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a b s t r a c t 

Background: Viral genomic surveillance is vital for understanding the transmission of COVID-19. In Hong 

Kong, breakthrough outbreaks have occurred in July (third wave) and November (fourth wave) 2020. We 

used whole viral genome analysis to study the characteristics of these waves. 

Methods: We analyzed 509 SARS-CoV-2 genomes collected from Hong Kong patients between 22nd Jan- 

uary and 29th November, 2020. Phylogenetic and phylodynamic analyses were performed, and were in- 

terpreted with epidemiological information. 

Findings: During the third and fourth waves , diverse SARS-CoV-2 genomes were identified among im- 

ported infections. Conversely, local infections were dominated by a single lineage during each wave, with 

96.6% (259/268) in the third wave and 100% (73/73) in the fourth wave belonging to B.1.1.63 and B.1.36.27 

lineages, respectively. While B.1.1.63 lineage was imported 2 weeks before the beginning of the third 

wave, B.1.36.27 lineage has circulated in Hong Kong for 2 months prior to the fourth wave. During the 

fourth wave, 50.7% (37/73) of local infections in November was identical to the viral genome from an 

imported case in September. Within B.1.1.63 or B.1.36.27 lineage in our cohort, the most common non- 

synonymous mutations occurred at the helicase (nsp13) gene. 

Interpretation: Although stringent measures have prevented most imported cases from spreading in Hong 

Kong, a single lineage with low-level local transmission in October and early November was responsible 

for the fourth wave. A superspreading event or lower temperature in November may have facilitated the 

spread of the B.1.36.27 lineage. 

Funding: Richard and Carol Yu, Michael Tong, and the Government Consultancy Service (see acknowledg- 
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Research in Context 

Evidence before this study 

Whole viral genome sequence analysis has played an im- 
portant role in the investigation of SARS-CoV-2 outbreaks. 
We searched PubMed without language restrictions on 13th 

December 2020 for articles using the terms “COVID-19 ′′ or 
“SARS-CoV-2 ′′ and the terms “phylogenetic”, or “phyloge- 
nomic”. Most of the studies using whole viral genome on out- 
break investigations were performed in areas with high inci- 
dence. Very few were performed in low incidence areas. 

Added value of this study 

We analyzed 509 whole viral genomes from specimens 
collected between January and November 2020. We focused 

the analysis on viral genomes that were collected during the 
third and the fourth waves in Hong Kong, which occurred af- 
ter the relaxation of restriction measures. Although multiple 
genetic lineages were found in imported cases, most of the 
locally-acquired cases belong to single lineages within the 
third and fourth waves which suggested that the stringent 
border control has prevented the transmission of SARS-CoV- 
2 from imported cases into the local community. The fourth 

wave was caused by the B.1.36.27 lineage that has been circu- 
lating in Hong Kong for 2 months with little genetic changes. 
The sudden increase of cases in the fourth wave was related 

to a dancing cluster which suggested the possibility of a su- 
perspreading event, and the lower temperature in November 
may have contributed to the rapid spread of the infection. 

Implications of all available evidence 

Due to the efficient person-to-person transmission of 
SARS-CoV-2, sudden outbreak of COVID-19 can easily occur 
in low incidence area even when there are few sources of 
infection. Whole viral genome analysis plays a pivotal role in 

understanding the characteristics of each outbreak, which can 

guide public health measures. The transmissibility of SARS- 
CoV-2 with the change in weather should be further investi- 
gated. 

. Introduction 

SARS-CoV-2 is characterized by efficient person-to-person 

ransmission [1] . Within only 12 months since the first report of 

ARS-CoV-2 human infections, over 70 million cases have been re- 

orted globally. Seroprevalence studies suggested that the true bur- 

en of infections could be much higher [2] . The successful control 

f COVID-19 requires a coordinated public health effort that should 

e guided by scientific evidence, and viral genomic analysis plays 

n essential role in understanding the transmission dynamics. 

