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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Ray Norton Predation has the potential to impart strong selective pressures on organisms within their environments,

resulting in adaptive changes in prey that minimize risk of predation. Pressures from venomous snakes present an

Keywords: exceptional challenge to prey, as venom represents a unique chemical arsenal evolutionarily tailored to inca-
L"“i‘l adaptation pacitate prey. In response, venom resistance has been detected in various snake prey species, and to varying
Evolution

degrees. This study analyzes venom resistance in an eastern Colorado grassland habitat, where the Prairie
Rattlesnake (Crotalus viridis) and Desert Massasauga Rattlesnake (Sistrurus tergeminus edwardsii) co-occur with a
suite of grassland rodents. We test for venom resistance across rodent and snake pairings using two geograph-
ically distant field sites to determine the role of 1) predation pressure and trophic ecology, and 2) sympatric and
allopatric patterns of venom resistance. Resistance was measured using serum-based metalloproteinase inhibi-
tion assays to determine potential inhibition of proteolytic activity, augmented by median lethal dose (LDs)
assays on rodent species to assess toxicity of crude venoms. Resistance is present in several rodent species, with
strong resistance present in populations of Eastern Woodrat (Neotoma floridana), Ord’s Kangaroo Rat (Dipodomys
ordii), and Northern Grasshopper Mouse (Onychomys leucogaster). Resistance is less developed in other species,
including the House Mouse (Mus musculus) and Plains Pocket Mouse (Perognathus flavescens). An unexpected
differential is present, where Lincoln County Kangaroo Rats are highly resistant to venom of co-occurring Prairie
Rattlesnakes yet are sensitive to an allopatric population of Prairie Rattlesnakes in Weld County. Lincoln Co.
Northern Grasshopper Mice also demonstrate extremely elevated resistance to Weld Co. Prairie Rattlesnake
venoms, and they may possess resistance mechanisms for myotoxin a, an abundant component of Weld Co. C. v
viridis venoms. This study illustrates the complexity of venom resistance in biological communities that can exist
when incorporating multiple species interactions. Future studies aimed at characterizing resistance mechanisms
at the molecular level will provide a more detailed physiological context for understanding mechanisms by
which resistance to venoms occurs.

Predator-prey dynamics
Geographical variation
Adaptation

Coevolution

1. Introduction

Predation can exert strong selective pressures on organisms that may
result in an array of plastic (Goldenberg et al., 2014) or evolved changes
(Lee et al., 2018). Pressures associated with predation can impart
enormous impacts to an ecosystem, resulting, for example, in multiple
species converging on a single phenotype (Akcali and Pfennig, 2017),
organisms altering activity patterns across a landscape (Fortin et al.,
2005), or group dynamics changing in the face of increased predation
(Thaker et al., 2010). Predation is a strong source of pressure for many
organisms, and venomous predators are reliant on toxins to acquire their
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prey.

Venoms are complex chemical arsenals comprised of various pro-
teins, peptides and other compounds that incapacitate and subdue prey
and/or provide protection to an organism in a defensive context
(Mackessy, 2010, 2022). Venoms are widespread in many animal phyla
(Sunagar and Moran, 2015) such as various invertebrates (Chun et al.,
2012), fishes (Kiriake et al., 2017), reptiles (Mackessy, 2010; Mackessy
and Saviola, 2016), and even several mammals (Ligabue-Braun et al.,
2012). Venomous snakes are distinct among venomous organisms for
several reasons, one of which being that their venoms are highly opti-
mized for prey acquisition (Pawlak et al., 2006, 2009; Barlow et al.,
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2009; Mackessy and Saviola, 2016; Modahl et al., 2018) and only
secondarily serve as defensive compounds for most species (Ward-Smith
et al., 2020). Ecologically, venomous snakes are also unique as they are
one of only a few vertebrates specialized to consume prey whole, with
very limited examples of snakes that have managed to escape this
constraint (Jayne et al., 2002). Consequently, snakes are gape-limited
predators, meaning that their predation pressures are restricted to spe-
cies small enough to be consumed whole.

As a result of strong predation pressures exerted on a prey commu-
nity by snakes, and more specifically by their venoms, various organisms
possess evolved mechanisms to detoxify snake venoms. Frequently,
resistance to snake venom metalloproteinases is used as a proxy for
overall resistance to venoms, as this toxin family is typically abundant in
rattlesnake venoms and has been labeled a “gateway toxin”, presumed to
facilitate distribution of other toxins via lytic activity toward structural
and other proteins of prey (ie, Garcia and Perez, 1984; Biardi et al.,
2000, 2011; Phillips et al., 2012; Holding et al., 2016a,b; Ukken et al.,
2022). Many prey species have been subjected to intense selective
pressures associated with venoms over their evolutionary histories, and
as a result, resistance is widespread among them. Varying levels of
resistance to rattlesnake venoms have evolved in squirrels (Sciurus spp:
Pomento et al., 2016; Otospermophilus sp.: Holding et al., 2016a,b), small
terrestrial rodents (Perez et al., 1979; de Wit, 1982), and various lizards
and amphibians (Smiley-Walters et al., 2018; Grabowsky and Mackessy,
2019). This wide diversity of taxa possessing resistance indicates that
selection strongly favors this trait in prey species.

With the occurrence of endogenous venom resistance mechanisms
comes the potential for co-evolution, as a predator’s venom and prey’s
resistance continue to evolve in tandem. This back-and-forth between
predator and prey can create an evolutionary arms-race, as outlined by
the Red Queen Hypothesis (Van Valen, 1973). Evolutionary arms races
have been explored in various of biological systems ranging from
parasite-host dynamics (Turko et al., 2018) to predator-prey relation-
ships (Brodie et al., 2002; Hague et al., 2020).

