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ARTICLE INFO ABSTRACT

Handling Editor: Bruno Lomonte Snake venoms are complex biochemical phenotypes whose composition can diverge dramatically among taxa,
yet the functional and biomedical consequences of such variation remain understudied for many lineages.

K.eyu./ ords: . . Here, we characterized the functional activities of venom from multiple rattlesnake species distributed

Fibrinogenolytic activity . i L . . . . K R .

PLA, across insular and mainland localities in the Baja California Peninsula and Gulf of California. We quantified

Venom neutralization phospholipase A, (PLA,), proteolytic, and fibrinogenolytic activities as well as median lethal doses (LDs)

Proteolysis for 55 individuals across Crotalus enyo, C. mitchellii, C. pyrrhus sensu lato, and C. ruber. We also evaluated

Lethality the neutralization efficacy of the commercial polyvalent antivenom Antivipmyn®. Venom functional activities
differed significantly among species. Crotalus mitchellii expressed a neurotoxic phenotype characterized by
the highest PLA, activity, the lowest LDy, values, and minimal proteolysis. Crotalus pyrrhus and C. ruber
expressed proteolytic phenotypes with high enzymatic activity and ubiquitous dual-chain fibrinogenolysis.
Crotalus enyo exhibited intermediate functional activities with moderate enzymatic output and the most
efficient antivenom neutralization among species. Although Antivipmyn® neutralized the lethal activity of
all venoms, efficacy differed significantly among species in both mass-normalized (mgAV/mgV) and potency-
scaled (LDgj-equivalents per vial) metrics. Notably, insular and mainland populations within species showed
qualitative variation in both functional activities and antivenom responses. These results establish that the
focal species possess functionally distinct venom phenotypes with species-specific consequences for antivenom
neutralization, underscoring the relevance of venom functional characterization for clinical management of
envenomation across the Baja California region.

1. Introduction Straight, 1985; Casewell et al., 2014; Margres et al., 2015b; Jackson

and Fry, 2016; Jackson et al., 2016; Durban et al., 2017; Pla et al.,

Snake venoms are complex biochemical phenotypes composed of 2019; Senji Laxme et al., 2019; Holding et al., 2021; Borja et al., 2025;
40-100 proteins and peptides that collectively mediate prey immo- Hirst et al., 2025), populations (Massey et al., 2012; Margres et al.,
bilization, digestion, and defense (Daltry et al., 1996; Barlow et al., 2015b; Holding et al., 2018; Margres et al., 2019; Smith et al., 2023;

2009; Casewell et al., 2011; Munawar et al., 2018; Mackessy, 2021). Hirst et al., 2024, 2025), and individuals across ontogeny (Andrade
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et al.,, 2015b,a; Wray et al., 2015; Modahl et al., 2016; Durban et al.,
2017; Rokyta et al., 2017; Cipriani et al., 2017; Borja et al., 2018;
Schonour et al., 2020; Hirst et al., 2024; Borja et al., 2025). Despite this
well-documented compositional diversity, the functional consequences
of venom variation often remain less explored. Because snake venom
is predominantly a trophic adaptation, its functional properties are
shaped by the physiological characteristics of prey species (Daltry et al.,
1996; Barlow et al., 2009; Holding et al., 2016; Smiley-Walters et al.,
2017; Holding et al., 2021). Selection favors venom phenotypes that
efficiently incapacitate prey with particular biochemical and physio-
logical defenses; therefore dietary shifts can drive divergence in venom
composition and function (Barlow et al., 2009; Holding et al., 2016;
Margres et al., 2017b; Smiley-Walters et al., 2017; Casewell et al., 2020;
Mackessy, 2021; Holding et al., 2026). Historically in rattlesnakes, the
most divergent venom phenotypes have been categorized using the
Type A and Type B dichotomy, which distinguishes between highly
lethal, neurotoxic A venoms and B venoms characterized by low lethal-
ity and high proteolytic activity (Glenn and Straight, 1978; Glenn
et al.,, 1983). This framework was further refined into the Type I
and Type II classification system to describe the fundamental inverse
relationship between metalloproteinase activity and systemic lethality
(Mackessy, 2010). Under this model, Type I (roughly corresponding
to Type B) venoms emphasize tissue-destructive proteolysis, whereas
Type II (Type A) venoms prioritize systemic toxicity. However, these
categories represent ends of a functional continuum rather than discrete
states; intermediate phenotypes (Type I+II) exist (Mackessy, 2010;
Strickland et al., 2018; Colis-Torres et al., 2022), utilizing both neu-
rotoxic and proteolytic strategies. This biochemical gradient directly
impacts the clinical manifestations of envenomation, as shifts in the
balance of these toxin families can influence both the pathophysiology
of the bite and the efficacy of antivenom neutralization (Calvete, 2010;
Casewell et al., 2014).

Recent work has demonstrated that venom protein expression across
populations of four rattlesnake species, the Baja California Rattlesnake
(Crotalus enyo), Red Diamond Rattlesnake (C. ruber), Speckled Rat-
tlesnake (C. mitchellii), and Southwestern Speckled Rattlesnake (C.
pyrrhus sensu lato), from the Baja California Peninsula and adjacent
Gulf of California islands was significantly variable (Hirst et al., 2024,
2025, 2026). We previously found that venom expression differed
significantly across islands, with venom complexity predicted by island
size, isolation, and competition (Hirst et al., 2025). Similarly, we
documented geographic venom variation across the mainland range
of C. ruber (Hirst et al., 2024) and between an island and mainland
population of C. enyo (Hirst et al., 2026). These findings align with
broader toxicological and epidemiological surveys in Baja California
(Glenn and Straight, 1985; Rodriguez-Canseco et al., 2021) that have
identified significant biochemical divergence among many of these
same co-occurring taxa across Baja California Sur (Arnaud-Franco et al.,
2018) and within specific clades, such as the speckled rattlesnake
complex (Arnaud-Franco et al., 2023) and C. ruber (Pozas-Ocampo
et al., 2020). However, we have not determined whether broad-scale
variation in venom expression across the peninsula and islands trans-
lates into functional differences in venom activity and/or differences in
antivenom efficacy.

Venom proteins can vary substantially in relative abundance with-
out altering overall enzymatic activity, toxicity, or biological effects
(Casewell et al., 2013; Margres et al., 2016; Gutiérrez et al., 2017;
Xiong and Huang, 2018; Pucca et al., 2020; Mackessy, 2021; Rudresha
et al., 2025). Consequently, differences in expression profiles alone can-
not be assumed to reflect functional divergence or predict antivenom
performance. Determining whether geographically variable venoms dif-
fer in their functional properties, such as phospholipase A, activity,
proteolytic capacity, fibrinogen degradation, and lethality, is therefore
essential not only for understanding the biological consequences of
venom evolution, but also for evaluating the biomedical implications
of venom variation for antivenom efficacy.
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In Mexico, viper envenomation is treated frequently using
Antivipmyn®, a commercially produced polyvalent antivenom gener-
ated against a mixture of venoms from medically important viperids,
primarily Bothrops asper and Crotalus durissus (Sanchez et al., 2003;
Ponce-Lépez et al., 2020; Guadarrama-Martinez et al., 2024). Polyva-
lent antivenoms are designed to provide broad protection across taxa
and regions, yet their efficacy can vary depending on the biochemical
composition and functional properties of target venoms relative to
the venoms used in production (Ratanabanangkoon, 2003; Mukherjee
et al.,, 2016; Ratanabanangkoon, 2023). If venom function differs
substantially across island and mainland populations, particularly in
enzymatic activities that drive local tissue damage or systemic toxicity,
this variation could influence antivenom neutralization performance
(Vohra et al., 2008; Massey et al., 2012; Musick et al., 2024; Borja
et al., 2025). This question is especially relevant in Baja California, a
region with high levels of tourism and frequent human visitation to
both mainland sites and offshore islands where the focal rattlesnake
species occur (Grismer, 2002; Schmitz and Diaz, 2013; Olmos-Martinez
et al., 2018).

