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Abstract

What factors influence the evolution of a heavily selected functional trait in a diverse clade? This 

study adopts rattlesnakes as a model group to investigate the evolutionary history of venom 

coagulotoxicity in the wider context of phylogenetics, natural history, and biology. Venom-induced 

clotting of human plasma and fibrinogen was determined and mapped onto the rattlesnake 

phylogenetic tree to reconstruct the evolution of coagulotoxicity across the group. Our results 

indicate that venom phenotype is often independent of phylogenetic relationships in rattlesnakes, 

suggesting the importance of diet and/or other environmental variables in driving venom evolution. 

Moreover, the striking inter- and intraspecific variability in venom activity on human blood 

highlights the considerable variability faced by physicians treating envenomation. This study is the 

most comprehensive effort to date to describe and characterize the evolutionary and biological 

aspects of coagulotoxins in rattlesnake venom. Further research at finer taxonomic levels is 

recommended to elucidate patterns of variation within species and lineages.
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1. Introduction

Rattlesnakes (Viperidae: Crotalinae: Crotalus and Sistrurus) have long fascinated mankind 

(Klauber, 1972; Reiserer, 2016), and are one of the most famous and well-studied groups of 

snakes (Beaman and Hayes, 2008). Distributed from southern Canada south into northern 

Argentina (Campbell et al., 2005), rattlesnake species are adapted to a variety of different 

ecosystems ranging from below sea level deserts up to at least 4400 m above sea level where 

they inhabit bunchgrass grasslands above tree line (Klauber, 1972, Campbell et al., 2005).

The monophyly of New World pit-vipers as descendants of a single colonization event by an 

ancestral Asian pit-viper species that invaded the New World via the Bering Land Bridge 

(Kraus et al., 1996; Parkinson, 1999; Parkinson et al., 2002; Alencar et al., 2018) during the 

late Oligocene or Early Miocene (Wüster et al., 2008; Alencar et al., 2016) is well 

supported. Interrelationships within Crotalus however are less understood (see review by 

Wüster, 2016 and references therein). Two competing hypotheses exist for the origin and 

evolution of rattlesnakes and differ in geographical and ecological setting. One hypothesis 

proposes a Mexican origin in the pine-oak woodlands of the Sierra Madre Occidental 

(Gloyd, 1940, Campbell et al., 2005, Place and Abramson, 2004, Blair and Sánchez-

Ramírez, 2016) whereas the other proposes an origin in the temperate mixed woodland and 

grassland communities of the continental United States (Setser et al., 2011; Meik and 

Schuett, 2016; Reiserer and Schuett, 2016). Regardless of the location of rattlesnake 

geographic origin, the clade rapidly diversified (Blair and Sánchez-Ramírez, 2016) likely 

due to a combination of orogenesis and climatic events (Pook et al., 2000; Douglas et al., 

2006; Bryson et al., 2011a; Bryson et al., 2011b; Myers et al., 2017).

The variations in phylogeography and natural history present in rattlesnakes reflect the 

convoluted patterns of evolutionary pressures experienced by these pit-vipers in their 

diversification. This divergence is arguably best represented by the high variability in venom 

composition found across the clade (Klauber, 1972; Calvete et al., 2010; Mackessy, 2010; 

Saviola et al., 2015; Saviola et al., 2017). Mackessy (2008) broadly grouped rattlesnake 

venoms into two categories based on their snake venom metalloprotease (SVMP) content: 

high SVMP content and low toxicity (Type I venoms) vs. low SVMP content and high 

toxicity (Type II venoms). More specifically, the Type I phenotype is markedly 

haemorrhagic, with copious blood loss often accompanied by localized cytotoxicity due to 

SVMPs lysing the membrane of blood vessels and/or inhibiting platelet aggregation 

(Gutiérrez et al., 2005; Gutíerrez et al., 2016).

Conversely, the Type II category refers to venoms with a high percentage of presynaptic 

neurotoxins of the phospholipase A2 (PLA2) family (and significantly lower content of 

SVMPs), which generally cause paralysis and systemic myotoxicity rather than haemorrhage 

(Hendon and Fraenkel-Conrat, 1971; Klauber, 1972; Dobson et al., 2018a; Neri-Castro et al., 

2019). Remarkably, the two phenotypes are not mutually exclusive at the species level, as 

separate populations of species such as the Mohave rattlesnake (Crotalus scutulatus ssp.) and 

the South American rattlesnake (Crotalus durissus ssp.) are known to fall into either 

category and/or even to combine the two toxic arsenals (Glenn and Straight, 1978; Glenn 

and Straight, 1989; Saravia et al., 2002; Calvete et al., 2010; Strickland et al., 2018). From 
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an evolutionary perspective, recent research supported the presence of neurotoxic PLA2s in 

the last common ancestor of rattlesnakes (Yang et al., 2015; Dowell et al., 2016). The 

genetic pattern behind such a diverse array of venom compositions within and between 

rattlesnake species has been the subject of extensive research (Giorgianni et al., 2020; Gibbs 

and Rossiter, 2008; Dowell et al., 2016; Margres et al., 2017; Dowell et al., 2018).