When considering interactions between rodents and venomous
snakes, an arms race dynamic can occur where venom resistance and
venom toxicity are pitted against one another in evolutionary time. In
one well-characterized example, the Northern Pacific Rattlesnake
(Crotalus o. oreganus) and California Ground Squirrel (Otospermophilus
beecheyi) form a predator-prey interaction where venoms and venom
resistance co-evolve with one another (Coss et al., 1993). Considerable
efforts have been undertaken to understand the arms race in this system,
and investigation has determined that in some populations, snakes
appear to be “winning” the respective arms race with their co-occurring
squirrel population (Holding et al., 2016a). Arms races are dynamic
system though, and when studying venom resistance in the present, one
gleans a current “snapshot” of an everchanging interaction with con-
stant compensatory adjustments by each partner.

Resistance to snake venoms in rodents has been detected in various
species pairings, including the California Ground Squirrel and Pacific
Rattlesnake (Holding et al., 2016a), the Southern Plains Woodrat
(Neotoma micropus) and Western Diamondback Rattlesnake (C. atrox;
Perez et al., 1978), and the Prairie Vole (Microtus ochrogaster) and
Copperhead (Agkistrodon contortrix; de Wit, 1982). The prevalence of
this coevolutionary dynamic across landscapes and taxa suggests that it
is a central theme in venom-mediated predation. In spite of this, systems
do exist where venom resistance appears to be absent (Phillips et al.,
2012), with the Cape Ground Squirrel (Xerus inauris) serving as an
example by lacking proteolytic resistance to co-occurring Puff Adders
(Bitis arietans) and Snouted Cobras (Naja annulifera). The factors
impacting the presence and strength of resistance remain relatively
unexplored, and community level analyses offer a means to explore
these topics.

The grasslands of eastern Colorado represent an ecosystem where a
diverse rodent community interacts with two species of rattlesnake.
Common rodents in this system include the Deer Mouse (Peromyscus
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maniculatus), Eastern Woodrat (Neotoma floridana), Ord’s Kangaroo Rat
(Dipodomys ordii), Northern Grasshopper Mouse (Onychomys leu-
cogaster), introduced House Mouse (Mus musculus), and Plains Pocket
Mouse (Perognathus flavescens). The large-bodied and widespread Prairie
Rattlesnake (Crotalus viridis) is present throughout the eastern part of
state (Hammerson, 1999), while the diminutive Desert Massasauga
Rattlesnake (Sistrurus tergeminus edwardsii) occupies a restricted distri-
bution in the southeastern corner of the state (Hobert et al., 2004;
Wastell and Mackessy, 2016). Together, these two rattlesnakes exert
predatory pressures on their respective rodent communities but differ-
ences between the two in feeding ecology may impact rodents
differentially.

This study system serves as an ideal model to explore venom resis-
tance at the community level in a multi-predator and multi-prey context.
Here, we explore the roles of predation pressures and geography on the
strength of venom resistance and test the hypotheses that A) rodents will
be more resistant to the rattlesnake species exerting greater predation on
them, and B) rodents will have greater resistance to venoms of sympatric
snake populations rather than allopatric snake populations. Considering
these hypotheses, we predict that: 1) All rodent population will possess
resistance to Prairie Rattlesnake venoms, given that the large body size
and broad geographic distribution of this snake allows it to apply pre-
dation pressure throughout the tested rodent community. 2) Only small
rodent species (those within gape constraints of the Desert Massasauga
Rattlesnake) will possess resistance to Desert Massasauga venom, as
larger rodent species (exceeding gape constraints) do not incur high
predation pressure from this rattlesnake. 3) Rodents will possess greater
resistance to venoms of sympatric snake populations and reduced
resistance to venoms of allopatric snake populations. Further, rodents
from the Weld County site should possess minimal resistance to the
Desert Massasauga, as this species does not occur at this location.

2. Methods
2.1. Study design and sample collection

Sample collection occurred at two field sites on privately owned
lands in Colorado in Weld County (hereafter WC) and in Lincoln County
(hereafter LC, approx. 120 miles due south; Fig. 1). Both field sites are
characterized as being native shortgrass and mixed grass prairie habitat,
with variable (although generally minimal) levels of cattle grazing
pressure. A study design incorporating two field sites was used to
explore the effect of sympatry and allopatry on the presence and
strength of resistance among interacting species.

Two species of venomous snakes are present at the field sites. The
(northern) WC field site is inhabited by only the larger Prairie Rattle-
snake, while the (southern) LC field site is inhabited by both the Prairie
Rattlesnake and the more diminutive Desert Massasauga Rattlesnake.
Each of the three rattlesnake populations studied herein display varia-
tion in toxin composition and relative abundance in their respective
venom proteomes (Fig. 2). Venoms of both species were collected at the
respective sites via sampling of animals at den sites, opportunistic
sampling of day-active snakes, and driving roads during evening and
night for active snakes. Venoms were manually extracted from snakes,
centrifuged at 9.5 k x g to pellet cellular debris and frozen at —80 °C.
Following freezing, samples were lyophilized and stored at —20 °C. All
sample collections were conducted under permits issued by the Colorado
Parks and Wildlife (to SPM: 19HP0974).

