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ABSTRACT 

The incidence of emerging and re-emerging diseases has been on the rise, affecting both wild and 

domestic animals. Globally, it is noteworthy that major disease outbreaks that have caused significant 

morbidity and mortality in poultry systems, other animal species and human populations, have been 

attributed to viruses originating from animals including birds. Some of these viral outbreaks, 

especially those characterized by highly unstable RNA genomes have escalated into epidemics or 

even pandemics. Instances of RNA viral outbreaks, notably associated with animal origins, include 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV 2), Ebola, Swine flu, and Middle East 

respiratory syndrome (MERS), Spanish flu, Asian flu, and Hong Kong flu. Globally, substantial 

losses in poultry, have been attributed to RNA viral-linked infections including Newcastle disease, 

avian influenza, avian leukosis, Gumboro disease, bronchitis, and acute enteritis. In South Africa, the 

poultry industry has remained the largest agricultural sector, with significant contribution to the 

nation’s gross domestic product from proceeds of poultry meat and eggs. Interestingly, chicken is the 

most farmed poultry bird in South Africa and a major source of protein consumed across all income 

classes. As a result of the increasing demand for chicken in South Africa, its consumption has 

outweighed its local production, leading to importations. Though the nation’s chicken production 

strives to remain competitive for its growing demand, however, this goal has been threatened by the 

rising production cost and infectious disease outbreaks including those of viral origin in flocks.  

Therefore, it has remained imperative to carry out an in-depth evaluation of these factors, particularly 

infectious diseases that are associated with suboptimal performance, lowered productivity, and 

chicken mortality in poultry production. 

The productive performance and feed utilization rate of chickens are significantly impacted and 

reliant upon the state of health and proper functioning of their gastrointestinal tract (GIT). Chicken’s 

GIT is the site of metabolism and may contain diverse microorganisms including fungi, bacteria and 

viruses whose composition and abundance vary remarkably across its growth stages. Among these 

organisms, viruses have been implicated in major infectious diseases leading to seasonal culling of 

poultry birds. These viral diseases cause low productivity in chickens due to immune suppression, 

subclinical growth impedance, and malabsorption. Chicken flocks are homogenous, often crowded 

and possess similar genetic features, leaving them vulnerable to viral infections. Thus, with infected 

birds being initially asymptomatic and the viruses unidentified, these viruses spread rapidly causing 

outbreaks leading to substantial colossal losses. Poor GIT health, even in the absence of a recognized 

disease state, can affect poultry performance and result in low productivity. Unfortunately, studies on 
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the GIT of farm animals and birds are relatively scarce, from the African continent, though there are 

a few studies from other continents available with information on the prokaryotic microbiome of birds 

GIT, with chickens being more studied because of its economic importance. Nevertheless, virome 

studies on birds including chickens are relatively few, despite being implicated in major outbreaks.  

Viruses, unlike bacteria lack a universal gene marker for identification and the low amount of their 

nucleic acid in biological samples makes their identification difficult. Importantly, studies have 

characterized one or a few of these known viruses using non-NGS molecular methods. However, 

these approaches do not represent the occurrence of these viruses in natural settings and ignore certain 

factors such as virus-virus interactions, bird age, host taxonomy and community structure dynamics 

which have been shown to influence the emergence and abundance of viruses in birds. In addition, 

while non-NGS methods effectively study each viral species or fewer viruses under experimental 

settings, they are flawed by the limitation of characterizing only known viruses. Hence, characterizing 

the viruses present in the GIT of chickens using high-throughput technologies, has remained 

important to determine the key viral agents associated with poultry infectious outbreaks.  

The use of viral metagenomics through the NGS approach has allowed the investigation of viruses 

including novel viruses in animal samples and birds, regardless of the sample type. This approach 

offers a combined advantage of speed and high-throughput recovery of viruses. While the information 

on the virome composition of African birds is scarce, the data on their RNA virome including 

chickens are even scantier despite the continuous evolution of RNA viruses and their associated 

disease outbreaks. Therefore, it has become paramount to characterize RNA viruses in chicken’s GIT 

using metagenomic NGS (mNGS).  South Africa being the highest poultry producing country in the 

African continent has been plagued by many seasonal outbreaks of RNA viral diseases in flocks. 

Hence, determining the complex RNA viral constituents present in the GIT of South African chickens 

is imperative. In this study, the diversity and abundance of the total RNA viruses found in healthy 

South African chickens was studied using the mNGS technique.This was achieved through optimized 

enrichment strategies for better virus recovery using the Illumina Miseq sequencing.  The use of 

Novel Enrichment Technique of VIRomes (NetoVIR) standardized sample preparation protocol, 

whole transcriptome amplification (WTA) and QIAseq FX library preparation method while using 

the non-invasive faecal sampling method. The effect of age (2, 4 and 7 weeks) and seasons (winter 

and summer) were studied as factors that may modulate the abundance and/or diversity of viruses in 

the GIT of chickens. This was achieved using established ecological metrics of alpha and beta 
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diversities and their result was statistically evaluated. In addition, the evolutionary relatedness of 

some of the identified viruses were explored using phylogenetic analysis. 

The results obtained from the RNA virome investigation of 10 asymptomatic, commercially bred 

South African chickens revealed a total of 48 RNA viral species. The identified viruses spanned 

across 11 orders, 15 families and 21 genera. The viral families such as Coronaviridae, 

Picornaviridae, Reoviridae, Astroviridae, Caliciviridae, Picorbirnaviridae and Retroviridae were the 

most abundant.  Among these families, picornaviruses, reoviruses, astroviruses, picobirnaviruses and 

coronaviruses were most prevalent at 100%, 88.9%, 81.5%, 81.5% and 74% occurrence across the 

27 samples, respectively. Specifically, virus genera such as Rotavirus, Orthoreovirus, 

Gammacoronavirus, Sicinivirus and Megrivirus relatively prevailed in the 2 weeks faecal samples 

regardless of season. Significantly, Rotavirus G and Avian Orthoreovirus with high abundance 

observed at 2 weeks, drastically decreased by the 7th week of development and this may be attributed 

to their stable, fully developed immune system compared to their juvenile stages. Furthermore, the 

complete genome of novel chicken astroviruses (CAstV) and genomes of many previously known 

viruses, including pathogenic avian viruses, mammalian, fungal and plant viruses were identified in 

this study. Additionally, results from the investigated factors (age and season), showed that there was 

no effect on viral shedding within samples in a group (alpha diversity) for age (P = 0.146) and season 

(P = 0.242), which was contrasting to beta diversity (between groups) metrics that indicated that viral 

diversity and abundance was significantly influenced by age (P = 0.01099) and season (P = 0.00099). 

More viruses were abundant in the 2 weeks and 4 weeks samples, while for the two seasons, the 

winter samples had more viruses. Interestingly, for age, this outcome could be attributed to the higher 

viral susceptibility of chickens at juvenile and intermediate ages as a result of their weaker, still 

developing immune system while for season, it could be deduced that due to temperature differences 

of the two seasons, more viruses thrive at winter compared to summer season. Furthermore, the 

outcomes of the viral evolutionary relatedness demonstrated global distribution and distinctiveness 

in terms of some specific genotypes or virus lineages for identified viruses. 

Taken together, the results obtained from this study show that viral structure in the GIT of South 

African chickens are diverse. It was noted that chickens might carry pathogenic viruses even in the 

absence of an observable disease condition where pathogenesis may be triggered under certain 

conditions. Furthermore, the relative abundance profiles of specific avian viruses may be dependent 

on the age of the bird investigated. Based on the samples analysed, the overall GIT viral abundance 

in chickens within the same group may be homogenous. However, the viral diversity and abundance 
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of chickens GIT may vary between different chicken groups characterised by distinct features, for 

instance, age and season, provided other underlining nutritional and environmental factors are 

considered. Undoubtedly, based on the chicken faecal samples studied and the diverse viruses 

recovered/characterized, mNGS has proven to be a valuable tool for effectively studying the virome 

in the GIT of avian chickens.  

Overall, this viral metagenomic study offers some insights into the diversity and composition of RNA 

viruses circulating in commercially bred chickens in South Africa and this information would be 

helpful towards understanding the key RNA viruses present in chicken’s GIT at early, intermediate 

and mature stages of growth. In addition, this study has provided baseline data that will be handy for 

research endeavours aiming to compare RNA virome structure between healthy and diseased 

chickens. The identification of some pathogenic viruses in apparently healthy/asymptomatic chickens 

provides information that may be beneficial for further epidemiological studies looking to decipher 

the transition dynamics of gut viruses in chicken host from being asymptomatic carriers to diseased 

condition, aimed at averting illnesses and improving chicken gut health. This is a significant stride 

towards better preparedness for emerging or reoccurring viral infections from chickens in South 

Africa and beyond. 

Keywords: Viral metagenomics, Faecal virome, Gastrointestinal tract, RNA viruses, Next-

generation sequencing, Poultry, Chicken, Zoonosis, Viral diversity and relative abundance. 
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CHAPTER 1. Introduction 

1.1 Background information 

Emerging and re-emerging diseases continue to take the upward trend with both wild and domestic 

animals implicated. It is noteworthy that over 60% of identified infectious agents are of zoonotic 

nature and comprise a diverse range of pathogenic microorganisms, including bacteria, parasites, 

protozoans, fungi, and viruses, among other types (Rahman et al., 2020). Domestic animals such as 

livestock, pets, and poultry may frequently transmit pathogens to humans because of their close 

interactions (Delahoy et al., 2018; Maurin et al., 2021; Shi et al., 2021b). Globally, most of the 

emerging viruses, including highly pathogenic avian influenza virus (H5N1 and pandemic H1N1), 

Ebola virus, Nipah virus (Hauser et al., 2021), Zika virus, Marburg virus (Sah et al., 2022), SARS 

virus and SARS-Cov-2 that have caused severe infections in humans are from animals, including 

chickens (Uyeki et al., 2022; Saxena et al., 2023). Chicken is a major source of animal protein for 

human consumption, with an approximate annual production of 122 million tonnes globally (Sood et 

al., 2020; Whitton et al., 2021). The increased demand for chicken meat and egg products has resulted 

in its early marketable age. In addition, due to its quick financial returns to poultry farmers, with high-

profit margins have made chicken the most preferred bird for poultry farming (Long et al., 2017).  

According to the South African Poultry Association (SAPA), the poultry industry is the largest 

agricultural sector in South Africa, contributing about 16.60% of all agricultural products’ gross 

domestic product (GDP), 39.90% of animal product GDP, and an annual income estimate of about 

50.96 and 11.44 billion Rands for meat and eggs, respectively (SAPA 2021). In addition, poultry 

products are the most consumed source of animal protein in South Africa. However, the consumption 

of poultry products is far greater than its local production (Nkukwana 2018; SAPA 2019). As a result, 

the consumption demand for poultry meat in South Africa has increased from 1.88 million tonnes in 

2020 to 1.90 million tonnes in 2021 (SAPA 2021). Despite this increased demand, the South African 

poultry industry still fights to remain competitive as its profit margins are pressured by rising 

production costs (Lubinga et al., 2018; Nkukwana 2018). These costs are primarily attributed to the 

increased cost of grains (Nkukwana 2018), importations, additional expenses on electricity due to 

surging loadshedding levels, and the emergence of infectious disease outbreaks in flocks. Hence, it 

has remained crucial to critically examine these factors, particularly infectious diseases that are 

implicated in underperformance, low productivity, and mortality in poultry production.  
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Globally, chicken's productive performance and feed conversion rate are greatly influenced and 

dependent on the state of health and proper functioning of its gastrointestinal tract (GIT), which is 

the site of nutrition, metabolism, and build-up of diverse microbes (Shah et al., 2016). Chicken's GIT 

is naturally colonized by microorganisms like bacteria, fungi, and viruses upon hatch which could be 

harmless, symbiotic, or pathogenic (Ding et al., 2020). Therefore, poor GIT health, even in the 

absence of a recognized disease state, can affect poultry performance and result in low productivity 

(Day et al., 2015). Chicken flocks are frequently dense and possess homogeneous gene traits, leaving 

them vulnerable to breakouts of viral infections. Hence, even on high-quality poultry farms, a wide 

range of viruses can accumulate, especially if they are multi-age and since they are often 

asymptomatic and unidentified, they spread quickly causing substantial economic losses (Akinyemi 

et al., 2020).  

It is noteworthy that both RNA and DNA viruses cause infections in poultry birds. However, while 

DNA viruses such as adenoviruses (Ishag et al., 2022; Lebdah et al., 2022) and parvoviruses (Pradeep 

et al., 2020; Cui et al., 2022) identified in chickens have been associated with enteritis, studies have 

shown that RNA viruses constitute a greater proportion of all infections caused by viruses (King et 

al., 2018; Zhang et al., 2018; Zhang et al., 2019; Wells et al., 2020). This has been attributed to their 

highly unstable nature, mutations, and errors involved in their replication leading to their re-

assortments, formation of diverse variants, and subtypes (Naguib et al., 2017). Studies have also 

shown that RNA viruses are implicated in most mild and/or severe infectious disease outbreaks in 

humans and animals including chickens (Chowdhury et al., 2021; Kang et al., 2021; OIE 2021; Shi 

et al., 2021b; Kwok et al., 2022; WHO 2023). Some of these RNA-linked viral infections in chickens 

include; Newcastle disease (NCD) (Ogali et al., 2018), avian influenza (Kariithi et al., 2020; Sakuma 

et al., 2021), infectious laryngotracheitis (Carnaccini et al., 2022), infectious bronchitis (IB) (Wang 

et al., 2020), infectious bursal disease (IBD) (Fan et al., 2019), and enteritis (Xia et al., 2023). These 

infectious viral outbreaks may often result from, low biosecurity measures in live bird markets, 

interactions between infected birds, and intensified poultry systems. Consequently, these infections 

have resulted in low productivity, malabsorption, enteritis, immune suppression, and other infections 

in poultry (Kock and Heuer 2019; Johnson et al., 2020) leading to colossal economic losses as well 

as substantial morbidity and mortality globally (Fasanmi et al., 2017). In addition, avian RNA viral 

outbreaks asides from causing significant financial losses in poultry are detrimental to human health; 

for instance, from January 2003 to January 2023, about 868 human infections of HPAIV (H5N1) 

resulting in 457 deaths, have been reported globally (WHO 2023). Hence, characterizing the RNA 
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viruses in chickens will lead to a greater knowledge of key viral agents associated with poultry 

infectious outbreaks. 

To date, the use of faecal samples has been reported as an ideal specimen in animal studies as it allows 

continuity, temporal analysis, and tracking of the digestive tract microbiome at different stages 

without killing the animal (Stanley et al., 2015; Videvall et al., 2018). Previous investigations through 

next-generation sequencing (NGS) have reported faecal virome compositions of both healthy and 

diseased animals. For example, in a comparative study on diarrheic and non-diarrheic piglets, an 

average of 4.2 and 5.2 mammalian viruses was shed in the faeces of non-diarrheic and diarrheic 

piglets, respectively (Theuns et al., 2016). A more specific study, which compared breeder source 

and age, in the development of intestinal RNA viruses in healthy chickens, using stool samples 

observed that Astroviridae, Reoviridae were most prevalent at 2 weeks 

whereas Picornaviridae, Flaviviridae, and other unclassified viruses showed increased abundance 

with age (Shah et al., 2016). In another related study, the Caliciviridae, Adenoviridae, Parvoviridae, 

Picornaviridae, Picobirnaviridae, and Reoviridae were the major viral families identified from faecal 

samples of Brazilian chickens (Lima et al., 2017). In addition, a more recent study in the Netherlands 

demonstrated that close interaction of humans with chickens and its farm dust facilitated zoonosis 

and also identified picornaviruses, parvoviruses, caliciviruses, and novel chicken astrovirus using 

NGS (Kwok et al., 2022).  

Worldwide, NGS, a high throughput sequencing method has allowed unprecedented advances in the 

characterization of complex microbial communities including viruses (Shah et al., 2016; Kang et al., 

2021). The NGS approach offers the combined advantages of speed, sensitivity, automation, and 

high-throughput deep sequencing and has successfully been used to characterize faecal microbiota of 

animals such as bats (Phan et al., 2018), cats (Yamanaka et al., 2020), dog (Shi et al., 2021b), pigs 

(Theuns et al., 2016), wild birds (Chang et al., 2020; Vibin et al., 2020a) and chickens (Patzina-

Mehling et al., 2020; Kwok et al., 2022). In addition, the revolutionization of viral metagenomics 

concerning epidemiological studies has allowed credible, faster, better detection and surveillance of 

multifunctional viruses in poultry, which is critical for the sustainability of healthy chicken 

production globally (Malik et al., 2018; Yadav et al., 2019). Decades of avian research have focused 

on zoonotic viral pathogens, or viruses causing significant economic losses in poultry while 

overlooking other RNA viruses which also constitute the avian virome. With the continuous evolution 

of highly unstable RNA viruses and quasi species emergence, these undetected, unidentified RNA 

viruses might become the basis for a potential outbreak in the nearest future (Fitzpatrick et al., 2021). 
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Also, despite the complexity, evolution, and high mutation rates of RNA viruses, the information on 

the total RNA virome of birds including chickens, particularly in apparently healthy ones is still 

patchy. Although it would be crucial to simultaneously explore both healthy and diseased chickens 

despite the difficulties in their sample availability as well as ethical concerns regarding sampling 

diseased birds. Therefore, monitoring the total RNA viral diversities in healthy chickens is a crucial 

step towards understanding the chicken RNA virome. Also, seemingly healthy chickens are more 

readily available and in high demand, since they are reared in large commercial, medium-size, and 

backyard farming systems and may carry viral pathogens even in the absence of any observable 

disease condition or growth impediment (healthy). Therefore, this study was underscored as a crucial 

step toward future epidemiological investigations of avian enteric viruses in diseased birds. Hence, 

this pilot study characterized and obtained baseline data on the RNA faecal virome of healthy South 

African chickens with the possibility of considering diseased birds in future studies. 

Overall, this study provides information on the characterization of gut RNA viral communities 

present in the faecal samples of healthy chickens from a commercial farm in Durban, KwaZulu-Natal, 

South Africa using the NGS method. In addition, this study examined the effect of seasonal variations 

and chicken’s developmental age on viral gut shedding as well as the evolutionary relatedness and 

diversity among the identified viruses. Furthermore, information obtained from this study serves as 

baseline data for future studies comparing viruses in healthy and diseased chickens. It is also hoped 

that the data from this study will be helpful for studies looking to compare RNA virome structure in 

healthy and diseased chickens and will serve as an effective step towards better preparedness for 

emerging or reoccurring infections from chickens. 

1.2 Statement of the research problem 

Infectious RNA viral outbreaks of animal origin have been and still is a global issue, leaving several 

countries in a quandary; for instance, the Coronavirus pandemic (Peacock et al., 2021). Continuous 

viral surveillance of livestock species is crucial globally because of their economic importance. It 

could be noted that more than 60% of emerging infectious viruses are of animal origin (Lloyd-Smith 

et al., 2009; Brucker 2020; Rahman et al., 2020), though recently, there has been considerable 

attention on zoonosis devoted to bats and other mammals; nevertheless, birds are also important 

natural hosts for quite a number of zoonotic infections/transmissions globally. These infections 

include the Crimean-Congo haemorrhagic fever virus (Lindeborg et al. 2012), Japanese encephalitis 

virus (Hameed et al., 2021), Louping-ill virus (Jeffries et al., 2014), Newcastle disease virus 

(Alexander 2000), St. Louis encephalitis virus (Gruwell et al., 2000), Tick-borne encephalitis virus 
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(Deviatkin et al., 2020), West Nile virus (Vidaña et al., 2020), and the Usutu virus (Kuchinsky et al., 

2021) among others. In addition, Influenza A viruses, particularly the H5N1, H5N6, and the latest 

H7N9 have been implicated with potential pandemic concern. Globally, from January 2003 to January 

2023, about 868 human infections of H5N1 avian influenza (H5N1) including 457 deaths were 

recorded while since early 2013, a total of 1,568 confirmed human infections with H7N9 avian 

influenza A virus and 616 deaths, have been reported by world health organisation (WHO) (WHO 

2023). The burden of avian infectious RNA viruses is still high causing substantial economic losses, 

morbidity and mortality, globally. Hence it appears that the vulnerability of both novel and re-

emerging viruses may have been seriously underestimated in the light of poultry farming and cross-

species transmission occurrences of viral pathogens (Hassan et al., 2016; Gardy and Loman 2018; 

Kalkowska et al., 2018). These viruses have been implicated with enteritis, malabsorption, immune 

suppression, and other infections resulting in low productivity of chickens and its allied products, as 

well as high costs of management and treatment in poultry systems. South Africa has recorded about 

68 bird flu outbreaks in poultry as of 2017 with more than half occurring in chickens, costing the 

nation about 900 million Rands as well as export restrictions (Abolnik et al., 2021; Marimwe et al., 

2021). Recently, there have been about 145 avian-flu outbreaks from the first outbreak in April 2021 

to March 2022 with more than 4 million birds culled in South Africa (Uwishema et al., 2021; SAPA, 

2022b). In addition, an outbreak from Influenza A virus H5N2 led to the stamping out of about 10% 

of South Africa’s local ostrich population and approximately 7.4 million USD in compensation to 

owners (Abolnik et al., 2019; Marimwe et al., 2021). Consequently, the loss of substantial revenue 

resulting from mobility restrictions of poultry products exports, the medical cost of surveillance 

systems during outbreaks in birds, vaccine procurements, morbidity, and fatal human avian cases are 

major impacts of avian viral diseases (Newmana and Abrahamsb 2018; Arndt et al., 2020). 

Nevertheless, decades of avian research have focused on zoonotic viral pathogens, or viruses causing 

significant economic losses in poultry. However, there is a paucity of information on the overall RNA 

viruses as well as factors such as age, seasonality, latitude, and sex which may impact the presence 

or prevalence of RNA viruses in chickens. Also, with the continuous evolution of highly unstable 

RNA viruses and quasi-species emergence (Carrasco-Hernandez et al., 2017; Fitzpatrick et al., 2021), 

these undetected, unidentified RNA viruses might become the basis for the emergence of novel 

viruses, with a potential outbreak in the nearest future. Hence, this study will, for the first time, 

determine and analyse the overall RNA virome in the GIT of healthy South African chickens using 

next-generation sequencing (NGS). Also, it will seek to determine the RNA viruses that might be 

causative agents for diseases affecting chickens and those with the potential to cross species barriers. 
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In addition, the impact of bird age on viral composition, and the effects of seasonal variations during 

summer and winter periods on viral diversities and abundance was ascertained. Hence, characterizing 

the overall RNA viruses in healthy chickens provides insights into the knowledge of key viral agents 

associated with poultry infectious diseases which is an effective step towards better preparedness and 

management of future emerging and recurring diseases in chickens.  

1.3 Justification/Significance of the study 

This study was viewed as an important step towards field epidemiology investigations of enteric avian 

RNA viruses. In South Africa, a dearth of information exists about the total gut virome of animals 

including chickens. Therefore, this study seeks to determine and analyse the genomes of faecal RNA 

viruses present in healthy chickens that could contribute to underlying disease agents affecting normal 

host immunity and/or alter the severity of diseases such as diarrhoea or act as catalysts for more 

serious and/or opportunistic diseases that result to high morbidity or mortality of avian species. 

Hence, rather than studying one or fewer viruses in isolation, the Illumina next-generation sequencing 

technology and modern bioinformatics tools in viral metagenomics were adopted, which hold the 

potential to provide a clearer understanding of the total viral RNA composition of chickens. This 

study seeks to find information on the diversity and composition of the total RNA viruses in healthy 

chicken’s gut. The tracking of chicken gut viruses at early (2 weeks), intermediate (4 weeks) and 

mature stages (7 weeks) provide insights into the viral colonization of the GIT of avian species.  In 

addition, this study provides a baseline of reference sequences and information for future studies 

looking to compare the virome of healthy and diseased African chickens. Furthermore, the data 

obtained from this study could be vital in improving poultry health management systems and the 

development of prevention strategies for RNA viral infections. This will, in-turn provide a baseline 

knowledge of viruses in asymptomatic chickens for better poultry production strategies in South 

Africa and result in improved and efficient production of healthier chickens and their derived 

products. 

