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venom proteomic analyses of four snakes from the viperidae (E. ocellatus and B. arietans)
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and elapidae (N. haje and N. katiensis) families are presented in this study. Two-dimensional
electrophoresis was combined with matrix-assisted laser desorption ionization time-of-
Editor: DR B Gyampoh flight mass spectrometry to analyze the venoms. Proteins were identified by comparing
mass spectrometry spectra to those in the reviewed Uniprot-Serpentes database. A protein
spot was considered differentially present between samples at a p-value of < 0.05 and
a fold change of >2. Viper venoms contained cytotoxic-inducing proteins such as SVMPs,
SVSPs, and cytotoxins, whereas elapid snake venoms contained neurotoxic proteins such
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Bitis arietans as PLA,, 3-FTx, and neurotoxins. The PDQuest annotated protein spots on the 2-DE gels
Echis ocellatus showed that the proteins in these snakes’ venoms were differentially expressed between
Naja haje snake families and species. The elapid venoms were predominantly acidic (low plI) with
Naja katiensis low molecular masses, whereas the viperid venoms had high molecular masses and a pl in
gfc[’)tgomics the region of 7. Venom phosphodiesterase, L-amino acid oxidase and cysteine-rich venom

protein were common in the venoms of these snakes, while an uncommon protein ac-
tiflagelin was detected in the Nagja venoms. Our findings show that there is significant
variation in the toxin profiles of these snakes, both at the species and family levels. This
has an impact on the clinical manifestations of envenomation. A thorough understanding
of the various toxins found in venomous snakes may aid in the development of new and
improved therapeutic strategies.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of African Institute of
Mathematical Sciences | Next Einstein Initiative.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Background

Despite significant efforts to improve its management, snakebite envenoming remains a public health challenge. Due
to the high number of disabilities and deaths it causes, the World Health Organization classified it as a neglected tropi-
cal disease [1]. The majority of fatalities occur in tropical and subtropical countries, where rural residents are victims of
snakebite [2]. They are vulnerable due to frequent contact with snakes, which occurs primarily during the rainy season,
which coincides with the snakes’ breeding season [2]. Agricultural workers, including young males and children, are partic-
ularly vulnerable [3,4]. Venom infiltration into the human body causes fatal hemorrhage, irreversible kidney failure, tissue
damage, permanent disabilities such as amputations, and death [4]. Snakes are found in warmer climates of tropical coun-
tries, particularly Africa, Asia, Latin America, and Oceania, due to their ectothermic nature [2,5]. About 20% of snakebite
cases occur in Africa [6], with an annual snakebites index of 580 000 [4]. The annual number of snakebites in Nigeria was
recently estimated to be 43,000, with 19,000 deaths [3].

The vipers and elapids are the most venomous snakes and are collectively responsible for over 95% of the reported cases
of envenoming, in the global perspective. In Nigeria, three snake species are primarily associated with envenoming, namely;
the carpet viper (E. ocellatus), followed by puff adder (B. arietans) and the black-necked spitting cobra (Naja nigricollis) be-
longing to the viperidae and elapidae families respectively [3,7]. Proteomics approaches have been explored to comprehen-
sively study complex proteins and their functions [8]. It also allows for the detection of minute differences in the venom
of very closely related snake species [9], demystifying the complexity and diversity of snake venoms. One of the proteomic
approaches used for unraveling the complexity of snake venoms, identification, and characterization of constituent venom
proteins is two-dimensional gel electrophoresis (2-DE) coupled with mass spectrometry (MS) [10-12].

The evolution of proteomics technologies, particularly the 2-DE coupled with MS strategy that was successfully used for
the analysis of snake venoms has provided promising insights into venom composition, protein function and evolutionary
relationships in snakes [13]. The aim of this study was to comparatively analyze (inter species) venoms from four snake
species belonging to the two most medically important snake families. Using 2-DE coupled with MALDI-TOF MS, we present
the first comparative proteomic analysis of venoms from the elapidae (N. haje and N. katiensis) and viperidae (E. ocellatus and
B. arietans) snake families native to Nigeria.

