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Abstract

The extant medically and socially important cobras have been the subject to
several comparative taxonomic studies since the 1940s, but still lack an inclusive
and thorough phylogenetic tree. With recent major advancements in phylogenetic
analysis, it 1s now common to use multiple independent loci for studying the
phylogenetic relationships within groups. For the first time, 27 from the 29
identified Naja species, alongside 5 putative new or elevated species had 4426
base pairs across 1701 sequences of mitochondrial and nuclear DNA sequence
data analysed. The results continue to support the monophyletic core cobra clade
encompassing the genera Walterinnesia, Aspidelaps, Hemachatus, Pseudohaje
and Naja (1.0 Bayesian posterior probability (BPP)), in addition to the grouping
of four monophyletic subgenera within Naja. The group of African spitting
cobras, Afronaja, is positioned as the sister group to the rest of the genus.
Moderate support (0.8 BPP) is found for the grouping of the Asian cobras, Naja,
with the African non-spitting cobras, Ureaus. The closest relative to the genus
Naja is Pseudohaje goldii, a genus and species never before included in
phylogenetic analysis, followed by the sister taxa Hemachatus haemachatus. The
king cobra continues to be positioned outside the core cobra group, sister to
Hemibungarus calligaster. The results support the hypothesis of three
independent origins of spitting, once in the monotypic Hemachatus haemachatus,
once within the subgenus Afronaja, and the final origin within the Asian cobras,
subgenus Naja. The relationships found were broadly consistent with previous
studies, with the additional inclusion of more species creating the most
comprehensive cobra phylogeny to date. Further molecular analysis, specifically
species delimitation, must be undertaken to ascertain the position of the 5 putative

new species included in this study.
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1.0 Introduction

1.1 Systematics: taxonomy and phylogenetics

A vital discipline in biology is systematics, which deals with the classification of organisms
and investigates their evolutionary relationships. The scientific process behind the naming of
species was facilitated in the 18" century with the advent of Linnaean nomenclature,
introducing a binomial two-part format. Species are a basic unit of classification, where
although the definition is still unclear, it is generally accepted to describe genetically isolated
interbreeding populations (Wheeler & Norman, 2000). This format was adopted by all
biologists worldwide, and thus increased the accuracy and understanding when communicating
across languages, as the binomial name is the same in every language. Species are then
classified according to eir evolutionary relationships with other taxa, forming a branching tree,
called a phylogeny. Phylogenies are inferred from gathered data from the subject taxa, with the
advancements in molecular techniques allowing for integrative approaches through the
comparison of species’ genetic, ecological and morphological characters. The inclusion of
features shared by closely related species could indicate their shared ancestral history (if
homologous), and establishing ancestral character states reflects evolutionary relationships
(Padial et al. 2010; Reese et al. 2011).

For more than 250 years, the comparison of morphological characteristics formed the
basis of taxonomy, the classification and discovery of species. Convergent evolution resulted
in the adaption of analogous characteristics, causing doubt in the species taxonomy (Reese ef
al. 2011). The latter half of the 20" century brought along the increased development and usage
of molecular techniques to be used in the investigation of systematic problems (Hillis, 1987).
The application of morphological methods is still crucial when examining preserved
specimens, especially for older samples. Closely related species, especially those who
originated through rapid divergent selection, can express compelling morphological
differences whilst showing weak reproductive isolation and limited genetic differentiation
(Presgraves, 2010). Examples include the Darwin’s finches and certain cichlid fishes, which
demonstrate the continued requirement for the inclusion of a certain level of morphological
analysis in taxonomic work. Molecular methods allow researchers to see beneath
morphologically similar individuals to identify cryptic and candidate species, putatively
perceived to be single species (e.g. Bickford et al. 2007; Fouquet et al. 2007). The use of
molecular techniques in taxonomy has been widely complimented (e.g. Dayrat, 2005), however
some have expressed scepticism (Valdecasas et al. 2008).

Reviewing the phylogeny of squamates, recent hypotheses have contradicted each
other, especially when comparing trees generated from morphological (Conrad, 2008) and
molecular data (Townsend et al. 2004; Wiens et al. 2012). The publication of a broad squamate
phylogenetic study was suggested to attempt to reveal and clarify the major conflicts between
morphological and molecular trees (Losos ef al. 2012), with Pyron et al. (2013) completing a
large-scale (4161 spp.) phylogenetic estimate for the group Squamata.

The increased importance of molecular phylogenetics in various biological disciples
has accelerated the development and advancement of analytical techniques and software.
Traditional approaches would include multiple separate gene trees, often focussed on the
rapidly evolving mitochondrial genes (Brown er al. 1979). Alongside their evolutionary
variability, mitochondrial genes were found to easily amplify via PCR (Kocher ef al. 1989),
facilitating molecular studies and thus advancing systematics (Moritz et al. 1987) due to
nuclear trees often having low resolution. Soon after, the ability to simultaneously analyse
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multiple mitochondrial genes was found and loci sequences were simply combined to increase
sequence length, with the intention of increasing accuracy.

Frequently however, mitochondrial DNA is solely used for phylogenetic analysis
(Beheregaray, 2008), which results in questionable support due to matrilineal mode of
inheritance (Avise, 2004) and the relatively fast mutation rate when compared to nuclear DNA
(Eo & DeWoody, 2010). The possibility of male cobras having larger home ranges, or
searching for mates, could result in the bias of male dispersal not being detected in mtDNA
(eg. Gibbons & Semlitsch, 1987; Gregory, Macartney & Larsen, Bonnet, Naulleau & Shine,
1999; Keogh et al. 2007). To avoid any male bias, and assuming a balanced sex ratio in the
populations, it is best to include nuclear loci, as they carry twice the amount of genetic
information when compared to mitochondrial DNA representing four times the effective
population size.

