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a b s t r a c t

Phenotypes frequently vary across and within species. The connection between specific phenotypic ef-
fects and function, however, is less understood despite being essential to our understanding of the
adaptive process. Snake venoms are ideal for identifying functionally important phenotypic variation
because venom variation is common, and venoms can be functionally characterized through simple
assays and toxicity measurements. Previous work with the eastern diamondback rattlesnake (Crotalus
adamanteus) used multivariate statistical approaches to identify six unique venom phenotypes. We
functionally characterized hemolytic, gelatinase, fibrinogenolytic, and coagulant activity for all six
phenotypes, as well as one additional venom, to determine if the statistically significant differences in
toxin expression levels previously documented corresponded to differences in venom activity. In general,
statistical differences in toxin expression predicted the identified functional differences, or lack thereof,
in toxic activity, demonstrating that the statistical approach used to characterize C. adamanteus venoms
was a fair representation of biologically meaningful differences. Minor differences in activity not
accounted for by the statistical model may be the result of amino-acid differences and/or post-
translational modifications, but overall we were able to link variation in protein expression levels to
variation in function as predicted by multivariate statistical approaches.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Natural selection can vary spatially due to genotype-by-
environment interactions (Novembre and Rienzo, 2009; Whitlock
and Guillaume, 2009), leading to extensive phenotypic variation
(Grant and Grant, 2002; Linnen et al., 2009; Barrett et al., 2011;
Margres et al., 2015a). Identifying phenotypic variation is usually
straightforward, but determining the functional significance of this
variation relative to the ecology and evolution of a particular line-
age can often be difficult (Gibbs and Mackessy, 2009). Snake
venoms provide an ideal system for identifying functionally
important phenotypic variation because venom variation is com-
mon (Chippaux et al., 1991; Daltry et al., 1996; Mackessy et al.,
.

2003; Pung et al., 2005; Mackessy, 2008; Casewell et al., 2014),
although not ubiquitous (Margres et al., 2015a), and venoms can be
functionally characterized through simple assays and experimental
tests (Huang and Perez, 1980; Bernheimer et al., 1987; da Silva and
Aird, 2001; S�anchez et al., 2003; Kini, 2005; S�anchez et al., 2005;
Bello et al., 2006; Calvete et al., 2007; Nú~nez et al., 2009; Salazar
et al., 2009; Calvete et al., 2010; Suntravat et al., 2010; Biardi and
Coss, 2011; Bohlen et al., 2011; Ciscotto et al., 2011; Salazar et al.,
2011).

Snake venoms are modular, polygenic traits that are critical for
feeding (Biardi et al., 2000) and defense (Jansa and Voss, 2011),
resulting in strong selective pressures on the genes encoding
venom components at the sequence (Kordi�s and Guben�sek, 2000;
Lynch, 2007; Gibbs and Rossiter, 2008; Ju�arez et al., 2008; Rokyta
et al., 2011; Margres et al., 2013; Vonk et al., 2013) and expres-
sion levels (Daltry et al., 1996; Barlow et al., 2009; Rokyta et al.,
2015; Margres et al., 2016). These strong selective pressures are
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believed to be responsible for the extensive interspecific (Mackessy,
2008; Sanz et al., 2008; Rokyta et al., 2013; McGivern et al., 2014),
intraspecific (Daltry et al., 1996; Creer et al., 2003; Gibbs et al.,
2009; Boldrini-França et al., 2010; Margres et al., 2015a, 2016;
Rokyta et al., 2015), and ontogenetic venom variation (Mackessy,
1988; Mackessy et al., 2003; Gu�ercio et al., 2006; Madrigal et al.,
2012; Zelanis et al., 2012; Durban et al., 2013; Margres et al.,
2015b; Wray et al., 2015) because venom variation has been
shown to be associated with dietary shifts (Daltry et al., 1996;
Barlow et al., 2009). These spatial and temporal shifts in resource
use presumably lead to shifts in phenotypic optima and should be
accompanied by functional divergence (Jensen et al., 2012; Margres
et al., 2015b).

Crotalus adamanteus is the largest rattlesnake species and
exclusively consumes endothermic prey, including rats, squirrels,
and rabbits (Klauber, 1997). Although historically native to seven
states in the southeastern United States, this species has been
extirpated from Louisiana, is listed as endangered in North Carolina
(Palmer and Braswell, 1995), and is currently under consideration
for listing as threatened under the Endangered Species Act (United
States Fish and Wildlife Service, 2012). Margres et al. (2014; 2015a;
2016) used transcriptomics and proteomics to construct a
genotype-phenotype map for the venom system of C. adamanteus.
This map was used to identify extensive protein expression varia-
tion across seven adult populations, identifying five unique phe-
notypes, as well as the specific loci being differentially expressed
across populations (Margres et al., 2015a). Margres et al. (2015b)
identified significant expression variation across age classes and
found that ontogenetic effects explained more of the toxin
expression variation in C. adamanteus than geographic effects.
Although these studies identified candidate functional variants, it
has yet to be shown if these statistical differences in toxin
expression equate to functional differences and, therefore, are
biologically meaningful.

