
LSHTM Research Online

Ward, D; (2023) Zika virus surveillance in human and mosquito populations in Cabo Verde – exploring
molecular and serological tools for the surveillance of emerging infectious diseases. PhD thesis, London
School of Hygiene & Tropical Medicine. DOI: https://doi.org/10.17037/PUBS.04670855

Downloaded from: https://researchonline.lshtm.ac.uk/id/eprint/4670855/

DOI: https://doi.org/10.17037/PUBS.04670855

Usage Guidelines:

Please refer to usage guidelines at https://researchonline.lshtm.ac.uk/policies.html or alternatively
contact researchonline@lshtm.ac.uk.

Available under license. To note, 3rd party material is not necessarily covered under this li-
cense: http://creativecommons.org/licenses/by-nc-nd/4.0/

https://researchonline.lshtm.ac.uk

https://researchonline.lshtm.ac.uk/id/eprint/4670855/
https://doi.org/10.17037/PUBS.04670855
https://researchonline.lshtm.ac.uk/policies.html
mailto:researchonline@lshtm.ac.uk
https://researchonline.lshtm.ac.uk


 1 

 

 
 
 
 
 
 
Zika virus surveillance in human and mosquito populations in Cabo 

Verde – exploring molecular and serological tools for the 
surveillance of emerging infectious diseases 

 
 

Daniel Ward 
 
 
 
 

Thesis submitted in accordance with the requirements for the 
degree of  

Doctor of Philosophy of the 
University of London  

April 2022 
 

 
Department of Infection Biology 
 
Faculty of Infectious and Tropical Diseases 
 
LONDON SCHOOL OF HYGIENE & TROPICAL MEDICINE 
 
Funded by The Bloomsbury Colleges PhD Studentships 
 

 
 
Research group affiliation(s): Professor Taane Clark  

 Professor Susana Campino 
        



 2 

   
 
      
I, Daniel Ward, confirm that the work presented in this thesis is my own. Where information 
has been derived from other sources, I confirm that this has been indicated in the thesis. 
 
 
Signed:   Date: 20/04/2022 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 3 

 
 
Additional publications 

 
Throughout the duration of this PhD scholarship, I have contributed to other manuscripts 

which are not included in this thesis, listed here: 

 

Phelan, J., Deelder, W., Ward, D. et al. COVID-profiler: a webserver for the analysis of SARS-

CoV-2 sequencing data. BMC Bioinformatics 23, 137 (2022). https://doi.org/10.1186/s12859-

022-04632-y 

 

Da Veiga Leal, S., Ward, D., Campino, S. et al. Drug resistance profile and clonality of 

Plasmodium falciparum parasites in Cabo Verde: the 2017 malaria outbreak. Malar J 20, 172 

(2021). https://doi.org/10.1186/s12936-021-03708-z 

 
Higgins M, Ravenhall M, Ward D, Phelan J, Ibrahim A, Forrest MS, et al. PrimedRPA: primer 

design for recombinase polymerase amplification assays. Bioinformatics. 35, 682–4 (2019). 

https://doi.org/10.1093/bioinformatics/bty701 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 4 

 

Abstract 
The first confirmed cases of Zika virus disease in the Americas were described in Northeast 

Brazil in May 2015, following the introduction from French Polynesia. Five months later, the 

first confirmed cases of autochthonous transmission and Zika congenital syndrome were 

reported in Cabo Verde, Africa. Following the outbreak, human and entomological samples 

across endemic regions in Cabo Verde were collected to provide insights into outbreak 

dynamics. In this thesis, I profile the Aedes aegypti mosquito population on Cabo Verde, the 

primary vector of Zika virus transmission. This work investigates their susceptibility to 

insecticides, through the targeted sequencing of a cross-section of entomological samples 

collected in Praia, the capital city. The analysis revealed two Aedes aegypti mosquitoes with 

detectable levels of Zika virus. Building on these findings, I applied molecular techniques to 

profile the vectors’ virome and proceeded to enrich and sequence whole-genome data for Zika 

virus. The resulting sequence data, combined with a global Zika sequence dataset, were placed 

phylogenetically into the broader epidemiological context of the 2015-2016 Zika epidemic, 

revealing two discrete introductions of Zika that occurred from the Americas to Cabo Verde in 

this period. In parallel, I describe the findings of a sero-epidemiological study based on a cross-

sectional cohort of human participants, sampled shortly after the cessation of Zika 

transmission. By comparing a panel of arbovirus serological assays and using a multivariate 

logistic modelling approach, key risk-factors for Zika seropositivity were determined. This 

work was followed up by an investigation on how virus serological diagnostics may be 

improved. I initially formulate a novel in-silico meta-analysis pipeline, which may guide the 

selection of specific antigenic targets for immunoassay development. This approach is applied 

in the context of another emerging infectious disease, SARS-CoV-2. Expanding on this, I 

report a refined, novel molecular methodology for the translation of in-silico reverse antigen 

design techniques into scalable immunoassays. Overall, this thesis describes the application of 

molecular and serological techniques to understand the dynamics of the Zika outbreak in Cabo 

Verde. I develop novel methodologies to improve on current serological tools, translating them 

to address current challenges in the surveillance of emerging infectious diseases.   
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Chapter One  
 

Introduction 
 

Hand-drawn dot-maps to satellite imagery. Left: The illustration drawn in 1854 by John Snow 
geospatially mapping cholera cases in London (originally published in 1854 by C.F.). Right:  
Excerpt of satellite imagery depicting a hospital in South America. The imagery is used to track 
attendance through the use of image recognition (Nsoesie, E et al. 2015). 



 11 

1 - Introduction 

1.1 Emerging infectious diseases (EIDs) 

Emerging infectious diseases (EIDs) pose a substantial threat to the world’s animal and plant 

populations, their morbid effects have destructively punctuated humanity’s history thus far. A 

shift in the evolutionary or environmental compartment in which an organism resides, results 

in the emergence of once inconsequential or new pathogens to the epidemiological forefront. 

This emergence or re-emergence occurs through newly imparted pathogenicity, virulence, host 

availability, or a zoonosis establishing autochthonous transmission in a novel host or vector 

population. Looking back, the usage of the phrase ‘emerging [infectious] disease’ started 

around 1960s, effectively coined when Maurer et al. (1962) published their research on the, 

then emerging, equine piroplasmosis [1]. Since then, notable outbreaks have warranted its 

Figure 1: Usage of the phrase "emerging [infectious] disease" increases in the late 20th century 
to 2019 with a marked increase coinciding the characterisation novel human pathogens. The 
Ngram database is generated intermittently and has not been updated since 2019. 
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continual use, such as the H3N2 influenza pandemic in 1968, the characterisation of Ebola 

virus in 1976, the emergence of HIV in 1981 and SARS-CoV in 2003 (Figure 1). 

 

Between years 1980 and 2007, 87 new human pathogens were identified. Of these the majority 

were single stranded RNA viruses (51%), infamous for their characteristic error-prone 

replication which acts to speed up evolutionary processes. Of the ~1400 known human 

pathogens, as few as 7% of those are obligate human pathogens, notably, HIV-1, Plasmodium 

falciparum and variola virus (smallpox), which all have their origins rooted in historic 

mammalian hosts [3-4], with HIV-1 having shifting more recently [4]. The remaining 93% are 

transmitted from animal or sapronotic reservoirs [5]. Animal pathogens are therefore of central 

interest in the surveillance of EIDs.  

 

A spill-over infection refers to a transmission event where a novel host, outside of a pathogen’s 

current range, comes into contact with the pathogen and is infected. While a new host may 

become infected, it is not a guarantee that it will establish onward transmission within the novel 

population, as is the case with many common zoonoses. This self-limiting transmission chain 

is called a dead-end infection, an example of which is in cases of rabies virus infection, where 

very few recorded examples of human-human transmission have been recorded [6–8]. While 

most spill-over events result in dead-ends, there are several prominent cases which do not. The 

Ebola virus (EBOV) outbreak in West Africa between years 2013 and 2016 resulted in 28,616 

suspected or confirmed Ebola virus disease cases and 11,323 deaths, and started from a 

suspected spill-over infection from a bat [9]. More recently, the RNA virus SARS-CoV-2, 

another suspected zoonosis, has caused  in excess of > 6 million deaths, and $12.5 trillion in 

estimated global financial burden [10]. 
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The Institute of Medicine’s committee on EIDs (1992) published a summary of ‘Microbial 

threats to the United States’, in which it was summarised some of the driving forces in disease 

emergence (Table 1) [11]. Aside from ‘microbial adaptation’, most factors can be attributed to 

human activity, where new or continued contact with zoonotic reservoirs that would have 

otherwise remained isolated is exacerbated by economic and technological development, 

globalisation and localised societal factors driving changes in human behaviour. One of the 

many examples of this paradigm at work is with the emergence of Zika virus (ZIKV) in 2015-

2016, where dense cities populated with all-naïve hosts living alongside the thriving urban-

adapted Aedes (Ae.) aegypti vector encouraged the sustained transmission of a novel, highly 

virulent lineage of ZIKV introduced from another continent [12, 13].  

 

Table 1 –Factors driving pathogen emergence with examples of EIDs. Excerpt from Institute 

of Medicine’s committee on EIDs (1992) report [11]. 

Factor Related Diseases 

Human demographics and behaviour Ebola (EBOV), Zika (ZIKV) 

Technology and industry Vaccine derived polio 

Economic development and land use Plasmodium knowlesi malaria 

International travel and commerce Influenzas, coronavirus 

Microbial adaptation and change MTB*, MRSA**, Dengue 

Breakdown of public health measures Ebola, cholera 

*Mycobacterium tuberculosis **Methicillin-resistant Staphylococcus auras  

 

1.1.1 Surveillance of EIDs 

A central tool in the prevention of EIDs are surveillance programmes, which are implemented 

at various levels. At the top, global public health reporting infrastructures are critical in 

reporting the occurrence of infectious disease cases globally, such as the Program for 

Monitoring Emerging Diseases (proMED), a publicly-available internet messaging board 
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established in 1994 for conducting the global reporting of infectious disease outbreaks [14] and 

the World Health Organizations (WHO’s) FluNet, a global web-based tool for influenza 

virological surveillance established in 1997 [15]. At a smaller scale, there exists national and/or 

academic consortia set up for the surveillance and response to infectious disease outbreaks. For 

example, the UK’s Public Health Rapid Support Team (UK-PHRST), a specialist team with 

rapid response capabilities to identify and inform on the prevention of disease outbreaks, set 

up in the wake of the 2013-16 EBOV outbreak [16]. The foci of surveillance networks can take 

many forms, while the aforementioned have a primarily host-oriented approach, it is of equal 

importance to focus on vector surveillance through xenomonitoring [17], insecticide resistance 

monitoring [18], and environmental pathogen sampling [19].  

 

Effective control strategy depends on specific and sensitive data acquisition techniques. In this 

section, three key disciplines used in the surveillance of EIDs will be discussed, which are 

summarised (Figure 2). The first, case reporting, was central to one of the earliest examples of 

an epidemiological study. Its implementation precipitated the removal of the pump handle from 

a cholera contaminated well by John Snow in 1854 [20]. Now, similar methods can be driven 

by big data analytical techniques, for instance, by researchers using data from Google searches 

as an early warning of possible outbreaks, through the identification of abnormal increases in 

disease-specific symptom search engine queries [21]. The second mode covered is serology, 

the act of testing patient serum, or other bodily fluids, for antibodies or antigen. With the wide 

scope of serological techniques available for infectious disease research, their implementation 

can provide insights into the history of infection in an individual. Molecular techniques, the 

final area, are built on the principle of detecting or characterising pathogen nucleic acids and 

take a myriad of forms. From semi-targeted and meta-sequencing approaches, such as those 

used in the identification of SARS-CoV [22], the amplicon sequencing techniques employed 
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in the surveillance of EBOV and ZIKV outbreaks [24, 25], to the qPCR and RT-qPCR 

techniques used daily around the world as gold standard diagnostics for SARS-CoV-2.  

 

 

Figure 2- Example techniques in epidemiological data and case reporting, serological and 

molecular data collection. Three of the disciplines covered in this introduction.  

 

1.1.2 Epidemiological data collection 

Epidemiological data collection, case reporting, lays at the foundation of any endeavour in 

controlling infectious diseases. With its many forms and applications, epidemiological 

surveillance can be summarised into two principal approaches, passive and active. Presently, 

in the UK, 33 diseases and their 61 etiological agents are categorised as notifiable infectious 

diseases (NOIDs), which imparts a statutory duty to all medical practitioners to notify the local 

council or local health protection team of suspected cases. A weekly report is produced by the 

UK Health Security Agency (UKHSA) on NOIDs, detailing geographical locale and the 

frequency of infections. This passive data collection, on the back of primary health care 

services, facilitates the evaluation and implementation of effective control strategy across the 

UK. Passive surveillance can be augmented in the 21st century, by big data analytical 

techniques, on top of the example given previously, involving the analysis of Google data [21], 

satellite imagery can be used to model and predict the spread of pandemic influenza in 

developing countries, where passive surveillance networks are unestablished due to the 

insufficiency of resources and international support [25]. On the global scale, organisations 
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such as the WHO or Centres for Disease Control and Prevention (CDC) collect passive data on 

a myriad of communicable diseases. This mode of surveillance is the most used due to its cost-

effectiveness and economic reasons, however, the detail of the data collected is usually sparce 

or incomplete, due to the limited time commitment healthcare workers can dedicate to such 

tasks, therefore, these systems are often bolstered with incentives. Across Guinea, Liberia, and 

Sierra Leone, the CDC, WHO and numerous governmental and non-governmental organisation 

have worked to install an integrated functional surveillance system for the EID, Ebola [26]. 

These efforts have strengthened epidemiologic and data management capacity, enabling the 

quick response to future public health emergencies. It is in this example, a well-illustrated 

intersection between passive and active surveillance lies. Passive surveillance invariably 

instigates active surveillance, where an increase in cases of a notified disease leads to the 

activation of focused and specific resources. In this case, reported EBOV cases instigate the 

prompt deployment of teams, fixed on case identification, contact tracing, and containment. 

 

Active surveillance does not only facilitate the monitoring and containment of EIDs. With the 

increased granularity at which it is usually undertaken, it can increase the fundamental 

understanding of the etiological agents behind them. In the context of Dengue virus (DENV) 

research, studies on the dynamics and immunology of infection, can involve the recruitment of 

participants during local surveys, or through associations with regional medical centres, where 

the targeted population has a vested interest in controlling disease morbidity. Detailed 

information is gathered, covering their health, socio-demographic data and in many cases, 

biological samples for screening. It was found, in the case of Dengue, that active surveillance 

studies captured significantly more cases when compared to passive surveillance, at times, 

between 10 to 21-fold higher than the caseloads detected by a national reporting system [27]. 

Alarming as this differential may be, improving national surveillance or sustaining the logistics 



 17 

and funding behind active studies is, in many cases, economically prohibitive, and so, a balance 

between these methodologies must be struck. Sentinel surveillance embodies just that, where 

a scaled-down, specialised and often incentivised operation is sustained for the monitoring of 

EIDs. In the WHO’s Global Strategy for Dengue Prevention and Control (2012-2020), sentinel 

surveillance was an integral part of the proposed framework [28]. With this, the economic 

burden of tracking Dengue incidence is spread, while still hitting the key deliverables of active 

surveillance studies. 

 

In many endemic settings, several arbovirus species with similar symptoms are in 

autochthonous transmission at any one time. Reporting accurate epidemiological data for 

DENV or any other disease, requires a diagnostic strategy that is specific, which can effectively 

differentiate Dengue from other common diseases. It is therefore essential to augment practices 

commonly used in passive surveillance, diagnostics based on symptoms or patient self-reports, 

with methodologies that offer enhanced specificity and sensitivity, such as serological and 

molecular assays. 

 

1.1.3 Serological techniques 

Diphtheria, tuberculosis and typhoid were all a blight of 19th century life in Europe. Across 

England and Wales, these three diseases were responsible for the death of 0.1% of all children 

aged 1 to 15 years [29]. One of the first serological tests, the Widal test (1897), used antibody 

agglutination to indicate typhoid seroconversion [30]. With the application and development 

of techniques such as these, diseases were characterised, monitored, and immunised against, to 

the point that now, in Europe, all three pose a comparatively reduced risk to public health. 

Throughout the 20th century serological tools were developed, aiding in the identification of 

novel viral pathogens. One example of which, is found in the isolation of ZIKV, first reported 
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in 1947 [31]. Only in 1952 did Dick et al. characterise the suspected novel virus by determining 

Zika’s unique serological specificity, comparing the neutralising activity of convalescent Zika 

sera with Dengue and yellow fever using in-vivo passage techniques. Around this period, 

research led by Coons et al. (1941), centred on antibody fluorophore conjugation, paved the 

way for 80 years of immunoassay development [32], where today, the enzyme linked 

immunosorbent assay (ELISA) and its variants form a central part of disease surveillance 

strategy.  

 

One of the many uses of immunoassays today, in the context of EIDs, is to monitor the 

prevalence of seroconversion in a population (seroprevalence). Monitoring seroprevalence 

allows epidemiologists to track the emergence of diseases geospatially and temporally. A key 

aspect of this practice is the detection of discrete antibody isotypes using indirect ELISA 

techniques. These methodologies are capable of differentiating, for example, captured 

immunoglobulin M (IgM) and G (IgG), through isotype specific secondary antibody 

conjugated with a radioactive label, fluorophore or a chemiluminescent or colorimetric 

reporter. This association yields a quantitative measure of an antibody-bound analyte. As is the 

case with many primary antibody responses to infection, an initial increase in pathogen-specific 

IgM titres precedes, often by greater than two weeks, the IgG response [32][33]. Recognizing 

this differential response can infer active/recent, convalescent or in some cases, secondary 

infections. These methodologies have been applied recently in the surveillance of DENV in 

combination with molecular assays to identify active, primary and post-primary infections in 

a multiple-serotype endemic settings, using a differential in RT-qPCR, IgM and IgG ELISA 

assays to determine the chronology of infections [35]. 
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Another format of ELISA is used in the detection of an etiological agent, or the components of 

it, within a given serological sample. These ‘direct’ and ‘sandwich’ ELISA work on the 

principle of antigen immobilisation, either through covalent or non-covalent interactions with 

a solid phase, or immobilisation using a ‘capture antibody’. The antigen is then detected using 

a detection antibody conjugate, comparable with those used for indirect ELISA. Importantly, 

the antibodies used in both immobilisation (sandwich) or detection, can be either monoclonal 

(mAb) or polyclonal (pAb), depending on the application. Where mAb reagents offer high 

specificity, they can, in some cases, result in reduced sensitivity, as they operate within a 

limited space in which it can react with an antigen, as opposed to polyclonal reagents, which 

employ a diverse array of epitopes for capture and/or detection of the antigen. While antigen 

detection is an efficient means of disease surveillance, this methodology has a major limitation 

when compared to antibody detection. Namely, antigen is usually cleared by the immune 

system promptly with the resolution of the infection. This limits the effective sensitivity of the 

assay to a narrow window, the duration of the infection only. 

 

A crucial application of serologic assays in EID control is in HIV diagnostics and surveillance. 

Since its emergence in 1983, there have been four generations of serological HIV diagnostics. 

The first two generations employed IgG antibody detection methodologies using a panel of 

HIV-1/2 antigens, with the addition of IgM detection in the third generation, increasing the 

assay’s effective sensitivity from a timeframe of six to three weeks post-infection [36]. In the 

fourth generation, antigen and antibody detection methodologies were combined, reducing the 

‘test-negative’ window to two weeks. 

 

The development of immunoassay techniques in disease surveillance advanced significantly  

in 1989 with a patent filed by Becton Dickinson and Company for a capillary flow assay, today 



 20 

known as lateral flow assays [37]. This format, also referred to as a rapid diagnostic test (RDT), 

is used as a central component of control strategies worldwide, for the surveillance of Dengue 

[38], malaria [39], SARS-CoV-2 [40]  and many more. One hundred and twenty five years 

after the deployment of the Widal test, in the control of SARS-CoV-2, over 384 million antigen 

capture lateral flow assays (LFAs) have been used in a single year to help curb SARS-CoV-2 

transmission [41]. RDTs enable the point-of-care analysis of samples, which can drive decision 

making both in the clinic and in field settings.  

 

Building on the fundamental mechanics of an ELISA, microsphere technologies, often referred 

to under the brand name ‘Luminex’, enable the analysis of up to 500 analytes in a single assay. 

This methodology employs microscopic ‘beads’, each with an individually distinguishable 

fluorescent signature. These beads substitute the solid phase of an ELISA (the polystyrene plate 

medium) with a pool of microspheres, each of which is capable of binding antigen/antibody, 

with a range of covalent and non-covalent ‘coupling’ options. On incubation with an analyte, 

the presence of antigen/antibody is quantitatively analysed by means of a fluorescently 

conjugated reporter. This technology is not only used in detecting pathogen antigens and the 

host responses to them, but a myriad of other biomarkers such as cytokines, cancer markers 

and hormones. While this technology holds great promise, the initial capital investment and 

cost-per assay, means that these technologies are unavailable in many settings for sustained 

EID surveillance.  

 

Microarray platforms can determine the reactivity of sera, to an array of hundreds of targets in 

a single assay. Through this, the dissection of responses to an entire proteome can be achieved 

[42]. Like microsphere technology, however, this process has a large initial capital investment.  
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Numerous additional technologies for serological research exist, on top of those outlined here. 

When optimised an applied resourcefully, they offer a versatile and efficient means of pathogen 

detection on the population level. 

 

1.1.4 Molecular techniques 

There exists an ever-growing armoury of molecular tools at the disposal of clinicians and 

researchers in the perpetual competition between humans and their parasites. In the past forty 

years, these technologies have revolutionised bioscience and healthcare. At their foundation, 

molecular assays rely on the detection of nucleic acids and their products to facilitate specific 

diagnostics and disease surveillance. Initially, restriction digestion and southern blot assays 

were applied to diagnose human genetic diseases [43], now, these techniques are employed as 

gold standard diagnostics in the detection of EIDs, most notably, SARS-CoV-2.  

 

The polymerase chain reaction (PCR) and its derivatives, applied in diagnostic settings, is 

capable of detecting pathogens with unparalleled sensitivity and specificity. In this thesis, two 

of its most powerful applications are covered, high throughput RT-qPCR (reverse-transcriptase 

quantitative PCR) and PCR coupled with amplicon sequencing. In arbovirus endemic regions, 

molecular diagnostics are capable of differentiating pathogens with high specificity and 

sensitivity. In the case of DENV surveillance, they are capable of differentiating the four 

serotypes, which would otherwise only be possible through costly and laborious neutralisation 

assays [44]. As outlined in the aforementioned WHO strategy, this information lies at the centre 

of DENV surveillance [28]. Multiplex qPCR assays can detect numerous pathogens in a single 

reaction, enabling the high throughput screening of thousands of samples over a short period. 

A further iteration of PCR technology includes loop mediated isothermal amplification 

(LAMP) and recombinase polymerase amplification (RPA), two isothermal assays that use 



 22 

alternative amplification technologies for the detection of pathogen nucleic acids. These assays 

have a particular edge against conventional techniques due to their ease of use and potential 

application outside of a laboratory environment, thereby enabling point of care diagnostics both 

in clinics and in the field [45].  

 

Amplicon sequencing has evolved with the advent of next generation sequencing (NGS) 

technologies into a powerful methodology. This technique has laid the foundation for numerous 

other procedures, including 16S and tiling amplicon genomic sequencing. The latter is used 

frequently to sequence whole viral genomes from complex samples, for use in genomic 

epidemiology studies, a discipline which is now key in the control of EIDs. Through 

methodologies applied in this discipline, the real-time tracking of viral evolution and 

transmission dynamics is possible, which is covered further in Chapter 3. Also covered in that 

chapter, is the application of meta sequencing approaches, which like amplicon sequencing, is 

enabled by high-yield second and third generation sequencing technologies. These 

methodologies can facilitate the bulk-sequencing of complex samples, without enrichment. 

Unlike amplicon sequencing, this method does not require a-priori knowledge of pathogen 

sequences and has been used previously for the discovery of novel pathogens. 

 

1.2 The emergence of Zika virus 

The 2015-16 ZIKV outbreak instigated the most recent Public Health Emergency of 

International Concern (PHEIC), called by the WHO in February 2016 in response to a 

prolonged substantial epidemic spreading rapidly across the Americas, and the causal 

association of pre-natal ZIKV infection and microcephaly. Since then, 49 countries across the 

region have reported 583,451 suspected cases of ZIKV infection [46]. ZIKV is a positive-sense 

single stranded RNA virus, with a 10 kb non-segmented genome. It belongs to the genus 
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Flavivirus, which it shares with, amongst others, an array of common human arboviruses. 

These include Dengue virus (DENV), West Nile virus (WNV) and yellow fever virus (YFV), 

all of which are transmitted by the Ae. aegypti mosquito vector [47]. Naturally these viruses 

bear a similar profile of endemicity (Figure 3), which is complicated further by a common 

clinical presentation.  

 

Before the 2015 ZIKV outbreak, Flavivirus infections were understood to cause only 

infrequent severe disease, with infections predominantly self-limiting. Of the Flavivirus 

species, DENV results in the highest morbidity worldwide, with 1.14 million disability-

adjusted life years lost in 2013, and an estimated 9,221 deaths per year [48]. Severe Dengue or 

Dengue haemorrhagic fever, characterised by plasma leaking, fluid accumulation, respiratory 

distress, severe bleeding, or organ impairment, occurred in 0.4% of cases in the Americas in 

2015 [49]. Unlike Dengue, Zika, since its discovery in Uganda in 1947, had only warranted 

trivial investigation from the scientific community [31]; it rarely caused disease in the majority 

of those infected. With the 2015 ZIKV outbreak in Brazil and the definition of congenital Zika 

syndrome, the condition which encompasses the congenital birth defects associated with pre-

natal Zika infection, Zika became an essential topic for biomedical research.  

 

Zika congenital syndrome effects between 1.0-4.9% of children who are infected prenatally  

[47][48]. The manifestations of Zika congenital syndrome can be varied, but are commonly 

characterised by five key birth defects: (i) severe microcephaly, where the skull in some cases 

has partially collapsed; (ii) decreased brain tissue, characterised by a distinct pattern of brain 

damage and subcortical calcifications, (iii) macular scarring and focal pigmentary retinal 

mottling; (iv) muscle contractures; and (v) hypertonia – restricted body movement soon after 

birth [52]. To further compound the morbid influence of Zika emergence, retrospective studies 
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have associated the spread of ZIKV with an increase in the incidence of Guillain-Barré 

Syndrome, an autoimmune mediated neurological disease causing nerve damage, muscle 

weakness and paralysis [50][51].  

 

With the rapid emergence and intercontinental spread of Zika over recent years, WHO, Pan 

American Health Organisation (PAHO), CDC and other research and health organisations have 

advocated the need to understand the epidemiology of the disease. The 2016 PHEIC, coupled 

with the 2016 Rio de Janeiro Olympic games, attracted significant media attention [55], 

resulting in an injection of funding for Zika research. Despite these efforts, the implications of 

the 2015-16 American Zika outbreak are far reaching. For example, thousands of children have 

been afflicted with severe disability ranging from cranial abnormalities to severe movement 

and learning difficulties. The majority of these children reside in low to middle income 

countries, where the high level of funding required to meet their needs may not be available. 

Given the current outlook on climate change, and the increasing presence of the Ae. aegypti 

mosquito, ZIKV has the potential to spread further and wider than seen during the previous 

outbreak. 

 

 

“Overall, the global risk assessment has not changed. ZIKV continues to spread 

geographically to areas where competent vectors are present. Although a decline in cases of 

ZIKV infection has been reported in some countries, or in some parts of countries, vigilance 

needs to remain high.” - WHO Zika Situation Report (2017) [56]. 
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1.2.1 Current diagnostic and surveillance strategy 

On the 23rd of March 2016, WHO published “Laboratory testing for Zika virus infection - 

Interim guidance” (Figure 4) – a document providing guidance to healthcare professionals and 

laboratory technicians on testing strategies prioritised for patients in high-risk groups: 

symptomatic and asymptomatic pregnant women with possible exposure to ZIKV. One of the 

primary obstacles to effective Zika diagnosis is the crossover between Flavivirus species in 

initial patient presentation. Moreover, other endemic non-Flaviviral Ae. aegypti transmitted 

arboviruses such as Chikungunya virus (CHIKV) further increase diagnostic complexity, 

which like Flavivirus species, result in the characteristic high fever, joint/muscle pain and 

cephalgia. This issue is illustrated in Figure 3, a geographic plot of countries that have reported 

transmission of the above-mentioned arboviruses. In 2015, before the ZIKV outbreak was 

declared, Brazil had reported consistent autochthonous transmission of CHIKV and DENV, 

which ultimately led to a delay in the identification of Zika cases. The first notified case of 

Figure 3. Countries with a history of ZIKV, DENV, CHIKV, and YFV transmission. 
Data was sourced from the WHO, CDC and Leta et al. (2018). 
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ZIKV infection was recorded in May 2015 – years after the suspected introduction of ZIKV to 

Brazil [57].  

 

Due to the transient period of viremia exhibited during ZIKV infection, diagnostic strategies 

are modified depending on time of presentation relative to disease onset. Although viral RNA 

persistence in patient urine and semen has been reported to outlast that in haematological 

specimens, during the course of a typical infection, viral clearance occurs around 7 days after 

disease onset [55, 56]. Patients presenting with onset of symptoms ≤ 7 days will be subject to 

nucleic acid testing (NAT). In this application of NAT, a multiplex RT-qPCR protocol may be 

used with a pan-flavivirus multiplex primer-probe panel, or individual panels testing ZIKV, 

DENV, YFV, and WNV sequentially. Samples collected from patients who present ≥ 7 days 

after disease onset will undergo both NAT and serological diagnostics. These assays consist of 

IgM antibody capture enzyme-linked immunosorbent assays (MAC-ELISA), coated 

individually with either ZIKV, DENV, YFV or WNV whole-cell lysate antigen. The principal 

obstacle to this methodology is the inherent serological cross reactivity which is exhibited by 

Flavivirus species.  
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There is high genomic sequence identity shared between ZIKV, DENV, WNV and YFV, 

especially in surface exposed immunodominant regions such as the envelope protein (E) and 

non-structural protein 1 (NS1). Therefore, the antibody response elicited during infection with 

ZIKV or DENV species bears a high level of inter-Flavivirus cross reactivity, resulting from a 

high frequency of common antibody epitopes. This confounds antigen based serological 

diagnostics, as a patient who tests positive for Zika IgM, may have been infected with any 

combination of other Flavivirus, particularly in regions where there are multiple endemic 

species. That said, the MAC-ELISA diagnostic will determine if there has been a recent 

infection, as the presence of anti-Flavivirus IgM is generally indicative of recent Flavivirus 

exposure. With a positive serological assay, the ‘gold standard’ diagnostic may then be 

performed: a plaque reduction neutralization test (PRNT). This technique however is inherently 

technical and requires specialised facilities and trained technicians. Furthermore, the capacity 

  

Collect blood (serology and RT-PCR) and urine (only RT-   PCR) where possible   
if  more than one week after onset of symptoms 

    
*If collecting paired serum samples,  allow 2- 3  weeks between samples   

RT - PCR for ZIKV virus on urine and blood   

Positive PCR   
Zika  confirmed 

  case   

Test for IgM to DENV, CHIK and ZIKV, and other 
Flaviviruses circulating where the exposure occurred   

† For paired serum samples, a fourfold rise in IgM in the absence of a rise in antibody titre to other Flaviviruses is further evidence of recent ZIKV infection    

Negative PCR    
Zika virus infection not  
definitively ruled out    

    

Result   Laboratory interpretation*   
ZIKV pos, DENV neg, CHIK neg   ZIKV probable case   
ZIKV neg, DENV pos, CHIK neg   DENV probable case   
ZIKV neg, DENV neg, CHIK pos   CHIK probable case   
ZIKV pos, DENV neg, CHIK pos   ZIKV Probable case + CHIK coinfection   

ZIKV pos, DENV pos and/or CHIK pos   Probable  Flavivirus infection+ CHIK co- 
infection   

    

Other specimen types for RT PCR:   
urine < 30 days,   
semen < 60 days   

Figure 4. Testing algorithm for suspected cases of arbovirus infection more than one week 
after onset of symptoms – Laboratory testing for ZIKV infection (WHO 2016).  
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for the PRNT to be optimised for high throughput clinical sample processing is non-existent, 

due to the frequent incubation periods and a labour-intensive methodology. This technique, 

however costly, is required for an accurate diagnosis after viral clearance, providing vital 

information to future parents on the possible outcome of their pregnancy.  

 

1.2.2 Humoral response to ZIKV infection 

Primary Flavivirus infection results in a typical naïve antibody response (Figure 5 - left). Anti-

ZIKV IgM titres increase 3-5 days after symptom onset, which begins to wane after 10 days, 

but will remain detectable for up to 20 days. A primary IgG response then forms shortly after 

that of IgM, which continues to increase for months post-infection [60]. On secondary 

infection, a prompt specific memory IgG response is reared, with little or no production of IgM 

[61].  

 

In cases where there have been multiple distinct Flavivirus species infections (a common 

example entailing historical DENV infection followed by a recent ZIKV infection), the 

secondary memory IgG response is subject to a phenomenon known as antigenic ‘original sin’. 

In this scenario, a DENV memory IgG response will be reared to a primary ZIKV infection 

(see Figure 3 - right). While this DENV memory IgG population may mature into a more 

specific ZIKV infection antibody response with time, the initial response period will exhibit 

substantial levels of crossreactivity to the original Flavivirus infection.  
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1.2.3 Current Zika diagnostics 

Besides the pressing requirement for post-convalescence diagnostics in the context of 

pregnancy and pre/post-natal care, specific serological techniques are also required for disease 

surveillance studies. Currently there are limited commercial solutions for non-cross reactive 

Zika serological assays. The leading commercial assay is produced by Euroimmun 

(PerkinElmer, Inc), an ELISA based on a recombinant ZIKV non-structural protein 1 (NS1) 

antigen, capable of detecting both IgM and IgG  [62–65]. Despite its apparent strength in 

escaping cross-reactive signal, the Euroimmun assay remains inaccessible to many research 

groups and is unfavourable for large cross-sectional studies, due to its high cost (£1k per 96 

well plate unit). 

 

It is therefore apparent that alternative strategies should be developed to perform this task. An 

assay for such an application should be high-throughput, specific and cost-effective, with 

Figure 5. (left) A typical primary ZIKV infection antibody response. (right) ZIKV 
antibody response in patients with and without DENV previous infection, sourced from 
Barzon, L. et al [61]. 

R
el

at
iv

e 
O

D
 

Days after onset  
 

No DENV Previous 

Previous DENV 

IgM 
 

IgG 
 



 30 

minimal logistical requirements for transit and implementation. Several groups have attempted 

to address this problem. Tsai et al., (2017) used recombinant whole-gene ZIKV and DENV 

NS1 protein ELISA in series, to differentially tease apart antibody responses. Multiplex 

microsphere immunoassays such as that demonstrated by Basile et al., (2013) show great high-

throughput potential, but are limited by the specificity of the antigen coupled to the microsphere 

beads. Other strategies such as LFAs based on monoclonal antibody viral antigen capture have 

been developed, but are limited by the relatively quick clearance of viral antigen from the host, 

thereby restricting the detection period [68]. Another solution, the a blockade of binding assay 

(BOB), employs label-conjugated monoclonals known to bind a virus-specific epitope in a 

competitive assay, which indicates the presence of Zika-specific antibodies in the analyte 

polyclonal response [69]. Computational methods of discriminating cross-reactive antibody 

responses have also been demonstrated, using models based on data surrounding antibody 

response specificity to heterologous Flavivirus antigens, antibody avidity and antibody isotype, 

to differentiate responses [70].  

