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Resumo

Nos ultimos anos, a aplicacdo de metodologias de alto rendimento (“high-throughput”)
no campo da vendmica veio revolucionar e renovar o interesse na investigacdo de venenos
de cobras, levando, em pouco tempo, a produgcédo de nova informacéo sobre o veneno de
inUmeras espécies e fornecendo uma visdo abrangente sobre a sua composicao e
propriedades. Este avanco metodoldgico permitiu acesso detalhado a alguns dos processos
subjacentes a origem e evolugéo do veneno de cobra, com a identificagdo de compostos com
potencial relevancia médica e o desenvolvimento de ferramentas terapéuticas para mitigar o
impacto de mordidas a nivel mundial. No entanto, lacunas consideraveis existem na
investigacdo de venenos de cobras, particularmente em determinadas espécies ou topicos
de estudo. Esta tese tem como principal objetivo aumentar o conhecimento atual sobre os
venenos produzidos por viboras europeias, com especial énfase em espécies do género
Vipera da Peninsula Ibérica, contribuindo desta forma para colmatar as lacunas detetadas
neste campo de investigacao.

Um total de 267 estudos em venenos de cobras, publicados entre 1964 e 2021, foram
revistos com o intuito de avaliar, pela primeira vez de forma quantitativa e qualitativa, as
tendéncias e vieses na investigacao neste campo. Apesar da tendéncia positiva no nimero
de artigos publicados anualmente, esta andlise também revelou uma desconsideracdo
generalizada no estudo de familias de cobras com relevancia médica supostamente reduzida
(e.g., Atractaspididae), sub-representacdo de algumas das areas geograficas mais afetadas
por mordidas de cobra (i.e., ecozonas Indomalaia e Afrotropicas), bem como interesse
limitado nos contextos funcionais e ecoldgicos do veneno de cobras. De facto, cobras da
familia Viperidae foram mais representadas do que qualquer outro taxon, os Neotrépicos
foram a regido biogeografica mais representada em termos de nimero de espécies estudadas
e a maioria das publica¢gbes focou-se na caracterizacdo de veneno de cobra, ao passo que
tépicos mais relacionados com ecologia raramente foram considerados.

Apesar de cobras da familia Viperidae serem as mais estudadas no geral, viboras da
subfamilia Crotalinae foram duas vezes mais representadas do que as da subfamilia
Viperinae (i.e., viboras verdadeiras), com relevancia médica critica em todo o Velho Mundo.
Na Europa, a maioria dos acidentes ofidicos é causada por viboras verdadeiras do género
Vipera, constituido por mais de 20 espécies. Entre estas, seis espécies de maior relevancia
médica sdo distinguidas, considerando a sua difusdo na Europa e elevado numero de
acidents ofificos registados: Vipera ammodytes, Vipera aspis, Vipera berus, Vipera latastei,
Vipera seoanei and Vipera ursinii. De uma forma geral, os médicos europeus ndo tém treino
especifico para identificar mordidas de cobra, reconhecer os seus sintomas e manifestacdes

clinicas nem aplicar tratamento adequado, pelo que beneficiariam de ferramentas disponiveis
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para auxiliar na gestdo de envenenamento por Vipera. Para tal, foram definidas chaves
taxondmicas para a identificacdo das seis espécies Vipera acima mencionadas, bem como
para a sua distingdo de outras cobras europeias ndo pertencentes ao género Vipera. Os
dados atualmente disponiveis sobre a composi¢do dos seus venenos e sintomas causados
pela sua mordida foram revistos e sumariados. Foi possivel obter informacdo sobre a
composicao e atividade dos venenos de V. ammodytes, V.aspis, V. berus e V. ursinii, que
parecem ser caracterizados por poucas familias de toxinas muito abundantes, responsaveis
pela maior parte da sua composi¢cao (i.e., SVMP, PLA,, SVSP, CTL) em conjunto com
componentes menos abundantes (e.g., DISI, CRISP, LAAO). Estes resultados estdo de
acordo com o padrdo de composicdo geralmente reportado em venenos de viboras
verdadeiras e com os efeitos maioritariamente hemorragicos e citotéxicos associados a
envenenamentos por viperideos. De facto, a revisdo das manifestagdes clinicas relacionadas
com as espécies Vipera em questao mostrou que estas variam de locais requerendo apenas
tratamento topico (por exemplo, dor e inchaco) a sistémicas, potencialmente letais com
necessidade de antidoto (por exemplo, insuficiéncia renal, alteracdes hematologicas). Por
fim, foi definido um protocolo uniformizado para gestdo clinica de mordidas de Vipera,
abordando detalhadamente o tratamento dos sintomas locais e sistémicos, bem como a
administragdo de antidoto.

Notavelmente, as informacdes disponiveis sobre a composicdo e atividade dos
venenos de V. latastei e V. seoanei eram bastante reduzidas, impedindo a avaliacdo
detalhada e compreensiva destas duas espécies pouco estudadas. Assim, e com o objetivo
de preencher esta lacuna, foi conduzido o primeiro estudo detalhado sobre a composicéo e
variacdo dos venenos de V. latastei e V. seoanei, baseado na aplicacdo de metodologias
proteémicas “bottom-up”. Relativamente a V. latastei, foram analisados os venenos de
espécimes juvenis e adultos de duas localidades do norte de Portugal sob condi¢des
ambientais diferentes. Foram produzidos seis proteomas de venenos (trés por populacao)
provenientes de viboras de ambas as idades (i.e., dois juvenis e quatro adultos), bem como
perfis RP-HPLC de 54 venenos provenientes de espécimes selvagens. Os perfis
cromatograficos e abundancias relativas das suas toxinas variaram entre 0s venenos de
juvenis e adultos, sugerindo a ocorréncia de alteragdes ontogenéticas na composi¢cado do
veneno. Especificamente, metaloproteinase de veneno de cobra (SVMP) foi a familia de
toxinas mais abundante em venenos juvenis, enquanto proteases de serina de veneno de
cobra (SVSPs), fosfolipases A, (PLA2S) e proteinas tipo-lectina tipo-C (CTLs) foram as
principais toxinas em venenos adultos. Verificou-se que os perfis RP-HPLC de veneno variam
significativamente entre as localidades amostradas, indicando variabilidade geogréfica. Além

disso, a presenca/auséncia de certos picos nos perfis cromatograficos parece estar
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significativamente correlacionada com fatores como o tamanho e sexo das viboras. Os
resultados mostram que o veneno de V. latastei € um fendtipo variavel, em que diferencas
intraespecificas na sua composic¢ao provavelmente refletem diferencas na ecologia alimentar
desta espécies em diferentes fases de vida e sob diferentes pressdes ambientais.

Relativamente a V. seoanei, foram analisados venenos de 49 espécimes adultos
provenientes de 20 localidades ao longo da &rea de distribuicdo da espécie na Peninsula
Ibérica. O proteoma de referéncia do veneno de V. seoanei foi gerado com base num “pool”
de venenos individuais; perfis SDS-PAGE foram produzidos para todas as amostras de
venenos e os padrbes de variacdo foram visualizados com Non-metric Multidimensional
Scaling (NMDS). A presenca e natureza da variacdo nos venenos entre localidades, bem
como o efeito de 14 previsores (biolégicos, ecogeograficos, genéticos) na sua ocorréncia,
foram avaliados com a aplicag&o de regressao linear. O veneno incluiu pelo menos12 familias
diferentes de toxinas, das quais cinco (i.e., PLA;, SVSP, DISI, CTL, SVMP) representavam
cerca de 75% de todo o proteoma. As analises comparativas do perfis SDS-PAGE mostraram
semelhangas consideraveis entre as localidades amostradas, sugerindo baixa variabilidade
geografica. Andlises de regressao sugeriram efeitos significativos de previsdes biologicos e
de habitat na reduzida variagdo detetada nos venenos de V. seoanei analisados. Outros
fatores foram também significativamente associados a presenca/auséncia de bandas
individuais nos perfis SDS-PAGE. Os baixos niveis de variabilidade detetados em V. seoanei
podem ser o resultado de expansao populacional recente ou de outros processos além de
forcas seletivas positivas direcionais que atuam na manutencdo do veneno como fenétipo
conservado.