The following species of rodents were trapped at field sites (Fig. 3):
Deer Mouse (Peromyscus maniculatus), House Mouse (Mus musculus),
Northern Grasshopper Mouse (Onychomys leucogaster), Ord’s Kangaroo
Rat (Dipodomys ordii), Eastern Woodrat (Neotoma floridana), and Plains
Pocket Mouse (Perognathus flavescens) under permits from Colorado
Parks and Wildlife (#19TR3327, issued to SPM). Rodents were trapped
using Sherman live animal traps (H. B. Sherman Traps, Inc., Tallahassee,
USA) baited with birdseed. Traps were set in the field in the evening and
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Prairie Rattlesnake
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INISSRIASAVA

¥ Boulder

Denversy it

v Tent

——Aurora
dge N

“COLORADO /

Colorado.
Sort

[ANS/AS

™

Trinidadl

Google

Fig. 1. Map of study sites and rattlesnake species present, indicating 1) Weld Co. And 2) Lincoln Co. field sites. Only Crotalus v. viridis is present at the Weld Co. field
site (1), but both Crotalus v. viridis (photo: SPM) and Sistrurus tergeminus edwardsii (photo: Kaye Holman) are present at the Lincoln Co. field site (2). Yellow overlay
represents the approximate geographic distribution of S. t. edwardsii in Colorado (based on Hammerson, 1999), and C. v. viridis is broadly distributed across the
eastern plains. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Simplified venom proteomes of a) Crotalus v. viridis (Lincoln Co.) b) Crotalus v. viridis (Weld Co.) and c) Sistrurus t. edwardsii (Lincoln Co.), depicting major
toxin groups present in venoms of respective populations. (From a) Mackessy, unpubl. Data; b) Saviola et al. (2015); ¢; Sanz et al. (2006). See also Smith et al. (2023)

for geographic trends in C v. viridis venom composition.

retrieved the following morning. Live rodents were transported back to
the laboratory for use in assays (IACUC protocol 1905D-SM-SBirdsLM-
22, to SPM). Individual rodents were housed in laboratory caging on
Carefresh bedding and were supplied with rodent lab chow diet, bird
seed, and water ad libitum.

2.2. Metalloproteinase inhibition assays

Metalloproteinase assays were used to determine the inhibitory po-
tential of rodent serum against rattlesnake venom metalloproteinases, as

this assay has been used commonly in resistance studies. Rodents were
humanely euthanized via cervical dislocation and exsanguinated
immediately after via the ventricles, orbital sinus, and/or jugular vein.
Whole blood was collected in 1.5 mL Eppendorf tubes held on ice during
collection. Following collection, whole blood was spun at 8.0 k x g for
10 min at 4 °C in an Eppendorf refrigerated centrifuge for serum sepa-
ration. Serum was then separated from whole blood using a micropipette
and frozen at —80 °C.

Lyophilized snake venoms from each study population (three in-
dividuals per pooled venom) were solubilized in MilliQ ultra-pure water
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Fig. 3. UNC Museum of Natural History specimens of rodent species commonly
encountered on study sites. Arranged by size: A, Neotoma floridana; B, Dipod-
omys ordii; C, Onychomys leucogaster; D, Peromyscus maniculatus; E, Mus mus-
culus; F, Perognathus flavescens.

at a concentration of 4.0 pug/pL. Serum was collected from rodents of
each available species, with tests being done on sera of three different
individual rodents per population when available. Metalloproteinase
assays were conducted following Aird and da Silva (1991), with addi-
tional assay controls to account for the addition of serum at 5 pL and 10
pL per assay. Briefly, assays were conducted in disposable glass culture
tubes. A combination of ~245 pL buffer (50 mM HEPES, 100 mM NacCl,
pH 8.0) and varying amounts of venom and serum (total volume 250 pL)
depending on trial were incubated together at room temperature
(approximately 20 °C) for 30 min. Tubes were placed in an ice bath for 5
min, after which 250 pL of substrate solution (azocasein, in buffer, 2.0
mg/mL buffer; Sigma) was added to each culture tube. Tubes were
immediately incubated for 30 min at 37 °C. Following this incubation
period, 125 pL of TCA stop solution was added (to terminate the reac-
tion), held at RT for 10 min and tubes were centrifuged at 2000 rpm 125
pL of supernatant was drawn up from each and transferred to a well
plate, mixed with 125 pL of 0.5 M NaOH, and allowed to sit at room
temperate for approximately 5 min. Absorbance readings were then
taken with a plate reader at 450 nm.

2.3. Median lethal dose (LDsg) assays

Median lethal dose (LDsp) assays were used to assess toxicity of a
venom to each population of rodents. Lyophilized venoms from three
individual snakes of the same population were reconstituted at equal
amounts at a concentration of 10 pg/pL in MilliQ ultra-pure water. This
pooled venom solution at a concentration of 10 pg/pL was further
diluted into 0.9% saline to reach desired injection doses. Rodents were
initially injected at low and high doses (~1.0 pg/g and ~5.0 pg/g) of
venom to establish general resistance potential. Following this initial
approximation, doses were chosen at a range of concentrations, and the
median lethal dose was extrapolated from the generated mortality
curve. Each dosage group consisted of three individual rodents of mixed
sexes to account for any differences in toxicity between sexes. Rodents
were injected intraperitoneally with a standardized bolus (50 pL for
small species or 100 pL for large species) in their lower right quadrant,
replaced in their cages, and mortality was recorded at 24 h post injec-
tion. Saline controls were used for all assays. All rodent experiments
were approved by the UNC-IACUC (protocol 1905D-SM-SBirdsLM-22, to
SPM).
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2.4. Statistical analysis

Rodent serum inhibition values were evaluated for significance using
an unpaired t-test to determine differences of means between rodent
populations (of the same species) from each field site against a single
rattlesnake venom. Serum inhibition values for Neotoma floridana and
Perognathus flavescens were excluded from analysis due to inclusion of
only one sample of each in the study. p-values <0.05 were considered
statistically significant.

3. Results
3.1. Metalloproteinase assays

The highest snake venom metalloproteinase (SVMP) activity was
detected in the venom of the LC Desert Massasauga population (0.872
A450 nm/min/mg; Tlable 3.1), somewhat lower SVMP activity in Lincoln
County Prairie Rattlesnake venom (0.752 As42 nm/min/mg; Tlable 3.1),
and much lower activity in Weld County Prairie Rattlesnake venom
(0.495 As42 nm/min/mg; Tlable 3.1). All venoms tested exhibited
considerable metalloproteinase activity, and thus metalloproteinases
are an important component in each of these venoms to facilitate prey
incapacitation (see also Sanz et al., 2006; Saviola et al., 2015). Further,
these data are directly comparable to previously published papers
evaluating resistance in prey species (i.e., Ukken et al., 2022; Holding
et al., 2016a,b).