 

1.2.4 Aedes aegypti: a highly competent vector 

The principal vector for ZIKV in the Americas is the Ae. aegypti mosquito. Also responsible 

for the transmission of DENV, CHIKV and YFV, Ae. aegypti has become well adapted for life 

in urbanised regions. These mosquitoes thrive in both fresh and stagnated water, in vessels 

ranging from barrels to bottle-caps, and colonise human residencies. A preference to feeding 

on human blood and a tendency to feed multiple times during an egg-laying cycle imparts this 

particular vector with a remarkable efficiency in pathogen transmission [69,70]. Furthermore, 

the wide distribution of this vector has bestowed a capacity to spread rapidly, Flaviviruses and 

other associated arboviruses [73]. 
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1.2.5 Vector surveillance and control  

In 2016, for deployment across the Americas, the WHO laid out a “Vector control” operations 

framework for the control of ZIKV [74]. These measures targeted all stages of the Ae. aegypti 

life cycle. Strategies targeting eggs, larvae and pupae were centred around the removal of 

breeding grounds. Small water receptacles such as discarded tires and plastic containers were 

removed in community led clean up campaigns. Large receptacles for domestic water storage 

were advised to be covered and treated with larvicidal compounds. Larger bodies such as ponds 

or reservoirs were subject to the introduction of larvivorous fish or other larvivorous aquatic 

organisms. To address the mature, adult mosquitoes requires the use of chemical 

methodologies, targeted residual spraying, and space spraying. Such spraying involves the 

application of appropriate insecticides to Ae. aegypti resting sites, such as walls, furniture, dark, 

moist, and enclosed spaces and to a lesser extent, around houses. Space spraying involves the 

application of insecticides validated by the WHO pesticide evaluation scheme (WHOPES) to 

larger spaces. WHOPES recommends insecticides are selected based on the susceptibility of 

local mosquitoes to specific compounds.  

 

The selective pressure exerted on mosquito populations through the continual use of 

insecticides gives rise to insecticide resistance, which reduces the capacity of insecticides to 

eliminate mosquitoes. This resistance is screened by WHOPES, primarily using bioassays, 

which involves the rearing of mosquitoes in bottles coated with a known amount of insecticide, 

and subsequent assessment of insecticidal efficacy. These bottle bioassays are labour intensive 

taking weeks to perform. Therefore, molecular methodologies have been developed as an 

approach to monitoring insecticide resistance through genomic analyses.  
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As discussed previously, targeted molecular assays require a-priori knowledge of targets for 

screening. The wide applicability of insecticides across several mosquito species results in the 

conservation of genes associated with resistance, and so, loci associated with these phenotypes 

are well described [75–77]. Combined with xenomonitoring techniques, the practice of 

molecular screening of resistance associated loci can facilitate the accurate assessment of the 

resistance profile and infectious status of vector populations in a region. These data are 

essential to the control of vector-borne EIDs and understanding the transmission dynamics of 

arboviruses as their inevitable spread coincides with the change in the global climate. 

 

1.3 Zika in Cabo Verde 

Before the end of 2015, across the Americas, 11 countries reported PCR positive ZIKV cases, 

including the USA. Moreover, evidence of further intercontinental transmission was found 

when positive PCR assays were reported in Cabo Verde, located off the coast of West Africa, 

500 km west from Senegal. Historically, Cabo Verde has strong intercontinental associations, 

after colonisation in 1456 by the Portuguese Empire. These links to this day result in an influx 

of travellers from both Portugal and Brazil, with regular direct flights to both countries, as well 

as the USA and Africa. Furthermore, Cabo Verde is reliant on the importation of agricultural 

goods and commodities from neighbouring countries. These factors may increase the risk of 

introducing novel pathogens and vectors to the island. The first outbreak of any Flavivirus 

species occurred on Cabo Verde in 2009, a DENV-3 epidemic, culminating in 20,914 reported 

cases and 4 cases of severe Dengue with mortality [78]. The 2015-16 Cabo Verdean outbreak 

was the first large ZIKV outbreak with confirmed cases of microcephaly in Africa. The Cabo 

Verde Ministry of Health (Ministério da Saúde) reported 7,580 suspected cases between 

October 2015 and May 2016 with 18 cases of Zika congenital syndrome – 63% of which were 
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in Praia on Santiago Island, with cases peaking on week 47 of 2015 [79, 80]. The initial 

diagnoses of ZIKV on Cabo Verde were confirmed by molecular techniques. Further cases 

were reported based on the identification of symptomatic patients. The ZIKV outbreak on Cabo 

Verde is an overlooked topic in the ZIKV forum with very little research undertaken. Its 

position between continents places the archipelago in a crucial position for EID transmission, 

and should therefore be a key topic for research and the prevention of future outbreaks.  

 

1.4 Outline of thesis 

In this thesis, the range of the techniques discussed above are integrated in a multi-

disciplinary analysis that describes the origin and dynamics of the ZIKV outbreak on Cabo 

Verde, reporting on several of the key facets which drove the outbreak in 2016. This is 

followed up with the description of an ongoing development of methodologies through which 

current serological tools can be improved upon for applications in EID surveillance in the 

laboratory. 

 

In Chapter 2, Ae. aegypti populations on Cabo Verde are characterised through the application 

of sensitive Flavivirus xenomonitoring and amplicon sequencing techniques, as a part of a 

collaborative piece of research. The incidence of ZIKV infection in the vector population in 

Praia is reported and their susceptibility to insecticides is described. These findings are built 

on in Chapter 3, applying metagenomic sequencing techniques to characterise the RNA 

virome of a ZIKV infected mosquito. Enrichment and whole-genome sequencing techniques 

are applied to describe the introduction of ZIKV to Cabo Verde, placing the outbreak in a 

global context using phylogeographic reconstruction. 
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Approaching the outbreak from the perspective of the host, in Chapter Four, a cross section 

of the human population in Praia is probed for evidence of Flavivirus infection using a panel 

of serological assays. These data are analysed, combined with the metadata collected with 

each sample, to build a model yielding risk-factors of Flavivirus seroconversion. 

 

Noticing a necessity for the improvement of the tools available for the serological surveillance 

of Flavivirus species, I apply in-silico techniques to guide the selection of antigenic peptides 

in Chapter 5. Throughout the disruption caused by the SARS-CoV-2 pandemic, I re-focused 

my efforts, to build further on our in-silico analyses, through which, our own ZIKV antigen 

panel in enhanced, and a web-tool for performing similar analysis on SARS-CoV-2 is 

produced.   

 

Finally, I explore the ways in which these analyses might be translated, in-vitro, to serve as 

specific and scalable surveillance tools. I describe my progress in the development of a novel 

molecular assembly and expression technique, which could ultimately form the basis of low-

cost diagnostics.  The final chapter (Discussion – Chapter 7) discusses the over-arching 

strengths and limitations of my work and provides a framework for future work.  

 

Together, this thesis describes the application of current methodologies in describing the 

emergence of the Asian lineage of ZIKV in an African population, covering two of the key 

facets of arbovirus transmission. In noticing one of the key challenges in completing such 

research, I make efforts to solve them, in an exploration of the molecular and serological 

techniques for diagnostic design. 

 



 35 

1.5 Aims & objectives 

Chapter 2 

Profiling disease vector populations is central to outbreak control efforts. Two key 

components in building such a profile are the screening of vector populations for infection 

with human pathogens and the characterisation of vector germline mutations conferring 

resistance to insecticides. I believe that by producing such a profile, covering the vector 

population on Cabo Verde after the 2015-2016 ZIKV outbreak, the understanding of the role 

Ae. aegypti mosquitoes play in future Flavivirus outbreaks will be increased, facilitating both 

preventative and outbreak control efforts. 

 

To assess the prevalence of Zika and Dengue virus infection in an entomological dataset 

collected across Praia, the capital and greatest region of human arbovirus infection of Cabo 

Verde. To achieve this, I will: 

- Extract nucleic acids from ~800 entomological samples. 

- Validate and implement a dengue and Zika specific multiplex RT-qPCR. 

 

To profile the same entomological dataset, identifying key mutations present in the 

population, that may confer insecticide resistance and reveal how Ae. aegypti colonised Cabo 

Verde. To achieve this, I will: 

- Target genomic loci associated with insecticide resistance and geographic 

distribution, amplify, and sequence them. 

- Analyse the prevalence of resistance associated SNPs in the Cabo Verdean Ae. 

aegypti population. 

- Place mitochondrial sequences of Cabo Verdean Ae. aegypti in a global context, 

analysing these data using phylogenetic inferences. 
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Chapter 3 

Employing genomic epidemiology to understand the origins of epidemics, and the 

transmission that sustains them, enhances both preventative and control measures. These 

techniques have been applied regularly throughout the 2015-2016 Zika outbreak in South 

America.  

 

Given the positioning of Cabo Verde archipelago, between the African and South American 

continents, and the distinct ZIKV lineages circulating within them respectively, 

understanding the origin of the outbreak on Cabo Verde will make a significant contribution 

to the understanding of ZIKV transmission. Despite the continued autochthonous 

transmission of the African Zika lineage across the continental west coast, it is hypothesised 

that the circulating lineage of Zika in Cabo Verde was of South American origin (Asian 

lineage). 

 

To understand the geographical origins and the approximate time of introduction of Zika to 

Cabo Verde. To achieve this, I will: 

- Apply target-enrichment techniques to complex RNA isolates to amplify ZIKV 

genomic fragments for whole-genome assembly. 

- Build a temporal and geographic phylogeny to place the genomic data into an 

epidemic context, revealing the origin of the Cabo Verdean Zika outbreak. 

 

Chapter 4 

Sero-epidemiological studies can bolster outbreak control efforts, both during the outbreak 

and in passive surveillance applications. I believe that in describing the seroprevalence of 
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arboviruses in human populations across Cabo Verde in a post-epidemic crossectional 

analysis, the understanding of arbovirus dynamics will be enhanced, building a 

knowledgebase for application in future outbreaks.  

 

 

 

To provide a crossectional description of arbovirus seroconversion in a cohort of Cabo 

Verdean participants. To achieve this, I will: 

- Apply serological assays for ZIKV, DENV, YFV, CHIKV and WNV to obtain data 

for seroconversion on the Cabo Verdean cohort.  

- Model risk-factors and biological correlates of infection.  

- Assess and reduce the effects of serological cross reactivity in or analyses.  

 

Chapter 5 

Improving serological assays for the detection of specific Flavivirus responses is a vital step 

in the future of disease control efforts. While the SARS-CoV-2 pandemic has hindered 

furthering these aims in-vitro, the exploration of these issues in-silico is possible through the 

analysis of antigenic protein structures, their traits, and inferred specificities. I hypothesise 

that it is possible to improve the specificity of the current generation of Zika serological 

diagnostics through applying novel reverse-diagnostic design techniques. 

 

To capture and understand the determinants of antigen cross-reactivity. To achieve this, I 

will: 

- Analyse Flavivirus antigen sequence and three-dimensional structural data. 
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- Combine different data types employing consensus approach to choosing regions 

likely to be specific to a given virus.  

 

To express candidate peptides and assess their viability for use in Zika diagnostics. To 

achieve this, I will: 

- Generate constructs for protein expression in E. coli expression systems. 

- Purify recombinant proteins and validate them for use in both ELISA and Luminex 

assay formats. 

 

Chapter 6 

A workflow through which in-silico antigen design processes can be translated into viable 

assays for Flavivirus surveillance is required. Currently, the cost to synthesise such peptides 

is prohibitive to most applications. I hypothesise that in applying advanced molecular 

techniques to mitigate the common obstacles to expressing small peptides in E. coli 

expression systems, a novel workflow may lay the foundation for a sustainable and specific 

surveillance network. 

 

To design a medium-high throughput workflow for peptide antigen expression in E. coli. To 

achieve this, I will: 

- Explore cloning techniques for optimising short antigen expression in E. coli 

expression systems. 

- Test recombinant peptides as antigens for Flavivirus antibody detection. 
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Surveillance of Aedes aegypti populations in 
the city of Praia, Cabo Verde 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

60% of the world’s population will be at risk of Dengue infection 
by 2080 (Messina, J. P. er al. 2019). Ae. aegypti (Yellow Fever 
mosquito) drawing with pen and ink (A.J.E. Terzi 1872). Ae. aegypti is 
a vector for Zika, Dengue, Yellow Fever and Chikungunya.  
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Abstract 
Background: Aedes spp. are responsible for the transmission of many arboviruses, which contribute to rising human 
morbidity and mortality worldwide. The Aedes aegypti mosquito is a main vector for chikungunya, dengue and yel-
low fever infections, whose incidence have been increasing and distribution expanding. This vector has also driven 
the emergence of the Zika virus (ZIKV), first reported in Africa which spread rapidly to Asia and more recently across 
the Americas. During the outbreak in the Americas, Cape Verde became the first African country declaring a Zika 
epidemic, with confirmed cases of microcephaly. Here we investigate the prevalence of ZIKV and dengue (DENV) 
infected Ae. aegypti mosquitoes in the weeks following the outbreak in Cape Verde, and the presence of insecticide 
resistance in the circulating vector population. Genetic diversity in the mosquito population was also analysed.

Methods: From August to October 2016, 816 Ae. aegypti mosquitoes were collected in several locations across Praia, 
Cape Verde, the major hot spot of reported ZIKV cases in the country. All mosquitoes were screened by reverse tran-
scription PCR for ZIKV and DENV, and a subset (n = 220) were screened for knockdown insecticide resistance associ-
ated mutations in the voltage gated sodium channel (VGSC) gene by capillary sequencing. The mitochondrial NADH 
dehydrogenase subunit 4 (nad4) gene was sequenced in 100 mosquitoes. These data were compared to 977 global 
sequences in a haplotype network and a phylogenetic tree analysis.

Results: Two Ae. aegypti mosquitoes were ZIKV positive (0.25%). There were no SNP mutations found in the VGSC 
gene associated with insecticide resistance. Analysis of the nad4 gene revealed 11 haplotypes in the Cape Verdean 
samples, with 5 being singletons. Seven haplotypes were exclusive to Cape Verde. Several of the remaining haplo-
types were frequent in the global dataset, being present in several countries (including Cape Verde) across five differ-
ent continents. The most common haplotype in Cape Verde (50.6 %) was also found in Africa and South America.

Conclusions: There was low-level Zika virus circulation in mosquitoes from Praia shortly after the outbreak. The Ae. 
aegypti population did not appear to have the kdr mutations associated with pyrethroid resistance. Furthermore, 
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haplotype and phylogenetic analyses revealed that Cape Verde Ae. aegypti mosquitoes are most closely related to 
those from other countries in Africa and South America.
Keywords: Aedes aegypti, Zika, Cape Verde, kdr, nad4

Background
In recent decades, there has been a rise in the emergence 
and re-emergence of epidemic arboviral diseases, includ-
ing those caused by yellow fever (YFV), dengue (DENV), 
chikungunya (CHIKV) and Zika (ZIKV) viruses [1–3]. 
More than 2.5 billion people in over 100 countries are at 
risk of contracting dengue [4], and the Asian strain of the 
ZIKV has spread throughout the Americas [5–7]. CHIKV 
has also reached the Americas and has undergone recent 
rapid spread [8, 9]. Outbreaks of yellow fever in unvac-
cinated individuals have been reported in the Ameri-
cas and in Africa and there is a risk it is imported into 
Asia [10]. !e Aedes aegypti mosquito is the main vec-
tor responsible for the transmission of DENV, CHIKV, 
YFV and ZIKV worldwide due to its highly anthropo-
philic behaviour and close proximity with the human 
environment [11]. !is mosquito species thrives in both 
fresh and stagnated water, in vessels ranging from bar-
rels to bottle caps, and it colonises human residencies. 
An anthropophilic preference to feeding on human blood 
and a tendency to feed multiple times during an egg-lay-
ing cycle, imparts this particular vector with a remark-
able efficiency in pathogen transmission [12–14]. Aedes 
aegypti mosquitoes are currently found in 188 countries 
and territories, putting an estimated 3 billion people at 
risk of the aforementioned and future-emerging arboviral 
diseases [15].

Cape Verde is an archipelago in West Africa compris-
ing of ten volcanic islands located 550 km west from 
Senegal. Aedes aegypti mosquitoes were first detected 
in 1931 on the island of São Vicente and subsequently 
spread to the other islands [16, 17]. !ere are no records 
of other species of Aedes vector, such as Aedes albopic-
tus in the region, nevertheless the presence of the non-
vector species such as Aedes caspius has been recorded 
[17]. Mitochondrial DNA sequencing analysis of Ae. 
aegypti mosquitoes from Africa indicated a possible 
West African origin of the Cape Verdean population 
[18]. With heavy human and goods trans-Atlantic traffic 
coming in and out of São Vicente, particularly during the 
16th to 17th centuries, it is possible that the Ae. aegypti 
population from Cape Verde was imported from regions 
of the West African coast and also contributed to the 
New World population. Mitochondrial DNA sequenc-
ing analysis among mosquito populations from differ-
ent geographical locations is a well-described method of 

determining mosquito ancestry, as well as for the analysis 
of genetic diversity [19–21]. With the increase in inter-
national travel, there is a latent threat that new strains of 
arboviruses or new vectors are introduced worldwide, 
and it is important to study the population genetic diver-
sity of Ae. aegypti. Cape Verde continues to be a strate-
gic trans-Atlantic route linking particularly West Africa 
countries with Europe and the Americas [22].

!e first arboviral outbreak in Cape Verde occurred in 
2009, most likely originating from neighbouring coun-
tries in West Africa [23]. !is outbreak resulted in 21,137 
reported DENV suspected cases and four registered 
deaths. Eight out of the nine inhabited islands in the 
archipelago were affected, with Santiago Island, where 
the city capital of Praia is located, reporting the great-
est number of cases [21]. Aedes aegypti was identified 
as the vector, where DENV-3 and DENV-4 virus strains 
were detected in mosquitoes from Cape Verde and 
Senegal [23, 24]. A second arboviral outbreak in Cape 
Verde, caused by ZIKV, occurred from October 2015 to 
July 2016, shortly following its establishment in Brazil, 
where the first congenital ZIKV microcephaly cases were 
reported. !e Cape Verdean Ministry of Health officially 
declared the Zika virus epidemic on 2 November 2015, 
becoming the first African country to register an epi-
demic for this virus. !ere were 7589 suspected cases 
of ZIKV infection and 18 microcephaly cases officially 
recorded in Cape Verde, making it the first African coun-
try to report ZIKV-associated microcephaly cases [25]. It 
is possible that the outbreak was caused by importation 
of strains circulating in the Americas, given the compa-
rable clinical consequences, timing and traveling from 
those regions [25].

Following the DENV and ZIKV outbreaks in Cape 
Verde, vector control measures were reinforced which 
included public education efforts and use of the insec-
ticides temephos (organophosphate) and deltamethrin 
(pyrethroid), targeting larva and adult mosquitoes, 
respectively, as well as adulterated diesel and the mos-
quito fish Gambusia sp. for larval control [26].

Pyrethroids, the primary choice of control against 
adult Ae. aegypti, target the voltage gated sodium chan-
nel (VGSC) [27]. Knockdown resistance (kdr) occurs 
when an amino acid substitution on the VGSC gene 
reduces the binding affinity of the pyrethroids. !e evo-
lutionary selection of mutations in the VGSC gene that 
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confer pyrethroid resistance have been described [27]. 
F1534C is the most common kdr mutation, detected in 
Asia, Africa and the Americas [28]. Several other muta-
tions have been reported, including the V1016G muta-
tion found in Asia [29], and V1016I particularly detected 
in Latin America and Africa [30]. Co-mutation confers 
higher levels of resistance, such as the triple mutations 
of F1534C/V1016I/ S989P that confer extreme resist-
ance, as detected in Myanmar [31]. !ese mutations have 
not been detected in Ae. aegypti collected in Cape Verde 
between 2007 and 2014 [18, 32, 33]. However, insecticide 
susceptibility assays have revealed resistance to dichlo-
rodiphenyltrichloroethane (DDT), the carbamate pro-
poxur, pyrethroids (deltamethrin, cypermethrin) and to 
the organophosphate temephos [32, 33].

With ongoing issues surrounding the deployment 
of certain Flavivirus vaccines and ineffective antiviral 
treatment [34], the prevention and control of ZIKV and 
DENV diseases rely on ongoing surveillance of arbo-
viruses in mosquito vectors and vector control. While 
insecticides are still the primary measure used for vec-
tor control, it is crucial to identify acquired insecticide 
resistance at an early stage for control efforts to remain 
effective. Here we aimed to perform the surveillance in 
Ae. aegypti mosquitoes collected in Praia, Cape Verde, 
just after the ZIKV outbreak in 2015, investigating the 
presence of ZIKV and DENV infections and screen-
ing for kdr mutations. In addition, we also assessed the 
local genetic diversity, phylogeny and ancestry of the Ae. 
aegypti mosquito population by analysing mitochondrial 
sequences of the nad4 gene and comparing them with a 
global dataset.

Methods
Field-collected mosquitoes
A total of 816 Ae. aegypti adult mosquitoes were col-
lected across 27 locations in the capital city of Praia 
located in Santiago Island, Cape Verde, for seven weeks 
from 17 August to 5 October 2016 (Fig. 1). !e locations 
were centered in two areas: Tira Chapeu (n = 309 mos-
quitoes, within 500 m of GPS coordinates 14° 55.207ʹ N, 
23° 32.323ʹ W) and Plateau (n = 445 mosquitoes, within 
500 m of GPS coordinates 14° 55.371ʹ N, 23° 30.334ʹ W). 
!ese two locations are approximately 2.5 km apart. 
For 62 mosquitoes we could not assign location. Ten 
BG-Sentinel-2 traps with lure odour bait were placed 
once a week for 24 h at the selected locations. !e col-
lected samples were taken to the University of Jean Pia-
get laboratory for identification to the species level, and 
determination of sex and gonadotropic status, using a 
stereomicroscope and the taxonomic key of mosquitoes 
in Cabo Verde [16]. After each specimen was identified, 
all the Ae. aegypti mosquitoes collected were individually 

immersed in 300 µl of RNAlater Stabilization Solution 
(Invitrogen, !ermo Fisher Scientific, Waltham, MA, 
USA) and stored at − 20  °C until they were transported 
to the London School of Hygiene and Tropical Medicine.

Extraction of DNA and RNA and virus detection
Individual mosquitoes in 1.5 ml microcentrifuge tubes 
were centrifuged for 2 min at 1300× rpm and superna-
tant was removed. Samples were then washed two times 
with 1 ml phosphate saline buffer (PBS) and resuspended 
in 300 ml of RLT buffer containing β-mercaptoethanol 
(10 μl/ml). Cells were disrupted using Tissue Ruptor 
II (Qiagen, Hilden, Germany) at speed 3 for 60 s. DNA 
and RNA of each single mosquito were extracted using 
Qiagen AllPrep DNA/RNA 96 Kit (Qiagen, Hilden, Ger-
many) following the manufacturer’s protocol. !e quan-
tity of DNA in each sample was measured using the Qubit 
2.0 fluorimeter HS DNA Kit (!ermo Fisher Scientific, 
Waltham, MA, USA). !e DNA quantity for each sample 
was variable with < 1 µg obtained per sample. cDNA was 
synthesized and amplified from RNA using QuantiNova 
Probe RT-PCR Kit (Qiagen) following the manufacturer’s 
protocol. Individual mosquitoes were screened using 
primers and probes to detect the presence of DENV 
(DENV1-3 and DENV-4) and ZIKV (NS5) (Additional 
file 1: Table S1). Primers/probes for ZIKV were modified 
from Grubaugh et al. [7] to take into account the genetic 
diversity in Asian and American ZIKV samples using 
data from the NCBI. Each probe contained a fluorescent 
reporter dye 6-carboxyfluorescein (FAM) at the 5’-end 
and the Black Hole Quencher 1 at the 3’-end.

Mosquito kdr and nad4 sequencing
!e primers used to amplify exons 21 and 31 of the 
VGSC gene, which encode for domain II subunit 5 and 
domain III subunit 6, respectively [31], as well as the 
mitochondrial nad4 gene [35] are described in Addi-
tional file  1: Table  S2. Polymerase chain reaction (PCR) 
was carried out in a total volume of 25 µl using standard 
protocols with 1× reaction buffer, 200 µM dNTP, 0.5 µM 
forward primer, 0.5 µM reverse primer, 0.02 U/µl DNA 
polymerase, 17.5 µl water and 1.5 µl DNA sample (1–5 
ng). !e PCR thermocycler profile consisted of: 1 cycle 
at 98 °C for 30 s, 30 cycles at 98 °C for 10 s, 56 °C (VGSC 
gene) or 59 °C (nad4 gene) for 30 s, 72 °C for 30 s and a 
final cycle at 72 °C for 2 min. PCR products (10 µl each) 
were detected by 1% agarose gel electrophoresis in TAE 
buffer, stained using GelRed (Cambridge Bioscience, 
Cambridge, UK). !e samples were sequenced by capil-
lary sequencing. !e resulting DNA sequences have been 
submitted to GenBank under the accession numbers 
MT721877-MT721961.



 51 

 
Page 4 of 11Campos et al. Parasites Vectors          (2020) 13:481 

Mosquito haplotype and phylogenetic analysis
Sequences were trimmed and edited using Geneious 
(version 11.0) [36]. BLASTn was used to confirm the tax-
onomic identification. Our nad4 sequences were added 
to a dataset of available Ae. aegypti nad4 sequences 
(n = 1101) downloaded from GenBank. Sequences with 
> 25% missing data and mislabelled as other Aedes spe-
cies were excluded. !e sequences were aligned using 
MAFFT (v7.450). !e multiple sequence alignment 
(MSA) was visualized and trimmed using AliView (v1.23). 
!e trees in Additional file  2: Figure S1 and Additional 
file  3: Figure S2 were inferred using IQTREE (v1.6.12) 
with automatic selection of the best-fit. For sequences 
which had collection date information available, TempEst 
(v1.5.1) [37] was used to investigate the temporal signal 
and ‛clocklikenessʼ of our molecular phylogeny. To inves-
tigate the genetic diversity of the Ae. aegypti mosquitoes, 
a haplotype network was constructed using the R-pack-
age PEGAS [38]. Here, nad4 sequences from Cape Verde 
[present study: Tira Chapeu (n = 23), Plateau (n = 62); 
other study collected during 2007 and 2010 in City of 
Praia (n = 7) [18] and other countries [NCBI GenBank, 
total (n = 977); Asia (n = 607), South America (n = 296); 
North America (n = 17); Africa (n = 56); and Europe 
(n = 1)] were analysed. Sequences with > 25% miss-
ing sequence data were omitted. A neighbour-joining 

clustering method was chosen to infer the phylogeny 
[39]. !e evolutionary distances were computed using 
the number of differences method. Branch lengths were 
inferred using the same units as those of the evolutionary 
distances. MEGA X (v10.1.6) [40] and FigTree (v1.4.2) 
software tools were used to manipulate the resulting tree. 
Haplotype diversity (h), nucleotide diversity (π) and the 
neutral mutation Tajima’s D were calculated using the 
R-package PEGAS.

Results
Prevalence of arbovirus infections
All mosquito samples were DENV negative and two mos-
quitoes were positive for ZIKV infection (0.25%). !e 
two ZIKV positive Ae. aegypti mosquitoes were collected 
from different locations at different times: (i) 24 August 
2016 at Plateau (14° 55.229ʹ N, 23° 30.500ʹ W); and (ii) 5 
October 2016 at Tira Chapéu (14° 54.327ʹ N, 23° 31.285ʹ 
W) (Fig. 1).

Knockdown resistance (kdr) mutations
Two hundred out of 816 Ae. aeygpti mosquitoes were 
selected randomly and screened for kdr mutations in 
exon 21 to check for the V1016G/I and S989P muta-
tions and were also screened for exon 31, to investigate 

Fig. 1 Map showing mosquitoes sampling sites in Praia city, Santiago Island. Sample sites are indicated by black points. Sampling sites with ZIKV 
positive mosquitoes are indicated in red. Heat map indicates the number of ZIKV suspected infections in a given area
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the presence of the F1534C mutation. Sequences were 
edited, trimmed and poor-quality sequences were 
excluded from the dataset, resulting in a total of 124 
sequences from exon 21 and 133 sequences from exon 
31. Nucleotide sequences were compared with 200 or 
245 other sequences available in GenBank for exons 21 
and 31, respectively. !e V1016G/I, S989P and F1534C 
mutations associated with insecticide resistance were not 
observed. Furthermore, no other single nucleotide poly-
morphisms (SNP) were detected.

Population genetics and phylogenetic analysis of the nad4 
gene
!e alignment of 85 high quality mitochondrial nad4 
gene sequences (291 bp length) from Cape Verde sourced 
Ae. aegypti mosquitoes revealed the presence of 20 SNPs 
and 11 haplotypes (5 singletons, i.e. haplotypes found 
in only one sample each; Table  1). A combined analy-
sis of the Cape Verdean and other countries sequences 
(n = 977) revealed a total of 182 haplotypes, of which 144 
were singletons, with a nucleotide diversity (π) of 0.0048 
and a haplotype diversity (h) of 0.71, similar to previous 
reports in Cape Verde (π = 0.002 and h = 0.609) [41]. !e 
Tajima’s D value was negative (-1.91), but not statistically 
significant (P-value = 0.056).

African samples (n = 56) had the highest number of 
singletons (55.8% of the haplotypes) and the most fre-
quent haplotype (XI, 20.9%) was also present in the 
other global populations (Fig. 2, Table 1). Asia (n = 607) 
had the lowest frequency of singletons (3.5%) and two 
main haplotypes. !e most frequent haplotype in Asia 
(XLVI, 42.5%) was also the most frequent in South 
America (XLVI, n = 296, 24.0%) and was present in 
Africa (XLVI, 4.7%) (Fig. 2, Table 1). !e most frequent 
haplotype in Cape Verde (IX, 50.6%) was also found in 
Africa and South America (Fig.  2, Table  2). Haplotype 
XI, present in all populations and the most frequent 
in Africa, was the second most common (17.3%) in 
Cape Verde, followed by haplotype VIII (14.8%), which 
is unique to the country. Other nad4 sequences from 
Cape Verde mosquitoes (n = 7) collected during 2007 
and 2010 [41] were also included in the analysis and 
show that these samples share 5 haplotypes with our 
Cape Verdean samples. !e three most frequent hap-
lotypes are the same for both collections and 6 haplo-
types were unique from Cape Verde (Table 2).

A median-joining network, excluding singletons and 
low frequent haplotypes (< 1%), shows a core haplotype 
(XI) that includes samples from across all continents 
and connects with clusters from predominantly Asia and 
South America (Additional file  4: Figure S3). Using the 
same dataset, but including all sequences, we constructed 
a phylogenetic tree (total branch length of 325.06; Fig. 3), 

which showed that Cape Verde Ae. aegypti samples are 
more related to samples from Africa and South America. 
Across our 85 Cape Verdean sequences (and 7 previously 
published), we observed 5 distinct clusters (denoted I to 
V) with high inter-cluster diversity. Cluster I included 2 
Cape Verdean samples and consisted primarily of South 
American isolates paired with a single Asian isolate. 
Cluster II included 22 Cape Verdean samples, includ-
ing 1 pre-existing local isolate and all grouping with 
sequences from the Americas. Cluster III contained 47% 
of the Cape Verdean sequences and also included 2 pre-
viously described local sequences, 2 other African iso-
lates and 15 South American, all of which shared 97% 
identity. Cluster IV included 18 Cape Verdean samples, 
including 2 other publicly available samples. !is cluster 
resided within a predominantly African clade with 75% 
of the isolates originating from that continent. Cluster 
V contained 7 Cape Verdean isolates, all of which orig-
inate from our study. !e rest of the clade consisted of 
Asian (n = 7), African (n = 3) and South American (n = 7) 
samples. !ere was strong clustering of our dataset with 
the other Cape Verdean previously published sequences, 
with several having 100% identity. Clusters II and V did 
not contain any samples from Cape Verde previously 
reported and therefore are novel undescribed Cape Ver-
dean sequences. No correlation was observed between 
the Cape Verdean haplotype frequency and sampling site 
(Additional file 2: Figure S1).

Table 1 Mitochondrial nad4 global haplotype frequency in 
Aedes aegypti mosquitoes including the top five most frequent 
haplotypes per region

a Samples collected in this study

Haplotype/
Region

Haplotype frequency (%)

Africa Cape 
Verde 
(2016)a

North 
America

South 
America

Asia

XI 20.9 17.3 17.6 1.0 0.3

V 7.0 8.6 0.0 9.8 1.2

XXII 7.0 0.0 5.9 0.0 0.0

XLVI 4.7 0.0 0.0 24.0 42.5

IX 4.7 50.6 0.0 7.1 0.0

XXIX 0.0 0.0 17.6 5.7 0.0

XXXIX 0.0 0.0 5.9 4.7 0.2

XXXIV 0.0 0.0 5.9 0.7 26.9

VI 0.0 1.2 17.6 0.0 0.0

XLVII 0.0 0.0 0.0 0.0 12.4

LXIII 0.0 0.0 0.0 0.0 4.3
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Fig. 2 Global map showing the distribution of the Aedes aegypti mitochondrial nad4 haplotypes. The colours represent the different haplotypes 
while the size of the pie chart represents the sample size

Table 2 Mitochondrial nad4 haplotype frequency in Aedes aegypti mosquitoes from Cape Verde including all haplotypes identified in 
Cape Verde

a Samples collected in this study
b Samples collected in a previous study [18]

Haplotype/Region Haplotype frequency (%)

Cape Verde (2016)a Cape Verde (2007–
2010)b

Africa South America North America Asia

IX 50.6 28.6 4.7 7.1 0.0 0.0

XI 17.3 14.3 20.9 1.0 17.6 0.3

VIII 14.8 14.3 0.0 0.0 0.0 0.0

V 8.6 0.0 7.0 9.8 0.0 1.2

I 1.2 0.0 0.0 0.0 0.0 0.0

II 1.2 0.0 0.0 0.0 0.0 0.0

III 1.2 0.0 0.0 0.0 0.0 0.0

IV 1.2 14.3 0.0 0.0 0.0 0.0

VI 1.2 0.0 0.0 0.0 17.6 0.0

VII 1.2 0.0 0.0 0.0 0.0 0.0

X 1.2 14.3 0.0 0.0 0.0 0.0

XII 0.0 14.3 0.0 0.0 0.0 0.0
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!e phylogenetic tree also showed across all samples 
two major distinct clades, indicating the presence of two 
separate lineages (Additional file  3: Figure S2) and sup-
porting a previous report [41]. !ese clades contained 
isolates from all continents and showed no specific geo-
spatial signal. Using TempEst software, there was weak 
evidence of a temporal signal across the nad4 sequence 
dataset  (R2 value of 0.015), not sufficient for the calibra-
tion of an accurate molecular clock. However, this anal-
ysis would be improved with greater depth of sampling 
and availability of date of collection, particularly from 
Africa, where the sequences only represented 4.4% of the 
total dataset.

Discussion
!e ZIKV outbreak in the Cape Verde archipelago began 
around October 2015 and lasted until June 2016 with 
cases mainly reported in in Santiago Island, particularly 
in Praia, the capital and largest city. We performed an 
entomological surveillance study to detect the circula-
tion of arboviruses, as this represents a valuable tool to 
assist in the prevention of further outbreaks, especially in 
areas with the possible co-circulation of different arbo-
viruses. In our study, we screened 816 Ae. aegypti mos-
quitoes collected in Praia post-outbreak and found a low 
number of ZIKV-positive (2 in 816) and no DENV-pos-
itive mosquitoes. Low levels of ZIKV circulating among 

Fig. 3 Aedes aegypti phylogenetic tree based on the mitochondrial nad4 gene. A total of 291 positions were used from 1131 sequences. Clustering 
was performed using the neighbour joining method. Leaf colour indicates the continental origin. Grey colour indicates undefined geographical 
origin. Red markers denote Cape Verdean sequences from Salgueiro et al. [20] (CV1-7). Numerals I-V indicate Cape Verdean clusters
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mosquito populations post-outbreak have been reported 
in other countries. For example, post-outbreak ZIKV 
was detected in pools of Ae. aegypti in southern Mex-
ico (15/55 pools of 472 female mosquitoes) and Rio de 
Janeiro (3/198 pools of 315 female and 235 male mosqui-
toes) [42, 43]. In Singapore, Ae. aegypti mosquitoes were 
caught during an ongoing outbreak and the number of 
ZIKV detected in mosquitoes was low (9/1051) [44]. !e 
low level of ZIKV prevalence in Ae. aegypti may be due to 
various factors: the application of strong vector control 
during and after the outbreak, the timing of sample col-
lection at the end of the outbreak, differences in vector 
competence of the Ae. aegypti from Cape Verde to trans-
mit the ZIKV strain [45], or to a low detection sensitivity 
of ZIKV due to degradation of viral RNA.

