
Epidemiology and ecology of virus 
and host: bats and coronaviruses 

in Ghana, West Africa 
 
 
 
 
 
 
 

 
 
 

Dissertation 
Heather Joan Baldwin 

 
 
 
 
 
 
 
 

 



 

 
  



Epidemiology and ecology of virus 
and host: bats and coronaviruses 

in Ghana, West Africa 
 
 
 

 
 

DISSERTATION 
 

 
 

zur Erlangung des Doktorgrades Dr. rer. nat.  

der Fakultät für Naturwissenschaften der Universität Ulm 

und 
des Doktorgrades PhD 

des Department of Biological Sciences der Macquarie University 
per cotutelle 

 
 
 

 
vorgelegt von 

Heather Joan Baldwin 
aus Sydney, Australia 

 
 
 

Ulm, 2015 
 
 
 



 

  



 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Amtierender Dekan:  Prof. Dr. Peter Dürre  

Erstgutachter: apl. Prof. Dr. Marco Tschapka 

Zweitgutachter: Prof. Dr. Simone Sommer 

 

Tag der Promotion: 22 Februar, 2016  



 

 
  



For Elisabeth Kalko, who inspired all who knew her, 
and my parents, Robert and Judith Baldwin, whose unending support  
and encouragement made it possible for me to follow my passion. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                             

 

Image: Marco Tschapka 

  





 

xi 

TABLE OF CONTENTS 
 

ABSTRACT ........................................................................................................................ xiii	
SUMMARY ............................................................................................................................ 1	

General introduction ............................................................................................................... 2	
Emerging infectious diseases, zoonoses, and bats .................................................................. 2	
Coronaviruses ...................................................................................................................... 3	
Bats – cryptic and diverse mammals .................................................................................... 4	
Study sites ........................................................................................................................... 4	

Thesis overview ....................................................................................................................... 6	
Conclusions ........................................................................................................................... 10	

CHAPTER 1: Human betacoronavirus 2c EMC/2012–related viruses in bats, Ghana  

and Europe .......................................................................................................................... 17	
Abstract ................................................................................................................................. 18	
Introduction .......................................................................................................................... 18	
The study .............................................................................................................................. 18	
Conclusions ........................................................................................................................... 20	
Acknowledgements ................................................................................................................ 21	
References .............................................................................................................................. 21	
Technical appendix ................................................................................................................ 23	

CHAPTER 2: Widespread coronavirus infection in Ghanaian bats: seasonal,  

demographic and ecological factors influence infection risk ............................................... 24	
Abstract ................................................................................................................................. 25	
Introduction .......................................................................................................................... 25	
Materials and methods ........................................................................................................... 27	
Results ................................................................................................................................... 30	
Discussion ............................................................................................................................. 35	
Acknowledgements ................................................................................................................ 38	
References .............................................................................................................................. 39	
Supplementary material ......................................................................................................... 45	

CHAPTER 3: Isolation and characterization of 11 novel microsatellite loci in a West  

African leaf-nosed bat, Hipposideros aff. ruber .................................................................... 50	
Abstract ................................................................................................................................. 51	
Findings ................................................................................................................................ 51	
Acknowledgements ................................................................................................................ 53	
References .............................................................................................................................. 54	



 xii 

CHAPTER 4: Genetic and acoustic diversification: cryptic speciation of Pliocene origin  

in Afrotropical bats (Hipposideridae: Hipposideros) in West Africa .................................... 55	
Abstract ................................................................................................................................. 56	
Introduction .......................................................................................................................... 56	
Materials and methods ........................................................................................................... 60	
Results ................................................................................................................................... 64	
Discussion ............................................................................................................................. 68	
Conclusions ........................................................................................................................... 72	
Acknowledgements ................................................................................................................ 72	
References .............................................................................................................................. 73	
Supplementary material ......................................................................................................... 81	

CHAPTER 5: Do sympatric sister species with similar traits show similar patterns of 

genetic variation? A case study in Afrotropical bats (Hipposideridae: Hipposideros) ........... 82	
Abstract ................................................................................................................................. 83	
Introduction .......................................................................................................................... 84	
Materials and methods ........................................................................................................... 86	
Results ................................................................................................................................... 89	
Discussion ............................................................................................................................. 98	
Conclusions ......................................................................................................................... 102	
Acknowledgements .............................................................................................................. 102	
References ............................................................................................................................ 102	
Supplementary material ....................................................................................................... 109	

APPENDIX 1: Evidence for an ancestral association of human coronavirus 229E with  

bats .................................................................................................................................... 111	
APPENDIX 2: Deception down under: is Australia a hot spot for deception? .................. 125	
STATEMENT OF CONTRIBUTION ............................................................................... 131	
ACKNOWLEDGEMENTS ............................................................................................... 132	
CURRICULUM VITAE .................................................................................................... 135 

COTUTELLE AGREEMENT ............................................................................................ 139	
ERKLÄRUNG ................................................................................................................... 144 

 



 

 xiii 

ABSTRACT 
Bats are implicated in the emergence of many zoonotic diseases, including the coronaviruses 

(CoVs) responsible for deadly outbreaks of severe acute respiratory syndrome (SARS) in 2002-

2003, and Middle East respiratory syndrome (MERS) which first emerged in 2012. Despite an 

increased interest in bat CoVs since the SARS epidemic, little research has examined bat CoVs 

from a disease ecology perspective. In this thesis, I investigated the epidemiology and ecology of 

CoVs and bats that host them in Ghana, West Africa. This thesis is presented in two parts. In the 

first part, I examined CoV epidemiology in bats in Ghana. I captured bats at several colonies 

regularly over two years. Samples were screened for CoVs, which were found to be widespread in 

insectivorous cave-dwelling bats of the genera Hipposideros and Nycteris. A novel CoV related to 

MERS-CoV was detected at high prevalence in slit-faced bats, Nycteris cf. gambiensis, supporting 

suggestions of a bat origin of MERS-CoV. I examined population and individual-level risk factors 

for infection with four CoVs in Nycteris cf. gambiensis, Hipposideros abae, and H. cf. ruber. I 

found a strong seasonal effect on CoV infection rates, and a strong association with age, whereby 

juvenile bats are at greater risk of infection, as well as evidence for higher risk with low body 

condition. These findings provide new insights into the ecological, demographic and temporal 

processes that influence CoV infection dynamics in bats, with implications for public health 

management to prevent virus spillover to humans and domestic animals. 

 In the second part of my thesis, I examined cryptic speciation and genetic and acoustic 

diversity in CoV host species, Hipposideros caffer and H. ruber. Using mitochondrial DNA and 

microsatellite loci, and acoustic and morphological data, I showed that mitochondrial DNA 

clades represent distinct species, with no evidence of interbreeding between groups. I then used 

mitochondrial sequence data to date lineage divergence, and explore the historical and 

evolutionary processes that may have given rise to diversity in these taxa. Further, I characterised 

spatial patterns of intraspecific genetic diversity in the three species corresponding to H. cf. ruber 

(H. sp. B, C, and D). Comparison shows stark contrasts in the spatial patterns of genetic 

variation of these species, despite them having diverged relatively recently and apparently having 

highly similar ecological and natural history traits. I discuss the implications of these results for 

disease surveillance and spread, the use of surrogate species in wildlife management, and the 

evolutionary processes that generate and maintain diversity. 

 The findings of this thesis add to knowledge of bat CoV ecology and epidemiology, as 

well as to the evolution and patterns of diversity within a relatively widespread, but understudied, 

group of Afrotropical bats that are natural CoV hosts. The results are discussed in the context of 

zoonoses, wildlife management and disease prevention, and the evolution of cryptic speciation in  

bats 
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GENERAL INTRODUCTION 

Emerging infectious diseases,  zoonoses, and bats 
Emerging infectious diseases (EIDs) pose a significant threat to public health and the 

conservation of biodiversity (Daszak et al. 2000; Jones et al. 2008; Smith et al. 2009). EIDs are 

defined as diseases that have recently appeared in a new population or host species, or are 

increasing in incidence, geographic range or severity (Daszak et al. 2000). Recent analyses have 

suggested that the incidence of EIDs is increasing (Jones et al. 2008). This is often linked to 

anthropogenic factors, such as biodiversity loss and ecological change (Keesing et al. 2010; Patz et 

al. 2004), misuse of antibiotics (Morse 1995), and the increase in global air travel (Daszak et al. 

2000). 

 Zoonoses, diseases transmitted from a non-human animal host to a human host, comprise 

60% of known human pathogens (Jones et al. 2008). Of those, more than 70% are known to 

have originated in wildlife species (Jones et al. 2008). In recent years, bats (order Chiroptera) 

have become a focus of international interest due to their role in the emergence and transmission 

of zoonotic viruses. Bats are proposed as natural reservoirs for viruses causing serious human 

disease, including severe acute respiratory syndrome (SARS), Middle East respiratory syndrome 

(MERS), Ebola, Marburg, Hendra, Nipah, and rabies (Calisher et al. 2006). This propensity to 

host zoonotic viruses may be linked to chiropteran adaptations including high levels of 

interspecific roosting sympatry, sociality and gregariousness, longevity, and flight, as well as 

genetic and functional differences in the immune system (Baker et al. 2013; Calisher et al. 2006; 

Dobson 2005; Luis et al. 2013; Zhang et al. 2013). Indeed, a recent meta-analysis found that bats 

are host to more zoonotic viruses per species than rodents, another group often implicated in 

zoonotic disease (Luis et al. 2013). 

 However, despite the recent increase of interest in bat viruses, most of this research has 

focussed on discovering and describing new viruses and virus diversity in bats (e.g. Corman et al. 

2013; Tong et al. 2009; Woo et al. 2007). Relatively little work has focussed on the ecological 

mechanisms that drive virus emergence and infection dynamics (Drosten 2013). Host ecology, 

through component aspects such as phenology or life history, movement patterns, genetic 

diversity, species interactions, and social behaviour, may influence virus emergence and infection 

dynamics through generating differences in prevalence and susceptibility, disease spread or 

affecting transmission patterns, or influencing host switching (Archie et al. 2009; McDonald et 

al. 2008; Plowright et al. 2015). Therefore, knowledge of host ecology is vital for making 

predictions about epidemics, and informed management decisions for both public health and 

wildlife conservation.  
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 Without ecologically informed approaches to management decisions, reactionary policies 

or actions that aim to decrease the threat of zoonotic disease to humans or domestic animals may 

be at best ineffective, and at worse, harmful and counter-productive. For example, despite 

widespread culling of vampire bats (Desmodus rotundus) as a strategy to control rabies in Latin 

America, recent research has shown that such strategies do not reduce rabies seroprevalence 

(Streicker et al. 2012). Streicker et al. (2012) found that culling campaigns may actually increase 

rabies prevalence, as a result of preferentially removing adults, resulting in populations comprised 

of a higher proportion of juveniles and sub-adults, which are more susceptible and potentially 

more important for rabies transmission. Similarly, research on long-term badger culling programs 

in the UK designed to control the spread of bovine tuberculosis has shown that culling influences 

spatial organization by disrupting territorial behaviour, increasing contact rates with other 

badgers and cattle, and is associated with increase incidence in some areas (Donnelly et al. 2006; 

Woodroffe et al. 2006).  

 Disease ecology is a relatively new discipline focussed on investigating the interaction of 

the behaviour and ecology of hosts with that of the biology and dynamics of pathogens. It merges 

ecology, epidemiology, microbiology, genetics, and modelling to better understand how 

ecological processes and natural history affect the interaction between host and pathogen. 

Knowledge gained through such approaches may improve models and allow better forecasting of 

risks and infection patterns and spread, with the ultimate goal to predict and prevent emerging 

infectious disease.  

 

Coronaviruses  

Coronaviruses (order Nidovirales, family Coronaviridae, CoVs) are enveloped, single stranded, 

positive-sense RNA viruses, which infect a wide variety of vertebrate species (Woo et al. 2009). 

CoVs are classified into four genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and 

Deltacoronavirus (Drexler et al. 2014). Alpha- and Betacoronavirus are associated with infection in 

mammals, whereas Delta- and Gammacoronavirus are found mainly in birds (Woo et al. 2009). 

Coronaviruses are known to infect the respiratory, gastrointestinal, or central nervous systems 

(Vijaykrishna et al. 2007). Since the 1960s, two human coronaviruses (hCoV-OC43 and −229E) 

have been known, causing mild respiratory disease (Saif 2004). However, in 2002–2003, an 

outbreak of severe acute respiratory syndrome (SARS), which resulted in more than 8000 

infections and 800 deaths, was caused by a novel Betacoronavirus, SARS-CoV (Drexler et al. 

2014; Drosten et al. 2003). A likely natural animal reservoir for SARS-CoV was identified in 

rhinolophid bats (Li et al. 2005). In late 2012, another highly pathogenic human CoV, causing 
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Middle East respiratory syndrome (MERS), emerged in Saudi Arabia (Zaki et al. 2012), and 

outbreaks are ongoing in the Middle East and South East Asia.  

 In the aftermath of the SARS epidemic, several human CoVs, and numerous novel bat 

CoVs were described (Drexler et al. 2014). Recently, CoVs related to human viruses, including 

SARS, and hCoV-229E, have been identified in bats in West Africa (Pfefferle et al. 2009). 

However, despite the zoonotic potential of these viruses and the high level of human contact with 

bats in West Africa (Anti et al. 2015), the infection dynamics and risk factors in CoV infection 

bats have yet to be examined. 

 

Bats – cryptic and diverse mammals 
Bats are the second most speciose mammalian order, constituting more than 1200 mammalian 

species (Teeling et al. 2005). Bats are incredibly ecologically important, providing numerous 

ecosystem services (Kunz et al. 2011). Frugivorous bats are vital to many forest ecosystems 

because of their role in pollination and seed dispersal, without which many forest plant 

communities would not persist (Kunz et al. 2011). Insectivorous bats are of enormous economic 

importance, providing pest control estimated to be worth between US$3.7 - 53 billion to the 

agricultural industry in North America alone (Boyles et al. 2011).  

 Approximately one quarter of all bat species are threatened with extinction (Mickleburgh 

et al. 2002). Key threatening processes include habitat destruction and fragmentation, as well as 

conflict with humans, which can be exacerbated by fears related to zoonotic disease. In North 

America, bats face a new threat from a devastating emerging fungal disease, white nose syndrome 

(Pseudogymnoascus destructans), causing mass population declines and localised extinctions (Cryan 

et al. 2013).  

 As a result of their relatively cryptic nature, there are many bat species for which we lack 

basic biological and ecological information. Further, a tendency towards morphological 

conservation as a result of the consistent selective pressures associated with flight and 

echolocation, means that cryptic diversity may be more common in bats than other taxa (Jones 

and Barlow 2004). Bats are, therefore, an interesting group within which to explore cryptic 

speciation and patterns of genetic diversity, and the processes that underpin it. Further, accurate 

species recognition is valuable for identifying zoonotic disease reservoirs and using disease ecology 

to inform prediction and prevention of emerging infectious diseases.  

 

Study sites 

Sub-Saharan Africa is home to more than 100 bat species (Monadjem et al. 2010). In West Africa 

direct and indirect human contact with bats is common (Anti et al. 2015). Bats are hunted for 
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Figure 1. Examples of human contact with bats and cave use in Ghana. a) and b) fruit bats (Eidolon helvum) served 

at a roadside stall in Kumasi, Ghana; c) child collecting water from a stream flowing through Ohene Abutia cave, 

Kwamang d) a man pouring libation, a religious activity at Mprisi cave in Buoyem. A large number of discarded 

bottles from previous offerings can be seen; e) a sacrificial animal offering at the Mframmabuom cave in Kwamang;     

f) children at Ohene Abutia cave, Kwamang, during a water-fetching visit. 

 

 

bushmeat, guano is collected from bat caves, as is water for household use and even consumption, 

and caves that hold spiritual significance are visited for ritualistic purposes, sometimes involving 

several days of sleeping, eating and praying inside the caves. We observed evidence of many of 

A

B

C

D

E
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these behaviours at our sampling sites (figure 1). Additionally, changes in land use and 

urbanisation in Africa has lead to large-scale degradation and fragmentation of habitats. All of 

these factors raise the potential of contact between disease reservoirs and humans. Practices such 

as bushmeat consumption and cave visitation for resource extraction have been linked to serious 

human viral outbreaks on the African continent (Amman et al. 2012; Leendertz et al. 2015; 

Leroy et al. 2009; Swanepoel et al. 2007), possibly including the recent catastrophic Ebola 

outbreak in West Africa (Saéz et al. 2015). 

 

THESIS OVERVIEW 

In the chapters that follow I investigate ecology and CoV epidemiology in bats in West Africa. 

This thesis has four proximate aims: 1) to determine the prevalence of CoVs in Ghanaian cave-

dwelling bats; 2) to elucidate risk factors in CoV infection in bats; 3) to resolve taxonomic 

uncertainty in CoV-hosts in the Hipposideros caffer complex, and 4) to examine patterns of 

genetic and acoustic diversity in the H. caffer group in West Africa. The results are used to 

address broader questions about zoonoses, as well as evolutionary history, patterns and processes, 

and wildlife management, specifically relating to: 1) host-pathogen dynamics, including the 

seasonal, demographic and ecological processes that influence CoV infection in bats; 2) the 

processes that generate and maintain genetic and acoustic diversity; 3) the utility of surrogate 

species for intraspecific diversity to inform decisions on wildlife management. The findings of 

this thesis add to knowledge of CoV ecology in bats, and to knowledge of the evolution and 

patterns of diversity within a relatively widespread, but understudied, group of Afrotropical bats 

that are natural CoV hosts. My findings are used to address broader questions about zoonoses, 

wildlife management, and the evolution of cryptic speciation in bats. This research is presented in 

the following chapters: 

 

1. Human betacoronavirus 2c EMC/2012–related viruses in bats, Ghana and Europe 

 

2. Widespread coronavirus infection in Ghanaian bats: seasonal, demographic and 

ecological factors influence infection risk 

 

3. Isolation and characterization of 11 novel microsatellite loci in a West African leaf-nosed 

bat, Hipposideros aff. ruber 

 

4. Genetic and acoustic diversification: cryptic speciation of Pliocene origin in Afrotropical 

bats (Hipposideridae: Hipposideros) in West Africa 
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5. Do sympatric sister species with similar traits show similar patterns of genetic variation? 

A case study in Afrotropical bats (Hipposideridae: Hipposideros) 

 

The first part of my thesis focuses on bat CoV epidemiology and ecology. Chapter 1 

describes the discovery of CoVs closely related to the MERS-CoV (referred to by its former name 

hCoV-EMC/2012) in Ghanaian and European bats. This paper was highly collaborative, and 

aimed to provide insights into the origins of MERS-CoV following its first emergence in 

September 2012. We tested for novel betacoronaviruses related to the MERS-CoV (formerly 

hCoV-EMC/2012) in more than 4700 bats from 17 species sampled in Ghana, and an additional 

272 bats from four species sampled in Europe. We found a novel relative of MERS-CoV in 

Nycteris cf. gambiensis (Nycteridae) in Ghana, and close relatives of a previously described bat 

CoV, VM314 (Reusken et al. 2010), in three species of bats in Europe, Pipistrellus pipistrellus, P. 

nathusii, and P. pygmaeus (Vespertilionidae). Previously, only vespertilionid bats were known to 

host MERS-CoV-related betacoronaviruses (Reusken et al. 2010; Woo et al. 2006). The finding 

of a 2c-CoV in N. cf. gambiensis demonstrated that this CoV clade can infect two different host 

bat families. We report high prevalence of 2c-CoV in bats in Europe and Ghana. This discovery, 

together with findings of betacoronaviruses closely related to MERS-CoV in vespertilionid bats 

since then (De Benedictis et al. 2014; Ithete et al. 2013; Yang et al. 2014), and in guano from a 

cave housing multiple bat species (Wacharapluesadee et al. 2013), supports the hypothesis that 

bats may be the natural reservoir for MERS-CoV. This paper was published in Emerging 

Infectious Diseases. 

Chapter 2 describes the results of the first longitudinal study of CoV infection in bats in 

West Africa. I reported detection and prevalence of four CoVs in multiple bat species from two 

years of regular surveillance (figure 2). Further, I investigated ecological and demographic risk 

factors CoV infection in bats in Ghana. I showed preliminary evidence that CoV prevalence was 

significantly higher for juvenile and lactating female N. cf. gambiensis (Chapter 1). I further 

explored risk factors for infection with four bat CoVs in Chapter 2. In this longitudinal study, 

more than 7000 bats from 17 species were tested for four CoVs, over two years of regular 

sampling. CoVs were found in six bat species from two families (Hipposideridae, Nycteridae), in 

the genera Hipposideros and Nycteris. The viruses included a MERS-CoV relative (Chapter 1), 

two viruses in the SARS-like CoV clade, and one relative of the human common cold virus 

hCoV-229E (Pfefferle et al. 2009). I examined temporal patterns and ecological and demographic 

risk factors for CoV infection. The findings show a strong seasonal effect on CoV infection rates,  
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Figure 2. Some of the bat species sampled throughout the fieldwork for this thesis. a) Hipposideros gigas, b) Epomops 

buettikoferi, c) Rhinolophus landeri, d) pipistrelloid bat, e) Lissonycteris angolensis, f) Taphozous perforates, g) H. abae, 

h) Coleura afra, i) Rousettus aegyptiacus, j) H. jonesi, k) Nycteris cf. gambiensis, l) Micropteropus pusillus,                       

m) Nanonycteris veldkampi 

 

 

and a strong association with age, whereby juvenile bats are at greater risk of infection. Low body 

condition also conferred higher risk, a worrisome discovery since body condition is likely affected 

BBA B C

D E F
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by the ongoing biodiversity loss due to anthropogenic impacts. These findings provide new 

insights into the ecological, demographic and temporal processes that influence CoV infection 

dynamics in bats, contributing new knowledge to how temporal and ecological factors impact 

upon wildlife disease patterns. They also carry real-world implications for public health 

management and the prevention of the transmission of these viruses from bats to domestic 

animals or humans. I suggested avenues on which to focus future strategies for the prediction and 

prevention of zoonotic CoV outbreak, including avoiding consumption of juvenile bats and 

seasonally avoiding direct and indirect contact with bats. This paper has been formatted in the 

style of the journal Ecography. 

The second half of my thesis focusses on the ecology and genetic diversity of the 

Hipposideros caffer species complex. Previous research (Pfefferle et al. 2009) and research 

presented in Chapter 2 identified Hipposideros cf. ruber and H. caffer tephrus, in the Hipposideros 

caffer complex (figure 3), as hosts for three of the four CoVs known to infect Ghanaian bats. 

Following from this finding, I aimed to resolve questions regarding cryptic speciation and to 

investigate patterns of genetic diversity and dispersal in this understudied group. To this end, in 

Chapter 3, I developed microsatellite markers to provide a tool for investigating genetic diversity 

and structure in Hipposideros caffer and H. ruber. This marker set establishes a toolkit for assessing 

neutral genetic variation in these bats, traditionally recognised as two species, H. caffer and H. 

ruber. This paper was published in BMC Research Notes. 

 Chapters 4 and 5 utilised the microsatellite loci developed in Chapter 3 for taxonomic 

investigation and examination of finescale genetic structuring and connectivity between colonies, 

and spatial genetic and acoustic variation. In Chapter 4, I examined cryptic diversity in the H. 

caffer complex using microsatellite markers (developed in Chapter 3), acoustic and morphometric 

data. I found that four previously described mitochondrial DNA clades of H. caffer and H. ruber 

represent distinct species, with no evidence of interbreeding between groups. I proposed the 

continued use of the Hipposideros caffer tephrus nomenclature, and the interim names Hipposideros 

species B, C, and D, until further research can elucidate the complicated systematics. Further 

investigation of the deep mitochondrial divergences within lineages throughout the Afrotropics, 

using multiple lines of evidence, would be beneficial for resolving the remaining taxonomic 

uncertainty in this group.  

 Further, I explored evolutionary processes that generate genetic and acoustic diversity in 

these bats. I dated divergences between lineages, and explored the historical and evolutionary 

processes that may have given rise to diversity in these taxa. Bayesian divergence dating, based on 

mtDNA, indicated a Pliocene origin of these species, with intraspecific lineages corresponding to 

the Pleistocene. These findings are consistent with the ‘species pump’ hypothesis, which 
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emphasizes an important role of climatic fluctuations and in species richness of forest refugia. I 

examined hypotheses for acoustic divergence between species, with the data consistent with social 

selection, reproductive character displacement or drift, but ruling out a role for resource 

partitioning. This chapter is formatted for submission to the journal Molecular Biology and 

Evolution. 

 In Chapter 5, I characterised patterns of intraspecific genetic diversity in Hipposideros 

species B, C, and D. I found surprisingly high levels of genetic structure across a relatively fine 

spatial scale in H. sp. C and D, and a pattern of isolation by distance for lineage D, suggesting 

limited dispersal ability. As H. sp. B was sampled at only three sites in close proximity, it was not 

possible to draw strong conclusions about their genetic connectivity on the same scale. I also 

found interesting differences in phylogeography and demographic history in these species. I used 

these data to explore the assumption that closely related, co-distributed taxa with similar 

ecological and natural history traits will have similar responses to extrinsic forces. This 

assumption underpins the application of surrogate measures for intraspecific genetic diversity. I 

found that despite similar ecological and natural history traits, these species show surprisingly 

different responses to the same historical and contemporary processes. I reflect on this in relation 

to the use of surrogates for conservation and wildlife management. My results emphasize the need 

to be wary of inferring intraspecific genetic patterns on the basis of surrogate species. This paper 

is formatted for submission to Molecular Ecology. 

Each chapter is a self-contained manuscript for publication in a scientific journal and is 

formatted according to the specific journal’s requirements, with the exceptions that referencing 

styles have been altered for consistency. The Appendix presents other papers authored and 

published during my PhD candidature. The first of these describes evidence for an ancestral 

association of a human CoV, human CoV-229E, with bats, and is accepted for publication in the 

Journal of Virology. The second deviates from the themes of this thesis, exploring the high 

prevalence of deceptive strategies in Australian flora and fauna, and was published in Behavioral 

Ecology.  

 

CONCLUSIONS 

This project addressed an important knowledge gap in the disease ecology of CoVs in bats. It also 

aimed to address systematic, ecological and evolutionary questions related to the recognised 

species Hipposideros caffer and H. ruber, which hosts several CoVs in Ghana. The findings of this 

thesis have implications for the prediction and prevention of zoonotic disease and management or 

control strategies, as well as for the conservation of genetic variation and evolutionary processes. 
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Figure 3. Morphological variation in the Hipposideros caffer complex in Ghana. a) H. caffer tephrus; b), c) and           

d) H. cf. ruber 

 

 

The findings on risk factors in CoV infection highlight behaviours and times of year that 

carry a greater risk of virus spillover to humans or domestic animals, from which we can infer 

direct recommendations. Further, this information, along with knowledge generated on genetic 

diversity, connectivity, and dispersal may be used to parameterize models to forecast risk for the 

prediction and prevention of outbreaks and spread of zoonotic disease. This project has aided 

taxonomic resolution within the Hipposideros caffer group, and identified morphological and 

acoustic measures to aid diagnosis in the field, which will allow greater accuracy in future 

surveillance and prevalence estimates of CoVs in these species.  

 The confirmation that H. caffer and H. ruber represent four separate species provides a 

foundation for further work aiming to reassess the conservation statuses of these species in West 

Africa and the broader Afrotropics. My findings shed light on the evolution of genetic and 

acoustic diversity in this group, suggesting an influential role for climatic fluctuations in elevating 

the species richness of forest refugia. The contrasting patterns of intraspecific diversity and 

A B

C D
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demographic history challenged the common assumption that ecologically similar species have 

similar responses to similar processes, emphasizing the need to be wary of inferring intraspecific 

genetic patterns on the basis of surrogates.  

 The increased incidence of EIDs in recent decades is unlikely to wane without dramatic 

interventions into the proposed drivers, such as biodiversity loss, misuse of antibiotics, human-

wildlife contact, and, increasingly and worryingly, anthropogenic climate change. Climate change 

is already being observed to influence disease patterns and emergence of diseases around the globe 

(Lafferty 2009; Naicker 2011; Rosenthal 2009). Studies such as this help to build a stronger 

knowledge base from which to tackle the growing threat, to both humans and wildlife, that is 

posed by emerging infectious diseases.  
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We screened fecal specimens of 4,758 bats from 
Ghana and 272 bats from 4 European countries for 
betacoronaviruses. Viruses related to the novel human 
betacoronavirus EMC/2012 were detected in 46 (24.9%) of 
185 Nycteris bats and 40 (14.7%) of 272 Pipistrellus bats. 
Their genetic relatedness indicated EMC/2012 originated 
from bats.

Coronaviruses (CoVs) are enveloped viruses with a 
positive-sense, single-stranded RNA genome (1). 

&R9V� DUH� FODVVL¿HG� LQWR� �� JHQHUD�� Alphacoronavirus, 
Betacoronavirus (grouped further into clades 2a–2d), 
Gammacoronavirus, and Deltacoronavirus. Two human 
FRURQDYLUXVHV� �K&R9V��� WHUPHG� K&R9�2&��� DQG��229E, 
KDYH�EHHQ�NQRZQ�VLQFH� WKH�����V�DQG�FDXVH�FKLHÀ\�PLOG�
UHVSLUDWRU\� GLVHDVH� �2��� ,Q� ����±������ DQ� RXWEUHDN� RI�
VHYHUH�DFXWH�UHVSLUDWRU\�V\QGURPH��6$56��OHDGLQJ�WR�§����
GHDWKV�ZDV� FDXVHG� E\� D� QRYHO� JURXS� �E� EHWDFRURQDYLUXV��
6$56�&R9��3���$�OLNHO\�DQLPDO�UHVHUYRLU�IRU�6$56�&R9�
ZDV� LGHQWL¿HG� LQ� UKLQRORSKLG� EDWV� �4,5). In the aftermath 
RI�WKH�6$56�SDQGHPLF����K&R9V��WHUPHG�K&R9�1/���DQG�
-HKU1, and numerous novel bat CoVs were described.

,Q�6HSWHPEHU�������KHDOWK�DXWKRULWLHV�ZRUOGZLGH�ZHUH�
QRWL¿HG�RI���FDVHV�RI�VHYHUH�UHVSLUDWRU\�GLVHDVH�FDXVHG�E\�
a novel hCoV (6,7). This virus, termed EMC/2012, was 
UHODWHG� WR� WKH� �F� EHWDFRURQDYLUXV� FODGH�� ZKLFK� KDG� RQO\�
been known to contain Tylonycteris bat coronavirus�+.8��
and Pipistrellus bat coronavirus�+.8���8).

:H� SUHYLRXVO\� LGHQWL¿HG� KLJKO\� GLYHUVL¿HG�
alphacoronaviruses and betacoronaviruses, but not clade 
2c betacoronaviruses, in bats from Ghana (9). We also 
LGHQWL¿HG� VHTXHQFH� IUDJPHQWV� IURP� D� �F� EHWDFRURQDYLUXV�
from 1 Pipistrellus bat in Europe (10��� ,Q� WKLV� VWXG\��ZH�
DQDO\]HG�DQ�H[WHQGHG�VDPSOH�RI�������EDWV�IURP�*KDQD�DQG�
����EDWV�IURP���(XURSHDQ�FRXQWULHV�

7KH�6WXG\
Fecal specimens were collected from 10 bat species in 

*KDQD�DQG���Pipistrellus species in Europe (Table 1). Bats 
were caught during 2009–2011 with mist nets, as described 
(9��� LQ���ORFDWLRQV�DFURVV�*KDQD�DQG���DUHDV�LQ�*HUPDQ\��
the Netherlands, Romania, and Ukraine (Figure 1). The 
VSHFLHV�� DJH�� VH[�� UHSURGXFWLYH� VWDWXV�� DQG� PRUSKRORJLF�
measurements of the bats were recorded. Fecal pellets were 
FROOHFWHG�DQG�VXVSHQGHG�LQ�51$ODWHU�6WDELOL]DWLRQ�5HDJHQW�
�4,$*(1�� +LOGHQ�� *HUPDQ\��� 51$� ZDV� SXUL¿HG� DV�
described (11���&R9�ZDV�GHWHFWHG�E\�XVLQJ�QHVWHG�UHYHUVH�
transcription PCR (RT-PCR) targeting the RNA-dependent 

RNA polymerase (RdRp) gene (12���VHH�7DEOH���IRU�DVVD\�
oligonucleotides).