Within the last decade, nuclear genes started to be included in molecular studies, with
the addition of both nuclear and mitochondrial genes gaining the term multilocus analysis.
Similar to the concatenation method of combining different mitochondrial genes, nuclear gene
sequences were also added, resulting in a taxon being represented by one long genetic
sequence, referred to as a “Super-gene” (Degnan & Rosenberg, 2009). This method was
thought to be accurate with increased reliability due to an increase in sequence length and thus
sample size. More recently however, it was suggested that there was a discordance between
gene and species trees (Degnan & Rosenberg, 2009; Liu et al. 2009). Concatenating the
sequences prior to analysis infers the assumption that all separate loci have evolved identically
along a single evolutionary tree. This method therefore does not account for any recombination
events or other loci-independent changes and thus using several different genes could cause
contradictions in phylogenies and skewer hypotheses. One suggestion to correct this was to use
an increased amount of loci sequences, increasing the accuracy of establishing phylogenetic
relationships and evolutionary lineages (Liu et al. 2009). This suggestion would however still
result in the over-looking of certain lineages as the focus is made on the range of loci, as
opposed to single genes.

An alternative process was undertaking analysis through consensus methodology,
involving the grouping of taxa in to sets of three, and then calculating the most frequently
occurring relationships within each group (the “democratic vote”, Degnan & Rosenberg, 2009).
This works by averaging out individual taxa lineages compared to one another, along a rooted
triple consensus tree.

Overall, the use of consensus and concatenated methods for multilocus analysis were
found to result in overconfident support values and often inaccurate species trees, due to the
assumption of a “supergene” requiring all loci to have evolved on a single evolutionary tree
(analytical methods reviewed in Degnan & Rosenberg, 2009). The inaccuracy and uncertainty
found within concatenated and consensus analysis increased the pressure to develop alternative
analytical methods; one novel method was multispecies coalescent modelling.

To combat some of the recurring issues from both consensus and concatenated analysis,
coalescent theory was used which involves the modelling of genealogies within populations
(Hudson, 1983) by calculating probabilities of differences between gene tree and species tree
branching patterns: topologies (Degnan & Rosenberg, 2009). This differentiation of gene trees
and independent parameters allowed for relaxed molecular clock models to be used, and thus
each lineage was assessed with its own individual rates. An example of software using
coalescent methods alongside Bayesian analysis for molecular sequences was developed,
called *BEAST: Bayesian Evolutionary Analysis by Sampling Trees (Heled & Drummond,
2010). *BEAST uses Markov Chain-Monte Carlo (MCMC) methods and coalescent analysis,
thus allowing the most commonly occurring gene topology to be identified and further used as
a hypothesis for the species tree.
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1.2 The Study Group: Cobras

1.2.1 Systematics of cobras

Cobras are venomous snakes belonging to the Elapidae family, with the name originating from
the Portuguese for hooded-snake, Cobra-de-capello. The use of binomial nomenclature is vital
in research and especially in clinical medical treatment; with the use of efficient antivenom
depending on the accurate identification of the specific snake. The ubiquity of venom variation
presents complications in the production of effective antivenom (Fry ef al. 2003). Multiple
elapid genera are commonly referred to as cobras, with the following being included in this
study: Shield-nose cobras, Aspidelaps (2 spp.); Rinkhals, Hemachatus haemachatus; True
cobras, Naja (28 spp.); King cobra, Ophiophagus hannah; Tree cobras, Pseudohaje (2 spp.).
The vague cobra term resulted in the genus Naja being labelled as true cobras by Slowinski &
Keogh (2000).

Elapids have been subject to various taxonomic changes since the 1940s, with initial
phylogenies and identifications being determined from low-resolution morphological methods.
Despite there having been 23 species identified by 1943, in a comparison paper sumarising
cobras, Bogert (1943) described them as subspecies of only 4 and 2 species from Africa and
Asia, respectively; Naja haje, N. melanoleuca, N. nigricollis, N. nivea, and N. naja, N. oxiana.
Klemmer (1963) continued to describe six recognised species, until a series of revisions
confirmed the prior identification of 23 species (Broadley, 1968; Wiister, 1996; Broadley &
Wiister, 2004; Wiister et al. 2007). Several other cobra genera were also historically classified
as Naja; Aspidelaps lubricus (Naja somersetta: Smith, 1826), Aspidelaps scutatus (Naja fula-
fula: Bianconi, 1849), Hemachatus haemachatus (Naja haemachatus: Schlegel, 1837),
Ophiophagus hannah (multiple inc. Naja hannah: Tweedie, 1954), Pseudohaje goldii (multiple
inc. Naja goldii: Mertens, 1941), Walterinnesia morgani (Naja morgani: Mocquard, 1905).

1.2.2 Gaps in our knowledge

One of the first genetic studies to include cobras was published by Slowinski & Keogh (2000),
who sequenced the cytochrome b gene for 28 elapid species. The presence of a core cobra
group had significant bootstrap support, which included Aspidelaps, Boulengerina
(synonymized to Naja), Hemachatus, Naja, Paranaja (synonymized to Naja), and
Walterinnesia. The king cobra, Ophiophagus hannah, was however found to not be part of the
cobra clade, and instead clustered
with Elapsoidea (Fig 1. Slowinski &
Keogh, 2000). The tree shown in Fig
1. and position of Ophiophagus

hannah draws uncertainty of the _|—_— Paranaja multifasciata

Hemachatus haemachatus

Naja kaouthia

previously assumed monophyly of Boulengerina sp.
cobras, and the homology of the
characteristic hooding display. The
tree also included Boulengerina and
Paranaja, with the exclusion of these =~ —
two genera rendering the genus Naja
to be non-monophyletic. Due to the
both medical and social importance of
the cobras, an arising concern was
that retaining these genera could