As the use of insecticides represents currently the pri-
mary choice for vector control, it is essential to detect 
insecticide resistance at an early stage to inform control 
programmes of the most effective measures. !is should 
be done through active surveillance programmes that 
monitor insecticide resistance through using bioassays or 
by detecting associated mutations. Knockdown resistance 
associated with pyrethroid resistance occurs with cer-
tain mutations in the VGSC gene. Several kdr resistance 
mutations have been identified, with F1534C being the 
most widely reported [30], but others are geographically 
distributed, including V1016G mutation in Asia [29], 
V1016I in Africa and the Americas, [30, 46], and I1011M 
is found in the Americas [31]. Other mutations have been 
detected but only a few have been functionally confirmed 
to confer resistance, including F1534C, V1016G, I1011M 
and also S989P and the recent V410L [28, 47–49]. In 
our study, we found that the mosquito samples screened 
in Cape Verde did not show any of the previously pub-
lished insecticide resistance mutations such as V1016G/I, 
S989P and F1534C. No other non-synonymous muta-
tions were detected in these regions of the gene. Two 
other studies conducted in Ae. aegypti from Cape Verde 
collected between 2007 and 2014 also did not detect 
any of these mutations [18, 32]. A recent investigation 
performed in Anopheles arabiensis populations in Praia 
city, revealed the presence of the kdr mutation L1014S at 
a frequency of 7%, and it was suggested that pyrethroid 
resistance may arise, sweep through the mosquito popu-
lation, and affect the process of malaria elimination [50]. 
Although no kdr mutations have been detected in the Ae. 
aegypti population, it is possible that the mosquitoes may 
have acquired metabolic resistance, frequently associ-
ated with the overexpression of enzymes responsible for 
the insecticide detoxification. !e absence of co-relation 
between insecticide resistance and kdr allele frequency 
has been reported in Anopheles and Aedes mosquitoes 
suggesting metabolic mechanisms may also contribute 

to the resistant phenotype [51, 52]. In Cape Verde, bio-
assay results have previously shown that mosquitoes col-
lected in 2009 were resistant to DDT while mosquitoes 
collected in 2012 were already resistant to deltamethrin 
(pyrethroid), cypermethrin (pyrethroid) and also teme-
phos (organophosphate), but susceptible to malathion 
(organophosphate) [32, 33] !e use of temephos and del-
tamethrin was reinforced in Cape Verde after the DENV 
(2009) and ZIKV (2016) outbreaks. Investigations of the 
changes in the frequency of kdr mutations in response to 
insecticide treatments have shown annual increases in 
mosquito populations across geographical locations. A 
study of An. gambiae resistance in Burkina Faso detected 
a significant increase in kdr mutation frequency between 
2008 and 2010 [53]. Likewise, a survey of Ae. aegypti in 
Venezuela during 2008, 2010 and 2012 reported that the 
I1016 allele frequency increased from 0.01 to 0.37, and 
for C1534 from 0.35 up to fixation, both due to selection 
effects with deltamethrin [54]. Continuous monitoring 
of mosquitos across Cape Verde is important to obtain 
a clearer picture of underlying and changing insecticide 
resistance profiles in the country, thereby understand the 
emergence and spread of resistance, and inform vector 
control programmes.

We have also performed haplotype and phylogenetic 
analysis using sequence data of the mitochondrial nad4 
gene from Africa, America and Asia. !e analysis indi-
cated that the Cape Verdean Ae. aegypti are related to 
those from other countries in Africa and South Amer-
ica, corroborating with historical facts. !e origin of 
the populations of Ae. aegypti mosquitoes using mito-
chondrial genes has been previously investigated. Pop-
ulation genetic analyses conducted with samples from 
Brazil using the nad4 gene among 163 mosquitoes iden-
tified two clades sharing haplotypes with populations 
from West Africa and Asia, and similar results were 
obtained with the mitochondrial cytochrome c oxidase 
subunit 1 (cox1) gene [21]. Similar work based on nine 
microsatellite loci and both nad4 and cox1 sequences 
carried out in Bolivia also revealed the existence of two 
clades, one related with West Africa [55]. Phylogenetic 
analyses using 34 nad4 unique haplotypes from Afri-
can Ae. aegypti mosquitoes and global sequences also 
revealed 2 clades, with the global haplotypes occurring 
in both clades [41]. In our results, using a larger dataset 
of global samples, we also observed two distinct clades 
contain isolates from all continents, with the Cape Ver-
dean samples located within either clade. A previous 
study analysing the genetic diversity of samples col-
lected from Cape Verde suggested a West African ori-
gin of local mosquitoes [18]. Several of the haplotypes 
detected in our sample collection were also present in 
the previously reported Cape Verdean samples. In total, 
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6 haplotypes were unique to the Cape Verdean mosqui-
toes while the other haplotypes were present particu-
larly in African and American populations. Historically, 
Ae. aegypti was first detected in 1931 on the island of 
São Vicente, probably with origin from close African 
countries. !e establishment of trade routes between 
Europe, Africa and the New World in the 15th century 
led to the dissemination of Ae. aegypti [11, 18]. Follow-
ing its introduction into the Americas from West Africa 
via slave trade ships between 15th and 18th centuries, 
Ae. aegypti mosquitoes disseminated westwards to the 
Asia-Pacific region in the late 19th century. Since then, 
population growth, urbanization and climate change 
has allowed Ae. aegypti to thrive, with suitable foci in 
188 countries/territories [1, 15].

History has shown that the opening of travel and trade 
routes between countries has been accompanied by the 
spread of mosquitoes and arboviruses, even more so now 
with the expansion of global air travel. Cape Verde has 
a strategic location in the middle of the Atlantic, with 
established air and sea lines and hence heavy traffic com-
ing in and out of the country’s four international airports 
and four international ports. !e economy of Cape Verde 
relies heavily on tourism and in the importation of goods 
due to the lack of natural resources. !e constant flow of 
human and trade traffic, alongside with an established Ae. 
aegypti population, means that Cape Verde will always be 
at risk of arboviral importation. Molecular and epide-
miological results indicate that DENV was imported to 
Cape Verde from Senegal [23] and ZIKV from Brazil [25, 
33]. !ere is a great risk that other vector borne diseases, 
such as CHIKV and West Nile virus, could be imported 
into Cape Verde, hence control measures, including 
strengthening mosquito surveillance, are essential.

Conclusions
Our results showed that the populations of Ae. aegypti 
collected in Praia at the end of the ZIKV outbreak dis-
played a low rate of ZIKV infection. In addition, kdr 
mutations associated with insecticide resistance were 
not detected. Haplotype and phylogeny analysis revealed 
unique haplotypes in the Cape Verdean Ae. aegypti and 
also indicated that these mosquitoes are related to popu-
lations found in Africa and South America. Since Cape 
Verde has a strategic location with a constant move-
ment of human and trade traffic, studies on vector and 
pathogen screening, including early detection of insecti-
cide resistance and screening for arboviruses, should be 
ongoing to support vector control measures and rapid 
response to future outbreaks in the country.
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Chapter Three  
 

Applying ‘omics techniques in a 
molecular investigation of Zika virus 

transmission 
 
 

transmission 

Augmenting epidemiological processes with molecular precision. Map 
depicting inferred routes of transmission of Ebola virus throughout the 
2014-2015 outbreak in West Africa (Hadfield et al. 2018). Temporal 
phylogenies are built on sequence data collected from patients in treatment 
centres. Leaf data and ancestral state reconstruction enables the geospatial 
mapping of disease transmission. 
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3.1 Introduction 

3.1.1 Genomic epidemiology of ZIKV 

The first isolation of ZIKV occurred serendipitously, after a routine YFV surveillance project 

in the Zika forest, Uganda 1947 [1]. A year later, ZIKV was isolated a further time in a 

mosquito, Aedes africanus, caught in the Zika forest [2]. In 1952 the first reports of human 

ZIKV infections were recorded in Uganda and Tanzania, where neutralising antibodies were 

detected in 43 serum isolates from across eight study sites [3]. With the confirmation of human 

seroconversion, wider ZIKV surveillance programmes began, through which, in the proceeding 

30 years, ZIKV infections in human populations would be found to be endemic across 

equatorial Africa and Asia, with studies reporting seroprevalence in Nigeria (1975) [4] , Sierra 

Leone (1975) [5], Senegal (1978) [6], Malaysia (1969) [7], Central African Republic (1981) 

[8], Indonesia (1981) [9], and Pakistan (1983) [10]. It is through these studies that samples and 

culture lines were archived, which were later made available for sequencing and 

phylogeographic reconstruction. A temporal and geographic summary of these data is shown 

in Figure 1. 

Figure 1. Temporal and geographic metadata associated with 1860 ZIKV whole and 

partial sequences sourced from NCBI GenBank Virus Database [53] on 10/03/22.  
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Most retrospectively sequenced isolates, obtained between 1945 and 2000, were sourced from 

Africa, particularly Uganda, Senegal, and Cote d'Ivoire. In 2007, the first observed outbreak of 

ZIKV was reported on the Island of Yap, Micronesia, before which, only 14 cases of human 

ZIKV infection were recorded [11]. RT-qPCR and Sanger sequencing were utilised to confirm 

ZIKV as the etiological agent. The sequencing data facilitated phylogenetic reconstruction, 

which indicated that the Micronesian sequence (EU545988.1) was indeed ZIKV, when 

compared with other Flavivirus species sequence data. However, with a limited database of 

only 4 ZIKV genomes at that time, robust phylogeographic inference was not possible [12]. 

Five years after the outbreak on Yap, enabled by further ZIKV sequencing endeavours across 

Southeast Asia, the Micronesian strain was analysed and revealed to cluster with sequences 

from Cambodia and Malaysia, which indicated the existence of two ZIKV strains, African and 

Asian [13]. The outbreak on Yap resulted in 185 cases of ZIKV infection with an attack rate 

of 14.6 per 1000 people. Seroprevalence studies estimated that 73% of the island’s population 

had been recently infected [11]. 

 

On October 16th, 2016, nearly 10 years after the outbreak on Yap, Dr Henri-Pierre Mallet, 

situated on the Pacific Island of French Polynesia, reported an estimate of 400 ZIKV cases in 

a message on the ProMED surveillance network (ProMED archive number: 

20131106.2041959). The outbreak lasted for 6 months (week 41, 2013 to week 14, 2014) with 

between 30 to 32 thousand reported cases (11.5% of the population). Importantly, a wealth of 

ZIKV whole-genome sequences were published (n=25), which clustered closely with 

sequences from Thailand, which is supported by phylogeographic reconstruction 

(https://nextstrain.org/zika).  Further outbreaks were reported shortly after on Easter Island, the 

Cook Islands and New Caledonia [14,15], from which 81 partial genomes were published, 
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focusing particularly on the non-structural protein 5  (NSP5) gene (~1029 nucleotides), all of 

which clustered closely with French Polynesian sequences. 

 

A significant effort in research has been invested into the determination of the point of 

introduction for the Asian lineage of ZIKV to the Americas. The foremost hypotheses centre 

around large events of international interest due to the increased influx of international 

travellers. The 2014 FIFA World Cup held in Brazil has long been a prime candidate (12 June 

to 13 July 2014) [16], with another theory focusing on a canoe race (12 and 17 August 2014), 

which saw competitors from French Polynesia compete, shortly after the epidemic on their 

home island [17]. A third hypothesis used dated phylogenies to theorise that introduction may 

have occurred earlier, during the Confederations Cup tournament (2013), however this took 

place before cases were reported on French Polynesia [18].  

 

Before the end of 2015, across the Americas, eleven countries reported PCR positive ZIKV 

cases, including the USA. Moreover, concerning evidence of a causal link between prenatal 

ZIKV infection and microcephaly have been reported, a finding that led the WHO to declare 

a Public Health emergency of International Concern (PHEIC) [19]. Retrospective studies 

would later find an association between microcephaly and ZIKV Asian lineage outbreaks 

prior to its emergence in the Americas [20]. Further research in to the ZIKV genome and its 

newly discovered pathogenicity highlighted positions under selective pressure, such as those 

on the envelope glycoprotein E [21], a mutation on NS1 with a role in immunomodulation 

(A188V) [22], and an Asian lineage-specific non-synonymous mutation with a putative role 

in neurotropism (S139N) [23]. 
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The molecular evolution of ZIKV in Americas has been covered thoroughly [18,21,24], in 

which a consensus on Brazil having served as the main ZIKV exporter on the continent is 

firmly maintained (Figure 2). Reports of the introduction and co-circulation of two or more 

discrete ZIKV sub-lineages, in confined regions, have been verified with phylogeographic 

analyses, including within populations in USA, Colombia and Puerto Rico [25–27].  Of further 

concern, were reports of intercontinental transmission, where positive PCR assay results were 

found in Cabo Verde, located off the coast of west Africa, 500 km west from Senegal [28]. 

Historically, Cabo Verde has strong intercontinental associations. The islands were subject to 

colonial invasion in 1456 by the Portuguese, forging also, close cultural links to Brazil. These 

links to this day, place Cabo Verde as a travel hub, with regular direct flights to the American 

continent, Europe and mainland Africa. Furthermore, Cabo Verde is reliant on the importation 

of agricultural goods and commodities from neighbouring countries. These factors together, 

may increase the risk of introducing novel pathogens and vectors to the island.  

 

The first outbreak of Flavivirus species occurred on Cabo Verde in 2009, a DENV-3 epidemic, 

resulting in 20,914 reported cases and four cases of severe dengue with mortality events [29]. 

The 2015-16 Cabo Verdean outbreak was the first large ZIKV outbreak with confirmed cases 

of microcephaly in Africa. The Cabo Verde Ministry of Health reported 7,580 suspected cases 

between October 2015 and May 2016 with 18 cases of Zika congenital syndrome, 63% of 

which were in Praia on Santiago Island, with cases peaking on week 47 of 2015 [30,31].  

 

The genomic epidemiology of the outbreak on Cabo Verde has been described previously, in 

the analysis of three whole genome sequences obtained from human infections collected in 

Fogo (11/2015 and April 2016) and Santiago (December 2015) [32]. The resulting 

phylogeographic reconstruction inferred the introduction of ZIKV to Cabo Verde to have 
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occurred between June 2014 and August 2015, with the ancestral node indicating the isolates 

samples were most likely to be of Brazilian origin. Of note, two non-synonymous mutations 

were identified as being exclusively Cabo Verdean, I756V and T659A. Since the outbreak on 

Cabo Verde, two further continental African outbreaks have been reported, in Angola (2016) 

and Guinea-Bissau (2016). Interestingly, the outbreak in Angola was reported to be of 

American descent (Asian lineage), whereas the strain circulating in Guinea-Bissau was of 

African origin [33,34].  

 

With the detection of two ZIKV positive Ae. aegypti RNA samples, as reported in the 

previous chapter, two aims are set. First, to sequence the virome of the Ae. aegypti mosquito 

datasets featured in the previous chapter. Secondly, to develop and test advanced enrichment 

techniques to sequence ZIKV in entomological samples, and analyse them in a global 

genomic context, elucidating the ancestry, diversity, and dynamics of the ZIKV population 

on Cabo Verde.  
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Figure 2. Summary of the emergence of ZIKV worldwide, up to the introduction of ZIKV to Cabo Verde, as detailed in the previous written 
introductory sections. Genome sequence submission figures were calculated as of 01/03/22. The cladogram shown is for illustration purposes 
only, the branch lengths are not relative to distance.  
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3.1.2 Technical considerations of viral genomic studies 

The sequencing of virus nucleic acids from complex samples presents a set of challenges 

depending on the organism and the objectives of the study (Figure 3). The first consideration 

is in understanding complexity of the sample, which is derived from the estimated mixture of 

foreground (useful, on-target) and background (less-useful, off-target) nucleic acids. For 

instance, when applying meta-sequencing techniques to target the RNA virome from human 

peripheral blood, the background would make 99% of the acquired reads, comprising of human 

mRNAs and ribosomal RNAs captured from nucleated blood cells along with bacterial and 

fungal RNA contaminants, and the foreground (<1%), on-target viral RNA transcripts. This 

approach is advantageous in that it requires no a-priori knowledge of virus sequence and 

introduces no selection bias, and so can detail the exact proportional representation of sequence 

in the wider transcriptomic context. 

 

Figure 3. Summary of RNA virus sample processing and sequencing. Hashed line 

denotes the bypassing of reverse transcription steps for nanopore direct RNA sequencing 

and RNA-seq library preparation. *RNA-seq workflows require reverse transcription.  
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However, it may prove costly when scaled up, and the low foreground yield can produce poor 

results when the objective is whole-genome data acquisition.  

 

A key example demonstrating the traits of sequencing strategies can be found in the genomic 

study of Ebola virus (EBOV), which exhibits substantial viraemia in acute patients. In theory, 

this should present sufficient material for sequencing, however, Li et al. demonstrated that 

meta-sequencing confirmed EBOV patients’ (RT-qPCR +ve)  peripheral blood resulted in 

only 0.13% of total reads acquired mapping to the EBOV reference [35]. This translated into 

an average of 1X covering 30% of genome. With the application of EBOV-specific RNA 

capture/hybridisation enrichment techniques, the yield increased to 19% on-target (EBOV) 

reads, but still only 47% average EBOV genome coverage. Throughout the 2014-2016 West 

African EBOV outbreak, molecular epidemiology alongside contact tracing, played a vital 

role in the surveillance of (emerging) infections. Quick et al. implemented a ‘tiling amplicon’ 

sequencing approach, which entails the PCR amplification and sequencing of a target genome 

in short, fixed overlapping segments [36]. This technique has been proven to be economic, 

sensitive, and quick, and yielded 142 high quality genomes mostly sequenced within days of 

receiving the sample, enabled by the highly portable Oxford Nanopore sequencing platform, 

MinION.  

 

Years later, with the announcement of the ZIKV outbreak in South America, the same team 

produced a primer scheme for the whole genome sequencing of Zika. Consisting of 35 primer 

pairs, amplifying overlapping regions covering the entire genome in a single multiplexed PCR 

reaction, the technique included, as before, nanopore technology as the sequencing platform, 

this time while operating out of a camper van [37,38]. While this exciting project was, in 

principle very similar to its EBOV predecessor, the resulting data was found to be sub-optimal. 
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Across 55 sequenced samples in 5 study sites, the average genome coverage (>10-fold) was 

20.2%. It was soon evident that unlike EBOV, the majority of ZIKV infections were mild, a 

product of the characteristic low-level viraemia in most ZIKV infections [39]. This resulted in 

a reduced quantity of ZIKV template material, which when combined with the inherent fragility 

of RNA presents a limitation of the tiling amplicon technique implemented, namely, an 

inability to amplify and enrich low-quality templates.  

 

While meta-sequencing indiscriminately captures all fragments for sequencing, PCR reactions 

require contiguous, intact RNA transcripts for efficient priming and amplification. An attempt 

at mitigating this limitation came in the form of shortened amplicon design,  similar to 

‘jackhammering’ techniques used in degraded HIV whole-genome sequencing [40]. Where the 

EBOV scheme produced amplicons of ~1000 bp, the ZIKV scheme used in the ZIBRA study 

produced ~500 bp amplicons (Figure 4), presenting a greater opportunity for successful 

priming.  Regardless of the poor results of the study, the jackhammering-like technique was 

applied throughout the epidemic and yielded increasingly better results. Four years later, the 

same researchers behind the EBOV and ZIKV sequencing projects, would provide the 

foundation for applications to COVID-19. The SARS-CoV-2 ARTIC WGS methodology, 

applied successfully the multiplex-tiling amplicon sequencing strategy in tandem with third-

generation nanopore sequencing technology (and optionally NGS platforms). This approach is 

currently in its fourth iteration and, along with other similar techniques, has facilitated 

sequencing of nine million SARS-CoV-2 sequences (https://artic.network/). 
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3.1.3 Alternative techniques for enrichment of viral sequencing materials 

Where hybridising probes and amplification techniques target nucleic acids directly to enrich 

foreground materials, the prolonged infectivity of virus particles allow for propagation by in-

vitro culture from relatively low-titre and challenging isolates. This method is favourable, in 

many cases, as it can yield unlimited quantities of sequencing materials and removes the 

requirement for nucleic-acid enrichment techniques. Importantly, there are four caveats of this 

process: (i) virus culture can be challenging, is time consuming and expensive; (ii) culture of 

BSL 3 and 4 organisms is logistically challenging and poses a significant risk to the user and 

environment; (iii) unlike PCR methods, the virus must be viable; and (iv) passage of virus in 

culture may apply or limit selective pressures, driving evolution, and confounding genomic 

epidemiological analyses.  

 

A further consideration is the gross total amount of biological material available. As noted in 

the previous chapter, the isolates used here for ZIKV whole genome sequencing are Ae. aegypti 

mosquitoes. Techniques for isolating Flavivirus spp. from vectors have been well described 

[41–44]. Most approaches employ an isolate pooling strategy to increase RNA yields and 

Figure 4. The ‘ZIKV_asian’ tiling amplicon scheme featured in Quick et al. [38]. Thirty-
five primers span the entire length of the ZIKV genome in two pools, enabling the 
trimming of primer sequences from subsequent reads. 
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processivity, with either silica-based column RNA extraction or TRIzol extraction 

methodologies. Where there is a limited quantity of nucleic acids, there are a range of pre-

amplification techniques available. In the case of whole-transcriptome amplification, random 

RT-PCR is followed by transcript ligation and whole-genome amplification, using phi29 

polymerase with random priming. This technique is said to uniformly amplify all transcripts, 

with input quantities as little as 1 ng yielding >1 μg of cDNA. 

 

3.2 Methods 

Zika RNA whole transcriptome amplification 

 RNA from one RT-qPCR positive sample identified in the previous chapter was quantified  

using Qubit™ RNA High Sensitivity (HS) fluorometric reagents (Q32852) as according to 

manufacturer’s instruction and screened using UV spectrophotometry for inhibitory 

contaminants such as guanidine thiocyanate. A total of 50 ng was used in the initial reverse 

transcription step of the QIAGEN QuantiTect Whole Transcriptome Kit (207045). The 

protocol was performed as per manufacturer’s instruction except for the following conditions: 

 

Table 1. Conditions for WTA experiments.  

 

The ZIKV specific primers consisted of primer sets 1-4 and 31-35 from the ‘tiling amplicon’ 

ZIKV sequencing scheme (Table S1). The random primers were hexamers included with the 

WTA kit. The WTA products were screened for ZIKV DNA contigs using NEB Q5 high-

Condition Additional primers added: 
Reverse Transcription phi29 amplification 

1 Random primers Random primers 
2 ZIKV specific + Random Random primers 
3 Random primers ZIKV specific + Random 
4 ZIKV specific + Random ZIKV specific + Random 



 71 

fidelity polymerase (M0491S) in single primer-pairs and visualised using 1% agarose gel 

electrophoresis with a 100 bp ladder (N0467S).  

 

Nanopore sequencing of WTA products 

The WTA products were quantified using the Qubit™ dsDNA HS (Q32851) fluorometric kit. 

Library preparation was performed using the RBK-004 rapid-barcoding sequencing kit on an 

R9.4 MinION flowcell. The library preparation process was modified, as per the Premium 

whole genome amplification protocol, to mitigate hyperbranched DNA structures created by 

phi29 polymerase by the addition of T7 endonuclease in an additional clean-up step. The 

remainder of the RBK-004 protocol was performed as per manufacturer’s instructions. A total 

of 150 fmol was loaded on to the flowcell, which had 548 remaining pores. Sequencing 

progressed for 13 hours and yielded 1.93 Gb of sequencing data. The reads were basecalled 

using ONT Bonito v0.5.1 (https://github.com/nanoporetech/bonito) with the 

dna_r9.4.1_e8_sup@v3.3 super-high accuracy basecalling model. Reads were then trimmed 

using Porechopv0.2.4 [45], removing barcodes and adapter sequences.  

 

Metagenomic analysis of WTA sequencing data 

For the taxonomic classification of WTA reads, Kraken v2.1.2 [46] linked to the NCBI ‘nt’ 

database (downloaded 24/11/2021) was used. For the visualisation and quantification of taxa, 

Recentrifuge (v 1.5.1) software [47] was used. Taxa were quantified and tabulated based of a 

quality score on >100.  

 

Phylogenetic analysis of equine infectious anaemia virus sequence 

All WTA reads were mapped to an equine infectious anaemia virus (EIAV) reference genome 

(NC_001450) using minimap2 (v 2.18) software [48]. Variant calling and consensus sequence 
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generation was performed using BCFtools (v 1.3.1) [49]. Positions with < 5-fold coverage were 

masked using BEDTools  (v 2.30.0) [50]. EIAV sequences were downloaded from GenBank, 

816 samples were aligned using minimap2 software. Sixty-six samples remained after metadata 

quality control procedures, and sequences which had coverage of the region sequenced in this 

study. Phylogenetic inference was performed using IQtree 2.2.0 [51], yielding a maximum-

likelihood (ML) tree from the sequence alignment with the best-fit model automatically 

selected by ModelFinder, with SH-aLRT test and ultrafast bootstrap with 1000 replicates. The 

resultant tree was visualised using FigTree (v1.4.4) software [52]. 

 

Pooled reverse-transcription and tiling-amplicon PCR of ZIKV from Cabo 

Verdean entomological samples 

Five µL of 95 RNA samples were pooled in to a single Eppendorf 1.5 LoBind tube. The pooled 

samples were concentrated by means of a QIAamp Viral RNA column (52904) and the process 

was performed to manufacturer’s instructions. The sample was eluted into a 30 µL of RNAse 

free water. Reverse transcription was performed using SuperScript™ IV Reverse Transcriptase 

(18090010). Twenty-five mM (0.5 mL) of random hexamers (N8080127) were added to 5 µL 

of pooled RNA (1250 ng total mass), and heated at 65 oC for 5 minutes. Additional components 

were added as per manufacturer’s instructions, and the reaction was incubated at 23 oC for 20 

minutes and 55 oC for 30 minutes, followed by inactivation at 80 oC for 10 minutes. cDNA was 

stored at -20 oC for less than 1 week. 

 

For the tiled amplification of the ZIKV genome from cDNA, the ZIKV_asian primer scheme 

previously mentioned [38] was applied. Q5 polymerase was used with an elongation time of 

1 minute and annealing temperature of 60 oC for 40 cycles. The amplicons were visualised 
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using a 1% agarose gel with a 100 bp ladder (N0467S). Amplicons were pooled and cleaned 

using QIAquick PCR Purification Kit (28104) as according to manufacturer’s instructions.  

 

Nanopore sequencing of ZIKV amplicons 

The cleaned amplicons were quantified and prepared for nanopore sequencing using the Oxford 

nanopore LSK-109 ligation sequencing kit with the amplicon sequencing protocol on the MIN-

FLG001 flowcell, as per manufacturer’s instructions. Reads were quality filtered for a Q-score 

>7, and trimmed using Porechop software. The reads were mapped, using minimap2 software, 

to a defined Brazilian reference sequence (NC035889) resulting in a 50-fold coverage of 84.9% 

(Figure 5). Positions with zero coverage were masked using BEDTools  (v 2.30.0) [50]. 

 

 

 

 

Figure 5. Coverage of ZIKV reference NC035889 after mapping of pooled tiling 

amplicon sequencing data. Regions with <50-fold coverage are shown in grey. All 

regions with <50-fold coverage were masked with ‘N’ positions for downstream 

analysis. 
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Bayesian phylogeographic reconstruction of ZIKV dataset 

A dataset of 407 ZIKV whole genome sequences was downloaded from NCBI [53] and aligned 

using MAFFT v7.453 [54]. All sequences were screened for correct date of isolation and 

collection geolocation. A test phylogeny was performed using IQtree (v 2.2.0) [51], yielding a 

maximum-likelihood tree from the sequence alignment with the best-fit model automatically 

selected by ModelFinder, with the SH-aLRT test option and branch robustness quantified by 

bootstrap sampling of 1000 replicates. This tree was analysed using TempEst (v 1.5.3) [55] for 

temporal signal. BEAST (v 1.10.4) software [56] was used for temporal inference and discrete 

ancestral state phylogeographic reconstruction. A strict molecular clock model was applied, 

with a SRD06 codon-partitioned substitution model. The prior model used was the Skygrid-

based coalescent tree distribution [57]. Multiple instances of 100,000,000 length chains were 

run until convergence. Three replicates were run and converged on the same values. A burn-in 

of 15% was implemented and various trace metrics analysed using Tracer (v 1.7) software [58]. 

The resulting phylogeny was visualised and annotated using FigTree (v 3.1) [52]. The Bayesian 

skygrid population analysis was completed using the Tracer (v 1.7) software. 

 

3.3 Results 

In the previous chapter, the findings from the analysis of entomological samples collected 

following the ZIKV outbreak in Cabo Verde were reported. A total of 816 samples were 

individually screened for DENV and ZIKV using RT-qPCR using primers and probes (see 

Table S3.1). No DENV and two ZIKV positive samples were detected. The second sample 

was only detected on the second technical replicate, which suggests the viral titre was on the 

lower limit of the RT-qPCR assay’s sensitivity.  
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To ensure the PCR reagents used were suitable for the detection of isolates from the 

geographical regions of suspected introduction, the primers and probes were screened against 

432 ZIKV whole genome sequences to assess the conservation of annealing sites (Figure 6). 

Conservation across the dataset was high, except for a single site in the forward primer, in 

which 10.3% of South American sequences had a single alternative allele (T8961C). This 

variation had been accounted for with the incorporation of degenerate base in the primer 

sequence (Y).  

 

3.3.1 Whole transcriptome sequencing of ZIKV positive Aedes aegypti 

Using 50 ng (~10%) of the RNA acquired from the total RNA extraction, on the two ZIKV 

positive mosquitoes a whole transcriptome amplification (WTA) technique was applied to 

increase the concentration of nucleic acids available for analysis. The process was applied in 4 

conditions: (i) as per manufacturer’s instructions; (ii) with the addition of ZIKV specific 

primers in the reverse transcription step; (iii) with addition of ZIKV specific primers at the 

Figure 6. Analysis of ZIKV qPCR primer annealing sites, in the context of 432 
ZIKV whole genome sequences. The analysis of nucleotide conservation was 
performed using JalView [74]. Red – forward primer, yellow – probe annealing 
site, blue – reverse primer. The asterisk denotes the site where the degenerate ‘Y’ 
nucleotide is situated. 
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phi29 amplification step; and (iv) a combination of conditions (ii) and (iii). All conditions 

yielded >2 μg total amplified DNA, which was then cleaned and assayed using 5 ZIKV primer 

pairs from the multiplex tiling amplicon scheme. Of the 35 individual PCR reactions run across 

all 4 of the WTA reactions, only four amplicons were observed, two of which were indicated 

as being significantly greater than the ~500 bp. Following the confirmation of partially 

successful ZIKV transcript amplification, the WTA reaction libraries for nanopore sequencing 

were prepared. In total, 5 Gb of reads were generated over a 12-hour sequencing run. Following  

basecalling and sequencing adapter trimming, a taxonomic labelling pipeline was applied to 

the reads, using the entire nucleotide database of GenBank as a comparison database. The 

results are shown in Table 2 and Figure 4. 

 

Table 2. Summary of taxonomic classification of Ae. aegypti WTA sequencing.  

Organism Read count Proportion of total reads 
(%) 

Eukaryota 
  

 Homo sapiens 48441 17.0 
 Sus scrofa (boar) 39298 14.0 
 Aedes aegypti 24505 9.0 
 Canis lupus familiaris 2273 0.8 
 Equus caballus (horse) 32 0.0 
 Other 86857 30.2 
Bacteria 

  

 Escherichia coli 28370 10.0 
 Salmonella spp 11520 4.0 
 Moraxella osloensis 5866 2.0 
 Wolbachia spp. 7 0.002 
 Other 23487 8.0 
Virus 

  

 Equine infectious anaemia virus 496 0.2 
 Human immunodeficiency virus  22 0.008 
Orthornavirae (RNA Virus) 148 0.05 
 Of which Flavivirus spp. 16 0.006 
 Other 424 0.4 
Archea/unclassified 
Total 

13123 
284885 

4.3 
100  
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First and foremost, no ZIKV reads were detected. While there were Flavivirus reads present, 

these were identified as Pestivirus, a virus which causes haemorrhagic syndromes, abortion, 

and fatal mucosal disease in cattle, sheep, goats, and swine. The greatest proportion of 

transcripts belonged to Homo sapiens (17%) and Sus scrofa (14%) and Ae. aegypti (9%) 

(Figure 7). The metadata associated with both samples indicated that the mosquitoes had 

indeed blood-fed prior to collection.  

 

 

 

Figure 7. The taxonomic ratios of combined WTA sequencing reads. Classification was 

performed using Kraken (v 2) software [46], with the full NCBI GenBank nucleotide 

database (downloaded 24/11/2021).  
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The most prevalent classification in the virus clade was the Equine infectious anaemia virus 

(EIAV), which accounted for 45% of all viral reads, and 0.2% of the total reads (Figure 7). 

EIAV is an arthropod transmitted retrovirus infecting Equidae species, endemic across all 

continents [59]. While the primary vectors have been reported as insects in the Tabanidae 

family [60], the role mosquito species play in transmission is still a matter of debate [61–64]. 

The 496 reads found in this metagenomic analysis were mapped to the reference sequence 

(NC_001450), which yielded 10-fold coverage of 20.2% the EIAV genome. To scrutinise these 

data further, the sequences were combined with sequences from isolates with complete 

geographical metadata from NCBI GenBank (n=66), and aligned with the mapped fragment 

obtained from the metasequencing reads. A phylogenetic tree was built which placed the EIAV 

sequence obtained from the Cabo Verdean Ae. aegypti mosquito into a global geographic 

context (Figure 8). The inference yielded a highly supported tree, consisting of sequences from 

9 geographical locations. A monophyletic clade (A) (bootstrap support (BS) = 74) consisting 

exclusively of Chinese EIAV taxa forms the most homogeneous cluster. Separated from clade 

A by a well-supported node (BS=79), a second clade (denoted as B; BS=70), contains 

sequences for Ireland (n=23) and Italy (n=2). The Cabo Verdean taxa (red) has clustered with 

a group of sequences from the USA. Although geographic clusters appear, given the limited 

EIAV sequence data available and the nature of this truncated convenience sampled dataset, 

there was little evidence from which general geographic inferences can be made. This argument 

is further supported by the lack of geographic clustering observed in taxa originating from the 

United Kingdom (blue), where the three taxa have been placed in three separate clades across 

the tree. A phylogeographic reconstruction of EAIV has been reported previously [65], which 

despite the lack of available data, inferred introduction and exportation events that indicated 

events occurring between the USA, Brazil and Ireland between the late 20th and 21st centuries. 

Given the close ties between Brazil, the USA and Cabo Verde, the close phylogenetic 
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association observed here is feasible, however further sampling would be required to make any 

accurate inferences. 

 

Figure 8. A maximum-likelihood phylogenetic tree inferred from the EIAV dataset (n=66) 

with the added sequence isolated from the Ae. aegypti sample. Numbers in the parentheses 

indicate (SH-aLRT support (%) / bootstrap support (%)). Sequences highlighted in blue were 

isolated in the United Kingdom. 

