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Abstract

Opossums in the clade Didelphini are well known to be resistant to snake venom due to 

endogenous circulating inhibitors which target metalloproteinases and phospholipases. However, 

the mechanisms through which these opossums cope with a variety of other damaging venom 

proteins are unknown. A protein involved in blood clotting (von Willebrand Factor) has been 

found to have undergone rapid adaptive evolution in venom-resistant opossums. This protein 

is a known target for a subset of snake venom C-type lectins (CTLs), which bind it and 

then induce it to bind platelets, causing hemostatic disruption. Several amino acid changes in 

vWF unique to these opossums could explain their resistance; however, experimental evidence 

that these changes disrupt venom CTL binding was lacking. We used platelet aggregation 

assays to quantify resistance to a venom-induced platelet response in two species of venom­

resistant opossums (Didelphis virginiana, Didelphis aurita), and one venom-sensitive opossum 
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(Monodelphis domestica). We found that all three species have lost nearly all their aggregation 

response to the venom CTLs tested. Using washed platelet assays we showed that this loss of 

aggregation response is not due to inhibitors in the plasma, but rather to the failure of either 

vWF or platelets (or both) to respond to venom CTLs. These results demonstrate the potential 

adaptive function of a trait previously shown to be evolving under positive selection. Surprisingly, 

these findings also expand the list of potentially venom tolerant species to include Monodelphis 
domestica and suggest that an ecological relationship between opossums and vipers may be a 

broader driver of adaptive evolution across South American marsupials than previously thought.
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1. Introduction

Naturalists have long known that certain opossum species (in Tribe Didelphini of the 

marsupial family Didelphidae, Jansa and Voss, 2011), are not only resistant to snake 

venom but also attack and eat pitvipers with impunity (Oliveira and Santori, 1999; Jared 

et al., 1998; Perez et al., 1978). This tribe includes the South American opossum genera 

Didelphis, Philander, Lutreolina, and Chironectes (Fig. 1). Although venom resistance has 

not been broadly surveyed across opossum species, observational (Vellard, 1945, Wood, 

1954, Fitch, 1960, Perales and Moussatche, 1986, Melo and Suarez-Kurtz, 1988, Sazima, 

1992, Jared et al., 1998, Oliveira and Santori, 1999, Almeida-Santos et al., 2000) and 

experimental (Kilmon, 1976; Werner and Vick, 1977; Werner and Faith, 1978; Moussatche 

et al., 1978, 1979; Perez et al., 1979; Menchaca and Perez, 1981; Soto et al., 1988; 

Moussatché and Perales, 1989; Catanese and Kress, 1993; Perales et al., 1994; Lovo-Farah 

et al., 1996) evidence suggest that species of Didelphis, Philander, and Lutreolina can 

survive envenomation by pitvipers (Jansa and Voss, 2011). Whether Chironectes - the fourth 

genus in this clade - is venom resistant remains unknown. Metachirus nudicaudatus, the 

sister taxon to Didelphini, has been shown to have little if any resistance to whole venom 

injections (Perales et al., 1994). Consequently, this species and many other smaller-bodied 

opossums (the remainder of family Didelphidae) are known to be eaten by pitvipers and are 

thus assumed to be susceptible to venom (Voss, 2013). Evidently, snake-venom resistance 

has arisen at least once among South American opossums (in clade Didelphini), possibly 

as a dietary adaptation allowing them to exploit dangerous prey otherwise unavailable to 

non-resistant predators.

While significant work has revealed how these species cope with enzymatic-like (tissue 

destroying) venom components, little is known about how these species cope with non­

enzymatic venom components (Kilmon, 1976; Werner and Vick, 1977; Werner and Faith, 

1978; Moussatche et al., 1978, 1979; Perez et al., 1979; Menchaca and Perez, 1981; Soto 

et al., 1988; Moussatché and Perales, 1989; Catanese and Kress, 1993; Perales et al., 1994; 

Lovo-Farah et al., 1996). Non-enzymatic venom proteins are known to cause significant 

destructive physiological effects in susceptible species, thus adaptations which counter 

these effects are likely vital to a successful venom-resistant phenotype (Read et al., 1983; 
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Qi et al., 1994; Barchan et al., 1995). An abundant and particularly destructive class of 

venom proteins in South American pitvipers are the C-type lectins (CTL) (Arlinghaus and 

Eble, 2012). A small subgroup of venom CTLs bind the mammalian blood protein von 

Willebrand Factor (vWF) to form a complex that binds, in turn, to the platelet-associated 

glycoprotein GP1bα, altering the capacity for normal blood clotting (Fukuda et al., 2005). 