Genomic epidemiology studies have demonstrated multilineage 

ntroduction of SARS-CoV-2 into Europe and America during the 

arly stage of the COVID-19 pandemic [3–5] . Hong Kong has a rel- 

tively low incidence of COVID-19 with about 0.1% of the popula- 

ion having laboratory-confirmed infections at the time of writing. 

uring the early stage of the pandemic (first and second waves be- 

ween January and May 2020), most of the COVID-19 patients were 
✩ Funding: Richard and Carol Yu, Michael Tong, and the Government Consultancy 

ervice (see acknowledgments for full list). 
∗ Corresponding author at: State Key Laboratory for Emerging Infectious Diseases, 

arol Yu Centre for Infection, Department of Microbiology, Li Ka Shing Faculty of 

edicine, The University of Hong Kong, Pokfulam, Hong Kong Special Administra- 

ive Region, China. 

E-mail address: kelvinto@hku.hk (K.K.-W. To). 
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ravelers or their close contacts, and their virus genomes were ge- 

etically diverse [6] . After stepping up control measures such as 

niversal mandatory mask wearing, social distancing policies, and 

order controls, the incidence of COVID-19 cases was reduced [7] . 

However, unlike nearby regions that have largely eliminated 

ocal transmission of SARS-CoV-2, Hong Kong continues to have 

ocally-acquired cases. The third wave, which began in early July 

020, was different from the first two waves in that most cases 

ere acquired locally, and did not have direct contact with im- 

orted cases. We previously reported that the early cases of the 

hird wave belong to a single lineage B.1.1.63 (previously desig- 

ated as genetic cluster HK1), which is within the Global Initia- 

ive on Sharing All Influenza Data (GISAID) clade GR and Nextstrain 

lade 20B [6] . The lineage B.1.1.63 was newly introduced into Hong 

ong, and was most closely related to viral genomes of travelers 

rom the Philippines in late June [6] . Since this third wave was 

ikely related to travelers, the Hong Kong government has stepped 

p measures to prevent transmission of SARS-CoV-2 from imported 

ases, including the requirement of all inbound travelers from des- 

gnated high risk areas to provide negative SARS-CoV-2 nucleic 

cid test report before departure, and reducing the number of in- 

ividuals that can be exempted from mandatory quarantine. With 

hese public restrictions in place, the third wave peaked in late 

uly, and the number of locally-acquired cases reduced substan- 

ially in September. 

While there were sporadic locally-acquired cases from Septem- 

er to early November, the number of local cases remained rel- 

tively low with < 10 cases per day. During this period, a novel 

iral genome in GISAID GH clade was found among local cases, 

hich was most closely related to imported cases from Nepal [8] . 

owever, since mid-November, a large outbreak occurred in Hong 

ong (fourth wave), which was epidemiologically linked to danc- 

ng venues where people take dancing lessons [9] . Here, we sought 

o perform detailed phylogenetic analysis and compare the third 

July) and fourth (November) waves in Hong Kong. 

. Methods 

.1. COVID-19 cases data 

The epidemic curve data was constructed based on the informa- 

ion from the Centre for Health Protection, Department of Health, 

he Government of the Hong Kong Special Administrative Region 

10] . 

.2. Study design and participants 

In this study, we performed whole viral genome sequencing on 

linical specimens from COVID-19 patients, and analyzed the vi- 

al genomes together with viral genomes we reported previously 

 6 , 11–14 ]. The archived clinical specimens sequenced in this study 

ere from patients with laboratory-confirmed COVID-19 who were 

dmitted to Queen Mary Hospital, Queen Elizabeth Hospital or 

rincess Margaret Hospital in Hong Kong. The study was approved 

y the Institutional Review Board of the University of Hong Kong/ 

ospital Authority Hong Kong West Cluster (UW 13-372, UW 20- 

92), the Kowloon West Cluster REC (KW/EX-20-038[144-26]), and 

he Kowloon Central/Kowloon East Cluster REC (KC/KE-20-0321/ER- 

). Written informed consent was waived. 

.3. Nanopore sequencing 

Library preparation, nanopore sequencing and bioinfor- 

atic analysis were performed as we described previously 

6] . Briefly, nanopore sequencing was performed following 

he Nanopore protocol - PCR tiling of COVID-19 (Version: 
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TC_9096_v109_revH_06Feb2020) according to the manufacturer’s 

nstructions with modifications (Oxford Nanopore Technologies). 

riefly, extracted RNA was first reverse transcribed to cDNA either 

sing SuperScript TM IV reverse transcriptase (ThermoFisher Scien- 

ific, Waltham, MA, USA) or LunaScript® RT SuperMix Kit (New 

ngland Biolabs, Ipswich, Massachusetts, USA). PCR amplification 

as then performed using the hCoV-2019/nCoV-2019 Version 3 

mplicon Set [Integrated DNA Technologies (IDT), Coralville, IA, 

SA]. End preparation and native barcode ligation were performed 

ccording to the PCR tiling of COVID-19 virus protocol (EXP- 

BD196, Oxford Nanopore Technologies). Barcoded and pooled 

ibraries were then ligated to sequencing adapter and sequenced 

ith the Oxford Nanopore MinION device using R9.4.1 or R10.3 

ow cells for 24–48 h. 