Other recurrent components of rattlesnake venoms include kallikrein-type serine proteases 

(SVSP) L-amino acid oxidases (LAAOs), phosphodiesterases (PDEs), disintegrins, and C-

type lectin-like proteins (Mackessy, 2010; Saviola et al., 2015; Mackessy, 2008; Durban et 

al., 2017), all of which include representatives known to induce coagulopathy (Fry, 2015). 

Overall, coagulotoxins represent a major component of the toxic arsenal of most rattlesnake 

species, therefore warranting great research attention from an ecological and a clinical 

perspective alike (Markland, 1983; Mackessy, 2008). Of the non-SVMP toxins, the SVSP 

contribute most strongly to the coagulopathy resulting from envenomation. Like SVMPs, 

SVSPs directly interfere with the blood clotting cascade by depleting fibrinogen via two 

mechanisms: the direct anticoagulant mechanism destructively cleaves fibrinogen, while the 

pseudo-procoagulant (aka: thrombin-like) mechanism cleaves fibrinogen to form transient, 

weak, unstable fibrin clots that rapidly break down (Debono et al., 2019a; Debono et al., 

2019b; Debono et al., 2019c; Youngman et al., 2019; Bourke et al., 2020). Conspicuously, 

the presence and prevalence of SVSPs in rattlesnake venoms does not strictly follow the 

Type I vs Type II dichotomy, as serine protease abundance is variable in species displaying 

either phenotype (Mackessy, 2008). Thus the utility of this simplistic division of venoms is 

limited in predicting functional variation.

From an animal biology perspective, the link between venom variations and shifts in dietary 

habits between species and populations in snakes is well established (Daltry et al., 1996; 

Barlow et al., 2009; Cipriani et al., 2017; Lyons et al., 2020), with venom and resistance to 

toxins in prey animals continuously driving each other’s evolution in what has often been 

described as an arms race (Casewell et al., 2013; Fry et al., 2008; Jackson et al., 2016). 

Examples of such a marked influence of diet on venom abound in rattlesnakes (Mackessy, 

1988; Sanz et al., 2006; Mackessy, 2010; Sunagar et al., 2014; Saviola et al., 2017; Holding 

et al., 2018). However, prey specificity is unlikely to be the only driver of venom 

diversification in this clade, since significant differences in venom composition can be 

observed in populations and species characterized by similar prey preferences (Mackessy, 

2008; Zancolli et al., 2019). Furthermore, venom variation in several species of rattlesnakes 

is known to be ontogenetic, with juveniles generally possessing a Type II venom phenotype 

that gradually transitions to Type I in adults (Mackessy et al., 2003; Calvete et al., 2010). 

While this process often reflects ontogenetic dietary shifts (Mackessy, 1988; Gibbs et al., 

2011), age-related modifications in venom composition have been documented in species 

that likely feed on the same prey type throughout their life (Calvete et al., 2010; Seneci et 

al., 2021). Consequently, a concatenation of multiple factors, from environmental variables 

ranging from local climate and elevation (Zancolli et al., 2019) to interspecific and even 

intergeneric hybridization (Dowell et al., 2016, Dowell et al., 2018, but see Zancolli et al., 

2016), is likely at the root of inter- and intraspecific variation in venom composition in 

rattlesnakes.
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In this study, we aim to elucidate the evolutionary history and diversity of coagulotoxic 

activity in rattlesnake venom by assessing venom-induced clotting times through a 

comprehensive phylogenetic approach on a scale never attempted to date. We extensively 

cover the intersection of biological and environmental factors driving the specialization of 

venom activity to integrate our findings in a broader evolutionary and biological context, 

whereby rattlesnakes represent an ideal model clade. Based on current knowledge 

(Mackessy, 2008; Gibbs et al., 2013), we predict that phylogenetic relationships alone will 

not explain patterns of variability at the inter- and intraspecific level. We also investigate 

whether the Type I vs Type II dichotomy described by Mackessy (2008) potentially 

overshadows patterns of variability in coagulotoxic activity within and beyond the 

boundaries of each type.

