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Abstract 27 

Venom-spitting is a defence mechanism based on airborne venom delivery used by a number 28 

of different African and Asian elapid snake species (‘spitting cobras’; genus Naja and 29 

Hemachatus). Adaptations underpinning venom spitting have been studied extensively at both 30 

behavioural and morphological level in cobras, but the role of the physical properties of venom 31 

itself in its effective projection remains largely unstudied. We hereby provide the first 32 

comparative study of the physical properties of venom in spitting and non-spitting cobras. We 33 

measured the viscosity, protein concentration and pH of the venom of 13 cobra species of the 34 

genus Naja from Africa and Asia, alongside the spitting elapid Hemachatus haemachatus and 35 

the non-spitting viper Bitis arietans. Using available microCT scans, we calculated the pressure 36 

required to eject venom through the fangs of a spitting and a non-spitting cobra. Despite the 37 

differences in the modes of venom delivery, we found no significant differences between 38 

spitters and non-spitters in the rheological and physical properties of the studied venoms. 39 

Furthermore, all analysed venoms showed a Newtonian flow behaviour, in contrast to previous 40 

reports. Although our results imply that the evolution of venom spitting did not significantly 41 

affect venom viscosity, our models of fang pressure suggests that the pressure requirements to 42 

eject venom are lower in spitting than in non-spitting cobras. 43 

 44 

 45 

 46 

 47 

 48 
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 51 

 52 
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Introduction 54 

A plethora of defensive behaviours can be found across the animal kingdom. Such variety can 55 

be explained by natural selection acting more strongly on defence mechanisms than on 56 

offence/predation mechanisms, as suggested by the “life-dinner principle” (Dawkins and Krebs, 57 

1979). According to this principle, evolutionary selective pressure on the prey is much stronger 58 

than on the predator, because in a predator-prey encounter, the prey may lose its life, while the 59 

predator may only lose a meal. Defensive behaviours can be summarised in three main 60 

categories: freezing, fleeing, and active defence (Eilam, 2005). As part of the latter category, 61 

some organisms employ venom, defined as an injectable harmful chemical secretion, to mount 62 

a more effective defensive attack, e.g. hymenoptera, arachnids, and venomous snakes. The 63 

noxious effects of venom increase the dissuading effect of the defence, enabling animals like 64 

bees, scorpions and snakes to ward off larger attackers (Schmidt, 2019). Although snake 65 

venoms are thought to have mainly evolved for their function in aiding predation (Arbuckle, 66 

2017; Daltry et al., 1996), it is their use in defensive behaviour that makes them relevant to 67 

human health (Gutiérrez et al., 2017).   68 

Snake venom consists of a complex mixture of peptides and proteins, small organic molecules 69 

and salts in an aqueous medium (Chan et al., 2016). The high peptide and protein content makes 70 

venom more viscous than water (Young et al., 2011), and it has been previously identified as a 71 

non-Newtonian shear-thinning fluid (Triep et al., 2013; Young et al., 2011). Venomous snakes 72 

(superfamily Colubroidea) inject venom into the body of their prey, or defensively into the body 73 

of their attackers, through specialised fangs or grooved teeth (Broeckhoven and du Plessis, 74 

2017; Vonk et al., 2008). Members of the families Viperidae, Elapidae and Atractaspididae use 75 

an advanced front-fanged venom delivery system (Kerkkamp et al., 2017). In these snakes, the 76 

venom originates from the primary venom gland, and is expelled by the pressure of a skeletal 77 

muscle (referred to as m. compressor glandulae in viperids or m. adductor mandibulae externus 78 

superficialis in elapids; Haas, 1973) through the primary duct, the secondary (accessory) gland 79 

and into the fang, which acts like a hypodermic needle (Fransen et al., 1986; Jackson, 2003; 80 

Young and Kardong, 2007; Young et al., 2001). Once injected, venom toxins become systemic 81 

via dispersal by the bloodstream and lymphatic system, interacting with the prey/attacker’s 82 

physiological proteins and receptors, ultimately disrupting the nervous system, the blood 83 

coagulation cascade, the cardiovascular and neuromuscular system, and/or homeostasis in 84 

general (Kerkkamp et al., 2017). 85 
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The Elapidae family of snakes includes taipans, mambas, coral snakes, kraits and cobras. 86 

Snakes of this family inject their venom through short, fixed fangs located in the frontal part of 87 

the upper jaw, as opposed to the movable front fangs of the Viperidae and Atractaspididae 88 

(Bogert, 1943; Vitt and Caldwell, 2013). Cobra species of the genus Naja Laurenti, 1768 89 

possess venoms with neurotoxic and/or cytotoxic properties, which they use to rapidly 90 

immobilize their prey for consumption, or to dissuade predators (Petras et al., 2011; Vitt and 91 

Caldwell, 2013). Members of this genus are present in both Africa and Asia (Vitt and Caldwell, 92 

2013; Wüster, 1996; Wüster et al., 2007), and cobras from these two continents form 93 

phylogenetically distinct groups, which are thought to have separated about 16 Mya (Wüster et 94 

al., 2007). 95 

Several Naja species are well known for their peculiar ability to spit venom as an exclusively 96 

defensive mechanism, expelling it as pressurised jets or sprays at their attackers (Berthé et al., 97 

2009; Bogert, 1943; Panagides et al., 2017; Rasmussen et al., 1995; Westhoff et al., 2005; 98 

Wüster and Thorpe, 1992). These spits are generally aimed at the face and eyes of an aggressor 99 

(Westhoff et al., 2005), and once in contact with the eyes, can cause severe pain and 100 

inflammatory pathology (Chu et al., 2010; Westhoff et al., 2005). The ability to spit venom 101 

likely evolved from non-spitting ancestors on three independent occasions, once in African 102 

cobras and once in Asian cobras, and on a third occasion in the closely related Naja-relative, 103 

the rinkhals, Hemachatus haemachatus (Kazandjian et al., in press; Panagides et al., 2017; 104 

Slowinski et al., 1997; Wüster et al., 2007). 105 

The venom delivery system of spitting cobras possesses several subtle morphological 106 

adaptations that enable them to eject their venom over long distances, and which distinguish 107 

them from non-spitting cobras. The discharge orifice, for example, has a more circular shape 108 

(Bogert, 1943; Wüster and Thorpe, 1992), and is directed more anteriorly, creating a 90° bend 109 

in the venom channel inside the fang (Balmert et al., 2011; Triep et al., 2013). This channel has 110 

internal ridges unique to spitting cobras (Berthé, 2011; Triep et al., 2013) that reduce the 111 

pressure loss by about 30% compared to an identical channel without ridges, thus helping to 112 

achieve a longer reach of the jet (Triep et al., 2013). Furthermore, spitting cobras actively 113 

displace the fang sheath (thus removing a physical barrier to venom expulsion), unlike other 114 

venomous snakes, where displacement of the fang sheath is passive (Young et al., 2004). 115 

