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ABSTRACT: Snakes of the Bothrops neuwiedi complex are widely distributed and represent medically
important species in Brazil. Here, we report compositional and functional profiles of the venom of seven
species of Bothrops neuwiedi group: Bothrops mattogrossensis, Bothrops pauloensis, Bothrops pubescens, Bothrops
diporus, Bothrops neuwiedi, Bothrops marmoratus, and Bothrops erythromelas. Toxin composition of individual
and pooled venoms showed remarkable inter- and intraspecific variability of the relative abundance of toxins
(evidenced by SDS-PAGE and RP-HPLC) and enzymatic activities (proteolytic, PLA2, and thrombin-like
activities). In vivo analyses showed that B. erythromelas venom is the most hemorrhagic, B. diporus was the
most lethal, and B. pubescens showed the highest myotoxic activity. Histopathological analysis showed that all
venoms induced edema, hemorrhage, inflammatory infiltrate, and necrosis of muscle fibers. Consistent with
large research evidence on the paraspecificity of various commercial antivenoms generated in Latin America,
the pentabothropic antivenom produced by Instituto Butantan showed a high profile of immunoreactivity and
lethality neutralization capability toward the venoms of the seven species of the B. neuwiedi clade. Interpreted
through the prism of evolution, our data revealed a PIII-SVMP/K49-PLA2 compositional dichotomy and a
remarkable conservation of immunological cross-reactivity across congeneric venoms throughout the 12−16 million years of
Bothrops phylogeny.
KEYWORDS: Bothrops venom variability, venom phenotypic dichotomy, antivenomics, immunological cross-reactivity, B. neuwiedi clade

1. INTRODUCTION
Snakebite envenoming (SBE) is an occupational hazard and a
WHO category A neglected tropical disease, affecting 4.5−5.4
million people, often young agricultural workers, living in
economically depressed rural communities in tropical and
subtropical regions of Africa, Asia, and Latin America.1,2 SBE is a
“disease of poverty” that annually claims >100.000 deaths
worldwide and leaves victims with permanent physical sequelae
and chronic mental morbidity that affect not only the surviving
victims but also their entire families, which enter a cycle of
generational poverty that is difficult to break.3 The timely
intravenous administration of safe and effective antivenoms
represents the only scientifically validated treatment for
snakebite envenomings.4,5 Since the development of the first
antivenoms in Brazil in 1901, there have been antivenom
manufacturers in Latin America, including Argentina, Bolivia,
Brazil, Colombia, Costa Rica, Mexico, Peru, and Venezuela.6 Pit
vipers of the genus Bothrops (Wagler 1824) include 48 species,7

which inhabit most of the ecoregions along South America, from

tropical rainforests, lowland or mountainous areas, grasslands,
and dry habitats.8

Thirty species of the genus can be found in Brazil. Between
2012 and 2021, a total of 202,604 cases of envenoming caused
by Bothrops spp. were notified, resulting in 766 fatalities.9 Only
in 2023, the Brazilian Notifiable Diseases Information System
(SINAN) recorded 25,115 cases of snakebite resulting in 119
deaths.10 About 86.4% of these accidents were associated with
bites by snakes of the genus Bothrops.10 The Bothrops neuwiedi
group of species comprises medically important snakes
distributed from northeastern Brazil to southern Argentina,
through Bolivia, Peru, Paraguay, and Uruguay.11 In Brazil, with
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the notable exception of the Amazon region, species of the B.
neuwiedi group occur in almost every other Brazilian
ecoregion.12 The morphological diversity observed in the B.
neuwiedi species complex described by Wagler (1824)13 was
associated with meristic variations of the nominal species
subdivided into 12 geographic subspecies.14,15 In 2008, da Silva
and Rodrigues16 performed a comprehensive taxonomic review
of the group, recognizing the long-standing 12 subspecies as
seven species: Bothrops neuwiedi, Bothrops diporus, Bothrops
lutzi, Bothrops mattogrossensis, Bothrops pauloensis, Bothrops
pubescens, and describing the new species Bothrops marmor-
atus.16 Subsequently, Machado et al. (2014)15 revised the
phylogenetic relationships within the B. neuwiedi complex,
including Bothrops erythromelas as part of the taxonomic group.
These authors demonstrated that the expanded B. neuwiedi
complex represents a strongly supported monophyletic group
and a sister clade of Bothrops jararaca.15 This conclusion was
corroborated by Alencar et al. (2016)17 (Figure 1B) and

Carrasco et al. (2023)18 (Figure 1A), who, in addition, included
a new species (Bothrops sonene from the Peruvian Pampas del
Heath, in the Bahuaja-Sonene National Park11) in their
proposed monophyletic B. neuwiedi group. The B. neuwiedi
and B. jararaca lineages diverged in the late Miocene (6−5
Mya),15,17 with subsequent Neogene/Quaternary (5−2 Mya)
diversification to their present phylogeny of two major lineages
within the B. neuwiedi clade, {B. mattogrossensis, B. pauloensis, B.
diporus, B. pubescens, and B. sonene} and {B. neuwiedi, B.
marmoratus, B. lutzi, and B. erythromelas}.15,17,18

Despite the medical importance of the venoms produced by
snakes of the B. neuwiedi species group in their respective
geographic ranges (see Figure 2 in Carrasco et al., 201911), their
toxin composition and functional profile have been only
reported for B. diporus from central (Coŕdoba), northern
(Formosa), and northeastern (Catamarca, Entre Rios, and
Misiones) Argentina;19,20 B. pauloensis from Sa ̃o Paulo,
Brazil;21,22 B. pubescens from the Brazilian State of Rio Grande

Figure 1. Phylogenetic relationship ofBothrops neuwiedi complex. (A) Phylogenetic tree based onCarrasco et al. (2023).18 (B) Phylogenetic tree based
on Alencar et al. (2016).17 (C) Geographic location of the specimens used in this study was plotted on a biome map. Biomes represented in (1) dark
green color: Amazon rainforest; (2) light orange: Cerrado; (3) light purple: Pantanal; (4) light brown: Caatinga; (5) light green: Atlantic Forest; and
(6) purple: Pampas. Points plotted in (a) yellow: B. mattogrossensis, (b) gray: B. erythromelas; (c) purple: B. marmoratus; (d) blue: B. pauloensis; (e)
orange: B. neuwiedi; (f) green: B. diporus; and (g) red: B. pubescens.
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do Sul;23 and B. erythromelas from the Caatinga ecoregion in
northeast Brazil.24 Other studies did not specify the subspecies
sampled or employed a pool of venoms from different
subspecies.25−27 On the other hand, the immunization mixture
used by Instituto Butantan, the institution responsible for the
production of about 90% of the serums and vaccines in Brazil,28

to produce the equine bothropic polyvalent F(ab’)2 antivenom
(soro antibotroṕico�SAB) comprises venoms from B. jararaca
(50%, mainly from the SE phylogroup29), B. alternatus (12.5%),
B. jararacussu (12.5%), B. moojeni (12.5%), and the B. neuwiedi
group (12.5%, variable relative amounts of currently recognized
species).30,31

Defining the phylogeographic boundaries of an antivenom’s
effectiveness has implications for optimizing its clinical use.
There is a large body of evidence in the literature on the
paraspecific effectiveness of bothropic antivenoms produced in
Latin American countries in the neutralization of congeneric
venoms, e.g., Moura-da-Silva et al. (1989);32 de Roodt et al.,
1998;33 Otero-Patiño et al., 2002;34 Rojas et al., 2005;35 Queiroz
et al., 2008;36 Gutieŕrez, 2009;37 Segura et al., 2010;38 Dias da
Silva and Tambourgi, 2011;39 Sousa et al., 2013;40 de Roodt et
al., 2014;41 and Mora-Obando et al., 2021.42 Notwithstanding
reported intra- and interspecific bothropic venom variability
attributed to ontogenetic shift,22,43−47 gender,48,49 and geo-
graphic origin29,50,51 that could had affected antivenom efficacy,
there is remarkable para-specificity exhibited by antivenoms
generated against immunization mixtures that included venoms
from phylogenetic distant Bothrops species, which may be
ascribed to a large conservation of immunoreactive epitopes on
venom toxins across much of the natural history of Bothrops, a
genus that has its roots in South America during the middle
Miocene, (14.07 (CI95:16.37−11.75) Mya17,52). Here, we
compare the structural and functional venomics profiles of B.
mattogrossensis, B. pauloensis, B. pubescens, B. diporus, B. neuwiedi,

B. marmoratus, and B. erythromelas. Additionally, we report a
comprehensive toxin-resolved antivenomics analysis and the in
vivo capability of the pentabothropic antivenom produced by
Instituto Butantan to neutralize the lethality of B. mattogrossen-
sis, B. neuwiedi, B. pubescens, and B. marmoratus in mice.

