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Abstract

Background: Crotalus durissus is considered one of the most important species of
venomous snakes in Brazil, due to the high mortality of its snakebites. The venom of
Crotalus durissus contains four main toxins: crotoxin, convulxin, gyroxin and crotamine.
Venoms can vary in their crotamine content, being crotamine-negative or -positive. This
heterogeneity is of great importance for producing antivenom, due to their different
mechanisms of action. The possibility that antivenom produced by Butantan Institute
might have a different immunorecognition capacity between crotamine-negative and
crotamine-positive C. durissus venoms instigated us to investigate the differences
between these two venom groups.

Methods: The presence of crotamine was analyzed by SDS-PAGE, western blotting and
ELISA, whereas comparison between the two types of venoms was carried out through
HPLC, mass spectrometry analysis as well as assessment of antivenom lethality and
efficacy.

Results: The results showed a variation in the presence of crotamine among the subspecies
and the geographic origin of snakes from nature, but not in captive snakes. Regarding
differences between crotamine-positive and -negative venoms, some exclusive proteins
are found in each pool and the crotamine-negative pool presented more phospholipase
A, than crotamine-positive pool. This variation could affect the time to death, but the
lethal and effective dose were not affected.

Conclusion: These differences between venom pools indicate the importance of using
both, crotamine-positive and crotamine-negative venoms, to produce the antivenom.
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Background

Pit vipers belonging to the genus Crotalus, popularly known
as rattlesnakes, are present in all the Americas, whereas the
Neotropical rattlesnake species (Crotalus durissus) can be found
throughout most of South America [1]. This wide geographical
distribution results in intraspecific variability of the venom
composition, altering its effects and requiring different clinical
treatments [2-6]. C. durissus is considered one of the most
important species of venomous snakes in Brazil, due to the
high mortality caused by its snakebites (1.1 %) [7].

Even though it is the only species of this genus present in
Brazil, different subspecies are recognized in accordance with
geographical distribution. The taxonomy of this species has
been revised and discussed by multiple authors [8]. Although
the subspecies C. d. terrificus, C. d. collilineatus and C. d.
cascavella are distinguished exclusively from each other by
their morphology and geographical origin (Figure 1) [9], which
is weakly substantiated, they are still considered subspecies
by the Brazilian Herpetology Society [10]. Furthermore, these
three subspecies are still kept apart in Butantan Institute for
the crotalic antivenom production using immunized horses
with a mixture composed of 50% C. d. terrificus and 50% C. d.
collilineatus venoms.

The venom of C. d. terrificus contains four main toxins:
crotoxin, convulxin, gyroxin and crotamine [11]. These
components are responsible for the biological and toxic effects
of the venom, whose main purpose is to weaken, paralyze, kill
and digest prey [12,13]. Therefore, the venom can cause systemic
neurotoxicity and myotoxicity, leading to progressive paralysis
because of the high concentration of crotoxin [7]. Moreover, the
myonecrotic toxin, crotamine, is also responsible for paralyzing
the prey, avoiding both its escape and injuries to the snakes
[14,15).

Crotamine was first observed in the venom of Argentinean
rattlesnakes by Gongalves and Polson [16] and, later on, was
found in other rattlesnakes’ venom from southern Brazil [17].
Crotamine is a small basic myotoxin, with 4.8 kDa and isoelectric
point around 10.8 [18]. It is constituted by a single chain of 42
amino acid residues [19] and contains three disulfide bonds [20].
The overall fold of crotamine is homologous to antimicrobial
peptides belonging to the alpha-defensin, beta-defensin and
insect defensin families [21-23]. This toxin induces myonecrosis
[24], paralysis and extension of hind legs, and spontaneous and
irregular contractions in the diaphragm of rats, mice and rabbits
[25] by acting on sodium and potassium channels [26,27]. More
recently, it has been demonstrated that crotamine possesses
antitumoral [28], cytotoxic [29], antibacterial [30-32], anti-
leishmanial [33], anthelmintic [34] and antimalarial effects [35];
as well as induces platelet aggregation [32].

Crotamine expression is not uniform within populations of
snakes: it may have variable concentrations or even be absent in
the venom of specimens of the same population. For example,
concerning the Brazilian Crotalus durissus species, crotamine
seems to be absent in C. d. cascavella [36-38]. In addition,

Figure 1. Subspecies of Crotalus durissus analyzed in the present study: (A) C.
d. terrificus, (B) C. d. collilineatus, and (C) C. d. cascavella.