Additional behavioural adaptations found in African spitting Naja species include adjusting 116 

head movements to distance from target to optimise the spread of venom (Berthé et al., 2009), 117 
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and tracking and anticipating target movements to improve accuracy (Westhoff et al., 2010). 118 

Spitting cobras also show a certain degree of variation in their spitting modes: as demonstrated 119 

by previous studies (Rasmussen et al., 1995; Westhoff et al., 2005), some specialised spitters 120 

eject their venom in streams (e.g., Naja pallida) while others produce a fine mist (e.g., Naja 121 

nigricollis). The combination of morphological and behavioural adaptations allows most 122 

spitting cobras to eject venom up to at least 1 m, with some species (e.g., Naja mossambica) 123 

able to spit up to about 3 m (Rasmussen et al., 1995). 124 

To date, considerable research effort has been focused on the anatomical features of the 125 

specialised venom delivery apparatus of spitting cobras (Bogert, 1943; Triep et al., 2013; 126 

Wüster and Thorpe, 1992; Young et al., 2004, 2009), and on their associated peculiar defensive 127 

behaviour (Berthé et al., 2009; Westhoff et al., 2005, 2010). In contrast, the possibility of 128 

changes in the composition of the venom itself, as an adaptation for its new role as a venom 129 

applied outside of the body, or toxungen (Nelsen et al., 2014), has remained largely neglected. 130 

Two recent studies have suggested that the venom of spitting species may have evolved for 131 

increased effectiveness when applied externally. Panagides et al. (2017) showed that African 132 

spitting cobras have more potently cytotoxic venom than African non-spitters. Kazandjian et 133 

al. (in press) demonstrated that all three spitting lineages independently evolved venoms with 134 

more potent pain-inducing effects. These determine enhanced activation of sensory neurons 135 

through synergy between the ancestral cytotoxins widespread among cobras and 136 

phospholipases A2. 137 

However, in addition to new selective pressures relating to its function as a toxungen, venom 138 

spitting may also have changed the mechanical demands of the venom, but so far this has not 139 

been studied. Since the venom has to pass through the narrow ducts of the venom apparatus, 140 

we expect that a lower venom viscosity (i.e. resistance to flow) would serve to reduce pressure 141 

loss during venom expulsion, thereby reducing the energetic requirements of ejection. 142 

Furthermore, for a given ejection force, venom projection distance would also be aided by more 143 

rapid expulsion, obtainable with a less viscous venom. On the other hand, in spitting cobras, a 144 

higher viscosity would aid jet cohesion after venom ejection, keeping the jet of venom from 145 

breaking up into droplets for longer, thus improving spitting distance and accuracy by reducing 146 

air drag. The reported strong shear-thinning, non-Newtonian behaviour of snake venom (Triep 147 

et al., 2013; Young et al., 2011), would result in a reduced viscosity in the high-shear 148 
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environment of the venom channel, but a high viscosity in the low-shear environment of an 149 

airborne jet, and would thus likely aid in meeting these two seemingly conflicting demands.  150 

Here we measured and compared the rheological properties of the venoms of twelve spitting 151 

and non-spitting cobra species of the genus Naja from Africa and Asia, the only known “non-152 

Naja” species of spitting elapid, Hemachatus haemachatus, and the African non-spitting viperid 153 

Bitis arietans (used as outgroup). We also compared the protein concentration and pH of the 154 

studied venoms, two properties known to play an important role in the stability of some snake 155 

venom components (Kurt and Aurich, 1976), and often directly correlated to the severity of the 156 

envenomation (Bon, 2003; Ribeiro et al., 2016; Sanhajariya et al., 2018).   157 

Given the morphological differences between the fangs of spitting and non-spitting cobras 158 

(Bogert, 1943; Triep et al., 2013; Wüster and Thorpe, 1992; Young et al., 2004, 2009), we 159 

hypothesised that the two venom delivery mechanisms (i.e. spitting and biting) might be 160 

associated with different pressure requirements for venom ejection. Furthermore, we 161 

hypothesised that the venom of spitting cobras has a more pronounced shear-thinning behaviour 162 

than the venom of non-spitting cobras, in order to reduce pressure loss inside the venom duct 163 

and to increase jet cohesion in the airborne venom. To test this, we calculated and compared 164 

the pressure needed for venom to flow through the fang channel of one spitting and one non-165 

spitting cobra species (Naja nigricollis and Naja nivea, respectively), using previously available 166 

microCT scanning data and our rheological data.  167 

 168 

Materials and methods 169 

Venom extraction 170 

In total, venom samples of thirty snakes were used in this study. Venom was extracted from 28 171 

cobras belonging to 13 different species of the genus Naja, namely: Naja annulifera Peters, 172 

1854, Naja atra Cantor, 1842, Naja haje (Linnaeus, 1758), Naja kaouthia Lesson, 1831, Naja 173 

mossambica Peters, 1854, Naja naja (Linnaeus, 1758), Naja nigricollis Reinhardt, 1843, Naja 174 

nivea (Linnaeus, 1758), Naja nubiae Wüster & Broadley, 2003, Naja pallida Boulenger, 1896, 175 

Naja philippinensis Taylor, 1922, Naja siamensis Laurenti, 1768 and Naja subfulva Laurent, 176 

1955. Venom was also extracted from one rinkhals, Hemachatus haemachatus Bonnaterre 1790 177 

and one puff adder, Bitis arietans, Merrem 1820 used for comparative analyses, respectively as 178 
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a “non-Naja” venom spitter and non-spitter. Twelve of the specimens were captive bred (CB), 179 

while the remaining eighteen were collected in the wild (see Table 1 for details). All snakes 180 

were maintained in individual cages within the temperature, humidity and light-controlled 181 

environment of the herpetarium at the Centre for Snakebite Research & Interventions, 182 

Liverpool School of Tropical Medicine. This facility and its protocols for the expert husbandry 183 

of the snakes are inspected and approved by the UK Home Office and the LSTM Animal 184 

Welfare and Ethical Review Board. Before the beginning of the experiments, none of the 185 

specimens considered for this study had been milked for at least 4 weeks. After milking, the 186 

snakes were immediately put back into their enclosures and the venom transferred into 2 ml 187 

low-protein binding cryotubes (Simport Scientific, Beloeil, Canada) using a pipette. Table 1 188 

shows the average mass of fresh venom extracted from each specimen. The tubes were then 189 

transferred on ice to the laboratory of the Department of Materials Science and Engineering of 190 

the University of Sheffield for rheological, pH and concentration measurements on the same 191 

day. 192 

 193 

Rheological tests 194 

Shear viscosity measurements were performed in the Department of Materials Science and 195 