Inhibition of snake venom metalloproteinase (SVMP) activity is
highly variable across rodent species and populations, and some amount
of variation is also present within populations of rodents. In general,
Deer Mice (Peromyscus maniculatus) display weak serum inhibition of
SVMPs when compared to other rodents tested. Inhibition of Prairie
Rattlesnake SVMPs appears relatively consistent across Deer Mouse and
snake population pairings, except when WC Deer Mice are challenged
with the venom of LC Prairie Rattlesnakes. Deer Mice may exhibit some
local adaptation (metalloproteinase resistance) to the presence of Desert
Massasauga, though this difference is not statistically significant (p =
0.0723).

Northern Grasshopper Mice (Onychomys leucogaster) exhibit very
strong inhibition of SVMPs across species and populations. Most
notably, mice from Weld County were nearly twice as resistance to the
SVMPs of the Lincoln County Prairie Rattlesnake than they were to the
SVMPs of this species from Weld County. Interestingly, reduced inhibi-
tion was detected with co-occurring snake-mouse pairings. It does not
appear that differential resistance is present between populations to
Desert Massasauga venom.

Ord’s Kangaroo Rats (Dipodomys ordii) also display considerable
resistance to Prairie Rattlesnake SVMPs, with the pairing of Weld
County rats to Weld County rattlesnakes showing reduced resistance.
Neither kangaroo rat population exhibits particularly strong inhibitory
effects against Desert Massasauga SVMP activity.

Eastern Woodrat (Neotoma floridana) serum displays the greatest
metalloproteinase inhibition to co-occurring Prairie Rattlesnakes and
are only weakly inhibitory to Desert Massasauga SVMPs. Plains Pocket
Mouse (Perognathus flavescens) sera from the two field sites do not
appear to display differential resistance to Desert Massasauga SVMPs.
However, sample sizes were very limited for both rodent species.

3.2. Median lethal dose (LDsg) assays

Dose-response curves generated for potential prey species using WC
Prairie Rattlesnake, LC Prairie Rattlesnake, and LC Desert Massasauga
venoms revealed considerable differences in toxicity amongst snake
venoms, prey species, and field sites. Venom of the WC Prairie Rattle-
snake was generally more toxic to all rodent populations (where both
populations were assayed) than that of the LC Prairie Rattlesnake
(Table 3). In a naive Mus musculus population (NSA; non-Swiss albino
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lab strain) WC Prairie Rattlesnake venom is approximately twice as toxic
(1.4 mg/kg) as LC Prairie Rattlesnake venom (2.4 mg/kg). Wild WC
M. musculus display a similar sensitivity to their domestic conspecifics
when challenged with WC Prairie Rattlesnake venom (1.6 mg/kg). Un-
fortunately, additional wild M. musculus from either county were un-
available for comparative toxicity values. Differential toxicity between
Prairie Rattlesnake populations is most dramatically apparent with
respect to LC Dipodomys ordii, which are sensitive to the venom of
allopatric WC Prairie Rattlesnakes (4.2 mg/kg) yet highly resistant to
the venom of sympatric LC Prairie Rattlesnakes (125.0 mg/kg).
Conversely, both populations of Prairie Rattlesnake are equally toxic to
WC D. ordii (15.0 mg/kg for both populations). WC Prairie Rattlesnakes
are again more toxic to both WC (2.3 mg/kg) and LC (6.3 mg/kg) Per-
omyscus maniculatus than the LC Prairie Rattlesnake (10.5 mg/kg for WC
mice and 10.6 mg/kg for LC mice). The greatest median lethal dose
value recovered from our analyses came from LC Onychomys leucogaster
tested against WC Prairie rattlesnake venom (127.7 mg/kg). Additional
O. leucogaster were unavailable to conduct assays for additional pairings.
Fewer LDs assays were conducted with respect to LC Desert Massasauga
venom, but sympatric LC P. maniculatus were less sensitive to this venom
(4.3 mg/kg) than allopatric WC P. maniculatus (3.3 mg/kg). Desert
Massasauga venom has been previously characterized as more toxic to a
murine model than either population of Prairie Rattlesnake studied here
(Gibbs and Mackessy, 2009).

4. Discussion
4.1. Rattlesnake venom compositional variation

Snake venoms have the potential for immense variation among
species (Modahl et al., 2020), across the range of a single species
(Strickland et al., 2018; Smith et al., 2023), within populations of a
species (Rashmi et al., 2021), and even ontogenetically within the life-
time of a single individual (Mackessy, 1988; Saviola et al., 2015). The
three populations of rattlesnakes used in this study (WC Prairie Rattle-
snake, LC Prairie Rattlesnake, and LC Desert Massasauga) produce
venoms that vary considerably from each other in both composition and
toxicity. Our results suggest that both the LC Desert Massasauga and LC
Prairie Rattlesnake possess highly degradative venoms that may be less
optimized for rapid incapacitation than the venom of the WC Prairie
Rattlesnake, consistent with trends more broadly observed in rattle-
snake venom phenotypes (Mackessy, 2010).

Whole venom toxicity serves as a more relevant metric when eval-
uating venom resistance in a predator-prey context, as a venom that can
effectively immobilize or incapacitate a prey item rapidly should be
selected for when prey is released following envenomation, a feeding
strategy typical of many vipers (Saviola et al., 2013). LDsq values pro-
duced using NSA strain Mus musculus allow for comparisons of whole
venom toxicity toward a naive model rodent that does not possess
co-evolved resistance mechanisms to snake venoms. However, lab
mouse models provide an approximation only, and native species can
show greater or lesser sensitivity to specific venoms, in part due to
coevolutionary dynamics over evolutionary time (e.g., Mackessy, 1988;
Smiley-Walters et al., 2018; Mason et al., 2022; Ochoa et al., 2023).
From the standpoint of crude venom lethality, LC Desert Massasaugas
possess the most toxic venom against a murine model out of the three
tested venoms. This may be attributable at least in part to the relative
importance of small rodents in the diet of this rattlesnake, as congeners
with areduced dietary dependence on rodent prey have less rodent-toxic
venoms (Gibbs and Mackessy, 2009).