A andlise das tendéncias e vieses em estudos em venenos de cobras detetou a
desconsideracdo consistente de determinadas grupos de cobras e topicos de estudo. De
forma similar, a revisdo dos dados atualmente disponiveis sobre as seis espécies Vipera de
elevada importancia médica na Europa deixou a descoberto lacunas de conhecimento, em
especial sobre a composicéo e variacdo intraespecifica dos seus venenos. Com esta tese, a
aplicagcao de metodologias de vendmica “bottom-up” nos venenos de V. latastei e V. seoanei
permitiu dar o primeiro passo para colmatar estas lacunas e complementar o conhecimento
na area. De facto, os resultados destas analises permitiram caracterizar os venenos destas
viboras pouco estudadas e detetar variacao intraespecifica nos seus venenos a diferentes
niveis (i.e., variagdo ontogenética em V. Latastei; variacdo geogréfica a diferente magnitude
em V. latastei e V. seoanei), abrindo portas para estudos futuros na variacdo do venenos
destas duas espécies. Expandir as analises proteémicas conduzidas nesta tese a outras
espécies Vipera pouco estudadas, em conjunto com a implementacdo de analises
gendmicas, trancriptomicas e funcionais, de certo permitird obter uma visdo mais completa

da evolucéo e variacdo do veneno de viboras europeias.
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Abstract

The application in recent years of the high-throughput methodologies constituting
snake venomics has provided snake venom research with renewed interest and enthusiasm,
leading to the rapid production of a remarkable amount of information on a multitude of snake
venoms, and providing a comprehensive view of their compositions and properties. This has
allowed to obtain a detailed insight into some of the processes underlying snake venom origin
and evolution, and has led to the identification of compounds of potential medicinal relevance,
and to the development of powerful therapeutic tools to mitigate the global burden of
shakebite. Nonetheless, considerable knowledge gaps exist in snake venom research,
especially concerning the attention paid to certain topics and shake species. The main goal of
this thesis is to contribute to this research field, increasing the current knowledge on the
venoms produced by European vipers, focusing on species of the genus Vipera from the
Iberian Peninsula.

Aiming to provide the first qualitative and quantitative estimate of the trends and biases
in snake venom research, we reviewed a total of 267 snake venom studies published between
1964 and 2021. While our analysis showed an overall positive trend in the number of articles
published yearly, it also underlined severe neglect of snake families of supposedly minor
medical relevance (e.g., Atractaspididae), underrepresentation of some of the areas most
impacted by snakebite (i.e., Indomalayan and Afrotropic realms), and limited interest in the
ecological and functional context of snake venom. Indeed, snakes of the family Viperidae were
significantly more represented than any other snake taxon retrieved, the Neotropics were the
most represented biogeographic realm for number of studied species, and the vast majority of
the publications focused on snake venom characterisation, whereas more ecology-related
topics were rarely considered.

Although snakes of the family Viperidae were the most studied overall, the subfamily
Crotalinae (i.e., pit vipers) was twice as represented than Viperinae (i.e., true vipers), of critical
medical relevance across the Old World. In Europe, most snakebite accidents are caused by
true vipers of the genus Vipera, comprising more than 20 species. Amongst these, the species
of major medical relevance due to their greater diffusion across Europe and the high number
of registered snakebites are six, namely Vipera ammodytes, Vipera aspis, Vipera berus,
Vipera latastei, Vipera seoanei and Vipera ursinii. Generally not trained to identify snakebites,
recognise their clinical manifestations, and apply appropriate treatment, European physicians
need tools to help them with the management of European Vipera envenomations. To this
end, we defined taxonomic keys for the identification of the abovementioned six Vipera
species, and to distinguish them from European non-viperid snakes. We then reviewed and

resumed the data currently available on the composition of their venoms and the symptoms
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they can cause. We were able to retrieve several information concerning composition and
activities of the venoms of V. ammodytes, V.aspis, V. berus and V. ursinii, which appear to be
characterised by few very abundant toxin families accounting for most of their compositions
(i.e., SVMP, PLA,, SVSP, CTL) together with several less abundant components (e.g., DISI,
CRISP, LAAO). This is concordant with the compositional pattern generally reported for true
viper venoms, and with the mainly haemorrhagic and cytotoxic effects of viperid
envenomations. Indeed, when reviewing the clinical manifestations caused by the Vipera
species in question, we found these to range from local and only requiring topical treatment
(e.g., algesia, swelling) to systemic, potentially lethal, and requiring antivenom therapy (e.g.,
renal failure, haematological alterations). Finally, we defined a standardised protocol for the
clinical management of Vipera shakebite, addressing in detail the treatment of local and
systemic symptoms and antivenom administration procedures.

Notably, information available on composition and activity of V. latastei and V. seoanei
venoms was extremely reduced, and did not allow the development of a comprehensive
assessment for this two inadequately studied species. We thus aimed to fill this knowledge
gap by providing the first detailed investigation on composition and variation of V. latastei and
V. seoanei venoms, performed by the application of bottom-up proteomics. Concerning V.
latastei, we analysed the venoms of juvenile and adult specimens from two environmentally
different localities from northern Portugal. We thus produced six venom proteomes (three per
population) from vipers belonging to both age classes (i.e., two juveniles and four adults), and
RP-HPLC profiles of 54 venoms collected from wild specimens. Venoms from juveniles and
adults differed in their chromatographic profiles and relative abundances of their toxins,
suggesting the occurrence of ontogenetic changes in venom composition. Specifically, snake
venom metalloproteinase (SVMP) was the most abundant toxin family in juvenile venoms,
while snake venom serine proteinases (SVSPs), phospholipases A, (PLAs), and C-type
lectin-like proteins (CTLs) were the main toxins comprising adult venoms. The RP-HPLC
venom profiles were found to vary significantly between the two sampled localities, indicating
geographic variability. Furthermore, the presence/absence of certain peaks in the venom
chromatographic profiles appeared to be significantly correlated also to factors like body size
and sex of the vipers. Our findings show that V. latastei venom is a variable phenotype, with
intraspecific differences in its composition likely mirroring changes in the feeding ecology of
this species, taking place during different life stages and under different environmental
pressures.