2. Materials and methods

2.1. Venom selection and preparation

All venom work was undertaken under the auspices of UQ IBSC approval 

#IBC134BSBS2015. 55 lyophilized venom samples were selected from the long-term, 

cryogenic collection available at the Venom Evolution Lab. Furthermore, the NNTRC (an 

NIH/ORIP funded center) provided 23 venoms, and MToxins provided 14 venoms. Priority 

was given to venom samples associated with a specific locality and/or information on the 

animal’s age, size, and sex in order to account for multiple factors that might influence 

venom activity. ddH2O (ultra pure water) was added to the powdered venom sample before 

vortexing for 5 s and centrifuging at 14,000 rcf for 10 min. After centrifugation, the 

supernatant was transferred to a 1.5 mL Eppendorf tube and vortexed in preparation for 

testing in triplicate on a Nanodrop 2000 spectrophotometer (ThermoFisher Scientific) to 

measure concentration of venom proteins in the diluted sample at a 280 nm absorbance 

wavelength. The resulting concentration values were used to calculate the amount of ddH2O 

and venom solution to add in order to bring the concentration to 2 mg/mL. Subsequently, 

glycerol was added to obtain 50% ddH2O:50% glycerol final stock with a venom 

concentration of 1 mg/mL.

2.2. Plasma and fibrinogen coagulation assays

Healthy human plasma (citrate 3.2%, Lot# A540020142331 and A5400201137021) was 

provided by the Australian Red Cross (44 Musk Street, Kelvin Grove, Queensland 4059). 

Both plasma lots were pooled and the combined stock underwent the same preparation and 

experimental procedures. More specifically, plasma stocks were aliquoted into 1.5 mL 

Eppendorf tubes under sterile conditions before flash-freezing in liquid nitrogen and storing 

at −80 °C until use. All human plasma work was performed under University of Queensland 

Biosafety Approval #IBC134BSBS2015 and Human Ethics Approval #2016000256. Human 

fibrinogen was purchased from Sigma Aldrich (St. Louis, Missouri, United States) and 

aliquoted into 1.5 mL Eppendorf tubes after reconstitution into Fluoroskan running buffer 

(150 mM NaCl + 50 mM TrisHCl in 1 L ddH2O, pH 7.4) to a concentration of 4 mg/mL, 

flash-freezing in liquid nitrogen for 10 s and storing at −80 °C until use. Plasma and 

fibrinogen clotting times were measured on a Stago STA-R Max coagulation analyzer using 

Stago Analyzer software v. 0.00.04 (Stago, Asníeres sur Seine, France) upon thawing of 
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aliquots at 37 °C for 5 min. More specifically, this robot determines clotting time as the 

interval required for a magnetic sphere inside a 250 μL cuvette to cease oscillating due to 

blockage caused by a clot in the incubated solution of venom and plasma/fibrinogen 

combined with several co-factors. A positive control for plasma was run by performing a 

Kaolin-activated Partial Thromboplastin Time assay (aPTT). For the fibrinogen positive 

control, 50 μL 50% ddH2O + glycerol, 25 μL STA Owren-Koller buffer (Stago catalog 

#00360) + CaCl2 (Stago catalog #00367, 25 mM, 2:1 dilution), 50 μL phospholipid from 

STA C.K. Prest Standard Kit (Stago Catalog # 00597, diluted in 5 mL Owren-Koller buffer), 

and 75 μL human fibrinogen were incubated for 120 s before adding 50 μL thrombin (STA 

Liquid-FIB) for a total volume of 250 μL. All venoms were run on STA-R Max in a 250 μL 

solution consisting of 25 μL Owren-Koller buffer, 50 μL phospholipid, 50 μL venom 

solution (i.e. venom diluted to 100 μg/mL in Owren-Koller buffer), and 50 μL CaCl2.

2.3. Phylogenetic comparative analysis

Ancestral state reconstruction for coagulotoxicity was conducted using maximum likelihood 

as implemented in the ContMap function of the package phytools (Revell, 2012) on RStudio 

v. 3.5.1. Two phylogenetic trees (one each for plasma and fibrinogen clotting times) were 

constructed based on the phylogeny of rattlesnakes published by Alencar et al. (2016), and 

trees obtained from timetree.org, which were manually recreated in Mesquite (version 3.2) 

and subsequently imported in RStudio in Newick format via the APE package.

3. Results

Mean plasma and fibrinogen clotting times were mapped over the organismal phylogenetic 

tree to highlight the diversification of coagulotoxicity across the rattlesnake clade (Fig. 1 for 

effects on whole plasma, Fig. 2 for specific pseudo-procoagulant effect upon fibrinogen). 