1.4 Hypothesis 

i. Would enteric RNA viruses be detected from Apparently healthy commercially bred South African 

chicken? 

ii. What impact would chicken age have on viral abundance and diversity? 

iii Would more viruses be detected during winter collection time points than in summer? 
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1.5 Aim 

The overall aim of this study is to determine the composition, diversity and abundance of the total 

RNA viruses present in healthy South African chickens using the Illumina NGS technique.  

1.6 Objectives 

The specific objectives are: 

i. To profile the total RNA viruses, present in the faecal samples of healthy chickens in Durban, 

KwaZulu-Natal province, South Africa using the NGS method. 

ii. To determine the effect of developmental ages (2, 4, and 7 weeks) and seasonal variations 

[summer (December to March) and winter (June to August)] on the chicken’s GIT RNA viral 

abundance and diversities.  

iii. To describe the evolutionary relationship of the identified chicken gut RNA viruses using 

phylogenetic analysis and to establish a database of reference sequences. 

1.7 Dissertation layout/organization 

The present dissertation has been organized into six distinct chapters. 

The first chapter (introduction) provides the broad context of the study, its problem description, goals, 

specific objectives, and the significance of the study. 

The second chapter gives an in-depth review of the published literature pertaining to the composition 

of avian gut virome, its relation to diseases, and the next-generation sequencing characterization 

technologies employed in recent times, while chapter three presents a detailed methodology on 

targeted enrichment methods and optimization undertaken for characterization and better recovery of 

mRNA viral transcripts employing metagenomic NGS. 

Chapter four presents the overall results of different RNA optimization steps used, enteric RNA 

viruses identified in chickens, the differences in abundance and diversity across sample groups, the 

ecological diversity measures of the impact of age and seasons on avian gut virome diversities and 

phylogenies of the identified RNA viruses, all based on the three study objectives.  

The fifth chapter provides a discussion/comparison of the results obtained, along with their potential 

implications, while the last chapter (chapter six), presents the concluding findings of the study, as 

well as the limitations and potential avenues for future research. 
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CHAPTER 2. Literature review 

2.1 Chicken gut virome  

Avian GIT extends from the mouth through the pharynx, oesophagus, crop, proventriculus, small 

intestines, caeca, rectum and finally the cloaca. Avian gut, unlike the human GIT is relatively short, 

with lesser transition time, and structurally comprises of diverse microbiota (Grond et al., 2018; Abd 

El-Hack et al., 2022). Chicken's productive performance and feed conversion rate are greatly 

influenced and dependent on the state of health and proper functioning of its GIT (Shah et al., 2016), 

which is the site of nutrition, metabolism, and build-up of diverse microbes. In addition, the chickens 

GIT has a significant impact on immune cell development and system regulation, which in turn 

controls its intestinal flora and maintains infection resistance (Shah et al., 2016; Abd El-Hack et al., 

2022; Yin et al., 2022a). Research on the chicken microbiome has been significant, mostly 

concentrating on the gut bacterial composition, whereas studies on avian viral constituents of the 

microbiome are quite sparse with the information on asymptomatic birds even scantier. This may be 

attributed to the study of avian viruses as pathogens, hence has led to the obvious differences in 

research efforts between avian virome and bacteriome studies, as most virome studies are merely 

descriptive (François and Pybus 2020). In addition, it appears that most chicken viral studies are 

surveillance studies geared towards tracking specific pathogenic viruses. Furthermore, the lack of a 

common identifier for viruses (like the bacterial 16S gene and ITS for fungal), limited genomic 

database for comparisons and sparse analytical techniques have contributed to the challenges of 

virome investigations (François and Pybus 2020; Mogotsi et al., 2020). Although the gut microbiome 

has been shown to influence the body's natural immunity to microbes, little is known about the role 

of the microbiome in determining the susceptibility of chickens to viral infections (Abd El-Hack et 

al., 2022; Yin et al., 2022a). The assemblage of viruses that populate or infiltrates chicken’s digestive 

tract is referred to as its gut virome. These chicken gut viruses may be categorized into enteric viruses, 

bacteriophages, mycoviruses, archaeal viruses, endogenous and diet associated viruses which 

contribute to the entire make up of its gut virome. 

2.1.1 Enteric viruses 

Avian enteric viruses encompass diverse viruses that trigger diseases and villus withering by 

replicating in the mucosa and cytoplasmic epithelial cells that surround the GIT. Inflammatory 

damages caused by these viruses’ changes the integrity of the gut, which compromises the mucosal 

barrier that maintains intestinal homeostasis and innate immunity of the avian host. Although younger 
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birds are more susceptible to enteric viruses owing to their still-developing body defence 

mechanisms, nevertheless these viruses may affect birds of all ages, consequently increasing the 

vulnerability of subsequent infections and lowering feed conversion efficiency. An investigation of 

the gut RNA virome of American chickens revealed that RNA viral abundance declined with age, 

with the exception of the picornaviruses (Shah et al., 2016). This exception may not be surprising as 

different avian studies globally have identified members of the Picornaviridae from asymptomatic 

birds. 

Virologists have employed recent sequencing technologies to characterize known and novel enteric 

viruses in human and animal hosts including chickens. Some of these enteric gut viruses have well-

established roles and their associated disease conditions, while others still need to be further 

investigated. For instance, previous studies have associated caliciviruses, coronaviruses, reoviruses 

and parvoviruses to diarrheal related infections in chickens (Devaney et al., 2016; Lima et al., 2019; 

Kubacki et al., 2022). Significant studies have tried to uncover the overall gut virome of chickens. 

Table 2.1 gives an overview of all different research efforts in the last decade to uncover the virome 

of chickens currently available in literature databases. The information depicted in Table 2.1 were 

extracted from chicken studies that exclusively investigated their virome through the metagenomics 

approach, and not studies that employed other molecular methods and/ or with interest in studying 

specific virus(es). A total of 11 studies were recovered at the time of this study from seven countries 

(Switzerland, Netherlands, Brazil, U.S.A, Hungary, China, and United Kingdom) spanning across 

only 4 continents: Europe, South America, North America, and Asia. Majority of the 11 studies used 

specimens from chicken such as faeces, jejunum, cloaca, intestines, ileum, duodenum, bursa, lungs, 

liver, heart, kidney, spleen, and pancreases. However, Kwok et al., (2022) and Kubacki et al., (2022) 

utilized chicken farm dust and farm cloth in their studies respectively. Within, these studies, for the 

physiological state of chicken used, half of these studies (5) used healthy chickens, 3 compared 

healthy and diseased chickens, 2 exclusively considered diseased birds and only study utilized dead 

chickens. It is important to state that within the available studies on chicken virome studies, the 

information on the African and Australian continents were underreported. Hence, to our knowledge, 

this is the first study on chicken virome from the African continent. With continuous emphasis made 

on the importance of characterizing the overall viral constituents of the poultry GIT’s. Thus, it is 

crucial to also determine the roles which these viruses play in enteric health disorders or in the overall 

physiology of the chicken’s GIT (Day et al., 2015; Aruwa et al., 2021). 
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Table 2.1 A synopsis of chicken virome metagenomic investigations over the past decade (2013-2023) 

Country Published 

Year 

Specimen Microbes 

studied 

Sample 

size 

Age Health 

state 

Diseased 

condition 

Next 

generation 

sequencing 

platform 

Data 

availability 

status 

ID/Accession 

numbers 

Sampling 

date 

References  

U.S.A  

 

 

2015 Intestines Bacteria 

and RNA 

viruses 

5 Unspecified Healthy Healthy Ion torrent Yes MG-RAST 

(4509873.3 -

4509879.3) 

 

Unspecified Day et al., 

(2015) 

 

China 2023 Liver, 

spleen, 

kidney, and 

recta 

Bacteria, 

DNA and 

RNA 

viruses 

20 Unspecified Dead Hepatomegaly 

rupture 

syndrome 

Illumina 

 

Yes Genebank 

(OQ749505 -

OQ749511); SRA 

(PRJNA923241) 

2021 Wang et 

al., (2023) 

 

Brazil 

 

 

 

 

 

2021 Duodenum, 

ileum, 

bursa, 

lungs, liver, 

heart, 

kidney, 

pancreas 

 

RNA 

viruses 

only 

243 1-11 days Diseased Runting 

stunting 

syndrome 

(RSS), apathy 

and growth 

retardation 

Illumina  Yes Unspecified 2016 to 

2017 

de Oliveira 

et al., 

(2021) 

 

Brazil 2018 Faeces RNA 

viruses 

1 pooled 

sample 

41 days Healthy Healthy Illumina 

sequencing 

Yes Genebank 

(MG708279) 

July, 2009 Castro et 

al., (2018) 
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United 

Kingdom 

 

 

 

2016 Intestines DNA and 

RNA 

viruses 

2-7 birds 

from each 

group (RSS 

and 

normal) 

 

13-21 days Healthy 

and 

diseased 

RSS and 

normal 

Illumina and 

Pyrosequenci

ng 

Yes MG-RAST 

4689857 

Unspecified Devaney et 

al., (2016) 

 

Hungary 

 

 

 

2016 Cloaca and 

intestines 

Picornavir

uses 

Unspecifie

d (Pooled 

samples) 

4 weeks Diseased Diarrheic Illumina Yes Genebank 

(KT880665- 

KT880677) 

April, 2013 Boros et 

al., (2016) 

 

U.SA 

 

 

2016 Jejunum 

and ileum 

 

RNA 

viruses 

36  2- 6 weeks asymptom

atic 

Healthy Illumina Unspecified unspecified Unspecified Shah et al., 

(2016)  

 

 

Brazil 

 

2017 Faeces DNA and 

RNA 

viruses 

 

5 per house 3-5 weeks 

 

Asympto

matic 

Healthy  Yes Genebank 

(KY086292-99) 

(KY69111-13) 

(KY56250-51) 

(KY120883) 

 Lima et al., 

(2017) 

 

Brazil 

 

 

 

2019 Faeces DNA and 

RNA 

viruses 

70 3- 5 weeks Healthy 

and 

diseased 

Malabsorption 

syndrome and 

healthy 

 

Illumina Yes Genebank 

(MG846351-

MG846490) 

 

May to 

December, 

2015 

Lima et al., 

(2019) 
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Netherland 

 

2022 Faeces and 

farm dust 

 

DNA and 

RNA 

viruses 

102 2-5 weeks Apparentl

y healthy 

Asymptomatic Illumina Unspecified unspecified May to 

August 

2019 

Kwok et 

al., 2022 

 

Switzerland 2022 Poultry 

farm cloth 

DNA and 

RNA 

viruses 

28 2-11 days and 

30 days 

Healthy 

and 

diseased 

RSS and 

normal 

Illumina Yes, SRA and 

Genebank 

Genebank 

(OM469021-

OM469308); 

SRA 

(PRJNA802076) 

Unspecified Kubacki et 

al., (2022) 
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2.1.2 Bacteriophages  

Bacteriophages or phages are bacterial-replicating viruses which predominate the gut virome. These 

immunogenic bacteriophages on the mucosal lining may aid in the building of an innate immune 

barrier by establishing an antibacterial first line of defence against luminal bacterial infections 

(Popescu et al., 2021). Research on viruses present in faecal samples has demonstrated that bacterial 

viruses are the most dominant viruses in the gut (Breitbart et al., 2008). The term "avian phageome" 

could be referred to as the sum of all bacteriophages found in a bird host. In addition to Microviridae, 

research has shown that gut phages are predominated by phages with dsDNA viral genomes within 

the families, Siphoviridae (61% of tailed phages), Myoviridae (25%), and Podoviridae (14%) within 

the Caudovirales order (Ackermann 2003; Leung et al., 2019). However, recent research has shown 

that the distribution of RNA phages is more widespread than initially anticipated in a few 

environmental niches, including animal faeces (Krishnamurthy et al., 2016; Callanan et al., 2020). 

Antibiotic resistance genes are known to be highly prevalent in faecal samples of broiler chickens 

(Yan et al., 2019).  

Over the years, we have witnessed a surge in the prevalence of multidrug-resistant bacteria, attributed 

to food-borne pathogens. Unfortunately, the dearth of new and effective treatments has left us with 

limited options for combating these recalcitrant bacteria. Various studies have suggested 

bacteriophages (phages), as a potential substitute for antibiotics to ensure food safety and public 

health. Bacteriophages have been used for a variety of purposes, including disinfection (Lee et al., 

2016), biocontrol of food (Nabil et al., 2018), and even in the production of chickens (Żbikowska et 

al., 2020). However, some threats were raised by the persistence of these bacteriophages on poultry 

meat surfaces (EFSA, 2009) and these phages may become fully adapted super phages and develop 

resistance in the nearest future (Principi et al., 2019). It is also believed that phage treatment in people 

and animals, including poultry, may be affected by the immune responses elicited by the 

bacteriophages (Cisek et al., 2017; Majewska et al., 2019). Overall, though many promising results 

have emerged from studies of bacteriophage applications, there are still several drawbacks and 

uncertainties that should be resolved (Loc-Carrillo and Abedon 2011). In addition, owing to the 

discovery of 122 partial genomes of new RNA phages from a metagenomic dataset, it is clear that the 

"real" diversity and abundance of RNA have not been fully explored (Krishnamurthy et al., 2016; 

Callanan et al., 2018). Presently, little is known about the healthy chicken gut phageome (Walk et 

al., 2016), and far less is understood about the interactions between phage and the chicken immune 

system (Żbikowska et al., 2020). 
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2.1.3 Endogenous retroviruses  

Retroviruses are RNA viruses that replicates through a DNA pro-viral stage linearly existent in the 

host genome, because of the availability of a pol gene encoding the reverse transcriptase required for 

the transcribing of RNA to DNA in the viral genome. Endogenous retroviruses (ERVs) often occur 

in a wide range of vertebrate genomics, including avian species. ERVs make up around 3% of the 

avian genome and act as the evolutionary history of past avian retroviral infections (Mason et al., 

2016; Kapusta and Suh 2017). Within the avian genomics, chicken has been the model organism for 

the study of ERVs and with only about 1.3% of its genome made up of ERVs compared to a much 

higher 5% that was observed in humans (Lander et al., 2001). When retroviruses incorporate itself 

into the germline, they adapt and become ERVs, which have a lasting effect on genome modification 

of the avian genome. ERVs are known to be vertically and horizontally transmissible in the host 

genome and can be further propagated through reinfection and retro-transposition, particularly in 

chickens and turkeys (Lee et al., 2017).  

The three major coding genes in ERVs are called gag, pol, and env. These genes are surrounded by 

long terminal repeats (LTRs), which are regulatory areas that include promoters, enhancers, and 

polyadenylation signals (Grifford and trestem, 2003). Additionally, ERV-derived non-coding RNA 

has been shown to have biological activity (Chen et al., 2019). However, most ERVs lack the env 

protein, due to mutations and/or negative selection, and can be complemented by another retrovirus 

with a functional envelope (Feschotte and Gilbert 2012; Magiorkinis et al., 2012). To keep up with 

the rapid pace of evolution in their host organisms, exogenous retroviruses often acquire new 

accessory genes through horizontal gene transfer from other vertebrates, their pathogens, or other 

viruses (Kanda et al., 2013). Novel, structurally complete ERVs may be produced by reinfection and 

intracellular retro transposition, and these ERVs have the capacity to influence gene expression, 

enable chromosomal rearrangements (Kanda et al., 2013) and modify the innate immunity to 

retroviral infections.  

Endogenous retroviruses of avian origin are classified into three major exogenous retroviral classes 

(class I to III), according to pol amino acid sequences (Jern et al., 2005), and consist of four internal 

coding regions: group-specific antigen (gag), protease gene (pro), RNA-dependent DNA polymerase 

gene (pol), and envelope gene (env), which are flanked by LTRs. In chickens and turkeys, the 

reticuloendotheliosis virus spreads vertically and horizontally. Researchers have shown that one of 

the 49 full-length Gallus gallus endogenous retroviruses (GGERV10) has the potential to be used as 

a diagnostic biomarker for chicken breed determination (Lee et al., 2016). In contrast, commercially 
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significant characteristics in chicken production may be negatively impacted by these exogenous and, 

in some instances, endogenous viruses. Even though retroviruses are often classified as endogenous 

sequences integrated into a host genome, they can also be exogenous viral particles that infiltrate the 

avian species. For instance, Shan et al., (2022) identified a novel retrovirus from cloacal samples of 

wild birds, whose mean mapping coverage (74.4) was significantly higher than that of the host 

genome (0.006), indicating that the retrovirus genome obtained from this library is most likely from 

a virus particle and not of the host. Three species of avian retrovirus cause disease in poultry: the 

avian leukosis/sarcoma virus (ALSV), reticuloendotheliosis virus (REV), and lymphoproliferative 

disease virus (LPDV) of turkeys (Payne 1998).  It is widely established that ERVs may influence host 

responses on different levels. ERVs have been linked to a variety of phenotypes, including blue 

eggshell (Wang et al., 2013; Wragg et al., 2013), recessive white (Chang et al., 2006), late feathering 

(Elferink et al., 2008), and henny feathering (Li et al., 2019). In addition, strain T, an abruptly 

changing type of reticuloendotheliosis virus, contains a viral oncogene and can produce 

reticuloendotheliosis in birds within a few days (Payne, 1998). Overall, chicken endogenous 

retroviruses (ERVs) have been studied for their effects on a variety of diseases, not only those linked 

to tumours (Li et al., 2019; Dai et al., 2022). Nevertheless, it appears that our knowledge of chicken 

ERVs and their roles in chicken illnesses is limited. 

2.2 The interplay between the gut virome and chicken diseases 

Studies have shown that the gut microbiome has a role in the development of illnesses both within 

and outside the intestines (Cao et al., 2022). One of the cutting-edge areas of gut microbiome research 

is the gut virome, which is being shown to have an essential role in the pathogenesis of diverse viral 

infections. The avian gut is colonized by microorganisms shortly after hatching (Oakley et al., 2014).  

In a balanced chicken gut, the gut mucosal barrier provides both physical and chemical protection 

and helps maintain host−microbial homeostasis. The disruption of the gut integrity by viruses induces 

inflammatory damage in the intestinal mucosa which in turn compromises the innate immunity of the 

host defences thus permitting the appearance and adaptation of pathogenic RNA viruses. Studies have 

revealed that the microbiome structure of avian species may be affected by a few environmental 

variables, such as age, breed, sanitation, nutrition, temperature, and housing (Clavijo and Flórez 2018; 

Ocejo et al., 2019). For instance, a longitudinal study which compared breeder source and age, in the 

development of intestinal RNA viruses in healthy American chickens, using stool samples revealed 

that gut RNA viruses were more abundant in the earlier stages of the chicken’s life (Shah et al., 2016).  

Unlike the DNA virome, which has been extensively investigated, the RNA virome in the avian gut 
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has been examined only to a limited extent since RNA viruses tend to be less durable in samples than 

DNA viruses, making their detection by metagenomic sequencing more challenging (Turner et al., 

2021). The gut microbiota functions of chicken have been extensively studied in relation to resistance 

to chicken viral diseases (Clavijo and Flórez 2018; Abaidullah et al., 2019; Alqazlan et al., 2020; Shi 

et al., 2021c). However, there is currently a lack of information on the impacts of gut virome on avian 

infections and requires clarity.  

2.3 Pathology of RNA viruses 

The virome represents one of the most varied biomes on our planet, exhibiting an astounding array 

of species and genetic variation. The gut flora promotes the progress of immune cells and boosts the 

innate antiviral immunity (Alqazlan et al., 2020; Shi et al., 2021c). Nonetheless it has been observed 

that viruses with pathogenic properties have the potential to manifest within the GIT of avian hosts 

during periods of stress that are induced by infection. Yet another effect to be examined is that of 

competitive exclusion for viruses. For bacteria, a gut microbial community that is balanced serves as 

a protective mechanism that can potentially prevent the overgrowth of pathogenic bacteria through a 

process known as competitive exclusion. This process involves the gut microbiota that settle first in 

the epithelium competing for space and nutrients with potential pathogens. As a result, an unsuitable 

environmental atmosphere for potential pathogens may be created, or their growth may even be 

inhibited through the production of antimicrobial compounds such as bacteriocins (Garcia-Gutierrez 

et al., 2019). Research findings have indicated that competitive exclusion is an effective measure in 

providing defence against enteric bacterial pathogens in juvenile poultry (Methner and Rösler 2020; 

Lee et al., 2023). This competitive exclusion effect conferred is yet to be examined for opportunistic 

viral pathogens. According to Virgin et al., (2009), it has been predicted that a healthy individual may 

harbour more than 10 chronic viral infections, and in some cases, even more. The microbiome is 

significantly impacted by viruses due to their parasitic nature. It has been observed that viruses 

possess the capability to modulate and exert control over a significant portion of the prokaryotic 

microbiome, consequently impacting both the composition of the microbiome and the host. The 

phenomenon of trans-domain relationships, which refers to the relationships that exist between 

organisms belonging to different domains of life, is frequently observed in the context of 

phage/bacteria as well as virus/host/bacteria connections (Virgin 2014). The investigation of the 

virome constitutes a pivotal constituent in the pursuit of comprehending the function of the 

microbiome in animals including birds.  
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2.4 Sequencing technologies 

2.4.1 First generation sequencing 

The decryption of genomic sequences and the knowledge of DNA composition of organisms were 

made possible by the 1953 crystallographic discovery of the double helix structure of DNA, which is 

comprised of the four bases A, T, C, and G. To better comprehend and cure genetic illnesses, the 

investigation of genomic sequences of organisms has benefited greatly from the emergence of 

sequencing technologies (Tourneau and Kamal et al., 2015). A sequencing device generates files 

containing DNA sequences in the form of strings known as reads on an alphabet composed of the 

five letters A, T, C, and G, with the letter N representing uncertainty (Shendure and Ji, 2008; Kchouk 

et al., 2017). The advancement of sequencing technologies over time has allowed unprecedented 

knowledge of the genomic information of all life forms. 

2.4.1.1 Sanger sequencing 

Frederick Sanger and colleagues in 1975, and Allan Maxam and Walter Gilbert in 1977, were the 

first to discover methods for sequencing DNA. According to the di-deoxy nucleotide chain 

termination principle (Sanger, 1988), the template is split into four aliquots and then all the substrates 

needed for sequence synthesis are added. This is the basis for Sanger sequencing. Radiolabelled chain 

termination di-deoxynucleotides (ddATP, ddGTP, ddCTP, ddTTP) are originally utilized throughout 

this sequencing procedure and are subsequently added to each reaction to halt DNA strand synthesis. 

Separating the template's terminated lengths derived from the platform using gels was the final step 

(Sanger, 1988). Chemical degrading and base-specific cleaving of DNA was at the heart of Maxam 

and Gilbert's approach (Maxam and Gilbert, 1977) with each of the four reactions (C, T+C, G, A+G) 

and chemical treatment causing breakage at a tiny percentage of one or two of the four nucleotide 

bases. This reaction generates a sequence of fluorescently labelled fragments that may be 

electrophoretically resolved based on their relative sizes. However, for Sanger sequencing which did 

not involve DNA cloning, or the use of potentially dangerous reagents became the method of choice. 

Following this, automated laser-based fluorescence dye detection and capillary electrophoresis were 

then later introduced (Smith et al., 1986). Later, Sanger sequencing technology was improved to the 

currently used capillary sequencing where fluorescently labelled chain terminating di-deoxy-

nucleotides are used as chain terminators. The sequenced templates obtained from the platform are 

separated using capillary electrophoresis (Liu et al., 2012; Swerdlow & Gesteland, 1990). Although 

capillary sequencing yields extremely precise reads, it is a time-consuming, costly, low-throughput, 

and a labour-intensive process. 
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2.4.2 Second generation sequencing 

The development of second-generation sequencing technology was spurred by the need for rapid, 

low-cost, high-throughput, and accurate sequencing methods. This new generation of sequencers 

emerged in 2005, expanding beyond the capabilities of its predecessors. Second-generation 

sequencers are intriguing development that was made possible by fusing Sanger technology with 

fluorescence detection, which ultimately enabled for many sequence processes to occur in parallel. 