This specific action enhances the effects of other hemorrhagic venom factors and is thought 

to be responsible for the devastating systemic bleeding characteristic of snake bites from 

several species of Bothrops vipers. A wide diversity of mammalian taxa have been shown to 

be susceptible to vWF-targeting CTLs, including primates, carnivores, rodents, lago-morphs, 

bovids, and perissodactyls, in both in vitro and in vivo assays (Sanders et al., 1995; Nichols 

et al., 2010). Similarly, in the presence of an altered vWF (von Willebrand’s disease; vWD) 

in pig and dog, the disruptive hemostatic function of vWF-binding CTLs is abolished 

(Sanders et al., 1995; Nichols et al., 2010). Known venom CTLs with this function include 

botrocetin (from Bothrops jararaca), aspercetin (from Bothrops asper), and biticetin (from 

Bitis arietans). Although surveys of vWF binding activity have identified several additional 

species of Bothrops with vWF-binding activity, no other venom CTLs have been isolated 

and described (Arlinghaus and Eble, 2012; Rucavado et al., 2001; Read et al., 1978).

While it is currently unknown how venom-resistant opossums cope with CTLs like 

botrocetin and aspercetin, recent research on the molecular evolution of vWF in marsupials 

has revealed that members of Didelphini show accelerated evolution at sites in the vWF 

A1 region that bind botrocetin (Jansa and Voss, 2011). Although signatures of positive 

selection suggest adaptive function and possible coevolution, explicit evidence that species 

with rapidly evolving vWF are physiologically resistant to vWF-targeting venom CTLs is 

lacking. Physiological resistance, in this case, is the failure of platelets to aggregate in the 

presence of venom CTLs, and can be measured by the quantity of platelets that remain 

suspended in solution when CTLs are introduced.

In this work, we test the hypothesis that members of Didelphini known to have a rapidly 

evolving vWF – especially those that are known to prey on pitvipers – possess physiological 

resistance to venom CTLs due to amino acid changes on vWF. We predict that opossums 

that eat pitvipers will show physiological resistance to CTLs in ex vivo blood assays 

that would otherwise (in humans) induce aggregation. To assess whether vWF-mediated 

resistance to venom CTLs is restricted to these large-bodied opossums, we also assay 

a smaller-bodied species (Monodelphis domestica) likely preyed upon by pitvipers and 

assumed to be susceptible to venom. We utilize a well-established ex vivo measure of vWF­

mediated platelet aggregation to measure the aggregation response of opossum platelets to 

vWF-targeting venom CTLs. We perform these assays both in the presence and absence of 

plasma to exclude the influence of any unknown CTL-inhibiting plasma proteins, effectively 

narrowing the source of any physiological resistance seen to the three-way interaction 

between vWF, venom CTLs, and platelets. These assays are well correlated with in vivo 
aggregation response and represent a strong predictor of organismal coagulopathy (Read et 

al., 1983; Sanders et al., 1995; Nichols et al., 2010). Secondarily, we expect that if opossums 

that eat pitvipers are coevolving with their venomous prey that they will show physiological 

resistance to CTLs from the species they prey upon (Bothrops jararaca: botrocetin, Bothrops 
asper: aspercetin), but not to CTLs from viper species with which they do not share a current 
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or historical range (e.g. the African viper Bitis arietans: bitiscetin). Utilizing these data, we 

provide the first evidence of physiological resistance to venom CTLs in opossums.

2. Materials and methods

2.1. Study design

We used two opossum species from the clade Didelphini hypothesized to be venom resistant 

(the Virginia opossum, Didelphis virginiana N = 3, and the big eared opossum Didelphis 
aurita N = 4), as well as one presumably non-resistant species outside Didelphini (the 

grey short-tailed opossum, Monodelphis domestica N = 2). Although a broader sampling of 

didelphid species would be welcome, these three were obtainable for whole-blood draws. 

Both Didelphis virginiana and Didelphis aurita were previously shown to have vWF that is 

evolving at an accelerated rate (Jansa and Voss, 2011). These species are also well known 

to exhibit organismal resistance to venom (Voss and Jansa, 2012). Monodelphis domestica 
is a readily available laboratory animal that belongs to a distantly related genus of opossum 

that is not part of the clade shown to have accelerated vWF evolution and is not expected to 

exhibit organismal venom resistance (Fig. 1).