A novel CoV was detected in insectivorous Nycteris 

cf. gambiensis� VSHFLPHQV� �RQOLQH� 7HFKQLFDO� $SSHQGL[�
ZZZQF�FGF�JRY�(,'�SGIV���������7HFKDSS�SGI�� *HQ%DQN�
DFFHVVLRQ� QRV�� -;������±-;��������� $� UHDO�WLPH� 57�
3&5� ZDV� GHVLJQHG� WR� SHUPLW� VHQVLWLYH� DQG� TXDQWLWDWLYH�
detection of this CoV (Table 1)�� 2QO\�Nycteris bats were 
SRVLWLYH�IRU�&R9�����>�����@�RI�����VSHFLPHQV���7DEOH�����
Demographic factors predictive of CoV in captured Nycteris 
bats were assessed. Juvenile bats and lactating females were 
VLJQL¿FDQWO\�PRUH�OLNHO\�WR�EH�&R9�LQIHFWHG�WKDQ�ZHUH�DGXOW�

DISPATCHES

456� (PHUJLQJ�,QIHFWLRXV�'LVHDVHV���ZZZ�FGF�JRY�HLG���9RO������1R�����0DUFK�����

$XWKRU� DI¿OLDWLRQV�� .XPDVL� &HQWUH� IRU� &ROODERUDWLYH� 5HVHDUFK�
LQ� 7URSLFDO� 0HGLFLQH�� .XPDVL�� *KDQD� �$�� $QQDQ�� 0�� 2ZXVX���
0DFTXDULH�8QLYHUVLW\�� 6\GQH\��1HZ�6RXWK�:DOHV��$XVWUDOLD� �+�-��
%DOGZLQ��� 8QLYHUVLW\� RI� 8OP�� 8OP�� *HUPDQ\� �+�-�� %DOGZLQ�� 6�0��
.ORVH�� (�.�9�� .DONR�� 3�� 9DOOR�� 0�� 7VFKDSND��� 8QLYHUVLW\� RI� %RQQ�
Medical Centre, Bonn, Germany (V.M. Corman, B. Meyer, F. Gloza-
5DXVFK�� &�� 'URVWHQ�� -�)�� 'UH[OHU��� .ZDPH� 1NUXPDK� 8QLYHUVLW\�
RI� 6FLHQFH� DQG� 7HFKQRORJ\�� .XPDVL� �(�(�� 1NUXPDK�� (�.�� %DGX��
3��$QWL�� 2��$JEHQ\HJD�� 6�� 2SSRQJ�� <�$�� 6DUNRGLH��� 6PLWKVRQLDQ�
7URSLFDO� 5HVHDUFK� ,QVWLWXWH�� %DOERD�� 3DQDPD� �(�.�9�� .DONR�� 0��
7VFKDSND���1DWXUDOLV�%LRGLYHUVLW\�&HQWHU��/HLGHQ��WKH�1HWKHUODQGV�
�3�+�&�� /LQD��� 6FKPDOKDXVHQ� ,QVWLWXWH� RI� =RRORJ\�� .LHY�� 8NUDLQH�
�(�9�� *RGOHYVND��� 1HWKHUODQGV� &HQWHU� IRU� ,QIHFWLRXV� 'LVHDVH�
&RQWURO��%LOWKRYHQ��WKH�1HWKHUODQGV��&��5HXVNHQ���1RFWDOLV��&HQWUH�
for Bat Protection and Information, Bad Segeberg, Germany (A. 
6HHEHQV�� )�� *OR]D�5DXVFK��� DQG� $FDGHP\� RI� 6FLHQFHV� RI� WKH�
&]HFK�5HSXEOLF��Y�Y�L���%UQR��&]HFK�5HSXEOLF��3��9DOOR�

'2,��KWWS���G[�GRL�RUJ���������HLG�����������

1These authors contributed equally to this article.

2Deceased.
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Human Betacoronavirus–related Viruses in Bats

DQG�QRQODFWDWLQJ�IHPDOH�EDWV��UHVSHFWLYHO\��7DEOH�����9LUXV�
concentrations in feces from Nycteris bats were high (median 
��������51$�FRSLHV�J�UDQJH����±������������FRSLHV�J��

7KH� ����ES� &R9� RdRp screening fragment was 
H[WHQGHG�WR�����ES��DV�GHVFULEHG��5), to enable more reliable 
WD[RQRPLF� FODVVL¿FDWLRQ�� :H� SUHYLRXVO\� HVWDEOLVKHG�
RdRp�JURXSLQJ� XQLWV� �5*8�� DV� D� WD[RQRPLF� VXUURJDWH�
to enable prediction of CoV species on the basis of this 
����ES�IUDJPHQW�ZKHQ�QR�IXOO�JHQRPH�VHTXHQFHV�FRXOG�EH�
REWDLQHG��$FFRUGLQJ� WR� RXU� FODVVL¿FDWLRQ�� WKH� DPLQR� DFLG�
VHTXHQFHV�LQ�WKH�WUDQVODWHG�����ES�IUDJPHQW�RI�WKH�WHQWDWLYH�
EHWDFRURQDYLUXV�VSHFLHV��5*8��GLIIHUHG�IURP�HDFK�RWKHU�E\�

DW�OHDVW�������5). The new Nycteris bat CoV differed from 
WKH��F�SURWRW\SH�YLUXVHV�+.8��DQG�+.8��E\�����±�����
DQG�IURP�(0&������E\������DQG�WKXV�FRQVWLWXWHG�D�QRYHO�
RGU. A partial RdRp�VHTXHQFH�IUDJPHQW�RI�D�P. pipistrellus 
EDW�&R9�IURP�WKH�1HWKHUODQGV��WHUPHG�90�����GHVFULEHG�
E\�XV�LQ�>10@���ZDV�FRPSOHWHG�WRZDUG�WKH�����ES�IUDJPHQW�
WR�UH¿QH�WKH�5*8�FODVVL¿FDWLRQ�RI�(0&�������(0&������
GLIIHUHG�IURP�90����E\�RQO\������

%HFDXVH�RI�WKH�JHQHWLF�VLPLODULW\�EHWZHHQ�(0&������
DQG� 90����� ZH� VSHFL¿FDOO\� LQYHVWLJDWHG� Pipistrellus 
EDWV�IURP���(XURSHDQ�FRXQWULHV�IRU��F�EHWDFRURQDYLUXVHV��
:H� GHWHFWHG� EHWDFRURQDYLUXVHV� LQ� ��� �������� RI� ����P. 

� (PHUJLQJ�,QIHFWLRXV�'LVHDVHV���ZZZ�FGF�JRY�HLG���9RO������1R�����0DUFK������ ���

 
7DEOH����2YHUYLHZ�RI�EDWV�WHVWHG�IRU��F�EHWDFRURQDYLUXVHV��*KDQD�DQG�(XURSH 

Area, bat species 
1R��EDWV�WHVWHG��QR��

[%] positive)* Age, juvenile/adult† 6H[��)�0‡ /RFDWLRQ§ (no. tested/no. positive) 
Ghana     
 Coleura afra 108 (0) 2/105 46/59 a, b, e 
 Hipposideros abae 604 (0) 55/548 ������� a, b, d, f 
 H. cf. gigas 28 (0) 7/19 8/11 a, b, d 
 H. fuliginosus 1 (0) 1/0 8QNQRZQ c 
 H. jonesi ������ 6/25 1/24 c, d 
 H. cf. ruber ��������� ��������� 1,109/1,969 a, b, c, d, f, g 
 Nycteris cf. gambiensis 185 (46 [24.9]) 22/161¶ 79/82 a# (5/2), b# (65/15), d# (104/29), f (1/0) 
 Rhinolophus alcyone 4 (0) 2/2 1/1 c 
 R. landeri ������ ���� 2/8 b, d, f 
 Taphozous perforatus 21 (0) ���� 0/18 e 
    Total 4,758 (46 [1.0])    
Europe     
 Pipistrellus kuhlii 7 (0) 8QNQRZQ ��� l 
 P. nathusii �������>����@� 15/65 ����� M��������N�����������O������� 
 P. pipistrellus 42 (1 [2.4]) 17/25 19/21 L���������N���������K������ 
 P. pygmaeus 141 (9 [6.4]) 11/127 ����� M���������N����������O������ 
    Total 272 (40 [14.7])    
*The real-WLPH�UHYHUVH�WUDQVFULSWLRQ�3&5��*KDQD��XVHG�ROLJRQXFOHRWLGHV��F-rtF, 5ƍ-GCACTGTTGCTGGTGTCTCTATTCT-�ƍ���FUW5���ƍ-
GCCTCTAGTGGCAGCCATACTT-�ƍ and 2c-UW3��-2(-TGACAAATCGCCAATACCATCAAAAGATGC-BHQ1 and the Pan2c-heminested assay (Europe) 
XVHG�ROLJRQXFOHRWLGHV�3DQ�F5G53-5���ƍ-*&$7:*&1&:*7&$&$&77$**-�ƍ��3DQ�F5G53-5QHVW���ƍ-&$&77$**57$57&&&$:&&&$-�ƍ��DQG�
3DQ�F5G5S-FWD, 5ƍ-7*&7$7:$*7*&7$$*$$7$*5*&-�ƍ� 
†Excludes bats (all coronavirus-negative) that were missing data for age. 
Á�([FOXGHV�EDWV�WKDW�ZHUH�PLVVLQJ�GDWD�IRU�VH[� 
�D��%RX\HP��E��)RULNURP��F��%RELUL��G��.ZDPDQJ��H��6KDL�+LOOV��I��$NSDIX�7RG]L��J��/LNSH�7RGRPH��K��3URYLQFH�*HOGHUODQG��L��(ifel area��M��+ROVWHLQ�DUHD��
N�7XOFHD�FRXQW\��O��.LHY�UHJLRQ��*36�FRRUGLQDWHV�DUH�VKRZQ�LQ�)LJXUH��� 
¶For 2 animals, no data on age were available. 
�/RFDWLRQV�LQ�ZKLFK�FRURQDYLUXV��F–positive bats were found. 

 

 
Table 2. Possible factors predictive of 2c betacoronavirus detection in Nycteris cf. gambiensis bats, Ghana and Europe* 
Variable 1R��WHVWHG CoV positive, no. (%) F2 p value 2GGV�UDWLR������&,� 
Age      
 -XYHQLOH 22 10 (45.4) 5.49 0.02 2.89 (1.16–7.24) 
 Adult 161 ���������    
6H[      
 F 79 ��������� 0.01 0.91 1.04 (0.50–2.17) 
 M 82 20 (24.4)    
/DFWDWLRQ�VWDWXV��)      
 /DFWDWLQJ 25 11 (44.0) 12.77 0.0004 7.70 (2.29–25.89) 
 1RQODFWDWLQJ 54 �������    
Gravidity, F      
 Gravid �� 0 ���� 0.06† 0 
 1RQJUDYLG 66 16 (24.2)    
5HSURGXFWLYH�VWDWXV��0      
 Active 56 15 (26.8) 0.55 0.46 1.54 (0.49–4.81) 
 1RQUHSURGXFWLYH 26 5 (19.2)    
$OO�DQDO\VHV��H[FHSW�IRU�WKH�JUDYLW\�SDUDPHWHU��EHFDXVH���RI�WKH�H[SHFWHG�YDOXHV�ZDV��5), were done by using uncorrected F2 tests (2-tailed) in Epi Info 7 
�ZZZQ�FGF�JRY�HSLLQIR�����$OO�DQDO\VHV�H[FHSW�DJH�H[FOXGHG�MXYHQLOH�EDWV� 
†)LVKHU�H[DFW�WHVW� 
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pipistrellus, P. nathusii, and P. pygmaeus bats from the 
1HWKHUODQGV�� 5RPDQLD�� DQG� 8NUDLQH� �7DEOH� ��� *HQ%DQN�
DFFHVVLRQ� QRV�� .&�������.&�������� WKDW� ZHUH� FORVHO\�
UHODWHG� WR� 90����� 7KH� 90����DVVRFLDWHG� Pipistrellus 
EDW�EHWDFRURQDYLUXVHV�GLIIHUHG� IURP�(0&������E\�������
7KH�GLIIHUHQFH�EHWZHHQ�(0&������DQG�+.8��ZDV�����±
������ ,Q� VXPPDU\��+.8���(0&������� DQG� WKH�90����
DVVRFLDWHG�FODGH�IRUP���5*8�DFFRUGLQJ�WR�RXU�FODVVL¿FDWLRQ�
V\VWHP��DQG�WKH�90����Pipistrellus bat clade contains the 
FORVHVW� UHODWLYHV� RI� (0&������� +.8�� DQG� WKH� Nycteris 
&R9�GH¿QH���VHSDUDWH�WHQWDWLYH�VSHFLHV�LQ�FORVH�HTXLGLVWDQW�
relationship.

:H� FRQGXFWHG� D� %D\HVLDQ� SK\ORJHQHWLF� DQDO\VLV��
,Q� WKLV� DQDO\VLV�� WKH� Nycteris bat CoV clustered as a 
SK\ORJHQHWLFDOO\� EDVDO� VLVWHU� FODGH� ZLWK� +.8��� +.8���
and EMC/2012 and the associated European Pipistrellus 
YLUXVHV� �)LJXUH� ��� $SSHQGL[�� SDQHO� $�� ZZZQF�FGF�JRY�
(,'�DUWLFOH��������������)��KWP��

7R� FRQ¿UP� WKH� RdRp�EDVHG� FODVVL¿FDWLRQ�� ZH�
DPSOL¿HG� WKH�FRPSOHWH�JO\FRSURWHLQ�HQFRGLQJ�Spike gene 
DQG� VHTXHQFHG� LW� IRU� WKH� QRYHO� Nycteris bat virus. The 
SK\ORJHQHWLFDOO\� EDVDO� SRVLWLRQ� RI� WKH� QRYHO�Nycteris bat 
virus within the 2c clade resembled that in the CoV RdRp 
JHQH��)LJXUH����$SSHQGL[��SDQHO�%���3DUWLDO�VHTXHQFHV�WKDW�
FRXOG� EH� REWDLQHG� IURP� WKH� �ƍ�HQG� RI� WKH� Spike gene of 
three 2c Pipistrellus�EDW�EHWDFRURQDYLUXVHV�FRQ¿UPHG�WKHLU�
UHODWHGQHVV�WR�(0&�������)LJXUH����$SSHQGL[��SDQHO�&��

Conclusions
We detected novel clade 2c betacoronaviruses in 

Nycteris bats in Ghana and Pipistrellus bats in Europe 
WKDW� DUH� SK\ORJHQHWLFDOO\� UHODWHG� WR� WKH� QRYHO� K&R9�
(0&�������$OO�SUHYLRXVO\�NQRZQ��F�EDW�&R9V�RULJLQDWHG�
IURP� YHVSHUWLOLRQLG� EDWV�� 90���� RULJLQDWHG� IURP� D� P. 
pipistrellus� EDW� IURP� WKH� 1HWKHUODQGV� DQG� +.8�� DQG�
+.8�� RULJLQDWHG� IURP� Tylonycteris pachypus and  

P. abramus�EDWV��UHVSHFWLYHO\��IURP�WKH�3HRSOH¶V�5HSXEOLF�
of China. The Nycteris�EDW�YLUXV�LQ�$IULFD�H[WHQGV�WKLV�EDW�
&R9�FODGH�RYHU���GLIIHUHQW�KRVW� IDPLOLHV��1\FWHULGDH�DQG�
9HVSHUWLOLRQLGDH� �RQOLQH� 7HFKQLFDO� $SSHQGL[��� 'HWHFWLRQ�
RI� JHQHWLFDOO\� UHODWHG� EHWDFRURQDYLUXVHV� LQ� EDWV� IURP�
$IULFD� DQG� (XUDVLD� SDUDOOHOV� GHWHFWLRQ� RI� 6$56�&R9� LQ�
rhinolophid bats from Eurasia and related betacoronaviruses 
in hipposiderid bats from Africa (9).

7KH� UHODWHGQHVV� RI� (0&������ WR� &R9V� KRVWHG� E\�
Pipistrellus bats at high prevalence across different European 
FRXQWULHV� DQG� WKH� RFFXUUHQFH� RI� +.8�� LQ� EDWV� RI� WKLV�
JHQXV�IURP�&KLQD�KLJKOLJKW�WKH�SRVVLELOLW\�WKDW�Pipistrellus 
bats might indeed host close relatives of EMC/2012. This 
VXVSLFLRQ� LV� VXSSRUWHG� E\� REVHUYDWLRQV� WKDW� WHQWDWLYH� EDW�
&R9�VSHFLHV��5*8V��DUH�FRPPRQO\�GHWHFWHG�ZLWKLQ���KRVW�
genus (5). Within the Arabian Peninsula, the International 
8QLRQ�IRU�&RQVHUYDWLRQ�RI�1DWXUH� �ZZZ�LXFQ�RUJ�� OLVWV����
bat species, including P. arabicus, P. ariel, P. kuhlii, P. 
pipistrellus, P. rueppellii, and P. savii bats. Because of the 
epidemiologic link of EMC/2012 with the Arabian Peninsula 
(6,7���EDWV�IURP�WKLV�DUHD�VKRXOG�EH�VSHFL¿FDOO\�VFUHHQHG�

The genomic data suggest that EMC/2012, like hCoV-
���(� DQG� 6$56�&R9��PLJKW� EH� DQRWKHU� KXPDQ�&R9� IRU�
ZKLFK�DQ�DQLPDO�UHVHUYRLU�RI�FORVHO\�UHODWHG�YLUXVHV�FRXOG�
H[LVW�LQ�2OG�:RUOG�LQVHFWLYRURXV�EDWV��4,9). Whether cross-
order (e.g., chiropteran, carnivore, primate) host switches, 
VXFK� DV� VXVSHFWHG� IRU� 6$56�&R9�� KDYH� RFFXUUHG� IRU� �F�
clade bat CoVs remains unknown. However, we showed 
SUHYLRXVO\�WKDW�&R9V�DUH�PDVVLYHO\�DPSOL¿HG�LQ�EDW�PDWHUQLW\�
colonies in temperate climates (13���7KLV�DPSOL¿FDWLRQ�DOVR�
PLJKW� DSSO\� WR� WKH�Nycteris bat CoV because, as shown 
SUHYLRXVO\�IRU�YHVSHUWLOLRQLG�EDWV�IURP�WHPSHUDWH�FOLPDWHV�
(14���GHWHFWLRQ�UDWHV�RI�&R9�DUH�VLJQL¿FDQWO\�KLJKHU�DPRQJ�
juvenile and lactating Nycteris bats. In light of the observed 
high virus concentrations, the use of water from bat caves 
DQG�EDW�JXDQR�DV�IHUWLOL]HU� IRU� IDUPLQJ�DQG� WKH�KXQWLQJ�RI�

DISPATCHES

458� (PHUJLQJ�,QIHFWLRXV�'LVHDVHV���ZZZ�FGF�JRY�HLG���9RO������1R�����0DUFK�����

)LJXUH� ��� /RFDWLRQ� RI� EDW� VDPSOLQJ� VLWHV� LQ�*KDQD�
and Europe. The 7 sites in Ghana (A) and the 
�� DUHDV� LQ� (XURSH� �%�� DUH� PDUNHG� ZLWK� GRWV�
and numbered from west to east. a, Bouyem 
�1����ƍ������ƍƍ� :����ƍ������ƍƍ��� E�� )RULNURP�
�1����ƍ����ƍƍ�:����ƍ������ƍƍ���F��%RELUL��1����ƍ�����ƍƍ�
:����ƍ�����ƍƍ��� G��.ZDPDQJ� �1����ƍ�����ƍƍ�:����ƍ�
�����ƍƍ��� H�� 6KDL� +LOOV� �1����ƍ����ƍƍ� (���ƍ��ƍƍ��� I��
$NSDIX� 7RG]L� �1����ƍ������ƍƍ� (����ƍ������ƍƍ���
J�� /LNSH� 7RGRPH� �1���ƍ������ƍƍ� (����ƍ������ƍƍ���
K�� 3URYLQFH� *HOGHUODQG�� 1('� �1����ƍ������ƍƍ�
(����ƍ�����ƍƍ���L��(LIHO�DUHD��IHGHUDO�VWDWH�5KLQHODQG�
3DODWLQDWH�� *(5� �1�����ƍ�����ƍƍ� (����ƍ������ƍƍ���
j, Holstein area, federal state Schleswig-Holstein, 
*(5� �1�����ƍ������ƍƍ� (����ƍ�����ƍƍ��� N�� 7XOFHD�
FRXQW\�� 528� �1�����ƍ����ƍƍ� (����ƍ����ƍƍ��� O�� .LHY�
UHJLRQ��8.5� �1�����ƍ�����ƍƍ� (�����ƍ�����ƍƍ��� 1('��
WKH� 1HWKHUODQGV�� *(5��*HUPDQ\�� 528�� 5RPDQLD��
8.5��8NUDLQH�
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bats as wild game throughout Africa (15�� PD\� IDFLOLWDWH�
host switching events. To our knowledge, no CoV has 
EHHQ�LVRODWHG�GLUHFWO\�IURP�EDWV��)XUWKHU�VWXGLHV�VKRXOG�VWLOO�
include isolation attempts to obtain full virus genomes and 
WR�LGHQWLI\�YLUXOHQFH�IDFWRUV�WKDW�PD\�FRQWULEXWH�WR�WKH�KLJK�
SDWKRJHQLFLW\�RI�(0&�������7).

Acknowledgments
:H� WKDQN�6HEDVWLDQ�%U�QLQN�� 7RELDV�%OHLFNHU�� DQG�0RQLND�

Eschbach-Bludau for technical assistance. We are grateful to Ioan 
&RURLX��&DUVWHQ�'HQVH��5HJLQD�.O�SSHO�+HOOPDQQ��$QGD�&XOLVLHU��
'DQQ\� &XOLVLHU�� 6DEULQD� 6W|OWLQJ�� WKH� YROXQWHHUV� DW� WKH� %RQQ�
Consortium for Bat Conservation, Andreas Kiefer, Manfred Braun, 
,VDDF� 0DZXVL� $GDQ\HJXK�� /XFLQGD� .LUNSDWULFN�� 0DF� (OLNHP�
1XWVXDNRU��'DYLG�2IRUL�$J\HL��6DUDK�.RVFKQLFNH��-XOLD�0RUULVRQ��
Emmanual Asare, and Thomas Kruppa for their help during the 
RUJDQL]DWLRQ� DQG� FRQGXFW� RI� ¿HOG� ZRUN��:H� WKDQN� $QQD�0DULH�
Corman for assistance with geographic information processing.

)RU� DOO� FDSWXULQJ�� VDPSOLQJ�� DQG� H[SRUWDWLRQ� RI� EDW�
specimens, we obtained permission from the respective 
FRXQWULHV¶�DXWKRULWLHV�

7KLV�VWXG\�ZDV�VXSSRUWHG�E\�WKH�(XURSHDQ�8QLRQ�)3��SURMHFWV�
(03(5,(��FRQWUDFW�QXPEHU���������DQG�$17,*21(��FRQWUDFW�
QXPEHU���������DQG�E\�WKH�*HUPDQ�5HVHDUFK�)RXQGDWLRQ��')*�
JUDQW�'5����������.$�����������

'U�$QQDQ�LV�D�VFLHQWLVW�DI¿OLDWHG�ZLWK�WKH�.XPDVL�&HQWUH�IRU�
Collaborative Research in Tropical Medicine, Kumasi, Ghana. 
+HU�SULPDU\�UHVHDUFK�LQWHUHVW�LV�WKH�FKDUDFWHUL]DWLRQ�RI�KXPDQ�DQG�
QRYHO�]RRQRWLF�YLUXVHV�

References

������ :RR� 3&�� /DX� 6.�� +XDQJ� <�� <XHQ� .<�� &RURQDYLUXV� GLYHUVLW\��
SK\ORJHQ\� DQG� LQWHUVSHFLHV� MXPSLQJ�� ([S� %LRO� 0HG� �0D\ZRRG���
�������������±����KWWS���G[�GRL�RUJ��������������05���

������ 6DLI� /-��$QLPDO� FRURQDYLUXVHV��ZKDW� FDQ� WKH\� WHDFK� XV� DERXW� WKH�
VHYHUH�DFXWH�UHVSLUDWRU\�V\QGURPH"�5HY�6FL�7HFK�������������±���

������ 'URVWHQ�&��*XQWKHU�6��3UHLVHU�:��YDQ�GHU�:HUI�6��%URGW�+5��%HFNHU�
6��HW�DO��,GHQWL¿FDWLRQ�RI�D�QRYHO�FRURQDYLUXV�LQ�SDWLHQWV�ZLWK�VHYHUH�
DFXWH� UHVSLUDWRU\� V\QGURPH�� 1� (QJO� -� 0HG�� �������������±����
KWWS���G[�GRL�RUJ���������1(-0RD������

������ /L�:��6KL�=��<X�0��5HQ�:��6PLWK�&��(SVWHLQ�-+��HW�DO��%DWV�DUH�QDWXUDO�
UHVHUYRLUV� RI� 6$56�OLNH� FRURQDYLUXVHV�� 6FLHQFH�� ������������±���
KWWS���G[�GRL�RUJ���������VFLHQFH��������

������ 'UH[OHU� -)�� *OR]D�5DXVFK� )�� *OHQGH� -�� &RUPDQ� 90�� 0XWK� '��
*RHWWVFKH� 0�� HW� DO�� *HQRPLF� FKDUDFWHUL]DWLRQ� RI� VHYHUH� DFXWH�
UHVSLUDWRU\� V\QGURPH±UHODWHG� FRURQDYLUXV� LQ� (XURSHDQ� EDWV� DQG�
FODVVL¿FDWLRQ� RI� FRURQDYLUXVHV� EDVHG� RQ� SDUWLDO� 51$�GHSHQGHQW�
51$�SRO\PHUDVH�JHQH�VHTXHQFHV��-�9LURO���������������±����KWWS���
G[�GRL�RUJ���������-9,���������

������ &RUPDQ�90(,��%OHLFNHU�7��=DNL�$��/DQGW�2��(VFKEDFK�%OXGDX�0��
YDQ� %RKHHPHQ� 6�� HW� DO�� 'HWHFWLRQ� RI� D� QRYHO� KXPDQ� FRURQDYLUXV�
E\�UHDO�WLPH�UHYHUVH�WUDQVFULSWLRQ�SRO\PHUDVH�FKDLQ�UHDFWLRQ��(XUR�
6XUYHLOO����������SLL�������

������ =DNL�$0��YDQ�%RKHHPHQ�6��%HVWHEURHU�70��2VWHUKDXV�$'��)RXFKLHU�
RA. Isolation of a novel coronavirus from a man with pneumonia 
LQ� 6DXGL�$UDELD��1�(QJO� -�0HG�� �������������±���� KWWS���G[�GRL�
RUJ���������1(-0RD�������

������ :RR� 3&�� /DX� 6.�� /L� .6�� 3RRQ� 5:�� :RQJ� %+�� 7VRL� +:�� HW�
DO�� 0ROHFXODU� GLYHUVLW\� RI� FRURQDYLUXVHV� LQ� EDWV�� 9LURORJ\��
������������±���KWWS���G[�GRL�RUJ���������M�YLURO������������

������ 3IHIIHUOH�6��2SSRQJ�6��'UH[OHU�-)��*OR]D�5DXVFK�)��,SVHQ�$��6HHEHQV�
$�� HW� DO�� 'LVWDQW� UHODWLYHV� RI� VHYHUH� DFXWH� UHVSLUDWRU\� V\QGURPH�
coronavirus and close relatives of human coronavirus 229E in 
EDWV�� *KDQD�� (PHUJ� ,QIHFW� 'LV�� ������������±���� KWWS���G[�GRL�
RUJ���������HLG�����������

����� 5HXVNHQ�&%��/LQD�3+��3LHODDW�$��GH�9ULHV�$��'DP�'HLV]�&��$GHPD�
J, et al. Circulation of group 2 coronaviruses in a bat species 
FRPPRQ�WR�XUEDQ�DUHDV�LQ�ZHVWHUQ�(XURSH��9HFWRU�%RUQH�=RRQRWLF�
'LV�������������±����KWWS���G[�GRL�RUJ���������YE]����������

����� 'UH[OHU�-)��&RUPDQ�90��0XOOHU�0$��0DJDQJD�*'��9DOOR�3��%LQJHU�
7��HW�DO��%DWV�KRVW�PDMRU�PDPPDOLDQ�SDUDP\[RYLUXVHV��1DW�&RPPXQ��
������������KWWS���G[�GRL�RUJ���������QFRPPV����

����� GH� 6RX]D� /XQD� /.�� +HLVHU� 9�� 5HJDPH\� 1�� 3DQQLQJ� 0�� 'UH[OHU�
-)�� 0XODQJX� 6�� HW� DO�� *HQHULF� GHWHFWLRQ� RI� FRURQDYLUXVHV� DQG�
GLIIHUHQWLDWLRQ�DW�WKH�SURWRW\SH�VWUDLQ�OHYHO�E\�UHYHUVH�WUDQVFULSWLRQ±
3&5�DQG�QRQÀXRUHVFHQW�ORZ�GHQVLW\�PLFURDUUD\��-�&OLQ�0LFURELRO��
������������±����KWWS���G[�GRL�RUJ���������-&0���������

����� 'UH[OHU�-)��&RUPDQ�90��:HJQHU�7��7DWHQR�$)��=HUELQDWL�50��*OR]D�
5DXVFK�)��HW�DO��$PSOL¿FDWLRQ�RI�HPHUJLQJ�YLUXVHV�LQ�D�EDW�FRORQ\��
(PHUJ� ,QIHFW� 'LV�� �����������±���� KWWS���G[�GRL�RUJ���������
HLG�����������

����� *OR]D�5DXVFK� )�� ,SVHQ� $�� 6HHEHQV� $�� *RWWVFKH� 0�� 3DQQLQJ� 0��
)HOL[�'UH[OHU� -�� HW� DO��'HWHFWLRQ� DQG�SUHYDOHQFH�SDWWHUQV�RI�JURXS�
,� FRURQDYLUXVHV� LQ� EDWV�� QRUWKHUQ� *HUPDQ\�� (PHUJ� ,QIHFW� 'LV��
�����������±����KWWS���G[�GRL�RUJ���������HLG�����������

����� 0LFNOHEXUJK� 6��:D\OHQ� .�� 5DFH\� 3�� %DWV� DV� EXVKPHDW�� D� JOREDO�
UHYLHZ�� 2U\[�� �����������±���� KWWS���G[�GRL�RUJ���������
6����������������

$GGUHVVHV� IRU� FRUUHVSRQGHQFH�� -DQ� )HOL[�'UH[OHU�� ,QVWLWXWH� RI�9LURORJ\��
8QLYHUVLW\� RI� %RQQ� 0HGLFDO� &HQWUH�� ������ %RQQ�� *HUPDQ\�� HPDLO��
GUH[OHU#YLURORJ\�ERQQ�GH

� (PHUJLQJ�,QIHFWLRXV�'LVHDVHV���ZZZ�FGF�JRY�HLG���9RO������1R�����0DUFK������ ���



Chapter 1 

 

 22 

  

Figure 2. RNA-dependent RNA polymerase (RdRp) gene and Spike genephylogenies including the novel betacoronaviruses from bats 
in Ghana and Europe. A) Bayesian phylogeny of an 816-nt RdRp gene sequence fragment corresponding to positions 14781–15596 in 
severe acute respiratory syndrome coronavirus (SARS-CoV) strain Frankfurt 1 (GenBank accession no. AY291315). Data were analyzed 
with MrBayes version 3.1 (http://mrbayes.sourceforge.net/) by using a WAG amino acid substitution model and 4 million generations 
sampled every 100 steps. Trees were annotated by using a burn-in of 10,000 and visualized with FigTree version 1.6.1 from the BEAST 
package (www.beast.bio.ed.ac.uk). A whale gammacoronavirus was used as an outgroup. The novel Nycteris bat viruses are shown in 
boldface and red, the novel Pipistrellus bat viruses and other bat CoVs in the 2c clade are shown in boldface and cyan, and the novel 
human betacoronavirus EMC/2012 is shown in boldface. Values at deep nodes represent statistical support of grouping by posterior 
probabilities. CoV clades are depicted to the right of taxa. B) Phylogeny of the complete Spike gene of clade 2c CoVs determined 
by using the neighbor-joining method with an amino acid percentage distance substitution model and the complete deletion option in 
MEGA5 (www.megasoftware.net). The Nycteris CoV Spike gene was equidistant from other 2c-CoV Spike genes with 45.6%–46.8% aa 
divergence. Human coronavirus (hCoV)–OC43 was used as an outgroup. No complete Spike gene sequence was available for VM314 
or the novel Pipistrellus bat CoVs. Scale bar represents percentage amino acid distance. The analysis comprised 1,731 aa residues. C) 
Phylogeny of the partial Spike gene of clade 2c CoVs, including the novel CoVs of Pipistrellus bats from Europe, determined by using a 
nucleotide distance substitution model and the complete deletion option in MEGA5. Scale bar represents percentage nucleotide distance. 
The analysis comprised 131 nt corresponding to positions 25378–25517 in hCoV-EMC/2012. Oligonucleotide sequences of primers used 
to amplify full and partial Spike gene sequences are available on request from the authors. Values at deep nodes in B and C represent 
statistical support of grouping by percentage of 1,000 bootstrap replicates. GenBank accession numbers for the complete and partial Spike 
genes correspond to those given in panel A for the RdRp gene.
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TECHNICAL APPENDIX 

 

Technical appendix figure 1. Bat evolutionary lineages and species in which novel group 2c betacoronaviruses were 

detected, Ghana and Europe. A) Bat evolutionary lineages in which novel group 2c betacoronaviruses were detected. 

Phylogeny adapted from Simmons et al. (2005). Bat families Nycteridae and Vespertilionidae and coronaviruses 

hosted by bats of these families detected in this and previous studies are shown in red and cyan, respectively. CoV, 

coronavirus. B) European Pipistrellus nathusii; photo by Florian Gloza-Rausch. C) Ghanaian Nycteris cf. gambiensis; 

photo by Marco Tschapka. 
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ABSTRACT 

Bats are implicated in the emergence of several zoonotic diseases, including the coronaviruses 

(CoV) responsible for severe acute respiratory syndrome (SARS) and Middle East respiratory 

syndrome (MERS). Despite the considerable public health and economic cost of zoonotic CoV 

outbreaks, little research has examined the ecology of CoVs in bat populations. To examine 

individual and population-level risk factors for CoV infection in bats, we conducted a 

longitudinal study of CoV in cave dwelling bats in Ghana, West Africa. We report widespread 

CoV infection in African bats, with six of 17 bat species infected with CoVs belonging to several 

Alpha- and Betacoronavirus lineages. Juvenile bats had substantially higher risk of infection than 

adults. There was a strong temporal association, with April-July having generally higher detection 

rates, which may be compatible with an important role of juveniles and seasonal roosting 

behaviour for CoV amplification. CoV co-infection, ectoparasitic infection showed varying 

degrees of positive association with CoV infection, and there was evidence that lower body 

condition may increase risk. These findings provide new insights into the seasonal, demographic, 

ecological and processes that influence CoV infection dynamics in bats. We suggest avenues on 

which to focus future strategies for the prediction and prevention of zoonotic CoV outbreak, 

including avoiding consumption of juvenile bats and avoiding consumption and seasonally 

avoiding direct and indirect contact with bats.  

 

Keywords: zoonosis, bats, Africa, coronavirus, ecology, epidemiology 

 

INTRODUCTION 

Emerging infectious diseases pose a threat to public health, animal agriculture and wildlife 

conservation (Daszak et al. 2000). The majority of emerging infectious diseases in humans are 

zoonoses, and two thirds of these originate in wildlife (Jones et al. 2008). Bats (Order Chiroptera) 

are reservoir hosts for many highly pathogenic zoonotic viruses, including Ebola, Marburg, 

Hendra, Nipah, and the SARS coronavirus (Calisher et al. 2006). This propensity to host 

zoonotic viruses may be linked to chiropteran adaptations including high levels of interspecific 

roosting sympatry, sociality and gregariousness, longevity, high mobility due to flight, as well as 

genetic and functional differences in the immune system compared to other mammals (Calisher 

et al. 2006; Dobson 2005; Luis et al. 2013; Zhang et al. 2013). 