There are two broad types of second-generation sequencing technologies, distinguished by means 

breakdown, amplification genomic segments and identification of bases. Those based on the principle 

of sequencing by ligation such as the SOLiD-ABI (Applied Biosystems). The second group rely on 

sequencing by synthesis such as 454-pyrosequencing, Illumina sequencing and Ion torrent sequencing 

(Tipu & Shabbir, 2015). Among this generation sequencers, researchers appear to have a preference 

for the Illumina sequencer. The advantages of these modern technologies include faster processing 

times, more precision, wider coverage, and higher throughput, all while requiring less time 

investment. Most importantly, their capacity to sequence samples without culture or previous 

knowledge of the sample makeup has made viral metagenomics research a reality (Mogotsi, et al., 

2019). Table 2.2 compares the different features of major NGS platforms. 

2.4.2.1 SOLiD-ABI sequencing 

The Supported Oligonucleotide Ligation and Detection (SOLiD) is an NGS sequencer marketed by 

Life Technologies which was bought by Applied Biosystems (ABI) in 2006, and a merger sequencer 

named ABI/SOLiD sequencing. This sequencing approach involves the use of a DNA ligase in 

ligating four fluorescently labelled bases competing for binding to an oligonucleotide complementing 

the template being sequenced. Multiple cycles of ligation, detection and cleavage are performed with 

the number of cycles determining the eventual read length. The strength of ABI/SOLiD platform is 

high accuracy because each base is read twice while the drawback is the relatively short reads and 

long run times (Kchouk et al., 2017). However, it is not able to produce good read lengths and is 

faulted with base substitution errors. 

2.4.2.2 454 pyrosequencing 

The luminous approach is used by the 2005-introduced 454-pyrosequencing technique to measure the 

release of pyrophosphate after the incorporation of each nucleotide into the synthetic DNA strand. 

An enzyme called adenosine triphosphate sulfurase converts pyrophosphate, which is produced 

during sequencing by synthesis, into a more usable form of energy called adenosine triphosphate 
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(ATP). This ATP serves as a substrate for the enzyme luciferase, which emits light in direct proportion 

to the quantity of pyrophosphate it liberates (Tedersoo et al., 2010). However, counting consecutive 

nucleotides was a challenge while using this method. Roche/454's newest instrument, the GS FLX+, 

can output 1 million reads each run with read lengths of up to 1000 bp (454.com GS FLX+Systems 

http://454.com/products/gs-flx+system/index.asp). As a result of homopolymer regions, insertion and 

deletion mistakes predominate in sequencing data (Huse et al. 2007). Noisy signals were often 

produced if there were four or more identical nucleotides, even though the amount of light emitted 

was proportional to the homopolymer's length (Froehlich & Heindl, 2010). Additionally, mistakes in 

identifying nucleotides might be brought on by signals of insufficient or excessive strength, 

respectively. 

2.4.2.3 Ion torrent sequencing 

In ion torrent sequencing method, a chip containing a series of micro wells, each of which carries a 

bead with multiple identical fragments, is employed. Its principle typically, involves picking up pH 

variations brought on by the emission of hydrogen ions during the sequencing procedure. Given the 

evidence of the process's extreme specificity, no ionic alterations take place if a complimentary base 

cannot be added to the expanding template being sequenced. A sensor at the micro well's base detects 

this shift, translating it into a voltage signal that is directly proportionate to the quantity of nucleotides 

integrated. This ion proton sequencer output may exceed 10 Giga bases, and the sequencer can 

generate reads of 200 bp, 400 bp, and 600 bp in length. Importantly, the main benefits of this 

sequencing technique are its quick sequencing time (within 2 and 8 h) and greater read lengths (when 

compared to other second-generation sequencers) (Kchouk et al., 2017).  Nevertheless, due to signal 

degradation when several matching dNTPs are included, this method of sequencing is not ideal for 

deciphering homopolymer sequences (greater than 6 bp) (Rothberg et al., 2011; Reuter et al., 2015). 

2.4.2.4 Illumina sequencing 

Illumina sequencing was introduced in 2006 and remains the most popular second-generation 

sequencing platform. It features more stable chemistry and an error rate of 0.1%. In this approach, 

adapters are ligated to the beginning and end of each fragmented DNA sequence extracted from a 

sample. Following this, the adapters are affixed to their corresponding complements, which are in 

turn hooked on a flow cell containing a wide variety of adapters. These sequences that have been 

connected to a solid plate are then amplified by bridge PCR amplification which results in many 

copies of each sequence called cluster, consisting of several duplicates of the same sequence. Four 

modified nucleotide sequencing primers, and DNA polymerases are combined, and the primers are 
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hybridized to the sequences to identify each individual nucleotide. Then, polymerases are employed 

to extend the primers using the modified bases. To ensure the individuality of each nucleotide type, 

they are all fluorescently tagged. An inert 3'-hydroxyl group in the nucleotides prevents the addition 

of any further phosphate groups, guaranteeing that just a single nucleotide will be used. Clusters are 

stimulated by lasers, which in turn release a light signal unique to each nucleotide.  This excited signal 

is captured by a coupled-charge device (CCD) camera, and the data is then interpreted by a computer 

to reveal the nucleotide sequence (Tipu & Shabbir, 2015). However, the use of this sequencing 

platform has a limitation of generating short read sequences, which makes genome assembly difficult, 

particularly in places with repetitive sequences (Hengyun, & Francesca, 2016). In addition, 

sequencing control is often a necessity as overloading of samples might cause them to merge into one 

another, leading to low-quality sequencing output. Furthermore, the most prevalent kind of mistakes 

associated with this technique is base substitutions owing to incorrect identification of the integrated 

nucleotide (Dohm et al., 2008). 

2.4.3 Third generation sequencing (TGS) 

PacBio and Oxford Nanopore Technology are two examples of TGS platforms that can sequence long 

reads. The third gen-sequencers employs the principle of single molecule real time sequencing 

approach (Bentley et al., 2008) and the synthetic method that builds on Illumina's current short-reads 

capabilities (Harris et al., 2008). This generation sequencers have shown promising results in 

enhancing genome assembly, particularly in regions with high repetition (Kchouk et al., 2017). These 

methods generate reads in real time, with a much shorter sequencing time compared to Illumina 

sequencing, which requires at least 48 h and allows access to the sequenced data only after it has been 

completed. This advantage makes them excellent sequencers for diagnostic testing offering real-time 

sequencing in a shorter time (Tyler et al., 2018). Notwithstanding, the error rates for this generation 

sequencer are higher than those of alternative sequencing methods.  

2.4.3.1 Pacific Bio sequencing 

Zero mode waveguides (ZMWs) are classified as wells of ten nanometres in diameter and are 

generated in a metal sheet. These ZWMs are used in single molecule real time (SMRT) cells in PacBio 

sequencing. To prohibit light from spreading, ZMWs allow light flow to through apertures with 

diameters smaller than its wavelength. Hence, with narrower diameters light diffuses along the wells, 

lighting the ground below. Embedded in the ZMWs' underside is a DNA polymerase and a nucleotide 

template which adds a fluorescently labelled nucleotide to the developing strand during sequencing 

(Eid et al., 2009; Rhoads & Au, 2015; Travers et al., 2010). The incorporation of nucleotides triggers 
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the production of a luminescent signal that is detected by the sensors, allowing the precise DNA 

sequence to be determined (Rhoads & Au, 2015). While the platform generates lengthy reads and 

sequences in real time, it is prohibitively costly and requires significant capital investment, making it 

impractical for use in most laboratories.  In addition to this, the bulkiness of the sequencing equipment 

also makes its use awkward and impractical to be used in a real-world outdoor epidemiological 

investigation. 

2.4.3.2 Oxford Nanopore MinION sequencing 

The limitation of Pac Bio sequencing was well compensated in the development of MinION 

sequencing. As a result of its mobility and compact size, the ONT MinION device can be used for 

real-time field epidemiological investigations (Laver et al., 2015). The core concept of nanopore 

sequencing is the movement of nucleic materials through a nanopore. Nanopores come in two forms: 

those found in living organisms and those found in inorganic materials (Haque et al., 2013; Liu et al., 

2012). Proteins in biological membranes create nanopores and once the desired sequence has been 

determined, the proteins are changed to alter their internal structure binding to molecular motors. 

Staphylococcus aureus α-haemolysin and E. coli Curlin sigma S dependent growth subunit G are two 

examples of proteins utilized to make nanopores (Goya et al., 2018). In contrast, nanopores in the 

solid state are constructed openings in material-like graphene (Haque et al., 2013; Magi et al., 2017).  

For sequencing purposes, the MinION device may be connected directly to a laptop equipped with 1 

terabyte of storage, 16 gigabytes of random-access memory, and 4 cores of processing power (Loman 

et al., 2015). The flow cell of a typical ONT MinION device has 512 paths, each of which contains 

four nanopores; however, only one nanopore per sensor is activated at any one moment (Stoddart et 

al., 2009) and the MinKNOW program is used to manage the sequencing run procedure. The program 

facilitates setting up the experiment's run settings, gathering data, and receiving results and insights 

(Magi et al., 2017; Rang et al., 2018). By attaching a motor protein to the pore, the device may unzip 

double-stranded DNA and force it through a chemically or biologically created pore, allowing for 

sequencing to take place. Thus, variations in the nucleotides passing through the pore in motion 

generate an ionic current which is read as signals. 
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Table 2.2 A snapshot of the characteristic features of current next-generation sequencing (NGS) platforms 

Present 

Company 

NGS platform Sequencing 

method 

Maximum 

output 

Maximum 

Read per run 

Maximum read 

length (bp) 

Run 

duration 

 

Amplification 

method 

Illumina Iseq 100 Synthesis-based 

sequencing utilizing 3’-

O-Azidomethyl 

reversible terminations 

1.2 Gb 4 million 2 X 150 9.5-19 h Bridge PCR 

 Miniseq 7.5 25 million 2 X 150 4 to 24 h 

 Miseq 15 Gb 25 to 30 million 2 X 300 4 to 55 h 

 Nextseq 550 120 Gb 400 million 2 X 150 12 to 30 h 

 Nextseq 2000 330 Gb 1.1 billion 2 X 150 11 to 48 h 

  Novaseq 6000 6 Tb 40 billion (paired- 

end) 

2 X 250 13 to 44 h 

      

 Hiseq 3000/4000 

 

105 to 1500 

Gb 

2.1 million to 5 

billion 

2 X 150 84 h 

Oxford Nanopore 

Technology 

Flongle 2 Gb 0.1 million Read length up to 4 

Mb but is dependent 

72 h PCR 
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 MinION  Real time nanopore 

sequencing of relatively 

long fragments of DNA 

50 Gb  
on the length of 

molecule of interest 
72 h  

 GridION MK1 250 Gb  72 h  

 P2 and P2 Solo 580 Gb  72 h  

 PromethION 24 7 Tb  72 h  

 PromethION 48 14 Tb 

 

 72 h  

Roche 454 GS FLX + Pyrosequencing 700 Mb 1 million 700 bp 23 h Emulsion PCR 

 Roche GS Junior 35 Mb 0.1 million 400 bp 

 

10 h 

Ion-Torrent PGM 318 Semiconductor 

synthesis 

10 Gb - 400 bp 7 h Emulsion PCR 

 Ion-torrent Proton with 

Ion PI chip 

15 Gb 60 to 80 million 200 bp 2.5 h 

 Ion Torrent Genei 

studio S5 prime 540 

chips 

10 to 15 Gb 60 to 80 million 200 bp 6.5 h 
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 Ion Torrent Genei 

studio S5 prime 520 

chips 

1.2 to 2 Gb 4 to 6 million 400 bp 5.5 h 

 Ion Torrent Genei 

studio S5 530 chips 

 

3 to 4 Gb 15 to 20 million 200 bp 10.5 h 

ABI/SOLid Life 

technologies 

 

 Oligonucleotide ligation 3 Gb 1.2 to 1.4 billion 75 bp 5 to 14 days Emulsion PCR 

Pacific 

Biosciences 

PacBio RS C2 Synthesis 100 Mb - 2900 bp 2 h Real time single 

molecule 

The information depicted in Table 2.2 above was adapted from the official web pages of the respective sequencing platform manufacturers.
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CHAPTER 3. Methodology 

3.1 Ethical approval and sampling 

This study was carried out with the full approval of the Animal Research Ethics Committee (AREC) 

of the University of KwaZulu-Natal with the protocol Ethics Number, AREC 012/020 (Appendix 

8.1.1). In addition, in compliance with section 20 of the Animal Disease Act (Act No 35 of 1984), a 

research permit was obtained from the South African Department of Agriculture, Land Reform and 

Rural Development, with the reference no 12/1/5/4 (1511AC) (Appendix 8.1.2). Furthermore, a 

provincial no restriction permit was obtained from the KwaZulu-Natal Department of Agricultural 

and Rural Development (DAR) for the collection of chicken faecal samples (Appendix 8.1.3). The 

faecal samples were obtained from a high-density, commercially driven poultry farm in Durban, 

KwaZulu-Natal, South Africa. The chickens were produced under standard rearing conditions in 

commercial flocks, and a non-invasive and non-intrusive faecal sampling method was adopted. 

3.1.1 Sample collection and study design 

A total of 10 chickens were used in all, five for summer and five for winter periods. This study, 

principally aimed to determine the RNA virome of healthy South African chickens was also 

underscored to track the viral colonization and composition of chickens’ GIT.  Hence, the early (2 

weeks), intermediate (4 weeks), and mature (7 weeks) developmental stages of chickens were chosen. 

These ages were rationalized from the research design and the reality that under standard conditions, 

most commercially bred South African chickens, particularly broilers are off to the market by 7-8 

weeks of age for consumption. Thus, five asymptomatic chickens showing proper development and 

normal behaviour with no observable disease condition (Veit 2021) were randomly pre-selected from 

flocks at 2 weeks of development during the summer period, July/August 2021. The selected chickens 

(n =5) at 2 weeks were marked and kept separately in medium-sized metal cages, layered with sterile 

plastic wrap and sawdust at each collection time point. The faecal contents from each cage were 

obtained from individual chicken immediately as they dropped using sterile plastic bags. The same 

collection procedure was repeated for the marked chickens (same summer chickens) at 4 and 7 weeks 

of age for summer samples. Similarly, for winter samples (December 2021 to January 2022), another 

five asymptomatic chickens were used, and the same selection, separation, and faecal sample time 

point collection procedure used for summer sampled chickens was followed resulting in a total of 15 

winter samples. However, at age 7 weeks, only two samples were obtained from summer samples, 

while the remaining 3 chickens under study whose faecal samples were not obtained had been sold 
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off to the market for consumption, as at the time of sample collection. This reduced the expected 

sample number from 30 to 27 samples, all together. Hence, a total of 27 faecal samples (n=12 for 

summer) and (n= 15 for winter) were obtained, transported on dry ice, and were further stored at -

80°C until further processing at the Department of Biotechnology and Food Science laboratory, 

Durban University of Technology. Figure 3.1 summarizes the faecal sample collection timeline of 

the 10 chickens used in this study.  All wet lab analysis of the faecal samples, downstream processing 

and sequencing were carried out at the Next generation sequencing virological unit of the University 

of the Free State, Bloemfontein South Africa.  

 

 

 

Figure 3.1. The time interval of chicken faecal samples collection. A total of 10 samples were 

collected from 2 weeks and 4 weeks developmental stages, whereas 7 samples were collected only at 

7 weeks. On the X-axis, faecal samples S1 to S5 were collected during the summer, whereas samples 

W1 to W5 were obtained during the winter. In addition, the ages of the chickens used are indicated 

by the colors of the bars, and each bar represents only one sample. 

3.1.2 Sample pre-treatment 

Of the 27 samples, 5 each from each developmental stage of both winter and summer with the 

exception of the 7 weeks summer samples, all samples were subjected to pre-treatment in batches to 
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and thereafter using a 0.45 µm filter (Merck, Millipore). In summary, the filtrate obtained from each 

sample ID was subjected to nuclease treatment using a cocktail of degrading enzymes which includes 

2 µl of 25 U/µl benzonase nuclease (Sigma-Aldrich, USA) and 100 U/µl Micrococcal nucleases 

(Thermo Scientific, Massachusetts, USA). The resulting mixture was combined with 7 µl of freshly 

prepared buffer containing 1 M Tris buffer (Merck, Germany), and 30 mM MgCl2 (Sigma Aldrich, 

USA) and 100 mM CaCl2 (Sigma Aldrich, Missouri, USA) at pH 8.0. This mix was then incubated 

for 2 h at 37°C using the AccuBlock Digital Dry Bath (Labnet International, Inc., USA) to destroy 

the naked free-floating nucleic acids. Subsequently, after 2 h of incubation, 7 μl of 0.5 M EDTA was 

added to the samples for nuclease enzyme inactivation and all virally enriched specimens were kept 

at -20°C for 24 h, before extraction. 

3.3 Viral RNA extraction 

Total viral RNA from enriched samples was extracted using QIAamp viral RNA mini kit (Qiagen, 

Hilden, Germany) following the manufacturer's instructions with some modifications. First, the 

reaction buffers were modified to exclude carrier RNA, as in metagenomics studies unlike whole 

genome sequencing, random primers are used, resulting in amplified and sequenced carrier RNA 

more abundant than sample RNA targets. The buffer AVL contains chaotropic salts and detergents 

for cell wall degradation. Wash buffers 1 and 2 were reconstituted using ethanol instead of 

isopropanol, reducing yield. The final volume of AW1 and AW2 was 228 ml and 226 ml, achieved 

by adding 130 ml and 160 ml of 100% ethanol to 98 and 66 ml of buffer AW1 and AW2 concentrate, 

respectively. 

The RNA extractions were performed in batches because the sample number exceeded the 

manufacturer's recommended 24 samples. Each enriched viral sample was equilibrated and 140 μl 

added to sterile 1.5 ml qsp tubes (Thermo Fisher Scientific USA) in duplicates. A volume of 560 μl 

of AVL buffer was added, homogenized using the pulse vortex method, and incubated at room 

temperature for 10 min. The tubes were placed with extra rack spaces, aerosol-barrier tips, and gloves 

changed after each centrifugation step to avoid contamination. After a 10 min incubation, the samples 

were briefly spun down, and 560 μl of absolute ethanol was added to each tube. Samples were briefly 

centrifuged using a microcentrifuge (Lasec Labs, Cape Town), and 630 μl of the lysate mixture was 

added to the pre-labelled spin column. The samples were spun down using a Labnet Prism™ R 

Refrigerated Microcentrifuge (Labnet, International, USA) at 6000 x g for 1 min, and the same steps 

were repeated until all liquid was spun down for each sample lysate. 
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The viral-bound spin columns were first washed with 500 μl of AW1, centrifuged at 6000 x g for 1 

minute, followed by a second wash buffer (AW2) at 20000 x g for 3 min. The spin columns were 

then placed in new collection tubes and dried out residual ethanol. Air-dried spin columns were 

placed in sterile 1.5 ml Eppendorf tubes for RNA elution. About 50 μl of RNase-free water was added 

to the spin filter, allowing it to dry for 60 s. This process used RNase-free water instead of AVE 

elution buffer, which contained 0.04% sodium azide known to affect RNA quality determination in 

terms of purity (www.qiagen.com). 

Finally, another modification was at the elution stage which involved centrifuging 1.5 ml tubes with 

spin filters for each sample I.D. for 1 min at 20000 x g after 1 min incubation. For better viral yield, 

the resulting flow through RNA collected was again collected and dispensed into the center of their 

respective duplicate spin filters and similarly centrifuged for 1 min at 20000 x g. For quantification, 

2 μl of each RNA sample was assessed using Qubit reagents on a Qubit 3.0 fluorometer (Life 

Technologies, Invitrogen), which selectively measures RNA or DNA. The samples were stored at -

20°C before the DNase treatment step.  

3.4 DNase treatment 

Therefore, DNase treatment was performed for all samples using the DNase I M0303S kit (New 

England Biolabs), according to the manufacturer’s guidelines. First, the AccuBlock Digital Dry Bath 

(Labnet International, Inc., USA) was set to heat to 37°C. Following this, the reaction mix for each 

sample was set up on the ice. Each sample mixture of 100 μl total volume contained 48 μl of RNA, 

10 μl of DNase reaction buffer, 1 μl of RNase-free DNase I, and 41 μl of Nuclease-free water. This 

was done swiftly on ice to prevent RNA degradation during bench preparations and to ensure 

uniformity of treatment time for all samples since the DNA degrading enzyme activity could only be 

activated at 37°C. Quickly, all sample mixtures were incubated for 10 min at 37°C after which 1 μl 

of 0.5 M EDTA was added to each treated sample for DNase enzyme inactivation. This step is often 

followed by column purification rather than heat inactivation for RNA samples used in downstream 

processes. 

3.5 Purification of RNA and concentration 

The removal of degraded DNA and DNase I enzyme from the reaction mixture and further 

concentration of sample RNA was carried out using the RNeasy Plus Micro Kit (Qiagen Hilden, 

Germany) following the manufacturer’s guidelines. Any residual activity of DNase I will degrade the 

single-stranded DNA probes necessary for the ribosomal RNA depletion in the latter step. The 
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resulting RNA samples (as described in section 3.4) purification steps were performed quickly at 

room temperature with all centrifugation steps done at 22°C. Delving into specific details, 4 volumes 

of 100% ethanol were initially added to buffer RPE originally supplied as a concentrate to achieve 

the working solution. Differing slightly from the recommendations, the addition of β-

mercaptoethanol or dithiothreitol to buffer RLT was not explored in this protocol. First, a 100 μl 

starting volume for individual samples was pipetted in pre-labelled sterile 2 ml qsp tubes, and 350 μl 

each of buffer RLT plus was added to the samples. This was followed by thorough mixing before 

and after the addition of 250 μl of 100% ethanol.  

Briefly, 700 μl of the lysate was transferred into a gDNA Eliminator spin column placed in a 2 ml 

collection tube with the lids gently closed. A 30 s centrifugation step was carried out using Labnet 

Prism™ R Refrigerated microcentrifuge (Labnet International, USA) at 8000 x g after which the 

column was discarded and the flow-through collected. Additionally, 350 µl of 80% ethanol was added 

to the resulting flow-through and thoroughly pipette-mixed. The samples were then transferred to a 

RNeasy MinElute spin column secured in 2 ml flow-through tubes with closed lids. After a 15 s 

centrifugation at 8000 x g, the flow-through fluid was discarded, and the silica-membrane spin 

columns were retrieved and further placed into new collection tubes. 

At this stage, the expected sample RNAs are bound to the silica-membrane spin filters facilitated 

using binding buffers. Hence, a series of wash steps and sample concentration is crucial to achieving 

pure RNA samples with better yield. First, 700 µl Buffer RW1 each was added to the RNeasy 

MinElute spin columns with closed lids and centrifuged for 15 s at 8000 x g. Similarly, the flow-

through was discarded and 500 µl of buffer RPE each, was added to the RNeasy MinElute spin 

columns and spun down at the same centrifugation conditions. Again, the flow-through was 

discarded, and 500 µl of 80% ethanol used for membrane washing was dispensed into the RNeasy 

MinElute spin columns and centrifuged at 8000 x g for 2 min. Upon complete centrifugation, the 

RNeasy MinElute spin columns were carefully removed from the collection tube while preventing 

ethanol carryover resulting from column contact or spillage with the flow-through fluid, and both the 

flow-through and collection tubes were discarded. As a precautionary measure to ensure the thorough 

elimination of residual ethanol, an additional step was undertaken by placing the spin columns in 

new collection tubes with their caps left open following centrifugation at maximum speed of 17000 

x g for 5 min. As it appears with uncapped tubes with longer centrifugation time at high speed, 

breakage of lids often occurs. Hence, prior to the latter centrifugation step, it is important to also label 

the collection tubes accordingly for clarity, position the lids in the opposite direction to the rotor's 
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rotation, and arrange tubes with one or two empty spaces between them in the centrifuge’s cavities 

to minimize lid breakage. Finally, after the collection tubes had been discarded, the spin columns are 

now placed in pre-labelled sterile 1.5 ml qsp collection tubes and 12 μl of RNase-free water was 

added directly to the centre of the membranous spin filter with lids gently closed. The elution of RNA 

was achieved by a centrifugation step at maximum speed (16000 x g) for 1 min and quantification 

was carried out with 2 μl RNA sample using highly sensitive (Hs) RNA detection reagents on a Qubit 

fluorometer 3.0 (Life Technologies, Invitrogen). The eluted RNA samples were temporarily stored 

at - 20°C. 