Naja nivea

Aspidelaps scutatus

Walterinnesia aegyptia
Elapsoidea semiannulata

Elapsoidea nigra

Ophiophagus hannah
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Ophiophagus hannah

Elapsoidea nigra

97/

1/55

Hemachatus haemachatus

A0 [—.—  Najanivea

.49/55

1/100

1/100 Naja haje )
-99/55 Nalja annulifera
1/83 - Paranaja muitifasciata
Naja melanoleuca

.97/

1/89

— Boulengerina annulata
N nigricollis Mfuwe
nigricollis NCam1
N nigricollis NCam2
783V nigricollis Guinea
N nigricollis Ghana
N nigricollis Togo
N nigricollis Arusha
N nigricollis Makuyu
N nigricollis Usambara
N nigricollis Tanzania
N nigricollis Mikumi
N asheiBaringo
N ashej Coas!
N ashei Watamu
N nigricincta Ruacana
N.n. woodi 1
N.n. woodi 2
N woodi 3

.82/83

N mossambica Durban
N mossambica Komatipoort
.99/83 N mossambica Mozambique 2
75 N mossambica Mozambique 7
o7,. N mossambica Plumtree
. N mossambica Pemba
N mossambica Bulawayo

N mossambica N Namibia

L———————{ Nkatiensis 2
1/100

N katiensis 1

1/100

1/100 N pallida Baringo
pallida Kenya 3
1/90 I\ll\jaalllda Kenya 2
pallida Kenya 1

N pallida Tanzania
1100' ¢ N nubiae 1
N nubiae 2

Naja naja ) )
Wk@ma )
1/89 Naja ﬁpytatnx

1/100 laja siamensis

0.1 L

Walterinnesia aegyptia

result in the destabilization of the
nomenclature; and thus it was
suggested to synonymize both
Boulengerina and Paranaja to Naja
(Nagy et al., 2005; Wiister et al.,
2007). The act of synonymizing the
two aforementioned genera to Naja
resulted in the expansion of a large
genus to one containing 26 species
across two continents.

Wiister et al. (2007) identified three
separate  evolutionary  lineages
within the Naja genus: 1) subgen.
Naja; an Asiatic lineage which
includes Naja kaouthia, N. naja, N.
siamensis, and N. sputatrix, 2) an
African lineage composed of the
non-spitting true cobras, which
consists of two sister lineages; 21i)
subgen. Uraeus; N. annulifera, N.
haje, and N. nivea; 2ii) subgen.
Boulengerina; N. annulata, N.
melanoleuca, and N. multifasciata;
3) subgen. Afronaja; the African
lineage of spitting cobras including
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from GenBank, but their study investigated Naja arabica

diversification and body size change in
Elapids.

Despite both the Pyron et al. (2013)
and Figueroa et al. (2016) studies using very
similar datasets, their resulting phylogenetic hypotheses show inconsistencies, specifically
within the genus Naja (for trees, see Fig. 4a and 4b, respectively). A problem with using
unverified sequences or samples of uncertain localities, is the possibility of mislabelling a
species, leading to a false position for that species on the resulting phylogenetic tree. Several
studies have used the same mtDNA sequence to represent N. naja (GenBank reference
DQ343648), for which under further investigation looks to be a mislabelled sequence. The
Basic Local Alignment Search Tool (BLAST: Zhang et al. 2000) found 99% similarity with
two N. atra mitochondrial genomes (GenBank accession numbers: EU921898 & EU913475).
Further to this, the isolated cyt-b and ND4 segments both grouped within the N. atra clades
when analysed with the data from this study (Appendix 5). This could be because N. atra was
previously classified as a subspecies of N. naja and the authors did not use the up-to-date
taxonomic name. This has led to various studies publishing incorrectgphylogenies (e.g. Pyron
et al. 2013; Figueroa et al. 2016; Lee et al. 2016) and thus also 4 assumptions and
hypotheses due to the use of those original phylogenetic trees (e.g. Pa s et al. 2017).

Despite the advancement of molecular tools and analysis leading to the aforementioned
phylogenetic trees, a comprehensive study on the cobra clade elapids has until now not been
undertaken. Their findings also lack reliability due to incomplete species sampling and small
datasets comprising of few (or individual) loci sequences.
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1.3 Genus Naja Laurenti, 1768

The altering of an animal’s binomial name is not recommended due to the interference with
information retrieval, and for a large monophyletic genus containing well-defined lineages, the
usefulness of the subgenus rank was highlighted by Smith & Chiszar (2006). To facilitate the
grouping and differentiating of distinct lineages within the Naja genus, they are partitioned into
four subgenera (Wallach et al. 2009).

1.3.1 Subgenus Naja Laurenti, 1768

The Asian cobras were thought to be only represented by one widespread species, N. naja (e.g.
Boulenger, 1986; Klemmer, 1963), with a range from the western Caspian Sea, throughout
southern and south-eastern Asia including the islands of Indonesia and the Philippines. Initial
multivariate analysis of morphological characters suggested the presence of multiple species
(Wiister & Thorpe, 1989, 1990, 1991 1992a) with molecular studies (Wiister & Thorpe, 1994)
further supporting the presence of various species represented by N. naja (sensu lato). With the
recent description of a new species of spitting cobra from central Myanmar, N. mandalayensis
(Slowinski & Wiister, 2000), the number of Asian Naja species has risen to 11.

The Borneo population of N. sumatrana has historically also been referred to as N. sumatrana
miolepis Boulenger, 1896, with past research suggesting the need for further investigation
(Wiister & Thorpe, 1990; Wiister, 1996) as the population may be a distinct species.

