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Abstract 

Viruses of zoonotic and economic importance continue to 

expand with a growing threat to animal and human health 

globally. Monitoring and surveillance provide an early warning 

strategy for the prevention and control of these emerging 

viruses of public health importance. This cross-sectional study 

aimed to investigate the sero-epidemiology of equine influenza 

virus (EIV), West Nile virus (WNV) and Equine Hepacivirus 

(EqHV) in northwest Nigeria. A total of 830 horses were bled on 

a single occasion in Kaduna, Kano, Katsina and Sokoto States 

between October 2019 and January 2020. Antibodies to 

influenza A/equine/Richmond/2007 (H3N8) and 

A/equine/Worcestershire/2019 (H3N8) propagated in 

embryonated hen’s eggs were measured using single radial 

haemolysis (SRH). A prevalence of 71.3% (95% 68–74%) for 

antibodies to equine influenza (EI) was detected with a mean 

SRH value of 78.2mm2 (median = 88 mm2, interquartile range 

= 0–121 mm2). Age of horses was significantly associated with 

seropositivity for EI. The burden of EI in northwest Nigeria is 

abundant with a 71.3% exposure among horses. Only 9% of 

the horses however had sufficient antibodies (SRH value > 150 

mm2) protective against clinical disease or virus shedding. 
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Vaccination of horses with the circulating strain(s) should 

therefore be considered.  A systematic review and meta-

analysis of WNV seroprevalence studies among equids in Europe 

(2001 – 2018) was conducted followed by a scoping review on 

WNV antibodies among African equids. Antibodies to WNV and 

other flaviviruses were detected with the ID screen® West Nile 

competition multi-species ELISA (cELISA). Also, plant-based 

WNV NS1, WNV mutant envelope - ‘Equad’ and EqHV-core 

proteins ELISAs were used to screen a subset of 691 sera for 

antibodies against WNV and EqHV. Despite an observed 

seroprevalence of 9.8% (2765/28089) and 35% (1998/5746) 

in Europe and Africa, respectively, WNV among European equids 

(39 studies) was extensively more investigated than in African 

equids (16 studies). This is evidenced by the varying geographic 

widespread and number of studies in the two regions. Although 

both regions mainly used cELISA, only 37.5% of studies 

conducted on African samples probed further for specific 

flaviviruses (compared with 66.7% of studies conducted in 

Europe). With an overall WNV seroprevalence of 94.3% 

(783/830) obtained using cELISA, age and state were risk 

factors for flavivirus infection. WNV NS1 and Equad ELISAs 

revealed 33.9% (234/691) and 12.6% (89/691) 
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seroprevalence, respectively suggestive of more specificity than 

the cELISA. The seroprevalence ranging between 12.6%–

94.3% revealed by the ELISAs establishes the presence of WNV 

and related flaviviruses in the study area and suggests a 

potential zoonotic threat. Plant-based ELISAs are cheap options 

to be considered for serosurveillance of WNV and related viruses 

among sentinel hosts. Antibodies to EqHV (Hepacivirus equi) 

were detected in 12% (83/691, 95% CI; 10‒15%) of the horses 

screened. State and purpose of horses were associated with 

EqHV seropositivity. This project to the best of my knowledge is 

the first to describe the circulation of EqHV in Nigeria 

demonstrating the potential of plant-based ELISA for the 

serosurveillance of emerging viruses in developing countries. 

EI, WNV and EqHV are abundant among horses in northwest 

Nigeria. Continuous monitoring and surveillance for these 

emerging diseases with a one-health strategy is recommended 

to safeguard human and animal health. 

   



v 

 

Acknowledgement 

Firstly, I would like to thank my supervisors. I deeply appreciate 

Professor Janet Mary Daly, a supervisor turned mentor. 

Focusing on a PhD at the start of a pandemic was made possible 

by your selfless commitment to impacting lives and 

transforming generations through dedication, motivation, 

patience, and excellent guidance. Thank you, Janet, for 

exemplifying competence, leadership and commitment. Your 

support inspiring me to work hard all the way. I am now more 

than a ‘PCR specialist’.  

Many thanks to my secondary supervisors:  Dr Alexander Tarr 

and Dr Stephen Dunham for their immense support on this 

project. Alex, my time in your laboratory at the medical school 

would forever be cherished. The hospitality, reception and 

conducive environment provided for me by you and every 

member of the laboratory is a testament to the kindheartedness 

and professionalism of the team. 

I would like to appreciate the University of Nottingham for the 

opportunity to complete my study here especially as a recipient 

of the Vice Chancellor’s Research Excellence Scholar 

(International). I sincerely thank staff members of the School 

of Veterinary Medicine and Science, especially administrative 



vi 

 

and technical staff who made my time memorable.  Special 

greetings to Rachael Humphreys (and her wonderful team) who 

helped me with all necessary support from the start of this 

program, through the pandemic and afterwards. 

I am grateful for the support I enjoyed from wonderful 

personalities in my group and in our laboratory. I appreciate Dr 

Ge Wu, Dr Anitha Varghese, Dr Mirelle Radley, Dr Meshach 

Maina and Dr Ola Elbony who helped me take off smoothly in 

the laboratory. I also thank Dr Toshana Foster, Dr Rob, Dr 

Karina Bingham, Dr Askar Alshammari, Ika Nurzijah, Dr Ahmed 

Mahmoud and Hope Everest. I will forever cherish the moments 

we spent together. Though mostly in the workplace, I am 

hopeful that we get to spend more time at more social events 

in the near future. Sharing space with my seat mate Shannon 

Ward in the company of Dr Kieren Pitchers was awesome, thank 

you guys. 

It was a great privilege to have Dr Marnie Brennan as an internal 

assessor, whose scholarly advice and scrutiny were always on 

point. Thank you, Marnie, for your commitment and dedication 

to this study. Thank you, Prof Thomas Chambers, for your 

helpful evaluation and constructive feedback. I also would like 

to thank Dr Richard J Newton from the University of Cambridge 



vii 

 

for being part of this project, especially for providing robust 

guidance on the epidemiology and statistics of this study. I am 

grateful to my teachers, colleagues and friends in Ahmadu Bello 

University, Federal University Wukari and University of Jos. 

 

I remain grateful for the gift of my father Engr Samuel 

Akingbade Olufemi, who sees things differently and beyond. 

Thank you to my mothers especially, Mrs Ayanfe Veronica 

Olufemi, Mummy Joko Jenyo, Mrs Wuraola Adeyanju and Mrs 

Christiana Olowodun. Thank you mummies for helping with 

Tehillah during your visits, this took a lot off our shoulder. God 

bless you richly. I am thankful to the Pastorate and members of 

RCCG, Rehoboth House Nottingham and especially New Dawn 

Choir, you gave me a place to always refresh my mind. My 

‘together forever family’ - The Bellos, thank you for 

demonstrating familyhood. Thank you Dr Yemisi Adedeji for 

always checking up on me; you have consistently showed me 

what I did not pay attention to. Thank you. I am grateful to your 

husband Mr Tomi Adedeji for his support. My lovely wife Rhoda 

has been the most accommodating and loving: Sweet, you are 

indeed my helpmeet, right from inception and throughout the 

PhD, you remain loving, sacrificing for me and the kids. We love 



viii 

 

you dearly, thank you. To my first day cheer leader, Yetty 

Mama, I know you are smiling from heaven thank you for 

guiding and leading me. May your gentle soul continue to rest 

in peace. This degree is our testimony and a testament of God’s 

faithfulness.  

To the God who created the heavens and the earth, I remain 

thankful. Thank you, Lord, for coming through for me. I trust 

you for the days ahead.  



ix 

 

Declaration 

I declare that this thesis titled Serosurveillance of some 

emerging RNA viruses among horses in northwest Nigeria; is 

my work and a result of my own effort.  This thesis has not been 

submitted anywhere for any academic degree or professional 

qualification. Any ideas and text from others have been duly 

acknowledged. Data relating to this thesis has been archived in 

the Nottingham Research Repository: Variables of horses and 

serostatus to some emerging equine RNA viruses in northwest 

Nigeria http://doi.org/10.17639/nott.7342. 

 

Olaolu Tosin Olufemi 

May, 2023 

http://doi.org/10.17639/nott.7342


x 

 

Table of contents 

Abstract ............................................................. ii 

Acknowledgement ............................................... v 

Declaration ......................................................... ix 

Table of contents ................................................ x 

List of figures ................................................... xiii 

CHAPTER 1 ......................................................... 1 

Introduction ....................................................... 1 

1.1 Background ................................................. 1 

1.2 Study area, study population and study design 2 

Study Design ..................................................... 6 

1.3 Emerging and re-emerging equine viruses ‒ why 

serosurveillance? ............................................... 7 

1.4 Aims and Objectives ................................... 16 

CHAPTER 2 ....................................................... 18 

Seroprevalence of equine influenza and its associated 

risk factors in north-western Nigeria .................... 18 

CHAPTER 3 ....................................................... 19 

Systematic review and meta-analysis of 

seroprevalence studies of West Nile virus in equids in 

Europe between 2001 and 2018 .......................... 19 

CHAPTER 4 ....................................................... 20 

A scoping review of West Nile virus seroprevalence 

studies among African equids ............................. 20 

CHAPTER 5 ....................................................... 21 

Serosurveillance of West Nile virus and other 

flaviviruses among horses in northwest Nigeria ..... 21 



xi 

 

CHAPTER 6 ....................................................... 22 

Serosurveillance of West Nile virus and hepacivirus A 

among horses in northwest Nigeria using ELISA based 

on plant-expressed proteins ............................... 22 

CHAPTER 7 ....................................................... 23 

Summary ......................................................... 23 

Appendix A ....................................................... 36 

Sampling and data collection .............................. 36 

Appendix A.1 .................................................... 38 

Propagation of A/equine/Richmond/07 (H3N8) and 

A/equine/Worchestershire/2019 (H3N8) .............. 38 

Appendix A.2  ................................................... 41  

Hemagglutination assay ..................................... 41 

Appendix B ....................................................... 43 

Single radial haemolysis assay (SRH) .................. 43 

Sensitization of sheep RBC with 

A/equine/Richmond/07 (H3N8) .........................  44 

Preparation of Assay plates  .............................. 45 

Performing the SRH assay ................................. 45 

Appendix C ....................................................... 48 

Plant expression of WNV recombinant proteins 

(Mutant E (equad) and NS1)............................... 48 

Infiltration of Nicotiana benthamiana with pEAQ-HT-

Equad and pEAQ-HT-NS1 .................................  49 

Extraction and Purification of Nicotiana benthamiana 

leaves infiltrated with pEAQ-HT-Equad and pEAQ-HT-

NS1 ................................................................ 51 



xii 

 

Appendix D ...................................................... 54 

Development and Optimization of WNV equad and NS1 

Indirect ELISAs ................................................. 54 

Antigen Coating/Coating buffer .........................  54 

Blocking Buffers ............................................... 54 

Sera/Sera dilutions ........................................... 55 

Conjugates/Substrate ......................................  56 

Controls .......................................................... 56 

Protocol for developed plant based ELISA ............. 60 

Appendix E ....................................................... 62 

Data Analyses (Regression analyses) ................... 62 

Bibliography ..................................................... 64 

  



xiii 

 

List of figures 

Figure 1. 1 Map showing African countries with Nigeria highlighted 

in the western region …………………………………………………………………… 3 

Figure 1. 2 Map of Nigeria showing the study area with different 

colour shading used for Kano, Sokoto, Katsina, Jigawa, Kebbi and 

Zamfara States ……………………………………………………………………………. 4 



xiv 

 

Glossary 

Purposive sampling: a non-probability sampling involving a prior 

judgement about the target population. Only apparently healthy 

horses were sampled in this study.  

Gate-keeper sampling: a purposive sampling method involving 

prior permission from one who often represents the interest of 

others and allows access to them. 

Snowball sampling: involves obtaining samples from an ‘unclear’ 

or discrete population where one sample unit leads (snowballs) to 

another. 

Convenience sampling: is a non-probability sampling technique 

involving sample units that are accessible.  

Epidemiology: is the study of disease patterns and associated risk 

factors that determine disease spread in a given population. 

Seroepidemiology: is the study of epidemiology based on 

serological investigation of changing levels of antibodies to 

infectious agent(s). 
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Serosurveillance: is the systematic collection, collation, analyses, 

interpretation and dissemination of data obtained from 

seroepidemiological investigations for the benefit of public health. 

Seroprevalence: is the proportion of host+ (horses) infected in a 

defined population at a given period, based on serological 

investigation. 
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CHAPTER 1 

Introduction 

1.1 Background 

The purpose of this project was to investigate antibodies to some 

emerging and re-emerging equine viruses: equine influenza (EI), 

West Nile virus (WNV) and equine Hepacivirus (EqHV), in 

northwest Nigeria. While equine influenza and West Nile virus have 

a global spread, less is known about the epidemiology of equine 

Hepacivirus.  

Northwest Nigeria is arguably home to the majority of Nigerian 

equids, but there is little data on the viruses affecting horses in the 

region. This study intended to provide up-to-date information that 

will enlighten policy makers on a national strategic plan for routine 

monitoring of EI, WNV and related viruses.   
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1.2 Study area, study population and study design 

Nigeria is located in sub-Saharan Africa (Figure 1.1) with an 

estimated population of 200,964,000 people (UN 2019) and covers 

a landmass of 924,000 km2. With over 250 ethnic groups; the 

Hausa and Fulani ethnic group majorly occupy Northern Nigeria 

and represent about 29% of the nation’s population (World Bank 

Document 2016).  

Sampling was conducted in northwest Nigeria, which comprises of 

seven states namely: Kaduna, Kano, Katsina, Kebbi, Jigawa, 

Zamfara, and Sokoto (Figure 1.2). Due to security reasons, only 

five states (Kaduna, Kano, Katsina, Jigawa and Sokoto) were 

accessible at the time of sampling; four states (Kaduna, Kano, 

Katsina and Sokoto) gave consent to sample. These four states are 

home to some of the historical and ancient emirates in Northern 

Nigeria; Zazzau emirate; Kano emirate, Daura emirate and Sokoto 

Caliphate. Northwest Nigeria borders the Republic of Benin to the 

west and Niger to the north. Equids are abundant in the north-

west where they are used as draft animals, for sports and 

traditional and ceremonial purposes, especially in the emirates. 
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Figure 1. 1: Map showing African countries with Nigeria 

highlighted in the in the western region. Created using 

https://mapchart.net//africa.html. 

 

https://mapchart.net/europe.html
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Figure 1. 2: Map of Nigeria showing the study area. Created 

using https://mapchart.net//africa-detailed.html with 

different colour shading used for Kano, Sokoto, Katsina, 

Jigawa, Kebbi and Zamfara States 

  

https://mapchart.net/africa-detailed.html
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Nigerian native horses belong to the Arab breed (Bukar et al., 

2007) and are mostly used for leisure, research, security, sports, 

transportation and cultural events (Ehizibolo et al., 2011). Horses 

in northern Nigeria are associated with affluence and royalty with 

often engagement in traditional festivals – durbar (Bukar et al., 

2007). Horses are often tethered in shades that serve as stables. 

Some horses have roofed housing with grooms living within the 

premises along with other domestic animals; pigeons nesting in 

horse sheds; turkeys, chicken and chicks brooding in pen, 

ruminants grazing freely in open field where horses are kept; free 

roaming guard dogs and bats roosting on trees providing shade for 

horses. These contacts prompted by equine management systems 

in tropical environments provide favorable conditions for the 

transmission of emerging equine viruses considering their inherent 

propensity to cross species. There could be a connection between 

the sero-epidemiology of these emerging equine viruses and the 

presence of other animals in North-western Nigeria. 

Although there are successful efforts towards the development of 

WNV vaccines in horses (Saiz, 2020), equids in Nigeria, are not 

vaccinated against  WNV. Also, EI is not routinely vaccinated 
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against. However, expensive horses imported from Argentina, 

Spain, South Africa, Chad, Sudan, and Niger for polo and racing 

often come with an up-to-date EI vaccination status. Wealthy and 

informed horse owners often secure and administer influenza 

vaccines following international travel (Adeyefa and McCauley, 

1994). With the 2018/2019 outbreak being the first report of the 

OIE listed disease in Nigeria (World Organisation for Animal Health, 

2019), a serosurveillance of some emerging RNA viruses among 

horses in northwest Nigeria will contribute towards an early 

warning and early detection thus minimizing economic losses due 

to diseases and safeguarding equine and human health. 

 

Study Design  

A cross-sectional approach was used to obtain serum samples from 

equids in north-western Nigeria and assess the risk factors for 

exposure to these emerging viruses.  

This study received an approval from the School of Veterinary 

Medicine and Science Ethics Clinical Review Panel (approval 
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number: 2635181112), University of Nottingham, United 

Kingdom.  

Consent was also sought, and approval secured, from the various 

Emirate councils in the study area and local authorities. Private 

horse stables, especially for polo, were accessed through resident 

veterinarians and veterinarians from the State Ministries of 

Agriculture. Jigawa State was not responsive. Four states (Kano, 

Kaduna, Katsina and Sokoto) in the northwest were visited for 

sampling. 

1.3 Emerging and re-emerging equine viruses ‒ why 

serosurveillance? 

In the past decades, emergence and re-emergence of infectious 

diseases have become a public health threat requiring a global 

collaborative response (Pollard, 1995, Longbottom, 1997). 

Emerging infectious diseases are diseases caused by infectious 

agents that have freshly appeared in a population or have existed 

but rapidly increased their occurrence and geographical reach 

(Morse and Schluederberg, 1990, Morse, 1993).  

Equids are single toed hindgut fermenters of plant cellulose which 

belong to the family Equidae and genus Equus. They include 
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domesticated horses and donkeys as well as wild asses and zebra; 

likely to have originated nearly 4.5 million years ago (Orlando, 

2015). Horses (Equus caballus) are susceptible to a range of 

emerging viruses, most of which have zoonotic potential (Bender 

and Tsukayama, 2004). Equids often share these emerging viruses 

with humans. Although this makes them potentially at risk of 

transmitting these emerging infections to humans (and vice-

versa), it is thought that because of the long history of interaction 

between domesticated equids and people, most interspecies 

transmission of viruses already known to affect both species 

occurred in the past. Equids can therefore serve as sentinel species 

for some infectious diseases of humans.  Surveillance among dogs 

have proven the species as beneficial sentinels for monitoring WNV 

and related flaviviruses (Resnick et al., 2008, Durand et al., 2016) 

Serosurveillance provides a time point glance at the burden of 

infectious disease thus providing an early warning and early 

detection of the potential threat and possible public health 

implications. This allows stakeholders to prioritize and channel 

scarce resources towards monitoring, prevention and control of 
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emerging and re-emerging diseases of economic and public health 

importance. 

Equine influenza (EI) remains a re-emerging threat that is being 

overlooked even with its economic and public health importance 

as well as zoonotic potential (Sack et al., 2019). In 2018/2019, EI, 

re-emerged in northwest Nigeria after the last reported outbreak 

in 1991, in Ibadan, southwest Nigeria, which was the first 

documented outbreak of EI in Nigeria with three viruses belonging 

to the Eurasian lineage of the H3N8 subtype 

(A/equine/Ibadan/4/91, A/equine/Ibadan/6/91 and 

A/equine/Ibadan/9/91) isolated (Adeyefa and McCauley, 1994). 

Phylogenetics revealed that A/equine/Ibadan/4/91 and 

A/equine/Ibadan/6/91 are similar to the virus isolated in Europe 

between 1989 and 1991 and  related to viruses predominant in 

Europe since 1985 while A/equine/Ibadan/9/91 is closely related 

to viruses isolated in Europe after 1991 (Adeyefa et al., 1996b). 

Isolates from the recent outbreak belong to Florida Clade 1 (Shittu 

et al., 2020).  

A national survey covering 1990–1993 discovered antibodies to H3 

circulating among horses and donkeys in Nigeria (Adeyefa et al., 
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1996a). There are reports of antibodies to H7 detected among polo 

horses in Nigeria (Olusa et al., 2010). A recent serological study 

also revealed antibodies to H3 and H7 among horses in Kaduna, 

North western Nigeria (Meseko et al., 2016). Although there have 

been serological reports of EI among equids across Nigeria, the 

recent outbreak reported by the World Organisation for Animal 

Health (WOAH) prompted the serosurveillance study, conducted as 

part of this project, to determine the protection level of horses in 

northwest Nigeria (Chapter 2).  

Similarly, flaviviruses continually pose a threat to human and 

animal populations with a potential for disease emergence and re-

emergence; West Nile virus (WNV) has an established public health 

importance globally (Shomaker et al., 2013). Epidemiological 

understanding is expedient to prevent infection and forestall 

emergence (Pierson and Diamond, 2020). WNV amongst other 

related flaviviruses cause equine encephalitis. These public health 

challenges pose a ‘one health’ risk to humanity in the 21st century 

(Centers for Disease Control and Prevention, 1998), endangering 

animal and human health. Currently, there are no vaccines against 

WNV in humans (Scherwitzl et al., 2017); raising concerns about 
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the potential for WNV emergence and reemergence makes 

monitoring antibodies in sentinel animals a mitigating strategy that 

will provide stakeholders with up to date status of the disease and 

the risk it poses to humans and other animals. The burden of 

flaviviruses is widespread especially in tropical nations where 

arthropod vectors are abundant. Knowledge on the spill over of 

WNV and related virus in sentinel host like horses could serve as a 

preparedness plan for the prevention and control of the disease 

among human host. Horses in northwest Nigeria were screened for 

antibodies to WNV and EqHV. This study attempted to ameliorate 

the limitation of cross-reactivity between antibodies hampering 

ELISAs in serodiagnosis of flaviviruses, while maximising the 

strengths (simplicity, sensitivity and rapidity) of the assay (Beck 

et al., 2013). Clones of WNV (non-structural protein 1, NS1 and 

modified envelope, Equad) and EqHV (core, C) proteins were 

transiently expressed in plants as a cheap option and used to 

develop in-house ELISA to detect antibodies to WNV and EqHV 

among horses in northwest Nigeria.   

In this project, initially a systematic review of WNV in Europe was 

conducted (Chapter 3) from which it was apparent that most 
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studies (24/38) employed the commercially available ID-Vet ELISA 

to screen sera. Some studies used viral neutralization test (VNT)/ 

plaque reduction neutralization test (PRNT) and screened for other 

viruses like tick-borne encephalitis virus (TBEV) and Usutu virus 

(USUV) alongside WNV. In contrast, we could only scope for 

evidence on the seroprevalence of WNV among African equids 

(Chapter 4) as there were limited articles. The scoping review 

reaffirmed the use of ID-Vet ELISA in most studies (14/16). Other 

screening and/or confirmatory tests used included PRNT/VNT, 

western blotting (WB), microneutralization test (MNT), 

microsphere immunoassay (MIA) and complement fixation test 

(CFT). Some studies additionally screened for other flaviviruses 

like TBEV, USUV, Japanese encephalitis virus (JEV), Potiskum virus 

(POTV), Wesselsbron virus (WESSV) and Yellow Fever virus (YFV) 

in horses in Africa. The scoping review also unveiled a huge burden 

of flaviviruses among African equids. Screening for these viruses 

would be prohibitively expensive. Although VNT/PRNT is more 

specific than ELISA, the need for a specific antigen (for each virus), 

higher level of containment and cell culture is expensive and not 

practicable for routine serosurveillance. Though readily available 
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commercially, the cost of using WNV ID-Vet ELISA for 

serosurveillance is also substantially high, especially for 

surveillance in a developing nation like Nigeria. In December 2021, 

the cost of a kit containing four pre-coated 96-well plates was 

£1,118. Being zoonotic and a hazard group 3 pathogen 

complicates WNV manipulation in facilities without containment. 

Therefore, an ELISA using plant-expressed viral proteins was 

developed as a cheap alternative to the use of a category 3 facility 

for screening for WNV and EqHV specific antibodies among horses 

in northwest Nigeria (Chapter 6).   

While EI and WNV have a global spread, relatively little is known 

about the epidemiology of equine Hepacivirus (EqHV), which was 

only discovered in 2011. Closely related to the Hepatitis C virus 

(HCV), EqHV was earlier called canine hepacivirus (CHV) as its was 

first isolated in dogs with respiratory disease outbreaks in the USA 

(Burbelo et al., 2012) before it was discovered to naturally infect 

horses, after which it was renamed non-human primate 

hepacivirus (NPHV). When it was realised that it predominantly 

infects equids, it was renamed EqHV. Equine hepacivirus belongs 

to the genus Hepacivirus and is a member of the family Flaviviridae 
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along with three other genera: Flavivirus (to which WNV belongs), 

Pegivirus and Pestivirus. Bats and rodents have been identified as 

probable major natural reservoir host for hepaciviruses owing to 

their vast global distribution and genetic diversity. The 

transmission cycle of EqHV remains unclear and is yet to be 

determined (Pacchiarotti et al., 2022).  