In this study, we built directly on prior work documenting ge-
ographic variation (Glenn and Straight, 1985; Arnaud-Franco et al.,
2018; Pozas-Ocampo et al., 2020; Arnaud-Franco et al., 2023; Hirst
et al., 2024, 2025, 2026) in venom composition to evaluate whether
that variation translates into differences in venom function and an-
tivenom efficacy. We characterized the functional properties of venoms
from four rattlesnake species sampled across insular and mainland
localities, focusing on phospholipase A, activity, proteolytic activity,
EDTA-insensitive proteolysis (i.e., the fraction of proteolytic activ-
ity resistant to metalloprotease inhibition), lethality (LDsg), and fib-
rinogenolytic activity (assessed with and without protease inhibitors).
We then assessed the neutralizing performance of the commercial
polyvalent antivenom Antivipmyn® using complementary mass-based
and potency-scaled metrics. By linking venom functional diversity to
antivenom neutralization capacity, this study provides a bridge be-
tween patterns of venom variation and their biological and clinical
consequences.

2. Materials and methods
2.1. Sampling

Venom samples were collected from 55 individuals across four
rattlesnake species including Crotalus mitchellii (n = 10), C. ruber (n
= 14), C. enyo (n = 17), and C. pyrrhus sensu lato (n = 14). Snakes
were sampled across 11 islands and six mainland regions distributed
along the length of the Baja California Peninsula (Fig. 1). To maximize
sample sizes for species comparisons, three insular populations of C.
pyrrhus sensu lato that were previously described as distinct species (C.
angelensis from Isla Angel de la Guarda, C. thalassoporus from Isla Piojo,
and C. polisi from Isla Cabeza de Caballo; Meik et al., 2018, 2015) were
considered C. pyrrhus for this study. Snakes were located through visual
encounter surveys and captured for data collection. For each individual,
we recorded sampling locality, snout-vent length (SVL), and sex. Venom
was extracted by allowing the snake to bite into a parafilm-covered
collection cup and dried at ambient temperature under field conditions
immediately upon collection. Island snakes were released at the site of
capture following data collection. Mainland snakes were euthanized,
dissected, vouchered, and deposited at La Coleccién Herpetologica de
la Facultad de Ciencias Biologicas de la Universidad Juarez del Estado
de Durango in Gémez Palacio, Durango, MX.
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Fig. 1. Sampling of 55 rattlesnakes collected across 11 islands and six mainland regions along the Baja California Peninsula. Rattlesnakes were sampled on Isla
El Muerto (1 on map; inhabited by Cp), Isla Smiths (2; Cp), Isla Angel de la Guarda (3; *Ca), Isla El Piojo (4; *Ct), Isla Cabeza de Caballo (5; *Cpo), Isla Danzante
(6; Cr), Isla San Jose (7; Cm, Ce, Cr), Isla San Francisco (8; Ce), Isla Partida Sur (9; Cm, Ce), Isla Espiritu Santo (10; Cm, Ce), and Isla Cerralvo (11; Cm, Ce).
Roman numerals I - VI indicate six mainland localities. Species abbreviations: Cp: Crotalus pyrrhus, Ce: C. enyo, Cm: C. mitchellii, Cr: C. ruber. Asterisks indicate
insular endemics of the C. pyrrhus (sensu lato) complex: Ca: C. angelensis, Ct: C. thalassoporus, Cpo: C. polisi. Point color indicates species: C. pyrrhus (blue), C. ruber
(red), Crotalus enyo (green), and C. mitchellii (pink); point shape indicates insular versus mainland origin. Rattlesnake image credits: Ricardo Ramirez Chaparro
and Jacob Loyacano. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.2. Venom RP-HPLC

Venom samples were analyzed using reversed-phase high-
performance liquid chromatography (RP-HPLC) as previously described
(Hirst et al., 2025). Before analysis, lyophilized venom samples were
resuspended in HPLC-grade water. Then, 50 pg of venom protein were
injected onto a Jupiter® 5 um C;5 300 A LC column (250 x 2 mm) using
a Dionex Ultimate 3000 UHPLC DAD system (Thermo Fisher Scientific).
Separation was carried out with a mobile phase consisting of solvent A
(0.1% trifluoroacetic acid [TFA] in water) and solvent B (0.075% TFA
in acetonitrile). The chromatographic run began with 5% B for five
minutes, followed by a linear gradient increasing at 1% per minute up
to 25% B, then a slower increase of 0.25% per minute until reaching
65% B. The flow rate was set at 0.6 mL/min, and elution profiles
were monitored at 220 nm. Chromatographic peaks were quantified
using Chromeleon™ software (Thermo Fisher Scientific), with the rel-
ative abundance of each protein fraction estimated as the proportion
of its peak area relative to the total chromatogram area, following
established protocols (Gibbs and Rossiter, 2008; Margres et al., 2014,
2017a). Individual chromatograms and peak quantification data are
provided in Supplementary Figures S1-S4 and Supplementary Table S1,
respectively.

2.3. Measuring venom complexity

To quantify the diversity of venom protein expression for each
individual, we calculated Shannon’s diversity index (H) from the pro-
portional RP-HPLC chromatographic peak areas using the diversity
function from the vegan package in R (Shannon and Weaver, 1998;
Wolf et al., 2018; Oksanen et al., 2020). Shannon’s H (H = -, p;Inp;,
where p; is the proportional area of the ith peak) captures both the
number of detectable protein fractions and the evenness of their relative
abundances, providing a continuous measure of complexity (Holding
et al., 2021; Hirst et al., 2025). Higher values indicate more evenly
distributed venom profiles, while lower values reflect dominance by
one or a few fractions. Species-level differences in venom complexity
were assessed using a Kruskal-Wallis test (see Statistical Analyses).

2.4. Protein quantification

Approximately 3-5 mg of dried venom were weighed and dissolved
in 1 mL of phosphate-buffered saline (PBS). Subsequently, these sam-
ples were quantified using the bicinchoninic acid (BCA) method, as
instructed by the manufacturer. Bovine serum albumin (BSA) was used
to generate the standard curve. The resulting stock solutions were
used for all subsequent functional assays and antivenom neutraliza-
tion experiments, ensuring standardized protein concentrations across
analyses.

