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Abstract 

The genus Bitis represents the largest, most widespread and taxonomically diverse 

group of African snakes within the subfamily Viperinae. The focal species, Bitis 

arietans, is a continually distributed species with a range extending from sub-

Saharan Africa to South Africa. B. arietans, currently a singular species across its 

distribution, has shown genetic differentiation, whether this is due to intraspecies 

genetic population structure or evolutionary isolated lineages is still uncertain. 

Coalescent methods have become a more popular choice for multi-locus species 

delimitation studies in recent years. Species delimitation, using these methods, in 

widespread species with little to no morphological differentiation or previous 

taxonomic subdivision such as B. arietans can be demanding. This study aims to 

follow on from previous mitochondrial and nuclear work conducted on this species, 

with a focus on North Africa. Novel data from five nuclear loci was used alongside 

previous nuclear sequences. Various software following the methodology of previous 

studies in this area were utilised to achieve a better understanding of the genetics of 

this species. Seven of the previous mitochondrial clades also proved to be distinct 

from BPP3 analyses with posterior probabilities of >0.99. Single locus networks 

revealed two areas of distinct haplotype sharing between clades however 

visualisation of distance matrices via principal coordinates analyses did not reveal 

any trends. This study has provided further evidence and clarity into the hypotheses 

that B. arietans displays multiple cryptic species across its range. 
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1.0 Introduction 

1.1 Systematics and Taxonomy 

Species delimitation is achieved by analysing a range of factors such as morphology, 

genetics and behaviour. In the past, this field has been particularly dominated by 

morphology and behavioural studies, however in recent years the advance in 

technology now allows for large genetic studies to be conducted. The reformulation 

of the species concepts, whereby the term species concept has a more unified 

approach and takes into consideration a wide range of fields for evidence (De 

Queiroz 2005, 2007). Previously there have been many separate individual concepts 

such as morphological, genealogical (Baum & Shaw 1995), biological (Mayr, 1942) 

and phylogenetic (Cracraft, 1990). For a species to be delimited using any of these 

concepts they had to show either morphological differentiation, allelic coalescence or 

reproductive isolation etc.  

Species delimitation is the process of reclassification or discovery of new species via 

the identification of species boundaries and is therefore a large part of systematics 

(Sites & Marshall 2004). It has long been a controversial area, lacking one known 

reliable process in which to accurately split species without a large amount of 

uncertainty. This is shown specifically when populations are allopatric, as there are 

difficulties in assessing multiple properties based on the biological species concept 

(Leaché et al., 2009; Ross et al., 2009; Leaché & Fujita, 2010). Furthermore, there 

have been disagreements as to how far along the species continuum separate 

lineages can be diagnosed as different distinct species (Hey, 2006; Mallet, 2008; 

Padial et al., 2010). Despite this, most taxonomists will agree on the separation of a 

species if evidence is provided for several character states. Obtaining accurate 

knowledge of these species limits is important for research in a range of evolutionary 

(Fujita et al., 2012) and ecological studies (Bortolos, 2008). A more unified species 

concept was proposed by De Queiroz (2007) after thorough review existing species 

concepts. This approach allows for a more definitive answer as to what qualifies a 

new species when attempting species delimitation. Relying on whether there is a 

separately evolving metapopulation lineage as the key factor in determining this. Any 

other criteria such as intrinsic reproductive isolation or monophyly are to be used as 

different lines of evidence for the existence of a new species, relevant to assessing 

lineage separation.  

Systematics is a key biological discipline in which the aims focus around the 

identification of separately evolving lineages of organisms and researching the 

evolutionary relationships between them. Taxonomy is an area within systematics 

focused on the classification and naming of organisms (Sites & Marshall 2004). 

Since the creation of Linnaean nomenclature in 1758, taxonomists from around the 

globe have been discovering and naming thousands of species each year (Polaszek 

et al., 2005; Zhang, 2008). Through time this number has increased for many groups 

including taxa with high levels of cryptic species, this is due to the incorporation of 

new tools and methods into taxonomy (Agapow et al., 2004; Kohler et al., 2005; 

Padial & De la Riva, 2006; Sangster, 2009).  
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In recent years, the field of taxonomy has taken a more integrative approach as it 

now incorporates a multitude of fields such as population biology, phylogenetics and 

other evolutionary disciplines when attempting to delimit species (De Queiroz, 2007; 

Roe & Sterling, 2007; Weins, 2007; Leache et al., 2009; Petit & Excoffer, 2009; 

Goodman et al., 2009). Despite the apparent benefit of adding information from all 

these fields and considering it when splitting or lumping species, integrative 

taxonomy by congruence has a bias for uncovering older species. Recent radiations 

may be overlooked by a strict consensus approach (Shaffer & Thomson, 2007). 

Another method of integrative taxonomy is the cumulative approach which allows 

taxonomists to focus on more relevant characters to the taxa in which they are 

studying. This method is often more suited to recently diverged species (Shaffer & 

Thomson, 2007), due to the speciation process and ecological gradients (Streelman 

& Danley, 2003; Nosil et al., 2009).  

The main difference between integrative taxonomy by congruence and by 

cumulation is that congruence approaches use lineage divergence hypotheses for 

species discovery. For example, discovery of multiple unlinked genetic loci isolated 

from any other populations/lineage or a morphological difference would each 

individually warrant the qualification of a species. Whereas cumulative approaches 

use the character hypothesis and assume any taxonomic character created by 

organismal attributes provide evidence for the splitting of species (Padial et al., 

2010). The character hypothesis follows the principal of reciprocal illumination 

whereby each individual character hypothesis is evaluated as to how much is agrees 

with the overall phylogenetic hypothesis (Lienau et al., 2006). For example, 

morphological variation alone would provide evidence but not warrant the splitting of 

species alone. The cumulative method utilises a culmination of factors from multiples 

sources to warrant the qualification of a new species. 

Despite the recent increase in the use of genealogical data when delimiting species, 

studies still often integrate morphological data (Trape et al., 2009; Wüster & 

Broadley 2003). Genetic approaches to species delimitation can provide an insight 

into the history of species that cannot be inferred from morphological data. 

Morphological differences can not only be associated with inheritance but also 

environmental factors or convergent evolution. Comparing this to genealogical data 

where differences in genetic markers can be solely attributed to inheritance (Yang & 

Rannala 2010). When regarding taxa where there is typically little to no 

morphological differentiation, utilising genetic approaches is key to revealing cryptic 

species. Interpretation of morphological characteristics is subjective and could lead 

to incorrect inferences of species boundaries, whereas genetic data is more 

objective and easily comparable between a multitude of taxonomic groups (Fujita et 

al., 2012).   