There are currently no commercial kits to screen for EqHV in horses 

and routine laboratory diagnosis methods have not been validated 

based on international best practices outlined by WOAH (WOAH, 

2022a, WOAH, 2022b). To date, it has also not been possible to 

cultivate EqHV in the laboratory to perform cell-based 

neutralisation tests. However, published serological assays include 

Gaussian luciferase immunoprecipitation system (GLIPS), 

Luciferase immunoprecipitation systems (LIPS) and western blot 

(Pacchiarotti et al., 2022). Viral RNA detection targeting the 

conserved region of the genome for 5’ UTR, NS3 and NS5B using 

RT-PCR (quantitative and nested) is often used for molecular 

diagnosis (Pacchiarotti et al., 2022).  

From a meta-analyses, prevalence of EqHV has been reported to 

have a global seroprevalence of 47.1% (Pacchiarotti et al., 2022). 
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To date, two studies have reported EqHV seroprevalence in Africa 

(Bezerra et al., 2022); 65.7% in Morocco using Gaussia luciferase 

immunoprecipitation system (GLIPS) and 83.7% in South Africa 

using luciferase immunoprecipitation system (LIPS) (Abbadi et al., 

2021, Badenhorst et al., 2018). This study, to the best of our 

knowledge, is the first to investigate EqHV in Nigeria (Chapter 6).  

Particularly in developing countries such as Nigeria, cheap and 

affordable screening assays such as those developed for this 

project could provide reliable data on the burden of flaviviruses 

and the potential threats to public health. 
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 1.4 Aims and Objectives 

The overall aim of this project was to investigate the sero-

epidemiology of equine influenza virus (EIV), West Nile virus 

(WNV) and Equine Hepacivirus (EqHV) in northwest Nigeria. The 

objectives were as follows: 

a) Perform single radial haemolysis of equine sera using EIV 

isolates propagated in embryonated hens’ eggs as antigen 

to detect serum antibodies.  

b) Perform a systematic review of seroprevalence studies of 

WNV among European equids 

c) Perform a scoping review of the seroprevalence of WNV 

among equids in Africa. 

d) Conduct a sero-epidemiological survey of WNV among 

horses in northwest Nigeria using a commercially available 

enzyme-linked immunosorbent assay (ELISA). 

e) Develop ELISAs with greater specificity for WNV using plant-

expressed modified envelope protein (Equad) and NS1 as 

antigens to detect antibodies in serum. 

f) Conduct a sero-epidemiological survey of EqHV among 

horses in north-west Nigeria using plant expressed EqHV-
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core protein as antigen in ELISA to detect antibodies in 

serum.
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CHAPTER 2 

Seroprevalence of equine 

influenza and its associated 

risk factors in north-western 

Nigeria 
 

Note: This chapter is a published article:  

Olufemi OT, Edeh ER, Isyaku MS, Haliru M, Samaila S, Philip 
Mshelia P, Owolodun OA, J. Richard Newton, Daly JM. 

Seroprevalence of Equine Influenza and Its Associated Risk Factors 

in Northwest Nigeria. Pathogens. 2022 Nov 17;11(11):1372. 
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Abstract: Equine influenza (EI) is a fast-spreading respiratory disease of equids caused by equine
influenza A virus (EIV), often resulting in high morbidity and a huge economic impact on the equine
industry globally. In this cross-sectional study to determine the seroprevalence of EI and its associated
risk factors, sera from 830 horses bled on a single occasion in Northwest Nigeria between October
2019 and January 2020 were screened for antibodies to A/equine/Richmond/1/2007 (H3N8) using
the single radial haemolysis (SRH) assay. Antibodies were detected in 71.3% (592/830, 95% CI:
68–74%) of horses (SRH area ≥ 0.5 mm2). Although there were statistically significant univariable
associations between seropositivity and age, sex, breed, purpose and coat colour, only age remained
significant when included with each of the other variables in bivariable analyses. There was a clear
trend for increasing odds of seropositivity with increasing age: OR 1.6, 95% CI: 1.05–2.40 (p = 0.03)
for 5–14-year-olds and OR 8.13, 95% CI: 2.75–24.1 (p < 0.001) for ≥15-year-olds compared to horses
<5 years old. The mean SRH value was 78.2 mm2 (median = 88 mm2, interquartile range = 0–121 mm2)
with only 9% of the horses having an SRH value > 150 mm2, considered sufficient to protect against
clinical disease and virus shedding. Comparative screening of a subset of the horses (n = 118) with
a 2019 H3N8 virus (A/equine/Worcestershire/2019) revealed a significantly greater seropositivity
(p = 0.0001) than A/equine/Richmond/1/2007 consistent with exposure of the population during
a widespread outbreak of EI in the region in 2019. In conclusion, there was an insufficient level
of protection against EI in the region and introduction of a vaccination programme with vaccines
containing recently circulating virus is recommended to mitigate against further outbreaks of EI
in Nigeria.

Keywords: equine influenza; seroprevalence; Nigeria

1. Introduction

Equine influenza (EI) is a rapidly spreading, emerging and re-emerging respiratory
disease of equids [1] caused by equine influenza virus (EIV), a member of the genus
Alphainfluenzavirus (formerly Influenza A) within the family Orthomyxoviridae [2]. It is
globally recognised as causing high morbidity in susceptible equids during outbreaks,
resulting in a huge economic impact on the equine industry. Two subtypes of influenza A
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virus have circulated in horses, H7N7 and H3N8, which were first isolated in 1956 and 1963
from horses in Czechoslovakia (A/equine/Prague/56) and the USA (A/equine/Miami/63),
respectively [3,4]. Given that the last confirmed outbreak caused by the H7N7 subtype
occurred in 1979, it is now believed to be extinct in horses or circulating at low levels
in limited geographical regions [5–9]. In contrast, since 1980, to date, there have been
recurring EI outbreaks caused by the H3N8 subtype, which has become an almost global
threat to horses, especially in regions without routine immunization [10,11].

The equine H3N8 subtype started as a discrete genetic and antigenic lineage un-
til divergent evolution (in around 1989) produced two distinct lineages: American and
Eurasian (Europe and Asia) [12]. A further divergence of the American lineage produced
the Florida and Kentucky sub-lineages [13]. The Florida sub-lineage, which diverged into
two clades: Florida clade 1 (FC1) and Florida clade 2 (FC2), represented by A/equine/South
Africa/4/2003-like or A/equine/Ohio/2003-like and A/equine/Richmond/1/07-like
viruses, respectively, has been responsible for EI outbreaks across the globe [14]. Un-
til recently, FC1 viruses predominated in the Americas and FC2 viruses in Europe. In
2018/2019, widespread outbreaks were caused by FC1 viruses first identified in South
America [15] and subsequently in European countries [16].

In Nigeria, the first outbreak of EI was described over three decades ago among
253 horses that converged (from different parts of the country) for a polo tournament in
western Nigeria [17]. The isolates from this outbreak corresponded to the strains causing
disease in Europe at the time [18]. The widespread EI outbreaks caused by FC1 viruses
in 2018/2019 also affected Nigeria [19] and some other countries in West and Central
Africa [20]. There have been few serological reports of EI among equids in different parts
of Nigeria and those that exist are focussed on stabled horses [21–24]. Most of these reports
employed competition ELISA and haemagglutination inhibition (HI) tests. Antibodies
against EIV can also be detected using the single radial haemolysis (SRH) assay, which
offers a reproducible, reliable and continuous measure of antibody that correlates with
protection level to EI. In experimental infection of vaccinated ponies, SRH values above 154
mm2 conferred complete protection (no clinical signs or virus shedding) against related EI
strains while animals with SRH values greater than 85 mm2 did not exhibit clinical disease
but still shed virus [25]. Findings from field studies of outbreaks confirmed 150 mm2 as the
limit above which protection against a related strain of EIV is provided by a vaccine [26,27].

There are about 1.1 million equids in Nigeria (around 200,000 horses and
900,000 donkeys) [28] but there is a paucity of information on the seroprevalence and
geographic spread of EI. The 2018/2019 outbreak, which majorly involved equids in North-
west Nigeria geopolitical zone, highlighted the need to investigate antibody levels of horses
in the region to inform public health plans for the prevention and control of future out-
breaks was recognised. Thus, this study investigated the seroprevalence of equine influenza
in 830 horses in four of the Northwest Nigerian states and the risk factors associated with
SRH seropositivity.

2. Materials and Methods
2.1. Ethical Statement

This study received approval (reference 2635181112) from the School of Veterinary
Medicine and Science Ethics Clinical Review Panel, University of Nottingham, United
Kingdom.

2.2. Sampling

In this cross-sectional study, blood samples were obtained on a single occasion from
apparently healthy horses in four states (Kaduna, Kano, Katsina and Sokoto) in Northwest
Nigeria (Figure 1). Horses were sampled based on availability and willingness of horse
owners to participate in the study, and all horses included in this study were sampled with
consent from relevant authorities and community inhabitants. The horses belonged to
farms, individual horse owners, monarchs and their traditional rulers. The samples were
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collected from October 2019 to January 2020 during different visits to the four states. In
total, 830 horses were aseptically bled by jugular venipuncture, and sera were harvested
then heat inactivated before shipping to the United Kingdom. Basic information (age,
breed, coat colour, location, use, sex and vaccination status) was recorded for each animal
at the time of sampling. Information on influenza vaccination status was inconsistent
and unreliable, especially among non-stabled horses; therefore, this was not employed in
further analyses.

Figure 1. Map showing the seven states that comprise the geopolitical zone of Northwest Nigeria.
Samples for this study were obtained from horses in the states of Kano, Sokoto, Katsina and Kaduna.
Created using https://mapchart.net//africa-detailed.html (accessed on 25 May 2022).

2.3. Single Radial Haemolysis (SRH)

Single radial haemolysis (SRH) assay is an immunodiffusion assay based on virus-
coupled erythrocytes. Influenza A/equine/Richmond/1/2007 (H3N8), representative
of FC2, was kindly provided by Dr Debra Elton (Animal Health Trust) and A/equine/
Worcestershire/2019 (H3N8), representative of FC1, by Dr Neil Bryant (Cambridge Uni-
versity). The viruses were propagated in embryonated hens’ eggs and antibodies to both
viruses were assessed by performing the SRH assay as prescribed in the World Organisa-
tion for Animal Health (WOAH) Manual of Diagnostic Tests and Vaccines for Terrestrial
Animals [29]. Digital callipers were used to measure the diameter of the zones of lysis
before calculating the area (mm2). Serum from a hyperimmune pony was used as a positive
control on every plate.

2.4. Statistical Analysis

Overall seroprevalence was estimated by dividing the number of seropositive horses
by the total number of horses sampled. Pearson’s chi-square test was used to determine
the association between explanatory variables and seropositivity to EI. The variables were
categorized as follows:

States: Kaduna, Kano, Katsina and Sokoto
Age: “young” (<5 years); “adult” (5–14 years); “old” (≥15 years)
Breed: “exotic” (Argentine/Sudan/South African); “mixed (Talon); “local” (West

African Dongola/Arewa)
Coat colour: “basic” (bay/chestnut/black/brown); “bright” (white/golden/pinto/roan); grey

https://mapchart.net//africa-detailed.html


Pathogens 2022, 11, 1372 4 of 11

Use: polo, durbar festival and mixed (more than one use including racing)
Sex: male; female.

Ordinary logistic regression was used to determine the risk factors predictive of EI
seropositivity (the dependent variable). Initially, Pearson’s chi-square test was used on
cross-tabulated data to examine the association between explanatory variables and seropos-
itivity to EI. Ordinary logistic regression was used to determine the risk factors predictive
of EI seropositivity (the dependent variable) with odds ratios (OR) and corresponding
95% confidence intervals (CI) calculated for each variable in univariable analyses. All
non-collinear variables with p ≤ 0.2 were selected for multivariable analyses by ordinary
logistic regression conducted using a forward-stepwise approach, with improvement in
model fit with the addition of further variables assessed using likelihood ratio tests, with
significance for variable retention set at p ≤ 0.05. Paired t-test was used to compare mean
differences between paired SRH values obtained using the viruses isolated in 2007 or 2019.
All analyses were performed using StataSE (17.1, StataCorp LLC, College Station, TX, USA).

3. Results
3.1. Demographic Characteristics of Horses Sampled in Northwest Nigeria

In total, 830 horses were sampled from Kaduna (n = 256), Kano (n = 314), Katsina
(n = 122) and Sokoto (n = 138). Age of horses ranged from <3 months to 30 years, with a
mean age ± SD of 8.05 ± 3.75 years. The ages of the 10 horses older than 18 years were
estimated rounded to the nearest 5 years, i.e., 20 (n = 5), 25 (n = 3) and 30 (n = 2). In total,
535 (64.5%) of the horses were male and 295 (35.5%) were female. Most male horses were
aged between 5 and 11 years and all horses aged <2 years and >15 years were female
(Figure 2). Exotic (32.3%), local (38.7%) and mixed (29%) breeds of horses having basic
(77.1%), bright (9.6%) and grey (13.3%) coat colours were sampled (Table 1).

Figure 2. Population pyramid of raw age data versus sex.

Table 1. Factors associated with equine influenza seropositivity measured by single radial haemolysis
assay using A/equine/Richmond/1/2007 (H3N8) virus among horses in Northwest Nigeria.

Factor N Positive % Prevalence
(95% CI) p-Value 1

AGE
Young (<5 years) 113 69 61.1 (52–70)

0.0001Adult (5–14 years) 662 472 71.3 (68–75)
Old (≥15 years) 55 51 92.7 (82–97)

SEX
Male 535 369 68.9 (65–73)

0.043Female 295 223 75.6 (70–80)
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Table 1. Cont.

Factor N Positive % Prevalence
(95% CI) p-Value 1

BREED
Local 321 221 68.8 (64–74)

0.033Exotic 268 207 77.2 (72–82)
Mixed 241 164 68 (62–74)

LOCATION
Kaduna 256 192 75 (69–80)

0.443
Kano 314 221 70.4 (65–75)

Katsina 122 85 69.7 (61–77)
Sokoto 138 94 68.1 (60–75)

PURPOSE
Mixed 149 99 66.4 (58–74)

0.074Polo 331 250 75.5 (71–80)
Traditional Durbar 350 243 69.4 (64–74)
COAT COLOUR

Basic 640 469 73.3 (70–77)
0.042Bright 80 55 68.8 (58–78)

Grey 110 68 61.8 (52–70)

TOTAL 830 592 71.3 (68–74)
1 p-values < 0.05 indicated in bold typeface, CI = 95% confidence interval, N = total number tested.

3.2. Prevalence of Antibodies against Influenza A/equine/Richmond/1/2007 (H3N8) among Horses
Sampled in Northwest Nigeria

Antibodies to influenza A/equine/Richmond/1/2007 (H3N8) were detected in 592 of
the 830 horses screened, giving an overall prevalence of 71.3% (95% CI: 68–74%) (Table 1).
A mean SRH value of 78.2 mm2 (median = 88 mm2, interquartile range = 0–121 mm2) was
obtained with a range of 0–208 mm2 (the lowest area measured was 12 mm2). Only 9% of
horses had an SRH antibody value above 150 mm2; 44.5% horses had values between 85
and 150 mm2 and 46.5% had values less than 85 mm2 (Figure 3).

Figure 3. Single radial haemolysis (SRH) antibody values measured against A/equine/ Rich-
mond/1/2007 among 830 horses in Northwest Nigeria. Dashed lines and shading indicate cut-off
above which clinical and virological protection (- - -, green shading) or clinical protection only (- · -,
yellow shading) is expected. The horizontal bar shows the mean SRH value.
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There were significant differences in seropositivity in horses of different age, sex, breed
and coat colour (Table 1). Although not statistically significant, the highest mean SRH
values were seen in horses in Kaduna state (75.0%) and in horses used for polo (75.5%).

Univariable logistic regression showed that, compared to the young horses, adult and
old horses had an OR of 1.6 (95% CI, 1.05–2.40) and 8.1 (95% CI, 2.75–24.1), respectively
(Table 2). Male horses had an OR of 0.7 (95% CI, 0.52–0.99) compared to female horses.
“Exotic” breeds of horses had an OR of 1.54, 95% CI: 1.06–2.22 compared to 1.00 and 0.96 for
local and mixed breeds, respectively. Grey horses had an OR of 0.59 (0.39–0.90), which was
significantly different (p = 0.015) to “basic”-coloured horses (the referent category) whereas
the OR for “bright” coloured horses (0.86) was not significantly different.

Table 2. Univariate logistic regression analyses of equine influenza virus seropositivity determined
by single radial haemolysis assay with A/equine/Richmond/1/2007 (H3N8) among 830 horses in
Northwest Nigeria.

FACTOR N (n) ODDS RATIO
(95% CI) p-Value 1

AGE
Young (<5 years) 113 (69) 1.00 -

Adult (5–14 years) 662 (472) 1.58 (1.05–2.40) 0.03
Old (≥15 years) 55 (51) 8.13 (2.75–24.1) <0.0001

SEX
Female 295 (223) 1.00 -
Male 535 (369) 0.72 (0.52–0.99) 0.04

BREED
Local 321 (221) 1.00 -
Exotic 268 (207) 1.54 (1.06–2.22) 0.02
Mixed 241 (164) 0.96 (0.67–1.38) 0.84

LOCATION
Kaduna 256 (192) 1.00 -

Kano 314 (221) 0.79 (0.55–1.15) 0.22
Katsina 122 (85) 0.77 (0.47–1.24) 0.27
Sokoto 138 (94) 0.71 (0.45–1.12) 0.15

PURPOSE
Mixed 149 (99) 1.00 -
Polo 331 (250) 1.56 (1.02–2.37) 0.039

Traditional Durbar 350 (243) 1.15 (0.76–1.73) 0.51
COAT COLOUR

Basic 640 (469) 1.00 -
Bright 80 (55) 0.80 (0.48 – 1.33) 0.39
Grey 110 (68) 0.59 (0.39–0.90) 0.015

TOTAL 830 (592)
1 p-values < 0.05 indicated in bold typeface; CI = 95% confidence interval, N = total number tested; n = number
positive

In the multivariate logistic regression analysis to identify confounding factors, only
age remained a significant predictor of EIV seropositivity with an OR of 1.6 in adult horses
and OR of 8.1 in old horses.

3.3. Seroprevalence of A/equine/Worcestershire/2019 (H3N8) among a Sample of Horses Positive
for A/equine/Richmond/1/2007 (H3N8) in Northwest Nigeria

The mean SRH value obtained with the 2019 virus (150.4 mm2) for 118 of the samples
was significantly higher (p = 0.00001) than the mean value of 131.7 mm2 obtained with
the 2007 virus (Figure 4). Of the 118 samples tested against both viruses, only 26.3% had
SRH values at or above the level expected to provide clinical and virological protection
when measured using the 2007 virus. Furthermore, 6.8% had SRH values below the cut-off
expected to provide clinical protection. In contrast, around double the number of samples
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(52.5%) had SRH values above 150 mm2 when measured using the 2019 virus and only
3.4% had values below the lower threshold of 85 mm2.

Figure 4. Comparison of single radial haemolysis antibody values measured against A/equine/
Richmond/1/2007 or A/equine/Worcestershire/2019 among a subset of 118 horses in Northwest
Nigeria. Dashed lines and shading indicate cut-off above which clinical and virological protection
(- - -, green shading) or clinical protection only (- · -, yellow shading) is expected. **** indicates
p = 0.0001 (Paired t-test).

4. Discussion

To the best of our knowledge, this is the first study to investigate the seroprevalence
of EI among horses and the associated risk factors across states in Northwest Nigeria.
Although EI virus was first isolated in tropical Africa in 1991 [17], earlier EI seroprevalence
studies among horses in Nigeria focused only on polo horses during tournaments [22]
and some selected stables in Kaduna State [24]. The results of this study therefore provide
contemporary information that can be employed in steering the introduction of an effective
action plan on the control of EI in Northwest Nigeria and the country at large. Nonetheless,
donkeys might also contribute to the epidemiology of equine influenza as they represent
around 80% of the equine population in Nigeria. Donkeys are predominantly found in
northern Nigeria where they are used as work animals but as they are not bred locally (the
majority are imported from the Republic of Niger [30]).

There have been growing concerns about the transboundary introduction and re-
introduction of EI to Nigerian horses [19,20]. Sokoto State remains home to the old Sokoto
caliphate with its boundaries including the present-day Burkina Faso, Cameroon, Niger
and Nigeria. The border towns in Sokoto (Illela) and Katsina (Jibia and Daura) have large
populations of horses. These border towns are arguably a gateway for movement of equids
for trade and sports from Nigeria, through Niger to other West African countries. Kaduna
and Kano are two states renowned for hosting colourful traditional durbars as well as
local and international equine events in northern Nigeria. The overall seroprevalence of
71.3% (95% CI = 68.1–74.3) in this study corroborates the earlier finding of [18], which
established that equine influenza exists among equids in all regions of Nigeria. However,
the prevalence observed in this study is greater than previous reports from northern
Nigeria [24], Brazil [31] and Spain [32]. The high prevalence observed might be due to a
recent widespread exposure to equine influenza virus. Argentina has become an established
source of equine importation into Nigeria [33], along with other sources like Europe and
South Africa, due to the increasing interest in equestrian activities in Nigeria. The Argentine
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Ministry of Agriculture facilitated the export of 206 horses to Nigeria between 2018 and 2019.
This probably explains the first report of an FC1 strain in some west African countries [19]
as well as in West and Central African countries [20] coinciding with the 2019 outbreak
of FC1 EI in South America (Argentina and Uruguay) [34]. Furthermore, with the rising
cross-border equestrian activities, it is difficult to rule out neighbouring countries as sources
of EI, as they are potential sources of equine importation to Nigeria.

In univariable analyses, no significant association was found between location of
horses and seropositivity, but polo horses had higher seropositivity and a significantly
higher OR than horses used for other purposes. Polo horses might have had the highest EI
seropositivity (75.5% (95% CI: 71–80)) because of the likelihood of being the most mobile
compared to horses used for traditional durbar and mixed purposes. Although EI vaccines
are not sold in Nigeria, vaccines are often imported [17], mostly along with importation of
horses. The use of vaccines in the “exotic” breeds of horses, which includes 224 of the 331
horses involved in polo, might explain the higher seropositivity in these categories. The
media reported that the 2018/2019 outbreak was followed by an EI vaccination campaign
organized by the state government in July 2019, 6 months later, for a limited number of
horses.

Significantly more female horses were seropositive than males in univariate analysis.
However, despite the higher seroprevalence observed in female horses, sex was not a
predictor of EI seroprevalence in the multivariable analyses. This is consistent with a report
in USA and Canada [35].

Grey coat colour was significantly associated with lower seropositivity and a lower
OR in univariable analyses than other coat colours, but this significance was lost in the
multivariable analyses. This may be due to the under-representation of grey-coat horses
(13.2%) compared to the “basic”-coat-coloured horses among older horses resulting in
lowering of study power to detect this effect as significant. The “bright” and grey coat
colour categories were also over-represented among horses used for traditional durbars
whereas polo ponies were more likely to be darker-coloured.

Exploring the host factors associated with EIV seropositivity in both univariable and
multivariable models, age was a consistently significant predictor of EI seropositivity. The
significant progressive increase of EI seropositivity across age groups may be suggestive
of recurring exposure in older horses. This finding agrees with studies from Brazil and
Spain [30,31].

The mean SRH value obtained for all 830 horses with A/equine/Richmond/07 was
only 78.2 mm2 (median = 88 mm2; interquartile range = 0–121 mm2) with 46.5% of horses
having antibody levels below the value associated with clinical protection against a ho-
mologous virus challenge. A small proportion (9%) of the sampled equine population
had antibodies likely to be fully protective against EI infection, similar to the finding in a
report from Brazil [30]. The significantly higher mean SRH value obtained with a subset
of 118 antibody-positive sera with A/equine/Worcestershire/2019 (H3N8) compared to
A/equine/Richmond/1/07 (H3N8), which represents FC1 and FC2, respectively, is con-
sistent with the recent circulation of an FC1 virus among horses in Nigeria. If the high
seropositivity of EI among horses in Northwest Nigeria is indicative of higher rates of EI
infection, then this could increase the risk of interspecies transmission of EI owing to the
common practices of housing other domestic species in close proximity. These animals
could play a role in the transmission dynamics and epidemiology of EI. In 2007, investiga-
tion of an EI outbreak in New South Wales inferred the possible role of birds as mechanical
propagators of equine H3N8 virus [36]. The severe H3N8 EI outbreak that occurred in Jilin
and Heilongjiang provinces of Northeast China in 1989 suggests the innate potential of
influenza viruses to emerge in horses without reassortment [37]. The close interaction of
various avian species and other mammals could result in novel influenza viruses like the
avian-like A/equine/Jilin/1/89 (H3N8) in the future.

