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Abstract.—Venom glands of rattlesnakes have a largely conserved morphology, and protein products of the gland 
are often highly homologous across many species. As with snake venoms generally, a primary role of rattlesnake 
venoms is to incapacitate prey remotely and to facilitate prey handling. However, even within a single species (e.g., 
Crotalus o. oreganus and C. o. concolor), very prominent differences in absolute composition are observed, suggesting 
that closely related taxa are utilizing different trophic “strategies.” Using SDS-PAGE, enzyme assays, and toxicity 
studies, venoms of 27 rattlesnake taxa were analyzed and compared with the intent of placing venom biochemistry 
into a broader biological context. Venom composition is genetically determined, and therefore is related to phylogeny; 
however, within specific lineages, venom composition varies considerably. Within the constraints of relatedness of taxa, 
there is some variability in absolute venom composition, which appears to be related primarily to diet and secondarily 
to environment. Venom often (but not always) varies ontogenetically, and this variation commonly tracks changes 
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497Venom composition in rattlesnakes

Table 1. Common components of rattlesnake venoms and general characteristics.

	 Approximate 
Component Name	 Mass (kDa)	 Function	 Biological Activity	 References_______________________________________________________________________________________________________________
Enzymes				  
Phosphodiesterase	 94-140	 Hydrolysis of nucleic acids	 Depletion of cyclic, di- and 	 Mackessy, 1998; 
		    and nucleotides	   tri-nucleotides; 	   Aird, 2002
			     hypotension/shock (?)
5’-nucleotidase	 53-82	 Hydrolysis of 5’-nucleotides	 Nucleoside liberation	 Rael, 1998; Aird, 2002	
Alkaline	 90-110	 Hydrolysis of	 Uncertain	 Rael, 1998
  phosphomonoesterase		    phosphomonoester bonds
Hyaluronidase	 73	 Hydrolysis of interstitial	 Decreased interstitial	 Tu and Kudo, 2001
		    hyaluronan	   viscosity – diffusion of
			     venom components
L-amino acid oxidase	 85-150	 Oxidative deamination of	 Induction of apoptosis, cell	 Tan, 1998
  (homodimer)		    L-amino acids	   damage
Snake venom metallo-
  proteases: M12 repro- 
  lysins
     P-IV	 48-85	 Hydrolysis of many	 Hemorrhage, myonecrosis,	 Fox and Serrano, 2005
     P-III	 43-60	   structural proteins, including	   prey digestion	
     P-II	 25-30	   basal lamina components,
     P-I	 20-24	   fibrinogen, etc.	
Serine proteases:				  
     Thrombin-like	 31-36	 Catalysis of fibrinogen	 Rapid depletion of fibrinogen;	 Markland,1998; Swensen
		    hydrolysis	   hemostasis disruption	   and Markland, 2005
     Kallikrein-like	 27-34	 Release of bradykinin from	 Induces rapid fall in blood 	 Nikai and Komori, 
		    HMW kininogen; hydrolysis	   pressure; prey	   1998
		    of angiotensin	   immobilization
     “Arginine esterase”	 25-36	 Peptidase and esterase activity	 Uncertain; predigestion of 	 Schwartz and Bieber, 
			     prey (?)	   1985
Phospholipase A2	 13-15	 Ca2+-dependent hydrolysis of	 Myotoxicity, myonecrosis,	 Kini, 1997, 2003
  enzymes		    2-acyl groups in 3-sn-	   lipid membrane damage	
		    phosphoglycerides
Non-enzymatic proteins/peptides				  
Cysteine-rich secretory	 21-29	 Possibly block cNTP-gated	 Induced hypothermia; prey 	 Yamazaki and
  proteins (CRiSPs)/		    channels	    immobilization (?)	   Morita, 2004
  helveprins
PLA2-based presynaptic	 24	 Blocks release of	 Potent neurotoxicity; prey	 Aird et al., 1985; 
  neurotoxins (2 subunits,		    acetylcholine from axon	   immobilization	   Ducancel et al., 1988;
  acidic and basic)		    terminus		    Faure et al., 1994
C-type lectins	 27-29	 Binds to platelet and	 Anticoagulant, platelet-	 Leduc and Bon, 1998
		    collagen receptor	   modulator
Disintegrins	 5.2-15	 Inhibit binding of integrins to	 Platelet inhibition; promotes	 Calvete et al., 2005
		    receptors	   hemorrhage
Myotoxins – non-	 4-5.3	 Modifies voltage-sensitive	 Myonecrosis, analgesia; 	 Laure, 1975; Fox et
  PLA2		    Na channels; interacts with	   prey immobilization	   al., 1979; Bieber and
		    lipid membranes		    Nedelhov, 1997
Smaller peptides				  
Bradykinin-	 1.0-1.5	 Increases potency of	 Pain, hypotension; prey	 Wermelinger et al., 
  potentiating peptides		    bradykinin	   immobilization	   2005
Tripeptide inhibitors	 0.43-0.4	 Inhibit venom	 Stabilization of venom	 Francis and Kaiser, 
		    metalloproteases and other	   components	   1993; Munekiyo and
		    enzymes		    Mackessy, 2005
Smaller organic compounds				  
Purines and pyrimidines	 AMP = 0.347	 Broad effects on multiple 	 Hypotension, paralysis,  	 Aird, 2002, 2004
  (AMP, Hypoxanthine,		    cell types (?)	   apoptosis, necrosis (?);
  Inosine)			     prey immobilization
Citrate	 0.192	 Inhibition of venom enzymes	 Stabilization of venom	 Francis et al., 1992; 	
				      Freitas et al., 1992