Schenberg [39] observed a crotamine-positive distribution
pattern in the states of Sdo Paulo, Parana and Minas Gerais.
This observation is corroborated by Oguiura et al. [40], who
found a relationship between a gene and the concentration
of crotamine in snake venom, concluding that crotamine is a
heritable character. This heterogeneity is of great importance in
the view of antivenom production, because crotamine-positive
and crotamine-negative venoms may have different mechanisms
of action.

Both Calvete et al. [41] and Boldrini-Franga et al. [36] found
a poor crotamine recognition by antivenom produced in Costa
Rica and Butantan Institute. They suggest that the mixtures used
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on horse immunization to generate the serum did not contain
enough amount of crotamine, resulting in ineffectiveness of
antivenom to neutralize this protein during crotalic envenoming
treatment. This suggestion instigated us to investigate the
presence of crotamine in the venom of captive C. durissus of the
Laboratory of Herpetology at Butantan Institute (CP), comparing
them with the venom of newcomers from nature (NC), and to
analyze the adequacy of CP venom for the pool composition to
be used in antivenom production. We have also analyzed the
correlation between the presence of crotamine in three subspecies
(C. durissus terrificus, C. durissus collilineatus and C. durissus
cascavella) (Figure 1) according to geographical distribution
of the specimens. In addition, we compared the composition,
lethality and neutralization of antivenom in crotamine-positive
and crotamine-negative venom pools, searching for differences
between these types of venoms.

Methods
Venoms and Antivenom

The venoms of C. d. terrificus, C. d. collilineatus and C. d.
cascavella used in this study were obtained from the Laboratory
of Herpetology at Butantan Institute (Sdo Paulo, Brazil). Crude
venoms of 110 captive (CP) and 115 newcomer (NC) adult snakes
were collected by manual massage of the gland. Complete snake
information is available in Additional file 1. Immediately after
extraction, the samples were centrifuged at 2500 x g for 15
min, and the supernatant separated and kept at -20 °C until
testing. The crotalic antivenom (ACS - anticrotalic serum) was
provided by the Butantan Institute (Sao Paulo, Brazil), produced
by hyperimmunization of horses with a pool of two Crotalus
durissus subspecies, namely C. durissus terrificus (50%) and C.
durissus collilineatus (50%). About 10 mL of ACS neutralizes
at least 15 mg of Crotalus durissus terrificus reference venom
(serum neutralization in mice) according to the manufacturer.

Animals

In vivo assays were performed in male Swiss mice (weight 20
+ 2 g) obtained from the Animal Breeding Center of Butantan
Institute. The animal tests were approved by the Animal Care
and Use Committee from Butantan Institute (n. 9485210217).
All procedures involving animals were in accordance with the
animal research ethical principles adopted by the Brazilian
Society of Animal Science and the National Brazilian Legislation
no 11.794/08.

Identification of Crotamine-Positive and
Crotamine-Negative Snake Venoms

Polyacrylamide gel electrophoresis (SDS-PAGE)

The amount of 20 pg of venom was analyzed by 15% SDS-PAGE,

under reducing conditions, according to the method described
by Laemmli [42]. Gels were fixed with 10% ethanol and 7%

acetic acid for 1 hour and stained by Coomassie G according to
manufacturer’s recommendations (GE Healthcare).

Enzyme-linked immunosorbent assay (ELISA)

The ELISA test was performed according to the method described
by Oguiura et al. [18] with modifications. The venoms were
diluted in 0.15 M NaCl for a concentration of 10 ug/mL. One
hundred microliters of each sample were incubated for 2 h at 37°C
in 96-well polystyrene plates. The plates were then blocked with
200 pL of phosphate-buffered saline (PBS - 137 mM NaCl, 2.7
mM KCl, 10 mM Na HPO,,2 mM KH,PO,, pH 7.4) containing
3% of bovine serum albumin (BSA) for 30 min at 37°C.

One hundred microliters of anti-crotamine antibody produced
in rabbits (kindly provided by N. Oguiura [18]) (1/8,000 in
incubation buffer - 10 mg/mL BSA in PBS) were added to each
well. The plate was incubated for 1 hour at 37°C. Another 100
uL of secondary antibody (anti-rabbit IgG-peroxidase conjugate
1/3,000 in incubation buffer) was added to each well and the
plate was incubated at 37°C for 1 hour. Between each step, the
plate was washed three times with wash buffer (PBS containing
0.1% Tween 20).