While clotting times above spontaneous control levels are indicative of anticoagulant venom 

activity on plasma (Fig. 1), this assay could not determine whether clotting times below that 

of the spontaneous control represented true procoagulant action (activation of the zymogens 

of clotting factors such as Factor X or prothrombin to result in the generation of endogenous 

thrombin, leading to the formation of strong, stable fibrin clot) or pseudo-procoagulant (the 

direct action upon fibrinogen to produce abberant fibrin clots that are weak, and short-lived, 

thus contributing to net anticoagulation by depleting the levels of intact fibrinogen). Thus, 

we subsequently tested for the ability to directly act upon fibrinogen and form clots in a 

pseudo-procoagulant manner (Fig. 2). Our ancestral state reconstruction for coagulotoxicity 

on fibrinogen (Fig. 2) shows that the vast majority of taxa that clotted plasma faster than the 

spontaneous control time (Fig. 1) also directly clotted fibrinogen (Fig. 2) thus indicating a 

pseudo-procoagulant action centered on cleaving fibrinogen to produce weak, unstable clots. 

This was particularly pronounced in the Neotropical rattlesnake lineage (C. mictlantecuhtli, 
C. tzabcan, C. durissus, C. vegrandis), which clotted fibrinogen in a pseudo-procoagulant 

manner in <100 s. A notable exception was C. culminatus, with a pool of neonate venoms 

clotting plasma in <15 s as opposed to >90 s for fibrinogen. This is due to the neonate life-

stage species possessing a true procoagulant phenotype, by potently activating Factor X 

(Seneci et al., 2021). The clade containing C. stephensi, C. pyrrhus, C. adamanteus, and C. 
tigris was strongly pseudo-procoagulant fibrinogen clotting, while this trait was weak or 
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absent in the sister clade containing the C. viridis complex. Such a dynamic variation was 

evident in other closely related species with C. enyo being pseudo-procoagulant while the 

sister species C. cerastes lacked this trait, with the same extreme variation for C. catalinensis 
(pseudo-procoagulant) compared to C. atrox (not pseudo-procoagulant). Among the small-

sized montane rattlesnakes, only the basal-most C. ravus displayed a strong pseudo-

procoagulant action on fibrinogen, whereas this trait was not present in C. aquilus, C. 
armstrongi, C. polystictus, C. pricei, or C. lepidus. Such extreme variation was also noted 

between localities of the wide-ranging species C. horridus, which was potently pseudo-

procoagulant in the western part of its range (Texas), but not for the eastern population 

(Florida, Kentucky, and South Carolina) which prevented spontaneous clotting. The genus 

Sistrurus, which constitutes the earliest split in the rattlesnake phylogenetic tree, mostly 

lacked a strong coagulating activity on fibrinogen, with neither S. miliarius nor S. 
tergeminus achieving clotting times <341 s.

Comparing the ancestral state reconstructions between plasma and fibrinogen showed 

dramatic disparity between phylogenetic relationships across taxa and coagulant activity of 

venom (Fig. 1). In fact, it was not uncommon to observe sister species (e.g. C. ruber and C. 
atrox compared to C. catalinensis, or C. cerastes and C. enyo) characterized by anticoagulant 

and pseudo-procoagulant (aka ‘thrombin-like’) phenotypes, respectively. This is true even at 

the intraspecific level, with specimens from different localities sometimes revealing evident 

differences in clotting times as apparent in C. horridus (extremes of 32 s to 999 s), S. m. 
barbouri (215 s to 999 s), and S. t. edwardsii (160 s to 999 s). The montane species C. 
armstrongi and C. polystictus were distinctly anticoagulant, as was the case for C. lepidus 
save for a single C. l. lepidus individual from the Davis Mountain in Arizona (251 s on 

plasma) and was confirmed as weakly pseudo-procoagulant (356 s on fibrinogen). More 

homogeneous patterns were found in other clades, such as a shared anticoagulant phenotype 

across the Western rattlesnake complex (C. viridis, C. oreganus, C. helleri, C. lutosus, C. 
concolor, and C. Cerberus, all of which reached the 999 s time limit on plasma) and a 

marked prevalence of pseudo-procoagulant venoms in the Neotropical rattlesnakes with the 

exception of C. culminatus (Figs. 1 & 2). The sister lineage to the Neotropical rattlesnakes, 

comprising C. molossus and C. basiliscus, was weakly pseudo-procoagulant, with one C. m. 
oaxacus sample showing anticoagulant activity. The clotting action of C. tigris venom was 

the fastest pseudo-procoagulant venom ever observed (9.62 s), greatly surpassing that of 

closely related C. pyrrhus (42.02 s), C. stephensi (119.95 s), and C. adamanteus (40.35 s). 

