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Abstract 

South Africa has experienced multiple waves of infections by the Severe Acute 

Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), which causes coronavirus 

disease 2019 (COVID-19). Healthcare workers (HCWs) are at an increased risk of 

SARS-CoV-2 infections as a result of multiple exposures to infected individuals and 

contaminated work environments. HCWs may also contribute to nosocomial 

transmission of SARS-CoV-2 in hospital environments, including between 

themselves and patients.  

We conducted surveillance for SARS-CoV-2 infections in HCW at Chris Hani 

Baragwanath Academic Hospital (CHBAH). The HCWs were tested weekly, 

irrespective of symptomatology, for SARS-CoV-2 infections using a nucleic acid 

amplification test (NAAT). Testing for SARS-CoV-2 was undertaken over three wave 

periods spanning from April 2020 to September 2021. Furthermore, the HCWs were 

encouraged to come forth for testing at any time if they displayed symptoms of a 

respiratory illness or were in close contact with a confirmed case of COVID-19. The 

NAAT reactive samples were sequenced to characterise the molecular epidemiology 

of positive cases and better understand virus transmission between HCWs at CHBAH. 

We defined HCW-HCW transmission if HCWs tested positive for SARS-CoV-2 

within 3 to 10 days of one another, worked in the same or related departments and if 

HCW sequences were isogenic. However, we could not exclude that the infections 

could be due to potential viral transmission from patients to HCWs or that the HCW 

contracted the virus elsewhere. 

Overall, 193 (35.2% of 549) HCWs had a reactive SARS-CoV-2 NAAT during the 

study. Of the 193 samples from HCW in which SARS-CoV-2 was detected, 85.0% 

(N=164/193) were successfully sequenced. We identified nine putative transmission 

clusters among HCWs using phylogenetic characterisation and single nucleotide 

polymorphism (SNP) analysis, including four clusters in the first and third waves and 

one cluster in the second wave of SARS-CoV-2 infections. Twenty-five percent of 

infections among the HCW (N=41/164) were part of these clusters of infections based 

on phylogenetic analysis. However, based on the HCW-HCW transmission 
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definitions, only 11 (26.8% of 41) of the infections were associated with probable 

transmission between HCW.  

We report modest transmission of SARS-CoV-2 infections between HCWs in our 

setting based on phylogenetic sequencing. The early detection of SARS-CoV-2 

infection due to the active surveillance, could have led to a lower risk of SARS-CoV-

2 infections among HCWs as those who were infected were identified timeously and 

went into isolation thereafter. The use of genomic sequencing enabled us to quantify 

the role of transmission between HCWs, in the overall burden of SARS-CoV-2 

infections that affected this population.  
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1.Introduction 

1.1 Coronavirus Disease 2019 (COVID-19) 

In December 2019, an outbreak of viral pneumonia was identified in Wuhan, China 

(1), which was determined to be caused by a novel coronavirus (CoV) species named 

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) (1, 2) . The 

disease caused by SARS-CoV-2 is known as coronavirus disease 2019 (COVID-19). 

Since the start of the COVID-19 pandemic in March 2020, there was universal spread 

of the virus with 674 million confirmed cases and 6.8 million confirmed deaths 

attributed to the virus as of 23rd February 2023 (2). Sero-surveys have indicated there 

has been substantial under-diagnosis of infections, with SARS-CoV-2 seropositivity 

reportedly being ~90%, even in unvaccinated individuals (3).     

Infections by SARS-CoV-2 can be asymptomatic, whilst COVID-19 ranges from 

being mild illness to being fatal (4). Risk factors associated with severe COVID-19 

include age >65 years, immunosuppressive conditions, diabetes, hypertension and 

obesity (5). Further, underlying communicable diseases such as human 

immunodeficiency virus (HIV) and tuberculosis (TB) has been associated with higher 

case fatality risk among hospitalized patients in low to middle income countries, 

including in South Africa (6). South Africa has a HIV prevalence between 6.8-20.4% 

(7, 8) and in 2020 accounted for 3.6% of the global burden of TB (9).  

1.2 Biological and epidemiological comparison of coronaviruses 

Coronaviruses are single-stranded, enveloped, positive sense RNA viruses that form 

part of the Coronaviridae family and infect humans and animals (5). There are four 

known genera of coronaviruses, two of which are capable of infecting humans, 

namely alphacoronaviruses and betacoronaviruses. Infections of humans by 

coronavirus may manifest with a range of symptoms, including involvement of the 

gastrointestinal, cardiac and respiratory tracts systems (5). The deltacoronaviruses 

and gammacoronaviruses primarily infect avian species (5). 
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Figure 1. Schematic of a coronavirus (CoV). Membrane, Envelope and Spike 

structural proteins are embedded in a viral envelope which contains the nucleocapsid 

protein that forms a framework around single-stranded RNA. Figure from Rossi et al 

(10). 

Coronaviruses have the largest genomes (approximately 26.4-31.7Kb) of all known 

RNA viruses, with a guanine-cytosine (GC) ratio varying between 32-43% (11). The 

CoVs’ genome consists of at least six open reading frames (ORFs); replicase proteins 

are encoded by ORF1a/b and the four structural proteins are namely membrane (M), 

envelope (E), nucleocapsid (N) and spike (S) proteins (12). The viral genome is 

bound to the nucleocapsid, which is embedded in a lipid envelope in which the M, E 

and S proteins are found; Figure 1 (10).  

The M and E proteins maintain the shape, size and integrity of the virus structure and 

the S protein interacts with the host cellular receptors. (13)  The S protein is 

responsible for the characteristic coronavirus crown appearance (14). The S protein 

allows entry into host cells through membrane fusion, it consists of two subunits 

namely S1 and S2; Figure 2 (15, 16). The S1 subunit recognises and binds to the host 

receptors. Once S1 is bound to a host receptor the S2 subunit is exposed, cleaved by 

proteases and thus enables membrane fusion of host and virus (15). The S proteins 

differ in structure among the different coronavirus species and is a virulence factor 

(17). 
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Figure 2. SARS-CoV-2 spike protein structure. The spike protein is characterised 

by two subunits, subunit 1 (S1) facilitates receptor recognition and contains the 

receptor binding domain (RBD); subunit 2 (S2) mediates virus-host cell entry through 

fusion following protease activation. Figure from Heald-Sargent et al (16). 

1.3 Human coronaviruses 

Human coronaviruses (HCoV) were first discovered in 1965 and are frequently 

associated with mild upper-respiratory tract viral infections. The endemic HCoV 

include 229E, OC43, HKU and NL63; are detected globally (5, 17). The origin of 

most HCoV trace back to zoonotic hosts especially bats (18). Usually, HCoV are non-

pathogenic in their natural reservoir; however, after interspecies transmission they 

may become more pathogenic (13). 

In 2002/2003, severe acute respiratory syndrome CoV (SARS-CoV) was detected in 

Guangdong Province, China and resulted in 774 deaths with a case fatality risk of  9-

11%  (2). SARS-CoV spread to 26 countries, but was subsequently contained after 4 

months, with no new reported cases since 2004. In 2012, Middle Eastern Respiratory 

Syndrome coronavirus (MERS-CoV) was detected in Saudi Arabia and resulted in 

858 deaths (15), with a high case fatality rate (35%) (2,16). Since the discovery of 

MERS-CoV, it has spread to 27 countries with intermittent detection of few 

additional cases that is ongoing (52).  

In December 2019, a group of people who were somewhat associated with the 

Haunan seafood market in China presented with an unidentified form of viral 

pneumonia (1). The unknown virus was genetically sequenced from lower respiratory 

tract specimens and was later termed SARS-CoV-2 (1). Viral transmission occurred 

internationally within months of its first identification despite containment efforts 

initiated by public health authorities in China. On the 30th of January 2020 the World 
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Health Organization (WHO) declared SARS-CoV-2 a Public Health Emergency of 

International Concern (1), and subsequently declared a COVID-19 pandemic on 

March 11, 2020.  

1.4 SARS-CoV, MERS-CoV and SARS-CoV-2 epidemiology 

The human host receptor for MERS-CoV is dipeptidyl transferase 4 (DPP4) (19), 

which is restricted to bronchiolar epithelial cells (20). In contrast, SARS-CoV and 

SARS-CoV-2 use the angiotensin-converting enzyme 2 (ACE2) receptors (21), which 

are located on the surface of most host epithelial cells (22). Although the S1 subunit is 

conserved between SARS-CoV and SARS-CoV-2, SARS-CoV-2 has a greater 

affinity for ACE2 due to variations in the receptor binding domain (RBD) and 

cleavage of the S1-S2 site during biosynthesis (18, 23). These differences in affinity 

for the host receptors allows SARS-CoV-2 to rapidly spread among humans with a 

reproductive rate (R0) ranging from 1.4 to 6.49 (23). The R0 value is an 

epidemiological concept used to assess the spread of infectious diseases in a  

susceptible population with no immunity and is influenced by a combination of 

several factors: the number of daily contacts an infectious person has, the likelihood 

of transmission during such contacts (depends on the social habits of a population) 

and the number of days the individual is infectious (depends on the biological 

characteristics of the disease) (20). An R0 greater than 1 implies that transmission of 

infection in populations with no immunity will spread exponentially (24-26). A 

population, however may develop a level of immunity to disease through the 

evolution of infection (natural acquired immunity) and through vaccine-induced 

immunity; which is then measured as the effective reproductive rate (Rt) (20, 27-29).  