The volume of 100 pL of developing solution (OPD 1 mg/mL
in PBS containing 0.1% H,0,) was added per well and the plate
was incubated for 20 min at room temperature and protected
from light. The reaction was stopped with 50 pL of 30% H,SO,.
The absorbance was recorded at 492 nm in microplate reader i3
SpectraMax (Molecular Devices). A crotamine curve ranging
from 0.016 to 1 pg/mL was used to quantify the amount of
crotamine present in each sample.

Western blotting

Venom samples (20 pg) separated by SDS-PAGE were
electrotransferred using Trans-Blot Turbo Transfer System
(Bio-Rad) onto PVDF membranes, previously equilibrated in
transfer buffer (25 mM Tris, 192 mM glycine, 20% ethanol). It
was used constant current of 2.5 A and voltage up to 25 V for
5 min. Thereafter, the membrane was blocked with TBS-milk
(Tris-buffered 0.15 M NaCl containing 5% non-fat milk and
0.1% Tween 20) overnight at 4°C. The membrane was washed
twice with wash buffer (10 mM Tris, 150 mM NacCl, 0.1% Tween
20; pH = 7.5) and incubated with 1/2,000 first antibody (anti-
crotamine) for 2 h at 4°C. After three times washing using
wash bufter, the membrane was exposed to 1/10,000 anti-rabbit
conjugated to peroxidase (Sigma) for 2 h at 4°C. The membrane
was washed three times again as abovementioned and reaction
was developed with diaminobenzidine (Sigma) and H,O, [43].

Localization by DIVA-GIS Program

Information regarding the presence/absence of crotamine
in individual venom samples was charted according to the
geographic localization of the respective animals, using DIVA-
GIS program.
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Comparison between crotamine-positive and
crotamine-negative venoms

After defining the crotamine-positive and crotamine-negative
snake venoms, we made a pool of crotamine-positive venoms
and another of crotamine-negative venoms, containing 10 pL of
each snake venom. Therewith, each pool had the same proportion
of CP and NC snake venoms selected randomly regardless of
gender or geographic distribution, totalizing 24 venoms of
different snakes in each pool. The pools were lyophilized and
stored at —20°C until use. The selected snakes are bolded on
Additional file 1.

Reversed-phase high-performance liquid
chromatography (RP-HPLC)

About 3 mg of each freeze-dried venom pool were dissolved
in 400 pL of solution A (0.1% trichloroacetic acid - TFA) and
centrifuged at 10,000 rpm for 10 minutes. Following a method
previously described by Calvete et al. [44], the supernatant was
applied on a Teknokroma Europa 300 C-18 (25x 0.46 mm, 5 um
particle size, 300 A pore size) reverse-phase column, previously
equilibrate with solution A + 5% solution B, using the AKTA
Purifier UPC10 system (GE Healthcare). Samples were eluted in
solution B (0.1% TFA and 95% acetonitrile) under the following
conditions: 5% of solution B for 5 min, a gradient of 5-25% of
solution B for 10 min, a gradient of 25-45% of solution B for 60
min, a gradient of 45-70% of solution B for 10 min, a gradient
of 70-100% of solution B for 10 min, and more 10 min with
100% of solution B. Fractionation was carried out at flow rate
of 1 mL/min and the elution of protein peaks was monitored
at 280 nm and 215 nm.

In solution trypsin digestion and mass spectrometric
identification

Samples of 100 pg of pooled venoms were dissolved in 50 mM
NaHCO,, reduced with 5 mM dithiothreitol for 25 min at 60°C
and then alkylated in the dark with 14 mM iodoacetamide at
room temperature for 30 min. Proteins were digested using
trypsin (Sigma-Aldrich) ata 1:100 (w/w) enzyme:substrate ratio,
overnight at 37°C. Digestion was stopped by addition of 0.6%
TFA (final concentration), samples were dried using a vacuum
centrifuge and stored at ~20°C until use [45].