2. EXPERIMENTAL SECTION

2.1. Snakes, Venoms, and Antivenom
This study was registered with the Brazilian National System for the
Management of Genetic Patrimony and Associated Traditional
Knowledge (SISGEN, registration no. AC75E7B). Venoms of B.
neuwiedi, B. marmoratus, B. pauloensis, B. mattogrossensis, and B.
erythromelas were obtained from adult snakes kept in captivity at the
Laboratory of Herpetology, Instituto Butantan, Saõ Paulo, Brazil.
Venoms of B. diporus and B. pubescens were obtained from adult snakes
kept in captivity at the Ncleo Regional de Ofidiologia de Porto Alegre,
Fundaçaõ Zoobotan̂ica, Porto Alegre, Brazil. Animals were maintained
under controlled temperature, humidity, and light/dark cycle (12:12).
The snakes were fed on rodents (Mus musculus and/or Rattus
norvegicus) once a month.53 The geographic origin and sex from all
the snakes used in this work are disclosed in Supporting Information, S1
and Figure 1C. Due to specimens availability, the B. marmoratus venom
sample comprised venom from two individuals and their six offspring
(adults). Unfortunately, it was not possible to include B. lutzi and B.
sonene venoms in the present study due to a lack of availability. Venoms
were centrifuged for 15min at 1,700g, lyophilized, and stored at −20 °C
until use. Venoms were evaluated individually by in vitro tests; however,
for in vivo assays, venom pools composed of equal amounts of
lyophilized individual species venoms were used. Protein concentration
was determined on individual and pooled venoms according to the
method described by Bradford,54 using the Bio-Rad Protein Assay
reagent and bovine serum albumin as standard. All samples were
analyzed in triplicate.

The bothropic polyvalent F(ab’)2 antivenom (soro antibotroṕico�
SAB�batch 220015; expiration date 07/2025) used in the
immunorecognition assays was provided by Instituto Butantan (Saõ

Figure 2. Venom proteome of Bothrops mattogrossensis. The venom proteome was assessed through a bottom-up venomics workflow that includes the
decomplexation and quantification of the venom components by reverse-phase (RP) chromatography and SDS-PAGE analysis of the chromatographic
fractions, and downstream mass spectrometric identification of the venom toxins. SVMPi, tripeptide inhibitor of snake venom metalloproteinases
(ZBW); DISI, disintegrin; BPP, bradykinin-potentiating peptides; svVGF, snake venom vascular growth factor; K49-PLA2, K49-phospholipase A2
homologues; D49-PLA2, D49-phospholipase A2; SVSP, snake venom serine proteinase; CRISP, cysteine-rich secretory protein; CTL, C-type lectin-
like protein; PI-SVMP, snake venom metalloproteinase from class I; PIII-SVMP, snake venom metalloproteinase from class III; and LAAO, L-amino
acid oxidase. Details of the individual proteins are shown in Supporting Information, S2.
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Paulo, Brazil). This antivenom was produced by hyperimmunization of
horses against a pool of four Bothrops species venoms, namely, B.
jararaca (50%),B. alternatus (12.5%),B. jararacussu (12.5%), B. moojeni
(12.5%), and the B. neuwiedi complex (B. neuwiedi, B. pauloensis, B.
mattogrossensis, and B marmoratus, 12.5%). The final formulation
consists of purified F(ab’)2 fragments generated by digestion with
pepsin of ammonium sulfate-precipitated IgG molecules. A vial of SAB
contained 46.45 mg/L of F(ab’)2 and a nominal neutralization capacity
of 50 mg of B. jararaca venom (the reference venom for assessing the
bothropic antivenom potency in Brazil).

2.2. Compositional Analysis of B. neuwiedi Clade Snake
Venoms
The toxin composition of the venoms of B. neuwiedi, B. marmoratus, B.
pauloensis,B. mattogrossensis, B. erythromelas,B. diporus, and B. pubescens
was analyzed by SDS-PAGE (Laemmli, 1970)55 under both reducing
and nonreducing conditions in 15% polyacrylamide gels and visualized
by Coomassie Brilliant Blue G250 (GE Healthcare) staining. The
venom proteomes of these venoms were analyzed also by RP HPLC
decomplexation as described (Gay et al.19). Briefly, 2 mg of crude,
lyophilized venom was dissolved in 200 μL of 5% acetonitrile in water
containing 0.1% trifluoroacetic acid (TFA), centrifuged, and submitted
to RP HPLC separation using a Teknokroma Europa Protein 300C18
(0.4 cm × 25 cm, 5 mm particle size, 300 Å pore size) column and an
LC 1100 High Pressure Gradient System (Agilent Technologies, Santa
Clara, CA, USA). The flow-rate was set to 1 mL/min, and the column
was developed with a linear gradient of 0.1% TFA in water (solution A)
and acetonitrile (solution B) using the following column elution
conditions: isocratically (5% B) for 5 min, followed by 5−25% B for 10
min, 25−45% B for 60 min, and 45%−70% for 10 min. Protein
detection was carried out at 215 nm. Fractions were collected manually,
dried in a vacuum centrifuge (Savant), redissolved in water, and
submitted to SDS-PAGE analysis under reducing and nonreducing
conditions. Protein classes were assigned to chromatographic peaks by
similarity to elution time and electrophoretic band composition of B.
neuwiedi clade venoms reported in the literature, B. pauloensis,21 B.
diporus,19 B. erythromelas,24 B. pubescens,23 and B. mattogrossensis (this
work). The relative abundances of the protein families present in the
venoms were calculated as the ratio of the sum of the percentages of the
individual proteins from the same toxin family to the total area of venom
protein peaks in the RP chromatogram and graphed as pie charts.

2.3. Venomic Analysis of B. mattogrossensis Venom
Proteome
The proteome of B. mattogrossensis venom was characterized through
the bottom-up snake venomics workflow described in Eichberg et al.
(2015).56 To this end, protein bands excised from Coomassie Brilliant
Blue-stained SDS-PAGE gels of the chromatographic fractions
collected through RP-HPLC venom decomplexation were subjected
to automated in-gel reduction (10 mM dithiothreitol) and alkylation
(50 mM iodoacetamide), followed by overnight sequencing-grade
trypsin digestion (66 ng/μL in 25 mM ammonium bicarbonate, 10%
acetonitrile; 0.25 μg/sample) in an automated processor (ProGest
Protein Digestion Workstation, Genomic Solution Ltd., Cambridge-
shire, UK). The tryptic digests were dried in a SpeedVac (SavantTM,
Thermo Scientific Inc., West Palm Beach, FL, USA), redissolved in 15
μL of 0.1% formic acid in water, and submitted to LC−MS/MS. To this
end, tryptic peptides were separated by nano-Acquity UltraPerform-
ance LC using a BEH130C18 (100 μm × 100 mm, 1.7 μm particle size)
column in-line with a SYNAPTG2High-DefinitionMass Spectrometry
System (Waters Corp. MilfordMassachusetts, USA). The flow rate was
set to 0.6 μL/min, and the column was developed with a linear gradient
of 0.1% formic acid in water (solution A) and 0.1% formic acid in
acetonitrile (solution B), isocratically 1% B for 1 min, followed by 1% to
12% B for 1 min, 12% to 40% B for 15 min, and 40% to 85% B for 2 min.
Doubly and triply charged ions were selected for collision-induced
dissociation MS/MS. Fragmentation spectra were interpreted (a)
manually (de novo sequencing); (b) using the online form of the
MASCOT program at http://www.matrixscience.com against the
NCBI nonredundant database; and (c) processed in Waters

Corporation’s ProteinLynx Global SERVER 2013 version 2.5.2 (with
Expression version 2.0) against the species-specific venom gland
cDNA-derived toxin sequences. MS/MS mass tolerance was set to 0.6
Da. Carbamidomethyl cysteine and oxidation of methionine were
selected as fixed and variable modifications, respectively. Amino acid
sequence similarity searches were performed against the available
databanks using the BLAST program implemented in theWU-BLAST2
search engine at http://www.bork.embl-heidelberg.de.