In individuals infected with SARS-CoV-2, the highest viral load is detected around or 

immediately prior to symptom onset (30); as such, traditional symptom-based public 

health regulations did not prove as effective to prevent SARS-CoV-2 outbreaks. 

Furthermore, SARS-CoV-2 is efficiently transmitted in the pre-symptomatic phase 

and by asymptomatic individuals (31). Test-trace and isolate (TTI) strategies prove to 

be taxing in the mitigation of the spread of SARS-CoV-2 due to pre and 

asymptomatic transmission of the virus (32). 
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1.5 SARS-CoV-2 mutations and variants 

Whole genome sequencing (WGS) of the viral genome has been performed 

internationally to characterise SARS-CoV-2 (33). Sequencing of SARS-CoV-2 has 

yielded important findings including the detection of novel variants of the virus (33). 

Due to a proofreading ability to correct replication errors enzymatically, CoVs usually 

have a decreased evolutionary rate in comparison to other RNA viruses such as 

Respiratory Syncytial Virus (RSV) subtype A and B. Coronaviruses compared with 

RSV have approximated mutation rates of 2.1 × 10−3 substitutions per site per year 

(s/s/y) and 3.03 × 10−3 s/s/y, respectively (34). Nevertheless, there has been 

significantly higher than expected mutation rates for the whole genome of SARS-

CoV-2, which is estimated at 6.677 × 10−4 s/s/y (35). The increased mutation rates is 

possibly due to evolving immune pressure, and has been associated variably with 

heightened transmissibility and virulence (31). SARS-CoV-2 also mutates 

continuously during human-to-human transmission (23), and particularly when there 

is prolonged shedding in the same host such as immunocompromised individuals . 

Mutations that result in competitive advantage in terms of transmission, immune 

escape and viral replication typically outlast those that reduce viral fitness and tend to 

become the predominant form in the viral population (33, 34).  

The need for public databases arose during the progression of the pandemic as the 

amount of genomic data related to SARS-CoV-2 exponentially increased. Web 

resources including Phylogenetic Assignment of Named Global Outbreak Lineages 

(Pangolin) and NextClade were widely used by researchers worldwide for the lineage 

assignment, analysis and visualization of SARS-CoV-2 data (36). These databases 

utilize a phylogenetic framework to classify lineages into a virus nomenclature that is 

ubiquitously used by researchers. In the SARS-CoV-2 pandemic a universally 

recognized nomenclature system was imperative in the real-time description of the 

virus epidemiology (36). Additionally, defined descriptions for SARS-CoV-2 lineages 

enabled links between various geographical regions to be inferred through shared 

viral genomes (36). 
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The WHO, COVID-19 Genomics UK Consortium (COG-UK) and US Centers for 

Disease Control and Prevention (CDC) have developed a classification for SARS-

CoV-2 variants that have emerged during the progression of the pandemic (37-39); 

i.e. variants of interest (VOI) and variants of concern (VOC). VOC are defined as 

strains which have evidence of being more transmissible, capable of causing severe 

disease and result in reduction of neutralization antibody activity induced by prior 

infection or prototype vaccines (38, 40). Variants of interest refer to mutations that are 

considered to be of potential importance but do not yet meet the criteria to be termed a 

VOC (39, 40). Five VOC have been recorded to date by WHO, namely Alpha 

(B.1.1.7), Beta (B.1.352), Gamma (P.1), Delta (B.1.617.2) and Omicron (B.1.1.529) 

(Table 1).  



17 

 

Table 1. Classifications of Variants of Concern (VOCs) and Variants of Interest (VOI) including common amino acid mutations 

(February 2023) (43). 

*Nucleotide positions in the spike protein. 
# Non-spike mutations in the nonstructural protein 6 (nsp6) and nucleocapsid genes. 

^ Amino acid residue present in the reference sequence. 

Deletions are indicated as ‘del’. 

WHO 

Classification 

PANGO 

lineage 
VOC/VOI 

Initial 

country of 

identification  

Date of 

first 

detection 
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Alpha B.1.1.7 VOC  UK Dec-20     del           Tyrosine del Lysine/Arginine 

Beta B.1.351 VOC  South Africa Sep-20 Phenylalanine     del Asparagine     Lysine Tyrosine del   

Gamma P.1 VOC  Brazil Dec-20 Phenylalanine       Threonine     Lysine Tyrosine del Lysine/Arginine 

Delta B.1.617.2 VOC  India Dec-20   Isoleucine       Arginine Lysine       Methionine 

Omicron B.1.1.529 VOC South Africa Nov-21     del       Lysine Alanine Tyrosine     

Epsilon B.1.427/9 VOI USA Jul-20           Arginine           

Eta B.1.525 VOI Nigeria Dec-20     del         Lysine   del   

Theta P.3 VOI Philippines Feb-21               Lysine     Lysine/Arginine 

lota B.1.526 VOI USA Nov-20   Isoleucine del         Lysine   del   

Kappa B.1.617.1 VOI India Dec-20   Isoleucine       Arginine   Glutamine     Methionine 

Zeta P.2 VOI Brazil Apr-20               Lysine     Lysine/Arginine 

Lambda C.37 VOI Peru Aug-20           Glutamine       del Lysine/Arginine 
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The first major SARS-CoV-2 genetic mutation detected in early March 2020 was the 

spike D614G mutation, which rapidly resulted in the mutated virus becoming the  

dominant virus globally within months of being identified (34). The D614G mutation 

showed convergent evolution, as there was independent development of D614G in all 

subsequent emerging variants of SARS-CoV-2 (Table 2). The D614G mutated virus 

was linked to an increase in transmissibility through enhanced binding affinity to 

ACE2 receptors (34).  

In September 2020, the B.1.1.7 variant, also referred to as Alpha VOC, was identified 

in England and rapidly spread throughout the United Kingdom (UK) (34). By late 

December 2020 it accounted for 28% of all active cases in the UK and was estimated 

to be 56% more transmissible than the wild-type virus (34). The genetic mutations 

associated with the Alpha VOC is shown in Table 1. Davies et al reported that Alpha 

VOC was 43-90% more transmissible than ancestral strain (41); which was likely due 

to a greater number of open receptor binding domains (RBDs) from the D614G 

mutation coupled with the N501Y mutation (41). Increased receptor affinity of SARS-

CoV-2 results in higher virus load in the upper respiratory tract, as was demonstrated 

for Alpha VOC (41). S- gene target failure (SGTF) was observed for the Alpha VOC, 

which is attributed to N-terminal domain (NTD) deletions at position 69-70, which 

prevents amplification of specific genomic regions that are normally used in some 

diagnostic nucleic acid amplification test (NAAT) assays (42). 

In September 2020, the B.1.351 variant was identified in South Africa, which was 

later classified as the Beta VOC (43). The mutations associated with Beta VOC are 

detailed in Section 1.6, which describes the molecular evolution of SARS-CoV-2 in 

South Africa.  

In early January 2021, the discovery of a new SARS-CoV-2 variant, later designated 

as Gamma VOC, was reported in Japan. The Gamma VOC that likely emerged from 

Brazil around November 2020 (44); has three mutations in the RBD; i.e. K417T, 

E484K and N501Y (Figure 3) and is distinguishable from the ancestral strain by 12 

amino acid mutations in the S (44). E484K and N501Y mutations have been 

frequently linked with increased binding affinity of the S to ACE2 (44). Mutations 
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such as E484K are capable of evading neutralizing antibody activity induced by wild-

type infection and first generation COVID-19 vaccines (45) (Table 2). The antibody 

evasiveness induced by E484K is through the stabilization of the RBD-down 

conformation which inhibits binding of neutralizing antibodies (46). Due to 

advantageous conformational changes coupled with antibody escape, continuous 

monitoring of E484 is important, as emphasized by the evolution of the E484Q 

mutation seen in the Delta variant (46). 

In late 2020, the Delta VOC was identified in Maharashtra, India and resulted in a 

resurgence of COVID-19 cases and deaths globally (47). The Delta VOC was less 

sensitive to ancestral virus infection and vaccine induced neutralizing antibody 

activity compared with strains bearing the D614G mutation (47). The Delta VOC 

demonstrated enhanced replication and cellular entry ability compared with the 

B.1.617.1 (Kappa) variant (47). The Delta VOC has a characteristic spike receptor-

binding motif (RBM) namely L452R (Figure 3), which is associated with increased 

infectivity and diminished effect of neutralizing antibodies (Table 2) (47). During a 

time of mixed variant circulation, the ChAdOx-1 vaccine showed reduced efficiency 

against infection with the Delta variant in comparison with non-Delta variants (47).  

On the 24th November 2021 a new variant was reported by South Africa, later 

designated as the Omicron VOC (B.1.1.529) (48, 49). The Omicron VOC contains the 

largest number of mutation sites in comparison with other SARS-CoV-2 variants thus 

far (50). Omicron VOC has furin cleavage site mutations that enhance its infectivity 

(Table 2). The origin of Omicron is still largely unknown and since the discovery of 

Omicron, multiple sublineages of the variant have been identified including BA.1, 

BA.2 and BA.3 (51). The BA.1 sublineage was responsible for the surge of infections 

resulting in South Africa’s fourth pandemic wave; however, BA.2 became the 

dominant circulating sublineage in the latter stages of the fourth wave (52, 53). A shift 

to the dominant BA.2 lineage was not associated with substantial high rates of 

COVID-19 hospitalizations or deaths in South Africa, albeit being associated with 

severe disease in many other countries (52, 53). Two additional lineages of Omicron 

with identical spike proteins are the more recently identified BA.4 and BA.5 sub-

lineages (54). The BA.4 and BA.5 lineages share similar genetic traits to BA.2 apart 

from a 69-70 deletion in the spike protein, which allowed for preliminary 
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identification via S-gene target failure (54). BA.4 and BA.5 have accounted for 50% 

of all the sequenced SARS-CoV-2 cases in South Africa since April 2022 (55). The 

infections associated with Omicron and its sublineages has proven to be less severe 

than those associated to Delta, despite the variants capability to evade immune 

responses (56).  