Engineering of the University of Sheffield, using a DHR-2 (TA Instruments, USA) rheometer, 196 

equipped with a cone-plate geometry (20 mm diameter, 1° angle cone, 27 μm truncation gap, 197 

36 μl to fill), and subjecting samples to a shear rate ramp from 1.0 s-1 to 10, 000 s-1 (41 steps, 198 

15 s per step), the maximum shear rate achievable by this instrument. Data below 100 s-1 were 199 

not included in later analysis as the apparent shear thinning observed is most likely attributed 200 

to surface tension effects and artefacts (see Fig. S1 of Supplementary Information and Ewoldt 201 

et al, 2015). Unless otherwise stated, all samples were tested at room temperature 25 °C. This 202 

temperature was selected as it falls within the range of body temperatures of active snakes (El-203 

Deib, 2005; Lillywhite, 2014), and as it approximates the temperature at which, in previous 204 

studies, spitting was elicited from specimens of N. nigricollis, N. pallida, N. mossambica and 205 

H. haemachatus (Westhoff et al., 2005; Young and O’Shea, 2015). Only species where 206 

sufficient venom was obtained to perform at least two replicates are shown. We were able to 207 

achieve up to three replicates for 19 of the 30 specimens included in this study. Venom samples 208 

that were not sufficient included H. hemachatus (African “non-Naja” spitter), N. subfulva 209 
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(African non-spitter) and N. naja (Asian non-spitter). In order to control for the potential 210 

presence of intraspecific variation in the considered rheological properties, all measurements 211 

were carried out on the venoms of single individuals, without pooling them. 212 

 213 

Calculating fang venom shear rate 214 

To support the range of shear rates tested and their biological relevance, it is necessary to 215 

calculate the natural range of shear rates encountered by venom. If venom is considered to be 216 

flowing down a channel, assuming all species spit in the same time and produce the same 217 

volume, the maximum shear strain rate at the fang wall is given by: 218 

 219 

�̇�# = 	
&'
()*

			(1) 220 

 221 

Where Q is the volumetric flow in m3 s-1 and R is the radius of the venom channel in m, and �̇�# 222 

is the shear rate in s-1. According to data on N. pallida obtained by Triep et al. (2013), and to 223 

du Plessis et al. (2018), the values considered during the venom spitting process are:   224 

 225 

Volume of a single spitting event, Vsingle spit= 1.0 x 10-8 m3 226 

Time for a single spitting event, tsingle spit = 40ms = 4 x 10-2 s 227 

R= 3.8 x 10-4 m, B. arietans (du Plessis et al., 2018) 228 

R= 2.2 x 10-4 m, N. nigricollis (du Plessis et al., 2018) 229 

R= 2.0 x 10-4 m, N. nivea (du Plessis et al., 2018) 230 

 231 

∴ 𝑄 = 	
1.0	𝑥	1012	𝑚4

4	𝑥	1016	𝑠 = 	2.5	𝑥	101:	𝑚4𝑠1; 232 

 233 

And finally, using Eqn 1, 234 

B. arietans: �̇�# = 	
4∗	2.5	𝑥	10−7	𝑚3𝑠−1

𝜋∗	(3.8	𝑥	10−4𝑚)3
= 5, 801	𝑠−1 235 

N. nigricollis: �̇�# = 	
4∗	2.5	𝑥	10−7	𝑚3𝑠−1

𝜋∗	(2.2	𝑥	10−4𝑚)3
= 29, 894	𝑠−1 236 

N. nivea: �̇�# = 	
4∗	2.5	𝑥	10−7	𝑚3𝑠−1

𝜋∗	(2.0	𝑥	10−4𝑚)3
= 38, 051	𝑠−1 237 
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Which from a rheological perspective is in broad agreement of the 10,000 s-1 shear rate applied 238 

in this study. 239 

 240 

Calculating the pressure needed to eject venom 241 

 242 

If the venom is considered to be flowing down a venom channel of converging radius from R1 243 

to R2, the pressure drop will be the result of the radius reduction from the fang base to the end 244 

of the fang where the exit orifice of the venom channel is located, plus the losses due to the 245 

viscous material (i.e. venom) flowing in the venom channel (Synolakis and Badeer, 1989). In 246 

order to corroborate if the flow is laminar or turbulent for the appropriate use of equations, the 247 

Reynolds number for the three species considered needs to be determined. The maximum 248 

Reynolds number defined for a Newtonian fluid can be calculated with the following equation:  249 

ReHIJ =
K∗LM∗NM
OPQR

    (2) 250 

 251 

Where:  252 

ReHIJ is the maximum Reynolds number  253 

ρ is the density of the venom, kg*m-3 = 1084 kg*m-3 (Triep et al., 2013) 254 

u; is the venom velocity at the channel inlet, m*s-1, 1.33 m*s-1 (calculated with information 255 
from Triep et al., 2013) 256 

D; is the diameter at the channel inlet : 7.6 x 10-4 m for B. arietans (du Plessis et al., 2018); 4.4 257 
x 10-4 m for N. nigricollis (du Plessis et al., 2018); 4.0 x 10-4 m for N. nivea (du Plessis et al., 258 
2018). 259 

µHVW	is the dynamic viscosity of venom, Pa*s, from our own data at 10,000 s-1: 0.026 Pa∙s ± 8.5 260 

x10-4 for B. arietans; 0.031 Pa∙s ± 8.6 x10-3 for N. nigricollis; and 0.170 Pa∙s ± 0.079 for N. 261 

nivea. 262 

Assuming that all species have the same velocity at the channel inlet and density, Reynolds 263 

numbers are:  264 

B. arietans: ReHIJ =
;X2&	YZ∗H[*∗;.44	H∗\[M∗]J;X[^	H

X.X6_	`I∙\
= 	27.72 265 
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N. nigricollis: ReHIJ =
;X2&	YZ∗H[*∗;.44	H∗\[M∗]J;X[^	H

X.X4;	`I∙\
= 	23.25 266 

N. nivea: ReHIJ =
;X2&	YZ∗H[*∗;.44	H∗\[M∗]J;X[^	H

X.;:X	`I∙\
= 	4.24 267 

Reynolds numbers are < 100, corresponding to a laminar flow (in line with the predictions made 268 

by Triep et al., 2013), which is below the critical Reynolds number of 2300, beyond which 269 

turbulent flow is observed. 270 

 271 

As the flow is in the laminar region, then the following equation, which corresponds to an 272 

Extended Generalised Bernoulli Equation, will be used to calculate the total pressure 273 

differential in the venom cannel (see Appendix for the detailed deduction of this equation):  274 