2.5. Proteolytic activity on azocasein

Proteolytic activity was evaluated using azocasein (Sigma-Aldrich,
St. Louis, MO, USA) as the substrate, based on the methodology de-
scribed by Colis-Torres et al. (2022). A solution of azocasein was
prepared by dissolving the substrate in buffer containing 50 mM
Tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCD), 0.15 M
sodium chloride (NaCl), and 25 mM calcium chloride (CaCl,), adjusted
to pH 8.0, to achieve a final concentration of 10 mg/mL. Subsequently,
20 pg of each individual venom sample were mixed with 100 pL of the
azocasein solution and incubated at 37°C for 30 min. Following incu-
bation, 200 pL of 5% trichloroacetic acid were added to terminate the
reaction, and the mixture was centrifuged at 13,000 rpm (~16,000 x g)
for 5 min. A total of 150 pL of the resulting supernatant was then
transferred to a 96-well plate and mixed with an equal volume (150 pL)
of 0.5 M NaOH. Absorbance readings were recorded at 450 nm (Wang
et al., 2004; Gutiérrez et al., 2008). All samples were tested in triplicate.
Proteolytic activity was quantified as the amount of enzyme required
to produce a 0.2 absorbance change per minute. The same procedure
was performed using Ethylenediaminetetraacetic acid (EDTA), which
can chelate zinc, thereby inhibiting metalloproteases. EDTA was used
at a concentration of 5 mM as previously described (Neri-Castro et al.,
2019). PBS was substituted for venom as a negative control in all
assays, yielding a value of 0.02.
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2.6. Fibrinogenolytic activity

Ten pg of venom were incubated with 50 pg of human fibrinogen in
Eppendorf tubes at 37°C for 30 min. The resulting gel was disrupted
(note that the term ‘“gel” refers to the fibrinogen matrix formed in
PBS, which develops a gelatinous consistency as a result of proteolytic
degradation), and 5 pL of each incubated sample was loaded onto
an SDS-PAGE under reducing conditions, with a fibrinogen sample
without venom serving as a control. SDS-PAGE gels were stained with
Coomassie Blue. To differentiate the activities of snake venom metal-
loproteinases (SVMP) and snake venom serine proteases (SVSP), the
fibrinogenolytic assay was performed under four experimental condi-
tions: (1) venom and fibrinogen, (2) venom pre-incubated with EDTA,
(3) venom pre-incubated with phenylmethylsulfonyl fluoride (PMSF),
and (4) venom pre-incubated with a combination of both EDTA and
PMSF. These inhibitors allow for the selective inactivation of specific
protease families. EDTA chelates the divalent metal ions (e.g., Zn?*)
required for SVMP catalytic activity, whereas PMSF covalently binds to
the active-site serine residue to inhibit SVSP activity (Gené et al., 1989;
Estévao-Costa et al., 2000; Swenson and Markland, 2005; Sanchez
et al., 2017; Borja et al., 2018). By comparing the resulting fibrinogen
cleavage patterns across these treatments, we attributed «- and g-
chain degradation to either SVMPs or SVSPs based on the presence or
absence of specific chain preservation following selective inhibition.
In all inhibitor treatments, venoms were pre-incubated at 37°C for
30 min prior to the addition of fibrinogen, following the procedure
described by Zarzosa et al. (2024). Representative SDS-PAGE gels for
all individuals across the four experimental conditions are provided in
Supplementary Figures S5-S34.

2.7. Determination of PLA, activity using 4-NOBA substrate

The synthetic substrate 4-nitro-3-(octanoyloxy)-benzoic acid (4-
NOBA) was used to assess PLA, activity of individual venoms, following
the methodology of Holzer and Mackessy (1996). Microplate wells were
filled with 200 pL of reaction buffer (10 mM Tris, 10 mM CacCl2,
0.1 M NaCl, pH 8.0) and 25 pL of substrate (4-NOBA; 1 mg/mL in
acetonitrile). The reaction buffer and substrate were incubated at 37°C
for 10 min, after which 20 pL of venom (1 mg/mL) were added. The
mixture was then incubated at 37°C for 40 min, and absorbance was
measured at 450 nm . For visualization, the raw absorbance values were
multiplied by 10 (arbitrary factor). PBS was substituted for venom as a
negative control, yielding a value of 0.01.

2.8. Lethality

The median lethal dose (LDsy) was determined using Institute of
Cancer Research (ICR) mice weighing ~18-20 g; mice were kept un-
der standardized conditions with free access to food and water (ad
libitum). Injections were administered intravenously, with three mice
used per dose (Lorke, 1983). Mortality rates were recorded 24 h post-
inoculation. Data analysis was performed using Prism v10 software. A
non-linear regression based on a sigmoidal dose-response curve was
applied to determine the LDg,. Results were expressed as pg of venom
per gram of mouse (Casasola et al., 2009).

2.9. Neutralization of lethal activity using commercial antivenom

The commercial antivenom Antivipmyn® (batch number B-OD-32)
was used for all neutralization assays. Antivenom was confirmed to be
within its validity period at the time of experimentation. According to
the manufacturer, each vial is capable of neutralizing approximately
780 LD, of Bothrops asper venom (~30 mg) and 790 LDs of Crotalus
durissus venom (~5 mg). Due to limited venom yields from several
individual samples, neutralization assays were performed on a subset
of the total venom collection, consisting of C. enyo (n = 3), C. mitchellii
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(n = 7), C. pyrrhus (n = 8), and C. ruber (n = 2). Neutralization
assays were performed using a pre-incubation protocol (Lorke, 1983).
Briefly, a challenge dose of three median lethal doses (3 x LDgg)
was mixed with varying volumes of antivenom and incubated at 37°C
for 30 min in a final volume of 200 pL. Mixtures were administered
intravenously to groups of three mice, and survival was assessed after
24 h. Dose-response curves were fitted using non-linear regression in
Prism v10 (Casasola et al., 2009). Antivenom efficacy was quantified
both as the mass of antivenom required to neutralize 1 mg of venom
(mgAV/mgV) and as the number of median lethal dose equivalents
(LDsp-equivalents) neutralized per vial, where each LDs, corresponds
to the species-specific median lethal dose (Guadarrama-Martinez et al.,
2024; Secretaria de Salud, 2012).

2.10. Statistical analyses

All analyses were conducted in R V4.3.2 (R Core Team, 2024).
Distributions for all four venom activities were strongly right-skewed,
and EDTA-insensitive proteolytic activity values (Proteolytic + EDTA)
were heavily zero-inflated, with many individuals exhibiting no de-
tectable EDTA-insensitive activity (Table 1). Given these distributional
properties, unequal variances across groups, and unbalanced sampling
(with several island and mainland localities represented by only one
or two individuals), we used nonparametric, rank-based tests that do
not assume normality, homoscedasticity, or equal group sizes and are
robust to outliers.

To evaluate broad functional divergence among species, we used
Kruskal-Wallis tests for the following: PLA, activity, total proteolytic
activity, Proteolytic-EDTA, LDs, antivenom neutralization, and venom
complexity (Shannon H). Following each Kruskal-Wallis test, pair-
wise post-hoc comparisons were conducted using Dunn’s test with
Benjamini-Hochberg (BH) correction for multiple comparisons, as im-
plemented in the rstatix package (R Core Team, 2024); complete
pairwise results are provided in Supplementary Table S2. This ap-
proach allows a robust test of species-level differences without violating
assumptions of normality or equal variances and accommodates the
unequal sample sizes among species and localities. Because sample sizes
within individual localities were often very small (frequently n = 1-2),
we did not perform formal statistical tests of geographic variation
within species (e.g., among islands or between island and mainland
populations), and instead interpreted geographic patterns descriptively
using locality-level summaries.

To assess potential changes in venom functional activities and an-
tivenom neutralization across life-history (ontogeny), we performed
simple linear regressions of each quantitative metric (PLA, activity,
proteolytic activity, EDTA-insensitive proteolytic activity, LDsy, and
venom complexity) against SVL, conducted separately per species.
Antivenom metrics (mgAV/mgV and LDs, equivalents per vial) were
assessed similarly, though statistical power was limited by small
per-species sample sizes.