LDso values for the two Prairie Rattlesnake populations differed
considerable, with the WC Prairie Rattlesnake venom being approxi-
mately twice as toxic to lab mice as LC population venom. Recent work
characterizing distribution-wide venom variation across the range of the
Prairie Rattlesnake (Smith et al., 2023) has identified divergent venom
phenotypes in this species, similar in some respects to the Type I and
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Type II venom dichotomy characterized previously (Mackessy, 2010).
LC Prairie Rattlesnakes possess a Type I venom characterized by high
metalloprotease activity but reduced toxicity, resulting in a more
degradative venom requiring more time to incapacitate prey items.
Conversely, WC Prairie Rattlesnake venom shows reduced metal-
loprotease activity yet heightened toxicity, resulting in quicker inca-
pacitation of prey with reduced tissue degradation. Unlike other highly
toxic venoms, however, the main contributor to rapid rodent tetanic
immobility is the abundant myotoxin a, an inhibitor of the calcium
pump of skeletal muscle sarcoplasmic reticulum (Utaisincharoen et al.,
1991). The LDsg assays conducted upon the venoms of these two rat-
tlesnake populations are consistent with the expected nature of the two
venom phenotypes, but it is worth noting that these outcomes may not
be as predictable when considering co-evolved wild prey items with
endogenous defense mechanisms.

4.1.1. Predator-prey dynamics

The study system herein reveals the variation in toxicity and resis-
tance present within a food web, incorporating multiple venom-
producing predators, multiple prey species, and distributed across two
geographically distant sites. To date, studies have generally character-
ized biochemical interactions between predator-prey pairings in a
relatively isolated context (e.g., Perez et al., 1978, 1979; Poran et al.,
1987; Phillips et al., 2012), though several investigations have incor-
porated geographic and phylogenetic components (e.g., Poran and
Heatwole, 1995; Pomento et al., 2016; Smiley-Walters et al., 2018;
Mason et al., 2022). These studies, coupled with investigations into
physiological processes (e.g., Khan et al., 2020) have allowed formation
of a relatively well-resolved image of the biochemical ecology of toxins
and toxin resistance in the natural world (e.g., van Thiel et al., 2022).

However, the exploration of venom resistance dynamics within food
webs (and throughout ecosystems more broadly) remains a largely un-
addressed gap in the coverage of research to date. Robinson et al. (2021)
explored this topic in a system containing two rattlesnakes, two rodent
prey species, and four field sites to tease apart the roles sympatry and
allopatry play in snake venom resistance dynamics. They found that
venoms from Red Diamond Rattlesnakes (Crotalus ruber) were locally
adapted to co-occurring Bryant’s Woodrat (Neotoma bryanti) prey, and
that sympatry between the Red Diamond and Southern Pacific Rattle-
snake (Crotalus o. helleri) may result in character displacement in
venoms. These dynamics illustrate the complex nature of the chemically
mediated interactions created by venoms and highlight the need to look
beyond isolated predator-prey pairings. Our results indicate a variety of
outcomes for each tested species/population and underscore the com-
plex nature of biochemical interactions in an ecosystem.

Peromyscus maniculatus are some of the most abundant rodents at the
study sites and are an important prey item for both rattlesnakes (Holy-
cross and Mackessy, 2002) and other predators. It is apparent that WC
C. viridis are more toxic to WC than LC P. maniculatus, indicating that the
snake appears to be the locally adapted partner in this interaction.
Ecological interactions may explain the lack of obvious adaptation
against snake venom in P. maniculatus. Being abundant and important in
the diet of many grassland predators, Deer Mice are subject to a wide
array of selective pressures (e.g., Clarke, 1983; Connolly and Orrock,
2018). This plethora of pressures, coupled with the large population
sizes of mice may effectively dilute the pressure exerted by snake
venoms to the point where there is no longer strong selection for resis-
tance. More detailed work is needed to tease apart the finer scale pat-
terns of resistance in P. maniculatus, but our study provides the first
exploration on resistance to venoms in this rodent species.

The House Mouse (Mus musculus) is a relatively new arrival to North
America, having existed on the continent for approximately five cen-
turies (Tichy et al., 1994; Suzuki et al., 2013). Despite this, House Mice
can be important components of snake diets in their introduced range
(Slip and Shine, 1988; Wolfe et al., 2018). This raises an interesting
question: in the short time that House Mice have been on the continent,
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has resistance to snake venom evolved? Because lab mice are a naive
model organism and have no coevolutionary history with North Amer-
ican rattlesnakes, they serve as the ideal model to compare venom
toxicities, providing a general baseline of toxicity for the three snakes
indicated prior. When compared to the LDs, obtained with lab strain
mice, it is apparent that feral Mus musculus have not evolved resistance
in the short time that they have been present in North America.

Various other rodents are present in the study system that warrant
further investigation, but many of these were outside of the scope of this
study due to sampling difficulties. We were able to source only a limited
number of Perognathus flavescens, a small heteromyid rodent that is
particularly suitable as a prey item for S. t. edwardsii due to its small size
and ecology. Serum protease inhibition assays (Table 1) revealed WC
P. flavescens (existing in the absence of S. t edwardsii) and LC
P. flavescens (co-occurring with S. t. edwardsii) to be equally inhibitory
against snake venom metalloprotease. Consequently, there appears to be
no local adaptation for predation pressures exerted by S. t. edwardsii in
P. flavescens, though larger sample sizes are needed to understand better
the relationship between these two species.