Concerning V. seoanei, we analysed the venoms of 49 adult specimens from 20
localities across the species’ Iberian distribution. We used a pool of all individual venoms to

generate a V. seoanei venom reference proteome, produced SDS-PAGE profiles of all venom
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samples, and visualised patterns of variation using Non-metric Multidimensional Scaling
(NMDS). By applying linear regression, we then assessed presence and nature of venom
variation between localities, and investigated the effect of 14 predictors (biological, eco-
geographic, genetic) on its occurrence. The venom comprised at least 12 different toxin
families, of which five (i.e., PLA2, SVSP, DISI, CTL, SVMP) accounted for about 75% of the
whole proteome. The comparative analyses of the SDS-PAGE venom profiles found them to
be remarkably similar across the sampled localities, suggesting low geographic variability.
Regression analyses suggested significant effects of biological and habitat predictors on the
little variation we detected across the analysed V. seoanei venoms. Other factors were also
significantly associated with the presence/absence of individual bands in the SDS-PAGE
profiles. The low levels of venom variability we detected within V. seoanei might be the result
of a recent population expansion, or of other processes than directional positive selection
acting to maintain a conserved venom phenotype.

The analysis of trends and biases in snake venom studies allowed to detect the
consistent neglect of some research topics and snake taxa. Similarly, reviewing the data
currently available on the six Vipera species of major medical importance in Europe uncovered
a severe lack of information on some of them, especially in terms of venom composition and
intraspecific variation. The development of bottom-up venomics on the venoms of V. latastei
and V. seoanei made it possible to make a first step towards filling this knowledge gap. Indeed,
the results of these analyses led to the characterisation of these greatly overlooked viper
venoms, detecting intraspecific venom variation at different levels (i.e., ontogenetic variation
in V. latastei; geographic variation of different magnitude in V. latastei and V. seoanei), and
paved the way for investigating the occurrence of venom variation in these two species.
Expanding the performed proteomic analyses to other so far neglected Vipera species,
together with the implementation of genomic, transcriptomic, and functional analyses, would
certainly provide a more complete insight into evolution and variation of European viper

venoms.

Keywords

Vipera, Vipera latastei, Vipera seoanei, Viperidae, Viperinae, true vipers, Europe, Iberian
Peninsula, snake venom, toxins, venomics, bottom-up proteomics, venom characterisation,

geographic variability, ontogenetic shift
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Figure 3.1 Number of species and articles for the snake families and subfamilies studied in
the reviewed publications. Coloured bars refer to the number of species belonging to from the
analysed publications; striped bars refer to the number of gathered articles studying members
of each taxon. Exact numbers are reported in parentheses. The percentages refer to the total
number of species and publications retrieved. Bars of the same colour correspond to
subfamilies belonging to the same family (i.e., red = Viperidae, orange = Elapidae, green =
Colubridae). Following Uetz et al. (2021), for the families Atractaspididae, Homalopsidae,
Psammophiidae, and Pseudoxyrhophiidae, no subfamilies are currently identified. Original
elapid silhouette by Chris Hay, provided via www.phylopic.org, and modified and used under
1ot g ST O O = 2 N[O X 0 35

Figure 3.2 Information about the top ten most studied snake species. The graph shows the
number of retrieved articles studying each species. Depicted in photo, Bothrops atrox (edited
from Arteaga et al., 2020). .......cooiiiiiiiiie e e 36

Figure 3.3 Information about the geographic origin of the species retrieved from the analysed
publications. The graphs show the number of species recorded for the ten most represented
countries (panel A) and biogeographic realms of origin (panel B).........ccoooveeeieeeieiiien 38

Figure 3.4 Information about the topics investigated in the reviewed articles. The graphs show
the percentages of articles covering each of the eight topic categories defined. The results
about topic cover are based on added up values and each topic has been counted separately;

therefore, the overall sum of resulting percentages is greater than 100%. ................ccee..... 39

Figure 3.5 Chronological distribution of the analysed articles by snake families. The number
of articles analysed per each year of the defined time frame is reported in Table Al1.4. The
black cumulative curve shows the overall positive trend of the analysed articles along the

(10 g 1S3 Lo (=T g=To I T 0 g T=Yi €= 10 [T T 40

Figure 3.6 Chronological distribution of topic cover in the analysed articles. The cumulative
curves show the trend of the analysed articles along the considered timeframe by topic

o= 1 (=T [0 Y75 41

Figure 4.1 Heads of representative members of the six snake families present in Europe:
Colubridae (A), Natricidae (B), Psammophiidae (C), Viperidae (D), Erycidae (E), Typhlopidae
(F). The species portrayed in the pictures are: Zamenis lineatus (A), Natrix maura (B),
Malpolon insignitus (C), Vipera ursinii (D), Eryx jaculus (E), Indotyphlops braminus (F). Photo
credits: Matteo R. Di NICOIA. .......ccooieeeeeeeeeee e 53

Figure 4.2 Main morphological differences between European vipers (A) and colubrids (B).

The species portrayed in the pictures are: Vipera berus (Al, A2, A3), Vipera aspis (A4),
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Hierophis viridiflavus (B1, B2, B3, B4 left), Natrix helvetica (B4 right). Photo credits: Matteo R.
DI (o] = PSP P PPPPPPPPPPPI 55

Figure 4.3 Heads of the main European vipers: Vipera aspis (A), Vipera latastei (B), Vipera
ammodytes (C), Vipera ursinii (D), Vipera seoanei (E) and Vipera berus (F). Photo credits:

Matteo R. Di Nicola (A, C, D, F); Matthieu Berroneau (B, E). .......covvviiiiiiiiiiiiiiie e 57
Figure 4.4 First aid in the field after viper envenomation. ............cccccvvvveiiiiiiiiiiiiiiiiiiiiiieeee 64
Figure 4.5 Steps of antivenom administration (based on Pizon and Ruha, 2015). .............. 79

Figure 5.1 Sampling localities of the two studied V. latastei populations. In panel A, the star
indicates the Vila Cha population, while the triangle indicates the Gerés population. The grey
squares correspond to the current distribution range of V. latastei (adapted from Valdoleiros
et al., 2021). Panels B and C show the habitats of the localities Vila Cha and Gerés,

(TS o 1=Tod 11V | PP 90

Figure 5.2 Overlapped chromatograms of the six venom samples analysed through bottom-
up proteomics. Panels A and B display chromatographic traces of the venoms from Vila Cha
and Gerés, respectively. Sample codes and corresponding colours are reported in the panel
insets. Notice the differences in the intensities of the peaks, particularly the ones in the two

time intervals highlighted by the brackets (i.e., minutes 16—18, and minutes 39-44)........... 97

Figure 5.3 Pie chart representations displaying the relative abundances of the toxin families
found in the six V. latastei venom proteomes sampled. A) 19VL013 (juvenile viper from Vila
Cha); B) 19VL026 (juvenile viper from Gerés); C) 18VL253 (adult viper from Vila Ch&); D)
18VL258 (adult viper from Gerés); E) 18VL011 (adult viper from Vila Cha); F) 19VL029 (adult
viper from Gerés). For further details, please consult Table 5.1 and Tables A2.2-A2.7. ...... 99

Figure 5.4 Non-metric multidimensional scaling (NMDS) ordination plot of the 54 V. latastei
venom chromatographic profiles considered. Venom samples from Vila Ch& and Gerés are
identified, respectively, by blue and red filled circles (adult) and triangles (juveniles). Blue and
red convex hulls delimit the venoms from the Vila Ch& and Gerés populations, respectively.
Venoms submitted to proteomics analysis are in bold, identified by their sample code (Table
A2.1), and coloured according to their geographic origin (i.e., blue = Vila Cha, red = Gerés).
The almost centred position of venom samples 18VL253 and 18VL258 in the two convex hulls
implies that these venoms are among the least diverging ones of each population. This
suggests that 18VL253 and 18VL258 might be considered "average” adult V. latastei venom

profiles for Vila Cha and Gerés, reSPECHVEIY............uuuuuuummmrriiiiiiiiiiiiiieinieeeeeennnnnennnnnnnnnnnnnes 103