3. Results
3.1. Venom complexity

Venom complexity differed significantly among species (Kruskal—
Wallis: H = 25.17, df = 3, P < 0.0001). Pairwise Dunn tests revealed
that C. enyo had a significantly more complex venom than both C.
mitchellii (padj = 0.0015) and C. ruber (padj < 0.0001), and that C.
pyrrhus showed significantly higher venom complexity than C. ruber
(Pagj = 0.0064); all other pairwise comparisons were non-significant
(Pagj > 0.05; Fig. 2; Supplementary Table S2). Crotalus enyo venom
exhibited the highest and most uniform complexity (mean 2.45; range
2.31-2.56; SD = 0.07), with little variation across island and main-
land localities, indicating a relatively uniform expression of venom
proteins. Crotalus pyrrhus showed an intermediate mean but the greatest
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Fig. 2. Venom functional activities and complexity across four Baja California rattlesnake species. Boxplots show the median and interquartile range; individual
data points are overlaid (jittered for clarity). Panels show (top row, left to right): PLA, activity (UAbs 405 nm), total proteolytic activity (U/mg), and EDTA-
insensitive proteolytic activity (U/mg); (bottom row): median lethal dose (LDsy; pg venom/g mouse) and venom complexity (Shannon H). Species are indicated
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< 0.0001. Individual values and summary statistics are provided in Table 1 and Supplementary Table S2, respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

among-individual variation (mean 2.29; range 1.80-2.64; SD = 0.33);
complexity was notably low on Isla Angel de la Guarda (1.81-1.86)
and for one individual on Isla Cabeza de Caballo (1.80), but markedly
higher on Isla Smiths (2.50-2.64) and Isla Piojo (2.18-2.51). Crotalus
mitchellii showed lower complexity with moderate variation (mean
2.10; range 1.84-2.41; SD = 0.17), with mainland individuals from BCS
IV and VI tending toward higher values than island individuals. Crotalus
ruber venom exhibited the lowest overall complexity (mean 2.01; range
1.65-2.29; SD = 0.21), with the lowest values observed at BCS IV
(San Javier; 1.65) and BCS III (San Bruno; 1.77), reflecting a venom
profile dominated by a few highly abundant protein fractions (Table
1). Venom complexity was also significantly and negatively correlated
with SVL in C. ruber (R? = 0.63, p < 0.001) and C. pyrrhus (R? = 0.57,
p = 0.002), indicating an ontogenetic shift from more to less complex
venoms over life history. No significant relationship was found in C.
enyo or C. mitchellii (p > 0.05; Supplementary Table S4).

3.2. PLA, activity

PLA, activity varied significantly among species (Kruskal-Wallis: H
= 27.23, df = 3, P < 0.001). Pairwise comparisons confirmed that C.
mitchellii differed significantly from all other species (all p,q; < 0.001);
all other pairwise comparisons were non-significant (p,q; > 0.05; Fig. 2;
Supplementary Table S2). Crotalus mitchellii exhibited the highest activ-
ities, with consistently elevated values across all island and mainland

localities (mean 5.88; range 4.5-7.8; SD = 1.0). In contrast, C. enyo
displayed moderate and relatively uniform PLA, activity (mean 2.60;
range 1.1-4.0; SD = 0.9). Crotalus pyrrhus showed generally low to
moderate values (mean 1.96; range 0.5-4.1; SD = 1.2), although several
individuals on Isla El Muerto (3.3-3.4), Isla Piojo (3.6), and the San
Felipe mainland site (4.1) exhibited notably higher activity. Crotalus
ruber showed the lowest and most uniform PLA, activity of all species
(mean 1.95; range 0.2-3.2; SD = 0.7; Table 1). Ontogenetic regressions
of PLA, activity against SVL revealed no significant relationships in any
species (p > 0.05; Supplementary Table S4).

3.3. Proteolytic activity

Proteolytic activity differed significantly among species (Kruskal-
Wallis: H = 39.28, df = 3, P < 0.001). Pairwise tests showed that
C. mitchellii exhibited significantly lower activity than all other taxa
(all p,gj < 0.018). Similarly, C. enyo demonstrated significantly lower
activity compared to C. pyrrhus and C. ruber (both p,g; < 0.044), while
the latter two species did not differ significantly from each other (p,q; >
0.05; Fig. 2; Supplementary Table S2). Crotalus enyo exhibited moderate
proteolysis (mean 2.60; range 1.3-3.9; SD = 0.9), and C. mitchellii
displayed uniformly low proteolysis (mean 0.35; range 0.13-1.44; SD
= 0.4). Crotalus pyrrhus showed intermediate and relatively consistent
activity (mean 3.97; range 2.4-5.1; SD = 0.8) across island and main-
land localities. Crotalus ruber exhibited the highest proteolytic activity
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Table 1
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Biochemical activities and lethality of venoms. Individual values are shown; confidence intervals and ranges are provided in Supplementary Table S3. Mainland
localities are denoted with roman numerals. BC = Baja California; BCS = Baja California Sur; I. = Isla (Fig. 1).

Locality SVL Venom complexity LDs, PLA, activity Proteolytic activity Proteolytic + EDTA Fibrinogenolytic activity

(cm) (H) (ng/g) (UAbs 405 nm) (U/mg) (U/mg) Venom EDTA PMSF

(a/p) 5 mM (a/p) 5 mM (a/p)