We adapted a standard method of vWF-mediated platelet aggregation used extensively in 

biomedical studies of vWF function in humans (Rucavado et al., 2001; Hamako et al., 

1996; Coller et al., 1975; Read et al., 1983). Platelet aggregation is measured by adding 

an agonist to Platelet Rich Plasma (PRP) and measuring the amount of light that passes 

through the solution over time as compared to a PPP standard. If the agonist induces platelet 

aggregation, PRP should become clear and transmit more light as the platelets precipitate; if 

the agonist is ineffective at inducing aggregation, the solution will remain cloudy. This test is 

performed in an aggregometer, a specialized spectrophotometer designed specifically for this 

measurement (Chrono-log Co.; model 560ca). Aggregometers were calibrated with ddH20 

according to standard guidelines, accepting a baseline error of 5% (Chrono-log Co.).

To isolate the effect that plasma proteins might have on aggregation in PRP assays (Allain 

et al., 1975), we conducted an additional assay using washed platelets and purified vWF 

suspended in physiological buffer. This assay was performed only on Didelphis virginiana 
and human controls, as the platelet purification process - as well as the vWF purification 

process - (Allain et al., 1975, De Marco and Shapiro, 1981) both require repeated blood 

draws of large volumes, which were only feasible for the larger bodied D. virginiana 
housed in a research facility. A complete list of washed platelet tests performed can be 

found in Supplementary Table 8. Detailed methods for aggregation assays can be found in 

Supplementary Material.

2.2. Animal handling and blood collection

Three individuals of Didelphis virginiana were live-trapped in urban and suburban areas of 

Minneapolis, MN by licensed pest removal companies and transported in Tomahawk traps to 

the University of Minnesota Research Animal Resources facility (Minnesota Department of 

Natural Resources Permit #16312). Animal health was assessed upon arrival, and all animals 

were given a period of adjustment of 7–10 days before being used for blood draws. Blood 
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draws were performed without anesthetization on the ventral tail vein (Moore, 1984). Blood 

was taken using sodium citrate coated syringes and stored in sodium citrate vacutainers. 

Multiple blood draws were conducted on each individual, with intervals of a minimum of 

two weeks between draws. After use in this study, animals were released near the site of 

capture.

Four individuals of Didelphis aurita were wild caught in baited Tomahawk traps in urban 

forest at the Instituto Butantan, São Paulo, Brazil (SISBIO permit #64934-1), anesthetized 

with 5% isoflurane by inhalation, and used for blood collection via tail vein puncture as 

previously described (Comitê de Etica em Experimentação Animal do Instituto Butantan 

protocol # 8,346,081,018) (Moore, 1984). Blood draws for D. aurita were not repeated, as 

all animals recovered within 30 min and were immediately released near the collection site. 

Two individuals of Monodelphis domestica were kindly gifted from the Oberlin College 

research colony by Dr. Yolanda Cruz and housed at the University of Minnesota according 

to protocols described in Rousmaniere et al. (2010). After a period of adjustment (3 weeks) 

individuals were anesthetized with 5% isoflurane and exsanguinated via cardiac puncture 

using a 3.2% sodium citrate coated syringe. All animals were handled in accordance with 

published guidelines and with supervision by veterinary staff at the University of Minnesota, 

or Instituto Butantan, Brazil (Sikes and Gannon, 2011; IACUC Protocol #1303–3046 A). 

Human samples used for controls and venom fraction isolation were obtained from healthy 

donors who had given informed consent. Volunteers did not consume alcohol, ibuprofen, 

aspirin, or any other drug which is known to disrupt coagulation within 24 h of donation. 

Human blood draws were performed by University of Minnesota nurses either in the Special 

Coagulation Laboratory or at a clinic, using standard 3.2% sodium citrate vacutainers for 

PRP assays or Acid Citrate Dextrose (solution A) vacutainers for vWF purification (BD 

Pharmaceuticals). Opossum and human vWF was purified from fresh blood and purified via 

size exclusion chromatography as previously described (De Marco and Shapiro, 1981). For 

detailed methods see Supplementary Materials.

2.3. DNA sequencing

The vWF A1 region was sequenced for all opossum individuals used in aggregation assays 

to assess variation among individuals within each species. DNA was extracted from whole 

blood using a QIAGEN DNeasy Blood and tissue kit. The vWF A1 region was amplified 

with PHIRE polymerase at 90 °C for 30 s, followed by 35 cycles of 98 °C for 5 s, 65 °C 

for 5 s, and 72 °C for 15 s using primers DvWF F1 5′-TCACTGTGATGGTGTGAACTT-3’ 

and DvWF R6 5′- GTCTGAGCCTTCTAGCACAAA-3′ designed from a Monodelphis 
domestica genome scaffold. Samples were sequenced at the University of Minnesota 

Genomics Center. Chromatograms were assembled and verified in GENEIOUS version 7.1.8 

and MUSCLE version 3.5 (Edgar, 2004) was used to create alignments. Sequences have 

been deposited in GenBank (MN384757–59, MN18655-60).