Keeping other animals like dogs, cats, ducks, ostriches, peacocks, sheep, goats, cattle,
rabbits and pigeons in proximity with horses was commonly observed while sampling the
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horses in Northwest Nigeria. Bats were observed roosting in trees near where horses were
tethered. Although influenza viruses have not been reported among bats in Nigeria, recent
studies have demonstrated the abundance of some emerging viruses among bats sampled
in Nigeria [38,39]. Since the first isolation of H3N8 equine influenza in dogs in 2004 [40],
several reports have emerged of infection of dogs with equine influenza: a retrospective
investigation in the UK disclosed the cause of the 2002 respiratory outbreaks among English
foxhound to be an H3N8 virus of equine origin [41]. Just recently, some influenza A viruses
including equine H3N8 were serologically detected in dogs in Poland [42]. Even though the
equine/canine influenza lineages evolved independently from the avian H3 lineage and
are unrelated to the human H3 lineage [43], the presence of other animals could provide
opportunities for new interspecies transmission events.

5. Conclusions

Our study showed serological evidence for EI exposure in 71.3% of the tested popula-
tion, with the majority of this presumed to result from infection rather than vaccination
as vaccines are not routinely administered in Nigeria. The higher mean antibody values
obtained using a more recent isolate in the SRH assay provides further evidence that the
antibodies detected were likely due to infection during a recent outbreak rather than vac-
cination. Importantly, we also demonstrated an insufficient level of protection against EI
in the region. Introduction of a vaccination programme with vaccines containing recently
circulating FC virus, which could be targeted at horses that travel and intermingle, should
mitigate against further outbreaks of equine influenza in Nigeria.
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1  | INTRODUC TION

West Nile virus (WNV) is a mosquito-borne zoonotic virus from 
the genus Flavivirus and family Flaviviridae (Anon, 2017). Its trans-
mission cycle involves birds and mosquitoes, especially from the 
Culex species, which act as vectors of the virus. Several vertebrate 
species can be infected by the virus, but mammals, particularly hu-
mans and equids, are considered ‘dead-end’ hosts as they do not 
usually develop sufficiently high levels of viraemia for transmission 
to blood-feeding mosquitoes (Komar, 2000). The virus was first iso-
lated from a human being in 1937 in the West Nile region of Uganda 
(Smithburn et  al.,  1940). Since the first reported case of WNV in 
horses in Egypt in 1963 (Schmidt & Mansoury, 1963), the disease has 
expanded in range causing significant human and animal health is-
sues. An example of these are the outbreaks reported in EU member 

countries since the start of the 2020 transmission season, and as 
of 10 September 2020, 173 human cases of WNV infection and 15 
deaths (Greece, Spain, Italy and Romania) and 60 outbreaks among 
equids (Spain, Italy, France, Portugal and Germany) have been re-
ported through the European Animal Disease Notification System 
(ADNS).

Several genetic lineages of the virus have been found, but 
isolates from lineages 1 and 2 have mainly been responsible for 
the disease in humans and equids in European countries, with 
lineage 1 predominant until the mid-2000s (Ciccozzi et al., 2013; 
Long,  2014). As a neurotropic virus causing encephalomyelitis, 
clinical signs in horses include ataxia, paralysis of the limbs, pro-
longed recumbency, muscle fasciculations and abnormal menta-
tion (Long, 2014). The mortality rate in horses has been estimated 
at 35%–45% (Long,  2014). However, studies suggest that only 
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Abstract
There is some evidence that West Nile virus (WNV), which causes encephalomyeli-
tis in equids, is an emerging disease in Europe. The aim of this study was to perform 
a systematic review and meta-analysis to analyse seroprevalence studies of WNV 
in equids in European countries between 2001 and 2018. Two electronic data-
bases, PubMed and Scopus, were searched for relevant publications published from 
2001 to 2018 using predetermined keywords. A total of 1,484 papers were initially 
found. After applying the eligibility criteria, 39 papers were finally included in the 
systematic review. Analysis of 28,089 equids from 16 European countries revealed 
a pooled seroprevalence of 8% (95% CI 5%–12%, p <  .001, I2 = 99.3%) in Europe. 
The pooled seroprevalence was slightly higher in Mediterranean basin countries 
than other countries and when calculated for samples collected between 2001 and 
2009 compared to 2010 to 2018. Differences in study design (e.g. sampling asso-
ciated with recent outbreaks of WNV) contributed to a high degree of variability 
among studies. Further studies with harmonized study design and reporting of the 
results are recommended to better estimate and monitor European seroprevalence 
of WNV in equids.
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around 10% of infected horses present neurological signs (Gardner 
et al., 2007). For diagnosis, laboratory testing is necessary to con-
firm the infection as the neurological signs are not pathognomonic 
for the disease. Treatment is mostly supportive as there are no 
known effective antiviral medications (Long,  2014). An equine 
WNV vaccine was first licensed in the United States in 2003, and 
further types of WNV vaccine have since been approved for use 
in horses, but an equine WNV vaccine was not licensed for use 
in Europe until 2009. Due to the low viral titres in horses, ante-
mortem PCR-based detection of viral RNA is unreliable (Kleiboeker 
et  al.,  2004). Therefore, suspected cases of WNV infection are 
usually confirmed by IgM capture ELISA and/or measuring sero-
conversion using a plaque reduction neutralization test (PRNT). 
Equine WNV-specific IgM antibodies are usually detectable from 
around 8  days post-infection (so most horses with encephali-
tis test positive at the time that clinical signs are first observed) 
and remain detectable for up to 3  months (Beck et  al.,  2017). 
Neutralizing (IgG) antibodies are detectable in equine serum by 
2 weeks post-infection and can persist for more than 1 year. The 
OIE Terrestrial Manual (OIE,  2018) suggests that IgG indirect 
and competitive ELISAs, virus neutralization test (VNT) or PRNT 
are suitable methods for determining prevalence of infection. 
However, as ELISA methods are less specific, where related flavi-
viruses co-circulate with WNV, positive results obtained should be 
confirmed by PRNT or VNT and testing against other flaviviruses 
in parallel. Other flaviviruses detected in Europe include Bagaza 
virus (BAGV), louping ill virus (LIV), tick-borne encephalitis virus 
(TBEV) and Usutu virus (USUV) (Llorente et al., 2015; Long, 2014).

The aim of this study was to conduct a systematic review and 
meta-analysis to analyse seroprevalence studies of WNV in equids in 
Europe from the year 2001 to 2018 inclusive, to compare the prev-
alence in countries of the Mediterranean basin with other European 
countries and to evaluate the prevalence of two periods: from 2001 
to 2009 and from 2010 to 2018.

2  | MATERIAL S AND METHODS

2.1 | Search strategy

A systematic search strategy was performed in the databases 
PubMed and Scopus to identify all published studies reporting the 
prevalence of WNV in equids in Europe from 1 January 2001 to 
20 March 2019 (the date the search was performed). The follow-
ing keywords and Boolean operators (‘AND’ and ‘OR’) were used: 
(prevalence OR incidence OR frequency OR occurrence OR detec-
tion OR identification OR isolation OR characterization OR investi-
gation) AND (WNV OR WNV OR Flavivirus) AND (horse OR equine 
OR equid OR donkey OR mule OR foal). In Scopus, the search terms 
were applied to the title, abstract and the keywords. In PubMed, the 
search terms were applied to all fields. No language restrictions were 
applied. Retrieved searches were entered into a Microsoft Excel 
(2018) file.

The reference lists of the selected publications were reviewed 
manually to identify all potential studies that could have been missed 
in the two databases.

2.2 | Eligibility criteria

Inclusion criteria were divided into two categories: inclusion criteria 
related to the literature search and inclusion criteria inherent to the 
studies. First, the studies had to be published between 1 January 
2001 and 20 March 2019 and the full text had to be available in 
English, Spanish or French. In addition, studies had to be prospec-
tive or retrospective serosurveys with animal-level prevalence and 
animals of the genus Equus (excluding zebra) reported, carried out 
in a European country and have performed a VNT and/or PRNT to 
confirm the specificity of antibodies detected by ELISA.

Studies were excluded if the titles and abstracts were not rel-
evant to the subject of interest, did not fulfil the above eligibility 
criteria, had data missing or duplicated data published in another 
included study.

2.3 | Study selection and data extraction

In the first screening of all searched studies, duplicates were elimi-
nated. The titles and abstracts of all retrieved studies were then in-
dependently screened by two authors (MBCM and MB) to identify 
potentially relevant studies. When the study could not be assessed 
from the title and abstract, the full text was screened. The full text 
of the studies retained after the first screening were further scanned 
independently and in a standardized manner by two authors (MBCM 
and MB) applying the eligibility criteria.

After the eligibility assessment process, data were extracted 
independently by two authors (MBCM and MB) and classified in 
three categories: general data related to the study, data related to 
the diagnostic techniques and data related to the animals. Any dis-
agreements that arose between the authors were resolved through 
discussion with a third author (JMD). All the extracted data were 
summarized in a Microsoft Excel (2018) file.

The general data related to the study were as follows: title, first 
author's name, name of the journal, year of publication, database 
where the study was identified (PubMed or Scopus), type of study 
(i.e. prospective or retrospective serosurvey), language, country and 
region, sampling protocol (e.g. convenience or random sample), year 
and season of testing. The data related to the diagnostic techniques 
were as follows: initial serological test to detect the presence of an-
tibody (immunoglobulin G), type of confirmatory test, strain of the 
confirmatory test and additional serological tests performed. The 
data related to the animals included number of equids, mean age, 
sex, breed, vaccination and clinical signs.

The total number of equids tested and the number testing posi-
tive specifically for WNV antibodies (and without a reported history 
of vaccination) were also extracted independently by two authors 
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(JMD and OTO) and any disagreement confirmed by a third author 
(MB).

2.4 | Data analysis and presentation

Statistical meta-analysis of the proportion of WNV antibody-
positive animals was conducted and a forest plot generated using 
metaprop in Stata 16 (Nyaga et al., 2014). Subgroup meta-analysis 
was done for the Mediterranean and non-Mediterranean countries 
of Europe to investigate whether greater prevalence was reported 
in Mediterranean countries where the climate is more favourable 
for mosquitoes. As well, analysis of two balanced 9-year-period 
subgroups (2001–2009 and 2010–2018) was performed. This al-
lowed the impact of the introduction of a WNV vaccine on se-
roprevalence studies to be determined. Estimates from individual 
studies were transformed using the Freeman–Tukey double-arc-
sine transformation to stabilize the variance. Heterogeneity was 
assessed using the I-squared statistic (I2). A funnel plot to assess 
publication bias was generated and outliers identified using R (R 
Core Team, 2014).

2.5 | Maintenance of study standard

This study has been performed in accordance with guidelines for 
meta-analysis of observational studies (MOOSE statement) and 
preferred reporting items for systematic reviews and meta-analyses 
(PRISMA statement) (Moher et al., 2015; Stroup et al., 2000).

3  | RESULTS

3.1 | Search results and study selection

From the initial database search, 1,484 potentially relevant pub-
lications were identified of which 663 were found in Scopus and 
821 in PubMed. After removing the duplicates, the title and ab-
stract of 950 studies were screened. Of the 104 studies that re-
mained, 65 studies were excluded for reasons listed in Figure 1. 
The lack of a confirmatory test to measure neutralizing antibodies 
was one of the main reasons for exclusion (n  =  13). The other 
exclusion factors were as follows: review articles, type of study, 
language other than English, French or Spanish, insufficient data, 
full text not available, duplicated data, type of study and year of 
study.

Finally, a total of 39 publications satisfied the inclusion criteria 
and were included in the systematic review, of which 38 were in 
English and one in French. Of the 39 publications, 3 were found in 
Scopus, 8 in PubMed and 28 in both databases. No additional stud-
ies that satisfied the inclusion criteria were found in the reference 
lists of selected studies. Table 1 presents the studies included in the 
systematic review.

3.2 | Study characteristics

Of the 39 studies included in the systematic review, the majority 
(n  =  36) were prospective serosurveys; 3 studies were retrospec-
tive. In 14 studies (35.9%), it was stated that the equine serum sam-
ples were taken randomly. It was assumed that in the other studies, 
convenience samples were obtained. In total, 28,089 equids were 
tested, of which 375 were donkeys or mules. The prevalence was de-
scribed only in horses in 34 studies, only in donkeys and mules in one 
study (García-Bocanegra, Arenas-Montes, Jaén-Téllez, et al., 2012) 
and in both horses and donkeys in 3 studies (Bosiljka et al., 2013; 
Ozkul et al., 2013; Raleigh et al., 2012) The mean number of equids 
sampled in each study was 720 with a wide range (68 to 5,178).

Of the 16 European countries in which studies were conducted, 
7 (Albania, Croatia, Spain, France, Italy, Portugal and Turkey) are part 
of the Mediterranean basin (Figure 2). The highest number of stud-
ies was found for Spain (n = 9), followed by France and Serbia (n = 4). 
Prevalence data were available for both date ranges in the following 
ten countries: Croatia, Czech Republic, France, Germany, Ireland, 
Poland, Portugal, Serbia, Spain and Turkey (34 studies). Twelve of the 
studies were carried out in the first date range (2001–2009) and 19 
in the second period (2010–2018). In one study (Raleigh et al., 2012), 
prevalence data were separated in the two periods of time. There were 
five studies that started in the first period and finished in the second 
period and two for which the year(s) of sampling was not specified.

In the majority of studies (n = 24), samples were first screened by 
ELISA and some or all of the positive-testing samples were confirmed 
by testing for WNV-specific neutralizing antibodies. In 10 studies, a 
neutralization test was performed without prior screening by ELISA, 
and in one study, both ELISA and VNT were used to screen the sam-
ples. In three studies, the initial screening test was either agar gel im-
munodiffusion (AGID), immunofluorescence antibody test (IFAT) or 
multiplex immuno-assay (MIA). Additional tests performed included 
western blot and haemagglutination inhibition (HI) test.

The virus strain used for the VNT or PRNT was described in 24 
studies. The strain ‘Eg101’ was used in 12 studies, ‘New York (NY99)’ 
in 7 studies and ‘Israel 1998 (IS98-ST1)’ in one study. These three 
strains belong to genetic lineage 1. Only five studies used genetic 
lineage 2 strains: ‘Austrian’ (n = 3), ‘Hungary 578/2010’ (n = 1) or 
unspecified (n = 1). Of the five studies that used genetic lineage 2 
strains, one study also used a strain from genetic lineage 1. The re-
maining studies (n = 15) did not specify the strain used.

In 18 of the 39 studies, samples were additionally screened for neu-
tralizing antibodies to other flaviviruses; TBEV only in 2, USUV only in 6, 
USUV and TBEV in 9 and Bagaza virus in 1. Positive titres were detected 
against TBEV or USUV in five and seven studies, respectively. In four 
studies, some samples had similar titres against both WNV and USUV.

Of the 39 selected studies, only 3 described minimal demo-
graphic data (age, sex and breed) and 8 reported whether or not any 
of the tested equids were vaccinated or showed any clinical signs.

More than half of the studies (n = 23) reported the season of year 
when the animals were sampled; the majority of the studies were 
carried out in autumn (September to November).
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     |  1817METZ et al.

3.3 | Meta-analysis of WNV seroprevalence

The pooled seroprevalence was 8% (95% CI 5%–12%) with sub-
stantial heterogeneity (I2  =  99.3%) (Figure  3). Pooled seropreva-
lence was slightly higher in Mediterranean (9%, 95% CI 5%–14%) 
than non-Mediterranean countries (7%, 95% CI 3%–14%) and in the 
first sampling period (8%, 95% CI 2%–17%) than in the second sam-
pling period (7%, 95% CI 4%–10%) (Table 2). A funnel plot (Figure 4) 
did not identify significant publication bias. However, two studies 

(Calistri et al., 2010; Petrović et al., 2014) were identified as outliers 
in the studentized residual test.

4  | DISCUSSION

This systematic review sought to highlight important trends in WNV 
seroprevalence in equids in Europe; prevalence data of WNV re-
ported in 39 studies of equids in Europe were analysed from the 

F I G U R E  1   Flow diagram of article selection for West Nile prevalence in equids in Europe [Colour figure can be viewed at 
wileyonlinelibrary.com]
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TA B L E  1   Characteristics of studies included in the systematic review

Publication Countrya 
No. 
positive No. tested

Seroprevalence 
(%) Year

Screening 
test

Tests for other 
flaviviruses

1. Abad-Cobo et al. (2017) Spain (ES) 5 369 1.36 2011–2013 ELISA USUV

2. Alba et al. (2014) Spain (ES) 0 178 0 2011 ELISA

3. Bakonyi et al. (2013) Hungary (HU) 79 276 28.62 2009 IFAT

4. Barbić et al. (2012) Croatia (HR) 72 2098 3.43 2010–2011 ELISA TBEV + USUV

5. Barbić et al. (2013) Croatia (HR) 48 1,380 3.48 2011 ELISA TBEV + USUV

6. Barros et al. (2011) Portugal (PT) 40 1,313 3.05 2004–2010 ELISA

7. Barros et al. (2017) Portugal (PT) 18 989 1.82 2011–2016 ELISA

8. Bażanów et al. (2018) Poland (PL) 62 411 15.09 2012–2013 VNT USUV

9. Berxholi et al. (2013) Albania (AL) 37 167 22.16 N.S. ELISA & VNT TBEV

10. Bosiljka et al. (2013) Serbia (RS) 45 1199b  3.75 2008–2012 AGID

11. Busani et al. (2011) Italy (IT) 348 2,528 13.77 2008 & 2009 ELISA TBEV + USUV

12. Busquets et al. (2019) Spain (ES) 9 138 6.52 2017 & 2018 ELISA BAGV

13. Cabre et al. (2005) France (FR) 0 94 0 2003 ELISA

14. Calistri et al. (2010) Italy (IT) 794 2030 39.11 2008 PRNT

15. Csank et al. (2018) Slovakia (SK) 10 145 6.90 2013 ELISA TBEV + USUV

16. Durand et al. (2005) France (FR) 304 906 33.55 2003 ELISA

17. Ergunay et al. (2014) Turkey (TR) 48 389 12.34 2011–2013 PRNT

18. García-Bocanegra, 
et al. (2012)

Spain (ES) 36 510 7.06 2010 ELISA

19. García-Bocanegra, 
et al. (2012)

Spain (ES) 12 109 11.01 2010–2011 ELISA

20. García-Bocanegra, 
et al. (2012)

Spain (ES) 12 165c  7.27 2011 ELISA

21. Hubálek et al. (2008) Poland (PL) 0 78 0 2006 PRNT USUV

22. Hubálek et al. (2013) Czechia (CZ) & 
Slovakia (SK)

19 395 4.81 2008–2011 PRNT TBEV + USUV

23. Jiménez-Clavero 
et al. (2007)

Spain (ES) 13 157 8.28 2005 VNT USUV

24. Jiménez-Clavero 
et al. (2010)

Spain (ES) 0 68f  0 2008 VNT USUV

25. Lupulovic et al. (2011) Serbia (RS) 42 349 12.03 2009–2010 ELISA USUV

26. Madić et al. (2007) Croatia (HR) 4 980 0.41 2010–2011 ELISA

27. Maquart et al. (2017) France (FR) 9 96 9.38 2014 ELISA USUV

28. Medić et al. (2014) Serbia (RS) 72 252 28.57 2007–2011 ELISA

29. Monaco et al. (2010) Italy (IT) 271 770 35.19 2008 VNT TBEV + USUV

30. Ozkul et al. (2006) Turkey (TR) 36 299d  12.04 N.S. PRNT

31. Ozkul et al. (2013) Turkey (TR) 57 180 31.67 2011 PRNT

32. Petrović et al. (2014) Serbia (RS) 64 130 49.23 2012 ELISA

33. Pradier et al. (2014) France (FR) 143 1,159 12.34 2007–2008 ELISA

34. Raleigh et al. (2012) Ireland (IE) 0 490e  0 2005–2006 
(n = 90) & 2010 
(n = 400)

ELISA

35. Vanhomwegen 
et al. (2017)

Spain (ES) 11 172 6.40 2011–2012 MIA TBEV + USUV

36. Weissenböck 
et al. (2003)

Austria (AT) 0 350 0 2001 PRNT

37. Ziegler et al. (2012) Germany (DE) 1 1,282 0.08 2007–2009 ELISA TBEV + USUV

(Continues)
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year 2001 to the year 2018. The pooled seroprevalence obtained 
was 8% (95% CI 5%–12%). However, few studies reported using ran-
dom sampling methods; therefore, caution must be applied when 
generalizing the seroprevalence estimates to the target population. 
The substantial heterogeneity (I2  =  99.3%) meant that meaningful 
conclusions could not be drawn about differences in seroprevalence 

between Mediterranean and non-Mediterranean countries or the 
two periods evaluated.

There was no evidence that small studies with small effect sizes 
were missing. However, the two studies that were identified as out-
liers (Calistri et al., 2010; Petrović et al., 2014) were also the two 
studies with the highest seroprevalence: 39% and 49%, respectively. 

Publication Countrya 
No. 
positive No. tested

Seroprevalence 
(%) Year

Screening 
test

Tests for other 
flaviviruses

38. Ziegler, et al. (2013) Germany (DE) 2 5,178 0.04 2010–2012 ELISA TBEV + USUV

39. Ziegler, et al. (2013) Ukraine (UA) 42 310 13.55 2010–2011 ELISA TBEV

Abbreviations: AGID, agar gel immunodiffusion; BAGV, Bagaza virus; ELISA, enzyme-linked immunosorbent assay; IFAT, immunofluorescence 
antibody test; MIA, multiplex immuno-assay; N.S., not specified; PRNT, plaque reduction test; TBEV, tick-borne encephalitis virus; USUV, Usutu virus; 
VNT, virus neutralization test.
 aTwo-letter ISO country code.  
 b1133 horses and 66 donkeys.  
 c82 donkeys and 83 mules.  
 d259 horses and 40 mules.  
 e386 horses and 104 donkeys.  
 fOnly results from samples collected in 2008 were included in the meta-analysis.  

TA B L E  1   (Continued)

F I G U R E  2   Map showing European countries for which data were included in the systematic review. Created using https://mapch​art.
net/europe.html with different colour shading used for Mediterranean and non-Mediterranean countries and depth of shading indicating 
number of studies performed in each country [Colour figure can be viewed at wileyonlinelibrary.com]
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The study by Calistri et  al.  (2010) was associated with investiga-
tion of an outbreak of WNV. Similarly, in the study by Petrović 
et al. (2014), samples were collected from horses in November and 

December 2012 after the first human outbreak of WNV reported 
in Serbia, which started in August 2012. Other studies with high 
seroprevalence were also associated with recent outbreaks.

F I G U R E  3   Forest plot showing the pooled estimated seroprevalence (ES) of West Nile virus among equids in Europe. Horizontal lines 
represent 95% confidence intervals (Cls). Each square box denotes the seroprevalence rate point estimate, and the area is proportional to 
the weight of the study [Colour figure can be viewed at wileyonlinelibrary.com]

No. 
positive

No. 
tested

% (95% 
CI) D.F.

I2 
(%)

Region Mediterranean 2,327 17,244 9 (5–14) 24 99.1

Non-Mediterranean 438 10,845 7 (3–14) 13 99.0

Sampling period 2000–2009 1953 9,788 8 (2–17) 12 99.4

2010–2018 521 14,327 7 (4–10) 19 98.3

Overall 2,765 28,089 8 (5–12) 38 99.3

TA B L E  2   Pooled seroprevalence of 
WNV in Europe
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The quality of data reporting varied between studies, for ex-
ample, only three studies provided information on animal charac-
teristics such as age, sex and breed, each of which could influence 
risk of exposure to and/or susceptibility to WNV infection, for ex-
ample, older animals are more likely to have been exposed to virus. 
Reporting these demographic data is important for comparisons to 
be made between the outcomes of different studies. Recruitment 
criteria are important in understanding disease transmission in 
mobile animal populations such as horses where animals may have 
been exposed to the virus somewhere other than the study loca-
tion. Furthermore, vaccination status became important after an 
equine WNV vaccine was first licensed in Europe in 2009. For ex-
ample, Ziegler et al.  (2012) found four samples positive for WNV 
antibodies in a study conducted in Germany, but three of these 
were from vaccinated horses (and were therefore removed from 
the seroprevalence estimation in this study) and one was from a 
horse from Hungary. However, vaccination status was only re-
ported in 8 studies although 19 were conducted on samples col-
lected after 2009.