The relative abundances of the chromatographic peaks obtained by
RP HPLC fractionation of the whole venom were calculated as “% of
total peptide bond concentration in the peak” by dividing the peak area
by the total area of the chromatogram.56 For chromatographic peaks
containing single components (as judged by SDS-PAGE and/or MS),
this figure is a good estimate of the % by weight (g/100 g) of the pure
venom component.57 When more than one venom protein was present
in a RP fraction, their proportions (% of total protein band area) were
estimated by densitometry of Coomassie-stained SDS-polyacrylamide
gels using MetaMorph Image Analysis Software (Molecular Devices).
Conversely, the relative abundances of different proteins contained in
the same SDS-PAGE band were estimated based on the relative ion
intensities of the three most abundant peptide ions associated with each
protein by MS/MS analysis. The relative abundances of the protein
families present in the venom were calculated as the ratio of the sum of
the percentages of the individual proteins from the same toxin family to
the total area of the venom protein peaks in the RP chromatogram.

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium58 via the PRIDE59 partner repository
with the data set identifier PXD066646.

2.4. In Vitro Functional Analysis
2.4.1. Proteolytic Activity on Collagen. Collagenolytic activity

was determined as described by Vaćhova ́ and Moravcova ́ (1993)60 and
modified by Antunes et al. (2010),61 using azocoll as substrate. Briefly,
6.25 μg of venom was incubated with 50 μL of 5 mg/mL azocoll
(Sigma) solution, both solubilized in Tyrode buffer (137mMNaCl, 2.7
mM KCl, 3.0 mM NaH2PO4, 10 mM N-(2-hydroxyethyl)piperazine-
N′-ethanesulfonic acid, 5.6 mM dextrose, 1 mM MgCl2, 2 mM CaCl2,
pH 7.4) for 1 h at 37 °C in a thermoshaker (Kasvi), with constant
stirring speed set at 1,200 rpm. The reaction was stopped by placing
samples on ice. After centrifugation for 3 min at 5,000g, the absorbance
of the supernatant (200 μL) was measured at 540 nm with SpectraMax
i3 microplate reader (Molecular Devices). One unit of activity was
defined as the amount of venom that causes an increase of 0.003 units of
absorbance, and the specific activity was expressed as U/min/mg of
venom.61 All samples were assayed in triplicate. Data were expressed as
the mean ± SD.
2.4.2. Phospholipase A2 Activity. Phospholipase A2 (PLA2)

activity was determined based on the method described by Holzer and
Mackessy.62 Twenty microgram of venom in 40 μL in 0.85% saline was
mixed with 200 μL of 10 mM Tris−HCl, 10 mM CaCl2, 0.1 M NaCl,
pH 8.0 in a 96-well microplate. Then, 20 μL of the monodisperse
synthetic substrate 4-nitro-3-octanoyloxy-benzoic acid (4-NOBA)
(4.16 mM in acetonitrile) was added to a final concentration of 0.32
mM. After incubation for 60 min at 37 °C, the absorbances were
recorded at 425 nm with a SpectraMax i3 microplate reader (Molecular
Devices). It was assumed that a change in absorbance of 0.01 is
equivalent to 25.8 nmoles of chromophore release.62 One unit of PLA2
activity corresponded to 1 nM released chromophore. Specific
phospholipasic activity was expressed as nmoles of chromophore/
min/mg of venom. All samples were assayed in triplicates, and data were
expressed as mean ± SD.
2.4.3. Thrombin-Like Activity on Chromogenic Substrate.

The chromogenic substrate S-2238 (Chromogenix) was used to assess
the thrombin-like activity of serine proteases according to the
manufacturer’s recommendations, with some modifications. Five
microliter of 1 mg/mL venom in 0.85% saline was incubated with 10
μL of chromogenic substrate S-2238 (4 mM) and 90 μL of 50 mMTris
pH 8.0 at 37 °C for 5 min. The reaction was stopped by the addition of
90 μL of 20% acetic acid, and the absorbance values were measured at
405 nm with SpectraMax i3 microplate reader (Molecular Devices).
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Bovine thrombin (2 U/mL; Roche) was used as a positive control. All
samples were assayed in triplicate, and data were expressed as mean ±
SD.
2.5. In Vivo Biological Activity Assays
Experiments using mice were approved by the Ethics Committee for
Animal Use from Butantan Institute, Saõ Paulo, Brazil (protocols
3474090218 and 9567060824), under the guidelines of the Brazilian
National Council for Control of Animal Experimentation, in agreement
with the International Guiding Principles for Biomedical Research
Involving Animals63 and the ARRIVE guidelines for the Report for in
vivo experiments.64

2.5.1. Lethal Dose 50%. The LD50 of the venom pools was
determined by Probit analysis65 using the StatPlus software version
5.8.4.3 (AnalystSoft). To this end, different doses of venom (ranging
from 23 to 230 μg) solubilized in 500 μL of sterile 0.85% saline were
injected intraperitoneally in 5 male Swiss mice (18−22 g) per dose
group, and deaths were registered at 48 h.
2.5.2. Minimum Hemorrhagic Dose. For the determination of

minimum hemorrhagic dose (MHD), the method described by Kondo
et al. (1960)66 modified by Gutieŕrez et al. (1985)67 was used.
Increasing doses of venom pools (1.25−15 μg/mouse) in 50 μL of
sterile 0.85% saline solution were injected by intradermal route into the
abdominal skin of groups of 5 male Swiss mice (18−22 g). After 3 h, the
animals were euthanized, and the abdominal skin was removed,
photographed, and digitalized. The hemorrhagic area was obtained
using the ImageJ software version 1.51j8. The MHD was defined as the
amount of venom that produces hemorrhage with a mean area of 1 cm2

after 3 h of venom injection, and results are expressed as mean ± SD.
2.5.3. Edematogenic Activity. The edematogenic activity of

venom pools was evaluated in groups of 5 male Swiss mice weighing
18−22 g. Edema was induced by the injection of 1 μg of venom into the
subplantar tissue of the mouse right hind paw.68 The contralateral paw
received the same volume of a 0.85% saline solution. Paw edema was
determined bymeasuring paw thickness using a digital caliper at 0 (time
before subplantar injection of snake venoms or sterile saline), 1, 2, 4, 6,
and 24 h post injection. Results were calculated as the difference in the
thickness of both paws, and edema was expressed as the percentage
increase in paw thickness. Data were expressed as mean ± SD.
2.5.4. Myotoxicity. The myotoxic activity of venoms was

determined as described by Segura et al. (2017)69 and Gutieŕrez et
al. (2008).70 Fifty microgram of venom (1 mg/mL in 50 μL of 0.85%
saline) was injected intramuscularly (i.m.) in the right gastrocnemius
muscle of 5 male Swiss mice weighing 18−22 g. Mice in the control
group received 50 μL of 0.85% saline only. Three hours after the
injection, the mice were bled from the tail, and blood was collected in
heparinized capillaries. The activity of the creatine kinase enzyme was
quantified using the CK NAC UV kit (Bioclin) and expressed as mean
± SD in units per liter (U/L).