Methods of species identification relying solely on genealogical data are not unheard 

of due to the cryptic nature of some species. One method, the genealogic 

concordance method of phylogenetic species recognition or GCPSR (Avise, 1990) 

proposes that if populations show evidence of distinct lineages or a lack of genetic 

concordance for multiple unlinked loci then it can be categorised as a new species. 

Most taxonomists now agree that if evidence is provided from multiple taxonomic 
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characters and is proven to be unlinked and fixed, then that is sufficient to prove the 

validity of a new species (Padial et al., 2010). The use of multiple character sets 

provides taxonomy with stability, therefore due to the indistinction mentioned before 

with two of the main character sets associated with species delimitation, other areas 

must be considered. For this study, populations, represented as the previously 

described mitochondrial clades (Barlow et al., 2013), which provide sufficient 

evidence for both distinct evolutionary lineages through analysis and display 

reproductive isolation from other neighbouring populations will be proposed as new 

species. 

The process in which diversity is generated across the world is largely unknown 

(Dirzo & Raven, 2003; Mora et al., 2011). Even well studied areas, such as the 

Nearctic have new cryptic species that are being discovered and described every 

year (Myers et al., 2013; Ruane et al., 2014). New methods have been developed 

that allow to delimit and assess these diversification processes using coalescent 

based phylogeography multi locus data sets. These coalescent methods provide a 

more objective approach to assessing these relationships, however they do not 

usually consider factors such as gene flow. Despite this they are more effective than 

single gene trees as they are often a poor representation of species histories due to 

the same factors. 

Up until recently the commonly used method for phylogenetic analyses was a single 

gene sequence from a single locus of an individual organism (Heled & Drummond 

2009). Data sets of multi locus sequences from large number of individuals are now 

being utilised with coalescent theory. This method is widely used for single species 

in population genetics to model intraspecific gene trees (Heled & Drummond 2009). 

This has now been further progressed into generating multispecies gene trees by 

utilising Bayesian Markov chain Monte Carlo methods which use estimates of the 

effective population size of extant and extinct species and or populations, this 

inference is only possible due to multilocus data (Heled & Drummond 2009). 

It was first hypothesised by Pamilo and Nei (1988) that combining data from multiple 

different loci would yield better results than simply increasing the number of samples. 

Two samples per species or operational taxonomic unit (OTU) with enough loci can 

be adequate to show coalescent events for an extant species and yield estimates for 

population size (Heled & Drummond 2009). If only one locus is used it will not be 

able to detect coalescent events and will have a negative effect on the estimation of 

speciation dates or species topology (Heled & Drummond 2009). 

There are two main types of multi-locus analyses, concatenated and multispecies 

coalescent. Concatenated analyses is a common approach, however it has recently 

been found to give wrong averages (Degnan & Rosenberg 2006), leading to poor 

estimations of species trees (Kubatko, 2007). Despite this, they often have high 

support values and are still very commonly used (Rokas et al., 2003; Wu & Eisen 

2008). Coalescent methods of multi locus analysis revolve around the development 

of various models which simulate biological events such as speciation. Unlike 

concatenated analyses, coalescent models can be used to create multiple gene 

trees using a single species tree (Wilson & Balding 1998; Rannala & Yang 2003; 
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Wilson et al., 2003; Liu & Pearl 2007; Liu et al., 2008). Coalescent methods assume 

no horizontal gene flow or admixture of individuals of different species as they create 

trees that represent the relationships of orthologous genes (Heled & Drummond 

2009). However, if horizontal gene flow or admixture occurs, modern methods of 

phylogenetic inference can counteract this gene tree discordance but only if multiple 

independent loci are used. 

There are many reasons as to why mitochondrial DNA is used for the first marker in 

many studies (Zink & Barrowclough, 2008; Edwards & Bensch, 2009). Mitochondrial 

DNA is the main driving force of many phylogeographical studies and therefore is 

crucial for species delimitation (Hurst & Jiggins, 2005; Zink & Barrowclough, 2008). 

The gene of choice for studies such as this is Cytochrome B (CytB), this is mainly 

since there is a lot of existing data already. CytB is chosen for a lot of studies due to 

having high sequence variability, over many years has contributed to the proposition 

of new classification schemes. The effective population size of mitochondrial DNA is 

a lot smaller, approximately 25% of nuclear DNA whereas the mutation rate is 

significantly larger (Brown et al., 1979), implying more nuclear genes would be 

required to obtain the same number of polymorphic sites apparent in mitochondrial 

datasets. 

There are further limitations of mitochondrial data that need to be considered 

regarding species delimitation studies. Mitochondrial DNA is inherited maternally, 

due to the ecology of some species such as B.arietans where females of the species 

often have a small range, whereas males travel extensively to breed. Due to this 

data concerning gene flow between populations would be difficult to obtain and 

cause distinct allopatric genetic clusters to appear (Hamilton et al., 2014; Pentinsaari 

& Mutanen, 2017). Admixture within populations is impossible to detect from 

mitochondrial DNA alone as it only contains information from matrilineal ancestors. 

This would also lead to false results, potentially showing deep divergences of 

populations despite there being high rates of gene flow. When species or 

populations are recently diverged, mitochondrial DNA is more informative, however, 

nuclear DNA has stronger resolving power for species or populations with deep 

divergence. Rapid radiations can cause noticeable discordance for varying factors 

such as genetic clustering due to incomplete lineage sorting (Monaghan et al., 2006; 

Hendrich et al., 2010). When considering mapping species phylogenies, it is 

important to use nuclear DNA as mitochondrial data is prone to introgression which 

can cause high levels of gene tree discordance. Introgression has been well 

recorded between species, for example in Carabus species from Japan (Sota et al., 

2001). A final limitation of mitochondrial DNA is the possibility of the presence of 

endosymbiotic microbes causing cytoplasmic incompatibility and in turn displaying 

deep divergence within species in mitochondrial analyses. Microbes such as 

Wolbachia are known to do this between individuals harbouring different strains of 

the bacteria (Hurst & Jiggins 2005). 

Alongside the advances concerning species delimitation, comes the problems 

associated with them, for example the models used in delimitation analyses are not 

exact representations of the ongoing biological processes (Carstens et al., 2013). 

Various methods have been proposed to counter this, the main one being 
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conducting simulation runs of the models and software first (Carstens et al., 2013). A 

study by Camargo et al. (2012) is an example of this, by designing a simulation run 

matching all characteristics they would use for the study, providing an increased 

confidence for the reliability and accuracy of the results. Furthermore, another 

method to increase the power of a studies results is to run prior assessments to 

assign any putative species into groups or operational taxonomic units (OTU), 

however this does increase the complexity (O’Meara, 2010). Due to this, sample 

assignment is conducted in many ways, Genetic clustering via Structure (Pritchard et 

al., 2000) or Structurama (Huelsenbeck et al., 2011), Gaussian clustering (Hausdorf 

& Hennig 2010) or simply guide trees generated from prior mitochondrial 

phylogenies as seen in Barlow et al. (2013). Bayesian species delimitation also shifts 

what an OTU constitutes, as described in Rannala & Yang (2003) and further 

suggested by Knowles & Carstens (2007), representing separate evolutionary 

lineages as opposed to single individuals used as models (Carstens et al., 2013). 