Overall, our data suggest that the ancestral condition for rattlesnakes regarding 

coagulotoxicity was a lack of significant pseudo-procoagulant anticoagulant or classic 

anticoagulant activity of venom upon plasma or fibrinogen clotting, as exemplified by the 

colder colors in the early-branching nodes of the tree. This condition is retained only in a 

small minority of the analyzed taxa, such as C. aquilus and C. pricei (Figs. 1 & 2). For the 

species which displayed strong classic anticoagulant activity on plasma (Fig. 1) it was 

beyond the scope of this study to ascertain if this was due to inhibition of clotting enzymes 

or destruction of fibrinogen, and this will be the subject of future work.
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4. Discussion

The present study aimed to investigate the evolutionary history of coagulotoxicity in the 

venoms of a highly diverse pit-viper clade, the rattlesnakes (Crotalus and Sistrurus). 

Rattlesnakes are responsible for a considerable number of human envenomation cases both 

in the United States (Ruha et al., 2017) and throughout Latin America (Chippaux, 2017). 

Although efficient antivenom products are widely available, extensive variation in venom 

activity in these snakes is known to affect the efficacy of antivenom (Sunagar et al., 2014; 

Dobson et al., 2018b; Neri-Castro et al., 2020). Even considering coagulotoxicity alone, our 

results underscore extremely dynamic venom variation throughout the rattlesnake clade, 

with potentially notable clinical implications for the treatment of envenomed patients. 

Thorough testing of antivenom products against species not included in the immunizing 

mixture is therefore crucial to assess cross-reactivity against local medically relevant 

rattlesnakes. The dynamic variation in anticoagulant mechanisms may dramatically 

influence the efficacy of available antivenoms. Such antivenom testing was beyond the scope 

of this work, but will be the subject of a followup study.

The results presented herein indicate that the last common ancestor of rattlesnakes had 

fibrinogen-acting toxins or coagulation-enzyme inhibiting toxins expressed in only low 

levels in the venom (Figs. 1 and 2). Thus the ability to deplete fibrinogen levels through 

pseudo-procoagulant direct actions on fibrinogen or the ability to inhibit clotting enzymes 

were both traits that were convergently amplified on multiple independent occasions within 

this clade of American pitvipers. This suggests that the functional relevance and relative 

abundance of coagulotoxins in early rattlesnakes was possibly minor in comparison to other 

proteins such as neurotoxins, which are likely ancestral to the group (Yang et al., 2015; 

Dowell et al., 2016; Dowell et al., 2018). Extreme variation in coagulotoxic activity is a trait 

seen in the Asian pit-vipers of the genera Deinagkistrodon (Debono et al., 2019a), Gloydius 
(Debono et al., 2019b), Protobothrops (Debono et al., 2019c), and Trimeresurus (Debono et 

al., 2019d; Bourke et al., 2020). Among these genera, Gloydius is likely the closest relative 

to the American pitvipers. Combined with the lack of marked coagulotoxicity in the genus 

Agkistrodon (Lomonte et al., 2014; Nielsen et al., 2019), which is commonly retrieved as 

the sister group to the rattlesnakes (Wüster et al., 2008; Castoe et al., 2009; Alencar et al., 

2016), this pattern emphasizes the need for further research on the evolution of 

coagulotoxins and their biological function in New World pitvipers and the selection 

pressures leading to such dynamic convergent amplifications of ancestral traits.

Our ancestral state reconstruction further shows that considerable differences in plasma and 

fibrinogen clotting can be observed between closely related lineages, sister species, and even 

at the intraspecific level (Figs. 1 and 2). This corroborates the findings reported by Mackessy 

(2008) and Gibbs et al. (2013) whereby venom composition across the rattlesnake tree was 

only weakly linked to phylogeny. The case of C. catalinensis, whose markedly pseudo-

procoagulant venom phenotype contrasts with the anticoagulant action seen in its sister 

species C. atrox and C. ruber, is noteworthy. C. catalinensis is endemic to the island of Santa 

Catalina, where lack of natural predators has led to complete loss of the rattle in this species. 