Mass spectrometry experiments of venom digests were
performed on a Synapt G2 HDMS (Waters) mass spectrometer
coupled to a nanoAcquity UPLC system (Waters). Approximately
5 ug of each peptide mixture was loaded online for 5 min at a flow
rate of 8 uL/min of phase A (0.1% formic acid) using a Symmetry
C18 trapping column (5 pm particles, 180 pm x 20 mm length;
Waters). The mixture of trapped peptides was subsequently
separated by elution with a gradient of 7-35% of phase B (0.1%
formic acid in acetonitrile) through a BEH 130 C18 column (1.7
pm particles, 75 x 150 mm; Waters) in 90 min, at 275 nL/min.
Data were acquired in the data-independent mode UDMSE [46]
with ion mobility separation in the m/z range of 50-2000, in the

resolution mode and with 1.25 s of scan time. The ESI source
was operated in the positive mode with a capillary voltage of
3.1 kV, block temperature of 100°C, and cone voltage of 40 V.

For lock mass correction, a [Glul]-Fibrinopeptide B solution
(500 fmol/mL in 50% acetonitrile, 0.1 formic acid; Peptide 2.0)
was infused through the reference sprayer at 500 nL/min and
sampled every 60 s. Venom samples were analyzed in technical
duplicates. Mass spectrometry raw data were processed in
ProteinLynx Global Server 3.0.3 (PLGS, Waters) using low
energy threshold of 750 counts and elevated energy threshold
of 50 counts.

Database searches were performed against Crotalus durissus
sequences from UniprotKB/Swissprot (www.uniprot.org, 295
sequences, downloaded in May 22, 2019). The following search
parameters were used: automatic tolerances for precursor
and fragment ions, carbamidomethylation of cysteine as
fixed modification and oxidation of methionine, N-terminal
acetylation, glutamine and asparagine deamidation as variable
modifications. Up to two missed cleavage sites were allowed
for trypsin digestion. Protein identifications were considered
with a minimum of one fragment ion per peptide, five fragment
ions per protein, two peptides per protein and a false discovery
identification rate set to 1%, estimated by a simultaneous search
against a reversed database [47].

Label-free quantification was performed in Progenesis QI for
Proteomics (NonLinear Dynamics, Newcastle, UK) as previously
reported [48]. Briefly, the raw files were loaded in the software
and a reference run for the replicates was automatically chosen.
Precursor ion retention times were processed for alignment,
peak picking and normalized to the reference run with default
parameters. Relative quantification was carried out by the
comparison of peptide ion abundances, which were calculated
as the sum of the areas under the isotope boundaries. Significance
of the differentially abundant proteins between the groups was
determined using unpaired Student’s t-test considering p < 0.05.

Lethal dose 50% (LD,,)

Venom lethality was evaluated by injecting different doses (0.5
ug-5.0 pg; dilution factor: 1.8) of the crotamine-positive or
crotamine-negative pools dissolved in 500 pL of 0.15 M NaCl
by the intraperitoneal route, in groups of male Swiss mice (n =
5 of each dose). Deaths were recorded during 48 hand the LD, |
was calculated using the Probit analysis method [49].

Effective dose 50% (ED,,)

The ED, is defined as the dose that is able to neutralize the
action of venom in 50% of the same population of mice, based
on the amount of venom of 3-5 LD,

The venom (4x LD, ) and serial dilutions of anticrotalic
antivenom (Butantan Institute 15052) were homogenized and
incubated at 37°C for 30 minutes. Following, Swiss mice groups
(n = 5) were inoculated intraperitoneally (500 uL per mouse). The
first group was injected with enough serum to fully neutralize
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the amount of injected venom. Deaths were recorded during 48
hand the ED, was calculated using the Probit analysis method
[49]. The ED, was expressed as uL antivenom/ug venom.

Statistical analyses

We used Chi-square test to compare the methodologies and the
presence of crotamine between CP and NC, among subspecies.
Student’s t-test was employed to compare the LD, , ED, and
quantitative proteomics. Analyses were performed using
GraphPad Prism 7 program. Differences with p < 0.05 were
considered statistically significant.

Results

Identifying crotamine-positive and
crotamine-negative snake venoms
Three different methods were used in the present work — namely
SDS-PAGE, ELISA and western blotting - to verify the presence of
crotamine in C. durissus snakes and correlate the presence of this

protein within subspecies and geographic distribution. Regarding
methodology, no significant difference was observed among
the results obtained by each one (Figure 2A). For comparison
purposes, samples that showed divergent results among the three
approaches were excluded from other comparisons.