2.4. Platelet agonists

Though each known venom CTL maintains similar function, their biochemical profiles differ 

substantially, thus different purification protocols for each known venom CTL have been 

previously optimized and were used for this study (Rucavado et al., 2001; Hamako et al., 
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1996, Sekiya et al., 1993). Aspercetin was gifted by Dr. Alexandra Rucavado, Universidad 

de Costa Rica, having been purified as previously described (Rucavado et al., 2001). Crude 

Bitis arietans venom was donated by Kristen Wiley at the Kentucky Reptile Zoo. Biticetin 

was purified first with salt precipitation as described previously (Hamako et al., 1996), then 

eluted off both strong (SP-FF), and weak (DEAE-Sepharose-FF) FPLC cation exchange 

columns (GE Life Sciences). Fraction isolation was performed as previously described 

(Hamako et al., 1996).

To obtain the volume needed to test multiple replicates in several species, we used two 

sources of botrocetin. The first source (here designated “botrocetin A″) was provided by Dr. 

Miguel Cruz (Baylor College of Medicine) and Dr. Robert Andrews (Monash University). 

This sample was among several previously used to assess botrocetin activity and function 

(e.g. Dong et al., 2001). We also purified botrocetin from pooled Bothrops jararaca venom 

following the protocol described by Sekiya et al. (1993), with several modifications (see 

Supplementary Material for detailed methods).

Ristocetin (Chronolog Co.), an antibiotic derived from bacteria, is known to induce platelet 

aggregation via vWF in humans and is often used as a control for vWF and platelet activity. 

We attempted to use ristocetin as a positive control for both human and opossum assays, 

however opossum platelets in plasma exposed to ristocetin produced a chalky precipitate 

without displaying an aggregation response. Though previously unknown in opossums, a 

similar response to ristocetin is known for dogs and pigs (Nichols et al., 2010; Read et al., 

1983). Consequently, ristocetin could not be used as a positive control for vWF-mediated 

aggregation in opossums. Instead, adenosine diphosphate (ADP) was used as an alternative 

control. Though ADP aggregates platelets, it does not do so via vWF, and so serves as a 

control of platelet activity only. Ristocetin and ADP were purchased (Chronolog Co.) and 

reconstituted as recommended by the manufacturer.

2.5. Analyses

To test for differences in PRP aggregation response as a function of agonist concentration, 

assays were grouped into low (botrocetin 2 μg/ml, aspercetin <50 μg/ml), and high 

(botrocetin >2 μg/ml, aspercetin >51 μg/ml) concentrations. Differences in PRP aggregation 

response between high and low concentrations for each venom protein were tested 

using Wilcoxon rank-sum tests. No significant differences in percent PRP aggregation 

were observed between low and high concentrations for any venom protein. Therefore, 

subsequent analyses did not distinguish between tests run at different concentrations (e.g. all 

D. virginiana botrocetin PRP tests were grouped and compared to all human botrocetin PRP 

test regardless of concentration; Supplementary Table 2).

To compare opossum PRP aggregation with aggregation for the same agonist in human 

PRP, we used the non-parametric Dunn joint-ranking method to test each species-agonist 

treatment against the same treatment in human PRP, incorporating a Bonferroni correction 

for each group by agonist, as well as globally (Table 1). Virtually no within-species variation 

in PRP response to any agonist was observed, except for Didelphis virginiana response 

to aspercetin. Because individuals of Didelphis virginiana were observed to vary in their 

PRP response to aspercetin, an additional test was done to determine if this variation in 
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PRP aggregation response among individuals was statistically significant, using a standard 

Kruskal-Wallis rank sums test.

Monodelphis domestica PRP agglutination response to aspercetin from a sample which 

failed ADP control was compared against human PRP and Didelphis virginiana PRP 

exposed to the same venom protein (aspercetin). A Tukey-Kramer HSD test for pairwise 

comparisons was used to evaluate pairwise differences between human, Monodelphis 
domestica, and Didelphis virginiana PRP aggregation response.