Crotalus enyo (n = 17)
BC (ID) 62.0 2.51 1.6 4.0 2.26 0.00 a? a
BCS (III) 58.0 2.52 ND 1.9 2.07 0.00 a, p? a®, p? a
BCS (IV) 52.0 2.41 1.3 2.4 1.40 0.00 a A a
BCS (IV) 51.0 2.39 ND 2.3 1.42 0.00 a p? a
BCS (IV) 59.5 2.51 0.72 2.9 2.89 0.00 a, f° p? a, f?
BCS (V) 59.0 2.52 ND 1.9 1.90 1.40 a a’ a
BCS (V) 59.5 2.56 ND 2.3 2.10 0.00 a, p* s a
BCS (VD) 60.0 2.41 ND 1.7 3.00 0.00 a®, p? a? a,p
BCS (V) 75.0 2.48 ND 4.0 3.04 0.00 a a®
1. Cerralvo 62.0 2.39 0.91 3.6 3.44 0.04 a a®
1. Cerralvo 63.5 2.44 1.25 1.8 3.25 0.00 a a?
1. Cerralvo 70.0 2.44 1.00 2.1 3.39 1.46 a a®
1. Esp. Santo 52.7 2.31 1.25 2.9 1.29 0.26 a a
1. Partida Sur 51.1 2.39 1.60 1.1 3.26 1.49 a a
1. San Fran. 47.1 2.43 0.72 3.7 3.71 0.00 a,f a?
I. San Fran. 52.7 2.52 2.20 1.9 1.95 0.00 a a
1. San Jose 52.5 2.34 1.20 3.7 3.90 0.03 a, p? a’
Crotalus mitchellii (n = 10)
BCS (IV) 62.0 2.41 0.094 5.9 0.23 0.04 a®, p* U a’
BCS (V) 73.0 2.19 ND 6.9 0.13 0.05 a?, p? U a,p
BCS (V) 79.0 2.25 ND 5.9 0.19 0.10 a®, p? a’ a®
1. Cerralvo 78.0 1.99 0.099 4.7 0.14 0.00 a U a®
1. Cerralvo 78.0 2.15 0.12 5.3 0.14 0.03 a?, p? U a?
1. Esp. Santo 62.0 2.07 0.098 6.1 0.34 0.28 a, f? U a?
1. Esp. Santo 63.0 1.84 0.07 6.1 0.14 0.00 a®, p? s a®
1. Partida Sur 55.2 1.91 0.073 7.8 0.33 0.09 at U a®
1. San Jose 60.5 2.09 0.080 5.6 1.44 0.42 a, U a?
1. San Jose 66.5 2.07 0.13 4.5 0.45 0.13 a, f? a,p a®
Crotalus pyrrhus (n = 14)
BC (I) 74.5 1.86 1.70 4.1 5.10 0.03 a,p p a,
BC () 51.5 2.30 ND 0.6 4.50 0.13 a,p p a,
BC (I) 53.6 2.63 ND 1.5 4.60 0.03 a,f p a, f?
I. Ang. Guard 115.0 1.81 2.20 0.9 4.50 0.17 a, p* U a,
1. Ang. Guard 119.0 1.85 2.20 1.4 4.80 0.21 a,p A a,
1. Cabeza 45.5 2.64 3.30 2.1 3.20 0.08 a,f a,p a,
1. Cabeza 55.5 2.41 3.30 2.0 2.40 0.08 a,p p a,
1. Cabeza 71.0 1.80 3.70 0.5 4.67 0.04 a,p a®, p? a,
1. El Muerto 53.4 2.48 0.72 3.4 3.90 0.09 a,p p a, f*
1. El Muerto 61.0 2.50 0.86 3.3 4.39 0.60 a,f a, p a,p
1. Piojo 61.5 2.51 ND 3.6 3.76 0.63 a,p a, p a
1. Piojo 68.3 2.18 2.57 0.7 2.62 0.29 a,p p a
1. Smiths 55.6 2.64 0.90 1.2 3.23 0.65 a,f a’, p a, f?
1. Smiths 75.0 2.50 1.40 2.1 3.84 0.15 a,p p a®, p?
Crotalus ruber (n = 14)
BC (I) 79.0 1.91 ND 1.7 5.80 0.06 ND ND ND
BC (ID 51.0 2.22 ND 1.5 1.20 0.13 a,f Vil a
BC (ID) 66.5 2.08 ND 0.2 4.70 0.22 a,p p a,p
BCS (III) 91.0 1.77 3.00 1.8 5.46 0.00 a,p p a,p
BCS (IV) 95.5 1.65 ND 2.0 5.10 0.03 a,p p a,p
BCS (IV) 75.5 2.15 ND 1.9 6.48 0.00 a,p p a, p
BCS (IV) 82.0 1.95 2.60 1.8 5.52 0.05 a,f p a,p
BCS (V) 82.0 2.10 ND 2.6 6.76 0.00 a,p p a, p
BCS (V) 77.0 2.26 ND 3.2 3.30 0.10 a,p B a
BCS (V) 94.0 1.80 4.90 2.0 6.10 0.00 a,f p a,p
BCS (VD) 105.0 1.74 ND 2.4 8.04 0.00 a,p p a,p
1. Danzante 74.5 2.29 2.20 2.5 5.18 0.00 a,p p a,p
1. San Jose 73.5 2.18 2.10 1.9 5.78 0.00 a,f p a,p
1. San Jose 83.0 1.99 2.20 1.8 7.78 0.00 a,p p a,p

ND = not determined. U (Undegraded) indicates no detectable fibrinogen chain degradation.

2 Indicates partial degradation.

(mean 5.51; range 1.2-8.0; SD = 1.7), with nearly all individuals
between 5-8 U/mg, except for two mainland individuals from Baja II
(1.20) and BCS V (3.3) with reduced activities (Table 1). A significant
positive relationship between SVL and total proteolytic activity was
found in C. ruber (R? = 0.50, p = 0.005), but not C. enyo, C. mitchellii,
or C. pyrrhus (all p > 0.05; Supplementary Table S4).

3.4. Proteolytic activity post-EDTA exposure

EDTA-insensitive proteolytic activity was highly zero-inflated and
varied significantly among species (Kruskal-Wallis: H = 12.51, df = 3,
P = 0.005). Pairwise Dunn tests showed that C. pyrrhus had significantly
higher EDTA-insensitive activity than both C. enyo and C. ruber (both
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Pagj = 0.008), reflecting the consistently non-zero distribution in C.
pyrrhus relative to the predominantly zero-inflated profiles of these
congeners; all other pairwise comparisons were non-significant (p,q;
> 0.05; Fig. 2; Supplementary Table S2). Crotalus enyo exhibited the
greatest variance (mean 0.27; range 0.00-1.49; SD = 0.6), with most
individuals showing no detectable EDTA-insensitive activity, but sev-
eral producing high values, including individuals from Isla Partida Sur
(1.49), Isla Cerralvo (1.46), BCS V (1.4), and Isla Espiritu Santo (0.26).
Crotalus pyrrhus (mean 0.22; range 0.03-0.65; SD = 0.2) displayed
elevated EDTA-insensitive activity on several islands, particularly Isla
Smiths (0.65) and Isla Piojo (0.63), whereas populations on Isla Angel
de la Guarda and Isla Cabeza de Caballo were near zero. C. mitchellii
(mean 0.11; range 0.00-0.42; SD = 0.1) remained uniformly low, and
C. ruber (mean 0.04; range 0.00-0.22; SD = 0.1) exhibited almost
exclusively near-zero activity across all sites (Table 1). A significant
negative relationship between SVL and EDTA-insensitive proteolytic
activity was only detected in C. ruber (R? = 0.35, p = 0.026; all other
species p > 0.05; Supplementary Table S4).

3.5. Fibrinogenolytic activity

All individuals from all four species cleaved the a-chain of fibrino-
gen; however, the ability to hydrolyze the g-chain varied among taxa.
In C. enyo, 6/17 venoms degraded the g-chain (including partial degra-
dation, f*), whereas 8/10 C. mitchellii venoms cleaved the g-chain. In
contrast, all C. pyrrhus (14/14) and C. ruber (13/13) venoms hydrolyzed
the p-chain. Thus, g-chain degradation was incomplete and variable
in C. enyo and C. mitchellii, but uniformly present in C. pyrrhus and
C. ruber. Pre-incubation with the SVMP inhibitor EDTA and the SVSP
inhibitor PMSF altered fibrinogen cleavage patterns in a species-specific
manner. In C. mitchellii, only 3/10 venoms retained any detectable
cleavage following EDTA treatment, with the majority (7/10) yielding a
complete Undegraded profile; in C. ruber, EDTA consistently eliminated
a-chain cleavage while g-chain degradation persisted across all indi-
viduals (13/13). In C. pyrrhus, p-chain degradation persisted following
EDTA treatment in nearly all individuals (13/14), and residual a-chain
cleavage was also retained in 5/14 individuals. In C. enyo, residual a-
chain cleavage (a*) was retained in 12/17 individuals, while partial
p-chain degradation (8*) persisted in 7/17. Following PMSF treatment,
p-chain cleavage persisted in only 2/17 C. enyo and 1/10 C. mitchellii
individuals; in contrast, f-chain cleavage was retained in 11/13 C. ruber
and 12/14 C. pyrrhus individuals despite PMSF inhibition (Table 1;
Supplementary Figures S5-S34).