A 

B 
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3.3.2 Phylogeographic reconstruction of ZIKV in the Americas and Cabo Verde 

A single ZIKV genomic sequence was successfully enriched from pooled Ae. aegypti RNA by 

way of multiplex tiling PCR amplification and Oxford Nanopore sequencing. The mosquitoes 

in the sequenced pool were collected between 17/08/2016 and 25/10/2016 from 18 sites across 

the Praia municipality. The resultant ZIKV consensus sequence from the mosquito pool was 

combined across 407 ZIKV whole-genome sequences, including 17 ancestral sequences from 

French Polynesia, and 3 sequences from Cabo Verde human isolates [32]. This dataset has 

incorporated date and location of isolation alongside the genomic data, enabling geographical 

ancestral state reconstruction and temporal inferences to be made. Before building the temporal 

inference, a maximum likelihood (ML) tree to test for temporal signal in the dataset was 

inferred (Figure 9).  
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This analysis confirmed, in concordance with studies of a similar nature, that the mutation rate 

of the ZIKV dataset was indeed well correlated with its sampling, which enabled the temporal 

inference of subsequent phylogenies with a strict molecular clock viable (R2=0.55) (Figure 7, 

left) [18,21,24]. The French Polynesian (FP) strains are highlighted (Figure 7), denoting the 

ancestral clade on which the tree is rooted, which is established practice in the literature given 

FP’s putative role in the introduction of ZIKV to the Americas. Figure 7 (right) shows the 

guide tree on which the temporal analysis was performed. The colouration signifies RMSE 

deviation of branches/taxa from the strict molecular clock. While the divergence shown here is 

acceptable, the uniformity within clades is nonetheless apparent, which may indicate a 

differential in selective pressure exerted on these sub-populations or mislabelling of sample 

isolation dates. 

 

Figure 9. A temporal signal analysis illustrating relationship between genetic 
divergence and time (temporal signal) and the uniformity of rates across the tree. 
Analysis was performed using TempEST software. Left. Scatterplot of root-to-tip 
divergence of 407 taxa against collection date, with linear regression. Right.  An 
ML tree of 407 taxa with the heuristic residual mean squared (RMSE) colouring of 
branches. Red = negative RMSE Blue = positive RMSE. FP = French Polynesian 
taxa. 
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The Bayesian phylogeographic reconstruction of the 408 taxa is shown (Figure 10), a summary 

geographic projection of which is summarised (Figure 11). The overall topology of the 

phylogeny is typical of that which can be found in the literature, where there are between three 

to four clades, with Brazilian isolates at the basal node of each inferring the exportation and 

dissemination of discrete ZIKV sub-lineages throughout the Americas over the course of 2015-

2016 (posterior =  > 0.9) [18,21,24]. The phylogeny also includes ancestral sequences to the 

American outbreak, isolated in FP. The positioning at the root of the tree infers that the 

introduction of ZIKV most likely originated in FP, as reported previously. Estimates in the 

literature as to the approximate introduction of ZIKV to Brazil range from December 2013 and 

February 2014 [17], which is in concordance with our own estimates (11/2013 – 04/2014 95% 

HPD; posterior = 1.0).  

 

 

The ancestry of Cabo Verdean sequences is shown (Figure 10; red taxa), where two discrete 

introduction events are inferred, a subsection of the relevant clade is depicted (Figure 10, top). 

The first introduction (Figure 7C) was estimated to have occurred between 05/2014 and 

09/2015 (HPD 95%; posterior = 1.0), which is in concordance with previous findings (i.e., 

05/2014 and 09/2015; 95% HPD) [32]. The ancestral state at the root of the Cabo Verdean 

clade is indicated as being of Brazilian ancestry, which is in line with previous findings. Our 

analysis revealed a second, novel introduction event, which is inferred to be of Puerto Rican 

origin (Figure 7D). The closest taxa to the Cabo Verdean sequence collected in this study is 

Puerto Rican (collected 12/2015). The ancestral state reconstruction supports this premise 

(posterior – 0.5). The estimated date of divergence of the ancestral Puerto Rican node is 

between 05/2015 and 09/2015 (95%HPD; posterior = 0.5), which implies introduction of the 

second lineage shown here, circulating within the Ae. aegypti population sampled between 
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17/08/2016 and 25/10/2016. This introduction occurred significantly later than the lineage 

responsible for the primary outbreak. The topology of the Puerto Rican sub-clade indicates a 

further exportation of ZIKV to the United States Virgin Islands, which is 100 km from Puerto 

Rico. The observation of multiple ZIKV genotypes exported from discrete locations, 

circulating in similar geographic and temporal space has been well described and is illustrated 

well (Figure 10) [27,66]. A key example of this can be seen in the separation of two Puerto 

Rican clusters across two clades in this tree: clade two (grey) and three (blue) (“PR” - Figure 

10). The range of isolate collection dates reported in Puerto Rican sequences in clade three is 

between 20/10/2016 and 20/01/2017. In clade two, a significant overlap is observed in these 

dates (01/12/2015 to 03/01/2017), both of which are well sampled, which indicates the presence 

of multiple discrete lineages circulating simultaneously.   
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 Figure 10. Temporal and phylogeographic reconstruction of 408 ZIKV whole-genome sequences using BEAST software. Node dates indicate the 95% 
HPD range of geographic ancestral nodes. COL: Colombia, PR: Puerto Rico. Sequences isolated in Cabo Verde are highlighted in red. The tree was 
coloured and rooted and reordered, increasing by node using FigTree software.  
 

PR PR COL 
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Figure 11. Spatiotemporal summary of the phylogeographic reconstruction (Figure 10) 

illustrates multiple introductions of ZIKV to Cabo Verde. The maps were rendered 

using SPREAD3 software [75] using the location and node dates. Temporal frames 

were inferred from the 95% HPD.  
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The spread of ZIKV across the Americas, as inferred by the temporal phylogeographic 

reconstruction, is summarised as three phases (Figure 9). For this analysis, a further ancestral 

sequence was added, Micronesia, which illustrates the introduction of ZIKV to FP. In Phase 1, 

the introduction of ZIKV to FP from Micronesia and subsequently Brazil is shown, where 

exportation events indicate transmission occurring within six American countries and another 

to Cabo Verde. In phase two, ten countries have established transmission, including Cabo 

Verde. In addition to this, secondary transmission events have occurred, through which 

Columbia plays a central role, where our analysis infers transmission of ZIKV of Colombian 

descent to Mexico, Panama, Ecuador, and the Dominican Republic.  Furthermore, multiple 

introduction events have occurred into Puerto Rico from both Brazil and Honduras, spawning 

the two discrete lineages observed (Figure 10). In phase three, numerous secondary (non-

Brazilian) introduction events have occurred, most notably to the USA, which is inferred to 

have had 6 discrete introduction events, (in chronological order) from Brazil, Mexico, 

Nicaragua, Dominican Republic and Puerto Rico. It is important to understand, however, the 

nature of this dataset, in that sequences designated as USA may be imported infections. 

Something that was emphasised in Florida, where up to February 2016, 735 travel-associated 

cases of ZIKV were recorded, whereas fewer than 224 locally-acquired cases (across both 

Texas and Florida) were reported by the CDC, which reported a basic reproductive rate 

significantly lower than Central and South American countries at that time (R0 = 0.16) [67,68]. 

 

The introduction of ZIKV to Colombia is inferred here to have occurred between 09/2014 and 

03/2015 (95% HPD; posterior = 1.0 ), which is concordant to the interval previously reported 

(01/2015 – 04/2015  95%HPD)[27]. These inferences, supported by both those in the literature, 

and our own analysis indicates that the introduction of ZIKV to Cabo Verde occurred before 

that to Colombia. On the 8th of October 2015, Colombia declared its first outbreak of nine 
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patients, the first South American country outside of Brazil to report autochthonous 

transmission. Retrospective analyses on archived samples have identified ZIKV in human 

serum from June 2015 [69]. Three days prior to the data coming out of Colombia, Cabo Verde 

reported suspected ZIKV transmission which was later verified by sequencing at Institut 

Pasteur de Dakar. The epidemiological curve summarising the number of cases in the ZIKV 

outbreaks in Brazil, Colombia and Cabo Verde is shown (Figure 12). The peak of the outbreak 

in Cabo Verde occurred fifteen weeks prior to that of Colombia.  

 

 

3.3.3 Analysis of ZIKV sequence data – SNPs and phylogenetic characteristics 

Further analysis of single nucleotide polymorphism (SNP) data based on variant positions in 

the 408-sequence alignment used to infer the phylogeny presented (Figure 10) is shown 

(Figure 13). In this analysis the dissection of ‘clade defining’ variants are illustrated. For 

Figure 12. Epidemiological curve of ZIKV cases per 100,000 people in Brazil, 

Colombia, and Cabo Verde. Data was obtained from PAHO. Left Y axis: Brazil and 

Colombia cases per 100,000 population. Right Y axis: Cabo Verde cases per 100,000 

population. Markers indicate the first genomic sequences isolated for Colombia and 

Cabo Verde, as well as our own, captured from Ae. aegypti.  
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example, the variants shown in positions A1038G and C2517T are found almost exclusively 

to be associated with the ancestral FP lineage. Interestingly the C2517T mutation is detected 

two further times in this dataset, in sequences isolated in Nicaragua and Honduras 

approximately 2.5 years following its last detection. The C1261T mutation is indicated to be 

unique to the first Colombian clade, however the second phylogenetically discrete lineage does 

not possess this SNP, implying a distinct ancestral history to the co-circulating strains. The 

Cabo Verdean sequence here, as reported in the previous section, clusters strongly with 

sequences from Puerto Rico but also shares a close common ancestor with the Cabo Verdean 

clade (Figure 10, top). The SNP data displayed at positions T209C, T642C, G1050T, A1362G, 

T5100C, T6629A and T7258C, justify the placement of the novel Cabo Verdean sample with 

the Puerto Rican clade. Shared amongst the Cabo Verdean clade and Puerto Rico are SNPs in 

the positions T3456C and C7258T exclusively, and C9296T which also occurs in the first 

Colombian clade. The novel Cabo Verdean sequence possesses two unique non-synonymous 

mutations, V650L (E protein) and G1691W (NS3). The S139N (prM), non-synonymous 

mutation with a purported role in viral neurotropism is indicated (Figure 13) as being fixed 

throughout the dataset, which is in concordance with previous reports [23]. Likewise, the 

A188V (NS1) mutation is also fixed in this population. 
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Figure 13. Clade-defining SNPs of the phylogenetic reconstruction. 45 variant positions extracted from the 408 aligned ZIKV whole-

genome sequences used to build the phylogeny featured in Figure 10. The sequences were sorted to match the order of the phylogeny. The 

gene in the ZIKV polyprotein in which each position is found is shown on the right. S139N and A188V have been added for illustrative 

purposes.  



 90 

3.4 Discussion 

In this chapter, the analyses performed describe the virome present in Ae. aegypti populations 

on Cabo Verde shortly after the outbreak in 2016. While a greater number of mosquitoes testing 

positive for ZIKV was expected, it was believed that the effect of the timing of sampling, 

coupled with the low rate of transmission at the time was accurately reflected in our results. 

That said, in this context of low-yield and complex RNA sample analytes, molecular assays 

are pushed to their upper limit of sensitivity and so the true prevalence may be difficult to 

assess. Our methodologies were comparable to those used previously [43,70,71], however our 

approach in extracting nucleic acids from only single mosquitoes, and not pools, will be subject 

to revision in subsequent follow up analyses.  

 

The detection of the EIAV in Ae. aegypti samples was not expected. The vectors currently 

ascribed to EIAV do not emphasise mosquito borne transmission, and therefore, these findings 

require further investigation. The process of taxonomic classification can produce erroneous 

results due the vast redundancy between species’ on the genomic level, transposable and 

foreign genomic integrations and incomplete reference sequence databases [72,73]. 

Furthermore, the confidence score of the classifications was poor in most cases, except for the 

H. sapiens reads. Therefore, the results described in this chapter should be interpreted with 

these caveats in mind. In doing so, the identification of the numerous animal species in the 

mosquito sample is brought into question, especially given Ae. aegypti mosquito’s anthophillic 

feeding behaviours. Finally, the identification of Wolbachia is again, questionable, given the 

knowledge that these bacteria do not occur naturally in Ae. aegypti mosquitoes and Wolbachia 

population control efforts have not been implemented on Cabo Verde. Understanding the origin 

of these classifications requires further research. 
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Moving forward, a similar enrichment approach will be applied, combined with ZIKV, here, 

to EIAV, enabling the acquisition of a whole-genome sequences, which would further enhance 

our analysis, before reporting our findings. As discussed, with the shortcomings of the 

taxonomic classification process, further steps are required to validate the origin of the EIAV 

sequences as it is possible that this may be a historic genomic integration and not viral RNA. 

These data were acquired using nanopore long-read sequencing, therefore an investigation 

exploring the context of the EIAV sequence data, for example, verifying the presence of 

flanking Ae. Aegypti genomic DNA sequences, would be a prudent first step.  

 

My aim, in order to confirm the hypothesis of multiple discrete lineages circulating in Cabo 

Verde, is to isolate at least one further ZIKV genome sequence from our entomological dataset. 

Pooling multiple samples form a single locale and concentrating the cDNA for multiplex tiling 

PCR worked well to improve the low success rate of the PCR enrichment of ZIKV RT-qPCR 

positive samples. Therefore, applying this strategy should enable the acquisition of further 

ZIKV whole-genome data. 
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Chapter Four 

 
Sero-epidemiological study of 

arbovirus infection following the 2015-
2016 Zika virus outbreak in Cabo 

Verde 
 

 
 
 
 
 
 
 
 
 
 
 
 

  

“Zika virus is shown in cross section at centre left. On the 
outside, it includes envelope protein (red) and membrane protein 
(magenta) embedded in a lipid membrane (light purple). Inside, 
the RNA genome (yellow) is associated with capsid proteins 
(orange). The viruses are shown interacting with receptors on 
the cell surface (green) and are surrounded by blood plasma 
molecules at the top.” – RSCB (Creative Commons Attribution) 
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Chapter Five 

 
Guiding the improvement of serological 

diagnostics with in-silico 
immunoanalytic analyses 

5 Guiding the improvement of 
serological diagnostics with in-silico 
immunoanalytic analyses 

 

Neutralising antibody Fab fragments in complex with SARS-CoV-2 spike protein. The 
Protein Data Bank’s molecule of the month (April 2021). The 4A8 antibody depicted here binds 
away from the receptor binding domain (RBD) but still neutralises the function of the spike 
protein. Yellow: 4A8 antibodies. Pink: Sars-CoV-2 spike trimer. (Chi, Xiangyang, et al., 2020) 
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5.1 Introduction 

Dissecting the degree to which an antibody response may or may not cross-react with discrete 

viral antigens is a key step in the development of serological assays. This involves using 

techniques from several scientific disciplines, some of which are investigated in the following 

sections. In this chapter, methodologies aimed at improving immunoassay design for the 

surveillance of emerging infectious diseases are explored. Through this process, bioinformatic 

analyses are integrated with publicly available in-vitro data to design and test novel ZIKV 

antigens.  

 

5.1.1 Antigen Conservation across Flavivirus species 

The influence of cross-reactivity across Flavivirus species on adaptive immune responses is 

not fully understood. But its origins can be explained through understanding their common 

ancestral history. Each species of the Flavivirus genus carries with them, orthologous genes, 

bound together evolutionarily by their conserved function in viral parasitism, the specific host-

range and transmission vectors [1]. This conservation culminates in a complicated 

immunological landscape, particularly regarding antibody responses, where serological assays 

are confounded by non-specific antigenic determinants. This conservation is illustrated in the 

comparison of common human infecting Flavivirus species (Figure 1). Here, the polyproteins 

of four common Flavivirus species (and the four DENV serotypes) were aligned and compared 

with ZIKV, in an analysis that assesses the physicochemical properties of residues and scores 

them based on their similarity. The significant level of conservation shown in the amino acid 

sequence is the root cause of the immune cross reactivity observed in immune responses to 

Flavivirus species.  
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On visual inspection the heatmap reveals two dense regions of high amino acid conservation, 

NS3 (non-structural protein 3) and NS5 (non-structural protein 5). The data from the plot is 

dissected in Table 1, where the above observations are summarised empirically. The NS3 and 

NS5 proteins are the most conserved, with their functions evolutionally rooted in the 

fundamental processes of Flavivirus replication; proteolytic cleavage of the virus polyprotein 

(NS3) and RNA replication (NS5). This conservation is of little concern in the context of 

antigen design, as these intracellular proteins are not secreted, neither are they surface exposed 

and would therefore not dominate the anti-Flavivirus antibody response. The third and fourth-

most conserved proteins, the virus envelope (E) and the secreted non-structural protein 1 (NS1), 

on the other hand, present a complex situation. The E protein is subject to an immunodominant 

neutralising humoral response, with its role as the primary structural protein and function in 

viral fusion [2]. While the E protein is glycosylated, the role of these carbohydrates is confined 

to fusion, replication and virulence, and not immune (epitope) evasion, unlike other viral 

surface protein glycans [3,4]. The E protein, and its three domains, have remained the focus of 

research, predominantly in the field of vaccinology and diagnostics. Particularly, the third 

Figure 1. Flavivirus amino acid sequence conservation heatmap. Identical residues 
score 11, a substitution of aliphatic residues such as alanine and leucine scores 10, 
whereas a substitution of the basic residue arginine to alanine would result in a score of 
4. DENV1-4 Dengue virus 1-4; JEV Japanese encephalitis virus; WNV West Nile 
Virus; YFV Yellow Fever Virus.   
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domain of the E protein (EDIII) has been found to be both serotype and virus specific, with 

numerous studies proposing it as a vaccine candidate and effective diagnostic antigen [2,5–7]. 

NS1, on the other hand, is a multifaceted protein with numerous putative functions. In its 

intracellular dimeric form, it plays numerous roles in viral replication, after which, it is 

displayed on the host cell surface membrane and later, secreted as a hexamer. This secreted 

protein species modulates the immune system, driving inflammatory responses and enhancing 

propagation, while inhibiting complement attack [8]. Given its intracellular and extracellular 

locale, NS1 is a key target of humoral immune responses, and has played a central role in 

Flavivirus diagnostics, both in antigen capture and antibody detection formats  

[9–11]. 

 

This preliminary analysis illustrates, both, the limited target range for unmodified 

immunogenic diagnostic antigens and the potential challenges involved in ensuring 

specificity in the context of multi-Flavivirus endemic contexts.  

 

Species  C PrM E NS1 NS2A NS2B NS3 NS4A 2K NS4B NS5 Global 
sequence 

identity (%) 

DENV1 8.37 8.80 9.29 9.21 7.99 8.71 9.68 9.10 9.09 9.09 9.63 41 
DENV2 8.26 8.78 9.23 9.24 8.04 8.98 9.71 9.31 9.00 9.22 9.64 42 
DENV3 8.39 8.75 9.27 9.28 8.07 8.94 9.72 8.97 9.35 9.13 9.64 43 
DENV4 8.26 8.86 9.27 9.18 7.99 9.02 9.72 9.13 9.43 9.04 9.70 43 
YFV 7.52 8.47 8.72 8.94 8.34 8.73 9.12 8.95 9.22 8.53 9.39 24 
WNV 8.56 8.98 9.37 9.26 8.64 9.31 9.81 9.21 9.17 8.88 9.80 42 
JEV 8.44 8.96 9.38 9.35 8.75 9.38 9.70 9.09 9.35 9.05 9.75 44 
Average 8.26 8.80 9.22 9.21 8.26 9.01 9.64 9.11 9.23 8.99 9.65 40 

Table 1. The amino acid conservation across human-infecting Flavivirus spp. 
The data are separate by each protein of the translated polyprotein. Scores are based on pairwise 
comparisons with the same ZIKV gene. Global sequence identity is a metric comparing the raw 
sequence alignment quality across the entire polyprotein. DENV1-4 Dengue virus 1-4; JEV 
Japanese encephalitis virus; WNV West Nile Virus; YFV Yellow Fever Virus.   
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5.1.2 The design and expression of a concatenated ZIKV NS1 GST fusion-

peptide 

For the first exploration in to generating specific antigens for Flavivirus immunoassays, I used 

a combination of rudimentary informatic analysis to probe the NS1 protein for ZIKV-specific 

antigenic regions. Three short contiguous peptides based on our analyses were selected for 

further study.  

 

The process for selecting peptides was designed first and foremost, to increase Flavivirus 

diagnostic specificity by eliminating cross reactivity between ZIKV and DENV epitopes. The 

initial stage consisted of finding regions on the ZIKV AA polyprotein which were specific, on 

the sequence-level, when compared to DENV. To achieve this, ZIKV and DENV Flavivirus 

NS1 amino acid sequences were aligned, visually inspected, and selected regions with low 

identity. To further enhance the probability of finding immunologically significant regions, 

several in-silico epitope prediction software packages were employed (ABCpred [12], DRREP 

[13] and ElliPro [14]). Between them they employ an array of strategies to make their 

predictions. DRREP and ABCpred both use a deep neural network trained on extensive datasets 

of known epitopes, while Ellipro uses 3D structure and the biochemical properties of a given 

protein to make predictions. With a list of residue positions with reduced homology with 

DENV, and three lists of predicted epitopes, the collated data and with overlapping epitope 

‘hits’ were mapped onto the 3D crystal structure of ZIKV NS1 (PDB-5GS6). Surface exposed 

contiguous peptides where then selected resulting in 3 unique ZIKV NS1 based peptides, 23, 

32 and 50 residues in length. The coding-sequences for the selected peptides were concatenated 

in a synthetic construct and codon-optimised for expression in E. coli, the peptide was 

expressed using the pGEX-4T-1 (GST fusion) vector. The resulting purified protein, purified 

by GST affinity chromatography was termed ‘Concat’.  
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The process detailed above outlines the first effort at utilising in-silico techniques to guide the 

design of synthetic antigens for diagnostic use. In the results section, I report the testing of this 

peptide, in-vitro, against control ZIKV and DENV immune samples and a subsection of 86 

human serological samples, which were featured in the previous chapter. I use a custom 

Luminex microsphere assay and compare their performance against other existing NS1 

immunoassays and antigens. As a follow-up, I explore alternative techniques and suggest 

improved methods for in-silico antigen design, for application in ZIKV diagnostics. In the final 

section I present a publication detailing the refinement and application of these combined 

methods in the context of another emerging infectious disease, SARS-CoV-2.  

 
 

Figure 2. 3D surface model of the Zika NS1 protein monomer. Orange highlighted 
residues represent the regions selected by the diagnostic peptide pipeline. Image was 
rendered using Chimera 26. 
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5.2 Methods 

Zika ‘Concat’ protein expression 

Three amino acid sequences were identified by the epitope prediction step. These were 

concatenated into a single 105 AA contig and codon optimised for expression in an E. coli 

system. A PGEX-4T-1 expression vector containing the concatenated peptide-coding sequence 

was transfected by heat shock at 42OC for 45 seconds and transferred to LB media with 

ampicillin. Transformed colonies were identified by PCR and Sanger sequencing and selected 

for culture. The pellet was lysed using a high-pressure call press homogeniser, and purified 

using Glutathione Agarose (Thermo: 16100). The product was then dialysed and quantified 

using Bradford reagent (Bio-Rad: 5000001), as per manufacturers instruction. 

 

Commercial Zika/dengue ELISA panel 

Eighty-six serum samples were selected for screening using Euroimmun Zika IgG + IgM (EI 

2668-9601), and dengue IgG + IgM kits (EQ 266a-9601). Samples were diluted to 1:100 and 

the ELISA protocol was performed according to manufacturer’s specification. Plate reading 

was performed at 450 nm. 

 

Zika antigen ELISA 

The Zika ELISA was performed using NS1 recombinant protein (Native Antigen Company: 

ZIKVSU-NS1-100), Concat purified protein and a recombinant GST protein. Plates were 

coated with NS1, Concat and GST individually diluted in coating buffer (Na2CO3 + NaHCO3) 

and incubated overnight at 7OC. The coating concentrations of Concat and GST proteins were 

adapted to allow for the subtraction of relative GST signal in present the GST-Concat fusion 

protein. Serum was added at a concentration of 1:500 with 1% milk powder block in a 1% PST-
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Tween solution followed by an incubation step overnight at 7OC. Plates were washed 3 times 

in PBS-Tween and anti-human-IgG HRP antibody at 1:15000 in 1% PBS-Tween was added 

and incubated for 3 hours at RT. Following another 3 wash steps, 100 µL of TMB One 

Component HRP Microwell Substrate (TMBW-1000-01) was added, followed by the addition 

of 0.2 M H2SO4 after 15 minutes and the plates were read at 450 nm.  

 

Zika NS1 and Concat Luminex assay 

Recombinant antigens were coupled to MagPlex© COOH-microspheres (Luminex Corp., 

Austin TX) following the protocol described by Luminex Corparation. The optimal 

concentrations for each antigen were used for large volume bead coupling (>11 x 106 beads, 

~900 μL), with coupled beads re-suspended in 1mL of storage buffer (1xPBS, 0.05% Tween, 

0.5% bovine serum albumin (BSA), 0.02% sodium azide, 0.02% Pefabloc (Sigma) and stored 

at 4⁰C until further use. An initial mixture containing 8 μl of each antigen-coupled microsphere 

set and 5 ml of Buffer A (1xPBS, 0.05% Tween, 0.5% BSA, 0.02% sodium azide) was 

prepared, yielding approximately 1,000 beads per region per well. Next, 50 μl of this combined 

microsphere mixture was added to a 96-well flat bottom plate (BioPlex Pro™, Bio-Rad 

Laboratories, UK) and washed once with 100 μl of PBS-TBN (1xPBS, 0.05% Tween-20, 0.5% 

BSA and 0.02% sodium azide) on a BioPlex Magnetic Hand Washer. 50 μl of samples and 

controls were added to the plate and incubated in the dark at room temperature (RT) on a 

microplate shaker at 500 rpm for 90 minutes. Following three washes, 50 μl of fluorescent 

secondary antibody (Jackson Immuno 109-116-098: Goat Anti-human Fcy-fragment specific 

IgG conjugated to R-Phycoerythrin (R-PE)), diluted to a 1:200 dilution with Buffer A, was 

added to all wells and incubated for 90 minutes in the dark at RT at 500 rpmon an orbital plate 

shaker. After a further three washes, the plate was incubated in 50 μl of Buffer A for 30 minutes. 

Plates were washed one additional time, after a final addition of 100 μl 1xPBS, were read using 
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the Luminex MAGPIX© analyser. At least 50 beads per analyte were acquired per sample and 

median fluorescent intensity (MFI) data were used for analysis. Glutathione S-transferase 

(GST) coupled beads were included as a control to test for GST-specific immunoglobulin (IgG) 

response against GST-tagged fusion proteins. 

 

In-silico specificity analysis using k-mer mapping 

I used the ‘canonical’ reference amino acid sequences (from UniProt) for each Arbovirus 

screened in this analysis. The seqkit software package [15] ’sliding’ function was implemented 

to generate 15-mers using a sliding window, iteratively moving 1 residue at a time, resulting in 

a 15-mer pool of 34666. This pool, with the ZIKV k-mers subtracted, was mapped on to the 

ZIKV polyprotein, using blastp software [16]. A cutoff of 80% identity was set for a ‘successful 

hit’. A custom output format of the blastp analysis yielded the peptide length and the mapping 

position on the ZIKV proteome. An in-house script was used to map each of the hits on to a 

linear axis, which represented each residue of the ZIKV polypeptide. For added functionality, 

not utilised here, I added a traceability function, which reports the location of each k-mer in 

the original polyprotein; for each hit, it is possible infer which region in the original virus’ 

proteome the hit originated from. For this analysis, I accounted for only the DENV sequence 

hits, as this is the only virus with reported transmission in Cabo Verde. The sequence hits for 

each residue were added to the main ‘data pool’. 

 

Alignment conservation analysis  

Jalview software [17] was used to assess sequence conservation, the same metric used to 

generate (Figure 1). In this software, I assessed a multiple sequence alignment consisting of 

566 ZIKV whole-polyprotein sequences, and extracted the ‘conservation’ metric. This metric 

is generated by measuring the number of conserved physio-chemical properties for each 
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column of the alignment [18]. For the entire polyprotein, these data were extracted and added 

to the main ‘data pool’. 

 

Immune epitope database data mapping 

From the IEDB database search tool, I extracted 1232 linear human ZIKV confirmed ‘reactive’ 

epitopes [19]. Like the k-mer mapping process, I used blastp and an inhouse script to map each 

epitope onto the polyprotein, with the identifying epitope number intact. The metrics for 

epitope mapping were collated and added to the final data pool.  

 

Implementation of epitope prediction meta-analysis 

For each tool, I used respective amino acid sequences for Flavivirus and Alphavirus protein 

as the input. For prediction of potential linear B-cell epitopes using Bepipred software [20], 

the output was in a similar format to that of the data pool, that is, on a per-residue basis. This 

was pasted into the pool directly, aligning each protein. For DRREP [13], Lbtope [21], 

bcepreds [22] and ABCpred [12] software packages, a list of peptide sequence candidates 

was outputted, which was mapped using blastp, as above. Each column in the data pool 

corresponds to respective epitope prediction tools, and was minimum-maximum scaled, 

before aggregation with equal weighting added to each prediction. 

 

5.3 Results 

5.3.1 Expression of GST-fusion ZIKV peptides 

To begin testing the expressed recombinant Concat antigen, samples were selected which tested 

positive for ZIKV or DENV as according to the commercial ‘ZG’ or ‘DG’ ELISA kit, featured 

in Chapter 3. Five samples of ZIKV positive and DENV positive serum were pooled and 

diluted to a 1/400 concentration. A titration of the Concat antigen coating concentration, as 
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well as a full-size recombinant NS1 protein (Native Antigen Company) was performed, to find 

the optimal coating conditions for the assay. Because the Concat protein was fused with a GST 

protein tag, a GST control plate was ran in parallel, which was coated with the relative amount 

present on the GST-fusion-Concat plates, enabling the removal of any background reactivity 

to the GST fusion.  

  

 

The extent to which DENV immune sera cross-reacts with the ZIKV NS1 antigen is shown 

(Figure 3). Assessing the six highest antigen concentrations (range: 0.1 µg – 10 µg), DENV 

positive serum resulted in 74% of the reactivity to ZIKV NS1 when compared to ZIKV positive 

serum. Under the same comparison, the Concat antigen saw 15% DENV cross reactivity when 

compared to the ZIKV control, showing an apparent reduction in non-specific signal from our 

DENV immune polyclonal control. Notably, however, the lack of a sigmoidal curve in the 

Concat analysis indicates that the assay did not reach saturation. The maximum optical density 

Figure 3. Antigen titration ELISA. Plates were coated with Concat and NS1 at 80 µg/ml 
and 10 µg/ml respectively and diluted threefold 11 times. GST signal was subtracted from 
the Concat raw OD. Blank well background was subtracted on all plates. Pooled ZIKV+ or 
DENV+ serum was diluted at 1/500. Each analysis was run in duplicate, and the mean OD 
calculated.  
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(OD), when adjusted for background reached 1 optical density unit (ODU), compared to the 

maximum of 3 ODU with the full ZIKV NS1 protein. In a repeat experiment, a plate with an 

increased concentration of the Concat antigen was coated, which resulted in a similar limit. In 

Figure 3, the coating concentration was 8 times higher than that of the full NS1 protein. This 

demonstrates a reduced sensitivity of the antigen, most likely due to the shorter peptide length, 

which in-turn, reduces the availability of epitopes to be bound by immune sera. Nonetheless, 

having established that the Concat antigen is serologically reactive and that the perceived cross-

reactivity with DENV immune sera in this sample set appears to be diminished compared to 

the full-length NS1 protein, the assay was subsequently tested on a panel of 256 Cabo Verdean 

serological samples using the Luminex platform. As before, full-size NS1, Concat and GST 

antigens were run in parallel to enable the removal of GST background signal.  

 

Figure 4 (left) illustrates the strong correlation between the reactivity to a GST antigen alone, 

analysed in parallel with the GST-fused Concat protein (r = 0.71, p = < 0.001). The reactivity 

to the GST antigen was subtracted from the signal from the GST-Concat fusion peptide signal 

Figure 4 (right). Little correlation was observed between the reactivity of GST-Concat, which 

was adjusted for GST background reactivity, and the full ZIKV NS1 protein (r < 0.001, p =  

0.001). The red colouration of the data points in the GST adjusted assay (Figure 4 – right) 

illustrates no link between the increased GST-Concat reactivity and the GST signal exhibited 

prior to adjustment (Figure 4 – left).  
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The GST adjusted Concat signal was analysed alongside the ZG and DG commercial assays 

based on the subset of 86 samples (from Chapter 3). Figure 5 (left) illustrates the comparison 

of the full ZIKV NS1 protein assay and the commercial ZG assay, which uses a proprietary 

NS1 antigen. These assays were well correlated (r = 0.65, p< 0.001). As reported in the previous 

chapter, the commercial ZIKV ‘ZG’ and DENV ‘DG’ assays were also highly correlated (r = 

0.80, p < 0.001), even more so than the full ZIKV NS1 antigen and the ZIKV commercial 

assay, which may imply a lack of assay specificity. Figure 5 (right) is the comparison of the 

GST-Concat signal (adjusted) with the ZG assay. No correlation was observed between these 

two assays (r < 0.001, p < 0.001), as well as between GST-Concat and the DENV ‘DG’ assays 

(r = 0.03, p = < 0.782).  

 

 

 

Figure 4. NS1, Concat and GST ELISA assay results. (Left) Raw Concat optical density 
(OD) compared with GST OD run in parallel. (Right) NS1 OD compared with GST 
adjusted Concat data. Colouration scale refers to the pre-adjustment GST signal. All 
samples were diluted at 1:500. Each analysis was run in duplicate, and the mean OD 
calculated.  
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Overall, a strong correlation between the reactivity of GST-Concat and the GST protein 

reactivity was observed. Considering the length of the truncated peptides, and the reduced 

signal observed when compared to larger, more immunogenic proteins, an alternative 

methodology of expressing peptides alone, or with a smaller fusion partner, may be beneficial. 

While the exclusion of the GST signal appeared to reduce the background reactivity to the 

fusion partner, leaving acceptable levels of signal for this analysis, the apparent baseline 

reactivity of GST-fusion proteins to the sample set makes this expression system a poor choice. 

The reactivity of the Concat peptide appeared to hold no resemblance to either ZIKV NS1 

assays, which may indicate this construct is of a sub-optimal design.  

 
 

Figure 5. NS1, Concat and GST ELISA assay results. (Left) Raw Concat optical density 
(OD) compared with GST OD run in parallel. (Right) NS1 OD compared with GST 
adjusted Concat data. Colouration scale refers to the pre-adjustment GST signal. All 
samples were diluted at 1:500. Each analysis was run in duplicate, and the mean OD 
calculated.  
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5.2.2 Refining in-silico techniques for specific ZIKV antigen discovery 

Given the sub-optimal results demonstrated above, I sought to refine two of the key aspects of 

the antigen design process, within the wider aim to improve ZIKV immunoassay performance. 

The first objective was improving the in-silico analyses used to guide the selection of antigen 

peptides, which will be addressed in this section. The second, improving the methodologies 

used to express targets, addressing the fusion-protein issue demonstrated above, is explored in 

the si chapter.  

 

In this analysis, a dissection of each discrete step of the second iteration of the in-silico pipeline 

is demonstrated. This is later applied in a further example, in the final section of this chapter, 

demonstrating the methodology’s utility in the context of SARS-CoV-2 research. Here, each 

protein of the ZIKV genome was analysed and included in the final candidate panel, but for 

illustrative purposes, the search is reduced to four genes:  E and NS1 antigens, and the 

conserved serine protease (NS3) and RNA polymerase (NS5) proteins. 

 

Firstly, the pipeline was improved through analysis automation. The method described 

previously was time-consuming to perform, and included an element of visual interpretation, 

which may add error and subjectivity to the design process. In this example, the pipeline was 

built around a central data-pool, presented in a per-residue format, which would contain the 

combined analyses designed to guide the selection of antigens (Table S1). Each individual 

analysis was parsed and pooled by a scripted process, which was augmented by the calculation 

of summary statistics to inform decision making when choosing candidates.  

 

As in the previous analysis, one of our central objectives was to predict specificity, particularly 

in the context of DENV background. While a sequence alignment, such as that featured in 
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Figure 2, would be suitable for comparing proteins in a linear fashion, a different approach 

was used, termed ‘k-mer mapping’. This methodology allows the comparison of each protein 

at single-epitope resolution. One further benefit of this methodology is its utility in assessing 

homology in lesser related virus species. With similar endemicities for Flavivirus species, the 

Alphavirus species Chikungunya and Mayaro virus, can be added to the analysis, which would 

be prohibited using standard alignment techniques due to the significant differences in genome 

structure.  