According to subspecies, most crotamine-positive snakes
(71%) were C. d. collilineatus, whereas all C. d. cascavella were
crotamine-negative. Only 35% of C. d. terrificus individuals
were crotamine-positive (Figure 2B). No statistical difference
was found when crotamine-positive snakes were compared
between NC and CP groups.

The geographic distribution of snakes in accordance
with presence of crotamine showed a higher concentration
of crotamine-positive snakes in the northwest region of Sdo
Paulo state whereas crotamine-negative animals are found
predominantly in the northeast region (Figure 3).

The final result for each sample, and images of SDS-PAGE
and western blotting membranes can be seen in Additional files
1, 2 and 3, respectively.

Figure 2. Percentage of C. durissus crotamine-positive (red) and crotamine-negative (blue) identified by: (A) each methodology, (B) according to subspecies and
(C) to the origin of snakes. WB: western blotting; Cdt: C. d. terrificus; Cdc: C. d. collilineatus; Cdv: C. d. cascavella; CP: captivity snakes; NC: newcomer snakes. *p

< 0.0003; **p < 0.0001; ***p < 0.02.
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Figure 3. Geographic distribution of C. durissus crotamine-positive (red) and crotamine-negative (blue) in a region of southeast of Brazil. A: C. d. terrificus; ®: C.

d. collilineatus.

Differences between crotamine-positive and
crotamine-negative venoms

Polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE results showed few differences between crotamine-
positive and crotamine-negative pools (Figure 4). Crotamine-
negative pool under non-reducing conditions showed two
exclusive bands (approximately 20 kDa and 37 kDa), and only
one under reducing condition (17 kDa). Arrows in Figure 4
indicate differential protein bands.

Reversed-phase high-performance liquid
chromatography (RP-HPLC)

Venoms were fractionated by RP-HPLC (Figure 5), and
each peak was then separated by SDS-PAGE (Figure 6). The
chromatograms were similar to each other, except for the peak
related to crotamine, the one with the most striking difference
(peak 2 in Figure 5).

Mass spectrometric identification (MS)

The MS showed a difference between pools in relation to the
abundance of some protein families (Figure 7), but none of
the pools showed any exclusive protein (Additional file 4). The
most relevant differences were in the higher abundance of CTX
and PLA, of crotamine-negative pool, with 45.94% and 5.97%,
respectively, while the positive-pool presented 28.71% of CTX
and 2.04% of PLA,. Moreover, the crotamine-positive pool had
a higher abundance of LAAO (16.57%) than the crotamine-
negative one (3.55%).

Lethal dose 50% (LD,,)

The calculated LD, of pools were resembling. The LD, of
crotamine-negative pool was 1.59 ug/20 g animal (confidence

interval: 1.19-2.13 pg/20 g animal), and the crotamine-positive
pool dose was 1.75 p1g/20 g animal (confidence interval: 1.26-
2.44 ug/20 g animal).

Effective dose 50% (ED,,)

The ED, of pools were very similar to each other. The ED, of
crotamine-positive pool was 0.29 puL/ug venom (confidence
interval: 0.27-0.31 uL/ug venom) and the ED, of crotamine-
negative pool was 0.38pL/ug venom (confidence interval 0.28-
0.59 pL/pg venom).

Discussion

Identifying crotamine-positive and
crotamine-negative snake venoms

In the present work, the authors used three different methods
to verify the presence of crotamine in C. durissus snakes of
different origins and subspecies. Our data showed that there
is no significant difference among the results obtained by each
methodology (Figure 2A). However, both western blotting and
ELISA assay require the production of specific antibodies in
laboratory animals, since they are not commercially available
[50]. Thereby, a C. durissus snake selection system based on
the detection of crotamine in its venom by SDS-PAGE could
be implemented in the Laboratory of Herpetology at Butantan
Institute to include in the serpentarium a determined percentage
of crotamine-positive snakes, assuring the presence of this
protein in the mixture used in antivenom production.