Methods
Snakes

Ahmadu Bello University approved all experimental protocols, and snake handling was approved and carried out in accor-
dance with the Ahmadu Bello University Committee on Animal Use and Care. All methods are reported in accordance with
ARRIVE guidelines 2.0 for animal experiment reporting [14]. During the rainy season, adult male snakes from the viperidae
(E. ocellatus and B. arietans) and elapidae (N. haje and N. katiensis) families were randomly captured from different regions
of Southern and Northern Nigeria. In each region, six snakes (three of each species) were captured. They were kept at the
serpentarium, at the Department of Veterinary Pharmacology and Toxicology. Their venoms were manually extracted after
three days, as described by Hill and Mackessy [15]. Snake venoms from the same species were combined. They were frozen
at -80 °C, lyophilized in a freeze-dryer, and stored at -20 °C.

Venom protein extraction

The extraction of venom proteins was carried out as previously described [8]. Dry weights (2 mg) of the lyophilized
venom were solubilized in 50 pL 1X PBS and centrifuged at 15,700 x g for 5 min at 4°C. Six hundred (600) puL of cold
acetone was added to the supernatant and the samples were incubated for 15 min at -20°C. The protein pellets were air-
dried and suspended in 100 pL 1X PBS buffer (pH 7.4). Protein concentration of each sample was quantified as described
[16].

Two-dimensional gel electrophoresis

The protein samples were separated in a first dimension by isoelectric points using immobilized pH gradient (18 cm IPG)
strips (pH 3-10) and further separated by molecular weights in a second dimension on 2-DE gels. Protein samples (120 pg)
were premixed to a volume of 350 pl with DeStreak rehydration solution containing 2 % ampholytes and loaded onto a
rehydration tray. The IPG strips were carefully placed on each sample, the surface of the strip was covered with mineral oil
and allowed to rehydrate for 16 hours at 26°C. They were focused using isoelectric focusing (IEF) PROTEAN IGPHOR (Bio-
Rad) instrument. After the isoelectric focusing, strips were placed in equilibration buffer containing SDS for solubilization
of focused proteins and the binding of SDS for the second dimension separation. After equilibration and second dimension
separation, the gels were stained with Colloidal Coomassie Blue. They were destained in 7% acetic acid, rinsed in deionized
water and visualized.
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Figure 1. Two-dimensional electrophoresis (2-DE) of the venoms of (A) N. haje and (B) N. katiensis

Comparative analysis of 2-DE on the venom samples

Differential 2D protein spots (p<0.05) were selected and analyzed in three replicates per sample using PDQuest™ soft-
ware version 8.0 (Bio-Rad). Imaging of the 2D gel was done using a Molecular Imager PharosFX Plus System (Bio-Rad). The
gels were normalized using local regression model to provide a balance for gel to gel differences in spot quantities because
of non-expression related variations [9]. For optimum spot detection the following parameters were selected: Sensitivity: 9,
Minimum Peak: 500, Size scale: 3 and based on the Gaussian Model Test for statistical analysis of spots. Prior to protein
detection, spots were selected and edited manually using a group consensus tool to obtain spot expression consensus across
all biological replicates in samples. Protein spot with a p-value of less than 0.05 and a fold change of more than 2 was
considered differentially present between the venom samples. Three biological replications were used for the analysis.

Matrix-assisted laser desorption and ionization time-of-flight mass spectrometer (MALDI-TOF MS) analysis

The Coomassie-stained 2-DE gels were scanned using Molecular Imager PharosFX Plus System (Bio-Rad). Protein spots
of interest were destained, selected, excised and reduced using dithiothreitol and alkylated with the aid of iodoacetamide.
The spots were dried using a SpeedVac® centrifugal evaporator (Thermo Scientific, USA) and suspended in 25 mM ammo-
nium bicarbonate containing 10 pL of 10 ng/pL trypsin and incubated overnight at 37°C. Aliquots of the tryptic-digested
spot samples were mixed with «-cyano-4-hydroxy cinnamic acid (Sigma) in 50% acetonitrile containing trifluoroacetic acid.
The sample (0.5 pL) was spotted on a MALDI-TOF target plate, dried to crystallization and was analyzed by MALDI-TOF as
previously described [17]. An Ultraflex-TOF/TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) was used for this
purpose. The Ion Sources 1 and 2 were respectively set at 25 kV and 21.9 kV, with a delay time of 20 ns. Calibration of the
instrument was done with Bruker Standard Peptide Calibration kit (m/z 1000-3500).