 

For this process, a function that splits each Flavivirus protein in to overlapping 15-mer stretches 

of AA sequence, using a sliding window which covers the entire proteome was implemented. 

These sequences are pooled and mapped on a linear axis, which in this case was the ZIKV 

polyprotein. With a pool containing 34666 15-mers from common human Flavivirus and 

Alphavirus species, the identification of homologous sequence fragments that may result in 

cross reactive epitopes is made possible. The graphical representation of this analysis is shown 

(Figure 6). Here,  the three aforementioned ZIKV proteins are expressed on a linear axis, with 

the occurrence of non-ZIKV k-mers with identity shared at that position in the target ZIKV 

protein denoted by solid colour bars. 
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Firstly, this analysis supported the previous findings guiding the design of the first ZIKV 

antigen, Concat. The peptide positions highlighted (Figure 6; grey) indicate the regions used 

in the Concat construct. On visual inspection, the three components represent the largest 

contiguous regions of the ZIKV NS1 protein with no DENV identity indicated. Importantly 

however, the analysis did identify regions with greater sequence identity shared with YFV, 

WNV and JEV, which should be factored in when considering the use-case of potential 

candidates. Assessing the mapping of k-mers to the E protein, 75.0% of the residues exhibit 

identity shared with DENV, compared to 60.6 % in NS1. The increased identity exhibited 

across all four Flavivirus species with the NS3 and NS5 proteins further illustrates the 

conservation of these proteins. With no orthologous genes, the Alphavirus species exhibit an 

overall reduced amino acid sequence identity when compared with other Flavivirus 

Figure 6. The library of 34666 15-mer amino acid sequence fragments from the Flavivirus 
species DENV (1-4), YFV, WNV, JEV and the Alphavirus species CHIKV and MAYV, mapped 
to the canonical ZIKV amino acid sequences of E, NS1, NS3 and NS5 proteins. The mapping 
process was performed using blastp. The NS1 regions highlighted denote the three ‘Concat’ 
peptides discussed in the previous section. 
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arboviruses. The longest Alphavirus peptide with ZIKV identity was 10 residues long, which 

was mapped to the NS1 protein. 

 

The next analysis is similar to that shown in Figure 1. It assesses the amino acid conservation 

at each position in an alignment of 566 ZIKV sequences sampled between years 2014 and 

2019 (Figure 7). The least conserved protein was E (Average score = 10.59). NS3 and NS5 

were equally conserved (10.70) and NS1 was comparable to the E protein (10.60). The least 

conserved positions assessed in these four proteins were found in E, corresponding to a 

section within domain II (highlighted in red). This domain has a putative role in the early  

Figure 7. Alignment conservation score of the E, NS1, NS3 and NS5 proteins, based on a dataset of 566 
ZIKV full-proteome sequences, from the Asian strain of ZIKV. This metric is measured as a numerical 
value reflecting the conservation of physico-chemical properties in the alignment: Identities score highest, 
and the next most conserved group contain substitutions to amino acids lying in the same physico-chemical 
class. 
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infection process in numerous Flavivirus species, positions which are likely under selective 

immune pressure [23]. Polymorphism in diagnostic antigen proteins may result in variable 

sensitivity across regions with discrete virus genotypes. While the analysis cannot describe the 

extent to which amino acid variability will affect epitope conservation, the metrics shown here 

are incorporated into the final aggregate score, under a binary scoring scheme. Positions with 

< 10 conservation are penalised, which will affect the avoidance of such regions. 

 

The next analysis focused on B-cell epitopes that have been identified through in-vitro 

techniques. This dataset was sourced from the Immune Epitope Database (IEDB). The search 

was limited to Human linear B-cell epitopes only, which were identified in the literature using 

immunoassays or blots, crystallography, electron microscopy, flow cytometry, nuclear 

magnetic resonance, or surface plasmon resonance. All epitopes defined with ‘positive 

reactivity’ were mapped to the ZIKV polyprotein. The resulting analysis of 1232 epitopes, 

ranging from 11 to 30 residues in length, is illustrated in Figure 8, which shows the frequency 

of mapped IEDB linear peptides at a given residue position in the four example proteins. A 

high frequency at a given position indicates that, firstly, this section has been studied in in-

vitro epitope mapping analyses. It is important to note that in some cases, the IEDB frequency 

may only be a function of its interest in the literature. Secondly, with the epitopes having been 

filtered for positive reactivity, a high frequency indicates detectable immunogenicity in assays 

with human sera.  
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The mean frequency of the global (entire polyprotein) epitope mapping has been plotted 

(Figure 8 - red line = 5.3) on each protein. The mean frequency for each protein is also shown 

(Figure 8 – box). The protein with the greatest mean IEDB epitope mapping frequency was 

NS1 (7.3), which was to be expected, given its central role in immunoassay development, and 

its reported high-level immunogenicity. Interestingly, the second protein with the greatest mean 

frequency was the NS5 RNA polymerase. This protein has been shown to possess 

immunodominant B-cell epitopes, despite its intracellular locale, which emphasises the 

requirement to assess all proteins in these analyses, regardless of their assumed function in 

viral humoral responses [24]. Conversely, NS3 (serine protease) exhibited the lowest mean 

frequency of mapped IEDB epitopes (4.1). 

Figure 8. Mapping frequency of in-vitro IEDB epitopes to ZIKV proteins. 1232 epitopes were 
mapped across the ZIKV polyprotein. Red line – Mean IEDB mapping frequency across ZIKV 
polyprotein.  



 130 

 

In the final analysis, five epitope prediction tools are combined in a consensus approach to 

guide the selection of peptides for the final panel. BepiPred, Bcepreds DRREP, LBtope and 

ABCpred outputs were chosen for this analysis. Table 2 outlines details of the methodologies 

underpinning each predictive tool, all of which are trained on a range of datasets from public 

databases of known epitopes. 

 

 

These predictive tools, except for BepiPred produce a set of candidate peptides in the form of 

an amino acid sequence. BepiPred produces a linear scale of the epitope probability, on a per-

residue basis. For the latter, like the IEDB and k-mer mapping methodology, blastp was used 

to map the epitopes to the ‘continuous’ residue number, to enable the comparison of each 

predictive tool on a single axis. The consensus approach utilises ‘min-max’ scaling to balance 

epitope scores prior to aggregation. With this, an equal weighting was applied to the predictive 

output of each tool. The association between the tools was assessed across predictions covering 

the whole ZIKV polyprotein. Table 3 is a matrix containing the Phi coefficient of each 

predictive tool. Weak positive relationships were found between the predictions of DRREP and 

Bcepreds (φ=0.26), DRREP and BepiPred (φ=0.24), and Bcepreds and Bepipred (φ=0.20). 

ABCped appeared to carry no association with the predictions of the other tools (φ=-0.07 – 

0.03). Interestingly, neither of the tools using the same training datasets were found to be 

associated in their predictions. 

Name Published  Method Training 
BepiPred-2.0 2017 Ensemble learning IEDB Linear Epitope Dataset 
DRREP 2017 Deep neural network BC-Pred homology reduced 
lbtope 2013 Support vector machine IEDB Linear Epitope Dataset 
Bcepreds 2008 Subsequence kernel Bcipep database + non-epitopes 
ABCPred 2006 Recurrent neural network Bcipep database + non-epitopes 

Table 2. Epitope prediction servers, the date of publication, the primary machine-
learning methodology used, and the public dataset used to train it. 
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Figure 9 illustrates the output of each predictive tool mapped to the AA sequence of the ZIKV 

NS1 protein. Each coloured line represents each tool’s prediction on a 0 to 1 probability scale. 

The grey line is the aggregate of all tools, scaled between 0 to 5. In this analysis, numerous 

occasions are observed where three or more tools converge in their predictions, resulting in the 

peaks seen in the aggregate. There was positive correlation between the increased IEDB 

epitope mapping score and the aggregate epitope prediction scores, both with the individual 

NS1 protein (r = 0.32, p < 0.001) and the entire ZIKV polyprotein (r = 0.19, p < 0.001).  

 

 Tool BepiPred ABCpred Bcepreds DRREP 
ABCpred -0.01       
Bcepreds 0.20 0.02     
DRREP 0.24 -0.07 0.26   
Lbtope 0.13 -0.03 0.03 0.09 

Figure 9. Parallel comparison of epitope predictions across the five tools chosen, focusing on the 
NS1 protein only, with the aggregate prediction score superimposed (Right Y axis). All results 
from each tool were scaled between 1 and 0.  

Table 3. Phi coefficient matrix comparing the results of epitope prediction 
software, collated across the entire ZIKV polyprotein. The tools were run with 
default parameters. 
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To integrate these analyses into a final metric to inform the design of our candidate antigen 

panel, a ‘metascore’ was constructed. Customised weighting was added to each of the 

aggregate scores of the above analyses, tailored to an understanding of the significance of each 

metric. All the scores from these analyses, spanning the entire ZIKV polyprotein were scaled 

proportionately between 0 and 1. The specificity score from the DENV k-mer mapping, the 

aggregate epitope prediction score and the IEDB contributed to 84% of the final metascore, in 

equal parts. Positions with < 10 units of amino acid conservation were penalised with a 

reduction of 16% to the total score. The mean metascore for the entire polyprotein gene was 

used to set a threshold for peptide selection. The final filter was a length cut-off that resulted 

in only the selection of peptides > 15 AA long. Any region > 15 AA that was +1 standard 

deviation (SD) above the mean metascore was selected for an antigen panel. The metascore for 

the NS1 protein, and the final candidate peptides selected are shown (Figure 10). A summary 

of peptides selected based on the above analyses, spanning the entire ZIKV polyprotein, is 

shown in Table 4. Also added to this panel, were the results of a literature search, targets from 

both in-vitro and in-silico studies, which were tested in Chapter 6. 

 

 

 

 

 

Figure 10. The final metascore, consisting of the aggregated conservation, k-mer mapping, IEDB 
mepping and epitope prediction scores. The regions highlighted are candidate peptide, selected 
due to their >15 AA length and 1 SD increase over the mean polyprotein metascore. 
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Table 3. Candidate peptide list from the peptide epitope prediction pipeline, incorporated with those obtained five other publications (See table 
S1) 

 

Internal Code Publication  Pathogen Gene Sequence Notes 
PRED_ZIVK_1 NA ZIKV  prM MSYECPMLDEGVEPDDVDCW Epitope prediction workflow 
PRED_ZIVK_2 NA ZIKV  prM KKGEARRSRRAVTLPSHSTRKLQTRSQTWLESREYTKH Epitope prediction workflow 
PRED_ZIVK_3 NA ZIKV  E GSQHSGMIVNDTGHETDENRAKVEITPNSPRAEATLGG Epitope prediction workflow 
PRED_ZIVK_4 NA ZIKV  NS1 VFVYNDVEAWRDRYKYHP Epitope prediction workflow 
PRED_ZIVK_5 NA ZIKV  NS1 KNPMWRGPQRLPVPVNELPHG Epitope prediction workflow 
PRED_ZIVK_6 NA ZIKV  NS1 SYFVRAAKTNNSFVVDGDTLKECPLKHRAWN Epitope prediction workflow 
PRED_ZIVK_7 NA ZIKV  NS1 KGPWHSEELEIRFEECPGTKVHVE Epitope prediction workflow 
PRED_ZIVK_8 NA ZIKV  NS3 SYCGPWKLDAAWDGHS Epitope prediction workflow 
PRED_ZIVK_9 NA ZIKV  NS3 RNPNKPGDEYLYGGGCAET Epitope prediction workflow 
PRED_ZIVK_10 NA ZIKV  NS3 CFDGTTNNTIMEDSVPAEV Epitope prediction workflow 
ZIKV1 1 ZIKV prM HMCDATMSYECPMLDEG Epitope prediction workflow 
ZIKV2 1 ZIKV prM HKKGEARRSRRAVTLPSH  

 

ZIKV3 1 ZIKV E TVSNMAEVRSYCYEASIS 
 

ZIKV4 1 ZIKV E ISDMASDSRCPTQGEAYL 
 

ZIKV_ETP_1 1 ZIKV NS1 TGVFVYNDVEAWRDRYKY "Common early marker for ZIKV infections, especially in ZIKV-infected pregnant women" 
ZIKV5 1 ZIKV NS1 REGYRTQMKGPWHSEELE 

 

ZIKV7 2 ZIKV  NS2 DITWEKDAEVTGNSPRLDVA 
 

ZIKV8 3 ZIKV prM SFPTTLGMNKCYIQIMDL 
 

DENV1 3 DENV prM TSTWVTYGTCNQAG 
 

DENV2 3 DENV E YENLKYTVIITVHTGDQH 
 

ZIKV9 3 ZIKV E GALEAEMDGAKGRLSSGH 
 

ZIKV10 3 ZIKV E FKSLFGGMSWFSQILIGT 
 

DENV3 3 DENV NS1 RPGYHTQTAGPWHLGKLE 
 

DENV4 3 DENV DENV LDFNYCEGTTVVITENCG 
 

ZIKV11 4 ZIKV ZIKV SDLIIPKSLAGPLSHHNTREGYRTQMKGPWHSEEL High performing peptide from screening 
ZIKV12 4 ZIKV NS1 SDLIIPKSLAGPLSHHNTREGYRTQVKGPWHSEEL Same as above, but with a mutation only found in SEA/AFR 
ZIKV13 4 ZIKV NS2B VDMYIERAGDITWEKDAEVTGNSPRLDVALDESGDFSLVEDDGPPMREI 

 

ZIKV14 4 ZIKV NS2B VDMYIERAGDITWEKDAEVTGNSPRLDVALDESGDFSLVEEDGPPMREI Same as above, but with a mutation only found in SEA/AFR 
ZIKV15 4 ZIKV NS3 TRVEMGEAAAIFMTATPPGTRDAFPDSNSPIMDTEVEVPERAWSSGFDWVTDHSGKTVWFVPSVRNGNE 

 

ZIKV16 4 ZIKV NS4B VVTDIDTMTIDPQVEKKMGQVLLIAVAVSSAILSRTAWGWGEAG 
 

ZIKV17 4 ZIKV NS4B VVTDIDTMTIDPQVEKKMGQVLLIAVAISSAVLLRTAWGWGEAG Same as above, but with a mutation only found in SEA/AFR 
WNV1 4 WNV E (domain 3) GSQLKGTTYGVCSKAFKFLGTPADTGHGTVVLELQYTGTDGPCKVPISSVASLNDLTPVGRLVTVNPFVSVATANAKVLI 
WNV_2 4 WNV EDIII ELEPPFGDSYIVVGRGEQQINHHWHKSG 

 

ZIKV18 5 ZIKV (preM) AIAWLLGSSTSQKV Peptide array 
ZIKV19 5 ZIKV (E) DRGWGNGCGLFGKGS Peptide array 
ZIKV20 5 ZIKV (E) EALVEFKDAHAKRQT Peptide array 
ZIKV21 5 ZIKV (E) GGALNSLGKGIHQIF Peptide array 
ZIKV22 5 ZIKV (NS1) SKKETRCGTGVFVYN Peptide array 
ZIKV23 5 ZIKV (NS1) VNELPHGWKAWGKSH Peptide array 
ZIKV24 5 ZIKV (NS1) KECPLKHRAWNSFLV Peptide array 
ZIKV25 5 ZIKV (NS1) LECDPAVIGTAVKGK Peptide array 
ZIKV26 5 ZIKV (NS2) STSMAVLVAMILGGF Peptide array 
ZIKV27 5 ZIKV (NS3) VAAEMEEALRGLPVR Peptide array 
ZIKV28 5 ZIKV (NS3) YIMDEAHFTDPSSIA Peptide array 
ZIKV29 5 ZIKV (NS3) IAACLTKAGKRVIQL Peptide array 
ZIKV30 5 ZIKV (NS4) TFVELMKRGDLPVWL Peptide array 
ZIKV31 5 ZIKV (NS4) DGTTNNTIMEDSVPAEVWTRH Peptide array 
ZIKV32 5 ZIKV (NS4) LGASAWLMWLSEIEP Peptide array 
ZIKV33 5 ZIKV (NS4) SYNNYSLMAMATQAGVLFGMGKGMPFYAWDFGV Peptide array 
ZIKV34 5 ZIKV (NS4) VEKKMGQVLLIAVAI Peptide array 
ZIKV35 5 ZIKV (NS4) SSAVLLRTAWGWGEA Peptide array 
ZIKV36 5 ZIKV (NS5) SSPEVEEARTLRVLS Peptide array 
ZIKV37 5 ZIKV (NS5) DRFAHALRFLNDMGK Peptide array 
ZIKV38 5 ZIKV (NS5) HRRDLRLMANAICSSV Peptide array 
ZIKV39 5 ZIKV (NS5) CSSVPVDWVPTGRTTWSIHGKGEW Peptide array 
FLAVMIX1 5 ZIKV (E) GSVGGVFNSLGKGIH Reactive to all flavivirus 
FLAVMIX2 5 ZIKV (NS1) DGVEESDLIIPKSLA Reactive to all flavivirus 
FLAVMIX3 5 ZIKV (NS3) DGDIGAVALDYPAGT Reactive to all flavivirus 
FLAVMIX4 5 ZIKV (NS5) SLVNGVVRLLSKPWD Reactive to all flavivirus 
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5.3 Discussion 
 
In this chapter, a range of techniques that can be used to guide antigen design have been 

explored, with its primary application in increasing the likelihood of selecting both reactive 

and specific candidates. The first application, expressing the Concat peptide, yielded sub-

optimal results. It is apparent that the large protein fusion partner that was chosen, dwarfed the 

signal obtained from the Concat peptide. GST fusions have been used previously in 

immunoassays for malaria surveillance [25], however, in this application, I believe the 26 kDa 

GST fusion is too reactive, when considering the mass of Concat is less than half (11.5 kDa). 

A further limitation in this methodology lies in the concept of joining discrete peptides in a 

single contiguous chain, as Concat was. It is possible that the synthetic concatenation of these 

peptide may create new peptide sequences that mimic other linear epitopes, besides those 

present on the NS1 protein, which may increase unwanted background signal. It was observed 

that the peptide yielded a significantly weaker signal, when compared to other, larger antigens. 

While this may not necessarily be a major limitation, providing there is a differential between 

immune and non-immune signals detected, it would be prudent to explore ways to increase the 

overall signal of small peptide antigens.  

 

The summary analyses comprising the final metascore, may require tuning, given the 

complexities associated with integrating such datasets. For example, while the literature for 

each epitope prediction tool reports the performance of classification by means of area under 

curve (AUC) metric, the heterogeneous training and testing conditions associated with each 

tool make assessing their validity difficult, a problem discussed in the final chapter. It is for 

this reason a consensus approach may be effective. Depending on the importance of each 

characteristic to the main objectives of the antigen panel design, weightings can be adjusted 

accordingly.  
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Data pools were generated for all the arboviruses featured in Figure 6, including YFV, WNV, 

DENV, JEV, CHIKV and MAYV. To expand on our analysis here, I’d like to combine these 

datasets, cross-examining them and comparing the resulting metascores, to determine if there 

are features that are common between the species. Additionally, another analysis was omitted, 

which is featured in the SARS-CoV-2 example. This is based on secondary structural features 

inferred by predicative/analytical tools as well as data obtained from the UniProt website. An 

example plot of these data is illustrated in Figure S1. While it is generally understood that 

‘turns’ or disordered loops between helices or sheets are more likely to be a linear epitope, it 

was felt that more information was needed before including it in the final metascore 

calculations. 

 

The k-mer mapping analysis incorporated a function I called ‘tracing’. For each kmer in the 

pool, is was assigned a unique code, allowing the identification of the origin of the mapped k-

mer. I believe that with this information, there is are a wealth of analyses to be performed, not 

only in the context of Flavivirus species, but in our wider understanding of antibody cross 

reactivity, particularly background signal. Again, this is expanded on further in the final 

chapter. 
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5.5 Supplementary figures 
 
 
 
 
Figure S1. Structural metanalysis of ZIKV NS1 protein. The predictions were compiled 
using BepiPred software. The UniProt structural information was extracted from an XML 
formatted file downloaded from UniProt website on 08/02/2022. 
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ZIKV-Specific NS1 Epitopes as Serological Markers of Acute Zika Virus Infection 27 
Identification of diagnostic peptide regions that distinguish Zika virus from 
related mosquito-borne Flaviviruses 

28 

Diagnosis of Zika Virus Infection by Peptide Array and Enzyme-Linked 
Immunosorbent Assay 

29 

Differential human antibody repertoires following Zika infection and the 
implications for serodiagnostics and disease outcome 

30 

Diagnosing Zika virus infection against a background of other flaviviruses: Studies 
in high resolution serological analysis 

31 
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An integrated in silico immuno-genetic
analytical platform provides insights into
COVID-19 serological and vaccine targets
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Abstract

During COVID-19, diagnostic serological tools and vaccines have been developed. To inform control activities in a post-
vaccine surveillance setting, we have developed an online “immuno-analytics” resource that combines epitope,
sequence, protein and SARS-CoV-2 mutation analysis. SARS-CoV-2 spike and nucleocapsid proteins are both vaccine
and serological diagnostic targets. Using the tool, the nucleocapsid protein appears to be a sub-optimal target for use
in serological platforms. Spike D614G (and nsp12 L314P) mutations were most frequent (> 86%), whilst spike A222V/
L18F have recently increased. Also, Orf3a proteins may be a suitable target for serology. The tool can accessed from:
http://genomics.lshtm.ac.uk/immuno (online); https://github.com/dan-ward-bio/COVID-immunoanalytics (source code).

Keywords: SARS-CoV-2, COVID, Human-coronavirus, Immuno-informatics, Mutation, Epitopes, Cross-reactivity,
Surveillance

Background
COVID-19, the disease caused by the SARS-CoV-2 virus,
was first characterised in the city of Wuhan, Hubei, and
has now spread to 190 countries. With over 60 million
confirmed cases worldwide and more than 1.26 million
deaths, the COVID-19 pandemic has placed a high bur-
den on the world’s healthcare infrastructure and econ-
omies, with projected final costs of 28 trillion or 31% of
the global gross domestic product [1, 2]. The majority of
infections are either asymptomatic or result in mild flu-
like symptoms, with severe cases of viral pneumonia af-
fecting between 1.0% (≥ 20 years) and 18.4% (≥ 80 years)
of diagnosed patients [3]. Its variable infection outcome,
mode of transmission and incubation period together
have enhanced the ability of the pathogen to spread effi-
ciently worldwide. As a result, there has been an urgent

push for the development of diagnostics, therapeutics
and vaccines to aid control efforts.
Current front-line diagnostic strategies apply a quanti-

tative reverse transcription PCR (RT-qPCR) assay on pa-
tient nasopharyngeal swabs, using primer/probe sets
targeting the nsp10, RdRp, nsp14, envelope and nucleo-
capsid genes; tests endorsed by a number of agencies
and health systems [4, 5]. Patients hospitalised with se-
vere respiratory disease who are RT-qPCR negative may
be diagnosed radiographically (chest x-ray or compu-
terised tomography scan), but in limited resource or
high infection rate settings, these methods maybe un-
viable. Considering the inherent limitations in the sam-
ple collection process and transient viral load, RNA
detection-based diagnostics can vary in their sensitivity.
The demand for serological diagnostics is high, particu-
larly because these tests are capable of detecting SARS-
CoV-2 antibodies, which are biomarkers indicative of
current infection that remains present after viral clear-
ance [6]. These tools are essential to address crucial
sero-epidemiological questions, like understanding viral
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prevalence across a population, the percentage of asymp-
tomatic patients and longevity of antibody responses
post infection.
Numerous lateral flow rapid diagnostic tests (RDTs)

and enzyme-linked immunosorbent assays (ELISA) tests
have been developed, including an approved IgM/IgG
RDT which uses the nucleocapsid protein as a target for
the detection of seroconverted individuals [7]. Other as-
says use the spike protein as an antigen, with some using
the receptor-binding domain (RBD) as a target, a region
with a high level of diversity between alphacoronavirus
species [8]. Unlike RNA detection methods, these plat-
forms can identify convalescent patients, which further
informs outbreak control efforts.
Long-term control strategies will involve vaccine roll-

out. As of November 2020, there were more than 50
vaccines at development phase 1 or greater, with at least
10 vaccines in phase 3 [9, 10]. Vaccines at the forefront
include those based on a non-replicating adenovirus vec-
tor base (ChAdOx-nCoV-19 and Ad5-nCov), an LNP-
encapsulated mRNA (BNT162 and mRNA-1273), pro-
tein subunit (NVX-CoV2373) or inactivated virus
(BBIBP-CorV and CoronaVac) [11]. The discovery, de-
velopment and management of efficacious vaccines, as
well as sensitive and specific serological diagnostics, are
both dependant on the availability of up-to-date infor-
mation on viral evolution and immune-informatic ana-
lyses. The identification of variable or conserved regions
in the proteome of SARS-CoV-2 can inform the rational
selection of reverse-design targets in both vaccinology
and diagnostic fields, as well as indicate immunologically
relevant regions of interest for further studies to charac-
terise SARS-CoV-2 immune responses. Whilst the avail-
ability of biological data for SARS-CoV-2 in the public
domain has increased, insights are most likely to come
from its integration informatically in an open and ac-
cessible format.

Construction and content
Rationale
Here, we present an online integrated immuno-analytic
resource for the visualisation and extraction of SARS-
CoV-2 meta-analysis data [12]. This website was built
around an automated pipeline for the formation of a
whole genome sequence based variant database for
SARS-CoV-2 isolates worldwide (as of November 2020,
n = 150,090). We have integrated this dataset with a suite
of B cell epitope prediction platform meta analyses,
HLA-I and HLA-II peptide prediction, an ‘epitope map-
ping’ analysis of available experimental in vitro con-
firmed epitope data from the Immune Epitope Database
(IEDB) [13] and a protein orthologue sequence analysis
of six relevant coronavirus species (SARS, MERS, OC43,
HKU1, NL63 and 229E), with all data updated and

annotated regularly with information from the UniProt
database. Additional functionality enables users to visu-
alise external analytical datasets presented in the litera-
ture (e.g. [14]). Moreover, we have added functionally to
spatio-temporally track non-synonymous mutations of
interest through the dataset, allowing up-to-date surveil-
lance of mutations that may be of immunological rele-
vance. With this resource, users can browse the
annotated SARS-CoV-2 proteome and extract meta data
to inform further research and analyses.

Whole genome sequence data analysis
SARS-CoV-2 nucleotide sequences were downloaded
from NCBI (https://www.ncbi.nlm.nih.gov) and GISAID
(https://www.gisaid.org). As part of an automated in-
house pipeline, sequences were aligned using MAFFT
software (v7.2) [15] and trimmed to the beginning of the
first reading frame (orf1ab-nsp1). Sequences with > 20%
missing were excluded from the dataset. Using data
available from the NCBI COVID-19 resource, a modified
annotation (GFF) file was generated and open reading
frames (ORFs) for each respective viral protein were ex-
tracted (taking in to account ribosomal slippage) using
the bedtools ‘getfasta’ function [16]. Each ORF was
translated using EMBOSS transeq software [17], and the
variants for each protein sequence were identified using
an in-house script [18]. As a part of our analysis pipe-
line, we generated consensus sequences for each SARS-
CoV-2 protein from the nucleotide database using the
EMBOSS Cons CLI tool [17]. These canonical sequences
were used as a reference for prediction, specificity and
epitope mapping analyses.

B cell epitope prediction meta-analysis
Six epitope prediction software platforms were chosen
for this analysis (Bepipred [19], AAPpred [20] DRREP
[21], ABCpred [22], LBtope [23] and BCEpreds [24]).
For each tool, we used the settings and quality cut-offs
as recommended by their respective authors. The scores
across the predictive platforms were then normalised
(minimum-maximum scaled) to ensure that no single
tool skewed the aggregate ‘consensus’ score, and com-
bined to provide a single consensus B cell epitope pre-
diction score. Within the ‘raw data table’ (accessed from
the tool’s landing page), users can dissect each score de-
pending on their preference of methodology.

HLA-I and HLA-II peptide prediction
We have incorporated an HLA-I peptide prediction ana-
lysis within the tool to aid in the scrutiny and develop-
ment of vaccine candidates. CD8+ effector immunity has
been reported to play a central role in the response to
SARS-CoV infection, as well as infection mediated im-
munopathology [25–27]. We used a database of 2915
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HLA-A, HLA-B and HLA-C alleles to make HLA-I pep-
tide binding predictions using the netMHCpan server
(v4.1) [28], with peptide lengths of 8 to 14 amino acids
across the entire SARS-CoV-2 proteome. We chose to
use the netMHCpan server for our HLA-I peptide pre-
diction analysis, due to its high overall performance and
its extensive HLA-I allele database [28]. We ran predic-
tions for a total of 2915 alleles (HLA-A 886, HLA-B
1412 and HLA-C 617) across all peptide lengths (8–14
amino acids). The analysis generated 1.1 billion candi-
dates. After quality control, we selected a total of 736,
073 peptides based on strong binding affinity across the
allele database. We selected strong binding affinity pep-
tides based on the tools internal binding scoring metrics.
Only ‘strong binding’ alleles were selected for further
analysis. For each position with a ligand with high bind-
ing affinity, we analysed the percentage representation of
the respective HLA-I type across the allele database. For
predicting HLA-II peptides we used the MARIA online
tool [29]. We pre-processed the SARS-CoV-2 canonical
protein sequences using a 15 amino acid sliding window.
Predictions were made for all available HLA-II alleles. A
95% cut off was chosen for a positive HLA-II presenta-
tion. All data for each 15-mer is displayed on the tool.

Epitope mapping
B cell epitopes for coronavirus species were sourced
from the Immune Epitope Database (IEDB) resource
(https://www.iedb.org, updated: October 2020) [13].
Using BLASTp [30], we mapped short amino acid epi-
tope sequences onto the canonical sequence of SARS-
CoV-2 proteins. A BLASTp bitscore of 25 with a mini-
mum length of 8 residues was selected as a quality cut-
off for mapped epitopes. The frequency of mapped epi-
topes was logged for each position in the protein and
parsed for graphical representation.

Coronavirus homology analysis
Reference proteomes for SARS, MERS, OC43, 229E,
HKU1 and NL63 α and β coronavirus (-CoV) species
were sourced from UniProt database. These sequences
were processed into 10-mers using the pyfasta platform
and mapped on to the canonical sequences of SARS-
CoV-2 proteins using the aforementioned ‘epitope map-
ping’ process. The k-mer mapping technique applied a
matching threshold of at least 10 residues in orthologous
viral proteins, which is of sufficient length to cover
HLA-bound peptides and/or whole or part of a B cell
epitope, something that is challenging using only pair-
wise multiple sequence alignments. Homologous peptide
sequences with a BLAST bitscore indicating 10 or more
residues mapped to the target sequence were recorded
and parsed for display on the graph.

Online SARS-CoV-2 “Immuno-analytics” resource and
analysis software
We developed an online immuno-analytics resource with
an interactive plot that integrates up-to-date SARS-CoV-2
genetic variation analysis, T and B cell epitope prediction
and mapping, human coronavirus homology mapping, lit-
erature meta-analysis and an accessible database for
extracting data for further study. This tool is available on-
line from http://genomics.lshtm.ac.uk/immuno. The
source code for the website and up-to-date raw data files
are available at https://github.com/dan-ward-bio/COVID-
immunoanalytics [18] (see Additional file 1: Fig. S1 for
screenshots). The BioCircos.js library [12] was used to
generate the interactive plot and Datatables.net libraries
for the table. The underlying web-tool software and in-
house pipelines for data analysis are available at https://
github.com/dan-ward-bio/COVID-immunoanalytics [18].
Metadata consisting of collection date and source

(geographical) location for each GISAID sequence are
analysed. Temporal and geographic data on individual
mutations can be found on the ‘Mutation Tracker’ page,
accessed via the tool’s home page. For the spatio-
temporal mutation plots, we partitioned the whole gen-
ome sequencing dataset by week and continent and plot-
ted non-synonymous allele frequencies using Google
Charts JavaScript libraries. To improve sustainability of
the tool, all functions and data of the website are gener-
ated and updated using automated data scripts devel-
oped in-house.

Utility and discussion
To demonstrate the functionality of the immuno-
analytics tool, we present an analysis of the SARS-CoV-2
spike, nucleocapsid and orf3a proteins, which are vac-
cine and serological targets. Analysis of 150,090 SARS-
CoV-2 sequences identified 911,324 non-synonymous
mutations across 16,951 sites in protein-coding regions;
0.71% of these mutations are singleton events and 0.03%
(46) of these mutations have a frequency above 1%, oc-
curring in > 1500 samples. The most frequent mutations
were the spike protein D614G (87.3%) and nsp12 L314P
(87.5%), which were common across all the geographical
regions (all > 86%) (Table 1), in keeping with their deep
ancestral nature in the SARS-CoV-2 phylogenetic tree
[24]. In particular, nsp12 L314P has been used to geno-
type the putative S and L strains of SARS-CoV-2, which
have now been clustered into further groups [31]. Spike
D614G lies 73 residues downstream from the spike
RBD, a region of interest as it is a primary target of pro-
tective humoral responses and bears immunodominant
epitopes that play a possible role in antibody dependant
enhancement [32–35]. We have observed a strong cor-
relation between the spatiotemporal accumulation of
both spike D614G and nsp12 L314P (Fig. 1, Table 1),
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due to either a common origin and subsequently linked
accumulation by a founder effect or a more complex
biological interaction, including positive selection driven
in part by increased transmissibility, as suggested by a
recent study [36]. Specifically, the spike D614G and
nsp12 N314L both appear to have a near-identical fre-
quency with a consistent increase across all geographic
regions (negating weeks with poor data collection). In
contrast, the frequency of orf3a Q57H appears to fluctu-
ate, increasing and decreasing significantly from the time
it was first observed in February 2020 (week 8) to No-
vember 2020, week 43) (Fig. 1; Table 1). Using the
immuno-analytical tool, spike A222V, S477N and L18F
variants were observed to have increased significantly in
frequency between May and November 2020 (weeks 23–
40). Spike mutations A222V and L18F appear to have
become entrenched in Europe reaching a total frequency
of 70.6% and 31.6%, respectively (Additional file 1: Table
S1, Additional file 1: Fig. S2). Moreover, A222V appears
to be increasing in Asia and Oceania from week 41, and

S477N has increased to > 95% frequency across Oceania
(N = 8321) with a peak of 9.3% in Europe (Additional file
1: Table S1, Additional file 1: Fig. S2), consistent with a
recent report [37].
The proximity of the D614G mutation to one of the

functional domains of the spike protein has raised con-
cerns, but whether it confers any gain in pathogenicity,
transmissibility or immune evasion is still unclear [32].
Other high frequency mutations occur on the nucleo-
capsid gene (R203K, 38.8.0%; G204R 38.4%; across all
geographical regions > 31%; Table 1), which has been
the target antigen for several serological RDTs currently
in use or in production. Both of these mutations share a
near-identical spatio-temporal profile. We have identi-
fied 363 non-synonymous variant sites across the nu-
cleocapsid gene with mutations occurring 173,955 times
in this dataset. Using the SARS-CoV-2 immuno-
analytics platform, we further queried these polymorphic
regions for immunological relevance. The 20 residues
surrounding the spike mutation D614G (S604-624)

Table 1 Most frequent non-synonymous mutations found in the 150,090 global SARS-CoV-2 whole genome sequences
Protein* Pos. Ref.

Allele
Alt.
Allele

Alt. Allele
Freq.