We functionally characterized four toxic activities for six of the
seven adult venoms (i.e., populations) from Margres et al. (2015a)
as well as a juvenile venom (Margres et al., 2015b) to determine
if the statistically significant differences in toxin expression levels
previously documented corresponded to differences in venom ac-
tivity. These six adult populations represent all five unique phe-
notypes identified as well as one redundant phenotype from an
island population (SAP/Ca7); this population did not possess a
significantly different venom from the two mainland populations
found in panhandle Florida (i.e., ANF/Ca2 in this study; Margres
et al., 2015a). The inclusion of this population allowed us to
determine whether venoms that were not statistically different
possess similar or different functional activities, and characterizing
all seven venoms allowed us to evaluate the statistical model (i.e.,
whether the statistical approach was too conservative, too sensi-
tive, or a fair representation of biologically meaningful differences).

2. Materials and methods

2.1. Venoms

All assays were performed using pooled venom samples; pop-
ulation designations were consistent with those of Margres et al.
(2015a; 2015b): Ca2 adult venom (n¼ 10; ANF, Apalachicola Na-
tional Forest and the surrounding region east of the Apalachicola
River and west of the Suwannee River, Florida), Ca2 juvenile venom
(n¼ 13), Ca3 adult venom (n¼ 11; SH, Spring Hill, Florida), Ca4
adult venom (n¼ 3; ENP, Everglades National Park, Florida), Ca5
adult venom (n¼ 9; LSG, Little St. George Island, Florida), Ca6 adult
venom (n¼ 5; CAL, Caladesi Island, Florida), and Ca7 adult venom
(n¼ 8; SAP, Sapelo Island, Georgia; Fig. 1). Because of the
ontogenetic shift in venom composition (Margres et al., 2015b),
specimens �102 cm were classified as adults and individuals
<102 cm were classified as juveniles (Waldron et al., 2013),
consistent with previous analyses (Margres et al., 2015a, b; 2016).
All venom samples included in this study had been analyzed pre-
viously (i.e., reversed-phase high-performance liquid chromatog-
raphy (RP-HPLC) and statistical analyses; Margres et al., 2015a, b,
2016). Samples were collected under the following permits: Flor-
ida Fish and Wildlife Conservation Commission (FWC) LSSC-13-
00004 and LSSC-09-0399, Eglin Air Force Base 96 SFS/SFOIRP, Ev-
erglades National Park - EVER-2012-SCI-0053, Florida Department
of Environmental Protection - Permit # 04101310, and St. Vincent
National Wildlife Refuge - Permit # 41650-2012-08. The above
procedures were approved by the Florida State University Institu-
tional Animal Care and Use Committee (IACUC) under protocols
#0924 and #1333.

2.2. Reversed-phase high-performance liquid chromatography

Reversed-phase high-performance liquid chromatography was
performed on a Beckman System Gold HPLC (Beckman Coulter,
Fullerton, CA) as described previously for each pooled venom as
well as a reference venom sample from a single individual (Margres
et al., 2015a, 2016, b; Wray et al., 2015). Briefly, 100 mg of total
protein were injected onto a Jupiter C18 column, 250� 4.6 mm
(Phenomenex, Torrence, CA) using the solvent system of A¼ 0.1%
trifluoroacetic acid (TFA) in water and B ¼ 0.075% TFA in acetoni-
trile. After five minutes at 5% B, a 1% per minute linear gradient of A
and B was run to 25% B, followed by a 0.25% per minute gradient
from 25 to 65% B at a flow rate of 1 mL per minute. Column effluent
was monitored at 220 and 280 nm.

2.3. SDS-PAGE analysis

A NuPAGE 4e12% Bis-Tris SDS-PAGE gel (1.0 mm� 10 well,
Invitrogen) was loaded with 25 mg of total protein for each pooled,
crude venom. Briefly, 2.5 mL of sample (10 mg/mL) were combined
with 11 mL of SDS buffer solution and 5 mL NuPAGE reducing agent
(Invitrogen) and then heated to 70 �C for 10 min. Samples were run
at 100 V for 60 min; SeeBlue Plus2 Protein Standard 1X (Invitrogen)
was used as the ladder. Gels were stained and destained with
Simply Blue SafeStain (Invitrogen) according to the manufacturer’s
protocol. Protein identification was based on approximate molec-
ular weights as described in Mackessy (2008).