The perplexing scenarios resulting from the continued emergence of novel SARS-

CoV-2 variants cannot be mitigated as long as transmission of SARS-CoV-2 persists, 

which emphasizes the importance of ongoing surveillance and sequencing of SARS-

CoV-2. 
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Table 2. Mutations identified in various VOC/VOI and the associated functionality of each mutation. 

Abbreviations: RBD: Receptor binding domain, ACE: Angiotensin converting enzyme 2, Orf9b: open-reading frame 9b, NTD: N-

terminal domain, S1/S2: subunit 1/subunit 2, mAb: monoclonal antibody. 

Mutation Location Functionality Variants found in  

D614G RBD Increased transmissibility All VOC and VOI 

N501Y RBD Increased affinity to ACE2 Alpha, Beta, Gamma, Omicron 

Increased viral replication in human upper-airway cells 

Reduced susceptibility to convalescent and vaccine plasma 

E848 RBD Evade immune responses Beta, Gamma, Eta, Iota, Theta, Zeta,Kappa, Omicron,Alpha variant 
sub-lineages 

L452R RBD Reduced susceptibility to mob’s  Delta, Kappa 

Reduced susceptibility to convalescent and vaccine plasma 

Increased cellular entry into lung organoids 

K417N/T RBD Reduced ACE2 binding, evade immune responses Beta, Gamma, Omicron 

Y453F RBD Increased affinity to ACE2 Mink lineages, cluster 5 

S477N RBD Increased affinity to ACE2 20A.EU2, Omicron 

S477N 

T478K 

RBD 

RBD 

mAb escape 20A.EU2, Omicron 

Delta, Omicron Evade immune responses 

Δ69-70 NTD Increased virus replication Alpha, Eta 

Increased infectivity Alpha, Eta  
Δ141-146 NTD Interference of neutralizing activity of NTD-binding 

antibodies 

Alpha, Eta, Lota 

Δ242-244 NTD Interference of neutralizing activity of NTD-binding 

antibodies 

Beta 

L18F NTD Reduced effect of NTD-neutralizing antibodies Alpha, Beta 

P681H S1/S2 furin cleavage site Incorporation of basic aa enhancing S1/S2 cleavage and 

fusion 

Delta, Kappa, Omicron 

Increased infectivity  

P681R  

S1/S2 furin cleavage site 

Virus tropism by enhanced S1/S2 cleavage 

in airway epithelial cells, increased infectivity 

Theta, Alpha 

D3L N gene Enhanced transcription regulatory sequence (TRS) of Orf9b Alpha  

Δ106–108 nsp6 Unknown phenotypic consequence Alpha, Beta, Gamma, Eta, Iota, Lambda 
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Figure 3.Spike mutations present in SARS-CoV-2 variants of concern (VOC). A visual 

representation of the shared and unique S mutations that are present in the five VOCs namely 

Alpha, Beta, Gamma, Delta and Omicron. Figure from Xuemei et al (52). 

 

1.6 Molecular evolution of SARS-CoV-2 in South Africa 

On the 5th March 2020 the index case of SARS-CoV-2 was detected in KwaZulu Natal 

(KZN), South Africa, in an adult patient who had returned from a trip to Italy. By the 26 th 

March 2020, full lockdown restrictions were implemented countrywide in South Africa (28). 

The majority of infections during the first COVID-19 wave in South Africa (from March to 

October 2020) were due to circulation of three monophyletic clusters, namely lineages 

B.1.1.54 (20B), B.1.1.56 (20B) and C.1 (20D) (57, 58). 

Phylogeographic analysis revealed that B.1.1.56 was first detected in Durban around mid-

March 2020, and rapidly spread throughout the KZN province from June 2020 onwards as 

lockdown restrictions were eased in South Africa (57). The C.1 lineage was first detected in 

late May 2020 in Johannesburg (Gauteng Province), and subsequently dispersed to the 

bordering North West Province. The C.1 lineage virus was associated with large nosocomial 
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outbreak at the Witrand Hospital, which cares for mentally disabled and psychiatric patients 

(57, 59, 60). The index case was a patient in ward 03 who tested SARS-CoV-2 positive on 

the 10th of June 2020 (59)The nosocomial outbreak involved two wards at the hospital, 

namely ward 03 and 04, and resulted in 100 patients and 6 nurses being infected (60). The 

B1.1.54 lineage was first detected in mid-May 2020 in KZN (57)  and then spread to the 

North West and Free State provinces (57). Mutations that distinguish the three lineages are 

shown in Figure 4 (33). All three lineages have mutated from the parental Wuhan lineage 

(B.1.1) and include the D614G missense mutation (61). 
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Figure 4.Variant map with the mutations identified during the first wave of infection in 

South Africa. Lineage-defining mutations against the original parent SARS-CoV-2 genome 

(B.1.1). Lineage-defining mutations are classified as mutations or single nucleotide 

polymorphisms (SNPs) that exist in 90% or more of the genomes in that cluster. Figure from 

Tegally et al (57). 

As shown by the variant map (Figure 4), the lineage defining mutations in B1.1.54 are the 

29721C>T and the 12503T>C mutations. The 12503T>C mutation is responsible for 
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substitution of tyrosine (Y) to histidine (H) at position 138 (Y138H) in the non-structural 

protein 8 (nsp8) (61). In the B.1.1.56, a nonsynonymous mutation attributable to a 22675C>T 

nucleotide substitution is present (61). Missense mutations in nsp3 (T428I) and 3C-like 

proteinase (G15S) are observed in the C.1 variant and correspond to nucleotide substitutions 

4002C>T and 10097G>A, respectively (61). None of these nonsynonymous mutations have 

been associated with changes in phenotypic characteristics. 

Sequencing of samples collected from patients in the Eastern Cape Province in early 

September 2020, revealed a novel variant of SARS-CoV-2, that drove the second pandemic 

wave in South Africa; referred to as the Beta (B.1.351) variant (43, 58). By the end of 2020, 

Beta accounted for >95% of the SARS-CoV-2 infections in South Africa (Figure 5) (58). 

This variant has multiple nonsynonymous mutations (K417N, E484K and N501Y) affecting 

the RBD functional sites (Table 2) (43) and has five additional spike mutations that are of 

less concern (L18F, D80A, D215G, R246I and A701V) as there is no phenotypic change 

associated with these mutations (62). Away from the spike region the Beta variant carries the 

following mutations: SGF 3675-3677 deletion, T2051I, K1655N and P71L (62). Beta was 

designated as a variant of concern (VOC) due to its increased transmissibility and adaptations 

to the host immune responses (39, 63). In vitro experiments reveal that neutralizing 

antibodies are not affected by the N501Y mutation (43, 64, 65). 

 

 

 

 

 

Figure 5. Reported national numbers of daily SARS-CoV-2 infections. The number of 

daily new SARS-CoV-2 infections from February 2020 to September 2021 demarcating the 

three waves of the South African epidemic. Figure from Worldometer (66). 

In May 2021, the C.1.2 lineage was first identified and was derived from the C.1 lineage. The 

C.1.2. lineage was highly mutated with an estimated mutation rate of 3.04x10-3 nucleotide 
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changes/site/year. The C.1.2 lineage has mutations similar to those identified in Alpha, Beta 

and Delta VOC (67). C.1.2 has two additional RBD mutations that have not been detected in 

other VOIs/VOCs namely Y449H and N440K; these mutations have been associated with 

neutralizing antibody escape (67, 68)   Nevertheless, past infection with Beta and Delta 

variants demonstrated neutralizing antibody activity against C.1.2 infections (67). Although 

C.1.2 has a high substitution rate and shares mutations that have been linked to increased 

transmissibility, variant levels remain low and C.1.2 hasn’t been classified as a VOC/VOI 

(67). 

1.7 SARS-CoV-2 infection among Healthcare Workers 

Healthcare workers have a higher likelihood of contracting SARS-CoV-2 as a result of 

exposure to infected individuals and contaminated work environments. Additionally, social 

distancing practices are often not achievable when caring for patients (69, 70). Thus, HCWs 

have a disproportionately higher rate of SARS-CoV-2 infection in comparison with the 

general population (39). The use of personal protective equipment (PPE) can reduce the risk 

of SARS-CoV-2 infection. Nevertheless, there was a severe shortage of PPE in resource-

constrained countries, especially during the first COVID-19 wave. Further, HCWs might also 

be more likely to have severe COVID-19 due to repeat exposures to large inoculum doses of 

SARS-CoV-2 (71). In August 2020, South Africa reported over 27 000 cases and 240 deaths 

among HCWs associated with COVID-19 (40,41). HCWs may also contribute to nosocomial 

spread of SARS-CoV-2 between themselves, as well as patients. Studies revealed that 

nosocomial transmission of SARS-CoV-2 from HCW-to-HCW may account for 89% of 

infections in HCWs during the early stage of the pandemic (69). Patient-to-HCW 

transmission was determined to be the primary route of infection for the SARS-CoV outbreak 

among HCWs (72), and patient-to-patient transmission was evident in the MERS-CoV 

epidemic (72, 73). The number of SARS-CoV-2 cases among HCWs derived from 

nosocomial transmission or community acquisition is uncertain, as identification of the 

source of infection is challenging due to the continuous movement of HCWs between a 

hospital and community setting (73). Contact tracing is resource-intensive, however, it 

enables establishing  the origin and transmission chain of outbreaks with genomic sequencing 

(75).  
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Knowledge on the exposure of HCWs to SARS-CoV-2 is important in identifying virus 

transmission patterns and understanding the effectiveness of infection prevention control 

(IPC) practices. Epidemiological studies and surveillance of HCWs enable early discovery of 

suspected cases and can assist in informative decision making to minimize SARS-CoV-2 

transmission in healthcare facilities (59). 