Figure 5.5 Best model predictions of occurrence of peaks 1, 6, 19, and 23 in individual

chromatograms. The panels display the predicted probability of occurrence of A) peak 1 in
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General Introduction

1.1 Snake venom: origin and evolution

Venoms can broadly be defined as secretions produced in specialised glands by an
organism delivered to another organism through the infliction of a wound, containing
molecules able to disrupt the physiological and/or biochemical processes of the envenomated
target (Arbuckle, 2017; Fry et al.,, 2009a). These complex mixtures of highly bioactive
compounds (i.e., toxins) have evolved independently several times in different animal taxa
(e.g., Gastropoda, Cephalopoda, Hymenoptera, Arachnida, Reptilia, Mammalia) (Arbuckle,
2017; Jenner and Undheim, 2017; Sunagar and Moran, 2015), and are thought to serve three
main functions: i) prey subjugation, ii) defence from predators/attackers, and iii) intraspecific
interaction (Arbuckle, 2017; Casewell et al., 2013; Jenner and Undheim, 2017; Schmidt,
2019).

In reptiles, the presence of a core set of highly expressed toxin-related genes has been
dated up to approximately 170 million years ago, at the base of a clade termed Toxicofera
(Greek for “those who bear toxins”), composed of snakes, iguanian lizards, and anguimorph
lizards (Fry et al., 2006; Vidal and Hedges, 2005), and supported by several phylogenetic
studies (e.g., Pyron et al., 2013; Wiens et al., 2012; Zheng and Wiens, 2016). A number of
extant members of these three lineages present protein-secreting oral glands of different
complexity and share some basal toxin families, regardless of whether or not they are used to
perform a venomous function. This suggests that such toxin families were possibly recruited
before diversification and separation of the toxicoferan lineages, thus supporting the
hypothesis that the reptilian venom system had a single origin at the base of the Toxicofera,
and successively underwent diversification and/or specialisation, or loss (Calvete et al., 2023;
Fry et al. 2006; Fry et al., 2012; Li et al., 2005; see Figure 1.1).
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Among all venomous reptiles currently known to science, snakes are arguably the most
notorious ones. Venomous snakes (all belonging to the clade Caenophidia, i.e., “advanced
snakes”) inject venom into the body of their prey or attacker through specialised fangs or
grooved teeth (Broeckhoven and du Plessis, 2017; Vonk et al., 2008). Species belonging to
the families Viperidae, Elapidae and Atractaspididae use an advanced high-pressure, front-
fanged venom delivery system (Kerkkamp et al., 2017). In these snakes, the compression of
the primary venom gland by a skeletal muscle propels the venom originating from it through
the primary venom duct, the secondary/accessory venom gland, and into specialised hollow
fangs, which act like hypodermic needles (Jackson, 2003; Young and Kardong, 2007).
Conversely, non-front-fanged colubroid snhakes present a low-pressure venom delivery
system. In these shakes, venom is slowly released from the venom glands (commonly referred
to as Duvernoy'’s glands, lacking compressor muscles) near maxillary fangs, typically enlarged
and grooved, through which it flows into the bitten organism (Jackson, 2003; Weinstein, 2017;

see Figure 1.2).

Figure 1.2 Comparison of non-front-fanged colubroid snake (A) and front-fanged (viperid) snake (B) venom delivery systems.
Vg = venom gland (grey area); F = venom fang (red area); Cm = compressor muscle (green area) (modified from Weinstein and
Kardong, 1994).

Snake venom is a mixture of proteins and peptides, organic molecules (e.g.,
carbohydrates, lipids) and salts in an agueous medium (Casewell et al., 2013; Chan et al.,
2016), thought to serve the main function of aiding predation (Arbuckle, 2017; Daltry et al.,
1996), although selection on venom composition resulting from it being used for defensive
purposes has been demonstrated for some species (i.e., spitting elapids of the genera Naja
and Hemachatus; Kazandjian et al., 2021). Once injected into the prey/attacker, the toxins it
comprises become systemic via dispersal by the bloodstream and lymphatic system,
interacting with the physiological proteins and receptors of the envenomated organism,
disrupting its homeostasis by targeting nervous system, blood coagulation cascade, and/or
cardiovascular and neuromuscular system (Kerkkamp et al., 2017).

Through the analysis of compositional studies focusing on the venom proteomes of 132

different elapid and viperid snake species, Tasoulis and Isbister (2017) were able to identify
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more than 60 protein families comprising them. Excluding four protein families, each unique
to a single genus, the authors classified them based on compositional abundance and
frequency of occurrence into dominant, secondary, minor, and rare. The four dominant protein
families were phospholipases A, (PLA:S), snake venom metalloproteinases (SVMPs), snake
venom serine proteinases (SVSPs) and three-finger toxins (3FTxs). The six secondary protein
families included cysteine-rich secretory proteins (CRISPs), L-amino acid oxidases (LAAOS),
Kunitz-type inhibitors (KUNs), C-type lectin-like proteins (CTLs), disintegrins (DISIs) and
natriuretic peptides (NPs). The last two categories comprised nine minor and 36 rare protein
families, respectively. In total, 63 protein families composing snake venoms were thus
proposed.

This impressive diversity of venom components is considered to predominantly be a
result of the so-called ‘birth and death’ process of gene evolution (Fry et al., 2003; Nei et al.,
1997; see Figure 1.2). According to this model, genes encoding physiological body proteins
(e.g., salivary, immunological, pancreatic) undergo frequent duplications, leading to the
creation of duplicate copies. These copies are free from the functional constraints to which the
original genes are subjected, and while most of them undergo pseudogenisation into
dysfunctional forms over time, others are retained (Ohno, 1970). Once a retained duplicate
copy is selectively expressed in the venom gland, it often undergoes additional gene
duplications and neofunctionalisation (i.e., gain of novel functions), typically leading to the birth
of large multi-locus gene families encoding toxins exhibiting formidable structural and
functional diversity (Casewell et al., 2013; Chang and Duda Jr., 2012; Fry et al., 2003; Kordi$
and Gubensek, 2000). Recent studies have also highlighted the importance of alternative
splicing and trans-splicing in driving the diversification of certain snake venom toxins,
particularly snake venom metalloproteinases (SVMPSs), snake venom serine proteinases
(SVSPs) and vascular endothelial growth factors (VEGFs) (Ogawa et al., 2019; Shibata et al.,
2018).
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Figure 1.3 The molecular and evolutionary mechanisms that underpin the origin and diversification of snake venom toxins. This
figure depicts various evolutionary mechanisms that underpin the origin and diversification of snake venom coding genes. Here,
introns are shown in grey, while exons are depicted in various colours. Following their origin from (endo)physiological homologues
(P) via (1) duplication, snake venom coding genes (V) rapidly accumulate variation under the influence of (2) positive Darwinian
selection. On rare occasions, this process results in (3) the origin of novel functions, while it more commonly leads to (4)
pseudogenization/degeneration. Snake venom diversity can also be generated via (5) alternative- and (6) trans-splicing, while

increased expression can be achieved through (7) repeated gene duplications (from Casewell et al., 2020).