 As the extent of the diversity of bat-hosted viruses is revealed, bats have been found to be 

important animal reservoirs for coronaviruses (Drexler et al. 2014). Coronaviruses (CoV) are 

RNA viruses (Order Nidovirales, family Coronaviridae, subfamily Coronavirinae) that affect a 

wide range of vertebrates, primarily infecting the respiratory and gastroenteric systems (Weiss and 
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Navas-Martin 2005). Alphacoronavirus and Betacoronavirus are associated with infection in 

mammals, whereas Delta- and Gammacoronavirus are found mainly in birds (Woo et al. 2009). 

Livestock CoVs such as transmissible gastroenteritis virus of swine (TGEV), porcine epidemic 

diarrhoea virus (PEDV), the bovine CoV (BCoV) and the infectious bronchitis virus (IBV) are of 

significant relevance for the livestock industry (Saif 2004).  

 The six coronaviruses known to infect humans belong to the genera Alphacoronavirus 

(HCoV-NL63 and HCoV-229E) and Betacoronavirus (SARS-CoV, MERS-CoV, HCoV-OC43, 

HCoV-HKU1). Two of these human CoVs can be highly pathogenic. SARS-CoV was 

responsible for an outbreak of severe acute respiratory disease in 2002 and 2003 with up to 10% 

case fatality (WHO, 2004). MERS-CoV is the cause for an ongoing epidemic of severe 

respiratory disease associated with the Arabian peninsula (Zaki et al. 2012). Both SARS-CoV and 

MERS-CoV likely share a putative evolutionary origin in bats, including other animal 

intermediate hosts (Haagmans et al. 2014; Ithete et al. 2013; Lau et al. 2005; Li et al. 2005).  

 In the aftermath of the SARS epidemic, efforts to identify wildlife that host CoVs have 

intensified and many new bat CoVs have been described. Several CoVs have been identified in 

African bats, including close relatives of MERS-CoV, SARS-CoV, and HCoV-229E (Annan et al. 

2013; Geldenhuys et al. 2013; Ithete et al. 2013; Pfefferle et al. 2009; Quan et al. 2010; Tao et al. 

2012; Tong et al. 2009). Anthropogenic environmental change such as urbanization and human 

encroachment into wildlife habitat are important drivers of disease emergence, and are 

accelerating throughout Africa (Bradley and Altizer 2006; Daszak et al. 2001). Practices such as 

bushmeat consumption and cave visitation for resource extraction have been directly linked to 

serious human viral outbreaks on the continent (Amman et al. 2012; Leroy et al. 2009; 

Swanepoel et al. 2007), possibly including the recent catastrophic Ebola epidemic in West Africa 

(Saéz et al. 2015). There is therefore a pressing need for greater insight into the infection 

dynamics and ecology of CoVs in wildlife reservoirs. 

 The considerable effort undertaken in recent years to describe novel reservoir-borne 

viruses will not translate to prediction and prevention of zoonotic disease outbreaks without an 

understanding of the ecological mechanisms that drive virus emergence (Drosten 2013). 

Longitudinal and quantitative studies of viral reservoir ecology are needed to elucidate and model 

the risk factors that contribute to epizootic and zoonotic disease outbreaks and dynamics. Failure 

to consider the role of these factors can lead to ineffective, or even counter-productive 

management strategies with negative outcomes both for public health and wildlife conservation 

(Streicker et al. 2012; Woodroffe et al. 2006). Bats provide important ecosystem services (Kunz et 

al. 2011), and management decisions should be informed by host ecology in order to prevent 

zoonotic outbreaks while ensuring the conservation of bats and their habitats.  
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 With the aim of increasing our limited understanding of CoV dynamics, we conducted a 

longitudinal study to evaluate the role of ecological and demographic factors in CoV infection 

risk in bats. We tested more than 7,000 bat faecal samples from 17 species for CoVs, collected at 

ten bat colonies in Ghana regularly over two years. This approach allowed us to characterize the 

infection dynamics of CoVs at the individual and population level. 

 Here we examine a number of factors that may influence host susceptibility and pathogen 

dynamics, including age and reproductive status, sex, body condition index, time of year, and co-

infection by ectoparasites and other CoVs. Previous work on CoVs showed higher detection rates 

for juvenile and lactating female bats (Annan et al. 2013; Gloza-Rausch et al. 2008). There may 

be seasonal differences in virus infection risk, as demonstrated for CoVs (Drexler et al. 2011; 

Gloza-Rausch et al. 2008; Osborne et al. 2011) and other bat viruses (Amman et al. 2012; 

Plowright et al. 2008; Serra-Cobo et al. 2013; Wacharapluesadee et al. 2010). We predicted that 

infection would be more likely in young bats and lactating females. We further predicted that a 

higher body condition index would reduce infection risk, while ectoparasites and other CoVs may 

be associated with higher risk (Plowright et al. 2008; Telfer et al. 2010).  

 

MATERIALS AND METHODS 

Sample collection 

Faecal samples from a total of 7404 bats were collected over two years (August 2010 – August 

2012) in Ghana, West Africa (figure 1, table S1). Most of our sampling sites were day roosts 

located in caves, abandoned mines or buildings in close proximity to human settlements, with a 

few capture sites located on forested or farming land. Core sites were sampled bimonthly, with a 

few sites sampled twice per year, and the remaining sites sampled opportunistically (table S1).  

 Bats were captured using mist nets set at approximately one hour after dusk until dawn. 

Animals were held in individual cloth bags until demographic and morphometric parameters 

were recorded. Juveniles were recognized by incomplete fusion of the fourth epiphyseal joint 

(Brunet-Rossinni and Wilkinson 2009). Ectoparasites were identified to subclass Acari (mites), 

family Streblidae (streblid flies), and family Nycteribiidae (nycteribiid flies). Faecal samples were 

collected and stored in RNAlater Stabilization Reagent (QIAGEN, Hilden, Germany). 

 The bats assigned to the currently recognized species H. ruber comprise three distinct 

mitochondrial lineages in this region (Vallo et al. 2008). A subset of individuals were sequenced 

at the cytochrome b gene to confirm the presence of all three lineages in our study sites, therefore 

we refer to animals keyed to this species as H. cf. ruber. 
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Figure 1. Sampling locations. Within some locations, samples were collected from multiple sites (see 

Table S1). BUO=Buoyem, FOR=Forikrom, KWM=Kwamang, AKP=Akpafu Todzi, LIK=Likpe Todome, 

KUM=Kumasi, BOB=Bobiri, BOS=Lake Bosumtwi, SHA=Shai Hills, ELM=Elmina. Circles, sampled 

bimonthly; squares, sampled semi-annually; triangles, sampled opportunistically 

 

Viral RNA amplification 

Faecal samples were analysed with reverse-transcriptase PCR (RT-PCR) after RNA purification as 

described elsewhere (Drexler et al. 2012). Five µl of RNA eluate were tested by lineage-specific 

real time reverse transcriptase (RT-) PCR assays designed to detect the diversity of four different 

CoV lineages described previously: Alpha229E, BetaBI, BetaBII and BetaC (also referred to as 

GhanaBt-CoVGrp1, GhanaBt-CoVGrp2 (BetaBI and BII), and 2c, respectively)(Annan et al. 

2013; Corman et al. 2013b; Drexler et al. 2011; Drexler et al. 2010). Real-time RT-PCR 

protocols that were validated and performed in two multiplex reactions (table S2). In vitro 

transcribed RNA was generated for use as positive controls in each PCR run as described 

(Corman et al. 2013a).  
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Statistical analysis 

In order to analyze the influence of ecological and demographic factors on CoV infections, data 

collected from three bat species (H. abae, H. cf. ruber, and N. cf. gambiensis) were used to fit 

generalized linear mixed models (GLMMs). Binomial GLMMs (logit link) were fitted to 

infection data from 2011 and 2012 using the lme4 package (Bates et al. 2013) in R (R Core 

Team 2013). Models were fitted for infection risk for each virus and bat species separately (see 

table S3 for global models.) Fixed effects for all models included age, sex, reproductive status, 

month captured, scaled body mass index (BMI; Peig and Green 2009), presence of ectoparasites, 

and co-infection with other coronaviruses. As age and sex are perfectly multicollinear with most 

values of reproductive status, global models alternatively included age and sex separately from 

reproductive status. Random effects for all models included site nested within location, year, and 

observer, to correct for any measurement bias. Records with missing values were excluded from 

the data sets. Pregnant females were excluded from the main analysis due the likelihood of 

confounding estimates for BMI, with parameter estimates for pregnant female calculated by 

fitting a second set of models from which BMI was excluded. Locations in which a virus was not 

present were excluded from the analysis of that virus. Variables that applied to less than 3% of 

cases were excluded from analyses.  

 Global models were tested for goodness-of-fit by calculating the concordance probability, 

or area under receiver operator curves (AUC) in the ROCR package in R (Sing et al. 2005). 

Global models fits were tested against the null models using Akaike’s adjusted Information 

Criterion (AICc; Burnham and Anderson 2002). 

 Multicollinearity and overdispersion were checked via adjusted generalized variance 

inflation factors (GVIF) from full models, excluding random effects, using the CAR package in R 

prior to analysis (Fox and Weisberg 2011). Adjusted GVIFs were below 2 for all models, and 

therefore collinearity was considered not to be an issue in this data set (Fox and Monette 1992).  

 An information-theoretic approach was used for model selection and multimodel 

inference using AICc (Burnham and Anderson 2002). Information-theoretic approaches, based 

on Kullback-Leibler (K-L) information, provide a quantitative measure of the strength of 

evidence for competing hypotheses by comparing and ranking competing models (Hegyi and 

Garamszegi 2011). The major advantage of I-T methods over null hypothesis testing is the ability 

to account for the uncertainty inherent in all models.  Model selection and inference were based 

on all subsets of the global models and performed using the MuMIn package in R (Bartoń 2013). 

Models were ranked by their AICc value and Akaike weights, which estimates the likelihood of a 

model candidate representing the best model, taking into account both model fit and parsimony. 

Final parameter estimates of odds ratios were averaged over all models included in the top model 
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set (∆AICc < 2; Burnham and Anderson 2002). It should be noted that the ranking of models 

with correlated variables (reproductive status and sex) will potentially decrease model weights and 

increase the number of models in the top model set as they may overlap in explanatory power. 

Further, because of the high number of models in the model sets, the ∆2 cut-off may include 

spurious variables (Burnham and Anderson, 2002). Therefore relative support for predictors was 

estimated by Akaike weight, which provides a measure of relative variable importance (wa) 

ranging from zero (no support) to one (maximum relative support) (Burnham and Anderson 

2002), as well as by whether confidence intervals included 1. We consider variables with relative 

importance greater than 0.9 to have strong support, 0.7 to 0.9 moderate support, and weakly 

supported where relative importance is greater than 0.4, with confidence intervals also used to 

gauge the strength of evidence. To ensure a balance of variables in the candidate sets, variable 

importances and model averages are calculated from separate model sets including either 

reproductive status or sex, based on the variable with highest relative importance. Differences in 

averaged values between these sets were negligible.  

 

RESULTS 

Of 7404 bats sampled from 17 species and five families, 1159 individuals were infected with 

CoVs (1276 infections) from six species and two families (table 1, table S4. The Alpha229E and 

BetaBII-CoVs were found only in genus Hipposideros, while BetaBI occurred in Hipposideros spp., 

and BetaC-CoV occurred exclusively in N. cf. gambiensis. Overall prevalence ranged from 0.8% 

(BetaC) to 8.7% (BetaBI), with the highest prevalence in a single bat species at 22.3% (BetaC, N. 

cf. gambiensis). Double infections occurred in 1.7% of H. cf. ruber (19.2% of infections) and 

0.9% H. abae (6.7% of infections), while triple infections occurred in 5 H. cf. ruber individuals 

(0.08% or 0.5% of infections). Juveniles had higher co-infection prevalence than adults in both 

species, although this was significant only in H. abae (13.8% vs 9.5%, H. cf. ruber, p = 0.086; 

20.0% vs 2.7%, H. abae, p = 0.01; Pearson chi-squared test, 10 000 MC replicates). Evidence of 

yearly variation was observed for BetaBII (increasing from 2010 to 2012) and BetaBI virus 

(decreasing 2011 to 2012).  

 In order to analyze the influence of ecological and demographic factors on CoV infection, 

data from the three bat species with highest CoV prevalence were used to fit generalized linear 

models. Confidence sets of the best-ranked regression models (ΔAICc < 2) can be found in table 

S5. The concordance probability for top models (AUC), a measure of model performance, ranged 

between 0.65 and 0.84 (table S5). Average estimates and relative variable importances of the 

parameters retained in confidence sets are presented in table 2. 
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Do demographic factors influence coronavirus infection risk? 

Age was present in all but one of the six top model sets (table 2, figure 2a). It was a moderate to 

strong predictor of infection for four sets, and a weak predictor in one (table 2). Juveniles were 

more likely to be infected than adults, with odds ratios ranging from 1.58 to 5.68. Males H. cf. 

ruber appeared more likely to be infected with Alpha229E-CoV than females, however it was not 

important in the remaining top model sets (table 2, figure 2b). Reproductive status was included 

in two top-model sets, however for Alpha229E/H. abae this probably results from the higher 

prevalence among juveniles (table 2, figure 2c). For BetaBII, non-reproductive males and post-

lactating females had higher infection probabilities, although the lower confidence intervals were 

close to one and should therefore be interpreted with caution. 

 

Table 1. Overview of bats tested for coronaviruses 

 
 

Temporal patterns in CoV infections of West African bats 

Month of capture was included in five of six top model sets (table 2). The highest statistically 

supported odds ratios occurred between April and July in each case, and in four of the five cases 

occurred between April and May (table 2, figure 3). This corresponds with the major wet season, 

as well as the primary birthing and nursing period for the three bat species. BetaC-CoV appeared 

to have a second peak in September, correlated with the minor wet season and a second, smaller 

birthing pulse, however sample sizes were very low and confidence intervals included 1. Similarly, 

Alpha229E-CoV had peaks in the major and minor wet seasons for H. abae that were not 

statistically supported. There was an observable trend of decreased prevalence of BetaBII virus 

Species Bat family No. 
tested 

No.[%] 
BetaC 

No. [%] 
Alpha229E 

No. [%] 
BetaBI 

No. [%]  
BetaBII 

Hipposideros abae Hipposideridae 779 0 46 [5.9] 60 [7.7] 2[0.3] 
H. fuliginosus Hipposideridae 1 0 0 0 0 
H. cf. gigas Hipposideridae 49 0 0   1[2.0] 1[2.0] 
H. jonesi Hipposideridae 50 0 0 4[8.0] 1[2.0] 
H. cf. ruber Hipposideridae 5875 0 321[5.5] 585[10.0] 205[3.5] 
H. caffer tephrus Hipposideridae 128 0 6[4.7] 1[0.8] 0 
Nycteris cf. gambiensis Nycteridae 265 59[22.3] 0 0 0 
Rhinolophus alcyone Rhinolophidae 5 0 0 0 0 
R. landeri Rhinolophidae 14 0 0 0 0 
Coleura afra Emballonuridae 174 0 0 0 0 
Taphozous perforatus Emballonuridae 21 0 0 0 0 
Lissonycteris angolensis Pteropodidae 20 0 0 0 0 
Rousettus aegyptiacus Pteropodidae 2 0 0 0 0 
Epomops buettikoferi Pteropodidae 7 0 0 0 0 
Micropteropus pusillus Pteropodidae 3 0 0 0 0 
Myonycteris torquata Pteropodidae 5 0 0 0 0 
Nanonycteris veldkampi Pteropodidae 5 0 0 0 0 
Total  7404 59[0.8] 373[5.0] 651[8.8] 209[2.8] 
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from mid 2011 to 2012. We see some evidence of yearly variation in BetaBII (increasing from 

2010 to 2012) and BetaBI virus (decreasing 2011 to 2012). 

 

Figure 2. Prevalence as a function of age, sex and reproductive status across all sites throughout the study period. 

Pearson chi-square tests, * p<0.05, ** p<0.01, ***p<0.001, blank = non-significant. (a) Overall CoV prevalences by 

age. Error bars represent Bayesian binomial 95% CIs. b) Overall CoV prevalences by sex (adults only). (c) Overall 

CoV prevalence by reproductive status. RIF = reproductively inactive female; RIM = reproductively inactive male; 

RAM = reproductively active male; PF = pregnant female; LF = lactating female; PLF = post-lactating female. 

 

 

 

Table 2. (opposite) Multimodel parameter averages for predictive factors of CoV infection in bats. Variable 

importances and model parameters averaged over the top model sets (ΔAICc < 2). Av. OR = odds ratio.  95% CI = 

95% confidence interval based on profile likelihood. w
a
 = summed Akaike weights. NRF = reproductively inactive 

female; NRM = reproductively inactive male; RAM = reproductively active male; P = pregnant female; L = lactating 

female; PL = post-lactating female. † Calculated in a separate analysis of which included pregnant females and 

excluded the variable BMI.  § present versus absent (ref = absent) ‡ Sex and Rep variables were calculated in separate 

candidate model sets (see methods text). — = Not included in the top model set. NA = not applicable or excluded 

due to low sample sizes. * indicates that the 95% CI does not include 1. 
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Figure 3. Proportion of CoV-infected animals caught at all sites over the two years of the study. a) Alpha229E-CoV, 

b) BetaBI-CoV, c) BetaC-CoV, d) BetaBII-CoV. Circles = H. cf. ruber, squares = H. abae, triangles = N. cf. 

gambiensis. Open symbols indicate fewer than five samples per data point. Blue bars = rainy seasons. Dashed lines 

indicate birth of first pups – March for H. abae and H. cf. ruber, January for Nycteris cf. gambiensis. 

 

 

Does body condition index predict infection risk? 

Body condition index was included in all top model sets (table 2). Higher body condition index 

was associated with lower infection risk, however it was strongly predictive only for 229E-

infections in H. cf. ruber, where an increase of one unit BMI was associated with 50% lower odds 

of infection.  

 

Does co-infection with ectoparasites and other coronaviruses increase infection risk?  

Infection with Alpha229E-CoV almost doubled the risk of BetaBI infection for H. cf. ruber, and 

vice-versa (table 2). Whilst other CoV pairs were positively correlated with one another in the top 

model sets, wa values were low (0.47) and odds-ratios included 1.  

 There is some weak evidence that ectoparasites are associated with CoV infection risk. 

Streblid flies had a strong association with infection risk, but only for Alpha229E-CoV in H. cf. 
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ruber (wa = 0.92, OR = 1.43). Mites were positively associated with infection in four of the six top 

model sets, however the associations were considered unimportant (wa < 0.67, CIs cross 1). 

Similarly, nycteribiids showed trends of positive association in two top model sets, however their 

influence was also unimportant (wa < 0.55, CIs cross 1).  

 

DISCUSSION 

This longitudinal study of CoVs in bat colonies sheds light on CoV dynamics and infection risk 

factors in wild hosts. We found infection by CoVs to be widespread in cave-dwelling bats, 

particularly among Hipposideros species. The CoVs in this study persisted from year to year, and 

vary in level of host restriction, as has been observed for this family (Drexler et al. 2014; Pfefferle 

et al. 2009; Tong et al. 2009). 

 Age class was a powerful predictor of infection for three of the four CoVs (BetaC, 229E 

and BetaBI). Juvenile bats were at substantially higher risk of infection than adults, suggesting an 

important role in virus transmission and maintenance. The role juveniles may play in virus 

prevalence has been observed in a preliminary study of BetaC-CoV in N. cf. gambiensis (Annan et 

al. 2013), studies of alpha CoVs in European and North American bats (Gloza-Rausch et al. 

2008; Osborne et al. 2011), and MERS-CoV in dromedary camels (Meyer et al. 2014). A similar 

pattern of age-specific infection risk has been observed for rabies in vampire bats (Streicker et al. 

2012) and big brown bats (George et al. 2011), and Hendra virus in little red flying-foxes 

(Plowright et al. 2008). A role of adult reproductive status in CoV infection risk was generally not 

well supported, being unimportant for three of the four CoVs. However, there was some evidence 

of increased risk of BetaBII infection for non-reproductive males and post-lactating females, 

suggesting that this virus may have different transmission dynamics warranting further 

investigation. Interestingly, a previous finding of higher risk of BetaC-CoV infection for lactating 

females than non-lactating females (Annan et al. 2013) was not statistically supported by our 

results comparing reproductive statuses for males and females, suggesting that this was likely an 

artifact of a seasonally higher prevalence. This highlights the importance of a multivariable 

approach.  

 Risk of CoV infection was higher at particular times of the year, with season an 

important predictor even after age class was taken into account. Seasonal factors can have an 

important influence on disease dynamics (Altizer et al. 2006), and have been observed for other 

bat viruses, including other corona-, filo-, henipa-, astro- and lyssaviruses (Amman et al. 2012; 

Drexler et al. 2011; George et al. 2011; Osborne et al. 2011; Plowright et al. 2008; Serra-Cobo et 

al. 2013; Wacharapluesadee et al. 2010). In this study, prevalence tended to peak around the 

time of the major birthing and nursing pulse for the three bat species. This suggests that 
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horizontal transfer among juveniles may be key to long-term maintenance of CoVs, whereby they 

exploit a seasonal influx of immunologically naïve individuals, promoting a seasonal peak in virus 

prevalence which then affects the whole colony. We observed highest significant peaks in 

prevalence in the period between April and July, although there were also prevalence spikes 

outside of these times. This directly follows the birth of the first pups of H. abae and H. cf. ruber 

in March and the strongest birth pulse for N. cf. gambiensis (unpublished data), which generally 

occurs from April to July. This is consistent with previous work by Drexler et al. (2011), which 

showed higher CoV amplification from a European Myotis myotis colony during the two months 

following the birth of juveniles. These seasonal pulses may confer a higher risk of spillover to 

humans, as demonstrated by Amman et al. (2012) for Marburg virus infection in Rousettus 

aegyptiacus. 

 A further explanation for seasonal differences may be related to fluctuating cave 

occupancy. Although roosts are occupied year-round, a yearly drop in population density was 

observable towards end of the major wet season in July, particularly pronounced for H. cf. ruber, 

which far outnumber the other species at all sites (authors’ observations). Such seasonal 

fluctuations in cave occupancy may influence contact rates between individuals driving temporal 

fluctuations in virus transmission rates (Drexler et al. 2011). 

  We found correlations with likelihood of virus infection for both microparasites and 

ectoparasites. CoV co-infection was observed in H. cf. ruber and H. abae. Our models showed 

strong correlation between BetaBI and Alpha229E viruses in H. ruber, with weaker evidence for a 

correlation between BetaBII- and BetaBI CoVs in H. cf. ruber, and consistent (though 

unsupported) trends for the two H. abae CoVs. It is possible that an increased sample size for H. 

abae may show stronger predictive power of co-infection with these two viruses, or perhaps 

immunological or ecological differences between these species influence this variation. Our assays 

detect only a fraction of the potential pathogen microbiome, and future broader microbiome 

studies facilitated by next-generation sequencing technology may provide further insights. 

  Ectoparasites were weak to strong predictors of infection. Where variable importance was 

higher than 0.4, associations were positive, however these were strongly supported only for H. cf. 

ruber, with streblids as a predictor of infection for Alpha229E-CoV and mites and nycteribiids 

for BetaBI infection. These findings suggest that susceptibility to CoV infection may be increased 

by other CoV- or ectoparasitic co-infections, or may be caused by inherent differences between 

hosts. A study of time-series data on microparasitic infections in field voles found that parasitic 

infections and interactions drive infection risk, even when host and environmental variabilities 

are accounted for (Telfer et al. 2010). Parasitic infections can have both positive and negative 

effects on other infections (Hawley and Altizer 2011; Telfer et al. 2010). This may be caused by 
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altered efficiency of immune system mechanisms, such as inhibition, or augmentation of, 

cytokine responses (Bordes and Morand 2011; Telfer et al. 2010).  

 Although little is known about the effects of CoV or macroparasitic infections on bat 

health, co-infection from micro- or macroparasites may exacerbate morbidity and mortality 

(Bordes and Morand 2011) and alter the length of infections or transmission efficiency 

(Rodriguez et al. 1999; Telfer et al. 2010), potentially influencing disease dynamics (Gay et al. 

2014). Polyparasitism may be a key characteristic of host species involved in infectiousness, and 

knowledge of its prevalence may therefore improve understanding of disease dynamics and the 

mechanisms underpinning emerging infectious diseases (Bordes and Morand 2011; Gay et al. 

2014).  

 Finally, higher BMI was strongly associated with a 50% lower CoV infection for 

Alpha229E infections in H. cf. ruber, with a negative correlation observed in all other cases. This 

may provide the first indication that a CoV may negatively impact bat health. Alternatively, it 

may indicate that nutritional stress may increase susceptibility to CoVs. Low BMI or nutritional 

stress may negatively affect the immune system of bats, perhaps due to substantial energetic costs 

of immune function, which may allow increased viral replication (Sheldon and Verhulst 1996). 

Nutritional stress was found to lead to higher Hendra virus seroprevalence in little red flying 

foxes (Plowright et al. 2008). If nutritional stress indeed causes increased susceptibility, then 

other factors known to alter food availability and lower body condition, such as habitat 

degradation, fragmentation, roost disturbance, urbanization, drought or climate change have the 

potential to increase virus prevalence and the likelihood of spillover events, and may therefore 

drive disease emergence (Plowright et al. 2008). 

 Many important questions remain about the ecology and maintenance of coronaviruses in 

bats, and there may be other relevant factors in CoV infection risk beyond the scope of this study. 

Roosting ecology and species associations (Gay et al. 2014), spatial dynamics, population or 

individual genetic factors (Guivier et al. 2011; Meyer-Lucht and Sommer 2009), social behaviour 

(Woodroffe et al. 2009) and habitat fragmentation and degradation may all play roles in wildlife 

disease dynamics. Investigation of potential morbidity or mortality caused by CoV infection on 

host bats will also enhance our understanding of transmission dynamics and long-term 

maintenance (Streicker et al. 2012). There is a pressing need for more insight into the reservoirs, 

virus-host dynamics, and drivers of maintenance and spillover events of wildlife diseases, as part 

of a One Health approach to the prediction and prevention of zoonotic disease outbreaks. 

 In this paper, we provide evidence that seasonal processes, demographic and ecological 

factors influence the risk of CoV infection in bats. These findings carry real-world implications 

for public health management and prevention of zoonotic disease emergences. We focused on 
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bats in West Africa, a region with high direct and indirect human-bat contact (Anti et al. 2015). 

Bats are commonly consumed as bush meat in West Africa (Mickleburgh et al. 2009) and from 

some of our study sites (Anti et al. 2015), and bats including N. gambiensis and Hipposideros spp. 

are known to roost in buildings in direct contact with humans or livestock (personal 

observations). In Ghana, visitation of bat caves for spiritual reasons is common, and collection of 

resources such as water from bat caves for household use, and occasionally for personal 

consumption, also occurs (authors’ personal observations). Based on our findings, avoiding 

consumption of juvenile bats, and avoiding cave visitation, resource collection and bat 

consumption during at least April to May, may be beneficial in reducing the likelihood of human 

exposure to bat CoVs. This highlights some of the deep cultural and socioeconomic challenges in 

the prevention of emerging infectious diseases. Interventions such as community awareness and 

education are important, but may see limited effectiveness if fundamental issues such as poverty, 

food security and access to resources such as clean water are not also included in the global efforts 

to prevent emerging infectious diseases. 
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SUPPLEMENTARY MATERIAL 

Table S1.  List of sites at which bats were captured and sampled for CoVs.  

Site Location Site type Latitude Longitude Sampling 
regime 

Akpafu Todzi AKP mine 7.2619722 0.4915278 semiannual 
Bobiri BOB open 6.6871 -1.34415 opportunistic 
Botanical  KUM open 6.6851111 -1.5618889 opportunistic 
Gardens      
Bosumtwi BOS open 6.5395278 -1.4115278 opportunistic 
Buoyem 1 BUO cave 7.7235833 -1.9879167 bimonthly 
Buoyem 2 BUO cave 7.7238056 -1.9926389 bimonthly 
Elmina ELM building 5.0827778 -1.3483056 semiannual 
Forikrom FOR cave 7.58975 -1.8750833 bimonthly 
KCCR KUM open 6.6698226 -1.5771767 opportunistic 
Kwamang 1 KWM cave 7.0035685 -1.3003098 bimonthly 
Kwamang 2 KWM cave 6.9832778 -1.2731944 bimonthly 
Kwamang 3 KWM open 7.0065315 -1.3012354 opportunistic 
Likpe Todome 1 LIK cave 7.1639444 0.6079167 semiannual 
Likpe Todome 2 LIK cave 7.1638611 0.6081389 semiannual 
Shai Hills SHA cave 5.9290000 0.0750000 opportunistic 

Mine = abandoned mine, open = open forested or farmed land 

 
 
Table S2. Oligonucleotides used for PCR detection of bat coronaviruses in Ghana 

Primer ID Sequence (5’ – 3’) Polarity 
CoV-Hip-BetaBII-rtF CAGGACGCRCTATTCGCTTA + 
CoV-Hip-BetaBII-rtP JOE-CGAAGCGTAATGTGTTGCCCACCATAA-BHQ1 +(Probe) 
CoV-Hip-BetaBII-rtR TGCGCTTATAGCGTATTTCAAATT - 
BetaC-rtF GCACTGTTGCTGGTGTCTCTATTCT + 
BetaC-rtP JOE-TGACAAATCGCCAATACCATCAAAAGATGC-BHQ1 +(Probe) 
BetaCrtR GCCTCTAGTGGCAGCCATACTT - 
CoV-Hip-BetaBI-rt-F  TGCCTAATATGTTGCGTATTTTCG + 
CoV-Hip-BetaBI-rt-P  FAM-TCATTAATYTTGGCTCGTAAGCACTCGACG-BHQ1 +(Probe) 
CoV-Hip-BetaBI-rt-R  ATARTATCGCTCACTCARCGTACAA - 
CoV-Alpha229E-F13948m TCYAGAGAGGTKGTTGTTACWAAYCT + 
CoV-Alpha229E -P13990m FAM-TGGCMACTTAATAAGTTTGGIAARGCYGG-BHQ1 + (Probe) 
CoV-Alpha229E -R14138m CGYTCYTTRCCAGAWATGGCRTA - 

ID - identification; R=G/A, Y=C/T, S=G/C, W=A/T, M=A/C, K=G/T. PCR reactions were conducted using the 

SSIII RT-PCR Kit (Life Technologies, Karlsruhe, Germany). 25 µl reactions contained 5 µl of RNA, 12.5 µl 

reaction buffer, 1 µL enzyme mix , 0.4 µl of a 50 mM magnesium sulfate solution), 1µg of PCR-grade bovine serum 

albumin, 400 nM of each of the primers, as well as 100 nM of each probe. The thermal cycling profile involved 20 

min at 50 ºC for reverse transcription, followed by 3 min at 95 ºC and 45 cycles of 15 sec at 95 ºC, 20 sec at 56 ºC 

and 10 sec at 72 ºC. 
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Table S3. Global models of infection probability 

Response variable Global models 
BetaC-CoV, N. cf. gambiensis Mo + BMI + Mt + Str + Age + Sex   

Mo + BMI + Mt + Str + Rep  
Alpha229E-CoV, H. cf. ruber Mo + BMI + Mt + Str + Nyc + BetaBI + BetaBII + Age + Sex  

Mo + BMI + Mt + Str + Nyc + BetaBI + BetaBII + Rep  
Alpha229E-CoV, H. abae Mo + BMI + Mt + Str + BetaBI + Age + Sex  

Mo + BMI + Mt + Str + BetaBI + Rep 
BetaBI-CoV, H. cf. ruber Mo + BMI + Mt + Str + Nyc + Alpha229E + BetaBII + Age + Sex  

Mo + BMI + Mt + Str + Nyc + Alpha229E + BetaBII + Rep  
BetaBI-CoV, H. abae Mo + BMI + Mt + Str + Alpha229E + Age + Sex 

Mo + BMI + Mt + Str + Alpha229E + Rep 
BetaBII-CoV, H. cf. ruber Mo + BMI + Mt + Str + Alpha229E + BetaBI + Age + Sex 

Mo + BMI + Mt + Str + Alpha229E + BetaBI + Rep 

Mo = month, BMI = body mass index, Rep = reproductive status, Mt = mites, Str = streblid flies, Nyc = Nycteribiid 

flies 
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Table S4. Results of CoV screening by sampling site 