Gene flow is a process that is common across populations living in sympatry or 

parapatry especially within species with widespread populations. Integrative 

taxonomy utilising Bayesian species delimitation is currently the best method to 

identify new species. Unfortunately, one of the main assumptions of this method is 

that gene flow ceases following speciation (Burbrink & Guiher, 2014) which is rarely 

the case. The work carried out by Burbrink & Guiher (2014) hypothesised that these 

analyses could still be carried out with low to moderate amounts of gene flow being 

present using empirical datasets. Difficulties may arise when trying to delimit cryptic 

species, as to first identify if gene flow is present the different lineages must first be 

discovered. However, to provide reliable evidence of split lineages there needs to be 

data proving no gene flow. Burbrink & Guiher (2014) confirmed the ability to use 

Bayesian species delimitation with gene flow. They stressed the need for the use of 

mitochondrial data to initially determine the presence of putative lineages to then be 

used as guide trees for Bayesian analyses. Both Agkistrodon species are recently 

diverged, Agkistrodon piscivorus having diverged 1.9-2.5 Mya and Agkistrodon 

contortrix a mere 1.38 Mya. Mitochondrial DNA may be more reliable in its 

representation of the phylogenetic history of recently diverged species as the nuclear 

genes have not had the time needed to sort or accumulate substitutions (Moore & 

Aug, 1995; Palumbi et al., 2001). Further problems may include the higher likelihood 

of gene discordance in younger lineages (Wakely, 2008; Degnan & Rosenberg, 

2009). Bayesian species delimitation has also been conducted before with the 

inclusion of hybrids (Zhang et al., 2011). Typically, admixed individuals that have 

85% or less of their alleles associated with one population are classed as hybrids. 

Speciation probabilities show a trend of decreasing as the proportion of hybrids 

included in the data set increase (Zhang et al., 2011; Burbrink & Guiher, 2014). 

Support for speciation also decreased with the removal of the CytB gene, further 

emphasising the importance of mitochondrial data (Burbrink & Guiher, 2014). 

Due to the recent advances in the understanding of the patterns of biodiversity 

across various taxa (Jetz et al., 2012; Jarvis et al., 2014; Hinchcliff et al., 2015; 

Sukumaran & Knowles, 2017), coupled with technological advances regarding 

genomic data and genetic analyses the identification of species is becoming more 



9 
 

common with sufficient evidence (Sukumaran & Knowles, 2017). Early methods of 

species delimitation required one of a few factors, reciprocal monophyly in gene 

trees, migratory cut-offs or genetic distance between candidate species or fixed 

sequence differentiation (Sites and Marshall, 2004; Zhang et al., 2014). Recent 

methods using the multispecies coalescent models created by Rannala & Yang 

(2003) avoid the need for these factors. This method using Bayesian Phylogenetics 

and Phylogeography (BPP3) utilises the transmodel rjMCMC (Reversible-jump 

Markov chain Monte Carlo) whilst including a likelihood implementation of the 

multispecies coalescent to give posterior probabilities for different species trees 

(Flouri et al., 2018). Multiple loci can be used and considerations regarding 

heterogeneity of gene trees (Flouri et al., 2018), incomplete lineage sorting and 

conflicts due to ancestral polymorphism are accounted for (Zhang et al., 2014).  

Other methods of species delimitations have been used but have some short 

comings in which BPP3 seemingly does not. Two popular methods include 

structurama (Huelsenbeck et al., 2011) and Gaussian Clustering (Hausdorf & Hennig 

2010). Both do these methods do not require the use of a priori information and are 

flexible in terms of data which can be analysed however are ineffective in assessing 

evolutionary and temporal divergence of population clusters (Carstens et al., 2013). 

SpedeSTEM is a method similar to that of BPP3 that was developed to test species 

boundaries (Carstens & Dewey 2010) and requires the user to assign all samples to 

putative lineages. However unlike BPP3, the accuracy of spedeSTEM is dependent 

on the quality of the gene tree estimates (Carstens et al., 2013). 

The advances in methodology regarding species delimitation in turn present a new 

set of difficulties, determining whether what has been detected is in fact evolutionary 

isolated lineages or in fact intraspecies genetic population structure (Sukumaran & 

Knowles, 2017). The population genetic structure of species in all taxa is known to 

be apparent in situations where gene flow is inhibited by environmental barriers 

(Avise, 2000). Throughout species delimitation studies this problem of misidentifying 

populations as different lineages is becoming a large issue (Carstens et al., 2013). 

The crucial element of this issue is being able to distinguish between species 

lineages and population genetic structure as it important to help understand 

speciation (Rosenblum et al., 2012; Dynesdius & Jansson, 2014). It is challenging for 

researchers to come to a decision for either of these conclusions. Speciation theory 

itself leads to a probability that isolated population lineages will in time evolve into a 

new species (Nosil et al., 2009). This is dependent on many factors including the 

duration of the period of isolation and the strength of the selection processes under 

taken by the species. Therefore, taking an unknown period to fully develop into a 

new evolutionary distinct species (Rosenblum et al., 2012; Dynesdius & Jansson, 

2014; Etienne et al., 2014).  It is important that for each putative lineage that there 

are at least ten samples to allow for high a probability that deep coalescent events 

have been sampled (Saunders et al., 1994) 
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There are two categories of species delimitation, discovery and validation (Carstens 

et al., 2013). Studies in which data is input for analyses without a prior partitioning 

are categorised as discovery methods of delimitation, whereas studies that have 

clearly delineated populations (Camargo et al., 2012), existing sub specific taxonomy 

(Carstens & Dewey 2010) or use priors are categorised as validation methods. 

Assignment of priors in software such as BPP3 can also be classed as an area of 

difficulty due to the potential lack of knowledge in assigning realistic values for the 

parameters. This can be mitigated by grouping populations into OTU’s as mentioned 
previously (Carstens et al., 2013). 

1.2 Introduction to Bitis  

The genus Bitis represents the largest, most widespread and taxonomically diverse 

group of African snake within the subfamily Viperinae (Lenk et al., 1999; Branch, 

1998; Barlow et al., 2013). The genus displays species which inhabit a multitude of 

habitats ranging from sand dunes to tropical rainforests. A range that stretches 

across all of sub Saharan Africa and into northern regions which include south-

western Morocco and parts of the Arabian Peninsula (Spawls et al., 1995). The focal 

species, Bitis arietans or African puff adder, favours the more arid areas of Africa, 

inhabiting lowland biomes such as savannah, grassland and open woodland. This 

excludes areas such as the equatorial rainforests of central and west Africa, the 

Figure 1: Taken from Sukumaran & Knowles, 2017. These trees highlight the potential issues which arise from Bayesian 
species delimitation, specifically Bayesian phylogenetics and phylogeography (BPP3). The left tree details the true 
history, colours being separate species and the purple lines showing gene genealogies, whereas the two trees on the 
right display a comparison between the corrected speciation history and the results from BPP3 in which population 

genetic structure has been mistaken for true species. 
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extreme arid areas of the Namib desert and any high-altitude zones (Barlow et al., 

2013). Despite the broadness of this species range there is near complete 

morphological and ecological indistinction between the populations of B.arietans. 