Dominant Alt. Allele
Freq. (150090)

Europe
(88266)

Asia
(7818)

NAm
(38203)

SAm
(1702)

AFR
(1211)

OCE
(12837)

UK
(68017)**

S 614 D V:G:S:N 1:131490:2:
10

0.877 0.975 0.940 0.866 0.890 0.866 0.868 0.883

nsp12 314 N H:F:L:S 2:114:
131053:1

0.876 0.973 0.938 0.863 0.887 0.876 0.865 0.881

N 203 R G:K:M:I:
S

9:57773:73:
1:37

0.388 0.426 0.394 0.374 0.316 0.393 0.440 0.380

N 204 G R:V:L:Q:
T

57,327:5:
319:4:1

0.385 0.424 0.393 0.373 0.312 0.392 0.439 0.379

orf3a 57 Q K:Y:R:H:
L

1:6:6:
35047:2

0.234 0.267 0.227 0.236 0.210 0.193 0.199 0.248

nsp2 85 T V:I 1:25913 0.173 0.195 0.156 0.180 0.160 0.090 0.153 0.180

nsp6 37 L F 11,992 0.080 0.087 0.112 0.079 0.061 0.082 0.073 0.079

nsp2 120 I V:F:M 7:11996:1 0.080 0.094 0.061 0.082 0.059 0.054 0.059 0.083

S 222 A T:V:P:I:
S:F

4:11819:2:
1:12:1

0.079 0.099 0.148 0.057 0.177 0.135 0.026 0.085

orf10 30 V A:I:L 2:2:11619 0.078 0.097 0.146 0.056 0.176 0.132 0.025 0.084

N 220 A V:T 11,555:5 0.077 0.097 0.146 0.056 0.176 0.131 0.025 0.083

S 477 S T:R:G:I:
N:K

1:19:2:59:
9811:1

0.067 0.077 0.044 0.070 0.048 0.045 0.043 0.068

N 194 S A:L:P:T 30:6441:2:1 0.043 0.052 0.043 0.035 0.031 0.053 0.038 0.049

orf8 84 L F:C:S:V 1:1:6338:1 0.042 0.046 0.053 0.043 0.049 0.040 0.048 0.042

orf8 24 S L 6151 0.041 0.053 0.033 0.036 0.034 0.009 0.022 0.048

S 18 L F:I 5888:1 0.040 0.048 0.071 0.030 0.106 0.059 0.017 0.041

nsp5 15 G S:D 5433:5 0.036 0.039 0.035 0.036 0.022 0.038 0.044 0.036

orf3a 251 G V:S:D:C 5252:31:4:6 0.035 0.035 0.063 0.037 0.031 0.040 0.034 0.030

nsp13 541 Y C 2606 0.017 0.019 0.032 0.017 0.018 0.021 0.019 0.017

nsp13 504 P L:H:S 2535:1:111 0.017 0.020 0.032 0.017 0.018 0.022 0.021 0.017

Pos. position, Freq. frequency, NAm North America, SAm South America, AFR Africa, OCE Oceania, REF reference, ALT alternative, *S spike, M membrane, N
nucleocapsid, ** included in Europe
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(Fig. 2) have a high epitope prediction meta-score (34%
increase on the global median) with 204 IEDB epitope
positions mapping to the surrounding residues, suggest-
ing that this region is of high interest and may elicit a
strong immune response. On top of the high level of
SARS-CoV sequence homology reported, we have identi-
fied multiple clusters in the S2 domain of the spike

protein, with homology to MERS, OC43, 229E, HKU1
and NL63 human coronaviruses, which may elicit a
cross-reactive immune response in immune sera. Hu-
man coronavirus sequence homology is greatly reduced
in the S1 domain, with only two small 10-residue
pockets of OC43 and HKU1 identity (see Fig. 2). We ob-
served a 17% increase over the median epitope meta-

a

b

c

d

Fig. 1 a–c High frequency non-synonymous spike D614G, NSP12 N314L and orf3A Q57H mutations found in SARS-CoV-2 plotted weekly by continent. This
functionality is available on the website. Users can select any mutation from the main plot and visualise it temporally and geographically. UK sequences are not
included in Europe due to high frequency. d A stacked bar chart representing total sequences published by each continent by week. This chart is included to
assist users understand how allele frequencies may be affected by poor sampling. (see http://genomics.lshtm.ac.uk/immuno/mutation_tracker)

Ward et al. Genome Medicine            (2021) 13:4 Page 5 of 12



 146 

 

score within the receptor-binding motif (AA437-508), a
region implicated in the direct ACE2 (angiotensin-con-
verting enzyme 2) interaction. HLA-II peptide binding
prediction (see Fig. 3) yielded several epitopes within the
receptor-binding domain with high HLA-II ligand affin-
ity, as well as strong B cell epitope prediction scores
(28% above the global median). Metadata obtained from
the UniProt database reveals 3 clusters of glycosylated

residues across the spike protein, a characteristic
highlighted by this tool that should be considered
when choosing expression systems for producing pro-
tein/peptides based on these regions.
For two high-frequency non-synonymous nucleocapsid

protein mutations (R203K and G204R; co-fixed), all but
three of the 30 (N173-234) flanking residues have non-
synonymous variants, with 5 sites reporting an

Fig. 2 Linearised extracts from the SARS-CoV-2 immuno-analytics resource database; spike, nucleocapsid and orf3a proteins. Non-synonymous
mutations, B cell epitope prediction meta-score, IEDB epitope mapping and sequence identity analyses were plotted (see key). Left axis denotes
the scale for epitope prediction and IEDB mapping. Right axis denotes the relative allele frequency found in the genome dataset; AA, amino acid
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Fig. 3 Mapping of HLA-I A and B epitopes to the spike, nucleocapsid and orf3a protein sequences. Epitopes were inferred using NetMHCpan 4.1.
Only strong binding epitopes were selected for analysis, based on the tool’s internal classification system. A representative set of HLA-I alleles
were used as described in Grifoni et al. [14]. Binding affinity is based on predicted IC50 values (nM) (a lower concentration equates to a stronger
affinity). Shaded region (denoted by A) indicates the spike receptor-binding domain (RBD)
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alternative allele frequency greater than 1% (A220V,
S194L, S197L, M234I and P199L:S). The average epitope
meta-score for these variant sites is 30% above the global
median prediction score, with the two aforementioned
high frequency mutant residues scoring 35% above the
global median epitope predictive score. The sequence
homology analysis of the nucleocapsid protein revealed a
high level of shared identity between SARS-CoV (90%)
and MERS-CoV (45%) on a per-residue basis. The nu-
cleocapsid protein analysis revealed two clusters of
shared human coronavirus orthologue identity (Fig. 2),
one of which was found to cross the aforementioned
N173-234 region with identity to HKU1, NL63, MERS
and SARS detected. Moreover, these clusters were found
to have an increased IEDB epitope mapping frequency,
high polymorphism frequency and B cell epitope meta-
scores (23% above the global median), indicative of po-
tential B cell immunogenicity. We focused on two nu-
cleocapsid protein specific regions of interest (amino
acids 102 to 137 and 167 to 206; Fig. 2). Within the first
35-residue region (amino acids 102 to 137), we have de-
tected NL63, SARS, OC43, 229E, MERS and HKU1 hu-
man coronavirus homology. Further, we observed an
increase in mapped IEDB epitopes, including mapped
linear peptidic B and T cell epitopes from avian gamma-
coronavirus, murine betacoronavirus, feline and canine
alphacoronavirus-1 providing in vitro confirmation that
peptides within this region may indeed serve as im-
munogenic cross-reactive epitopes. The second region
(amino acids 167 to 206) contains the R203K and
G204R mutations along with a cluster of high frequency
variants. We detected homology with HKU1, NL63 and
MERS human coronavirus species along with a high fre-
quency of SARS and murine coronavirus mapped IEDB
epitopes, with a 34% increase on the median B-cell epi-
tope prediction meta-score.
Previous studies of adaptive cellular effector immune

responses to SARS-CoV infection have emphasised the
importance of spike peptide presentation in the progres-
sion and severity of disease; regions of particular interest
include the following: S436–443, S525–532, S366–374,
S978,and S1202 [25, 26, 38]. We analysed these regions
for their performance as HLA-I ligands in silico and
found that all of the regions of interest had a high bind-
ing affinity scores associated with that position. More-
over, these peptides were widely represented in the
predictions made across the 2915 HLA-A, -B and -C al-
leles used in this analysis. Taking into account all avail-
able HLA-A, B and C alleles, we found the spike
peptides had an average allele coverage of 21%, 18% and
34% respectively. We performed an analysis to include
12 alleles with the highest frequency observed across the
human population, as reported recently [14]. We found
that peptides in the S366-374 and S1202 regions had

high representation across the subset of 12 high fre-
quency HLA-I alleles (Fig. 3). These findings imply that
the peptides as HLA-I ligands may have a putative role
in initiating a protective cellular response in SARS-CoV-
2 infections across a significant proportion of the HLA-I
population worldwide. We have identified another re-
gion of interest that scores highly in the HLA-I peptide
binding analysis. The S690-700 region has a high fre-
quency of peptides with a high binding affinity with
significant representation across all HLA-I alleles (HLA-
A 40%, -B 23%, -C 60%). Furthermore, we have observed
no mutations present in this region based on our SARS-
CoV-2 variant analysis, implying this peptide appears to
remain conserved making it a prime candidate for fur-
ther study. The spike D614G mutation does not appear
to have significantly elevated HLA-I epitope prediction
scores (Fig. 3), a finding supported by recent work [39].
The biological importance of spike D614G, particularly
its immunological relevance and impact on transmission
and disease, are still unclear [40, 41].
Protein 3a (orf3a) has been reported to play a role in

host immune modulation by decreasing interferon
alpha-receptor expression in SARS-CoV-infected cells
and activating the NLRP3 inflammasome [42, 43], a re-
sponse that may boost inflammation mediated COVID-
19 pathology. Orf3a has been a target for SARS-CoV
vaccinology studies, with reports of it eliciting potentially
protective responses in both protein and DNA forms
[27, 44]. These immunogenic properties appear con-
served in the SARS-CoV-2 orthologue, with consistently
strong antibody responses reported in COVID-19 pa-
tients [45]. Looking across the SARS-CoV-2 proteome,
of the 50 residues with the highest B cell epitope predic-
tion meta-score, orf3a occupies 16%, despite only consti-
tuting 2.5% of the total SARS-CoV-2 protein sequence.
Moreover, there are numerous high affinity HLA-II epi-
topes, which may serve to elicit strong antibody re-
sponses. Although protein orf3a shares a high level of
identity with its SARS-CoV orthologue, we detected no
amino acid sequence homology with OC43, NL63,
HKU1 and 229E human coronavirus species or any non-
SARS-CoV IEDB epitopes.
Our analysis of the 150,090 SAR-CoV-2 whole genome

sequences detected 267 variant sites within orf3a, with
non-synonymous mutations occurring 68,473 times. A
minority of these variant sites are singletons (8.2%) and
five (1.8%) have a frequency higher than 1% (> 1500 iso-
lates), with a non-synonymous mutation density 40%
lower than that of the nucleocapsid. The variant sites
identified in the orf3a gene have a mean epitope predict-
ive meta-score of 2.3, which is equal to the median glo-
bal score, indicating that these sites may not form a part
of a B cell epitope. Comparing the predictive meta-
scores of the nucleocapsid protein variant sites, we
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observed an increase of 26% over the global median, in-
dicating that nucleocapsid protein non-synonymous mu-
tations may impact epitope variability more than those
found in orf3a. CD8+ effector responses to protein 3a
have been characterised in SARS-CoV patients and ap-
pear to play a significant role in immunity [26, 46, 47].
Notably, alongside two within the spike protein, a pep-
tide in orf3a (orf3a 36-50) has been found to form a part
of the public (conserved) T cell epitope repertoire across
SARS-CoV patients [47]. This region scores highly in
the HLA-II predictions with numerous HLA-A and
HLA-B high affinity peptides covered (HLA-A 19%, -B
41%, -C 48%) and is relatively conserved with few low
frequency non-synonymous mutations (maximum mu-
tant allele frequency of 0.00219 (65 times)). We have
identified one further region in orf3a (101-121) that
scores highly with HLA-I epitope prediction across fre-
quent HLA-I alleles (Fig. 3) and therefore may be of
interest to those studying HLA-I ligands. For HLA-I pre-
diction, we observed that orf3a performs significantly
better than the nucleocapsid. Despite the nucleocapsid
protein sequence being 52% larger than that of orf3a,
there are 34% more high affinity HLA-I epitopes across
our subset of 12 frequent HLA-I alleles (Fig. 3), which
may indicate that orf3a has a more immunodominant
role in cellular responses following intracellular process-
ing when compared to the nucleocapsid protein.
Overall, we have developed an immuno-analytical tool

that combines in silico prediction data with in vitro epi-
tope mapping, SARS-CoV-2 genome variation and a k-
mer-based human coronavirus sequence homology with
curated functional annotation data. Furthermore, we
have added functionality enabling users to track muta-
tions geographically across time. An additional frame-
work exists to annotate positions with relevant findings
from the literature to further guide users’ research. The
integration and co-visualisation of these data support
the rational selection of diagnostics, vaccine targets with
reverse immunology, and highlight regions for further
immunological studies. We demonstrate the utility of
the tool through the analysis of three proteins and their
mutant positions, which are of relevance to current
SARS-CoV-2 research.
Understanding the magnitude of transmission and pat-

terns of infection will lead to insights for post-isolation
strategies. The rapid emergence of the SARS-CoV-2
virus called for an expediated process to deploy sero-
logical RDTs for the detection of SARS-CoV-2 IgG/IgM
antibody responses. There were reports early in the out-
break of lateral flow SARS-CoV-2 Ig RDTs not reaching
sufficiently high levels of sensitivity and specificity [43].
While many assays use the spike protein as its sole anti-
gen for antibody detection, others employ a combination
of the spike and nucleocapsid proteins; other assays have

been based solely on the nucleocapsid protein [7]. Our
analyses suggest that, in its native form, the nucleocapsid
protein may prove a sub-optimal target for use in sero-
logical diagnostic platforms. It possesses the greatest
number of residues across all SARS-CoV-2 genes with
high-frequency non-synonymous mutations, the majority
of which have a high predictive epitope and IEDB epi-
tope mapping scores when compared to variant posi-
tions of other genes. This implies that there may be an
inherent variability in dominant antibody responses to
different nucleocapsid protein isoforms, which may work
to confound testing. We have located three regions of
homology with other highly prevalent human corona-
virus species, which could serve as non-specific SARS-
CoV-2 epitopes if used in serological assays. Moreover,
we have emphasised the high level of SARS-CoV identity
across the SARS-CoV-2 proteome (except in orf8 and
orf10), which may have implications for diagnostic de-
ployment in countries that have had outbreaks involving
SARS-CoV.
The spike protein has remained a focus of both vac-

cine and diagnostic research. Its functional role in viral
entry imparts this antigen with immunodominant and
neutralising antibody responses [29, 44]. This role is re-
inforced in our analyses, with several clusters of high
epitope meta-scores in functional regions and high IEDB
epitope mapping counts. The S1 domain has been the
focus of a number of studies looking for specific anti-
gens, not least because of its apparent lack of sequence
homology with other human coronavirus species when
compared to regions in the S2 domain, as well as its
strong functional and immunogenic role in SARS-CoV-2
infection [7, 40, 44, 45]. However, as vaccination pro-
grammes begin, most of which will target the spike pro-
tein, it will become challenging to differentiate
vaccination responses from those elicited by SARS-CoV-
2 infection. Therefore, alternative viable targets for sero-
logical screening may be needed.
The broad nature of the analyses performed by our

tool may assist in the understanding of vaccine targets,
during both design and testing phases. The prediction of
HLA-I ligands is relevant not only to the study of struc-
tural viral targets, but the full range of potentially im-
munologically relevant endogenous proteins that may be
presented following intracellular processing, some of
which may have less coverage in the literature. Our
broad approach to HLA-I ligand prediction ensures that
researchers can assess the applicability of in silico in-
formed vaccine targets across different populations. Fur-
ther, ensuring that targets are both specific and devoid
of polymorphism is essential to ensuring the longevity of
vaccine responses and diagnostic capabilities, the ana-
lysis of which is achieved easily with our tool. The
humoral and cellular immune responses as well as the
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affects of human coronavirus protein homology to
SARS-CoV-2 proteins have yet to be fully characterised.
With the significant levels of amino-acid sequence iden-
tity between SARS-CoV-2 and other human coronavirus
species detected in our analysis, researchers should be
wary of the potentially deleterious effects of both non-
specific humoral and cellular responses in enhancing in-
fection; a phenomenon observed in a number of other
viral pathology models. While the tracing and monitor-
ing of non-synonymous mutations and their spatio-
temporal analysis provides an initial indication of their
importance, potentially the impact of evolutionary pres-
sures on loci of interest, further analyses on signals of
selection may provide additional insights. Computer in-
tensive genome-wide analyses of positive selection are
becoming available (e g. http://covid19.datamonkey.org/)
and may be used to complement insights from our
immuno-analytical tool.
In summary, using the SARS-CoV-2 immuno-analytics

platform, we were able to identify shortcomings in
current targets for diagnostics and suggest orf3a as an-
other target for further study. This protein has proven
in vitro immunogenicity in COVID-19 patients, and
promising functional aspects were supported by our in-
tegrated data analysis using the tool. The database
underpinning the online tool is updated automatically
using data parsing scripts that require minimal human
curation. The monitoring of the temporal changes in the
frequencies of mutations or their presence in multiple
clades in a SARS-CoV-2 phylogenetic tree could provide
insights for infection control, including post-vaccine
introduction. Importantly, our open-access platform and
tool enables the acquisition of all of the aforementioned
data associated with the SARS-CoV-2 proteome, assist-
ing further important research on COVID-19 control
tools.

Conclusions
The SARS-CoV-2 immuno-analytics platform enables the
visualisation of multidimensional data to inform target se-
lection in vaccine, diagnostic and immunological research.
By integrating genomic and whole-proteome analyses with
in silico epitope predictions, we have highlighted import-
ant advantages and shortcomings of two proteins at the
foci of COVID-19 research (spike and nucleocapsid),
while suggesting another candidate for further study
(orf3a). Both spike and nucleocapsid proteins have regions
of high identity shared with other endemic human cor-
onavirus species. Moreover, several high frequency muta-
tions found in our dataset lie within putative T and B cell
epitopes, something that should be taken into consider-
ation when designing vaccines and diagnostics. Further,
our work is likely to become more important as the roll-
out of vaccines will introduce new selection pressures that

will need to be monitored for escape variations. The
immuno-analytics tool can be accessed online (http://
genomics.lshtm.ac.uk/immuno), and the source code is
available on GitHub (https://github.com/dan-ward-bio/
COVID-immunoanalytics) [18].
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Chapter Six 
 
 

Multi’Mer: A streamlined pipeline for 
constructing and expressing short, 

specific tandem repeat peptide antigens 
for use in diagnostic immunosorbent 

assays. 
 

 

Assembling repeated DNA elements using PCR. 2% agarose DNA gel 
electrophoresis of the first successful MultiMer PCR reaction.ç 



 

 

 

MultiMer: A streamlined pipeline for constructing and expressing short, specific 

tandem repeat peptide antigens for use in diagnostic immunosorbent assays. 

 

In this final Chapter, I describe my work on developing a novel methodology to translate in-

silico antigen design workflows into high-yield recombinant peptides, for application in 

immunoassays for disease surveillance. I present a short preliminary analysis of the technique’s 

utility in ZIKV antibody response technology, and outline further experiments required to 

progress the methodology and work. 

 

6.1 Introduction 

Effective antibody detection assays require antigen targets that present a restricted epitope 

landscape, within which a meaningful and specific cognate antibody-antigen interaction can be 

measured. However, distinct pathogens can present orthologous and/or conserved protein 

antigens to the immune system throughout the course of infection, resulting in a non-pathogen-

specific or cross-reactive signal that confound serologic assays. 

 

The challenge of identifying unique antigen targets present within a given pathogen’s proteome 

has been approached in numerous innovative ways, some of which have been covered in the 

previous chapters. Methodologies of testing candidate peptides inferred through in-silico or in-

vitro screening have been applied in the field of Flavivirology among others, and usually 

involves the use of truncated viral antigens[1–5]. These peptides vary in size from 14 residues 

to entire protein subunits. Most consist of short contiguous sections of viral proteins that have 

been identified as being unique on the sequence level, have been indicated by epitope 



 

 

prediction, or found to be favourably represented in epitope mapping studies, using techniques 

such a peptide microarrays or phage display. 

 

As a means of testing antigen targets, I sought to develop a methodology that would enable the 

expression of these peptides in the widely available and scalable E. coli expression system. 

One of the primary reasons for this was economy. While peptide synthesis would be a viable 

means of screening antigen panels for use in diagnostic antibody detection assays, the cost of 

synthesising such a library would be > £300 per peptide, which proved prohibitive for the scope 

of this project. Moreover, the context in which these assays would be deployed, medium- to 

low-income Flavivirus endemic settings, makes the inclusion of such costly reagents 

prohibitively expensive. The cost of the assays featured in Chapter 3 was > £600 per 96-well 

plate. And while the NAC DAB and EUROIMMUN assays featured there provided an 

acceptable level of specificity for the scope of the analysis, I sought an assay format which 

guaranteed specificity, suitable for contexts with multiple endemic Flavivirus species, with an 

economy suitable for broad-scale implementation.  

 

The expression of peptides in E. coli systems can be challenging. While the option of 

employing vectors with fusion-partners was available, given the sub-optimal results shown in 

the previous sections which employed GST fusions, I sought an alternative approach. A 

challenge associated with this requisite, however, is a common limitation found when 

expressing small peptides in E. coli. The most frequent length of peptide in our panel is 15 AA 

residues long, the coding-sequence for which is 45 nt in length. Both the cloning and expression 

a panel of 45 nt fragments is invariably awkward. The challenges associated with visualising, 

purifying and storing such short fragments of short peptides is compounded by the aversion of 

bacterial expression systems to the heterologous expression of small peptides, which are prone 



 

 

to proteolytic degradation [6,7]. The knowledge of this, combined with my own unsuccessful 

preliminary efforts at doing so, suggest that such a synthesis strategy would not be a practical 

line of enquiry. 

 

In the study of anti-microbial peptides (AMPs), researchers are faced with a similar set of 

challenges. The lack of scalability in peptide synthesis techniques in the context of AMP 

research makes E. coli systems an attractive option for mass-production and research, but as 

discussed above, the challenges in its implementation are very much akin to my own. 

Additionally, the toxic nature of the small bioactive AMPs makes them a difficult target to 

express in the very microbial systems they are designed to attack. Numerous groups have 

converged on a methodology that appears to alleviate these issues, which involves the 

multimerisation of peptides in to a single contiguous tandem-repeated construct [8–11]. 

Through expressing multimers, the risk of proteasomal degradation is diminished, and the 

detection and purification of larger proteins is made significantly easier. However, these 

approaches rely either on ‘serial cloning’, which is repeated processes of insertion and ligation, 

or on commercially produced synthetic tandem-repeat constructs, which are time challenging 

to produce and costly to acquire. While enzymatic multi-fragment assembly technologies are 

available, such as Gibson or Golden Gate assembly, I have found in my own investigations, 

these methodologies to be ineffective and inconsistent.  

 

In the following sections, I outline my development and validation of the novel methodology, 

called MultiMer. The primary objective in developing this technique was to produce tandem-

repeat peptide constructs, which in this case, would be short candidate ZIKV peptide antigens, 

for use in antibody detection immunoassays. The MultiMer technique is capable of generating 

the desired constructs in a single PCR reaction that can be tuned, producing approximate copy 



 

 

numbers at a desired length. These features may prove to make it a cost-effective and powerful 

approach by which it is possible to test the performance of a library of ZIKV peptide antigens 

for use in ZIKV immunoassays, and then scale up its production for wider use in 

immunosurveillance applications. The technique covers the entire process of antigen 

validation, from in-silico primer analysis design, cloning into a custom destination vector, 

expression, purification, and validation (Figure 1). 

 

With this methodology, I propose the use of short peptide antigen tandem spaced repeats 

expressed in E. coli using a medium to high throughput construction and cloning protocol, 

streamlining the economical production of specific immunoassay antigen targets. Generation 

of the MultiMer antigens requires a single set of primers per peptide and only readily available 

protein expression reagents and equipment. The process is guided by bespoke, openly available 

online tools, and yields a high concentration of pure peptide antigen, facilitating the 

development and sustained usage of in-house immunoassays for application in longitudinal 

surveillance study contexts. 

 

 

 

Figure 1. A graphical abstract of the current iteration of the MultiMer methodology. 1. in-
silico primer design using the web-based automated toolkit. 2. PCR overlap assembly and 
cloning of MultiMer amplicons in to bespoke destination expression vector. 3. Optimised 
expression, purification, and analysis of peptide antigens. 



 

 

 
 
 

At its core, I utilise a novel PCR overlap assembly technique to generate tandem-repeats. A 

single set of primers is required to facilitate this process, which are designed by a bespoke 

automated in-silico pipeline. In this PCR reaction, complementary 5’ and 3’ adapters, added to 

a target peptide coding sequence through overlap extension PCR, anneal, create a daisy-chain 

effect in subsequent PCR cycles, which is capable of generating > 20 X copies of a 48-

nucleotide fragment in a single-tube reaction. The adapters are complementary to the cloning 

site of a modified pER28-a destination expression vector, which enables the efficient 

expression of the multimeric construct, in a straight-forward way. In downstream steps, I 

describe an economic methodology whereby these peptides are efficiently purified and applied 

in immunoassay techniques. 

 
6.2 Development of the MultiMer protocol 
 

6.2.1 Designing multi-purpose adapters for the expression of tandem repeats 

Unlike the AMP approach, where peptides were proteolytically cleaved into monomers prior 

to downstream applications, using un-cleaved tandem repeats as antigens in our application 

required, firstly, the resolution of an intrinsic defect. Synthetically joining antigens together in 

a single contiguous peptide may give rise to the formation of new off-target mimotopes, at the 

juncture between the N and C termini of the conjoined peptides. To address this issue, I added 

linker peptides of ten alternately repeated glycine and alanine residues which would serve the 

primary purpose of sterically distancing the two repeated antigen peptides from one another. 

In addition, the spacer would add flexibility to the chain due to the small size of G and A R 

groups, reducing the formation of secondary structures which might lead do a degree of steric 

hinderence, a technique which is used commonly in fusion-protein methodologies [12]. I chose 



 

 

glycine and alanine, also, because of their relatively low impact on overall protein charge, a 

key property governing epitope specificity. These linker peptides were appended to each end 

of the coding sequence of the antigen peptide, in-frame, through overlap extension PCR.  

An additional function to the linkers was their role as nucleotide adapters for the PCR overlap 

assembly process. This adapter sequence remains conserved across each target peptide 

construct, facilitating multimerisation and the cloning of the insert, in a uniform, antigen 

peptide sequence independent manner. Figure 2 is an example schematic of one of the epitope 

MultiMer constructs.  

 

 

 

 

The schematic of the overlap assembly PCR reaction used to generate the MultiMer constructs 

is shown (Figure 3). PCR amplicon repeats are formed following an initial phase of PCR 

cycles, resulting in the synthesis of monomeric amplicons, with the addition of extra adapter 

Figure 2. (Top) A map of the coding region of part of the ETP1 (ZIKV1) MultiMer. The antigen 
peptide sequence (ZIKV) is coloured grey and the conjoined adapter peptide sequences are coloured 
green. The AciI restriction endonuclease site is also indicated. (Bottom) The coding sequence of the 
peptide, which has been sequence verified by sanger sequencing, shown with the MultiMer adapter-
primers annealed. 



 

 

residues added on the 5’ and 3’ ends of each amplicon, by way of the overlap extension of 

adapter-primer pairs. In subsequent cycles, the primer concentration decreases, as the adapter-

primers are incorporated into amplicons. As this occurs, monomeric strands with 

complementary 3’ and 5’ adapters begin to prime each other, with the second, complementary 

strand, synthesised by Q5 polymerase, which complete the duplex MultiMer DNA amplicons. 

Dimers prime dimers and trimers primer trimers until larger contigs are formed in successive 

PCR cycles.  



 

 

 

 

 

 

Figure 3. A schematic of our initial understanding of how the PCR overlap assembly reaction 
functions.  



 

 

An example of the resulting PCR product is shown (Figure 4), with the gel-electrophoresis of 

two discrete MultiMer amplicons, ETP1 and ETP2. In the far lanes, I analyse the digestion of 

the AciI restriction endonuclease site, present in each adapter sequence to show the cleavage 

of multimeric fragments, back in to their monomeric forms.  

 

 

 

 

 

6.2.2 In-silico modelling of the overlap assembly PCR reaction 

A model was constructed to further an understanding of the PCR reaction underpinning the 

overlap assembly. The model included incorporated the number of PCR cycles, units of Q5 

DNA polymerase, the moles of primer and the initial concentration of template, with the output 

being the size and number of (MultiMer) amplicons. The polymerase unit count, and the 

template concentration were assumed as being in excess throughout the reaction. In the first 

implementation of the model, I sought to understand the relationship between cycle number 

and amplicon priming.  Figure 5 illustrates the first application of this model, with a typical 

Figure 4. Gel electrophoresis of crude overlap assembly PCR reaction product (lanes 2 and 3), and 
the subsequent disassembly of MultiMer fragments by AciI digestion. The PCR product was 
generated as per the protocol outlined in the methods section and run on a 1.5% agarose gel. The 
amplicon was cleaned using column purification prior to digestion, which was completed in 30 
minutes, as per manufacturer’s instruction.  



 

 

overlap assembly reaction scenario. As PCR cycles increase as the reaction progresses, the 

adapter-primers in the initial PCR mix are consumed as they are incorporated in to amplicons, 

and in subsequent cycles, template priming occurs exclusively through MultiMer-adapter 

sequence annealing.  

 

 

 

 
 
A second investigation using the model was undertaken to understand the rate of amplicon size 

growth as PCR cycles increase (Figure 6). The model incorporated previously established 

understanding of primer depletion leading to amplicon co-priming. Based on this assumption, 

I  theorise that as the cycle number increases past 15 cycles, the amplicon concentration 

gradually supersedes that of the adapter-primers. The probability of a 1-mer amplicon priming 

another 1-mer amplicon increases, over that of an adapter-primer priming the template, which 

results in the synthesis and accumulation of 2-mer amplicons. As the concentration of 1-mers 

decreases (as they themselves are incorporated in to 2-mers), the probability of a 3-mer (or a 

4-mer) forming increases, and so on. This continues indefinitely, until the polymerase 

efficiency drops due to successive melting steps. While this model is rudimentary and not 

Figure 5. A model illustrating the overlap assembly PCR reaction, visualised as the count of 
adapter-primers (oligonucleotides added to the PCR mix before initiating) and MultiMer fragment 
primers (cross-priming amplicons). 
 



 

 

exhaustive, it illustrates well the current understanding of how the overlap assembly process 

functions.  

 

 

6.2.3 In-vitro modelling of the overlap assembly PCR reaction 

The findings in the previous section demonstrated that there were two key variables that dictate 

the frequencies of fragment-sizes produced. The initial concentration of adapter-primer in the 

reaction dictates the speed at which amplicon synthesis switches from priming with the adapter-

primers to priming with amplicons, which in-turn drives forward the assembly of multimers. 

The second factor was the number of PCR cycles. As the PCR cycle count increases, the 

depletion of successive n-mers occurs, again, promoting increasingly larger MultiMer 

formation. I theorised that these two variables could be balanced to produce amplicons within 

a controlled size-parameter.  

 

To validate these assumptions, a series of experiments were performed (see Figure 7 (a,b) and 

Figure 8). I tested the effect that variation in initial adapter-primer concentration, cycle 

number, extension time and template concentration have on the length of synthesised MultiMer 

Figure 6. The frequency of increasing size MultiMer amplicons increases with cycle number, as 
larger fragments prime and assemble, depleting the previous size while incorporating in the next. 



 

 

amplicons (Figure 7). In this experiment, I used a primer concentration of 10 µM (the standard 

concentration for use with Q5 polymerase), 5 µM and 3 µM. The reaction was sampled at cycle 

increments of 10, from 30 to 60. I tested differences in the initial template concentration and 

the effect of varying 72oC (standard Q5 polymerase extension temperature) extension times 

between 1 and 5 seconds. The findings appeared to validate the fundamental conclusions of 

our in-silico model. While a slight increase in MultiMer size can be seen when changing the 

template concentration, the bulk of the effect is observed in relation to the other primer 

concentration and cycle number variables. The increase in extension time appears to be 

detrimental to the integrity of both reactions, with the 48 nt reaction (ZIKV21) showing a 

marked decrease in the clarity of the visualised bands. The smeared appearance (Figure 7) for 

the shorter length repeats in the 5 second elongation condition, indicated the possible 

incomplete/truncated extension of fragments. With a longer extension time, this would seem 

counter intuitive. However, given the length and melting temperature of the large MultiMer 

fragments in later stages of the reaction, I theorise that the longer elongation time results in an 

increased probability of additional fragments annealing to the single-stranded template during 

synthesis, which elongates the fragment without complete synthesis, creating incomplete 

amplicons and a smeared appearance. In subsequent experiments (data not shown), I tested 

different lengths of adapter sequence, their melting temperature and PCR primer annealing 

times, which yielded no insights of particular interest.  

Overall, an increase in elongation time above 1 second appears to be detrimental to the 

reaction, and that the key variables effecting MultiMer length appear to be primer 

concentration and PCR cycle count. 



 

 

 

Figure 7a. Gel electrophoresis of MultiMer reactions on a 2% agarose gel. 2 µL of each DNA template was added to the PCR reactions in the defined 
concentrations. The reactions were performed using the same thermal cycler, with the steepest ramp times available. Each gel is shown with a 100 bp ladder. 
 



 

 Figure 7b. As above. In this experiment, a 102 nt peptide construct was multimerised almost double the size of that shown in 7a. 
 



 

 

Building on our previous assumptions that primer depletion drives MultiMer formation, I tested 

the effect of reducing primer concentration on the rate of increase in MultiMer size (Figure 8). 

In this PCR reaction, PCR conditions remain the same for each reaction is limited to 30 cycles. 

I decrease the concentration of adapter-primer in the initial PCR mix, ranging from 4.5 µM to 

1.92 µM. 

 

Illustrated clearly here, in an example (ZIKV21 – 48 nt) MultiMer reaction, is the effect that 

adapter-primer concentration alone has on the assembly of multimers. The greatest 

concentration of adapter-primer results in a minimum assembled fragment size of ~200 bp (3-

mer (accounting for adapter sequences)), while the lowest primer concentration produces a 

minimum fragment size of ~500 bp. The minimum length resolvable band in each condition 

increases as the primer concentration decreases.  

 

Figure 8. Decreasing primer concentration in a 48 nt MultiMer reaction of 30 cycles, increases 
in a consistent and repeatable manner, the minimum size MultiMer amplicon. 10 µL of crude 
PCR reaction for each condition was loaded on to a 2% agarose gel and run at 100 v for 25 
minutes. A 100 bp ladder was used. 



 

 

Overall, it may be possible to control the size-range of the amplicons generated in the overlap 

assembly PCR reaction. This would enable the consistent and repeatable assembly of tandem-

repeat constructs of a pre-defined size in an economic and simple methodology. 

 

6.2.4 Designing a bespoke pET vector for MultiMer expression 

For the expression of MultiMer peptides, I opted for a BL21-DE3 E. coli expression system, 

which is highly scalable, accessible in most synthetic biology laboratories, and is known to 

produce high yields with relative ease, when compared to other expression/synthesis systems. 

To express the MultiMer amplicons in this system, I chose the ubiquitous pET-28a vector, 

compatible with the DE3 lysogen, as a template for our recipient vector. The template vector 

was modified in two successive steps, using primer overlap extension PCR, to better equip the 

vector to receive MultiMer amplicon inserts. A map of the vector is shown (Figure 9), with 

the cloning site highlighted. The first modification involved the removal of the 6X poly-

histidine tag on the C-terminus of the multiple cloning site (MCS) protein coding region, and 

the simultaneous addition of a Myc epitope tag. This change was performed in a single overlap 

extension PCR reaction using the pET28a-Myc_mod_REV and pET28a-Myc_Nterm_adapter 

primers (see Figure 9). The Myc tag was added to enable the visualisation of peptides in 

subsequent SDS-PAGE Western blotting steps. The key function of this tag, besides general 

epitope-tagging/visulisation, lied in its positioning at the C-terminus of the protein coding 

sequence. This position was chosen to enable the verification of complete translation of the 

entire cloned amplicon coding sequence. If any frame-shifting mutations, or truncation of the 

peptide during cloning or translation occur, the amino-acid sequence of the Myc tag would not 

be translated, which would be clearly indicated in subsequent immunoblotting analyses. This 

would enable the efficient screening of E. coli colonies for positive expression of the 

heterologous peptide sequence. The second overlap-extension PCR reaction was performed 



 

 

using the pET-28a-Myc-Cterm_adapter and pET28a-Myc_Nterm_adapter primers, which add 

the adapter complementary sequences to each end of the plasmid cloning site (Figure 9 (green) 

– “N Terminus adapter” and “C Terminus adapter”). These sequences are complementary 

to the conserved 5’ and 3’ ends of the adapter sequences, present on each amplified MultiMer 

construct. Through the addition of these sequences to the plasmid backbone cloning site, the 

efficient direction-dependant 1- 

step Gibson cloning of MultiMer PCR products in to the MCS is made possible. The final 

PCR modification generated a linearised 5372 bp amplicon, which would serve as the 

Figure 9. Plasmid map (upper) of the pET28a-Myc-Multimer vector backbone. Flanking NotI and 
BamHI restriction sites can be used for the excision of inserts, for the transferral of the adapter 
sequences to another backbone. (lower) The multiple cloning site (MCS) of the backbone vector. 
The plasmid is linearised using the primers shown in the diagram, producing amplicons for insert 
cloning. 
 