ELISA is often the assay of choice for conducting seroepide-
miological studies because it is simple, sensitive, rapid and often 
commercially available. However, due to extensive cross-reactivity 
between antibodies raised against different flaviviruses, the ELISA 
can yield false-positive results where different flaviviruses co-cir-
culate (Beck et al., 2013). Therefore, this systematic review only 
included studies that used virus/plaque reduction neutralization 
tests to confirm positive samples; however, 21 out of 39 studies 
did not test other flaviviruses in parallel, which could have intro-
duced errors in their prevalence estimation. The issue of cross-re-
activity in ELISA was illustrated in some of the studies, for example 
Berxholi et al. (2013) found that two of seven samples that were 
positive in ELISA but negative in WNV VNT were positive for 
TBEV antibodies. Similarly, Ziegler, et  al.  (2013) found that four 
samples that were positive by ELISA but negative by WNV VNT 
were positive for TBEV (but not for USUV). One of the included 

studies (Lupulovic et al., 2011) was the first to report neutralizing 
antibodies to USUV in horses; however, as the PRNT titres were 
120 and 90 for WNV and USUV, respectively, they were not able 
to conclude whether this represented cross-reactive antibodies 
or prior exposure to both viruses. Calistri et  al.  (2010) mention 
that USUV was circulating in Italy in the year before samples were 
obtained in their study, but they did not test for USUV antibod-
ies. In most cases, neutralization tests were positive for one virus 
only or titres were markedly higher (e.g. at least twofold) for one 
virus. However, neutralization tests were not always discrimina-
tory, particularly where VNT titres were low (Jiménez-Clavero 
et al., 2007). Furthermore, Vanhomwegen et al. (2017) concluded 
that of 21 samples that were positive for flavivirus antibodies, 11 
were specifically positive for WNV, 2 for USUV and 1 for TBEV, 
while 8 were positive for an unidentified flavivirus (1 of which they 
reported as positive for both WNV and an unidentified flavivirus). 
Ziegler, et al.  (2013) reported four samples that were positive by 
WNV ELISA but VNT negative with WNV and USUV. Although this 
could be due to the lower sensitivity of VNT compared to ELISA 
(Beck et al., 2017). Furthermore, a high prevalence of tick-borne 
encephalitis virus (TBEV) has been reported in other studies in 
some European countries (Rushton et al., 2013). Therefore, there 
is evidence of non-WNV flaviviruses circulating in Europe, which 
should be taken into account when performing a serosurvey study.

Although most studies did not specify if seropositivity was 
caused by lineage 1 or 2 WNV strains, this is probably not critical, 
because it is not possible to tell by which virus lineage the immune 
response was elicited as the two strains differ only in three amino 
acids within domain III of the E protein, against which most neutral-
izing antibodies are directed (Berxholi et al., 2013).

Most studies were performed in autumn, probably after the be-
ginning of the transmission season and occurrence of outbreaks in 
the summer. This should not affect the results of the meta-analysis 
other than the already mentioned bias caused by association of a se-
rosurvey study after regional outbreaks, which could falsely increase 
the prevalence estimation.

Despite the fact that WNV transmission and outbreaks in equids 
occur in EU countries, the limitations detected in this study pre-
cluded the evaluation of an increase in seroprevalence over time. 
An analysis of the number of reported outbreaks could be useful to 
determine the re-emerging status of this virus; however, this was not 
the scope of this study.

Horses have been suggested as useful sentinels for WNV sur-
veillance. However, the true seroprevalence of WNV in European 
equids remains uncertain due to variation in study design and re-
porting, and difficulty discriminating between cross-reactive anti-
bodies. Standardized seroprevalence studies are critical to better 
understand the current epidemiological status of WNV in Europe 
and to monitor future changes.
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F I G U R E  4   Funnel plot of standard error by Freeman–Tukey 
double-arcsine-transformed proportion for all studies (n = 39)
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Abstract: West Nile virus (WNV) is an emerging and re-emerging zoonotic flavivirus first identified
in and endemic to Africa. The virus is transmitted between birds by biting mosquitoes, with equids
and humans being incidental hosts. The majority of infected incidental hosts display no or only
mild clinical signs, but a fraction develop encephalitis. The aim of this scoping review was to
identify and evaluate primary research on the presence of antibodies to WNV among African equids.
Three bibliographic databases and the grey literature were searched. Of 283 articles identified, only
16 satisfied all the inclusion criteria. Data were collated on study design and outcomes. The overall
seroprevalence reported ranged from 17.4 to 90.3%, with 1998 (35%) of the 5746 horses, donkeys and
mules having screened positive for WNV antibodies. Several articles determined that seroprevalence
increased significantly with age. Due to co-circulation of other flaviviruses in Africa, in the majority
of studies that screened samples by ELISA, positive results were confirmed using a more specific
neutralization test. However, only eight studies tested against other flaviviruses, including Potiskum,
Uganda S, Wesselsbron and yellow fever virus in one, Japanese encephalitis and Usutu virus (USUV)
in one, tick-borne encephalitis and USUV in one and USUV only in three. Equids are regarded as
useful sentinel animals for WNV, but variation in study design poses challenges when trying to
determine risk factors for, and trends in, WNV seroprevalence.

Keywords: West Nile virus; flavivirus; antibodies; Africa; horses; donkeys; mules; seroprevalence

1. Introduction

West Nile virus (WNV) is a mosquito-borne virus that affects humans and equids.
It belongs to the Japanese encephalitis virus (JEV) sero-complex group within the family
Flaviviridae and genus Flavivirus [1]. The virus was first isolated from humans in 1937,
specifically from the blood of a woman who suffered mild febrile illness in the West Nile
province of Uganda [2], and from horses in 1963 [3]. West Nile virus is believed to be the
most pervasive arbovirus, with impacts on animal and human health [4]. The disease now
has an almost worldwide distribution across Africa, Asia, Australia, the Middle East, North
America and Europe [5–7]. Wild birds serve as primary reservoir hosts and the enzootic
transmission cycle is maintained by infected Culex spp. mosquitoes [5]. Horses are excellent
sentinels for WNV and can be used to forecast WNV risk patterns in humans [8]. Equids
are more predisposed to WNV than humans, with possible manifestation of nervous signs
in around 10% of infected horses [9].

West Nile virus is endemic to Africa, which is probably the source of all its lineages and
genotypes [10]. The continual emergence and re-emergence of WNV in parts of Africa pose

Pathogens 2021, 10, 899. https://doi.org/10.3390/pathogens10070899 https://www.mdpi.com/journal/pathogens

https://www.mdpi.com/journal/pathogens
https://www.mdpi.com
https://orcid.org/0000-0001-5312-8591
https://orcid.org/0000-0002-3677-7239
https://orcid.org/0000-0002-1912-4500
https://doi.org/10.3390/pathogens10070899
https://doi.org/10.3390/pathogens10070899
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pathogens10070899
https://www.mdpi.com/journal/pathogens
https://www.mdpi.com/article/10.3390/pathogens10070899?type=check_update&version=1


Pathogens 2021, 10, 899 2 of 15

veterinary and public health threats due to the resultant increased morbidity and mortality
among humans, horses and birds [11,12]. The abundance of wild birds and ornithophilic
mosquitoes on the African continent provides a suitable scenario for WNV transmission to
horses and other susceptible hosts. Migratory birds are abundant in Africa [13,14] and their
migratory routes play a significant role in the transmission of WNV [15]. Climate change
has greatly influenced the expansion of vectors that may transmit WNV and other vector-
borne diseases from endemic to non-endemic environments [16]. Human and animal health
are largely impacted negatively by climate change, especially in low-income counties [17].

Transient and low-level viremia produced by WNV limits the use of RT-PCR for
molecular diagnosis [18–21]. While antibody testing is extensively used for WNV diagnosis,
cross reactivity with other flaviviruses makes diagnosis based on immunoglobulin M (IgM)
and IgG detected by enzyme-linked immunosorbent assay (ELISA) alone unreliable [22].
Neutralization tests, which are more specific, are considered the gold standard for WNV
diagnosis and are used to validate ELISA results [23–25].

Although the disease has been reported in horses in a few countries in Africa, there is
no published study on the prevalence of antibodies to WNV in equids across Africa or the
drivers of its emergence. The aim of this scoping review was to integrate the existing data
on the prevalence of antibodies to WNV among African equids. The primary objective was
to evaluate the reliability of what is known about the seroprevalence of WNV among equids
in different regions of Africa. A further objective was to determine what is known about
risk factors associated with the emergence of the disease in these regions. This scoping
review provides veterinarians and agencies with an overview of the existing literature on
the prevalence of WNV antibodies in horses, including providing evidence on the burden
of WNV in African equids and highlighting knowledge gaps, thereby giving direction to
future surveillance efforts.

2. Results
2.1. Literature Search

A total of 283 unique articles from an initial database search of 382 were screened.
Title and abstract screening resulted in the exclusion of 242 articles. Of the 41 full-text
articles assessed for eligibility, 25 were excluded with reasons listed in Figure 1. Finally, 16
articles satisfied the inclusion criteria.
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Figure 1. PRISMA flow diagram of literature search and screening articles. (Created with BioRender.com, accessed on 10
July 2021).

2.2. Study Characteristics

Most studies involved samples from a single country (Table 1) and were unevenly
distributed across the continent. Eight studies (50%) were from North Africa only while
five studies (31.3%) were from West Africa. One study (6.3%) from East Africa involved
four islands: Madagascar, Mauritius, Réunion and Seychelles. There was no independent
study in Central Africa although one study involved equids in West, East and Central
African countries. Only one study (6.3%) was conducted in the South African region. Of
the 16 articles included, 15 (93.8%) were published since 2000 (Table 1).

Table 1. Summary of study characteristics of the 16 included studies.

Study Study Year Country/ies 1 Region Study Design Sampling
Technique

Assaid 2020 [26] NS MA North Descriptive Convenience

Bargaoui 2015 [27] 2009 TN North Cross-sectional Multistage
(Random)

Ben Hassine 2011 [28] 2008 TN North Cross-sectional Cluster
Ben Hassine 2014 [29] 2012 TN North Cross-sectional Random
Benjelloun 2017 [30] 2011 MA North Cross-sectional Convenience
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Table 1. Cont.

Study Study Year Country/ies 1 Region Study Design Sampling
Technique

Cabré 2006 [31] 2002–2005
DJ

CG, GA, TD
BJ, CI, SN

East
Central

West
Cross sectional Convenience

Cardinale 2017 [32] 2010 MG, MU, RE, SC East Cross-sectional Convenience
Chevalier 2006 [33] 2003 SN West Cross-sectional Convenience
Chevalier 2010 [34] 2005 SN West Cross-sectional Convenience
Davoust 2016 [35] 2014 SN West Cross-sectional All available

Durand 2016 [36] 2012 MA North Cross-sectional Judgmental/
Purposive

Guthrie 2003 [37] 2000–2001 ZA South Cohort Judgmental/
Purposive

Lafri 2017 [38] 2014 DZ North Cross-sectional Convenience
Olaleye 1989 [39] 1987 NG West Cross-sectional Convenience

Selim 2020 [40] 2019 EG North Cross-sectional Judgmental/
Purposive

Sule 2015 [41] 2011–2012 NG West Cohort All available

NS, not specified. 1 Two-letter ISO code: BJ, Benin; CG, Republic of the Congo; CI, Cote d’Ivoire; DJ, Djibouti; DZ, Algeria; EG, Egypt; GA,
Gabon; MA, Morocco; MG, Madagascar; MU, Mauritius; NG, Nigeria; RE, Reunion; SC, Seychelles; SN, Senegal; TD, Chad; TN, Tunisia;
ZA, South Africa (ZA).

Study designs included two cohort studies, while others were cross-sectional and
one was descriptive (Table 1). Most studies used non-probability sampling techniques,
including convenience and purposive/judgmental. In a few studies, probability sampling
techniques were used, including random, cluster and multistage sampling. All equids of
volunteer owners were sampled in Northwest Senegal and every horse available without
WNV vaccination was sampled in Southwestern Nigeria. Two recent studies conducted a
survey of vectors alongside the seroprevalence of WNV in equids [26,40].

Sample size varied from 62 to 1189 equids (Table 2). Only three studies (18.8%)
presented a sample size calculation for the equids to be sampled. A total of 5746 equids
comprising of 4323 (75.2%) horses, 1277 (22.2%) donkeys, 144 (2.5%) mules and 2 (0.03%)
unspecified equids were screened across all the studies selected for this scoping review
(Table 2). Eleven (68.8%) studies investigated antibodies to WNV in horses only while
others also screened donkeys, mules, dogs, cattle, sheep and goats as well as unstated
equids. Most studies screened equids older than 2 years with an overall range of 1–32
years. Four studies did not give an age description of the equine population, while two
gave a general description of ‘adults’. Whether male and/or female equids were included
was only stated in half of the studies and the proportions of each was not revealed or was
unclear in some. Thoroughbred, Argentine criollo, Dongola, Arab-Barb, European and
Moroccan studs, local and mixed breeds were among the breeds screened for antibodies to
WNV, although breed was not mentioned in most of the studies (Table 2).

Table 2. Summary of population demographics from 16 studies.

Study N Species (n) Breed(s) Age Sex

Assaid 2020 [26] 92 Horse Mixed >2 years M, F

Bargaoui 2015 [27] 1189 1

Horse (272)
Donkey (807)

Mule (107)
NS (2)

NS Adults NS

Ben Hassine 2011 [28] 133 1
Horse (23)

Donkey (93)
Mule (17)

NS NS 2 NS 2
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Table 2. Cont.

Study N Species (n) Breed(s) Age Sex

Ben Hassine 2014 [29] 284
Horse (28)

Donkey (219)
Mule (37)

NS 2–18 years M, F

Benjelloun 2017 [30] 840 Horse Mixed >3 years M, F

Cabré 2006 [31] 245 Horse NS NS NS

Cardinale 2017 [32] 303 Horse NS Mostly adults M, F

Chevalier 2006 [33] 120 Horse Local 1–21 years (7.5) 3 NS

Chevalier 2010 [34] 367 Horse NS 2–24 years NS

Davoust 2016 [35] 283

Horse (64)
Donkey (29)
Sheep (136)

Goat (29)
Cattle (14)
Dog (11)

NS Adult NS

Durand 2016 [36] 580 Horse (349)
Dog (231) NS 1.5–32 years (14.5) M, F

Guthrie 2003 [37] 731 Horse Thoroughbred

Foal: 2.3–10.2 months
(6.6) 4

Yearling 15.2–20 months
(18.1) 4

Dam: 6–22 years (11) 4

NS for
foals/yearlings

Lafri 2017 [38] 293 Horse (71)
Donkey (222) NS Adult M, F

Olaleye 1989 [39] 62 Horse Dongola and
Arab-Barb NS M

Selim 2020 [40] 500 1 Horse NS NS NS

Sule 2015 [41] 145 Horse Argentine and
local Dongola ≥3 years M, F

1 Sample size calculation performed; 2 Information on age and sex was collected in a questionnaire but not reported; 3 Mean age; 4 Median
age. Abbreviations: NS, not specified; M, male; F, female.

2.3. Seroprevalence

A wide range of assays was used to screen equids for antibodies to WNV across
studies (Table 3). The notable reported assays were IgG enzyme-linked immunosorbent
assay (ELISA), either in-house, commercial, antigen capture, competitive (cELISA) or
IgM. Other tests used included micro-immunoassay, Western blot and neutralization tests,
plaque reduction neutralization (PRNTs) (n = 7), virus neutralization (n = 2) and micro-
neutralization (n = 2). Two studies did not confirm the results of the samples screened by
cELISA. One study detected antibodies against non-structural 1 protein using an in-house
ELISA to differentiate between infected and vaccinated horses. Most assays were combined
with other methods except the complement fixation test (CFT) used in the earliest study.

The virus used for the neutralization test was clearly stated in 10 studies (Table 3);
Eg101 was used in 4 studies, Israel 1998 (IS-98-ST1) in 3 studies, and AR 381/00, B956,
Morocco 96.111, and NY99 were each used in one study. One study used both lineage 1 and
2 viruses (Eg101 and B956, respectively), while one study used a virus belonging to genetic
lineage 2 (AR 381/00) only. Two studies did not specify the virus used in the neutralization
test. One study used Ib-AN 7019 for the complement fixation test.
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Table 3. Summary of serological tests and seroprevalence outcomes from 16 studies.

Study Test WNV
Used in NT

Other
Flaviviruses

Seroprevalence
% (CI)

Assaid 2020 [26] ELISA 1, MIA,
MNT

IS-98-STI TBEV, USUV 33.7

Bargaoui 2015 [27] ELISA 1, MNT IS-98-STI - 28

Ben Hassine 2011 [28] ELISA 1 - - 27.1

Ben Hassine 2014 [29] ELISA 1, PRNT Eg101 USUV 42.3

Benjelloun 2017 [30] ELISA 1, VNT Morocco 96.111 - 31.1

Cabré 2006 [31] ELISA, WB,
PRNT Eg101 - 36

Cardinale 2017 [32] ELISA 1, PRNT NY99 JEV, USUV 27.39

Chevalier 2006 [33] ELISA, PRNT NS - 78.3 (64.0–92.7)

Chevalier 2010 [34] ELISA, PRNT B956 and Eg101 USUV 85 (81–89)

Davoust 2016 [35] ELISA, WB - - 74.2

Durand 2016 [36] ELISA 1, VNT IS-98-STI USUV 60 (55–65)

Guthrie 2003 [37] VNT AR 381/00 - 35.3

Lafri 2017 [38] ELISA, WB,
PRNT Eg101 - 17.4

Olaleye 1989 [39] CFT Ib-AN 7019 POTV, UGSV,
WESSV, YFV 71

Selim 2020 [40] ELISA 1 - - 19.4

Sule 2015 [41] ELISA 1, PRNT NS - 90.3 (84.3–94.6)
1 Commercially-available IDvet ELISA used. Abbreviations: CI, confidence intervals; CFT, complement fixation
test; ELISA, enzyme-linked immunosorbent assay; JEV, Japanese encephalitis virus; MIA, multiplex immune-assay;
MNT, micro-neutralization test; NS, not specified; POTV, Potiskum virus; PRNT, plaque reduction neutralization
test; TBEV, tick-borne encephalitis virus; UGSV, Uganda S virus; USUV, Usutu virus; VNT, virus neutralization
test; WB, Western blot; WESSV, Wesselsbron virus; YFV, yellow fever virus.

Although the majority of the studies (n = 10) did not screen further for neutralizing
antibodies to other flaviviruses, Usutu virus (USUV) was the most investigated, with USUV
only investigated in 3, USUV and JEV in 1, and USUV and tick-borne encephalitis (TBEV) in
1 (Table 3). The South African strain of USUV, SAAR-1776, was used to detect neutralizing
antibodies in three studies while one study used the recombinant E domain III (rEDIII)
of USUV (USUV.EDIII) and TBEV (TBEV.EDIII). One study did not mention the strain
of virus used in PRNT to detect JEV-specific neutralizing antibodies. Other flaviviruses
investigated included: yellow fever virus, Wesselsbron virus, Potiskum virus, and Uganda
S virus. Positive titers were detected against USUV and undetermined flaviviruses in 2
and 1 studies, respectively. In one study, results of multiplex immune-assays and micro-
neutralization tests differed for 5 samples; 2 samples were positive for WNV and USUV, 2
were positive for USUV and 1 undetermined by MIA while all 5 were negative for USUV by
MNT and the undetermined flavivirus was WNV positive. In one study, complement-fixing
antibodies were detected against yellow fever virus, Wesselsbron virus, Potiskum virus
and Uganda S virus.

In total, 1998 equids (35%) were positive for WNV antibodies out of the 5746 animals
screened in Africa. The seroprevalence reported by studies ranged from 17.4 to 90.3%
(Table 3). However, although Cabré et al. [31] reported an overall seroprevalence of 36%
for samples collected from six countries between 2002 and 2005, this ranged from 3% in
Gabon in Central Africa to 92% in Senegal in Western Africa. The prevalence in Northern
Africa ranged from 17.4% in Algeria to 42.3% in Tunisia, while in Western Africa, it ranged
from 35.9% in Nigeria to 85% in Senegal. In Southern Africa and sub-Saharan Africa, a



Pathogens 2021, 10, 899 7 of 15

prevalence of 35.3 and 35.9%, respectively, was reported (Figure 2). There was no apparent
trend in seroprevalence over time. The earliest study [39] found a seroprevalence of 71%
in Nigeria in 1987 whereas the most recent study [40] found a seroprevalence of 19.4%
in Egypt in 2019. Similarly, two independent studies conducted in 2014 in Algeria and
Senegal had a seroprevalence of 17.4% and 74.2%, respectively [35,38].

In 4 of the 16 studies, longitudinal samples were obtained from 615 equids and
seroconversion was observed in 12% of them. In one study [37], seroconversion was
observed in 50 equids (11.1%) that became seropositive as yearlings after testing negative
as foals. A further 4 seroconverted a year after the first screening. More of the foals
born earlier in the foaling season (August to December) seroconverted than those foaled
later [37]. In Tunisia, of 84 horses that initially tested negative, 13 were lost to follow-up
and only 2 (2.4%) seroconverted [28]. In one study, 36 horses (18 each in Chad and Côte
d’lvoire) were sampled again one year later [31]. In Chad, 2 of 3 horses that initially tested
negative were positive and 5 of the 15 initially positive horses were no longer positive. In
Côte d’lvoire, none of the eight initially negative horses had seroconverted a year later and
only one of ten horses remained positive. In one study [38], two horses became seropositive
8 months after arriving in El Kala, Algeria.

Figure 2. Map of Africa showing seroprevalence reported in different countries (* indicates study where samples were
screened from multiple countries [31]). Created with MapChart.net (accessed on 26 May 2021).
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2.4. Risk Factors

Risk factors for seroprevalence of WNV among the equids were assessed by 13 studies.
Risk factors may be host dependent (e.g., species, breed, age, sex) or non-host dependent
(e.g., environmental). Ten studies discussed both host and non-host dependent factors
in relation to the seroprevalence and three [30,31,40] discussed only non-host dependent
factors.

In one study, a significant difference between seroprevalence of horses and donkeys
was identified [38]. In another study, breed-specific seroprevalence of WNV varied sig-
nificantly with a higher likelihood of a local breed, Dongola, being seropositive than the
imported Argentine [41]. WNV seroprevalence increased with age [37]. This increase was
reported to be significant in several studies [32–34]. Cardinale et al. [32] reported odds of
infection about three times higher in horses aged 11–15 years than those aged 1–5 years.
Similarly, Guthrie et al. [37] found the odds of being seropositive were about 5 times higher
for older mares (aged 10–22 years) compared to younger mares (aged 6–9 years). Being a
stallion was a protective factor [36]. As mentioned above, in a study conducted in South
Africa, foals born in August–October 1999 had a higher risk of seroconverting in their first
year of life than those born November–December 1999 [37]. Furthermore, those born to
seropositive mares had about half the risk of seroconverting of those born to seronegative
mares [37].

In a study conducted in Senegal, Chevalier et al. [34] randomly sampled equids at
five locations with different landscape types. In a statistical model that included equid
age, they found that lower seroprevalence was associated with areas with saline water
and arid salty mud flats, environments that are unfavorable for Culex mosquito larvae [34].
Similarly, WNV infection did not occur in equids from coastal lowlands in contrast to a
widespread infection in Highveld/plateau and Western Cape Province regions of South
Africa [37]. Other studies reported significant differences in seroprevalence in horses in
different locations in Northeast Algeria and Morocco [36,38]. Only four studies described
the mobility of the equids sampled [27,31,32,38].

3. Discussion

In this scoping review, 16 studies were identified in which authors described the
seroprevalence of WNV among African equids. Two recently published studies [42,43],
were outside our search period. An article referenced in one of these articles was not found
in our search [44].