The objective of our study was to characterise the genome sequences of SARS-CoV-2 identified 

among HCWs and evaluate whether there were clustering of Single Nucleotide Polymorphisms 

(SNPs), deletions and mutations among HCWs within specific departments at Chris Hani 

Baragwanath Academic Hospital (CHBAH).
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1.8 Study Justification 

SARS-CoV-2 infections have caused 6.8 million known deaths worldwide and 

continued emergence of new variants is of ongoing health concern (2). Monitoring for 

the emergence of new SARS-CoV-2 variants could assist in informing public health 

interventions. Healthcare workers are at increased risk of being exposed to SARS-

CoV-2 and can potentially develop more severe disease (71). 

Surveillance of SARS-CoV-2 infections in HCWs can assist in characterising the 

virus transmission patterns and evaluation of the effectiveness of IPC practices. 

Epidemiological studies and surveillance of HCWs enable early detection of 

suspected cases and can reduce the contribution of HCW to SARS-CoV-2 

transmission in healthcare facilities (59). The use of molecular epidemiology of 

SARS-CoV-2 specifically in the context of HCWs has proven to be critical in the 

detection of linked transmission events (76). Furthermore, it has been utilized in the 

targeting of interventions to reduce HCW-associated SARS-CoV-2 infections which 

in turn allows lowers the burden on healthcare infrastructure, an imperative factor to 

consider due to heightened medical needs of the public during a pandemic (76). 

Molecular epidemiology of SARS-CoV-2 allows for the rapid tracking and 

subsequent restriction of transmission in both hospital and community environments.   
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2. Aims and Objectives  

2.1 Study aim 

To determine the molecular epidemiology of SARS-CoV-2, using next generation 

sequencing, in HCWs in an effort to understand the contribution of virus transmission 

between HCWs at CHBAH.  

2.2 Study objectives 

2.2.1 Primary Objective 

Characterise the genome sequences of SARS-CoV-2 identified among HCWs, and 

evaluate whether there were clustering of Single Nucleotide Polymorphisms (SNPs), 

deletions and mutations among HCWs within specific departments. 

2.2.2 Secondary objectives 

• Construct a phylogenetic tree of all generated sequences. 

• Characterise the nucleotide variations in viral genomes in comparison to the first 

SARS-CoV-2 published genome.  
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3. Methods 

3.1 Study Population 

A longitudinal surveillance study was undertaken by the Wits Vaccines and Infectious 

Diseases Analytics (Wits-VIDA) research unit to investigate the epidemiology of 

SARS-CoV-2 infections in HCW at CHBAH (77). CHBAH is located in the Soweto 

area south of Johannesburg, South Africa, and is the largest tertiary hospital facility in 

Africa and ranks as the third largest hospital in the world (56). The first reported 

hospitalised case of COVID-19 at CHBAH was on the 6th of April 2020 (71).  

HCWs working at CHBAH were enrolled into the surveillance study during two 

enrolment periods: the first from 22nd April to 24th July 2020 (Cohort 1) and, the 

second from 16th February to 9th October 2021 (Cohort 2). A total of 549 HCWs were 

enrolled across five different departments namely: Internal Medicine (included the 

treatment of all SARS-CoV-2 infected patients), General Paediatrics and Neonates, 

Intensive Care Unit (ICU) (included the treatment of all severe SARS-CoV-2 infected 

patients), Obstetrics and Gynaecology and at Wits-VIDA (Table 3) (77). 

As part of the surveillance, nasal mid-turbinate swabs were collected weekly for 

SARS-CoV-2 testing using a NAAT (77).  During the same time period (April 2020 

to September 2021), positive SARS-CoV-2 samples collected from individuals 

enrolled in a COVID-19 vaccine trial, namely the ChAdOx1 nCoV-19 trial (78-80), 

were sequenced and used as a comparison of what SARS-CoV-2 sequences were 

circulating in the local population.  
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Table 3. Number of study participant enrolled per department in the cohorts comprising of the HCW surveillance study (76).  

 

*Other enrolments include support services, occupational therapy, physiotherapy, human resources, and admin departments. 

ICU= Intensive Care Units, VIDA= Vaccine & Infectious Disease Analytics. 

 

Cohort 1 Enrolments Cohort 2 Enrolments 

Department 
Auxillary 
/para-

medical 

Laboratory 
staff 

Medical 
doctor 

Nursing 
Field-
workers 

Total Department 
Auxillary 
/para-

medical 

Laboratory 
staff 

Medical 
doctor 

Nursing 
Field-
workers 

Other Total 

Obstetrics 

& Gynae 
    22 1   23 

Obstetrics 

& Gynae 
    1 2     3 

General 

Paediatrics 
2   47 42   91 

General 

Paediatrics 
1   12 10   2 24 

Internal 

Medicine 
2   38 127   167 

Internal 

Medicine 
3   7 31   9 50 

Wits-VIDA 5 27 6 19 7 64 Wits-VIDA   3     11 9 23 

ICU 5   25 21   51 ICU     2 10     12 
       Other* 6 1 2 13 0 19 41 
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3.2 Study design  

A retrospective exploratory sequencing study on SARS-CoV-2 positive samples  

collected from HCWs during the course of the first three COVID-19 waves was 

conducted (66). The study defined wave periods were: June 2020-October 2020 (wave 

1), December 2020-March 2021 (wave 2) and April 2021-September 2021 (wave 3) 

(Figure 5) (66).  

As part of the surveillance study, nasal mid-turbinate swabs were collected weekly for 

SARS-CoV-2 testing using a nucleic acid amplification test (NAAT).  Furthermore, 

HCWs were encouraged to come for testing in between scheduled visits if they 

manifested any symptoms of a respiratory or gastrointestinal illness, as well as 

symptoms of fever or impaired sense of taste or smell (81). Additionally, participants 

could screen in between scheduled visits if there was contact with a confirmed 

COVID-19 case. Participants that tested positive for COVID-19 on NAAT were 

notified within 24 hours of sampling and had repeat nasal swabs and blood samples 

collected approximately every 48-96 hours, until they had at least two consecutive 

NAAT-negative results (81). We also collected questionnaires outlining demographic, 

health and behavioural information of the participants. The surveillance study 

comprised of two enrolment cohorts; enrolment into the first cohort occurred between 

the 22nd April 2020 to the 24th of July 2020. Enrolments into the longitudinal cohort 

recommenced on 16th February 2021 and concluded on 10th August 2021 as a result of 

participants discontinuing the study. The second enrolment cohort a less stringent 

sampling schedule. 

3.3 Sample collection, clinical testing, and viral quantification 

Nasal swabs (NS) were stored in universal transport media (UTM®; COPAN, Brescia, 

Italy). The MagaBio plus virus DNA/RNA purification kit II was used to extract a 

final volume 80µL of total nucleic acid (TNA) from 300µL of vortexed UTM using 

the Bioer automated extraction system (Hangzhou Bioer Technology Co. Ltd, China). 

The presence of SARS-CoV-2 RNA in extracted TNA was determined with reverse-

transcriptase NAAT using the CDC emergency use authorization developed assays 

(82).       
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NAAT results were considered valid if the housekeeping RNP assay had a cycle 

threshold (Ct) value ≤33, invalid RNP results (Ct > 33) resulted in a retest and repeat 

swab taken from the participant. NAAT results were designated positive when both 

the nucleocapsid genes (N1 and N2) were present with Ct values <40; inconclusive 

when only N1 or N2 was detected with Ct values <40 and negative if N1 and N2 had 

Ct values> 40. Nucleic acids extracts that had NAAT Ct values less than 35 were 

archived at -80°C for downstream SARS-CoV-2 sequencing. One nucleic extract per 

infection episode was selected for whole genome sequencing, selection was done 

based on the Ct inclusion criteria for sequencing (Ct<35). In circumstances whereby a 

participant had more than one nucleic extract that fell within the inclusion criteria the 

lowest Ct sample was selected for next generation sequencing.   

3.4 cDNA synthesis and library preparation 

First strand cDNA was synthesized from extracted viral RNA using 50 ng/µl random 

hexamers and Superscript IV one-step RT-PCR system (Life Technologies, Carlsbad, 

CA). The quality of synthesized cDNA was tested using the CDC SARS-CoV-2 

NAAT assays using TaqMan Gene Expression master mix (Thermo Fisher Scientific); 

and the Ct’s of the cDNA were compared to the original extract Ct. Typically Ct’s 

that were within 3-5 Ct’s of the original extract was selected for further processing. If 

cDNA extracts failed the preliminary quality control (QC) NAAT, the original NS 

sample was re-extracted and cDNA first strand synthesis was repeated. If subsequent 

QC NAAT failure occurred cDNA first strand synthesis was redone using an 

alternative extract from the same participant that had a Ct within the inclusion criteria 

of the study. Swift Biosciences’ Normalase Amplicon (SNAP) and SARS-CoV-2 

amplicon panel (Swift Biosciences, Ann Arbor, MI, USA) were used to produce 

sequencing libraries, manufacturer’s recommendations were followed (Table 4). 