 

 

recipient plasmid DNA, compatible with the Gibson cloning reaction without PCR clean-up. 

Importantly, the Q5 high fidelity polymerase was used for both of these modifications, which 

has both a high processivity and low-error rate. The first PCR was limited to 15 cycles, and 

the second to 25. While this decreases the total yield of amplicon, it reduces the probability of 

mutations occurring during the amplification of long, mutation sensitive constructs. I 

capillary sequenced the cloning site of the plasmid to confirm the correct addition of the 

aforementioned features.  

 

6.2.4 Gibson cloning of MultiMer amplicons into the pET-28a-Myc-Multimer 

plasmid 

In a single reaction without any clean-up steps, the PCR product of the MultiMer reaction can 

be cloned into the recipient pET-28a-Myc-Multimer vector. The 15 bp adapter sequences, 

present on both vector and amplicon insert provide an adequate annealing sequence for specific 

cloning of fragments in the correct reading frame and orientation. For the propagation of the 

cloned vector, I used the NEB Stable E. coli strain, which is a recA1 and endA1 deficient line, 

a genotype which reduces the chances of recombination/excision of highly repetitive 

sequences. Despite this countermeasure, when scaling up the cloning operation to insert several 

peptide constructs, I noticed a high level of insert recombination in some cloning conditions, 

illustrated in a diagnostic PCR of cloning sites, amplified using MCS flanking T7 promoter 

and T7 terminator primers (T7 sites; Figure 9), as shown (Figure 10a). To understand whether 

the band pattern is indeed the amplification of discrete recombined-species or a PCR artifact, I 

selected a repeated the cloning experiment, isolated a subset of clones exhibiting recombination 

in the colony selection process and generated plasmid preparations. The insert was excised 

using the flanking BamHI and NotI restriction sites (Figure 9) and the product analysed using 

DNA gel electrophoresis (Figure 10b/c). Based on this analysis, I found that the recombination 



 

 

occurred seemingly at random in a peptide sequence independent manner. While the 

recombination is caused by the tandem-repeated sequences, the range or intensity of the bands 

that are present in T7 PCR screen of colonies appear to bear no indication of the final length 

of the insert in the final plasmid preparation. Reassuringly, I found that colonies with no 

apparent recombination indicated during T7 PCR, or colonies with low-level recombination 

with a dominant band at a desired length, remained stable, even when propagated at 37oC. From 

this, I theorise that the risk of recombination is present only in the initial stages of transformant 

plasmid replication, most likely due to nicks present in the annealed insert or other structural 

damage inflicted during assembly. While aberrant recombination in cloned fragments remains 

one of the central flaws in the current MultiMer workflow, I found that performing the 

Figure 10. (A) T7 diagnostic PCR (2%) gel electrophoresis of single colonies, assayed after 
cloning and growth at 37oC for 24 hrs. Recombination events in the MCS are indicated by the 
presence of >1 band, which represent polyclonality of plasmids in the screened colony. Bands at 
~300 bp represent an empty MCS. (B) T7 diagnostic PCR, as above. (C) Diagnostic restriction 
digest using BamHI and NotI sites flanking MCS. 1 µg of column-cleaned amplicons were 
digested for 30 minutes as per manufacturer’s instruction.  
 



 

 

transformation, outgrowth and agar plate colony growth stages at room temperature resulted in 

an efficiency of 12.5-25%, where approximately 1-2 in 8 clones were stable and retained an 

insert of adequate size. 

 

6.2.5 Protein expression screening and purification 
 
The expression of the cloned MultiMer constructs was optimised in such a way that up to 24 

constructs could be expressed and screened in a two-day protocol. I opted to use the 

autoinduction technique [13], instead of the typical laboursome IPTG induction methodology. 

In short, this methodology operates on the principle that T7 repression, controlled by the lac 

operon will automatically induce expression of a protein transcript as the glucose in the ZYP-

5052 media is consumed, and the ß-galactosidase product (allolactose) concentration increases. 

This methodology results in high-density cultures, which require no monitoring or addition of 

reagents throughout the expression process. With this methodology, the high-throughput 

expression of numerous constructs can be achieved, with significantly reduced hands-on time 

per-peptide. 

 

Purifying the MultiMer peptides from the E. coli lysate has been optimised for the initial 

screening of multiple constructs, and can be scaled up to produce > 10 mg of peptide per batch. 

It was found that sonication was the most effective means of lysing > 10 candidates in the 

screening stage, while for increased batch sizes, a French press was used for lysates of a > 20 

mL volume. For the purification of poly-histidine tagged peptides, I opted for a high-

throughput microcentrifuge purification technique. This technique allowed the small-scale 

purification of 24 peptides in a single day, ready for ELISA screening. For greater throughput, 

I used Ni-resin beads, in a modified centrifugation technique, which produced > 5 mL of > 1 

mg/mL protein eluate. The screening of peptides can be performed using either a dot-blot 



 

 

technique or an SDS-PAGE Western, however, it was found that the dot-blot is more economic 

to screen several clones of each transformed cultured line.  

 

6.2.6 Development of the online MultiMer primer design tool 

To streamline the design of MultiMer adapter-primers for the peptide dataset, I generated an 

automated pipeline, with a user-friendly web interface. The workflow makes the design of 

adapter-primers simple, with only two user inputs required. The first is a template FASTA 

formatted file. This should be the exact sequence of the template material (DNA or cDNA) to 

be added to the PCR reaction, possessing the peptide-coding sequence to be multimerised. In 

the second input, the user adds a list of FASTA formatted amino-acid peptide sequences; the 

peptide targets to be multimerised. A diagram outlining the backend pipeline is shown (Figure 

11). In brief, the script uses the reverse-translating ability of tblastn [14], which searches the 

input template DNA sequence for the exact, or an approximation of the target peptide coding 

amino acid sequence. The sequence is then extracted, where another module searches for 

compatible forward and reverse primer pairs. With integrated quality control (QC) to highlight 

mismatches in the peptide sequence, the script then outputs a CSV formatted table with all of 

the information required to order adapter-primers for MultiMer reactions (Table 1). The 

frontend uses a flask web-container with a HTML5/ JavaScript interface, with included 

diagrams, and schematics of the backbone vector explaining the MultiMer process (see 

screenshot – Figure S1). This pipeline was used to generate a library of oligonucleotides for 

the generation of our own example MultiMer peptides. 

 



 

 

The final output consists of a table (Table 1), detailing the backend generation of adapter-

primers. This table highlight peptides with a mismatch in the uploaded template sequence, or 

peptides that may be truncated. It also outputs the target genomic DNA sequence and the 

melting temperature of the primer pairs.

Figure 11. A diagram of the backend of the MultiMer design tool. The flowchart represents a 
vague overview of the program’s function. Red – user input Yellow – QC stage Blue – data 
analysis Green – results output.  
 



 

 

Table 1. CSV formatted output of the MultiMer pipeline. The output includes an ‘identity report’ which notifies the user of any discrepancies 

in the sequence search process. The right-most columns contain the final adapter-primer sequences and their melting temperatures. 

 
 
 

Indentity 
Report Identifier 

Genomic 
Sequence 

Percentage 
Peptide 
Match 

Query Peptide 
Sequence 

Target Peptide 
Sequence 

Genom. 
Start Pos 

Genom. 
End Pos Genomic Seq Genomic Seq (rev complement) 

Possible Primer 
Target (FWD) 

Possible Primer 
Target (REV) ID 

Forward Primer 
Sequence 

Forward 
Primer 
Melting 
Temp 

Reverse Primer 
Sequence 

Reverse 
Primer 
Melting 
Temp 

100% Peptide 
identity match ZIKV33 

MF073357|Ho
mo-
sapiens|Brazil
@2016/02/01 100 

SYNNYSLMAM
ATQAGVLFGM
GKGMPFYAWD
FGV 

SYNNYSLMAM
ATQAGVLFGM
GKGMPFYAWD
FGV 7095 7193 

TCATACAACAACTACTCCTTAATGGCG
ATGGCCACGCAAGCTGGAGTGTTGTTT
GGTATGGGCAAAGGGATGCCATTCTAC
GCATGGGATTTTGGAGTC 

GACTCCAAAATCCCATGCGTAGAATG
GCATCCCTTTGCCCATACCAAACAACA
CTCCAGCTTGCGTGGCCATCGCCATTA
AGGAGTAGTTGTTGTATGA 

TCATACAACA
ACTACTCCTT
AATGGCGATG 

GACTCCAAA
ATCCCATGCG
TAGAATGGC
AT 27 

gcagtagcagtagcagttggt
gttggtgttTCATACAA
CAACTACTCCTTA
AT 60.08375899 

aacaccaacaccaactgctac
tgctactgcGACTCCAA
AATCCCATG 58.46170425 

100% Peptide 
identity match ZIKV36 

MF073357|Ho
mo-
sapiens|Brazil
@2016/02/01 100 

SSPEVEEARTLR
VLS 

SSPEVEEARTLR
VLS 8121 8165 

TCTAGTCCTGAAGTGGAAGAAGCACG
GACGCTCAGAGTCCTCTCC 

GGAGAGGACTCTGAGCGTCCGTGCTTC
TTCCACTTCAGGACTAGA 

TCTAGTCCTG
AAGTGGAAG
AAGCACGGA
CG 

GGAGAGGAC
TCTGAGCGTC
CGTGCTTCTT
C 33 

gcagtagcagtagcagttggt
gttggtgttTCTAGTCCT
GAAGTGGAA 60.08981243 

aacaccaacaccaactgctac
tgctactgcGGAGAGG
ACTCTGAGC 61.49950795 

100% Peptide 
identity match ZIKV37 

MF073357|Ho
mo-
sapiens|Brazil
@2016/02/01 100 

DRFAHALRFLN
DMGK 

DRFAHALRFLN
DMGK 9687 9731 

GATAGGTTTGCACATGCCCTCAGGTTC
TTGAATGATATGGGAAAA 

TTTTCCCATATCATTCAAGAACCTGAG
GGCATGTGCAAACCTATC 

GATAGGTTTG
CACATGCCCT
CAGGTTCTTG 

TTTTCCCATA
TCATTCAAGA
ACCTGAGGG
C 34 

gcagtagcagtagcagttggt
gttggtgttGATAGGTT
TGCACATGC 59.68982341 

aacaccaacaccaactgctac
tgctactgcTTTTCCCA
TATCATTCAAGAA
C 59.82601246 

100% Peptide 
identity match ZIKV38 

MF073357|Ho
mo-
sapiens|Brazil
@2016/02/01 100 

HRRDLRLMAN
AICSSV 

HRRDLRLMAN
AICSSV 9975 10022 

CACAGAAGGGACCTCCGACTGATGGC
CAATGCCATTTGTTCATCTGTG 

CACAGATGAACAAATGGCATTGGCCA
TCAGTCGGAGGTCCCTTCTGTG 

CACAGAAGG
GACCTCCGAC
TGATGGCCAA
T 

CACAGATGA
ACAAATGGC
ATTGGCCATC
AG 35 

gcagtagcagtagcagttggt
gttggtgttCACAGAAG
GGACCTC 58.88634008 

aacaccaacaccaactgctac
tgctactgcCACAGATG
AACAAATGGC 60.33540939 

100% Peptide 
identity match ZIKV39 

MF073357|Ho
mo-
sapiens|Brazil
@2016/02/01 100 

CSSVPVDWVPT
GRTTWSIHGKG
EW 

CSSVPVDWVPT
GRTTWSIHGKG
EW 10011 10082 

TGTTCATCTGTGCCAGTTGACTGGGTT
CCAACTGGGAGAACTACCTGGTCAATC
CATGGAAAGGGAGAATGG 

CCATTCTCCCTTTCCATGGATTGACCA
GGTAGTTCTCCCAGTTGGAACCCAGTC
AACTGGCACAGATGAACA 

TGTTCATCTG
TGCCAGTTGA
CTGGGTTCCA 

CCATTCTCCC
TTTCCATGGA
TTGACCAGGT 36 

gcagtagcagtagcagttggt
gttggtgttTGTTCATCT
GTGCCAG 60.13338692 

aacaccaacaccaactgctac
tgctactgcCCATTCTC
CCTTTCCAT 59.48345206 

100% Peptide 
identity match FLAVMIX3 

MF073357|Ho
mo-
sapiens|Brazil
@2016/02/01 100 

DGDIGAVALDY
PAGT 

DGDIGAVALDY
PAGT 4971 5015 

GATGGGGACATTGGAGCGGTTGCGCTG
GATTACCCAGCAGGAACT 

AGTTCCTGCTGGGTAATCCAGCGCAAC
CGCTCCAATGTCCCCATC 

GATGGGGAC
ATTGGAGCGG
TTGCGCTGGA
T 

AGTTCCTGCT
GGGTAATCC
AGCGCAACC
GC 41 

gcagtagcagtagcagttggt
gttggtgttGATGGGGA
CATTGGAG 59.94793249 

aacaccaacaccaactgctac
tgctactgcAGTTCCTG
CTGGGTA 59.95341052 

WARNING! 
Non-exact 
peptide match ZIKV19 

MF073357|Ho
mo-
sapiens|Brazil
@2016/02/01 100 

DRGWGNGCGL
FGKGS 

DKGWGHWSGC
AGLPS 4964 5008 

GACAAAGGATGGGGACATTGGAGCGG
TTGCGCTGGATTACCCAGC 

GCTGGGTAATCCAGCGCAACCGCTCC
AATGTCCCCATCCTTTGTC 

GACAAAGGA
TGGGGACATT
GGAGCGGTTG
C 

GCTGGGTAA
TCCAGCGCA
ACCGCTCCA
ATG 2 

gcagtagcagtagcagttggt
gttggtgttGACAAAGG
ATGGGGAC 60.22521328 

aacaccaacaccaactgctac
tgctactgcGCTGGGTA
ATCCAGC 60.35159909 

WARNING! 
Non-exact 
peptide match ZIKV23 

MF073357|Ho
mo-
sapiens|Brazil
@2016/02/01 100 

VNELPHGWKA
WGKSH 

VNELPHGWKA
WGKSY 2811 2855 

GTGAACGAGCTGCCCCACGGCTGGAA
GGCTTGGGGGAAATCGTAC 

GTACGATTTCCCCCAAGCCTTCCAGCC
GTGGGGCAGCTCGTTCAC 

GTGAACGAG
CTGCCCCACG
GCTGGAAGG
CT 

GTACGATTTC
CCCCAAGCCT
TCCAGCCGTG 8 

gcagtagcagtagcagttggt
gttggtgttGTGAACGA
GCTGCCC 64.30348946 

aacaccaacaccaactgctac
tgctactgcGTACGATT
TCCCCCAA 59.38793703 

WARNING! 
Non-exact 
peptide match FLAVMIX5 

MF073357|Ho
mo-
sapiens|Brazil
@2016/02/01 100 

EDMLMVWNRV
WIEEN 

EDMLVVWNRV
WIEEN 10092 10136 

GAAGACATGCTTGTGGTGTGGAACAG
AGTGTGGATTGAGGAGAAC 

GTTCTCCTCAATCCACACTCTGTTCCA
CACCACAAGCATGTCTTC 

GAAGACATG
CTTGTGGTGT
GGAACAGAG
TG 

GTTCTCCTCA
ATCCACACTC
TGTTCCACAC 43 

gcagtagcagtagcagttggt
gttggtgttGAAGACAT
GCTTGTGGT 60.88877583 

aacaccaacaccaactgctac
tgctactgcGTTCTCCT
CAATCCACA 59.41102277 

WARNING! 
truncated 
Peptide ZIKV19 

MF073357|Ho
mo-
sapiens|Brazil
@2016/02/01 53 GWGNGCGL AWGKLCSL 10420 10443 GCTTGGGGAAAGCTGTGCAGCCTG CAGGCTGCACAGCTTTCCCCAAGC 

GCTTGGGGAA
AGCTGTGCAG
CCTG 

CAGGCTGCA
CAGCTTTCCC
CAAGC 3 

gcagtagcagtagcagttggt
gttggtgttGCTTGGGG
AAAGCTG 61.42044909 

aacaccaacaccaactgctac
tgctactgcCAGGCTGC
ACAGCTT 63.8310241 

WARNING! 
truncated 
Peptide ZIKV19 

MF073357|Ho
mo-
sapiens|Brazil
@2016/02/01 80 

WGNGCGLFGK
GS 

WKTSCGDQ*KG
S 2677 2712 

TGGAAAACATCATGTGGAGATCAGTA
GAAGGGGAGC 

GCTCCCCTTCTACTGATCTCCACATGA
TGTTTTCCA 

TGGAAAACAT
CATGTGGAGA
TCAGTAGAAG 

GCTCCCCTTC
TACTGATCTC
CACATGATGT 4 

gcagtagcagtagcagttggt
gttggtgttTGGAAAAC
ATCATGTGGA 60.09044749 

aacaccaacaccaactgctac
tgctactgcGCTCCCCT
TCTACTGA 60.60005346 

WARNING! 
truncated 
Peptide ZIKV23 

MF073357|Ho
mo-
sapiens|Brazil
@2016/02/01 60 ELPHGWKAW EVPREWQSW 2224 2250 

GAGGTGCCAAGAGAATGGCAGTCTTG
G CCAAGACTGCCATTCTCTTGGCACCTC 

GAGGTGCCA
AGAGAATGG
CAGTCTTGG 

CCAAGACTG
CCATTCTCTT
GGCACCTC 9 

gcagtagcagtagcagttggt
gttggtgttGAGGTGCC
AAGAGAAT 59.38860272 

aacaccaacaccaactgctac
tgctactgcCCAAGACT
GCCATTCT 59.76115872 



 

 

6.3 MultiMer Protocol 
 
Primer Design 

The MultiMer online tool has been designed to generate specific primers pairs for amplifying 

a target protein coding sequence from a specified template while adding adapter sequences for 

the multimerisation process and subsequent cloning into the E. coli expression vector. This 

pipeline uses NCBI tblastn to reverse translate target peptide sequences and locate them within 

the template sequence. An in-house script cross-checks reverse-translated matches and 

generates Tm balanced primers flanking the protein coding sequence. 

 

This process has three steps: 

 

1. Users specify a template by uploading a FASTA formatted file to the ‘Template 

Upload’ form.  

2. Generation of a list of FASTA formatted target peptide sequences, known to translate 

from the given template and upload to the ‘Peptide Upload’ form.  

3. Download the resultant CSV file for inspection. 

 

The output details the primer analysis for each targeted peptide. The first column contains a 

report of the respective peptide primer search. Rows with ‘100% peptide match’ indicate a 

successful match. The primers in the final columns may be used in the following amplification 

steps. Primers are usually between 45 and 50 nt long and have a Tm of 60oC ± 2oC. 

 

Important Note 

It is important to check that the query and subject peptides match. Mismatches or truncated 

forms of the target peptide are common. Analyse the sequences to find the perfect match. If 



 

 

none exist, consider the implications of the mismatch, and continue or use an alternative 

template. 

 

1. Overlap extension PCR for the generation of pET-vFusion plasmid 

Any N-terminus His-tagged tagged pET (or comparable) vector is suitable for this reaction 

providing it is compatible with BL21 (DE3) E. coli protein expression lines. The primers for 

this step are described in the ‘Primer Design - Part 1’ stage in the introduction. 

a) Prepare the PCR overlap extension reaction in a 0.2 mL PCR tube. This will add the 

cloning adapters to the recipient vector to allow for the cloning of the MultiMer 

insert.  

 

 

 

 

 

 

 

 

 

 

Add 1 µl of DpnI enzyme mix to the completed PCR reaction and leave for >1 hr at 37oC. 

• If high background is indicated after PCR colony screening in Step 4, consider 

using a lower template concentration in Step 1, or increasing DpnI digestion 

duration. 

Component Volume (µl) Final Concentration 
Q5 Buffer 10 1X 
dNTP 1 200 µM 
Q5 Polymerase 0.5 0.02 U/µl 
Fwd Primer (10 µM) 2.5 0.5 µM 
Rev Primer (10 µM) 2.5 0.5 µM 
Template Variable  
Nuclease free water To final volume  
 Total: 50 µl  

Step Temperature (oC) Duration  
Initial denaturation 98 30 seconds 
Cycle 25 times   
Denaturation 98 20 seconds 
Annealing 72 30 seconds 
Extension 72 4 minutes 30 seconds 
End Cycling   
Final extension 72 2 minutes 



 

 

b) Quantify the vector using a UV-Vis spectrophotometer (PCR clean-up required) or a 

fluorometric quantification assay.  

 

2. MultiMer insert overlap assembly PCR reaction 

For this reaction, the template bearing the protein-coding sequence targeted in the MultiMer 

website stage of the primer design process must be present at a sufficient concentration for 

PCR amplification.  

a) Mix the two primers for each pair generated in the ‘Primer Design – Part 2’ step 

together equally to a working concentration of 10 µM per pair (5 µM + 5 µM); half 

the concentration of a conventional primer working stock and set up the following 

PCR reaction: 

• Lyophilised primers are usually produced to be diluted to a stock 

concentration of 100 µM per tube. Perform this dilution as per the 

documentation. Take 5 µl from the two 100 µM stocks for a single primer pair 

and dilute this in to 90 µl of PCR clean water to generate the 5 µM + 5 µM 

stock required for the MultiMer reaction. 

 

 

 

 

 

 

Component Volume (µl) Final Concentration 
Q5 Buffer 5 1X 
dNTP 0.5 200 µM 
Q5 Polymerase 0.25 0.02 U/µl 
MultiMer Primer 
Mix 5 µM + 5 µM 

2.5 0.5 µM + 0.5 µM 

Template Variable  
Nuclease free water To final volume  
 Total: 20 µl  



 

 

 

 

 

 

b) Once the PCR reaction has completed, take 5 µl of each reaction and run it on a 2% 

agarose gel with a 100 bp ladder. Visualise the gel using an imager compatible with 

the gel stain used. Successful reactions will be indicated by a laddering effect on the 

gel. 

• To increase the average molecular weight of each MultiMer to the desired 

range, replace the PCR reaction into the thermal cycler and run the above 

protocol for a further 10 cycles. The upper size for a MultiMer limit is 

approximately 1 kb using this method. 

• An insert with a specific number of repeats can usually be selected in Step 4 

(colony selection), however if the size of the insert is not the dominant band 

indicated in the previous gel electrophoresis visualisation step (Step 2b), then 

the band can be excised from the gel using a gel purification kit (QIAGEN - 

28706X4). However, this will increase greatly the bench-time as well as 

decrease cloning efficiency. If a larger/smaller average size of insert is 

required, optimise step 2a and adjust the PCR cycle count accordingly. 

 

3. NEBuilder® HiFi DNA assembly reaction 

The vector generated in Step 1 and the MultiMer PCR reaction generated in Step 2 can now 

be assembled using the NEBuilder HiFi DNA Assembly Reaction Protocol. The MultiMer 

PCR reaction will have generated a range of molecules around the size of 500 bp, the most 

Step Temperature (oC) Duration  
Initial denaturation 98 30 seconds 
Cycle 60 times   
Denaturation 98 10 seconds 
Annealing 60 15 seconds 
Extension 72 2 seconds 
End Cycling   
Final extension 72 2 minutes 



 

 

concentrated of which will be preferentially cloned into the recipient vector using the 30 bp 

adapter sequences added to the both the vector and the insert in the respective PCR reactions.  

a) Prepare the NEBuilder HiFi DNA Assembly Reaction using the table below as a 

guide. The size of the reaction was scaled down by 3 times to conserve the NEBuilder 

HiFi DNA Assembly Reaction master mix. 

• Keep all the reagents both before and after the reaction on ice. 

 

b) Incubate the prepared reaction mixture for 15 minutes at 50 oC and place on ice. 

 

4. NEB Stable E. coli transformation 

Transform the NEB Stable E. coli cell line using the assembly reaction from the previous 

step. The NEB Stable line was chosen to reduce recombination during propagation of the 

plasmid. Other lines will work with varying efficiency, providing each 37 oC growth step is 

reduced to room temperature. Stocks of the Stable cell line were prepared using the Hanahan 

Competent Cell Protocol [15], aliquoting the resulting competent cells into 100 µl shots.  

a) Transform the competent cells as per the following modified NEB protocol. 

i. Thaw an aliquot of cells on ice for 10 minutes. 

ii. Add 1 µl Assembly reaction to the competent cells.  

iii. Mix cells and DNA gently by flicking the tub. Do not vortex. 

iv. Place the mixture on ice for 30 minutes. 

v. Heat shock at exactly 42°C for exactly 30 seconds. Do not mix. Place on ice for 5 

minutes. Pipette 500 µl of room temperature LB medium into the mixture. 

Component Volume (µl) Final Concentration 
NEBuilder 
HiFi DNA Assembly Master 
Mix 

1.25 1X 

PCR amplified vector (step 1) 0.2 12.5 ng total 
MultiMer amplicons (step 2) 0.3 Variable 
PCR clean water To total: 2.5 µl  



 

 

Incubate the cells with shaking at RT for 3 hours. Shake the tube horizontally at 

250rpm or rotate. 

vi. Leave antibiotic selection plates at RT for 30 minutes. 

vii. Mix the cells thoroughly by flicking, centrifuge the tube at 800 RCF for 5 

minutes, discard the supernatant and resuspend the pellet in 100 µl of LB media 

by gently pipetting, then streak 100 µl of cells or diluted cells onto a selection 

plate and incubate at RT for 24 to 36 hours. 

 

5. Colony selection and plasmid preparation 

Following the 24 to 36 hours of RT incubation time, small colonies should have grown on the 

antibiotic LB agar plate. Analyse at least 10 clones by colony PCR using a conventional Taq 

polymerase with T7/T7-Term primers or equivalent ‘sequencing’ primers with annealing sites 

on the backbone of the recipient plasmid flanking the insert cloning site.  

• Do not use primers complementary to the inserted sequence, as this will produce a 

similar laddering effect seen in Step 2 and will not reflect the true size of the insert. 

For high throughput colony screening, scraping single colonies with a sterile pipette tip I 

suggested, and subsequently depositing them each into a single well on a 96 well PCR plate 

with 10 µl of LB media (without antibiotic) in each well. Leave this plate on a shaker for 5 

minutes to effectively inoculate the media, gently shaking so the tips move in a controlled 

circular motion, then add 0.5 µl of the inoculated LB to the screening PCR reaction. 

 



 

 

  

a) Set 

up the 

following PCR reaction to screen the colonies for the desired MultiMer insert size. 

For this reaction OneTaq® 2X Master Mix with Standard Buffer (NEB - M0482S) 

was used. 

 

Run the colony 

screening PCR reactions on a 1% agarose gel with a 100 bp ladder. Analyse the results and 

identify colonies with the correct inset size insert. Select 2 colonies corresponding to a 

suitable insert size for plasmid preparation. 

• The pET-28a-IVfusion plasmid has an empty cloning site amplicon of ~300 

bp. Amplicons exceeding this size indicate the respective copies of the 

MultiMer. 

• Lanes with multiple bands (a band a 300 bp and another faint band at 800 bp) 

indicate clones that have undergone recombination and insert excision. These 

should not be selected. Only colonies with a single band >300 bp should be 

selected for plasmid preparation. 

b) Prepare 5 ml LB media cultures with kanamycin (50µg/ml) in 17 x 100 mm culture 

tubes aiming to prepare 2 different clones per MultiMer construct. Inoculate a 5 ml 

Component Volume (µl) Final Concentration 
10 µM Forward 
Flanking T7 FWD 
Primer 

0.5 µl 0.2 µM 

10 µM Reverse 
Flanking T7-Term 
Primer 

0.5 µl 0.2 µM 

Inoculated LB media variable variable 
OneTaq 2X Master 
Mix with Standard 
Buffer 

12.5 µl 1X 

Nuclease-free water to 25  µl  

Step Temperature (oC) Duration  
Initial Denaturation 94°C 30 seconds 
30 Cycles 94°C 

55°C 
68°C 

15 seconds 
30 seconds 
2 minutes 

Final Extension 68°C 5 minutes 
Hold 4-10°C  



 

 

LB culture with a 10 µl screening culture corresponding to the positive-screened 

colony. Leave overnight to grow at 30°C. 

c) Following overnight growth, using the QIAprep Spin Miniprep Kit (QIAGEN – 

27104) or for higher throughput applications, QuickLyse Miniprep Kit (QIAGEN – 

27405). Prepare purified plasmid preparations for each construct and quantify the 

final eluate. 

• Plasmid concentration may be lower if using Stable lines. If a higher 

concentration is required for sequencing applications, grow the 5 ml Stable 

culture for 24 hours. 

 

6. Protein expression and Western blotting 

Expression of the MultiMer polypeptides is possible in a range of conventional E. coli cell 

lines and methodologies. I have chosen the BL21 (DE3) line paired with an autoinduction 

methodology [13]. As before, I prepared our own shots of BL21 (DE3) chemically competent 

cells using the Hanahan methodology [15]. The expression process is scalable depending on 

which stage of development the user is in peptide development. For the initial 

discovery/screening stage, I recommend using 17 x 100 mm culture tubes with 500 µl of 

ZYP-5052 media + kanamycin. For greater yields, 1 L baffled Erlenmeyer flasks with 200 ml 

ZYP-5052 media + kanamycin. 

 

a) Transform the BL21 (DE3) E. coli using the plasmid preparation generated in the 

previous step.  

i. Thaw a tube of BL21(DE3) Competent E. coli cells on ice for 10 minutes  

ii. Add 1 µl of plasmid DNA to the cell mixture 

iii. Carefully flick the tube 4–5 times to mix cells and DNA. Do not vortex 



 

 

iv. Place the mixture on ice for 30 minutes. Do not mix  

v. Heat shock at exactly 42°C for exactly 30 seconds. Do not mix  

vi. Place on ice for 5 minutes. Do not mix  

vii. Pipette 950 µl of room temperature LB broth into the mixture  

viii. Place at 37°C for 60 minutes. Shake vigorously (250 rpm) or rotate  

ix. Warm selection plates to 37°C 

x. Mix the cells thoroughly by flicking the tube and inverting 

xi. Streak 50–100 µl onto a selection plate and incubate overnight at 37°C 

 

b) Pick two single colonies for each construct from the BL21 (DE3) selection plate and 

culture them in a 17 x 100 mm culture tube with 500 µl of ZYP-5052 autoinducing 

media + kanamycin. This culture will serve as both an analyte for the Western 

blotting process and as a starter culture for large-scale culture. Place the tubes in a 

37°C shaker-incubator for >20 hours. 

 

c) Following successful overnight growth, pipette 200 µl from each culture tube in to a 

1.5 ml microcentrifuge tube and place the 17 x 100 mm culture tubes in the 

refrigerator. Centrifuge the 1.5 ml microcentrifuge tubes for 3 minutes at full speed. 

• If the time between completing the Western blot (Step 6d) and initiating large-

scale cultures (Step 7a) will be greater than 24 hours, add 1 ml of ZY broth to 

each 17 x 100 mm culture tube for longer term storage. 

d) To each microcentrifuge tube, add 20 µl of 1x Laemmli buffer + 350 mM DTT and 

pipette vigorously to mix. Boil the samples using a heating block at 100°C for 30 

minutes. After boiling, the sample is at all viscous, add a further 10 µl of 1x Laemmli 

buffer + 350 mM DTT and repeat the boiling step. 



 

 

 

e) Prepare an SDS-PAGE apparatus capable of resolving 15-80 kDa protein analytes. 

The Mini-PROTEAN electrophoresis system (Bio Rad - 1658005EDU) was used 

with 4–15% Mini-PROTEAN™ TGX Stain-Free™ Protein Gels, 15 well, 15 µl (Bio-

Rad 4568086). Load 10 µl of each sample from the boiled microcentrifuge tube, with 

a ladder on to the gel and run according to manufacturer’s instruction. 

• Bio-Rad stain-free gels (and comparable similar technologies) allow 

visualisation of total protein and transfer on to blotting membrane from a 

single gel. These technologies are recommended for high-throughput 

applications of this protocol. 

• Due to the nature of stain-free visualisation chemistry, some peptides that are 

deficient or rich in tryptophan may be over or underrepresented on the gel. In 

these cases, a second gel with Coomassie staining may be appropriate. 

Although total protein visualisation is not always essential when Western 

blotting is performed. 

 

f) Transfer the gel on to a PVDF or nitrocellulose membrane using the transfer 

apparatus of choice. Blot using a rat-α-Myc-tag antibody or, additionally a mouse-α-

6xHis antibody and an antibody against the protein from which the MultiMer peptide 

originates. Polyclonal Human-anti-ZIKV was used in this case.  

 

• With this blotting configuration, 3 fluorescent secondary antibodies α-mouse-

488, α-rat-546 and α-human-800 can be used on a single blot to identify each 

MultiMer’s N-terminus 6xHis tag, the C-terminus Myc tag and serve as a 

preliminary analysis to screen Multi’Mers against immune serum. 



 

 

 

i. Block membrane using PBS/T + 5% milk for 1 hour at RT on a shaker. 

Discard the block solution. 

ii. Mix primary antibodies at the appropriate concentration with PBS/T + 5% 

milk and incubate with the blot at RT for 1 hour. Remove antibody-block 

solution and freeze at -20°C for future blots. 

iii. Wash three times for 5 minutes on a shaker in PBS/T. 

iv. Add secondary antibodies at the appropriate concentration into a PBS/T 

solution and incubate in an opaque container for 1 hour at RT on a shaker 

and discard the solution. 

v. Wash three times for 5 minutes on a shaker in PBS/T. 

vi. Visualise the membrane using an appropriate florescent imager. 

 

Using the Western blot image, select clones that have successfully expressed the MultiMer 

peptides. This is indicated by the presence of rat-α-Myc-tag antibody signal. The Myc tag is 

located on the C-terminus of the peptide, which implies that the full-length peptide has been 

expressed. 

 

7. High volume culture, cell lysis and protein purification 

At this stage, successful MultiMer expressing BL21 (DE3) clones can be achieved in a larger 

volume. Following this, lysis and protein purification will yield highly pure > 0.5 mg/ml 

MultiMer peptide preparations for downstream immunoassay applications. Purification of the 

peptides involves the re-solubilisation of inclusion-bodies from a washed cell pellet. I have 

validated that buffer exchange from out of the denaturing solution is not required for ELISA 

or Luminex applications. For downstream applications that require the MultiMer peptides to 



 

 

be in a different buffer, Amicon® Ultra-15 Centrifugal Filter Units (Merck - UFC900308) 

utilised with a high-volume dilution and centrifugal concentration protocol, as per product 

supporting documentation are a suitable methodology for exchange. Modulate the pH of the 

recipient buffer to increase polypeptide solubility during centrifugal buffer exchange. 

 

a) Using the Western blot in the previous step as a guide, from the refrigerated liquid 

culture stocks made in Step 6c, inoculate a 200 ml ZYP-5052 antibiotic culture in a 1 

L baffled Erlenmeyer flask with the entire contents of the 17 x 100 mm culture tube. 

Leave overnight shaking at 200 RPM in a 37°C incubator. 

b) Following incubation, decant the bacteria into a container for centrifugation at full 

speed for 15 minutes and discard the now translucent supernatant. 