4.1.2. Rodents with high levels of resistance

Three of the rodents assayed herein showed exceptionally high re-
sistances to rattlesnake venoms. Woodrats (Neotoma spp.) are well
characterized in their ability to detoxify pitviper venoms, and this theme
has been recapitulated in various studies (Perez et al., 1978; de Wit,
1982; Robinson et al., 2021). Garcia and Perez (1984) identified an
antihemorrhagic factor in the serum of Neotoma micropus that provided
protection against the venom of Crotalus atrox. It is likely that serum
proteins are broadly distributed throughout woodrat diversity, as
various Neotoma spp. All appear to exhibit resistance when challenged
with pitviper venoms. Woodrats are an important prey item for rattle-
snakes (e.g., Dugan and Hayes, 2012), and consequently selection
pressures exerted upon them may be elevated compared to rodents that
are less abundant in rattlesnake diets. The large body size of adult
woodrats also restricts their consumption to large bodied (mature)
snakes. Many rattlesnake venoms are known to shift ontogenetically
from a highly toxic phenotype to a highly degradative (proteolytic)
phenotype (Mackessy, 1985, 1988), and woodrats would presumably be
interacting with the most degradative venoms present within the pop-
ulation of snakes. Thus, woodrats further narrow down the scope of
variability in venoms that they interact with through their large body
size, potentially strengthening the selection pressures for a highly
degradative venom. The single individual of Neotoma floridana (Lincoln
County) tested herein more effectively neutralized proteolytic activity
(by approx. 2-fold) from co-occurring LC C. viridis than from WC
C. viridis. Consequently, the woodrat appears to be locally adapted to the
venom of co-occurring C. viridis, which is more protease-rich in
composition when compared to venoms of WC rattlesnakes. Surpris-
ingly, woodrat serum was only weakly inhibitory to the proteolytic ac-
tivity of co-occurring LC S. t. edwardsii venom (8.4% inhibition). This
may be attributable to the constraints of body size described above, and
corresponding strength of predation pressures. Sistrurus t. edwardsii
cannot be considered a typical predator of N. floridana due to its
diminutive adult body size, and consequently, envenomation is likely an

Table 1

Snake venom metalloproteinase activities of three rattlesnake populations. Each
population is represented by a pooled venom sample from three adult in-
dividuals from the same field site.

Rattlesnake Population Metalloproteinase Activity (AA4so nm/minute/mg

venom protein)

Crotalus viridis (Weld Co.) 0.495
Crotalus viridis (Lincoln Co.) 0.752
Sistrurus tergeminus edwardsii 0.872

(Lincoln Co.)
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uncommon event. Additional robust sampling of N. floridana is needed
to understand better the biochemical ecology of these interacting
species.

We present the first exploration of snake venom resistance in
Onychomys leucogaster and find surprisingly high levels of resistance in
this species. Serum metalloprotease inhibition for both Grasshopper
Mice populations against all rattlesnake venoms showed high inhibition
values across all treatments. Both LC and WC mice were approximately
equally inhibitory against proteolytic activity of the venoms of LC S. t.
edwardsii and WC C. viridis, but WC mice were significantly more resis-
tant to the proteolytic activity of C. viridis than LC mice. As such, it
appears that the venom of LC C. viridis is locally adapted for increased
toxicity for co-occurring grasshopper mice, while the other pairings do
not suggest local adaptation for either partner. While we were unable to
collect appropriate numbers of O. leucogaster needed to conduct LDsgq
tests across all pairings, a single assay revealed remarkably high resis-
tance to the crude venom of WC C. viridis by LC O. leucogaster (127.7 mg/
kg). Given that the rattlesnake-rodent pairing in this case is mismatched
(WC snake and LC mouse), we would not have an a priori expectation for
evolved resistance due to co-evolutionary pressures. Additionally,
venoms of WC snakes are myotoxin a-dominated (and correspondingly
more toxic) compared to the metalloprotease-dominated venoms of LC
snakes (Smith et al., 2023). Consequently, we would expect LC
O. leucogaster to have a higher sensitivity to WC C. viridis than LC
C. viridis venom. It is possible that O. leucogaster also possesses resistance
mechanisms to detoxify myotoxin a, along with those that inhibit pro-
teolytic activity, as indicated by the serum-based assays, but additional
sampling and analyses are needed.

Grasshopper Mice (Onychomys spp.) have been the subject of intense
study regarding interactions with scorpions, and investigators have
characterized behavioral elements of predation on scorpions (Rowe and
Rowe, 2006; Niermann et al., 2020), the presence of physiological
resistance to scorpion venoms (Rowe and Rowe, 2008), and the physi-
ological mechanism conferring scorpion venom resistance (Rowe et al.,
2013). The biochemical compositions of scorpion and rattlesnake
venoms differ markedly, with the former being comprised primarily of
smaller peptides (Carcamo-Noriega et al., 2018), while the latter is
comprised more heavily of larger enzymatic molecules (Mackessy,
2008). It thus appears that Grasshopper Mice may have a broad spec-
trum of resistance mechanisms to a variety of venoms, and much of this
may be attributable to their unique ecology among rodents. While
grasshopper mice do fall prey to rattlesnakes (e.g., Holycross and
Mackessy, 2002), they are carnivores themselves and have been recor-
ded predating upon other rodents, lizards, and birds (Sherbrooke, 1991;
Rowe and Rowe, 2015). It is expected that Grasshopper Mice also prey
upon small snakes, and in the context of our study system this may
include young C. viridis and S. t. edwardsii, exposing themselves to en-
venomation in a defensive context. This bidirectional predation dynamic
between Grasshopper Mouse and rattlesnake may be a driving force in
facilitating the evolution of strong venom resistance in Grasshopper
Mice.