Differences in aggregation between vWF source (PPP vs purified vWF) in washed platelet 

(WP) assays were assessed using a one-way Wilcoxon test, and were grouped where no 

significant differences were found. The same test for dose-dependence used in PRP assays 

was also used to test for dose-dependent response in WP assays. No significant differences 

in percent aggregation were observed between low and high concentrations for any venom 

protein in WP assays; consequently, subsequent analyses did not distinguish between tests 

run at different concentrations (e.g. all D. virginiana botrocetin WP tests were grouped and 

compared to all D. virginiana PRP tests regardless of concentration) (Supplementary Table 

5).

Average values of percent aggregation for all WP assays were compared to the same 

treatment (ADP, or venom protein) in PRP, using one-way Wilcoxon tests, to assess whether 

the removal of plasma significantly altered aggregation results.

3. Results

3.1. Platelet rich plasma assays

Comparison of human and opossum platelet aggregation tests were consistent with elevated 

physiological resistance to snake venom CTL activity in opossums. Results for human 

platelet aggregation (by percent aggregation) in response to different agonists are consistent 

with previous work (Fig. 2A) (Rucavado et al., 2001; Hamako et al., 1996; Sekiya et 

al., 1993) for all treatments. By contrast, all three opossum species showed a significant 

reduction or loss in aggregation response for all venom proteins tested (Table 1, Fig. 2A), 

but aggregated normally in the presence of ADP. Didelphis virginiana PRP did not aggregate 

in response to botrocetin or biticetin. Aspercetin caused Didelphis virginiana platelets to 

aggregate partially, although significantly less than observed in human samples (Fig. 2A, 

Table 1); there was no significant variation in response to aspercetin among individuals of 

Didelphis virginiana, and all individuals showed at least partial aggregation at the highest 

concentration of aspercetin (100 μg/ml) (Supplementary Tables 1 and 2). Didelphis aurita 
showed no aggregation response to either botrocetin or aspercetin but was not tested for 

bitiscetin due to limited blood volume available (Fig. 2A). Two individuals of Monodelphis 
domestica were sampled; however, one of the samples failed to aggregate in the presence 

of ADP and was thus excluded from analysis. The remaining Monodelphis domestica 
sample showed no aggregation response to botrocetin. Monodelphis domestica platelets 

from the sample that failed to aggregate with ADP did ultimately aggregate at an aspercetin 

concentration of 100 μg/ml (Supplementary Figure 1).
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3.2. Washed platelet assays

Removing plasma proteins from assays did not alter aggregation responses significantly. 

Hence, venom CTL resistance is not due to inhibitory plasma proteins, but rather to changes 

in vWF, the platelet, or both. Washed platelet assays showed similar results to those using 

PRP: Didelphis virginiana showed a significant reduction in aggregation response compared 

to human for to all venom proteins tested, but platelets aggregated normally in the presence 

of ADP (Fig. 2B). There were no significant differences between aggregation values from 

the washed platelet assay and those from the PRP assay for either opossum or human 

tests (Fig. 2B, Supplementary Table 4). Bitiscetin and ristocetin treatments in human assays 

demonstrated that platelets and vWF remained active after being purified; similarly, ADP 

controls showed no reduction in the ability of opossum washed platelets to aggregate (Fig. 

2B, Supplementary Table 4). Opossum samples treated with ristocetin showed increases in 

opaqueness due to formation of a chalky precipitate but did not show platelet aggregation. 

As with the PRP assays, no significant differences were seen among tests performed at 

increasing agonist concentration (Supplementary Table 5). The source of vWF (PPP vs pure 

vWF) yielded no difference in response for botrocetin or bitiscetin but did for aspercetin 

(p = 0.021) (Supplementary Table 6). When platelet poor plasma (as opposed to purified 

vWF) was used as a source of vWF, aspercetin aggregation increased by an average of 

7.5%, suggesting some degradation of vWF during purification, or that a low concentration 

impurity such as a venom serine proteinase is enhancing aggregation via a target in the 

plasma (e.g. fibrinogen). However, an increase of 7.5% is small (only 2.5% above machine 

calibration error of 5%), and thus may not reflect a biologically relevant increase.

3.3. DNA sequencing

All DNA sequences were invariant within species at the vWF A1 region known to be 

responsible for venom CTL binding (residues 475–710 NCBI accession AAB39987.1). 

Didelphis virginiana sequences from this region were identical to Genbank accession 

JN415020, and Monodelphis domestica sequences were identical to Genbank sample 

accession NM_001246274. Didelphis aurita vWF was not previously available on Genbank.