Bioinformatic analysis was performed according to the ARTIC- 

CoV network workflow [15] with minor modifications for con- 

erting raw data into the consensus sequences using the Medaka 

ipeline. The only modifications were (1) reducing the minimum 

ength at the guppyplex step to 350 to allow potential deletions to 

e detected, and (2) increasing the –normalize value to 999,999 to 

ncorporate all the sequenced reads. 

.4. Illumina sequencing 

For Illumina sequencing, extracted RNA was first reverse tran- 

cribed to cDNA using SuperScript TM IV reverse transcriptase, fol- 

owed by PCR amplification using the ARTIC network nCoV-2019 

ersion 3 primer set (Integrated DNA Technologies). DNA libraries 

ere then prepared using the Illumina DNA Prep kit (Illumina, San 

iego, CA, USA) and IDT for Illumina DNA/RNA UD Indexes sets (Il- 

umina). Briefly, DNA fragments with indexed adaptors were gen- 

rated by tagmentation, and then amplified and pooled accord- 

ng to manufacturer’s instructions. The quality of the libraries was 

alidated using the 2100 Bioanalyzer (Agilent Technologies, Santa 

lara, CA, USA) and Qubit 4 fluorometer (Thermo Fisher Scientific, 

altham, MA, USA). Sequencing was performed on the iSeq 100 

Illumina) to generate paired-end 151-bp reads. 

The Illumina reads data was then processed accord- 

ng to the Utah DoH ARTIC/Illumina Bioinformatic Work- 

ow. Detailed steps of the workflow are available at 

ttps://github.com/CDCgov/SARS- CoV- 2 _ Sequencing/tree/master/ 

rotocols/BFX-UT _ ARTIC _ Illumina . 

.5. Phylogenetic and phylodynamic analysis 

Multiple sequence alignment was performed using MAFFT [16] . 

he maximum-likelihood whole genome phylogenetic tree con- 

truction and phylodynamic analysis were performed using IQ- 

REE [17] and TreeTime [18] (Please refer to supplementary meth- 

ds for details). For the construction of the phylogenetic tree, 10 0 0 

eplicates were used, and the option -czb was used to mask the 

nrelated substructure of the tree with branch length representing 

utation count of less than 1. Furthermore, we applied a mask- 

ng scheme to avoid biases caused by homoplastic and highly am- 

iguous sites as suggested [19] . Phylogenetic network was con- 

tructed using SplitsTree4 [20] . We described the genetic infor- 

ation using GISAID [21] , Nextstrain [22] , and PANGO lineage 

23] nomenclatures. Nucleotide position was numbered according 

o the reference genome Wuhan-Hu-1 (GenBank accession num- 

er MN908947.3). For the maximum likelihood phylodynamic anal- 

sis, in addition to the described homoplastic position masking, 

e also removed the highly diverged sequences suggested by the 

reeTime program. The evolutionary rate of B.1.1.63 lineage was es- 

imated using root-to-tip (RtT) regression analysis. The consensus 

equences have been deposited into GISAID (Supplementary Table 

1). 
3 
.6. Role of the funding source 

The funding sources had no role in the study design, data col- 

ection, analysis, interpretation, or writing of the report. 

. Results 

In Hong Kong, the third wave started in early July, peaked 

n late July, and almost returned to baseline level in September 

 Fig. 1 ). Between 16th September and 19th November 2020 (except 

th October), the number of locally-acquired cases per day fell be- 

ow 10. However, the number of locally-acquired cases suddenly 

ncreased to 21 on 20th November, signifying the beginning of the 

ourth wave. 