Populations also exist in southern Morocco; this is the most northern part of the 

species range. Despite there being suitable habitat further north along the 

Mediterranean coast the species does not occur there. This suggests that this is 

determined by the climate and is the top of the latitudinal range for the species 

(Barlow et al., 2013). 

B. arietans is considered one of the most dangerous and medically significant 

snakes across Africa. This is due to a variety of factors including the extensive 

geographical range and common occurrence around people and livestock (Currier et 

al., 2010). The highly potent haemorrhagic and cytotoxic venom displayed in this 

species makes it extremely dangerous and without treatment of antivenom, 

symptoms such as tissue necrosis and blood haemorrhaging can have fatal 

consequences (Warrell et al., 1975). It is estimated that there are 32,000 deaths per 

year due to snakebite in Africa, however there are many more victims which are left 

with permanent disability (Kasturiratne et al., 2008). Many of the fatalities are caused 

by Echis ocellatus, Naja nigricollis and the focal species B. arietans (Currier et al., 

2010). 

Venom variation is a widely-studied area across multiple taxa and in turn is well 

documented on varying taxonomic levels particularly within species occupying wide 

geographical ranges (Currier et al., 2010). To fully understand venom variation within 

species or sub species and the possible medical implications of this variation, 

species limits must be identified and thus species delimitation is key for this area of 

research. 

1.3 Background of previous work 

Over many years there have been many attempts at considering the intrageneric 

relationships within the genus Bitis.  Some of which include Boulenger (1896), Parker 

(1932) and Haacke (1975). There was however one substantial study carried out by 

Groombridge (1980). This work was undertaken using morphological data focusing on 

traits such as scalation and dentition (Lenk et al., 1999). A more recent study has been 

published detailing the phylogeny of all viper species, showing the relationships within 

Bitis (Alencar et al., 2016).  

Further work was carried out on the phylogeny of Bitis by Lenk et al (1999) and they 

found noticeable differences within B. arietans. Samples taken from Rwanda showed 

genealogical differences in mitochondrial DNA to individuals sampled from South 

Africa. Phylogenetic trees were generated from the sequences, they displayed these 

different populations within a monophyletic group, this was the case for maximum 

parsimony, maximum likelihood and neighbour joining trees. Furthermore, a sample 

was also taken from Morocco for comparison. This individual displayed less sequence 

divergence to the Rwanda population than the South African population in which there 

was considerable difference (3.85% sequence divergence compared to 5.03% of the 

South African sample).  
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There is one sub species of B. arietans already described, Bitis arietans somalica 

(Parker, 1949) which is located along the horn of Africa. This was described based on 

the differences in sub caudal scale structure (Branch, 1999), the sub-caudal scales 

are noticeably narrower and distally keeled (Parker, 1949). This is the only evidence 

of morphological difference of the species, therefore, there is little evidence for any 

further morphological taxonomic subdivision.   

Seven bioregions within sub-Saharan Africa have been discovered (Linder et al., 

2012), they are based on presence and or absence of differing species of multiple 

taxa, both fauna and flora. These bioregions have been shown to correspond with 

distributions of varying taxa, examples of savannah mammals have shown distinct 

mitochondrial clades in either East, West or Southern Africa (Arctander et al., 1999; 

Birungi & Arctander 2000; Van Hooft et al., 2002; Muwanika et al., 2003; Lorenzen et 

al., 2007, 2010).  

A study by Barlow et al (2013) was conducted on the phylogeography of B. arietans. 

Analysis from this work revealed multiple mitochondrial clades along with a small 

number of nuclear clusters in South Africa. It was hypothesised that there were 

multiple areas with isolated refugia across Africa, caused by Plio-Pleistocene 

oscillations, that harboured many species including B. arietans. This includes stages 

such as glacial maxima and the eruption of tropical forests, during warmer and more 

humid interglacial periods (Hewitt, 2004; Lorenzen et al., 2012). During these periods, 

the mean winter temperature also decreased making the coastal and northern areas 

of South Africa more favourable. The emergence of unsuitable habitat across Africa 

will have isolated populations of B. arietans over time, this coupled with the 

temperature changes have contributed to the current distribution of the species. 

Multiple clades were discovered from the mitochondrial DNA in South Africa, of which 

one was split into two subclades. Most of the clades occur parapatrically, this provides 

evidence of past refugial isolation as it is concerning a continuously distributed 

species. The mitochondrial clades revealed in Barlow et al (2013) show a distribution 

which corresponds with the proposed bioregions from Linder et al., (2012). Patterns 

of clade distribution of B. arietans show similar distribution to that of the freshwater 

terrapin Pelomedusa subrufa (Vargas-Ramirez et al., 2010), major clades in the West 

and two in the East. Another widespread African venomous snake, Naje haje displays 

the same pattern of distribution throughout the species complex (Pook et al., 2009; 

Trape et al., 2009). Despite some of the B. arietans populations overlapping, there 

was no evidence discovered displaying admixture between the clades on a 

mitochondrial level. However, nuclear DNA displayed multiple clusters all of which 

contained individuals from opposing mitochondrial clades including several examples 

of intermediates between clades. This suggests that there are elaborate patterns of 

gene flow occurring, often along narrow contact zones between clades. It is highly 

likely that this gene flow is largely mediated by males of the species. This male 

mediated gene flow has potentially also reduced or removed any evidence of past 

isolation from the nuclear genome. There were two more clades found that lacked any 

close evolutionary affinity with any of the other South African clades discovered. The 

first of the two clades on the Mozambique and South African border, wherein a single 
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individual was found to have a distinct lineage separate to any other and an additional 

population with a central African lineage, located along the northern Botswana border.  

 

1.4 Aim of this project 

The purpose of this study is to test if there is any evidence to suggest that there is 

more than a singular widespread species of B. arietans across Africa, using data 

from mitochondrial sequences and novel sequences generated from fast evolving 

nuclear genes. As mentioned previously, Barlow et al., (2013) discovered multiple 

mitochondrial clades in South Africa alone and several others across the rest of the 

species distribution up to the Arabian Peninsula. Populations over time have become 

isolated and in turn must have evolved separately. Five anonymous loci will be used 

to generate nuclear sequences for 20 individuals of B.arietans across Africa. 