The ‘birth and death’ model of evolution of snake venom toxin families is often
accompanied by evidence of accelerated evolution and positive selection (Sunagar and
Moran, 2015). This has been demonstrated to mainly act by accumulating variations on
surface-exposed amino acid residues, while retaining a largely stable protein macromolecular
structure, thus promoting rapid toxin neofunctionalisation by modification of protein-target
interactions (Casewell et al., 2011; Kordi§ and GubenSek, 2000). The evolution and

diversification of snake venoms thus appear to be the result of the synergistic action of gene

duplication, positive selection, and protein neofunctionalisation.
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1.2 Variation in snake venom

The complexity of snake venom composition harbours the potential for extreme
variation, which has been found to occur frequently and at all taxonomic levels (see Chippaux
et al., 1991), as a consequence of both the evolutionary histories of divergent lineages and
selection on the deployment of specific toxins (Casewell et al., 2020). The analysis of
electrophoretic patterns of venoms obtained from different members of the families Viperidae
and Elapidae, for example, highlighted substantial variation in venom composition both
between and within families (Bertke et al., 1966). Indeed, elapid and viperid venoms present
major compositional differences, with the first being generally less diverse in number of protein
families, and presenting high abundances of 3FTxs. In turn, these toxins are virtually absent
in viperid venoms, which are generally richer in SVMPs (Tasoulis and Isbister, 2017; see
Figure 1.4). The reasons why certain toxin families have become central components of the
venom of one lineage rather than the other are probably linked to their evolutionary histories
and the ecological pressures they were subjected to, but are not fully understood (Fry et al.,
2012).

ELAPIDAE (42 SPECIES) VIPERINAE (20 SPECIES) CROTALINAE (65 SPECIES)
== PLA2 == PLA2 == PLA2
== SVSP == SVSP == SVSP
== SVMP == SVMP == SVMP
3FTx LAAO LAAO
' LAAO = KUN == CRiSP
== KUN == CRISP == CTL
== CRiSP = CTL = DIS
== CTL = DIS == NP
== NP = NP MVC
w= NGF == CYST VEGF
MVC VEGF
MVC

Figure 1.4 Relative proportions of different protein families for the venoms of: Elapidae (left); Viperinae (middle); and Crotalines
(right), averaged from the number of species noted in the brackets. Toxin family key: PLA2, phospholipase A2; SVSP, snake
venom serine proteinase; SVMP, snake venom metalloproteinase; LAAO, L-amino-acid oxidase; 3FTx, three-finger toxin; KUN,
kunitz peptide; CRIiSP, cysteine-rich secretory protein; CTL, C-type lectin; DIS, disintegrin; NP, natriuretic peptide; NGF, nerve
growth factor; CYST, cystatin; VEGF, vascular endothelial growth factor; MVC, minor venom component (modified from Tasoulis
and Isbister, 2017).

Broad differences in venom compaositions can also be found between different genera
belonging to the same family and between congeneric species. For instance, the analysis of
the venom gland transcriptomes of several species of Australian elapids belonging to 11
different genera unravelled extensive variation for 3FTxs, CTLs, NPs, PLA.s, and other toxin
types (Jackson et al., 2013). At a finer scale, the analysis of more than 10 species of the genus
Bothrops highlighted the existence of a large range of variation in their toxic activities, as well
as in number and intensity of bands of the corresponding electrophoretic profiles (Queiroz et

al., 2008). Similarly, the analysis of the venoms of different species of arboreal pit vipers of
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the genus Bothriechis found that while Bothriechis thalassinus and Bothriechis aurifer venoms
presented a prevalence of SVMPs, CTLs and bradykinin potentiating peptides (BPPs), and a
lack of PLAzs, the latter were the predominant components of Bothriechis bicolor venom. The
same study also found that, while the composition of Bothriechis marchi venom was similar to
that of B. thalassinus and B. aurifer, being rich in SVMPs and BPPs, it also resembled B.
bicolor venom in that it also contained considerable amounts of PLA;s (Pla et al., 2017).

Notably, variation in venom composition and activity has been found to occur also at
intra-specific level. This is for example the case of the South American rattlesnake Crotalus
durissus, presenting two distinct venom phenotypes between different populations: one,
belonging to the subspecies C. d. cumanensis, characterised by high levels of SVMPs and
low lethal potency to lab mice, and the other, belonging to the subspecies C. d. durissus, C.
d. ruruima, and C. d. terrificus, characterised by low levels of SVMP activity and high lethal
potency to mice (Calvete et al., 2010). Similarly, the venoms of spectacled cobra Naja naja
specimens from Punjab and West Bengal have been found to possess higher toxicities and
greater amounts of neurotoxic 3FTxs than venoms of specimens originating from Rajasthan,
characterised instead by higher abundances of cytotoxic/cardiotoxic 3FTXs and relatively
lower lethal potencies (Senji Laxme et al., 2021).

Extensive evidence of venom variation occurring within the same population has also
been presented. For example, through the analysis of proteomes and activities of venoms
collected from 18 juvenile Bothrops jararaca specimens, Menezes et al. (2006) found
considerable levels of individual variability and detected sex-related differences between
siblings born and raised in controlled conditions, suggesting genetic inheritance. Similarly,
compositional and functional variation between the venoms of juvenile and adult conspecifics
(i.e., ontogenetic variation) has been documented for numerous snake species. For instance,
Andrade and Abe (1999) found that the venom of juvenile B. jararaca specimens had a higher
toxicity on anurans than that of adults, while Mackessy et al. (2018) found that venoms from
adult specimens of Crotalus polystictus had higher SVMP activity than neonate venoms, which
in turn presented a much higher PLA; activity and increased relative toxicity.

The evidence gathered so far suggests that one of the main factors contributing to such
a dynamic scenario where snake venom composition varies at interspecific, intraspecific, and

individual level is selection on the deployment of specific toxins for predatory purposes.
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1.2.1 Diet as main driver of snake venom variation

Predatory venoms are typically more complex and variable in composition and
physiological effects than defensive ones (Fry et al., 2009b). Concerning snake venoms,
recent reports suggest the presence of a correlation between high prey diversity and a higher
variety of toxic components. Indeed, different venom compositions are likely required to
effectively subjugate prey items with different physiologies (Lyons et al., 2020). Support for
this hypothesis, defined as “food availability hypothesis” (Siqueira-Silva et al., 2021), has been
provided by a recent study focusing on the functional activities of the venoms of 258 snake
species, which found that venoms of snakes with generalist diets showed higher venom
complexity (Davies and Arbuckle, 2019). Consistently with this, in a comprehensive study
focusing on 46 species of American pit vipers belonging to the genera Agkistrodon, Crotalus,
and Sistrurus, Holding et al. (2021) suggested that venom complexity evolves in response to
the phylogenetic breadth of the prey spectrum. In the presence of natural selection, such
diversity likely has the potential to result in critical variation in venom composition, toxicity and
mode of action.

Considering prey subjugation as the primary function of snake venom, therefore directly
linked to the snake's fitness and survival, it stands to reason that snake venom composition is
under strong natural selection for diet. First formal evidence supporting this hypothesis was
provided by Daltry et al. (1996), who performed multivariate analyses on the electrophoretic
patterns of venoms produced by several specimens of the pit viper Calloselasma rhodostoma
collected from different populations, and found a significant relationship between venom
composition and variation in diet. The authors suggested that the compositional differences
detected between the analysed C. rhodostoma venoms could be adaptive, with venom
compositions having been shaped by natural selection in response to differences in prey
availability between the sampled populations.