Additionally, after blood collection, animals were euthanized, and the
injected gastrocnemius muscles were dissected and immediately placed
in a 10% formalin solution. After routine processing, tissue samples
were embedded in paraffin, and 5 μm sections were obtained and
stained with hematoxylin and eosin for histological assessment.
2.6. Immunorecognition Profile of the Brazilian
Pentabothropic F(ab’)2 Antivenom
2.6.1. Immunoaffinity Chromatography-Based Antivenom-

ics. The third-generation antivenomics (3GA) protocol described by
Pla et al. (2017)71 and Calvete et al. (2018)72 was applied to assess the
immunoreactivity of the Brazilian bothropic polyvalent F(ab’)2
antivenom (SAB) toward the venoms of B. mattogrossensis, B. neuwiedi,
B. pubescens, and B. marmoratus. The antivenom chromatographic
matrix was prepared in a batch of 3mL of CNBr-activated Sepharose 4B
matrix (GE Healthcare, refs 17-0430-01). Before antivenom coupling,
the CNBr-activated matrix batch was washed with 10−15 matrix
volumes of cold 1 mM HCl and two matrix volumes of coupling buffer
(0.2 M NaHCO3, 0.5 M NaCl, pH 8.3) to adjust the pH of the matrix
between 7.0 and 8.0. The washed matrix was incubated for 4h at room
temperature with 100 mg of antivenom, which had been extensively
dialyzed against deionized water to remove nonprotein substances, i.e.,

excipients and stabilizers, lyophilized, and solubilized in coupling buffer
at approximately 85 mg/mL. The supernatant containing nonbound
F(ab’)2 molecules was decanted, the affinity matrix was washed with
15x matrix volumes of cold 1 mMHCl, followed by two matrix volumes
of coupling buffer to adjust the pH of the column to 8.0−9.0, and the
protein concentration of coupled antivenom was estimated spectro-
photometrically from the difference of absorbance at 280 nm in a 1 cm
cuvette before and after the coupling of the antivenom using an
extinction coefficient (ε0.1%) of 1.36 (mg/mL)−1 cm−1.73 The
immunoaffinity matrix thus prepared contained 70 mg of antivenom/
mL. Nonreacted groups were then blocked with a matrix volume of 0.1
M Tris−HCl, pH 8.0, at 4 °C overnight using an orbital shaker. The
affinity matrices were washed alternately at high and low pH, with three
volumes of 0.1 M acetate buffer, 0.5 M NaCl, pH 4.0−5.0 and three
volumes of 0.1 M Tris−HCl buffer, pH 8.5. This treatment was
repeated 6 times.

Before incubation with the crude venoms, the immunoaffinity
columns were equilibrated with five matrix volumes of binding buffer
(phosphate-buffered saline, PBS). For the immunoaffinity assays, sets
of seven columns each containing 7 mg of F(ab’)2 immobilized onto
350 μL matrix were incubated with 100−3600 μg total proteins of the
crude venoms dissolved in 1/2matrix volume of PBS, and incubated for
1 h at 25 °C using an orbital shaker. As specificity controls, 350 μL of
CNBr-activated Sepharose 4B matrix, with or without 7 mg of
immobilized control (naiv̈e) IgGs, were incubated with 3600 μg of the
corresponding venom and run in parallel to the immunoaffinity
columns. Thereafter, antivenom and the specificity (naiv̈e IgG) and
mock matrix control columns were washed 5 times with PBS and eluted
with 5 matrix volumes of elution buffer (0.1 M glycine-HCl pH 2.0),
and the pH was neutralized with neutralization buffer (1 M Tris−HCl
pH 9.0). The crude venom and the nonretained and retained fractions
recovered from the affinity chromatography experiments were analyzed
by RP HPLC using a Discovery BIOWide Pore C18 (15 cm × 2.1 mm,
3 μm particle size, 300 Å pore size) column and an Agilent LC 1100
High-Pressure Gradient System equipped with DAD detector and
microautosampler. The flow rate was set to 0.4 mL/min, and the
column was developed with a linear gradient of 0.1% TFA in water
(solution A) and 0.1% TFA in acetonitrile (solution B): isocratically
(5% B) for 1 min, followed by 5−25% B for 5 min, 25−45% B for 35
min, and 45−70% for 5 min. Protein detection was carried out at 214
nm with a reference wavelength of 400 nm. The fractions (%) of
immunocaptured and nonimmunocaptured Toxin “i” (Txi) were
estimated as the relative ratios of the chromatographic areas of the
same protein recovered in the nonretained (NRi) and retained (Ri)
affinity chromatography fractions using the equation %Ri = [(Ri/(Ri +
NRi)) x 100], and the μg of Txi recovered from each species-specific
affinity column was calculated as (% Ri/100) × [(%Txi in the venom
proteome × (μg Txi incubated in the affinity column/100)]. The
maximal binding capacity of 7 mg of the Brazilian pentabothropic
F(ab’)2 antivenom was estimated as the sum of the maximal binding for
each venom toxin component by the set of species-specific affinity
columns comprising a 3GA experiment. The calculations are illustrated
in Supporting Information, S7−S10.

2.7. In Vivo Neutralization of Venom Lethality by the
Brazilian pentabothropic F(ab’)2 Antivenom
The capacity of the pentabothropic antivenom produced by Instituto
Butantan to neutralize the lethal activity of venoms from the B. neuwiedi
complex was assessed by intraperitoneal injection of 500 μL of a
solution containing 5 × LD50, which was previously incubated for 30
min at 37 °C with different dilutions of the antivenom, to groups of 5
male Swiss mice (18−22 g). Deaths were recorded after 48 h, and the
median effective dose (ED50) was estimated by Probit analysis65 using
the StatPlus software version 5.8.4.3 (AnalystSoft). The potency (i.e.,
the amount of venom (mg) neutralized per 1 mL of antivenom) was
calculated as P = [(n − 1)/ED50] × LD50, where “n” is the number of
LD50s used as challenge dose to determine the ED50. “n − 1” is used
because, at the end point of the neutralization assay, the activity of one
LD50 remains unneutralized, causing the death of 50% of mice.74,75

Potency enables an estimation of the amount of antivenom required to
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provide complete neutralization of a given quantity of venom. Potency
and ED50 are related by the formula

=
( )

P
ED

n
n

50

1

2.8. Statistical Analysis
The Shapiro−Wilk’s test for normality and Levene’s test for
homogeneity of variances were conducted. Following results were
statistically analyzed using one-way analysis of variance (ANOVA),
followed by the Tukey test. Differences with p < 0.05 were considered
statistically significant. For edematogenic activity, repeated measures
ANOVA were performed. General Linear Models were calculated to
establish correlations betweenMHD and LD50, and between K49-PLA2
and P-III snake venommetalloproteases (SVMP) HPLC peaks. Due to
the complexity of representing the statistical results in the figures, a

comparative statistical table for each venom biological effect tested is
displayed in Supporting Information, S5. Statistical analyses were
performed using GraphPad Prism software (version 8) and R software
(packages car, ggplot2).

3. RESULTS AND DISCUSSION

3.1. Bottom-Up Proteomic Analysis of the Toxin Arsenal of
Bothrops mattogrossensis Venom
The venom proteome of B. mattogrossensiswas unveiled through
our bottom-up venomics workflow that includes a first step of
decomplexation and quantification of the venom components by
RP chromatography and SDS-PAGE analysis of the chromato-
graphic fractions and downstream mass spectrometric identi-
fication of the venom toxins56 (Figure 2, Supporting
Information, S2). The RP chromatographic profile of B.

Figure 3. Electrophoretic profiles of B. neuwiedi clade venoms. Individual and pooled venoms (20 μg) were subjected to 15% SDS-PAGE, under
reducing conditions, and proteins were stained using Coomassie Blue G (GE Healthcare). MW: molecular weight marker (Dual Color Precision Plus
Protein Standards�BioRad). Numbers indicated the specimen according to Supporting Information, S1. Toxin class assignment was inferred by
similarity to electrophoretic band composition of B. neuwiedi clade venoms reported in the literature. PLA2, phospholipase A2; SVSP, snake venom
serine proteinase; CRISP, cysteine-rich secretory protein; CTL, C-type lectin-like protein; PI-SVMP, snake venom metalloproteinase from class I;
PIII-SVMP, snake venom metalloproteinase from class III; and LAAO, L-amino acid oxidase.
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mattogrossensis venom displays the “Bothrops venom pattern”,
which resembles that of other Bothrops species.40 Roughly, it is
qualitatively characterized by the sequential elution of tripeptide
inhibitors of snake venom metalloproteinases (SVMPi),

medium-sized disintegrins (DISI), bradykinin-potentiating
peptides, BPP (BPPs), K49-phospholipase A2 homologues
(K49-PLA2), cysteine-rich secretory proteins (CRISP), catalyti-
cally active D49-phospholipase A2 proteins (D49-PLA2), snake

