observed fromPhnomPenh toBattambang,
Kampong, Kandal, Meanchey, SE Cam, SWCam, and Siem Reap (Fig. 6e).
In addition, moderate migration rates were inferred between some pro-
vinces, such as from Battambang to Meanchey, from Battambang to SW
Cam and from Kampong to Kandal (Fig. 6c, e).

Fig. 3 | Evolutionary relationships of the Alpha variant in Cambodia. aMaximum
likelihood phylogeny of SARS-CoV-2 viruses inferred fromNextstrain tree in Fig. 2.
Light blue tip circles represent subsampled global Alpha sequences. Deep pink tip
circles denote Cambodian sequences obtained from SARS-CoV-2 positive patients.
Cambodian Alpha sequences that have acquired the spike E484K mutation are
highlighted in the shaded purple area. Amino acid mutations are mapped at the

major nodes. b Proportion of sequences representing different groups of Alpha and
Delta variants within Cambodia. c Vaccination coverage over time among the
Cambodian population (with one dose represented by the red line and two doses by
the green line). The purple line displays the proportion of sequenced Alpha viruses
with the E484K mutation.
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Inmarked contrast,Delta variant experienced source-sink dynamics in
Cambodia. Meanchey, located in northern Cambodia, was the primary
source of Delta variant during May–June 2021 (Fig. 6b, Supplementary
Fig. 3, Supplementary Data 3), as they were likely introduced through land
transport. Consequently, Phnom Penh and other regions of Cambodia
became the sink as Delta spread nationally. Significant diffusion rates
(1.14–1.70 with strong Bayes Factor support of >100, Table 2, Fig. 6d)
indicate Delta introduction from Southeast Asia into adjacent provinces of

Battambang and Meanchey, which was likely driven by movement of
individuals from Cambodia’s northern land border. Subsequently, viral
transmission was observed from Meanchey, with greater migration rates
(ranging from 1.52 to 2.27 with strong Bayes Factor support >100, Table 2)
from Meanchey into most Cambodian provinces, including Battambang,
Kampong, PhnomPenh, SWCamand SiemReap (Fig. 6d, f). Furthermore,
local spread of Delta variants was observed among neighboring regions,
particularly from Phnom Penh to Kampong, from Phnom Penh to SW
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Cam, and from Siem Reap to PSRKM (5 provinces: Preah Vihear, Stung
Treng, Ratanakiri, Kratie and Mondulkiri). Taken together, our results
revealed differential transmission dynamics of the Alpha andDelta variants
in Cambodia; the Alpha viruses exhibited higher migration rates from
Phnom Penh into other regions of Cambodia, while the Delta displayed
stronger rates of migration from the northern regions of Cambodia into the
rest of country.

To evaluate the effect of sampling bias, we conducted additional
analyses with smaller subsampled datasets of Alpha and Delta, respec-
tively (Supplementary Fig. 4). Circular migration plots based on both
large and small datasets consistently identified PhnomPenh in the south
as the primary source of Alpha transmission, while Meanchey in the
north was the main source for Delta transmission (Supplementary
Fig. 4). However, there were some disparities in transmission rate esti-
mates. The larger dataset indicated higher dispersal rates of Alpha from
Phnom Penh to eight other regions in Cambodia, whereas the smaller
dataset suggested higher rates to only three regions (Supplementary
Fig. 4). Similarly, for Delta transmission, while the larger dataset showed
higher dispersal rates fromMeanchey to seven other regions, the smaller
dataset indicated higher rates to five other regions. These findings
underscore the necessity of exercising caution when interpreting phy-
logeographic inferences.