2.4. Indirect hemolytic activity

We modified the approach of Habermann and Hardt (1972) as
described by Salazar et al. (2009) to test each pooled venom for
indirect hemolytic activity, a proxy for phospholipase A2 activity.
Briefly, 0.3 mL of packed human erythrocytes was washed three
times with 0.85% saline solution. Next, 25 mL of 0.8% agarose dis-
solved in phosphate-buffered saline solution (pH 8.1) were heated;
0.3 mL of fresh egg yolk diluted 1:4 with 0.85% saline solution and
0.25 mL of a 0.01 M CaCl2 solution were added to the agarose so-
lution. Once the solution cooled to ~38 �C, the packed human
erythrocytes were added. The mixture was then poured into plastic
Petri dishes and allowed to solidify. After the mixture solidified,
wells were prepared and filled with 25 mL of crude venom solution
at two concentrations: 1 mg/mL (25 mg venom) and 0.4 mg/mL
(10 mg venom). Three replicates for the high venom concentration
and two replicates for the low venom concentration were run with
Crotalus atrox venom serving as the positive control. All plates were
incubated at 37 �C for 5 h and the diameters of the hemolytic haloes
were measured. To test for interpopulation variation in hemolytic
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Fig. 1. Sampling of Crotalus adamanteus for venom pools. We collected venom samples from 46 adult C. adamanteus across six populations as well as from 13 juveniles from a single
population. Population designations are consistent with those of Margres et al. (2015a; 2015b): SAP (Ca7, Sapelo Island, Georgia), ANF adult and juvenile (Ca2, Apalachicola National
Forest and the surrounding region east of the Apalachicola River and west of the Suwannee River, Florida), LSG (Ca5, Little St. George Island, Florida), SH (Ca3, Spring Hill, Florida),
CAL (Ca6, Caladesi Island, Florida), and ENP (Ca4, Everglades National Park, Florida). AR, Apalachicola River; SMR, Saint Mary’s River; SR, Suwannee River.
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activity, we ran individual ANOVAs on the halo diameters for each
venom concentration set.
2.5. Gelatinase activity

We modified the approach of Huang and Perez (1980) as
described by S�anchez et al. (2003) to test each pooled venom for
gelatinase activity. Because gelatin is a denatured form of collagen,
this assay measures proteolytic (i.e., proteinase) activity; metal-
loproteinases are the main enzymes responsible for extracellular
matrix protein degradation. We tested 20 mL of crude venom so-
lution at two concentrations in duplicate: 1 mg/mL (20 mg venom)
and 2 mg/mL (40 mg venom). Twenty mL of crude venom solution
were placed on a Kodak X-OMAT scientific imaging film with a
gelatin coating. The film was incubated at 37 �C for 4 h and then
washed with distilled water. Hydrolysis of the gelatin coat (i.e., a
clearing of the gelatin on the film) was recorded as a positive result
and indicated proteolytic activity; lack of hydrolysis was recorded
as a negative result.
2.6. Fibrinogenolytic activity

We tested each pooled venom for fibrinogenolytic activity, a
proxy for proteinase activity. Briefly, 0.005 g of fibrinogen (without
plasminogen; HYPHEN BioMed) was dissolved in 1 mL of water and
incubated at 37 �C for 30 min. Following incubation, 20 mL of the
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fibrinogen solution were separately added to 10 mL of each C. ada-
manteus venom (1 mg/mL, 10 mg protein), 10 mL of 0.85% saline
solution (negative control), and 10 mL of C. atrox venom (1 mg/mL,
10 mg protein; positive control). All samples were incubated at 37 �C
for 24 h. Next, 11 mL of SDS buffer solution and 5 mL NuPAGE
reducing agent (Invitrogen) were added and each sample was
heated to 70 �C for 10 min. Fifteen mL of the sample mixture were
run on a NuPAGE 4e12% Bis-Tris SDS-PAGE gel (1.0 mm� 10 well,
Invitrogen) at 200 V for 35 min; SeeBlue Plus2 Protein Standard 1X
(Invitrogen) was used as the ladder. Gels were stained and
destained with Simply Blue SafeStain (Invitrogen) according to the
manufacturer’s protocol. Absence of the a, b, and/or g chain(s)
indicated hydrolysis of that chain and was recorded as a positive
result (i.e., fibrinogenolytic activity).