3.6 Ribosomal RNA depletion 

To enrich viral RNA even further, the avian host ribosomal RNA (rRNA) was removed using the 

NEBNext ribosomal RNA (rRNA) depletion (Human/Rat/Mouse) kit (New England Biolabs, 

Massachusetts, USA) in accordance with the manufacturer guidelines. The ribosomal RNA (rRNA) 

constitutes about 80% to 90% of the total RNA (Palazzo and Lee 2015; Liefting et al., 2021), with 

only 2.5%–5% each for the messenger RNA (mRNA) and transfer RNA (Buckingham 2019). 

Therefore, the main essence of rRNA depletion was to prevent the bulk of the libraries and 

sequencing reads from including rRNA which is not of interest (Shi et al., 2021a). Hence, the purified 

RNA samples described in section 3.5 were first quantified. The RNA quantification was achieved 

using a highly sensitive RNA-specific fluorometric method with Qubit 3.0 (Life Technologies, USA) 

as described in section 3.7 and purity was assessed using the spectrophotometric principle of the 

BioDrop. Going by the obtained fluorometric results, the RNA samples met the standard input RNA 

requirement of 10 ng to 1 μg total RNA (DNA-free) in 10 μl total volume stipulated when using the 

NEBNEXT Globin rRNA depletion kit. The RNA-probe hybridization and rRNA depletion, RNase 

H degradation, DNase I digestion, and final RNA bead purification are the four key stages of the 

ribosomal RNA depletion protocol which are majorly characterized by different cycling 

temperatures, specific buffers, and all bench preparation done on ice. 

To begin with, the RNA-DNA Probe hybridization step was prepared on ice using a 200 µl PCR tube 

each for individual samples. Each PCR tube contained, 10 μl of purified RNA, 3 μl of NEBNext 

Globin rRNA depletion solution and 2 μl of the probe hybridization buffer. The tube contents were 

evenly mixed by up and down gentle pipette-mixing 10 times and briefly centrifuged to condense 

liquid. Quickly, post centrifugation the samples were placed in a pre-heated MiniAmp Plus thermal 

cycler (Applied Biosystem) automated with the following temperature conditions; heated lid 

temperature of 105°C to avoid evaporation, 95°C for 2 min, ramping down to 22°C at 0.1°C per 
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second and a holding time of 5 min at 22°C. After completing cycling time, the tubes were swiftly 

taken out of the thermal cycler, briefly spun down with a microcentrifuge and placed on ice. 

In addition to the completed RNA-DNA probe hybridization stage is the ribonuclease digestion using 

ribonuclease H, an endoribonuclease which cleaves RNA formed from RNA-DNA hybrids, breaking 

down the phosphodiester linkages of RNA to DNA probes. The reaction mixture was prepared on ice 

and each sample contained 2 μl NEBNext thermostable RNase H, 2 μl of RNase H reaction buffer 

and 1 μl nuclease-free water and 15 μl of RNA-DNA probe sample from the previous step achieving 

a total volume of 20 μl each. The sample mixture was evenly mixed by gentle pipette-mixing up and 

down 10 times, briefly centrifuged, and placed in a pre-heated Multigene OptiMax thermal cycler 

(Labnet International, USA) automated with a heated lid temperature of 40°C, and a 30-min 

incubation time at 37°C. After completed incubation, the ribosomal RNA bound to the DNA probes 

in the reaction mixture as anticipated has been fully depleted, however, an additional DNase 

treatment was crucial to degrade the remaining DNA probe in the sample mixture. First, the samples 

were removed from the thermal cycler, briefly spun down, and placed on ice. Following this, the 

DNase I reaction mixture containing 2.5 μl of NEBNext DNase I enzyme, 5 μl DNase I reaction 

buffer, and 22.5 μl nuclease-free water each, were added to the previously incubated 20 μl RNase H 

degraded samples. These samples with a total volume of 50 μl each, were gently pipette-mixed, 

briefly spun down with a microcentrifuge, and placed in a pre-heated Multigene OptiMax thermal 

cycler (Labnet International, USA) automated with a heated lid temperature of 40°C, and a 30-min 

incubation time at 37°C. Similarly, after completing incubation, the DNA-digested samples were 

briefly centrifuged and transferred from PCR tubes to a 96-well PCR plate on ice ready for the 

following RNA purification stage.  

Subsequently, the purification of viral RNA was carried out as an enrichment step toward selectively 

isolating viral RNA from digested enzymes, salts, buffer reagents, and contaminants contained in the 

reaction mixture. This was achieved using the Agencourt RNAClean XP beads (Beckman Coulter, 

USA) which employ the principle of magnetic separation and size selection. To obtain an even 

solution of the Agencourt RNAClean XP beads, the container holding the sedimented beads was 

vigorously homogenized using a desktop vortex mixer (Axiology laboratories, South Africa). About 

90 μl of the resuspended bead solution, was added to each of the 50 µl RNA samples from the DNase 

digestion stage. The samples were thoroughly mixed with the bead solution by pipetting up and down 

not less than 10 times and the plate was further incubated on ice for 15 min. The incubation stage was 

to enable RNA binding to the beads, thereafter, the PCR plate was gently positioned into a 96-plate 
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PCR magnetic stand ((PerkinElmer, USA) for a 5-min magnetic separation. A good separation of 

RNA-bound beads from the solution was characterized by a clear solution and bead pellets stuck to 

the directional contact of the magnetic cavities. The clear supernatant was completely removed by 

gentle suctioning without disturbing the bead pellets with the plate still in place on the magnetic stand. 

Afterwards, 200 μl of newly made 80% ethanol was added to each sample well and incubated for 30 

s at room temperature as a wash step. The supernatant was gently pipetted out while avoiding any 

contact with the beads and this same wash step was repeated. After two complete wash steps, the 

beads were air-dried for about 5 min to evaporate all residual ethanol, with the plate still positioned 

on the magnetic rack. The beads were eluted while they still maintained their glossy dark-brown 

colour, as over-dried beads appear with lighter brown shades with cracks and result in lower RNA 

recovery. 

Finally, the PCR plate was removed from the magnet stand, and immediately the RNA-bound beads 

were resuspended in solution by adding 7 μl of nuclease-free water in individual wells. The RNA-

bead solution was thoroughly mixed by pipetting up and down 13 times, briefly centrifuged using a 

Hermle MK plate centrifuge (Hermle Labortechnik, Germany), and incubated at room temperature 

for 2 min. The PCR plate was repositioned on the magnetic base for magnetic separation of the beads 

and RNA in a clear solution for about four min. After the solution was sufficiently clear, 5 μl each of 

the clear supernatant containing the recovered RNA from samples was withdrawn and individually 

transferred to a fresh 96-well PCR plate. The purified RNA samples in the PCR plate were first 

sealed using a plate micro-seal film, tightly rolled over twice using a speedball Bio-Rad Roller, 

securing all edges before temporarily storing the RNA-containing plate at -20 °C overnight before 

proceeding with the cDNA synthesis step. 

3.7 Whole transcriptome amplification 

The whole transcriptome amplification (WTA) method is an efficient, unbiased, and a relatively fast 

method often used to amplify DNA. This approach involves a first step of reverse transcription RNA 

into complementary DNA, flanking the primer ligation sites, and final amplification step of the cDNA 

library independent of poly A-tailing and oligo d(t) priming. The flowchart presented in Figure 3.7.1 

depicts the process involved in the amplification of the entire transcriptome utilizing the QIAseq 

single cell technology (Andreou et al., 2023). Consequently, ensuring a uniform amplification of 

template RNA without 3′ bias. Hence, using cDNA obtained from the reverse transcription of the 

polyadenylated mRNA for amplification has remained the gold standard of major transcriptomics 

studies (Hrdlickova et al., 2017; Andreou et al., 2023). 
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Figure 3.7.1 A procedural overview of the entire transcriptome amplification process utilizing the 

QIAseq FX single cell technology adapted from Andreou et al., (2023). 

The WTA of the ribosomal depleted RNA samples was achieved using QIASeq FX Single Cell RNA 

Library Preparation Kit (Qiagen, Hilden, Germany) following the manufacturer’s guidelines. An 

input RNA volume of 8 μl was required for the WTA starting material, hence, 5 μl of the purified 

resultant RNA from each sample from the previous step (section 3.5) were first transferred into 2ml 

sterile pre-labelled microcentrifuge tubes and an additional 3 μl of nuclease-free water each was 

added into the samples. The RNA cell samples were first lysed by adding 3 μl of the denaturation 

buffer following a brief but simultaneous vortexing and centrifugation using a tabletop vortexer 

(Axiology laboratories, South Africa) and microcentrifuge (Labnet, International, USA) respectively. 

After the solution had spun down, ensuring that no liquid was above the meniscus, the samples were 

first incubated for 3 min at 95°C and chilled to 4°C using a Multigene OptiMax thermal cycler (Labnet 

International, USA). In order to remove all residual genomic DNA that may be present in the sample, 

2 μl of gDNA wipe-out buffer was added to the samples, briefly vortexed, completely spun down, 

and further incubated for 10 min at 42°C. Quickly, a 10-min timer was set, and the Quantiscript 

reaction mixture for the reverse transcription phase was prepared. This was done by adding 4 μl 

RT/Polymerase buffer, 1 μl oligo dT primer, 1 μl random primer, and 1 μl Quantiscript RT enzyme 

mix in a 2ml sterile qsp tube and further scaled up by the number of samples, thoroughly vortexed 

and briefly centrifuged. 

Reverse transcription involves the conversion of RNA into cDNA. At the beep of the timer at 10 min 

incubation time, the samples were taken out and placed on ice. Following this, 7 μl of the freshly 

prepared Quantiscript RT mix was added to the RNA samples, briefly vortexed, spun down, and then 

incubated in an auto-programmed thermal cycler with the following incubation conditions; 60 min at 

42°C and 95°C for 3 min respectively and then cooled on ice. Similarly, after the completion of the 

reverse transcription of the RNA to cDNA, an adapter consisting of short oligonucleotide base pairs 

was ligated to the priming ends of cDNA to allow for further synthesis of the complementary strand 
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and amplification. The Adapter ligation step was achieved by adding 10 μl each of the freshly 

prepared ligation reaction mixture containing 2 μl ligase mix and 8 μl ligase buffer to all transcribed 

cDNA samples. The samples were removed from the ice, briefly vortexed, and centrifuged, following 

incubation at 24°C for 30 min. During the 30 min incubation time, the REPLI-g SensiPhi 

amplification reaction mixture for WTA was prepared by adding 29 μl REPLI-g sc reaction buffer 

and 1 μl of REPLI-g SensiPhi DNA polymerase, further scaled up by the number of samples and 

placed on ice. After 30 min of incubation at 24°C, the ligation reaction was stopped by incubating the 

samples for 5 min at 95°C, and immediately 30 µl of REPLI-g SensiPhi amplification reaction was 

added to the ligated reaction samples. These samples were thoroughly vortexed, completely spun 

down by brief centrifugation, and incubated for 2 h at 30°C using a Multigene OptiMax thermal cycler 

(Labnet International, USA).  After 2 h of incubation, the amplification reaction was stopped by 

incubating the samples for 5 min at 65°C. The WTA products were quantified using Qubit 3.0 

fluorometer (Life Technologies, Invitrogen) and stored at -20°C. 

3.8 Fluorometric Qubit quantification of nucleic acids 

The most common methods of quantifying nucleic acids and proteins in molecular studies are often 

spectrophotometric and fluorometric based. While the spectrophotometric technique relies on 

ultraviolet-visible absorption of light at a specific wavelength (260 nm) using a BioDrop µLITE 

micro-volume spectrophotometer (Biodrop, Cambridge, United Kingdom) and the A260/A280 ratio 

concentration determination calculations. The fluorometric measurement principally involves the use 

of fluorescent intercalating dyes such as Qubit assay reagents and the SYBR Green used in a 

quantitative Polymerase chain reaction (qPCR) for a more direct and precise determination of sample 

DNA, RNA, or proteins of interest. In this study, the Qubit assay kits (Life Technologies, USA) were 

used which comprised of the concentrated assay reagents, dilution buffer and pre-diluted DNA or 

RNA standards with known concentrations.  

The Qubit reagent working solution was prepared following the manufacturers guidelines. First, to 

ensure nuclease free handling, wearing a new latex glove, the working bench, tubes racks, pipettes 

and calculator were sterilized using 1% sodium hypochlorite followed by 75 % ethanol and the gloves 

were discarded. Also, all reactions, particularly the fluorescent dye and samples with cold storage 

conditions were allowed to thaw, as preparation and quantification were to be carried out at room 

temperature only. After, wearing a new pair of gloves, 1 µl of Qubit assay reagent containing 

fluorescent dyes and 199 µl of Qubit buffer makes up the 200 µl solution for one reaction. Hence, to 

scale up the working reaction, 199 µl of Qubit buffer was multiplied by the number of samples to be 
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quantified plus 2 for the two standards. Similarly, for the fluorescent dyes, 1 µl was multiplied by the 

same multiplying number used for the buffer calculation. After, the scaled-up buffer and dye 

quantities were transferred into a sterile plastic 15 ml centrifuge tube, the solution was thoroughly 

mixed by 15 s pulse-vortexing method. 

Moving on, 500 µl Qubit assay tubes (Thermo Fisher Scientific, USA) were arranged on the racks 

and labelled on their lids according to samples with two additional tubes, each labelled standard 1 

and 2. After thoroughly mixing the working solution, 199 µl each of the working solutions were added 

to the sample tubes whereas 190 µl each were added to the standard 1 and 2 tubes. Following this, 10 

µl of each of the Qubit HS standards was added to labels of standard tubes containing190 µl of the 

working solution, bringing it to 200 µl volume per tube. On the contrary, 1 µl each of the pipette 

mixed nucleic acid sample mixture was added to tubes containing 199 µl of working solution 

according to their labels. All Qubit tubes containing soon to be quantified samples and standards in 

working solutions were briefly vortexed and incubated for two minutes to allow proper binding of 

the fluorescent dye to the DNA or RNA. These nuclei molecule-dye binding allows the excitation of 

fluorescent signals which are translated into concentration during the actual quantification in the 

desktop Qubit’s cavity. 

In measuring sample concentrations, the Qubit 3.0 fluorometer was first calibrated using the 

standards. This was to ensure that the working solution was well formulated, and the concentration 

readings of standards were accurate. Going into details, the specific molecule type to be quantified 

selected on the Qubit user interface screen, High sensitivity (HS) RNA assay or HS double stranded 

(ds) DNA assay for RNA or DNA quantification, respectively. The calibration was done by placing 

the standard 1 and 2 tubes in the machines cavity, resulting in a confirmatory standard curve. The 

first sample was then placed in the sample chamber after completing calibration, and the volume of 

the sample used was imputed, for instance; 1 µl in this case. The sample concentration was read in 

ng/µl or ng/ml by carefully closing the chamber lid and pressing the “read tube” button. 

Finally, it is important to emphasize that in RNA viral metagenomics studies, the specific nuclei 

material to be quantified as well as the Qubit assay kits used is dependent on the specific step of the 

workflow. In the case of this avian RNA virome study, quantifications done after RNA extraction, 

DNase I treatment, initial concentration and rRNA removal were carried out using the Qubit RNA 

HS assay kit (Life Technologies). On the contrary, post whole transcriptome amplification, through 

library preparations and quality checks, the DNA was instead quantified using the ds DNA assay kits 

since the RNA has now been transcribed to double stranded DNA.   
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3.9 Normalization of amplified cDNA products   

One of the major objectives of genomics studies is to generate the best quality results with minimal 

technical variations across samples. Thus, addressing the origins of technical variability that may 

cause bias in downstream analyses has been shown to be an excellent measure for enhancing 

protocols (Bacher et al., 2022). This is to say that, in the case of DNA concentration, samples with 

much higher concentrations may be overrepresented in the resultant library, hence, dominating the 

total read composition post-sequencing, and thus leading to under-detection of transcripts from 

samples with lower concentrations. In previous studies, equalization of cDNA concentrations across 

libraries has been proven to minimize sequencing coverage variation and improve transcriptome 

diversity by providing more uniform sequencing coverage for all samples (Bogdanova et al., 2008; 

Bacher et al., 2022). In addition, normalization reduces the bias of sequencing of most abundant 

transcripts and hence boosts the sequencing throughput of low- and mildly expressed genes (Zhulidov 

et al., 2005). In preparation for the amplified library normalization, dilution calculations were 

performed to adjust the obtained Qubit concentrations of the amplified cDNA products to the required 

input DNA concentration of 200- 1000 ng/µl in 10 µl for all samples as recommended by the QIASeq 

FX Single Cell RNA Library Preparation Kit (Qiagen, Hilden, Germany). A confirmatory step of 

spectrophotometric quality assessment and Qubit HS DNA quantification was undertaken to ensure 

that the diluted samples had been equalized to a uniform concentration.   

3.10 Library preparation 

During library preparation, DNA/cDNA samples are transformed into a collection of cDNA 

fragments of specified lengths, amplified into clusters and sequenced on a high-throughput next-

generation sequencer. Basically, library construction begins with the size selection in which the target 

DNA of interest is fragmented into specified lengths, often followed by end polishing/repair and 

ligation of adapters. These adapters are 8-10 bases unique molecular identifiers with T-overhangs that 

bind to the 3´adenylated ends of the cDNA fragments needed for barcoding, primer annealing and 

containing sequences that allow their hybridization to the flow cell. Further, a PCR clean-up wash 

step is often carried out to remove free barcodes, enzymes, nucleotides, and adapter dimers. After the 

PCR clean-up was done, the libraries were analysed on a microfluidics platform or bioanalyzer for 

sizing and quantification before normalization and pooling. It is important to understand that the 

procedures for library preparation may differ based on the specific kit used. 
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The library construction for this study was achieved using the QIASeq FX Single Cell RNA Library 

Preparation Kit (Qiagen, Hilden, Germany) following the manufacturer’s guidelines. The approach 

of this kit generates PCR-free libraries from the already amplified cDNA. In preparation for 

fragmentation, the kit reagents were thawed on ice.  Also, the defrosted buffers were quickly vortexed 

and briefly spun down to homogenize any localized concentrations that may have formed during their 

storage. It is critical to note that the insert size of final DNA fragments generated by fragmentation is 

influenced by the amount of DNA input and the fragmentation timeframe. According to the 

manufacturer’s instructions, an input DNA of 200-1000 ng in 10 µl will yield a fragment distribution 

of about 350 base pairs for a fragmentation time of 15 min. The starting cDNA material used in this 

study has been normalized as previously mentioned in section 3.8.  To begin with, the fragmentation 

of the Multigene OptiMax automated thermal cycler (Labnet International, USA) was programmed 

with the following temperature cycling conditions; Lid temperature of 60°C, 4°C for 1 minute, 32°C 

for 15 min, 65°C for 30 min and a holding temperature of 4°C. The program was allowed to start, 

ensuring that the heated lead option was on to avoid evaporation, however, it was paused immediately 

after the temperature reached the 4°C. At this point the fragmentation reaction was prepared on ice 

by adding 5 µl FX Buffer (10x), 20 µl H2O, 5 µl FX Enhancer, and 10 µl FX Enzyme mix scaled up 

by the number of reactions. The PCR plate containing the normalized amplified cDNA initially placed 

on ice was brought forward, 40 µl of the fragmentation reaction mix each was added to the wells 

containing samples, gently mixed by pipetting up and down for 5 times and sealed with a micro seal 

film (Biorad, USA). Immediately the plate was spun down using a Hermle MK plate centrifuge 

(Hermle Labortechnik, Germany) 280 x g at 20°C for 30 s and then placed inside the pre-chilled 

Multigene optimax thermal cycler (Labnet International, USA). The program initially on pause was 

resumed to commence from the fragmentation at 32°C for 15 min. During the fragmentation step the 

cDNA was cleaved into fragment lengths of about 350 base pairs. After, the total fragmentation 

temperature cycling conditions had been completed the PCR plate was taken out of the thermal cycler 

and placed on ice in preparation for the ligation of adapters. 

During this stage of adapter ligation, known 8 to10 oligonucleotides base molecular identifiers with 

T-overhangs known as barcodes or indices bind to the 3´adenylated ends of the cDNA fragments, 

serving as tags used to differentiate one sample from another, thus making multiplexing possible. In 

addition, the adapters contain primer annealing sites in which the sequencing primers for 

amplification are bound as well as sequences which can hybridize to the flow cell adaptors. In this 

study, the ligation reaction mix containing 20 µl DNA ligase buffer (5X), 15 µl H2O sc, and 10 µl 
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DNA Ligase enzyme were prepared and scaled up to the number of reactions and placed on ice. First, 

the adapter plate was spun down briefly using a plate centrifuge, the information of the individually 

matched adapters of each sample was recorded and then computed into the Illumina Manager 

software version 1.15 (Illumina, Inc., California, USA). This is essential for appropriately classifying 

and pooling samples according to their barcodes. Thereafter, 5 µl of each DNA adapter was added to 

their respective samples as previously recorded and thoroughly mixed by pipetting up and down 10 

times. Additionally, 45 µl of the ligation reaction mix each was added to the barcode samples, 

thoroughly pipette-mixed, and incubated at 20°C for 15 min after which the PCR plate containing the 

indexed libraries was placed on ice. 

Following the completed incubation time is the adapter clean-up steps characterized by ethanol 

washes and bead-based paramagnetic separation. This step was carried out to selectively obtain the 

fragment lengths of interest from the reaction mixture containing unused enzymes, ligation reaction 

components, concatemers, and adapter dimers. Immediately after the 15 min incubation, pre-thawed 

magnetic Agencourt AMPure XP beads (Beckman Coulter, USA) were briefly vortexed to resuspend 

the beads into a resulting homogenous solution. Subsequently, a considerable working volume of the 

homogenized Agencourt’s beads was transferred into a medium-sized rectangular trough 

(Thermofisher Scientific, USA), and 80 µl was added to each barcoded library in the PCR-plate wells. 

The component of each well was thoroughly mixed by pipetting up and down and then, the plate was 

properly sealed with a micro seal (Biorad, California, USA) and further incubated for 5 min at room 

temperature in the PCR fume hood. The incubation step was undertaken to allow proper binding of 

the indexed cDNA library on the silica-coated paramagnetic beads. After incubation, with the cDNA 

now bound to the beads, the PCR plate was positioned into a 96-plate PCR magnetic stand 

(PerkinElmer, USA), causing the beads to stick to the outer part of the tube in contact with the magnet 

separating from the solution. Following a clear separation, the supernatant was gently pipetted out 

prior to subsequent ethanol wash steps. DNA is insoluble in alcohol, thus the immobilized bead-

bound cDNA which formed visible clumps is retained during the ethanol washes. Briefly, with the 

plate still positioned on the magnetic stand, 200 µl of freshly constituted 80% ethanol each were 

added to individual well pellet and supernatant was gently pipetted out while avoiding any contact 

with the beads and this same wash step was repeated. After two complete wash steps, the beads were 

air-dried for about 5 min to evaporate all residual ethanol until the beads were dry, with the plate still 

positioned on the magnetic rack. The beads were eluted while maintaining their glossy dark-brown 

colour, as over-dried beads appear with lighter brown shades with cracks and result in lower RNA 
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recovery. The PCR plate was removed from the magnet stand, and immediately these bead-bound 

cDNA was re-suspended in solution by adding 52.5 μl of Buffer EB in individual wells. The cDNA-

bead solution was thoroughly mixed by pipetting up and down 13 times, briefly centrifuged using a 

Hermle MK plate centrifuge (Hermle Labortechnik, Germany), and incubated at room temperature 

for 2 min. The PCR plate was repositioned on the magnetic base for magnetic separation of the beads 

and purified indexed cDNA in a clear solution for about four min. After the solution was sufficiently 

clear, 50 μl each of the clear supernatant containing the recovered barcoded cDNA libraries was 

withdrawn and individually transferred to a fresh 96-well PCR plate.  