4. Discussion

We provide the first physiological evidence that the damaging hemostatic effects of snake 

venom CTLs are disrupted in opossums, which may contribute to whole-organism resistance 

to pitviper envenomation. These results remain unaltered in the absence of plasma proteins 

and therefore isolate the source of altered function to CTL-vWF-platelet interactions. We 

challenged platelets from three species of opossums using vWF-binding venom CTLs 

from snakes known to currently or historically co-occur with those species (botrocetin and 

aspercetin from species of the South American pitvpers Bothrops jararaca and Bothrops 
asper, respectively), and one which is found on a different continent (bitiscetin from the 

African viper Bitis arietans). We confirm that human platelets aggregate as expected in 

the presence of all three venom CTLs and show that platelets from all examined opossum 

species (D. virginiana, D. aurita, and M. domestica) fail to show the same response (Fig. 

2A). Thus, contrary to our prediction that only opossums in Didelphini (with rapidly 

evolving vWF) will exhibit resistance to venom CTLs, all opossums tested to date appear 
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to enjoy protection from CTL-mediated platelet aggregation. Furthermore, this protection 

appears to hold regardless of the geographic origin of the toxins tested.

4.1. Physiological function within Didelphini

Didelphis aurita inhabits a geographic range which overlaps with that of Bothrops jararaca, 

as well as several other species of Bothrops which have been shown to have vWF-mediated 

platelet aggregating activity (Read et al., 1978; McManus, 1974, Cáceres and Monteiro­

Filho, 2001). Though Didelphis virginiana does not overlap geographically with Bothrops 
jararaca, it does share the southern portion of its range with Bothrops asper and likely shared 

a historical range with ancestral Bothrops species before its migration to North America ∼3 

mya (McManus, 1974; Voss and Jansa, 2012). These observations, along with behavioral 

and experimental data which show venom resistance, predation on venomous snakes, and 

venom targets (vWF) evolving under positive selection, lend credence to the assertion that 

these species are coevolving with venomous snakes (Wood, 1954; Fitch, 1960; Menchaca 

and Perez, 1981; Moussatché and Perales, 1989; Jared et al., 1998; Jansa and Voss, 2011). 

Specifically, Jansa and Voss (2011) suggested that the detection of positive selection in 

didelphine vWF may be evidence of molecular changes that protect these opossums from the 

effects of vWF-targeting CTLs such as botrocetin. At first glance, the reduced aggregation 

response in these species to botrocetin and aspercetin shown in this study adds support to 

this assertion.

While lack of aggregation response to botrocetin and aspercetin was expected, the same 

result for bitiscetin was not. This is likely due to a large degree of overlap in botrocetin and 

bitiscetin binding sites. Of 15 bitiscetin binding sites, 13 are within the botrocetin binding 

pocket, 5 directly overlap with botrocetin binding sites, and another 5 are directly adjacent 

to a botrocetin binding site (Maita et al., 2003). Given this overlap, it is not surprising that 

we observed similar responses to these two agonists. Because well-resolved gene trees for 

venom CTLs are currently lacking, we cannot accurately interpret this as evidence against 

coevolution within South American species, as loss of response to Bitiscetin may be simply 

a result reflecting shared ancestry (and therefore shared function) between venom CTLs, 

or parallel evolution of Bitiscetin function for mammalian antagonists within its range. As 

such, this result fails to inform us regarding the potential for coevolution between South 

American marsupials and South American vipers but does not exclude it as a possibility.

Didelphis virginiana showed partial, though greatly reduced, aggregation for aspercetin, 

while all other tests involving opossums showed a nearly complete lack of a platelet 

aggregation response with aspercetin. Partial resistance to aspercetin in D. virginiana 
suggests that this protective function may not be effective against all venom CTLs in all 

didelphines. Given that apparent resistance to botrocetin confers resistance to bitiscetin 

(a distantly related African CTL) it is thus surprising that a more closely related CTL 

(aspercetin) would not also fail to function in the same species. This result also suggests that 

aspercetin may be quite divergent from botrocetin particularly at vWF binding sites—and 

may be part of an adaptive radiation of venom proteins evolving to target rapidly evolving 

vWF in mammals. Complete resolution of the aspercetin sequence and structure is not 
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available at this time, but further work elucidating this would help decipher its divergence in 

form and function from botrocetin.