Naja (Naja) atra Cantor, 1842: 482
Naja (Naja) kaouthia Lesson, 1831: 122
Naja (Naja) mandalayensis Slowinski & Wiister, 2000: 260
Naja (Naja) naja (Linnaeus, 1758: 221)
Naja (Naja) oxiana (Eichwald, 1831: 171)
Naja (Naja) philippinensis Taylor, 1922: 265
Naja (Naja) sagittifera Wall, 1913: 247
Naja (Naja) samarensis Peters, 1861: 690
Naja (Naja) siamensis Laurenti, 1768: 91
Naja (Naja) sputatrix Boie, 1827: 557
Naja (Naja) sumatrana Miller, 1890: 277
1. Naja cf. miolepis Boulenger, 1986

1.3.2 Subgenus Uraeus Wagler, 1830

The subgenus Uraeus is the sister lineage to Boulengerina, within which these two subgenera
consist of the African non-spitting species (Wiister et al. 2007). The number of species has
risen due to recent reviews and new species descriptions (Broadley & Wiister, 2004; Trape et
al. 2009). The 6 species belonging to the subgenus Uraeus inhabit most of Africa and southern
Arabia, and are generally found in open formations (Wallach et al. 2009).

Naja (Uraeus) anchietae Bocage, 1879: 89

Naja (Uraeus) annulifera Peters, 1854: 624

Naja (Uraeus) arabica Scortecci, 1932: 47

Naja (Uraeus) senegalensis Trape, Chirio & Wiister in Trape et al, 2009: 2236
Naja (Uraeus) haje (Linnaeus, 1758: 225)

Naja (Uraeus) nivea (Linnaeus, 1758: 223)
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1.3.3 Subgenus Boulengerina Dollo, 1886

The sister lineage of the subgenus Uraeus, representing African non-spitters. The subgenus
Boulengerina is comprised of the remaining 5 non-spitting cobras, which show high
morphological and ecological diversity. Naja melanoleuca and N. multifasciata represent the
true size extremes within the cobra clade, with recorded lengths of 2.7m and 0.55m,
respectively (Boulenger, 1904; Spawls & Branch, 1995; O’Shea, 2008). Despite all species
being restricted to forests or forest edge habitats, their ecology still varies with some being
aquatic or semi-fossorial (Wallach et al. 2009). They can be found in central Africa, with N.
melanoleuca extending towards both West and East Africa (Luiselli & Angelici, 2000).
Evidence from previous unpublished work suggests that distinct populations of N. melanoleuca
may warrant inclusion and be classed as separate proposed species, listed as 1, 2, and 3 (Wiister,
pers. comm.).

The continuing taxonomic uncertainty within the genus is further exemplified by the
subspecies N. m. subfulva. It has been referred to historically as just N. melanoleuca, and more
recently as a subspecies (Laurent, 1995; Broadley & Baylock, 2013) or even as elevated to
species level with little support (Chirio & Ineich, 2006; Wallach et al., 2014; Ceriaco et al.
2017)

Naja (Boulengerina) annulata Buchholz & Peters in Peters, 1876: 119
Naja (Boulengerina) christyi (Boulenger, 1904: 14)
Naja (Boulengerina) peroescobari (Ceriaco et al. 2017: 4325)
Naja (Boulengerina) multifasciata Werner, 1902: 347
Naja (Boulengerina) melanoleuca Hallowell, 1857: 61
1. Western banded cobra
2. West African black form
3. Naja cf. subfulva Laurent, 1955

1.3.4 Subgenus Afronaja Wallach, Wiister, & Broadley, 2009

Prior to 1968, all African spitting cobras were thought to belong to a single species, Naja
nigricollis, which Broadley (1968) split in to two species, N. nigricollis and N. mossambica.
The subspecies katiensis, mossambica and pallida were classified under the species N.
mossambica (Wiister & Broadley, 2003). Recent phylogenetic analysis has supported the
inclusion of 7 species to the African spitting clade (Wiister et al. 2007), subgenus Afronaja
(Wallach et al. 2009). These species are found in sub-Saharan Africa and alone the Nile Valley,
inhabiting open formations and forest edges (Wallach ef al. 2009).

Naja (Afronaja) ashei Wiister & Broadley, 2007: 58
Naja (Afronaja) katiensis (Angel, 1922: 40)
Naja (Afronaja) mossambica Peters, 1854: 625
Naja (Afronaja) nigricincta Bogert, 1940: 89

1. Naja cf. woodi, Bauer & Branch 2001
Naja (Afronaja) nigricollis Reinhardt, 1843: 269
Naja (Afronaja) nubiae Wiister & Broadley, 2003: 348
Naja (Afronaja) pallida Boulenger, 1896: 379
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1.4 Other Cobras

1.4.1 Genus Aspidelaps Fitzinger, 1843

Both Aspidelaps species are small venomous snakes which are closely related to the Naja
genus, however their general biology and ecology is still poorly understood (Broadley &
Baldwin, 2006). They are restricted to southern Africa, express fossorial habits aided by their
enlarged rostral scale, and are described as nocturnal (Bradley & Baldwin, 2006; Shine et al.
2006).

Aspidelaps lubricus (Laurenti, 1768: 80)
Aspidelaps scutatus Smith, 1849: 22

1.4.2 Genus Hemachatus Fleming, 1822

The only species within the monotypic genus Hemachatus is the ovoviparous Rinkhals, H.
haemachatus. The ability for this species to spit venom renders it of particular interest due to
the increased likelihood of independently evolving this behavioural adaption (Wiister et al.
2007). Rinkhals are found in south-eastern Africa, and have been described to be diurnal in the
Highveld grasslands (Alexander, 1996), but in the Zimbabwe woodland a more nocturnal diel
activity has been noted (Broadley & Cock, 1975).