Overall, this review revealed an uneven spread of research on WNV seroprevalence
across the five regions of Africa. More studies were reported in North and West Africa
with only one report in Southern and Eastern Africa, while another study had equid
representation from central and Eastern Africa. East Africa, the origin of the virus [2], is
under-represented despite the burden of the disease in the region [45–47]. The two studies
that involved the region are not a true representation of WNV seroprevalence among
equids in the region as only animals from Djibouti [31] and four Indian Ocean islands [32]
were sampled. Africa has a wide range of climatic conditions. The overall seroprevalence
reported by Cabré et al. [31], who screened samples obtained from East, Central and West
Africa, was 36% but there was a wide range of seroprevalence for individual countries.
The highest seroprevalence (92–97%) was observed in the western and central parts of
the Sahelian zone, which is typified by semi-arid climate and steppe and bush grass
vegetation. In contrast, the sub-Sahelian zone, with an arid climate and a semidesert
vegetation had lower seroprevalence (3–30%). A regional difference in seroprevalence
was also observed in equids sampled from five unique bioclimatic regions of Morocco in
2011 [30]. However, other factors can influence seropositivity. The significant relationship
between WNV seropositivity in a study in Northeast Algeria can be linked to the arrival
of equids in a town bordering Tunisia where they seroconverted [38]; Tunisia already had
WNV circulating in 2014 [48].
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There was considerable heterogeneity in the design of the 16 reviewed studies. Al-
though expensive to execute, probability sampling is more reliable with a representative
population than non-probability sampling techniques. An increased sample size following
an appropriate determination of the minimum sample size is often used to improve relia-
bility of the latter. The non-calculation of the minimum sample size in most studies may
explain the wide range (62–1189) in the total number of equids sampled across all studies.

All except two of the studies [37,39] employed ELISA as a preliminary screening
assay. Mostly, the species-independent ID-Vet ELISA was used for the detection of the
WNV anti-envelope (E) protein along with a few in-house ELISAs, even though some
immunofluorescent-based tests are also commercially available. Despite the benefit of
a quick and reproducible result, cross-reactivity between flaviviruses remains a serious
limitation for using ELISAs or immunofluorescent tests alone. ELISA alone often results in
false positives due to co-circulation of diverse flaviviruses [49]. Neutralization tests can re-
solve discrepancies that often occur with other assays due to cross-reactivity. Confirmatory
neutralization tests were performed in most studies after initial screening with ELISA, mi-
crosphere immunoassay [26] or Western blot [31]. Neutralization tests performed included
MNT, VNT and PRNT. Not paying attention to the cross-reactivity of flaviviruses among
African equids could result in an erroneous representation of the seroprevalence of the dis-
ease. For instance, equids positive for USUV, USUV and WNV and undetermined flavivirus
based on MIA were all confirmed as WNV positive by virus neutralization test [26]. On the
other hand, one of the studies showed that seroprevalence determined by neutralization
test varied only slightly from that determined by ELISA (30.4% vs. 33.7%, respectively)
among equids in Morocco [26]. The survey in Tunisia [28] might have used ELISA alone
based on the fact that two WNV epidemics had been reported before the survey [12,50].
This, however, does not fully account for co-circulation of other flaviviruses. Another
approach that provides some reassurance that antibodies are specific to WNV is to screen
vectors for the presence of virus in parallel. A recently published article screened 368 horses
in Nigeria using ELISA alone along with 775 adult female Culex mosquitoes (pooled in
31 groups) from the stables of sampled horses. The resultant 89.9% seroprevalence in
horses was in stark contrast to detection of the presence of WNV antigen in only one pool
of mosquitoes using the VectorTest® WNV Antigen Assay [42]. Similarly, Assaid [26] found
that 33.7% (31/92) of horses were antibody positive, but only one out of 146 mosquito
pools was positive for WNV. This differed from the study in Egypt included in this review
in which 500 horses and 5 pools of Culex mosquitoes (100 per pool) were sampled with an
equine seroprevalence of 19.4% and the detection of the NS5 gene by RT-PCR in one pool
(i.e., 20%) [40]. A recent study in Tunisia where a sheep serum sample was confirmed to
be TBEV seropositive [51] together with reports of undetermined flavivirus antibodies in
some of the studies from North Africa [26,29,36] suggest that antibodies to TBEV also need
to be differentiated, at least in North Africa.

Demographic data (age, sex, breed, species) of the equids sampled are important
in determining specific seroprevalence for different strata in the population and the risk
factors associated with seropositivity. Although most studies reported the age of the
equids, a few had no age description making it difficult to compare age outcomes across
all studies. Two studies [27,38] described equids as ‘adults’ without defining this category,
making assessment across age groups not possible. Nonetheless, several studies identified a
significant increasing risk of seropositivity with age. The rise in age-specific seroprevalence
of WNV observed as equids increase in age might be indicative of endemic transmission
of WNV. The breeds of equids sampled were seldom mentioned [33,37,39,41] and any
breed-specific differences in seroprevalence were difficult to determine. This challenge
might be because of the diversity of horse breeds in Africa coupled with importation of
several breeds that are often crossed with indigenous breeds. This probably influenced the
description ‘different’ and ‘various’ breeds by some authors [26,30]. Categorizing breed
types either as draft horses (used for work), light horses (for riding), crosses or ponies
where specific breeds cannot be determined could reveal a general trend in disposition to
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WNV seropositivity. Polymorphisms in the innate immune Oas1b gene have been identified
as a determining factor for resistance to WNV [52]. However, to date, no difference in
susceptibility to WNV infection between major equine breeds in the United States has been
reported. Not all the studies described the sex of the equids sampled. Being a stallion was
a protective factor [36], but this could be related to stallions being housed differently (e.g.,
more likely to be stabled).

There are four WNV vaccines available commercially for equids, three in the United
States and one in Europe [53,54]. Vaccination of horses may not be common in Africa as
it is probably limited to valuable sporting horses, but horses imported as adults could
be previously vaccinated. It is therefore paramount that the WNV vaccination status of
horses in Africa be declared when enrolled in seroprevalence studies. When this status is
unknown, it should be stated clearly with the origin of the horse mentioned. In the study
in this review where all sampled equids had been vaccinated against WNV (>400 days
before sampling and most had received a single dose in 2010), it was presumed that vaccine
antibodies waned (detected up to 300 days post injection). An ELISA to detect anti-NS1
antibodies was used in this study to differentiate infected from vaccinated horses, with 79%
of the cELISA positive sera also positive for WNV NS1 antibodies indicative of infection.
Conflicting results between cELISA and NS1 could suggest infection with a different
flavivirus as two NS1 negative horses were found to have antibodies to USUV [36].

In one of the studies reviewed here, military working dogs in Morocco showed similar
seroprevalence (62%) to that seen in horses (60%) leading to the suggestion that they could
be an alternative sentinel species [36]. In contrast, another reviewed study [35] found
that seroprevalence in dogs was less than half that in horses (27.3% vs. 68.7%). This
study also found that seroprevalence was low in goats (6.9%) and no antibodies were
detected in sheep or cattle. This agrees with a report from southern France where some
animals including cows, goats, camels and zebra, tested following an outbreak among
horses, were all negative [55]. Similarly, on the island of Corsica, France, sheep sera tested
negative while seroprevalence in horses and dogs was 9.4% and 8.4%, respectively [56].
There have also been reports in China of WNV-neutralizing antibodies circulating in dogs
and even cats [57] and 24 of 183 hunting dogs (13.11%) sampled in Italy recently showed
seroneutralizing antibodies to USUV, but no antibodies to WNV were detected [58]. Thus,
the horse remains the most relevant species to monitor circulation of WNV, despite the
potential complication of vaccine-induced antibodies. Interestingly, in one article [29], it
was reported that the presence of cattle is a protective factor. Seroprevalence of WNV
among resident and migrating species of bird in northern Senegal [59] corroborates the
high seroprevalence observed in equids in the region [33]. Despite several reports of WNV
epidemics in Sudan [60–62] and a recent detection of the virus from wild mosquitoes in
Khartoum, there are no prevalence reports among equids. In Nigeria, where the virus was
isolated from humans in 1973 [63], it has become an increasingly-recognized public health
issue across this most populous African nation [64,65].

In this scoping review, we observed the relative dearth of WNV seroprevalence studies
in African equids (5746 equids screened in 16 studies published between 1937 and 2020)
across all regions of the continent despite the early WNV outbreaks and seropositivity
in humans and animals [66–70]. The low numbers of clinical cases of WNV among both
human and veterinary species that have been reported could be blamed on misdiagnoses
and lack of funding in the region [71]. Only a few seroprevalence studies of WNV among
equids were reported before 2010 [31,33,37,39] and, apart from the report by Cabré et al. [31],
were geographically limited. Although the number of publications increased from 2010
onward, and two studies published after the literature search date were conducted in West
Africa [42,43], this was still minimal compared to a review of WNV seroprevalence studies
in Europe [72] that identified 39 studies published between 2001 and 2018 involving a total
of 14,327 equids.

Despite speculation that climate change is leading to increased circulation of vector-
borne viruses such as WNV, there was no discernible trend in seroprevalence across the
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years covered by the studies reviewed. Levels of seroprevalence were likely to be strongly
influenced by location, timing of sampling, and other factors. For example, for two
studies conducted in the same year, a seroprevalence of 17.4% was reported in Algeria [38]
and 74.2% in Senegal [35]. The occurrence of a WNV outbreak may prompt subsequent
seroprevalence studies (e.g., the study by Benjelloun et al. [30] was conducted the year
after an outbreak in 2010).

Some studies were evidently performed in the rainy (wet) season when mosquito vec-
tors are more abundant, while some were conducted over a longer period. The abundance
of mosquito vectors suggests increased transmission and more infection. This might be the
reason for the very high seroprevalence observed in equids sampled in the wet season in
Senegal (78.3% and 85%) and Nigeria (90.3%) [33,34,41]. A high seroprevalence, 74.2%, was
also observed among equids sampled at the end of the dry season [35]. It is challenging
to describe the climate of the sampling period for studies that reported sampling period
based on calendar month (January–December). With climate change, it is often difficult to
describe the climate based on the calendar month, especially for Africa.

As equids are often used as draft animals and also in sport or leisure, the seropreva-
lence rate may indicate human exposure to WNV. The publication date of some of the
studies was much later than the period the research/investigation was conducted. For
instance, two studies conducted in 2010 and 2011 were both published in 2017 [30,32] while
another conducted in 2012 was published in 2016 [35]. This time lag impacts the real-time
comprehension of the status of WNV as well as the risk, thus impairing surveillance and
public health responses. Regional and sub-regional collaborations could help reduce the
period between field sampling and publication. Although a wide range of seroprevalence
was reported, making it difficult to have a single reliable seroprevalence value for the dif-
ferent regions and individual countries in Africa, the high seroprevalence in some regions
is a call to institute a workable regional or sub-regional surveillance protocol for Africa.
One reason for the few numbers of studies across some regions could be the expense of
the commercially available ELISA kit, coupled with the difficulty of confirmatory assays
that need to be performed in CL3 laboratories, suggesting that development of cheaper
but reliable and specific antibody tests are required. Furthermore, a regional collaborative
research could ameliorate the deficit and encourage a One Health strategy to tacking the
burden of WNV in Africa.

4. Materials and Methods
4.1. Search Strategy

The search strategy aimed to identify relevant published studies. Three electronic
databases, PUBMED (Medline), OVID (via CAB Abstracts, Embase and Zoological records)
and African Journal Online (AJOL) were searched to identify peer-reviewed articles on
the topic. The literature search was performed using the key terms and Boolean opera-
tors (‘AND’ and ‘OR’) as follows: (Seroprevalence OR prevalence OR epidemiology OR
frequency OR occurrence OR detection OR report OR identification OR isolation OR charac-
terization OR investigation) AND (West Nile virus OR WNV OR Flavivirus) AND (Horses
OR Equine OR Donkey OR Equid OR Mule OR Foal OR Zebra) AND (Africa OR South
Africa OR West Africa OR East Africa OR North Africa). The search terms were applied to
all fields with no language restrictions. Retrieved hits were entered into a Microsoft Excel
(2019) file. The reference lists of all studies selected for critical appraisal were screened to
expand the search.

4.2. Eligibility Criteria

Peer-reviewed studies published between 10 July 1937 and 10 July 2020 conducted in
any of the 54 countries of the African continent were screened for eligibility. The following
studies were considered eligible: primary research, descriptive and cross-sectional studies,
and prospective and retrospective studies. Analytical observational studies, including
longitudinal cohort studies and analytical cross-sectional studies, were considered for
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inclusion. Case reports, case series and reviews were considered ineligible. This review
considered prevalence determined by laboratory assessment of antibodies to WNV. The
eligible study population was equids (horses, donkeys, mules and zebra) of all ages.
Conference abstracts and reviews were not included in this scoping review.

4.3. Study Selection

Firstly, O.T.O. and J.M.D. screened all search results and removed duplicates before an
independent screening of titles and abstracts of all retrieved studies for relevant potential
studies. All articles with titles and abstracts not fulfilling the eligibility criteria above were
excluded, along with studies that had missing or duplicated data published in included
studies. Full texts were screened when eligibility could not be ascertained from the title and
abstract. Secondly, all full texts retained were scanned independently in a standardized
approach by O.T.O. and J.M.D. using the eligibility criteria. Only studies with accessible
full texts were retained and subjected to eligibility checks.

Following completion of eligibility evaluation, the full text of selected citations were
assessed in detail by two independent reviewers (O.T.O. and J.M.D.). Reasons for exclusion
of full text studies that did not meet the inclusion criteria were recorded and reported.

4.4. Data Extraction

A custom data extraction form was created with data categorized into: general data
(first author’s name, year of publication, title, name of journal, language, country, region,
study type, sampling protocol, etc.), diagnostic technique data (initial serological screening
for immunoglobulin G, type of confirmatory test and other additional tests performed)
and data related to the animal (species of equid, number of equids, sex, breed, WNV
vaccination history, seroconversion, season of investigation and risk factors investigated).
Disagreements that arose between the reviewers O.T.O. and J.M.D. were resolved through
discussion, or by a third reviewer (M.B.).

5. Conclusions

This scoping review highlights the dearth of seroprevalence studies among African
equids. WNV is endemic among equids in all regions of Africa and the risk of infection
increases with age. Being good sentinels for WNV, there is a need for a subregional and
regional collaboration targeted towards WNV among equids in Africa, thus curbing the
threat of WNV to humans in Africa. ELISAs, Western blot and neutralization tests are
established diagnostic methods in Africa. Researchers should employ specific serological
tests to rule out possible cross-reactivity with other flaviviruses. For future research,
detailed description of demographics of equids and associated risk factors to WNV and
other related flaviviruses among African equids is encouraged. A ‘One Health’ initiative
involving governmental and non-governmental parastatals along with other stakeholders
in ministries, departments and agencies should be established to come up with a national,
sub-regional and regional strategic plans for routine surveillance and reporting of WNV
among equids and other animals as a public health preparedness plan to curb this zoonotic
disease. These are very pressing issues that require a collaborative regional One Health
approach [71].
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Simple Summary: West Nile virus (WNV) is globally recognized as causing a notifiable zoonotic 12 

disease. There is little knowledge about the spread of WNV in northwest Nigeria. Seromonitoring 13 

of West Nile virus (WNV) and related viruses in equine sentinels are efficient tools for early warning 14 

and early detection of emerging viruses in humans. Enzyme Linked Immunosorbent Assay (ELISA) 15 

are sensitive and often used to detect the presence of these viruses while confirmatory tests requir- 16 

ing high containment laboratory are limited in developing nations. The work presents a surveillance 17 

for antibodies against West Nile virus and related viruses and the risk factors associated with infec- 18 

tions among horses in northwest Nigeria. The study demonstrates the abundance of flaviviruses 19 

(94.3%) and emphasizes age and location as risk factors associated with seropositivity to WNV and 20 

related viruses. The high seroprevalence suggests a cocirculation of flaviviruses, the burden of fla- 21 

viviruses and a zoonotic potential to humans in northwest Nigeria. Veterinarians and all stakehold- 22 

ers could further include WNV and other flaviviruses in their differential diagnoses. Overall, de- 23 

tecting antibodies to WNV and related flavivirus bids investigation for specific flavivirus research 24 

and definitive screening assay for WNV and specific related viruses to forestall a public health emer- 25 

gency in humans and animals. 26 

Abstract: West Nile virus (WNV) disease is an emerging mosquito-borne viral zoonosis infecting 27 

birds and other mammals globally. Horses are sentinels for human WNV. In this cross-sectional 28 

study, 830 healthy equids were sampled by convenience from four states in northwest Nigeria to 29 

determine prevalence of WNV and related flaviviruses. Overall seroprevalence was 94.3% (95%CI: 30 

92.5‒95.7) using ID Screen® West Nile competition multi-species ELISA. Age and state remained 31 

significant in the final multivariable analysis. In comparison to young horses (<5 years), both adult 32 

horses (5–14 years) and older horses (>14 years) had higher odds of seropositivity (OR 5.24; 95% CI: 33 

2.26‒12.13; p<0.0001 and OR 3.13; 95% CI: 1.03‒9.57; p<0.0001, respectively). Compared to horses 34 

located in Kaduna, ORs were significantly increased among horses located in Kano (OR 3.31; 95% 35 

CI: 1.69‒6.45; p=0.0001), Katsina (OR 17.3; 95% CI: 2.33‒128.1; p=0.005) and Sokoto (OR 19.9; 95% CI: 36 

2.24‒144.9, p=0.004), respectively. Kaduna uniquely differs with a tropical wet-dry climate in con- 37 

trast to Sokoto, Katsina and Kano. WNV and related flaviviruses are abundant in northwest Nigeria, 38 

suggestive of a probable public health threat. Age and location are risk factors for flavivirus infec- 39 

tion. There is need for a collaborative one-health surveillance system with definitive diagnostic as- 40 

says to prevent and control WNV. 41 

Keywords: 1; Equine 2; West Nile virus 3; Flavivirus 4; Enzyme-Linked immunosorbent Assay 42 

(ELISA) 5; Seroprevalence  43 
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1. Introduction 45 

Northwest Nigeria has a large population of equids out the 1,445,093 in Nigeria, but there 46 

is little published on viruses, such as West Nile virus, affecting horses in the region. West 47 

Nile virus (WNV) is a reportable zoonotic arthropod-borne virus that belongs to the fam- 48 

ily Flaviviridae (genus Flavivirus); member of the Japanese encephalitis serocomplex [1]. 49 

Since 1937, when it was first reported in the West province of Uganda, WNV has become 50 

a public health concern with various sporadic cases described in different climes and the 51 

disease spread globally [2-6]. Primarily, Culex species of mosquitoes serve as vectors for 52 

WNV while wild birds are the amplifying hosts [7]. Humans and horses, which occasion- 53 

ally get infected due to spill over from the enzootic cycle of the disease, are ‘dead-end’ 54 

hosts; not developing sufficient viraemia for viral transmission [8]. Although the majority 55 

of WNV infections are asymptomatic (in horses and humans), some individuals may ex- 56 

hibit clinical signs ranging from flu-like symptoms to nervous manifestations and death 57 

[9-12]. Horses being more susceptible to WNV, with a likelihood of developing neurolog- 58 

ical signs in about 10% of infected horses, are ideal sentinels for predicting outbreaks of 59 

the disease in human populations [13, 14]. There are eight genetic lineages (1‒8) of WNV; 60 

lineages 1 and 2, both circulating in Africa, are pathogenic with public health significance 61 

globally [15-17]. The exact epidemiological status of this notifiable disease in most African 62 

countries however remains unknown [18, 19]. 63 

Despite the lack of a treatment protocol for WNV disease in horses, several vaccines are 64 

licensed in Europe [20] and the United States [21]. These are not approved nor available 65 

for vaccination of horses in Nigeria, which means that vaccine-induced antibodies will 66 

not interfere with the identification of antibodies resulting from infection. There are cur- 67 

rently no WNV vaccines available for human use. Surveillance of WNV among horses 68 

would be a preparedness tool that provides an early warning and response system for the 69 

prevention and control of WNV. A scoping review of seroprevalence studies among Afri- 70 

can equids revealed an overall 35% seroprevalence for WNV [22] where most studies used 71 

the ID Screen® West Nile Competition Multispecies (cELISA). There were two reports on  72 

WNV antibodies in Nigerian equids; an earlier report recorded 71% seroprevalence using 73 

the complement fixation test [23] while the more recent report recorded 90.3% using the 74 

cELISA [24]. More recently published studies also employed cELISA either solely or as a 75 

preliminary screening assay [25, 26]. 76 

The commercial cELISA is based on the prM-E proteins of WNV, which has a high level 77 

of antigenic similarity with other members of the Japanese encephalitis (JEV) serogroup 78 

complex. In fact, the manufacturer lists detection of antibodies against a wide range of 79 

flaviviruses, including tick-borne encephalitis (TBEV), Usutu (USUV), Zika (ZIKV) and 80 

dengue (DENV), as an advantage of the ELISA. Therefore, tests for neutralizing antibodies 81 

such as virus neutralization (VNT), microneutralization (MNT) or plaque reduction neu- 82 

tralization (PVNT) are often used to confirm the specificity of the antibodies for WNV 83 

[22]. However, although neutralization tests are more specific than ELISA, the need for 84 

higher level containment and cell culture is expensive and not practicable for routine se- 85 

rosurveillance. Furthermore, in some studies, antibodies against other flaviviruses includ- 86 

ing TBEV, USUV, JEV, Potiskum virus (POTV), Wesselsbron virus (WESSV) and yellow 87 

fever virus (YFV) were screened for and detected in horses in Africa [22]. Screening for all 88 

these additional viruses would be prohibitively expensive. Nonetheless, as all the co-cir- 89 

culating viruses identified can potentially cause human disease, there is value in conduct- 90 

ing initial serosurveillance studies using the WNV cELISA. In this study, we aimed to 91 

determine the seroprevalence of WNV and other flavivirus and determine the factors as- 92 

sociated with seropositivity among horses in northwest Nigeria. 93 
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2. Materials and Methods 94 

Serum samples were obtained from 830 apparently healthy horses in four of the 95 

seven states of northwest Nigeria between October and December 2020 as previously de- 96 

scribed [22]. In addition, data were collected on sex (male; female), breed (“exotic” = Ar- 97 

gentine/Sudan/South African; “mixed = Talon; “local” = West African Dongola/Arewa), 98 

age (“young” = <5 years; “adult” = 5–14 years; “old” = ≥15 years), coat color (“basic” = 99 

bay/chestnut/black/brown; “bright” = white/golden/pinto/roan; grey) and location (i.e. 100 

state, Kaduna; Kano; Katsina; Sokoto) and use (polo; durbar festival; mixed = more than 101 

one use including racing). 102 

All samples were screened with the commercially available competition ELISA 103 

(cELISA), ID Screen® West Nile Competition Multispecies (Innovative Diagnostics, Mont- 104 

pellier, France), according to the manufacturer’s instructions. Plates were read at 450 nm 105 

and samples with a sample-to-positive (S/N) ratio greater than 50% were considered neg- 106 

ative while those less than or equal to 40% were positive; values between 40 and 50% were 107 

deemed doubtful.  108 

All analyses were performed in StataSE (17.1, StataCorp LLC, College Station, TX, 109 

USA). Using the Pearson chi-square, the associations between explanatory variables and 110 

antibodies to WNV were tested. Binomial models were developed to predict the risk fac- 111 

tors to WNV seropositivity with odds ratio and equivalent 95% confidence intervals (CI) 112 

calculated for each variable. A multinomial model was developed for all variables with p 113 

≤ 0.2 by conducting an ordinary logistic regression through a forward stepwise approach. 114 

The model fit was enhanced by adding more variables evaluated using likelihood ratio 115 

test with significance for variable retention set at p = ≤ 0.05. The performance of the final 116 

model was assessed using Hosmer–Lemeshow goodness-of-fit test. 117 

This study received approval (reference 2635181112) from the School of Veterinary 118 

Medicine and Science Ethics Clinical Review Panel, University of Nottingham, United 119 

Kingdom.  120 

3. Results 121 

A total of 783 horses (94.3%, 95% confidence interval (CI): 93–96) tested positive for WNV 122 

antibodies by cELISA. Although the age range of WNV positive equids was 4 months to 123 

30 years, the highest percentage of WNV antibody was seen in adult horses; 95.7%. There 124 

were significant differences in WNV seropositivity in horses across age, sex, breed, loca- 125 

tion (states) and purpose categories. Though not statistically significant, horses with grey 126 

coat color had the most 97.3% antibodies in comparison to those with basic (94.1%) and 127 

bright (92.5%) coat-colored horses. Males had higher 96.1% (95% CI, 94–97) antibodies to 128 