2.7. Coagulation assay

We followed the approach of Suntravat et al. (2010) and S�anchez
et al. (2010) to test the effects of each pooled venom on the coag-
ulation cascade. Pooled normal citrated plasma was prepared by
drawing a blood sample from M.J.M; 40 mL of blood was collected
by gravity into a 50 mL plastic test tube containing 4 mL of 3.8%
sodium citrate to prevent coagulation. The citrated blood was
incubated at 37 �C during the assays. The procoagulant and anti-
coagulant activities of all venoms were measured using the Sono-
clot analyzer, which measures the activated clotting time (ACT), the
clot rate (CR), and platelet function (PF) of whole blood (von Kaulla
et al., 1975). The ACT is the time that the plasma remains a liquid
(i.e., time in which fibrin formation begins), the CR is the rate of
fibrin polymerization and is defined as the change in clot signal
over time (e.g., kinetic measure of fibrin formation and clot
development), and the PF is the timing and quality of clot retrac-
tion. Briefly, a red cuvette from the activated Sonoclot kit (i.e., with
glass beads) was placed into the cuvette holder to maintain a
temperature of 37 �C. A pre-warmed 10 mL sample (37 �C) of 0.3 M
CaCl2 was added to one side of the cuvette, a 10 mL sample of each
venom at a concentration of 100 ng/mL (1 mg protein) was added to
the other side of the cuvette, and a constant volume of 330 mL of
whole blood was also added. The ACT, CR, and PF were measured;
10 mL of 0.85% saline solution replaced the venom sample in the
positive control. Each venom was run in triplicate with a control
run between different venoms (e.g., three adult ANF replicates were
run, followed by a control, and then three juvenile ANF replicates,
etc.). To determine if any of the venoms differed from the control
and significantly affected coagulation, we ran individual ANOVAs
on each of the three variables measured (i.e., ACT, CR, and PF). If
these results were significant for a particular variable, we con-
ducted pairwise t-tests versus the control for each sample/variable
combination and used a Bonferonni correction to account for
multiple tests. To test for interpopulation variation in coagulation
activity, we ran individual ANOVAs on each of the three variables
but only included the venom samples (i.e., excluded the control).

3. Results

3.1. SDS-PAGE analysis

SDS-PAGE analysis demonstrated variability across venoms in
the abundance of particular protein classes, consistent with pre-
vious work (Fig. 2; Margres et al., 2015a, b; 2016). Snake venom
type III metalloproteinases were prominent in all venoms. Snake
venom type II metalloproteinases, however, exhibited variation
across venoms; these toxins were down-regulated in juveniles and
an additional band was present in the ENP and SAP populations.
Phospholipases A2 and snake venom serine proteinases were
prominent in all venoms with relatively conserved abundances.

3.2. Hemolytic activity

To test for interpopulation variation in hemolytic (i.e., phos-
pholipase A2) activity, we ran individual ANOVAs on each venom
concentration set. All venoms demonstrated hemolytic activity, and
no significant differences were detected among venoms at either
concentration (P25mg¼ 0.079; P10mg¼ 0.681; Table 1).

3.3. Gelatinase activity

All venoms, except the ANF juvenile population, demonstrated
gelatinase/proteolytic activity at the highest venom concentration
tested. Only the SAP and ENP populations, however, tested positive
for gelatinase activity at the lower venom concentration. The level
of gelatinase activity in descending order was as follows:
SAP ¼ ENP > ANFAdult¼ LSG ¼ SH¼ CAL > ANF juvenile (Table 1).

3.4. Fibrinogenolytic activity

All C. adamanteus venoms hydrolyzed the a and b chain fibrin-
ogen degradation products; the SAP, SH and LSG populations also
had minor effects on the g chain (Fig. 3).

3.5. Coagulation assay

To determine if any of the venoms differed from the control and
significantly affected coagulation, we ran individual ANOVAs on
each of the three variables measured and all were significant
(PACT¼ 0.029; PCR<0.001; PPF¼ 0.034), indicating that at least one
venom for all three variables significantly differed from the control.
To determine which particular venoms significantly differed from
the control, we conducted pairwise t-tests versus the control for
each sample/variable combination and used a Bonferonni correc-
tion to account for multiple tests within each variable (i.e.,
a¼ 0.007). For the ACT, only the ANF juvenile venom was signifi-
cantly different from the control (P¼ 0.002) and demonstrated
anticoagulant activity. For CR, five of the seven venoms were
significantly different from the control (PANFAdult< 0.001; PAN-
FJuvenile< 0.001; PLSG< 0.001; PSH¼ 0.004; PCAL¼ 0.005) and
demonstrated anticoagulant activity; only the SAP and ENP pop-
ulations were not significantly different (PSAP¼ 0.027;
PENP¼ 0.780). For PF, only the ANF adult venom was significantly
different from the control (P¼ 0.001) and affected the quality of
clot retraction (Table 2). To test for interpopulation variation in
coagulation activity, we ran individual ANOVAs on each of the three
variables, excluding the control, and only the CR analysis was sig-
nificant (PACT¼ 0.097; PCR¼ 0.007; PPF¼ 0.139). An additional
ANOVA limited to the five venoms that significantly differed from
the CR control, however, was not significant (P¼ 0.071), indicating
an absence of interpopulation variation among the five venoms
that significantly affected the CR (i.e., the only significant variation
in CR was the presence/absence of activity).