Database search

The MALDI-TOF mass spectra of the peptides obtained were imported into Proteome Discoverer v1.4 software (Thermo
Fisher Scientific, USA). Proteins were identified by a search against concatenated Uniprot-Serpentes database at https:
//[www.thegpm.org/crap/. The search results were further validation at www.proteomesoftware.com. Peptide identification
and matching to peptide sequence were performed using X! Tandem at 99% protein threshold, 95% peptide threshold, and
two-peptide minimum criterion.
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Figure 3. Two-dimensional electrophoresis (2-DE) of the venoms of (A) B. arietans and (B) E. ocellatus

Results and discussion

Despite the fact that two-dimensional gels have a limitation in adequately resolving complex samples, it was revealed
that there is distinct variation in the toxin profile of snake venoms at both the species and family levels (Figure 1). Toxin
composition differences between snake families and species are important considerations in antivenom production strategy,
improved specificity, and efficacy of treatment outcome in envenomed patients [18-20].

Venom comparative analysis of the elapidae (N. haje and N. Katiensis) and viperidae (B. arietans and E. ocellatus) snakes

The differential toxin abundance and composition of the venom from these snakes were obtained after the 2-DE gels
were normalized using local regression model to account for gel to spot differences [9]. Acid proteins (low plI values) with
a molecular mass range of 5 - 94 kDa predominated in the venoms of the elapids (N. haje and N. katiensis). The neurotoxin
and Kunitz-type serine protease inhibitor had basic isoelectric points (pl), whereas venom phosphodiesterase, phospholipase
A,, three finger toxins, and cysteine-rich venom protein had acidic isoelectric points (pl) (Table 1). This is consistent with
elapid snake venom, which is primarily composed of toxins with systemic neurotoxic effects such as neuromuscular paralysis
[2,21-23]. Elapid snake venom contains a diverse range of toxin families, primarily phospholipase A, and three-finger toxins
[8,24], which cause neurotoxic and myotoxic effects in victims [25-27].

In a parallel comparison, most of the proteins found in viperid venoms had pl in the range of 7, including snake
venom metalloproteinase, L-amino acid oxidase, cytotoxin, snake venom serine protein, cysteine-rich venom protein, zinc
metalloproteinase-disintegrin, disintegrin/ metalloproteinase domain-containing protein, and venom phosphodiesterase. They
ranged in molecular mass from 4 to 95 Da (Table 2). Toxins in viperid snake venom cause local tissue damage and abnormal
clinical manifestations [22,2], which can lead to permanent damage [2].

Differetial protein abundance

Toxins in the venom of the elapid snakes N. haje and N. katiensis differetially expressed in intraspecies comparison,
indicating that despite belonging to the same family, variation exists in the venom composition of these snakes. The PDQuest
annotated spots on the 2-DE gels revealed that L-amino acid oxidase was present in N. katiensis venom but absent in N. haje
venom, as shown on spot 1 (Figure 2a), whereas venom phosphodiesterase was found to be more abundant in N. haje venom
than N. katiensis venom, as shown on spot 2. (Figure 2b). The protein on spot 3 was identified as acidic phospholipase A,,
which was abundant in the venom of N. haje (red bar) compared to N. katiensis (green bar), as indicated by the thickness of
the spots (Figure 2c). Actiflagelin, an uncommon protein, was found to be equally distributed in both venoms, as shown in
Figure 4. (Figure 2d). In addition, three-finger toxin (3FTx) was more abundant in the venom of N. haje than N. katiensis, as
shown in spot 5. (Figure 2e). Spots 6, 7, and 8 each represent a cysteine-rich venom protein, a kunitz-type serine protease
inhibitor, and a neurotoxin (Figure 2f-h). These toxins were found in greater abundance in the venom of N. katiensis than