WNV (and related viruses) than females 91.2% (95% CI, 87–94). Local and exotic breeds 129 

had a similar seroprevalence compared to exotic breeds which was slightly lower 91% 130 

(95% CI, 87–94). Also, horses sampled in Sokoto and Katsina states had the same sero- 131 

prevalence (99%) which was significantly higher than those from Kaduna and Kano. 132 

Horses used for mixed purposes had the highest seroprevalence 98.6% (95% CI, 95–100) 133 

in contrast to those used for sporting and traditional leisure (Table 1). 134 

  135 
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Table 1. Factors associated with West Nile virus seropositivity determined by WNV cELISA among 136 
horses in northwest Nigeria. 137 

FACTOR 
WNV cELISA 

N Positive % Prevalence (95% CI) P value 

AGE     

Young (< 5 years) 113 103 91.2 (84–95) 

0.002 Adult (5–14 years) 662 633 95.7 (94–97) 

Old (≥ 15 years) 55 47 87 (73–93) 

SEX     

Female 295 269 91.2 (87–94) 0.004 

Male 535 514 96.1 (94–97)  

BREED     

Exotic 268 244 91 (87–94) 0.018 

Local 321 308 96 (93–98)  

Mixed 241 231 95.9 (92–98)  

LOCATION    

Kaduna 256 224 87.5 (83–91) 0.0001 

Kano 314 301 95.8 (93–97)  

Katsina 122 121 99.2 (94–100)  

Sokoto 138 137 99.3 (95–100)  

USE     

Polo 331 299 90.3 (87–93) 0.0001 

Traditional Durbar 350 337 96.3 (93–97)  

Mixed 149 147 98.6 (95–100)  

COAT COLOR     

Basic 640 602 94.1 (92–96) 0.299 

Bright 80 74 92.5 (84–97)  

Grey 110 107 97.3 (92–100)  

TOTAL 830 783 94.3 (93–96)  

Values of p ≤ 0.05 is significant. 138 

A univariate logistic regression (Table 2) showed significant association between a few 139 

variables and WNV seropositivity. Adult horses had an OR of 2.12 (95% CI, 1–4.47) while 140 

male horses had 2.36 (95% CI, 1.3–4.28). The odds of WNV seropositivity were highest in 141 

Sokoto state 19.6 (95% CI, 2.64–144.9) and declined from Katsina 17.3 (95% CI, 2.33–128.1) 142 

to Kano states 3.31 (1.69–6.45). Exotic breeds had a lower OR 0.43 (95% CI 0.21–0.86) com- 143 

pared to the local breed of horses. Old (≥ 15 years) horses as well as the mixed breed and 144 

those used for traditional durbar were retained as confounders in the univariate model. 145 

  146 
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Table 2. Univariate logistic regression analyses of West Nile virus seropositivity determined by 147 
cELISA among horses in northwest Nigeria. 148 

FACTOR 
ODDS RATIO  

(95% CI) 
P value  

AGE   

Young (< 5 years) 1.00 - 

Adult (5–14 years) 2.12 (1–4.47) 0.049  

Old (≥ 15 years) 0.57 (0.21–1.54) 0.267  

SEX   

Female 1.00 - 

Male 2.36 (1.3–4.28) 0.004  

BREED   

Local 1.00 - 

Exotic 0.43 (0.21–0.86) 0.017  

Mixed 0.97 (0.42–2.26) 0.95  

LOCATION  

Kaduna 1.00 - 

Kano 3.31 (1.69–6.45) <0.0001 

Katsina 17.3 (2.33–128.1) 0.005 

Sokoto 19.6 (2.64–144.9) 0.004 

PURPOSE   

Mixed 1.00 -  

Polo 0.13 (0.03–0.54) 0.005 

Traditional Durbar 0.35 (0.07–1.58) 0.17  

COAT COLOR   

Basic 1.00 - 

Bright 0.77 (0.32–1.90) 0.58  

Grey 2.25 (0.68–7.42) 0.18  

   
* Values of p ≤ 0.05 is significant. 149 

In the final multiple regression model, age and location of horses remained significantly 150 

associated with presence of antibodies to WNV and related viruses in northwestern Ni- 151 

geria. Although the odds were higher for adult horses 5.24 (2.26–12.13) to be seropositive 152 

to WNV than older horses 3.13 (1.03–9.57); it decreased from Sokoto 19.9 (2.64–144.9) to 153 

Katsina 17.3 (2.33–128.1) and Kano 3.31 (1.69–6.45) states. The Homer–Lemeshow test in- 154 

dicated the adequate fit of the model (p = 0.909) (Table 3).  155 

  156 
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Table 3. Multivariate logistic regression analysis of West Nile virus seropositivity determined by 157 
cELISA among horses in northwest Nigeria. 158 

 159 

FACTOR 
ODDS RATIO  

(95% CI) 
P value 

AGE   

Young (< 5 years) 1 - 

Adult (5–14 years) 5.24 (2.26–12.13) <0.0001  

Old (≥ 15 years) 3.13 (1.03–9.57) <0.0001  

 
  

LOCATION   

Kaduna 1 - 

Kano 3.31 (1.69–6.45) 0.0001 

Katsina 17.3 (2.33–128.1) 0.005 

Sokoto 19.9 (2.64–144.9) 0.004 

          160 

         Values of p ≤ 0.05 is significant. 161 

 162 

4. Discussion 163 

In this study, the overall prevalence of flavivirus antibodies among horses in north- 164 

west Nigeria determined by the cELISA was high (94.3%). However, this high seropreva- 165 

lence is comparable to a previous report that revealed 90.3% seropositivity in horses in 166 

southwest Nigeria using the cELISA [24]. Furthermore, a recent study reported a sero- 167 

prevalence of 89.9% using the cELISA among horses in Kaduna State [25]; in this study, a 168 

very similar seropositivity of 87.5% was observed among horses in the same State.  169 

Location was one of the two variables that remained significant in the final multivar- 170 

iate logistic regression model. Data collected in this study revealed the highest proportion 171 

of seropositive horses in Sokoto and Katsina states with OR of 19.9 (95% CI: 2.64–144.9) 172 

and 17.3 (95% CI: 2.33–128.1), respectively, with lower seroprevalence amongst horses in 173 

Kano state and lowest in Kaduna, the referent category. Sokoto is the most westerly state 174 

from which samples were obtained and Kaduna the most southerly. The drivers of WNV 175 

distribution have been associated with climate. Although the climate in Nigeria is popu- 176 

larly described in relation to Köppen model (Figure 2), with northern Nigeria being dry 177 

and dusty combined with marginal rainfall expressed in amount, frequency, intensity and 178 

period [27-29], more recent climatic classification has augmented the Köppen model in 179 

Nigeria by focusing on temperature and humidity [30]. Kaduna falls entirely within the 180 

‘temperate-dry’ climate while the other northwest states fall mainly within the ‘hot-dry’ 181 

climate. These warm semiarid areas are bordered by a warm desert climate in Niger. The 182 

very brief rainfall in northern Nigeria accompanied with warm climate and savannah veg- 183 

etation may not present an ideal environment for the mosquito vectors. However, the 184 

main vector of WNV, Culex pipiens, has been described in northwest Nigeria [31]. Further- 185 

more, horses are probably tethered longer in the open, under tall trees in these hot-dry 186 

climatic areas in a bid to reduce solar radiation and provide cool air. This creates an envi- 187 

ronment habitable to birds, thus potentially establishing an enzootic transmission cycle 188 

and expose equids to mosquito bites.  189 
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 190 

Figure 1. Köppen’s classification of Nigerian climate overlapping states (Adapted from 191 

Mobolade and Pourvahidi, 2020).  192 

* 1-4 indicates Kaduna, Kano, Katsina and Sokoto respectively. 193 

 194 

The slightly lower seroprevalence in exotic breeds, which are also the breeds mostly 195 

used for polo, which also had the lowest seroprevalence compared to horses used for other 196 

purposes, might imply lower risk of being bitten by mosquitoes as they would mostly be 197 

stabled with intensive management. Similarly, Sule et al. [24] found that local-breed 198 

horses (Dongola in their study) had a significantly higher OR of 2.51 (95% CI: 0.78–8.16) 199 

of being seropositive than the ’exotic’ Argentine Criollo horses. In a study of horses in 200 

Egypt, Selim et al. [32] found that age, sex and breed remained significant risk factors for 201 

seropositivity to WNV (cELISA) in the final logistic regression model with mixed breed 202 

horses having an OR of 1.9 (95% CI: 1.2–2.8) compared to the referent Arabian breed.  203 

The high seroprevalence across all age category of horses is indicative of WNV and 204 

related viruses circulating actively in northwest Nigeria. Some of the “young” horses 205 

might have maternally derived antibodies as well as being exposed to bites from infected 206 

mosquitoes. The seroprevalence observed in the adult horses is consistent with the in- 207 

creased risk of exposure over time. The lower antibodies observed in the “old” horses 208 

could be due to reduced activity translating to reduced exposure to mosquito vectors and 209 

waning immunity to the virus. In the Egyptian study, the probability of being seropositive 210 

increased with age with horses 15 years and older having an OR of 4.3 (95% CI: 3.0–6.2) 211 

compared to horses <2.5 years old [32].  212 

Although not retained in the final model, the OR was higher for male than for female 213 

horses. Sule et al. [24] did not find any difference in OR between male and female horses 214 

screened by cELISA in Kaduna state in their study; this may be due to their population 215 
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being more homogenous as all were kept for polo. In contrast, in a study by Baba et al. 216 

(2014), all 11 of the 96 horses that were positive for WNV antibodies in a microneutralisa- 217 

tion test were male. These horses were from small stables owned by individuals in Borno 218 

state (northeast), Nigeria. Selim et al. [32] also found that the OR for being seropositive in 219 

the cELISA was higher in stallions (2.4) than in geldings (1.3) and mares (Ref).   220 

No confirmatory tests to detect neutralizing antibodies were performed in this study. 221 

Other studies have demonstrated the cocirculation of JEV, POTV, TBEV, USUV, WESSV, 222 

YFV among horses in Nigeria and Africa, but none have screened for all of these [22]. 223 

Where alternative assays to the cELISA were performed, the seroprevalence was generally 224 

found to be lower. A study demonstrated 71% complement fixing antibodies to WNV 225 

among horses in Lagos state (southwest Nigeria) [23], although this study was conducted 226 

over 30 years ago. A study of donkeys in Kaduna and Katsina states with animals sampled 227 

majorly from the Mai’adua International Livestock market revealed 27.8% anti-WNV neu- 228 

tralizing antibodies [26], although it could be argued that donkeys may be less susceptible 229 

to WNV infection. Nonetheless, the finding by Sule et al. [24] that although the overall 230 

seroprevalence determined by the cELISa was 90.3%, only 35.7% of the sera were positive 231 

for neutralizing antibodies against WNV measured by PRNT provides more convincing 232 

evidence that a substantial portion of the sera found to be positive in the cELISA may have 233 

antibodies to other flaviviruses. A study from Burkina Faso reported a 90.1% prevalence 234 

(73 of 81 samples tested using the cELISA) in horses, but when MNTs were performed on 235 

the positive samples, 12 were positive for WNV, 3 for USUV and 2 for both WNV and 236 

USUV. In the same study, 77.64% of human serum samples were positive by cELISA but 237 

only 19.16% were positive for WNV, 14.17% for USUV and 10.38% for both WNV and 238 

USUV in MNTs [33]. 239 

5. Conclusions 240 

Our finding supports the widespread distribution of flaviviruses among equids in north- 241 

west Nigeria with a seroprevalence of 94.3% which was clearly abundant across all States 242 

infering serious public health implications. Age and location of horses in northwest Nige- 243 

ria were significantly associated with seropositivity to WNV and other flaviviruses. 244 

It is well established that the WNV cELISA used in this study is highly cross-reactive with 245 

antibodies against related flaviviruses and it cannot, therefore, be assumed that WNV 246 

alone is responsible for the high seroprevalence found in this study. However, the closely 247 

related viruses that co-circulate also have zoonotic potential. Therefore, it is recommended 248 

that affordable diagnostic tests that are specific for a wider range of viruses in the fla- 249 

vivirus genus are developed in order to better understand their epidemiology and poten- 250 

tial disease burden in both equine and human populations.     251 
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Abstract: West Nile virus (WNV) and Hepacivirus A (EqHV) are members of the family Flaviviri- 15 

dae, both having a global spread. Commercially available enzyme-linked immunosorbent assays 16 

(ELISAs) are expensive for surveillance studies in developing nations, and there is no commercial 17 

ELISA available for EqHV. Use of plant-expressed proteins in indirect ELISAs to detect antibodies 18 

to WNV and EqHV among horses in northwest Nigeria was explored in this study. The WNV non- 19 

structural 1 (NS1) and envelope protein mutated to enhance specificity (Equad) and EqHV core (C) 20 

proteins were transiently expressed in Nicotiana benthamiana. Out of the 691 horses screened, anti- 21 

bodies to EqHV were detected in 12% (83/691, 95% CI; 10‒15%). In a final multivariable logistic 22 

regression, location and purpose of horses remained significantly associated with the detection of 23 

EqHV antibodies. Antibodies against WNV NS1 and Equad were detected in 33.9% (234/691) and 24 

12.6% (89/691) horses, respectively, which are much lower values than detected using a commercial 25 

competitive WNV ELISA that detects cross-reactive antibodies. This is the first study, to the best of 26 

our knowledge, to report the circulation of EqHV among equids in Nigeria and demonstrates the 27 

potential for plant based ELISAs to be used for antibody surveillance in developing countries. 28 

Keywords: West Nile virus; Hepacivirus A; plant-based ELISA; equine; Flaviviruses; Nigeria 29 

 30 

1. Introduction 31 

Northwest Nigeria has a large population of horses, many of which are used for tra- 32 

ditional Durbar festivals, polo and horseracing and are therefore highly mobile. The vul- 33 

nerability of this population to emerging and re-emerging viruses was demonstrated by 34 

the outbreak of equine influenza in 2018/2019 [1]. We subsequently conducted a cross- 35 

sectional study to determine the seroprevalence of equine influenza and its associated risk 36 

factors, for which serum samples were obtained from 830 horses in Northwest Nigeria 37 

between October 2019 and January 2020. The same serum samples were also screened for 38 

antibodies against West Nile virus (WNV) using a commercially available competitive 39 

ELISA (cELISA), the ID Screen® West Nile Competition Multispecies. 40 

West Nile virus (WNV) is a member of the Japanese encephalitis virus (JEV) sero- 41 

complex of the Flavivirus genus in the Flaviviridae family [2]. It is well established that 42 

there is extensive cross-reactivity between different flavivirus species in serological assays 43 

(reviewed by [3]), particularly in ELISA detecting immunoglobulin G antibodies against 44 

the envelope protein such as the cELISA. Therefore, the high seroprevalence previously 45 
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identified among horses in northwest Nigeria (Olufemi et al. submitted) using the cELISA 46 

might include antibodies to multiple other flaviviruses, including dengue virus (DENV), 47 

Japanese encephalitis virus (JEV), tick borne encephalitis (TBEV), Usutu virus (USUV), 48 

West Nile virus (WNV), Zika virus (ZIKV) and more.  49 

Although the plaque reduction neutralization tests (PRNT) are considered the gold 50 

standard for detecting flavivirus species-specific antibodies, they can be subject to cross- 51 

reactivity [3]. There are several studies suggesting that ELISAs based on detection of an- 52 

tibodies to non-structural 1 (NS1) protein flaviviruses are more species specific than the 53 

commercially available ELISA based on the envelope protein [4-9]. For example, an NS1- 54 

based ELISA revealed a 93% specificity for DENV and reliably differentiated DENV pos- 55 

itive sera from closely related ZIKV [10]. Although structural protein-based ELISAs are 56 

limited by cross-reactivity among members of the flavivirus group, mutating the envelope 57 

protein at four amino acid positions (‘Equad’), which are the main contributors to cross 58 

reactivity, shows promise for improving specificity of these assays. The novel approach 59 

has been used for DENV, ZIKA, USUV, TBEV and WNV assays. Specifically, a WNV 60 

Equad ELISA yielded 100% specificity and about 90% sensitivity [11-14]. 61 

Serological assays using plant-expressed antigens potentially provide an effective 62 

and cheap surveillance tool for use in developing nations with limited resources. To date, 63 

use of plant-expressed proteins for viral vaccines has been extensively explored but there 64 

are fewer publications describing their use in serological assays. The potential to use Af- 65 

rican horse sickness virus proteins (VP2) expressed in plants in an ELISA to detect sero- 66 

type-specific antibodies is briefly described in a recent paper [15]. Antibodies to recombi- 67 

nant SARS-CoV-2 proteins have also been detected in COVID-19 patients using a plant- 68 

based ELISA Makatsa 2021 [16]. We therefore developed indirect ELISAs to detect anti- 69 

bodies to WNV NS1 and Equad proteins expressed in plants.  70 

Equine Hepacivirus (EqHV; recently defined as species Hepacivirus equi), formerly 71 

non-primate hepacivirus (NPHV)/ canine hepacivirus (CHV) is also a member of the fam- 72 

ily Flaviviridae (genus Hepacivirus) that is closely related to Hepacivirus hominis  (hepa- 73 

titis C virus; HCV) and naturally infects horses [17, 18]. Transmission of EqHV remains 74 

unclear requiring more investigation. However, there is evidence of vertical, horizontal, 75 

and parenteral transmission routes [19]. Following the first report of EqHV in 2012 from 76 

dogs with respiratory disease in the USA [20], infection in equids have been reported 77 

globally with evidence from Africa (South African and Morocco), America (Brazil and 78 

United States), Asia (China, Japan, Korea and Mongolia) Oceania (Australia) and Europe 79 

(France, Germany, Hungary Italy, and United Kingdom) [19, 21]. While few studies ap- 80 

plied Gaussia luciferase immunoprecipitation system (GLIPS) [22, 23] and western blotting 81 

[24, 25] for EqHV serological investigations, most reports preferred luciferase immuno- 82 

precipitation system (LIPS) [17, 26-30] to detect antibodies against EqHV protease/helicase 83 

NS3 antigen; which although effective requires laborious cell-based techniques and ex- 84 

pensive reagent. The LIPS assay has produced reliable results comparable to a commercial 85 

ELISA for detecting antibodies to African swine fever [31]. However, there remains no 86 

commercial ELISA for EqHV screening. In order to improve specificity, one study devel- 87 

oped a biphasic ELISA with recombinant NS3 and core proteins in which only sera reac- 88 

tive to both ELISAs were confirmed positive [28]. Also, a recent study [32] demonstrated 89 

the efficacy of plant-based ELISA in serodiagnosis. We therefore also developed a cheap, 90 

straight forward ELISA to detect anti-EqHV antibodies in equine sera using plant-ex- 91 

pressed core protein. 92 

2. Materials and Methods 93 

Serum samples were obtained from 830 apparently healthy horses in four of the 94 

seven states of Northwest Nigeria between October and December 2019 as previously de- 95 

scribed [33]. In addition, data were collected on sex, breed, age, coat color (categorised as 96 

basic/bright/grey) and location (Kaduna, Kano, Katsina and Sokoto states). A total of 691 97 
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of the 830 horses previously screened by cELISA (Olufemi et al., submitted) were ran- 98 

domly selected to be further screened in this study. Serum from a horse vaccinated with 99 

the Ixiaro JEV vaccine and sera previously identified as positive or negative with the 100 

cELISA were used as control sera.  101 

Expression of viral proteins in Nicotiana benthamiana 102 

The core protein (C) of EqHV was expressed from a consensus strain generated from 103 

sequences obtained from GenBank. For WNV ELISAs, viral antigens were generated 104 

based on the sequence of a recent WNV-lineage 1 isolate circulating in Africa (accession 105 

number; LC489409/isolate Croc1102019ZM) [34]. A quadruple mutant E-protein compris- 106 

ing of 1-400 amino acid residues with point mutations (T76A, M77G, W101R, L107R) in 107 

the conserved fusion loop domain was synthesized as previously described [14]. A mod- 108 

ified Kozak sequence (GCTACT), was added to the start of WNV mutant E-protein 109 

(Equad), NS1 protein and EqHV core sequences, a C-terminal hex histidine (6XHis) tag 110 

and an endoplasmic retention signal (SEKDEL) were added to the end of each gene with 111 

AgeI and XhoI restriction sites flanking either end of the gene. The sequences were codon 112 

optimized for Nicotiana benthamiana and synthesized by GeneArt (Life Technologies). Each 113 

gene was separately cloned into an AgeI/XhoI digested pEAQ-HT plasmid [35] to generate 114 

pEAQ-HT-Equad, pEAQ-HT-NS1 and pEAQ-HT-C, and subsequently transformed into 115 

Agrobacterium tumefaciens (LBA4404) by electroporation. After Agrobacterium tumefaciens 116 

was grown in LB agar at 28°C for 72 h, the bacteria separately harboring the Equad and 117 

NS1 constructs were adjusted to OD600 = 2. Transient expression of the genes was 118 

achieved by infiltrating the bacterial suspension into 5- to 6-week-old plants grown in a 119 

greenhouse as earlier described [36]. 120 

Purification of proteins 121 

Leaves of N. benthamiana infiltrated with pEAQ-HT-Equad and pEAQ-HT-NS1 were 122 

homogenized in two volumes of ice-cold extraction buffer pH 7.2, using a prechilled 123 

handheld waring blender. Leaf extract was centrifuged at 10,000 g for 15 min at 4°C. A 124 

sterile 0.45 µM filter (Millipore) was used to filter the supernatant. To purify the proteins, 125 

filtered supernatants (for Equad and NS1) were passed through designated Ni NTA aga- 126 

rose columns before a sequential graded imidazole wash with 25 ml of 5 mM, 10 mM, 20 127 

mM, and 30 mM. The purified protein was eluted with 6 x 1 mL at a time of the elution 128 

buffer with each ml collected into labelled Eppendorf tubes. Eluted proteins were detected 129 

by western blot. 130 

Indirect ELISAs for detection of antibodies using proteins expressed in plants  131 

NUNC Maxisorp plates (Thermo Fisher Scientific, Waltham, MA USA) were coated 132 

with 2 µg immobilized metal affinity column (IMAC) purified proteins and incubated 133 

overnight at 4 °C. Plates were saturated with blocking/dilution buffer (1 % bovine serum 134 

albumin plus 3 % skimmed milk in PBS 0.1 Tween 20) and incubated at 4 °C for 48 h. The 135 

blocking buffer was tipped off with excess tapped onto a paper towel. After the blocking 136 

step, plates were washed three times with 300 µL/well of phosphate buffered saline with 137 

0.1% Tween 20 (PBST) washing buffer. Equine and control sera were diluted in block- 138 

ing/dilution buffer (1:100) before adding 50 µL/well to plates and incubating at room tem- 139 

perature for 1 h. After three washes in 300 µL/well of Tris buffered saline with 0.1 % 140 

Tween 20 (TBST), plates were incubated for 1 h at room temperature with 50 µL/well of 141 

goat anti-horse IgG horse radish peroxidase conjugate (SeraCare Life Sciences Inc, Mil- 142 

ford, MA United States) at 1:1000 dilution in blocking/dilution buffer for the WNV 143 

ELISAs. At this stage, the method differed. For the EqHV Core ELISA which used anti- 144 

horse alkaline phosphatase conjugate and p-nitrophenyl phosphate, disodium sal (PNPP) 145 
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(Thermo Fisher Scientific, Waltham, MA USA). Lastly, after three washing steps in 300 146 

µL/well of TBST, 100 µL/well of Ultra-fast 3,3', 5,5'-Tetramethylbenzidine substrate 147 

(Thermo Fisher Scientific, Waltham, MA USA) was added and incubated in the dark (at 148 

room temperature) for 10–15 min. The reaction was stopped with 100 µL/well of 2M H2SO4 149 

and read at 450 nm optical density (OD).  150 

For the EqHV C ELISA, OD values higher than the mean OD obtained with the neg- 151 

ative control plus 3x the standard deviation were regarded as positive. For the WNV 152 

ELISAs, the results of each plate were independently interpreted by change-point analysis 153 

[37]. The change-point was validated by comparison with control sera: serum from a horse 154 

vaccinated with JEV, and sera that tested positive and negative with the cELISA. 155 

Statistical Analyses 156 

As previously described [33], with all analyses performed in StataSE (17.1, StataCorp LLC, 157 

College Station, TX, USA). Associations between explanatory variables and antibodies to 158 