 275 

∆𝑷 = 𝑷𝟏 − 𝑷𝟐 =
𝝆
𝟐
∙ 𝒖𝟏𝟐 hi

𝑨𝟏
𝑨𝟐
k
𝟐
− 𝟏l + 𝟔𝟒

𝑹𝒆
∙ 𝒍
𝑫
∙ 𝒖t

𝟐

𝟐
∙ 𝝆        (3) 276 

Where:  277 

∆P is the pressure differential in the venom channel, in Pa. 278 

P1 and P2 are the pressures at the inlet (1) and outlet (2) points of the venom channel, in Pa.  279 

u1 and u2 are the velocities at the inlet (1) and outlet (2) points of the venom channel, in m·s-1.  280 

ρ is the density of the venom, in kg·m-3. 281 

A1 and A2 are the cross-section areas at the inlet and outlet points, in m-2.  282 

Re is the Reynolds number, dimensionless.  283 

L is the length of the venom channel, in m. 284 

D is the average diameter of the venom channel, in m. 285 

𝑢v is the average velocity of the venom in the venom channel, in m. 286 

To directly relate these calculations to the natural system and the measured rheological data, 287 

microCT scans from du Plessis et al. (2018), and available at the GigaScience Database 288 

(http://dx.doi.org/10.5524/100389), were used to calculate venom channel length and radius. 289 

Fang morphology data was available for three species included in this study: Bitis arietans 290 

(viper), Naja nigricollis (African spitting cobra) and Naja nivea (African non-spitting cobra). 291 
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MicroCT image stacks were imported into Amira (Thermo Scientific, version 2019.4) and 10 292 

evenly spaced measurements were taken along the length of the venom channel (l), from the 293 

end of the entry orifice into the channel at the base of the fang to the opening point of the exit 294 

orifice at the tip of the fang. Of the ten measurements per species, the average diameter was 295 

obtained (D) for input into Eqn 3. The values used for each variable for the three snake species 296 

are reported in Table 2. 297 

Protein concentration 298 

Protein concentration was measured for each venom sample using a UV300 Thermo Spectronic 299 

spectrometer (Unicam/Thermo, UK). All samples (dilutions consisting of 1.5 µl of fresh venom 300 

+ 1 ml of water) were analysed at room temperature in 1 cm path-length polystyrene cuvettes 301 

from 200 to 500 nm wavelength. Double distilled water was used as a blank and for all dilutions. 302 

Protein concentration was estimated as follows, using absorbance at 260 and 230 nm (Aitken 303 

and Learmonth, 2009): 304 

 305 

Concentration (mg ml-1) = (0.183 x A230nm) – (0.075 x A260nm)   (4) 306 

 307 

Where A260nm and A230nm correspond to absorbance at 260 and 230 nm, respectively. 308 

 309 

pH measurements 310 

A Sentron pH meter (Netherlands) equipped with a cupFET pH probe was used to make pH 311 

measurements at room temperature. Two 3 μl droplets from each undiluted venom sample were 312 

measured individually and averaged to generate a pH measurement. 313 

  314 

Phylogenetic comparative methods 315 

The aim of the analyses reported here was to test for patterns in the measured parameters 316 

between spitting and non-spitting cobra venoms across the sampled species. All the analyses 317 

were performed using R 3.6.1 implemented using RStudio 1.2.1335, always taking the species 318 
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phylogeny into account. We used the species tree reported in Kazandjian et al. (in press). This 319 

tree contained 46 elapid species belonging to 11 different genera and was generated using a 320 

multispecies coalescent model based on DNA sequence alignments of both mitochondrial 321 

(partial cytb and ND4 gene sequences) and nuclear genes (CMOS, NT3, PRLR, UBN1 and 322 

RAG1). For the analyses in the current study, we pruned the original tree and retained only the 323 

species used in the venom rheology tests (i.e. Hemachatus haemachatus and the various Naja 324 

species). The viper B. arietans was added manually to the tree as an outgroup, with branch 325 

lengths adjusted manually to reflect previous research suggesting that viperids separated from 326 

elapids about 61 Mya (Zheng and Wiens, 2016). 327 

Within spitting cobras, a further division can be made in the different ways venom is ejected, 328 

which likely require different rheological properties of the venom. Following previous studies 329 

(Rasmussen et al., 1995; Westhoff et al., 2005), we divided the modes of venom ejection into 330 

three categories: i) “streams”: venom is ejected in the form of more or less continuous jets; ii) 331 

“mist”: venom is ejected in the form of a fine spray; iii) “mixed”: venom is ejected in a form in 332 

between the other two categories (see Table 1). Information about the venom spitting modes of 333 

seven species of spitting elapids considered in this study (N. atra, N. kaouthia, N. mossambica, 334 

N. nigricollis, N. pallida, N. siamensis and H. haemachatus) was gathered from the literature 335 

(Paterna, 2019; Rasmussen et al., 1995; Santra and Wüster, 2017; Westhoff et al., 2005). The 336 

spitting mode category for N. nubiae and N. philippinensis was assigned based on the authors’ 337 

personal observations. The category “non-spitter” was assigned to the non-spitting cobras N. 338 

annulifera, N. haje, N. naja, N. nivea and N. subfulva. The spitting mode category assigned to 339 

each studied species is reported in Table 1. 340 

To first test if there was a difference between spitting and non-spitting cobras and/or between 341 

Asian and African cobras across all the measured physical properties, we performed a 342 

MANOVA using spitting behaviour (defined in the analysis as “spit”) as a binary factor (spitter 343 

or non-spitter), and the data about protein concentration and viscosity at 10,000 s-1 as 344 

multivariate dependent variables. We considered spitting behaviour as a binary trait only in this 345 

analysis. After this preliminary MANOVA, we performed the same test considering the three 346 

different spitting mode categories, in order to look for possible correlation between differences 347 

in spitting modes and the measured physical properties of the venoms. 348 
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To test if there was a difference in venom viscosity due to spitting behaviour, protein 349 

concentration or pH we performed an ANCOVA using viscosity at 10,000 s-1 (“visc10000”) as 350 

dependent variable and “spit”, protein concentration (“ProtConc”) and pH (“pH”) as 351 

independent variables. 352 

To test if there was a difference in protein concentration due to spitting behaviour, we 353 

performed an ANCOVA using protein concentration as dependent variable and “spit” as 354 

independent variable. 355 

We looked for possible presence of phylogenetic signal for pH, protein concentration and 356 

viscosity at 10,000 s-1, calculating both Blomberg’s K (Blomberg et al., 2003) and Pagel’s λ 357 

(Pagel, 1999), using the packages caper, geomorph and phytools. Finally, we calculated 358 

Blomberg’s K for protein concentration and viscosity at 10,000 s-1 at the same time. 359 

 360 

Results 361 

Physical properties of the venom 362 

For all Naja venoms tested, the protein concentrations had an average of 132.6 mg ml-1, ranging 363 

from 51.11 mg ml-1 (N. nivea) to 159.1 mg ml-1 (N. annulifera). The venoms of B. arietans and 364 