3.6. Venom lethality (LDs)

LDs, differed significantly among species (Kruskal-Wallis: H =
23.14, df = 3, P < 0.0001). Pairwise comparisons confirmed that C.
mitchellii was significantly more potent than all other species (all p,g;
< 0.010); C. enyo was also significantly more potent than C. ruber (p,g;
= 0.040); all other pairwise comparisons were non-significant (p,g;
> 0.05; Fig. 2; Supplementary Table S2). C. mitchellii possessed uni-
formly potent venom (mean LDs, 0.096; range 0.07-0.13; SD = 0.02),
with minimal variation across islands. The primary cause of mortality
was consistent with a neurotoxic mechanism, characterized by initial
paralysis of the hind limbs followed by pronounced lateral muscle
contractions, likely compensatory to progressive loss of diaphragmatic
function, as described for crotoxin-mediated envenomation typical of
a Type II (Type A) venom (Mackessy, 2010; Massey et al., 2012;
Harris and Scott-Davey, 2013; Franco-Servin et al., 2021). Crotalus enyo
exhibited moderate LDs, values (mean 1.25; range 0.72-2.2; SD =
0.44), with higher variance on Isla San Francisco (range 0.72-2.20;
SD = 1.0). C. pyrrhus displayed the broadest range (mean 1.87; range
0.26-3.70; SD = 1.17), and LDg, was particularly low on Isla Piojo
(0.26) and high on Isla Cabeza de Caballo (3.3-3.7). C. ruber exhibited
the least potent venom (mean 2.83; range 2.1-4.9; SD = 1.1), with the
highest LDs, observed across all samples (4.90 in BCS V; Table 1). SVL
significantly and positively predicted LDs, only in C. ruber (R*> = 0.68,
p = 0.044; all other species p > 0.05; Supplementary Table S4).
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3.7. Neutralization of lethal activity

Antivenom efficacy differed significantly among species for both
metrics assessed: the mass of antivenom required to neutralize 1 mg of
venom (mgAV/mgV; Kruskal-Wallis: H = 14.95, df = 3, P = 0.002) and
the number of LDs, equivalents neutralized per vial (Kruskal-Wallis: H
= 12.45, df = 3, P = 0.006; Fig. 3). For mgAV/mgV, pairwise Dunn
tests showed that C. mitchellii required significantly more antivenom
per mg venom than C. enyo (p,q; = 0.003) and C. pyrrhus (p,q; = 0.012);
all other pairwise comparisons were non-significant (p,g; > 0.05; Sup-
plementary Table S2). For LDs, equivalents per vial, only C. mitchellii
versus C. pyrrhus (p,q; = 0.011) and C. mitchellii versus C. ruber (p,g;
= 0.026) were significant; all other comparisons were non-significant
(Pagj > 0.05; Supplementary Table S2).

When evaluated using mgAV,/mgV, C. mitchellii required more an-
tivenom per unit venom than any other species. Values ranged from
22.0 to 56.7 mgAV/mgV across island populations, indicating consis-
tently reduced neutralization efficiency. In contrast, C. enyo venoms
were neutralized efficiently, with low mgAV/mgV values across both
island and a mainland sample (5.8-9.6 mgAV/mgV). C. pyrrhus ex-
hibited intermediate and more variable antivenom requirements, with
intermediate values on Isla El Muerto (7.0-11.0 mgAV/mgV) and Isla
Smiths (10.0-11.0 mgAV/mgV) and higher values on Isla Cabeza de Ca-
ballo (11.3-17.2 mgAV/mgV) and Isla Angel de la Guarda (12.1-20.0
mgAV/mgV). C. ruber also showed pronounced locality-level variation,
with relatively low antivenom requirements on Isla San José (7.5
mgAV/mgV) but substantially higher values on Isla Danzante (21.5
mgAV/mgV).

Neutralization capacity (LDsp-equivalents per vial), evaluated
against the manufacturer-stated reference of 790 LDgys/vial for C.
durissus, differed substantially among species. Crotalus mitchellii showed
the highest values (565-2349 LDgs/vial), with values spanning both
below and above the reference threshold depending on locality. All
tested C. enyo (339-630 LDgys/vial) and C. ruber (84-240 LDgys/vial)
individuals fell below the reference, as did the majority of C. pyrrhus
individuals; the greatest range was observed in C. pyrrhus, from very
low values on Isla Cabeza de Caballo (72-109 LDs,s/vial) to values
approaching or marginally exceeding the reference on Isla El Muerto
(434-805 LDs,s/vial). Regressions of antivenom neutralization metrics
against SVL revealed no significant relationships in C. enyo, C. mitchellii,
or C. pyrrhus (all p > 0.05); C. ruber could not be assessed due to
insufficient sample size (n = 2; Supplementary Table S4).

4. Discussion

The four rattlesnake species sampled across the Baja California
Peninsula and Gulf of California islands exhibited functionally distinct
venom phenotypes that spanned the Type I-Type II continuum, from
the highly neurotoxic profile of C. mitchellii to the metalloprotease-
dominated phenotypes of C. pyrrhus and C. ruber. Such functional
diversity builds on previously documented compositional variation in
this system (Glenn and Straight, 1985; Arnaud-Franco et al., 2018;
Rodriguez-Canseco et al., 2021; Arnaud-Franco et al., 2023; Hirst et al.,
2024, 2025, 2026) and demonstrates that protein expression differences
translate into meaningful divergence in enzymatic activity, lethality,
and antivenom neutralization for these species. Although restricted per-
locality sample sizes precluded formal tests of intra-specific geographic
variation, these species-level contrasts establish a framework for un-
derstanding functional divergence in this region and its biomedical
consequences (Table 1).

Crotalus mitchellii exhibited a venom phenotype characterized by
elevated PLA, activity and extreme potency in murine lethality assays,
consistent with a Type II venom (Glenn et al., 1983; Glenn and Straight,
1985; Mackessy, 2010; Harris and Scott-Davey, 2013; Mackessy, 2021).
The combination of significantly higher PLA, activity and lower LDs,
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Fig. 3. Antivenom neutralization efficiency across Baja California rattlesnake species from island and mainland localities. The top panel shows antivenom
requirement expressed as mg antivenom per mg venom (mgAV/mgV), and the bottom panel shows the number of LDs, doses neutralized per vial of antivenom.
Horizontal dotted line indicates the reference neutralization capacity of 790 LD, doses per vial, established for Crotalus durissus venom by Antivipmyn®. Bars
are colored by species. Locality names and snout-vent length (SVL) are indicated along the x-axis. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