Figure 4. Reversed-phase chromatographic profiles and SDS-PAGE from the extracted chromatographic peaks of venoms from B. neuwiedi clade.
Venom samples of 2 mg were subjected to RP-HPLC on a C18 column in a LC 1100High Pressure Gradient System (Agilent Technologies). The flow
rate was set at 1 mL/min, and the column was developed with a linear gradient of 0.1% TFA (solution A) and acetonitrile (solution B), as described in
experimental section. Fractions were collected and submitted to SDS-PAGE analysis under reducing and nonreducing conditions. Relative abundance
of protein families was calculated as the ratio of the sum of percentages of the individual proteins from the same toxin family to the total area of venom
protein peaks and graphed as pie charts (Supporting Information, S4). SVMPi, tripeptide inhibitor of snake venom metalloproteinases (ZBW); DISI,
disintegrin; BPP, bradykinin-potentiating peptides; svVGF, snake venom vascular growth factor; K49-PLA2, K49-phospholipase A2 homologues; D49-
PLA2, D49-phospholipase A2 ; SVSP, snake venom serine proteinase; CRISP, cysteine-rich secretory protein; CTL, C-type lectin-like protein; PI-
SVMP, snake venom metalloproteinase from class I; PIII-SVMP, snake venom metalloproteinase from class III; and LAAO, L-amino acid oxidase.
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venom serine proteinases (SVSP) + C-type lectin-like (CTL)
proteins, L-amino acid oxidase(LAAO) + SVMP, and in the very
last fractions of the chromatographic elution PI- and PIII-
SVMPs (Figure 2; Supporting Information, S2). In quantitative
terms, B. mattogrossensis venom toxin proteome is composed
predominantly by Zn2+-SVMP of classes PIII (28.8% of the
venom proteome) and PI (19.8%) and the endogenous
tripeptides (pyroGlu-(Lys/Gln/Gln)-Trp) (ZBW, 12.8%),
with less contribution from catalytically active (D49, 6.4%)
and myotoxic (K49, 7.5%) PLA2, LAAO (6.9%), BPP (5.8%),
SVSP (5.7%), DISI (3.2%), and CTL (2.5%) molecules. Other
toxins, e.g., snake venom nerve and vascular endothelial growth
factors, svNGF and svVEGF, respectively, CRISP, phospho-
diesterase, and 5′-nucleotidase (5NT) were identified in very
low (<1%) abundance. This toxin arsenal may account for the
hemotoxic and proteolytic activities underlying the hemor-
rhagic, coagulopathic, defibrinogenating, myotoxic, dermone-
crotic, and nephrotoxic effects commonly described in
bothropic envenomings.76−82 On the other hand, the tripeptide
ZBW accounts for 12.8% (28.8 × 10−4 mmoles %) of the total
RP-HPLC chromatogram area. ZBW, which are released into
the venom proteome by the proteolytic processing of a common
precursor with BPPs,83,84 have been characterized as weak
reversible endogenous inhibitors (IC50 in the range of 0.15−0.95
mM) of the fibrinogenolytic activity of SVMP85 under
physiological conditions.86 At the concentration found in B.
mattogrossensis venom, tripeptide ZBW represents 89.8% of all
the venom polypeptide molecules. The 20.4 [SVMPi]: 1 [(PI +
PIII)-SVMP] molar ratio may protect glandular tissues and
venom factors from the proteolytic activity of SVMPs stored at
high concentration in an inactive but competent state for many
months in the lumen of the venom gland of many Viperidae
snakes.87−89

3.2. Comparative SDS-PAGE and RP-HPLC Profiling Unveil
Distinct Compositional Patterns in B. neuwiedi Clade
Venoms

SDS-PAGE analysis of the protein profiles of individual and
pooled venoms from B. mattogrossensis, B. pauloensis, B.
pubescens, B. diporus, B. neuwiedi, B. marmoratus, and B.
erythromelas revealed intra- and interspecific venom variability
in their band composition and intensity (Figure 3). RP
chromatographic profiling showed that, notwithstanding the
electrophoretic variability between conspecific venoms and
among venoms of different species of the same evolutionary
clade (Figure 1), all the venoms of the B. neuwiedi complex
species exhibited the highly conserved qualitative Bothrops
venom pattern (Figure 4, Supporting Information, S3 and S4).
Toxin class assignment to chromatographic peaks, inferred by
similarity to elution time and electrophoretic band composition
of B. neuwiedi clade venoms reported in the literature, including
B. pauloensis,21 B. diporus,19 B. erythromelas,24 B. pubescens,23 B.
mattogrossensis (this work), and venom proteomes of Bothrops
asper lineages from the Pacific sides of Ecuador and southwest-
ern Colombia,90 showed that B. neuwiedi clade venoms are
predominantly comprised by (PI + PIII) SVMP and (K49 +
D49) PLA2 molecules and, to a minor extent SVSP, DISI, and
LAAO (Figures 2 and 4; Supporting Information, S3 and S4).
Relative toxin abundances calculated fromRP-HPLC chromato-
grams monitored at 215 nm correspond to % by weight (g toxin
class/100 g of venom).57 Expressing the compositional data in
millimoles %, all the B. neuwiedi clade venoms contained high
(18 ± 6) SVMPi/SVMP molar ratios. Also, all the B. neuwiedi

clade venoms analyzed showed a higher concentration of PI-
SVMP than PIII-SVMPs in the context of three distinct
compositional patterns characterized by their K49-PLA2/D49-
PLA2 mmol % ratios: (i) B. diporus, B. neuwiedi, B. pubescens, and
B. pauloensis expressed the highest concentration of K49-PLA2
and lowest content of PIII-SVMPs; (ii) the highest concen-
tration of D49-PLA2, lack of K49-PLA2s, and similar low
concentration of PIII- and PI-SVMPs (B. erythromelas); and (iii)
a similar proportions of K49- and D49-PLA2s (B. mattogrossensis
and B. marmoratus venoms) (Table 1, Supporting Information,
S4).

The venom compositional profiles fit a linear correlation
between the high abundance of K49-PLA2 and low concen-
tration of P-III SVMP (adjusted R-squared of 0.4244; p-value:
8.136 × 10−10). A multiple linear model including the species in
the correlation analysis confirmed the inverse proportional trend
between high abundance of K49-PLA2 and low abundance of P-
III SVMP (adjusted R-squared: 0.7423; p-value: 2.853 × 10−14).

Although the observed variation in venom composition is
widely documented and has been attributed to several ecological
drivers, including diet, no correlation was found between the
venom compositional profiles and dietary habits. Thus, except
for the nominal species B. neuwiedi, which has been described as
a mammal specialist, all the other species within the B. neuwiedi
complex exhibit a generalist diet comprising small mammals,
anurans, lizards, snakes, birds, and centipedes.91−95

3.3. Functional Analysis

In line with their highly conserved proteomic profiles, snakes
from the B. neuwiedi clade produce venoms with overlapping
functional activities, which potentially explain the local (rapid
edema formation, pain, inflammation, ecchymosis, hemorrhage,
local myonecrosis, dermonecrosis, and blistering) and systemic
effects (blood clotting perturbations, hypotensive shock and, in
severe cases, kidney failure)96−98 observed in bothropic
envenomations, including B. diporus,20 B. neuwiedi,99,100 B.
pauloensis,101 and B. mattogrossensis.38 Panels A and B of Table 2
summarize the mean (±SD) or median (95% confidence
intervals) values of the in vitro and in vivo biological activities,
respectively, characterized in the pooled B. neuwiedi clade
venoms sampled in this study. Values of the individual venoms
comprising the species pools and statistical analysis of the
functional assays are available in Supporting Information, S5.