• A single 50 ml falcon tube for each culture was used, repeating centrifugation 

for the entire 200 ml volume. 

c) To the 50 ml falcon tube with the entire bacterial pellet, add the lysis buffer of choice 

up to the 40 ml mark. Each buffer should be suited for the method of cell lysis: 

i. For probe sonication use PBS (water-bath sonication is not sufficient). 

ii. For French (cell) press, use PBS. 

iii. For enzymatic lysis use 0.5 mg/ml lysozyme from egg white 

supplemented with 800 U/ml DNase and 24 U/ml RNase. 

iv. Freeze thaw cycles, use PBS. 

 

d) Following thorough cell lysis, transfer 2 ml of the lysate to a 2 ml microcentrifuge 

tube and centrifuge at full speed >15,000 RCF for 10 minutes. 

• I have chosen to use small volumes for the subsequent purification steps, as 

each lysis preparation usually produces >2 mg per run.  



 

 

 

e) Discard the supernatant and resuspend the pellet in pre-solubilisation buffer up to a 

volume of 1.5 ml (see materials for recipe). Using a probe sonicator to resuspend the 

lysate. 

f) Centrifuge at full speed >15,000 RCF for 10 minutes and repeat Step 7e. 

g) Centrifuge at full speed >15,000 RCF, add solubilisation buffer to a final volume of 

1.5 ml (see materials for recipe), and resuspend by sonication. Centrifuge once more 

at full speed >15,000 RCF for 10 minutes and transfer the supernatant to a fresh 1.5 

ml microcentrifuge tube. 

h) Perform the NEBExpress® Ni Spin Column Reaction Protocol (NEB #S1427) as per 

manufacturer’s instruction, using all buffers supplemented with 8 M urea. Collect the 

flow-through from the ‘Lysate Binding’ step and re use in subsequent purification 

repeats. 

i) Repeat protocol until the desired volume of eluate is obtained.  

j) Quantify the peptide using the Bradford assay with a BSA standard curve. Do not use 

BCA quantification as the contents of the buffer are not compatible. 

• In the output from the MultiMer website primer generation step, a column is 

included with the extinction coefficient of the specific peptide. This can be 

used to increase the accuracy of spectrophotometric protein quantification 

methods using the Beer-Lambert Law.  

k) Store the final eluate, crude lysate, solubilised protein at -80°C. 

 

 

8. ELISA – identification of reactive MultiMer candidates 



 

 

This final step serves as a preliminary analysis on whether the expressed MultiMer construct 

functions effectively as an antigen or not. For this analysis I use a conventional checkerboard 

ELISA approach, titrating both antigen and serum concentration. I have used a polyclonal 

human-anti-ZIKV (internal control) with a rabbit-anti-human-HRP (thermo: A18805) 

secondary antibody. 

 

As noted in Step 7, the effect of urea and imidazole present in the antigen buffer on the ELISA 

and Luminex assays has been found to be negligible. It is therefore not essential to exchange 

buffer prior to ELISA analysis. I have used a carbonate-bicarbonate coating buffer (pH 9.6) 

supplemented with 2 M urea and 125 mM imidazole to ensure peptide solubility. Coating buffer 

with 8 M urea and 500 mM imidazole will work, but has been found to be unnecessary, and 

high concentrations urea may precipitate in 7oC incubation steps. 

 
 
 
6.3.1 Materials - Reagents 

Generation of pET-vFusion plasmid 

• Appropriate pET or compatible T7/lacUV5 E. coli protein expression plasmid. 

• Q5 Hot Start Polymerase, or any comparable high-fidelity polymerase. (NEB-

M0491S) 

• dNTPs (NEB-N0447S) 

• Forward and reverse adapter sequence primers (see primer design section). 

• DpnI restriction endonuclease (NEB-R0176S) 

• (Optional) QIAquick PCR Purification Kit (QIAGEN -28104) 

 

Overlap assembly PCR reaction 

• DNA Template genomic material. 

o For ZIKV, three sets of primers were used to amplify 3 kb lengths spanning 

the genome from cDNA (See appendix). 



 

 

• Forward and reverse MultiMer DNA primers, each at a final concentration of 5 μM 

(see primer design section). 

• Q5 Hot Start Polymerase, or any comparable high-fidelity polymerase. (NEB-

M0491S) 

• dNTPs (NEB-N0447S) 

 

DNA Gel electrophoresis 

• Gel Loading Dye, Purple (6×) (NEB-B7024) 

• 100-bp DNA Ladder (NEB-N3231) 

• SeaKem LE Agarose (Lonza-5000) 

• 10× TAE 

• SYBR Safe DNA Gel Stain (Thermo Fisher Scientific-S33102) 

 

Cloning of MultiMer fragment in pET-vFusion to vector 

• MultiMer PCR reaction (confirmed on gel) 

o Purification of the DNA fragment from the previous step is not necessary. 

o Optionally, for increased specificity of the size of insert, gel excision can be 

used. 

• NEBuilder® HiFi DNA Assembly Cloning Kit (NEB-E5520S). 

• 50 µg/mL Kanamycin LB agar plates (2 plates per construct). 

• 50 µg/mL Kanamycin LB broth (20 ml per construct). 

• ‘Economy’ Taq Polymerase (NEB- M0480S). 

• QIAprep Spin Miniprep Kit (QIAGEN- 27104). 

• Competent cells 

o Optional: For longer repeats, to increase insert stability >500bp we 

recommend using NEB® Stable Competent E. coli. Our own chemically 

competent Stable cells were produced using the Hanahan method. We found 

acceptable results with XL10-G or DH5α grown at RT. 

 

 

Expression of Cloned MultiMer Peptides 

• MultiMer plasmid prep 



 

 

• BL21 (DE3) (NEB-C2527H) or BLR (DE3) (Merck-69053-3) competent cells. 

• 50 µg/mL Kanamycin LB agar plates 

Reagents for autoinduction using the Studier autoinduction methodology: 

• ZYP 5052 media 

1. 1 L = 10g bacto tryptone, 5 g yeast , 925 water 

2. 20x NPS + 50X 5052 + MgSO4 (see Studier methodology)  

3. Kanamycin to final conc. of 100 µg/mL (or antibiotic of choice) 

Lysis and purification: 

• Phosphate buffered saline  

• Pre solubilisation buffer – 2% Triton X-100, 2 M urea, 20 mM sodium phosphate, 300 

mM NaCl, pH 7.4 

• Solubilisation Buffer – 8 M 8rea, 20 mM sodium phosphate, 300 mM NaCl, pH 7.4 

• NEBExpress Ni Spin Wash Buffer – 8 M urea, 5 mM imidazole 20 mM sodium 

phosphate, 300 mM NaCl, pH 7.4 

• NEBExpress Ni Spin Elution Buffer – 8 M urea, 500 mM imidazole, 20 mM sodium 

phosphate, 300 mM NaCl, pH 7.4 

• NEBExpress® Ni Spin Columns (25 Pack) (NEB- S1427L) 

 

SDS-PAGE and Western Blotting Purified MultiMer Peptides 

• Mini-PROTEAN TGX Stain-Free Protein Gels, 15 well, 15 µl (Bio-Rad – 4568096). 

• PageRuler™ Prestained Protein Ladder, 10 to 180 kDa (Thermo - 26617). 

• Laemmli buffer. 

• Transfer buffer. 

• Anti-Myc primary antibody (Abcam: ab10910). 

• Goat anti-Rat IgG (H+L) Cross-Adsorbed Secondary Antibody, HRP (Thermo - 

A10549). 

o Fluorescent conjugated antibodies can also be used (Thermo - A-21096). This 

eliminates the need for HRP substrate. 

• Pierce™ ECL Western Blotting Substrate (Thermo - 32109). 

 

MultiMer Peptide ELISA 



 

 

• Quantified antigen (MultiMer Peptides) 

• Controls: 

1. Polyclonal immune positive to target organism. 

2. Confirmed negative sera. 

• TMB one component HRP microwell substrate (Tebu-bio laboratories - TMBW-1000-

01). 

• Tween 20. 

• Skimmed milk powder. 

• 0.2M sulphuric acid 

 

6.3.2 Materials - Equipment 

Amplification 

• PCR tubes. (STARLAB-I1402-4300) 

• Gel electrophoresis tank  

• UV gel imaging device 

• Thermal cycler 

Cloning 

• 17 x 100 mm culture tubes 

• Rotary shaker 

• Water bath/heating block 

Protein Expression 

• 1 L baffled Erlenmeyer flasks  

o Baffling is essential. Flask-culture volume ratio is central to efficient 

expression. See Studier documentation. 

• Sonicator with probe 

o A cell press or enzymatic lysis can be used to similar effect. 

• 2 mL Eppendorf tubes (Eppendorf – 0030120094) 

• High speed microcentrifuge (>15,000 RCF) 

SDS-PAGE and Western blot 

• Mini-PROTEAN electrophoresis system (Bio-Rad - 1658005EDU) 



 

 

• 4–15% Mini-PROTEAN™ TGX Stain-Free™ Protein Gels, 15 well, 15 µl (Bio-Rad 

4568086) 

• Western blotting transfer apparatus. 

• Chemiluminescent or florescent Western blot imager. 

Peptide ELISA 

• Immulon 4 HBX 16-well ELISA plates (Thermo – 3855) 

• Plate reader  

• Refrigerator 

  
 

6.4 Results 
 
6.4.1 High throughput cloning of MultiMer peptide libraries 

With the MultiMer PCR reaction well characterised, and the Gibson cloning strategy operating 

at an acceptable level, the production of MultiMer constructs was scaled up to cover 12 of the 

peptide candidates. For the initial MultiMer PCR reaction, 2.5 µM of each primer was used 

Figure 12. (a) Multimer PCR reaction of 12 ZIKV peptides coding sequences of varying 
length. The crude PCR product was run on a 2% agarose gel, with a 100 bp marker. (b) T7 
PCR of final plasmid-prepped cloned constructs. The band size represents the size of the insert 
(minus the 300 bp N and C term tags. The gen was run, as above. Two plasmid preps were 
generated for each single construct (Set 1, Set 2). 
 



 

 

with 40 cycles, which based on the modelling outlined in the previous section, would produce 

Multimers of approximately 500 bp in length. The gel electrophoresis of the fragments is shown 

(Figure 12a). The range of fragment sizes yielded from the reaction were between ~350 – 800 

bp. I added 0.2 µL of each fragment to a Gibson cloning reaction with the pET28a-Myc-

Multimer plasmid and cloned (at room temperature) and selected 8 colonies from each agar 

plate. I found at least one stable colony (out of 8 tested) with a cloned insert of ~500 bp. Using 

the T7 primers, the MCS was amplified, the resulting gel of which is shown in Figure 12a. 

Interestingly, most stable cloned fragments with the 350 bp N and C termini tags subtracted, 

lay between 600 and 1200 bp, which is significantly greater than the ~350 – 800 bp visualised 

in Figure 12b. A subset of the resulting plasmids was sequence verified using flanking T7 

promotor and terminator primers. No frame-shifting mutations were observed in any of the 

constructs (Figure S2) 

 

6.4.2 High-throughput expression of MultiMer constructs 

Following transformation of the BL21-DE3 E. coli system with each respective pET28a-Myc-

Multimer-insert plasmid, cultures were grown using the autoinduction methodology. Grown at 

37oC, all the peptides were expressed and enriched from inclusion bodies using sonication and 

successive treatments with a chaotropic agent. As an initial screen for the expression of 

Figure 13. A single Immunostained dot-blot of concentration normalised clarified induced E. coli 
lysates. 10 µL of the lysate was added to a nitrocellulose membrane, which was washed 3 times, 
blocked, and blotted with the aforementioned antibody pairs. The blot was visualised at excitation 
wavelengths of 488, 546 and 800 in tandem on a Bio-Rad gel-doc system.  
 



 

 

peptides, a dot-blot was preformed  using the clarified E. coli lysate, blotted with three primary 

and secondary antibody pairs. Mouse-anti-6X-his tag + goat-anti-mouse-488, rat-anti-Myc + 

anti-rat-546 and Human-anti-ZIKV + anti-Human-800 (Figure 13). These antibodies were 

chosen to identify the 6X histidine tag and Myc epitope tags, present on the N and C termini 

of each peptide, respectively, and a Human ZIKV immune polyclonal antibody, which serves 

as a preliminary indicator of ZIKV reactivity. The anti-6X-his tag antibody exhibited non-

specific activity, due to the ambiguous nature of the histidine tag epitope. The Myc and ZIKV 

antibodies appeared to bind specifically, with little to no reactivity with the E. coli control 

(Figure 13 – CTRL). Out of the 24 lysates screened (12 peptides, two replicates), 11 of them 

expressed levels of Myc tag detectable in this assay. 

 

The expression of the Myc tag on the blot indicated that the construct had been expressed in 

full. Ten E. coli lysates were selected (Figure 13), and nickel-bead purification was performed 

using a streamlined micro-centrifugal column protocol. The columns yielded a highly purified 

protein product which was eluted using a 500 mM imidazole and 2 M urea buffer. The purified 

proteins were diluted to a consistent concentration and analysed using an SDS-PAGE and 

Western blot technique (Figure 14). The total protein was visualised using the incorporated 

dye in Bio-Rad ‘Stain Free’ gels, and the transferred gel was blotted with rat-anti-Myc + anti-

rat-546 and Human-anti-ZIKV + anti-Human-800 antibodies. In this iteration, apparent 

truncation of the peptides occurs, as indicated by the laddered effect seen on the total protein 

gel. However, the primary signal form both the Myc tag and the ZIKV immune sera, indicates 

that most of the protein was expressed in full. On top of the 10 MultiMer peptides, the full-

length ZIKV and DENV NS1 proteins were expressed (lanes 1 and 2) as a positive control for 

immunoassay comparison.  



 

 

 

 

6.4.4 Preliminary analysis of peptide reactivity to ZIKV immune sera 

To ascertain whether the peptides were reactive to ZIKV positive polyclonal sera, ten MultiMer 

peptides were screened in a titration against an immune ZIKV positive sera and a serologically 

confirmed negative control. Firstly, a single MultiMer antigen, ZIKV1, was screened with 

ZIKV-NS1 with 3 different dilutions of human ZIKV immune sera, 1:50, 1:100 and 1:400 

(Figure 15). For the full-length ZIKV-NS1 protein, both 1:50 and 1:100 sera dilutions 

exhibited similar reactivity to both the immune and non-immune sera. The typical sigmoidal 

curve seen during ELISA titration experiments indicated that the assay reached saturation at 

approximately 100 µg/mL. Unlike ZIKV-NS1, the ZIKV1 MultiMer peptide did not reach 

saturation, but there does appear to be a small difference between the 1:50 and 1:100 dilutions. 

In subsequent repeats on other MultiMer peptides, a similar lack in this differential was 

observed, and a lack of saturation, even with coating concentrations of 300 µg. Given these 

results, for the preliminary screening of the ten MultiMer peptides, a 1:50 serum dilution was 

chosen. 

 

Figure 14. SDS-PAGE 15% Tris Glycine gel, with a dual antibody (Myc and ZIKV) western blot. A 
Page Ruler 10 kDa to 180 kDa pre-stained ladder was loaded in the left-most lane. Protein analytes 
were loaded in equal concentration.  



 

 

 

 

With the titration of a further nine peptides at a serum concentration of 1:50 (Figure 16), 

only two of the peptides, ZIKV1 and ZIKV5, reached an OD of greater then 0.6, 50% of the 

signal compared to ZIKV-NS1. Despite this drop, both peptides exhibited 3-fold greater 

reactivity when compared to the negative samples. The other eight peptides exhibited with 

low overall reactivity, or a low ratio when comparing the reactivity of ZIKV positive sera, to 

negative. No correlation was observed between the number of repeats in the peptides and the 

overall reactivity on ELISA.  

Figure 15. Titration of antigen concentration against analyte ZIKV +ve and ZIKV -ve 
polyclonal sera. Coating antigen concentration ranges from 300 µg to 0.005 µg. 



 

 

 

 

 

6.5 Discussion 

In this section, the development and validation of the central molecular mechanics of the 

MultiMer methodology has been described. The modelling of the MultiMer PCR reaction, both 

in-silico and in-vitro, has elucidated the key variables that drive the assembly reaction. I have 

demonstrated that the modulation of adapter-primer concentration facilitates the predictable 

Figure 16. Titration of antigen concentration against analyte ZIKV +ve and ZIKV -ve 
polyclonal sera. 12 of the expressed peptides were coated on to ELISA plates in the presence of 
2M urea. Coating antigen concentration ranges from 300 µg to 0.005 µg. 



 

 

assembly of MultiMer repeats, in a simple one-step reaction. I believe that this methodology 

can not only be applied in the context shown here, but also other synthetic biology applications 

that require the generation of such constructs. This methodology may also benefit the field of 

antimicrobial-peptide study, eliminating the need to time-consuming serial cloning techniques, 

synthesis or enzymatic assembly. 

 

While the technique has limitations, I have described a novel methodology and laid the 

foundation for its continued improvement and development. The low cloning efficiency 

(Figure 10) can be rectified with modification of the adapter sequences. I believe the limited 

diversity in the nucleotide content inherent of the Gly-Ala codon repeats facilitates hairpin 

formation, and backbone self-annealing, which can be corrected with further adjustment. In 

future work, it would be possible to understand the effect of modifying adapters, both at 

sequence and the amino-acid level, on cloning efficiency and expression levels. The adapter 

peptides present further opportunities for exploring additional functionality in this system. The 

addition of a protease cleavage site would allow for exploring the possibilities of cleaving 

MultiMer peptides back into their monomeric form, which would yield peptides not too 

dissimilar to those produced in chemical synthesis. 

 

The preliminary analysis of the MultiMer peptides demonstrated that high yields of MultiMer 

peptides can indeed be expressed using the technique described. The laddering effect (seen in 

Figure 14) may be corrected by moving the his-tag to the C terminus of the plasmid backbone 

MCS. This moving would ensure that only the full-length product is purified eliminating the 

truncated species during purification; thereby allowing the production of precise repeat 

numbers, crucial to the validation of this technology.  

 



 

 

The preliminary ELISA screening of the 10 MultiMer peptides produced in the example shown 

here was insufficient to gain a robust understanding of the antigenic qualities of the target 

peptides. Reassuringly, both immunoblots (Figure 13; Figure 14) appear to demonstrate 

reactivity to ZIKV immune sera. In numerous iterations of ELISA experiments, I have 

attempted to increase the signal obtained from each peptide titration, while broadening the 

panel of peptides. Modifying the buffer in which the peptide is stored, the coating concentration 

and the plate medium, appeared to yield a no more typical binding curve than that shown here. 

Performing titrations using only the attached Myc epitope tag and its cognate antibody yields 

a similar result, which indicates that this result is not peptide-specific and may be an intrinsic 

flaw in the proposed ELISA methodology, most likely regarding the association of the peptide 

with the solid-phase. Moving forward, it would be possible to test small MultiMer fusion 

partners, which may increase the binding efficiency of the peptides. 

 

The final caveat lies in the difficulty associated with the visualisation and quantification of 

synthetic peptides. When visualising peptides using the SDS-PAGE ‘Stain Free’ technology 

or other similar products, the incorporated stain covalently binds with the aromatic 

tryptophan residues to visualise protein bands following UV activation. The ZIKV2 peptides 

(amongst others), along with the linkers and affinity/epitope tags contain no tryptophan 

residues, which can result in underrepresentation in such analyses. In other iterations, I have 

used Coomassie blue stain to visualise tryptophan devoid peptides (Figure S3). This 

alternative is not elegant and highlights a neglected issue. Most visualisation or quantification 

techniques operate on the principle of a reaction with residue functional group(s). As such, 

the outcome of the assay is entirely sequence dependent. Coomassie, Bradford and 

bicinchoninic acid assays react with aromatic groups, silver stain with carboxylic acid groups, 

Lowry assay with cysteine, and 280 nm spectrophotometric analysis with aromatic rings. 



 

 

While in most scenarios, quantifying natural proteins, these residues are usually well 

balanced, here, a peptide may consist almost entirely of the same 17 repeated residues, which 

presents a unique issue. In exploring this challenge, I have attempted to capitalise on the 205 

nm absorbance of peptide bonds, compensating with a pre-calculated extinction co-efficient 

of peptides. However, absorbance at this wavelength is shared with several common 

compounds, including salts present in most protein storage buffers. Despite these limitations, 

the proposed approach offers a new technique which may yield insights into repeat construct 

synthesis, with applications across synthetic biology.  
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Table S1. Multimer protein concentration determined by Bradford assay standard 
interpolation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Peptide/Protein Concentration 
(mg/mL) 

Z-NS1 1.58 

D3-NS1 1.61 

ZIKV1 1.59 

ZIKV2 0.80 

ZIKV3 1.26 

ZIKV4 1.24 

ZIKV5 0.58 

ZIKV6 0.83 

ZIKV7 1.36 

ZIKV8 0.20 

ZIKV9 1.23 

ZIKV10 1.14 



 

 

Figure S1. Screenshots of the MultiMer primer design website.  



 

 

Figure S2. Sanger sequencing verification of Multimer construct. T7 sequencing primer PCR 
amplicication of the cloned, plasmid prepeared Multimer in the pET28a-Myc-Multimer 
vector. 
 



 

 

Figure S2.1 
 
 
 
 
 



 

 

Figure S2.2 
 
 
 

 



 

 

Figure S2.3 
 
 
 
 



 

 

Figure S3. Comparison of SDS page total protein visualisation methodologies. The same gel 
was firstly images with UV (1 min activation) followed by Coomassie staining overnight 
followed by de-staining. 
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Discussion 
 

 

 
7 Discussion 

 
 

“WHO continues to work with regional and national health authorities to enhance 
health system capacity to respond to the continued threat of ZIKV transmission”. A 
polluted reservoir in the Apipucos neighborhood of Recife. Researchers say new cases of 
congenital Zika syndrome are occurring and that the virus is still circulating in Brazil and 
beyond. Image: NYT (2022) ; WHO Zika epidemiology update (Feb 2022). 



 

 

Discussion 

In this thesis I have studied the ZIKV outbreak on Cabo Verde, in a multi-faceted analysis that 

addresses different components which describe ZIKV transmission during the 2015/16 

epidemic. Together, this provides epidemiological insights that contribute to current research 

on ZIKV control strategy, a virus that has caused ongoing health consequences for children 

and is likely to re-emerge with significant morbidity. The inevitable global increase in 

temperature, due to climate change, will facilitate expansion of Ae. aegypti populations, 

including those with insecticide resistance phenotypes. The suitability of new habitats 

increasing at a rate of 4.4% per decade to 2050, up from 1.5% in the 20th century [1]. With this 

exists an inherent risk of increased arbovirus transmission, and current measures of control 

may be insufficient without additional scientific insights and resourcing.  

 

In Chapter 2, the Ae. aegypti vector population was surveyed shortly after the ZIKV outbreak 

on Cabo Verde using xenomonitoring techniques and amplicon sequencing. The application of 

qPCR in this instance appeared to be sensitive. However, in the future, the pooling of samples 

and use of automated biological material extraction could be an economic and timely 

improvement on current practice. A combined RNA/DNA column extraction protocol was 

implemented, which enabled the analysis of both, RNA, for transcriptomics and virus 

detection, and DNA, for the study of insecticide resistance and population genetics, in a single 

extraction protocol.  This combined approach is more economic and presents greater scope for 

impactful research for a single sample set. The amplicon sequencing analyses revealed 

susceptibility to common pyrethroid insecticides through the analysis of the VGSC gene, while 

describing the population genetics of the vector population using phylogenetic inference and 

haplotype mapping approaches. In the years since the sampling, there has been the first report 

in Cabo Verde of insecticide resistance in Anopheles arabiensis, a malaria vector [2]. This 



 

 

report detailed resistance mutations in the kdr gene, which like the VGSC gene, confers 

pyrethroid resistance. These findings emphasise the requirement for sustained genomic 

surveillance of insecticide resistance on Cabo Verde, which should be supplemented with 

bioassay techniques.  

 

In the third chapter, the molecular characterisation of sampled Ae. aegypti mosquitoes was 

reported with a focus on RNA virus detection. Using transcriptomic sequencing on a third 

generation nanopore platform, pooled Ae. aegypti total RNA isolates were characterised. This 

led to the assembly of an EIAV virus partial genomic sequence. To build on these findings, I 

would like to screen more mosquitoes from our dataset, and produce a research note on the 

presence of EIAV in the Cabo Verdean Ae. Aegypti population. The profile of the transcriptome 

was surprisingly complex. I found that the most frequent taxa assigned in our samples was 

Homo sapiens and Sus scrofa (wild boar). Considering that many of the mosquitoes collected 

were blood-fed, the former is expected. However, no evidence was found of residents keeping 

Sus scrofa or Sus scrofa-like species near to the collection sites, and it is possibly an example 

of misclassification by the Kraken metagenomic software. The detection of EIAV is more 

robust, especially as the sequences were compared and validated against the publicly available 

viral sequence data in the phylogenetic analysis.  

 

The RNA yield from the Ae. aegypti RNA isolations was low. A whole-transcriptome 

amplification technique was employed, which without bias, amplified RNA transcripts at a 

starting concentration of ~10 ng/µL to > 1 µg/µL. In this process, random hexamers were mixed 

with the ZIKV specific primers, as well as the reverse-transcription mix, which contained 

oligo-dT primers. This kit was likely a sub-optimal choice. While many RNA virus species’ 

transcripts are polyadenylated at the 3’ UTR [3], Flavivirus spp are not, and feature a hairpin 



 

 

loop instead. Because of this, the amplification process may have selected against ZIKV, or 

any other Flavivirus transcripts. Producing the whole-genome ZIKV sequence was therefore 

complex and challenging. The qPCR positive isolates were subjected to the tiling amplicon 

approach, but I was unable to produce any coverage above 20% of the genome and exhausted 

the RNA stock (after whole transcriptome amplification). In a final attempt, 95 samples with 

metadata indicating that the mosquitoes that were captured in a similar area, trap, or timeframe 

were pooled together. By changing the reverse transcriptase (NEB ProtoScript II) in the 

protocol, to a more feature rich variant, Thermo SuperScript IV, a proprietary MMLV mutant 

with increased processivity and greater thermostability, the results reported in Chapter 3 were 

obtained. Similar issues with amplification sensitivity were encountered in the ‘Zibra project’, 

which sampled low-viraemia human isolates. 

 

Genomic recombination in ZIKV and other Flavivirus spp. has been previously reported [4,5]. 

Phylogenetic reconstructions are built on the assumption that taxa have a single ancestry; 

recombinant genomes violate this. This topic is seldom discussed in Flavivirus genomics, 

possibly because the reported signals of recombination appear to be isolated to only the E and 

M genes, and manifest in only minor changes, given the typical clonality of co-circulating sub-

lineages. In this thesis, I discuss instances where there are multiple, discrete phylogenetic 

lineages, co-circulating in a single geographic and temporal space, which challenge 

phylogenetic assumptions. Revisiting Chapter 3, a significant differential in the clock-rate of 

some clades on the maximum likelihood tree for the temporal phylogenetic reconstruction was 

observed (Figure 9). While this could be a simple case of isolate mislabelling, or an 

undescribed shift in selective pressure, the differential could also be a signature of 

recombination, which should be the subject of further investigation.  

 



 

 

The sero-epidemiological work yielded a snapshot of Flavivirus seroconversion within the 

diverse demographic setting of the Cabo Verdean population. Interestingly, one of the findings 

indicated that self-reporting ZIKV infection was not associated with ZIKV seroconversion. 

Given that, in many cases, Flavivirus infections do present in a flu-like manner, it is possible 

that infections were erroneously reported. A further line of inquiry would be to expand the 

antigen panel to respiratory diseases, which might answer this question. To fundamentally 

improve this study, I would like to have implemented PRNT assays, the gold standard in the 

study of Flavivirus humoral responses. This implementation would have enabled a robust 

comparison of assay specificity but was not possible due to budget constraints. The DAB assay 

did perform better than any of the ZIKV assays featured. Using a DAB format with DENV 

antigens would have provided a more robust differentiation between responses. However, 

given the significant cost of these assays, the work was limited to deducing specificity through 

the assumption of ZIKV DAB specificity. Despite reports of broader cross reactivity between 

Flavivirus spp, I observed no obvious manifestation of this on the analysis of YFV responses. 

The CHIKV seroconversion observed was surprising. The Cabo Verdean Ministério da Saúde 

does not routinely screen for this Alphavirus but could consider doing so. None of the 

participants with apparent seroconversion declared recent travel to CHIKV endemic regions. 

Given the presence of the Ae. aegypti vector, and the swift introduction of ZIKV to Cabo Verde 

described by the molecular analyses, which occurred shortly after the establishment of 

autochthonous transmission in Brazil, the potential for a CHIKV outbreak on Cabo Verde is 

high. This insight is an important implication from my research, and given the recent history 

of ZIKV, COVID-19 and other pandemics, it is important for infection control stakeholders to 

have readied alert and prevention systems across a range of infections and their potential 

vectors. 

 



 

 

The results in Chapter 4 demonstrated that ZIKV assays are easily confounded by cross 

reactive antibody responses. Accurately determining the etiological agent behind a person’s 

ambiguous febrile presentation is of the utmost importance in ZIKV endemic regions. The 

morbidity of pre-natal ZIKV infection has been substantial, with long-term commitments to 

microcephaly cases crucial. Diagnoses facilitate decision making, through which the provision 

of maternal health services, pre-natal testing, and if appropriate, safe termination, counselling, 

and post-natal care services is possible [6]. Improving assay specificity was the primary goal 

of the final two chapters. Despite its partial completion, the methodological exploration of 

several novel avenues that could be harnessed for the development of cost-effective diagnostics 

were explored, with potential applications across a range of contexts in infection biology. The 

implementation of in-silico analyses, in an ‘omics-like methodology, is a new approach to 

designing antigen panels, with which, I highlight ten peptides for further study. Applying these 

methodologies in the context of SARS-CoV-2 diagnostics, in the form of an interactive 

website, has led to a well-used resource, receiving over 1000 repeat (non-bot) users. 

 

One of the limitations of my research is the focus on linear epitopes. It has been previously 

reported that of the of the total array of epitopes present on an antigen, only a fraction of them 

are linear, the rest being conformational or ‘discontinuous’ epitopes [7]. A lot of reactivity is 

therefore missed but mimicking the three-dimensional structure such macromolecules such that 

it resembles the native protein is of great difficulty, especially given the confines of our 

analytical pipeline. There are tools that consider 3D structure in epitope prediction, such as the 

ElliPro software. However, coding this, and translating findings into something applicable in 

the formats I have explored would be a significant undertaking. I demonstrate the rendering of 

custom annotations in 3D protein models as a beta add-on to the ‘mutation tracker’ of the 



 

 

Immunoanalytics tool. On this foundation, I will base my future explorations in to 

incorporating 3D structural analyses and conformational epitopes. 

 

The SARS-CoV-2 pandemic presented an excellent opportunity for conducting meta-analyses, 

especially with the research community’s efforts leading to the generation of numerous datasets 

for both comparison and repurposing. An opportunity for future work is the integration of my 

meta-analytical approach with mapping data of linear epitopes from SARS-CoV-2 proteome 

microarrays, ELISA, and phage-display techniques. These data could provide insights into 

whether in-silico predictions translate.  Relatedly, the analysis of the high-dimensional data 

could involve the implementation of machine learning techniques. For example, it is possible 

to train neural networks to predict antigen peptides, employing not only current sequence data 

tools, but also metrics employed in my work, to improve predictions.   

 

The work in validating the Multimer methodology was time-consuming. The research reported 

in Chapter 6 is a highly condensed report of the numerous iterations my research explored. 

My initial attempts at assembling tandem-repeated fragments using conventional 

methodologies were unsuccessful. My first iteration, which was not reported in this thesis, 

resembled somewhat, a modified Golden Gate genotyping array technique. Using restriction 

endonucleases with compatible cohesive recognition sites, sympathetic to spacer codon 

sequences, I devised a one-step methodology for assembling short, repeated constructs 

enzymatically. The attempted validation of these constructs through diagnostic PCR assays 

revealed the potential for the overlap assembly methodology, explored in Chapter 6. In 

characterising the reaction, I believe the MultiMer methodology will prove a significant 

contribution to those seeking to build tandem-repeat constructs. 

 



 

 

While the expression of peptides in inclusion bodies (IBs) is considered in many cases, sub-

optimal, here, it presents several benefits. The high yield in which they are expressed, and ease 

of which extraction and purification is performed from IBs streamlines the Multimer protocol. 

These peptides are inherently non-conformational. The treatment with chaotropic agent, not 

only disassembles the aggregates, but its sustained presence in downstream processes ensures 

no secondary structures form, right up to solid-phase antigen immobilisation. I validated the 

use of urea in ELISA coating processes and found no significant effect on coating efficiency. 

Typical polystyrene ELISA plate coating occurs through hydrophobic interactions, which are 

not hindered by chaotropic agents.  

 

With the sub-optimal results exhibited when testing the Multimer antigens, similar to the lack 

of saturation exhibited by the Concat antigen, I tested several ways by which antigen coating 

and the reactivity of peptides could be improved i.e., the sensitivity of the assay. I have explored 

using MBP fusions, which may improve coating efficiency. Polystyrene binding motifs have 

been reported to increase the efficiency by which small peptides associate with plastic surfaces 

[8,9]. For future endeavours in improving the reactivity to Multimer peptides, it would be 

possible to build fusion constructs containing this motif on the N-terminus. In the eventuality 

that the MultiMer methodology is completed, there are several applications in downstream 

analyses to dissect Flavivirus antibody responses. Its foremost application would be in a multi-

epitope mixture for Flavivirus diagnostic assays, with implementation in both high throughput 

research settings, such as that on Luminex platforms, and low cost RDT-LFA antibody assays. 

One of the outcomes of developing the Multimer methodology was its application in the 

research undertaken in Chapter 4. Antibody repertoires develop throughout the course of 

infection, by way of class switching, somatic hypermutation and affinity maturation. Responses 

can also be marked by the development infection pathology and host-factors, both genetic and 



 

 

environmental. With a wide panel of specific antigens, I believe the dissection and 

identification of key responses marking significant stages of infection or host factors is 

possible. It has been previously demonstrated that an NS1 peptide might be an early marker for 

ZIKV infection in infected pregnant women [10]. Building on this, with access to paired-

timepoint sera from a non-human primate (NHP) challenge study, it is possible to model 

differentials in reactivity to specific peptides at timepoints of infection and apply this in human 

epidemiological settings contexts. 

 

Many of the in-silico processes applied in this thesis have been implemented using automated 

scripts. It would be important and useful to package these in a single, robust, public codebase 

for future immunoanalytic analyses. The k-mer, IEDB, prediction and structural mapping 

processes described in Chapter 5 would all benefit from integration within such a single 

package, especially as there other no tools available with this broader functionality. The 

inclusion of tools for 3D structural analyses would add significant utility. I have tested how 

such a suite of tools might be implemented, resulting in a beta-phase tool called Antigen 

Profiler (Figure S1). Many complex analyses of this sort, implemented in publications, are 

hard to reproduce, especially for those with less developed informatics skills. Building or 

extending capacity to perform such analysis, especially through openly available tools, is 

essential to making scientific advances in the field.  

 

The insights reported in this thesis have contributed to the control of ZIKV and SARS-CoV-2 

viruses, two greatly important EIDs of the recent decade. The UK Health Research Analysis 

2018 shows that non-commercial research investment in cancer biology was significantly 

greater than that immunology or infection biology [11]. As pathogens emerge and re-emerge, 

increasingly more so in the 21st century, the development, investment in integration and 



 

 

application of multi-disciplinary methodologies, such as those explored here, is central to 

effective control strategy. My thesis has described serological and molecular techniques that  

have contributed to the significant reduction and elimination of infectious diseases. As seen by 

the recent collective research and operational efforts during the COVID-19 pandemic, a unified 

strategy can reduce the global burden of infectious diseases, thereby improving human and 

animal health equity worldwide.  
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Figure S1. Antigen profiler beta. The website employs a window-based user interface, to make the use of tools, in combination simple. The plot 
in the top right was an automatically generated epitope prediction metanalyses for NS1. Users will be able to either add their own PDB file or 
use an existing entry, after which all analyses will be run automatically, producing similar insights to those in Chapter 5. 