4. Discussion

4.1. Conserved phospholipase A2 expression leads to conserved
indirect hemolytic activity

Phospholipase A2 enzymes hydrolyze glycerophospholipids,
releasing lysophospholipids and free fatty acids. These enzymes are
known to cause a variety of pharmacological effects, including
presynaptic and postsynaptic neurotoxicity, myotoxicity, and car-
diotoxicity among others (Kini, 2003; Doley et al., 2010). This
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Fig. 2. Comparison of the seven pooled Crotalus adamanteus venoms used in the toxicity assays. Protein abundances were largely similar, but snake venom type II metal-
loproteinases (SVMP-II) were down-regulated in juveniles and an additional band was present in the ENP and SAP populations. Protein identification was based on approximate
molecular weights and venom labels are consistent with Fig. 1. Crotalus atrox venomwas used as a positive control. Abbreviations are as follows: LAAO, L-amino acid oxidase; SVMP-
III, Snake venom type III metalloproteinase; SVSP, Snake venom serine proteinase; SVMP-II, Snake venom type II metalloproteinase; CTL, C-type lectin; PLA2, Phospholipase A2.

Table 1
Hemolytic and proteolytic activities of Crotalus adamanteus venoms. All venoms possessed hemolytic activity, but these activities were not significantly different. Venoms
differed in their gelatinase activity; the SAP and ENP populations were the only venoms to test positive for gelatinase activity at the lower dose, and all venoms except for the
juvenile venom exhibited gelatinase activity at the higher dose. Hemolytic activity was measured in millimeters; the mean value and the standard deviation are listed.
Gelatinase activity is indicated as present (þ) or absent (�); each concentration was tested in duplicate.

Population Hemolytic (25 mg) Hemolytic (10 mg) Gelatinase (20 mg) Gelatinase (40 mg)

ANF adult 16.67± 0.58 14.50± 0.71 �/� þ/þ
ANF juvenile 16.67± 0.58 13.50± 0.71 �/� �/�
LSG adult 17.33± 0.58 14.50± 0.71 �/� þ/þ
SH adult 15.33± 1.53 14.00± 1.41 �/� þ/þ
SAP adult 15.00± 1.00 13.00± 1.41 þ/þ þ/þ
ENP adult 16.33± 0.58 15.00± 1.41 þ/þ þ/þ
CAL adult 15.67± 1.15 14.00± 1.41 �/� þ/þ
C. atrox (þcontrol) 17.33± 0.58 16.00± 0.00 þ/þ þ/þ
Negative control NA NA �/� �/�
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protein family was identified as the most abundant toxin family in
the venom proteome of a sub-adult ANF female C. adamanteus
(Margres et al., 2014). Only a single phospholipase A2 toxin was
identified in the venom, and this toxinwas the only protein present
in RP-HPLC peak 10 (Fig. 4; Margres et al., 2016). This protein peak
was the second most conserved peak across adult populations
(Fig. 5; Margres et al., 2015a) and the fourth most conserved peak
across age classes (Margres et al., 2015b), consistent with our SDS-
PAGE results (Fig. 2). We, therefore, expected to see significant in-
direct hemolytic activity across all venoms, but did not expect
significant variation in hemolytic activities across populations or
age classes, consistent with our results. All venoms possessed he-
molytic activity, but none demonstrated significant differences in
this activity. Our findings suggest that phospholipase A2 activity in
C. adamanteus venoms was dependent on protein expression, and
nonsynonymous substitutions or post-translational modifications
were either absent or did not significantly alter the function of the
enzyme, at least as measured by this assay (e.g., neurotoxicity and
non-toxic, chaperone-like activity, as seen in the subunits of cro-
toxin, would not be detected in this assay; Calvete, 2011).
4.2. Metalloproteinase expression differentiation predicts
variability in gelatinase activity

Snake-venom metalloproteinases are often associated with
extensive hemorrhaging but can also be myonecrotic, fibrinolytic,
and can result in the degradation of the extracellular matrix (Fox
and Serrano, 2010). This protein family was identified as the
fourthmost abundant toxin family in the venom proteome of a sub-
adult ANF female C. adamanteus (Margres et al., 2014) and was one
of the more diverse toxin groups identified (Rokyta et al., 2012;
Margres et al., 2014). Five snake-venom metalloproteinases were
identified in five RP-HPLC peaks: 18, 19, 20a, 20b, and 21 (Fig. 4;
Margres et al., 2016). Peaks 20b and 21 explained the second and
third most variation of any RP-HPLC peak across age classes, with
peak 20b (snake venom type II metalloproteinase-2) being
expressed at much higher levels in adults and peak 21 (snake
venom type II metalloproteinase-1) being much more highly
expressed in juveniles (Fig. 5; Margres et al., 2015b). Overall, ju-
venile venoms expressed the majority of metalloproteinases at
much lower levels than adults (Margres et al., 2015b). We, there-
fore, expected that adult venoms would display significantly more
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Fig. 3. The fibrinogenolytic assay identified significant proteinase activity in the venoms of Crotalus adamanteus. All C. adamanteus venoms hydrolyzed both a and b chain fibrinogen
degradation products; the SAP, SH and LSG populations had minor effects on the g chain. a, b, and g chain fibrinogen degradation products are present and labeled in the negative
control; absence of a particular chain indicates hydrolysis. Crotalus atrox venom was used as a positive control.