In total, we have analyzed 509 SARS-CoV-2 genome sequences 

rom 508 patients, which represented 8.1% (509/6239 episodes) of 

OVID-19 cases in Hong Kong (Supplementary Table S2). We have 

dded 380 new whole genome sequences from specimens that 

ere collected between 24th June and 29th November 2020 (Sup- 

lementary Table S1). The remaining 121 viral genomes from the 

rst, second and the beginning of the third waves have been re- 

orted previously [ 6 , 11–14 ]. For one patient with reinfection, the 

iral genomes in both episodes (March and August) were included 

11] . Eight viral genomes were previously published by Siu et al. 

8] . 

Phylogenetic analysis showed that during the third wave, 96.6% 

259/268) of the locally-acquired cases belong to the PANGO lin- 

age B.1.1.63 ( Fig. 2 a, Supplementary Fig. S1 and Supplementary 

ig. S2). These were collected between 7th July and 27th Septem- 

er 2020. During this period, 3 locally-acquired cases were found 

n the PANGO lineage B.1.1.141 (previously designated as genetic 

lusters HK2 [6] ), 3 in the PANGO lineage B.1.1.47, 2 in the PANGO 

ineage B.1.1.220 and 1 in the PANGO lineage B.1.480 ( Fig. 2 a). 

uring the third wave, imported cases were genetically diverse 

 Fig. 2 a, Fig. 2 c, and Supplementary Figure S1). 

Among the 73 locally-acquired cases in November (collected 

p to 29th November 2020), all were closely related to the vi- 

al genomes from 2 imported cases who had returned to Hong 

ong from Nepal (Travelers A and B; Specimens collected on 

9th September 2020 and on 25th September 2020, respectively) 

PANGO lineage B.1.36.27, GISAID clade GH and Nextstrain 20A) 

 Fig. 2 a and 2 b). Out of these 73 cases, 37 (50.7%) had identi-

al genomes, 32 (43.8%) had only one nucleotide difference, and 4 

5.5%) had 2 nucleotide difference from travelers A and B ( Fig. 2 b).

en locally-acquired cases in October, including 8 cases that were 

eleased in GISAID previously [8] , also belong to the B.1.36.27 lin- 

age. These 10 locally-acquired cases in October were highly sim- 

lar to the viral genomes from Travelers A and B, with 4 genomes 

eing identical, 5 genomes having 1 nucleotide difference and 

 genomes had 2 nucleotide differences. Since 16th September 

020, genetically diverse genomes in different GISAID or Nextstrain 

lades were found among imported cases ( Fig. 2 c). Apart from 

ravelers A and B, we have also obtained the SARS-CoV-2 genomes 

f 3 other imported cases from Nepal (Travelers C, D and E), which 

ere collected on 21st and 26th of October and 16th November 

020. Genomes from Travelers C-E were phylogenetically distinct 

rom the genomes from Travelers A and B ( Fig. 2 b). Furthermore, 

he viral genomes from Travelers C-E differs from each other by 

0–14 single nucleotide polymorphisms. 

Sensitivity analysis was also performed to verify our conclu- 

ions by constructing phylogenetic trees using different substitu- 

ion models. The topological similarities of the phylogenetic trees 

ased on the 3 best substitution models ranged from 0.75117 to 

.784555 (Supplementary Table S3), suggesting that different mod- 

ls would still result in the same conclusion. Furthermore, there 

as no difference in the conclusions inferred from the maximum- 
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Fig. 1. Number of locally-acquired cases in Hong Kong between 22nd January and 29th November 2020. Data were adapted from the center for Health Protection [10] . 

Fig. 2. Whole genome phylogenetic analysis of 509 viral genomes showing the relationship between the genomes from locally-acquired and imported COVID-19 cases in 

Hong Kong from January to November 2020. The trees were constructed by maximum likelihood method with IQTree and Treetime. The reference genome Wuhan-Hu-1 

(GenBank accession number MN908947.3) was used as the root of the tree. The substitution model GTR + F + I was used. (a) The entire phylogenetic tree. The blue branch 

indicates B.1.36.27 lineage from fourth wave. Pink, green and orange branches indicate B.1.1.63, B.1.1.141 and B.1.1.47 lineages from third wave, respectively. (b) A magnified 

figure focusing on the B.1.36.27 lineage. Blue triangles indicate Travelers C, D and E from Nepal, for whom the viral genomes are phylogenetically distinct to B.1.36.27 lineage. 