EqHV were tested using the Pearson chi-square. Binomial models were developed to pre- 159 

dict the risk factors to EqHV seropositivity with odds ratio and equivalent 95% confidence 160 

intervals (CI) calculated for each variable. A multinomial model was developed for all 161 

variables with P ≤ .2 by conducting an ordinary logistic regression through a forward 162 

stepwise approach. The model fit was enhanced by adding with the addition further var- 163 

iables evaluated using likelihood ratio test, with significance for variable retention set at 164 

p = ≤ 0.05. The performance of the final model was assessed using Hosmer–Lemeshow 165 

goodness-of-fit test. 166 

3. Results 167 

Equine hepacivirus seropositivity among horses in Northwest Nigeria determined by 168 

plant based Indirect ELISA. 169 

A total of 691 horses were screened for antibodies to EqHV: 83 (12%, 95% CI; 10–15) 170 

tested positive for EqHV-C antibodies by ELISA. Significant differences in seropositivity 171 

were recorded in all variable category except coat color, where bright-colored horses had 172 

the most antibodies, 15.4% (95% CI; 8–26) to EqHV as compared to basic (12.5%, 95% CI; 173 

10–16) and grey (6.67%, 95% CI; 3–14) horses. Old horses had higher antibodies (27.7%, 174 

95% CI; 7–42) than adult (11.42%, 95% CI; 9–14) and young horses (6.67%, 95% CI; 3–15). 175 

Antibodies to EqHV were significantly higher in female horses (18.1%, 95% CI; 14–23) 176 

than their male counterpart (8.71%, 95% CI; 6–12) and exotic horses (18.1%, 95% CI; 14– 177 

24) revealed more antibodies to EqHV than mixed (10.2%, 95% CI; 7–15) and local (8.2%, 178 

95% CI; 5–12) breeds. Horses sampled in Kaduna had the most antibodies (22.7% 95% CI; 179 

17–28) to EqHV while those in Kano and Katsina had 7.4% (95% CI; 5–11) and 8.33%, 95% 180 

CI; 4–16) respectively while Sokoto had the least (7.1% 95% CI; 3–14). Horses used for polo 181 

also had the most antibodies; 18.64% (95% CI; 87–93) while those for traditional durbar 182 

and mixed purposes had 9.21% (95% CI; 93–97) and 2.78% (95% CI; 95–100) respectively 183 

(Table 1). 184 

  185 
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Table 1. Factors associated with Hepacivirus seropositivity determined by in-house indirect EqHV- 186 
C ELISA among horses in Northwest Nigeria. 187 

 188 

In the univariate logistic regression comparing variables and EqHV seropositivity, 189 

old (≥ 15 years) horses significantly had a higher OR of 5.35 (95% CI, 1.76–16.23) while 190 

male horses had lower odds of 0.43 (95% CI; 0.27–0.68) EqHV seropositivity. The odds 191 

ratio was significantly higher for exotic breeds (OR 2.46, 95% CI; 1.42–4.28) and not-sig- 192 

nificantly higher in mixed breeds (OR 1.27, 95% CI; 0.67–2.39), both compared local breeds 193 

of horses. The odds were significantly lower in all locations compared to Kaduna: Katsina, 194 

0.32 (95% CI, 0.14–0.71); Kano, 0.28 (95% CI, 0.16–0.49) and Sokoto, 0.26 (95% CI, 0.12– 195 

0.62). In comparison to horses used for mixed purposes, those used for polo (OR 8.02, 95% 196 

CI; 2.45–26.3) and traditional durbar (OR 3.55, 95% CI, 1.06–11.9) were significantly at a 197 

higher odds of being seropositive for EqHV. Adult horses (5–14 years) as well as bright 198 

and grey colored horses were maintained as confounders in the univariate analyses (Table 199 

2). 200 

  201 

Variable 

EqHV-C ELISA 

N Positive 
% Prevalence  

(95% CI) 
p-value 

AGE     

Young (< 5 years) 75 5 6.67 (3–15) 

0.001 Adult (5–14 years) 569 65 11.42 (9–14) 

Old (≥ 15 years) 47 13 27.66 (17–42) 

     

SEX     

Male 448 39 8.71 (6–12) 
<0.0001 

Female 243 44 18.1 (14–23) 

     

BREED     

Exotic 227 41 18.06 (14–24) 

0.002 Local 268 22 8.21 (5–12) 

Mixed 196 20 10.2 (7–15) 

     

LOCATION     

Kaduna 213 47 22.07 (17–28) 

<0.0001 
Kano 283 21 7.42 (5–11) 

Katsina 96 8 8.33 (4–16) 

Sokoto 99 7 7.07 (3 –14) 

     

PURPOSE     

Polo 279 52 18.64 (87–93) 

<0.0001* Traditional Durbar 304 28 9.21 (93–97) 

Mixed 108 3 2.78 (95–100) 

     

COAT COLOUR     

Basic 536 67 12.5 (10–16) 

0.197 Bright 65 10 15.38 (8–26) 

Grey 90 6 6.67 (3–14) 

TOTAL 691 83 12.01 (10–15)  
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Table 2. Univariate logistic regression analyses of Hepacivirus seropositivity determined by in- 202 
house indirect EqHV-C ELISA among horses in Northwest Nigeria. 203 

 204 

The purpose and location of horses remained significantly associated with EqHV se- 205 

ropositivity in the final multivariate regression model. Both polo (OR 6.18, 95% CI, 1.41– 206 

27.2) and traditional durbar 5.18 (95% CI, 1.32–20.3) horses were significantly at higher 207 

odds of EqHV seropositivity. Horses in Kano 0.35 (95% CI, 0.16–0.75) and Katsina 0.41 208 

(95% CI, 0.18–0.96) were however at a lower odd significantly. Horses in Sokoto were re- 209 

tained as confounders. The Homer–Lemeshow test indicated an adequate fit model (p = 210 

0.888) (Table 3). 211 

Table 3. Multivariate logistic regression analysis of Hepacivirus seropositivity determined by in- 212 
house indirect EqHV-C ELISA among horses in Northwest Nigeria. 213 

 214 

 215 

 216 

Variable 
ODDS RATIO  

(95% CI) 
p-value  

AGE   

Young (< 5 years) 1.00 - 

Adult (5–14 years) 1.81 (0.70–4.63) 0.22 

Old (≥ 15 years) 5.35 (1.76–16.23) 0.003 

SEX   

Female 1.00 - 

Male 0.43 (0.27–0.68) <0.0001 

BREED   

Local 1.00 - 

Exotic 2.46 (1.42–4.28) 0.001 

Mixed 1.27 (0.67–2.39) 0.46 

LOCATION  

Kaduna 1.00 - 

Kano 0.28 (0.16–0.49) <0.0001 

Katsina 0.32 (0.14–0.709) 0.005 

Sokoto 0.26 (0.12–0.618) 0.002 

PURPOSE   

Mixed 1.00 - 

Polo 8.02 (2.45–26.3) 0.001 

Traditional Durbar 3.55 (1.06–11.9) 0.04 

COAT COLOUR   

Basic 1.00 - 

Bright 1.27 (0.62 – 2.62) 0.512 

Grey 2.25 (0.68–7.42) 0.117 

   

Variable 
ODDS RATIO  

(95% CI) 
p-value 

PURPOSE   

Mixed 1.00 - 

Polo 6.18 (1.41–27.2) 0.016 

Traditional Durbar 5.18 (1.32–20.3) 0.019 

LOCATION 
  

Kaduna 1.00 - 

Kano 0.35 (0.16–0.75) 0.007 

Katsina 0.41 (0.18–0.96) 0.039 

Sokoto 0.75 (0.24–2.34) 0.62 
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Comparison of results obtained with WNV iELISAs using plant-expressed pro- 217 

teins and cELISA 218 

There were 662 samples in the subset of 691 samples that were positive in the cELISA 219 

(95.8%). When these were screened using the specific WNV NS1 and Equad indirect 220 

ELISAs, 33.8% (95% CI; 30.4–37.4) and 12.6% (95% CI;10.3–15.3) were positive, respec- 221 

tively. In total, 664 horses were positive in at least one ELISA but only 72 were positive in 222 

all three assays (Figure 1).   223 

Figure 1. Venn diagram comparing screening for WNV among representative horses in northwest 224 
Nigeria using competitive, Equad and NS1 ELISAs. 225 

The NS1 ELISA identified 234 of the 415 samples (56%) that were positive by the 226 

cELISA and did not identify any additional samples as positive. The Equad ELISA, on the 227 

other hand, only identified 85 (20.5%) of the 415 samples positive by cELISA but did iden- 228 

tify 2 samples as positive that were negative in both the cELISA and NS1 ELISA (Figure 229 

1).  230 

Figure 2. Simple regression of optical densities of WNV equad and NS1 ELISAs against commercial 231 
cELISA at 450nm.  232 
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4. Discussion 233 

Our findings provide evidence that EqHV is circulating in northwest Nigeria and 234 

that the risk factors for EqHV seropositivity differ from those for WNV. Horses in Kaduna 235 

state are less at risk of WNV infection but higher risk of EqHV infection. Plant-expressed 236 

protein-based ELISAs provide a cheap option for screening for the presence of emerging 237 

viruses and could be considered as a surveillance assay where resources are limited, with 238 

little requirement for advanced assays and facilities. There is need for collaborative stud- 239 

ies with continual routine surveillance of sentinel animals for emerging zoonotic viruses 240 

to safeguard human and animal health. 241 

This is the first report to demonstrate the circulation of EqHV in West Africa. Detect- 242 

ing antibodies to EqHV among horses in northwest Nigeria implies an exposure to the 243 

emerging virus. Our study also reveals the value of plant expressed proteins in develop- 244 

ment of ELISAs and their potential in surveillance of emerging viruses like WNV and 245 

hepaciviruses. 246 

All variables examined except for coat color were significantly associated with EqHV 247 

seropositivity in univariate analysis, but in the final multivariate analysis, only purpose 248 

and location were associated with EqHV seropositivity. Polo horses had the highest odds 249 

ratio and while the relationship between the use of the horses and EqHV seropositivity is 250 

unclear, this strongly relates to a report on EqHV seroprevalence among horses in Brazil 251 

[38] where competition horses revealed proportionately higher antibodies (19.1%) to 252 

EqHV than cart (6.2%) or farm horses (6.3%). Although the authors suggested nonsterile 253 

needle sharing as a possible reason, a lot remains unknown about the transmission of 254 

EqHV. Nevertheless, if fomites are involved in EqHV transmission, closely associated 255 

polo horses with poor biosecurity would be more likely to become infected. Kaduna State 256 

had the highest seropositivity to EqHV with Kano and Katsina having similar and rela- 257 

tively lower odds ratios. Kaduna is the focus for equestrian events in northwest Nigeria. 258 

It is notable that in our analysis of risk factors for WNV seropositivity in the same popu- 259 

lation (Olufemi et al., 2023 submitted), Kaduna, as the reference category, had the lowest 260 

odds ratio while Sokoto had the highest. The routes of transmission of EqHV are not yet 261 

fully identified, and this contrast with the mosquito borne WNV would appear to support 262 

a previous study that found no evidence for transmission of EqHV by mosquitoes [26].  263 

The seroprevalence of EqHV obtained in this study is low (12%) compared to the 264 

seroprevalence obtained in Morocco (65.7%) [22] and South Africa (83.7%) [27]. Studies 265 

from Austria [26], Germany [29, 30], Japan [23-25], United Kingdom [28] and United States 266 

of America [17] also had higher antibodies to EqHV in horses. The low seroprevalence 267 

observed in our study in comparison to other studies in Africa and other continents is 268 

more likely to be due to differences in sensitivity of the assays used, as other studies 269 

mostly used LIPS/GLIPS. A higher seroprevalence of 48% was observed among horses 270 

using an ELISA developed with recombinant NS3 and core EqHV proteins [28] In relation 271 

to prevalence of EqHV RNA positive horses in Africa (8.89%), the pooled was similar to a 272 

general global prevalence of 7.88% [21]; investigations into EqHV RNA among Nigerian 273 

horses would be valuable.  274 

In our previous study, the overall seroprevalence of WNV among horses in north- 275 

west Nigeria determined by the cELISA was high (94.3%). In the subset of 691 samples 276 

analyzed in this study, the seroprevalence determined by cELISA was similar (95.8%). As 277 

previously reported, this high seroprevalence is comparable to findings in other studies 278 

that used the cELISA. The lower seroprevalence obtained using the NS1 and Equad 279 

ELISAs suggest that these assays are more specific than the cELISA, although it could also 280 

be due to reduced sensitivity. In a study, where Equad ELISA was used to specifically 281 

detect and differentiate between WNV and TBEV IgG antibodies, a specificity of 100% 282 

was recorded with a sensitivity of 87.9% for WNV [14].   283 

In comparison to neutralization assays, the cELISA used is often more sensitive with 284 

lower specificity [39]. In detecting neutralizing antibodies to WNV, a study reported 5.8% 285 

prevalence following an 10.9% prevalence for flavivirus specific antibody. Although three 286 
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horses revealed neutralizing antibodies to TBEV (2 WNV+TBEV) and USUV (1 287 

WNV+USUV), six horses had no neutralizing antibodies against any of the viruses tested 288 

despite being positive by cELISA [40]. In another study, although the overall seropreva- 289 

lence by cELISA was 90.1% (73/81), by MNT, only 6.2% and 17.3% were positive for USUV 290 

and WNV respectively [41]. The two horses positive by our EQUAD ELISA but negative 291 

by cELISA could probably be due to varying antibody isotype. The WNV strain 292 

Croc1102019ZM used in this study belongs WNV lineage 1a, which is phylogenetically 293 

related to WNV isolates from Senegal and the United Arab Emirates [34]. Interestingly, a 294 

recent study in Algeria demonstrated the cELISA less sensitive than the more specific 295 

VNT. The authors observed a seropositivity of 25.2% and 30.2 in horses detected by 296 

cELISA and VNT respectively [42]. 297 

Although some studies have reported reduced sensitivity of NS1 based assays in re- 298 

infections for DENV associated with IgG antibodies against NS1 [43-45], others have also 299 

shown similarities in sensitivities of the primary and secondary infections. Interestingly, 300 

our WNV NS1 and Equad ELISAs did not only produce positive results for samples that 301 

were most strongly positive in the cELISA but also for samples that had high S/N ratios 302 

(i.e. were less strongly positive), which suggests they are not simply less sensitive (Figure 303 

2). However, these assays were not fully validated. A selection of the samples strongly 304 

positive in the cELISA and either positive or negative in the NS1 and Equad ELISAs would 305 

be necessary before they are used for serosurveillance. 306 

5. Conclusions 307 

Our findings provide evidence that EqHV is circulating in northwest Nigeria and 308 

that the risk factors for EqHV seropositivity differ from those for WNV with horses in 309 

Kaduna state are less at risk of WNV infection but higher risk of EqHV infection. Plant- 310 

based ELISAs provide a cheap option for screening emerging viruses and could be con- 311 

sidered as a surveillance assay where resources are limited with little or no access to ad- 312 

vanced assays and facilities. There is need for collaborative studies with continual routine 313 

surveillance of sentinel animals for emerging zoonotic viruses to safeguard human and 314 

animal health. 315 
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CHAPTER 7 

Summary  

This study aimed to provide epidemiological data on some 

emerging RNA viruses among horses in northwest Nigeria. In this 

cross-sectional study the sero-epidemiology of equine influenza 

virus (EIV), West Nile virus (WNV) and Equine Hepacivirus (EqHV) 

was investigated. A total of 830 horses bled on a single occasion 

revealed antibodies to influenza A/equine/Richmond/2007 (H3N8) 

and A/equine/Worcestershire/2019 (H3N8) using single radial 

haemolysis (SRH). The burden of EI in northwest Nigeria is 

abundant with a 71.3% exposure among horses. Age of horses 

was significantly associated with seropositivity for EI and only 9% 

of the horses had sufficient antibodies (SRH value > 150 mm2) 

protective against clinical disease or virus shedding.  

A systematic review and meta-analysis of WNV seroprevalence 

studies among equids in Europe (2001 – 2018) conducted followed 

by a scoping review on WNV antibodies among African equids 

revealed the global burden of flaviviruses and the paucity of 

seroprevalence studies among African equids despite the 
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endemicity of WNV in the region. Despite an observed 

seroprevalence of 9.8% (2765/28089) and 35% (1998/5746) in 

Europe and Africa, respectively, WNV among European equids (39 

studies) was extensively more investigated than in African equids 

(16 studies). This is evidenced by the varying geographic 

widespread and number of studies in the two regions. Although 

both regions mainly used cELISA, only 37.5% of studies conducted 

on African samples probed further for specific flaviviruses 

(compared with 66.7% of studies conducted in Europe). 

With an overall WNV burden of 94.3% (783/830) among equids in 

northwest Nigeria obtained, age and state were risk factors for 

flavivirus infection. Antibodies to WNV and other flaviviruses were 

detected with the commercial ID screen® West Nile competition 

multi-species ELISA (cELISA). Also, plant-based ELISAs using WNV 

NS1, WNV mutant envelope - ‘Equad’ and EqHV-core proteins were 

used to screen a subset of 691 sera for antibodies against WNV 

and EqHV. WNV NS1 and Equad ELISAs revealed 33.9% (234/691) 

and 12.6% (89/691) seroprevalence, respectively suggestive of 

more specificity than the cELISA. The seroprevalence ranging 

between 12.6%–94.3% revealed by the ELISAs establishes the 

presence of WNV and related flaviviruses in the study area and 
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suggests a potential zoonotic threat. Plant-based ELISAs are cheap 

options to be considered for serosurveillance of WNV and related 

viruses among sentinel hosts. Antibodies to EqHV (Hepacivirus 

equi) were detected in 12% (83/691, 95% CI; 10‒15%) of the 

horses screened. State and purpose of horses were associated with 

EqHV seropositivity. This project to the best of my knowledge is 

the first to describe the circulation of EqHV in Nigeria 

demonstrating the potential of plant-based ELISA for the 

serosurveillance of emerging viruses in developing countries. EI, 

WNV and EqHV are abundant among horses in northwest Nigeria. 

 

Limitations of the programme of work 

The convenience sampling approach together with inaccessibility 

to horses in Jigawa, Kebbi and Zamfara States due to insecurity, 

banditry and administrative bottlenecks, the disease burden across 

the whole region could not be estimated. Although not practicable 

in the field, random sampling would better represent the study 

population. The non practicability of random sampling in the field 

is mainly due to the lack of information on the total number of 

horses in each location. This limitation made random sampling 
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practically impossible. Screening every horse in the study area 

provides the true seroprevalence of the diseases. Seroprevalence 

can only be estimated with associated intricacies. These 

intricacies, however, have been accommodated in the confidence 

interval and statistical analyses. Seroprevalence studies only 

reveal exposure to virus but not necessarily whether animals got 

sick. There can be cross-reactivity. Also, seroprevalence studies do 

not provide virus isolates or sequences for inclusion in vaccines. 

A further limitation of the study design is that it only provides a 

timepoint assessment of the disease burden. The seroprevalence 

of any infectious disease is influenced by the timing of sampling in 

relation to the occurrence of an outbreak. For example, the 

seroprevalence to EI was most likely lower before the widespread 

2018/19 outbreak and it is likely that the antibody levels will decay 

over time making more of the population susceptible to future 

outbreaks without vaccination. Whether or not the high WNV 

seroprevalence antibodies was also because of a recent outbreak 

is unknown. There were no reports of outbreaks of West Nile fever 

or paralysis in equids. This might indicate that this virus is endemic 

in the region and that high levels of antibodies provide protection 

to the equine population.  
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Impact of the work for the equine industry in Nigeria 

Surveillance of diseases among susceptible host populations is 

paramount in precisely predicting the virulence and transmissibility 

of emerging viruses (Howard, 2012), thus forestalling public health 

emergencies with potential global impact. Being the first study to 

investigate some emerging RNA viruses among horses in 

northwest Nigeria, it provides a surveillance bedrock for private 

and governmental animal health institutions to collaborate and 

routinely investigate sentinel animals, sharing disease data and 

intervention strategies. Providing an up-to-date data on the 

surveillance status of horses in northwest Nigeria regarding 

important diseases of economic (EI) and zoonotic (WNV) 

importance: the serostatus of EqHV in these horses, which is the 

first in Nigeria along with the risk analyses to these emerging 

diseases are public health resources of utmost importance in 

strategic planning for early detection, prevention and control of 

infectious diseases.  

The EI chapter reveals the horses are poorly protected against the 

disease especially the Florida clade 2-like EI viruses. Horse owners 

should ensure stringent quarantine and biosecurity measures 
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within and across stables. The policy makers and stakeholders 

should consider adopting a vaccination protocol with routine 

monitoring and surveillance programs to forestall an outbreak of 

EI. Unlike previous studies that used HA and ELISA to determine 

the seroprevalence of EI among horses parts of Nigeria, using SRH 

in this study provides reliable information on the protection level 

of horses in northwestern Nigeria. The small proportion of horses 

(9%) with protective antibody against Florida clade 2 reveals the 

urgent need to commence vaccination campaigns against EI using 

vaccines representative of the circulating EIVs. 

The systematic and scoping reviews showed that antibodies to 

WNV are more investigated among equids in Europe than in Africa 

where the disease was first reported. The availability of funding 

bodies and laboratory facilities for the monitoring and control of 

WNV is a limitation in African climes. Regional collaborative studies 

targeted at the control and prevention of emerging viral zoonoses 

would maximize resources and establish linkages for future 

collaborations. 

The experiments described in this thesis investigated the 

seroepidemiology of WNV and EqHV in equids with a focus on 
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northwest Nigeria resulting in the development of cheap novel 

WNV ELISA assays from plant-expressed proteins as an alternative 

to routine commercial ELISAs which cost about £1,120 to screen 

only halve of the samples obtained in this study. The developed 

assay would provide a cheap source for routine surveillance and 

monitoring.  

Sample size determination and decision is often based on varying 

factors ranging from study design and funding to the precision of 

variable estimation. Also, the final sample size obtained for any 

proposed study can vary depending on the criteria used by the 

investigator. These criteria according to Dendukuri et al. (2004) 

are summarized either as average coverage criterion, average 

length criterion and a conservative worst outcome criterion (WOC). 

A combination of these criteria - modified WOC which considers 

the normal distribution of the data set averts a highly improbable 

sample size.  

Several approaches based on either achieving a pre-specified 

confidence level or a pre-specified power at a chosen significance 

level; can be used in determining the sample size for a prevalence 

study (Qiu et al., 2016). This study determined a minimum sample 
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size using the formula by Niang et al. (2006) with a 95% 

confidence level and a significance level set at p≤ 0.05. The Epi-

Info computer package is a software maintained by the Centres for 

Disease Control and Prevention (CDC) available for researchers to 

compute sample size. The sample size for every study is unique 

and impacts is often impacted by the choice of the investigators 

considering earlier mentioned factors that often result in trade-

offs. The formula presented by Naing et al. (2006) was chosen 

because they describe why they recommend selecting a desired 

precision (d) of 5% (0.05) if the prevalence of disease is expected 

to fall between 10 and 90%, whereas if the prevalence is extremely 

low or high, the 95% confidence intervals will have meaningless 

negative lower-bound values or upper bound values greater than 

1.  

They also describe with relevant illustrations the best choice of the 

expected prevalence, although we were able to obtain this for 

equine influenza from a previous study, giving us confidence that 

the sample size was appropriate for seroprevalence against this 

disease even if it might not be correct for other diseases we 

studied. As we found a very high seroprevalence for WNV, the 

sample size was more than adequate. 
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Although the data obtained was normally distributed, this study is 

limited by its design and necessitates the need for future research 

to consider cohort study which was practically impossible at the 

time due to cost and time constraint. 

Horses in the northwest are under threat by emerging RNA viruses 

and remain vulnerable to emerging diseases, especially without a 

sustained vaccination campaign against vaccine preventable 

diseases like EI. Vaccinations of highly mobile horses with 

appropriate vaccines (including the circulating strain(s) of equine 

influenza) would ameliorate the burden of emerging viral diseases. 

The EI outbreak in 2018 spread across countries in West Africa 

caused mortalities among equids in 7 states in northern Nigeria 

including Sokoto, Kano and Kaduna. Had there being a routine 

surveillance and a vaccination programme, the economic impact 

would have been minimal. The said outbreak was the first report 

of Florida clade 1 strain of EI and this report also establishes that 

Florida clade 1 is circulation in Nigeria and therefore should be 

included in the recommended vaccines in the region. Considering 

the growing influx of horses into Nigeria from neighbouring 

countries and across the globe, border-related studies to 

investigate new arrivals for antibody levels against EI should be 
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instituted. Monitoring these animals over specific timelines in 

comparison to locally bred animals could inform stakeholders of 

the potential risk and exposure of equids to EI and possibly the 

need to vaccinate against EI.  