Table 2
Coagulant properties of Crotalus adamanteus venoms. The procoagulant and anti-
coagulant activities of all venoms were measured using the Sonoclot analyzer; the
activated clotting time is the time that plasma remains a liquid (i.e., time in which
fibrin formation begins), the clot rate is defined as the change in clot signal over time
(e.g., kinetic measure of fibrin formation and clot development), and platelet func-
tion is the timing and quality of clot retraction. At least one venom significantly
differed from the control for each variable; significant values are indicated by an *.

Population Activated clotting time (s) Clot rate Platelet function

ANF adult 139.67± 12.71 21.33± 2.87* 2.37± 0.53*
ANF juvenile 144.67± 6.13* 21.00± 1.41* 3.50± 0.45
LSG adult 134.67± 4.19 22.67± 0.47* 2.83± 0.70
SH adult 123.00± 13.88 24.00± 4.97* 3.00± 0.93
SAP adult 137.33± 7.41 29.33± 2.36 3.23± 0.82
ENP adult 128.67± 1.25 32.33± 6.18 3.63± 0.38
CAL adult 134.00± 2.16 28.00± 2.16* 3.87± 0.41
Control 130.71± 2.37 33.14± 1.55 3.59± 0.08
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activity than the juvenile venom tested, consistent with our results;
the juvenile venom was the only venom to lack activity at the
higher venom concentration tested (Table 1), and our SDS-PAGE
analysis revealed that snake venom type II metalloproteinases
were expressed at much lower levels in juveniles relative to adults
(Fig. 2).

Among adult venoms, all populations possessed activity at the
higher concentration tested, but only the SAP and ENP venoms
possessed activity at the lower venom concentration (Table 1).
These two venoms were the only venoms to possess an additional
electrophoretic band with a molecular weight consistent with
snake venom type II metalloproteinases (Fig. 2), suggesting that
these toxins were responsible for the heightened gelatinase activity
of these venoms.

Snake venom type II metalloproteinase-2 (peak 20b), the met-
alloproteinase present in adults andmostly absent in juveniles, was
most highly expressed among adults by the ENP population
(Margres et al., 2015a), suggesting that the expression level of this
particular toxin may be responsible for the differences in metal-
loproteinase activity and represent the additional band identified in
our SDS-PAGE analysis. The SAP population, which also possessed
this band in the SDS-PAGE gel, did not possess a venom significantly
different than that of the ANF population; these two populations,
along with samples from the western Florida panhandle, were
combined into a single population based on a shared venom
phenotype (Margres et al., 2015a). Snake venom type II
metalloproteinase-2 was also highly expressed in this combined
group (Margres et al., 2015a), but SAP venom demonstrated activity
at the lower venom concentration and possessed the additional
electrophoretic band, and ANF venom did not. Because venom is a
polygenic, complex phenotype, multivariate statistical approaches
(i.e., MANOVA) are the most appropriate tests for identifying sig-
nificant variation. Multivariate statistical approaches, however,
compare vectors of means, and extensive variation at a single peak
may not necessarily result in a significant outcome if themajority of
other proteins are expressed at similar levels across populations.

To determine if the statistical model used by Margres et al.
(2015a; 2015b; 2016) failed to detect significant metal-
loproteinase expression variation because of conserved expression
patterns at the majority of other loci, we compared the mean
centered logratio expression levels for the five RP-HPLC peaks
containing metalloproteinases across the SAP and ANF venoms to
identify the most variable (difference >2) and conserved (differ-
ence <1) loci as previously described (Margres et al., 2015a, b).
Expression of peaks 18, 19, 20a, and 20b (i.e., snake venom type II
metalloproteinase-2) was conserved, particularly for peak 20b
(difference¼ 0.36), and no loci had a difference >2. We know from
the SDS-PAGE analysis, however, that the SAP population possessed
more snake venom type II metalloproteinases than the ANF adult
population (Fig. 2). This lack of significant variation based on the
RP-HPLC results suggested that other proteins may have co-eluted
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with metalloproteinases, and expression variation in these others
proteins may have obscured metalloproteinase expression varia-
tion in the RP-HPLC analyses.