For comparison purposes, only samples identified as
crotamine-positive or crotamine-negative by all three
methodologies (212 venom samples) were used for comparative
analysis regarding subspecies and geographic distribution of the
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Figure 4. Electrophoretic profile of crotamine-positive pool (+) and crotamine-negative pool () from C. durissus venom under reduced (left panel) and non-
reduced (right panel) conditions. Venom pools (20 pg) were subjected to 15% SDS-PAGE and proteins were stained using Coomassie G (GE Healthcare). Arrows
point to different bands between crotamine-positive and crotamine-negative venom pools. MW: molecular weight marker (Dual Color Precision Plus Protein
Standards — BioRad).
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Figure 5. Elution profiles of pools of C. durissus venom by RP-HPLC monitored by 215 nm. Samples of 3 mg of lyophilized venom pools were dissolved in 0.1%
trifluoroacetic acid (TFA) (solution A) and subjected to RP-HPLC on a C18 column. Elution was performed at 1.0 mL/min by applying a gradient toward 0.1%
TFA and 95% acetonitrile (solution B), as described in the experimental section. Red (+): crotamine-positive venom pool; blue (-): crotamine-negative venom

pool.

Figure 6. Polyacrylamide gel electrophoresis (15%) of peaks collected by HPLC. The numbers correspond to numbered chromatographic peaks shown in Figure

7. Peaks divided into two aliquots are represented by letters “a” and “b”. MW: molecular weight marker (Dual Color Precision Plus Protein Standards — BioRad);

upper panel: crotamine-positive venom pool (+); bottom panel: crotamine-negative venom pool ().
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Figure 7. Overall composition estimated by mass spectrometry of venom
pools from C. durissus according to protein families, expressed as percentages.
(A) Crotamine-positive venom pool, (B) crotamine-negative venom pool.
Protein family abbreviation — CRO: crotamine; PLA,: phospholipase A,; CTX:
crotoxin; LAAQO: L-amino acid oxidase; SVSP: snake venom serine protease;
SVMP: snake venom metalloproteinase; PhPt: phosphoprotein; CTL: C-type
lectin. Others — globin: fragment of globin HBD, BPP: bradykinin potentiating
peptide, PLI: phospholipase A, inhibitor; VNGF: venom nerve growth factor.

specimens. Among these venom samples, 131 were crotamine-
negative, corresponding to 62% of the total samples analyzed.
A comparable result was obtained by Lourenco et al. [51], but
this majority of crotamine-negative snakes could be due to the
higher number of samples of some specific geographic region
or subspecies.

Comparison among subspecies

When considering subspecies, all C. d. cascavella used in this
work were crotamine-negative (Figure 2B), corroborating the
results obtained by Boldrini-Franga et al. [36]. In addition,
Toyama et al. [37] analyzed venoms of C. d. cascavella from

three different regions of Brazilian northeast and only found
crotamine in the venom of snakes belonging to Fortaleza city.
This could explain the absence of crotamine in our samples,
since the specimens used in this work were not from Fortaleza.

C. d. collilineatus was the subspecies with the highest percentage
of crotamine-positive individuals, with 71% crotamine-positive
snakes (Figure 2B). It is worth mentioning that 94% of C. d.
collilineatus used in this study are from captivity. Only two
snakes were NC and from these, only one was crotamine-positive.
Oliveira et al. [52] found a different result: only one of 22 venoms
of C. d. collilineatus studied showed crotamine in its composition.

The subspecies C. d. terrificus had the largest number of
individuals; this is the subspecies from nature more often
donated to the Butantan Institute, totalizing 66 captive and
104 wild snakes, from which 35% of individuals are crotamine-
positive. Considering only CP snakes, only 26% have crotamine
in its venom. This result shows that the amount of crotamine-
positive C. d. terrificus is low and may contribute for the
discrepancy of this protein in the pool used for anticrotalic
antivenom production.

Santoro et al. [38] had already compared the venoms of these
three subspecies and concluded that the venoms are very similar,
although C. d. cascavella venom was the most different one.
Corroborating the findings of the present work, these authors
did not find crotamine in C. d. cascavella venom. This result
was also found by Rangel-Santos et al. [53], whose work did not
identify considerable differences among activities of these three
subspecies of C. durissus.

Comparison between CP and NC

Previous studies indicate that captivity may alter the composition
or activities of snake venoms, as shown by Freitas-de-Sousa et al.
[54], who compared venoms of captive and wild Bothrops atrox
snakes and observed some differences between these two groups.
On the other hand, McCleary et al. [55] have not identified
significant differences between captive and wild Pseudonaja
textilis snake venoms. In addition, our group has recently shown
that captivity does not influence the composition and activities
of B. jararaca snake venom [56,57].