Table 1

Protein identification of PDQuest annotated spots in the venom proteomes of N. haje and N. katiensis

Venom sample spot
N. haje

PDQuest annotated spot ID

Identified protein

Accession number

Molecular mass (kDa)

Isoelectric point (pl)

Sequence coverage (%)

ONOU A WN =

SSP 2402
SSP 3801
SSP 4301
SSP 5101
SSP 5201
SSP 5402
SSP 7101
SSP 7202

Absent
Venom Phosphodiesterase PDE_NAJAT 94 5.63
Acidic PLA, CM-1 PA2A1_NAJMO 13 5.37
Actiflagelin 3NOJ_WALAE 7 5.78
Three Finger Toxin W-V 3NO25_WALAE 9 5.90
Cysteine Rich Venom Protein LEI1 CRVP_LEIMD 24 6.45
Kunitz-type serine protease inhibitor 2 ~ VKT2_HEMHA 5 8.03
Long Neurotoxin OH-55 3L22_NAJME 7 9.11

N. katiensis

1 SSP 2402 L-amino acid oxidase OXLA_NAJAT 54 513 6

2 SSP 3801 Venom Phosphodiesterase PDE_NAJAT 94 563 22

3 SSP 4301  Acidic PLA; CM-1 PA2A1_NAJMO 13 532 19

4  SSP 5101  Actiflagelin 3NOJ_WALAE 7 572 118

5 SSP 5201  Three Finger Toxin 3NO25_WALAE 9 6.20 13

6  SSP 5402 Cysteine Rich Venom Protein CRVP_LEIMD 24 636 25

7  SSP 7101 Kunitz-type serine protease inhibitor 2 ~ VKT2_HEMHA 6 832 31

8 SSP 7202  Long Neurotoxin OH-55 3L22_NAJME 7 9.01 24

I 32 4pApANqY S ‘2qom3ulq 9 ‘apnuvpy vy

229102 (£20Z) 0z updify d1ijuads



Table 2

Protein identification of PDQuest annotated spots in venom proteomes of B. arietans and E. ocellatus

I 32 4pApANqY S ‘2qom3ulq 9 ‘apnuvpy vy

Venom sample spot  PDQuest annotated spot ID

Bitis arietans

Identified protein

Accession number

Molecular mass (kDa)

Isoelectric point (pl)

Sequence coverage (%)

L

0N D W=

SSP 4901
SSP 3101
SSP 3001
SSP 5305
SSP 6303
SSP 6801
SSP 6901
SSP 9802

Snake venom metalloproteinase-acutolysin-C VM1AC-DEIAC 95 6.76
L-amino-acid oxidase OXLA_BITGA 7.8 6.25
Cytotoxin 1 3SA1_NAJMO 7 6.65
Snake venom serine protease HS114 VSP14_BOTJA 28 6.96
Cysteine-rich vensom protein CRVP_TRIST 26 7.42
Zinc metalloproteinase-disintegrin BlatH1 VM2H1_BOTLA 54 7.86
Disintegrin and metalloproteinase domain-containing protein 17  ADA17_HUMAN 93 7.23
Venom phosphodiesterase PDE_MACLB 96 9.24
Echis ocellatus
1 SSP 4901 Zinc metalloproteinase-disintegrin-like stejnihagin-B VM3SB_TRIST 68 5.96 123
2 SSP 3101 L-amino-acid oxidase OXLA_BITGA 7 6.13 20
3 SSP 3001  Cytotoxin 1 3SA1_NAJMO 4 6.82 31
4 SSP 5305 Snake venom serine protease HS114 VSP14_BOTJA 28 7.06 17
5 SSP 6303 Cysteine-rich venom protein CRVP_TRIST 26 7.42 24
6 SSP 6801 Zinc metalloproteinase-disintegrin BlatH1 VM2H1_BOTLA 54 6.96 25
7 SSP 6901 Disintegrin and metalloproteinase domain-containing protein 17 ~ ADA17_HUMAN 93 747 9
8 SSP 9802  Venom phosphodiesterase PDE_MACLB 9.25 7.84 9.8

12
58
42
18

0.97
7.9

229102 (£20Z) 0z updify d1ijuads
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in N. haje. In a parallel comparison, N. katiensis produced more toxins, implying that victims of N. haje envenoming may
suffer more severe neurological effects leading to paralysis. Because of the complexity and diversity of venom composition,
the clinical effect of envenomation varies significantly [2]. Uncovering the toxin variability in the analyzed venoms may aid
in the development of effective antivenom with broad-spectrum activity as a road map for reducing the life-threatening
impact of snakebite envenoming.