The unique environmental conditions this species has adapted to could have driven prey-

specific venom adaptations as well, a possibility that invokes further work. We highlight the 
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cases of C. helleri, C. horridus and C. scutulatus ssp., which are known for considerable 

intraspecific variability regarding the neurotoxic PLA2 component of their venom (Bonilla et 

al., 1973; Glenn and Straight, 1978; Glenn et al., 1983; Weinstein et al., 1985; Massey et al., 

2012; Sunagar et al., 2014; Rokyta et al., 2015; Dobson et al., 2018a; Strickland et al., 2018) 

and showed great variation in coagulotoxicity too in the present study.

Our observations possibly align with the findings of Yang et al. (2017) and Calvete et al. 

(2010), who reported a generally higher content of kallikrein-like serine proteases (many of 

which have pseudo-procoagulant activity) in neurotoxic individuals compared to non-

neurotoxic ones in Gloydius intermedius and Crotalus simus, respectively. Rattlesnake 

species with evident disparities in venom composition and activity could therefore serve as 

ideal subjects to determine whether the same pattern is prevalent in this highly diverse clade. 

Another indication in this direction is the extremely short clotting time observed in C. tigris 
on plasma and especially fibrinogen (Figs. 1–2). Despite its unusually simple venom 

composition, this species is widely considered the most toxic Nearctic rattlesnake (Calvete 

et al., 2013). This is usually attributed to the high content of a neurotoxic PLA2 isoform in 

the venom, but our results indicate that coagulotoxicity (likely SVSP-driven) is a prominent 

feature of C. tigris as well. Interestingly, none of the species most closely related to C. tigris 
included in our sample (C. pyrrhus, C. stephensi, and C. adamanteus) came close to the 

exceptionally fast fibrinogen-clotting activity seen in this species, possibly suggesting 

different evolutionary trajectories. The recent sequencing of the C. tigris genome by Margres 

et al. (2021) corroborates our findings in showing that multiple SVSP genes are present and 

expressed in the venom glands of this species, which further underscores opportunities for 

novel research on such a peculiar venom.

A generally conserved pattern of strongly pseudo-procoagulant venom activity was also 

apparent in the Neotropical rattlesnakes (C. durissus ssp., C. mictlantecuhtli, C. tzabcan, and 

C. vegrandis, with the exception of C. culminatus), which represent a successful radiation in 

Central and South America and are known for the widespread presence of neurotoxic PLA2 

isoforms in their venoms (Saravia et al., 2002; Calvete et al., 2010; Neri-Castro et al., 2019). 

Current knowledge indicates that SVSPs are the preponderant coagulotoxic venom 

component in this lineage, further supporting the possibility of a parallel evolutionary 

history with neurotoxic PLA2s. Whittington et al. (2018) framed this as a direct role of 

SVSPs in the evolution of Mojave toxin (MTX, a potently neurotoxic PLA2 from the venom 

of C. scutulatus) via cleaving of specific residues that opened new sites for the acquisition of 

novel toxic activities in the snake venom phospholipase family. While our observations on a 

limited sample do not allow for conclusive statements on the matter, the results presented 

herein warrant further investigation on the shared evolutionary history of serine proteases 

and phospholipases in rattlesnake venom in accordance with previous studies.

Other clades displayed a homogeneous venom profile that is likely ancestral to their lineage. 

A prime example is the Western rattlesnake complex, which includes seven species (C. 
viridis, C. oreganus, C. helleri, C. cerberus, C. concolor, C. lutosus, and C. abyssus) and is 

one of the most researched and debated rattlesnake clades in terms of systematics and 

biology (Pook et al., 2000; Ashton and De Queiroz, 2001; Douglas et al., 2002; Davis, 

2016). While significant differences in venom composition are well documented within the 
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complex (Mackessy, 2010; Saviola et al., 2015), our findings reveal a consistent 

anticoagulant action for the entire group (Fig. 1). This observation underlines the need for 

assays of venom activity to complement proteomic-centered findings, as -omics approaches 

only reveal the protein composition of venoms but does not indicate function as each toxin 

class may be multi-functional.

It is important to note that our findings only concern the coagulotoxic venom components, 

which do not amount to the total of the venom proteome in these snakes. Furthermore, our 

sample size for the Western rattlesnake complex only consisted of one or two representatives 

per species, the only exception being C. viridis itself with four samples and C. helleri with 

seven. The latter species displayed strikingly variable activities in our analysis, ranging from 

marked anticoagulant to strongly pseudo-procoagulant across individuals. Such dynamic 

variations have been documented previously in C. helleri (Sunagar et al., 2014), although the 

Factor X activating feature attributed to at least some populations (Denson et al., 1972; 

Suntravat et al., 2010) were not observed in the present work. Thus, we recommend further 

research on coagulotoxicity in these snakes to include multiple samples from various 

localities across the range of each species. Such studies should also test for ontogenetic 

variations in coagulotoxicity, as extreme variations have already been noted for at least one 

species, with C. culminatus being potently procoagulant through Factor X activation as 

neonates, but net anticoagulant in activity as adults (Seneci et al., 2021).