H. haemachatus had similar protein concentrations (132.4 and 132.5 mg ml-1, respectively). No 365 

significant differences were found between species or groups (see Table 1 and more details 366 

below). The same was also true following quantification of venom pH, where the average pH 367 

of the Naja venoms was 5.77, ranging from 5.49 (N. kaouthia) to 6.02 (N. pallida). The pH of 368 

H. haemachatus venom was 5.76, and finally the pH of B. arietans venom was the lowest at 369 

5.43 (Fig. 1). 370 

Rheological tests demonstrated that, contrary to our starting hypothesis, the venoms of both 371 

spitting and non-spitting cobras show a Newtonian behaviour, at least over the range reported 372 

here (i.e. 100 to 10000 s-1). No significant differences between species or groups were evident 373 

(Table 1 and below).  374 

Combining rheological and morphological data to determine the pressure required for venom 375 

to flow down the venom channel, Fig. 3 shows the results for the African non-spitting cobra N. 376 

nivea, the African spitting cobra N. nigricollis and the viper B. arietans. MicroCT scans 377 
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obtained from du Plessis et al. (2018) indicate two different types of fangs, closed fused (B. 378 

arietans) and non-fused (N. nigricollis and N. nivea, Fig. 3A), and subsequent measurements 379 

provide information as to the fang length/diameter ratio (Fig. 3B). The results of fang pressure 380 

calculations shown in Fig. 3C report that the highest value corresponds to the non-spitter N. 381 

nivea (2.8 x 106 Pa), while the spitter N. nigricollis presents a lower value (0.17 x 106 Pa). The 382 

viper B. arietans shows the lowest pressure differential (0.10 x 106 Pa). The pressure differential 383 

results for the three snake species are reported in Table 2.  384 

 385 

Phylogenetic comparative methods 386 

The results of both MANOVAs showed no significant relationships between spitting behaviour 387 

and the multivariate combination of the measured physical properties of the venom (protein 388 

concentration, viscosity at 10,000 s-1). An additional MANOVA including pH among the 389 

variables was also performed, but then discarded because of the non-significance of the added 390 

variable and to simplify the model. The results of the ANCOVAs also showed no significant 391 

effect of spitting behaviour, protein concentration or pH on viscosity, or of spitting behaviour 392 

on protein concentration. Results of the statistical analyses performed considering the three 393 

spitting mode categories are reported in Table 3.  394 

Protein concentration, pH and viscosity at 10,000 s-1 show both K and, particularly, λ close to 395 

0 (Table 4), indicating phylogenetic independence (Karatzas and Shreve, 1998). The same can 396 

be said for the multivariate analysis, which takes into account both protein concentration and 397 

viscosity, and for which only Blomberg’s K has been calculated. None of these results were 398 

significant, with P values always higher than 0.05 (between 0.276 and 0.707 for the Ks, and 399 

equal to 1 for the λs).   400 

 401 

Discussion 402 

Young’s study on venom gland pressure in spitting cobras suggested that the force required by 403 

the m. adductor mandibulae externus superficialis to expel venom would be reduced if a highly 404 

shear-thinning venom was present (Young, 2004). The sudden increase in shear rate upon 405 

entering the venom channel would cause a decrease in the viscosity of the venom, which could 406 

therefore be pushed through the fang more easily and thus at the higher velocities which are 407 
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required to increase the reach of the venom jet (Triep et al., 2013). However, upon exiting the 408 

fang, the effective shear rate in the airborne venom jet ejected by a spitting cobra would be 409 

dramatically reduced, and as such a higher viscosity in the jet would reduce internal flow, thus 410 

slowing down the breaking up of the jet into separate droplets. This provides the advantage of 411 

a more coherent jet of venom, resulting in less drag, and thus a longer reach. Given that non-412 

spitting cobras do not eject their venom, they presumably have less need for a higher venom 413 

ejection speed, and hence less need for a highly shear-thinning venom. In light of these 414 

biomechanical considerations, we expected a more pronounced shear-thinning behaviour in 415 

spitting cobras than in non-spitting cobras, in order to reduce pressure loss inside the venom 416 

duct and to increase jet cohesion. 417 

Thus, when considering the above and the specific morphological adaptations to spitting in 418 

spitting cobras, such as the ridges present along the channel inside their fangs (Berthé, 2011; 419 

Triep et al., 2013), the more circular and anteriorly-oriented discharge orifice of their fangs 420 

(Bogert, 1943; Wüster and Thorpe, 1992; Young et al., 2004) and the apparently higher algesic 421 

activity of venoms of the three spitting lineages (Kazandjian et al., in press), we expected the 422 

rheological properties of the venom between spitting and non-spitting cobras to also be 423 

different. Hence, in light of our findings, it is surprising to not find any systematic differences 424 

in venom viscosity between spitting and non-spitting species. However, it is worth noting that 425 

this result might be influenced by the small number of rheological tests performed for most of 426 

the analysed snakes, owing to the relatively small amount of venom a single cobra specimen 427 

produces. 428 

Nevertheless, we did find differences in viscosity between and within species, suggesting that 429 

there is enough variability for natural selection to potentially act on. Between species, we found 430 

that the average venom viscosities at 10,000 s-1 went from a minimum of 0.0103 Pa·s (N. naja) 431 

to a maximum of 0.1709 Pa·s (Naja nivea) (Table 1). Similarly, we found that viscosity could 432 

vary greatly even among specimens of the same species. For instance, the average venom 433 

viscosities measured for the three N. nubiae specimens (NajNubCB001, NajNubCB003 and 434 

NajNubCB004) were, respectively, 0.0064, 0.0252 and 0.0790 Pa·s (Table 1 and Table S1 of 435 

Supplementary Information). These results suggest that the venom of all the elapid species we 436 

analysed may vary in its viscosity due to functional or other non-flow related requirements. We 437 

speculate that, within the range of rheological variability we recovered here for spitting cobras, 438 

other selective pressures may dictate the observed rheological properties. Although protein 439 
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concentration and pH have been previously shown to vary and be of influence in snake venoms 440 

(Takahashi and Ohsaka, 1970) and in other secreted protein systems (e.g. silk – Holland et al., 441 

2007; Terry et al., 2004), these two parameters did not vary significantly in our study. 442 

Snake venom is known to vary in composition depending on different factors, like diet (Daltry 443 

et al., 1996; Gibbs et al., 2011), ontogeny (Alape-Girón et al., 2008; Cipriani et al., 2017; 444 

Mackessy et al., 2006) and, potentially, local adaptation driven by relatively small changes in 445 

the physical environment (Zancolli et al., 2019). Compositional alterations in snake venom 446 

likely influence its rheology. Environmental changes determined by captivity (e.g. food supply 447 

restricted to a single type of prey) can also result in modifications of venom composition. 448 