Several other studies have provided results supporting the correlation between snake
venom variation and diet. For example, Creer et al. (2003) found correlation between variation
in venom phospholipases and adaptation to different diets in Trimeresurus stejnegeri
specimens sampled from geographically different localities on the main island of Taiwan and
two offshore Pacific islands. Accordingly, several studies detected increased prey-specific
lethality to natural prey types. For instance, Barlow et al. (2009) found strong association
between the toxicity of venoms collected from vipers of the genus Echis to a natural scorpion
prey and degree of arthropod feeding. Additionally, studies on the venoms of different pigmy
rattlesnake species of the genus Sistrurus showed correlation between venom diversity and
proportion of mammals found in the diet, and strong prey-specific effects on amphibian, reptile,

and mammal prey (Gibbs and Mackessy, 2009; Sanz et al., 2006).
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Further support for diet as a driving factor in snake venom evolution has also been
provided by research developed on snake species which shifted to a new prey-capture
technique (e.g., constriction), or adapted to prey types that do not require venom to be
subdued (e.g., eggs, worms, snails). The atrophied venom glands, significantly reduced fangs,
and inactivity of the only three-finger toxin expressed in the venom of the sea snake Aipysurus
eydouxii, for example, appear to be secondary results of the adaptation to feeding exclusively
on fish eggs, which made venom unnecessary (Gopalakrishnakone and Kochva, 1990; Li et
al., 2005; Voris and Voris, 1983). Loss or degeneration of the venom system due to it no longer
being subjected to selection appears to have taken place also in other snake species feeding
on defenceless prey (e.g., the bird egg specialist Dasypeltis scabra), and in some species
which evolved constriction as a novel strategy of prey capture (e.g., Pituophis guttatus; Fry et
al., 2008).

In light of the critically adaptive value and fast evolution rates of snake venom (Barua
and Mikheyev, 2020; Casewell et al., 2011), the occurrence of venom variation between
specimens originating from different areas (i.e., geographic/regional variation) might
reasonably be associated with environmental pressures varying across geography, likely
determining changes in prey communities, and ultimately influencing the feeding ecology of
shake populations. This has been recently shown by Holding et al. (2018), who found that
differences in prey community composition and genetic differentiation among populations
accounted for roughly 70% of the variation in venom composition detected between 127
Crotalus oreganus venom samples from 13 locations across California.

Similarly, the occurrence of venom variation between individuals belonging to different
age classes has frequently been correlated with differences in diet and/or foraging strategies.
As an example, the fact that juveniles of Bothrops asper and Crotalus viridis present more
SVMPs in their venoms than the adults has been associated with the fact that both species
undergo a marked ontogenetic dietary shift, from a mainly ectotherm-based diet to a diet
including mostly endotherm prey (Saldarriaga et al., 2003; Saviola et al., 2015). In some
cases, ontogenetic variation in venom composition has been found to lead to differential
venom effectiveness against different prey items, and taxa-specific effects. For instance,
Mackessy et al. (2006) found significant variation in venom composition between neonate and
adult Boiga irregularis specimens, mirrored by an ontogenetic shift in enzyme activities and
toxicity. Specifically, neonate venoms were more than twice as toxic to reptile prey than adult
venoms, which is concordant with the mostly ectotherm-based diet of B. irregularis juveniles.
Conversely, no stark ontogenetic differences in venom composition and taxa-specific effects
were found in the monocled cobra Naja kaouthia (Modahl et al., 2016), a generalist species

with no apparent ontogenetic shift in prey preference (Chaitae, 2011).
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The development of venom resistance in several animal species preying on venomous
snakes (Khan et al., 2020; Perales et al., 2005; van Thiel et al., 2022), the innate avoidance
of some colour patterns characteristic of certain venomous snake species (Smith, 1975, 1977),
and the evolution of Batesian mimicry of some front-fanged taxa (Davis Rabosky et al., 2016;
Greene and McDiarmid, 1981) suggest that snake venom can frequently provide an effective
defence against predators/attackers. In this scenario, it appears plausible that selection might
act on the venom composition of at least some snake species as a result of it being used for
defensive purposes, other than predation. A recent work from Kazandjian et al. (2021) proved
this to be the case for the venom-spitting elapids currently known. Using gene, protein, and
functional analyses, the authors showed that African and Asian spitting Naja species and the
rinkhals Hemachatus haemachatus possess venoms characterised by a significant up-
regulation of PLA;, which potentiate the effects of pre-existing cytotoxins widespread among
cobras on mammalian sensory neurons, making the venom of spitting elapid species more
effective than their non-spitting counterparts in (rapidly) causing pain, associated with
defensive venom use (Chahl and Kirk, 1975; Eisner and Camazine, 1983). Similarly, Bohlen
et al. (2011) discovered in the venom of the Texas coral snake Micrurus tener the first snake
venom toxin (i.e., MitTx) unambiguously serving the sole purpose of causing pain. This toxin
has later been found also in the venoms of Micrurus mosquitensis and Micrurus nigrocinctus
(Fernandez et al., 2015), and its presence has been strongly suggested also in the venoms of
other Micrurus species (Aird et al., 2017; Rey-Suarez et al., 2016; Sanz et al., 2019).
Additionally, Zhang et al. (2017) found in the venom of the Brazilian lancehead Bothrops
moojeni the Lys49 myotoxin BomoTx, inducing inflammatory pain, thermal hyperalgesia, and
mechanical allodynia through the promotion of ATP release and the consequent activation of
the P2X2 and/or P2X3 purinergic receptors. Despite the proven strongly algesic activity of the
toxins MitTx and Lys49, however, the role they might be playing in antipredator defence was
actually never explored, and the relevance of defence in shaping snake venom evolution

remains widely understudied.

1.2.2 Snake venom variation and the snakebite problem

Current, conservative estimates suggest that snakebite envenoming affects up to about
2 million people annually, and causes between 20,000 and 125,000 deaths per year worldwide
(GBD 2019 Snakebite Envenomation Collaborators, 2022; Gutiérrez et al., 2017; Kasturiratne
et al. 2008). Due to the high variability of snake venom composition, a wide variety of
symptoms can arise following envenomation, depending on the occurrence and abundance of
the toxin families, and on their molecular targets and enzymatic activities (Casewell et al.,
2020; Chippaux et al., 1991; Gutiérrez et al., 2017; Tasoulis and Isbister, 2023). As a general
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rule, for instance, viperids tend to cause haemotoxic (e.g., haemorrhage, blood clots) and local
(e.g., swelling, necrosis) effects, consistent with the predominance of SVSPs and SVMPs in
their venoms (Damm et al., 2021; Slagboom et al., 2017; Watrrell, 2010), whereas neurotoxic
symptoms (e.g., ptosis, ataxia, paralysis) are more commonly elicited by elapid venoms, in
which PLA,s and 3FTxs are usually the dominant toxins (Silva et al., 2017; Warrell, 2010).
Nonetheless, it must be noted that there are reports of local tissue damage and coagulopathy
caused by elapid venoms (Warrell, 2010; White, 2005) and of neurotoxicity arsing following
viperid bites (Kularatne and Ratnatunga, 1999; Shelke et al., 2002).