Briefly, 341 primers pairs tiling the length of the SARS-CoV-2 genome were 

combined with the cDNA samples in order to generate amplicons ranging from 116-300 

base pairs according to the cycling parameters listed in Table 4. Samples with cDNA 

Ct’s >29 underwent 24 cycles of amplification as per manufacturers’ guidelines 

regarding low viral load inputs.  A single negative template control (NTC) containing 

nuclease-free water and master mix was included per library preparation run to act as 

a measure of potential contamination during the laboratory sequencing protocol.  
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Table 4. cDNA amplification NAAT cycling conditions as per manufacturers’ 

recommendations. 

Temperature (°C) Time (s) Cycles  

98 30 1  
98 10 

4 

 

60 60  

98 10 

18 *24 64 60 

65 60 1  

4 ∞   

*Cycling conditions for samples with low viral load inputs (Ct > 29) 

The resulting NAAT products were cleaned and concentrated using Mag-Bind® 

TotalPure NGS magnetic beads (Omega Bio-tek Inc, Norcross, USA). A second 

NAAT was performed to incorporate coded adapters to the amplicons in an indexing 

step as per the NAAT specifications described in Table 5. Samples that were 

previously defined as having low viral inputs were cycled 6 times as per the 

manufacturer’s recommendations (Table 5).  

Table 5. Indexing NAAT cycling conditions as per SWIFT SNAP manufacturers’ 

recommendations. 

Temperature (°C) Time Cycles  

37 20min 1  

98 30s 1  

98 10s 

9 *6 

60 30s 

66 60s 

4 ∞   

*Cycling conditions for samples with low viral load inputs 

 

3.5 SARS-CoV-2 sequencing 

The indexed libraries were cleaned and concentrated with PEG NaCl and the resulting 

libraries were quantified with the NEBNext library quantification kit as per 

manufacturers instruction (New England Biolabs, UK). The amplicon size and 

integrity of the generated library was assessed using a high-sensitivity D1000 

TapeStation screen tape (Agilent Technologies) and was determined to be 285 base 

pairs (bp). Libraries that had a concentration ≥6nM were enzymatically normalized 
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according to the Swift protocol and all synthesized libraries were pooled. The pool 

was quantified with the NEBNEXT library quantification kit according to 

manufacturer’s instruction (New England Biolabs, UK) and the D1000 TapeStation 

screen tape (Agilent Technologies). The quantified library pool was diluted to a final 

concentration of 100pM and sequenced with a 300 cycle v2  iSeq 100 Reagent Kit on 

an Illumina iSeq 100 instrument (Illumina, San Diego, CA, USA).  

3.6 Genome Assembly and Phylogenetic Analysis  

Paired-end fastq reads from the iSeq were de novo assembled using Genome 

Detective 1.126 (https://www.genomedetective.com) (77, 83). Adapters were trimmed 

and low-quality reads were filtered out using Trimmomatic (84, 85); read quality was 

visualised using FastQC (85). A report containing the final contig as a FASTA file 

was generated; the report contained additional information on filtering, assemblage 

and consensus sequences (85). Generated FASTA files were aligned to the SARS-

CoV-2 reference genome (NC_045512.2, ancestral strain) using the multiple sequence 

alignment software MUSCLE (version 3.8.1551). All SNPs, insertions and deletions 

were visualised with CodonCodeAligner software (version 10.0.1, 

https://www.codoncode.com) and confirmed through manual inspection of the 

sequence BAM (basic alignment map) file. All synonymous mutations were included. 

Nonsynonymous mutations present in 2 or more departments and or present in more 

than 5% in a single department were included. The polished consensus sequences 

were imported into Geneious Prime 2021 (version 11.1.3, https://www.genious.com 

and NextClade (https://clades.nextstrain.org/) was used to determine the sequence 

quality, clade calling and the various mutations for each sequence. Genomes that had 

a genome coverage ≥90% were included in the analysis and any genomes that did not 

meet the criteria were excluded from the dataset. Sequenced libraries that were within 

the inclusion criteria but fell within the upper limit of Ct’s tested and failed to provide 

confident lineage results (sequencing coverage <30%) were designated as 

unclassified. The genomes were uploaded to GISAID (http://gisaid.org) according to 

the recommended guidelines (Accession numbers: EPI_ISL_14590729-14590731, 

EPI_ISL_14594649-14594780). SARS-CoV-2 lineages of all sequences were 

assigned with the PANGOLIN nomenclature tool (https://pangolin.cog-uk.io).  

https://www.genomedetective.com/
https://www.codoncode.com/
https://www.genious.com/
https://clades.nextstrain.org/
http://gisaid.org/
https://pangolin.cog-uk.io/
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Contemporaneous SARS-CoV-2 sequences from Johannesburg, South Africa (Africa 

/ South Africa / Johannesburg) were incorporated into the phylogenetic tree to 

contextualize the clustering of HCW sequences with that of the surrounding 

community. These contemporaneous sequences included the ChAdOx1 nCoV-19 

vaccine trial sequences generated in-house as well as those sequences downloaded 

from GISAID. A total of 25 contemporaneous sequences per month were included in 

the phylogenetic analysis. Sequences downloaded from GISAID (downloaded 2022-

06-21) were included in the phylogenetic analysis according to the following filters: 

high coverage, complete genomes, and complete metadata. The collection dates of 

these samples vary from June 2020 to September 2021. All ChAdOx1 nCoV-19 

sequences that were generated in-house were used in the generation of the 

phylogenetic trees across the three wave periods. Phylogenetic newick files were 

generated using the neighbour-joining method in Molecular Evolutionary Genetics 

Analysis software (MEGA11) (86). Phylogenetic trees were visualised and annotated 

using the online Interactive Tree of Life tool (https://itol.embl.de) (87). Notable 

mutations, SNPs and deletions were determined using Pathogenwatch 

(https://www.sanger.ac.uk/tool/pathogenwatch/) and nextstrain web-based software 

(https://clades.nextstrain.org/).  

3.7 Identification of Putative Transmission Clusters 

Samples were considered isogenic if sequences had ≥1 unique SNP that was not 

attributable to a lineage defining mutation or SNP (88, 89). Putative transmission 

clusters were refined from isogenic sequences if these samples originated from HCWs 

that tested positive for SARS-CoV-2 within 0 to 10 days of each other (90, 91). 

Our conclusions on putative transmission clusters and transmission events were based 

on whether the sequence from the HCW met the SNP and 0 to 10 day criteria and 

belonged to the same department or related departments. Related departments 

included General Paediatrics and Neonates with Obstetrics and Gynaecology as well 

as Internal Medicine with ICU. If genomic similarity was observed in sequences of 

HCWs from unrelated departments a transmission link was not inferred. Loss or 

acquisition of a SNP between HCWs from the same or related departments within the 

0 to 10 day period inferred a transmission link. If HCWs tested positive between 0 to 

2 days of each other and their sequences were isogenic, infection from a same 

https://itol.embl.de/
https://www.sanger.ac.uk/tool/pathogenwatch/
https://clades.nextstrain.org/
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common source such as an infected patient in the department was inferred. If HCWs 

tested positive between 3 to 10 days of each other and their sequences were isogenic, 

HCW-HCW transmission was concluded.  

3.8 SARS-CoV-2 cases by department 

HCW SARS-CoV-2 cases were stratified according to department during the first 

wave of infection. Therefore, the detection rate of SARS-CoV-2 was only calculated 

for the first wave. Detection rate was calculated as a percentage of the number of 

positive HCW cases in each department per the number of enrolled HCWs in each 

department in the first wave. Cases were reported as numbers (n) for the second and 

third infection waves as the surveillance study included HCW enrolment from other 

hospitals and additional departments within CHBAH. Detection rate of SARS-CoV-2 

for the second and third infection waves was not reported, as some participants did 

not present for routine screening and additional HCWs were enrolled (i.e. second 

enrolment cohort).  

4. Ethical considerations 

The HCW surveillance study was approved by the Human Research Ethics 

Committee (HREC) of the University of the Witwatersrand (reference number 

200405), appendix A. All study participants provided written informed consent. An 

amendment to undertake sequencing of positive samples was approved by HREC and 

(reference number M211042), appendix B.  
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5. Results 
 

5.1 Study population 

A total of 549 HCWs were enrolled into the surveillance, of whom 197 (35.8%) had at 

least one NAAT confirmed SARS-CoV-2 infection during the course of the study 

period (April 2020 to September 2021). The confirmed SARS-CoV-2 cases included 

137, 13 and 47 infections during the first, second and third waves, respectively. Only 

one HCW tested positive in the first and the second infection waves (N=1/549, 

0.18%); however, the SARS-CoV-2 specimen from the second wave was not 

sequenced due to Ct>35. There were no HCWs that tested positive in the third 

infection wave that were positive for SARS-CoV-2 during the first or second infection 

waves.  

Eighty-three percent (N=164/197) of the positive samples were sequenced; 21 

(10.7%) were excluded as the Ct>35 and 12 (6.1%) had insufficient archived volume. 

Accordingly, 84.7% (N=116/137), 92.3% (N=12/13) and 76.6% (N=36/47) of positive 

samples were sequenced from the three respective waves. The trajectory of SARS-

CoV-2 infections in HCW cohort mirrored that of infections which transpired 

nationally in South Africa, with peaks in July 2020, January 2021 and June 2021 for 

the respective waves (Figure 6).  