relative to all three congeners is consistent with the presence of po-
tent presynaptic neurotoxic complexes, such as Mojave toxin, which
dominate the venom functional phenotype of this lineage (Glenn et al.,
1983; Glenn and Straight, 1985; Harris and Scott-Davey, 2013). Inter-
estingly, despite having the lowest overall proteolytic activity among
the sampled taxa, C. mitchellii retained the ability to degrade fibrinogen.
Ubiquitous a-chain cleavage and prevalent g-chain degradation are
characteristic of other Type II/A rattlesnake venoms, where a basal set
of proteases is maintained despite reduced expression (Mackessy, 2010;
Calvete et al., 2012). EDTA abolished detectable fibrinogen degradation
in most individuals, implicating SVMPs as the primary contributors
to this residual fibrinogenolytic activity (Estévdo-Costa et al., 2000;
Swenson and Markland, 2005). However, the contribution of SVMPs to
fibrinogen degradation should be interpreted with caution in a clinical
context. In vivo, SVMPs are generally thought to act predominantly
at the envenomation site, targeting extracellular matrix components
and thereby limiting systemic effects (Gutiérrez and Rucavado, 2000;
Gutiérrez et al., 2016). Consequently, their role in circulating fibrino-
gen degradation in envenomed patients may be relatively minor (Kini
and Koh, 2016). In contrast, the neurotoxic components of Type II ven-
oms are expected to drive the primary clinical manifestations (Gutiérrez
et al,, 2017; Mackessy, 2021). A minority of individuals retained
partial cleavage following EDTA treatment, suggesting that some EDTA-
resistant, non-SVMP fibrinogenolytic activity persists in this species.
PMSF treatment typically reduced cleavage to partial « degradation

with diminished p cleavage, indicating variable or secondary contri-
butions from SVSPs (Shimokawa et al., 1996; Roldan-Padrén et al.,
2019). Low venom complexity of C. mitchellii also aligned with the dom-
inance of PLA,-based neurotoxic components in the species, effectively
reducing the relative contribution of other toxin families (Mackessy,
2010; Calvete et al.,, 2012; Mackessy, 2021; Margres et al., 2021).
Antivenom assays further highlighted the clinical trade-offs of this
phenotype. Although C. mitchellii venom required a substantially higher
antibody mass (mgAV/mgV) for neutralization, the extreme potency of
the venom means a single vial can neutralize a large number of LDs,
equivalents (Secretaria de Salud, 2012; Guadarrama-Martinez et al.,
2024). Together, these results delineate a specialized, highly potent
venom that favors neurotoxicity over tissue degradation characteristic
of more proteolytic-dominant venoms (Mackessy, 2010, 2021). Despite
this species-level functional homogeneity, modest locality-level vari-
ation was apparent: proteolytic activity was locally elevated on Isla
San José relative to other sampled populations, indicating localized
SVMP activity that contrasts with the otherwise suppressed proteolytic
profile characteristic of this species, whereas LDs, remained strikingly
consistent across all localities sampled, indicating that the potency of
the neurotoxic phenotype is largely conserved geographically despite
documented compositional variation among assemblage populations
(Hirst et al., 2025). Clinically, envenomation by C. mitchellii would
be expected to present primarily as systemic neurotoxicity rather than
local tissue damage, and although antivenom dosing requires greater
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antibody mass, the high potency-scaled neutralization suggests that
timely administration of Antivipmyn® remains a viable treatment
strategy.

C. pyrrhus exhibited a proteolytic-dominant, Type I venom phe-
notype (Glenn and Straight, 1985; Mackessy, 2010; Rokyta et al.,
2013; Borja et al., 2014; Mackessy, 2021), contrasting sharply with
the neurotoxic activities of its sister taxon, C. mitchellii (Holding et al.,
2021; Farleigh et al., 2026). Total proteolysis was consistently high,
and fibrinogenolytic activity was not only ubiquitous, but broad in
scope. All individuals degraded both «- and g-chains, indicating stable
expression of enzymes capable of comprehensive fibrinogen hydrolysis
(Swenson and Markland, 2005). The inhibitor profile of C. pyrrhus was
particularly distinctive. g-chain degradation persisted following EDTA
treatment in nearly all individuals, indicating a substantial contribution
from EDTA-resistant SVSPs that was less pronounced in its congeners
(Shimokawa et al., 1996; Roldan-Padrén et al., 2019). Meanwhile,
cleavage activity largely persisted following PMSF treatment, with both
chains remaining degraded in most individuals, reinforcing the inter-
pretation of a high overall proteolytic load with mixed contributions
of SVMPs and SVSPs (Shimokawa et al., 1996; Terra et al., 2009). This
mixed SVMP/SVSP strategy, coupled with low PLA, activity and higher
(Iess potent) lethality values than C. mitchellii, defines a coagulopathic
predatory strategy in which divergent toxin classes synergistically dis-
rupt host hemostasis (Mackessy, 1988, 2010, 2021). Neutralization
assays further distinguished the two sister taxa: C. pyrrhus required
moderate but variable mgAV/mgV ratios compared to the substantially
higher antibody mass requirements of C. mitchellii, with pronounced
locality-level variation, ranging from comparatively low requirements
on Isla El Muerto and Isla Smiths to substantially higher values on
Isla Cabeza de Caballo and Isla Angel de la Guarda. This geographic
gradient in antivenom requirements parallels locality-level patterns
in both lethality and enzymatic activity: LD5, was lowest on Isla El
Muerto and highest on Isla Cabeza de Caballo, while EDTA-insensitive
proteolytic activity was elevated on Isla Smiths and Isla Piojo but near
zero on Isla Angel de la Guarda and Isla Cabeza de Caballo (Table
1). Together, these patterns suggest that functional activities in C.
pyrrhus venom diverge across insular localities. Additionally, C. pyrrhus
displayed high among-individual variation in complexity across insular
and mainland localities (Hirst et al., 2025), which mirrors the broad
functional variability documented here. From a clinical perspective, en-
venomation by C. pyrrhus would be expected to present as coagulopathy
and hemostatic disruption (Cochran et al., 2019), and the pronounced
locality-level variation in antivenom requirements underscores the im-
portance of monitoring neutralization response in patients bitten across
different populations.

Crotalus ruber also exhibited a proteolytic-dominant phenotype
consistent with a Type I venom profile (Glenn and Straight, 1985;
Mackessy, 2010, 2021). This species showed the highest total prote-
olytic activity among the studied taxa, though not significantly different
from C. pyrrhus (p,g; = 0.070), and uniformly degraded both a- and -
chains of fibrinogen across all individuals. This dual-chain degradation
pattern was maintained consistently across insular (Isla Danzante, Isla
San José) and all mainland localities sampled (BC I through BCS VI),
suggesting a geographically canalized proteolytic phenotype in C. ruber
despite prior documentation of compositional variation across its range
(Hirst et al., 2024). Although it shared this uniform cleavage pattern
with C. pyrrhus, the inhibitor profiles revealed distinct biochemical
activities. EDTA treatment consistently eliminated a-chain degradation
while p-chain cleavage persisted across all individuals, indicating that
a-cleavage is predominantly SVMP-mediated, whereas f-chain degra-
dation involves EDTA-resistant proteases such as SVSPs (Shimokawa
et al., 1996; Roldan-Padrén et al., 2019). This contrasts with C. pyrrhus,
where both chains frequently persisted under EDTA, suggesting a
broader SVSP contribution to fibrinogenolysis in that species. PMSF
treatment rarely eliminated degradation in C. ruber, with both chains
persisting in the majority of individuals, indicating that SVMPs carry
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the dominant proteolytic load overall despite the SVSP contribution
to p-cleavage specifically. The reliance on SVMPs likely drives tissue
destruction and local edema characteristic of C. ruber envenomation
(Glenn and Straight, 1985; Straight et al., 1992; Pozas-Ocampo et al.,
2020). C. ruber showed the lowest overall complexity, consistent
with its functional specialization toward SVMP-dominated proteol-
ysis. The repeated detection of significant SVL relationships across
proteolytic activity, lethality, and venom complexity demonstrates a
continuous ontogenetic shift in the functional venom phenotype in
C. ruber, revealing that the continuous compositional shifts translate
directly into functional consequences (Hirst et al., 2024). Such pattern
was recovered despite all sampled individuals exceeding 51 ¢cm SVL,
demonstrating that ontogenetic functional divergence persists beyond
a discrete juvenile-adult transition. Geographic and ontogenetic fac-
tors should therefore be considered when interpreting individual-level
functional variation in this species. In neutralization assays, the two
C. ruber individuals yielded divergent results, with the individual from
Isla San José requiring substantially less antivenom per mg venom than
the individual from Isla Danzante, among the lowest values recorded
for any non-neurotoxic species tested here. Such divergence is notable
given the otherwise highly uniform proteolytic functional profile of this
species across localities. Furthermore, LDg, equivalents neutralized per
vial were among the lowest of any species tested, a result consistent
with the reduced venom potency of C. ruber relative to the other taxa.
The functional signature of C. ruber venom thus aligns with SVMP-rich,
hemorrhagic Type I/B venoms that emphasize tissue destruction and
systemic hemostatic disruption (Estévao-Costa et al., 2000; Bernardoni
et al., 2014; Yamashita et al., 2014; Kini and Koh, 2016). Envenomation
by C. ruber would accordingly be expected to present as local tissue
destruction and hemorrhage (Lyons, 1971); however, these clinical
effects were not directly evaluated in the present study. Additionally,
the limited and variable antivenom data available for this species across
its geographic range, including island populations, highlight the need
for expanded sampling to establish reliable neutralization benchmarks.