Defining snakebite symptomatology based on the snake lineages involved in the
envenomations is in fact often very complex, and can lead to wrong assumptions regarding
the therapeutic approach to apply, with potentially severe consequences (Fry et al. 2008;
Junqueira de-Azevedo et al. 2006; Warrell, 2010). In the light of the very common occurrence
of snake venom variation, it stands to reason that alterations in venom composition can impact
the clinical manifestations observed following envenoming. A number of medically important
species have indeed been found to exhibit substantial variation in the composition of their
venoms, the symptoms these can elicit, and the efficacy of antivenom therapy. For example,
Senji Laxme et al. (2019) found significant differences between proteomic,
biochemical/pharmacological and toxicity profiles of the venom of some of India’s most
medically relevant snake species (i.e., common krait Bungarus caeruleus, banded krait
Bungarus fasciatus, Sind krait Bungarus sindanus, Russell’s viper Daboia russelii, saw-scaled
viper Echis carinatus, monocled cobra Naja kaouthia, spectacled cobra Naja naja), and
detected the alarmingly poor cross-neutralising capabilities of several commercial Indian
antivenoms. Similarly, venoms of D. russelii specimens from different areas within the Indian
Peninsula present marked concentration-dependent differences in procoagulant and
anticoagulant activities (Prasad et al. 1999), and antivenoms manufactured using the venoms
of Indian specimens exhibit low neutralising potencies against venoms of Bangladeshi origin
(Pla et al., 2019).

Snake antivenoms are made starting from the hyperimmune serum collected from a
large mammal (typically a horse) injected with increasing doses of venom over several
months, in order to produce a progressive rise in neutralising antibodies (IgG) specific to the
venoms used for immunisation (Lalloo and Theakston, 2003; Silva and Isbister, 2020). In this
scenario, it is clear that the production of effective antivenoms depends on the knowledge of
venom variation. Indeed, the characterisation of snake venom and its variation is of central
relevance for both primary venom research and snakebite management, enabling the
identification of the toxins to be neutralised, the prediction of the efficacy of existing

antivenoms against untested snake species, and the targeted selection of the most
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appropriate species and specimens for the production of new ones (Calvete et al., 2021;
Casewell et al., 2020; Gutiérrez et al., 2017).

1.3 The genus Vipera

1.3.1 Phylogenetic context

The genus Vipera Laurenti, 1768 comprises a group of venomous snakes belonging to
the family Viperidae, subfamily Viperinae (i.e., Old World vipers, or “true vipers”). Despite the
development of several studies on the phylogenetic and phylogeographic relationships
between members of this family (e.g., Garrigues et al., 2005; Lenk et al., 2001; Wister et al.,
2008), and specifically within the genus Vipera (e.g., Ursenbacher et al., 2006; Velo-Anton et
al., 2012), phylogeny and taxonomy of this group are still partially unresolved. A recent work
aiming at assessing the validity of species belonging to the genera Daboia, Macrovipera,
Montivipera and Vipera as independently evolving lineages (Freitas et al., 2020) analysed the
relationships between the 26 Vipera species described at the time. By estimating phylogenetic
relationships and time of divergence between species using a Bayesian Inference method
implemented on the concatenated dataset of seven mtDNA markers (i.e., CR, control region;
COl, Cytochrome c oxidase subunit I; cyt b, cytochrome b; ND2, NADH dehydrogenase
subunit 2; ND4, NADH dehydrogenase subunit 4; ND5, NADH dehydrogenase subunit 5; 16S,
mitochondrial gene coding for 16S rRNA), the authors recovered that the genus Vipera forms
three well-supported monophyletic groups, named Vipera 1, Vipera 2, and Pelias (as originally
defined by Zerova, 1992). While both Vipera 1 (including Vipera aspis, Vipera latastei, and V.
monticola) and Vipera 2 (including Vipera ammodytes and Vipera transcaucasiana) presented
deep phylogenetic structure and high levels of divergence between and within taxa, Pelias
was the most diversified group in terms of described species, but the genetic divergence
between them was overall shallow. The Pelias clade resulted divided into two subclades: one
including Vipera barani, Vipera berus, Vipera nikolskii, and Vipera seoanei, and the other
including the remaining 18 species considered (for details, see Freitas et al., 2020). In light of
the phylogenetic reconstruction produced, several species did not match the recognised
relevant evolutionary units and some of them were paraphyletic, thus signalling the presence
of taxonomic inflation within Vipera. Despite the results obtained by Freitas et al. (2020), 21
species belonging to this genus are currently recognised by the most recent and complete list
of reptile species available (i.e., The Reptile Database): Vipera altaica, V. ammodytes, Vipera
anatolica, V. aspis, V. berus, Vipera darevskii, Vipera dinniki, Vipera eriwanensis, Vipera

graeca, Vipera kaznakovi, V. latastei, Vipera lotievi, Vipera monticola, V. nikolskii, Vipera



14

FCUP

Investigating venom composition and variation in West European vipers

orlovi, Vipera renardi, Vipera sakoi, V. seoanei, V. transcaucasiana, Vipera ursinii, and Vipera

walser (see Uetz et al., 2023).

1.3.2 Ecological overview

Snakes of the genus Vipera are spread across the Old World, and can be found
predominantly in Europe from Portugal to Turkey, Mediterranean islands (i.e., Sicily, Elba,
Montecristo), and the United Kingdom (Phelps, 2010; Sindaco et al., 2013). Nevertheless,
Vipera species also occur in Africa (i.e., V. monticola, in Morocco, Algeria, and probably
Tunisia; Martinez-Freiria et al., 2021), Western Asia (e.g., V. eriwanensis in Turkey, Georgia,
Armenia, Azerbaijan, and Iran; lankoshvili and Tarkhnishvili, 2021; Kukushkin et a., 2012;
Kutrup et al., 2005; Rajabzadeh et al., 2011), and East Asia (i.e., V. berus, reaching up to
North Korea; Mallow et al., 2003; Phelps, 2010; Sindaco et al., 2013; Ursenbacher et al.,
2006).

Members of this genus are typically small to medium-sized, with a maximum total length
for adult specimens ranging from about 400 mm (i.e., V. monticola; Brito et al., 2006; Martinez-
Freiria et al 2021) up to roughly one metre (i.e., V. ammodytes; Mallow et al., 2003; Phelps,
2010). Depending on the species, the head is markedly triangular or not very distinct from the
body, which in turn can be more or less slender or thickset, but invariably covered with keeled
scales (Mallow et al., 2003; Phelps, 2010). Vipers belonging to this genus are generally
distinguishable for their dorsal pattern, typically comprising of a conspicuous zigzag, in some
cases highly variable (e.g., V. aspis, Ducrest et al., 2014; V. seoanei, Lucchini et al., 2020;
see Figure 1.5). Several studies have shown that this characteristic zigzag pattern might
function as a warning signal against predators (Martinez-Freiria et al., 2017; Valkonen et al.,
2011; Waster et al., 2004), while others have suggested that variation in it might be driven by
its cryptic role, as the zigzag pattern could decrease a viper's detectability on certain
backgrounds, and/or its thermal role, as larger zigzag bands might provide higher

thermoregulatory efficiency (Martinez-Freiria et al., 2020; Santos et al., 2014).
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Figure 1.5 Dorsal pattern of some Vipera species in European snakebites: V. ammodytes (A); V. aspis (B); V. berus (C);
V. latastei (D); V. seoanei (E); V. ursinii (F). Photo credits: Matteo R. Di Nicola (A, B, C, F); Matthieu Berroneau (D, E) (from
Paolino et al., 2020).