Site Bat species No. No. positive 
  tested BetaC Alpha229E BetaBI BetaBII 
Kwamang 1 Hipposideros abae 279 0 13 29 1 
 Hipposideros cf. gigas 13 0 0 0 0 
 Hipposideros jonesi 39 0 0 1 0 
 Hipposideros cf. ruber 1520 0 85 187 98 
 Nycteris cf. gambiensis 12 0 0 0 0 
 Rhinolophus landeri 2 0 0 0 0 
Kwamang 2 Hipposideros abae 139 0 10 16 1 
 Hipposideros cf. gigas 16 0 0 1 1 
 Hipposideros jonesi 6 0 0 2 1 
 Hipposideros cf. ruber 901 0 76 187 56 
 Nycteris cf. gambiensis 133 30 0 0 0 
 Rhinolophus landeri 3 0 0 0 0 
Kwamang 3 Hipposideros jonesi 2 0 0 0 0 
 Hipposideros cf. ruber 14 0 0 5 1 
 Micropteropus pusillus 1 0 0 0 0 
 Nanonycteris veldkampi 2 0 0 0 0 
Buoyem 1 Coleura afra 25 0 0 0 0 
 Nycteris cf. gambiensis 7 2 0 0 0 
 Hipposideros abae 24 0 3 4 0 
 Hipposideros cf. ruber 802 0 56 33 0 
 Rousettus aegyptiacus 2 0 0 0 0 
Buoyem 2 Coleura afra 82 0 0 0 0 
 Hipposideros abae 202 0 5 8 0 
 Hipposideros cf. gigas 12 0 0 0 0 
 Hipposideros cf. ruber 1055 0 48 91 0 
 Lissonycteris angolensis 7 0 0 0 0 
 Nycteris cf. gambiensis 8 4 0 0 0 
Forikrom  Coleura afra 47 0 0 0 0 
 Hipposideros abae 83 0 6 2 0 
 Hipposideros cf. gigas 8 0 0 0 0 
 Hipposideros cf. ruber 699 0 39 53 50 
 Lissonycteris angolensis 12 0 0 0 0 
 Micropteropus pusillus 1 0 0 0 0 
 Nycteris cf. gambiensis 101 19 0 0 0 
Akpafu-Todzi Rhinolophus landeri 11 0 0 0 0 
 Hipposideros abae 54 0 9 0 0 
 Hipposideros cf. ruber 628 0 7 4 0 
 Lissonycteris angolensis 1 0 0 0 0 
 Nycteris cf. gambiensis 4 0 0 0 0 
 Rhinolophus alcyone 1 0 0 0 0 
 Rhinolophus landeri 1 0 0 0 0 
Likpe-Todome 1 Hipposideros cf. ruber 169 0 9 14 0 
Likpe-Todome 2 Hipposideros cf. ruber 86 0 1 1 0 
Elmina  Hipposideros tephrus 128 0 6 1 0 
Bobiri Hipposideros fuliginosus 1 0 0 0 0 
 Hipposideros jonesi 2 0 0 0 0 
 Hipposideros cf. ruber 2 0 0 0 0 
 Myonycteris torquata 

leptodon 
1 0 0 0 0 

 Rhinolophus alcyone 4 0 0 0 0 
Botanic Gardens Nanonycteris veldkampi 3 0 0 0 0 
 Myonycteris torquata 4 0 0 0 0 
 Epomops buettikoferi 4 0 0 0 0 
KNUST Epomops buettikoferi 3 0 0 0 0 
Lake Bosumtwi Micropteropus pusillus 1 0 0 0 0 
Shai Hills Coleura afra 20 0 0 0 0 
 Taphozous perforatus 21 0 0 0 0 
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Table S5.  Top model sets (delta AICc<2) 

 Rank Response variable and model structure K logLik AICc Δi wi  AUC 

 
BetaC-CoV (n=157) 

      

1 Mo + Age  12 -75.99 178.14 0.00 0.22 0.75 
2 Mo + Age + BMI 13 -75.74 180.03 1.89 0.08 0.76 

Alpha229E-CoV, H. cf. ruber (n=4616) 
      

1 Mo + Age + Sex + BMI + Str + ßBI 19 -1002.17 2042.51 0.00 0.18 0.72 
2 Mo + Age + Sex + BMI + Str + ßBI + Nyc 20 -1001.45 2043.08 0.58 0.13 0.73 
3 Mo + Age + Sex + BMI + Str + ßBI + Mt 20 -1002.05 2044.29 1.79 0.07 0.73 
4 Mo + Age + Sex + BMI + Str + ßBI + ßBII 20 -1002.06 2044.31 1.81 0.07 0.73 
        
Alpha229E-CoV, H. abae (n=524)       
1 Rep 10 -109.34 239.12 0.00 0.06 0.71 
2 Age 6 -113.54 239.24 0.13 0.05 0.69 
3 Age + BMI 7 -112.82 239.86 0.75 0.04 0.66 
4 Rep + BMI 11 -108.85 240.22 1.10 0.03 0.70 
5 Rep + ßBI 11 -108.86 240.24 1.12 0.03 0.72 
6 Rep + Str 11 -108.95 240.41 1.29 0.03 0.71 
7 Age + ßBI 7 -113.11 240.44 1.32 0.03 0.66 
8 Age + Str 7 -113.13 240.48 1.37 0.03 0.69 
9 Age + Sex 7 -113.22 240.67 1.55 0.03 0.70 
10 Mt + Rep 11 -109.19 240.90 1.79 0.02 0.73 
11 Age + Mt 7 -113.38 240.99 1.87 0.02 0.69 
12 Age+ BMI + Str 8 -112.38 241.05 1.93 0.02 0.66 
13 Age+ BMI + ßBI 8 -112.41 241.09 1.98 0.02 0.66 
       
BetaBI-CoV, H. cf. ruber (n=4616)       
1 Mo + Age + Mt + Nyc + α229 18 -1348.87 2733.90 0.00 0.03 0.77 
2 Mo + Age + Mt + Nyc + α229 + ßBII 19 -1347.95 2734.06 0.16 0.03 0.78 
3 Mo + Age + Mt + α229 17 -1350.07 2734.28 0.39 0.03 0.78 
4 Mo + Age + Mt + α229 + ßBII 18 -1349.18 2734.51 0.61 0.02 0.78 
5 Mo + Age + Mt + Str + Nyc + α229 19 -1348.28 2734.72 0.82 0.02 0.77 
6 Mo + Age + Mt + Str + Nyc + α229 + ßBII 20 -1347.37 2734.92 1.02 0.02 0.78 
7 Mo + Age + Mt + Str + α229 18 -1349.47 2735.08 1.18 0.02 0.77 
8 Mo + Age + Sex + Mt + Nyc + α229 19 -1348.52 2735.20 1.31 0.02 0.77 
9 Mo + Age + Mt + Str + α229 + ßBII 19 -1348.59 2735.35 1.45 0.02 0.78 
10 Mo + Age + Sex + Mt + Nyc + α229 + ßBII 20 -1347.61 2735.40 1.51 0.02 0.78 
11 Mo + Age + Nyc + α229 17 -1350.64 2735.41 1.51 0.02 0.77 
12 Mo + Age + Nyc + α229 + ßBII 18 -1349.68 2735.51 1.61 0.01 0.77 
13 Mo + Age + Sex + Mt + α229 18 -1349.72 2735.60 1.70 0.01 0.78 
14 Mo + Age + BMI +Mt + Nyc + α229 19 -1348.77 2735.70 1.81 0.01 0.78 
15 Mo + Age + Sex + Mt + α229 + ßBII 19 -1348.85 2735.87 1.97 0.01 0.78 
16 Mo + Age + BMI + Mt + Nyc + α229 + ßBII 20 -1347.85 2735.88 1.99 0.01 0.78 
        
BetaBI-CoV, H. abae (n=499)       
1 Mo + Age 13 -132.03 290.80 0.00 0.08 0.84 
2 Mo + Age + Sex 14 -131.32 291.50 0.70 0.06 0.84 
3 Mo + BMI 13 -132.53 291.81 1.00 0.05 0.84 
4 Mo 12 -133.70 292.05 1.24 0.05 0.84 
5 Mo + Sex + BMI 14 -131.74 292.35 1.55 0.04 0.85 
6 Mo + Sex 13 -132.81 292.37 1.57 0.04 0.84 
7 Mo + Age + BMI 14 -131.88 292.63 1.82 0.03 0.80 
8 Mo + Age + Str 14 -131.94 292.75 1.94 0.03 0.84 
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Table S5. (cont.) 
 

      

Rank Response variable and model structure K logLik AICc Δi wi AUC 

 
BetaBII-CoV, H. cf. ruber (n=2533) 

      

1 Mo + Rep + ßBI 18 -617.98 1272.23 0.00 0.05 0.65 
2 Mo + Rep  17 -619.12 1272.48 0.25 0.04 0.65 
3 Mo + Rep + Str + ßBI 19 -617.12 1272.54 0.31 0.04 0.65 
4 Mo + Rep + Str  18 -618.20 1272.67 0.44 0.04 0.64 
5 Mo + Rep + Mt + ßBI 19 -617.42 1273.15 0.92 0.03 0.65 
6 Mo + Rep + Mt  18 -618.57 1273.41 1.18 0.03 0.65 
7 Mo + Rep + BMI + ßBI 19 -617.58 1273.47 1.24 0.02 0.65 
8 Mo + Rep + BMI  18 -618.74 1273.75 1.52 0.02 0.65 
9 Mo + Rep + BMI + Str + ßBI 20 -616.71 1273.76 1.53 0.02 0.65 
10 Mo + Rep + Mt + Str + ßBI 20 -616.75 1273.84 1.61 0.02 0.65 
11 Mo + Rep + BMI + Str  19 -617.82 1273.94 1.71 0.02 0.65 
12 Mo + Rep + α229 + ßBI 19 -617.83 1273.96 1.73 0.02 0.65 
13 Mo + Rep + Mt + Str  19 -617.85 1273.99 1.76 0.02 0.65 
14 Mo + Rep + α229 18 -618.90 1274.07 1.84 0.02 0.65 
15 Mo + Sex 13 -624.07 1274.29 2.05 0.02 0.64 
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SHORT REPORT Open Access

Isolation and characterization of 11 novel
microsatellite loci in a West African leaf-nosed
bat, Hipposideros aff. ruber
Heather J Baldwin1,2*, Peter Vallo1,3, Michael G Gardner4,5, Christian Drosten6, Marco Tschapka1,7 and Adam J Stow2

Abstract

Background: Noack’s leaf-nosed bat, Hipposideros ruber, is a cryptic species within the Hipposideros caffer species
complex. Despite a widespread distribution in Africa and being host to potentially zoonotic viruses, the genetic
structure and ecology of H. ruber is poorly known. Here we describe the development of 11 novel polymorphic
microsatellite loci to facilitate the investigation of genetic structure.

Findings: We selected 20 microsatellite sequences identified from high throughput sequence reads and PCR
amplified these for 38 individuals, yielding 11 consistently amplifying and scorable loci. The number of alleles per
locus ranged from two to 12, and observed heterozygosities from 0.00 to 0.865. No evidence of linkage
disequilibrium was observed, and nine of the markers showed no departure from Hardy-Weinberg equilibrium.
We demonstrate successful amplification in two closely related species and two divergent lineages of the H. caffer
species complex.

Conclusions: These new markers will provide a valuable tool to investigate genetic structure in the poorly
understood Hipposideros caffer species complex.

Keywords: Hipposideros ruber, Hipposideros caffer, Microsatellites, Population genetics, Microchiroptera,
Hipposideridae, Bat

Findings
Noack’s leaf-nosed bat Hipposideros ruber (Noack, 1893)
is one of two recognised cryptic species within the Hip-
posideros caffer (Sundevall, 1846) species complex. These
bats are widespread throughout sub-Saharan Africa and
among the most abundant mammals on the continent
[1,2]. Mitochondrial evidence has shown the existence of
several deeply divergent lineages within the H. caffer
complex, which most likely constitute more than the
two species [3]. Recently, they have been discovered to
host viruses with zoonotic potential [4], emphasizing the
need for knowledge about their ecology in order to gain
insight into zoonotic processes and risk factors for pub-
lic health. Microsatellites provide a powerful tool to

investigate the poorly known ecology and life history of
these bats, including genetic structure, social arrange-
ments and mating systems. Assessment of nuclear gene
flow through microsatellite analysis may thus help to
shed light also on the taxonomy of this species complex.
We isolated and characterized 11 microsatellite loci

from a single, exclusively West African mitochondrial
lineage of Hipposideros ruber, determined by sequencing
of the cytochrome b gene [lineage D; 3]. This lineage is
henceforth called H. aff. ruber due to its distant evolu-
tionary relationship to H. ruber s. str. from East Africa,
and may represent a distinct species [3]. Hipposideros
aff. ruber has been previously identified in central Ghana
[5] and seems to be the most abundant of the three main
lineages of the H. caffer complex in this region (unpub-
lished data). The markers described herein represent, to
our knowledge, the first suite of microsatellites for an
African hipposiderid bat.
DNA was extracted from wing tissue from eight indi-

viduals sampled from the Brong Ahafo and Volta regions
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in central Ghana. DNA was extracted using an innu-
PREP DNA mini kit (Analytik Jena, Jena, Germany). Five
micrograms of pooled DNA from eight individuals was
sent to AGRF (www.agrf.com.au), where high through-
put sequencing was performed on a Roche GS FLX 454
sequencing machine as described elsewhere [6-8]. QDD
1.3 [9] was used to screen for di- to hexanucleotide re-
peat motifs with a minimum of eight repeats. From the
1689 microsatellites identified, a total of 32 primer pairs
flanking tetranucleotide repeats with 11–15 repeat mo-
tifs were designed using PRIMER3 [10]. Twenty primer
pairs for which the annealing temperatures were most
similar for each primer were selected for initial amplifi-
cation trials. Amplification products from these primer
pairs were visualised by electrophoresis on an agarose gel,
from which 13 pairs with strong, stutter-free amplification
bands were selected for optimisation. Forward primers for
these 13 loci were directly labelled with a fluorochrome
at the 5′ end. Twelve of these loci were successfully
amplified by polymerase chain reaction (PCR), with one

discarded due to the excessive amplification of non-
specific product. PCR conditions for these 12 loci were
optimized and genotyping was performed on 38 individ-
uals (16 females, 22 males) sampled in Brong Ahafo and
Volta Regions.
PCRs were performed using 10–50 ng of template DNA

and reagent concentrations as follows: 200 μM each
dNTP, one unit reaction buffer, between 2.0 and 2.5 mM
MgCl2, equal concentrations of forward and reverse pri-
mer (0.25–1.0 μM) and one unit Taq polymerase (see
Table 1). PCR amplification consisted of an initial de-
naturation at 94°C for 3 min followed by six touch-
down cycles of 94°C denaturation for 30 s, annealing
for 30 s with temperatures decreased by 2°C per cycle
(55–47°C, 60–50°C, or 65–55°C; Table 1), and poly-
merase extension step at 72°C for 45 s. An additional
35 cycles were conducted, of denaturation (94°C, 30 s),
primer annealing (final touchdown temperature, 45 s),
and polymerase extension (72°C, 45 s), followed by a
final extension (72°C, 10 min). PCR products were

Table 1 Characteristics and thermocycling conditions for 11 polymorphic microsatellites in the African leaf-nosed bat
Hipposideros aff. ruber

Locus Accession # Repeat
motif Primer sequences (5′ – 3′) MgCl2/PFR Ta (°C) Size (bp) N NA HO HE HWE PNULL

Hr1 KM370156 (GATA)13
F:TGGCAAGGTTAACACGAACC

2.0 mM/0.5 μM 60-50 238-258 38 6 0.74 0.79 ns 0.028
R:TCTCCCTCCCGCTCTTATCT

Hr2 KM370157 (TCTT)15
F:GAAGCACTGCTGGAAAGGTT

2.0 mM/0.25 μM 60-50 311-339 34 8 0.77 0.76 ns −0.009
R:GTTGAACTGGGTGGCCTTTA

Hr5 KM370160 (GAAG)14
F:TGGGTGTTTCAGTTTCATGC

2.0 mM/0.5 μM 65-55 186-234 34 9 0.82 0.82 ns −0.006
R:TGGTCTATTTGTTTCCTTCCGTA

Hr6 KM370161 (TCTT)13
F:GGGTTTCTTCAAATGTGTTTTC

2.0 mM/0.5 μM 55-47 204-240 37 8 0.70 0.73 ns 0.012
R:GCCTCCAAGACAAACAGAGG

Hr7 KM370162 (ATTT)11
F:AGCCAATGACAAGACTGCCTA

2.0 mM/0.5 μM 65-55 144-172 33 8 0.42 0.68 *** 0.173
R:CCAGTGAAGCAACGTCCTCT

Hr8 KM370163 (ATCT)12
F:CTCAGCCCAAAGTCAAGGAG

2.0 mM/0.5 μM 60-50 221-241 36 6 0.72 0.68 ns −0.042
R:TGGCTATACGAATACAAAGATTAGACA

Hr9 KM370164 (TCTA)12
F:TGCTATCTTCCATGAGGTCAGA

2.0 mM/0.5 μM 60-50 218-234 38 5 0.63 0.73 ns 0.061
R:TCTCTGTTGCTGAAGGAAAACTT

Hr10 KM370165 (TTAT)11
F:TCCACTGGAGTAAGAGATGTGTG

2.0 mM/1.0 μM 65-55 258-282 38 7 0.79 0.74 ns −0.040
R:GCACTGCAACAGTGAAAAGC

Hr11 KM370166 (TTTC)14
F:CTCTTGCAATGAAGGCAATG

2.0 mM/0.5 μM 65-55 106-154 37 12 0.87 0.86 ns −0.018
R:CTGCCATGAGCTACCATGAG

Hr12 KM370167 (GATA)12
F:TTGGTTTTCAGATCTTCTGGTG

2.5 mM/0.5 μM 60-50 277-293 38 4 0.42 0.60 ** 0.140
R:GAGTCTTCTGCCTGCTGGAC

Hr13 KM370168 (TTTC)13
F:CCGAAGCCAATCTGGTTTTA

2.0 mM/1.0 μM 65-55 321-329 34 2 0.00 0.06 ns 0.157
R:GGGTCCTGCAGAAACACACT

PFR forward and reverse primer concentration, Ta annealing temperatures of touchdown cycles (see Methods), N number of individuals, NA number of alleles,
HO observed heterozygosity, HE expected heterozygosity, HWE probability of deviation from Hardy-Weinberg equilibrium, PNULL null allele frequency estimate
(van Oosterhout), ns not significant., **p < 0.01, ***p < 0.001.
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electrophoresed using an ABI3130 Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA). Allele
sizes were determined via manual inspection using the
software PEAK SCANNER 1.0 (Applied Biosystems),
followed by automated binning performed using TANDEM
1.09 [11]. We reanalyzed 20% of individuals to evalu-
ate data integrity. One locus (Hr3) was discarded due
to high rounding error in the TANDEM analysis, in-
dicating poor marker quality. MICRO-CHECKER 2.2.3
was used to assess the probability of scoring errors, allelic
dropout and the presence of null alleles [12]. No scoring
errors or allelic dropout were detected, although there
were potentially null alleles at loci Hr7 and Hr12. Locus
Hr13 may also suffer from null alleles, though low allelic
variability (one common and one rare allele) did not
allow this to be confirmed (Table 1).
The program CERVUS was used to calculate number

of alleles, observed (Ho) and expected (He) heterozygos-
ities, and probabilities of identity [13]. All 11 loci were
determined to be polymorphic, with a range of 2–12
alleles per locus (Table 1). Tests for pairwise linkage dis-
equilibrium and deviations from Hardy-Weinberg equi-
librium with Bonferroni corrections were calculated
using FSTAT 2.9.3 [14]. Two loci (Hr7, Hr12) deviated
significantly from the Hardy-Weinberg equilibrium with
a homozygote excess (Table 1). No linkage disequilib-
rium was detected between any loci. The probability of
identity for the 11 loci was low at 1.6E−10 overall, and
8.7E−10 and 3.1E−9 for the Brong Ahafo and Volta local-
ities, respectively. Probability of sibling identity was
1.4E−4, 2.2E−4 and 2.8E−4 for overall, Brong Ahafo and
Volta, respectively.
In order to explore utility in closely related taxa, we

tested whether these loci could be amplified across four
related taxa in the genus Hipposideros using the PCR
conditions specified above (Table 2). All but one locus
successfully amplified PCR product across the tested
taxa.
These microsatellite loci provide useful resources for

the study of population genetic structure of bats in the
Hipposideros caffer complex, and likely also related spe-
cies in this genus. These findings will help to address
questions regarding connectivity, social behaviour, and
zoonotic disease ecology in African leaf-nosed bats.
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Table 2 Cross-amplification success in other Hipposideros species or lineages
Taxon Hr1 Hr2 Hr5 Hr6 Hr7 Hr8 Hr9 Hr10 Hr11 Hr12 Hr13

H. abae + + + + + + + + + + +

H. tephrus + + + + + + + + – + +

H. ruber (lin. B)§ + + + + + + + + + + +

H. ruber (lin. C)§ + + + + + + + + + + +

+successful amplification with 1–2 bands visualised of expected size, − no PCR product observed.
§sensu Vallo et al. 2008. lin. = lineage.
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ABSTRACT 

Levels of biodiversity are globally underestimated, especially in tropical ecosystems. This is 

particularly so for bats compared to other vertebrate taxa, due to morphological conservatism. 

Here we investigate Hipposideros caffer and H. ruber, two morphologically similar, insectivorous 

bat species in the Afrotropics. From samples collected in Ghana, we evaluate cryptic speciation 

using nuclear genetic, acoustic and morphometric data. Further, we used Bayesian divergence 

dating to explore the ‘species pump’ and ‘museum’ hypotheses proposed to explain diversity in 

this region. We determine that four mitochondrial DNA clades represent distinct species. 

Microsatellite data showed no evidence of interbreeding between groups, and there are significant 

differences in acoustic and morphometric measurements. Divergence dating estimated that these 

four species and two close relatives arose in the Pliocene, with an origin of the broader group in 

the late Miocene, and intraspecific lineages corresponding to the Pleistocene. These findings are 

consistent with the species pump hypothesis, which emphasizes an important role of climatic 

fluctuations in the species richness of forest refugia. Acoustic differences between species were 

consistent with social selection, drift or reproductive character displacement, but not resource 

partitioning, as mechanisms for the emergence and maintenance of acoustic divergence in these 

bats. 

 

Keywords: Hipposideros caffer, Hipposideros ruber, bats, refugia 

 

INTRODUCTION     

The Afrotropic ecozone contains five of the world’s 25 biodiversity hotspots (Myers et al. 2000). 

Despite this, poor governance, economic underdevelopment and a history of civil conflict have 

left its fauna understudied. Throughout the world, tropical forests are disappearing at an alarming 

rate, and several of Africa’s biodiversity hotspots are also hotspots for deforestation (Malhi et al. 

2013). Given this high diversity and the current catastrophic rate of rate of anthropogenic 

extinction (Ceballos et al. 2015), there is a serious risk of losing species before they are even 

known to science. In order to make informed decisions about wildlife management, taxonomic 

resolution, and knowledge of the processes that give rise to and maintain diversity, are required. 

 Species richness of bats is exceptionally poorly known throughout much of Africa, and is 

likely to be far greater than currently described (Bates et al. 2013; Fahr and Kalko 2011; 

Monadjem et al. 2013b; Monadjem et al. 2010; Taylor et al. 2012). This poor state of knowledge 

may be compounded by a higher incidence of cryptic diversity in bats than other taxa (Jones and 

Barlow 2004). Species are considered cryptic if they share high morphological similarity and have 

been traditionally considered as a single species, but are actually distinct based on other lines of 
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evidence (e.g. genetic, ecological, behavioural, subtle morphological; Bickford et al. 2007). In 

bats, morphological constraints due to flight and echolocation, and the relative importance of 

auditory versus visual mating signals, mean that divergence often goes undetected (Jones and 

Barlow 2004; Kingston et al. 2001). In recent years, molecular, acoustic, behavioural and detailed 

morphological analyses have revealed many cryptic bat species complexes (Jones 1997; Jones and 

Barlow 2004; Kingston et al. 2001; Monadjem et al. 2013a; Russo and Jones 2000; Thabah et al. 

2006).  

 Accurate identification of species is important for rigorous assessments of biodiversity, 

species richness and a species’ conservation status (Furman et al. 2010), allowing identification for 

prioritization and management (Moritz and Faith 1998). Where one recognised species of low 

conservation concern actually comprises two or more cryptic species, vulnerability of component 

taxa may be masked. Further, wildlife management for other purposes, such as the control or 

prevention of enzootic or zoonotic diseases, requires a detailed knowledge of host ecology in order 

to be effective. Taxonomic resolution is important for generating information about prevalence, 

susceptibility, risk factors, and spread of wildlife diseases, in order to design effective management 

strategies.   

 Knowledge of biodiversity patterns is also crucial for building a broader understanding of 

the processes that generate and maintain diversity. While conservation management often focuses 

on patterns of diversity in order to maximise its representation, increasingly, the importance of 

preserving the processes that generate and maintain diversity is being recognised (Moritz 2002; 

Moritz and Faith 1998; Rouget et al. 2003). Preservation of evolutionary patterns and processes is 

critical for long-term population persistence, particularly in the face of the continuing threats 

posed to biodiversity by habitat destruction and degradation and climate change (Mace and 

Purvis 2008). It is therefore beneficial to improve our understanding of these processes, in order 

to make informed decisions with regards to managing their preservation.  

 High species diversity in the Afrotropics is often attributed to changes in the distribution 

and composition of forest induced by major shifts in the palaeoclimate (Hamilton and Taylor 

1992; Maley 1989). The relatively warm, wet climate of the mid-Miocene gave way to a trend of 

slow global cooling and drying, punctuated by oscillations of wet and dry periods, and 

culminating in the Pleistocene glaciations (deMenocal 1995; 2004). This resulted in forest 

expansion during warmer, wetter periods, and contraction and replacement with savannah during 

the dry periods, with forest species contained within refugia (deMenocal 2004). The species 

pump hypothesis proposes that these climate fluctuations catalysed diversification, by creating 

new selective pressures, isolating populations in refugia and thereby promoting allopatric 

speciation (Murienne et al. 2013). This hypothesis is typically invoked through the paradigm of 
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Pleistocene glaciations, however, the increased use of molecular markers has provided evidence 

for a substantial role of refugial processes extending back to the late Miocene and Pliocene 

(deMenocal 2004; Matthee et al. 2004; Nicolas et al. 2008; Tolley et al. 2008; Voelker et al. 

2010). An alternative hypothesis suggests that forest refugia served as ‘museums’ preventing the 

loss of ancient diversity during the expansion of savannah areas (Fjeldså and Bowie 2008; 

Murienne et al. 2013). Both hypotheses have been invoked for African species, including 

avifauna, reptiles, mammals and invertebrates (Voelker et al. 2010)(Fjeldså & Lovett, 1997; Roy, 

1997; Roy et al., 2001; Fjeldså & Bowie, 2008)(Matthee et al. 2004; Nicolas et al. 2008; Smitz et 

al. 2013; Tolley et al. 2008), however, refugial diversity models have rarely been tested for 

African bats (but see Hassanin et al. 2015; Taylor et al. 2012).  

 Hipposideros is a highly speciose genus from the Old World family Hipposideridae, which 

exhibits a high level of cryptic diversity (Kingston et al. 2001; Thabah et al. 2006; Thong et al. 

2012; Vallo et al. 2011; Vallo et al. 2008). The Hipposideros caffer complex, which occurs 

throughout Africa and in parts of the Arabian Peninsula, traditionally comprises two recognised, 

though cryptic, morphological species; Sundevall’s roundleaf bat Hipposideros caffer (Sundevall, 

1846) and Noack’s roundleaf bat Hipposideros ruber (Noack, 1893). Hipposideros caffer is 

associated with wooded savannah, dry open and coastal forest habitats, while H. ruber occurs in 

rainforest and wet forested savannah (Monadjem et al. 2010; Vallo et al. 2008; Wright 2009). 

Several subspecies are recognised with substantial variability in morphology and it is suggested 

that further cryptic diversity may exist (Simmons et al. 2005; Vallo et al. 2008).  

 Mitochondrial (mtDNA) evidence has revealed the existence of four deeply divergent 

lineages within the H. caffer complex, which possibly constitute at least five species, rather than 

the two described (Vallo et al. 2008). Two smaller forms pertaining to the H. caffer morphotype, 

currently recognized as H. caffer caffer and H. c. tephrus, belong to mtDNA lineage A, with three 

further lineages, B, C, and D, broadly corresponding to the H. ruber morphotype (Vallo et al. 

2008). However, mitochondrial data is limited by the nature of its maternal inheritance. 

Taxonomic classifications based on mtDNA can result in oversplitting (Elias et al. 2007; Lausen 

et al. 2008), as substantial nuclear gene flow can still occur even among highly divergent 

mitochondrial clades (Avise 2012; Castella et al. 2001; Petit and Mayer 1999). Taxonomic 

classifications must therefore be based on multiple lines of evidence (Cronin 1993; Mayer and 

von Helversen 2001). Microsatellites, which are bi-parentally inherited, are powerful tools to 

investigate gene flow, hybridisation or introgression between the mitochondrial lineages. 

Additional lines of data, such as morphometric and echolocation call frequency data, can be used 

to further investigate divergence. In bats, which may be highly morphologically conserved, 

acoustic differences are often indicative of cryptic speciation (Jones and Barlow 2004). Such 
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divergences may confer benefits related to species recognition, intraspecific communication, 

reproductive isolation, or resource partitioning (Jones and Barlow 2004; Kingston et al. 2001; 

Russo et al. 2007). Acoustic divergence may be more likely in species that employ high duty cycle 

echolocation, which comprise a dominant constant frequency component and have a highly 

sensitive acoustic fovea for frequency discrimination, such as bats of the Hipposideridae (Jones 

and Barlow 2004).  

The taxonomic resolution of the Hipposideros caffer complex is of particular interest 

because they have been discovered to host coronaviruses (CoVs) with zoonotic potential (Chapter 

3; Pfefferle et al. 2009), emphasizing the need for knowledge about their ecology. These viruses 

are related to several of high concern to human public health, including SARS-CoV and MERS-

CoV, each responsible for recent outbreaks of severe respiratory disease with high case fatality 

(WHO 2004; Zaki et al. 2012), and share a putative evolutionary origin in bats, with other 

animal intermediate hosts (Haagmans et al. 2014; Ithete et al. 2013; Lau et al. 2005; Li et al. 

2005). Contact between humans and bats, including H. caffer and H. ruber,  is common in parts 

of Africa (Anti et al. 2015), and common practices such as bushmeat consumption and cave 

visitation have been directly linked to zoonotic outbreaks on the continent (Amman et al. 2012; 

Leroy et al. 2009; Swanepoel et al. 2007). There is therefore a pressing need for greater insight 

into the infection dynamics and ecology of potentially zoonotic CoVs in wildlife reservoirs, in 

order to inform prediction and prevention strategies where necessary. 

 This study aims to resolve some of the taxonomic uncertainty in bats in the H. caffer 

complex, and to investigate the processes that generate and maintain diversity in these bats. We 

use nuclear genetic markers (microsatellites), acoustic data, and morphological measurements to 

investigate cryptic speciation using representatives of all four major mitochondrial lineages. We 

look for evidence of hybridisation, and investigate differences in echolocation call frequency, and 

consider explanations for acoustic divergence. We predict that previously reported mitochondrial 

divergences will be reflected in a lack of nuclear gene flow. Sympatrically roosting bat species may 

undergo acoustic divergence as a result of selective pressure for species recognition and 

intraspecific communication (Jones and Barlow 2004; Kingston et al. 2001). Given that the 

ranges of the four lineages overlap, and lineages B, C, and D often roost sympatrically (Chapter 

5), we predict that an absence of gene flow between mtDNA lineages will be reflected in acoustic 

divergence. Using cytochrome b sequence data, we date past divergences, to examine hypotheses 

for species richness in African forests. Previous research has shown evidence of a major radiation 

in the Hipposideros genus approximately 15 – 14 million years ago (Ma), during the Mid-

Miocene Climatic Optimum, therefore under the museum hypothesis we would expect the 

majority of divergences to occur around this period (Evans et al. 2004; Murienne et al. 2013), 
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while the elevated speciation model predicts divergences to occur after the onset of climatic 

fluctuations in the late Miocene (Murienne et al. 2013). 

 

 

MATERIALS AND METHODS 

Sample collection  

Samples were collected from nine bat colonies located in caves, abandoned mines or buildings in 

Ghana, West Africa (table 1, figure 1), where representatives of each of the four major lineages 

occur. Permission for capture was obtained from the Wildlife Division of the Forestry 

Commission of the Ministry of Lands, Forestry and Mines. Bats were captured with mist nets set 

at cave entrances or along trails between one hour after dusk and dawn. Bats were then sexed and 

forearm length and mass were measured using vernier calipers and an electronic balance. Juveniles 

were identified by incomplete fusion of the fourth epiphyseal joint (Brunet-Rossinni and 

Wilkinson 2009). Two 3mm wing biopsies were obtained using a biopsy punch for DNA 

extraction and stored in 90% ethanol. 

 

DNA extraction and sequencing 

Total genomic DNA was isolated from tissue samples using a QIAamp DNA micro kit 

(QIAGEN) or a GenCatch Genomic DNA Extraction kit (Epoch Life Science). Approximately 

1140 bp of the cytochrome b gene was amplified by polymerase chain reaction (PCR) using the 

primers L14724 and H15915 (Irwin et al. 1991) or a slightly modified version L14724ag and 

H15915ag (Guillén-Servent and Francis 2006). Reactions were performed following Vallo et al. 

(2008) using Taq DNA polymerase (Promega). The PCR products were purified using a 

QIAquick PCR purification kit and sequenced commercially (Macrogen, Seoul, Korea), with the 

same primers, using Big-Dye Terminator sequencing chemistry (Applied Biosystems, Foster City, 

CA, USA) on an ABI 3730xl sequencer. Sequences were aligned using BIOEDIT 7.1 (Hall 1999).    
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Figure 1. Sampling localities of Hipposideros cf. ruber used in this study. BUO = Buoyem, FOR = Forikrom, KWM 

= Kwamang, AKP = Akpafu-Todzi (hereafter “Akpafu”), LIK = Likpe-Todome (hereafter “Likpe”), ELM = Elmina.  

 

 

 

Table 1. Details of sampling localities of Hipposideros cf. ruber used in this study 

Site Site type Latitude Longitude 
Akpafu-Todzi mine 7.2619722 0.4915278 
Buoyem 1 cave 7.7235833 -1.9879167 
Buoyem 2 cave 7.7238056 -1.9926389 
Elmina building 5.0827778 -1.3483056 
Forikrom cave 7.58975 -1.8750833 
Kwamang Cave 1 cave 7.0035685 -1.3003098 
Kwamang Cave 2 cave 6.9832778 -1.2731944 
Kwamang 3 cave 7.0065315 -1.3012354 
Likpe-Todome 1 cave 7.1639444 0.6079167 
Likpe-Todome 2 cave 7.1638611 0.6081389 
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Microsatellite genotyping  

Nine microsatellite loci, isolated from Hipposideros aff. ruber (Hr2, Hr3, Hr5, Hr6, Hr7, Hr8, 

Hr10, Hr11, Hr12; Baldwin et al. 2014) were genotyped for 286 individuals. Primers were 

labelled with 5’-fluorochrome bases (VIC, FAM, NED or PET) and loci amplified following 

PCR protocols outlined in Baldwin et al. (2014). PCR products were electrophoresed using an 

ABI3130 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). Allele sizes were 

determined via manual inspection using the software PEAK SCANNER 1.0 (Applied Biosystems), 

followed by automated binning performed using TANDEM 1.09. We reanalyzed 20% of 

individuals to ensure data integrity. 