Similarly, 50 μl of Agencourt AMPure XP beads was added to the recovered cDNA libraries in the 

fresh PCR-plate. The same procedure for incubation and ethanol washes steps described in the 

previous paragraph was followed accordingly. However, for this final elution step after the pelleted 

bead bound cDNA had dried, 26 μl of buffer EB was added in the same manner placed on the 

magnetic stand for separation. Finally, after complete separation, marked by a clear supernatant 

containing the indexed cDNA library, 23.5 μl of the supernatant each were individually transferred 

in a new PCR plate. These purified libraries in the PCR plate were first sealed using a plate micro-

seal film, tightly rolled over twice using a speedball Bio-RAD Roller, securing all of its edges. The 

quality of the generated libraries was first validated using a Qubit fluorometer and Agilent 

Bioanalyzer 2100 (Agilent Technologies, USA) for library quantification and fragment size 

determination respectively, before proceeding downstream with the Illumina sequencing. 

3.11 Quality assessment of cDNA library products 

The two validation steps assayed on the indexed cDNA libraries were based on their concentrations 

and fragment size distribution. Although the cDNA concentrations were initially quantified prior to 

the library preparation, nevertheless, as expected the enzymatic shearing of the DNA template, 

barcoding and series of wash steps may have altered the concentration. In addition, determining the 

size distribution of the libraries was crucial at this stage to ascertain if cDNA templates were 

effectively fragmented to the desired size distribution. Most importantly, the parameters of library 

quality validation are needed for further library normalization, unit conversions to nano Molar and 

pooling for cluster generation. Following the Qubit 3.0 methodology previously described in section 

3.7, the concentrations of libraries were determined fluorometrically, and the fragment sizes assessed 

using the Agilent 2100 Bioanalyzer (Agilent Technologies, USA). 
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Library quality evaluations were carried out by analysing 1 µl of each library sample on an Agilent 

2100 Bioanalyzer (Agilent Technologies, USA). The quantification is based on the principle of 

capillary electrophoresis, in which separation occurs through a glass micro-phoretic chip embedded 

in a plastic frame with its reverse side comprising of different channels through which nucleic acids 

are separated with an optical detector and electrode array in the bioanalyzer. First, the gel-dye 

working mixture stored at 4°C which had been prepared prior to this experiment was taken out and 

allowed to normalize to room temperature. The mixture was prepared by combining gel and dye 

reagents from the Bioanalyzer kit, filtering the mixture through a spin filter and a 3-min centrifugation 

to collect the filtrate.  In addition, the system was washed by pipetting 350 μl nuclease-free water into 

the wash chip and running the chip in the bioanalyzer for 1 min. This wash protocol was carried out 

before and after every run. After complete wash time, the water was discarded, and the wash chip 

was saved for future runs. Following this, the electrophoretic chip was carefully placed in the priming 

station and, 9 μl of the gel-dye mixture was loaded into one of the gel positions marked with a dark 

circular G on the chip. It was important to touch the bottom of the wells during loading and avoid the 

expelling bubbles as this may interfere with the electrophoretic separation of nucleic acids through 

the channels. The syringe was brought up to the 1 ml mark and the lid of the priming station gently 

shut until a click was heard. The plunger was gently and steadily pushed down until it touched the 

hole and allowed for 1 min for the gel-dye mix to be evenly distributed. After 1 min, the plunger was 

then released and gently returned to the 1 ml mark, and 9 μl of the gel was gently added to the other 

G positions while avoiding dispensing bubbles. Additionally, 5 μl marker solution and 1 μl ladder 

each were added to the ladder wells which serves to calibrate the lower and upper markers for 

samples. At this point, 1 μl of randomly selected samples from each group was added to the G wells, 

vortexed using a special foam cushioning vortexer that came with the Bioanalyzer machine and 

allowed for 1 min to settle. The chip was then loaded into the Bioanalyzer machine, using the high-

sensitivity DNA assay option, and ran for 4 to 5 min. Finally, a comprehensive report was created for 

each sample containing the electropherogram, fragment size distribution, molarity, concentration, and 

gel smears.  

3.12 Sample preparations for Illumina sequencing  

Prior to the final stage of sequencing chemistries, the barcoded libraries still need to undergo 

additional processing steps for successful cluster generation for Illumina sequencing. These processes 

majorly include normalization, pooling, and denaturation of the cDNA libraries as well as the 
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incorporation of a control which is critical for optimal generation of high-quality sequencing data. 

Hence, this pre-sequencing steps will be described in detail in this section. 

3.12.1 Normalization and pooling of cDNA libraries 

During the library preparation step, the enzymatic shearing, tagging and series of wash steps, as 

presumed may have altered the normalized starting cDNA material, thus requiring another 

concentration equilibration of the resultant cDNA library samples. Equalization of cDNA 

concentrations across libraries has been proven to minimize sequencing coverage variation and as 

well improve transcriptome diversity by providing a more uniform sequencing coverage for all 

samples (Bogdanova et al., 2008; Bacher et al., 2022). As a result, the Illumina protocol includes a 

standard normalization of libraries to 4 nM, or 2 nM for cluster generation. However, recent 

sequencing technologies, such as Illumina, necessitate the use of dsDNA fluorescent dyes specialized 

for precise quantification of dsDNA. These fluorometric approaches quantify dsDNA concentrations 

in nanograms per microliter (ng/µl), thus requiring their unit conversion to nanomolar (nM) before 

normalizing to equimolar concentrations. The conversion of cDNA library sample was achieved using 

the formula below.   

 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑠 𝑖𝑛 𝑛𝑀 =
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑛𝑔/µ𝑙

(660 𝑔/𝑚𝑜𝑙 𝑥 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑖𝑏𝑟𝑎𝑟𝑦 𝑠𝑖𝑧𝑒 𝑖𝑛 𝑏𝑎𝑠𝑒 𝑝𝑎𝑖𝑟)
𝑋 106 

This nM formula considered four parameters which includes the sample Qubit concentrations in 

ng/µl, the mean mass of sodium salt of DNA for equal proportions of AT and GC pairs, the average 

library size in base pairs as obtained from the Agilent Bioanalyzer and their multiplication to the right 

orders of magnitude. After converting to nM, appropriate diluent calculations were performed using 

the resuspension (RSB) buffer to achieve a 4 nM concentration for samples. 

Normalized samples which have been previously barcoded as described in section 3.9 were all pooled 

into one tube for cluster generation. This multiplexing was achieved by transferring 5 µl equal volume 

of each library sample into a 2 ml pre-labelled Eppendorf tube, thoroughly vortexed and briefly spun 

down using a bench top centrifuge. It is important to emphasize that each pooled sample would be 

individually identified using their unique barcode post-sequencing, a process called de-multiplexing. 

3.12.2 Denaturation and dilution of the cDNA libraries 

In preparation for denaturation and dilution, the hybridization buffer (HT1) was removed from - 20°C 

and allowed to thaw. After it had thawed, the buffer was stored at 4°C until needed for dilution. First, 
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5 µl of freshly prepared 0.2 M NaOH (Sigma Aldrich, USA) was added into a sterile 1.5 ml micro 

centrifuge tube. The normalized 4nM pooled library was briefly vortexed and 5 µl transferred into 

the 1.5 ml containing NaOH, making it a total volume of 10 µl. The tube content was briefly vortexed 

to homogenize and centrifuged at 280 x g for 60 s. Thereafter, a timer was set, and the tube was 

incubated at room temperature for 5 min. During this incubation period the double stranded DNA 

molecules unwind as the hydrogen bonds are broken, consequently resulting in single-stranded DNA 

molecules, in a process known as Denaturation.  

After the completed incubation time, the 10 µl of the 4 nM denatured DNA library was further diluted 

to 20 picomolar (pM) by adding 990 µl of pre-chilled hybridization buffer HT1 (Illumina, Inc., USA). 

This was again, diluted further by combining 300 µl of pre-chilled HT1 and 300 µl of the 20 pM 

libraries to achieve a final library concentration of 10 pM. The final library was thoroughly mixed by 

inverting the tube up and down repeatedly. 

3.12.3 Incorporation of the PhiX control 

PhiX is an icosahedral, non-tailed bacteriophage with a 5386-nucleotide genome contained in a single 

stranded DNA. PhiX is often employed as a control for Illumina sequencing due to its short, well-

defined genomic sequence. PhiX29 DNA polymerase's high proof-reading ability also helps eliminate 

erroneous mutations (Esteban et al., 1993). Hence, the denaturation of PhiX control was performed 

to get optimum cluster density. To do this, a solution of 10 nM Tris-HCl, pH 8.5, was prepared using 

2 µl of the 10 nM PhiX library and 3 µl of elution buffer (Qiagen, Hilden, Germany). After adding 5 

µl 0.2N NaOH and centrifuging at 280 x g for 1 min, the resulting 4 nM PhiX was kept at room 

temperature for 5 min. The denatured PhiX library (4 nM) was diluted to 20 pM by adding 990 µl of 

cold HT1 buffer to 10 µl of the sample. A PhiX control spike-in of 15% was used to introduce variety 

into the library by mixing 90 µl of 20 pM denatured and diluted PhiX with 510 µl of 10 pM denatured 

and diluted library to make a final volume of 600 µl. Before denaturation and subsequent reactor 

loading, the final library was first incubated on ice. Diversity in resulting nucleotide sequences is 

essential for efficient run times and quality data generation. Thus, they are subsequently used in base 

calling and cycle quality score computations. 

3.13 Illumina sequencing 

Fragments ranging from 350-600 bp were selected for the final library and were sequenced on a 

MiSeq platform (Illumina, San Diego) for 300 cycles (300 X 2 cycles; paired ends). Chicken faecal 

samples with a multiplex of 27 libraries and 4 control samples were sequenced.   



46 

 

3.14 Quality sequence processing and data assembly  

The raw sequencing reads were processed using the genome detective pipeline (Vilsker et al., 2019) 

with integrates different underlying software for accurate viral data analysis. In this pipeline, the 

removal of low quality, uninformative reads and adapter trimming was achieved using Trimmomatic 

(Bolger et al., 2014), whereas in-depth quality control of the generated reads was performed with 

FQC (Brown et al., 2017) which integrates FASTQ results before and after trimming. The paired-end 

sequences were assembled into contigs using metaSPADES (Nurk et al., 2017). Scaffolds was 

classified using BLASTx and BLASTn search for reference sequences against all National Center for 

Biotechnology Information (NCBI) reference virus databases. Scaffolds with significant hits were 

joined and aligned by amino acids and nucleotides using Advanced Genome Aligner (AGA) 

downstream analysis exported as fasta files for further and final contigs. All sequences with full 

genome or complete RdRp were processed for submission to GenBank. 

3.15 Addressing the issues of index-hopping and contaminants 

In accordance with good laboratory practices and aseptic working measures, various studies have 

demonstrated that contamination cannot be totally avoided in metagenomics-based microbiome 

research (Asplund et al., 2019; Jurasz et al., 2021; Lou et al., 2023). The presence of internal and 

external contaminants has posed a significant challenge in disguising artifacts from main result 

outcomes in microbiome and virome datasets (Hornung et al., 2019; Zinter et al., 2019; Jurasz et al., 

2021). Notably, among other issues of contaminants in sequencing data, the problem of external 

reagents contamination (kitome) and internal index switching or hopping has been reported by several 

studies to be poorly managed. Therefore, it is noteworthy that a mere 30% of microbiome studies 

have included controls (Hornung et al., 2019); consequently, researchers have emphasized the need 

to address contamination in microbiome sequencing studies (Salter et al., 2014; Eisenhofer et al., 

2019; Zinter et al., 2019; Lou et al., 2023). 

In this study, viruses were assumed to be contaminants due to index-hopping from another library if 

the total read count was less than 0.1% of the most abundant read count of the same virus(es) (Wille 

et al., 2021). In addition, viruses detected in the negative control libraries of sterile water or reagent 

mix incorporated at different stages, and/or belonging to the same clades as those detected in blank 

libraries (Edmonds and Williams 2017; Porter et al., 2021; Lou et al., 2023) was presumed to have 

originated from contamination that is most likely linked to laboratory reagents (Porter et al., 2021; 

French et al., 2022). Hence, those viruses were eliminated from the chicken libraries and excluded 
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from all further downstream investigations. Therefore, in addition to the inclusion of negative 

controls at key steps, the decontamination process of reagent master mixes holds a possibility to 

enhance the precision and sensitivity of inferences made in the microbiome (Stinson et al., 2019) and 

metagenomic studies (Asplund et al., 2019; Zinter et al., 2019; Porter et al., 2021). 

3.16 Analysis of RNA viral diversities and abundance as a function of age and 

season 

3.16.1 Viral abundance determination 

To adjust for variations in read depth across libraries, the measure of abundance was expressed as the 

read count of reads per million. This was achieved by dividing the read count by the total number of 

reads in the library and then multiplying the quotient by one million. The differential viral abundance 

analysis was carried out from the generated fasta-QC files using the edgeR package (R core team, 

2021). The relative abundance values for viruses were calculated for all viral families found present 

in each age group characterized by each season. These values were further used for pheat map (Gu et 

al., 2016), dplyr (Wickham et al., 2019), and reshape2 tools representations in ggplot2 (Wickham et 

al., 2016).  

3.16.2 Diversity measures and statistical significance 

The exclusive use of singular numerical indices to ascertain the community structure and ecological 

status of a site, sample or environment reduces the true significance of its biological diversity. In 

accordance with existing literature, it has been recommended to employ multiple indices for the 

assessment of diversity (Beaugrand et al., 2002; Bandeira et al., 2013). The fundamental principles 

underlying the community diversity theory are predicated upon two salient attributes, namely the 

numerical abundance of species and the evenness of their distribution within an ecological system 

(Washington 1984; Fedor and Zvaríková 2019). Therefore, the utilization of an index or multiple 

indices that establish a connection between these two elements of diversity is of utmost importance. 

3.16.2.1 Alpha diversity measures 

Alpha diversity of the RNA viruses was measured to determine the average species diversity in the 

GIT of the studied chickens. This analysis of alpha diversity, which pertains to the diversity within 

each sample, involved the examination of richness, or the number of viral species, sobs (number of 

observed genera) as well as the Shannon- Weiner and Simpson indices. The alpha diversity measures, 

which is viral diversity within each sample explored were Sobs (number of observed genera), 
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Shannon-Weiner and Simpson index was computed (average of 1000 replicates) on sample sequences 

from each sample as well as each group. The Shannon-Weiner and Simpson indices are utilized to 

evaluate the richness and evenness of a community. It is noteworthy, however, that the Shannon index 

places greater emphasis on richness, while the Simpson index prioritizes evenness (Fedor and 

Zvaríková 2019). The Kruskal-Wallis's rank sum test, a non-parametric method for conducting one-

way analysis of variance, was employed to ascertain differences in alpha diversity richness for more 

than two groups. This approach is distinct from Mann-Whitney U, which only considers two groups. 

A post-hoc analysis, specifically the Bonferroni method and Turkey’s test for multiple comparisons 

was conducted as a followup to determine which groups means were significantly different from each 

other. 

3.16.2.2 Beta diversity measures 

The Bray-Curtis dissimilarity index matrix was used as input for ordination analysis to compare the 

compositions of RNA viral communities of all faecal samples and groups. The beta diversity metrics 

for age and season were determined using the abundances of the principal coordinate analysis (PCoA) 

based on the Bray-Curtis dissimilarity index (Bray and Curtis 1957) and Jaccard presence of absence 

theorem (Real and Vargas 1996; Verma and Aggarwal 2020). This was carried out on all sub-samples 

from each group. These dissimilarity matrices were used as input for statistical testing of significance 

that were computed as PCoA plots. Furthermore, the statistical evaluation of the Bray-Curtis beta 

diversity metrics results was conducted using the Adonis method. This is a permutational multivariant 

analysis of variance Adonis under a reduced model for a) age b) season and c) age and season. 

variation in richness (alpha diversity). Overall, the chosen α was 0.05, hence a p-value < 0.05 was 

considered significantly different for drawing inferences from the results of all the statistical analysis 

conducted. 

Generally, the effects of age and seasons on gut virome diversities investigated using ecological 

diversity metrics; alpha and beta diversity was to determine if at least one age group or season are 

significantly different from each other. Thus, study speculated that the age group with younger 

chickens may have a greater number of viruses or more diverse viruses than those at mature stages. 

Similarly, for seasons, that their diversity and abundance may differ. 
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3.17 Data visualization 

The data visualizations and statistical analyses employed in the present study were mainly performed 

using the R Software (version 4.3.0) (R core Team). The paired end reads from all 27 libraries was 

collected after sequencing quality cleaning (QC) of the raw reads using FASTQC. These abundance 

data generated as reads and taxonomy tables were used as input files for further visualization on R, 

while utilizing a suite of packages including Vegan (Oksanen et al., 2013), ggplot2 (Wickham et al., 

2016), cowplot (Wilke et al., 2019), pheatmap (Kolde and Kolde 2018), and tidy2verse (Wickham 

and Wickham 2019). Determination of differences between the sample groups observed in relation 

to chicken age and seasons was explored. Linear models and analysis of variance were employed to 

test for these differences in richness and diversity indices across groups (age and season).  

3.18 Evolutionary relationship of the identified RNA viruses  

The analysis of evolutionary phylogenies was conducted with viruses having full-length genomes 

with ≥ 90% of genome coverage or partial genomes that have complete RNA-dependent RNA 

polymerase (RdRp) genes. Multiple sequence alignment was carried out using MUltiple Sequence 

Comparison by Log-Expectation (MUSCLE) (Katoh and Standley 2013) comparing them with global 

sequences retrieved from GenBank and best hit results of BLAST searches e-value 10-3. In summary, 

the nucleotide sequences of the complete phylogeny were performed using the neighbour-joining 

method and maximum likelihood approach depending on each specific virus case and a bootstrapping 

re-sampling investigation was done using 1000 replicates to measure the tree topologies  (Tamura et 

al., 2021). In the construction of each phylogenetic tree, through the maximum likelihood method, 

the Molecular Evolutionary Genetics Analysis (MEGA v11.0) software option finds the best-fit 

substitution models of evolution was employed. The resulting trees of phylogenies were visualized 

and annotated using FigTree v1. 3.1(Rambaut 2009). 

3.19 Viral classification 

Virus name assignment was done using the latest 2022 MSL38 International Committee on 

Taxonomy of Viruses (ICTV) taxonomy release (https://ictv.global/taxonomy) and the host 

association was done using virus host database (https://www.genome.jp/virushostdb/). The detection 

of novel viral species is based upon the presence of either less than 80% RdRp protein identity or less 

than 80% genome identity when compared to viruses that have been previously described (Wille et 
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al., 2021) in agreement with the ICTV species demarcation criteria of specific viral species and 

families. 
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reads, viral reads with hits to eukaryotic viruses far outweighed those aligning to phages (0.05%), 

insect viruses (0.04%) and plant viruses (0.03%) with a 99.87% prevalence as depicted in Figure 

4.4.1. 

 

Figure 4.4.1 The distribution of viral and non-viral sequence reads obtained from studied chickens.  

 The obtained viral reads were collated from 27 individual chicken libraries. The viral reads 

composition in percentages of the 27 individual libraries of asymptomatic chickens’ faecal matter is 

illustrated in Figure 4.4.2.  

Figure 4.4.2 The percentage distribution of viral reads obtained from chicken faeces indicated by their 

respective 27 library.  

Based on the results of these reads assembled into contigs, it was observed that the winter samples 

obtained at 2 weeks developmental age, namely 2W5, 2W1and 2W4 exhibited the highest percentage 
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of viral reads of 96%, 94% and 90%, respectively. Conversely, it is noteworthy that the samples 4S3 

(2%), 4W5 (10%), and 7S2 (11%) showed very low viral percentage reads (Figure 4.4.2). The 

viral reads from the 27 chicken samples were subsequently de novo assembled into 4334 contigs. 

4.5 Chicken enteric virome 

In accordance with the taxonomic assignment of viruses, the identified viruses were classified based 

on their genome type, as well as their viral family and their respective genera. The taxonomic analysis 

of the 4334 viral contigs obtained from chicken faecal samples revealed 48 viral species from 4 

kingdoms, 6 phyla, 8 classes, 11 order, 15 viral families, 21 genera and some unclassified viruses 

(Table 4.5.1). In addition, the results of the study based on genome type identified a total of 43 viral 

species pertaining to RNA viruses, 2 DNA viruses (tail phages belonging to the Siphoviridae family) 

and 3 unclassified viruses (Figure 4.5.1). Within the viruses with RNA genomes, 25 of them were 

dsRNA (52%), whereas 18 were ssRNA viruses (38%). The remaining 10% was shared between 

dsDNA (4%) and unclassified viruses (6%) as shown in Figure 4.5.1. 

 

Figure 4.5.1 A representation of genome type distribution of viruses identified from the investigated 

chicken faecal samples. 

Furthermore, at the family level, members of seven viral families Coronaviridae, Picornaviridae, 

Reoviridae, Astroviridae, Caliciviridae, Picorbirnaviridae and Retroviridae were found to be 

abundant across samples. It is noteworthy that the most abundant viral families are Picornaviridae, 

Reoviridae, and Coronaviridae with 1485, 762 and 646 viral contigs, respectively (Table 4.5.1). 
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In addition, it is notable that certain viral families and/or species within the examined chicken samples 

exhibited unique trends with respect to age and seasonal variations. For instance, there was a decrease 

in viral contigs with increasing age noted in Rotavirus G, Avian orthoreovirus, and Bavaria virus. 

Interestingly, some viral species have been observed to exhibit a seasonal distribution, whereby they 

are detected in summer samples but are entirely absent in winter samples, or conversely. It was 

observed that Rotavirus F, genus Lamdavirus, Infectious bursal disease virus, Festuca pratensis 

almagavirus 1, Fusarium poae virus 1, and unclassified RNA virus ShiM-2016 were not detected in 

the summer samples but were found present in the winter samples (Table 4.5.1). Similarly, the 

Tomato mosaic virus, Pepper mild mottle virus, and some partitiviruses (Botryotinia fuckeliana 

partitivirus 1, Cryptosporidium parvum virus 1, Pythium nunn virus 1, Ustilaginoidea virens 

partitivirus 2, and Verticillium dahliae partitivirus 1) exhibit a seasonal pattern, being present 

exclusively in the summer samples (Table 4.5.1). 

Overall, it could be concluded that about 20 RNA virus species were found in more than ten different 

chicken samples.  as shown in Appendix 8.5. However, 24 distinct viruses were found in four or fewer 

samples, with 14 of the 24 detected in just one sample (Appendix 8.5).  