Hemachatus haemachatus Bonnaterre 1790: 31

1.4.3 Genus Pseudohaje Giinther, 1858

The genus Pseudohaje represents two arboreal elapid snake species found in central and
western Africa, commonly called tree cobras. Although similarities exist between the genera
Pseudohaje and Naja, Bogert (1942) found that Pseudohaje spp. had proportionally larger eyes,
smaller fangs, and a generally smaller bone structure compared to Naja spp. The elusiveness
of the two species is emphasised by Akani et al. (2005) who undertook several years of
fieldwork to study the species. The two species have to-date not been included in any published
phylogenetic studies, solely within dietary and ecological research (eg. diet: Pauwels & Ohler,
1999; Pauwels et al. 1999; ecology: Akani et al. 2005).

Pseudohaje goldii (Boulenger, 1895)
Pseudohaje nigra Giinther, 1858: 222

1.4.4 Genus Walterinnesia Lataste, 1887

Both Aspidelaps and Walterinnesia form the basal lineages when assessing the phylogenetic
relationships within the cobra clade (Fig 2. Wiister et al. 2007). The two species of
Walterinnesia are found in eremial habitat in northeast Africa and the Middle East, ranging
from Egypt to Iran (Nilson & Rastegar-Pouyani, 2007), with recent range expansions extending
northwards in to Turkey (Ugurtas ef al. 2001; Gogmen et al. 2009). Little is known about the
taxonomy of these two rare nocturnal species, as historically they were often all referred to as
W. aegyptia (e.g. Ugurtas et al. 2001), or the eastern individuals as the subspecies W. a.
morgani. The morphological characters alone had been described to warrant the elevation to
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species level for W. a. morgani, however it was in the study by Nilson & Rastegar-Pouyani
(2007) where W. morgani was re-established for the eastern populations, justified by the
combination of morphological variation and the allopatric distribution.

Walterinnesia aegyptia Lataste, 1887: 411-413
Walterinnesia morgani (Mocquard, 1905)

1.4.5 Genus Ophiophagus Giinther, 1864

Despite the lack of support from recent phylogenies to include the king cobra, Ophiophagus
hannah within the cobra clade (Fig. 1 & 2), as a hooded elapid it is of interest and of importance
in this study when trying to understand the evolution of the shared defensive adaptations. This
iconic snake-eating species is also the longest venomous snake described, and can be found
across tropical habitats in south and southeast Asia.

Ophiophagus hannah (Cantor, 1836)

1.5 Defensive adaptations

All cobras share certain characteristic defensive adaptations, most notably the ability to raise
the elongated ribs below their heads, stretching the skin and forming a hood. This behaviour is
found in multiple elapid genera and also in colubrids putatively mimicking dangerous cobras
(Greene, 1997; Young & Kardong, 2010). Exhibited on the dorsal side of the hood on some
species, are varying amounts of conspicuous colour markings or patterns, dependent on species
or even locality (Wiister, 1998; Lillywhite, 2014). All cobras are highly venomous and have
caused fatalities across their range. Due to the presence of different subunits, the multimeric
toxin complexes in cobra venom leads to functional types of toxin, listed in Table 1 (Fry ef al.
2015a)

The severe localized tissue destruction often found in elapid envenomations is caused
primarily by the abundance of cytotoxic apotypic three-finger toxins (3FTx, Utkin et al. 2015).

Table 1 Functional type of varying multimeric snake toxin complexes within cobras. Adapted from Fry et
al. 2015a

Subunit type &
Functional type | Source (Genus) Specific activity
uniprot accession
Cardiotoxin Ophiophagus 3FTx (Q69GKO) B-blocker
Hemachatus 3FTx fVIla inhibition
Coagulopathic
toxin ) Inhibition of the classical
Naja SVMP (PODJJ4)
complement pathway
Cytotoxin Naja 3FTx (P60301) Pore-forming cytotoxin
3FTx (a-ntx, .
Naja a7/B2 antagonist
Neurotoxin P01391)
Ophiophagus 3FTx (A8N286) a7 antagonist
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Kini & Evans (1989) examined Naja nigricollis venom and found cytotoxins characteristically
exhibit cytolytic activity due to the presence of both hydrophobic and cationic amino acids on
the molecular surface. A major component of the immune system is the complement system,
which is heavily involved in adaptive and innate immune responses (Carroll, 2004). The genera
Hemachatus, Naja and Ophiophagus all possess a unique complement-activating protein found
in their venom, which is called the cobra venom factor (CVF, Vogel et al. 1996; Fry et al.
2015b), and has been shown to cause decomplementation lasting for 5 days (Futter et al. 1992).
The role CVF plays in snake venom is still unknown, as compared to the three-finger toxins
present, the action of CVF is not lethal (Fry et al. 2015b). Mulligan et al. (1996) found that the
intravenous injection of CVF caused massive complement activation, with neutrophils being
activated and sequestrated to the lungs, damaging lung tissue, however the effects were found
to be temporary. It has also been suggested that the inducing of massive complement activation
could elicit the release of anaphylatoxins, therefore increasing the blood permeability and thus
CVF could be acting as a spreading factor (Fry et al. 2015b)

As a further defence mechanism, several species of Naja and also Hemachatus haemachatus
have evolved the behaviourally unique ability to spit their venom towards an aggressor or
predator (e.g. Bogert, 1943; Wiister ef al. 2007). The venom of African spitting cobras is of
particular interest as it can cause severe clinical effects on the tissues of the eye, due to being
rich in cytotoxic 3FTxs (Boyer et al. 2015) and has been recorded to reach as far as two metres
(Triep et al. 2013). The evolution and divergence of this trait alongside the number of possible
origins or losses is still not fully understood, and requires further work (Wiister et al. 2007).