4.3. Minor differences in fibrinogenolytic activity not predicted by
expression levels

Snake-venom serine proteinases are known to affect a diversity
of substrates that are involved in the coagulation, fibrinolytic,
fibrinogenolytic, and kallikrein-kinin systems, as well as affecting
platelets, resulting in an imbalance of the hemostatic system of
prey (Serrano and Maroun, 2005). This protein family was identi-
fied as the second most abundant toxin family in the venom pro-
teome of a sub-adult ANF female C. adamanteus (Margres et al.,
2014) and was one of the more diverse toxin groups identified
(Rokyta et al., 2012; Margres et al., 2014). Four serine proteinases
were identified in eight RP-HPLC peaks: 8, 11, 12, 13, 14, 15a, 16 and
17 (Fig. 4; Margres et al., 2016). Of these eight peaks, only peaks 12
(snake venom serine proteinase 4) and 17 (snake venom serine
proteinases 4 and 7) exhibited significant variation across adult
venoms, with peak 12 being down-regulated in ENP venoms and
peak 17 being down-regulated in LSG venoms (Fig. 5; Margres et al.,
2015a); no significant variation in serine proteinase expressionwas
found across age classes (Margres et al., 2015b), and our SDS-PAGE
analysis demonstrated that these toxins were abundant in each
venom but did not identify any obvious differences in serine pro-
teinase abundance (Fig. 2). We, therefore, expected to see signifi-
cant fibrinogenolytic activity across all venoms and, if variation in
activity was identified, it would be present as reduced activity in
LSG and/or ENP if the expression of snake venom serine proteinases
4 and 7 affected fibrinogenolytic activity. We found that all C.
adamanteus venoms hydrolyzed the a and b chain fibrinogen
degradation products, consistent with our expectations, but the
SAP, SH and LSG populations also had minor effects on the g chain
(Fig. 3). Snake venom serine proteinase expression was mostly
conserved, with the only significant variation identified being the
down-regulation of particular loci in the LSG and ENP populations.
The down-regulation of snake venom serine proteinases 4 and 7
could not explain the additional, albeit minor, activity detected in
the LSG population, and the SAP and SH populations had serine
proteinase expression profiles very similar to all other populations.
These small differences in activity may have been the result of
amino-acid differences and/or post-translational modifications
(Garcia et al., 2004; Casewell et al., 2014), but could also be the
result of population-specific toxins that were not detected in the
original transcriptome and, therefore, excluded from the genotype-
phenotype map. As stated above, the original transcriptome for this
species was that of a sub-adult ANF female (Margres et al., 2014).
The SAP, SH, and LSG populations may possess toxins not found in
the ANF population.

Fibrinogenolytic toxins are often common in snake venoms and
directly affect fibrinogen, but can do so in various ways. These
toxins may split fibrinogen to fibrin and the resulting degradation
products, or may result in incomplete splitting, producing a form of
fibrinogen that is no longer effective (White, 2005). A fibrinoge-
nolytic thrombin-like toxin, Crotalase, had previously been iden-
tified in the venom of C. adamanteus; this toxin belongs to the
venombin A group, preferentially releasing the a chainwith b chain
release being much slower (Markland, 1976, 1988; Henschen-
Edman et al., 1999). The results of this assay most likely demon-
strate Crotalase activity, or that of a closely-related homolog, in all
seven venoms analyzed, but it should be noted that snake venom
metalloproteinases can also possess fibrinogenolytic activity
(Matsui et al., 2000).

4.4. Significant anticoagulant activity in Crotalus adamanteus
venoms

Metalloproteinases (Fox and Serrano, 2005), serine proteinases
(Markland,1988), C-type lectins (Jansa and Voss, 2011), disintegrins
(Calvete et al., 2005), and other toxic molecules can affect hemo-
stasis (Mackessy, 2008), the process of clot formation through the
coagulation cascade. Viperid venoms have been shown to possess
pro- and anticoagulant properties, and these properties can vary
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across individuals within a species; Suntravat et al. (2010) used
10 ng of crude venom for multiple C. adamanteus from Florida and
did not detect any coagulant activity. We used 1 mg of crude venom
and identified significant anticoagulant activity (i.e., extended ACT
and reduced CR; Suntravat et al., 2010) in some, but not all, of the
venoms tested, indicating significant intraspecific variation in
anticoagulant activity within C. adamanteus.