(c) GISAID and Nextstrain clade distribution of imported cases in Hong Kong. (For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.) 
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ikelihood and Bayesian phylogenetic trees ( Fig. 2 a and Supplemen- 

ary Figure S2). 

Time-resolved phylogenetic tree was constructed to show the 

volution of the virus ( Fig. 3 a). Ten highly diverse genomes were 

emoved as suggested by TreeTime. Therefore, in total, we analyzed 

99 sequences, including 259 from the B.1.1.63 lineage and 85 from 

he B.1.36.27 lineage. The estimated divergent date of third wave 

.1.1.63 lineage is 21st May 2020. The evolutionary rate of B.1.1.63 

ineage is estimated to be 4.15 × 10 −4 substitutions per site per 
4 
ear (r 2 : 0.3) ( Fig. 3 b). Since there are only 1–2 nucleotide changes

ithin the fourth wave B.1.36.27 lineage, we considered the dif- 

erence not reaching the phylodynamic threshold to estimate the 

volutionary rate [24] . 

Fourth wave B.1.36.27 differs from the reference Wuhan-Hu- 

 strain by 18 nucleotides, including 8 non-synonymous muta- 

ions in nsp2, nsp3, nsp12, spike, ORF3a and N genes ( Table 1 ).

he B.1.36.27 differs from the most closely related cluster in 6 

ucleotide positions (G3431T, T5653C, G5950A, C6255T, C7504T, 
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Fig. 2. Continued 

Fig. 2. Continued 
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24175C), including 2 non-synonymous mutations (nsp3 V238L 

nd nsp3 A1179V). 

Within lineages B.1.1.63 and B.1.36.27 in third and fourth 

ave, single nucleotide polymorphisms can be found throughout 

he entire genome ( Fig. 4 ). The most common non-synonymous 

utations were found in the nsp13 gene (helicase). For the 

hird wave B.1.1.63, 12.4% (32/259) contain the C16985T mutation 

nsp13 T250I). For the fourth wave B.1.36.27, 11.8% (10/85) contain 

16933G mutation (nsp13 M233V). 

. Discussion 

Despite stringent control measures, Hong Kong experienced a 

arge COVID-19 outbreak in summer (third wave) and is now fac- 

ng another outbreak which started in November (fourth wave). 

oth waves were mainly comprised of locally-acquired cases. This 

tudy analyzed these two waves by phylogenetic, phylodynamic 
5 
nd single nucleotide variant analyses using whole viral genome 

equences. Several similarities and differences between these two 

aves were identified. First, the third and fourth waves were 

aused by distinct viruses from different lineages, suggesting that 

he local transmission of the third wave has subsided. Second, both 

he third and fourth waves were each dominated by a single ge- 

etic lineage related to import cases. While cases belonging to 

he B.1.1.63 lineage is phylogenetically most related to imported 

ases from the Philippines, cases belonging to the lineage B.1.36.27 

s identical to two viral genomes obtained from imported cases 

rom Nepal. Third, unlike the third wave in which the imported 

.1.1.63 virus was only found 2 weeks before the local outbreak, 

he B.1.36.27 lineage has been imported and circulated in the com- 

unity for about 2 months before the start of the fourth wave. 

ur results have important implications for the control of COVID- 

9 outbreaks in areas with low incidence, such as China, Singapore, 

ustralia and New Zealand. 
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Fig. 3. (a) Time-resolved phylogenetic tree of 499 viral genomes from December 2019 to November 2020. The scale bars indicate the substitution rates per site per year. (b) 

Evolutionary rate estimate using root-to-tip (RtT) regression analysis for B.1.1.63 lineage in third wave. 
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Unlike the third wave which was caused by the B.1.1.63 lin- 

age that was newly introduced into Hong Kong shortly before the 

ave, the fourth wave was caused by the B.1.36.27 lineage that was 

ntroduced into Hong Kong two months before the outbreak. Fur- 

hermore, there was little genetic difference between the viruses 

ollected in November and the first virus within the B.1.36.27 lin- 

age that was collected in September. Hence, the fourth wave is 

ot related to viral mutations that emerge during the circulation 

n Hong Kong. There are several possibilities for the sudden onset 
6 
f the fourth wave in November. First, the early cases in the fourth 

ave were traced to dancing groups, and the efficient transmission 

n these early cases was likely related to the clustering of people 

n an indoor environment without wearing masks. The lack of ge- 

omic diversity suggests the possibility of a superspreading event. 

nother possible explanation for the fourth wave is the change in 

eather. Morris et al. showed that the survival of SARS-CoV-2 was 

onger when the temperature decreases from 27 °C to 22 °C [25] . In

ong Kong, the mean daily temperature decreased from 28.4 °C in 
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Table 1 

Mutations identified in the third wave B.1.1.63 and the fourth wave B.1.36.27. 