Ord’s Kangaroo Rats (D. ordii) also showed variable resistance to
rattlesnake venoms across proteolytic assays. Rat sera showed consid-
erably lower resistance to proteolytic activity from the venom of S. t.
edwardsii compared to the venoms of either C. viridis population. This
result aligns with our initial predictions that resistance capacities will
relate to predation pressures, and since S. t. edwardsii is expected to feed
on D. ordii only rarely, we would expect selective pressures exerted by
this venom to be low in comparison to that of C. viridis. The remaining
four pairings of LC and WC D. ordii with LC and WC C. viridis are rela-
tively consistent in proteolytic inhibition potential. Unpaired t tests did
not find significant differences for inhibition between either population,
suggesting that rats do not exhibit local adaptation to the venom met-
alloproteases of their co-occurring C. viridis. A much more interesting
picture of resistance dynamics emerges when comparing LDs( values
across population pairings for D. ordii and C. viridis. We find that WC
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D. ordii are approximately equally resistant to the crude venoms of both
WC and LC C. viridis, but a dramatic differential in resistance is present
in LC D. ordii. When challenged with the crude venom of co-occurring
C. viridis, LC D. ordii are incredibly resistant (125.0 mg/kg), yet they
are highly sensitive to WC C. viridis venom (4.2 mg/kg). These median
lethal dose values suggest remarkable local adaptation on behalf of the
rat and raise questions about venom compositional variation in C. viridis.
With LC snakes possessing a metalloprotease-rich venom, is appears that
LC D. ordii may have sufficient endogenous mechanisms to detoxify
SVMPs and other toxins. Conversely, rats from the same population
showed high susceptibility to venoms of allopatric WC C. viridis, which
possess a venom phenotype dominated by myotoxin a (Smith et al.,
2023). This paradigm suggests that the metalloprotease/myotoxin a
dichotomy may be the main factor driving resistance patterns in this
population of D. ordii. Further, these results raise questions about the
ecological significance of a myotoxin a-rich venom phenotype, and the
impact that kangaroo rats (and other prey items) may play in selecting
for these venom phenotypes. Dipodomys ordii may be an important prey
species for understanding the relatively dramatic pattern of venom
variation in C. viridis.

4.1.3. The biological relevance of resistance

To understand fully the utility (and selective advantage) of venom
resistance in rodents, it becomes important to contextualize values
derived in a laboratory setting with the ecology of species on a land-
scape. While still debated in the literature (Pintor et al., 2010; Smith
et al., 2014), the consensus among researchers is that venom is not
metabolically costly for a snake to produce. Yet, constraints still exist
that encourage the modulation of venom expenditure, specifically the
time associated with replenishment of the venom gland after expulsion
(Mackessy, 2022). Consequently, venom use can be influenced by
behavioral context (Hayes, 1995; Young and Zahn, 2001), where snakes
modulate venom output depending on the nature of the interaction.
Additionally, the venom bolus delivered may be impacted by other
factors, including strike accuracy and prey behavior (Schraft and Clark,
2017; Whitford et al., 2017, 2019; Freymiller et al., 2017, 2019; Whit-
ford et al., 2019a,b). Considering the complexity of interacting factors
associated with prey envenomation, an envenomated rodent may be
subjected to a variety of dosages, meaning that even low levels of
resistance have the potential to offer considerable fitness advantages.

When we consider the median lethal doses of two rodents deter-
mined in this study, the LC D. ordii (against LC C. viridis venom) and the
LC O. leucogaster (against WC C. viridis), 125.0 mg/kg and 127.0 mg/kg
respectively, it is immediately apparent that these rodents are far more
venom-resistant than other co-occurring species. But what are the
ecological ramifications of these values? With an average adult mass of
~70 g for D. ordii and ~35 for O. leucogaster, the LDs values above
translate to 8.75 mg and 4.45 mg of venom, respectively. An adult
C. viridis may possess 50-75 mg of venom (dry weight; unpub. data), and
only a fraction of this volume is expelled in a typical strike. When one
factors in additional potential uncertainties associated with strike ac-
curacy and strike avoidance behavior of prey, it becomes clear that the
ability to detoxify venom at this magnitude can confer a significant
survival advantage to rodents. Further, even relatively minor levels of
venom resistance may offer considerable advantages, considering the
proportion of strikes that fail to deliver a sufficient bolus.

4.1.4. Future directions

Evaluations of venom resistance at the community level via in vitro
and in vivo methods provide unrivaled insight on the roles that addi-
tional selective pressures play upon biological communities outside of
isolated predator-prey interactions. Unfortunately, it is exceedingly
difficult to factor all trophic interactions in a food web into experimental
analyses. In part, our limited understanding of both predators and prey
of rattlesnakes hinders our capacity to design comprehensive studies,
but logistical constraints associated with assaying many of these
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interactions adds additional complication. Explorations on venom
resistance in snake predators remain relatively sparse compared to those
conducted on prey species. While select snake predators, like opossums
(Voss and Jansa, 2012) and mongoose (Barchan et al., 1992) have been
studied extensively, little work has occurred elsewhere, especially with
respect to predators that incorporate venomous snakes as only a part of a
varied diet. In the study system presented herein, birds of prey and
mesopredatory mammals presumably provide considerable predation
pressure on rattlesnakes, and consequently, the biochemical ecology
associated with these interactions should be studied. Further, investi-
gation into venom resistance capabilities of snake predators and prey at
the same study site would provide unique insight into simultaneously
occurring offensive and defensive interactions. Future work in
biochemical ecology should consider food webs more holistically when
attempting to tease apart venom-mediated interactions, as isolated
predator-prey pairings provide only a single snapshot of an entire scene
occurring in one place and time.