 

Genetic diversity and differentiation 

Haplotype diversity (h), nucleotide diversity (π), and number of polymorphic sites were estimated 

for lineages B, C, and D from cyt b using DNASP 5.10 (Librado and Rozas 2009). Microsatellite 

markers were examined for deviation from Hardy-Weinberg equilibrium (HWE) and linkage 

disequilibrium using GENEPOP 4.2 (Raymond and Rousset 1995). We analysed evidence for 

nuclear gene flow by performing a discriminant analysis of principal components (DAPC; 

Jombart et al. 2010) and k-means cluster analysis on the microsatellite data using the ADEGENET 

package in R (R Core Team 2013). We looked for evidence of hybridization between the lineages 

by performing assignment tests in the program GENECLASS2 2.0 (Piry et al. 2004). For each 

individual, the likelihood of belonging to its identified mitochondrial lineage was calculated 

based on microsatellite genotype, with probability calculated by Monte Carlo Markov chain 

permutations. STRUCTURE 2.3 (Pritchard et al. 2000) was used to examine further evidence of 

hybridisation. Using a value of K = 4 and lineage identities as POPID priors, ten replicate runs 

were performed with 10 0000 MCMC iterations and a burn-in of 50000. We used the admixture 

model with independent allele frequencies.  

 

Estimates of divergence time 

To estimate divergence dates and times since the most recent common ancestors (TMRCA) 

among lineages, we used the Bayesian MCMC sampling method in the program BEAST 1.8.2 

(Drummond and Rambaut 2007). Sequences of 1100 bp representative of the major clades of the 

four lineages from the H. caffer complex, several African congeneric species H. beatus, H. 

fuliginosis, H. abae, H. gigas, H. jonesi and H. cyclops, and several other bat species (Nycteris 

thebaica, Coleura afra, Stenonycteris lanosus, Rousettus aegyptiacus, Rhinolophus landeri, Asellia 

tridens, Aselliscus stoliczkanus, Triaenops persiscus) were included to improve the phylogenetic 

reconstruction and dating accuracy. Sequences not generated in this study were obtained from 
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GenBank (Appendix 1). Sequences were analysed in two partitions, with the first comprising the 

first two codon positions, and the second comprising the third position, as determined by 

PARTITIONFINDER (Lanfear et al. 2012). The Hasegawa, Kishino and Yano model with gamin 

distribution and a proportion of invariant sites (HKY + G + I) was selected as the most 

appropriate model of sequence evolution for partition one and HKY + G for partition two by 

PARTITIONFINDER and JMODELTEST2 (Darriba et al. 2012) under Bayesian Information 

Criterion (BIC). An uncorrelated lognormal clock was used following comparison of marginal 

likelihoods with strict, exponential and random local clock models using stepping-stone and path 

sampling (Baele et al. 2012; Baele et al. 2013).  

 Root age was set to 64 – 65 Ma following (Eick et al. 2005; Foley et al. 2015; Teeling et 

al. 2005). Node ages were calibrated using well-supported divergence dates based on molecular 

data reported by Teeling et al. (2005) and Foley et al. (2015). Specifically, these nodes were 

calibrated with normal priors and standard deviation corresponding to reported 95% credibility 

intervals, as follows: Yinpterochiroptera, 58 Ma; Rhinolophoidea, 51.5 Ma; Hipposideros–

Rhinolophus, 40.5 Ma; Hipposideros–Rhinonycteris, 39 Ma; Hipposideros–Asellia, 34 Ma; 

Hipposideros gigas/Aselliscus stoliczkanus–monophyletic Hipposideros clade, 15 Ma; H. jonesi, 14 

Ma; H. abae, 4 Ma. Tree models used a Yule process prior (Gernhard 2008). We ran four 

independent Monte Carlo Markov chains for 20 million generations each, sampling every 1000 

generations, with 10% discarded as burn-in. Log files for the four chains were combined using 

LOGCOMBINER 1.8.2 and trees were summarised using TREEANNOTATOR 1.8.2 (Drummond 

and Rambaut 2007). Trees were visualised with FIGTREE 1.4.2 

(http://tree.bio.ed.ac.uk/software/figtree/). 

 

Analysis of acoustic and morphometric variation 

Echolocation calls of stationary (hand-held) bats were recorded using a handheld ultrasound 

detector (Pettersson D1000X; Pettersson Elektronik AB, Uppsala, Sweden) at a sampling rate of 

400 kHz. Calls were analysed using MATLAB 8.0 (Mathworks Inc). To generate spectrograms, we 

used a fast fourier transformation (FFT) with a Hamming window of 1024 samples (2.6ms) and 

an overlap of 98.4%. This resulted in a maximum frequency resolution of 390 Hz and a time 

resolution of 0.16ms. The ten loudest calls per recording file were selected, each representing one 

individual. The FFT points of the constant frequency component, with an intensity between the 

maximum and 22dB below, were extracted. Calls were selected to have a minimum call duration 

of 4ms to ensure that the constant frequency component was measured. The mean value of peak 

call frequency for each adult individual was used in the statistical analysis.  
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 We compared differences in peak call frequency, and the morphological characteristics of 

forearm length and mass, using similar procedures. First, averages for adult bats for each lineage 

were compared for each character of interest using Kruskal-Wallis tests. Post-hoc Mann-

Whitney-Wilcoxon tests were then performed for pairwise comparison. In order to account for 

the potential effects of other factors, general linear models (GLM) were also performed using the 

nlme package in R. For the GLM on peak frequency, lineage, sex and forearm length were 

included as fixed variables, with site as a random variable. For forearm length, lineage and sex 

comprised the fixed effects, with no random effects. For the mass model, fixed effects were the 

same as those for forearm length, with reproductive status as an additional fixed effect and site as 

a random effect. 

 

RESULTS 

Genetic diversity and differentiation 

We sequenced the cyt b gene for 383 individuals, with 50 identified as lineage B, 66 lineage C, 

263 lineage D and four lineage A (H. caffer tephrus). We found three lineages (B, C, D) occurring 

in sympatry at two sites (Buoyem), and lineages C and D occurred in sympatry at seven of the ten 

sites. Lineage D occurred at nine of ten sites, while the morphologically distinct form H. caffer 

tephrus (A) occurred allopatrically in one site (Elmina). Summary statistics for microsatellites and 

cyt b sequences are shown in Chapter 5, tables 2 and 3, respectively. 

  There was no deviation from Hardy-Weinberg equilibrium for lineage A (n = 12, HO = 

0.677, HE = 0.663, FIS = -0.023). There was evidence of null alleles in Hr1 and Hr13 for lineage 

B, Hr1 for lineage C and Hr13 for lineage D, and those loci were removed from analyses. For the 

remaining loci, no consistent departures from HWE or evidence of linkage disequilibrium was 

detected after Bonferroni correction. 

 K-means clustering analysis identified four genetic clusters. The DAPC scatterplot shows 

separation of genetic groups (figure 2). Lineage D is clearly delineated from the other groups, as 

are B and C from each other. Lineage A shows slight overlap of 95% confidence ellipses with 

lineages B and C. 

Assignment tests correctly assigned 283 of 286 individuals (quality index 90.3%). For the 

three individuals incorrectly assigned (one lineage A and two lineage D individuals assigned to 

lineage C), the probabilities of belonging to the incorrectly assigned lineages were low (0.12, 

0.15, 0.05), and are therefore not strong evidence of any hybridization. STRUCTURE results 

showed clear delineation by lineage, with high assignment probabilities and no strong evidence 

for hybridization (figure 3). 
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Figure 2. DAPC based on microsatellite markers for lineages A, B, C, and D. 

 

 

 
 
 
 
 
 
 
 
 
 

Figure 3. Structure results showing clustering of individuals belonging to mtDNA lineages D, C, B, and A.  
 

Estimates of divergence time 

Divergence time estimates generated in BEAST indicate that the African lineage of the H. 

galeritus group of hipposiderid species, to which the H. caffer complex, H. fuliginosus, H. beatus, 

and H. abae belong, diversified approximately 6.2 Ma, at the end of the Miocene (figure 4). 

Hipposideros fuliginosus is placed as the basal lineage in this group, with high bootstrap support. 
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The consensus tree presents the H. caffer complex as a polyphyletic group, although bootstrap 

support for the placement of the nodes among recognised species and main H. caffer lineages was 

weak. This group, which includes the H. caffer lineages A, B, C, and D, H. abae, and H. beatus, is 

dated at 5.4 Ma, at the cusp of the Miocene-Pliocene epochs. Our analysis dated lineages A and 

C, and B and D, to approximately 4.5 Ma, although posterior probabilities between nominal 

sister clades are low. Divergences of sublineages within the major H. caffer complex clades appear 

have occurred between 1.0 and 3.6 Ma. 

 

 

Figure 4. Maximum credibility tree based on cyt b. 95% credibility intervals for ages are represented by node bars. 

Posterior probabilities above 50% are indicated below nodes.  

 

Acoustic and morphometric variation 

Univariate tests and the GLMM showed highly significant differences in CF peak frequency, 

forearm length and mass between and among lineages (figure 5, tables 2 and 3). Echolocation call 

peak frequency differences ranged from 4.5 to 25 kHz for adjusted values (table 3), or 7 – 26.5  
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Figure 5. a) Mean call peak frequencies of adult bats, white = females, grey = males. Overall and all pairwise 

differences were highly significant (Kruskal-Wallis test chi-sq = 149.47, n = 202, df = 3, p < 0.00001; Bonferroni-

adjusted Wilcoxon test p < 0.00001 for all pairwise comparisons); b) Forearm length by lineage of adult bats, white = 

females, grey = males. Overall and all pairwise differences were highly significant (Kruskal-Wallis test chi-sq =766.02, 

n = 1354, df = 3, p < 0.00001; Bonferroni-adjusted Wilcoxon test p < 0.00001 for all pairwise comparisons); c) Mass 

by lineage of adult bats, white = females, grey = males. Kruskal Wallis χ2  = 792.98, n = 1339, df = 3, p < 0.00001; 

Bonferroni-adjusted Wilcoxon test p < 0.00001 for A vs B, C and D, B vs D, p = 0.06 for B vs C, p = 0.11 for C vs 

D. 
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kHz for unadjusted values. Lineage A had the shortest forearm and the highest peak frequency, 

while lineage B had the largest forearm and the lowest call peak frequency. Lineage C exhibited a 

higher level of variation in call peak frequency and forearm length, with a difference in call peak 

frequency among sites (figure 5a,b). Call frequency at one site, Akpafu, was 10 – 15 kHz higher 

than at other sites (see Chapter 5). There were slight, but significant, sex differences in call peak 

frequency, forearm length and mass. The difference in mass between sexes was not significant 

when corrected for reproductive status (data not shown). 

 Sex also significantly correlated with call peak frequency, forearm length and mass, with 

males calling at significantly higher frequencies and having significantly smaller forearm and mass 

measurements. However, these differences are likely smaller than our measurement resolution, 

and therefore may not have any biological meaning.  

 

 

Table 2. Mean adult call peak frequency, forearm length and mass by lineage  

Lineage FA 
(mm) 

FA 
95%CI 

Peak 
Freq. 
(kHz) 

Peak Freq. 
95% CI 

Mass 
(g) 

Mass 95% CI 

A 45.7 43.6–47.8 151.9 148.6–155.2 7.3 5.8–8.8 
B 53.5 51.8–55.2 125.4 122.6–128.1 11.8 9.6–14.1 
C 50.9 47.2–54.5 140.2 127.9–152.5 11.2 8.4–14.0 
D 49.1 46.4–51.9 133.2 128.3–138.0 10.8 8.2–13.4 
 

 
Table 3. GLM results for call peak frequency (n = 202, df = 187, R2m = 0.80; R2c = 0.94), forearm length (n = 1342, 

R2m = 0.77; R2c = 0.77, F-statistic 1135 on 4 and 1337 df) and mass (R2m = 0.77; R2c = 0.77, F-statistic 1111 on 4 

and 1334 df).  

 Call Peak Frequency Forearm length Mass 
Predictive variable Mean Peak 

Frequency 
SE 
(PF) 

Mean FA 
length (mm) 

SE  
(FA) 

Mean 
Mass (g) 

SE  
(Mass) 

Intercept 156.87*** 6.80 45.8*** 0.04 7.44*** 0.03 
Lineage (ref = A)      
    Lineage B -24.73*** 3.64 7.9*** 0.17 4.62*** 0.13 
    Lineage C -13.62*** 3.53 5.2*** 0.15 3.96*** 0.12 
    Lineage D -18.11*** 3.46 3.6*** 0.08 3.60*** 0.07 
Sex (ref = F) 2.13*** 0.32 -0.32*** 0.07 -0.43*** 0.06 
FA -0.12 0.13 — — — — 
 

 

DISCUSSION 

We examined cryptic diversity in the Hipposideros caffer species complex by analysing genetic and 

acoustic divergence, and investigated speciation hypotheses by dating mtDNA divergences. We 

found representatives of all four major cyt b lineages described by Vallo et al. (2008) occurring in 
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Ghana. Lineages B, C, and D often occurred in sympatric roosts in moist deciduous or 

transitional forest. The single colony of lineage A we identified in coastal savannah habitat was 

single-species, although they have also been found to roost sympatrically with the much larger H. 

abae (H. Baldwin, unpublished data). Interestingly, this lineage, which corresponds to 

Hipposideros caffer tephrus, previously observed only from Morocco to Senegal and an isolated 

population in Yemen (Vallo et al. 2008), and this study represents the first record of its 

occurrence in the wet tropics.  

 

Cryptic speciation: molecular, acoustic and morphological divergence 

We tested the hypothesis of Vallo et al. (2008) that H. caffer and H. ruber comprise multiple 

cryptic species by examining nuclear genetic, morphological, and acoustic divergences among 

four described mitochondrial lineages. Nuclear genetic evidence supports genetic isolation of each 

lineage, satisfying the genetic species concept (Baker and Bradley 2006). Reproductive isolation 

appears to be complete, satisfying the reproductive isolation requirement of the biological species 

concept (Dobzhansky and Dobzhansky 1937; Mayr 1942). Morphological differences in forearm 

size and mass provide phenetic support, although measurements overlap between some groups 

and therefore these morphological characters alone may not be diagnostic. Lineage A, with an 

affinity to the smaller H. caffer morphotype, can be discriminated with high confidence based on 

forearm and mass, and forearm length may assist in identification of lineages B, C, and D, 

particularly in discriminating B from D, as they show no overlap. Whether other morphological 

differences exist, for example in skull, wing, or limb measurements or dentition, requires further 

investigation. Significant acoustic divergences exist between all lineages, and are sufficient to 

confidently discriminate lineages A and B from each other, and discriminate from C/D with 

reasonable confidence. The higher level of variation in acoustic and forearm measurements within 

lineage C, support previous suggestions of further cryptic diversity within this lineage (Vallo et al. 

2011; Vallo et al. 2008). 

 Given the strength of molecular, acoustic, and morphological evidence, we support the 

proposal that at least four species should be recognised. However, the taxonomy of this group is 

highly complex, with deep divergences within the major lineages (Vallo et al. 2011; Vallo et al. 

2008). Additional nuclear DNA, acoustic and morphological data are required to assess species 

delimitation within lineages, particularly within lineages A, B, and C, to illuminate the extent of 

cryptic diversity within the H. caffer group throughout the Afrotropics. In the interim, we 

propose provisional designation as Hipposideros species B, C, and D, and continued use of the 

name H. caffer tephrus for lineage A2, until further investigations can sufficiently elucidate the 

systematics of this group and assign appropriate nomenclature.  
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Diversification analysis 

The Hipposideros genus is proposed to have radiated approximately 15 – 14 Ma, during the 

relatively warm and humid Mid-Miocene Climatic Optimum (Foley et al. 2015). Our data 

suggest that divergence in the African lineage of H. galeritus occurred much later, beginning in 

the late Miocene. The major H. caffer lineages, A, B, C, and D, H. abae, H. beatus, and H. 

fuliginosus diverged during the late Miocene and early Pliocene. Our results suggest that the H. 

caffer complex lineages may form a polyphyletic group, with A and C, and B and D, split into 

two groups with H. abae and H. beatus, respectively, although posterior probabilities were low. 

Additional molecular evidence, particularly from nuclear sequences, would be required to further 

comment on the phylogenetic status of the described H. caffer complex species in relation to 

others of the African H. galeritus group (H. beatus, H. abae, H. fuliginosus). In any case, the 

MRCAs of the main lineages within the monophyletic clade, comprising lineages A, B, C, D,      

H. abae, and H. beatus, occurred between 5.5 and 4.4 million years ago, during the late 

Miocene/Early Pliocene. The common ancestors within extant representatives of the H. caffer 

complex dated to the late Pliocene and the Pleistocene (3.6 – 1 Ma). The new Ghanaian clades 

identified in this study (C3, D3, B3) are deeply diverged, with divergence dates between 2.5 and 

1.3 Ma. These findings suggest fairly rapid diversification during the last six million years, and are 

consistent with the hypothesis that climate-driven forest dynamics since the late Miocene were 

instrumental in the diversification of this group. It has been observed that taxa that have diverged 

in the Pliocene or earlier tend to be reproductively isolated, consistent with our findings. Our 

results support the species pump hypothesis, with forest refugia promoting allopatric speciation, 

rather than serving as museums of ancient diversity. 

 From the late Miocene, global environmental shifts were characterised in the Afrotropics 

by a fluctuating trend of increased aridity and savannah expansion (deMenocal 1995; 2004; 

Jacobs 2004; Zachos et al. 2001). We observed diversification in the H. galeritus group consistent 

with reported patterns for African forests. The major lineages of the H. caffer complex, H. abae 

and H. beatus diverged between 4.7 and 4.4 Ma, consistent with a major diversification pulse in 

African rain forest trees (Couvreur et al. 2008). Divergences within lineages B, C, D, at 

approximately 2.7 Ma (B, C), 1.8 (B), and 1.0 Ma (B, C), correspond (within 0.2 Ma) to the 

three major intensified glacial periods and increased aridity since the late Pliocene (deMenocal 

1995; 2004; Hamilton and Taylor 1992), key junctures in the evolution of other taxa 

(deMenocal 2004). The single dry savannah-adapted member of the H. galeritus group likely 

diverged from a moist forest- or rainforest-adapted common ancestor in the mid-Pliocene, 

possibly exploiting a new ecological niche in the expanding savannah of the period. Such 

enhanced speciation resulting from isolation in Miocene and Plio-Pleistocene forest refugia has 
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been postulated as an important mechanism of speciation for other African plant and animal 

species (Couvreur et al. 2008; deMenocal 2004; Plana 2004), including birds (Bowie et al. 2004a; 

Bowie et al. 2004b; Fjeldså and Lovett 1997; Roy et al. 2001; Voelker et al. 2010), reptiles 

(Tolley et al. 2006; Tolley et al. 2008) (Daniels et al. 2007; Leaché and Fujita 2010), and 

mammals (Jacquet et al. 2014; Nicolas et al. 2008; Smitz et al. 2013). 

 

Acoustic divergence: a mechanism of reproductive isolation? 

In recently diverged, sympatric bat species, acoustic differences are thought to have evolved in 

allopatry, or as a result of allopatric speciation and secondary contact (Jones and Barlow 2004). 

Call frequency divergence may be non-adaptive, having arisen from drift or founder effects in 

isolated populations, with sufficient genetic or acoustic divergence by the time contact is re-

established to prevent interbreeding (Jones and Barlow 2004). Alternatively, it may confer some 

selective advantage. It may arise by social selection, in order to facilitate recognition of 

conspecifics (Russo et al. 2007) or intraspecific communication, and avoid jamming or masking 

of calls from other species (Jones 1997; Jones and Barlow 2004; Kingston et al. 2001; Russo et al. 

2007). It may be selected for in order to avoid hybridization (reproductive character 

displacement; Clare et al. 2013; Russo et al. 2007). Finally, it may serve to reduce interspecific 

competition by partitioning the sizes of targeted prey (resource partitioning; Heller and 

Helversen 1989; Jones and Barlow 2004; Puechmaille et al. 2011). These explanations are not 

mutually exclusive. Acoustic divergence that has arisen as a result of drift, for example, may 

diverge further upon secondary contact as a result of selective pressure. As relatively large 

differences in call frequency are required for functional differences in prey detection, we can 

expect that large differences in call frequency provide evidence for the resource partitioning 

hypothesis, while in the case of acoustic drift, social selection or character displacement, we would 

expect differences slight enough not to affect target detection but large enough to facilitate species 

recognition (Clare et al. 2013; Jones and Barlow 2004; Kingston et al. 2001). 

 We found significant variation in echolocation call frequencies between all major lineages 

in the H. caffer complex. The difference in call frequency is inversely correlated with significant 

differences in size (forearm length and mass) for the same groups, with the largest difference (25 

kHz, A and B) reflecting the largest size difference between lineages. However, even this relatively 

large difference in call frequency is unlikely to have any bearing on prey recognition, 

corresponding to a difference in wavelength of only 0.48 mm. We propose that the acoustic 

divergence observed is likely a result of either drift (genetic or cultural) during previous isolation, 

social selection or reproductive character displacement to avoid hybridization. While it is likely 

not possible to disentangle the mechanisms of drift and social selection, comparing echolocation 
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calls from non-overlapping parts of their ranges may help elucidate whether acoustic divergence 

has evolved as a form of reproductive character displacement, as areas of overlapping ranges 

should show the greatest divergence. 

 

CONCLUSIONS 

We provide multiple lines of evidence supporting the proposal that the major lineages of the H. 

caffer complex represent at least four distinct species. Further, investigation from samples 

throughout the range is required to fully investigate potential cryptic diversity in its entirety 

within the Hipposideros caffer complex and to elucidate the complex systematics of the H. galeritus 

group.  

 Our results shed light on patterns and processes of diversity in African forest fauna. Our 

findings are consistent with the hypothesis that isolation in forest refugia promoted elevated 

speciation rates. Isolated, divergent populations likely expanded to currently observed 

distributions during warmer, wetter periods, leading to secondary contacts. This secondary 

contact may have promoted the observed acoustic divergence, either through drift, social 

selection, or reproductive character displacement. Further research would be required to test these 

theories.  

 The cryptic diversity described requires revision of conservation statuses and strategies to 

reveal any requirements for conservation priority or action. Given that these bats are important 

hosts of CoVs, it would be pertinent to know whether all of the cryptic species carry these 

potentially zoonotic viruses. We have found CoVs in lineages A, D, and H. abae, however, the 

available individuals of H. sp. B and C were insufficient to conclude on their susceptibility (H. 

Baldwin, unpublished data). Further knowledge of the ecology of these species, including 

dispersal, population connectivity, and social behaviour would be valuable in predicting and 

preventing emerging infectious diseases in humans. 
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SUPPLEMENTARY MATERIAL 

Figure S1. Photographs of Hipposideros caffer tephrus and H. sp. B, C, and D, in different colour phases. a) to d) H. 

caffer tephrus; e) to h) H. sp. B; i) to l) H. sp. C; m) to p) H. sp. D. 
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patterns of genetic variation? A case study in Afrotropical 
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ABSTRACT 

Species that share distributions, life history and ecological traits are often assumed to have similar 

responses to historical events and dispersal barriers, and thus concordant spatial and temporal 

patterns of genetic structure. This assumption underpins the use of information from surrogates 

for wildlife management, however testing the expectation of concordant patterns is challenging, 

as it requires extracting general relationships from complex natural observations. Here we 

examine patterns of intraspecific genetic variation in three closely related, sympatric bat species in 

the Hipposideros genus with high similarity in ecological and natural history traits, providing a 

‘natural experiment’ with which to test this hypothesis. Despite this high trait similarity and close 

relatedness, these sympatric species show starkly contrasting patterns, with marked differences in 

phylogeography and gene flow, and demographic history. Hipposideros sp. B exhibited very low 

genetic diversity, with evidence of a recent bottleneck, while H. sp. C showed high diversity and a 

large, constant historical population size. Hipposideros sp. D showed evidence of a recent 

population expansion in western Ghana, likely resulting from a founder event, and constant 

population size in the eastern sites. Steady isolation by distance for H. sp. D contrasted with 

localised movement patterns for H. sp. C, and no differentiation between sites for H. sp. B, albeit 

within a smaller range. These findings highlight the need to be wary of inferring intraspecific 

genetic patterns on the basis of surrogate species. 

 

Keywords: surrogate species, Hipposideros caffer, Hipposideros ruber, Hipposideridae, cytochrome 

b, microsatellites, demographic history, comparative phylogeography, gene flow, genetic 

connectivity 

 

INTRODUCTION 

Patterns of intraspecific genetic variation and demography are shaped by an organism’s response 

to extrinsic geographical and climatic processes. Species-specific characteristics such as 

environmental requirements, life history characteristics, dispersal abilities, and ecological 

associations may influence such responses (Dawson 2014; Gutiérrez-García and Vázquez-

Domínguez 2011). It is often assumed that species that share distributions, life history and 

ecological traits should show similar responses to historical events and dispersal barriers, and thus 

concordant spatial and temporal patterns of genetic structure (Dawson 2012). This assumption 

underpins the use of surrogates, where knowledge about a related species, or other environmental 

or geographical measures, are used to redress a lack of information on the target species in order 

to inform management decisions. This approach aims at maximizing outcomes while minimizing 

the costs in time and resources. 
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 The use of surrogate species for rapid and cost-effective decision-making is claimed to 

have value for wildlife management as it may identify areas of conservation priority, dispersal 

corridors and barriers, and assessing risks posed by pathogens, parasites, and environmental 

pollution (e.g. Chittick et al. 2001; Sappington et al. 2001; Warman et al. 2004; Weir et al. 

2010). In conservation management, surrogate species may be used to indicate a specific habitat 

type or community assemblage, or as umbrella species whose protection is assumed to trickle 

down to others species (Drew and Barber 2012; Moritz and Faith 1998). Threatened species are 

often difficult to study, as their conservation status commonly implies rarity and small, isolated 

populations (Ponce-Reyes et al. 2014). It is therefore often difficult to obtain basic data, let alone 

the high quality data required for some types of analyses (e.g. population viability analysis, 

Schtickzelle et al. 2005), thus adding to the appeal of the surrogate concept.  

 Intraspecific genetic diversity confers the evolutionary potential for resilience to changes 

in environment, disease outbreaks and other catastrophes, can increase reproductive viability, and 

may lead to speciation (Mace and Purvis 2008; Moritz and Faith 1998). While the focus of 

conservation is often on diversity patterns, preservation of evolutionary processes is essential for 

long-term population persistence, particularly in the face of the continued threats to biodiversity 

(Mace and Purvis 2008; Moritz 2002; Moritz and Faith 1998; Rouget et al. 2003). This requires 

specific planning based on knowledge of these processes that underpin evolutionary change in 

natural populations. As limited resources and urgency of conservation management mean that 

such important considerations are neglected, increasingly, surrogate measures are advocated to 

this end (Dawson 2014; Drew and Barber 2012; Moritz 2002; Ponce-Reyes et al. 2014; 

Schtickzelle et al. 2005) 

  The use of surrogates for knowledge of intraspecific genetic variation patterns and species 

responses to extrinsic forces may also assist in making informed decisions about management of 

wildlife disease. Emerging infectious diseases in humans are increasingly identified as having a 

zoonotic origin (eg. MERS, SARS, H5N1, Ebola; Annan et al. 2013; Archie et al. 2009; Calisher 

et al. 2006), and emerging wildlife diseases pose serious threats to biodiversity (for review see 

Daszak et al. 2000). Patterns of genetic diversity and dispersal, influenced by landscape 

heterogeneity or social and behavioural factors, can contribute to disease establishment, 

determine patterns of pathogen persistence and transmission (Archie et al. 2009; Biek and Real 

2010; Guivier et al. 2011; Real and Biek 2007). Further, intraspecific diversity may greatly 

contribute to buffering populations against epidemics (for review see Altizer et al. 2003). This 

information may be incorporated into modeling predictions about wildlife disease occurrence and 

dynamics, and to design appropriate control strategies (Real and Biek 2007). However, rapid 

responses to outbreaks of emerging zoonotic diseases are important for minimizing the public 
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health and economic costs. It is infeasible to have all of the information needed on all species in 

advance, particularly in the case of a new emerging disease or its establishment in a new host. 

Prediction and prevention of disease outbreaks may therefore be informed by data from surrogate 

species. 

 Comparative phylogeography provides a powerful analytical framework for revealing 

historical processes that shape genetic diversity within co-distributed species (Avise 2009). Such 

studies have elucidated the impacts of particular climatic and orographic events, and existing 

geographical features such as mountains and water bodies, and anthropogenic habitat 

fragmentation, which can act as dispersal barriers and drive gene flow, genetic divergence and 

speciation. Similarly, comparing intraspecific patterns of gene flow and genetic structure among 

co-distributed species can help to elucidate common landscape-level barriers to gene flow. 

Comparative approaches to investigating genetic patterns in related, co-distributed taxa known to 

differ in a specific trait, are also used to draw conclusions about the effects of specific traits in 

species responses to their environments (e.g. Dawson 2014; Paz et al. 2015). However, the 

fundamental assumption that organisms have similar responses to similar processes has not been 

well-examined as a result of the complexities of observational data (Dawson 2012; 2014). 

‘Natural experiments’ set up by co-distributed sister taxa with similar life histories and ecologies 

provide an excellent opportunity to test the null hypothesis with relative control for confounding 

variables and noise (Dawson 2014).  

 Bats in the Hipposideros caffer group provide a fitting model for examining whether spatial 

and temporal patterns of genetic structure differ in co-occurring taxa of similar life history and 

ecological traits. We focus on three recently identified cryptic species within this Afrotropical 

group, traditionally typed as Hipposideros ruber (referred to as H. sp. B, C and D; Chapter 4), in 

Ghana, West Africa, where their ranges overlap (Chapter 4; Vallo et al. 2008). Divergence of 

these taxa dates to the late Pliocene, and distinct intraspecific mtDNA subclades arose in each 

during the early Pleistocene (Chapter 4). These bats are highly morphologically and ecologically 

similar, to the extent that diversity representing at least three distinct species has remained cryptic 

until recently (Chapter 4; Vallo et al. 2008). They have highly similar habitat preferences, often 

sharing roosts, have concurrent reproductive seasons, a similar diet and similarly limited dispersal 

abilities as a result of their conserved wing morphology for cluttered space (table 1; Chapter 4; 

Bell and Fenton 1983; Bell and Fenton 1984; Dunning and Krüger 1996; Norberg and Rayner 

1987). This group therefore provides a natural experiment by which to test whether taxa with 

similar life histories and ecological traits, which have evolved in synchrony and in co-distribution, 

will have highly concordant phylogeographic structure (Dawson 2012).  

 Further, these Hipposideros species are an interesting group to examine patterns of genetic 
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diversity and surrogacy, because they are known to harbor coronaviruses (CoVs) related to several 

viruses of public health concern (Chapter 3; Appendix 2; Pfefferle et al. 2009). Knowledge of 

their specific spatial and dispersal dynamics may therefore be important for making 

epidemiological predictions, assessing risks for disease spillover and spread, and for the 

management and prevention of disease outbreaks. 

 This study aims to characterize patterns of genetic diversity within three species in Ghana, 

West Africa. We use comparative phylogeographic, population genetic, and coalescent methods 

to test for congruence in patterns of genetic structuring and demographic history in these closely 

related bat species. By utilising nuclear genotypic and allele frequency data, and mitochondrial 

sequence data, we address these questions at both ecological and evolutionary time scales. As 

acoustic divergence can indicate population isolation and the effects of drift (Jones and Barlow 

2004), we investigated intraspecific acoustic divergences among sites to further explore 

geographic differences. Exploring genetic diversity where the ranges of these sister species overlap 

provides an opportunity to assess whether co-distributed species with similar life history and 

ecological traits have the same responses to historical and contemporary processes and 

geographical features across space and time.  

 
MATERIALS AND METHODS 

Sampling, DNA extraction and amplification 

Samples were collected from nine bat colonies located in natural caves, abandoned mines and 

buildings in the Ashanti, Brong Ahafo and Volta regions of central and eastern Ghana (figure 1b; 

for further details see Chapter 4). The bat colonies are located in upper Guinean rainforest 

(Kwamang, Buoyem, Forikrom sites), and the Togo Hills, a rainforest ‘island’ separated by dry 

savannah of the Dahomey Gap (Akpafu and Likpe sites). DNA was extracted and the cytochrome 

b gene amplified for 379 individuals and sequenced as described previously (Chapter 4), with 

sequences trimmed to 782 bp in order to maximise the included number of sequences. Bats were 

genotyped at 12 microsatellite loci (Hr1, Hr2, Hr3, Hr5, Hr6, Hr7, Hr8, Hr9, Hr10, Hr11, 

Hr12, Hr13; Baldwin et al. 2014) for 272 individuals. Primers were labelled with 5’-

fluorochrome bases (VIC FAM, NED or PET) and PCRs protocols and conditions followed 

Baldwin et al. (2014). PCR products were electrophoresed using an ABI3130 Genetic Analyzer 

(Applied Biosystems, Foster City, CA, USA). Allele sizes were determined via manual inspection 

using the software PEAK SCANNER 1.0 (Applied Biosystems), followed by automated binning 

performed using TANDEM 1.09. We reanalyzed 20% of individuals for data integrity. 
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Table 1. Ecological characteristics of Hipposideros sp. B, C, D (Hipposideros cf. ruber), based on capture data from 

Ghana (this study), and Vallo et al. (2008) 

Traits Species   References 
 H. sp. B  H. sp. C  H. sp. D   
FA (95% CI) 53.5 (51.8–55.2) 50.9 (47.2–54.5) 49.1 (46.4–51.9) Chapter 4 
Mass 11.8 (9.6–14.1) 11.2 (8.4–14.0) 10.8 (8.2–13.4) Chapter 4 
Habitat rainforest/moist forest rainforest/moist 

forest  
rainforest/moist 
forest 

Chapter 4,  
this study;  
Vallo 2008 

Known range West Africa (Upper Guinean 
forests; lineage B2) Coastal 
East Africa (lineage B1)  

Western and Central 
Africa (Guineo-
Congolian forests) 

West Africa (upper 
Guinean forests) 

Vallo 2008; 
this study 

Reproductive 
season 

Birth and lactation period 
March - May 

Birth and lactation 
period March - May 

Birth and lactation 
period March - May 

This 
study/thesis/ 

FA, mass, habitat and reproductive data based on colonies and bats captured in this study (B: 3 sites, n = 50; C: 8 

sites, n = 66; D: 7 sites, n = 263) 

 

Analytical time scales 

Investigations of genetic diversity at different temporal scales require subtly different analytical 

approaches. We employ a number of genic and genotypic approaches that analyse genetic 

diversity at different time scales. Methods based on neutral allele frequencies and genetic distance, 

such as Analysis of Molecular Variance (AMOVA), fixation indices (FST, G"ST), and discriminant 

analysis of principal components (DAPC), reveal gradual process of genetic drift. On the other 

hand, spatial autocorrelation measures the shuffling of genotypic arrays, allowing variation to 

accumulate rapidly through recombination in each generation, providing insight into 

contemporary processes. 