A recently published study on cobras investigated their defensive adaptions, predominantly
hooding, aposematic marking, venom cytotoxicity and spitting (Panagides ef al. 2017). Their
evolutionary hypotheses were based on the aforementioned incorrect phylogenetic tree from
Lee et al. (2016). Inconsistencies were also found with their classification of traits, alongside
the method for recording said traits. Morphological, specifically pattern and colour descriptions
were often vague and were combined with inaccurate assumptions of their role as either cryptic
or aposematic traits (Panagides et al. 2017). Accompanying these statements are photographs
which seem heavily edited (increased saturation levels) or of snakes outside their natural
environment; eg. the red N. pallida described as aposematic, despite being found in habitats
with red sand. Panagides ef al. (2017) describes how banding correlates with levels of
cytotoxicity and hooding, yet uses photos of juveniles of several species that have a much
higher contrast in banding, and species for which there is a vast variability in amount of banding
across their range, eg. N. siamensis which in parts of their range are a drab, brown colour
(Wiister & Thorpe, 1994; Wiister et al., 1997), O. hannah which as adults can have either faint
or no banding at all, and N. annulifera which Broadley and Wiister (2004) found to also occur
without banding. After stating that banding was aposematic, Panagides et al. (2017) described
the banded genus Aspidelaps as cryptic and non-hooding, alongside N. annulata, for which
both the Aspidelaps genus and N. annulata possess and perform hooding as a defensive strategy
(Broadley & Baldwin, 2006; O’Shea, 2008).
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1.6 Aims and Objectives

As in increasingly more studies, nuclear markers will be used in combination with
mitochondrial loci for a multilocus investigation to be undertaken to ensure the most support
for a thorough and comprehensive species tree. To circumvent these problems, this study will
use the more accurate coalescent analysis (Degnan & Rosenberg, 2009). Advancements in
multispecies coalescent models enabled the aforementioned *BEAST software (Heled &
Drummond, 2009) to be developed, allowing the simultaneous analysis of multiple loci
irrespective of the gene tree incongruences, which previous concatenated methods couldn’t do.
Using calibration points of known divergences from fossil records published in
previous literature (e.g. Laticauda, Scanlon et al. 2003; European vipers, Szyndlar & Rage,
1999), Wiister ef al. (2007) identified a basal divergence for the African spitting cobra group
dated at approximately 15 Mya, coinciding with the spread of open grassland formations (Potts
& Behrensmeyer, 1992; Jacobs, 2004). Using more recent calibration points (e.g. Sanders et
al. 2008) *BEAST can further be used to estimate times of cladogenesis within groups, and
investigate putative selective pressures having led to the evolution of spitting behaviour.

Due to the gaps in our knowledge of cobra clade elapid systematics, the main objective for this
study is to investigate and test previous phylogenetic hypotheses using a greater dataset
compiled of more species, samples, and loci, to be analysed using advanced molecular
techniques, namely coalescent species trees. The creation of a novel comprehensive multilocus
phylogeny should allow the following aims to be addressed:

1. Testing current systematic arrangements, specifically focussing on the monophyly of
genera and subgenera, with the addition of some taxa not before included in published
phylogenies, especially not comparative studies

2. Investigate the evolution of defensive behaviours, specifically spitting behaviour,
hood shape and markings

3. The inclusion of other elapids, specifically Australasian elapids within the phylogeny
should facilitate the use of molecular dating techniques to estimate the divergence
dates of spitting lineages and other major cladogenic events, including
biogeographical scenarios like the migration out of Africa.
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2.0 Methods

2.1 Taxon Sampling and Laboratory procedures

For this study, scale clippings, sloughed skin, and blood samples were used to extract DNA.
Samples were predominantly provided by Dr Wolfgang Wiister, with sample information
available in Appendix 1. Inclusive of possible new or elevated species mentioned in the
introduction (i.e. N. “miolepis”), a total of 32 Naja species were included, Aspidelaps lubricus
and A. scutatus, Bungarus caeruleus and B. fasciatus, Dendroaspis angusticeps,
Hemibungarus calligaster, Ophiophagus hannah, Pseudohaje goldii, and Walterinnesia
aegyptia. Full list of species, samples, and their respective loci analysed can be found in
Appendix 1.
Tissues were stored in ethanol, for which small quantities were digested with Proteinase K
followed by the Qiagen DNEasy blood and tissue kit being used to extract DNA, with
amendments made for blood samples stored in buffer (reduced to 10 mins) and sloughs (longer
incubation, up to 36 hours). Blood samples were processed using the tissue protocol if stored
in ethanol. Any samples for which there was limited tissue remaining, only 1 final elution was
made, using 50ul. DNA was initially quantified using both a Nanodrop spectrophotometer
(ND1000), and by using gel electrophoresis (4l DNA mixed with 1ul loading dye, 1% gel ran
for 25 minutes at 80V). Due to inconsistencies and false readings between the DNA quantifying
methods, further samples were solely run through the gel electrophoresis to ascertain viability.
The 100bp ladder with known band-concentrations allowed for an estimation of DNA
concentrations to be made. Samples were then standardised to a final concentration of 20ng/pl
using AE buffer; with samples of lower concentrations having amendments to the final PCR
MasterMix.
Samples were prepared for amplification via Polymerase Chain Reaction (PCR) using the
reagent combination (PCR MasterMix) in Appendix 2. Two buffers (MasterMix) were used
throughout the lab work. Firstly, the ThermoScientific 2X ReddyMix, for which 7.5ul was
added to each PCR reaction, yielding 0.625 units ThermoPrime Taq DNA polymerase, 75SmM
Tris-HCI (pH 8.8 at 25°C), 20mM (NH4)2SO4, 1.5mM MgCl,, 0.01% (v/v) Tween 20, 0.2mM
of the following: dATP, dCTP, dGTP and dTTP, with a red dye to facilitate pipetting for
electrophoresis. The second buffer used was ThermoScientific 2X DreamTaq, consisting of
DreamTaq Green DNA polymerase, 1X DreamTaq Green buffer, dATP, dCTP, dGTP and
dTTP, O.4mM each, and 2mM Mgcl,. The latter buffer increased quality of PCR product and
also created one band of the expected amplicon, so was used as standard for all further PCR
reactions.
Genes amplified for this study were the mitochondrial Cytochrome B (cytb) and NADH
dehydrogenase subunit 4 (ND4), and nuclear Neurotrophin-3 (NT3), prolactin receptor
(PRLR), Ubinuclein (UBNI1), Oocyte Maturation Factor (c-mos), and Recombination
Activating Gene (RAG1); with the latter two nuclear loci being the focus for this study.
Appendix 1 lists sequences obtained by this study compared to sequences from previous
students. Primers used are listed in Table 2 and corresponding PCR cycle conditions are listed
in Appendix 3.
The RAG1 primers G396 (R13) and G397 (R18) sourced from literature (Table 2; Groth &
Barrowclough, 1999) failed to amplify the DNA for multiple samples of high quality DNA,
indicating that the binding region was not compatible for all species. Successfully amplified
RAGT1 sequences were aligned in MEGA 5.05, and sections with few variable sites at each end
(5° and 3’) were identified and used to design novel primers (Table 2). Appendix 4 exhibits
how new primer sequences were identified, for which a similar process for CMOS was also
necessary.
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Table 2 The genes used for this study, with their corresponding primers used.