Mass in kilodaltons (kDa). Note that this list is not all-inclusive and that masses, functions, and activities do not apply to all compounds 
isolated from all rattlesnake venoms. Specific rattlesnake venoms may not contain all components. (?) – indicates hypothetical function 
and/or activity.
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499Venom composition in rattlesnakes

chemicals (analytical grade or better) were obtained from 
Sigma Chemical Co. (St. Louis, Missouri, USA).

Venoms.—Snakes were collected from a variety of 
locations in the western United States under permits from 
state and federal authorities (see acknowledgements), and 
several were received as donations or from law enforcement 
confiscations. Venoms were obtained via manual extraction 
as described previously (Mackessy, 1988), and were cen-
trifuged (to remove solids), frozen, lyophilized, and stored 
frozen until used (this material is referred to as crude ven-
om). All venoms were initially reconstituted in nanopure 
water (Millipore Ultrafiltration system; Millipore Corpora-
tion, Billerica, Massachusetts, USA). Venoms from several 
species were gifts from C. Ownby (C. h. horridus, C. d. 
terrificus) and the late S. Minton (C. polystictus, C. pusil-
lus, C. ravus). All venoms analyzed in this study were from 
individual adult snakes.

Electrophoresis.—NuPage 12% polyacrylamide gels 
(17 lane, 1.0 mm thick) were run as suggested by the man-
ufacturer (Invitrogen). Briefly, venom samples at a final 
concentration of 2.0 mg/ml were prepared in sample buf-
fer containing 15 mM DTT (final concentration). Samples 
were heated at 70ºC for 10 min, and 12 µ
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of C. enyo, C. l. klauberi, C. pricei, and S. c. edwardsii; 
in rattlesnakes, only PI metalloprotease(s) are observed at 
this position in gels. All venoms contained at least one band 
of ~14 kD, and phospholipases A2 are the most common 
proteins of this mass in venoms. Variation in number and in-
tensity of bands was apparent for many other components, 
particularly serine proteases, disintegrins, and myotoxins. 
Myotoxins were apparently absent from venoms of C. enyo, 
C. l. klauberi, C. pricei, C. tzabcan, and some S. c. edward-
sii. Myotoxin levels also varied ontogenetically in C. o. 
concolor venoms (Fig. 3).