Haplotypes will be taken from these sequences and distance matrices generated 

similarly to Barlow et al., (2013). This study will also utilise single locus networks and 

software BPP3 in a hope to resolve the hypothesis of whether B. arietans displays a 

singular widespread or multiple cryptic species across its large geographical range. 
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2.0 Method 

2.1 Sampling and laboratory methods 

Samples were obtained during a study carried out by Barlow et al. (2013) where 

extensive geographical sampling was carried out throughout the entirety of Africa. 

Tissue and Blood samples from 20 individuals originating from throughout Northern 

Africa and the Arabian Peninsula were utilised. 62 existing sequences of B.arietans 

from South Africa were also added into the dataset prior to analysis from Barlow et 

al. (2013). 

DNA was extracted using a Qiagen DNeasy Blood and Tissue kit following 

manufacturers protocol. Five anonymous non-coding nuclear loci were amplified 

Ba05, Ba34, Ba42, Ba46 and Ba49 using primers described in Barlow et al. (2012) 

see appendix 1. 

All PCR reactions consisted of a total volume per reaction of 15µl, 5.6µl of Sigma-

Aldrich sterile H2O, 7.5µl of DreamTaq Green PCR Master Mix, 0.45µl of both 

forward and reverse primer and finally 1µl of the relevant samples DNA which is 

standardised at 20 ng/µl. All products for each gene were cleaned using two 

enzymes, TSAP (thermo-sensitive alkaline phosphatase) and Exo1 (Exonuclease 1). 

Some samples required further mitochondrial sequencing to assign clades. These 

individuals were sequenced for NADH dehydrodenase sub-unit 4 (ND4). See 

appendix 1 for all thermocycling conditions. 

2.2 Dataset preparation 

Chromatograms of the sequences were aligned using CodonCode aligner version 

7.0.1. Heterozygous positions were identified through CodonCode aligner via visual 

inspection, IUPAC codes were then assigned. Due to the loci being non-protein 

coding, they are highly variable. Haplotypes of samples were estimated from the 

diploid nuclear sequences using the software PHASE version 2.1.1 (Stephens et al., 

2001). Prior to PHASE samples were run through a web tool, SeqPHASE (Flot, 

2010), to adjust the file type from FASTA to PHASE input files. 

Separate runs of the software PHASE were conducted for each gene, three times, all 

with separate random seeds to check for consistency. Each run of the programme 

was conducted with 1000 iterations, a thinning interval of 10 and a burn in of 100 

generations. The P-values from all the pairs files were analysed and samples were 

not taken below a 0.8 confidence probability unless for individuals from a locality with 

no other samples, in which case these individuals were taken with a confidence 

probability of >0.6.  Any positions which fell below the confidence probability 

threshold retained IUPAC ambiguity codes (IUPAC Committee, 1985). PHASE can 

be utilised to infer sections of sequence with missing, however for this study they 

were left as missing data. Any length heterozygote sequences had haplotypes 

estimated using INDELLIGENT v.1.2 (Dmitriev & Rakitov 2008). 

2.3 Multilocus analyses 

Firstly, Bayesian Phylogenetics and Phylogeography (BPP3) v.1.2.2 (Yang & 

Rannala 2010) was used with all phased sequences for all five of the nuclear loci. 
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The reverse jump Markov chain Monte Carlo (rjMCMC) analyses was conducted 

using 100,000 generations with a sampling interval of 2 and a burn in of 20,000. 

Following equations detailed in Yang & Rannala (2010) species delimitation 

algorithm 0 and a fine-tuning parameter є = 15 was used, this assigns equal 

probabilities for each node of the guide tree prior to speciation. Before running BPP3 

the prior distributions of ancestral population size and the root age must be input in 

the form of Theta (θ) and Tau (τ) priors. Four separate tests were conducted across 

the dataset, each containing a different combination of Theta and Tau priors. The 

first test assumed large ancestral population size and deep divergence (θ – 1 10/ τ – 

1 10), the second assumed large ancestral population size but shallow divergence (θ 

– 1 10/ τ – 2 2000), thirdly the assumptions were both small ancestral population size 

and shallow divergence (θ – 2 2000/ τ – 2 2000) and the final test assumed a small 

ancestral population size but deep divergence (θ – 2 2000/ τ – 1 10). Utilising these 

varying parameters in separate runs should give a wide range of models. The 

following priors (θ – 2 2000/ τ – 2 2000) should utilise models favouring fewer 

species whereas (θ – 1 10/ τ – 1 10) is likely to favour more. 

Guide trees are a fully resolved species tree that details the relationships between 

species which are to be included in analyses, here the mitochondrial phylogeny 

presented in Barlow et al. (2013) was used as the guide tree. Two samples did not 

have mitochondrial data from this study. To assign them to a clade, I therefore 

sequenced the ND4 gene for those samples and aligned the sequences alongside 

others in MEGA 7 (Kumar et al., 2016) for clarification of their clade relationships. 

Once this was done a Newick tree was created to input into BPP3 to compete the 

analysis. 

Network v.5.0.0.1 (Bandelt et al., 1999) was utilised to show any connections 

between haplotypes of putative species for each locus, detailing any possible 

haplotype sharing. Networks of all haplotypes for each locus were then generated. 

Each proposed haplotype was then split into sections corresponding to putative 

species. 

Multi-locus distance matrices were generated from nuclear gene sequences using 

POFAD, version 1.0.3 (Joly & Bruneau 2006). Distance matrices for each locus, 

were first generated from haplotype alignments in PAUP* v 4.0 (Swofford & Douglas 

1993). POFAD cannot run with missing data, prior to the generation of the distance 

matrices, all samples without complete data for all genes were removed, reducing 

sample size from 81 to 66, the locus Ba46 had many unique sequences missing, 

therefore it was removed completely from the analysis. Sequences are loaded into 

the programme in nexus format and set to Kimura 2-parameter distance. Once this 

was done for all five loci, POFAD was run. Once run, the standardised distance 

matrix was taken from the output file and utilised in a principal coordinates analyses 

in Multi-Variate Statistical Package (MVSP) v.2.1 (Kovach, 1993). The aim of this is 

to generate visual representation to identify any distinct nuclear clusters which have 

the potential to correspond with a cryptic species. 
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3.0 Results 

 

Once the sequences were run through PHASE, each sequence was split into two, a 

and b. Each sequence that was split had varying number of sequence pairs 

displaying the possible options for each heterozygous position. The highest 

probability sequence was chosen for each and samples with a confidence rating of 

less than 0.8 were not taken. Thus, removing all heterozygotes. Each locus had a 

varying number of sequence length, Ba05 – 594 bp, Ba34 – 517 bp, Ba42 – 544 bp, 

Ba46 - 764 bp and Ba49 – 496 bp. 