The strong resistance capabilities of two rodents examined herein,
D. ordii and O. leucogaster, raises many questions, the most interesting of
which relate to myotoxin a. This peptide comprises the major toxic
component of C. viridis venom and may comprise >50% of total venom
protein in some populations (Smith et al., 2023), quickly inducing
tetanic paralysis and immobilization in envenomed prey items (Saviola
et al., 2015). As illustrated by LDsg results (cf. Table 2), LC D. ordii are
incredibly resistant to LC C. viridis venom (125.0 mg/kg), but highly
sensitive to WC C. viridis venom (4.2 mg/kg). The main compositional
difference here is that of myotoxin a, which is essentially absent in the
former but abundant in the latter. Is myotoxin a specifically excep-
tionally toxic to D. ordii? Conversely, LC O. leucogaster were highly
resistant to this same venom of WC C. viridis, resulting in a median lethal
dose of 127.7 mg/kg. At present, at least in Weld Co., C. viridis appears to
be in the lead in the arms race with D. ordii. Future work should more
deeply explore the role of myotoxin a specifically in influencing venom

Table 2

Contingency table of inhibitory effect (percent inhibition) of rodent serum
(mean + standard deviation) against snake venom metalloproteinase activity of
three rattlesnake venoms. The two populations of the same rodent species for
each rattlesnake venom type (indicated by matching superscript number) were
compared with an unpaired t-test to evaluate significant differences in inhibitory
effect.

Lincoln County
S. t. edwardsii

Lincoln County
C. viridis

Weld County
C. viridis

Weld County 2.4% + 2.04n 5.2% £ 2.22n 12.1% =+ 8.22

P. maniculatus =3 =3 n=3
p = 0.0723 %p = 0.1230 3p = 0.9472
Lincoln County 25.0% + 16.01 10.3% + 3.95n 12.5% =+ 5.39
P. maniculatus n=3 =3 n=3
1p =0.0723 %p = 0.1230 3p = 0.9472
Weld County 41.8% =+ 24.45 76.2% + 1.44 n 46.1% + 9.96
O. leucogaster n=3 =3 n=3
4p =0.8922 5p = 0.0101 %p = 0.8430
Lincoln County 39.4% + 15.21 25.8% + 18.96 43.8% + 16.01
O. leucogaster n=3 n=3 n=3
4p =0.8922 5p = 0.0101 %p = 0.8430
Weld County D. ordii 8.7% + 6.46 n 29.2% + 4.25n 15.3% + 0.31
=3 =3 n=3
7p = 0.5509 8p = 0.8261 %p = 0.1943
Lincoln County D. ordii  5.6% + 5.14 n 27.9% +8.61n  22.6% + 8.11
=3 =3 n=3
7p = 0.5509 8p = 0.8261 %p = 0.1943
Lincoln County 84%n=1 56.6% n =1 252%n=1
Neotoma floridana
Weld County 16.3% n=1 Not determined Not
Perognathus determined
flavescens
Lincoln County 147%n=1 Not determined Not
Perognathus determined
flavescens

Statistically significant p-values are indicated in bolded font.
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Table 3
Contingency table of intraperitoneal median lethal dose (IP LDs) of rattlesnake
venoms against tested rodent populations.

Lincoln County Lincoln County Weld County
S. t. edwardsii C. viridis C. viridis
Weld County 3.3 mg/kgn =18 10.5 mg/kg n = 2.3 mg/kg n
P. maniculatus 18 =15
Lincoln County 4.3mg/kgn =12 10.6 mg/kg n = 6.3 mg/kg n
P. maniculatus 12 =18
Lincoln County Not determined Not determined 127.7 mg/kg
O. leucogaster n=15
Weld County D. ordii Not determined 15.0 mg/kg n = 15.0 mg/kg n
12 =12
Lincoln County Not determined 125.0 mg/kg n 4.2 mg/kg n
D. ordii =12 =18
Weld County Not determined Not determined 1.6 mg/kg n
M. musculus =12
NSA Strain (inbred) 0.60 mg/kg" 2.4 mg/kgn = 1.3 mg/kg n
M. musculus 15 =15

2 From Gibbs and Mackessy, 2009).

resistance dynamics with respect to this system of interacting species.
Deeper understanding of venom resistance will come from pointed
investigation into the diversity of molecular mechanisms for resistance.
Our understanding of the physiological basis of venom resistance re-
mains relatively preliminary, with only a handful of resistance pathways
and mechanisms being identified for venom toxins (reviewed in Holding
et al., 2016b; Gibbs et al., 2020; van Thiel et al., 2022). Given the array
of activities among venom toxins, it is unsurprising that a correspond-
ingly diverse spectrum of resistance mechanisms exists (Tarvin et al.,
2023). Molecular mechanisms broadly categorized as circulating
venom-inhibiting proteins (e.g., Perez et al., 1978; Perez and Sanchez,
1999; Voss and Jansa, 2012; Gibbs et al., 2020; Ukken et al., 2022),
altered receptors inhibiting venom protein binding (e.g., Barchan et al.,
1992; Jansa and Voss, 2011; Drabeck et al., 2015; Khan et al., 2020),
venom toxin repurposing (e.g., Rowe and Rowe, 2006, 2008; Rowe
et al., 2013), and acquired immunity (e.g., Metz et al., 2006) have all
been identified in various studies of venom resistance. Even within these
mechanisms, there exists an assortment of pathways, and future research
should endeavor to identify and describe these various pathways to
venom resistance that are present throughout organismal diversity.

5. Conclusions

Venom resistance is a complex interaction involving chemically
mediated predation and corresponding physiological responses in prey,
factoring in an array of selective pressures exerted across a faunal
community. The presence and maintenance of resistance can be attrib-
uted to far more than just single predator-single prey interactions, and
dynamics may shift significantly over relatively short evolutionary
times. Venom resistance represents only a single instance in ecological
systems where prey may shape predator phenotype, and vice versa. As a
result, studies of venom resistance should consider ecology and physi-
ology at multiple levels, and combine data derived from whole organism
assays as well as those derived from in vitro assays to prove most
informative. Venom resistance can reveal much about species in a free-
ranging setting, and further work should continue to characterize this
dynamic in natural systems, incorporating aspects beyond those that can
be gleaned solely in the laboratory.
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