Gene Nucleotide Amino acid 

Position a 
Wuhan-Hu-1 

MN908947 

Third wave 

B.1.1.63 

Fourth wave 

B.1.36.27 Position 

Wuhan-Hu-1 

MN908947 

Third wave 

B.1.1.63 

Fourth wave 

B.1.36.27 

Clade defining 

mutation 

Untranslated 

region 

241 C T T – – – –

Nsp3 3037 C T T 106 F F F 

Nsp12 (RdRP) 14,408 C T T 323 P L L 

Spike 23,403 A G G 614 D G G 

ORF3a 25,563 G G T 57 Q Q H 

N 28,881 G A G 203 R K R 

28,882 G A G 203 R K R 

28,883 G C G 204 G R G 

Fourth wave 

B.1.36.27 defining 

mutation 

Nsp2 922 G G A 39 L L L 

1947 T T C 381 V V A 

Nsp3 3431 G G T 238 V V L 

5653 T T C 978 Y Y Y 

5950 G G A 1077 K K K 

6255 C C T 1179 A A V 

7504 C C T 1595 Y Y Y 

Nsp14 18,877 C C T 280 L L L 

Spike 22,444 C C T 294 D D D 

24,175 T T C 871 A A A 

ORF3a 26,060 C C T 223 T T I 

M 26,735 C C T 71 Y Y Y 

N 28,854 C C T 194 S S L 

Third wave B.1.1.63 

defining mutation 

Nsp3 2973 C T C 85 A V A 

Nsp15 20,312 C T C 231 A V A 

Spike 21,597 C T C 12 S F S 

N 28,308 C G C 12 A G A 

29,144 C T C 291 L L L 

Abbreviations: M, membrane; N, nucleoprotein; RdRp, RNA-dependent RNA polymerase. 
a The nucleotide position is numbered according the reference genome Wuhan-Hu-1 (Genbank accession number MN908947.3). 
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eptember to 23.5 °C in November [26] . Therefore, the lower tem- 

erature in November rendered the virus more stable in the envi- 

onment, facilitating the spread of the virus. However, the contri- 

ution of weather change remains to be determined as many out- 

reaks in the world, such as those in South Africa, Brazil and India, 

ccurred during the summer. 

Multiple studies in other countries have shown that imported 

ases are an important source of local outbreaks. Without restric- 

ions on imported cases, there would be simultaneous introduc- 

ions of different genetic lineages into the local community [27] . 

lthough B.1.1.63 dominated the third wave, four other lineages 

ere also identified, suggesting multiple sources of imported cases. 

owever, all locally-acquired cases during the fourth wave be- 

onged to B.1.36.27 lineage, despite the continuous detection of 

ther lineages among travelers from September to November. Our 

esults suggest that the stepping up of control measures for trav- 

lers during and after the third wave, including the tightening of 

esting and quarantine arrangements for sea crew and air crew 

embers, has indeed prevented the spread of infection from most 

mported cases. 

There are several possibilities for the introduction of the new 

iruses into Hong Kong from incoming travelers despite stringent 

ontrol measures. First, some patients may have the virus detected 

nly after the quarantine period. Studies have shown that the in- 

ubation period can be longer than 14 days [28] . Second, there 

ay have been transmission from the index case to the commu- 

ity via either direct contact with the hotel staff, or from indirect 

ontact via inanimate objects. To prevent imported cases to cause 

ocal transmission, the Hong Kong government has implemented 

andatory quarantine for all incoming travelers since March 2020, 

hich has tightened gradually. At the time of writing, all incoming 

ravelers, except those from mainland China, Macau and Taiwan, 

ust be quarantined at designated hotels for 21 days. SARS-CoV-2 

esting is performed on arrival, and then on day 12 and 19 after 
7 
rrival. Between 22nd June 2020 and 29th November 2020, there 

ere a total of 922 imported cases in Hong Kong [10] , but we only

dentified 4 lineages related to imported cases during this period. 