Discussion
During the early COVID-19 pandemic, Cambodia leveraged its existing
infectious disease surveillance infrastructure to effectively curb the trans-
mission of the SARS-CoV-2 virus. Through rigorous quarantine and testing
measures, Cambodia successfully controlled the spread of the virus for 2020,
with only a limited number of reported cases6. However, the subsequent
emergence and global dissemination of VoCs with enhanced transmissi-
bility posed new challenges, particularly in a resource-limited country like
Cambodia. Genomic surveillance and sequencing played a critical role in
tracking the introductions, mutations, and transmission patterns of VoCs,
forming a key component of public health strategies. In this study, we
utilized targetednext-generation sequencing andphylodynamic approaches
to analyze genomic data of SARS-CoV-2. Our findings offer valuable
insights into understanding the evolution, transmissibility and spatial
dynamics of theAlpha versus theDelta variants thatwere responsible for the
first two waves of large-scale community outbreaks in Cambodia from
February to September 2021.

The Alpha variant likely entered Cambodia through initial introduc-
tion into the capital Phnom Penh, sparking widespread community trans-
mission nationally. All sequenced Cambodian Alpha genomes harbored
canonical mutations like the 69/70 deletion and N501Y substitution in the
spike protein, that are known to confer increased transmissibility9,49. The

Table 1 | Asymmetric migration rates of Alpha B.1.1.7 variant of SARS-CoV-2 virus between pairwise geographic locations

Location Battambang Kampong Kandal Meanchey Other PSRKM Phnom
Penh

SE
Cam

SW
Cam

Siem
Reap

SE
Asia

Battambang – 0.3 0.27 0.64a 0.23 0.25 0.44 0.31 0.66a 0.49 0.7

Kampong 0.3 – 0.83a 0.43 0.23 0.32 0.33 0.53 0.37 0.41 0.52

Kandal 0.33 0.36 – 0.32 0.27 0.35 0.36 0.36 0.33 0.31 0.32

Meanchey 0.37 0.45 0.26 – 0.27 0.31 0.57 0.72a 0.34 0.37 0.73

Other 0.08 0.08 0.09 0.08 – 0.08 0.34b 0.09 0.09 0.18 1.87b

PSRKM 0.31 0.29 0.31 0.3 0.28 – 0.31 0.29 0.3 0.48 0.31

Phnom Penh 1.36b 3.56b 1.32b 1.18b 0.12 0.79b – 2.13b 2.16b 1.74b 0.34

SE Cam 0.26 0.29 0.29 0.27 0.23 0.27 0.34 – 0.4 0.26 0.38

SW Cam 0.72a 0.29 0.29 0.36 0.28 0.31 0.36 0.61 – 0.47 0.57a

Siem Reap 0.58 0.32 0.27 0.54a 0.25 0.58 0.73a 0.28 0.82a – 0.45

SE Asia 0.18 0.17 0.18 0.19 0.34 0.16 0.48 0.34b 0.17 0.25 –

Other rest of world, PSRKM represents 5 provinces (Preah Vihear, Stung Treng, Ratanakiri, Kratie andMondulkiri), SE Cam Southeast Cambodia, SWCam Southwest Cambodia, SE Asia Southeast Asia.
aDenotes moderate support with Bayes Factor of 3–99.
Bold numbers and bdenote strong support with Bayes Factor ≥100.

Table 2 | Asymmetric migration rates of Delta B.1.617.2 variant of SARS-CoV-2 virus between pairwise geographic locations