 

The single locus networks provide some evidence for haplotype sharing between 

various putative species. Three patterns have emerged from this analysis and have 

proven to some extent consistent across all loci. The Angolan/Zambian (yellow), 

North-Western South Africa (orange) and North-Eastern South Africa (red) clades 

are all grouping within the networks and displaying haplotype sharing. The same 

pattern has emerged in the South-Eastern Africa (light green), South-Western South 

Africa (dark green) and the Western South Africa (light blue) clades however, this is 

not as clear across all loci. Finally, as expected the Eastern Kenyan (pink) and 

North-West African (black) clades have grouped loosely across all loci. Despite 

these patterns appearing, there are a lot of larger circles with high numbers of 

samples and affinity to a high number of clades, especially for the nuclear gene 

Ba34 (fig 3). This is likely to be the retention of ancestral haplotypes prior to the 

dispersion of the common ancestor. 
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Figure 2: Network of haplotypes generated through the programme PHASE for the nuclear gene Ba05, 
circle size corresponds to haplotype frequency. Refer to table 2 for details of which colours correspond 

to putative species. 
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Figure 3: Network of haplotypes generated through the programme PHASE for the nuclear gene Ba34, circle size 
corresponds to haplotype frequency. Refer to table 2 for details of which colours correspond to putative species. 
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Figure 4: Network of haplotypes generated through the programme PHASE for the nuclear gene Ba42, circle size 
corresponds to haplotype frequency. Refer to table 2 for details of which colours correspond to putative species. Two 
samples not displayed in the figure, to the right, are associated with the purple (NCO) clade. 
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Figure 5: Network of haplotypes generated through the programme PHASE for the nuclear gene 
Ba46, circle size corresponds to haplotype frequency. Refer to table 2 for details of which colours 
correspond to putative species. 
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Figure 6: Network of haplotypes 
generated through the 
programme PHASE for the 
nuclear gene Ba49, circle size 
corresponds to haplotype 
frequency. Refer to table 2 for 
details of which colours 
correspond to putative species. 
One sample not displayed in the 
figure, to the left, is associated 
with the orange (SANW) clade. 
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Analyses of distance matrices generated through POFAD were visually represented 

through MSVP as a principal coordinates analysis (Fig 7). There is no nuclear 

clustering to any extent shown through the analyses. Data points which showed 

previous grouping through mitochondrial phylogeny and through BPP3 analyses do 

not display any further clustering. 
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Figure 7: Principal coordinates analyses of four nuclear genes (Ba05, Ba34, Ba42 and Ba49) for 66 
individuals from varying localities and clade affinity. 
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All results from the various analyses 

display a varying amount of evidence 

for the support of lumping and 

splitting the proposed putative 

species. The strongest evidence for 

the separation of a candidate species 

was for the Saudi Arabian clade. 

 

Both the SANW and SANE clades 

have extremely close affinity as 

shown on table 1. Not only this but 

there seems to be two anomalies 

when BPP3 attempted to group them. 

This is likely since evolutionarily they 

are very closely linked. Barlow et al., 

(2013) found them to be part of a 

singular Northern South-Africa clade 

in which he divided into two 

subclades.  

 

  

Table 1: Posterior probabilities for species status of 
putative species of Bitis arietans using different Theta 
and Tau priors for a varying combination of 
assumptions. Three runs for each assumption were 
conducted and are shown. All values are shown with 3 
decimal places, even for insignificant data, all values 
>0.9 are highlighted. Data points containing no data 
are displayed with a ‘-‘. 
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Figure 8: Newick tree used as a guide tree for BPP3 analyses based off previous mitochondrial work by 
Barlow et al., (2013). 
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Figure 9: Distribution map of all localities/mitochondrial clades utilised from Barlow et al., (2013) that have been used for 
this study. See table 2 below for details regarding colours and abbreviations.  
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Results from BPP3 (Table 1) show that across all runs of the four different tests 

using different assumptions the North-West African (NWA), Angolan/Zambian (ANZ), 

Eastern Kenyan (KEE), Saudi Arabian (SAAR), Western South Africa (SAW), South-

Eastern South Africa (SASE) and South-Western South Africa (SASW) clades show 

significant posterior probabilities of >0.99, strongly supporting nearly all the 

mitochondrial clades discovered by Barlow et al., (2013) (Fig 9). The status of the 

species limits for the rest of the clades remains uncertain due to the low probability 

values. The only grouping of clades that displayed adequate support was between 

the SANW and SANE clades although there is little evidence as it was only for a 

singular run for two assumptions, both of which assuming small ancestral population 

size. Results remain inconclusive regarding the Northern Congo (NCO) and the 

Tanzanian/Kenyan border (TZK). Every test of all assumptions attempted to group 

these two clades together, none of which provided significant probability values. 

When separated and small ancestral population size assumed all values were >0.89 

irrespective of shallow or deep divergence. 

Over all the runs of BPP3, there is only a singular data point which has a significant 

speciation probability of above 0.9 for 10 species (table 3), assuming small ancestral 

population and shallow divergence, no other data points were significant.

 

 

Table 3: Posterior probabilities for number of species displayed in dataset for each combination of Theta and Tau priors. Three runs 
for each assumption were conducted and are shown. All values are shown with 3 decimal places, even for insignificant data, all 
values >0.9 are highlighted. 

Table 2: Details of the colour coding used across all five nuclear gene 
networks. 
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4.0 Discussion 

4.1 Species delimitation in B. arietans – Are there any cryptic species present? 

As mentioned previously, multi-locus analysis displayed evidence of differentiation 

between a multitude of the pre-described mitochondrial clades. The North-Western 

African, Angolan/Zambian, Eastern Kenyan, Saudi Arabian, Western South Africa 

and both South-West and South-East South Africa clades all displayed >0.99 

Bayesian posterior probability for recognition as species across all four of the 

different tests run through BPP3. Two of which also recognised the North-Western 

and North-Eastern South African clades as one species with high probability for 

conspecificity. Differentiation of other clades varied but were below >0.95 and 

therefore not inferred as distinct evolutionary lineages. Despite the recognition of 

these lineages as species through BPP3, there are many limitations that must be 

taken into consideration. Overall sample size was small for some clades, both the 

Eastern Kenyan and the North-western African clades only have three individuals 

and Arabian clade only has a single individual. Due to the fact that it is required to 

have two or more individuals for coalescent based analysis, no information can be 

inferred from the high posterior probability of differentiation in the Saudi Arabia clade.  

It can be inferred from distribution alone that the Arabian clade is likely to show 

evidence of a distinct evolutionary lineage. The Arabian clade is isolated from all 

other populations of B. arietans due to the Red sea. It is most likely that the 

separation of the Arabian and African populations of B. arietans occurred during the 

Pliocene. Haq et al. (1987) proposed that during the Pliocene, sea levels in this area 

dropped periodically therefore allowing migration of populations over to the Arabian 

Peninsula. Previous mitochondrial work has also given accurate estimates of when 

the two populations diverged. Analysis conducted by Pook et al. (2009) set the date 

for divergence 4 million years ago, placing it in the early Pliocene.  