In the ChAdOx1 nCoV19 vaccine trial, 3664 participants were enrolled of whom 562 

(15.3%) tested positive for SARS-CoV-2 infection; including 283, 112 and 144 cases 

during the respective three waves (Figure 6). A total of 79.4% (N=446 /562) of the 

samples from the ChAdOx1 nCoV19 were sequenced. 
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Figure 6. SARS-CoV-2 cases in HCW and ChAdOx1 nCoV-19 vaccine trial 

samples across three infection waves. Detection rate and number of SARS-CoV-2 

cases from June 2020 to September 2021 across the different wave periods from 

HCWs (Blue) and ChAdOx1 nCoV-19 vaccine trial samples (Purple). Study defined 

wave periods: Wave 1 (June 2020-October 2020), Wave 2 (December 2020-March 

2021) and Wave 3 (April 2021-September 2021). Detection rate for HCWs (Orange), 

ChadOx1 nCoV-19 (Red) and South Africa (Blue) (92) was calculated as a percentage 

of the number of positive cases from the total number of samples tested per month.    

Similar distributions of SARS-CoV-2 strains were found to be circulating among 

HCW and the COVID-19 vaccine trial population. Briefly, a total of 8 clades were 

identified in both the HCW and ChAdOx1 nCoV-19 trial samples, including 20H 

(Beta), 20J (Delta), 20D C.1.2, 20B, 20A and 20D; with samples from both groups 

showing a similar distribution of the clades over time (Figure 7).  

Among the HCWs, 3 clades were identified in the first wave; the predominate clade 

being 20B followed by 20D and 20A (Figure 7B). Similarly, in the COVID-19 

vaccine trial participants, clade 20B was the most dominant in the first wave. Clade 

20H (Beta) dominated in HCW and the vaccine group in the second wave, but was 
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detected in the vaccine participant samples four months (September 2020) before it 

was detected among HCW (December 2020). In HCW and the vaccine trial 

population, the third wave of SARS-CoV-2 infections was the most genotypically 

diverse with 7 and 4 clades identified, respectively. Clades 20H (Beta), 20J (Delta), 

20D C.1.2 and 20B were co-circulating in both groups during the third wave of 

infection. Regardless, 20J (Delta) was the dominant clade in both groups and 

accounted for 74.2% (N=23/31) and 87.6% (N=134/153) for the HCW and ChadOx1 

nCoV-19 cohort respectively. Three additional clades (20A, 20I (Alpha) and 19A) 

were identified in the vaccine trial population but not among the HCW during the 

third infection wave, albeit being infrequent even among the vaccine trial participants 

(N=1/350, N=1/350, and N=3/350, respectively) (Figure 7B).  
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Figure 7. Frequency of monthly SARS-CoV-2 detections. Each panel indicates the 

frequency of clades commonly identified in HCW (Panel A) and in the same 

community (Panel B) over the same time period. The colour represents the identified 

clades including 19A (blue), 20A (orange), 20B (grey), 20D (purple), 20D C.1.2 (light 

blue), 20H Beta (green), 20I Alpha (dark blue), 21J Delta (brown) and Unclassified 

(dark grey).  
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5.2 Molecular Epidemiology of SARS-CoV-2 Cases by 

Department 
 

The HCWs from the Internal Medicine department had the highest overall positivity 

for SARS-CoV-2 throughout the study period (N=103/217, 47.5%); followed by the 

HCWs from the General Paediatrics and Neonates department (N=40/115, 34.8%). 

The HCWs from the Obstetrics and Gynaecology department accounted for the lowest 

positivity (N=4/26, 15.4%) (Figure 8A). During the first COVID-19 wave, positivity 

was 50.3% (N=84/167) among HCWs in Internal Medicine, 26.9% (25/93) in General 

Paediatrics and Neonates, 25% (16/64) at Wits-Vida, 20.4% (10/49) in ICU HCWs 

and lowest in HCWs in Obstetrics and Gynaecology (8.7%; n=2/23) (Figure 8A). 

Detection rate of SARS-CoV-2 for the second and third infection waves was not 

reported, as study participants were less likely to present for routine screening due to 

study fatigue. During the second wave of infection SARS-CoV-2 HCW cases were 

detected in three departments namely Internal Medicine (n=6), Wits-VIDA (n=5) and 

General Paediatrics and Neonates (n=2) (Figure 8B); no positive cases were detected 

in the HCWs from the ICU and Obstetrics and Gynaecology department during the 

second wave. Positive cases detected in the third wave of infection were seen in the 

HCWs from Internal Medicine (n=13), General Paediatrics and Neonates (n=13), ICU 

(n=9), Obstetrics and Gynaecology (n=2) and Wits-VIDA (n=7).  
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Figure 8.SARS-CoV-2 HCW cases across the five investigated departments 

during the three infection waves. Panel A represents the detection rate (%) of 

SARS-CoV-2 cases per department for the first wave of infection. The number 

positive cases per department from the first, second and third wave of infection is 

shown in Panel B. Abbreviations: VIDA: Vaccines & Infectious Disease Analytics 

Unit, ICU: Intensive Care Unit, SARS-CoV-2: Severe Acute Respiratory Symptom 

Coronavirus 2; N: number of HCWs enrolled in each department in the first wave; n: 

number of SARS-CoV-2 positive HCWs per department. Other constitutes support 

services, occupational therapy, physiotherapy, human resources, and admin 

departments. Study defined wave periods: Wave 1 (June 2020-October 2020), Wave 2 

(December 2020-March 2021) and Wave 3 (April 2021-September 2021).
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During the first COVID-19 wave, only clade 20B was detected in HCWs from  

Obstetrics and Gynaecology department (N=2/2, 100.0%) and was also frequently 

detected at Wits-VIDA (N=9/16, 56.3%) and the Internal Medicine department 

(N=31/56, 55.4%); while 20A was detected in General Paediatrics and Neonates 

(N=7/19, 36.8%) and Wits-VIDA (N=1/14, 7.1%). Clade 20D was most commonly 

detected in the Internal Medicine department (N=25/56, 44.6%), followed by Wits-

VIDA (N=4/16, 25.0%) (Figure 9). Sequenced libraries that were within the inclusion 

criteria but fell within the upper limit of Ct’s tested and failed to provide confident 

lineage results were designated as unclassified. 

During the second wave of infection, clade 20H (Beta) was the only clade detected 

among samples collected from HCWs from any department (Figure 9). Similarly, in 

the third wave, clade 20J (Delta) was detected in HCWs from all investigated 

departments and was the dominant circulating clade in the third wave, Obstetrics and 

Gynaecology (N=1/1, 100.0%), General Paediatric and Neonate department (N=9/10, 

90.0%), Internal Medicine (N=6/11, 54.5%), Wits-VIDA (N=3/3, 100.0%) and ICU 

(N=4/5, 80.0%) (Figure 9). Clade 20D C.1.2 was only detected in HCWs from 

Internal Medicine (N=1/11, 9.1%) and ICU (N=1/5, 20.0%) (Figure 9A; Figure 9C). 

Clade 20H (Beta) was detected throughout the third wave in HCWs from two 

departments namely, Internal Medicine (N=3/11, 27.3%) and General Paediatrics and 

Neonate (N=1/10, 10.0%) (Figure 9A; Figure 9B). Clade 20B was only detected in 

HCWs from Internal Medicine (N=1/11, 9.1%). 
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Figure 9. Distribution of clades identified among the HCWs in the different departments across the first three waves of the SARS-CoV-2 

pandemic. Internal Medicine (Panel A), General Paediatrics and Neonates (Panel B), Intensive Care Unit (Panel C), Vaccines and Infectious 

Disease Analytics Unit (Wits-VIDA) (Panel D) and Obstetrics and Gynaecology (Panel E). Wave defined periods are: Wave 1 (June 2020-

October 2020), Wave 2 (December 2020-March 2021) and Wave 3 (April 2021-September 2021). The colour represents the identified strains 

including 20A (light blue), 20B (orange), 20D (grey), 20D C.1.2 (purple), 20H Beta (blue) and 21J Delta (green). 
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5.3 Phylogenetic Characterisation across Departments  

 

We constructed maximum likelihood phylogenetic trees from the database of HCWs 

and the in-house COVID-19 vaccine trial SARS-CoV-2 sequences together with 

contextual GISAID sequences for SARS-CoV-2 sequences isolated in Johannesburg, 

South Africa during the same time as this study. We classified all infections occurring 

among HCWs in the same or linked departments that occurred within 3-10 days as 

probable HCW-HCW transmission; however, we cannot exclude that HCWs could 

have been infected from the same patient in a ward or contracted the virus elsewhere. 

 

5.3.1 Wave 1 
 

In the maximum likelihood phylogenetic analysis of sequences identified during the 

first wave of SARS-CoV-2 infections, 100 of 137 sequences from the HCWs were 

inter-dispersed across the tree which contained 125 additional contemporaneous 

viruses. The remaining 37 were excluded due to low sequence coverage. We 

identified four putative transmission clusters which contained HCW sequences from 

all the different investigated departments, except the Obstetrics and Gynaecology 

department (Figure 10). Cluster 1 (C1) was comprised of 7 HCWs from the same 

department, namely General Paediatric and Neonate (Figure 10A); two HCWs (HCW-

2075 and HCW-2012) in this cluster tested positive on the same day (D0) and another 

two within <48 hours of the first cases (HCW-2069 and HCW-2073 respectively). All 

four of these HCWs had SNPs C355T, C4093T, G213055, C14670T and C21575T 

(Figure 10B, Figure 10C). The very short infections timelines and shared genomic 

profile of the sequences suggest that these HCWs likely contracted the virus from the 

same infected source, possibly a patient in the department. The first plausible HCW-

HCW transmission event (HCW-2064) was detected five days after the first case 

(Figure 10B, infection timeline 1); this sequence is isogenic to the sequences first 

detected in this cluster thereby indicating virus transmission either from one of 

previously infected HCW or from the same initial infected source. Two additional 

HCWs (HCW-2041 and HCW-2011) tested positive 9 days after HCW-2064 tested 
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positive (Figure 10B, infection timeline 2) and shared the loss of SNP C21575T 

suggesting a second HCW-HCW transmission event.  