 
Phylogeographic analyses  

To examine phylogenetic relationships within lineages, we employed the Bayesian MCMC 

sampling method in the program BEAST 1.8.2 (Drummond and Rambaut 2007). All unique cyt 

b haplotypes sampled, in addition to representative sequences from major intraspecific 

sublineages (of H. spp. A, B, C, and D), were included (Chapter 4), with Rhinolophus landeri as 

outgroup.  

 Sequences were analysed as a single partition following analysis in the program 

PARTITIONFINDER (Lanfear et al. 2012). The Hasegawa, Kishino and Yano model with gamma 

distribution (HKY + G) was selected as the most appropriate model of sequence evolution, as 

determined by JMODELTEST2 (Darriba et al. 2012) under Bayesian Information Criterion 

(BIC). We ran four independent Monte Carlo Markov chains for 20 million generations each, 

sampling every 1000 generations, with 10% discarded as burn-in. Log files for the four chains 

were combined using LOGCOMBINER 1.8.2 and trees were summarised using 

TREEANNOTATOR 1.8.2 (Drummond and Rambaut 2007). The consensus tree was visualised 
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with FIGTREE 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/). K2P pairwise genetic distances 

were calculated in MEGA 6.6 (Tamura et al. 2013). 

 

Demographic history analyses 

We inferred historical demography for each species using mtDNA diversity statistics, mismatch 

distribution analysis and neutrality tests, calculated in DNASP. High values of both measures 

indicate constant, large historical population sizes, while a high h and low π suggest recent 

population expansion (Russell et al. 2005). Similarly, a larger expansion coefficient (S/d; (Peck 

and Congdon 2004)) can infer historic population growth. We calculated the raggedness statistic 

(rg) from mismatch distribution, as well as the more powerful Fu’s FS, and Fu and Li’s F* and D* 

(Fu 1997; Fu and Li 1993). Significance of rg and Fu’s FS were calculated using 1000 bootstrap 

replicates. Minimum-spanning networks were constructed in the program POPART 

(http://popart.otago.ac.nz).  

 Where population expansion was observed in these analyses, we used the program 

BOTTLENECK 1.2 which uses microsatellite allele frequencies to detect recent effective population 

size reductions, and therefore can be used to differentiate founder effects from bottlenecks 

(Cornuet and Luikart 1996). Because allele diversity is reduced faster than heterozygosity, a 

heterozygote excess is expected for populations that have experienced a recent reduction (Cornuet 

and Luikart 1996). We used a sign test and a Wilcoxon signed rank test to test the significance of 

heterozygote excess under three models of evolution; the infinite allele model, step-wise mutation 

model, and a two-phase model that allows multiple-step mutations. We also tested for deviation 

from an L-shaped allele frequency distribution expected under mutation-drift equilibrium, as 

recent bottlenecks may provoke a mode shift.  

 
Population genetic analyses 

For the microsatellite loci, observed (HO) and expected (HE) heterozygosities and allelic richness 

(AR) were calculated using the DIVERSITY package in R 3.2 (R Core Team 2013). For all 

microsatellite analyses, loci that appeared to have null alleles were removed from each species, 

with Hr13 removed from H. spp. B and D, and Hr1 removed from H. spp. B and C. Genetic 

differentiation was quantified by pairwise FST (Weir and Cockerham 1984) and G"ST (Hedrick 

2005) using DIVERSITY. G"ST is a standardized measure of genetic differentiation that accounts 

for levels of genetic variability, allowing the comparison of differentiation among loci and 

organisms with different effective population sizes (Hedrick 2005). For the mitochondrial data, 

haplotype diversity (h) and nucleotide diversity (π), average number of pairwise differences were 
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calculated using DNASP 5.10 (Librado and Rozas 2009). Analyses of Molecular Variance 

(AMOVA) were utilized for hierarchical analysis of the geographical pattern of genetic 

differentiation, with ARLEQUIN 3.5 and GENALEX 6.5 for mitochondrial and microsatellite data, 

respectively.  

 Discriminant analyses of principal components (DAPC, (Jombart et al. 2010)) were 

performed using the ADEGENET package in R (R Core Team 2013). The number of principal 

components was selected by evaluating the number conferring the lowest mean squared error and 

the highest mean successful assignment. Where these values did not concord, the mean value of 

the two measures was used. The K-means clustering procedure was used to identify the number 

of clusters in the data after transformation using principal component analysis in ADEGENET.  

 Spatial structure analyses were performed in GENALEX 6.5 to determine whether there 

are patterns of isolation by distance. The autocorrelation coefficient r, representing genotypic 

similarity, is compared at defined geographical distance classes. To further reveal the extent of 

genetic structure, r was calculated for increasing distances classes spanning the maximum distance 

between colonies. Because this method utilizes genotypic data, it sensitive to more finescale 

processes and shorter timescales than allele-frequency based analyses. Comparisons of spatial 

autocorrelation between males and females were conducted to examine evidence for sex-biased 

dispersal. 

 
Acoustic analysis 

Echolocation calls of stationary (hand-held) bats were recorded using a handheld ultrasound 

detector (Pettersson D1000X; Pettersson Elektronik AB, Uppsala, Sweden; sampling rate 400 

kHz). Measurements of peak frequency of the constant frequency (CF) component of calls were 

extracted from acoustic files following methods outlined in Chapter 4. We performed Kruskal–

Wallis tests on differences in peak call frequency of adult bats by species according to location 

(due to low sample sizes in B and C, colonies were pooled to location for all species). Post-hoc  

Mann-Whitney-Wilcoxon tests were then performed for pairwise comparisons.  

 

RESULTS  

Genetic diversity 

Of 379 cyt b sequences, we identified 160 polymorphic sites (166 total mutations) corresponding 

to 57 unique haplotypes. Hipposideros sp. D was identified at all bat colonies sampled, while H. 

sp. C was observed at all but Likpe 1 and Forikrom. Hipposideros sp. B was found only in the 

Techiman region (Buoyem, Forikrom). Observed and expected heterozygosity and FIS for 
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microsatellites and summary statistics are found in table 2. Diversity statistics for mitochondrial 

data are found in table 3. 

 
Table 2. Genetic diversity from microsatellite loci by population  

Species  n mean 
n 

# 
alleles 

AR Ho He FIS 

H. sp. B        
Buoyem 1 24 20.9 75 2.29 0.63 0.70 0.109 
Buoyem 2 18 17.6 61 2.59 0.67 0.74 0.046 
H. sp. C        
Akpafu 19 17.9 82 4.91 0.65 0.72 0.098 
Buoyem 1 15 14.9 69 4.63 0.65 0.74 0.124 
Kwamang 7 6.5 63 4.59 0.70 0.74 0.053 
Likpe 2 15 14.2 68 4.59 0.70 0.74 0.164 
H. sp. D        
Buoyem 2 23 21.5 72 4.46 0.68 0.70 0.025 
Forikrom 24 23.1 71 4.43 0.67 0.68 0.007 
Kwamang 1 39 37.3 94 5.23 0.73 0.77 0.057 
Kwamang 2 40 37.8 83 4.87 0.71 0.75 0.061 
Kwamang 3 7 6.5 60 4.49 0.8 0.74 -0.083 
Likpe 1 23 22.1 65 4.17 0.72 0.70 -0.024 
Likpe 2 18 5.6 63 4.33 0.72 0.72 -0.007 

Calculated where n ≥ 5. p-values for HWE by population were not significant after Bonferroni correction, with the 

exception of Akpafu (p < 0.0001). Number of loci = 10 (species B), 11 (species C and D). 

 

Phylogeographic analyses  

Bayesian phylogenetic analyses reveal a phylogeny that is consistent with four monophyletic 

species (A, B, C, and D; figure 1c). For the three species of interest, Ghanaian samples are highly 

divergent from other major intraspecific lineages found elsewhere (lineages C3, B3, and D3; 

Chapter 4). In Ghana, C and D were each separated into two well-supported clades, which were 

clearly geographically delineated. D was separated into eastern and western clades, while for C, 

Akpafu formed its own distinct clade while Likpe in the east was clustered with the western sites. 

Within this ‘western’ clade was a highly supported clade found only at Likpe. For H. sp. D, there 

was a larger proportion of shared haplotypes among populations than for the other species. These 

findings are reflected in the minimum-spanning network (figure 1a). 

 Pairwise genetic divergences (K2P) were 1.2 – 3.7 % between the C clade comprising 

samples from Akpafu and the clade representing all other sites. Within the latter subclade, K2P 

distances between the monophyletic Likpe haplotypes and the western haplotypes were 0.4 – 2%. 

Between the western and eastern D subclades, K2P distances were 1.2 – 2.1 %. Taking the rate of 

sequence evolution at the tree tips as approximately 4% (Chapter 4) and the K2P distance ranges, 

this places most recent common ancestors for these intraspecific clades at roughly 0.3 - 0.52 Ma 

for the western and eastern D subclades, and 0.3 – 0.93 Ma for the two major C subclades 
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identified at our study sites. Within H. sp. C, the Likpe group diverged from the western 

haplotypes approximately 0.1 – 0.5 Ma.  

 

Demographic analyses 

The star-like haplotype network for H. sp. B suggests a recent population expansion, while the 

network for H. sp. C supports a constant historical population size in H. sp. C (figure 1a). 

Hipposideros sp. D shows evidence of recent population expansion for the western sites (Buoyem, 

Kwamang, Forikrom), while the eastern clade shows a pattern consistent with stability.  

These results are supported by neutrality statistics and mismatch distributions. The 

significant, large negative FS, F* and D* for H. sp. B are indicative of recent population expansion 

(table 3). This is supported by a large expansion coefficient and a unimodal mismatch  

distribution, as expected with a recent expansion. The very low estimate of τ (0.000) from the 

mismatch distribution for H. sp. B suggests that this population expansion occurred relatively 

recently. Hipposideros sp. C and D showed multimodal and bimodal mismatch distributions, 

respectively, and non-significant neutrality statistics, indicative of constant historical population 

size, however, the western clade of H. sp. D alone shows significant, large negative FS, a large 

expansion statistic and a unimodal mismatch distribution, and a τ of 0.000, indicating a very 

recent population expansion. Raggedness statistics were not significant. The relatively high 

expansions statistics suggest some level of population growth for all groups. For a very rough 

maximum estimate of the timing of the population expansion for H. sp. D, we used the 

calculation of τ = 2u, where u = mutation rate in millions of years. We used to estimate of τ 

calculated for the species, rather than just the west, because for the western clade and H. sp. B a τ 

of 0.000, indicating a very recent expansion, prohibits further calculation. Given a lineage-wise 

mutation rate of approximately 4% per million years (calculated based on mutation rate of H. sp. 

B in Bayesian phylogenetic tree, Chapter 4), and a generation time of two years (H. Baldwin 

unpublished data; Brosset 1968; Brosset 1969), this gives an estimate of approximate date of 

expansion of later than 14 000 years BP. 

Significant heterozygote excesses for H. sp. B were observed using the Wilcoxon signed-

rank test for the infinite allele (p < 0.001; p < 0.001) and two-phase (p < 0.01; p < 0.001) 

mutation models, and using the sign test under the infinite allele (p = 0.01; p < 0.01) for Buoyem 

1 and Buoyem 2, respectively. Using the sign test under the two phase model, heterozygote excess 

was significant Buoyem 2. All tests were non-significant under the stepwise mutation model. 

There was no consistent or strong pattern of significant heterozygote excess for the western H. sp. 

D group (supplementary material). Allele frequency distribution did not differ from the L-shaped 

curve for either group.  
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Figure 1. (opposite) a) Minimum spanning networks for H. sp. B (n=50), C (n=66), and D (n=263). Circle size is 

proportional to haplotype frequency. b) Map of sampling locations, BUO = Buoyem, KWM = Kwamang, FOR = 

Forikrom, AKP = Akpafu-Todzi (hereafter ‘Akpafu’), LIK = Likpe-Todome (hereafter ‘Likpe’). c) Bayesian consensus 

phylogram with support for the major nodes. GenBank accession numbers were as follows: A1 (EU934452.1), A2 

(FJ347977), B1 (EU934474.1), B2 (EU934462.1), C1 (FJ347994.1), C2 (FJ347996.1), D1 (HQ343258.1), D2 

(HQ343248.1), Rhinolophus landeri (FJ457612.1). 

 

Table 3. Diversity statistics, neutrality tests, and mismatch distribution analysis. Results are given for H. spp. B, C, 

and D, and separately for the western and eastern clades of H. sp. D.  

 H. sp. B H. sp. C H. sp. D H. sp. D 
(west) 

H. sp. D 
(east) 

Nucleotide diversity (π) 0.0005 0.0151 0.0088 0.00205 0.00183 
Avg pairwise nt diffs (d) 0.358 11.829 6.893 1.607 1.42879 
Haplotype diversity (h) 0.227 0.951 0.772 0.589 0.780 
n (# haplotypes) 50 (6) 66 (28) 263 (23) 187(16) 82(10) 
Expansion coefficient 
(S/d) 

22.35 4.73 3.34 18.05 7.698822 

Fu’s (1997) FS -4.486** -2.354 1.230 -5.645* -2.550 
Fu and Li’s (1993) F* -3.770** -0.507 -0.506 -1.22522 -1.75763 
Fu and Li’s (1993) D* -3.694** -0.663 -1.058 -0.38586 -1.76530 
Raggedness (rg) 0.384 0.010 0.051 0.0727 0.0497 
Mismatch distribution Unimodal Multimodal Bimodal Unimodal Unimodal 
τ 0.000 4.514 0.429 0.000 1.429 

*p < 0.05, **p < 0.01, ***p < 0.001 

 

Population genetic analyses 

Measures of genetic structure were calculated for all samples of five or more bats per site. Due to 

low sample sizes from Forikrom, population genetic analyses were limited to comparisons 

between the two closely situated Buoyem colonies. Kwamang sites were pooled for H. sp. C in 

order to increase sample size. Hierarchical analysis of molecular variance (AMOVA) and pairwise 

FST reveal contrasting levels of genetic subdivision among sampling localities (tables 4, 5, 6, 7; 

figure 2). Significant genetic structure was observed from microsatellite data for H. sp. C (ΦPT 

=0.144, p = 0.001, global FST =0.094, p = 0.001) and H. sp. D (ΦPT = 0.04, p = 0.001, global FST = 

0.049, p =0.001). Unsurprisingly, H. sp. B showed no differentiation between the two closely 

situated colonies with adequate sampling size (ΦPT = 0.039, p = 0.158; global FST = 0.024, p = 

0.136). Global ΦSTs, based on mitochondrial data, were 0.154 for H. sp. C, 0.283 for D, and -

0.015 for B based on conventional haplotype frequencies, and 0.773 for C, 0.885 for D, and 

0.000 for B based on pairwise difference (p = 0.00000 for all measures for C and D, not 

significant for H. sp. B) (Excoffier et al. 1992; Weir and Cockerham 1996; Weir and Cockerham 

1984)   
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Table 4. Conventional ΦST for H. sp. C based on cytochrome b data (n = 66). 

 AT1 BUO1 KW 
AT1 —   
BUO1 0.15*** —  
KW 0.09** 0.17** — 
LT2 0.16*** 0.19*** 0.17*** 

*p < 0.05, **p < 0.01, ***p < 0.001 

 

Table 5. FST (below diagonal) G"ST (above diagonal) and for H. sp. C based on microsatellite data (n = 56). 

 AT1 BUO1 KW LT2 
AT1 — 0.4885* 0.5449* 0.5596* 
BUO1 0.122*** — 0.0933 0.339* 
KW 0.127*** 0.014 — 0.2458* 
LT2 0.135*** 0.075*** 0.045*** — 

FST: *p < 0.05, **p < 0.01, ***p < 0.001 (Fisher’s exact method) 

G"ST: * statistically significant (CIs do not overlap 0) 

 

Table 6. ΦST for H. sp. D based on cytochrome b data (n = 263). 

 AT1 BUO1 BUO2 FO KW1 KW2 KW3 LT1 
AT1         
BUO1 0.43***        
BUO2 0.36*** -0.03       
FO 0.50*** -0.03 0.06*      
KW1 0.28*** 0.09* 0.09*** 0.13***     
KW2 0.66*** 0.02 0.15*** 0.02 0.23***    
KW3 0.40*** 0.01 0.04 0.07 -0.01 0.19*   
LT1 0.26*** 0.36*** 0.31*** 0.41*** 0.25*** 0.52*** 0.33***  
LT2 0.26*** 0.37*** 0.32*** 0.43*** 0.25*** 0.57*** 0.34*** 0.01 

*p < 0.05, **p < 0.01, ***p < 0.001 

 
 
Table 7. FST (below diagonal) G"ST (above diagonal) and for H. sp. D based on microsatellite data (n = 174). 

 BUO2 FO KW1 KW2 KW3 LT1 LT2 
BUO2 — 0.0065 0.171* 0.144* 0.131* 0.239* 0.215* 
FO 0.001 — 0.194* 0.151* 0.154* 0.253* 0.268* 
KW1 0.047*** 0.055*** — 0.048 -0.043 0.181* 0.143* 
KW2 0.041*** 0.045*** 0.011*** — -0.032 0.152* 0.126* 
KW3 0.037*** 0.046*** -0.013 -0.010 — 0.058 0.025 
LT1 0.076*** 0.084*** 0.049*** 0.043*** 0.018** — 0.008 
LT2 0.066*** 0.085*** 0.036*** 0.034*** 0.007 0.002 — 

FST: *p < 0.05, **p < 0.01, ***p < 0.001 (Fisher’s exact method) 

G"ST: * statistically significant (CIs do not overlap 0) 

 

There was generally little genetic differentiation between colonies that were very close (<5 

km, exception: mtDNA between KW1 and KW2 for H. sp. D)(tables 4, 5, 6, 7; figures 3, 4). 
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However, there was significant genetic structuring even at very small spatial scales for H. sp. C 

and D (e.g. Likpe and Akpafu, ~17km). 

 DAPC scatterplots are shown in figure 2. Three distinct clusters can be identified for H. 

sp. C, with no overlap of 95% confidence ellipses between Akpafu, Buoyem 1, and a third group 

comprising Kwamang and Likpe 2, while K-means clustering identified two clusters, grouping 

Akpafu separately from the other three colonies (figure 2b). Three K-means clusters are identified 

for H. sp. D, which roughly correspond to Buoyem and Forikrom, Kwamang, and Likpe (figure 

2c). For H. sp. B, DAPC clusters largely overlap and a single K-means cluster was identified 

(figure 2a).  

 Spatial structure autocorrelation showed significantly higher genotypic similarity within 

colonies for H. sp. C and D, declining with geographic distance (figure 3). H. sp. C exhibited 

oscillation of high and low levels of autocorrelation, reflecting the higher genetic structure 

between the Akpafu site and all others, and slightly but significantly higher than expected 

relatedness between Kwamang and Buoyem (figure 3a). This pattern is consistent with localised 

movement and the effects of historical genetic drift. For H. sp. D, we observe significantly higher 

relatedness within colonies, with a decline in relatedness between colonies at increasing distances 

apart, and significantly lower relatedness at the highest geographic distance, a clear pattern of 

isolation by distance (figure 3b). Similarly, analysis of the autocorrelation coefficient r for 

increasing distance size classes showed significantly higher genotypic similarity at shorter distance 

class bins, with a decline in relatedness with distance for H. sp. C and D (figure 4). A sharp drop 

in r is observed for H. sp. C at distances greater than 4km, reflecting high relatedness between the 

Kwamang sites, while for H. sp. D the decline is gradual. Due to being limited to two sites with 

adequate sampling number, spatial structure analyses were not performed for H. sp. B. D (figure 

4). 

 

Acoustic analysis 

Hipposideros sp. C showed significant differences in echolocation call peak frequency among 

locations, with bats captured at Akpafu calling at frequencies of approximately 10 – 11.5 kHz 

higher than those sampled at the other colonies and locations (table 8, Kruskal-Wallis test p < 

0.0001, Mann-Whitney-Wilcoxon test p < 0.01 for all pairwise comparisons including Akpafu, 

not significant for all other comparisons (supplementary material). There were no significant 

differences in mean echolocation call frequency between locations for H. sp. D, and sample sizes 

were too low to statistically test for H. sp. B. 
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Figure 2. DAPC plots for H. spp. a) B (, b) C, and c) D. Number of axes retained in discriminant analysis = 1, 3, 

and 6, respectively. 
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Figure 3. Spatial autocorrelogram for a) H. sp. C, b) H. sp. D. 

 

 
Figure 4. Spatial autocorrelation with increasing distance class bins for a) H. sp. C, and b) H. sp. D. Circles = r 

(relatedness), error bars bound the 95% CI about r as determined by bootstrap resampling (999 permutations, 1000 

bootstraps), grey bars = CI for null hypothesis (r = 0) 
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Table 8. Call peak frequency by location. 

 H. sp. B  H. sp. C  H. sp. D  
Location Call PF (kHz) n Call PF (kHz) n Call PF (kHz) n 
Akpafu — 0 147.46 12 132.04 1 
Buoyem 125.24 16 136.23 12 132.33 15 
Kwamang — 0 135.90 4 133.65 41  
Likpe — 0 136.30 6 132.86 27 
Forikrom 127.11 1 — 0 133.30 26 
 

DISCUSSION 

Overall, our results show that despite similar ecological and natural history traits, recently 

diverged bat species Hipposideros spp. B, C, and D in West Africa have had surprisingly different 

responses to the same historical and contemporary processes. There are important differences in 

phylogeography and gene flow, patterns of isolation by distance, and interesting contrasts in 

demographic history. The results presented here provide some insights into biogeographic 

processes of the Upper Guinean tropical forests region, and the variation in species responses to 

extrinsic forces. Our findings suggest that knowledge of patterns of genetic diversity and their 

underlying processes in one species would not be an appropriate basis for informing management 

of all three.  

 

Phylogeny and phylogeography 

Hipposideros sp. C and D exhibited strong similarity in phylogenetic patterns, each comprising 

two reciprocally monophyletic subclades with similar levels of divergence. In contrast, H. sp. B 

was found exclusively in western sites, and showed a single Ghanaian clade with comparatively 

few haplotypes. Phylogeographical patterns contrast with the phylogenetic similarity in H. sp. D 

and C. The major clades of H. sp. D are allopatric and suggest a relatively ancient split separating 

the eastern and western sites, while C shows a different pattern, with an ancient split between a 

single site in the east, and the remaining sites, with some shared haplotypes among eastern and 

western sites. The patterns observed within this latter group suggest that the population at Likpe 

was founded by dispersal from the west. Different patterns of colonisation may contribute to 

these observed differences.   

 Although the patterns are different, it is still possible to identify varying levels of division 

into eastern and western groups. This pattern can be interpreted as evidence of past vicariant 

isolation, consistent with historical allopatry followed by range expansion and secondary contact 

within these species (Crandall et al. 2008). Heterogeneity of divergence and deeply split clades 

shown in phylogenetic and haplotype networks in these species may reflect the cyclical nature of 

climatic change and the resulting forest contraction and expansion during the Pleistocene, which 
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may have differentially affected lineage divergence among co-distributed species (Dynesius and 

Jansson 2000). Pleistocene conditions resulting in intermittent isolation, and secondary contact 

and introgression are also suggested to have shaped similar patterns of highly divergent, 

geographically structured haplotype groups in previous molecular studies of African vertebrates 

(e.g. Barlow et al. 2013; Bell et al. 2011; Blackburn 2008; Brouat et al. 2009; Hassanin et al. 

2015; Leaché and Fujita 2010; Nicolas et al. 2008), and hipposiderid and related bats (Chen et 

al. 2006; Lin et al. 2014; Rossiter et al. 2007).  

 

Population demographic history 

Diversity and neutrality statistics and mismatch distribution analyses revealed contrasting 

population demographic histories. Hipposideros sp. C appears to have a long evolutionary history 

of a large, stable population, whereas H. sp. B appears to have experienced a very recent 

population expansion, which likely results from a population bottleneck rather than a founder 

event, given the significant heterozygote excess. Hipposideros sp. D shows contrasting population 

histories for the eastern and western clades, with a very recent expansion in the west and a 

historically stable eastern population. Given the lack of a strong pattern of significant 

heterozygote excess for the western clade, this more likely represents a founder event than a 

bottleneck, and a lack of shared alleles with the eastern haplotypes colonisation from further west 

of the range. Timing of these population expansions could not be calculated because the value of 

τ for both rounded to zero, indicating very recent expansion events. Therefore, while these 

patterns could be related to loss of habitat from forest contraction during the quaternary 

glaciations likely resulted in the local extinctions and recolonisations (Crandall et al. 2008), 

although the very low estimate of tau suggests that the expansions occurred well after the last 

glacial maximum.  

 

Genetic diversity and connectivity 

Genetic diversity is highest in C, consistent with a large, constant historical population size 

indicated by the mismatch distribution, diversity statistics and haplotype network. This is in 

contrast to the single, far less genetically diverse H. sp. B, which shows relatively depauperate 

mitochondrial genetic diversity, even after accounting for the finer geographic scale of sampling, 

and lower allelic richness. We find a surprisingly high level of genetic partitioning between 

colonies and isolation by distance at relatively fine scales (<350km). Levels of gene flow were 

higher for H. sp. C than D, with no differentiation for H. sp. B, which is unsurprising given the 

close proximity of the two colonies that could be included in the analysis. A clear pattern of 

isolation by distance was observed in H. sp. D, in contrast to H. sp. C, which showed structure 
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more consistent with localised movement patterns and a sharp discontinuity by distance, with 

evidence of drift retained from colonisation of western-derived lineages at Likpe. The difference 

in echolocation call frequency between H. sp. C at Akpafu and the other sites may be interpreted 

as the continued effects of drift resulting from past vicariant isolation after the apparent recent 

colonisation of the Likpe from the western clade. Further, this acoustic divergence may affect 

communication and mate choice between these clades (Chapter 4; Jones and Barlow 2004; 

Kingston et al. 2001), further explaining the genetic structuring between these two relatively close 

colonies. 

 Mitochondrial and microsatellite data showed consistent genetic differentiation among 

sites, although levels of structure were consistently higher for mitochondrial DNA. Different 

patterns of spatial autocorrelation between males and females were not observed in the nuclear 

data, and therefore this does not likely reflect sex-biased dispersal, and is probably a reflection on 

lower effective population sized for mitochondrial than nuclear markers. 

 High levels of genetic structure and/or isolation by distance have been observed in other 

hipposiderid bats (Echenique-Díaz et al. 2009; Lin et al. 2014; Xu et al. 2010), closely related 

rhinolophid bats (Chen et al. 2006; Rossiter et al. 2000) and other bat species (for review see 

Moussy et al. 2012). Hipposiderids are cluttered space foragers, with low aspect ratio and wing 

loading and rounded wing tips, associated with limited dispersal ability (Norberg and Rayner 

1987) and relatively small home ranges (Nkrumah in prep). The naturally uneven distribution of 

cave roosts, combined with a highly modified agricultural landscape that may limit the 

availability of tree roosts, may also contribute to these patterns (Meyer et al. 2009). 

 The eastern sites of Upper Guinean forests and the western sites in the moist, elevated 

forest island of the Togo Hills are separated by the dry savannah of the Dahomey Gap (Leaché 

and Fujita 2010; Murienne et al. 2013), which dates to the Holocene, approximately 3400-4500 

years BP (Salzmann and Hoelzmann 2005), and may be a significant barrier to dispersal. The 

Dahomey Gap has been implicated in promoting intraspecific genetic divergence in other 

vertebrates (e.g. Blackburn 2008; Leaché and Fujita 2010; Nicolas et al. 2008). The Volta River 

is another potential dispersal barrier, which has been suggested for other small vertebrates (Brouat 

et al. 2009; Jacquet et al. 2014; Nicolas et al. 2008). Several studies have shown that some bat 

species avoid flying over open water (see review in Moussy et al. 2012), including water bodies as 

narrow as <180m (Albrecht et al. 2007; Meyer et al. 2009). Hipposiderid bats prefer to fly in 

cluttered forest understory, and may be unlikely to cross rivers and lakes (Echenique-Díaz et al. 

2009). 
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Implications for the Hipposideros spp. in West Africa 

The recent recognition of new species within this group of bats means that abundances have been 

historically overestimated, and the true range distributions of these species are not well 

understood. The true conservation statuses of these bats remain, therefore, unknown. This study 

revealed low levels of genetic diversity in H. sp. B, and potentially more sensitive habitat 

specificity given its absence at sites where H. sp. C and D were present within its geographic 

range. Further work is needed to assess its conservation status with broader geographic sampling. 

Further, the genetic structuring observed for H. sp. C and isolation by distance in H. sp. D on 

the relatively fine geographic scale of this study may imply high susceptibility to habitat 

fragmentation. As West Africa is a hotspot for anthropogenic habitat destruction (Malhi et al. 

2013), and bat species in this region are exposed to many potential threatening processes such as 

loss of foraging habitat and roosting sites due to logging, forest burning and habitat 

encroachment (Mickleburgh et al. 2009), this warrants further investigation. Further, these 

insights into dispersal provide information useful for modelling predictions about landscape 

disease transmission, which may inform management strategies in the event of future outbreaks 

of CoVs from hipposiderid bats in Africa.  

 

Implications for the utility of surrogate species 

The most parsimonious explanation for geographically discordant patterns of genetic 

differentiation is that different taxa have responded differently to the same historical 

biogeographic processes, perhaps as a result of different natural history traits (Avise 2009; 

McGovern et al. 2010). This suggests that despite broad similarities in the ecologies and natural 

histories of these bats, subtle differences, such as in macro- or microhabitat preference (Paz et al. 

2015), social behaviour (Chen et al. 2010; Lange et al. 2010; Whiteley et al. 2004), or extent of 

physiological tolerances (Worthington-Wilmer et al. 1999; Worthington-Wilmer et al. 1994), 

may contribute to contrasting responses. The comparative method provides a framework for 

using multiple lines of evidence to test biogeographical hypotheses. Studies of ecologically similar, 

sympatric sister species have value in reducing noise and confounding factors, controlling for the 

effects of environment and time (Dawson 2012; 2014). However, our findings suggest that even 

with very high levels of ecological similarity in highly related, sympatric taxa, responses to extrinsic 

processes may be substantially different. Different responses to extrinsic forces, observed in 

patterns of discordance in genetic structure, have also been observed in ecologically similar, 

congeneric butterflyfish (DiBattista et al. 2012) and marine gastropods (Crandall et al. 2008). 

Therefore, despite interest in the use of surrogates for assessing intraspecific genetic diversity, we 

find that this may not be justified, and is potentially misleading. 
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CONCLUSIONS 

The contrast in contemporary gene flow and dispersal, and demographic histories among bats 

with similar ecological and natural history traits and presumably the same long-term 

biogeographical history was unexpected. Our findings show that species-specific information 

contributes substantially to our understanding of patterns of intraspecific genetic diversity in 

these taxa. Using one species to predict patterns of diversity or demography would be 

inappropriate for informing management decisions about all three. These findings highlight the 

need to be wary of inferring intraspecific genetic patterns on the basis of surrogate species. 
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SUPPLEMENTARY MATERIAL 

Figure S1. Spatial autocorrelogram showing pairwise relatedness between females (black) and males (grey) for  

a) H. sp. C and b) H. sp. D. 

 

Acoustic analysis 

Kruskal-Wallis tests for differences in call peak frequency by location: 

Hipposideros sp. C: χ2 = 23.21, df = 6, p = 0.0007 

Hipposideros sp. D: χ2 =6.97, df = 7, p = 0.43 
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Table S1. P-values for pairwise Mann-Whitney-Wilcoxon tests for differences in peak frequency between locations 

for H. sp. C 

 Akpafu Buoyem Kwamang 
Buoyem <0.000001 — — 
Kwamang 0.0066 1.0 — 
Likpe 0.0007 1.0 1.0 
 

 

Table S2. P-values for pairwise Mann-Whitney-Wilcoxon tests for differences in peak frequency between locations 

for H. sp. D 

 Akpafu Buoyem Kwamang  
Buoyem 1.0 — — — 
Forikrom 1.0 1.0 — — 
Kwamang 1.0 0.79 1.0 — 
Likpe 1.0 1.0 1.0 0.63 
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ABSTRACT
We previously showed that close relatives of human coronavirus 229E (HCoV-229E) exist in African bats. The small sample and
limited genomic characterizations have prevented further analyses so far. Here, we tested 2,087 fecal specimens from 11 bat spe-
cies sampled in Ghana for HCoV-229E-related viruses by reverse transcription-PCR (RT-PCR). Only hipposiderid bats tested
positive. To compare the genetic diversity of bat viruses and HCoV-229E, we tested historical isolates and diagnostic specimens
sampled globally over 10 years. Bat viruses were 5- and 6-fold more diversified than HCoV-229E in the RNA-dependent RNA
polymerase (RdRp) and spike genes. In phylogenetic analyses, HCoV-229E strains were monophyletic and not intermixed with
animal viruses. Bat viruses formed three large clades in close and more distant sister relationships. A recently described 229E-
related alpaca virus occupied an intermediate phylogenetic position between bat and human viruses. According to taxonomic
criteria, human, alpaca, and bat viruses form a single CoV species showing evidence for multiple recombination events. HCoV-
229E and the alpaca virus showed a major deletion in the spike S1 region compared to all bat viruses. Analyses of four full ge-
nomes from 229E-related bat CoVs revealed an eighth open reading frame (ORF8) located at the genomic 3= end. ORF8 also ex-
isted in the 229E-related alpaca virus. Reanalysis of HCoV-229E sequences showed a conserved transcription regulatory
sequence preceding remnants of this ORF, suggesting its loss after acquisition of a 229E-related CoV by humans. These data sug-
gested an evolutionary origin of 229E-related CoVs in hipposiderid bats, hypothetically with camelids as intermediate hosts pre-
ceding the establishment of HCoV-229E.