In the present work, a higher percentage of crotamine-
positive snakes was found in NC (41%) in comparison to CP
(36%) (Figure 2C). However, no statistical difference was
found when these data were analyzed by Chi-square test. Even
though these values are comparable, the low percentage of
CP crotamine-positive snakes may contribute for the weak
immunorecognition capability of the anticrotalic antivenom
toward crotamine [58]. Another possible cause of anticrotalic
antivenom deficiency regarding crotamine immune recognition
is the low immunogenicity of crotamine, due to its low molecular
weight [59-62]. However, Boldrini-Francga et al. [36] showed that
crotamine is able to induce a strong immune response after
immunizing rabbits against crotamine-positive snake venom.
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Geographic distribution

The geographic distribution of crotamine-positive and
crotamine-negative snakes revealed a pattern (Figure 3). Most
of the snakes collected are from the state of Sdo Paulo, so
the standardized distribution in this state is more visible.
There is a higher concentration of crotamine-positive snakes
in the northwest region of Sdo Paulo whereas crotamine-
negative are found predominantly in the northeast region.
This result is corroborated by Schenberg [39], who found a
similar distribution pattern of crotamine in C. durissus snakes
in the same region.

Differences between crotamine-positive and
crotamine-negative venoms

SDS-PAGE results showed other differences in addition
to the crotamine band (between 15 kDa and 10 kDa under
non-reducing conditions and above 10 kDa under reducing
conditions) in the electrophoretic profile of crotamine-negative
and crotamine-positive pools (Figure 4). Crotamine-negative
pool under non-reducing conditions shows two bands not found
in the crotamine-positive pool: one with approximately 20 kDa
and another close to 37 kDa. Under reducing conditions, the
crotamine-negative pool shows one band with 17 kDa not found
in the crotamine-positive venom pool, which is probably the
same protein that appears in the non-reduced state. Despite
these differences, no exclusive protein was found in either pool
(Additional file 4). It is important to consider that these proteins
may only be present in some crotamine-negative individuals but
not others, not necessarily representing a general role.

Much like SDS-PAGE, the overlapping HPLC chromatograms
showed higher similarity between the pools (Figures 5 and 6),
with the crotamine peak being the most notable difference
(peak 2, Figure 5).

The relative abundance of proteins that compose each venom
pool was estimated by shotgun mass spectrometric analysis (MS)
(Figure 7). Crotalus durissus snake venom is composed mainly
by crotoxin (CTX), a heterodimeric phospholipase A, (PLA))
and the main responsible for the neurotoxic effect of the venom
[41]. In addition to crotoxin, other PLA s are present in the C.
durissus venom composition. Besides neurotoxicity, PLA s in
general also cause cardiotoxicity, myotoxicity, hemorrhage,
as well as edema, convulsions, hyperalgesia, inflammation,
hypotension, inhibition of platelet aggregation, anticoagulation
and hemolysis [63]. In the crotamine-positive pool, the relative
abundance of CTX and PLA, is lower than in the crotamine-
negative pool, with 28.71% and 45.94% of CTX, and 2.04% and
5.97% of PLA , respectively.

Identified as the second most abundant component of C.
durissus venom, snake venom serine proteases (SVSP) affect the
victim hemostasis, disturbing mainly the coagulation system
[63]. The crotamine-positive venom pool has slightly higher
abundance of SVSP than crotamine-negative pool (25.03% and
22.85%, respectively).

L-amino acid oxidase (LAAO) amount was strikingly different
between the pools, with crotamine-positive pool containing
almost five times more LAAO than crotamine-negative pool.
Although its role in envenoming is still not clear, interesting
biological activities have been related for this protein, known
to be responsible for the yellow color of the venom [64-66]. This
difference could be caused by the venoms selected to compose the
crotamine-positive pool that included more yellow venoms than
the ones selected for the crotamine-negative pool (Additional
tile 1). In addition, crotamine-positive pool showed a higher
amount of C-type lectin (CTL).

Phosphoprotein (PhPt) found in both venoms is originated
by ophidian paramyxovirus, that can be found in sputum of
infected C. durissus [67]. Probably, these viruses were present
in the saliva of wild snakes and the virus was collected with
the venom. Snake venom metalloproteases (SVMP) are in
comparable relative abundances in both pools and were found
in low quantities, corroborating the findings of other authors
[41]. The category “others” includes fragment of globin HBD,
bradykinin potentiating peptides (BPP), phospholipase A,
inhibitor (PLI) and venom nerve growth factor (VNGF). No
exclusive protein was found in none of the pools. The complete
MS results are found in Additional file 4.