 

Cluster 2 (C2) comprised of 8 HCWs from the Internal Medicine department (Figure 

10A); two HCWs (HCW-1004 and HCW-1046) in this cluster tested positive on the 

same day (D0) and another two days after the first cases (HCW-1084) (Figure 10B). 

All three sequences contained SNP G26660T and T23490A, suggesting the possibility 

that these HCWs were infected by the same patient in the department (Figure 10C). 

HCW-1004, who tested positive on D0 acquired an additional SNP (C26801T) during 

the transmission event; the remaining HCW in this cluster (HCW-1036, HCW-1080, 

HCW-1156, HCW-1032 and HCW-1026) tested positive 9-10 days after this case and 

shared the same genomic profile including SNP C26801T indicative of HCW-HCW 

transmission from HCW-1004 to the other HCW in this cluster.  

  

Cluster 3 (C3) comprised of 4 HCWs, two from Wits-VIDA and two from Internal 

Medicine (Figure 10A) thus two timelines were considered for this cluster as virus 

transmission between the HCW from Wits-VIDA to Internal Medicine was unlikely. 

In the first timeline two HCWs from Wits-VIDA tested positive – one on D0 (HCW-

5037) and another seven days later (HCW-5048), SNP G25388T was seen in both 

sequences with HCW-5048 acquiring an additional SNP (A35542T) (Figure 10B and 

10C). In the second timeline two HCWs from Internal Medicine tested positive on D0 

(HCW-1077) and D9 (HCW-1141), both sequences had SNPs A3542T and G14277T 

suggesting potential HCW-HCW transmission of the virus.  

 

Cluster 4 (C4) comprised of 3 HCWa from ICU (Figure 10A); briefly all sequences in 

this cluster were isogenic (Figure 10C). Two HCWs (HCW-3026 and HCW-3043) 

tested positive on the same day (D0) and the other (HCW-3018) tested positive 8 days 

later (Figure 10B). The timeframe of each case and the associated incubation period 

of the virus suggests that HCW-3026 and HCW-3043 were infected by a patient in the 

department with probable HCW-HCW transmission of the virus to HCW-3018 (D8).  
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A. B. 

Sample ID Infection Timeline 1 (Days) Infection Timeline 2 (Days)

HCW-2075 0

HCW-2012 0

HCW-2069 1

HCW-2073 2

HCW-2064 5 0

HCW-2041 14 9

HCW-2011 14 9

HCW-1004 0

HCW-1046 0

HCW-1084 2

HCW-1036 9

HCW-1080 10

HCW-1156 10

HCW-1032 10

HCW-1026 10

HCW-5037 0

HCW-5048 7

HCW-1077 12 0

HCW-1141 21 9

HCW-3026 0

HCW-3043 8

HCW-3018 8

Cluster 1

Cluster 2

Cluster 3

Cluster 4

0

0

8
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Figure 10. Phylogenetic characterisation of community and HCW sequences from the first infection wave. The branches of the tree and 

mutations are coloured according to department from which the SARS-CoV-2 specimen was identified; Internal Medicine (Red), General 

Paediatrics and Neonates (Green), Wits-VIDA (Blue), ICU (Orange) and Obstetrics and Gynaecology (Grey). Clusters are indicated in purple 

(C1-C4). Panel A represents a maximum likelihood phylogenetic tree from the database of HCW, the in-house COVID-19 vaccine trial (Wits-

VIDA, Black) and GISAID (EPI_ISL numbered, Black) sequences for SARS-CoV-2 sequences isolated in Johannesburg, South Africa. Two 

infection timelines (days) for the sequences in each cluster are shown in Panel B. Mutation, SNP and deletion summary for each sequence from 

the first wave is represented in Panel C. Abbreviations: SNP: Single Nucleotide Polymorphism, ORF: Open-reading frame, M: membrane, N: 

nucleocapsid, E: envelope, S: spike and del: deletion. 
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5.3.2 Wave 2 

 

In the maximum likelihood phylogenetic analysis of sequences identified during the 

second wave of SARS-CoV-2 infections, 10 of 11 sequences from the HCWs were 

inter-dispersed across the tree which contained 125 additional contemporaneous 

viruses. One sequence was excluded due to low sequence coverage. We identified one 

putative transmission cluster, Cluster 5, which contained 6 HCW sequences from 

VIDA and the Internal medicine department; five HCW (HCW-1019, HCW-1066, 

HCW-8019, HCW-8003, HCW-1106) were from the Internal Medicine department 

and the remaining HCW (HCW-5029) was from Wits-VIDA (Figure 11A). All six 

sequences had the mutation S:L18F (C21614T) and SNP A2692T (Figure 11C). Two 

HCW sequences within C5 (HCW-5029 and HCW-1019) shared an additional SNP 

specifically C26645T; however, the second HCW (HCW-1019) tested positive 52 

days after the first case (HCW-5029) (Figure 11B, Figure 11C). The remaining four 

HCWs in this cluster were from the Internal Medicine department (Figure 11A), all of 

these sequences shared SNPs C29580T and C26010T and mutation ORF3a:W131L 

(G25784T) (Figure 11C). HCW-8003 tested positive six days (D6) after the first case 

(HCW-1066) thus indicating likely HCW-HCW (Figure 11B, infection timeline 2); in 

infection timeline 3 a second HCW-HCW transmission event between HCW-8003 

and HCW-8019 was observed. Although the remaining HCW (HCW-1106) is 

isogenic to the other three HCW sequences (HCW-1066, HCW-8003 and HCW-8019) 

the timelines associated with detection of the virus is not indicative of a linked 

transmission event and thus the infection of HCW-1106 was extrapolated to 

community importation.  
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A. B. 
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Figure 11.Phylogenetic characterisation of community and HCW sequences from the second 

infection wave. The branches of the tree and mutations are coloured according to department from 

which the SARS-CoV-2 specimen was identified; Internal Medicine (Red), General Paediatrics and 

Neonates (Green) and Wits-VIDA (Blue). Clusters are indicated in purple (C5). Panel A represents a 

maximum likelihood phylogenetic tree from the database of HCW and the in-house COVID-19 

vaccine trial SARS-CoV-2 first wave sequences (Wits-VIDA, Black) together with GISAID 

(EPI_ISL numbered, Black) sequences for SARS-CoV-2 sequences isolated in Johannesburg, South 

Africa and three infection timelines (days) for the sequences in each cluster is shown in Panel B. 

Mutation, SNP and deletion summary for each sequence from the first wave is represented in Panel 

C. Abbreviations: SNP: Single Nucleotide Polymorphism, ORF: Open-reading frame, M: membrane, 

N:nucleocapsid, E:envelope, S:spike and del: deletion. 

C. 
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5.3.3 Wave 3 

In the maximum likelihood phylogenetic analysis of sequences identified during the 

third wave of SARS-CoV-2 infections, 33 of 47 sequences from the HCWs were 

inter-dispersed across the tree which contained 125 additional contemporaneous 

viruses. The remaining 13 sequences were excluded due to low sequence coverage. 

We identified four putative transmission clusters which contained HCW sequences 

from all the investigated departments except Wits-VIDA (Figure 12). Cluster 6 (C6) 

had 2 HCW from the Internal Medicine department (Figure 12B). These sequences 

were isogenic and shared SNPs T2526C and C9448T (Figure 12C); HCW-1050 tested 

positive three days after the first case (HCW-1049) thereby indicative of a linked 

HCW-HCW transmission episode. 

 

Cluster 7 (C7) was comprised of 2 HCWs from the General Paediatrics and Neonate 

department (Figure 12A). HCW-8106 tested positive 2 days after the first case in this 

cluster (HCW-8050) (Figure 12B). Both sequences are isogenic sharing SNPs 

G3452A, C9166T, G21974T and A22298G suggesting that both HCWs contracted the 

virus from the same infected patient in the department (Figure 12C).  

 

Cluster 8 (C8) was comprised of 2 HCW, one from ICU (HCW-8083) and one from 

Internal Medicine (HCW-8074) (Figure 12A). These sequences were isogenic, sharing 

many of the same SNPs (Figure 12C). The second HCW (HCW-8083) tested positive 

5 days after the first case (HCW-8074) (Figure 12B) indicative of a linked HCW-

HCW transmission episode.  