Enzyme assays.—Venoms from all species showed ac-
tivity in all assays (Table 2), though several species varied 
notably from average values. Thrombin-like activity was 
greatest in C. pricei venom and lowest in C. d. terrificus 
venom. Kallikrein-like activity was greatest in C. pricei 
venom and lowest in C. tigris venom. Metalloprotease ac-
tivity was greatest in C. basiliscus venom and lowest in C. 
tigris venom. Phospholipase A2 activity was greatest in C. 
l. klauberi venom and lowest in C. ruber venom. Venom 
phosphodiesterase activity was greatest in C. h. horridus 
venom and lowest in C. (Sistrurus) ravus venom. L-amino 
acid oxidase activity was greatest in S. c. edwardsii venom 
and lowest in C. tigris venom. The most toxic venoms tend-
ed to have lower enzyme activities, but with the exception 
of metalloprotease activity (see below), no relationships 
(concordance or discordance) among relative enzyme ac-
tivity levels were apparent.

Toxicity.—Mouse LD50 data for venoms from adult C. l. 
klauberi, C. pricei, and S. c. tergeminus were determined in 
the author’s lab using NSA mice; all others are from literature 
reports (Table 2). Venom toxicity varies considerably with 
species, but there are two basic groups: species with venom 
LD50s below 1.0 μg/g, and those with LD50s of ~1-5 μg/g (Fig. 
4). All high toxicity venoms contain phospholipase-based 

presynaptic β-neurotoxins (Bieber et al., 1987, 1990), which 
are highly homologous with crotoxin (isolated originally 
from the venom of C. d. terrificus). This toxin also appears 
in venoms from some populations of species which typical-
ly produce venom of lower toxicity (C. lepidus: Rael et al., 
1992; C. o. helleri: French et al., 2004), and the presence of 
crotoxin homologs greatly increases toxicity (see Wooldridge 
et al., 2001). Among rattlesnakes, production of highly toxic 
venoms is apparently dependent upon expression of the cro-
toxin homolog gene in the venom proteome. However, myo-
toxin a and homologues have an important role in rapid prey 
immobilization (Ownby et al., 1988), and this small toxin is 
also typically present in the most toxic venoms. 

The four most toxic venoms also showed the lowest met-
alloprotease activity, and venom toxicity for all data showed 
an inverse correlation (rs

2 = 0.65; P = 0.005) with metal-
loprotease activity (Fig. 5). However, this correlation was 
driven by the high toxicity venoms, and when type I and type 
II venoms are analyzed separately, the corresponding cor-
relation of toxicity with metalloprotease activity was 0.15 (P 
= 0.55) for 19 type I venoms and 0.82 (P = 0.04) for the six 
type II venoms. None of the other enzyme activities showed 
an apparent relationship with toxicity (data not shown).

Occurrence of type I and type II venoms and  
phylogeny.—The occurrence of type I or type II venom 
among rattlesnake species investigated was mapped onto 
the phylogenetic hypothesis of Castoe and Parkinson (2006; 
Fig. 6). Both venom types occur in single species clades 
(e.g., C. mitchellii, C. oreganus, C. scutulatus) and among 
species groups (e.g., C. durissus and related species), and 
both venom types occur in basal (Sistrurus) and the most de-
rived lineages. Based on the broad occurrence of both type I 
and type II venoms, neither venom type appears to be a basal 
vs. a derived trait, suggesting that this apparent dichotomy is 
related to other factors affecting venom composition.

Figure 3. SDS-PAGE analysis of 
venoms from adult and neonate 
Crotalus oreganus concolor, a 
subspecies with type II venom 
(Mackessy et al., 2003). For 
this subspecies, PIII metallopro-
teases are very faint, and all of 
these venoms appear to lack the 
PI metalloprotease(s) found in 
many rattlesnake venoms. Myo-
toxins are one of the components 
which vary ontogenetically, and 
levels in neonate venoms are 
very low (note very faint bands 
relative to adult venoms). 