4.5.1 Host range of identified viruses from chicken faeces  

The present study classified the identified viruses based on their established host specificity as 

illustrated in Figure 4.5.2. It was observed that the viruses profiled exhibited a remarkably broad host 

range with the avian viruses having the highest prevalence of 48% (23), surpassing viruses linked to 

other hosts (Figure 4.5.2). Also, the results showed that fungal viruses constituted 15% (7) of the total 

virus host obtained and were primarily made up of unclassified partitiviruses. Additionally, 

occurrence of viruses derived from mammalian and plant hosts was found to be equivalent, with each 

accounting for 12.5% of identified virus host distribution (Figure 4.5.2). It is noteworthy that the 

6 mammalian viruses belonged to family Picobirnaviridae (Table 4.5.1). On the contrary, the plant 

viruses emerged from various viral families, namely Virgaviridae, Potyviridae, Amalgaviridae, and 

Partitiviridae.  Furthermore, it is noteworthy that phages, constituting 4% of the host-

virus population, were found to be the least abundant. The phages from the Lamdavirus genus were 

represented by only two viruses, whereas the insect viruses accounted for 8% of the population 

(Figure 4.5.2), with 3 Unclassified RNA virus ShiM-2016 viruses being identified (Table 4.5.1). 
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Figure 4.5.2 Host distribution of the identified viruses from chicken faeces 

4.6 Diversity of RNA viruses identified from chicken faeces 

The results of the viral occurrence at the family level revealed about 15 viral families including those 

with unclassified Picornavirales and patitiviruses (Figure 4.6.1).  The family Picornaviridae was 

100% prevalent across the 27 samples. This was closely followed by the families Reoviridae, 

Astroviridae, and Picobirnaviridae, occurring in 24 (88.9%) and 22 (81.5%) chicken samples 

respectively. In addition, the family, Retroviridae was observed to have averagely occurred in across 

sample with 66.7% occurrence while occurring in 18 out of 27 chicken faecal samples. However, 

families Birnaviridae and Siphoviridae had the lowest incidence, occurring in just one sample each, 

in comparison with all other families identified. 
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Figure 4.6.1 Occurrence rate of viral families across 27 chicken samples 

In addition, the recovery rate of the individual viral genera obtained from chicken virome analysis 

showed that the viruses recovered were distributed among 21 different genera, excluding the 

unclassified viruses (Figure 4.6.2). The two most abundant genera are Sicinivirus and Gallivirus, all 

from the Picornaviridae. About eight other genera occurred in more than 50% of the entire samples. 

Nevertheless, in addition to some unclassified viruses mainly from Partitiviridae and RNA virus 

shiM-2016, five genera had very low occurrence, namely Betapartitivirus, Avibirnavirus, Potyvirus, 

Cryspovirus and Totivirus occurring in less than two samples each (Table 4.5.1).  A close examination 

at the viral species level showed that viruses belonging to the genera with low occurrence (Botryotinia 

fuckeliana partitivirus 1,Cryptosporidium parvum virus 1, Fusarium poae virus 1, Penicillium 

aurantiogriseum partitivirus 1, Pythium nunn virus 1,Sclerotinia sclerotiorum partitivirus S, 

Ustilaginoidea virens partitivirus 2,Verticillium dahliae partitivirus 1, Scheffersomyces segobiensis 

virus L) are mainly, fungal and plant viruses, with exception to the infectious bursal disease virus 

with avian host tropism, occurring in only one sample (Figure 4.6.3). Viruses with higher incidence 

at the genus level have their specific viruses such as Sicinivirus A, Gallivirus A, Rotavirus G and 

Chicken astrovirus also represented in Figure 4.6.3. 



68 

 

 

Figure 4.6.2 Recovery rate of identified viruses across chicken faecal samples at the genus level. 

 

Figure 4.6.3 Occurrence rate of the individual viruses across the 27 chicken faecal samples at the 

species level 
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7W4 99.0 77.6 81.6 

 

 

 

Figure 4.6.1.1 Whole genome coverage map of the novel chicken astrovirus genome identified from 

the 7W2 sample 

4.6.1.2 Double-stranded avian RNA viruses 

In this study, three dsRNA avian viral families (Reoviridae, Birnaviridae and Picobirnaviridae) 

comprising five viral species (Avian orthoreovirus, Rotavirus F, Rotavirus G, Infectious bursal 

disease virus, Chicken picobirnavirus, Scheffersomyces segobiensis virus L, and Aspergillus 

fumigatus partitivirus 2) were obtained from the chicken enteric virome (Table 4.6.1). These avian 

viral species generated a total of 862 dsRNA viral contigs (Table 4.6.1) and the results obtained from 

individual dsRNA viruses are described below. 

4.6.1.2.1 Reoviridae 

The three reoviral species obtained in this study are from two genera, Orthoreovirus and Rotavirus. 

The Orthoreovirus in this study was identified from both summer and winter samples totalling to 286 

contigs (Table 4.6.1). The partial and nearly complete coding gene sequences of Segment L1 (95%), 

L2 (98.7%), L3 (99.0%) and M2 (87.5%) of Avian orthoreovirus were obtained from sample 2W1. 

The viral contigs obtained from this virus was observed to decrease with increased age (Table 4.5.1). 

Rotavirus F and Rotavirus G are the two rotaviral species obtained with 124 and 352 contigs, 
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respectively. The nucleotide and protein-coding sequences of all eleven segments of Rotavirus F (98-

100%) and Rotavirus G (96.8-100%) were obtained from 2W1, 2W2, and 2W2 for the former, and 

2W3 and 7W5 for the latter. Overall, members of this viral family demonstrated an inverse correlation 

with age.  

4.6.1.2.2 Birnaviridae 

In this study, Infectious bursal disease virus or Gumboro disease virus with four viral contigs from 

only one sample was identified. This sample was a 7-week winter sample (Table 4.5.1). 

4.6.1.2.3 Picobirnaviridae 

Chicken picobirnaviruses in addition to other mammalian types, still under unclassified isolates by 

the ICTV nomenclature were obtained from this study. Chicken picorbirnavirus had a total of 59 

contigs from nearly all the 27 sample age groups and season except 5 samples (7S2, 2W4, 2W5, 7W4, 

and 7W5). However, only the segment RNA 2 which is the polymerase gene were obtained across 

samples with 99.9%, 99.6%, and 97.8% gene segment coverage from samples 2S2, 4S5 and 4S1, 

respectively (Table 4.5.1). 

4.6.1.3 Single-stranded avian RNA viruses 

Within the scope of the present study, a total of 14 viral species, belonging to six distinct viral families 

and 10 viral genera excluding unclassified ssRNA viruses were obtained from the chicken enteric 

virome (Table 4.6.1). These families including Coronaviridae, Picornaviridae, Caliciviridae, 

Astroviridae, Retroviridae, and Hepeviridae, have yielded about 50% of the entire contigs across all 

families including non-avian viral contigs. The total contigs accrued from this ssRNA is about 2846 

out of an overall of 4334 viral contigs (Table 4.6.1). In addition to the ten viral genera 

(Gammacoronavirus, Avisivirus, Gallivirus, Megrivirus, Orivirus, Sicinivirus, Avastrovirus, 

Bavovirus, Alpharetrovirus, Avihepevirus), there were two unclassified viruses namely, Chicken 

picornavirus 1 and Quail picornavirus QPV1/HUN/2010 as shown in Table 4.6.1. The specific results 

derived from the ssRNA viral families in this study are outlined as follows. 

4.6.1.3.1 Coronaviridae 

In this study, an avian coronavirus or Infectious bronchitis virus, a member of Gammacoronavirus 

genera in subgenus Igacovirus and subfamily Orthocoronavirinae was identified from this study.  

This viral species had about 646 contigs recovered from this study, across the 3 ages groups and two 

seasons. This virus demonstrated a 74% prevalence occurring in the about 20 samples out of 27 
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The species Sicinivirus A had a 100% prevalence (Table 4.6.1.3) across the 27 samples with a total 

contigs of 341 (Table 4.6.1). Partial nucleotide sequence (96.0) of Sicinivirus A was obtained from 

sample 7W2 with 144420.35 reads per million (rpm). In addition to the nucleotide sequence the nearly 

complete DF53_gp1 CDS (99.5%) and complete protein sequence of the RdRp gene crucial for its 

replication known as 3Dpol , was recovered alongside the complete sequence of the VP0 to VP3, 2A, 

2B, 2C, 3A, 3B and 3C proteins. Megrivirus A and Megrivirus C, all from the genus Megrivus was 

obtained, with the latter being more prevalent across samples than the former (Table 4.6.1.3), 

accounting for 26 and 245 contigs, respectively (Table 4.6.1). Megrivirus A had a partial nt sequence 

from 4W1 and the results of BLAST alignment at e-value 10-3 showed its best hits with a Melegrivirus 

A virus conserved in Turkey from Hungary (KF961188.1) and a reference sequence of Turkey 

hepatitis virus 2993D at 77.1 and 78.3% identity respectively. However, the Megrivirus C identified 

in this study had a 93.1 nt sequence coverage, with 1121717 reads as shown in Table 4.6.1. In 

addition, the Gallivirus A species obtained had a 96.3% prevalence across samples (Table 4.6.1.3), 

with 5303 reads (Table 4.6.1) and a 94.4% nt sequence coverage from sample 2S3. The complete 

(100%) protein sequences of 3A, 3B,3c and 3D (RdRp) genes of this Gallivirus A was recovered.  

Furthermore, Avisivirus B viral species occurred in 7 samples only at lower coverages (<80). 

Nevertheless, the complete 3D RdRp was recovered from 2W2 sample. The alignment results showed 

its best hit of 85.8% identity with Chicken picornavirus 2 isolate 44C from Hong Kong 

(KF979333.1). Similarly, Orivirus A showed a 51.9% incidence across samples (Table 4.6.1.3) with 

the highest nt sequence coverage of 96.1% from 2W2 sample. The complete PI35_gp1 CDS and 

polyprotein genes of Orivirus A was recovered from this sample. Additionally, two unclassified avian 

picornaviruses isolated from this study are Chicken picornavirus 1 and Quail picornavirus 

QPV1/HUN/2010 with 88.9 and 70.4% prevalence across samples, respectively (Table 4.6.1.3). 

Chicken picornavirus 1 had very low coverage (59.8%), while Quail picornavirus QPV1/HUN/2010 

was observed to have its highest nt sequence coverage of 94.2% from 4W5 sample. The complete 

QPV_gp1 CDS and polyprotein of Quail picornavirus QPV1/HUN/2010 were recovered, with results 

demonstrating maximum hit with a Phacovirus sp from Brazilian chickens. 

4.6.1.3.3 Caliciviridae 

The calicivirus identified from this avian study belongs to the only species in the Bavovirus genera. 

This Bavarian virus identified had about 131 contigs and a total of 12759 reads (Table 4.6.1), with its 

highest nt sequence coverages of 99.3 and 98.5% emerging from 2S4 and 2S5 samples. The complete 

CDS, polyprotein and VP2 gene segments of this Bavaria virus were retrieved. Further analysis using 
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the polyprotein revealed this virus was most similar with 85% nt and 96.1% aa identity to a calicivirus 

identified from American chickens (KY120883.1). It was thus seen from this study that the Bavaria 

virus often occurred within samples from younger chickens after which they gradually disappeared 

through 4 weeks, becoming non-existent at 7 weeks. 

4.6.1.3.4 Astroviridae 

In this study the chicken astroviruses (CAstVs) obtained had a total of 173 viral contigs (Table 4.6.1). 

This CAstVs occurred in 23 of the samples with genome coverage >90% in 10 samples, it was entirely 

absent in the 7 weeks summer samples (Appendix 8.5). The identified viral CAstV species belong to 

the Genus Avastrovirus as shown in Table 4.6.1. Two different CAstV each with nearly complete 

genome coverage of 99.9%, 99.9%, 99.6%, 98.8% and 99.0% were recovered from the 7W2, 7W3, 

2W4, 7W1, and 7W4 samples, respectively (Table 4.6.1.1). These viruses were believed to be novel 

viuses as their results showed only 58.3%, 57.8% nucleotide identity (nt) and 47.7 and 47.4% amino 

acids (aa) identity with all known CAstV for first, while the second only shared 78.8%, 63.2%, 77.6% 

nt identity and 82.5%, 59.1%, 81.6%, aa identity from samples 2W4 and 7W2 had, respectively 

(Table 4.6.1.1). 

 4.6.1.3.5 Retroviridae 

Among the 8 species designated in the genus Alpharetrovirus by the ICTV, only the Avian leukosis 

virus and Rous Sarcoma virus were obtained in this study. These retroviruses accrued a total of 121 

and 183 contigs for Avian leukosis virus and Rous sarcoma virus, respectively (Table 4.6.1). Although 

these viruses were identified in very low genome coverage between 36.3-63.1%, the two viruses 

appeared to have high hit up to 99.6% with the same clones Avian leukosis virus subgroup E from 

the UK (MT263508.1) and USA (MF817820.1). 

4.6.1.3.6 Hepeviridae 

In this study, Avian hepatis E virus or its new name Avihepevirus magniiecur was identified in 10 

samples, mainly from the winter season in this study yielding about 107 contigs and 12126 reads 

(Table 4.6.1). A nearly complete genome of 98.8% was obtained from 7W4. The complete CDS 

(BA77_gp1, gp2 and gp3) and non-structural polyprotein were retrieved. Additional BLAST analyses 

with its recovered complete genome showed that it was mostly related to a novel Avihepevirus 

magniiecur virus from chickens and pheasants in France (ON922634.1) with about 83.7% identity.  
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Orthopicobirnavirus hominis from humans, Otarine picobirnavirus segment 2 from California sea 

lion, Picobirnavirus dog/KNA/2015 from dog, Picobirnavirus green monkey/KNA/2015 from African 

green monkey, Picobirnavirus species, and Porcine picobirnavirus from pigs occurred in moderate 

abundance across samples with high coverage ranging from 60-85%. These non-avian 

picorbirnaviruses accrued an overall 332 contigs (Table 4.6.2.1). 

4.6.2.2 Diet-associated RNA virus 

The food-related viruses obtained were seen to come from three viral families, excluding those 

grouped under unclassified RNA virus ShiM-2016 by the ICTV. The three families occurred in very 

read abundances and includes Amalgaviridae, Potyviridae, Virgaviridae (Table 4.6.2.1). The viral 

species includes Festuca pratensis amalgavirus 1 from Amalgaviridae, Tomato mosaic virus from 

Potyviridae, Pepper mild mottle virus and Tobacco mild green mosaic virus from Virgaviridae.  In 

addition, the species in the unclassified RNA virus ShiM-2016 are Hubei orthoptera virus 1, Hubei 

picorna-like virus 24 and Wuhan insect virus 22 (Table 4.6.2.1). 

4.6.2.3 Tailed DNA phages 

The dsDNA phages identified from this study are from one viral family, the Siphoviridae. The two 

tailed phage viruses are Escherichia virus DE3 and Lambdavirus lvO276, both from Lambdavirus 

genera (Table 4.6.2.1). These phages had moderately high read abundances (1766) accumulating a 

total of 53 contigs as shown in Table 4.6.2.1. However, these phages, Escherichia virus DE3 and 

Lambdavirus lvO276 occurred only in 7W3 and 2W4 winter samples, respectively (Appendix 8.5). 

4.6.2.4 Fungal viruses 

In this investigation, 10 distinct fungal viruses were identified from two viral families, Partitiviridae 

and Totiviridae (Table 4.6.2.1). Totiviridae was the smaller group with just one virus, Eimeria tenella 

RNA virus 1. On the other hand, the larger group Partitiviridae had 2 classified viruses under 

Gammapartitivirus and Betapartitivirus genera. The remaining 8 viruses were unclassified 

partitiviruses according to the ICTV classification as of June 2023.  The Gammapartitiviruses include 

Penicillium stoloniferum virus F and Fusarium poae virus 1 (Table 4.6.2.1). In addition, the 

unclassified partitiviruses includes Botryotinia fuckeliana partitivirus 1, Cryptosporidium parvum 

virus 1, Penicillium aurantiogriseum partitivirus 1, Penicillium aurantiogriseum partiti-like virus, 

Pythium nunn virus 1, Sclerotinia sclerotiorum partitivirus S, Ustilaginoidea virens partitivirus 2, 

and Verticillium dahliae partitivirus 1. Overall, these fungal viruses occurred in low contig 
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abundance and in less than three samples, except Aspergillus fumigatus partitivirus 2 that was found 

in 9 samples with about 31 contigs that includes both seasons (Appendix 8.4). 

4.7 Variations in avian RNA viral abundance and diversity 

Analysis of gut RNA virome structure of the faecal samples of chickens in this study revealed 

differences in diversity and abundances of viral species across the 27 chicken libraries investigated. 

A high proportion of the relative standardised abundance estimates of sequence reads across all the 

libraries were classed as RNA viruses and the results of their relative abundance from individual 

sample and group are presented in Figure 4.7.1. The results showed that the most relatively abundant 

viral species reads across age groups are Avian coronavirus, Rotavirus G. Chicken astrovirus, 

Megrivirus C and Sicinivirus A (Figure 4.7.1). In addition, Bavaria virus, Chicken picobirnavirus 

Chicken Picornavirus 1 and Aspergillius fumigatus partitivirus 2 were moderately represented. 

However, the remaining viral species had very low abundance in individual samples, including those 

assigned in the other group as shown in Figure 4.7.1. It was interesting to see the changing dynamics 

of members of the Reoviridae, particularly, Rotavirus G and Avian orthoreovirus, which first 

increased then drastically decreased with increasing age (Figure 4.7.1). It was also revealed that the 

winter sample were mainly characterized by Chicken astrovirus and Rotavirus G. Overall, avian 

viruses appear to be well represented in all chicken faecal samples.  
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Figure 4.7.1 The relative abundance profile of major RNA viral species across the chicken faecal 

samples at different ages (2, 4 and 7 weeks) and seasons (Summer and winter)  

4.7.1 Determining the effect of chickens age and collection season on virome diversity 

4.7.1.1 Alpha diversity 

The results of the observed alpha diversity principally based on expected count for age and season 

are presented in Figure 4.7.1.1.1. For age groups 2, 4 and 7 weeks, the total counts (observed) within 

ages are very similar with interquartile range positively skewed, with most values within the lower 

quartile (Figure 4.7.1.1.1A). For the two seasons, summer and winter, a slight difference was 

observed at 2 weeks in the within sample counts abundance with the summer sample a bit higher than 

the winter sample (Figure 4.7.1.1.1B). This is not the case with summer and winter samples at week 

4, as they demonstrated to have similar viral counts (Figure 4.7.1.1.1B). However, a notable shift was 

observed for the winter and summer samples at week 7, the viral count for the winter sample was 

higher than that of the summer samples (Figure 4.7.1.1.1B). 
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Figure 4.7.1.1.1 The observed alpha diversity metric determination of chicken RNA virome as a 

function of (A) age, and (B) season. 

Similarly, the result of alpha diversity (within samples) using metrics that examines both species 

richness as well as evenness are illustrated in the box plot denoted as Figure 4.7.1.1.2. The Shannon’s 

index considers richness more, while the Simpson’s index places emphasis on the evenness of the 

viral species. 

For Shannon diversity, the 4 weeks’ samples had the highest species richness among the three age 

groups studied (2, 4, 7 weeks). The Shannon’s richness based on season showed that the species 

dynamics of summer were evidently much higher than winter samples at 2 weeks (Figure 4.7.1.1.2C). 

In contrast to the trend observed at week 2 summer and winter samples, here, the summer and winter 

samples observed at week 4 appeared to be similar. However, at week 7, a slightly higher species 

abundance was observed for its summer samples than its winter samples.  

The Simpson's diversity findings were remarkably comparable to the Shannon's diversity results, with 

the most species even samples detected at week 4 for age groups. (Figure 4.7.1.1.2D). In addition, 

the results of diversity measures based on seasons revealed that same species evenness was seen at 

both summer and winter sample at weeks 4 and 7. However, at week 2, the samples had more species 

unevenness for their summer and winter collection seasons (Figure 4.7.1.1.2D). 
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Figure 4.7.1.1.2 The alpha diversity metric determination of chicken RNA virome as a function of 

age and season using (C) Shannon-Wiener index, and (D) Simpson’s index 

Overall, the alpha diversity for age (p= 0.116; df = 2) and seasons (p = 0.172; df =1) were not 

significant. Further analysis of variance using the non-parametric Kruskal-Wallis's H rank sum test 

on alpha diversity within groups showed that the values for age (p = 0.146; R2 = 3.849; df = 2) and 

observed season (p = 0.241; R2 = 1.371; df = 1) were not significant. A post-hoc analysis, specifically 

the Bonferroni method and Turkey’s multiple comparisons conducted as a follow up to determine 

which groups means were not significantly different from each other, showed that the alpha diversity 

of all individually paired group was not significant (p > 0.05) (Appendix 8.7).  

4.7.1.2 Beta diversity 

The Bray-Curtis dissimilarity index matrix employed as ordination analysis compared the clustering 

of RNA viral communities of all faecal sample groups using distance matrices. The results of the beta 

diversity metrics for age and season determined using the abundances of the principal coordinate 

analysis (PCoA) based on the Bray-Curtis and Jaccard showed that with exception of few outliers, 

the individual samples from weeks 4 and 7 samples clustered distinctively by their ages (Figures 

4.7.1.2A and B). However, for both abundance (Bray-Curtis) and presence/absence (Jaccard) 

theorems, it was revealed that the 2 weeks samples were more radically spread, clustering with both 

the weeks 4 and 7 samples (Figures 4.7.4A and B). 
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Figure 4.7.1.2 Principal co-ordinate analysis on chicken viral abundance and diversity as functions 

of age and season, presented as A) Bray-Curtis’s similarity index and B) Jaccard index. The Age 

mean he individual age of birds whose samples were obtained Which CSTs means the chicken 

seasonal collection timepoints.  

Furthermore, the statistical evaluation of the Bray-Curtis beta diversity metrics showed that the beta 

diversity between age groups were significant (P = 0.01099; R2 = 0.17085; df = 2), and consistent 

with that of the two seasons revealing high significant difference between the seasons (P = 0.000999; 

R2 = 0.24107; df = 1) (Appendix 8.8). Overall, based on the data sets in this study, the beta diversity 

measures revealed that there is a significant difference in the viral abundance and diversities between 

age groups (2, 4 and 7 weeks) and seasons (Summer and winter) with p-value < 0.05. Hence, the null 

hypothesis was rejected. 

4.8 Evolutionary relationships of some selected RNA viruses identified from 

faecal samples of chickens 

In this section, only the results of viruses with nearly complete genome coverage or complete 

conserved RdRp gene responsible for their replication are presented. Of the 48 viral species identified 

in this study, only 21 viral species had genome coverage >80%. Among these 21 viruses, only those 

with genome coverage > 90 were considered.  Hence the results of the genetic relationship of 5 avian 

viral species identified from chicken faecal sample are presented below.   
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4.8.1 Avihepevirus magniiecur 

The phylogenetic results of the near complete genome (98.8%) of Avihepevirus magniiecur obtained 

from chicken samples in this study showed that it shares 83.7% identity with a recently identified 

complete genome of a novel virus (ON922634.1) from Ringed-necked Pheasant (Phasianus 

colchicus) and chickens (Gallus gallus domesticus) in France. The phylogenetic analysis results 

showed that this virus alongside the novel virus from France (ON922634.1) clustered distinctively in 

a new clade away from all other clades including those previously isolated from chickens 

(MZ736614.1, MW924815 and MK050107.1) (Figure 4.8.1.1). 

 

 

Figure 4.8.1.1 Phylogenetic analysis of Avian hepatitis E virus, using the neighbour-joining method 

of the complete genome was inferred along with representative members of Human avian Hepatitis 

E. The tree was midpoint rooted for clarity and the branch length support was estimated using 1000 

bootstrap replicates. The label with a red triangle denoted the viral specie identified from chicken 

sample in this study. 
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4.8.2 Bavaria virus 

The phylogenetic result of Bavaria virus with 99.3% genome coverage from chicken sample 2S4 is 

depicted in Figure 4.8.2.1. This result showed that this virus is most similar with the provisional 

reference sequence (RefSeq) of novel Calicivirus chicken/V0021/Bayern/2004 (NC_075411.1) virus 

from Germany. In addition, it was observed that this virus clustered with the only member of this 

genus Bavovirus. Further alignment of the virus against the non-redundant (nr) NCBI database also 

showed it shared only 85% nt and 96.1% aa with Chicken calicivirus strain RS/BR/2015 in a different 

clade from Nacovirus (Figure 4.8.2.1). 