The ANF juvenile venom was the only venom that significantly
extended the ACT and demonstrated anticoagulant activity for this
measure. Ontogenetic expression variation is well-documented in
snake venoms (Mackessy, 1988; Mackessy et al., 2003; Gu�ercio
et al., 2006; Madrigal et al., 2012; Zelanis et al., 2012; Durban
et al., 2013; Margres et al., 2015b; Wray et al., 2015). Juvenile
venoms, for the most part, are often less complex versions of the
adult phenotype (Mackessy, 1988; Margres et al., 2015b); most
toxins found in juveniles are found in adults, but not all toxins
found in adults are found in juveniles (Fig. 2; but see Durban et al.,
2013). This appears to be the case in C. adamanteus (Margres et al.,
2015b), and this juvenile-specific toxic activity may reflect the
compositional nature of the venom phenotype. Because the assay
was standardized by protein amounts, and juvenile venoms are
simpler than adult venoms (Margres et al., 2015b), 1 mg of juvenile
venom may contain more anticoagulant toxins than 1 mg of adult
venom because several adult toxins are down-regulated or absent
from juvenile venom, changing the composition of that 1 mg. For
example, if juvenile venoms contained 20 toxins and five of these
toxins possessed anticoagulant activity, and adult venoms con-
tained 30 toxins and six of these toxins possessed anticoagulant
activity, a 1 mg juvenile samplewould contain a larger percentage of
anticoagulant toxins than a 1 mg adult sample (25% and 20%,
respectively). This age-specific difference in toxic activity could also
indicate that ontogenetic variation in toxin expression may not be
unidirectional, and that juvenile-specific toxins may affect the
coagulation cascade in ways that adult-specific toxins do not. The
specific toxic molecules responsible for this age-specific effect,
however, was unclear because a number of toxin families can affect
the coagulation cascade (e.g., C-type lectins and phospholipases
A2). C-type lectins can possess significant anticoagulant activity, but
these toxins were much more abundant in adults (Margres et al.,
2015b), although variation in C-type lectin expression may not be
apparent when using RP-HPLC to quantify protein abundances
(Eichberg et al., 2015). C-type lectins and snake venom type II
metalloproteinases have a similar molecular weight, making it
difficult to differentiate these toxins in our SDS-PAGE analysis
(Fig. 2). The differences identified in this region, however, were
consistent with metalloproteinase activity/the results of the
gelatinase assay rather than the coagulation assay.

Five of the seven venoms significantly reduced the CR and
demonstrated anticoagulant activity for this measure; only the SAP
and ENP populations did not reduce the CR. Without knowing the
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specific toxins responsible for this anticoagulant activity, inter-
preting this result was difficult. The SAP and ENP venoms were the
only venoms to possess gelatinase activity at the lower venom
concentration tested, suggesting that there may be an inverse
relationship between gelatinase and anticoagulant activities. C-
type lectins can possess significant anticoagulant activity; peak 15b
contained two C-type lectin toxins (Margres et al., 2016), and this
peak was least abundant in the ENP population (Margres et al.,
2015a). As stated earlier, these differences in activity could also
be the result of amino-acid differences and/or post-translational
modifications.

The ANF adult venomwas the only venom to significantly affect
PF relative to the control (although it should be noted that the PF
value for this venom (2.37± 0.53) is considered within “normal”
range); no obvious expression differences appeared related to this
result. The ANF population possessed different anticoagulant ac-
tivities unique to each age class (i.e., ANF juvenile venom was the
only venom that significantly extended the ACT, and ANF adult
venom was the only venom to significantly affect PF), demon-
strating that ontogenetic variation in protein expression can sub-
stantially affect venom activity. These two venoms were the only
venoms to demonstrate significant anticoagulant activity in more
than one measure, suggesting that anticoagulant activity may be a
more important aspect of prey incapacitation in this population
relative to the other six.

5. Conclusion

We investigated the functional consequences of protein
expression variation and found that, overall, statistical differences
in toxin expression equated to functional differences in toxic ac-
tivity. Demonstrating that significantly different phenotypes at a
statistical level reflect meaningful ecological/evolutionary differ-
ences can often be difficult (Gibbs and Mackessy, 2009), but con-
necting phenotypic variation to corresponding functional
differences is necessary for understanding the dynamics of the
adaptive process. This study demonstrates that the unique venom
phenotypes identified by Margres et al. (2015a; 2015b; 2016) do
possess unique activities, and that the statistical approach used in
these studies and others (Wray et al., 2015) was a fair representa-
tion of biologically meaningful differences. Minor differences in
activity not accounted for by the statistical model may be the result
of amino-acid differences and/or post-translational modifications
(Garcia et al., 2004; Casewell et al., 2014) unless very minor, non-
significant changes in expression level result in detectable func-
tional differences. Given the general consistency of activity and
protein expression levels identified in this study, we suggest that
the minor variations in activity are the result of amino-acid dif-
ferences and/or post-translational modifications; work is currently
underway to identify population-specific sequence variants. Over-
all, we linked variation in phenotype (i.e., protein expression levels)
to variation in function and provided proof-of-concept for the
statistical approach described by Margres et al. (2015a; 2015b;
2016).
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