Location Battambang Kampong Meanchey Other PSRKM Phnom
Penh

SE Cam SW Cam Siem
Reap

SE Asia

Battambang – 0.29 0.29 0.22 0.31 0.44 0.32 0.72a 0.28 0.26

Kampong 0.32 – 0.33 0.33 0.36 0.87a 0.47 0.51 0.35 0.29

Meanchey 1.96b 1.52b – 0.42 0.36 1.84b 0.6 0.69a 2.27b 0.24

Other 0.11 0.11 0.35 – 0.09 0.37a 0.1 0.1 0.24 0.4b

PSRKM 0.28 0.32 0.3 0.35 – 0.29 0.44 0.34 0.32 0.57b

Phnom Penh 0.36 0.88a 0.49 0.7a 0.29 – 0.48 0.74a 0.55 0.27

SE Cam 0.29 0.44 0.31 0.31 0.73a 0.71 – 0.43 0.34 0.31

SW Cam 0.41 0.33 0.33 0.31 0.33 0.37 0.31 – 0.31 0.3

Siem Reap 0.33 0.53 0.42 0.4 0.79b 1.6a 2.14b 0.68a – 0.27

SE Asia 1.14b 0.35 1.7b 0.21 0.24 0.35 0.38a 0.18 0.86a –

Other rest of world, PSRKM represents 5 provinces (Preah Vihear, Stung Treng, Ratanakiri, Kratie andMondulkiri), SE Cam Southeast Cambodia, SWCam Southwest Cambodia, SE Asia Southeast Asia.
aDenotes moderate support with Bayes Factor of 3–99.
bold numbers and bdenote strong support with Bayes Factor ≥100.
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spike 69/70 deletion facilitates faster syncytium formation through
improved fusogenicity49 and theN501Y substitution in the receptor binding
domain (RBD) enhances the binding affinity of the spike protein for the
ACE2 receptor46. Upon establishing and circulating within Cambodia, the
Alpha variant diversified into local sublineages, notably acquiring the
E484K mutation in the RBD. This E484Kmutation has also been observed
in other globally circulating variants including Delta (B.1.617.2), Beta
(B.1.351) and Gamma (P.1) viruses. Studies have shown that the E484K
mutation can reduce, but not abolish, the neutralizing activity of post-
infection and post-vaccination sera50, while also conferring resistance to
certain monoclonal antibodies51–53.

We show that the Alpha variant displayed a higher level of genetic
diversity andmorevariation in effective reproductivenumber than theDelta
variant. The epidemic experienced greater expansion with the onset of
Alpha transmission, followed by a notable reduction by April 2021. In
comparison, theDelta epidemicpeaked in early June 2021, coincidingwith a
decline in the Alpha epidemic. Interestingly, the epidemic growth of the
Alpha variant exhibited a slight rebound in epidemic growth frommid-June
to mid-July 202. Soon after, both variants showed a recessive epidemic
(Re<1) from mid-July to mid-August, possibly due to the launch of Cam-
bodia’smass vaccination campaign in April 2021, which effectively reduced
virus transmission.

Our Alpha and Delta Re estimates corresponded to published esti-
mates (0.28–2.11, and 0.48–2.68, respectively54) made using the same Birth-
Death Skyline (BDSKY) model. From June to September 2021, the Delta
variant rapidly displaced the Alpha variant in Cambodia, following the
global epidemic trend20,55,56. In particular, the epidemic growth of the Delta
variant showed a 50% increase in the effective reproductive number (Re)
compared to the Alpha variant in late August 2021. Our estimates corro-
borate previous findings indicating that the Delta also demonstrated a
higher Re than Alpha across 64 countries57. While the COVID-19 vacci-
nation has been effective in curtailing transmission of theAlpha variant, the
Delta variant has acquired three key amino acid mutations, L452R, T478K
and P681R in the spike protein58. The L452R mutation in the RBD was
demonstrated to reduce antibody recognition and virus neutralization14,59.
TheT478Kmutation, also in the RBD, could enhance the binding affinity to
human ACE2 receptor60,61. Additionally, the P681R and D950N substitu-
tions at the S1/S2 cleavage site can promote cleavage rate and facilitate faster
transmission13. Like globally circulating Delta variant, all Cambodian Delta
viruses similarly possessed these three mutations. Despite the increasing
uptake ofCOVID-19 vaccinations in the adult populations, the secondwave
of infections in 2021was still driven by theDelta variant. This highlights the
impact of newer variants on vaccine efficacy and the vulnerability of
younger age populations that remain unvaccinated. Furthermore, some
studies have suggested that COVID-19 vaccines can exert selective pressure
that leads to the emergenceof immuneevasionmutations indifferent SARS-
CoV-2 variants, thereby enabling the virus to evade the vaccine-induced
immunity62–64. However, COVID-19 vaccination remains protective against
Delta-related severe illness and mortality65,66.