 

 

Figure 4.8.2.1 Phylogenetic analysis of Bavaria virus, using the neighbour-joining method of the 

complete genome was inferred along with representative genera of Caliciviridae. The tree was 

midpoint rooted for clarity and the branch length support was estimated using 1000 bootstrap 

replicates. The label with a red triangle denoted the viral specie identified from chicken sample in 

this study.  
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4.8.3 Picornaviruses 

The phylogenetic result of the polyprotein gene of Orivirus A (96.1%,), Quail picornavirus 

QPV1/HUN/2010 (94.2%,) and Chicken megrivirus (99.8.1%) from chicken sample 2W2,4W5 and 

2W3 respectively, are depicted in Figure 4.8.3.1. Chicken megrivirus was seen to cluster with 

polyprotein of Chicken megrivirus strain chicken/B21-CHV/2012/HUN (YP_009513232.1) obtained 

from Hungarian chickens, Quail picornavirus QPV1/HUN/2010 was in a sister clade with a novel 

Quail picornavirus QPV1/HUN/2010 isolated from domesticated Coturnix coturnix 

(YP_004935357) while clustering with Picornavirales sp (ULF99733.1) isolated from faecal samples 

of Chinese chickens. Similarly, Orivirus A clustered with an Orivirus A strain Pf-CHK1/OrV-A2 

isolated from cloacal samples of Hungarian chickens.  

 

Figure 4.8.3.1 Phylogenetic analysis of members of the Picornaviridae family, using the maximum 

likelihood using the polyprotein gene (Jone-Taylor-Thornton model). The trees were midpoint rooted 

for clarity and the branch length support was estimated using 1000 bootstrap replicates.  Viruses in 

red fonts with red triangle were identified from chicken faecal sample in this study. A. Phylogeny of 

Chicken megrivirus. B. Phylogeny of Quail picornavirus QPV1/HUN/2010 using the polyprotein 

gene C. Phylogeny of Orivirus A using the polyprotein gene. 

In addition, the phylogenetic results of 3D polyprotein of other picornaviruses identified in this study: 

Sicinivirus A, Gallivirus A, Avisivirus B, Megrivirus C2 are shown in Figure 4.8.3.2. Phylogenetic 
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analysis of Sicinivirus A showed its closest relative to be 3D pol of strain UCC001, obtained from 

chicken caecal samples from Ireland (YP_009021777.1), Gallivirus A was most related to 3D pol of 

Gallivirus A1 isloate 518C (YP_009055057.1) from Hong Kong chickens. Also the Avisivirus B was 

seen to be most related to the 3D polyprotein of Chicken picornavirus 2 isolate 44C (YP_0055013.1)  

from Hong Kong chickens while the Megrivirus C2 was observed to be most related to strain 

Chicken/MG9567/Brazil/2012 Chicken megrivirus from Brazil. 

 

 

Figure 4.8.3.2 Phylogenetic analysis of the 3D polyprotein of picornaviruses, Gallivirus A, Sicinivirus 

A, Avisivirus B, Megrivirus C2 and Orivirus A, using the maximum likelihood method (Jone-Taylor-

Thornton model). The trees were midpoint rooted for clarity and the branch length support was 

estimated using 1000 bootstrap replicates.  Viruses in red fonts were identified from chicken faecal 

samples in this study. 

4.8.4 Chicken astroviruses 

The phylogenetic results of the nearly complete genome of two novel CAstV each with nearly 

complete genome coverage of 99.9%, 99.9%, 99.6%, 98.8% and 99.0% were recovered from the 

7W2, 7W3, 2W4, 7W1, and 7W4 samples, respectively (Table 4.6.1.1). The first novel CAstV 

obtained from this study was from 7W3, 7W1 and 7W4 with about 78.8%, 63.2%, 77.6% nt identity 
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and 82.5%, 59.1%, 81.6%, aa identity, respectively. The second novel Avian nephritis virus from 

2W4 and 7W2 had a mere 58.3%, 57.8% nucleotide identity (nt) and 47.7 and 47.4% amino acids 

(aa) identity, respectively with all identified Avian nephritis virus.  

 

Figure 4.8.4.1 Phylogenetic analysis of novel Chicken astrovirus using the neighbour-joining method 

of the complete genome was inferred along with representative genera of Astroviridae. Trees were 

midpoint rooted for clarity, only and branch length support was estimated using 1000 bootstrap 

replicates. 

 



89 

 

Figure 4.8.4.2 Phylogenetic analysis of novel Avian nephritis virus using the neighbour-joining 

method of the complete genome was inferred along with representative genera of Astroviridae. Trees 

were midpoint rooted for clarity, only and branch length support was estimated using 1000 bootstrap 

replicates. 
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CHAPTER 5. Discussion 

Metagenomic NGS offer combined advantages of speed, sensitivity, automation, and high-throughput 

deep sequencing that has allowed unprecedented advances in the characterization of complex 

microbial communities including viruses (Chang et al., 2020; Kang et al., 2021). The present 

metagenomic investigation used faeces to analyze the intestinal RNA viruses found in South African 

chickens. Research efforts examining the virome and bacteriome profiles have adopted the use of 

faecal samples in both domestic (Lima et al., 2017; Castro et al., 2018; Kwok et al., 2022) and wild 

bird species (Vibin et al., 2018; Sarker 2021; Wang et al., 2022). Furthermore, faecal sampling is an 

ideal method, for animal-based studies, since it allows for continuity, temporal analysis, and 

monitoring of the digestive tract microbiome at various phases without the need to kill the animal 

(Stanley et al., 2015; Videvall et al., 2018). However, faecal samples include bacterial and fungal 

loads that are often more abundant than the target viruses of interest. This necessitates the need to 

reduce the bulk burden of these unwanted nuclei by targeted enrichments to retrieve viral genetic 

material of interest. In this study, the major viral enrichment strategies employed included antibiotics 

treatment, homogenization, filtration and nuclease treatment.  

5.1 Faecal sample enrichment 

Avian studies have used antibiotics treatment as a way of reducing non-viral nuclei including studies 

in pigs (Theuns et al., 2016), domestic (Walker et al., 2019) and wild (Canuti et al., 2019; Wille et 

al., 2021) birds. In this study, the choice of antibiotic was considered from three antibiotic classes to 

ensure a broader depletion range namely, aminoglycosides (streptomycin and gentamicin), beta-

lactamase (penicillin) and a polyene antifungal class (amphotericin B). In addition, a homogenization 

step was also employed, without the use of beads. According to the findings by Conceição-Neto et 

al., (2015), the process of homogenizing faecal matter using beads has been observed to cause 

significant depletion of viruses, attributed to their breakdown by the beads, which consequently 

results in the release of their nuclei material. For the enrichment step through filtration, studies have 

shown that filters with pore sizes of 0.45 and 0.8 μm are ideal for removing bacteria and eukaryotic 

cells while recovering viruses, whereas filters with pore sizes of 0.22 μm filter off large viruses, 

particularly mimiviruses and some members of the Nidovirales (Conceição-Neto et al., 2015; Vibin 

et al., 2018). Hence, both 0.45 and 0.8 μm were employed in this study for the filtration step. 

However, it is notable that despite the adoption of filtration, certain host bacteria and other organisms 

that possess sizes smaller than the pore size and/or have their nuclei exposed will persist in the filtrate 
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(Conceição-Neto et al., 2015). Finally, taking advantage of the rigidity of the viral capsid, an 

additional treatment step using nuclease enzymes was employed in this study to further deplete free-

floating host background nuclei. Overall, the contributing effects of these enrichment steps were 

crucial for optimal recovery of viruses from the faecal samples. 

5.2 Viral RNA enrichment 

 The observed too low outcomes of viral RNA from 12 of the 27 samples after extraction excluding 

control N1 (PBS + antibiotics + nuclease enzymes) showed that viral RNA occurred in very low 

concentrations in chicken faecal samples. This observation is consistent with the consensus by 

researchers that there are comparatively small amounts of RNA viruses in samples in comparison to 

their bacteria counterparts or competing genomic DNA (Zhang et al., 2019; Fitzpatrick et al., 2021). 

The observed low outcomes, which appear to be below the quantification threshold, may be attributed 

to the targeted design of the Qubit® RNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA) 

used in this study. This kit was designed to ensure both precision and accuracy in the measurement 

of RNA sample concentrations that fall within the range of 0.25 ng/µl to 100 ng/µl (Ogunbayo et al., 

2023). Furthermore, the sample-to-sample RNA concentration variations could be explained by the 

inherent nuclei content differences in original faecal matter, since they were collected from different 

chickens at diverse time points and not necessarily a result of bias from extraction. Moreover, samples 

were processed in parallel. Overall, the RNA integrity results obtained in the study could be regarded 

as significant as they agree with the standard 260/280 ratio of 2.0 for high quality RNA samples (Roy 

et al., 2020), hence, were acceptable for downstream processes. 

Importantly, this study was rationalized to target only the RNA virome of chickens, thus requiring a 

conscious exclusion of DNA viruses while enriching for the target (viral RNA). Although, the RNA 

extraction stage was carried out using QIAamp viral RNA mini kit, nevertheless, this kit was not 

equipped to completely distinguish between viral RNA and cellular DNA. In addition, QIAamp viral 

RNA mini kit has been demonstrated to extract DNA as effectively as it extracts RNA (Devaney et 

al., 2016). Furthermore, the presence of DNA in the sample potentially hampers the efficient removal 

of host globin mRNA and rRNA as stipulated in the protocol for rRNA depletion by New Englands 

Biolabs (NEB), thus the DNA removal step remains critical for this study. Expectedly, the significant 

increase in RNA concentrations across samples after RNA extraction and post removal of DNA, 

purification and concentration could be attributed to the impact of additional concentration of sample 

volumes, resulting in a final volume of 14 µl. In addition, this increase may also be ascribed to 
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suboptimal removal of impurities which could have been more effectively managed with the 

additional purification procedure. Interestingly, the observed RNA integrity result was seen to be 

consistent with the improved 260/280 RNA integrity results obtained after purification in other 

similar studies (Vishnuraj et al., 2020; Nandi Jui et al., 2022). 

5.3 Viral mRNA enrichment 

Sequencing the entire RNA sample, including rRNA results in a significant loss of sequencing reads, 

which pertain to host nucleic acids or other impurities in the nucleic acid sample (Andreou et al., 

2023). This, in turn, escalates the sequencing expenses. Studies have shown that rRNA makes up a 

significant proportion of the overall RNA, ranging from 80 to 90% of a viral RNA genome (Palazzo 

and Lee 2015; Buckingham 2019; Liefting et al., 2021). As a result of the considerable competing 

amounts of these host genetic materials in viral samples, the identification of viruses may be impeded. 

Hence, rRNA removal was carried out in this study. The significant decrease in RNA concentration 

post-rRNA depletion in 17 of the 27 chicken faecal samples could be mean that that the chicken RNA 

samples were dominated by their host rRNA. Reports from Liefting et al., (2021) and Andreou et al., 

(2023), showed that rRNA constitute two-third of the total RNA in microbiome samples. The 

resultant non-rRNA concentration, highlights the significance of this phase in RNA viral 

metagenomic research, as well as the efficacy of using specific DNA probes for rRNA depletion. In 

general, the results of the 260/280 RNA quality assessment are congruent with the established 

benchmark of 2.0 for pure RNA (Roy et al., 2020), making them suitable to be used in 

downstream procedures.  

5.4 Complementary DNA synthesis and whole transcriptome amplification 

Expectedly, the observed too high cDNA concentrations of faecal samples, after the amplification of 

the entire transcriptome showed that the enrichment steps employed were effective from the cDNA 

results obtained. These excessively high cDNA concentrations observed could be attributed to the 

phenomenon that the direct transcription amplification results of cDNA far exceed the quantifiable 

threshold of the Qubit fluorimeter, which is 0.25 ng/µl to 100 ng/µl (Ogunbayo et al., 2023). This 

could also be true for the control samples despite the absence of any nuclei-template and is consistent 

with previous studies (Andreou et al., 2023; Smit et al., 2022) that WTA holds the ability to amplify 

even relatively small amounts of RNA (cDNA) while maintaining high fidelity. Whole transcriptome 

amplification produces high-fidelity results not just with relatively small amounts of RNA but also 
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with degraded RNA samples (Tomlins et al., 2006). Therefore, the use of amplified cDNA from 

polyadenylated mRNA has remained the gold standard of major transcriptomics (Hrdlickova et al., 

2017; Andreou et al., 2023). However, it is also important to note that the stepwise enrichment 

reagents, PCR reagents, enzymes and random primers present in the control samples also undergo 

amplification during the WTA steps and might have contributed to the excessively high cDNA 

concentrations observed with the chicken faecal samples in this study. This observation regarding the 

presence of these artifacts other than the nucleic material contributing to high cDNA concentration 

agrees with the reports of Mogotsi et al. (2019) on the faecal samples of infants.  

5.5 Libraries and sequencing quality 

As a measure towards ensuring that samples are not over-diluted post transcriptome amplification 

and to further enrich more viruses in this study, the high concentration cut-offs (800- 1000 ng/ml), 

adapted from the stipulated standard range (200 to 1000 ng/ml) employed showed cDNA libraries 

with significantly high concentration as anticipated. This was made possible due to the use of high 

concentration of cDNA starting material, and a wide acceptable concentration range allowed for 

libraries prepared from QIAseq kit. The consistent and uniform concentration results obtained across 

all generated cDNA samples in this study shows that the QIASeq FX RNA kit was an ideal choice of 

library preparation kit. This is indicative of the moderately high indexed cDNA concentrations (up to 

22 ng/µl) obtained after library preparation and the average sample concentration of 916.1 ng/µl in 

10 µl after normalization obtained from this study. The observed high Phred score of 38 (nearly 40) 

obtained from all samples can be attributed to a good sequence base calling accuracy of 99.99%, with 

an error rate of 0.01 per 1 in 10,000 reads and is consistent with recent reports (Mogotsi et al., 2020; 

Ogunbayo et al., 2023) with Phred score greater than thirty (>30). Overall, obtaining high-quality 

RNA viral sequences from avian specimens through the use of NGS approach involves making 

careful, informed choices that best align with the underlying rationale of the study at each specific 

stage of the NGS methodology. 

5.6 The chicken gut RNA virome 

In this study, the total paired end reads of 9,426276 obtained from the mNGS analyses are consistent 

with those of total sequence reads obtained from previous metagenomic studies on chicken gut virome 

(Devaney et al., 2016; Shah et al., 2016; Lima et al., 2019). The moderately lower proportion of viral 

reads (55.6%) to non-viral reads (44.4%) was anticipated and aligns with previous metagenomics 
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associated avian species (François and Pybus 2020; Truchado et al., 2020; Kwok et al., 2022). 

However, within this proportion, the 99% prevalence hits to eukaryotic viruses implies that the 

targeted enrichment for non-ribosomal targets was successful. Despite the lower percentage of viral 

to non-viral reads, the high viral diversity can be deduced from the identification of about 48 viruses 

spanning across 4 kingdoms, 6 phylla, 8 classes, 11 orders, 15 viral families, 21 genera and some 

unclassified viruses including 27 dsRNA and 17 ssRNA, and 2 dsDNA tail phages from Siphoviridae. 

The absence of avian DNA viruses associated with the gut of chicken could mean that the enrichment 

and DNase treatment procedures undertaken were effective. However, the presence of two dsDNA 

tail phages was not expected, although they occurred in very low read abundances.  Nevertheless, 

studies on gut virome reported the presence of tail phages from families Myoviridae Podoviridae and 

Siphoviridae in American (Day et al., 2015) and UK (Devaney et al., 2016) chickens, despite the 

former employing DNA removal procedures. 

Importantly, the recovery of seven prevalent viral families' (Coronaviridae, Picornaviridae, 

Reoviridae, Astroviridae, Caliciviridae, Picorbirnaviridae, and Retroviridae) among samples could 

mean that members of these viral families are more often detected from chickens. The occurrence of 

the identified viral families in this study is in agreement with previous reports on metagenomic 

investigation of chicken gut virome (Day et al., 2015; Devaney et al., 2016; Shah et al., 2016; Lima 

et al., 2019). These studies have commonly identified all the viral families with exception to only few 

studies reporting member of the Retroviridae mainly in diseased chicken presented with Rou sarcoma 

or avian leukosis lesions (Bande et al., 2016; Mason et al., 2020; Chen et al., 2021; Chen and Li 

2022). Notably, the observed most abundant viral families (Picornaviridae, Reoviridae, and 

Coronaviridae) have been reported from similar studies on chicken virome from Netherlands (Kwok 

et al., 2022), Brazil (Lima et al., 2017; Lima et al., 2019), UK (Devaney et al., 2016), and Switzerland 

(Kubacki et al., 2022). In addition, an Iranian tracheal virome study on broiler chicken reported only 

two of these families, Picornaviridae and Coronaviridae in high abundance (Rajeoni et al., 2021).  

Similarly, the considerably high prevalence of avian viruses (48%), surpassing viruses linked to other 

hosts, can be attributed to the targeted enrichment strategy which significantly reduced the presence 

of non-target microbes. The high genome coverage (> 90%) of most of these avian viruses obtained 

except for infectious bursal disease virus, indicates good biological sample content and effective 

storage condition that prevented viral degradation. Studies have also shown that the accuracy and 

quality of the sequencing data obtained in microbiome studies, can be influenced by the storage of 

the samples prior to nucleic acid extraction, and through other downstream analyses to sequencing 
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(Fouhy et al., 2015; Marotz et al., 2021). Some recent studies have identified a variety of picornavirus 

genera in seemingly healthy bird species from different orders particularly, from the Galliformes 

(Lima et al., 2017), Anseriformes (Wille et al., 2021), Charadriiformes (Vibin et al., 2020a), and 

Psittaciformes (Sarker 2021).  Hence, it could be deduced that picornaviruses are normal flora of the 

chicken’s gut since studies have reported them to be prevalent in healthy and/or diseased states 

(Devaney et al., 2016; Lima et al., 2019; Kubacki et al., 2022) and across different developmental 

stages (Shah et al., 2016; Kwok et al., 2022).  

Many viruses exhibit host tropism limited to specific species or families of organisms, plants, insects’ 

animals or human. Nevertheless, certain viruses have demonstrated a remarkable ability to replicate 

in multiple hosts through the acquisition of adaptive features. Furthermore, the range of hosts that a 

pathogen can infect plays a crucial role in determining its classification and transmission patterns 

(Sallinen, et al., 2020). In addition, it is widely believed that diversification and evolution processes 

are influenced by the pathogen's host range. The identification of Aspergillus fumigatus partitivirus 

2, a fungal virus known to cause opportunistic immune related infections in chicken, is of concern. 

In humans, this pathogen causes mild to severe lung related infections leading to bleeding and often 

gotten through the inhalation of its spores in air. Recent studies have shown that this virus lacks host 

specificity (Cheng et al., 2020; Nururrozi et al., 2020; Lofgren et al., 2022) which can now be 

attributed to its occurrence and replication in the studied chickens. Overall, the data obtained from 

this metagenomic study of asymptomatic South African chickens reveals high faecal RNA viral 

diversity that may be circulating in poultry farms. In addition, it could be highlighted that even in the 

absence of an observable overt disease condition, the gut RNA virome of chicken are highly 

diversified. Hence proper measure should be put in place for the routine testing of key pathogenic 

viral agents at live poultry bird markets. Furthermore, the coinfection of some pathogenic viruses 

observed, particularly from Rotavirus F and G for the winter samples and Avian leukosis virus and 

Rous sarcoma virus indicates, may indicate that some of these viruses may be more widely spread 

than imagined in commercial flocks. Additionally, the identification of important pathogens of public 

health concern and novel viruses from the present study including, mammalian, plant and fungal 

viruses are further discussed. 

5.7 Pathogenic avian viruses identified from South African chickens 

The RNA viruses categorized as avian RNA viruses in the present investigation are RNA viruses 

widely known and reported by previous studies to replicate in bird’s species. Over the years, different 
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RNA viruses have been associated with specific/defined disease conditions in birds, while for many 

of them, their disease pathogenesis is yet to be elucidated or explored. For instance, the majority of 

Picornaviridae members and Picobirnaviruses have not been proven to cause diseases in birds. 

Pathogenic chicken RNA viruses have been implicated in enteritis (Lima et al.,2019; Kubaicki et al., 

2022), malabsorption syndrome, immune suppression (Khataby et al., 2020; Van Borm et al., 2021), 

big liver, and spleen disease (BLSD) (Luo et al., 2021; Zhang et al., 2022) among others which result 

in the underperformance, morbidity and even death of chickens. In this section, a discussion of 

established pathogenic avian RNA viruses identified from this study is explored, while others of non-

avian hosts or those whose disease pathogenesis has not been confirmed are discussed in other 

sections. However, this is not a confirmation that all others not discussed in this section do not cause 

significant diseases in avian hosts. 

Avihepevirus magniiecur, commonly known as Avian Hepatitis E virus (aHEV), is an emerging 

zoonotic pathogen (Park et al., 2016; Nan et al., 2017; Sun et al., 2019) with significant public health 

concern. This virus has over the years shown infections in humans, pigs, rabbits, and dogs among 

others, with about 6 genotypes currently existing (Zhang et al., 2022). Recent studies have implicated 

aHEV to be a major cause of hepatitis-splenomegaly syndrome (HSS) or big liver and spleen disease 

(BLSD) in chickens (Iqbal et al., 2019; Ouoba et al., 2019; Osamudiamen et al., 2021; Matos et al., 

2022; Zhang et al., 2022; Wang et al., 2023). The identification of this virus in ten chicken samples 

in both summer (4S1 and 4S5) and winter (2W3, 4W1, 4W2, 4W3, 4W5, 7W2. 7W3, and 7W4) 

periods at high genome coverage (98.8%) may imply that this virus may be circulating in South 

African poultry farms, with a potential threat of infecting humans. Interestingly, studies have 

attributed major aHEV infections to the consumption of contaminated water or undercooked meat 

(Park et al., 2016). Nevertheless, this aHEV has been initially identified from apparently healthy 

chickens in the western Africa (Osamudiamen et al., 2021). 

Retrotranscribing viruses are viruses capable of reverse transcribing their genome into DNA in host 

cells and encompasses about 11 genera and 68 species assigned by the ICTV as of June 2023. 

Retroviruses causing infections in birds are conserved within the Alpharetrovirus. These retroviruses 

are known to cause cancerous infections in chickens and turkeys. Major cancerous infections 

occurring in avian species including chickens, have been majorly attributed to two major retroviruses, 

Rous Sarcoma virus (Khare et al., 2022) and Avian leukosis virus (Liang et al., 2019; Wang et al., 

2019; Freick et al., 2022). The identification of these viruses from both summer and winter samples 
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in this study, though at lower coverage showed that they may be circulating in commercial poultry 

farms in South Africa. 

Reoviruses are economically important wildly spread pathogens causing substantial morbidity and 

mortality in poultry. Studies have attributed Avian Orthoreovirus to arthritis and tenosynovitis (Yan 

et al., 2021; Jiang et al., 2022; Mirzazadeh et al., 2022) while Rotavirus G and F have been associated 

with acute gastroenteritis in poultry (Lima et al., 2019; de Oliveira et al., 2021; Kubacki et al., 2022; 

Pinheiro et al., 2023). These reoviruses cause significant lesions, leading to immune suppression, 

malabsorption syndrome and water droppings in poultry which impacts their state of health 

(Mirzazadeh et al., 2022). The higher viral abundance of Avian Orthoreovirus and Rotavirus G at 

week 2 summer and winter samples and Rotavirus F at week 2 winter samples may indicate that these 

chickens may have suffered from these viruses. Recent studies have demonstrated that younger chicks 

are more highly susceptible to reoviral infections, particularly Rotavirus G and F (Vibin et al., 2020a; 

de Oliveira et al., 2021; Pinheiro et al., 2023). Hence, the observed decrease in viral abundance of 

reoviruses (Avian Orthoreovirus, Rotavirus G and Rotavirus F) from week 2 to week 7, is in 

agreement with the findings from these studies. This could be explained by the high susceptibility of 

juvenile chickens to reoviral infection particularly rotaviruses, which are listed among the major 

causes of death in young chickens. Seasonally, while Rotavirus G prevailed in both seasons, Rotavirus 

F only occurred in winter samples which may imply a seasonal emergence of Rotavirus F in South 

African chickens. In addition to reoviruses, Infectious bronchitis virus or Avian coronavirus are 

transmissible causative agents of diarrheal related infections in young birds and immune suppression 

resulting from frequent nasal discharge, conjunctivitis in poultry (Hassan et al., 2022; Najimudeen et 

al., 2022). The family Coronaviridae is currently made up of 3 genera, Alphacoronavirus, 

Betacoronavirus and Gammacoronavirus. Notably, in addition to the ICTV (International Committee 

on Taxonomy of Viruses) newly proposed genus, only gammacoronaviruses cause infection in birds. 