Local damage is mainly caused by extracellular matrix-
degrading Zn2+-dependent PIII-SVMP102 and cytolytic PLA2
molecules.103 Myonecrosis, edema, inflammation, and acute
muscle damage are also widely correlated with PLA2
molecules.104,105 Thus, acidic D49-PLA2s AFJ79207 and
AFJ79208 isolated from B. diporus venom exhibited edema-
inducing activity but lacked myotoxicity,106 whereas basic
myotoxic K49-PLA2 myotoxin I from B. diporus collected in
the provinces of Santiago del Estero, Corrientes, and Misiones
(Argentina) showed myotoxic, cytolytic, and edema-inducing
activities.107 Thrombin-like serine proteinases targeting coagu-
lation factors, alpha-fibrino(geno)lytic PI-SVMPs, platelet
aggregation inhibitory disintegrins, and CTL molecules
synergistically potentiate the activity of hemorrhagic PIII-
SVMPs, resulting in increased incidence of systemic bleeding,
and interact with components of the hemostatic system,
contributing to blood clotting perturbations.108−113 Snake
venom VEGF-mediated hypotension and venom spread
through an increase in vascular permeability may act synergisti-
cally contributing to toxin dispersion, enhancement of the
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hemotoxicity of the venom.114,115 In addition, BPPs are
inhibitors of the angiotensin I-converting enzyme, resulting in
a net increase of the hypotensive effect of the circulating
bradykinin, thereby contributing to cardiovascular shock in the
snake’s prey or human victim.116−118

3.3.1. Collagenolytic Activity and MHD. Our present
comparative study of biological activities across B. neuwiedi clade
venoms revealed large individual variability of collagenolytic
activity, particularly in the venom of B. neuwiedi (ranging from
1.807 to 89.422 U/mg/min) (Figure 5A; Supporting
Information, S5). Our results showed a correlation (R2 =
0.8546 and p-value = 0.0029) between low collagenolytic
activity in the venoms of B. pauloensis, B. pubescens, and B.
diporus (Figure 5A) and the absence of a PIII-SVMP peak
eluting at 83 min in the RP-HPLC profiles of the venoms
exhibiting high collagenolytic activity�B. mattogrossensis
(Figure 2), B. neuwiedi, B. marmoratus, and B. erythromelas
(Figure 4). Interestingly, B. pauloensis, B. pubescens, and B.
diporus form a sister subclade of B. mattogrossensis in the
phylogenetic relationship of the B. neuwiedi complex (Figure 1A
and B), suggesting that the PIII-SVMP/collagenolytic activity
correlation may have emerged at the base of the monophyletic [
B. mattogrossensis, B. pauloensis, B. pubescens, and B. diporus]
lineage. Identical PIII-SVMP has been associated with the
collagenolytic activity of B. jararaca119 and B. moojeni47,120

venoms, further pointing to this PIII-SVMP [83 min] as a
collagenolytic metalloprotease. In concordance with this
hypothesis, a statistically significant inverse correlation (Pearson
r = −0.7554; R square = 0.5706, p-value = 0.0496) was
established between the venoms’ collagenolytic activities
(Figure 5A) and their MHD (Figure 5B), which results from
disruption of the integrity of the microvasculature by
hemorrhagic PIII-SVMPs.119,121

3.3.2. PLA2 Hydrolytic and Myotoxic Activities, Edema
Formation, and Tissue Damage. In line with its highest
content of catalytically active D49-PLA2, and lack of K49-PLA2
(Figure 4, Table 1) and myotoxic activity,122,123 B. erythromelas
venom had the highest phospholipasic activity on the
chromogenic substrate NOBA (Table 2, Figure 5C). Myotoxic
activity was determined by quantification of serum CK after
venom injection and, in concordance with previous stud-
ies,122,123 B. erythromelas and B. neuwiedi venoms yielded values
not statistically different from saline (negative control) (Table 2
and Figure 5D). In contrast, B. pubescens venom showed the
greatest myotoxic activity (Table 2 and Figure 5D), in
accordance with the high content of K49-PLA2 (Figure 4,
Table 1). However, synergistically acting D49- and K49-PLA2
molecules have been characterized in B. mattogrossensis124 and B.
diporus125,126 venoms, where the hydrolytic activity of D49-
PLA2s may destabilize the cell membrane integrity, thereby
facilitating the myotoxic activity of K49-PLA2 and increasing
venom toxicity.125,127

Local tissue damage commonly observed in bothropic
envenomings is caused by the myotoxic, hemorrhagic, and
edematogenic action of the venom components.2 Histopatho-
logical analysis of the gastrocnemius muscle (Figure 6) revealed
that all the B. neuwiedi clade venoms triggered an inflammatory
edematogenic response with massive leukocyte infiltration,
hemorrhage, and tissue damage described in bothropic
envenomings.128−130 B. erythromelas venom produced intense
hemorrhage seemingly due to its high abundance of
hemorrhagic toxins.131 Gastrocnemius muscle injected with B.
mattogrossensis, B. pauloensis, or B. pubescens venom presentedT

ab
le
1.
R
el
at
iv
e
A
bu

nd
an
ce
s
(g
/1
00

g
V
en
om

)
an
d
Pe

rc
en
ta
ge
s
of

T
ox
in

M
ol
ec
ul
es

(m
m
ol
es

%
)
of

M
aj
or

T
ox
in

C
la
ss
es

in
Bo

th
ro
ps

ne
uw

ie
di

C
la
de

V
en
om

sa

B.
m
at
to
gr
os
se
ns
is

B.
di
po
ru
s

B.
ne
uw

ied
i

B.
er
yt
hr
om

ela
s

B.
pu

be
sc
en
s

B.
pa

ul
oe
ns
is

B.
m
ar
m
or
at
us

m
as
s[

D
a]

%
(g
/1

00
g)

m
m
ol
es

%
%

(g
/1

00
g)

m
m
ol
es

%
%

(g
/1

00
g)

m
m
ol
es

%
%

(g
/1

00
g)

m
m
ol
es

%
%

(g
/1

00
g)

m
m
ol
es

%
%

(g
/1

00
g)

m
m
ol
es

%
%

(g
/1

00
g)

m
m
ol
es

%

K
49

-P
LA

2
1.
40

×
10

4
7.
5

0.
53

6
34

.3
2.
45
0

19
.9

1.
42
1

32
.6

2.
32
9

19
.7

1.
40
7

10
.7

0.
76

4
D
49

-P
LA

2
1.
40

×
10

4
6.
4

0.
45

7
6.
9

0.
49

3
10

.3
0.
73

6
26

.5
1.
89

3
2.
3

0.
16

4
15

.9
1.
13

6
9.
2

0.
65

7
PI
-S
V
M
P

2.
30

×
10

4
19

.8
0.
86

1
10

.7
0.
46

5
12

.8
0.
55

7
12

.1
0.
52

6
12

.2
0.
53

0
12

.7
0.
55

2
18

.1
0.
78

7
PI
II
-S
V
M
P

5.
20

×
10

4
28

.8
0.
55

4
14

.3
0.
27
5

9.
7

0.
18
7

24
.0

0.
46

2
10

.1
0.
19
4

9.
3

0.
17
9

22
.1

0.
42

5
SV

SP
2.
80

×
10

4
5.
7

0.
20

4
6.
3

0.
22

5
8.
8

0.
31

4
6.
0

0.
21

4
13

.5
0.
48

2
15

.3
0.
54

6
16

.1
0.
57

5
D
IS
I

7.
50

×
10

3
3.
2

0.
42

7
4.
2

0.
56

0
3.
3

0.
44

0
3.
4

0.
45

3
4.
7

0.
62

7
2.
4

0.
32

0
2.
8

0.
37

3
LA

AO
5.
60

×
10

4
6.
9

0.
12

3
4.
4

0.
07

9
8.
1

0.
14

5
4.
8

0.
08

6
3.
9

0.
07

0
5.
3

0.
09

5
3.
8

0.
06

8
C
T
L

2.
80

×
10

4
2.
5

0.
08

9
2.
9

0.
10

4
2.
4

0.
08

6
8.
0

0.
28

6
C
RI

SP
2.
30

×
10

4
0.
6

0.
02

6
1.
2

0.
05

2
4.
2

0.
18

3
0.
4

0.
01

7
5.
00

0.
21

7
0.
1

0.
00

4
2.
8

0.
12

2
SV

M
Pi

44
4.
4

12
.8

28
.8
03

2.
6

5.
85

1
8.
39

18
.8
79

6.
5

14
.6
26

6.
16

13
.8
61

7.
77

17
.4
84

8.
25

18
.5
64

a
T
he

[h
ig
h
K
49

-P
LA

2/
lo
w

PI
II
-S
V
M
P]

ve
no

m
co

m
po

sit
io
na

ld
ic
ho

to
m
y
is

hi
gh

lig
ht
ed

in
bo

ld
fa
ce
.

Journal of Proteome Research pubs.acs.org/jpr Article

https://doi.org/10.1021/acs.jproteome.5c00933
J. Proteome Res. 2026, 25, 1095−1114

1103

https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5c00933/suppl_file/pr5c00933_si_001.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5c00933/suppl_file/pr5c00933_si_001.xlsx
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.5c00933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


necrotic muscular fibers, evidenced by the presence of pyknotic
nuclei (Figure 6, panels B−D).