The rapid displacement of a previously predominant variant by a
newer,more adapted varianthas been ahallmarkof SARS-CoV-2 evolution.
The rapid rate of evolution coupled with strong selective forces drive con-
tinuous genetic drift and the emergence of advantageous mutations67.
Moreover, new SARS-CoV-2 variants have been observed to emerge from
specific locationsworldwide. In this study, we uncovered contrasting spatial
dissemination patterns between Alpha and Delta variants in Cambodia,
consistent with the epidemiological patterns reported. Notably, the spread
of the Alpha variant from Phnom Penh into the rest of country coincided
with the introduction of the virus from the rest of the world due to a
quarantine breach in the capital. Conversely, the Delta variant was likely
introduced into Cambodia through northern border provinces, possibly via
returningmigrantworkers fromThailand inMay 2021. The prevalentDelta
cases in Cambodia were associated with AY.30 andAY.85 lineages, aligning
with the dominant Delta lineages observed in Thailand68. Subsequently, the
Delta variant continued to spread to densely populated areas in the southern

provinces. Phylogeographic reconstruction has provided valuable insights
into the geographic spread and epidemic dynamics of SARS-CoV-2
variants69–72. However, sampling bias due to a limited number of sequences
available from different geographic locations may affect interpretation of
phylogeography. In some instances, virus sequences may not be available
from certain locations, which may impact the estimated number of
migration pathways and estimated dispersal rates73,74. Interpretation of
phylogeographic inference should therefore be approachedwith caution. To
mitigate these challenges, alternative approaches74 are necessary for com-
parative analyses to reinforce the consistent identification of key migration
events and enhance the robustness and reliability of findings.

Our phylodynamic analyses provide important insights into the evo-
lutionary trajectories and transmission patterns of major SARS-CoV-2
variants in Southeast Asia. However, the limited sampling and geographic
representation highlights the necessity for expanded genomic surveillance,
given the scarcity of data from the region. Unlike the singular introduction
in Cambodia, a recent evolutionary study from Vietnam75 analyzed 1303
genomes of both Alpha and Delta variants and suggested multiple intro-
ductions of the Alpha variant that sparked sporadic outbreaks. However,
like Cambodia, the Delta variant quickly became prevalent and caused a
major nationwide wave of infections. In Vietnam, theDelta outbreak traced
back to a single AY.57 lineage introduction in March 2021 which then
diversified into localized sub-clusters coincidingwithdomestic lockdowns75.
As such, we observe the similarities and differences in variant transmission
even betweenneighboring countries and the value of genomic epidemiology
in deciphering SARS-CoV-2 transmission pathways and evolutionary pat-
terns, thus informing effective public health strategies in Southeast Asia.
Nevertheless, comprehensive understanding of these complex dynamics,
particularly in under-sampled regions, requires expanded sequencing and
integration with epidemiological data.

In summary, Cambodia, like other countries, faced the emergence and
introduction of new SARS-CoV-2 variants. Our study emphasizes the
effectiveness of incorporating genomic surveillance into routinemonitoring
to track and control regional COVID-19 epidemics driven by highly
transmissible variants.We show that the successive epidemic waves of both
Alpha and Delta variants were driven by virus importation, followed by
subsequent community transmission within the country. Phnom Penh, in
particular, is well-connected to rest of world, while transmission between
provinces occurred due to business and trade activities. To mitigate large
local outbreaks, the Cambodian government continues routine genomic
sequencing to monitor current SARS-CoV-2 variants. Future research
should prioritize understanding the epidemic behavior and onward trans-
mission dynamics of Omicron and emerging variants in Cambodia. How-
ever, due to changes in testing requirements and public health intervention
measures, complete genetic data from the entire country is limited from
October 2021 onwards. Maintaining a vigilant approach through viral
genomic surveillance and strengthening resources for strategic public health
measures and vaccination campaigns are crucial in mitigating future waves
of SARS-CoV-2 variants and other endemic and emerging viruses with
pandemic potential.

Data availability
The SARS-CoV-2 sequences from Cambodia have been deposited in the
GISAIDdatabase aspart of theCOVID-19 response.All sequences analyzed
in this study are available from https://doi.org/10.55876/gis8.240605ho76.
TheGISAIDdatabase is available at https://gisaid.org. Sourcedata for the six
figures in the manuscript are available in Supplementary Data 4–5.
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