Crotalus enyo exhibited an intermediate and notably variable func-
tional profile. Moderate PLA, activity, proteolysis, and lethality placed
the species between the neurotoxic extreme of Type II C. mitchellii
and the highly proteolytic phenotypes of Type I C. pyrrhus and C.
ruber (Mackessy, 2010). This taxon was also characterized by notable
intraspecific variation in fibrinogenolytic patterns. Although a-cleavage
was universal, only a minority of individuals (6/17) exhibited g-chain
degradation. Among those individuals displaying f-degradation, activ-
ity generally persisted following EDTA treatment but was abolished
by PMSF, suggesting that f-cleavage in C. enyo is primarily mediated
by SVSPs in the subset of individuals where it occurs (Swenson and
Markland, 2005). Although a similar SVSP contribution to f-cleavage
was observed in C. ruber, this activity was uniformly expressed in that
species but remained inconsistent and individual-specific in C. enyo.
Similarly, EDTA-insensitive proteolytic activity was elevated at a subset
of localities, including Isla Partida Sur, Isla Cerralvo, Isla Espiritu Santo,
and one individual from the BCS V mainland site, while all remaining
individuals yielded near-zero activity (Table 1). The geographic cluster-
ing of this SVSP-mediated function across specific island and mainland
populations suggests that SVSP expression in C. enyo is not uniformly
distributed across its range, and may reflect population-level variation
in venom composition consistent with compositional divergence pre-
viously documented between populations of this species (Hirst et al.,
2026). Crotalus enyo venom also exhibited the highest and most uniform
complexity, reflecting the maintenance of a broad enzymatic reper-
toire across toxin families. Despite its intermediate enzymatic profile,
C. enyo was the most efficiently neutralized species, requiring the
lowest mgAV/mgV values of the four taxa. Combined with moderate
lethality, this resulted in favorable potency-scaled neutralization (LDsy,
equivalents per vial). This dissociation between intermediate functional
activity and high neutralization efficiency suggests that the functional
venom phenotype of C. enyo, while diverse, presents antigenic targets
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that are highly congruent with the Antivipmyn® antibody pool. The
favorable neutralization profile of C. enyo suggests that Antivipmyn® is
well suited for managing envenomation by this species across its range,
despite the functional variability observed among individuals.

Across all four species, the degree to which functional venom activ-
ity varied at the locality level differed substantially. Crotalus mitchellii
and C. ruber exhibited comparatively consistent functional phenotypes
across their sampled geographic ranges, particularly in the traits most
diagnostic of their respective venom strategies (lethality for C. mitchel-
lii; proteolytic profile for C. ruber), suggesting that species-level venom
identity is largely conserved despite geographic differentiation across
the peninsula and islands sampled here. In contrast, C. pyrrhus and
C. enyo displayed more spatially structured functional variation, with
lethality, antivenom requirements, and SVSP-mediated activities each
showing clear locality-level differences across islands and mainland
sites.

The results of this study also underscore broader challenges associ-
ated with antivenom treatment in Mexico. Polyvalent antivenoms must
provide coverage across approximately 74 viper species (Guadarrama-
Martinez et al., 2024), many of which show substantial ontogenetic and
geographic variation in venom composition and function (Durban et al.,
2017; Borja et al., 2018; Neri-Castro et al., 2019; Colis-Torres et al.,
2022; Neri-Castro et al., 2022; Hirst et al., 2025; Borja et al., 2025). Al-
though Antivipmyn® neutralized the lethal activity of all four venoms,
the number of LD5, equivalents neutralized per vial was considerably
lower for the less potent species. The limited samples available for C.
enyo (n =3) and C. ruber (n = 2) all fell below the manufacturer-stated
reference of 790 LDgj-equivalents per vial for C. durissus, as did most
C. pyrrhus individuals tested; C. mitchellii showed the opposite pattern,
frequently exceeding the reference given its extreme venom potency.
Such outcome is partly a consequence of the metric itself: species with
less potent venom require a greater mass to constitute a lethal dose, and
therefore more antibodies to neutralize each LDs, equivalent, reducing
the count per vial regardless of per-venom neutralization efficiency
(Minton and Weinstein, 1986; Fry et al., 2003; Massey et al., 2012;
Borja et al., 2025). Although this does not necessarily indicate poor
clinical performance of Antivipmyn®, it emphasizes the importance
of dose optimization and clinical monitoring, particularly in insular
settings, where limited access to medical care and delayed treatment
times further compound the challenges of managing envenomation
(Warrell, 2010; Rangel-Camacho et al., 2025).

Finally, it must be acknowledged that the statistical results in-
volving neutralization assays and associated species-level comparisons
should be interpreted with caution. The limited sample sizes available
for several taxa in the neutralization assays (C. enyo: n = 3; C. ruber: n =
2) restricted the statistical power to detect significant differences, high-
lighting the necessity for expanded sampling to fully resolve antivenom
neutralization of these rattlesnake venoms.

Our results demonstrate that the four focal rattlesnake species
possess functionally distinct venom phenotypes spanning the Type I-
Type II continuum, with differences carrying both ecological (Hirst
et al., 2025, 2026) and biomedical implications. Although Antivipmyn®
effectively neutralized all four venoms, neutralization efficiency var-
ied significantly among taxa, underscoring that functional venom
phenotype can predict antivenom performance and that species-level
identification remains critical for clinical management in a region with
frequent human-rattlesnake encounters (Bolon et al., 2020; Schmitz
and Diaz, 2013; Olmos-Martinez et al., 2018; Grismer, 2002). Deter-
mining whether previously documented population-level differences
in venom expression (Hirst et al.,, 2024, 2025, 2026) translate into
clinically or ecologically meaningful functional divergence will require
expanded geographic sampling and prey-specific functional assays.
Nonetheless, this study establishes that among-species venom variation
in rattlesnakes across the Baja California Peninsula and Gulf of Califor-
nia islands extends beyond protein expression to encompass functional
activity and antivenom neutralization.
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