Each separate single locus network generated from sequences run through PHASE 

showed no haplotype sharing with any other localities. This provides evidence for 

evolutionary separation and that over time they have evolved in isolation despite 

examples of exchange of species between Africa and Arabia in varanids (Portik & 

Papenfuss 2012) and other viper species (Pook et al., 2009). Due to the possibility of 

full isolation of this population, it cannot be assumed without further sampling of 

areas along the coast of the red sea. 

Leading on from this the Moroccan individuals of B. arietans are another example of 

a population evolving in potential isolation, separated from other sub-saharan 

populations by hundreds of kilometres. Despite this separation mitochondrial 

analysis showed them to group with samples from other North-West African 

countries, Ghana, Nigeria and Cameroon. This suggests that the separation of the 

two populations is recent and probably a result of vicariance. This study contained 

no individuals from these localities so evidence cannot be provided for further 

separation of this North-West African clade. Multi-locus analyses did provide further 

evidence of genetic distinction. However single locus networks did reveal haplotype 

sharing with other clades for several genes. 
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Alongside these two clades a further five were recognised as distinct evolutionary 

lineages through all runs of the BPP3 analyses. The Angolan/Zambian, Western 

South African, eastern Kenyan, south-east South African and south-west South 

African clades all identified as distinct with a >0.95 confidence probability. The 

singular grouping proposed by BPP3 of the south Africa North-East and-North West 

clades is likely due to the fact that previous mitochondrial phylogeny displayed the 

two clades as monophyletic (Barlow et al., 2013). The results of this analysis must 

be taken with caution as BPP3 often overestimates number of species (Sukumaran 

& Knowles, 2017) despite using a range of tests. The number of novel samples 

sequenced for this study was also low and the range of them sparse. There is not 

enough mitochondrial or nuclear data around clade contact zones to fully recognise 

these populations as distinct species. Regarding northern clades, specifically the 

Saudi Arabian clade which is estimated to have diverged 4 MYA (Pook et al., 2009) 

the runs of BPP3 with a Tau prior of 2/2000 or shallow divergence may show a more 

accurate representation of the species history. 

The single locus networks generated for the five nuclear genes detail a few patterns 

of grouping and haplotype sharing between clades. Firstly, the haplotype sharing 

between The Angolan/Zambian (yellow), North-Western South Africa (orange) and 

North-Eastern South Africa (red) clades. The range of these clades meets around 

the Zambian and Zimbabwean border therefore the haplotype sharing has the 

potential to be recent and not a case of retaining ancestral haplotypes, however 

more sampling is required around the proposed contact zone. Secondly the South-

Eastern Africa (light green), South-Western South Africa (dark green) and the 

Western South Africa (light blue) clades share haplotypes. Sampling in this region 

from Barlow et al (2013) displays enough evidence showing that the South-Western 

South Africa (dark green) and the Western South Africa (light blue) occur in sympatry 

and that the South-Eastern South Africa (light green) clade displays a contact zone 

with both these clades along the far eastern part of their range. A calibrated 

mitochondrial MCC tree (Barlow et al., 2013) displayed the Eastern Kenyan (pink) 

and the North-West Africa (black) clades in a monophyletic group with high posterior 

probabilities despite the geographical distance between them, leading to the 

assumption that the dispersal of their common ancestor was recent. Despite the 

Northern Congo (purple) clade being geographically in between, regarding the 

mitochondrial MCC tree they are not closely related, and the only evidence of 

haplotype sharing has been in the larger circles indicating that it is likely ancestral.  

A final more general pattern was made apparent after visual analysis of the 

haplotype networks. The northern clades in most networks appear to cluster 

together, more specifically the North West African (Black), Northern Congo (Purple), 

Tanzanian/Kenyan (Dark Blue) and Eastern Kenyan (Pink). Not only do they often 

cluster together but aside from one example in figure 3 they have not shared a 

haplotype with any of the South African clades. This may be a potential indicator of 

significant genetic difference between individuals from the north and south of Africa. 

Despite this however, more samples from the northern region of Africa would need to 

be analysed and compared before any assumption can be made.  
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4.2 Multi-locus coalescent species delimitation 

As mentioned previously, the definition and identification of species and species 

boundaries is a highly controversial topic (Bauer et al., 2011; Fujita et al., 2011). 

When considering the splitting, or lumping of any species, results must contain 

evidence from a range of analyses. Multi-locus coalescent species delimitation is 

often met with queries as to the reliability as it often overestimates the number of 

species present in a dataset (Sukuraman & Knowles, 2017). Further consideration 

must also be used as to whether these coalescent methods alone provide sufficient 

evidence to back up the separation of species. 

Methods have been developed that allow for the use of the programme BPP3 to 

delimit species without the need for guide trees. When a grossly wrong guide tree is 

used it can cause the programme to considerably over split (Leache & Fujita 2010; 

Yang & Rannala 2014). It has also shown through simulation runs that using BPP3 

to infer the species tree does not cause a significant amount of in correct 

delimitations (Zhang et al., 2014) and allows for phylogenetic uncertainty to be 

accounted for. However, not initially implementing a guide tree into the programme 

severely increases the number of potential models and species phylogenies, 

therefore, is only feasible for moderate sample sizes (Yang & Rannala 2014). 

Simulation studies for both phylogenetic and species delimitation studies have been 

conducted regarding multi-locus coalescent based analyses and concluded that they 

are more dependent on the number of loci utilised as opposed to the number of 

samples used within the study (Heled & Drummond 2008; Lui et al., 2009; Zhang et 

al., 2011). However, studies that sacrifice volume of samples for number of loci often 

do not sample over the whole distribution including vital areas such as contact zones 

between candidate species. With this in mind they also often disregard spatial 

patterns of variation. Work by Kubatko et al., (2011) is a perfect example of this, 

sampling 24 individuals of pygmy and Massasauga rattlesnake for 19 genetic loci. 

Statistical power with coalescent analyses can be found using only a few loci if 

sample number per population is sufficient (Yang & Rannala 2010; Zhang et al., 

2011). This was shown by Brown et al. (2012) when a clear split of species was 

achieved with four loci and 192 samples from 16 sites. Providing evidence that this 

project has statistical power as five loci were analysed for 82 individuals from 11 

clades all of which had multiple separate locations within. 

 

4.3 Further evidence for the assignment of B. arietans to a singular or multiple 

species 

Species delimitation in modern day taxonomy uses a variety of approaches and 

forms of evidence to provide evidence for the splitting and lumping of species. To 

understand if B. arietans is in fact a singular widespread species or multiple cryptic 

species a range of factors must be considered, not only the genealogy. Any form of 

variation between different populations of B. arietans could be utilised as evidence. 