The 2-DE of venoms from the two viper snake species B. arietans and E. ocellatus (Figure 3) revealed significant differ-
ences in venom composition. The PDQuest annotated spots on the 2-DE gels revealed that snake venom metalloproteinase
(SVMP) is more abundant in E. ocellatus venom than B. arietans venom, as shown on spot 1. The green and red bars repre-
sent the abundance of SVMP in B. arietans and E. ocellatus venom, respectively (Figure 4a). Envenomation by the viper is the
leading cause of death in Nigeria, with E. ocellatus responsible for at least 66% of reported cases [3]. The high abundance of
SVMP in E. ocellatus venom indicates that it produced more toxins, which could be attributed to its rapid lithality in enven-
omed patients [16]. SVMP is a zinc-dependent proteinase toxin that is a major component of viper venom [24] and a very
lethal venom protein of viper snakes [28,29,30]. SVMP play an important role in the coagulopathies commonly associated
with viper envenoming [28,31,30] and cause a wide range of clinical manifestations, including hemorrhagic, anticoagulant,
fibrinolytic, and antiplatelet activity [32,33]. In spot 2, L-amino acid oxidase is expressed in B. arietans venom but absent in
E. ocellatus venom (Figure 4b). The protein identified in spot 3 (Figure 4c) is cytotoxin, which is found in greater abundance
in E. ocellatus venom than in B. arietans venom. As shown in Figure 4d, snake venom serine protease is more abundantly ex-
pressed in B. arietans venom than E. ocellatus venom. The same trend was observed for spot 5 cysteine-rich venom protein,
which was more abundantly present in B. arietans venom than E. ocellatus venom (Figure 4e). Zinc metalloproteinase (spot
f), Disintergrin/metalloproteinase domain-containing protein (spot g), and venom phosphodieasterase (spot h) were all found
but expressed differently in both venoms (Figure 4f-h). Although the major toxins in the venom of the most medically im-
portant Nigerian viper and elapid snakes were identified, the large number of other protein spots from the two-dimensional
electrophoresis gels that were not identified limits the scope of this study. Toxins found in viper snake venom included
snake venom metalloproteinase, snake venom serine protease, and cytotoxins, while phospholipase A,, three-finger toxins,
and neurotoxins were found in elapid snake venom.

The protein contents of Nigerian snake venoms N. haje and N. katiensis [8,34], E. ocellatus [16,35], and B. arietans [16,36]
have been studied. Toxins in venom, on the other hand, differ between and within species. As a result, understanding the
variation pattern can help guide the development of new and better therapeutic strategies. The current study is an attempt
to study variation by comparing the venoms of N. haje and N. katiensis, as well as E. ocellatus and B. arietans.

Conclusion

Viperid snake venoms contained cytotoxic-inducing proteins such as SVMPs, SVSPs, and cytotoxins, whereas elapid snake
venoms contained neurotoxic proteins such as PLA,, 3-FTx, and neurotoxins. Toxins in the analyzed venoms vary and are
expressed differently in the venoms; therefore, taking this into account may allow for the development of novel and effective
therapeutic strategies. Inter- and intra-venom toxin variation undermines the efficacy of the available polyvalent antivenom

treatment. This confirms envenomation as a deadly tropical disease. Because of the observed variation, we hypothesize that
tailored antivenom production can aid in the treatment of snakebite victims.

Concept for publication

Not applicable.

Ethics approval and concept to participate

The experimental protocols were approved by the Ahmadu Bello University Committee on Animal Use and Care and
followed the revised ARRIVE guidelines 2.0.

Data availability

The datasets generated and analyzed during the current study are available from the corresponding author on reasonable
request.