Gene L Primer
Direction Sequence (5' to 3') Reference
Locus Name
Forward Gludg TGACTTGAARAACCAYCGTTG Palumbi et al.
cytB
Reverse ATRCB3 TGAGAAGTTTTCYGGGTCRTT 1991
CACCTATGACTACCAAAAGCTCATGT
Forward NADH4 Arévalo et al.
ND4 AGAAGC 1694
Reverse H12763V TTCTATCACTTGGATTTGC ACCA
Forward AV _CMOSF AAGCACATCAAGGATTCGTCG
This study
Reverse AV_CMOSR TCTGCCTTGGGTGTGATTTTCT
CMOS
Forward G303 ATTATGCCATCMCCTMTTCC Hugall et al.
Reverse G708 GCTACATCAGCTCTCCARCA 2008
Forward ~ NTF3 Fl ATGTCCAATCTTGTTTTATGTGATATTIT  Townsend et al.
NT3
Reverse NTF3_R1 ACRAGTTTRTTGTTYTCTGAAGTC 2008
Forward  PRLR Fl1 GACARYGARGACCAGCAACTR ATGCC  Townsend et al.
PRLR
Reverse PRLR R3 GACYTTGTGRACTTCYACRT AATCC AT 2008
Forward AV_RAGIF AAATGTGACAGGGTCTCT
This study
Reverse AV_RAGIR GGGCATCTCAAAACCAAATTGT
RAGL | porward G396 (R13)  TCTGAATGGAAATTCAAGCTGTT Groth &
Barrowclough
Reverse G397 (R18)  GATGCTGCCTCGGTCGGCCACCTTT 1999
UBNI Forward BaUBN _F CCTCTGGTTACTCAGCAGCA Barlow, pers.
Reverse BaUBN R ATTGGCCACTCCTTGTGTTC comm.

PCR product was quantified and checked for both quality and double-banding using gel
electrophoresis. 2ul of each PCR sample was loaded onto a 10% agarose gel, made by
microwaving 50ml of TBE buffer mixed with 50mg agarose, with 5ul SafeView added once
the mixture had cooled. The gels were run at 80V for 25 minutes and were visualised using the
UV transilluminator which allowed for confirmation of amplicon size and quality. All positive
PCR products underwent the PCR CleanUp, for which 1ul of CleanUp MasterMix was added
to each tube, which was comprised of ultrapure water (0.8ul), Exonuclease 1 (0.1ul) and
Thermosensitive Alkaline Phosphatase (0.1ul). To hydrolyse unwanted dNTP’s and remove
excess single-stranded PCR product, a CleanUp step was used (Werle ef al. 1994). The
ThermoCycler (Bio-Red T100™ Thermal Cycler) ran the final process of 15 minutes
incubation at 37°C, 15 minutes inactivation temperature of 74°C, and a final 15 minutes step at
4°C.
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Purified samples were then re-tubed, labelled, and sent to Macrogen Inc. (dna.macrogen.com)
for sequencing.

2.2 Sequence Data Preparation

All mitochondrial and nuclear sequences underwent proof-reading in CodonCode Aligner v.
3.7.1 (www.codoncode.com/aligner), as this software allows for the editing and alignment of
sequences by displaying the sequencer trace files alongside the nucleobases identified. Nuclear
sequences were assembled into contigs as combined forward and reverse amplicons, they were
then checked for quality, with low-quality ends being removed. Once aligned, any
heterozygous positions were visually identified on the chromatograms as possessing a double
peak combined with low quality Phred scores (Ewing ef al. 1998). These nucleobases were
then renamed to their respective IUAPC codes (Cornish-Bowden, 1985).

The nuclear sequences exported in FASTA format were then opened in MEGA 5.05 (Tamura
et al.,2004; 2011) where they were aligned by MUSCLE (Edgar, 2004). To ensure the smooth
running of both PHASE and *BEAST, all sequences were aligned to start and end on the same
base pair position, with fewer gaps facilitating analysis.

The program SeqPHASE (www.seqphase.mpg.de/seqphase; Flot, 2010) was used to create the
input files required for PHASE (Stephens et al. 2001). PHASE is a statistical haplotyping
software run through the command-line cmd.exe, in which the input diploid nuclear sequences
are read and then individual parental haplotypes are estimated. Due to the assumptions and
conditions within PHASE (Stephens et al. 2001), gene sequences were split in to the separate
Naja subgenera prior to analysis. Each analysis was conducted 3 times with different starting
seeds, burning in the first 1000 generations. SeqPHASE was then used to convert the PHASE
output files in to FASTA files, which were opened in MEGA 5.05. Original sequences with a
range of heterozygous positions resulted in various possible parental haplotypes, with the two
sequences retained for further analysis being chosen on account for the highest confidence
probabilities.