IMPORTANCE
The ancestral origins of major human coronaviruses (HCoVs) likely involve bat hosts. Here, we provide conclusive genetic evi-
dence for an evolutionary origin of the common cold virus HCoV-229E in hipposiderid bats by analyzing a large sample of Afri-
can bats and characterizing several bat viruses on a full-genome level. Our evolutionary analyses show that animal and human
viruses are genetically closely related, can exchange genetic material, and form a single viral species. We show that the putative
host switches leading to the formation of HCoV-229E were accompanied by major genomic changes, including deletions in the
viral spike glycoprotein gene and loss of an open reading frame. We reanalyze a previously described genetically related alpaca
virus and discuss the role of camelids as potential intermediate hosts between bat and human viruses. The evolutionary history
of HCoV-229E likely shares important characteristics with that of the recently emerged highly pathogenic Middle East respira-
tory syndrome (MERS) coronavirus.

Coronaviruses (CoVs) are enveloped viruses with a single-
stranded, positive-sense contiguous RNA genome of up to 32

kb. The subfamily Coronavirinae contains four genera termed
Alpha-, Beta-, Gamma-, and Deltacoronavirus. Mammals are pre-
dominantly infected by alpha- and betacoronaviruses, while gam-
ma- and deltacoronaviruses mainly infect avian hosts (1, 2).

Four human coronaviruses (HCoVs), termed HCoV-229E,
-NL63, -OC43, and -HKU1, circulate in the human population
and mostly cause mild respiratory disease (3). HCoV-229E is fre-
quently detected in up to 15% of specimens taken from individu-

als with respiratory disease (4–6). Although HCoV-229E can be
detected in fecal specimens, HCoVs generally do not seem to play
a role in acute gastroenteritis (7–9). Severe respiratory disease
with high case-fatality rates is caused by severe acute respiratory
syndrome (SARS)-CoV and Middle East respiratory syndrome
(MERS)-CoV, which emerged recently. HCoV-229E and HCoV-
NL63 belong to the genus Alphacoronavirus, while HCoV-OC43,
HCoV-HKU1, and SARS- and MERS-CoV belong to the genus
Betacoronavirus (1, 10).

In analogy to major human pathogens, including Ebola virus,
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rabies virus, mumps virus, and hepatitis B and C viruses (11–16),
the evolutionary origins of SARS- and MERS-CoV were traced
back to bats (17–22). The genetic diversity of bat CoVs described
over the last decade exceeds the diversity in other mammalian
hosts (2). This has led to speculations on an evolutionary origin of
all mammalian CoVs in bat hosts (23). Bats share important eco-
logical features potentially facilitating virus maintenance and
transmission, such as close contact within large social groups, lon-
gevity, and the ability of flight (13, 24).

How humans become exposed to remote wildlife viruses is not
always clear (25). Human infection with SARS-CoV and MERS-
CoV was likely mediated by peridomestic animals. For SARS-
CoV, the suspected source of infection was carnivores (26). Pre-
liminary evidence suggested that these carnivore hosts may also
have adapted SARS-CoV for human infection (27). For MERS-
CoV, camelids are likely intermediate hosts, supported by circu-
lation of MERS-CoV in camel herds globally and for prolonged
periods of time (28–30). Whether MERS-CoV only recently ac-
quired the capacity to infect humans is unclear.

The evolutionary origins of HCoV-229E are uncertain. In
2007, a syndrome of severe respiratory disease and sudden death
was recognized in captive alpacas from the United States (31), and
an alphacoronavirus genetically closely related to HCoV-229E was
identified as the causative agent (32).

In 2009, we detected viruses in fecal specimens from 5 of 75
hipposiderid bats from Ghana and showed that these bat viruses
were genetically related to HCoV-229E by characterizing their
partial RNA-dependent RNA polymerase (RdRp) and nucleocapsid
genes (33). A lack of specimens containing high CoV RNA con-
centrations has so far prevented a more comprehensive character-
ization of those bat viruses to further address their relatedness to
HCoV-229E. Here, we tested more than 2,000 bats from Ghana
for CoVs related to HCoV-229E. We describe highly diversified
bat viruses on a full-genome level and analyze the evolutionary
history of HCoV-229E and the genetically related alpaca CoV.

MATERIALS AND METHODS
For all capturing, sampling, and exportation of bat specimens, we ob-
tained permission from the respective countries’ authorities.

Bat and human sampling. Bats were caught in the Ashanti region,
central Ghana, during 2009 to 2011 as described previously (21). Archived
anonymized respiratory specimens derived from patients sampled be-
tween 2002 and 2011 were obtained from Hong Kong/China, Germany,
The Netherlands, Brazil, and Ghana.

RNA purification, coronavirus detection, and characterization.
RNA was purified from approximately 20 mg of fecal material suspended
in 500 !l RNAlater stabilizing solution using the MagNA Pure 96 system

(Roche, Penzberg, Germany). Elution volumes were 100 !l. Testing
for CoV RNA was done using a real-time reverse transcription-PCR
(RT-PCR) assay designed to allow detection of HCoV-229E and all
genetically related bat CoVs known from our pilot study (33). Oligo-
nucleotide sequences were as follows: CoV229Elike-F13948m, TCYA
GAGAGGTKGTTGTTACWAAYCT; CoV229Elike-P13990m, 6-car-
boxyfuorescein (FAM)-TGGCMACTTAATAAGTTTGGIAARGCYGG-
Black Hole Quencher 1 (BHQ1); and CoV229Elike-R14138m, CGYTCY
TTRCCAGAWATGGCRTA. Testing used the SSIII RT-PCR kit (Life
Technologies, Karlsruhe, Germany) with the following cycling protocol in
a LightCycler 480 (Roche, Penzberg, Germany): 20 min at 50°C for reverse
transcription, followed by 3 min at 95°C and 45 cycles of 15 s at 95°C, 10
s at 58°C, and 20 s at 72°C. CoV quantification relied on cRNA in vitro
transcripts generated from TA-cloned periamplicons using the T7-driven
MEGAscript (Life Technologies, Heidelberg, Germany) kit as described
previously (34). Partial RdRp gene sequences from real-time RT-PCR-
positive specimens were obtained as described previously (18). Full CoV
genomes and spike gene sequences were generated for those specimens
containing the highest CoV RNA concentrations using sets of nested RT-
PCR assays (primers are available upon request) located along the HCoV-
229E genome and designed to amplify small sequence islets. Sequence
islets were connected by bridging long-range nested PCR using strain-
specific primers (available upon request) and the Expand High Fidelity kit
(Roche) on cDNA templates generated with the Superscript III reverse
transcriptase (Life Technologies).

Phylogenetic analyses. Bayesian phylogenetic reconstructions were
made using MrBayes V3.1 (35) under assumption of a GTR"G"I nucle-
otide substitution model for partial RdRp gene sequences and the WAG
amino acid substitution model for translated open reading frames
(ORFs). Two million generations were sampled every 100 steps, corre-
sponding to 20,000 trees, of which 25% were discarded as burn-in before
annotation using TreeAnnotator V1.5 and visualization using FigTree
V1.4 from the BEAST package (36). Neighbor-joining phylogenetic re-
constructions were made using MEGA5.2 (37) and a percent nucleotide
distance model, the complete deletion option, and 1,000 bootstrap repli-
cates. Genome comparisons were made using MEGA5.2 (37); SSE V1.1
(38) and recombination analyses were made using SimPlot V3.5 (39).

Nucleotide sequence accession numbers. All 229E-related bat coro-
navirus and HCoV-229E sequences determined in this study were sub-
mitted to GenBank under accession numbers KT253259 to KT253323.

RESULTS
Specimens from 2,087 bats belonging to 11 species were available
for PCR testing. Table 1 provides details on the overall sample
composition and detection rates in individual bat species. Only
bats belonging to the family Hipposideridae tested positive in 81

Received 9 July 2015 Accepted 7 September 2015

Accepted manuscript posted online 16 September 2015

Citation Corman VM, Baldwin HJ, Tateno AF, Zerbinati RM, Annan A, Owusu M,
Nkrumah EE, Maganga GD, Oppong S, Adu-Sarkodie Y, Vallo P, da Silva Filho LVRF,
Leroy EM, Thiel V, van der Hoek L, Poon LLM, Tschapka M, Drosten C, Drexler JF.
2015. Evidence for an ancestral association of human coronavirus 229E with bats.
J Virol 89:11858 –11870. doi:10.1128/JVI.01755-15.

Editor: S. Schultz-Cherry

Address correspondence to Christian Drosten, drosten@virology-bonn.de, or
Jan Felix Drexler, drexler@virology-bonn.de.

V.M.C, H.J.B., and A.F.T. contributed equally to this article.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

TABLE 1 Overview of bats tested for 229E-related coronaviruses in
Ghana

Species n No. (%) positive

Coleura afra 68 0
Hipposideros abae 242 19 (7.8)
H. cf. gigas 12 0
H. jonesi 5 0
H. cf. ruber 1,611 62 (3.8)
Nycteris cf. gambiensis 91 0
Rhinolophus alcyone 4 0
R. landeri 9 0
Taphozous perforatus 21 0
Lissonycteris angolensis 20 0
Rousettus aegyptiacus 4 0

Total 2,087 81 (3.9)

HCoV-229E-Related Bat Coronaviruses
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of 1,853 specimens (4.4%). All positive-testing bats had been mor-
phologically identified in the field as either Hipposideros cf. ruber
or Hipposideros abae. Those were the most abundant species
within the sample. No HCoV-229E-related RNA was detected in
the 17 available specimens from Hipposideros jonesi and Hippo-
sideros cf. gigas.

An 816-nucleotide (nt) fragment from the RdRp gene was ob-
tained from 41 of the 81 positive specimens. This fragment was
used for further analysis, as the 816-nt sequence yields improved
resolution in inference of phylogeny compared to shorter se-
quences derived from RT-PCR screening of field-derived samples
(2). To expand the available genomic data for HCoV-229E, the
816-nt RdRp gene fragment was also sequenced from 23 HCoV-
229E strains from patients sampled between 2002 and 2011 in
China, Germany, The Netherlands, Brazil, and Ghana. In addi-
tion, the 816-nt RdRp gene fragment was sequenced from two
historical HCoV-229E strains isolated in 1965 and the 1980s (40).
In analogy to the official taxonomic designation SARS-related
CoV, including human SARS-CoV and related CoVs from other
animals (1), we here restrict usage of the term HCoV-229E to the
human virus and refer to the animal viruses as 229E-related CoV.
Figure 1A shows a Bayesian phylogeny of the partial RdRp gene.
The bat virus diversity we observed in our pilot study (represented
by viruses Buoyem344 and Kwamang19) was expanded greatly. A
phylogenetically basal virus termed Kwamang8 obtained in our
pilot study was not detected again, although the present study
contained specimens from the same cave and bat species. All hu-
man strains occupied an apical phylogenetic position and were
not intermixed with any of the animal viruses. The recently de-
scribed alpaca 229E-related CoV (32) clustered with two viruses
obtained from hipposiderid bats in a parallel study from our
groups in the Central African country Gabon (41). The two Gab-
onese bat-associated viruses differed from the alpaca 229E-related
CoV by only 3.2% nucleotide content within the RdRp gene frag-
ment. Hipposiderid bat CoVs were sorted neither by sampling
sites nor by their host species in their RdRp genes. Overall, bat
229E-related CoVs sampled over 3 years differed up to 13.5% in
their nucleotide sequences and 3.3% in their amino acid se-
quences. Although the HCoV-229E data set used for comparison
was sampled over 50 years, the human-associated viruses showed
5- to 10-fold less genetic diversity than bat viruses, with only 1.4%
nucleotide and 0.7% amino acid variation. Because of the small
sequence variation in HCoV-229E, Fig. 1A contains only nine
representative HCoV-229E strains. The neighbor-joining phylog-
eny shown in Fig. 1B represents the high sequence identity be-
tween all HCoV-229E strains determined in this study.

To analyze to what extent bat 229E-related CoVs show genetic
variation, the spike gene encoding the viral glycoprotein was char-
acterized from 15 representative bat viruses (labeled with a trian-
gle in Fig. 1A). Figure 1C shows a Bayesian phylogenetic tree of the
bat 229E-related CoV spike gene sequences and HCoV-229E full
spike sequences sampled over 50 years. The bat viruses formed
three genetically diverse clades, of which two phylogenetically
basal clades contained bat viruses only. These clades were sorted
according to their sampling sites, Kwamang (abbreviated KW)
and Akpafu Todzi (abbreviated AT). A third clade contained
closely related bat viruses obtained from three different sample
sites separated by several hundred kilometers (Buoyem, Kwa-
mang, and Forikrom) (21). These data suggested cocirculation of
different spike gene lineages within sampling sites as well as the

existence of separate lineages between sites. However, the small
number of viruses characterized from the phylogenetically basal
bat clades 1 and 2 implies that caution should be taken in asser-
tions on geographically separated spike gene lineages. The alpaca
229E-related CoV and all HCoV-229E strains clustered in an api-
cal phylogenetic position compared to the bat viruses. The most
closely related bat viruses from clade 1 differed from HCoV-229E
by 8.4 to 13.7%. The two other bat virus lineages were less related
to HCoV-229E, with 30.6 to 33.0% amino acid sequence distance.
The patristic distance within HCoV-229E was 5.5% on the amino
acid level; that within bat viruses was 6-fold higher, with 33.6%.

Topologies of the Bayesian phylogenetic reconstructions of
RdRp and spike genes from bats and the alpaca were not congru-
ent, which may hint at past recombination events across animal
229E-related CoVs. To further investigate the genomic relation-
ships of bat 229E-related CoVs and HCoV-229E, the full genomes
were determined directly from fecal specimens from four bat vi-
ruses representing bat 229E-related CoV clades 1 to 3 (labeled
with circles in Fig. 1A and C). We refer to these viruses as 229E-
related CoV lineages 1 to 3 hereafter. Figure 2A shows that bat
229E-related CoV genomes comprise 28,014 to 28,748 nt, which
exceeds the length of known HCoV-229E strains by 844 to 1,479
nt. As shown in Fig. 2B, HCoV-229E and all bat viruses were
closely related within the putative ORF1ab. This allowed the de-
lineation of nonstructural proteins (NSP) 1 to 16 for all bat vi-
ruses, in analogy to HCoV-229E. Table 2 provides details on
length and cleavage sites of the predicted NSP domains. Sequence
identity in seven concatenated NSP is used by the International
Committee for the Taxonomy of Viruses (ICTV) for CoV species
designation (1). As shown in Table 3, the four fully sequenced bat
viruses showed translated amino acid sequence identities of 93.3
to 97.1% with HCoV-229E. This was well above the 90% thresh-
old established by the ICTV, indicating that all bat 229E-related
CoVs and HCoV-229E form a single species. Bat virus Kwamang8,
which formed a phylogenetically basal sister clade to the other bat
viruses and HCoV-229E, could not be sequenced on a full-ge-
nome level. The amino acid sequence of the partial RdRp gene of
Kwamang8 differed by only 3.3% from those of other bat viruses
and HCoV-229E. Based upon previous comparisons of CoV RdRp
gene sequences for tentative species delineation (2, 18), Kwa-
mang8 forms part of the same species as the other bat viruses and
HCoV-229E. This CoV species would also include the recently
described alpaca 229E-related CoV (32), which showed 96.9 to
97.2% amino acid sequence identity with HCoV-229E and 94.2 to
97.8% with the bat viruses in the seven concatenated NSP do-
mains.

As shown in Fig. 2A, all seven open reading frames (ORFs)
known from HCoV-229E were found in bat 229E-related CoVs in
the sequence ORF1a/1b-spike-ORF4-envelope-membrane-nucleo-
capsid. Amino acid identities between predicted ORFs of the bat
viruses and HCoV-229E ranged from the 67.2 to 91.6% described
above for the translated spike genes to 88.3 to 94.6% (ORF1ab),
with bat virus lineage 1 consistently showing highest amino acid
sequence identities. Table 4 provides details for all sequence com-
parisons.

We looked for additional support for the existence of these
predicted ORFs by analyzing the sequence context at their 5= ter-
mini. This is because in CoVs, ORFs are typically preceded by
highly conserved transcription regulatory sequence (TRS) ele-
ments (42). All putative ORFs from bat 229E-related CoVs

Corman et al.
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showed high conservation of the typical HCoV-229E TRS core
sequence UCU C/A AACU and adjacent bases. Table 5 provides
details on all putative TRS elements within bat 229E-related CoV
genomes.

Figure 3A shows Bayesian phylogenetic trees reconstructed for
all individual ORFs. The alpaca 229E-related CoV clustered in
intermediate position between HCoV-229E and the bat viruses in
the ORF1ab and spike genes but with bat viruses only in mem-
brane, envelope, nucleocapsid, and ORF4. The divergent topologies

again suggested recombination events in 229E-related CoVs. To
find further evidence for recombination events and to identify
genomic breakpoints, 229E-related CoVs were analyzed by
bootscanning. As shown in Fig. 3B, bootscanning supported mul-
tiple recombination events involving HCoV-229E, bat 229E-re-
lated CoVs, and the alpaca 229E-related CoV. Major recombina-
tion breakpoints occurred within the ORF1ab and the beginning
of the spike gene, compatible with previous analyses of CoV re-
combination patterns (2) and the divergent topologies between
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the RdRp and spike genes noted above. Bootscanning also sug-
gested a potential genomic breakpoint within the spike gene, map-
ping to the borders of the S1 (associated with receptor binding)
and S2 (associated with membrane fusion) domains. This would

be consistent with previous evidence supporting intraspike re-
combination events in bat-associated CoVs (43). To obtain fur-
ther support for potential intraspike recombination events, sepa-
rate phylogenetic reconstructions for the S1 and the S2 domains
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TABLE 2 Coding capacity for the putative nonstructural proteins of the novel bat 229E-related coronaviruses

Protein

KW2E-F151 F01A-F2 AT1A-F1 KW2E-F56

First to last amino
acid

Protein size
(amino acids)

First to last amino
acid

Protein size
(amino acids)

First to last amino
acid

Protein size
(amino acids)

First to last amino
acid

Protein size
(amino acids)

NSP1 Met1–Gly111 111 Met1–Gly111 111 Met1–Gly111 111 Met1–Gly109 109
NSP2 Asn112–Gly897 786 Asn112–Gly897 786 Asn112–Gly897 786 Asn110–Gly895 786
NSP3 Gly898–Ala2494 1,597 Gly898–Ala2494 1,597 Gly898–Ala2492 1,595 Gly896–Ala2489 1,594
NSP4 Gly2495–Gln2975 481 Gly2495–Gln2975 481 Gly2493–Gln2973 481 Gly2490–Gln2970 481
NSP5 Ala2976–Gln3277 302 Ala2976–Gln3277 302 Ala2974–Gln3275 302 Ala2971–Gln3272 302
NSP6 Ser3278–Gln3556 279 Ser3278–Gln3556 279 Ser3276–Gln3553 278 Ser3273–Gln3551 279
NSP7 Ser3557–Gln3639 83 Ser3557–Gln3639 83 Ser3554–Gln3636 83 Ser3552–Gln3634 83
NSP8 Ser3640–Gln3834 195 Ser3640–Gln3834 195 Ser3637–Gln3831 195 Ser3635–Gln3829 195
NSP9 Asn3835–Gln3943 109 Asn3835–Gln3943 109 Asn3832–Gln3940 109 Asn3830–Gln3938 109
NSP10 Ala3944–Gln4078 135 Ala3944–Gln4078 135 Ala3941–Gln4075 135 Ala3939–Gln4073 135
NSP11 Ser4079–Glu4097 19 Ser4079–Glu4097 19 Ser4076–Glu4094 19 Ser4074–Glu4092 19
NSP12 Ser4079–Gln5005 927 Ser4079–Gln5005 927 Ser4076–Gln5002 927 Ser4074–Gln5000 927
NSP13 Ala5006–Gln5602 597 Ala5006–Gln5602 597 Ala5003–Gln5599 597 Ala5001–Gln5597 597
NSP14 Ser5603–Gln6120 518 Ser5603–Gln6120 518 Ser5600–Gln6117 518 Ser5598–Gln6115 518
NSP15 Gly6121–Gln6468 348 Gly6121–Gln6468 348 Gly6118–Gln6465 348 Gly6116–Gln6463 348
NSP16 Ser6469–Lys6768 300 Ser6469–Lys6768 300 Ser6466–Lys6766 301 Ser6464–Lys6763 300
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were made. As shown in Fig. 3B, these phylogenetic reconstruc-
tions supported recombination events involving the alpaca 229E-
related CoV and HCoV-229E but not the bat 22E-related CoVs. In
the S1 domain, the alpaca 229E-related CoV clustered with clinical
HCoV-229E strains, while the HCoV-229E reference strain inf-1,
isolated in 1962, clustered in a phylogenetically basal sister rela-
tionship. Only in the S2 domain was the intermediate position of
the alpaca compared to bat and human 229E-related CoVs noted
before in comparisons of the full spike gene maintained. These
data may hint at recombination events between HCoV-229E and
the alpaca virus and further supported genetic compatibility be-
tween these two viruses belonging to one CoV species.

Three major differences existed between HCoV-229E, the al-
paca 229E-related CoV, and the bat 229E-related CoVs. The first
of these differences occurred in the putative ORF4. Similar to the
case for HCoV-229E strains characterized from clinical speci-
mens, a contiguous ORF4 existed in all bat viruses and was 156 to
164 amino acid residues longer than the alpaca 229E-related CoV
ORF4. Reanalysis of the putative ORF4 sequence of the alpaca
229E-related CoV showed that this apparently shorter ORF4 was
due to an insertion of a single cytosine residue at position 181.
Without this putative insertion, the alpaca 229E-related CoV
ORF4 showed the same length as homologous ORFs in bat 229E-
related CoVs and HCoV-229E. Since the HCoV-229E ORF4 is
known to accumulate mutations in cell culture (40), the appar-
ently truncated ORF in the alpaca 229E-related CoV isolate may

thus not occur in vivo. The extended ORF4 of the alpaca 229E-
related CoV would be most closely related to bat viruses from
lineage 1, with 5.5% amino acid sequence distance, compared to at
least 8.8% distance from HCoV-229E strains.

The second difference was a considerably longer S1 portion of
the bat 229E-related CoV spike genes compared to HCoV-229E.
Figure 4 shows that the three bat lineages contained 185 to 404
additional amino acid residues upstream of the putative receptor
binding domain (RBD) (44, 45) compared to HCoV-229E. Bat
lineage 1, which was phylogenetically most closely related to
HCoV-229E, carried the smallest number of additional amino
acid residues. Of note, the alpaca 229E-related CoV was identical
to HCoV-229E in the number of amino acid residues within this
region of the spike gene.

The third major difference was the existence of an additional
putative ORF downstream of the nucleocapsid gene in all bat vi-
ruses. Nonhomologous ORFs of unknown function downstream
of the nucleocapsid gene occur in several alpha- and betacorona-
viruses, including Feline infectious peritonitis virus (FIPV), Trans-
missible gastroenteritis virus of swine (TGEV), Rhinolophus bat
CoV HKU2, Scotophilus bat CoV 512, Miniopterus bat CoV HKU8
(23), the Chaerephon bat CoVs BtKY22/BtKY41, the Cardioderma
bat CoV BtKY43 (46), and bat CoV HKU10 from Chinese Hippo-
sideros and Rousettus species (47). In the genus Betacoronavirus,
only bat CoV HKU9 from Rousettus and the genetically related
Eidolon bat CoV BtKY24 (46) carry additional ORFs at this

TABLE 3 Comparison of amino acid identities of seven conserved replicase domains of the bat 229E-related coronaviruses, HCoV-229E, and the
alpaca 229E-related coronavirus for species delineation

Domain

% amino acid sequence identitya

Within bat 229Ec

Human coronavirus 229Eb vs:
Alpaca CoV vs
bat 229EcKW2E-F56 AT1A-F1 KW2-F151 F01A-F2

ADRP 75.6–100 75–75.6 91.1–92.9 84.5–85.1 84.5–85.1 76.8–90.5
NSP5 (3CLpro) 90.7–100 90.4–90.7 97.4–97.7 96.4–96.7 97.4–97.7 90.4–97.4
NSP12 (RdRp) 97.5–100 95.7–96 97.3–97.6 96.9–97.3 97.2–97.7 97.3–98.9
NSP13 (NTPase/Hel) 97.2–100 96.5–97.2 97.2–97.8 97.3–98 98–98.7 97.8–99.3
NSP14 (ExoN/N7-MTase) 96.1–100 95–95.6 97.5–98.1 97.3–97.9 96.9–97.5 96.3–99.2
NSP15 (NendoU) 92.8–100 92.2 96.3–96.6 96.6–96.8 96.8–97.1 91.4–96.8
NSP16 (O-MT) 91.7–100 90.7–91 91.7–92 97.3–97 97.3–97.7 90.7–98.0
Concatenated domains 94.5–100 93.3–93.6 96.4–96.8 96.4–96.7 96.7–97.1 94.2–97.8
a GenBank accession numbers of reference sequences: HCoV-229E Inf-1, NC_002645.1; HCoV-229E 0349, JX503060; HCoV-299E J0304, JX503061; alpaca CoV, JQ410000.
b Including HCoV-229E Inf-1, HCoV-229E 0349, and HCoV-229E J0304.
c Including bat CoV KW2E-F56, AT1A-F1, KW2E-F151, and F01A-F2.

TABLE 4 Amino acid identity between open reading frames of human, bat, and camelid 229-related coronaviruses

Protein

% amino acid sequence identity

Human coronavirus 229Ea vs:

Within bat CoVb
Alpaca CoV vs
bat CoVbKW2E-F151 F01A-F2 AT1A-F1 KW2E-F56 AcoV

ORF1a 89.5–89.9 89.5–89.8 92.6–93.1 84.1–84.6 92.9–93.3 83.8–97.9 85.1–93.5
ORF1ab 92.5–92.9 92.6–93 94.2–94.6 88.3–88.8 94.6–95 88.7–98.3 89.3–95.2
Spike 87.5–91.6 87.4–91.4 67.2–68.9 67.2–69.1 92.8–94.4 66.8–92.4 69.7–90.8
ORF4 92.4–93.1 92.6–93.2 77.3–78.8 71.2–73.6 79.7–78.1 75.7–96.4 67.2–82.8
Envelope 89.6–90.9 89.6–90.9 77.6–78.9 78.7–80 89.6–90.9 77.3–98.7 77.3–100
Membrane 90.2–90.7 89.3–89.9 86.2–86.7 87.1–87.6 89.8–90.2 86.7–98.7 86.3–99.1
Nucleocapsid 90.7–92 90.2–91.5 88.6–90.4 75.8–76.6 88.4–89.7 78.7–99.5 78.2–94
ORFX/8 12.5–100 15.2–83.9
a Including HCoV-229E Inf-1, HCoV-229E 0349, and HCoV-229E J0304.
b Including bat CoV KW2E-F56, AT1A-F1, KW2E-F151, and F01A-F2.
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genomic position. No ORF in the 3=-terminal genome region is
known from HCoV-229E. The alpaca 229E-related CoV contains
an ORF at this position termed ORFX by Crossley et al. (32). In
analogy to consecutive numbers used to identify HCoV-229ET
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FIG 3 Bayesian phylogenies of major open reading frames and recombination
analysis of HCoV-229E and related animal viruses. (A) Phylogenies were cal-
culated with a WAG amino acid substitution model. The novel bat viruses are
shown in red. The alpaca CoV is shown in cyan. Filled circles, posterior prob-
ability support exceeding 0.95; the scale bar corresponds to genetic distance.
Details on the origin of HCoV-229E strain VFC408, which was generated for
this study, can be retrieved from reference 69. Branches leading the outgroup
HCoV-NL63 were truncated for graphical reasons. (B) Bootscan analysis using
the Jukes-Cantor algorithm with a sliding window of 1,500 and a step size of
300 nt. The HCoV-220E inf-1 strain was used with animal 229E-related viruses
as indicated. (C) Phylogenies of the S1 and S2 subunits were calculated accord-
ing to panel A. One representative HCoV-229E strain was selected per decade
according to reference 70: GenBank accession no. DQ243974, DQ243964,
DQ243984, and DQ243967.
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ORFs, we refer to this ORF as ORF8 here. The putative TRS con-
text preceding ORF8 was conserved in all bat 229E-related CoVs
and in the alpaca 229E-related CoV, suggesting that a correspond-
ing subgenomic mRNA8 may exist. The 3= untranslated region
(UTR) of bat 229E-related CoVs immediately followed the puta-
tive ORF8. This was supported by the existence of a conserved
octanucleotide sequence and highly conserved stem elements
forming part of the pseudoknot typically located at the 5= ends of
alphacoronavirus 3= UTRs (48). As shown in Fig. 5, HCoV-229E
shows a high degree of sequence conservation compared to bat
229E-related CoVs and the alpaca 229E-related CoV in this
genomic region, including a highly conserved putative TRS.
Bioinformatic analyses (49–51) provided evidence for the pres-
ence of two transmembrane domains in the predicted proteins 8
of the alpaca and the genetically related bat 229E-related viruses.
This may imply a role of the predicted protein 8 in coronaviral
interactions with cellular or viral membranes.

As shown in Fig. 5, one of the bat 229E-related CoV lineages
represented by virus KW2E-F56 contained a highly divergent
ORF8. In protein BLAST comparisons, the KW2E-F56 ORF8
showed limited similarity to the putative ORF7b of HKU10 and to
the putative ORF8 located upstream of the nucleocapsid of a Nige-
rian Hipposideros betacoronavirus termed Zaria bat CoV (47, 52).
This may hint at cross-genus recombination events between dif-

ferent hipposiderid bat CoVs in the past. However, overall amino
acid sequence identity between these bat CoV ORFs was very low,
with maximally 28.2%. As shown in Fig. 6, only the central parts of
these ORFs contained a stretch of 46 more conserved amino acid
residues showing up to 39.1% sequence identity and 47.8% simi-
larity (Blosum62 matrix). The origin and function of the divergent
ORF8 thus remain to be determined.

DISCUSSION
We characterized highly diverse bat CoVs on a full-genome level
and showed that these viruses form one species together with
HCoV-229E and a recently described virus from alpacas (32). We
analyzed the genomic differences between human, bat, and alpaca
229E-related CoVs to elucidate potential host transitions during
the formation of HCoV-229E.

A major difference between bat 229E-related CoVs and HCoV-
229E was the spike gene deletion in HCoV-229E compared to the
bat viruses. Interestingly, the bat 229E-related CoV lineage 1,
which was phylogenetically most related to HCoV-229E, also car-
ried the smallest number of additional amino acid residues. Most
chiropteran CoVs are restricted to the gastrointestinal tract,
whereas HCoVs replicate mainly in the respiratory tract (2). The
spike deletion in HCoV-229E compared to ancestral bat viruses is
thus noteworthy, since deletions in this protein have been associ-
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....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

HCoV-229E MFVLL------VAYA-------------------------------------------------------------------------------------
Alpaca CoV MFV-L------VAYA-------------------------------------------------------------------------------------
F01A-F2 MLVLL-----------------------------------------------------------------------------------------------
KW2E-F151 MFILI-----------------------------------------------------------------------------------------------
AT1A-F1 MKYVFAFAFICFGNCTQICNITTNGGLFLDYSSLRMGVAANTNVVLAGKYPQFWTCRLATTSQQAVYYPATGFFTADVRYRRGFGFSMFKNSTLGGYSLY
KW2E-F56 MKFIIGFVIPVVAYATTFCNI--NGG--LEYNTLKLGLPPSTSVVVSGNYPQVWRCD-STGPWGPTYHEARGFFTDDVGWGRGFGFSMYANNSFGGYSLY
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....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

HCoV-229E ----------------------------------------------------------------------------------------------------
Alpaca CoV ----------------------------------------------------------------------------------------------------
F01A-F2 ----------------------------------------------------------------------------------------------------
KW2E-F151 ----------------------------------------------------------------------------------------------------
AT1A-F1 YGEGCQRKQRACELGERVVLKICRFNRSSPLDFAQVGFN-DTDCLLNFVGSDKWGSIVGVTTYGDVVHIHWTDGVRYIRVPGASEWNTVGVKCYYSASCV
KW2E-F56 YGEGKQGE----ALAKVVVLKICRFNTSTNVGTAIPGANAGADCLIEFKGADKYNQIVGVATYGDIVHIHWSDGVRYLRVPGARDWNMVGVQCYFTYSCI
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HCoV-229E -------------------------LLHIAGCQ-------------------------------------------------------------------
Alpaca CoV -------------------------LLHIAGCQ-------------------------------------------------------------------
F01A-F2 --------------------------LLIPLVTATSNCINPTHGNIPIDTLQLGLPDNSTAIVTGYLPDKWHCTSRVNHDNV--SFTGKGFFVRDSADGE
KW2E-F151 ----------------------VACVLHIAAGQINNNCLDGNR--VGIQTMQLGLPPNVTALVTGYLPDKWHCTSNHNHNNV--SYSGKGFFVLDTTDGE
AT1A-F1 HSLVSSVLRVNVTTDSVANTTSYIPLSNVTHPTVGRYCVDGWYNATSISSLQLGLPLNSTALVTGLLPQFWHCASRQHSASIIRSYNGRGVFILDTKPGA
KW2E-F56 YSLVRSTVSVNVTT-SGGNLINYQPISNVTYATVGMYCVDGWYNLTSISSLQLGLPANATALVTGLLPTVWHCSS-MHNDATVRSYPGRGVFVLDSAYGA
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HCoV-229E ----------------------------------------------------------------------------------------------------
Alpaca CoV ----------------------------------------------------------------------------------------------------
F01A-F2 ASFALVDSGAYSPDKYYLLYLNHLWWGGGHVKLKICKWSSPVDFNAPSAISKVSSCIVDFRTTDKINRILGFTVSGETVRIHWDNGVYTVYVPGAYAWDK
KW2E-F151 ASFALVDTGAFSTDKYYLLYLNHILYGGGYVKLKICKWSQYVDFNAPSAISFSSSCIIDFKTADKKGRVLGFSASGDTVRIHWSDAVHTVYVPGASAWSR
AT1A-F1 HAVSIMSNTSDCVSKYCLYYGNAA--SGSFTLVKICKWPARPALNAPS-VTTGEQCLLKRAGVDQFNQVIGFTTSGNTVRIHWQDGVHSLYVPGAEEWNL
KW2E-F56 SAFSLTPNGSDCVNTYCLYYGNFD--KKGITVFKICKWPSTPPLNTPS-FTSGETCLLKTSGSDNLNQVVGVTASGDTVRIHWSKGVHSLYVPGASLWNV
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Alpaca CoV -------------------------TINVLNTSHSVCNGCVGYSENVFAVESGGYIPSDFAFNNWFLLTNTSSLVDGVVRSFQPLLLNCLWSVSGSRFTT
F01A-F2 VNVRCVSIAACSFSIVTEPIAVNVTTVNGVITSYQVCNSCVGYSDNIFAVESGGYIPSDFAFNNWFLLTNTSSVVDGVVRGVQPLLLNCLWPVPGLQSTT
KW2E-F151 VNVRCPKIAACYFSITEDPIAVNVTTTNGLITSYSVCNGCVGYAENIFAVESGGYIPSDFAFNNWFLLTNTSSVVDGVVRSVQPLLLNCLWPVPGLQSTT
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KW2E-F56 VNVKCANIQSCYFSIVDNATTVNVTTLNGRIVQYDVCPDCVGFSDNIFSVEEGGYIPSGFSFNNWFLLTNSSSVVDGVVRTKQPLLLNCLWPVPGLQSTT

FIG 4 Amino acid sequence alignment of the 5= ends of the spike genes of HCoV-229E and related animal viruses. Amino acid alignment of the first part of the
spike genes of 229E-related CoVs, including four bat 229E-related CoVs, the alpaca 229E-related CoV and the HCoV-229E inf-1 strain, is shown. Conserved
amino acid residues are marked in black, and sequence gaps are represented by hyphens.