Authors’ contributions

Conceptualization FAA, EJD, MSA and ABS. FAA, E]D GM, and AK designed and did the experiments. FAA and EJD analyzed
the data and wrote the initial draft of the manuscript. AK and EJD revised the manuscript. ABS and MSA supervised the
work. All authors critically reviewed and approved the final manuscript.



EA. Adamude, EJ. Dingwoke, M.S. Abubakar et al. Scientific African 20 (2023) e01622
Funding

Tertiary Education Trust Fund for Academic Staff Training and Development (TETFUND AST & D) Grant awarded to Fatima
Amin Adamude.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgment

We are grateful to the Head of the Department of Veterinary Pharmacology and Toxicology at Ahmadu Bello University,
Zaria, for granting us access to the serpentarium.

References

[1] JP. Chippaux, Snakebite envenomation turns again into a neglected tropical disease!, ] Venom Anim, Toxins Incl. Trop. Dis. 23 (2017) 38.
[2] ]M Gutierrez, J] Calvete, AG Habib, RA Harrison, D] Williams, D. Warrell, Snakebite envenoming, Nat. Rev. Dis. Primers. 3 (2017) 17063.
[3] JM Gutierrez, K Maduwage, G lIliyasu, A Habib, Snakebite envenoming in different national contexts: Costa Rica, Sri Lanka, and Nigeria, Toxicon X 25
(2021) 9-10.
[4] World Health Organization [Internet], Snakebite envenoming (2019) [citedApril 8]. Available from https://www.who.int/news-room/fact-sheets/detail/
snakebite-envenoming .
[5] JP. Chippaux, Estimate of the burden of snakebites in sub-Saharan Africa: a meta-analytic approach, Toxicon 57 (2011) 586-599.
[6] JP Chippaux, A Massougbodji, AG. Habib, The WHO strategy for prevention and control of snakebite envenoming: a sub-Saharan Africa plan, ] Venom
Anim. Toxins incl. Trop. Dis. 25 (2019) e20190083.
[7] AG. Habib, Ul Gebi, GC. Onyemelukwe, Snake bite in Nigeria, Afr. ]. Med. Med. Sci. 3 (2001) 171-178.
[8] FA Adamude, EJ Dingwoke, MS Abubakar, S Ibrahim, G Mohamed, A Klein, AB. Sallau, Proteomic analysis of three medically important Nigerian Naja
(Naja haje, Naja katiensis and Naja nigricollis) snake venoms, Toxicon 197 (2021) 24-32.
[9] ] Vejayan, L Shin Yee, G Ponnudurai, S Ambu, H Ibrahim, Protein profile analysis of Malaysian snake venoms by two-dimensional gel electrophoresis,
J. Venom Anim. Toxins Incl. Trop. Dis. 16 (2010) 623-630.
[10] S Li, ] Wang, X Zhang, Y Ren, N Wang, K Zhao, et al., Proteomic characterization of two snake venoms: Naja naja atra and Agkistrodon halys, Biochem.
J. 384 (2004) 119-127.
[11] S Creer, A Malhotra, RS Thorpe, R Stocklin, PS Favreau, WS. Hao Chou, Genetic and ecological correlates of intraspecific variation in pit viper venom
composition detected using matrix-assisted laser desorption time-of-flight mass spectrometry (MALDI-TOF-MS) and isoelectric focusing, J. Mol. Evol.
56 (2003) 317-329.
[12] J Nawarak, S Phutrakul, Chen ST, Analysis of lectin-bound glycoproteins in snake venom from the Elapidae and Viperidae families, ]J. Proteome Res. 3
(2004) 383-392.
[13] Edited by JW Fox, AS Kamiguti, RDG Theakston, JD Shannon, D Stefansson, SMT Serrano, et al., Role of discovery science in toxinology: examples in
venom proteomics, in: A. Menez (Ed.), Perspectives in molecular Toxinology, Chichester: John Wiley & Sons, 2002, pp. 97-106. Edited by.
[14] C Kilkenny, W] Browne, IC Cuthill, M Emerson, DG. Altman, Improving bioscience research reporting: the ARRIVE guidelines for reporting animal