However, most of the evidence produced so far suggests that the effect of captivity on snake 449 

venom composition is minimal (Farias et al., 2018; Freitas-de-Sousa et al., 2015; McCleary et 450 

al., 2016). In light of this, and considering that all venom samples analysed here were sourced 451 

from adult snakes fed on the same diet and kept under the same enclosure conditions, age, diet 452 

and ecology-related sources of variability have been minimised as much as possible, and thus 453 

seem unlikely to play a major role in the findings of this study. Thus, we suspect inherited 454 

differences in molecular venom composition (Mukherjee and Maity, 2002; Silva-de-França et 455 

al., 2019; Tan and Tan, 1988) to be the primary influence for any rheological differences. 456 

However, considering that both Petras et al. (2011) and Kazandjian et al. (in press) found the 457 

venoms of African spitting cobras (N. katiensis, N. mossambica, N. nigricollis, N. nubiae, N. 458 

pallida) to show similar compositional patterns in terms of proteins, we speculate that long 459 

chain (high molecular weight) non-protein molecules present in snake venom, such as 460 

carbohydrates (Bieber, 1979; Gowda and Davidson, 1992; Nawarak et al., 2003; Soares and 461 

Oliveira, 2009), could be responsible for the detected variation in rheological properties. 462 

Surprisingly, our rheological testing showed Newtonian behaviour for all analysed snake 463 

venoms across the shear rates presented. This appears to be in direct contrast to previous studies 464 

where snake venoms have been classified as non-Newtonian (Balmert et al., 2011; Triep et al., 465 

2013; Young et al., 2011). For example, Triep et al. (2013) suggested that N. pallida venom 466 

had non-Newtonian behaviour in the range of 1 to 37 s-1. However, upon closer inspection of 467 

the data within this range, we conclude that the apparent shear-thinning behaviour of N. pallida 468 

venom could be attributed to surface tension effects (Ewoldt et al, 2015). As a result, through 469 

comparison of our findings to previous studies, and accounting for the potential confounding 470 

influence of surface tension artefacts, we propose that any venom rheological data obtained 471 
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below 100 s-1 presented to date should not be considered when determining if a venom is 472 

Newtonian or non-Newtonian (see Fig. S1 of Supplementary Information). Previous studies 473 

have interpreted the rheological behaviour of snake venom based on experimental shear rate 474 

values going from 1 to 100 s-1 (Triep et al., 2013), and from 0.01 to 200 s-1 (Young et al., 2011). 475 

In these cases, we suggest that, due to the surface tension artefacts, only data from 100-200 s-1 476 

(indicating a Newtonian flow behaviour) should be considered. 477 

To explore the delivery mechanism and pressure requirements of venom ejection, we combined 478 

our rheology data with microCT scans of snake fangs reported by du Plessis et al. (2018). For 479 

the corresponding calculations, due to the fact that fang venom channels are typically slightly 480 

curved and may have additional pressure-increasing features such as internal ridges (Berthé, 481 

2011; Triep et al., 2013), and pressure losses due to viscosity, an Extended Generalised 482 

Bernoulli Equation (Eqn 3) was used. We were able to model the pressure required for venom 483 

to flow through the fang for three of the species we studied: Naja nivea (African non-spitting 484 

cobra), Naja nigricollis (African spitting cobra) and Bitis arietans (viper). While only for a 485 

limited number of species, there are evident differences in the pressure required to move venom 486 

down the fang. The spitter N. nigricollis has a smaller fang length/diameter ratio and a lower 487 

pressure requirement, whilst the non-spitter N. nivea has a larger fang length/diameter ratio and 488 

a higher pressure requirement. Interestingly, the viper B. arietans displayed both the largest 489 

fang length/diameter ratio and the lowest pressure requirement overall (Fig. 3), likely related to 490 

the relatively larger absolute diameter and/or curvature of the fang channel in this species. We 491 

found that the effect of viscosity and friction of the fluid in the venom channel (which is 492 

included in the Reynolds number; see Appendix for details) represents 5% of the pressure loss 493 

in B. arietans; 17 % in N. nigricollis (spitter); and 9 % in N. nivea (non-spitter). It appears that 494 

with this approach neither density nor viscosity contributes significantly to pressure losses, and 495 

that the major influence is the cross-section area variations along the venom channel (A1 > A2), 496 

which represent between 83 and 95 % of the total pressure loss. In light of this, we conclude 497 

that for all the viscosities observed, and for all the snake species analysed in this study, venom 498 

viscosity does not strongly influence the pressure requirements of venom ejection, and that what 499 

most defines such requirements are the morphological adaptations of the venom delivery 500 

systems (i.e. tapering of the fang venom channel). 501 

Considering the “life-dinner principle” (Dawkins and Krebs, 1979), which suggests that 502 

selection for defensive strategies should take precedence over selection for predatory 503 
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efficiency, the lack of significant signs of adaptation of venom rheological properties to spitting 504 

behaviour is unexpected. In fact, if the principle is true, considering the lack of consistent 505 

differences in venom rheology between spitting and non-spitting cobras, and that venom 506 

spitting is an unambiguously defensive behaviour, it is interesting to question why selective 507 

pressures have not favoured the emergence of venom spitting in all cobras. 508 

A recent study investigating patterns of venom-induced pain across snake species and time has 509 

suggested that the common ancestor of all elapids might have possessed early-pain-inducing 510 

venom (Ward-Smith et al., 2020). With the rapid infliction of pain being a requirement of 511 

defensive venoms (Eisner and Camazine, 1983; Ward-Smith et al., 2020), this could indicate 512 

that the use of venom for defensive purposes appeared early in elapid evolution, before the 513 

evolution of spitting behaviour. While a trend towards loss of rapidly painful venom is common 514 

in snakes (Ward-Smith et al., 2020), venom spitting, coupled with enhanced algesic activity 515 

(Kazandjian et al., in press) could be an extension of this basic defensive strategy (i.e. injection 516 

of early-pain-inducing venom), which allows contactless defence at a distance, and of shorter 517 

duration and higher accuracy than striking/biting (Kardong and Bels, 1998; Westhoff et al., 518 

2010; Young et al., 2001). In this scenario, spitting behaviour probably is the evolutionary 519 

response to specific selective pressures. Exposure to agile vertebrates (including visually acute 520 

primates, as suggested by Kazandjian et al., in press), likely attacking from an elevated position, 521 

and for which a defensive strategy involving striking/biting could be hazardous and/or 522 

ineffective, could have been one of the drivers of spitting behaviour evolution. It is therefore 523 

possible that spitting behaviour would not emerge in the absence of this kind of selective 524 

pressures, thus offering a conjecture for why not all cobra species are able to spit venom. 525 