Among the seven species studied, B. pauloensis produces the
most edematogenic venom, while B. erythromelas has the least.
The peak of edema formation was reached after 2 h of venom
injection for all the species, except B. neuwiedi, which happened
after 4 h, and B. erythromelas, which reached the peak after just 1
h. After 6 h of venom application, B. erythromelas and B.
pubescens no longer differ from saline, indicating complete
edema remission. Conversely, complete edema resolution
occurred after 24 h in B. pauloensis, B. neuwiedi, B.
mattogrossensis, B. marmoratus, and B. diporus (Figure 5E).
This temporal edematogenic profile is similar to reports from
other Bothrops species.25,61,119,132,133 The statistical analysis of
the time-course edematogenic effect is available in Supporting
Information, S5.
3.3.3. Thrombin-Like Activity. Hemostatic disorders

caused by snake venom thrombin-like SVSP enzymes play a
key role in the pathophysiology of envenomation and prey
capture.134 Snake venom thrombin-like enzymes clot fibrinogen,
an essential protein for fibrin net formation and platelet
aggregation,135 thereby contributing to the depletion of
circulating clottable fibrinogen, causing venom-induced con-
sumption coagulopathy and hemorrhagic syndrome, typical
features of Bothrops sp. snake envenoming.136 Except for B.
erythromelas, which presented the lowest venom thrombin-like
activity (Figure 5G; Table 2), there is no difference in thrombin-
like activity among the B. neuwiedi clade species studied (for p-

values comparison, access Supporting Information, S5). The low
thrombin-like activity of B. erythromelas venom was expected
from the low relative abundance (7% of the venom proteome) of
SVSP.24 In addition, Nahas et al. (1979)137 and Furtado et al.
(1991)138 demonstrated lack of thrombin-like activity in B.
erythromelas venom, and Lotto et al. (2021)135 described the
deletion of the snake venom thrombin-like gene in B.
erythromelas. Another factor that may contribute to the lack of
thrombin-like activity is the high fibrinogenolytic activity of B.
erythromelas venom that may counteract the thrombin-like
activity.131

3.3.4. Venom Lethal Activity across the B. neuwiedi
Species Clade. Intravenous murine Lethal Dose 50% (LD50)
values for the venom of the species of the B. neuwiedi clade
ranged between 2.01 (CI95%: 1.35−2.68) mg/kg (B. diporus)
and 4.87 (CI95%: 3.34−6.64) mg/kg (B. erythromelas) (Table
2B). These figures are comparable to LD50s reported for other
Bothrops species.51,119,120,139

Hemorrhagic activity has been pointed to play a central role in
physiopathology of B. asper140 and Bothrops atrox51 snakebites,
and the hemorrhagic activity of nine Bothrops species has been
positively correlated with the venoms’ lethality by Ferreira et al.
(1992) with a R of 0.54.141 However, our results show an inverse
correlation between hemorrhagic activity and lethality (Pearson
r = −0.7799; R2 = 0.6082 and p-value = 0.0386) for the venoms
of the B. neuwiedi clade (Figure 7A). Notwithstanding the low
sample size, such trend reminds the functional dichotomy
described in rattlesnakes, where type I venoms with high

Table 2. Summary of theMean (± SD) orMedian (95%Confidence Intervals) Values of the Biological Activities Characterized in
B. neuwiedi Clade Venom Pools

B. mattogrossensis B. pauloensis B. pubescens B. diporus B. neuwiedi B. marmoratus B. erythromelas

(A) In vitro venom activities

phospholipase A2
(nmol/min/mg)

24.13 ± 4.03 55.84 ± 6.87 31.65 ± 3.90 39.01 ± 0.87 27.08 ± 5.70 26.52 ± 1.53 60.59 ± 9.193

collagenolytic activity (MCD,
U/min/mg)

27.29 ± 0.54 6.19 ± 0.76 4.09 ± 0.54 4.30 ± 1.11 26.90 ± 2.29 54.86 ± 3.93 41.01 ± 4.50

thrombin-like activity
(A405 nm)

1.36 ± 0.28 0.95 ± 0.01 1.10 ± 0.03 1.30 ± 0.02 1.06 ± 0.05 1.35 ± 0.05 0.24 ± 0.003

(B) In vivo venom activities
hemorrhagic (MHD,

μg/18−22g mouse)
2.99 ± 0.27 2.96 ± 0.47 4.69 ± 0.56 6.48 ± 0.05 2.89 ± 0.32 3.85 ± 0.30 1.13 ± 0.35

edematogenic activity
(D paw thickness)

126.1
(99.86−152.4)

174.5
(154.3−194.6)

87.35
(65.36−109.3)

125.7
(133.9−176.7)

155.3
(133.9−176.7)

142.4
(110.3−174.5)

71.38
(45.56−97.20)

myotoxicity (creatine kinase,
U/L)

511.51 ± 40.49 365.82 ± 189.04 1491.99 ± 262.45 458.24 ± 50.67 299.79 ± 62.47 408.12 ± 42.75 145.86 ± 43.51

lethal (i.p. LD50, μgV/gmouse
body weight)

3.29 (2.55−4.46) 2.38 (1.45−3.66) 2.47 (1.49−3.88) 2.01 (1.35−2.68) 2.47 (1.72−3.62) 2.91 (1.84−4.51) 4.87 (3.34−6.64)

(C) Antivenomics
mg venom bound/g AV 93.08 n.a.a 75.87 n.d.b 165.67 102.9 n.d.c

mg venom bound/mL AV 4.32 3.52 7.70 4.78
(D) In vivo antivenom neutralization

ED50 (mgV/g SAB) 143.4
(115.7−188.6)

135.9
(111.3−174.8)

129.5 (86.9−180.9) 281.4
(228.8−365.2)

210.4
(171.4−272.4)

154.5
(114.6−237.0)

161.8
(111.4−295.8)

potency [P]
(mgV/g SAB AV)

114.7
(92.5−150.9)

108.8
(89.0−139.9)

103.6 (69.5−144.7) 225.1
(183.1−292.1)

168.3
(137.1−217.9)

123.6
(91.7−189.6)

129.4
(89.1−236.7)

% antitoxin neutralizing
antibodies

123.23 136.55 101.59 120.12

(E) Venom yield and SAB vials/bite
venom yield (mg) 88.5 90.5 36.5 134.0 ± 68 61.3 43.8 36.3
vials SAB/venom yield 1.7 1.8 0.8 1.3 0.8 0.8 0.6
g F(ab’)2/vial SAB antivenom 0.4645
ana., data not available. bNot determined in this study; antivenomics assessment in Gay et al., Toxins (Basel). 2016, Dec 25; 8(1):9. doi: 10.3390/
toxins8010009. cNot determined in this study; antivenomics assessment in Jorge et al., J. Proteomics. 2015 Jan 30; 114:93−114. doi: 10.1016/
j.jprot.2014.11.011.
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hemorrhagic activity were less toxic, while highly toxic (type II)
venoms showed low protease activity and higher neurotoxic or
myotoxic activities.142,143 The LD50s from species in the B.
neuwiedi clade also show inverse correlation (Pearson r =
−0.3665; R2 = 0.1344, p-value = 0.4187) with their venom
myotoxicity (Figure 7B). Clearly, the role of synergistic
pathophysiological effects caused in bothropic envenom-
ings,2,119 i.e., coagulopathy, deserves further investigation.

3.4. Antivenomics Assessment of the Paraspecific
Immunorecognition and Lethality Neutralization Potency
of the Brazilian Pentabothropic Antivenom toward
Venoms from the B. neuwiedi Clade Species
The ability of SAB pentabothropic antivenom to recognize a
broad spectrum of medically important bothropic venoms,
including those of B. diporus19 and B. erythromelas24 within the B.
neuwiedi clade, has been documented in works spanning the last
three decades.36,38,40,144−147 Here, we have applied third-
generation antivenomics (3GA) to assess the toxin-resolved
paraspecific immunoreactivity of the SAB antivenom toward the
venoms of B. mattogrossensis, B. neuwiedi, B. pubescens, and B.
marmoratus (Figure 8).