The observation of inter-individual variation of D. virginiana aggregation for aspercetin 

(though not statistically significant), suggests some variability in ability to resist this 

venom protein. Because no polymorphism in the vWF A1 region was present between 

these individuals, this result suggests that any variation in resistance to aspercetin between 

individuals of Didelphis virginiana is not due to changes in vWF. As vWF mediated 

aggregation requires that a venom protein first binds to vWF and subsequently binds 

to a platelet binding site (GP1bα), the variation in resistance observed may be due to 

aspercetin’s ability to bind to GP1bα (variation in opossum GP1bα). Additional work 

examining the tertiary complex of vWF-aspercetin-and GP1bα, as well as variation in 

GP1bα among individual opossums are needed to assess the source of reduced aggregation 

response in this species.

Washed platelet assays excluded the possibility that opossum plasma inhibitors are 

responsible for the reduction in aggregation observed (Fig. 2B). For aspercetin, a small 

increase in aggregation (7.5%) was seen when adding plasma to washed platelets - a pattern 

opposite to that expected if plasma proteins inhibited vWF CTLs. This result suggests either 

a small amount of a contaminating venom protein is causing aggregation via a plasma 

protein target, or some functional degradation of vWF is caused by the purification process. 

Overall, these data are consistent with the assertion that amino acid changes in opossum 

vWF confer physiological resistance to vWF-binding venom CTLs, but do not rule out the 

role of the platelet site GB1Bα in contributing to this resistance.

4.2. Physiological function outside Didelphini

Surprisingly, Monodelphis domestica, which is not a member of the clade known to be 

venom resistant, also showed a loss of aggregation response to botrocetin. This result 

is inconsistent with the hypothesis that vWF resistance to venom CTLs is restricted to 

Didelphini and deserves further consideration.

In their study of adaptive evolution of vWF in opossums, Jansa and Voss (2011) used 

phylogenetically informed tests of positive selection that require branches thought to be 

evolving under selection to be selected a priori to test a specific hypothesis (the branch-sites 

test of Yang, 2007). Though this method is powerful tool for hypothesis testing, the a 
priori selection of branches make it susceptible to missing possible instances of positive 

selection and rapid evolution. When changes in the vWF gene are mapped on the didelphid 

phylogeny (Fig. 1), several conspicuously long branches are apparent, including those 

subtending the venom-resistant Didelphini, as well as those leading to Marmosa rubra, 
Metachirus nudicaudatus, and several species of Monodelphis including M. domestica. 

Moreover, Monodelphis domestica shares several changes at botrocetin binding sites that 

are also seen in Didelphini. Of the 13 botrocetin binding sites, six have changes in M. 
domestica, three of which are identical to amino acid changes found in Didelphini. Although 

species of Monodelphis have been reported to occasionally eat snakes (Streilein, 1982), it is 

unknown whether they prey on venomous species. However, Monodelphis domestica shares 

a geographic range with Bothrops jararaca and is likely to be a prey item of several South 
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American vipers (Macrini, 2004; Voss, 2013). It is therefore possible that Monodelphis 
domestica represents an independent instance of rapid evolution of vWF among opossum 

species.

Alternatively, possessing a CTL-resistant vWF may be the ancestral condition for all 

opossums and may have facilitated a dietary adaptation (snake eating) in Didelphini. 

Though rapid diversifying selection on several branches make this history less likely, it 

does not rule out initial resistance which may have subsequently experienced diversifying 

selection via coevolving venoms. This initial disabling of venom CTL function may have 

disrupted coagulopathy enough to allow differential survival, which subsequently may have 

allowed several species to evolve additional mechanisms of venom resistance such as 

metalloproteinase and phospholipase inhibitors that are well known for this group (Voss 

and Jansa, 2012). Whether this type of pre-existing resistance to CTLs would be effective for 

all opossums regardless of body size is unknown. Given that most members of Didelphini 

are large bodied compared to the remainder of Didelphidae, and that ancestral opossums 

were small bodied, venom CTL resistance may have been an exaptation that was maintained 

for snake predator defense preceding a trophic switch from prey to predators in Didelphini. 

This in place, the new emergence of large body size which would serve to dilute venom 

dosage in addition to a pre-adapted vWF may have combined to facilitate the evolution of 

whole venom resistance (and thus snake predation) via metalloproteinase and phospholipase 

inhibitors in this group.