The evolutionary pattern behind such a diverse array of venom compositions and activities 

within and between species has been the object of extensive research. For instance, 

Giorgianni et al. (2020) selected rattlesnakes as model organisms to demonstrate how 

SVMPs evolved by neofunctionalization of pre-existent proteins via gene duplication and/or 

loss. A similar endeavor was undertaken by Gibbs and Rossiter (2008) and Dowell et al. 

(2018) to describe the evolution of PLA2 genes in Sistrurus and Crotalus, respectively. 

Schield et al. (2019a) reported that venom genes are grouped into several independent 

clusters along them genome of C. viridis, while Margres et al. (2021) showed how the 

remarkably simple venom phenotype observed in C. tigris actually arose from a complex 

genotype following several events of gene duplication and loss. Taken together, these 

observations are consistent with the well-supported hypothesis that describes gene 

duplication and subsequent neofunctionalization in the venom gland as the main genetic 

mechanism underlying venom evolution in snakes (Fry, 2005; Fry et al., 2009). Further 

research into snake genome sequencing is required to test whether this results in differences 

in mutation rates and evolvability of venom genes between different snake clades. 

Furthermore, the complex evolutionary dynamics of rattlesnakes- exemplified by the 

widespread occurrence of incomplete lineage sorting, introgression, and incipient speciation 

across the clade (Anderson and Greenbaum, 2012; Schield et al., 2015; Davis, 2016; Schield 

et al., 2019b; Watson et al., 2019; Carbajal-Márquez et al., 2020) - are likely to be reflected 

in such a highly evolvable and positively selected phenotypic trait as venom (Clark, 2016; 

Schuett et al., 2016; Rokyta et al., 2011; Schield et al., 2017).

Several studies have highlighted how venom studies cannot neglect ecology and natural 

history as venom is a functional adaptation that can only be comprehensively understood in 

a broader biological and ecological context (Lyons et al., 2020; Murray et al., 2020). 
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Rattlesnakes are a prime example of this, as they display remarkably high genetic and 

species diversity and have successfully colonized a variety of ecosystems throughout their 

vast range. Specialization of venom activity towards a specific prey item is documented for 

numerous species such as C. pricei (Grabowsky and Mackessy, 2019), C. helleri (Mackessy, 

1988; Holding et al., 2016; Holding et al., 2018; Gibbs et al., 2020), C. lepidus, C. willardi 
(Holycross et al., 2012; Martínez-Romero et al., 2013; Saviola et al., 2017) and Sistrurus as 

a whole (Sanz et al., 2006; Gibbs and Mackessy, 2009; Gibbs et al., 2011; Gibbs et al., 

2013). Our findings did reveal widespread intraspecific and/or intra-lineage variation in 

venom activity in many clades (Figs. 1 & 2), although it must be emphasized that we 

performed our analysis entirely on human plasma and fibrinogen when several rattlesnakes 

specialize on non-mammalian prey whose physiology may be radically different from ours. 

We are indeed undertaking such followup studies examining taxon-specific effects upon 

coagulation. Aside from prey specificity, other diet-related factors can influence rattlesnake 

venom activity. Several studies have proposed that high levels of tissue-degrading toxins 

such as metalloproteases play an important role in digestion by initiating the breakdown of 

tissues even before the prey item is ingested (Klauber, 1972; Thomas and Pough, 1979; 

Mackessy, 1988; Mackessy, 2008). However, the digestive function of venom was disputed 

by LaBonte et al. (2011) in light of lack of differences in digestive performance between 

high- and low-SVMP venoms (i.e. Type II and Type I, respectively) in C. helleri.