2.3 Multilocus analysis

The software Beauti (Heled and Drummond, 2010) was used to construct the input files for
*BEAST (Heled & Drummond, 2010)) analysis. Site models were identified by inputting the
genes’ NEXUS files in to PAUP* v.4.0 (Swofford, 1998); for which Maximum Likelihood
criterion are used to identity the most supported best-fit models, which in this case were
SYM+G (Gamma Category Count, 1; Model, GTR, Frequencies, All Equal; Zharkikh, 1994)
for all loci except NT3, which was analysed through the best fit model K80+G+I (Gamma
Category Count, 1; Proportion Invariant, 0.1; Model, HKY, Frequencies, All Equal). Clock
models were adjusted after analysing Tracer files (Rambaut & Drummond, 2013) and attention
was paid to any low Effective Sample Size (ESS) figures for the parameters associated with
evolutionary rate (i.e. CoefficientOfVariation). Only PRLR yielded low evolutionary rate
related ESS readings, and thus had a strict clock model as opposed to the other genes’ relaxed
clock log normal models.

Several preliminary runs were undertaken using *BEAST, generally running between 5x10° —
10% with the rule of sampling the Markov chain Monte Carlo (MCMC) chain every 500 or
10,000, respectively (chain length divided by 10,000), and the burn in was set at 10%. These
preliminary trees were then analysed using Tracer v.1.5 to check ESS values to ensure correct
Beauti parameters.

The final *BEAST analysis was set-up to run for 10° generations, storing every 10° trees to
ensure a total of 10,000 trees were created. The pre-burnin was again set for 10%; 108,
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TreeAnnotator was used to input the 10,000 trees from *BEAST and create a maximum clade
credibility tree, with node heights set to median heights and posterior probability limit to 0.5.
The single output tree was then viewed and annotated using FigTree.
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3.0 Results

3.1 Sequence Data

This multilocus analysis was based upon 1701 sequences totalling 4426 base pairs across 7
loci (cytb, ND4, c-mos, NT3, PRLR, RAG1, UBN1), representing 41 elapid species and all
extant Naja species excluding N. christyi. Further information and characteristics for DNA
sequences per gene are listed in Table 2.

Table 2. Characteristics and sequence dataset for loci used in *BEAST analysis. Columns
respectively represent number of sequences, length of sequence (number of base-pairs), number of
variable sites, and number of parsimony-informative sites.

Gene No. seq bp V.S. p-i
cytb 246 658 445 160
ND4 266 663 523 184
cmos 116 638 350 83
NT3 256 657 227 98
PRLR 368 551 221 122
RAG1 98 758 146 78
UBNI1 351 501 175 80

3.2 Multilocus phylogeny

The *BEAST multilocus species tree in Fig. 5 supports the monophyly of the genus Naja, with
a Bayesian Posterior Probability (BPP) support value of 1. The monophyly of the core cobra
group remains strongly supported, with the addition of Pseudohaje goldii. This study found P.
goldii to form the closest related lineage to the Naja genus, with a BPP support value of 0.89,
which could be classed as having moderate support for this position. The cobras Walterinnesia
aegyptia, Aspidelaps spp., and H. haemachatus retain their position as the evolutionarily
closest lineages for this group, with the addition of P. goldii. The king cobra, Ophiophagus
hannah, is once again found to not fit amongst the core cobra clade, but its position is poorly
resolved in the multilocus phylogeny. O. hannah forms a monophyletic clade with the Asian
coral snake, Hemibungarus calligaster, which is moderate-to-poorly supported with a BPP of
0.83. This clade’s position is poorly resolved in regard to its relationship with the sister lineage,
the core cobra group, as it yields a BPP support value of 0.61. Within the Naja genus, the
monophyly of the individual subgenera Afronaja, Boulengerina, Naja and Uraeus are strongly
supported with BPP support values of 1.

The position of the African spitting lineage, Afronaja, has strong support as the sister lineage
to the remaining Naja species (BPP of 1). Within the African spitting cobras, N. pallida and
N. nubiae form the sister clade to the other Afronaja species, which are mostly well resolved
except for the position of the N. nigricincta & N. woodi clade and N. mossambica (BPP 0.63).
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The other three subgenera nested within the Naja clade have relatively poor BPP support
values, with the subgenera Naja and Uraeus forming a monophyletic group (BPP 0.8) with the
lineage diverging earlier being Boulengerina (BPP 0.74). Interspecific relationships within
Boulengerina place N. multifasciata as the basal species, with N. peroescobari, N.
melanoleuca, and the three distinct populations the latter species, “Western banded”, “West
African black form”, and N. cf. subfulva forming a monophyletic clade, with a BPP support
value of 0.73. Naja cf. subfulva and the Western banded cobra form a strongly supported
monophyletic clade (BPP 0.99), as do the sister clade comprising of N. melanoleuca, the West
African black form and N. peroescobari; however, the monophyly of N. melanoleuca and West
African black form is poorly resolved (BPP 0.48).

The Asian cobras, subgenus Naja, form a monophyletic clade with the spectacled cobra N. naja
positioned at the base of the clade. The remaining species are split in to two clades, with a
strong BPP support value of 0.98. Naja atra, N. oxiana, N. sagittifera, N. kaouthia form one
clade, with the latter two classed as sister species (BPP 1), yet the placement of N. oxiana is
poorly resolved within the clade (BPP 0.41). The second clade within the subgenus Naja is
again strongly supported, with N. samarensis and N. philippinensis forming a monophyletic
clade. Their sister clade is less resolved, with varying support values.

Sister to the subgenus Naja is the African group of non-spitting cobras, Uraeus. The monophyly
of this clade is well supported, with N. nivea forming the earliest divered lineage. The two
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