Though vWF resistance on its own likely does not confer organismal venom resistance, 

it may be indicative of unexamined partial or complete organismal venom resistance. Our 

results suggest that the longheld assumption that M. domestica and potentially other related 

smaller bodied opossums are venom sensitive needs re-evaluation. Though analyses of 

positive selection which motivated this work are robust in detecting signals of persistent 

diversifying selection, they are poor at detecting selection in which a few advantageous 

non-synonymous mutations are either quickly reaching fixation or toggling back and forth 

between states (Yang and Dos Reis, 2011; Nuismer and Thompson, 2006). Therefore, 

while tests of positive selection are a useful tool in directing attention to potential adaptive 

function, they should be followed up through examination of the functional effects of 

observed genotypes (Yokoyama et al., 2008). These results demonstrate that ecological 

(predator/prey) interactions between opossums and vipers may be driving adaptive evolution 

at the vWF A1 region not just in Didelphini, but perhaps in a broader swath of opossums 

spanning family Didelphidae. This result also lends evidence to the possibility that 

opossums and vipers are coevolving and that venom may be beholden to selection pressure 

from resistant mammals as both predators and prey.

5. Conclusions

The complexities of venom have long been the focus of biochemical and evolutionary 

research (Markland, 1998). Comparatively little is known about the complexity of venom 

resistance, though it has been predicted to be equally complex (Holding et al., 2016). This 

work demonstrates that both target-based and inhibitor-based mechanisms are important 

functional components of venom resistance among several species of opossums and is the 
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first to demonstrate that resistance in opossums is a multifaceted trait. Given that venom 

resistance mechanisms in this group have been shown for at least 3 classes of venom 

proteins (metalloproteinases, phospholipases, and now CTLs), it is reasonable to expect that 

resistant species have additional target-based or inhibitor-based resistance mechanisms in 

place to cope with other major venom toxin classes. This work highlights that opossum/viper 

venom-venom resistance may be an ideal system for examining the coevolution of complex 

traits, and lays the groundwork for future work examining the evolution of this important 

complex trait and its potentially coevolving counterparts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Topology of Didelphidae from Jansa and Voss (2011) with the addition of Monodelphis 

domestica according to Pavan et al. (2014). Branch lengths reprisent the estimated number 

of amino acid substitions in vWF reconstructed with the JTT model of amino acid 

substitution available in PAML (Yang, 2007). The clade Didelphini, known for both 

organismal venom resistance as well accelerated evolution of vWF, is shown in red (light 

grey in black and white prints). Species used for this work are highlighted in blue (dark 

grey in black and white prints). (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. 
Mean percent platelet aggregation calculated as percent light transmittance (error bars 95% 

confidence intervals). N below species names in top panel indicates number of individual 

animals, numbers below each bar graph indicate total number of individual tests done for 

each agonist. NA indicates this test was not performed. na1 this test was performed with a 

sample which failed ADP control and is reported in supplementary material (Supplementary 

Fig. 1) Panel A are tests performed in platelet rich plasma (PRP); asterisks indicate values 

that are significantly different from the same PRP test in human samples. Panel B shows 

results from tests using washed platelets and purified vWF or 10% v/v PPP as a vWF source; 

ns indicates no significant difference from the same test performed with PRP (see in Panel 

A for comparison). ADP serves as a platelet activity control for all tests. Bitiscetin and 

ristocetin serve as vWF activity controls for washed assays.
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Table 1

One-way analysis of percent aggregation (% transmittance) in PRP. Analysis is a non-parametric comparison 

of PRP mean percent aggregation using Dunn method for joint ranking with Human as the control for each 

group. Dunn methods use a Bonferroni adjustment within each test group. Between test groups (10 tests) 

Asterisk indicate significance at the Bonferroni adjusted ɑ-value 0.006.

Aggregation in Platelet Rich Plasma

Species Control Score Mean Difference Std Err Dif Z-score P-Value

ADP

Didelphis virginiana n = 7 Human n = 10 6.8769 3.453393 1.99135 0.1393

Didelphis aurita n = 4 3.425 4.857221 0.70514 1

Monodelphis domestica n = 1 −16.3 8.610932 −1.89294 0.1751

botrocetin

Didelphis virginiana n = 13 Human n = 14 19.772 4.126265 4.79174 <.0001*

Didelphis aurita n = 12 21.9226 4.21447 5.20175 <.0001*

Monodelphis domestica n = 3 −21.7976 6.815705 −3.19815 0.0041*

aspercetin

Didelphis virginiana n = 11 Human n = 11 15.39583 4.32599 3.558915 0.0007*

Didelphis aurita n = 3 24.25 6.701795 3.618433 0.0006*

bitiscetin

Didelphis virginiana n = 12 Human n = 2 12.35119 3.553028 3.476244 0.0005*

ristocetin

Didelphis virginiana n = 4 Human n = 5 7.866667 2.453116 3.206806 0.0013*
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