research, PLoS Biol 8 (6) (2010) e1000412.
[15] RE Hill, SP. Mackessy, Venom yields from several species of colubrid snakes and differential effects of ketamine, Toxicon 35 (1997) 671-678.
[16] EJ Dingwoke, FA Adamude, G Mohamed, A Klein, A Salihu, MS Abubakar, et al., Venom proteomic analysis of medically important Nigerian viper Echis
ocellatus and Bitis arietans snake species, Biochem. Biophys. Rep. 28 (2021) 101164.
[17] D Baracchi, G Mazza, E Michelucci, G Pieraccini, S Turillazzi, G. Moneti, Top-down sequencing of Apis dorsata apamin by MALDI-TOF MS and evidence
of its inactivity against microorganisms, Toxicon 71 (2013) 105-112.
[18] E Saad, LC Barros, N Biscola, DC Pimenta, SR Barraviera, B Barraviera, et al., Intraspecific variation of biological activities in venoms from wild and
captive Bothrops jararaca, J. Toxicol. Environ. Health. 75 (2012) 16-17.
[19] A Lourenco Jr, CF Creste, LC Barros, LD Santos, DC Pimenta, B Barraviera, et al.,, Individual venom profiling of Crotalus durissus terrificus specimens
from a geographically limited region: crotamine assessment and captivity evaluation on the biological activities, Toxicon 69 (2013) 75-81.
[20] LJ Tasima, C Serino-Silva, DM Hatakeyama, ES Nishiduka, AK Tashima, SS Sant’Anna, et al., Crotamine in Crotalus durissus: distribution according to
subspecies and geographic origin, in captivity or nature, ]. Venom Anim. Toxins Incl. Trop. Dis. 26 (2020) e20190053.
[21] J Nawarak, S Sinchaikul, CY Wu, MY Liau, S Phutrakul, Chen ST, Proteomics of snake venoms from Elapidae and Viperidae families by multidimensional
chromatographic methods, Electrophoresis 16 (2003) 2838-2854.
[22] DA. Warrell, Snake bite, Lancet 375 (2010) 77-88.
[23] D Pla, ]M Gutierrez, JJ. Calvete, Second generation antivenomics: comparing immunoaffinity and immunodepletion protocols, Toxicon 60 (2012)
213-214.
[24] T Tasoulis, GK. Isbister, A review and database of snake venom proteomes, Toxins 9 (2017) 290.
[25] C Montecucco, ]M Gutierrez, B. Lomonte, Cellular pathology induced by snake venom phospholipase A2 myotoxins and neurotoxins: common aspects
of their mechanisms of action, Cell Mol. Life Sci. 65 (2008) 2897-2912.
[26] JB Harris, T. Scott-Davey, Secreted phospholipases A2 of snake venoms: Effects on the peripheral neuromuscular system with comments on the role
of phospholipases A2 in disorders of the CNS and their uses in industry, Toxins 5 (2013) 2533-2571.
[27] CM Barber, GK Isbister, WC. Hodgson, Alpha neurotoxins, Toxicon 66 (2013) 47-58.
[28] JM Gutierrez, A Rucavado, T Escalante, C. Dias, Hemorrhage induced by snake venom metalloproteinases: Biochemical and biophysical mechanisms
involved in microvessel damage, Toxicon 45 (2005) 997-1011.
[29] M Kohlhoff, HM Borges, A Yarleque, C Cabezas, M Richardson, MF. Sanchez, Exploring the proteomes of the venoms of the Peruvian pit vipers, J.
Proteom. 75 (2012) 2181-2195.
[30] AM Moura-da-Silva, MT Almeida, JA Portes-Junior, CA Nicolau, F Gomes-Neto, RH. Valente, Processing of Snake Venom Metalloproteinases: Generation
of Toxin Diversity and Enzyme Inactivation, Toxins 8 (2016) 183.
[31] J. White, Snake venom and coagulopathy, Toxicon 45 (2005) 951-967.
[32] NR Casewell, W Wauster, F] Vonk, RA Harrison, BG. Fry, Complex cocktails: The evolutionary novelty of venoms, Trends Ecol. Evol. 28 (2013) 219-229.
[33] JJ. Calvete, Venomics: Integrative venom proteomics and beyond, Biochem. J. 474 (2017) 611-634.