While predation-related selection pressures have arguably received the most consideration in 

terms of research on snake venom evolution, the impacts of other factors on the dynamics of 

venom should not be underestimated (Sasa, 1999). This likely holds true for rattlesnakes as 

well. In fact, Strickland et al. (2018) and Zancolli et al. (2019) report a significant influence 

of climatic variables such as temperature and precipitation on venom composition in C. 
scutulatus scutulatus, even greater in importance than dietary preferences according to the 

latter study. Furthermore, Saviola et al. (2017) found that although prey specificity certainly 

was an important factor in explaining variation among subspecies of C. lepidus and C. 
willardi, temperature also played a considerable role. Our results are based on a sample too 

limited in size and diversity of locales to draw conclusions on whether any specific 

environmental factors have influenced venom activity in the analyzed species. Nonetheless, 

it is reasonable to believe that synthesis, storage, and action of certain proteins and/or toxin 

classes might be either facilitated or hampered by local temperature conditions. Individual 

venom variation at the intraspecific level not directly traceable to any specific driver is also 

widely documented in snakes, including rattlesnakes (Gregory-Dwyer et al., 1986; Chippaux 

et al., 1991; Smiley-Walters et al., 2019). Prey escape potential is another driver of venom 

variation. For example, lowland populations of C. helleri that feed in open scrub habitats 

where prey tracking is not problematic have a radically different venom phenotype than 

populations living in highlands characterized by abundant cracked rocks, where prey escape 

potential is high (Sunagar et al., 2014).

In conclusion, our study is the most comprehensive effort to date in investigating the 

evolutionary history and biology of rattlesnake venom coagulotoxins. More specifically, our 

observations support the findings of Mackessy (2008) and Gibbs et al. (2013) in that 

variation in coagulotoxic activity across the clade is often not related to phylogeny. Thus, it 

is likely that diet-related selection pressures and environmental factors including prey escape 
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potential are at least as influential as phylogenetic relationships in shaping the evolution of 

rattlesnake venom activity. Furthermore, dynamic variation in clotting speed and/or clotting 

strength across taxa that are usually lumped into Type I or Type II categories is reported, 

indicating that this broad classification scheme overshadows differences not related to the 

two activities which form its basis, namely presynaptic neurotoxicity by PLA2 isoforms and 

extracellular matrix destruction by metalloproteases. This study showed that such actions 

upon the blood may be found in either Type I or Type II venoms and this classification 

scheme is limited in its utility when studying venom effects on coagulation. We are aware of 

the limitations affecting the current study, particularly low sample size for several of the 

species hereby examined and potential bias resulting from the use of human plasma and 

fibrinogen, which is useful for predicting potential clinical effects, rather than blood from 

animals more akin to common rattlesnake prey items (e.g. rodents, lizards) which would be 

essential for reconstructing evolutionary shaping pressures. Such natural history variables 

will be addressed in future studies. Nonetheless, we hope our results will provide valuable 

input for further research on specific clades and species whereby the influence of 

geographical and environmental drivers would be explored in greater detail. To this end, we 

point out the need to expand our scarce knowledge of the natural history and biology of 

many rattlesnake species to gain a comprehensive understanding of venom as a functional 

trait that evolves in response to biological and ecological selection pressures. Such dynamic 

variation in venom phenotype has immediate, tangible, real-world implications, as they 

directly influence clinically relevant pathophysiological effects and the relative efficacy of 

antivenom treatments as divergent effects upon the blood are caused by divergent toxin 

types, that may in turn be differentially neutralisesd by antivenom.
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Fig. 1. 
Ancestral state reconstruction of coagulotoxicity in rattlesnakes (Crotalus + Sistrurus) as 

tested on human plasma. Warmer colors indicate longer clotting times (anticoagulant effect) 

whereas colder colors represent shorter clotting times (procoagulant effect) relative to the 

negative control (514 s). Bars indicate 95% confidence intervals for the estimate at each 

node. Note: due to the high dynamicity of venom evolution, the node bar ranges quickly 

become broad as one moves down the tree. Maximum clotting time = 999 s. Values are mean 

(n = 4 ± SD). Organismal phylogenetic arrangements from Alencar et al. (2016) and 

timetree.org.
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Fig. 2. 
Ancestral state reconstruction of coagulotoxicity in rattlesnakes (Crotalus + Sistrurus) as 

tested on human fibrinogen. Warmer colors indicate shorter clotting times, whereby 

fibrinogen was clotted in a pseudo-procoagulant manner whereas colder colors represent 

longer clotting times (no effect) relative to the negative control (999 s). Bars indicate 95% 

confidence intervals for the estimate at each node. Note: due to the high dynamicity of 

venom evolution, the node bar ranges quickly become broad as one moves down the tree. 

Maximum clotting time = 999 s. Values are mean (n = 4 ± SD). Organismal phylogenetic 

arrangements from Alencar et al. (2016) and timetree.org.

Seneci et al. Page 19

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://timetree.org

	Abstract
	Introduction
	Materials and methods
	Venom selection and preparation
	Plasma and fibrinogen coagulation assays
	Phylogenetic comparative analysis

	Results
	Discussion
	References
	Fig. 1.
	Fig. 2.