Fourth wave B.1.36.27 has 8 amino acid differences from 

he reference strain Wuhan-Hu-1. Spike protein D614G, which is 

resent in all the GISAID clade G, GR or GH viruses, has been 

hown to confer better viral replication and transmissibility [29] . 

RF3a Q57H, which is present in GISAID clade GH, has been 

roposed to affect the protein structure and binding affinity of 

RF3a to S or ORF8 proteins [30] . Two mutations were located 

n nsp3, including V238L (or ORF1ab V1056L) and A1179V (or 

RF1ab A1997V). Nsp3 is a papain-like protease which is involved 

n polyprotein processing, de-ADP ribosylation, deubiquitination, 

ouble membrane vesicle formation, and interferon antagonism 

31] . The N protein S194L may enhance the interaction between 

 and E protein but may decrease the interaction between N and 

 protein [30] . Further studies are needed to clarify the impact 

f these viral mutations on the virulence and transmissibility of 

ARS-CoV-2. 

Within both B.1.1.63 and B.1.36.27 in third and fourth waves, the 

ost common non-synonymous single nucleotide polymorphism 

as found in the nsp13 gene, also known as the helicase. Nsp13 is 

mportant for viral replication, and participates in the cap synthe- 

is during mRNA translation [32] . Inhibition of nsp13 with bismuth 

as been shown to reduce viral replication and disease severity in 

ur SARS-CoV-2 hamster model [33] . Nsp13 is also an interferon 

ntagonist [34] . It remains to be determined whether these nsp13 

utations confer higher virulence or transmissibility of the virus. 

We have taken several measures to ensure the accuracy of the 

hylodynamic analysis. First, we excluded viral genomes that have 

een considered not suitable for analysis by the TreeTime, the phy- 

odynamic program used by Nextstrain. Second, we have masked 

he locations which were suspected to be problematic, before phy- 

ogenetic tree construction. Turakhia et al. have demonstrated that 
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Fig. 4. Single nucleotide mutations within B.1.1.63 in third wave and B.1.36.27 in fourth wave. The most common non-synonymous mutation are highlighted in yellow. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ome nucleotide mutations are potential systemic errors gener- 

ted by specific protocols, and may mislead phylogenetic analy- 

is [19] . None of our genome sequences contain these changes. 

he estimated evolutionary rate of third wave B.1.1.63, 4.15 × 10 −4 

ubstitutions/site/year, is slightly slower than the previously re- 

orted rates inferred from genomes during the early pandemic. 

uchene et al. reported an evolutionary rate of 1.1 × 10 −3 sub- 

titutions/site/year using genomes before 2nd February 2020 [24] , 

hile Leung et al. reported an evolutionary rate of 3.04 × 10 −3 

ubstitutions/site/year for genomes on or before 28th February 

020 [35] . The slightly slower evolution rate of B.1.1.63 is consis- 

ent with the fact that SARS-CoV-2 has already circulated in hu- 

ans for over at least 6 months when B.1.1.63 lineage appears in 

ur population [36] . 
8 
There are several limitations to this study. First, sequencing 

ailed on some clinical specimens due to low viral load. Second, 

t the time of submission, the fourth wave has not ended yet. 

herefore, the further evolution of B.1.36.27 lineage and whether 

ther lineages will emerge during the fourth wave remains to be 

etermined. Third, we cannot exclude the possibility that multi- 

le sources carrying identical genomes have led to the community 

utbreak. 

In conclusion, our genomic analysis uncovered the similarities 

nd differences between the third and fourth waves of COVID-19 in 

ong Kong, highlighting the successes and limitations of the cur- 

ent control measures. While restriction measures on inbound trav- 

lers have prevented local transmission of SARS-CoV-2 from most 

mported cases, even a single imported source can result in a large 
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utbreak. There was a long period of low-level transmission of the 

.1.36.27 lineage in Hong Kong prior to the fourth wave. A coor- 

inated strategy to curb transmission through improved diagnos- 

ic testing and public health measures are required. Continued ge- 

omic surveillance of locally-acquired cases is pivotal in detecting 

ovel lineages that enters Hong Kong. 
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