10


http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0001
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0001
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0002
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0002
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0002
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0002
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0002
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0002
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0002
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0003
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0003
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0003
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0003
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0003
https://www.who.int/news-room/fact-sheets/detail/snakebite-envenoming
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0005
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0005
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0006
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0006
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0006
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0006
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0007
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0007
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0007
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0007
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0008
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0008
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0008
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0008
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0008
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0008
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0008
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0008
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0009
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0009
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0009
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0009
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0009
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0009
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0010
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0010
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0010
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0010
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0010
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0010
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0010
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0010
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0011
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0011
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0011
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0011
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0011
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0011
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0011
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0012
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0012
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0012
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0012
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0013
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0013
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0013
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0013
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0013
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0013
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0013
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0013
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0013
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0014
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0014
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0014
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0014
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0014
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0014
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0015
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0015
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0015
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0016
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0016
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0016
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0016
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0016
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0016
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0016
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0016
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0017
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0017
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0017
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0017
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0017
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0017
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0017
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0018
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0018
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0018
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0018
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0018
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0018
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0018
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0018
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0019
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0019
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0019
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0019
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0019
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0019
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0019
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0019
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0020
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0020
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0020
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0020
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0020
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0020
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0020
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0020
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0021
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0021
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0021
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0021
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0021
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0021
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0021
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0022
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0022
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0023
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0023
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0023
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0023
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0024
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0024
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0024
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0025
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0025
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0025
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0025
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0026
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0026
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0026
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0027
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0027
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0027
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0027
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0028
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0028
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0028
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0028
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0028
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0029
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0029
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0029
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0029
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0029
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0029
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0029
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0030
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0030
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0030
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0030
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0030
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0030
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0030
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0031
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0031
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0032
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0032
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0032
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0032
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0032
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0032
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0033
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0033

EA. Adamude, EJ. Dingwoke, M.S. Abubakar et al. Scientific African 20 (2023) e01622

[34] D Petras, L Sanz, A Segura, M Herrera, M Villalta, D Solano, et al., Snake venomics of African spitting cobras: toxin composition and assessment of
congeneric cross-reactivity of the Pan-African EchiTAb-Plus-ICP, Antivenom by antivenomics and neutralization approaches, J. Proteome Res. 10 (2011)
1266-1280.

[35] SC Wagstaff, L Sanz, P Juarez, RA Harrison, JJ. Calvete, Combined snake venomics and venom gland transcriptomic analysis of the ocellated carpet
viper, Echis ocellatus, ] Proteomics 71 (2009) 609-623.

[36] NR Casewell, SC Wagstaff, W Wuster, DA Cook, FM Bolton, SI King, et al., Medically important differences in snake venom composition are dictated by
distinct postgenomic mechanisms, in: Proc. Natl. Acad. Sci. U.S.A., 111, 2014, pp. 9205-9210.

n


http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0034
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0034
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0034
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0034
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0034
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0034
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0034
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0034
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0035
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0035
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0035
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0035
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0035
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0035
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0036
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0036
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0036
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0036
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0036
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0036
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0036
http://refhub.elsevier.com/S2468-2276(23)00079-0/sbref0036

	Comparative venom toxin analyses of Nigerian viperidae and elapidae snakes
	Background
	Methods
	Snakes
	Venom protein extraction
	Two-dimensional gel electrophoresis
	Comparative analysis of 2-DE on the venom samples
	Matrix-assisted laser desorption and ionization time-of-flight mass spectrometer (MALDI-TOF MS) analysis
	Database search

	Results and discussion
	Venom comparative analysis of the elapidae (N. haje and N. katiensis) and viperidae (B. arietans and E. ocellatus) snakes
	Differetial protein abundance

	Conclusion
	Concept for publication
	Ethics approval and concept to participate
	Data availability
	Authors’ contributions
	Funding
	Declaration of Competing Interest
	Acknowledgment
	References