The antivenomic analyses, displayed in Figure 8 and
Supporting Information, S7−S10, showed extensive cross-
reactivity across all of the toxin-resolved venom proteomes.
Table 2C provides a summary of the maximum binding
capacities (in mg venom/g antivenom and mg V/mL AV) of
the Brazilian SAB antivenom toward B. mattogrossensis, B.
neuwiedi, B. pubescens, and B. marmoratus venoms. The

Figure 5. Enzymatic and in vivo activities of individual and pooled
venoms from B. neuwiedi clade. (A) Collagenolytic activity. (B)
Minimum Hemorrhagic Dose (MHD). (C) PLA2 activity. (D)
Myotoxic activity, represented by CK liberation after 3 h of i.m.
venom injection. (E) Edematogenic activity, expressed by % of edema
induced by snake venom after 1, 2, 4, 6, and 24 h of injection. (F) Lethal
dose 50% (LD50), with superior and inferior limits expressed by error
bars. (G) Thrombin-like activity using S-2238 substrate (Chromoge-
nix). Methodological procedures are described in Experimental
Section.

Figure 6. Hystopathology of gastrocnemius muscle of mice injected
with venom from species of B. neuwiedi clade. (A) Control group
injected with 0.85% sterile saline solution (40×). (B) B. mattogrossensis
venom (20×). (C) B. pauloensis venom (20×). (D) B. pubescens venom
(20×). (E) B. diporus venom (20×). (F) B. neuwiedi venom (20×). (G)
B. marmoratus venom (20×) and (H) B. erythromelas venom (20×).
Black arrows indicate areas of necrosis; red arrows show hemorrhagic
regions; and blue arrows show inflammatory infiltrate. Edema can be
seen in all tissues analyzed.
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antivenom’s binding capacity toward B. neuwiedi venoms was
comparable to its ability to immunocapture the venom of the
reference venom (173.1 mg B. jararaca venom/g SAB
antivenom): 165.7 mg (B. neuwiedi), but was significantly
lower for the other venoms tested: 102.9 mg (B. marmoratus),
93.1 mg (B. mattogrossensis), and 75.9 mg (B. pubescens) of
venom/g SAB. However, antivenom binding capacity is not
necessarily a proxy for neutralization potency, and thus
translating in vitro data to a clinical scenario is not
straightforward. Therefore, the effective median dose (ED50)
of the SAB antivenom toward 5 LD50s of each of the seven B.
neuwiedi clade venoms was determined in the murine model
(Table 2D; Supporting Information, S6). The ratio between the
venom neutralizing potency [P] and the maximal toxin-binding
capacity (MaxBind) of an antivenom represents the proportion
of toxin-binding antibodies that contribute to its neutralization
potency. For all the venoms analyzed, this figure was >100%: B.
mattogrossensis (123.6%), B. pubescens (136.6%), B. neuwiedi
(101.6%), and B. marmoratus (120.1%). This apparent counter-
intuitive result is explained by considering that the different
venom proteins may contribute asymmetrically to the
toxicovenomic profile of the venom: if neutralizing a subset of
venom toxins to below their lethality threshold the antivenom
abrogates the lethal potential of the whole venom, P =
[MaxBind/(relative abundance (%) of the neutralized toxins)],
and thus the mathematical result of (P/MaxBind) × 100 >
100%.

Averaged venom yields for the venoms of the B. neuwiedi
group gathered from historical archives of the Laboratoŕio de
Herpetologia, Instituto Butantan, Sa ̃o Paulo, Brazil, and
Instituto Nacional de Produccioń de Bioloǵicos, A.N.L.I.S.
“Dr. Carlos G. Malbrań”, Buenos Aires, Argentina, are B.
mattogrossensis (88.5 mg), B. pauloensis (90.5 mg), B. pubescens
(36.5 mg), B. diporus (134 ± 68 mg), B. neuwiedi (61.3 mg), B.
marmoratus (43.8 mg), and B. erythromelas (36.3 mg) (Table 2E
and Supporting Information, S6). These figures suggest that
treatment of bites by species of the B. neuwiedi group deploying
an average amount of venom would require 1−2 vials of SAB
antivenom (Table 2E and Supporting Information, S6). Such
remarkable paraspecificity is in line with previous reports
showing neutralization of B. erythromelas venom activities,148

hemorrhage, edema, and lethal activity by SAB antivenom.149

3.5. Concluding Remarks

This work presents the first comparative characterization of the
venoms of seven species from the B. neuwiedi clade after its
taxonomic revision. Structural and functional venom profiling
revealed intraspecific and interspecific variability in the context
of the highly conserved qualitative Bothrops venom pattern. Of
note, all the B. neuwiedi clade venoms analyzed showed a higher
concentration of PI-SVMP than PIII-SVMPs. Also, our work
unveiled a [high K49-PLA2/low PIII-SVMP] venom composi-
tional dichotomy in the monophyletic subclade (B. mattogros-
sensis, (B. pauloensis, (B. pubescens and B. diporus))) of the B.
neuwiedi clade. However, the evolutionary origin and ecological
consequences of this venom variability deserve further research.
In the Carrasco et al. (2023) phylogeny,18 the B. jararaca group
(B. sazimai ((B. alcatraz and B. otavoi) (B. insularis and B.
jararaca))) is the sister clade of the B. neuwiedi group. The
venoms of B. insularis150 and B. alcatraz151 contain exclusively
acidic D49-PLA2; B. jararaca venom expresses both D49-PLA2
and basic K49-PLA2 molecules;29 and the venoms’ proteomes of
B. sazimai and B. otavoi have not been characterized.

The remarkable neutralization capacity exhibited by the
Brazilian SAB antivenom against the lethality of all the B.
neuwiedi clade venoms sampled is in line with previous findings
showing broad paraspecific neutralization of different bothropic
antivenoms toward Bothrops envenomings across South
American countries.32−42 While the medical efficacy of SAB
already suggested broad cross-reactivity between venoms of the
genus Bothrops, our current antivenomics results highlight the
immunological basis underlying the antivenom’s paraspecific
activity, namely, the conservation across the 12−16million years
of natural history of genus Bothrops90,146 of immunoreactive
epitopes on the major venom toxin families. Specifically,
significant cross-reactivity was observed for the major toxin
classes: K49-PLA2 (52.5 ± 24.4%), D49-PLA2 (52.7 ± 31.5%),
SVSP (58.5 ± 30.0%), PIII-SVMP (49.5 ± 20.6%), and PI-
SVMP (40.1 ± 34.2%). Our antivenomics data allow the
rationalization, in molecular terms, of the conclusions of in vivo
neutralization assays of the ability of SAB pentabothropic
antivenom to recognize a broad spectrum of medically
important bothropic venoms.36,38,40,144−147 This, in turn,
provides clues for improving the potency and expanding the
spectrum of the clinical applicability of the Brazilian
antibothropic polyvalent SAB antivenom.152

Figure 7. Correlation analysis between Lethal Dose 50% and Minimum Hemorrhagic Dose and myotoxicity. Pearson correlation test was performed
between (A) LD50 and MHD and (B) LD50 and myotoxicity.
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Figure 8. continued
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Figure 8. Antivenomics of Brazilian bothropic polyvalent antivenom from Instituto Butantan against venoms of the Bothrops neuwiedi clade.
Concentration-dependent and toxin-resolved maximal venom immunoretention for each RP-HPLC fraction in the affinity matrix is highlighted in
boldface and yellow background. Binding saturation was computed by extrapolation from data modeled in Excel to degree 2 polynomial functions.
Antivenom’s binding capacity (inmg venom (V)/g antivenom (AV), mgV/vial, andmgV/mLAV) is displayed in the boxes right to the chromatogram.
Acronyms: SVMPi, tripeptide inhibitors of snake venom metalloproteinases (SVMP); DISI, disintegrin; BPP, bradykinin potentiating peptide; PLA2,
phospholipase A2; svNGF, snake venom nerve growth factor; svVEGF, snake venom vascular endothelial growth factor; CRISP, cysteine-rich secretory
protein; SVSP, snake venom serine proteinase; CTL, C-type lectin-like; LAO, L-amino acid oxidase; PDE, phosphodiesterase; 5NT, 5′-nucleotidase;
and PIII- and PI-SVMP, SVMPs of class PI- and PIII, respectively.
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Gonçalves Sachett, J.; di Fabio, J. L.; Cortés, M. d. l. Á.; Brown, N. I.;
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