 

Cluster 9 (C9) was comprised of 7 HCWs from multiple departments including ICU, 

Internal Medicine, General Paediatrics and Neonates and Obstetrics and Gynaecology 

(Figure 12A). Shared SNPs among the sequences were observed including C4438T 

and C7528T (Figure 12C). Although a shared genomic profile was observed for these 

samples it is unlikely due to HCW-HCW transmission as the timeline between 

infections were often >10 days and the HCWs were from departments where cross 

over was unlikely. These sequences cluster with other contextual sequences and thus 

we propose community importation of virus into each department rather than linked 

transmission. A linked transmission event was considered in timeline two, between a 
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HCW from Obstetrics and Gynaecology (HCW-6022) and a HCW from the 

Paediatrics and Neonate (HCW-2066) department. HCW-2066 tested positive 3 days 

(D3) after the first case (HCW-6022).  
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Figure 12. Phylogenetic characterisation of community and HCW sequences from the third 

infection wave. The branches of the tree and mutations are coloured according to department from 

which the SARS-CoV-2 specimen was identified; namely Internal Medicine (Red), General 

Paediatrics and Neonates (Green), Wits-VIDA (Blue), ICU (Orange) and Obstetrics and 

Gynaecology (Grey). Clusters are indicated in purple (C6-C9). Panel A represents a maximum 

likelihood phylogenetic tree from the database of HCW and the in-house COVID-19 vaccine trial 

SARS-CoV-2 first wave sequences (Wits-VIDA, Black) together with GISAID (EPI_ISL numbered, 

Black) sequences for SARS-CoV-2 sequences isolated in Johannesburg, South Africa and two 

infection timeline (days) for the sequences in each cluster is shown in Panel B. Mutation, SNP and 

deletion summary for each sequence from the first wave is represented in Panel C. Abbreviations: 

SNP: Single Nucleotide Polymorphism, ORF: Open-reading frame, M: membrane, N:nucleocapsid, 

E:envelope, S:spike and del: deletion.
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6. Discussion  
  

This study reports on the genotyping of 164 SARS-CoV-2 samples collected from 

healthcare workers working at Chris Hani Baragwanath Academic Hospital - a large 

tertiary hospital which services a population of approximately 1.5 million people in 

Soweto, South Africa (93). During the study, transmission peaks and clade proportion 

of SARS-CoV-2 among the HCWs paralleled those observed in the general 

population in South Africa. Our phylogenetic analysis revealed that the bulk of the 

HCWs samples (N=122/164, 74.4%) clustered with other contemporaneous strains 

which were reflective of the community with evidence of only nine putative 

transmission clusters identified (four in the first and third infection wave and one in 

the second wave). These nine putative transmission clusters accounted for 25.0% 

(N=41/164) of the infected HCWs. Similar to other studies (90, 94), we classified all 

infections occurring among HCWs in the same or linked departments that occurred 

within 3-10 days as probable HCW-HCW transmission. Thus, of the 41 infection 

episodes included in the putative transmission clusters, only 11 were likely HCW-

HCW transmissions with the remaining 30 infection episodes showing evidence of 

transmission from a common source such as a patient, as the infection episodes were 

all detected within 24-48 hours of each other. Thus 93.3% (N=153/164) of the HCWs 

infected with SARS-CoV-2 during this study were likely infected from patients or to a 

lesser extent from the community. This is likely because HCWs have high exposure to 

multiple infected individuals with very severe disease. Further, limited personal 

protective equipment (PPE) and training in the use of the PPE was available during 

the initial stages of the pandemic (95, 96).  

Our findings were contradictory to other studies which found that in 15-79% of 

infected HCWs the source of infection was from contact with an infected colleague 

(97-101). For example, there was a cluster of intra-hospital HCW-HCW transmission 

reported in Singapore (102) where they found that SARS-CoV-2 transmission from an 

asymptomatic HCW resulted in the exposure of an additional 68 HCWs (103). Similar 

findings were reported in Madrid, Spain in which five HCWs contracted SARS-CoV-

2 after having lunch with an asymptomatic HCW and subsequently went on to infect 

more than 25 patients in the hospital (104).  
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Our contradictory findings could be linked to our study design whereby the HCWs 

included in the study were tested weekly for SARS-CoV-2 infections, regardless of 

symptom, further, if a HCW developed any sign of illness or had a close contact with 

another positive HCW or family member then they were encouraged to come for 

SARS-CoV-2 testing immediately. This likely lead to the rapid identification of 

asymptomatic HCWs or HCWs in the very early stages of the infection cycle thus 

likely preventing further HCW-HCW infections. A similarly designed study at the 

NHS Hospital Trust in England investigated within-hospital transmission and found 

that by integrating routine SARS-CoV-2 testing and genomic surveillance, HCW-

HCW transmission was reduced by 18.7% from the first to the second epidemic wave 

(105).  

In our study, the second and third infection waves saw a very limited number of 

infected HCWs detected likely due to acquired natural immunity from previous viral 

infections (106) and vaccine-induced immunity as a result of vaccine rollout in 

February 2021 (107-109). Regardless, it must be noted that the peak of the second 

wave of SARS-CoV-2 infections occurred over the December period when many of 

the HCWs were on holiday and thus were less likely to present for screening at our 

facility. Further, during the second and third waves of COVID-19 infections study 

fatigue was noted with many HCW not wanting to do routine screening for infection 

and many HCWs dropping out of the study. 

Regardless, four putative transmission clusters were still identified in the third wave 

including a large transmission cluster (cluster 9) comprised of seven HCWs from four 

different departments (ICU, General Paediatrics and Neonates, Internal Medicine and 

Obstetrics and Gynaecology) with infections spanning over more than 6 weeks. 

However, even though the specimens included in this transmission cluster were 

isogenic, typically during an outbreak, many individuals are infected with viruses that 

have a high degree of genetic similarity based on the dominant circulating variant 

present (89, 105), as seen in this study. Thus, other factors also need to be looked at to 

determine whether HCW-HCW transmission was plausible including whether the 

infections occurred within a timeframe corresponding to the distribution and 

incubation period of SARS-CoV-2 and linked hospital location of suspected related 

individuals (105). Linked departments were defined by the likelihood of patients 

being transferred from one department to other: for example, Obstetrics and 
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Gynaecology to General Paediatrics and Neonates or Internal Medicine to ICU, and 

for our study we defined a 0–10 day transmission period. However some studies 

reveal that this timeframe is highly SARS-CoV-2 variant specific with some strains 

extending up to 14 days (110) while others have a reduced COVID-19 transmission 

period (111). Thus, the predefined transmission period of the study could have 

allowed for the incorrect inclusion or exclusion of potential transmission clusters. 

Consequently, putative cluster 9 was likely not a true transmission cluster as either the 

HCW departments were not linked or the transmission periods between HCWs 

infections from linked departments were too long. Similarly, cluster 5 had HCW 

sequences that were isogenically similar, but unlikely a true transmission cluster as 

the HCW in this cluster were from departments with little to no cross over namely 

Wits-VIDA and Internal Medicine and the HCWs tested positive in excess of a month 

of one another. HCWs from Wits-VIDA were responsible for the processing and 

testing of samples from other departments thus, the likelihood of a Wits-VIDA HCW 

contracting the virus from a sample from any department is high. Conversely, 

transmission from Wits-VIDA to HCWs from other departments is unlikely as Wits-

VIDA staff predominantly were not in direct contact with the HCWs from the other 

departments. Thus, we proposed that the shared genomic profiles of HCWs in this 

cluster were due to community importation of the virus rather than a linked infection 

episode which is further supported by these HCW sequences clustering with many 

contextual sequences. However, when a second and third infection timeline was 

considered in cluster 5, evidence for HCW-HCW transmission was observed in three 

HCWs that all belonged to the Internal Medicine department and had infection 

episodes occurring within 3-10 days of each other.   

Similarly, clusters 1, 2, 4 and 8 were likely true transmission clusters because the 

HCWs in these clusters belonged to the same department (clusters 1, 2 and 4) or 

linked departments (cluster 8) and the HCW tested positive within 3-10 days of each 

other. In cluster 8 we concluded a linked infection episode that involved two HCWs 

that contracted the virus from the same infected patient that was transferred from 

Internal Medicine to ICU. Hospital patients are typically transferred to ICU wards if 

their medical status deteriorates, and they require intensive treatment and close 

monitoring. Thus, the likelihood of a patient infecting a HCW from both the ICU and 

Internal Medicine department was considered plausible. 
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Our study had several limitations in that not all hospital staff were enrolled in the 

study; therefore, additional clusters or HCW-HCW transmission events could have 

been missed. Additionally, viral sequences from positive patient cases and contact 

tracing between HCW and patients in the same department was not investigated 

therefore, while we postulated that the HCWs were infected by their patients, we 

cannot prove it. Further, while we classified all infections occurring among HCWs in 

the same of linked departments that occurred within 3-10 days as probable HCW-

HCW transmission, we cannot exclude that HCWs could have been infected from the 

same patient in a ward especially as immunocompromised individuals have been 

shown to have prolonged infection cycles (112, 113). In future work, the evidence 

behind transmission clusters in healthcare facilities can be strengthened with the 

inclusion of genomic surveillance of positive patients. Additionally, interviews 

outlining social behaviours and shared transportation could be included for the 

purpose of inferring links between HCWs that work in different departments.  

 

In conclusion, similarly to the rest of the world, a large proportion of the HCWs were 

infected with SARS-CoV-2 during the first wave of infection; however, unlike many 

other studies (98, 100, 102), these infections were more likely a result of infection 

from their patients rather than HCW-HCW transmissions. Thus, without the intense 

routine surveillance of the HCWs included in the study and the rapid identification of 

asymptomatic infections, the SARS-CoV-2 infection burden in the HCWs at CHBAH 

could have been substantially worse. Our study highlights the importance of continual 

genomic surveillance and molecular characterisation of communicable diseases as 

well as routine surveillance to implement effective infection control practices and 

reduce HCW morbidity and mortality in future outbreaks. 
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