Alternatively, the existence of yet unidentified constraints preventing the evolution of spitting 526 

in non-spitting species is not to be excluded a priori. 527 

Spitting behaviour has been recently documented for two species of Asian cobras that are 528 

generally considered non-spitters and that display very limited modification of their fangs, 529 

namely N. kaouthia  and N. atra (Paterna, 2019; Santra and Wüster, 2017; Wüster & Thorpe, 530 

1992). These reports suggest that venom-spitting can evolve in the presence of very limited 531 

adaptation of the dentition, without the greater level of morphological adaptation and precision 532 

documented for specialised spitters (Triep et al., 2013; Young et al., 2004). The reason why 533 

these species have not evolved the more specialised venom spitting apparatus that other species 534 

possess (e.g. N. mossambica, N. nigricollis, N. pallida), may be due to differences in selective 535 
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pressures, as outlined above, or perhaps the more recent origin of spitting in Asian cobras 536 

(Kazandjian et al., in press). In light of these findings, spitting behaviour in cobras should 537 

probably not be seen as a binary trait, but may vary continuously in prevalence among the 538 

species of the genus Naja. Understanding the evolution, or lack of evolution, of specialised 539 

spitting behaviour and associated physical adaptations would likely require studying the 540 

efficacy and prevalence of spitting behaviour as a defence against natural predators, an under-541 

documented aspect in the literature on this adaptation. 542 

Although, perhaps surprisingly, our results did not show any clear adaptation of the rheological 543 

properties of venom to spitting behaviour, we demonstrated that both spitting and non-spitting 544 

cobra venoms are Newtonian fluids over a biologically relevant shear rate range, in contrast to 545 

previous literature reports. In order to gain a more comprehensive understanding of the 546 

mechanics behind venom spitting in cobras, we suggest considering the continuous nature of 547 

the prevalence of spitting behaviour and spitting modes, fang morphology, and parts of the 548 

cobra venom delivery system at play in venom spitting but not included in this study (e.g. m. 549 

adductor mandibulae externus superficialis). Furthermore, future studies should increase the 550 

sample size in terms of both venom samples, specimens and species, in order to more 551 

comprehensively address the remarkably high variability in viscosity we detected in the present 552 

work. We hope our findings will stimulate further comparative study of the rheology of venom 553 

spitting across the genus Naja. 554 
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Figures 789 

 790 

Figure 1. Physical properties of the venoms. A) Cladogram of the elapid species analysed, 
extrapolated from the phylogenetic analyses performed (following Zheng and Wiens, 2016, 
viperids separated from elapids about 61 Mya, therefore B. arietans has not been included in 
the cladogram); B) box plot of protein concentration for venoms extracted for each species; C) 
box plot of pH, where each datapoint represents the average of two individual measurements. 
Triangles represent African Naja species, diamonds represent Asian Naja species. Venom-
spitting species are in blue, non-spitting species in violet. The green circle and the green star 
represent, respectively, the spitting elapid Hemachatus haemachatus and the non-spitting viper 
outgroup Bitis arietans. 
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 796 

 

Figure 2. Rheological properties of the venoms. A) Box plot of viscosity at 10, 000 s-1 for 
venoms extracted from each species; B) viscosity vs shear rate for each species except H. 
haemachatus, N. subfulva and N. naja (venom volume insufficient to run the experiments). The 
same colour code used in Fig. 1 has been applied. Error bars correspond to standard error from 
at least two experiments per specimen. 

 

 
 

Figure 3. Fang pressure prediction for N. nivea (violet), N. nigricollis (blue) and B. arietans 
(green). A) MicroCT images showing fang types (data analysed from du Plessis et al., 2018; 
available at GigaScience Database, http://dx.doi.org/10.5524/100389); B) fang length/diameter 
ratio; C) ∆P in the fang venom channel, calculated using representative rheological data for 
each species.  
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Tables 797 

Table 1. Properties of the venom samples per specimen. Information about the average wet 
venom yield produced by each snake is shown. The values reported for pH, protein 
concentration and viscosity were obtained averaging the values of the measurements taken for 
each individual. Values of single measurements are reported in Tables S1, S2 and S3 of 
Supplementary Information. 

 

Species Specimen code 
Spitting 

mode Continent 

 
 

Origin 

 
Average wet 

venom yield (mg) pH 
Protein conc. 

(mg ml-1) 
Viscosity (Pa·s) 

at 10,000 s-1 

B. arietans BitAriNGA003 Non-spitter Africa Nigeria 1261 5.43 132.4 0.02652 

H. haemachatus HemHaeCB001 Mixed Africa Captive bred 242.1 5.76 132.5 0.02503 
N. annulifera NajAnnCB002 Non-spitter Africa Captive bred 400.3 5.80 159.1 0.05658 

N. atra NajAtrCBT002 Streams Asia Captive bred 136.4 5.81 144.5 0.01553 
N. haje NajNivZAF004 Non-spitter Africa South Africa 257.9 5.63 152.5 0.01946 

N. haje NajHajUGA001 Non-spitter Africa Uganda 137.1 5.89 140.1 0.05181 
N. haje NajHajUGA004 Non-spitter Africa Uganda 337 5.90 151.2 0.06024 

N. kaouthia NajKaoCB001 Streams Asia Captive bred 966.4 5.50 124.0 0.01703 
N. kaouthia NajKaoCB002 Streams Asia Captive bred 494.6 5.49 103.3 0.003093 

N. kaouthia NajKaoCB003 Streams Asia Captive bred 681.9 5.69 81.42 0.04501 
N. mossambica NajMosTZA001 Streams Africa Tanzania 490.7 5.65 121.0 0.1190 

N. mossambica NajMosTZA002 Streams Africa Tanzania 183.4 5.75 137.4 0.04564 
N. mossambica NajMosTZA003 Streams Africa Tanzania 603.1 5.91 122.4 0.08120 

N. naja NajNajCB001 Non-spitter Asia Captive bred 169.6 5.66 120.4 0.01029 
N. nigricollis NajNigNGA001 Mist Africa Nigeria 140 5.60 115.7 0.03149 

N. nigricollis NajNigNGA002 Mist Africa Nigeria 795.7 5.59 133.8 0.07626 
N. nigricollis NajNigNGA003 Mist Africa Nigeria 1116.9 5.60 127.4 0.05422 

N. nigricollis NajNigNGA004 Mist Africa Nigeria 1059.4 5.88 154.9 0.02689 
N. nigricollis NajNigTGO001 Mist Africa Togo 1423.4 5.53 152.7 0.01236 

N. nivea NajNivZAF003 Non-spitter Africa South Africa 290.8 5.88 51.11 0.1709 
N. nubiae NajNubCB001 Streams Africa Captive bred 293.6 6.01 154.9 0.006430 

N. nubiae NajNubCB003 Streams Africa Captive bred 1198.8 5.79 127.2 0.07902 
N. nubiae NajNubCB004 Streams Africa Captive bred 457.3 5.84 142.1 0.02517 

N. pallida NajPalKEN001 Streams Africa Kenya 362.4 5.80 150.4 0.01600 
N. pallida NajPalKEN002 Streams Africa Kenya 513.8 5.91 145.0 0.02814 

N. pallida NajPalTZA002 Streams Africa Tanzania 479.9 6.02 137.5 0.04007 
N. philippinensis NajPhiCB001 Streams Asia Captive bred 140.3 5.78 129.0 0.02855 

N. siamensis NajSiaCB002 Mist Asia Captive bred 585.1 5.73 154.0 0.1044 
N. subfulva NajMelCMR001 Non-spitter Africa Cameroon 126.3 5.98 139.9 0.01878 

N. subfulva NajMelUGA001 Non-spitter Africa Uganda 155.9 5.89 140.1 0.01340 
     257.9    
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Table 2. Parameters used to calculate the pressure differential in the venom channel of the 
fang of Bitis arietans, Naja nigricollis and Naja nivea. The values of the resulting pressure 
differentials (∆P) are reported in bold. 