HCoV-229E-Related Bat Coronaviruses

December 2015 Volume 89 Number 23 jvi.asm.org 11865Journal of Virology

 on August 30, 2016 by UNIV O
F SYDNEY

http://jvi.asm
.org/

Downloaded from
 



Appendix 1 

 

 120 
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HCoV-229E/inf-1 TGATGAAGTAAACTAAACATG-------------------------------------------------------------------------------
HCoV-229E/JX503061 .........C...........-------------------------------------------------------------------------------
HCoV-229E/21050349 .........C...........-------------------------------------------------------------------------------
Alpaca CoV .........C...........---------------------------------------------CATCCAGAAG------------------------
KW2E-F151 .........C...........---------------------------------------------CATCCCGAAGATGAACAGGCCCCCCTTTGGCAAG
F01A-F2 .........C...........---------------------------------------------CATCCCGAAGATGAACAGGCCCCCCTTTGGCAAG
AT1A-F1 .........C...........---------------------------------------------CATCCTGAAGATCAAGCTGCCCCCCTCTGGAGTG
KW2E-F56 .AT.TC.A.C...........AAGGTGGTGGTGATTCTCTGCTTTCTTGTGGTTGGGAGTTTTTGCTTACCATTGAAAGAGGTAAACACCCATCGCGTTA

Nucleocapsid putative ORF8
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HCoV-229E/inf-1 ------------------------------------------------CCACTGTGTTGTTTGAAAT---------------------------------
HCoV-229E/JX503061 ------------------------------------------------...........----....---------------------------------
HCoV-229E/21050349 ------------------------------------------------.T.........----....---------------------------------
Alpaca CoV ----ATTTGGAATGGTTTTAGTTGAGGGTTCTATGATTTGGCTAATGG...................CATTCAATTGTTAGTTGTTGCTAATTCAGATGG
KW2E-F151 TTTTGTTTGGAATGTTGTTAGTTGAGGGTTCTATGACTTGGCTAATGG...................CATTCAATTGTTAGTTGCTGCTAGTTCAGATGG
F01A-F2 TTTTGTTTGGAATGTTGTTAGTTGAGGGTTCTATGACTTGGCTAATGG...................CATTCAATTGTTAGTTGCTGCTAGTTCAGATGG
AT1A-F1 TTCTTTTTGGATTTGTGCTTGTTGAAGGCGGTATAATTTGGATCACCG..GT...A..A........TTTTCAGTTGTTGGTAGCTGCTTTTACAGATGG
KW2E-F56 CTGCTTATAAGCAGATATTATGCGACTCA---TATACTAGTTTAGGAC.TTG...CACTAGCCC...AATGCTTACCAACACCATGATACTGTTCAATGG

putative ORF8
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HCoV-229E/inf-1 -------TCAGGCTTTAGTTGGAATTTTGCTTTTGTTCTTTCTTTTATTATCTTTCTTTTGCCTGTTTTTAGAGAGATTTGGCGCCTTGGTGCCGTAGAT
HCoV-229E/JX503061 -------............................C....GT........C.........--------------------------------------..
HCoV-229E/21050349 -------............................C....GT..................--------------------------------------..
Alpaca CoV TTTGTATGTG.TT..A........................G................GC.........C.................C.............
KW2E-F151 TTTGTATGTG.TT..A........................G.............................................CC............
F01A-F2 TTTGTATGTG.TT..A........................G.............................................CC............
AT1A-F1
KW2E-F56

TGCTTATGTT.TG..A........CA.GTG.........A........GC.....T.A......TG..........C.........C.............
TGATTGGGTT.CAACAC..ATT..G..GCAAAGAA..GG.GA.A..G.GCCTAAGT..AGTATG.AAGACCACTT.CAGG.TAATAC..CGTATAGCA.C

putative ORF8

310 320 330 340 350 360 370 380 390 400....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
HCoV-229E/inf-1 GAATACATTGCTTTT------------------------------------CTCTGATCTATGTATGATGGTACGATCAGAGCTGCTTTTAATTAACATG
HCoV-229E/JX503061 .........T....C------------------------------------..........C...................A..................
HCoV-229E/21050349 .........T....C------------------------------------..........C...A--................................
Alpaca CoV ..G..T.........------------------------------------...C........C.......C.T..........................
KW2E-F151 .....T.........------------------------------------...C........C.......C.T...............C..........
F01A-F2 .....T.........------------------------------------...C........C.......C.T...............C..........
AT1A-F1 ..........A....------------------------------------...C........C.......C.T..........................
KW2E-F56 CCT..TGG..GA...CATTACTTGCTGTACATGTGTCGCAGTGGTGAACGC...A..GAA..TCTA.....A.TT.GAGCTT..AAA.A.---.......

putative ORF8
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HCoV-229E/inf-1 ATCCCTTGCTTTGGCTTGACAAGGATCTAGTCTTATACACAATGGTAAGCCAGTGGTAGTAAAGGTATAAGAAATTTGCTACTATGTTACTGAACCTAGG
HCoV-229E/JX503061 ...................................................T................................................
HCoV-229E/21050349 ...................................................T................................................
Alpaca CoV ...........C..........................................A......G......................................
KW2E-F151 ...........C.................................................G...............A......................
F01A-F2 ...........C.................................................G...............A......................
AT1A-F1 ...........C.................................................G......................................
KW2E-F56 G..........C.............C..........................................................................

stem 1 stem 1stem 2 stem 2PK

610 620 630 640....|....|....|....|....|....|....|....|....|.
HCoV-229E/inf-1 AGTTAGTAACTGCTAATGGAACGGTTTCGATATGGATACACAAAAA
HCoV-229E/JX503061 ..............................................
HCoV-229E/21050349 ..............................................
Alpaca CoV ..............................................
KW2E-F151 ..............................................
F01A-F2 ...............C..............................
AT1A-F1 ..............................................
KW2E-F56 ...............C..............................

poly-A tail

510 520 530 540 550 560 570 580 590 600....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
HCoV-229E/inf-1 TGAACGCTAGTATAACTCATTACAAATGTGCTGGAGTAATCAAAGATCGCATTGACGAGCCAACAATGGAAGAGCCAGTCATTTGTCTTGAGACCTATCT
HCoV-229E/JX503061 ....................................................................................................
HCoV-229E/21050349 ....................................................................................................
Alpaca CoV .....A..................................T.........T.................................................
KW2E-F151 .....A............................................T.C...............................................
F01A-F2 .....A............................................T.C.......................................G.......
AT1A-F1 .....A.....G......................................T.................................................
KW2E-F56 ..................................................T.C...............................................

conserved
octanucleotide

FIG 5 Nucleotide sequence alignment of the genomic 3= ends of HCoV-229E and related animal viruses Nucleotide alignment of the genome region downstream
of the nucleocapsid gene, including four bat 229E-related CoVs, the alpaca 229E-related CoV, and representative HCoV-229E, are shown, with full genomes
identified with GenBank accession number or strain name. Dots represent identical nucleotides, and hyphens represent sequence gaps. Gray bars above
alignments indicate open reading frames and the beginning of the poly(A) tail. The putative start and stop codon of ORF8 is in lime green, and the corresponding
putative TRS element is in blue. The conserved genomic sequence elements and the highly conserved stem elements forming part of the pseudoknot (PK) are
marked with gray and purple background.
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ated with changes in coronaviral tissue tropism. This is best illus-
trated by TGEV, whose full-length spike variants are associated
with a dual tropism for respiratory and enteric tracts, whereas the
deleted variant termed Porcine respiratory CoV (PRCV) replicates
mainly in the respiratory tract (53). One could hypothesize that
adaptation of bat 229E-related CoV lineage 1 both to nonchirop-
teran hosts and to respiratory transmission may have been easier
than for the other bat 229E-related CoV lineages.

Because the exact amino acid residues of the HCoV-229E RBD
conveying cell entry are not known, it is difficult to predict
whether the bat viruses may interact with the HCoV-229E cellular
receptor aminopeptidase N (45) or its Hipposideros homologue.
Characterization of this bat molecule and identification of per-
missive cell culture systems may allow initial susceptibility exper-
iments for chimeric viruses. Of note, although the alpaca 229E-
related CoV was successfully isolated (32), no data on receptor
usage and cellular tropism are available so far (2, 53).

Another major difference was the existence of an ORF8 down-
stream of the nucleocapsid gene in bat 229E-related viruses and the
detection of putative sequence remnants of this ORF in HCoV-
229E. Hypothetically, deterioration of ORF8 in HCoV-229E could
have occurred due to loss of gene function in human hosts after zoo-
notic transmission from bats or intermediate hosts. This may parallel
gradual deletions in the SARS-CoV accessory ORF8 during the hu-
man epidemic compared to bat SARS-related CoVs (54) and is con-
sistent with characterizations of HCoV-229E clinical strains showing
high variability of this genomic region (55).

The virus-host association between 229E-related CoVs and the
bat genus Hipposideros is strengthened by our virus detections in
Hipposideros species in Ghana and in Gabon (41), which is sepa-
rated from Ghana by about 1,800 km. The observed link between
229E-related alphacoronaviruses and hipposiderid bats is paral-
leled by the detections of genetically closely related betacoronavi-
ruses in different Hipposideros species from Ghana, Nigeria, Thai-
land, and Gabon (33, 41, 52, 56), suggesting restriction of these
CoVs to hipposiderid bat genera. Due to their proofreading ca-
pacity, CoVs show evolutionary rates of 10E!5 to 10E!6 substi-
tutions per site per replication cycle, which is much slower than
rates observed for other RNA viruses (57, 58). Our data thus sug-
gest a long evolutionary history of 229E-related CoVs in Old
World hipposiderid bats that greatly exceeds that of HCoV-229E
in humans, confirming previous hypotheses from our group (33).

The putative role of the alpaca 229E-related CoV in the forma-
tion of HCoV-229E is unclear. Our data enable new insights into
the evolutionary history of HCoV-229E. First, the alpaca 229E-
related CoV contained an intact ORF8 which was genetically re-
lated to the homologous gene in bat 229E-related CoVs. Second,
genes of the alpaca CoV clustered either with bat viruses only or in
an intermediate position between bat viruses and HCoV-229E.
Because the alpaca 229E-related CoV showed the same deletion in
its spike gene as HCoV-229E compared to bat 229E-related CoVs,
it may be possible that alpacas represent a first host switch from
bats followed by a second interhost transfer from alpacas to hu-
mans. The relatedness of the alpaca 229E-related CoV to older
HCoV-229E strains rather than to contemporary ones reported by
Crossley et al. would be compatible with this scenario (32). How-
ever, the alpaca 229E-related CoV was reported only from captive
animals in the United States, and whether this virus is indeed
endemic in New World alpacas is unclear. Additionally, the ap-
parent intraspike recombination event may speak against a role of
the alpaca virus as the direct ancestor of HCoV-229E. On the other
hand, it cannot be excluded that the basal clustering of the HCoV-
229E prototype strain inf-1 in relation to the alpaca virus and
other HCoV-229E strains is due to mutations associated with ex-
tensive passaging in cell culture. Further analyses will be required
to confirm this apparent recombination event, ideally including
additional sequence information from old HCoV-229E strains.
Furthermore, a hypothetical direct transfer of Old World bat vi-
ruses to New World alpacas appears to be geographically unfeasi-
ble. It would be highly relevant to investigate Old World camelids
for 229E-related CoVs that may have been passed on to captive
alpacas and that may represent direct ancestors of HCoV-229E.

Additional constraints to consider in the hypothetical role of
camelids for the evolutionary history of 229E-related CoVs are the
time and place of putative host switches from bats. Camels were
likely introduced into Africa not earlier than 5,000 years ago from
the Arabian Peninsula (59, 60) and could not possibly come into
direct contact with West African H. cf. ruber or H. abae of the
Guinean savanna. The majority of CoV species seems to be con-
fined to host genera (2). Therefore, it may be possible that 229E-
related CoV transmission was mediated through closely related
species such as H. tephrus, which occurs in the Sahel zone and
comes into contact to populations of H. cf. ruber distantly related
to those from the Guinean savanna (61). This bat species should
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αCoV HKU10 SFSYSAPT-----TYRASQAA-KVLIYTTEKVTLNNQRTHSYTKWGVCSTGWNTYTNTMVVVNGRWVETAKPPEPTAIAI
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αCoV KW2E-F56 PKFSMEDHLQGNTAYSN-PYGGFHYLLYMCRSGERLREILDGIRAS----------------KY------------
αCoV HKU10 PTVPYELRSEKPGFGSHFDYGRIEYESVLCAVFEHVSNDIAKIAAQL-------AQTQRRHHTFAVTTFKWSSPSN
βCoV Zaria PSIVKTPQMTSGAESSTNFWDAFGNEALLCSSGAALEEIVKELKTNLNELYPQDGEPTRQSHTL------------

Hipposideros

FIG 6 Amino acid sequence alignment of the putative ORF8 from a bat 229E-related coronavirus and closest hits from two other hipposiderid bat coronaviruses
Conserved amino acid residues between sequence pairs are highlighted in color according to amino acid properties, and sequence gaps are represented by
hyphens. The central domain showing higher sequence similarity between compared viruses is boxed for clarity. The 229E-related alphacoronavirus KW2E-F56
from Hipposideros cf. ruber detected in this study is given in red, the alphacoronavirus HKU10 originated from a Chinese H. pomona animal, and the betacoro-
navirus Zaria originated from a Nigerian H. gigas animal.
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be analyzed for 229E-related CoVs together with other genera of
the family Hipposideridae, such as Asellia or Triaenops, which are
desert-adapted bats sharing their habitat with camelids in both
Arabia and Africa and may harbor genetically related CoVs. An
important parallel to this evolutionary scenario is the role of cam-
elids for the emerging MERS-CoV (30, 62), whose likely ancestors
also occur in bats (20, 21). However, we cannot rule out that the
alpaca 229E-related CoV and HCoV-229E represent two indepen-
dent zoonotic acquisitions from 229E-related CoVs existing in
hipposiderid bats and potentially yet-unknown intermediate
hosts.

The existence of different serotypes in the expanded 229E-re-
lated CoV species is unclear. CoV neutralization is determined
mainly by antibodies against the S protein, and particularly the S1
domain (63). The phylogenetic relatedness of the S1 domains
from the alpaca 229E-related CoV and HCoV-229E suggests that
these viruses form one serotype. The most closely related bat
229E-related CoV lineage showed 8.4% amino acid sequence dis-
tance in the translated spike gene from HCoV-229E. This was
comparable to the 7.8 to 18.6% amino acid distance between
FIPV, TGEV and canine CoV, which belong to one CoV species
(Alphacoronavirus 1) and for which cross-neutralization was ob-
served (64). The ca. 30% spike amino acid sequence distance be-
tween the other bat 229E-related lineages and HCoV-229E was
comparable to the distance between HCoV-NL63 and HCoV-
229E, which form two different serotypes (65). HCoV-229E thus
likely forms one serotype that includes the alpaca 229E- and po-
tentially the most closely related bat 229E-related lineage, while
the other bat 229E-related lineages may form different serotypes.
In our study, the lack of bat sera and absence of bat 229E-related
CoV isolates prevented serological investigations. The generation
of pseudotyped viruses carrying bat 229E-related spike gene mo-
tifs may allow future serological studies. Of note, our joint analy-
ses of Ghanaian patients with respiratory disease in this study and
previous work from our group investigating Ghanaian villagers
(66) showed that Ghanaians were infected with the globally circu-
lating HCoV-229E, whereas no evidence of bat 229E-related CoV
infecting humans was found. If serotypes existed in 229E-related
CoVs, serologic studies may aid in elucidating putative exposure
of humans and potential camelid intermediate hosts to these bat
viruses.

It should be noted that throughout Africa, bats are consumed
as wild game (67) and humans frequently live in close proximity of
bat caves (68), including usage of bat guano as fertilizer and drink-
ing water from these caves (21). These settings potentially facili-
tate the exposure of humans and their peridomestic animals, in-
cluding camelids, to these previously remote bat viruses.

In summary, HCoV-229E may be a paradigmatic example of
the successful introduction of a bat CoV into the human popula-
tion, possibly with camelids as intermediate hosts.
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The Australian continent is renowned for its idiosyncratic flora and fauna and high diversity of endemic taxa (e.g., Eucalyptus, 
marsupials, and monotremes; Braithwaite RW. 1990. Australia’s unique biota: implications for ecological processes. J Biogeogr.  
17:347–354.). Given this diversity, it is perhaps not surprising that Australia is a coveted and productive field site for behavioral ecolo-
gists worldwide. The prevalence of some unusual animal behaviors is well documented, such as cooperative breeding in birds, low 
rates of herbivory, and high rates of pollination by vertebrates. However, other behavioral phenomena, especially those involving 
deception and exploitation, are also remarkably prevalent in some systems and still require comprehensive treatment. We examine 3 
distinct forms of deception in entirely different taxa, cuckoos, crab spiders, and orchids, where there is strong evidence that decep-
tion is more prevalent in Australia than in other geographic regions. We offer several explanations addressing environmental condi-
tions, evolutionary isolation, the prevalence of behavioral ecologists, and the research culture in Australia. The aim of this “Idea” 
paper is to draw attention to intriguing patterns of deception in a limited number of well-studied systems and to generate several 
testable predictions. It is not intended as a thorough review of all deceptive systems, but we hope to stimulate more research, a sys-
tematic review, and further testing in this area.

Key words: crab spider, cuckoo, deception, evolution, orchid.

BROOD-PARASITIC CUCKOOS
Despite being substantially smaller than Africa (one-quarter) or Asia 
(one-sixth), Australia is home to ~20% of  the world’s brood-parasitic 
cuckoo species (Australia: 12, Africa: 15, Asia ~26 of  57 species in 
total; Davies 2010). These cheats outsource parental care and have 
evolved many deceptive signaling strategies to impair host detection 
including mimicry of  host egg and chick colors and calls (Stoddard 
and Stevens 2010; Kilner and Langmore 2011; Langmore et  al. 
2011). Not only are brood-deceptive cuckoos more common than 
expected in Australia, the cuckoo–host relationship seems to differ 
from other regions. Australian cuckoo–host interactions are charac-
terized by lower rates of  cuckoo egg rejection by hosts in compari-
son to European counterparts (Langmore et al. 2005). Among other 
factors, Australia’s milder environmental conditions provide hosts 
with longer breeding seasons allowing multiple clutches, whereas 
European hosts that are limited to single clutches may be under 
stronger selection for detection and rejection (Langmore et al. 2005).

DECEPTION BY CRAB SPIDERS
Crab spiders typically sit on flowers and hunt pollinators. European and 
American species are renowned for their cryptic coloration against the 
flower background (Théry and Casas 2002; Morse 2007). Their forag-
ing success depends on being undetectable to the approaching pollina-
tor. Recent work on Australian crab spiders, however, has revealed that 
they are far from cryptic, reflecting high amounts of  UV light, thereby 
forming a strong color contrast against the floral background (Heiling 
et al. 2003). The UV component of  their body color acts as a decep-
tive signal that lures both native and introduced pollinators closer to 
the flower (Heiling and Herberstein 2004; Heiling et al. 2005; Llandres 
et  al. 2011). A  multispecies comparison has revealed that deceptive 
signaling via UV reflection is seemingly overrepresented in Australian 
species (at least 5 species from 4 different genera). In the intensively 
studied European species, UV reflection is absent (Herberstein et  al. 
2009). Similarly, no cases of  UV reflection are known from American 
or African species, and only one report of  deceptive signaling via UV 
reflection comes from India (Bhaskara et al. 2009).

SEXUAL DECEPTION BY ORCHIDS
Sexually deceptive orchids are pollinated by male insects fooled 
into sexual behavior with orchid flowers (Vereecken 2009; Gaskett 
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2011; Schiestl 2011). These orchids do not offer a nectar reward 
and attract pollinators by mimicking the scents, shapes, and col-
ors of  female insects (Ayasse 2006; Gaskett and Herberstein 2010; 
Peakall et  al. 2010; Ayasse et  al. 2011; Gaskett 2012). Deceptive 
signaling involves exploitation of  their pollinator’s innate sensory 
biases (Streinzer et al. 2009; Gaskett 2013). Within Europe, sexual 
deception is largely restricted to only 2 genera: almost all ~255 
species of  the genus Ophrys and 1 species of  Orchis (Paulus 2006; 
Ayasse et  al. 2011; Gaskett 2011, but see Vereecken et  al. 2012). 
In Australia, sexual deception has not just radiated from 1 genus, 
it has evolved independently at least 6 times, resulting in at least 
11 genera and several hundred sexually deceptive species. This 
represents almost 50% of  known sexually deceptive orchid species 
(Kores et al. 2001; Gaskett 2011).

Based on these 3 unrelated systems, we show that deceptive 
strategies are well represented in Australia, perhaps more so than 
expected compared with other regions. In the following sections, we 
propose several mechanisms that might explain this overrepresen-
tation, including overall species diversity, the prevailing ecological 
conditions, the isolation and invasion history of  Australia, and the 
prevalent research culture in Australia.

IS THE PREVALENCE OF SOME DECEPTIVE 
SYSTEMS A REFLECTION OF SPECIES 
DIVERSITY?
It may be that the diversification of  deceptive strategies is a function 
of  overall species diversity. In this case, we expect the overall spe-
cies diversity of  birds, spiders, and orchids to be proportional to the 
diversity of  cuckoos, sexually deceptive orchids, and deceptive crab 
spiders. Based on a 2009 estimate, Australia holds about 8–9% of  
the world’s bird diversity (9990 described species worldwide of  which 
828 occur in Australia; Chapman 2009). The diversity of  cuckoos in 
Australia however is double that of  the overall bird species diversity. 
Similarly, of  more than 40 000 described spider species, ~8% occur 
in Australia (Chapman 2009), whereas almost all examples (5/6 spe-
cies) of  deceptive crab spiders identified so far come from Australia. 
Finally, the overrepresentation of  sexual deception in Australian 
orchids is clearly not the result of  an overall greater diversity or 
abundance of  orchids in general: Australia is home to only ~5% 
of  the world’s orchid diversity (1200 species out of  a global total 
of  ~25 000; Dressler 2005; Hopper 2009; Table  1). Overall, spe-
cies diversity in Australian birds, orchids, or spiders does not offer a 
strong explanation as to why deception is prevalent in these systems.

DOES DECEPTION EVOLVE READILY IN 
AUSTRALIA?
Australian environmental conditions

Australia’s dryness, poor soils, and frequent fires explain several bio-
logical phenomena including production of  nutrient poor biomass 
(resulting in low rates of  herbivory) and abundant nectar and sap 
(leading to pollination by larger than average animals; Orians and 
Milewski 2007). It is conceivable that these overriding environmental 
constraints have led to selection for behavioral strategies that mini-
mize the costs of  acquiring or producing resources, such as outsourc-
ing of  parental care, and floral rewardlessness (Dafni and Bernhardt 
1990; Gardener and Gillman 2001; Orians and Milewski 2007). 
If  this were the case, we would predict that deceptive systems are 
more common in habitats with harsher climates (dry and poor soil, 

high frequency of  fire), both within Australia and in other regions. 
However, we have limited information to evaluate this prediction.

The interaction between climate, Australia’s long history of  fire, 
and biodiversity may be factors explaining the incidence of  decep-
tion especially in orchids. For example, fragmentation of  orchid 
habitat caused by fire regimes may select for gene flow across larger 
distances, which may be facilitated by the greater outcrossing asso-
ciated with sexual deception. Outcrossing is also associated with 
faster seed germination—this may also improve survival through 
the harsh summer by promoting earlier establishment (Peakall and 
Beattie 1996; Johnson and Nilsson 1999). Nevertheless, it may be 
phylogenetic constraints rather than resource limitation that select 
for the unusual parental strategies of  Australian birds, includ-
ing cooperative breeding (Cockburn 1996). Similarly, deception 
and rewardlessness in orchids provides outcrossing benefits and is 
no longer considered an adaptation to resource limitation per se 
(Jersáková and Johnson 2006). To fully examine the effect of  envi-
ronmental conditions requires investigating the distribution and 
abundance of  deceptive and nondeceptive strategies of  orchids and 
brood parasites across different Australian climate zones as well as 
similar environmental conditions outside Australia.

Isolation and invasions
Australia’s long history of  evolutionary isolation and recent inva-
sions may explain the radiation of  deception more broadly. If  this 
is the case, we predict that deceptive species are relatively recent 
arrivals in Australia that exploit naive endemic receivers. Australia 
separated from the Gondwanan land mass 35–40 million years ago 
(Westoby 1988; McLoughlin 2001). This isolation and the favor-
able Mediterranean and tropical climates have resulted in high 
levels of  biodiversity and endemism (Cowling et  al. 1996; Peel 
et al. 2007). This underlying diversity could provide a wide variety 
of  potential targets for deception. In addition, isolated or island 
populations are typically more vulnerable to exploitation by invad-
ing species (Reaser et al. 2007). The mixing of  existing and invad-
ing biota can lead to the evolution of  new symbiotic relationships 
(Mooney and Cleland 2001) and this may well include deception.

Following the more recent continental contact between Australia 
and Asia, there has been frequent invasion by tropical species from 
Asia (O’Hara and Poore 2000; Murphy et al. 2006). Invading species 
with the capacity for deception may rapidly disperse and speciate 
throughout the continent, taking advantage of  the relatively naive 
local species. The success of  cuckoos, crab spiders, and orchids may 
have been the result of  such invasions. Australian cuckoo genera are 
monophyletic and shared with Asia (Sorenson and Payne 2002), ten-
tatively supporting the idea of  recent invasions. Australian orchids 
stem from the independent arrival of  2 closely related subtribes 
from the Southern Hemisphere tribe Diurideae (Kores et al. 2001). 
It is unclear whether these orchid subtribes originated in Australia 
or close to Asia. The biogeography of  Australian spiders is unre-
solved but likely to be complex, consisting of  both endemics and 
recent invaders from southeast Asia (Murphy et al. 2006). To thor-
oughly test this idea, however, we require biogeographic data on the 
evolutionary relationships of  Australian deceptive taxa.

DOES AUSTRALIA’S INTELLECTUAL 
AND RESEARCH CULTURE ENCOURAGE 
DISCOVERY OF DECEPTION?
Interpreting any data on the frequency of  an observed phenom-
enon requires knowledge of  potential biases in reporting. It may 
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be that the popularity of  certain research areas, such as behavioral 
ecology in Australia, leads to a higher than expected reporting of  
charismatic phenomena including deceptive systems.

Behavioral ecology is thriving in Australia given the number 
of  research institutions compared with other nations (Table  2). 
Over the past few years (2010 and 2011), 8% of  all papers 
published in Behavioral Ecology were authored by researchers at 
Australian institutions (Simmons 2012). In contrast, 16.5% of  
papers were from the United Kingdom, which has 3 times as 
many institutions as Australia. The number of  Australian-led 
papers published in other behavioral journals were similar over 
the same time period (Animal Behaviour: 7.7%; Behavioral Ecology 

& Sociobiology: 7.5%; Source: Web of  Science, accessed 6 May 
2013), suggesting that the observed publication data are not 
necessarily a reflection of  the composition of  editorial boards 
(Behavioral Ecology: 6 Australian-based editors out of  a board 
of  28, Animal Behaviour: 2/32 editors, and Behavioral Ecology & 
Sociobiology: 4/41 editors).

The relatively recent research culture in Australia (Table 2), com-
pared with Europe, United Kingdom, and the Americas, may also 
encourage natural history–based research (e.g., Shine 1994). Long-
term data sets are not yet available for Australian study systems and 
this may stimulate researchers to think creatively and pursue non-
traditional questions such as the lack of  monogamy in passerines 

Table 1
Orchid genera with sexual deception, food deception, or providing food rewards in 2 key regions of  diversity: Australia and the 
Mediterranean

Sexually deceptive pollination Food deceptive pollination Rewarding pollination

Australia (~1200 orchid spp.a) ~11 generab,c

Arthrochilus, Caladenia, Caleana,  
Calochilus, Chiloglottis, Cryptostylis, 
Drakaea, Leporella, Paracaleana,  
Pterostylis, Spiculaea

~9 generad–f

 Caladenia, Diuris, Elythranthera,  
Glossodia, Lyperanthus, Pholidota, 
Rhizanthella, Spathoglottis, Thelymitra

~24 generad–f

Acianthus, Acriopsis, Bulbophyllum, 
Caladenia, Calanthe, Cymbidium, 
Cyrtostylis, Dendrobium, Dipodium,  
Diuris, Erythrorchis, Eulophia,  
Gastrodia, Genoplesium, Goodyera, 
Habenaria, Liparis, Microtis,  
Peristeranthes, Peristylus, Pholidota, 
Prasophyllum, Spiranthes, Thelymitra

Mediterranean (? orchid spp.) 3 generab,g (total for Europe = 3)
Ophrys, Orchis galilaea,  
Serapias lingua

4 generah,i (total for Europe = 7)
Anacamptis, Cephalanthera,  
Cypripedium, Dactylorhiza, Neotinea,  
Orchis, Serapias

~15 generah (total for Europe = 16)
 Anacamptis, Chamorchis, Corallorhiza, 
Coeloglossum, Epipactis, Epipogium, 
Goodyera, Gymnadenia, Herminium, 
Himantoglossum, Limodorum, Neotia, 
Orchis, Platanthera, Spiranthes

Reported worldwide  
(~25 000 spp.h)

24 generab,g 47 generaj ~16 666 species (= two-thirds of  all 
orchidsh,j)

Species with obligate self-pollination, unknown, or other forms of  deception are omitted.
aHopper (2009).
bGaskett (2011).
cThis may be up to 25 genera depending on current taxonomic reevaluations (Jones 2006; Hopper 2009).
dvan der Cingel (2001).
eJones (2006).
fJones et al. (2010).
gVereecken et al. (2012) and Delforge (2005).
hDressler (2005).
iVereecken et al. (2010).
jJersáková et al. (2006).

Table 2
Descriptives of  the higher education environments in Australia, Europe, United Kingdom, United States of  America, Canada, and 
Japan, indicating Australia’s surprisingly large proportion of  behavioral ecologists and consequent contribution to the journal 
Behavioral Ecology given the relatively few research institutes 

Region
Number of  research 
institutesa

Number of  universities 
ranked in top 500a

Establishment of  oldest 
university

Mean % of  papers 
published in Behavioral 
Ecology 2010 and 2011b

Mean % of  ISBE 
membership 2010 + 2011c

Europe 1614 162 1088, Università di 
Bologna

29 24.7

United Kingdom 160 38 1167, Oxford University 16.5 11.5
United States of  America 2052 150 1636, Harvard University 24.5 39.7
Canada 145 23 1663, Université Laval 8.5 4.3
Japan 567 21 1630, University of  

Tokyo
2.5 5

Australia 50 19 1850, University of  
Sydney

8 8.5

aData from www.univ.cc and http://www.shanghairanking.com/.
bData from ISBE Newsletter 2012:24(2).
cData from International Society for Behavioral Ecology membership list November 2010 and November 2011.
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(Double et al. 1997), slave making of  unrelated juveniles for coop-
erative breeding in choughs (Heinsohn 1991), traumatic insemina-
tion and penis fencing in hermaphrodites (Michiels and Newman 
1998), and reversal of  sex roles in nuptial feeding (Arnqvist et al. 
2003). Discovering and characterizing deceptive systems requires 
similarly innovative approaches, and a peer environment that sup-
ports investigation into the obscure and the cryptic. However, we 
require more thorough analyses of  the number of  publications on 
deceptive and nondeceptive systems, and a measure of  how often 
papers report on the same deceptive system, to fully evaluate the 
potential of  publication bias.

In conclusion, we show that in 3 unrelated systems, deceptive spe-
cies are more prevalent in Australia than in other world regions. We 
find no support that the diversity in deception is a reflection of  over-
all species diversity. However, it is likely that the combination of  cli-
mate and isolation favors the evolution of  deception in Australia and 
that the academic environment favors studying these systems. Thus, 
we argue that Australia provides a “perfect storm” for deception.
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