9 BH9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

�!�$��9E<9

/

///////��99999999 99999.
$-�99999999999999999999999��	�.��9 999999��9

��"��/1/��$�	%�/

99
9

9999VP<H9U9

9
9999KK<N9U9

9
9999EN<N9U9
9

9999E@<>9;99

9

9
9999B@<>9U9

9
9

9999@H<B9U9
9

9

99999N<>9U9

������/
�	��'���/1/

�	'��&	
'���/

��	�
�	&�
'���/�6/>/����	�	*���0/

+�+,�'��/
'+'��0/���/

/��	�	*���/>/

+�	����	���/'�
/


'�'&����/

������������/>/


&'��&��/����,���	�/

��+	���'���/

+��'&&	
�	��'���/-�"./


��
������	�/

��+	���'���/

+��'&&	
�	��'���/-�"""./>/


��
������	�/

���&�'���0/����/





503Venom composition in rattlesnakes

Type II venom is characterized by high to very high 
toxicity (less than 1.0 μg/g body mass, inbred mice) and 
very low to non-detectable metalloprotease activity. This 
venom type appears to be less broadly distributed among 
rattlesnakes, and because of the gross similarity to venoms 
of juvenile snakes which show ontogenetic shifts in compo-
sition (see below), it has been suggested that type II venom 
represents a paedomorphic trait (Mackessy et al., 2003). 
Species showing type II venom include C. d. terrificus, C. 
h. atricaudatus, C. l. klauberi (some), C. o. concolor, C. 
o. helleri (some), C. s. scutulatus A, C. tigris, S. c. catena-
tus, and perhaps S. c. edwardsii. Species not analyzed in 
this study which also show Type II patterns include C. d. 
collilineatus (Lennon and Kaiser, 1990) and C. vegrandis 
(Kaiser and Aird, 1987).

Note that within several well-defined species clades, 
such as C. durissus and C. oreganus, both venom types oc-
cur, suggesting that this aspect of venom composition is 
independent of phylogeny. The presence of type I or type 
II venoms, when mapped on a recent phylogenetic hypoth-
esis of relationships among rattlesnake species (Castoe and 
Parkinson, 2006), again shows no apparent trend with phy-
logeny (see Fig. 6; c.f. Werman, this volume). Even among 
different populations of the same subspecies (C. l. klauberi: 
Rael et al., 1992; C. o. helleri: French et al., 2004; C. s. 
scutulatus: Glenn and Straight, 1978, 1989; Glenn et al., 
1983), striking differences in toxicity were noted, indicat-
ing that type I or II variants can occur within a single sub-
species. At present, the functional significance of this pop-
ulation-level variation is unknown, but it may be related to 
other important aspects of the snakes’ biology (see below).

Venom ontogeny.—In addition to the trends in adult 
rattlesnake venom composition discussed above, many 
venoms, perhaps most, show some aspects of ontogenet-
ic shifts in venom composition and/or toxicity (Minton, 
1967; Fiero et al., 1972; Reid and Theakston, 1978; Lo-
monte et al., 1983; Minton and Weinstein, 1986; Mackessy, 
1988; Gutiérrez et al., 1991; Mackessy et al., 2003). Many 
of these ontogenetic patterns of variation also appear to 
follow the type I/type II dichotomy discussed above. For 
type I species, neonate and juvenile snakes produce a more 
toxic venom with low metalloprotease activity, low ser-
ine protease (thrombin-like, kallikrein-like, plasmin-like) 
activity, and often high phospholipase A2 activity. Con-
versely, venoms from adult snakes are less toxic but have 
much higher levels of metalloproteases and serine pro-
teases (Mackessy, 1993a,b). Venoms from type II species 
have been suggested to be paedomorphic because both the 
neonate/juveniles and the adults have highly toxic venoms 
with low metalloprotease activity, similar to the venoms of 
the neonate/juveniles of type I species (but not the adult 
snakes). However, venoms from type II species also show 
some aspects of venom ontogenetic shifts in composition: 
activities of several of the serine proteases (thrombin-like, 
plasmin-like) and levels of the non-enzymatic myotoxins, 
potent inducers of immobilization in rodents, are very low 

in neonate venoms and quite high in venoms from adult 
snakes (Mackessy et al., 2003). Therefore, the type I/type 
II dichotomy probably oversimplifies the actual underlying 
complex patterns of variation.

So what is the functional significance of these general 
patterns of venom composition? One difference is the differ
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