Recent studies have established its pathogenesis as a nephropathogene which cause death in chickens 

and turkeys (Wang et al., 2020; Van Borm et al., 2021; Yin et al., 2022a). The occurrence of the 

pathogen, Avian coronavirus in 20 out of 27 studied chicken samples implies that despite presenting 

no observable disease, the studied chicken may have suffered enteritis at different development ages. 

This may be attributed to high-rate viral transmission of Infectious bronchitis virus/ Avian 

coronavirus among birds, particularly in multi-age commercial farm structures.  
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 Furthermore, within the poultry industry, there exist two avian astroviruses that have been recognized 

and thoroughly characterized for their economic significance, which are Avian nephritis virus (ANV) 

and chicken astrovirus (CAstV) (Bulbule et al., 2013). These viruses exhibit serological 

dissimilarities while maintaining antigenic similarities amongst themselves (Raji and Omar 2022). 

Chicken astrovirus (CAstV) is an avian virus that affects chickens and belongs to the Avastrovirus 

genus of the Astroviridae family. CAstV has been linked to a variety of diseases and syndromes in 

young broiler chickens, including malabsorption syndrome (Devaney et al., 2016; Kang et al., 2018), 

visceral gout disease (Li et al., 2022; Luan et al., 2022), and white chick syndrome (Sajewicz-

Krukowska and Domanska-Blicharz 2016; Kang et al., 2018; Palomino-Tapia et al., 2020). In this 

study, the occurrence of the pathogen, CAstV in 23 out of 27 studied chicken faecal samples implies 

that there might be high prevalence of CAstV in the studied chickens. Phylogenetically, the novel 

CAstV from 7W2 sample with 99.9% genome coverage was related to an Avian astrovirus isolate 

D11-440/HK, of Hong Kong feral pigeon. With the high recombination rates associated with CAstV 

(Palomino-Tapia et al., 2020), this may imply that the novel CAstV identified may have evolved from 

avian astrovirus from pigeon and the known CAstV from chicken, as a result of mutations and 

recombination. In addition, different studies have implicated Avian nephritis virus with enteritis in 

poultry including chickens (Gogoi et al., 2017; Nuñez et al., 2018; Yin et al., 2021; Xia et al., 2023). 

The Avian nephritis virus, identified from chicken faecal sample 7W3 with 99.9% was most related 

to two avian nephritis isolates; an ANV/CK/TZ/Iringa from the cloacal sample of free-range 

Tanzanian chickens and a Brazilian AVE52/ANV2 isolate. This could imply that the Avian nephritis 

virus from this study may be a recently evolved African strain, sharing only 78.8 nt and 82.5% aa 

identify with all existing Avian nephritis viruses. It could also suggest that the novel Avian nephritis 

virus to be an imported strain, since Brazil is a major poultry importing country for the South African 

nation. Studies have reported novel chicken astroviruses from China (Yin et al., 2021; Luan et al., 

2022), Iran (Mafigholami et al., 2021), Malaysia (Raji et al., 2022), and Poland (Sajewicz-Krukowska 

and Domanska-Blicharz 2016). Additionally, Similar studies has identified Avian nephritis virus from 

chickens including novel ones (Gogoi et al., 2017; Yin et al., 2022b; Xia et al., 2023). Taken together, 

considering the increasing number of astroviruses of avian origin that are awaiting classification by 

the ICTV and continuous identification of novel avian astroviruses correlated with increased 

sampling of unexplored region from different, it can be concluded that CAstVs and Avian nephritis 

virus possess rich genetic diversity which is not fully known and can further be explored. 
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In addition to the single-stranded avian viral pathogens identified in the present study is a member of 

the double-stranded family Birnaviridae, with the ability to replicate in fishes, mammals and a variety 

of birds. The commonest birnaviruses causing acute infection in poultry is an Avibirnavirus generally 

known as Gumboro disease virus. While infections in younger birds may be mild, lethal cases are 

recorded for birds 3 to 7 weeks of age (Fan et al., 2019; Orakpoghenor et al., 2020; Lian et al., 2022).  

In this study, the identification of Infectious bursal disease virus or Gumboro disease virus, an 

Avibirnavirus is of great concern. It is also surprising since these chickens’ received vaccine against 

Gumboro disease virus before 2 weeks of age. Nevertheless, since this virus was detected from only 

one sample (7W5), it could be speculated that it may be vaccine strain or as a result of missed 

vaccination. However, studies have reported Infectious bursal disease virus to be higher in birds of 

3-6 weeks of age, often causing bursal lesions and immune suppression resulting to susceptibility to 

other secondary infections, which may lead to the death (Fan et al., 2019; Orakpoghenor et al., 2020; 

Lian et al., 2022). Finally, another pathogen identified in this study which has gained significant 

attention is a fungal virus, Aspergillus fumigatus partititivirus. This virus is an opportunistic pathogen 

causing immune suppression and respiratory related diseases in chickens (Cheng et al., 2020; 

Nururrozi et al., 2020). Recent studies have shown that this virus lacks host specificity (Lofgren et 

al., 2022) which could be explained by its infection in the studied chickens. 

5.8 Mammalian RNA viruses identified from the study 

In this study, the identification of mammalian viruses from all age groups and seasons of 

commercially bred chicken faecal samples may be attributed to the close interactions between 

animals, interspecies spillover of RNA viruses and chance transmission events attributed to viruses. 

The characterization of unclassified Picornavirales, Picornavirales Tottori-HG1 from swine may 

imply that this virus may be circulating in poultry farms in Durban, KwaZulu-Natal province, quite 

unnoticed. Interestingly, recent metagenomic investigation on the Oral RNA virome of backyard 

swine farms from the KwaZulu-Natal Province, South Africa, identified Picornavirales Tottori-HG1, 

with results showing that it originated from Japan (Chauhan et al., 2022). Therefore, it is of utmost 

importance to elucidate the mechanisms underlying the transmission dynamics and spillover events 

pertaining to various viruses affecting farm animals, particularly with a focus on swine viruses, in 

order to comprehensively understand their spillover and impact on poultry populations on a global 

level. In addition, the identification of diverse mammalian picorbirnaviruses (PBVs) from this study 

is not utterly surprising. This can be attributed to the lack of host specificity of the viral family with 

only one genus Picobirnavirus and two genogroups, GI and GII. Currently, there is contradictory 
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information regarding the real host of PBVs, owing to the short sequences used to identify PBVs 

which are not typical of the whole RdRp gene phylogeny, hence making their defined identification 

and classification difficult (Knox et al., 2018). Surprisingly, this virus has members with 

unsegmented genomes and those whose segments have evolved into segments (Delmas et al., 2019; 

Ullah et al., 2022). Not only have PBVs been found in humans, invertebrates, and birds, but they 

have also been hypothesized to be phages (Boros et al., 2018; Krishnamurthy and Wang, 2018) and 

eukaryotic fungal viruses (Yinda et al., 2018; Kleymann et al., 2020). However, as of June 2023, 

nearly all PBVs have remained unclassified by the ICTV including Chicken picobirnavirus. In this 

study, the identification of Orthopicobirnavirus hominis, Otarine picobirnavirus from California sea 

lion, Picobirnavirus dog/KNA/2015 from dog, Picobirnavirus green monkey/KNA/2015 from African 

green monkey, and Porcine picobirnavirus from swine, further explains the highly diversed nature of 

PBVs. Although, the direct and indirect interactions between some of these mammal and poultry 

cannot be totally ignored. Particularly, humans are responsible for feeding these commercial 

chickens, dogs are common pets, monkeys are highly diverse in South Africa, and some commercial 

poultry farms rear other animals such as pig. Nevertheless, it remains unclear and difficult to explain 

how the Otarine picobirnavirus may have occurred in the studied chicken. Notwithstanding, previous 

studies have identified Otarine picobirnavirus, Picobirnavirus dog/KNA/2015 and Picobirnavirus 

dog/KNA/2015 in human respiratory samples (Ogunbayo et al., 2022) and swine faecal samples 

(Chauhan et al., 2022) in South Africa. In addition, recent studies have reported Picobirnavirus 

dog/KNA/2015 (Atasoy et al., 2022; Chauhan et al., 2022; Ogunbayo et al., 2022).  

5.9 Diet-associated RNA viruses identified from the study 

The identification of Tomato mosaic virus from tomato, Pepper mild mottle virus from pepper, 

Tobacco mild green mosaic virus from tobacco and Festuca pratensis amalgavirus 1 from meadow 

fescue (Festuca pratensis) can be associated with different plant sources of the diet regimens eaten 

by these chickens. Recent avian metagenomics studies have reported the occurrence of food 

associated viruses (Wille et al., 2021; French et al., 2022; Shan et al., 2022). French et al. (2022) 

have reported the discovery of an invertebrate Nelson astrovirus-like 1, exhibiting a significant amino 

acid similarity of 99.6%, within the avian species of robins and tuii birds. Additionally, the study 

revealed the presence of two unidentified non-host bastroviruses in tomits and song thrushes, which 

are believed to be associated with the birds’ diets. Similarly, the identification of insect-like viruses 

Hubei orthoptera virus 1, Hubeic picornavirus 24 and Wuhan insect virus from this study may be 

attributed to use of insects as feed ingredients for poultry. The use of insects has gained attention due 
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to their potential as a sustainable and alternative protein source in animal diets (Elahi et al., 2022). In 

South Africa, the absence of a national regulatory structure governing the use of insects as animal 

feeds, including for chickens, the insect-rearing industries have predominantly capitalized raising 

insects as animal feeds for the poultry industries. Hence this may be associated with the identification 

of insect viruses in recent avian metagenomics studies (Wille et al., 2020; Shan et al., 2022). Shan et 

al. (2022) identified food associated members of Dicistroviridae and Iflaviridae while Wille et al. 

(2020) discovered the Taggert virus, a nairovirus from chinstrap penguins, as well as a new Bruthen 

virus from the family Phenuviridae, a sister family of Phlebovirus that consists of tick association 

viruses. Since some RNA viruses previously thought to be conserved in plants, arthropods, and insects 

have been isolated from birds, further research is needed to determine the true host of these viruses 

and the effect of diet sources on the diversity and abundance of RNA viruses in birds. 

5.10 Effect of age and season on viral diversities and abundance  

Due to the perception of viruses as obligate parasites and/or pathogens, many virome studies have 

remained descriptive majorly identifying and describing the viruses, while ignoring some factors that 

may trigger and/or modulate the occurrence of these viruses in avian hosts, including chickens. 

Hence, it is imperative to acknowledge that there exist numerous significant factors with the 

capability to modulate the occurrence or emergence of viruses within avian species. Previous studies 

on wild birds have shown that virus-virus interaction (Wille et al., 2018), seasonality (Lambrecht et 

al., 2016; Lisovski et al., 2017; Vibin et al., 2020b) and age structure (Wille et al., 2021; Hill et al., 

2023) including host specie may impact on the diversity of viruses in birds. 

In the present study, it was anticipated that there would be the emergence of distinctive patterns in 

terms of age and seasonal variations pertaining to specific viral families and/or species found in the 

chicken samples under investigation. The notable prevalence of Reoviridae members, namely 

Rotavirus G, and F occurring in both winter and summer samples, and Avian orthoreovirus, with high 

abundance in only week 2 can be ascribed to the heightened vulnerability of juvenile avian specimens 

to gastroenteritis infections. This susceptibility arises from the ongoing maturation of their immune 

system, which is characterized by low immunity to infections. 

Recent studies have reported a high susceptibility rate of rotaviral infections in younger birds, (Vibin 

et al., 2020a; de Oliveira et al., 2021; Kubacki et al., 2022; Pinheiro et al., 2023), which is a major 

cause of runting-stunting/malabsorption syndrome resulting in delayed development and lower 

productivity in chickens Also, the observed significant decrease  in reoviruses at 7 weeks may be 
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further explained by the stable adaptation features exhibited by these mature chickens with full grown 

immune systems. The observed presence of the members of Picornaviridae, particularly, Sicinivirus 

A throughout all age groups and seasons, may imply that major members of this viral family are 

commensal and hence may form part of the normal flora of the chicken gut virome. Moreover, 

different studies have reported picornaviruses to be prevalent in both healthy (Lima et al., 2017; Vibin 

et al., 2020b; Wille et al., 2021; Kwok et al., 2022) and diseased (Devaney et al., 2016; Lima et al., 

2019; de Oliveira et al., 2021; Kubacki et al., 2022) bird species including chickens. 

Interestingly, the observed seasonal distribution exhibited by some viral species, such as Rotavirus 

F, genus Lamdavirus, Infectious bursal disease virus, Festuca pratensis almagavirus 1, Fusarium 

poae virus 1, and unclassified RNA virus ShiM-2016 may be attributed to their emergence during the 

winter period. Similarly, the exclusive occurrence of Tomato mosaic virus, Pepper mild mottle virus, 

and some partitiviruses (Botryotinia fuckeliana partitivirus 1, Cryptosporidium parvum virus 1, 

Pythium nunn virus 1, Ustilaginoidea virens partitivirus 2, and Verticillium dahliae partitivirus 1) 

during the summer periods, may either mean that the viruses are more predominant during the 

summer or may be associated with the diet (milled grains) taken by these chickens which may carry 

these fungal viruses. Based on available studies as at the time of this study, there was limited 

information on the effect of season on viral abundance and diversity in domesticated birds. However, 

a recent Australian study on wild birds (Pacific black ducks, Chestnut teals, Grey teals and Wood 

ducks) explored the effect of season on the abundance of the viral families Picornaviridae and 

Parvoviridae (Vibin et al., 2020b). Findings from their study showed that picornaviruses were mainly 

found during late autumn to late winter months while parvoviruses were found throughout the year. 

In addition, Vibin et al., (2020b) demonstrated that members of these two viral families varied not 

only in virus composition across species and time but also in their abundances, despite the sharing 

the same habitat at the times of sampling.  Overall, in the current study, at viral family levels, all viral 

families occurred throughout the two seasons explored with exception to some non-avian viral 

families, Siphoviridae, Amalgaviridae, Partitiviridae, Potyviridae and Totiviridae comprising of 

fungal and plant viruses. However, the viral diversity varied at species level with some viruses 

occurring in winter period while being entirely absent in summer or vice versa. In addition, viral 

abundance varied with age rather season, where the effect of age chicken may have been higher than 

the seasonal effect in the abundance of some of these viruses. Nevertheless, their occurrence by mere 

chance events cannot be entirely ruled out, particularly with viruses that occurred in lower abundance 
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and in <3 samples. To the best of our knowledge, the present study is the first to explore the effect of 

season on viral abundance in chickens, particularly from the African continent. 

The impact of age and season on the Alpha diversity of viruses  

With the observed results within sample groups exhibiting similar diversity levels for Shannon and 

Simpson’s indices, the lack of distinct trend across age groups and seasons can be explained further. 

First, the viral abundance pattern within each age group can be homogeneous since these chickens 

are grouped, housed, fed and vaccinated together, however most commercially bred chickens are 

multi-age in the same farm.  In addition, the inconsistence and higher abundance shown by members 

of the older chicken at week 7 may be attributed to their lowered immunity arising from different 

systemic and recurrent viral infections they may have suffered, leading to different survival 

mechanism by individual chicken in this age group. This can be explained further by the issue of 

chance events as has been observed for some transient viral infections, thus leading to chicken 

individual biased survival features or resistance to some viruses even within the same group. 

Furthermore, other environmental factors, such as sanitation, lack of biosecurity measures and the 

introduction of birds from other commercial farms may influence viral abundance. Overall, the 

observed (P > 0.05) no significant effect observed for alpha diversity indicates that regardless of age 

or seasons, the overall viral abundance of samples within the same group are similar/homogenous. In 

addition, viral abundance was higher in juvenile chickens (2 weeks) between the three age groups 

attributed to their immature immune systems resulting in increased susceptibility to infections. 

Similar no significant alpha diversity result was observed from a recent study that investigated the 

impact of age in an Anseriformes, Ruddy turnstones with P-value > 0.05 (Wille et al., 2021). 

The impact of age and season on the beta diversity of viruses   

The observed distinct clustering for both indices (Jaccard and Bray-Curtis) between viruses at week 

4 and week 7 may indicate a marked difference in viral diversity between the acclimatization stage 

(week 4) and the mature stage (week 7) of the chicken. Hence it appears that there is no relationship/ 

limited connectivity/viral sharing between weeks 4 and 7. However, for week 2, the observed 

clustering results indicate significant viral connectivity/sharing between week 2 and week 4 as well 

as week 2 and week 7. Hence it can be deduced that, some of the viruses identified from this chicken 

at week 2 followed through to week 4 and week 7. Overall, the observed beta diversity (between 

groups) was statistically significant for both age and season (p<0.05) and indicates that viral 

abundance and diversities are influenced by age and season between sample groups for the studied 

chicken faecal samples. Hence it could be deduced that the diversity and abundance between studied 
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chicken samples groups may differ and may be dependent on distinct features characterising each 

group. Therefore, between group of one or more distinct features, the diversity and abundance may 

be heterogenous. Different avian studies have demonstrated marked differences in viral abundance 

and diversities between sample sets characterized by different features such as age structure, 

seasonality, host species and latitude (Lambrecht et al., 2016; Lisovski et al., 2017; Vibin et al., 

2020b; Hill et al., 2023). These differences in diversities and abundance between groups whether age 

or season, may be attributed to factors such as varying temperature changes for season, different feed 

formulations in form of diet eaten by these chickens at different ages as well as different vaccines 

and/or treatment administered to chickens in a specific group which may influence viral abundance 

and diversities.  
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CHAPTER 6. Conclusion and future perspectives 

6.1 Conclusion 

In this study, the faecal RNA virome of apparently healthy South African chickens was analyzed at 

three developmental ages and over two seasons. The well-planned viral enrichment and purification 

strategies adopted in this study were key to the high recovery rate of avian viruses (48%) using 

mNGS. The complete genome of novel chicken astroviruses (CAstV) and many previously known 

viruses, including pathogenic avian viruses, mammalian, fungal and plant viruses were identified in 

the present study. The two novel astroviruses of avian origin obtained from chicken faecal sample 

were Chicken astrovirus mostly related to a Hong Kong DII-440/HK strain and Avian nephritis virus 

most related to two avian nephritis isolates; an ANV/CK/TZ/Iringa from the cloacal sample of free-

range Tanzanian chickens and a Brazilian AVE52/ANV2 isolate. In addition, the detection of 

mammalian viruses such as Picornavirales Tottori-HG1, Porcine picobirnavirus, Picobirnavirus 

dog/KNA/2015, Picobirnavirus green monkey/KNA/2015 in this study could mean a cross species 

spillage of mammalian RNA viruses to South African chickens. Furthermore, the identification of 

Avihepevirus magniiecur from chickens in this study is of concern, since this virus has the capability 

to infect humans, hence should be monitored against potential zoonotic outbreak. The detection of 

picornaviruses, avian coronaviruses, and reoviruses was consistent across samples and some of the 

viruses such as picornaviruses detected in this study may have a commensal role in the avian virome 

or become pathogenic under certain conditions. The results from this chicken RNA viral 

metagenomics study showed that despite the lack of discernible clinical manifestations, RNA viruses 

remain prevalent within the GIT of chickens. This suggests that chickens may experience recurrent 

viral infections that could significantly impact the development of their normal gut virome and overall 

well-being. The relative abundance profiles of investigated chicken viruses were higher in the 2 weeks 

summer, 4 weeks summer and 7 weeks winter samples. Given that the virome of individual age groups 

and seasons both changed over the time of chicken development and that multiple co-infections may 

have occurred, since commercial poultry farms are multi-age, it is difficult to define the emergence 

of some of these pathogenic viruses, in terms of chicken age or collection time points. Although, the 

age and seasons considered had no effect on within sample abundance (alpha diversity), a significant 

effect was however observed between age groups and seasons (beta diversity) based on the studied 

samples. These diversity results suggest that viral abundance and diversities in chickens in the same 

age group and season may be similar, however between groups characterized by different age or 

seasons, varies, hence their viral abundance and diversity are different. The results of phylogenetic 
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analysis of avian RNA viruses suggests relatedness to viruses previously identified in other countries; 

For instance, Bavaria virus mostly related to German chicken/V0021/Bayern/2004, Avihepevirus 

magniiecur mostly related to a novel Avihepevirus magniiecur 19/03914 from France, Chicken 

astrovirus related to DII-440/HK from Hong Kong, and Avian nephritis virus most related to Avian 

nephritis strains from Tanzania (ANV/CK/TZ/Iringa) and Brazil (ANE/ANV2). Overall, considering 

that, the utilization of viral metagenomics in studying the RNA virome of chickens was efficient in 

the present investigation, yielding diverse viruses including novel viruses. Hence, mNGS is a useful 

tool and approach with the capability to determine total viruses present in faecal samples of bird and 

can be explored for its implementation in areas that aim to study viral diseases in birds targeted at 

enhancing avian gut health. 

6.2 Future perspectives 

Since this study only considered asymptomatic South African chickens, it is highly recommended 

that future studies should look to compare virome of healthy and diseased South African chickens. 

This consideration should ensure that comparative investigations include additional measures of 

ascertaining health status of birds grouped as healthy. In addition, while the present study employed 

the use of a total 27 chicken faecal samples, future studies should look to increase sample size and as 

well sample from different provinces of South Africa, since geographical location may influence 

virome diversity and abundance. Importantly, this study only looked at two of the four known seasons 

in South Africa (summer and winter), hence, it may be interesting if future research considers 

sampling across all four seasons to see their robust impact on the dynamics of viral abundance and 

diversity. Furthermore, there is scarcity of information on the virome of many South African 

domesticated animals, pets and wild birds, hence future studies should look to decipher the viruses 

present in these animals. This may be important to track viral host spillage of animal viruses with 

potential zoonotic threat. Moreso, with recent studies frequently identifying porcine viruses in 

chicken or vice versa, turkey and/or duck viruses in chicken or vice versa and even dog viruses in 

chickens, the impacts of interspecies jumping of viruses in farms rearing diverse farm animals or bird 

species requires investigation. In addition to common city birds, there are so many wild bird’s 

endemic to South Africa whose virome could be explored through mNGS. Information obtained from 

these unique birds’ categories may assist towards better understanding of avian virome. In conclusion, 

given the recurrent identification of plant-derived viral sequences in different avian 

virome investigations, future research may endeavour to determine the impact of dietary factors on 

viral prevalence and diversity within South African poultry populations. Such investigations could 
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shed light on the potential regulatory role of diet in shaping the composition of the gut virome, thereby 

presenting a promising avenue for further scientific exploration. 
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Appendix 8.3 Bioanalyzer results of indexed cDNA libraries  
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Appendix 8.4 Quality report of sequence distribution of chicken a) Per base 

sequence quality b) Mean sequency quality (Phred score) 
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Appendix 8.6 The overall abundance of RNA viral species from 27 chicken study samples at 2, 4 and 7 weeks 
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Appendix 8.7 Alpha diversity Statistical significance 
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Appendix 8.8 Beta diversity statistical significance 
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