As for LD, , crotamine-negative venom pool was similar to
crotamine-positive pool. The LD, found by Santoro et al. [38]
for C. d. terrificus (1.468 ug/20 g animal) was closer to the LD, |
of the crotamine-negative pool (1.59 ug/20 g animal), whereas
the crotamine-positive pool dose was slightly higher (1.75
1g/20 g animal). The similarity of LD, , despite the differences
in composition, showed that synergism between proteins is
more important for lethality than individual protein activities.
Notwithstanding, the crotamine-positive venom pool took longer
to kill than the crotamine-negative pool (Figure 8A and B).

The animals were observed for a total period of 48 hours after
venom injection and the number of dead animals per group
was recorded every hour until 6 hours and then every 24 hours
after venom injection. After the first 24 hours post-injection,
there were no further deaths in both groups. In the first two
hours, five animals injected with the crotamine-negative pool
died, while all mice injected with the crotamine-positive pool
were still alive. Most deaths caused by the crotamine-positive
venom pool were recorded 24 hours after injection, while most
animals injected with the crotamine-negative venom pool died
within the first 6 hours. This difference in time to death may
be due to the presence of crotamine, which is a slightly lethal
protein [58,68,69]. Moreover, crotamine-negative venom pool
possesses relatively more CTX and PLA,, the clinically most
important neurotoxins of C. durissus [70], than crotamine-
positive venom pool (Figure 7) [36,41]. This observation suggests
that envenoming caused by crotamine-negative C. durissus
snakes may develop a more severe and faster symptomatology
than those caused by crotamine-positive specimens.

As well as the lethal dose, ED, showed no statistically
significant difference between pools. The ED, of crotamine-
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positive pool (0.29 pL/ug venom) is somewhat lower than the
crotamine-negative pool (0.38uL/ug venom). ED,  of both pools
found in the present study comprised a better result when
compared to that of the literature (0.5 uL antivenom/ug venom)
[4]. Time to death did not show a wide difference between pools
(Figure 9A and B). Despite the poor recognition of crotamine
by antivenom [36,41], the serum did not demonstrate efficiency
differences to neutralize the mortality of both pools, probably
due to the low relevance of this protein to venom lethality.

Finally, combined, these results could emphasize that,
although the presence of crotamine is important to compose
the venom pool used to produce crotalic antivenom, our
findings suggest that crotamine-negative venom causes death
in mice faster than crotamine-positive venom. Thus, it would
be important to carefully determine the snake composition
of the serpentarium of venom producer facilities, considering
not only the crotamine, but also all the complex set of proteins
that compose the venom.

Figure 8. Lethal dose of venom pools from C. durissus. Survival of mice of different groups according to time to death after injection of (A) crotamine-positive
and (B) crotamine-negative venom pools. Different colors represent different doses (ug venom/animal).

Figure 9. Effective dose of venom pools from C. durissus. Survival of mice of different groups according to time to death after injection of (A) crotamine-
positive and (B) crotamine-negative venom pools pre-incubated with crotalic antivenom. Different colors represent different doses (uL antivenom/animal).

Conclusion

There are several studies on the variation of the biological activity
and the composition of snake venoms and their importance
to antivenom production. In the present work, we analyzed
the crotamine variation of C. durissus venoms and sought to
relate this variant to the subspecies origin (captivity or nature)
and geographic localization. A possible correlation was found
between the presence of crotamine in relation to subspecies, in
which C. d. collilineatus is predominantly crotamine-positive,

C. d. cascavella does not present crotamine and C. d. terrificus
is mostly crotamine-negative. There is also a possible population
correlation, in which populations of C. durissus of the northwest
of Sdo Paulo possess more snakes with crotamine than those
found in the southeast. Moreover, there is no correlation between
snakes from captivity or from the wild and the presence of
crotamine in their venoms.

Despite the determination to use only crotamine-positive
snakes for antivenom production by the Brazilian Ministry
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of Health [71], our findings show differences between pools in
abundance of some proteins in venom composition and time
to death in the lethal dose assay. This indicates the importance
to use both crotamine-positive and crotamine-negative venoms
to produce the antivenom.
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