 

Species D1 (m) D2 (m)  D (m)  Length (m) u1 (m.s-1) ∆P (Pa) 
B. arietans 1.4	x	1014 4.4	x	101& 7.6	x	101& 0.00915 1.33 𝟎. 𝟏𝟎𝟒	𝐱	𝟏𝟎𝟔 

N. nigricollis 8.0	x	101& 2.3	x	101& 4.4	x	101& 0.00333 1.33 𝟎. 𝟏𝟕𝟐	𝐱	𝟏𝟎𝟔 
N. nivea 7.7	x	101& 1.0	x	101& 4.0	x	101& 0.00352 1.33 𝟐. 𝟖𝟐𝟗	𝐱	𝟏𝟎𝟔 

 799 

Table 3. Results of statistical testing. The symbol “y” indicates the multivariate variable 
consisting of protein concentration and viscosity at 10,000 s-1. Degrees of freedom (Df), F ratios 
(F) and p-values (P) are reported. 

  

Type of analysis Model Variable Df F P 
Phylogenetic MANOVA y ~ spit spit 3 0.5692 0.669 

      
Phylogenetic ANCOVA visc10000 ~ spit+ProtConc+pH spit 3 0.976 0.448 

  ProtConc 1 3.38 0.094 
  pH 1 0.0794 0.775 
      

Phylogenetic ANCOVA ProtConc ~ spit Spit 3 0.140 0.911 
      

 800 

Table 4. Results of phylogenetic signal testing. 

 

Tested variable Blomberg’s K P Pagel’s λ P 
Protein concentration 0.333852 0.707 7.69e-05 1 

     
pH 0.455545 0.375 6.41e-05 1 

     
Viscosity at 10,000 s-1 0.505132 0.276 7.69e-05 1 

 
Protein concentration and 

viscosity at 10,000 s-1 0.4774 0.323   
     

 801 
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Appendix 803 

Delta pressure equation 804 

There is pressure loss in fangs associated to converging diameter, which means rbase of the fang >  805 

rend of the fang and close to the exit orifice, which is in line with our fang measurements using microCT data 806 

(data analysed from du Plessis et al., 2018; available at GigaScience Database, 807 

http://dx.doi.org/10.5524/100389). However, that is not the only effect in pressure loss, because 808 

there is the effect of venom flowing in the venom channel, i.e. viscous pressure loss. Therefore, 809 

Poiseuille’s law is not correct in this case because the diameter of the venom channel is not 810 

constant, and Bernoulli’s equation is only accepted if there is no viscous pressure loss. 811 

Therefore, an Extended Generalised Bernoulli Equation must be used in order to have an 812 

approximation of the pressure loss in the venom channel considering radius variations and 813 

viscosity (Synolakis and Badeer, 1989).  814 

If the venom channel is considered as a converging radius pipe (see Fig. S2 of Supplementary 815 

Information), then the generalised Bernoulli’s equation considered for the venom channel can 816 

be written as:  817 

𝑃; +	
�M�∙�
6
= 	𝑃6 +

�M�∙�
6
+ ℎ� ∙ 𝜌 ∙ 𝑔	    (A1) 818 

Where:  819 

P1 and P2 are the pressures at the inlet (1) and outlet (2) points, in Pa.  820 

u1 and u2 are the velocities at the inlet (1) and outlet (2) points, in m·s-1.  821 

ρ is the density of venom, in kg·m-3. 822 

ℎ� corresponds to losses due to viscosity, in m. 823 

g is the acceleration of gravity, 9.81 m·s-2. 824 

 825 

ℎ� can be expressed as defined by Soares and Santos (2013), as follows: 826 

 827 
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ℎ� = 	
�∙�
�
∙ �t

�

6�
     (A2) 828 

Where:  829 

f is the friction factor, dimensionless.  830 

L is the length of the venom channel, in m. 831 

D is the average diameter of the venom channel, in m. 832 

𝑢v is the average velocity of the venom in the venom channel, in m, and can be calculated with 833 

the following equation:  834 

𝑢v = '
�̅
     (A3) 835 

Where:  836 

Q is the volumetric flow in the venom channel, in m3·s-1.  837 

�̅� is the average cross section area of the venom channel, in m2. 838 

 839 

The friction factor, for laminar flow, can be expressed as: 840 

𝑓 = _&
)�

     (A4) 841 

Where:  842 

Re is the Reynolds number, dimensionless.  843 

 844 

If we combine Eqn A2 and Eqn A4, we obtain:  845 

 846 

ℎ� = 	
_&
)�
∙ �
�
∙ �t

�

6�
     (A5) 847 

 848 

And combining Eqn A1 and Eqn A5:  849 
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𝑃; +	
�M�∙�
6
= 	𝑃6 +

�M�∙�
6
+ _&

)�
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�
∙ �t

�

6
∙ 𝜌     (A6) 850 

 851 

From the Continuity Equation (Munson et al., 2006): 852 

𝐴;∙𝑢; = 𝐴6 ∙ 𝑢6     (A7) 853 

Where:  854 

A1 and A2 are the cross-section areas at the inlet and outlet points, in m-2.  855 

 856 

Rearranging Eqn A7: 857 

𝑢6 = 	
�M∙�M
��

					(A8) 858 

 859 

If we define P1 – P2 = ∆P, rearrange Eqn A6, and combine with Eqn A8, we obtain Eqn 3: 860 

∆𝑷 = 𝑷𝟏 − 𝑷𝟐 =
𝝆
𝟐
∙ 𝒖𝟏𝟐 hi

𝑨𝟏
𝑨𝟐
k
𝟐
− 𝟏l + 𝟔𝟒

𝑹𝒆
∙ 𝒍
𝑫
∙ 𝒖t

𝟐

𝟐
∙ 𝝆         861 

 862 

Which is the equation used to calculate the pressure loss in the venom channel. 863 