 

Future work 

Future research with robust funding and grants could undertake a 

similar study with a longitudinal study design. This will provide 

emerging disease information for particular equine populations 

over a prolonged time frame.  

Perhaps, conducting a cohort study on the EI vaccines used in 

neighbouring countries and other countries from which horses are 

imported into Nigeria would reveal the protection conferred on 

these animals and the probable need to vaccinate Nigerian equids.  

Antibodies to EqHV evidenced among equids in northwest Nigeria 

should be further investigated across other regions of the country.  

This study provides a preliminary report on the potential threat of 

emerging equine viruses. The innovation of a plant-based ELISA to 

screen for WNV and EqHV could serve as an option to routinely 

screen for other cocirculating flavivirus with a low budget should 
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the method be modified. We could have retested for some possible 

cocirculating viruses but the limitation of time and funding was 

constraining. Sero-neutralization test was initially considered as a 

confirmatory assay. However, accessibility to live WNV and the 

long wait time to get trained for a category level 3 facility hampers 

this plan. However, Binjari virus, a dual-host laboratory adapted 

insect-specific flavivirus is an explorable insight for future studies 

that could be compared to our current finding; it is also 

confirmatory, replacing the need for a category level 3 laboratory.  

The development of such methods for other flaviviruses should be 

encouraged as there remains a gap in the serosurveillance of 

flavivirus closely related to WNV in Africa as there are no cheap 

reliable assays available. The ability of the developed ELISA to 

detect antibodies to WNV and EqHV with apparently more 

specificity indicates these assays could serve as a contingency 

option in developing nations with scarce resources or as screening 

assays in surveillance programmes before using more advanced 

techniques. This would allow investigation of target populations 

with prompt detection and early warning to promote public health.  
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In the future, spatial mapping of EI, WNV and EqHV among equids 

in northwest Nigeria along with an in-depth investigation on the 

impact of climatic variables of the spread of these diseases would 

help horse owners, veterinarians, para-veterinarians and other 

health workers to prioritize efforts in disease monitoring, 

prevention and control of these emerging diseases. Including 

genetics epidemiology as well as seroprevalence would provide 

more specific information on any mutations on the virus that could 

inform including specific sequences in vaccines.  

The same problem of cost of surveillance for diseases like EI and 

WNV is true for the cost of vaccination. Despite several options for 

vaccinating against EI in Nigeria and the availability of vaccines 

against WNV used in developed countries, very few equids in 

Nigeria are vaccinated. Plant expression of virus proteins in the 

same way that they were produced to make the ELISAs used in 

this study can be used to make vaccines. In particular, expression 

of the haemagglutinin protein of EIV, which will assemble into 

virus-like particles is a potential cheap alternative for vaccine 

production.  
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Establishing an equine disease surveillance team with a focus on 

equine mobility and border patrol would help monitor equine 

health and provide stakeholders with tool for early detection and 

warning for emerging equine diseases in north western Nigeria.  
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Appendix A 

Sampling and data collection 

Purposive sampling technique was employed along with the 

‘gatekeeper’ approach to access the horse population in the study. 

A blend of snowball and convenience sampling methods were used 

alongside medical and management incentives. Apparently healthy 

horses were sampled based on availability and willingness of horse 

owners to participate in the study. All horses included in this study 

were sampled with consent from relevant authorities and 

community inhabitants. 

 

With an expected EI seroprevalence of 60.9% (Meseko et al., 

2016), a precision  (maximum acceptable error) of ±5% and a 

confidence level of 95%; the number of minimum samples to be 

collected was determined using the formula by Naing et al. (2006).  

N =
Z2 Pexp(1 −  Pexp )

d2
 

Where: 

N = Sample size 

Z = Standard normal deviation for 95% confidence interval (1.96) 
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Pexp = Expected prevalence (Using 60.9% prevalence) 

d = Desired precision (0.05) 

(1.96)² x 0.609 x 0.391

(0.05)²
 

3.8416 x 0.609 x 0.391

0.0025
 

= 365 

A total of 830 samples were obtained. 

The sex, breed and vaccination history were determined. The 

animal was also aged using dentition, following adequate restraint. 

Then, 5 ml of blood was collected aseptically by jugular 

venipuncture using 21-gauge needle. The blood was then 

dispensed into labelled 8 ml serum clot activator tubes (Medline 

USA) and kept on an ice pack temporarily after which the serum 

was harvested and decanted into centrifuge tubes.  

All centrifuge tubes were appropriately labelled and transported on 

ice to the Biotechnology laboratory, National Veterinary Research 

Institute, Vom, Plateau State Nigeria where it was stored at -80oC 

in preparation for shipping. 

Each sample was identified with a unique sample number and all 

data obtained about each horse sampled (state, sex, breed, 
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source, vaccination history and use of horse) was entered into an 

Excel spread sheet and archived in the Nottingham research 

repository (Olufemi and Daly, 2024) 

Appendix A.1 

Propagation of A/equine/Richmond/07 (H3N8) and 

A/equine/Worchestershire/2019 (H3N8) 

Stock of A/equine/Richmond/07 (H3N8) and 

A/equine/Worchester/2019/ (H3N8) influenza virus was grown 

separately in 10-day-old embryonated hens’ eggs.  

Fertile eggs commercially purchased were carefully sorted and set 

in trays of egg incubator at 37°C (humid with fan), with the pointed 

end downwards. At day 10 of incubation, eggs were removed and 

examined with an egg candler before discarding infertile eggs. Air 

sacs of suitable eggs were marked off and an ‘x’ mark was placed 

on the allantoic cavity area just 2-3 mm below the line 

demarcating the air sac and away from the embryo’s eye. Eggs 

were then held at 37°C until inoculation with 

A/equine/Richmond/07 (H3N8) and A/equine/Worchester/2019/ 

(H3N8) influenza viruses.  
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Seed of the viruses grown were diluted (1:100) in virus dilution 

medium to minimize the production of defective interfering virus 

particles. Just before inoculation, eggs were sprayed with 70% 

industrial methylated spirit (IMS) and allowed to dry, then two 

holes were pierced in the eggshell; firstly, at the demarcated air 

sac and secondly at the marked site of inoculation.  A 1 ml syringe 

and 25G needle was used to inoculate 0.1 ml of the each influenza 

virus per egg by carefully injecting the needle about 2 mm into the 

allantoic cavity through the hole pierced at the marked inoculation 

site. Molten paraffin wax was used to seal hole pieced the 

inoculation site first before that at the air sac. 

Following inoculation, eggs were appropriately labelled and 

incubated at 34°C (humid) for 72 hours after which the eggs were 

wrapped in autoclave bags and placed in 4°C cold room overnight 

to kill the embryo and contract the blood vessel thus minimizing 

contamination of fluid with blood when harvesting.  

In order to harvest the allantoic fluid, the area of shell over the air 

sac was removed with a pair of scissors to allow access to the 

allantoic cavity. With the membranes pressed down with the 

handle end of a pair of forceps, allantoic fluid was gently pipetted 
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out with a 10 ml serological pipette. Allantoic fluid from all eggs 

was pooled into 15 ml centrifuge tube and a benchtop centrifuge 

was used to centrifuged at 2500rpm for 5 minutes to clarify the 

fluid before aliquoting and storing at -80°C. 

Egg inoculation and allantoic fluid harvest were both performed in 

a Class II safety cabinet (Thermo Electron Corporation, Germany). 
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Appendix A.2  

Hemagglutination assay 

Haemagglutination titration was carried out to ascertain the 

propagation of the viruses (A/equine/Richmond/07 (H3N8) and 

A/equine/Worchester/2019/ (H3N8)) grown in embryonated hens’ 

eggs. 

Chicken red blood cell (RBC) in Alsever’s solution was commercially 

purchased (TCS Biosciences Ltd, United Kingdom) and washed in 

phosphate buffered saline (PBS) at 2500 rpm for 5 minutes using 

a benchtop centrifuge. The packed cell volume (PCV) of the 

washed chicken RBC was then determined by haematocrit before 

preparing a 1% chicken RBC solution, which was temporarily 

stored at 4°C until needed for titration.  

Twenty-five microlitre (25 uL) of PBS was first dispensed into wells 

A2–A12 of a V-bottomed 96-well microtiter plate; then 50 uL of 

the grown A/equine/Richmond/07 (H3N8) influenza virus was 

dispensed into well A1, before titrating 25 uL 

(A/equine/Richmond/07 (H3N8)) from well A1 across wells A2–

A11, leaving well A12 as control. Gently mixing the 1% chicken 

RBC, 25 uL was dispensed into wells A1–A12 before incubating the 
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microtiter plate at 22°C for 30 minutes. The plate was then 

observed to distinguish agglutinated wells from non-agglutinated 

ones, then the titre was determined. 
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Appendix B 

Single radial haemolysis assay (SRH) 

Single radial haemolysis (SRH) assay is an immunodiffusion assay 

based on virus-coupled erythrocytes. The assay is sensitive, 

reliable and reproducible within and between laboratories with 

concrete correlation between antibody and protection from 

challenge (Daly et al., 2007, Mumford, 2000, Wood et al., 1994). 

A/equine/Richmond/07 (H3N8) was coupled with sheep red blood 

cells and assay plates were prepared before performing the assay 

(Figure 1). The assay was performed according to standard 

procedures (OIE, 2019). 

Sheep red blood cell (RBC) in Alsever’s solution was washed in 

saline/HEPES buffer by centrifugating at 2500 rpm for 5 minutes 

using a benchtop centrifuge. This was repeated until a clear 

supernatant was obtained. The washed sheep blood was then 

spined in a haematocrit centrifuge for 1.5 minutes to determine 

the packed cell volume with a micro-haematocrit reader before 

preparing an 8% suspension of sheep RBC in saline/HEPES.  One 

millilitre of 8% sheep RBC was allowed per plate of SRH to be 
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prepared. The prepared 8% suspension of sheep RBC in 

saline/HEPES was used fresh or stored at 4°C for up to 24 hours. 

Sensitization of sheep RBC with A/equine/Richmond/07 

(H3N8) 

The 8% sheep RBC was sensitised with an appropriate volume of 

A/equine/Richmond/07 (H3N8) predetermined by titration at 0.3, 

0.6 and 0.9 ml per 1 ml of sheep RBC for optimal results (clear 

zone of lysis). 

The mixture was held on ice for 10–15 minutes with intermittent 

gentle occasional mixing. Then freshly diluted chromium chloride 

(CrCl3) solution (1:400) in 0.85% sodium chloride (NaCl) was 

slowly added and held for 5–10 minutes at room temperature with 

occasional gentle mixing. The sensitised RBC were then 

sedimented at 1000 rpm for about 5–10 minutes using a benchtop 

centrifuge. 

Sedimented A/equine/Richmond/07 (H3N8)-RBC mixture was then 

resuspended in saline/HEPES/BSA buffer to its original volume by 

gentle pipetting. This was again sedimented at 1000 rpm for about 

10 minutes using a benchtop centrifuge. 
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Finally, the sensitised sheep RBC was resuspended to an 8% 

suspension in London PBS (the initial volume of cells – (the initial 

volume of cells x 0.08) = ml of London PBS to be added).  

Preparation of Assay plates 

Prepared 1 % agarose (36°C gelling temp) in London PBS was 

melted and 7.8 ml was pipetted into universal bottles pre-warmed 

at 42⁰C in a water bath. One universal bottle is needed for each 

assay plate being poured. 

A total of 0.9 ml of virus sensitised sheep RBC and 0.3 ml undiluted 

Guinea-pig complement was quickly added to the agarose at 42⁰C. 

The mixture was quickly and gently mixed before pouring into 

immunoplates on a level surface. Plates were clearly labelled on 

the left-hand side with plate number, virus strain and the date 

poured. The plates were allowed to air dry for a minimum of 5 

minutes before covering with a lid.  

Performing the SRH assay 

With each plate allowing for a positive control serum and 16 test 

sera, a supplied template and a 3 mm hole punch was used to 

punch wells into the set gel. 
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Ten microlitre of heat inactivated test or control sera were pipetted 

into the appropriate wells. Plates were then covered with lid and 

incubated in humidified plastic ‘luncheon box’ at 34⁰C for 20 hours. 

A digital calliper was used to read the radial zone of lysis. The area 

of the punched well was calculated from the diameter measured 

by the digital callipers. 

The SRH assay as described for A/equine/Richmond/07 (Figure B-

1) was similarly performed for A/equine/Worchester/2019/ 

(H3N8). 
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Figure B-1: Schematic representation of single radial 

haemolysis  
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Appendix C 

Plant expression of WNV recombinant proteins 
(Mutant E (equad) and NS1) 

Sequences of WNV- NS1 and WNV-E was obtained from GenBank 

database (LC489409) (Simulundu et al., 2020). A mutant was 

obtained by inserting a four-point mutation (Berneck et al., 2022) 

in the WNV-E sequence. The mutant WNV-E protein (Equad) and 

the WNV-NS1 proteins were first synthesized (codon optimized) by 

GeneArt Gene Synthesis (Thermo Fisher Scientific, Regensburg, 

Germany) before cloning the constructs separately into plant 

expression plasmids – pEAQ-HT. The resultant pEAQ-HT-Equad 

and pEAQ-HT-NS1 were transformed with Agrobacterium 

tumefaciens (strain LBA4404) and infiltrated into Nicotiana 

benthamiana leaves. Agrobacterium tumefaciens transformed with 

pEAQ-HT-Equad and pEAQ-HT-NS1 were streaked out on LB Agar 

containing relevant antibiotics (rifampicin at 50 µg/ml for 

Agrobacterium tumefaciens and kanamycin at 50 µg/ml for pEAQ-

HT) and then incubated at 28°C for three days. Then three 

overnight cultures (at 28°C) of the pEAQ-HT-Equad, pEAQ-HT-NS1 

and an empty vector (as a negative control) colonies were 

prepared and pooled together. The optical density (OD) of a 1:5 
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dilution of the pooled culture was measured at 600nm and used to 

determine the dilution to make 10ml of infiltration solution at 0.4 

OD (i.e. 0.4 ÷ OD x 10). 

Infiltration of Nicotiana benthamiana with pEAQ-HT-Equad 

and pEAQ-HT-NS1 

Infiltration of Nicotiana benthamiana plants performed in the green 

house was achieved by applying the infiltration solution (Figure C-

1) on to the underside of the leaves directly using a 1 ml syringe 

to force the solution through the stroma without damaging the 

leaves. The plants were identified with construct name and date 

clearly written on plastic labelled buried in the plant pot. The plants 

are often infiltrated at 5-6 weeks of age with only three middle 

leaves (not too young and not to old) infiltrated per construct of 

interest. Around 7 – 8 and 2 plants are sufficient for each construct 

of interest and negative control respectively. The leaves were 

harvested one week after infiltration; by tearing off with fingers. 

The leaves were placed into pre-labelled Ziploc bags and weighed 

before temporary storage at -20°C until needed for extraction and 

purification. 
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Figure C-1: Diagrammatic representation of plant 

expression of recombinant protein  



51 

 

Extraction and Purification of Nicotiana benthamiana leaves 

infiltrated with pEAQ-HT-Equad and pEAQ-HT-NS1 

Leaves infiltrated with pEAQ-HT-Equad and pEAQ-HT-NS1 were 

separately weighed and transferred into 1 L blender jug and then 

homogenized in two volumes of ice-cold extraction buffer (500 ml 

pH 7.2: 25 ml 1 M Tris, 50 ml 5 M NaCl, 1.24 g Na2S2O3.5H20 (final 

conc. 10 mM), 0.5 ml Triton-X-100 (final conc. 0.1% v/v) 425 ml 

sterile H20,) with protease inhibitor buffer using a handheld waring 

blender (Braun MQ5235). After homogenizing for around 1 minute, 

the homogenate was filtered through a piece of Mira cloth (VWR 

International Ltd. Cat. No. 475855-1) into a 500 ml beaker 

squeezing out the juice. The unfiltered leaf matter was discarded 

while the juice was transferred into a 250 ml centrifuge bottle (for 

SS34 roto at JIC) and centrifuged at 13,000 g for 20 minutes at 

4⁰C. 

A 5 ml polypropylene column (QIAGEN Cat. No. 34964) was 

charged by placing a filter at the bottom of the column before 

adding 3–4 ml of Ni NTA agarose (QIAGEN) and add 2–3 ml of 

binding buffer (500 ml pH 8.0: 25 ml 1 M Tris, 50 ml 5 M NaCl, 

0.5 ml Triton-X-100, 425 ml sterile H20). The charged column was 

placed on a retort stand allowing the buffer to completely flow 
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through. A stopper was then placed at the open end of the column 

to prevent the filter from drying up.  

The supernatant extract juice was filtered through a sterile EO GF 

+ CA 0.45 µM filter using a 50 ml syringe. A sample of this filtered 

plant extract was saved and labelled S1 before adding to the 

charged column and allowed to drip through. A sample of the 

column flow through was saved and labelled S2. After adding all 

supernatant extract juice to the column, it was then sequentially 

washed with 25 ml of 5 mM, 10 mM, 20 mM and 30 mM imidazole 

with a sample of the 30 mM imidazole wash saved and labelled S3. 

Elution buffer (2.5 ml 1 M Tris, 5 ml 5 M NaCl, 25 ml 500 mM 

imidazole and 17.5 ml sterile H20), 6 x 1 ml at a time was added 

to the column, collecting each ml into separate Eppendorf tubes 

labelled E1–E6. These samples were ran on 12% Mini-PROTEAN 

TGX™ Precast Protein Gels under reducing conditions at 200 V for 

50 minutes in MOPS-SDS running buffer. The gel was then stained 

with instant Blue® Coomassie protein stain (ABCAM, ISB1L) for 1 

hour and de-stained for 1 hour before viewing with iBright™ 

FL1500 Imaging System. Western blotting was performed to 

confirm protein expression and protein concentration was 
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determined with Pierce Bradford Assay Kit (Thermo Fisher 

Scientific, Waltham, MA USA). 
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Appendix D 

Development and Optimization of WNV equad and 

NS1 Indirect ELISAs 

Antigen Coating/Coating buffer 

Purified equad protein expressed in plants were first quantified 

using Bradford assay before coating 96 well micro titre plates 

(Thermo Fisher Scientific, Waltham, MA USA). Phosphate buffered 

saline (PBS) and carbonate-Bicarbonate buffers were compared to 

determine the optimal coating ability of the buffers. Checkerboard 

was used to coat designated wells equad protein at 1ug, 2ug and 

4ug/ml. 

For the optimization of the amount of antigen for coating the wells, 

1ug, 2ug and 4ug per well of WNV equad protein diluted in PBS 

and carbonate-Bicarbonate were evaluated. Coated plates were 

incubated at 4°C overnight. 

Blocking Buffers 

Three blocking buffers designated SMT (3% skimmed milk in PBS 

0.1 Tween 20), BSASMAT (1% bovine serum albumin plus 3% 

skimmed milk in PBS 0.1 Tween 20) and EB (ELISA blocker 
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(Thermo Fisher Scientific, Waltham, MA USA)) were compared to 

determine the best blocking condition for the indirect ELISA. 

Wells blocked with EB and BSASMAT resulted in comparative lower 

background compared to those blocked with SMT. 

Sera/Sera dilutions 

A positive and negative pool of heat inactivated sera field screened 

with WNV ID vet Screen were used as test sera. Also, a commercial 

pathogen free horse sera (Thermo Fisher Scientific, Waltham, MA 

USA) and a WNV positive sera were used as positive and negative 

control sera respectively. 

Sera (positive and negative) were compared at 1:50 and 1:100 

dilutions, incubated for 1 and 2 hours. Sera at 1:50 had higher 

signal and background when compared to 1:100. However, the 

signal to positive ratio was same for both dilutions (Trial 3 AP 27 

June.) This was consistent with all conjugates used. Surprisingly, 

the commercial IDVET positive control gave a higher signal in wells 

not coated with equad in comparison to pool of positive sera used 

in uncoated wells (Trial 13 AP buffer 1 and 2).  
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Conjugates/Substrate 

Anti-Goat Horse radish peroxidase (HRP) and Alkaline phosphatase 

(AP) were both optimized at 1:1000 and 1:5000 dilution. Using the 

blocking buffer as the diluent, the 1:5000 dilution did not have any 

difference in signal with the 1:1000 dilution when using the AP 

(trial 3 AP 27 June). With HRP, 1:1000 conjugate dilution had a 

higher signal and a corresponding higher signal to positive ratio 

when compared to 1:5000 dilution (trial 3 HRP 27 June22, also 

trial 2 June HRP 22). Summarily, 1:100 sera dilution with HRP at 

1:1000 gave optimal signal with minimal background. 

 Each conjugate was used with corresponding conventional 

substrate; TMB (Thermo Fisher Scientific Waltham, MA USA) and 

ppNP were used with Anti-Goat Horse radish peroxidase and 

Alkaline phosphatase respectively. The plates with HRP TMB were 

stopped with 2M H2SO4.  

Controls 

Positives controls used in the optimization of these assays study 

include: WNV positive sera (ID Vet Diagnostics) and pooled sera 

(from the study), positive with the commercial WNV competitive 

ELISA. The negative controls are: a commercial equine serum and 
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pooled sera (from the study), negative with the commercial WNV 

competitive ELISA. 

 

Plate layout and optical density (OD) values of trial 3 using 

alkaline phosphatase and different sera dilutions.  
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Plate layout and optical density (OD) values of trial 3 using 

horse radish peroxidase and different sera dilutions 
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Plate layout and optical density values of trial 2 using horse 

radish peroxidase enzyme with two coating buffers. 

 

 

 

 

 

Plate layout and optical density values of Trial 13 using 

alkaline phosphatase enzyme with different control sera.  
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Protocol for developed plant based ELISA  

Following several trials in optimising the WNV ELISA at different 

steps, we decided to adopt the protocol itemised below; 

1. Dilute equad protein to 2ug/ml in Phosphate Buffered saline (PBS) 

ELISA Coating Buffer. Add 50uL/well to a 96-well NUNC Maxisorp 

ELISA plate.  

2. Incubate stationary overnight at 4ºC. 

3. Wash plate 3 times with Phosphate buffered saline 0.1%  Tween 

20 (PBST), tapping plate on paper towel in between washes. 

4. Add 200uL of blocking buffer: 1% bovine serum albumin + 3% 

skimmed milk in Phosphate buffered saline 0.1%  Tween 20 

(PBST). 

5. Incubate for 48 hours at 4ºC. 

6. Tip off blocking buffer and wash plate 3 times with Phosphate 

buffered saline 0.1%  Tween 20 (PBST), tapping plate on paper 

towel in between washes. 

7. Tip off blocking buffer and tap out excess into paper towel. 
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8. Dilute test and control sera 1:100 in 1% bovine serum albumin + 

3% skimmed milk in Phosphate buffered saline 0.1%  Tween 20 

(PBST) dilution buffer and add 50uL/well. 

9. Incubate for 1h at 37ºC. 

10. Wash plate five times with TBST wash Buffer using wash bottle, 

and tap out excess into paper towel. 

11. Dilute Protein A/G-HRP conjugate (1:1000) in 1% bovine serum 

albumin + 3% skimmed milk in Phosphate buffered saline 0.1%  

Tween 20 (PBST) dilution and add 50uL/well. 

12. Incubate for 1h at 37ºC.  

13. Wash plate five times with TBST wash buffer using wash bottle, 

and tap out excess into paper towel. 

14. Add 100uL/well of Ultra fast TMB substrate (Thermo Fisher 

Scientific, Waltham, MA USA) and incubate in the dark at room 

temperature for 20 minutes. 

15. Stop reaction with 100uL/well 2M H2SO4. 

16. Read Optical Density at 450nm on ELISA Plate Reader. 
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Appendix E 

Data Analyses (Regression analyses) 

The data analyses involved a prior data cleansing followed by 

orderly stepwise analyses (Figure E-!). Using StataSE (17.1, 

StataCorp LLC, College Station, TX, USA). Firstly, Pearson’s chi 

square was used to investigate the association between 

explanatory variables and seropositivity to EI, WNV and EqHV: 

ordinary logistic regression was then used to determine the risk 

factors predictive of the dependent variables with matched 95% 

confidence interval (CI) and odds ratio calculated for variables in 

the univariate analyses.  

Using a forward-stepwise approach, non-collinear variables with 

p ≤ 0.2 were chosen for multivariate analyses by ordinary logistic 

regression. The final model was assessed using a goodness of fit 

test.  
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Figure E-1: Flow chart of data analyses 
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