Venom variation has been noted intra-specifically within the species B. arietans from 

different geographical origins (Currier et al., 2010). Notable variation has also been 
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discovered in other members of the same genus as the focal species, B. gabonica 

gabonica, B. gabonica rhinoceros, B. nasicornis and B. caudalis (Calvete et al., 

2006; Calvete et al., 2007). Variation in venom proteins is generally attributed to 

factors such as ontogeny, diet and gender. Examples of which include ontogentic 

shifts in coagulant activity within both Bothrops atrox and Crotalus atrox (Lopez-

Lozano et al., 2002; Reid & Theakson, 1978). Echis (Barlow et al., 2009) and 

Sistrurus (Sanz et al., 2006) species have been proven to recruit new toxins to 

account for their different prey preferences. Gender venom specificity has also been 

noted in Bothrops jararaca (Menezes et al., 2006). The diversity of toxins and 

changes in venom composition in species such as these is a result of gene 

duplication (Kordis et al., 2002).  

Currier et al. (2010) hypothesised that there was the potential for these varying 

venoms to have a multitude of different clinical symptoms, however despite this the 

currently available polyvalent antivenom neutralises all B. arietans venoms. This 

work carried out by Currier et al., (2010) investigated the proteome with a focus on 

major toxin groups to assess the possibility of variation within B. arietans. Samples 

were taken from five countries within Africa and from Saudi Arabia, from the initial 

results it showed the individuals from Saudi Arabia to have a significant and distinct 

difference in composition to all the Africa samples. Tanzanian samples have the only 

noticeable differences within the African countries. Saudi Arabian individuals showed 

substantially less SVMP (Snake venom metalloproteinases) reactivity whereas the 

Tanzanian samples displayed a unique intense immunoreactivity towards them. 

When considering other components of the venom there are more differences, the 

substrate degrading activity within the SVMP’s varied extensively between all of the 

tested localities however there was no trend regarding geographical origins. A novel 

undescribed snake venom protein was also discovered in the venom of some 

Nigerian individuals. Due to the identification of this 23kDa molecular weight protein 

they observed the potential for two separate clades of B. arietans within Nigeria. 

More investigation of the low molecular weight proteins within the proteome of B. 

arietans has the potential to reveal more novel toxins, this is subject of further study 

for the laboratory in which this study was conducted. The variation that has already 

been noted in B. arietans could be used as evidence to further back up the splitting 

of this widespread cryptic species. Not only this but it opens avenues of research 

into the other locales shown as different clades in this study to see if there is any 

further variation or novel toxins. 

It has also been hypothesised that B. arietans has over time developed multiple 

venom phenotypes and it isn’t as simple as widespread pan African random genetic 
drift which has been previously thought. It could be regarded as a collection of 

multiple populations or sub-populations that have arisen over time due to varying 

evolutionary pressures such as the last glacial maxima and the emergence of 

tropical forests during inter glacial periods. 

As previously mentioned in the Linder et al. (2012) paper, bioregions were proposed 

across Africa based on the presence and absence of flora and fauna of varying taxa. 

They show some correlation with the previous mitochondrial phylogeny produced by 

Barlow et al. (2013) in all areas apart from South Africa. It was suggested that this 
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was a singular region across all taxa, whereas mitochondrial work provided evidence 

of five clades for B. arietans (Barlow et al., 2013). The nuclear results that have 

come from BPP3 in this analysis show that nearly all the proposed distinct 

evolutionary lineages or populations or the evolutionary relationships shown by 

haplotype networks do not overlap with the bioregions for B. arietans. Indicating that 

the current populations or OTU’s are not influenced by the current bioregions and 

are a product of past refugial isolation as detailed by Barlow et al. (2013).   

 

 

 

 

5.0 Conclusion 

Multispecies coalescent methods of species delimitation used in this study and many 

before have proven their suitability regarding the discovery of cryptic species. 

Species delimitation using these methods in widespread species, with little to no 

morphological differentiation or previous taxonomic subdivision such as the focal 

species here can be demanding. This study has given further clarity into the theory 

that B. arietans displays multiple cryptic species across its range in which all are 

morphologically indistinct. Results provide evidence of evolutionary distinct lineages 

in seven previously discovered mitochondrial clades of the widespread African puff 

adder. These lineages can be further analysed in studies to come with an increased 

sampling intensity and focus on contact zones, potentially leading to definitive 

evidence of distinct species. Due to the lack of morphological differentiation that has 

been found in B. arietans, the inclusion of ecological and behavioural data alongside 

genealogical methods may be beneficial.  
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7.0 Supplementary Information 

7.1 Appendix 1 

 

Table 3: Nuclear gene primer details. 

 Primer Sequences 

Primer 
Name Forward Reverse 

Ba05 CATGTGACCAACCCGATTTT CAAGTGACTGATCTGCCATGA 

Ba34 CGAGGAGTGATGGGAGTTGT  CTAGCACCTCGTGGCAGAT 

Ba42 CAATTAAACAAAGTTGTCCTTTGG  GAGTGAAAGGCAGGAGGTTG 

Ba46 TACCATGAGTCCCCCTTCAG  GGTCCGTCAGGTGTTGAAAG 

Ba49 CACCAAGACTCACAGGCAGA  TCCACGCTGCTTTAATGTTG 

 

Table 4: ND4 primer details. 

Primer 
Name Primer Sequence 

NADH4 CACCTATGACTACCAAAAGCTCATGTAGAAGC 

 

Table 5: Thermocycling conditions used for all nuclear genes amplified. 

Thermocycling conditions 

Step 
Time 

(Minutes) 
Temperature 

(°) Repetitions 

Denaturing 
02:00 94˚ 0 

00:30 94˚ 
40 Annealing 00:30 58˚ 

Extending 
01:00 72˚ 
05:00 72˚ 0 
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Table 6: Thermocycling conditions used to amplify the ND4 gene. 

Thermocycling conditions 

Step 
Time 

(Minutes) 
Temperature 

(°) Repetitions 

Denaturing 
02:00 94˚ 0 

00:30 94˚ 
40 Annealing 00:45 50˚ 

Extending 
01:00 72˚ 
05:00 72˚ 0 

 

 

Table 7: Number of samples used by Barlow et al. (2013) to define the mitochondrial clades used as a guide tree to infer 
putative species for this study. 

Clade Number of Samples 

Saudi Arabia 7 

North-West Africa 6 

Eastern Kenya 6 

Northern Congo 3 

Tanzanian/Kenyan Border 3 

Angola Zambia 12 

Western South Africa 24 

North-Western South Africa 16 

South-Eastern South Africa 31 

South-Western South Africa 31 

North-Eastern South Africa 30 

 

 