Snakes of the genus Vipera mainly prey on vertebrates, both ectotherms (e.g.,
amphibians, reptiles) and endotherms (e.g., rodents; Andelkovi¢ et al., 2021; Brito, 2004;
Espasandin et al., 2022; Luiselli and Agrimi, 1991), although some members of the Pelias
clade are known to mainly feed on invertebrates (e.g., V. usinii, Baron, 1992; V. graeca, Mizsei
et al., 2019). Notably, several Vipera species undergo a marked ontogenetic shift in diet
composition, with juvenile vipers switching from an ectotherm-based to an endotherm-based
diet as they grow (e.g., V. latastei, Brito, 2004; V. seoanei, Espasandin et al., 2022). For a
number of them, changes in prey consumption due to factors such as seasonality and/or
environmental variability have also been reported (e.g., Mizsei et al., 2019; Santos et al., 2007,
2008; Tomovi¢ et al., 2022).
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1.3.3 Venom and envenoming

A recent work providing a comprehensive compilation of venom compositions of snakes
belonging to the subfamily Viperinae reports that the venoms produced by snakes of this
subfamily appear to comprise of four major toxin families, accounting on average for about
75% of their compositions: snake venom metalloproteinases (SVMPs), phospholipases A:
(PLAzs), snake venom serine proteinases (SVSPs), and C-type lectin-like proteins (CTLs)
(Damm et al., 2021). Less abundant toxin families, accounting for about 17% of the considered
venom compositions, are disintegrins (DISIs), cysteine-rich secretory proteins (CRISPS),
vascular endothelial growth factors (VEGFs), Kunitz-type inhibitors (KUNs) and L-amino-acid
oxidases (LAAOs). Among the minor components, observed less frequently and at low
abundances across the venom compositions reported, are nerve growth factors (NGFs), 5'-
nucleotidases (5Ns), phosphodiesterases (PDEs), hyaluronidases (HYALS), phospholipases
B (PLBs), cystatins (CYSs), glutaminyl cyclotransferases (QCs), aminopeptidases (APS),
SVMP-inhibitors (SVMPis) and bradykinin-potentiating peptides (BPPs) (see Damm et al.,
2021). These components are concordant with the mainly haemorrhagic and cytotoxic effects
of viper envenomation (Gutiérrez et al., 2017; Warrell, 2010).

Among the subfamily Viperinae, the genus Vipera is the most frequently involved one in
shakebite accidents in Europe (Chippaux, 2012; Paolino et al., 2020; Zanetti et al., 2018).
Specifically, from a recent analysis of 3574 reports of snakebite accidents caused by Vipera
species in Europe, V. ammodytes, V. aspis, V. berus, V. latastei, V. seoanei and V. ursinii
resulted to be the six Vipera species of highest medical relevance in Europe, on the basis of
their wide distribution and the high number of reported envenomations caused by them
(Paolino et al., 2020). Particularly, V. ammodytes, V. aspis, and V. berus were accountable
for the highest number of ophidic accidents, followed by V. latastei, V. seoanei, and V. ursinii.

Clinical symptoms caused by envenoming by members of this genus range from minimal
and local (e.g., algesia, swelling) to systemic and potentially life-threatening (e.g.,
haematological, neurological; Chippaux, 2012; Paolino et al., 2020). From the analysis by
Paolino et al. (2020), the local symptoms most frequently observed were oedema (73.6%),
ecchymosis (68.3%), and erythema (56.6%), while systemic symptoms like haemorrhage,
disseminated intravascular coagulation, and low platelet count were reported but rarer (11%,
3.1%, and 7.0% of the cases, respectively). Hypotension, a known dangerous effect of Vipera
envenoming, was detected in more than half (55.2%) the analysed reports. Neurotoxic effects,
typically documented only for few species of this genus (e.g., V. ammodytes, Logonder et al.,
2008; V. aspis, Zanetti et al., 2018; V. berus, Malina et al., 2017) were not prevalent, but
neurological symptoms affecting cranial nerves were reported in 14.8% of the considered

cases (Paolino et al., 2020).
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Notably, despite the medical relevance of Vipera envenomations, the venom of species
belonging to this genus appears to receive limited attention from snake venom research.
Particularly, a recent review of Old World viper venom proteomes found that only 13 of the 89
Viperinae venom proteomes analysed focused on the composition of Vipera venoms,
encompassing only 10 species (Damm et al., 2021). In this work, V. ammodytes and V. berus
seemingly received more attention than the other Vipera species. Indeed, the venoms of V.
ammodytes and V. berus, together with V. aspis and V. ursinii, have been characterised and
analysed with different levels of detail (e.g., Georgieva et al., 2008; Giribaldi et al., 2020; Lang
Balija et al., 2020; Latinovic et al., 2016), probably because of the major medical relevance of
these species in Europe (Paolino et al., 2020). Nonetheless, V. latastei and V. seoanei, the
other two European species of highest medical importance (Paolino et al., 2020), have so far
been minimally investigated (see Damm et al., 2021). Providing a first characterisation of the
venoms of these two species would be crucial, not only to reach a more comprehensive
knowledge on properties and variability of European viper venoms, but also to help improve

the clinical management of the envenomations they can cause.
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2.1 General objectives

The main goal of this thesis is to increase the current knowledge on the venoms
produced by vipers belonging to the genus Vipera, focusing on species from the Iberian
Peninsula. General goals are defined as follows: 1) provide a formal description of the general
trends and biases in snake venom studies in terms of species and research topics; 2) provide
a resume of the current knowledge on the species of the genus Vipera of major medical
importance in Europe; 3) provide the first characterisation of the venoms of the species Vipera
latastei and Vipera seoanei, with an assessment of their intraspecific variation.

2.2 Thesis outline

This dissertation is divided into seven chapters, as follows:

Chapter 1 comprises of a resume of topics relevant to the following chapters, starting with
a brief introduction on snake venom origin and evolution, and the molecular mechanisms
involved. Then, a description of snake venom variation, the taxonomic levels at which it can
occur, and its relationship with snake diet is provided. Emphasis is given to evidence
supporting the role of diet as main driver of snake venom variation, and to the supposed
adaptive value of the latter. Finally, phylogenetic and ecological context of species belonging
to the genus Vipera, together with some of the information available about their venoms and

the envenomations they can cause, is presented.
In Chapter 2, the main objectives of this thesis and its outline are described.

Chapter 3 investigates trends and biases in snake venom studies through the analysis of
relevant articles published over the past 57 years. Information on taxonomy, realm of origin,
and harmful potential of the studied snake species is provided, and used as factors to test
whether or not they can influence the popularity of a species in snake venom research.
Information on the most investigated topics in this field of study is also presented.

This study was published as:

e Avella, I., Waster, W., Luiselli, L., & Martinez-Freiria, F. (2022) Toxic habits: an
analysis of general trends and biases in snake venom research. Toxins, 14(12),
884. https://doi.org/10.3390/toxins14120884

Chapter 4 focuses on the study of the six Vipera species of major medical relevance in
Europe, namely Vipera ammodytes, Vipera aspis, Vipera berus, Vipera latastei, Vipera

seoanei and Vipera ursinii. A key to their identification, information about the composition of
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their venoms and their toxicity, as well as guidelines for first aid and clinical treatment of the
envenomation symptoms they can cause are provided.
This study was published as:
¢ DiNicola, M. R., Pontara, A., Kass, G. E. N., Kramer, N. I., Avella, I., Pampena, R.,
Mercuri, S. R., Dorne, J. L. M., & Paolino, G. (2021). Vipers of major clinical
relevance in Europe: taxonomy, venom composition, toxicology and clinical
management of human bites. Toxicology, 453, 152724.
https://doi.org/10.1016/j.tox.2021.152724

Chapter 5 provides the first proteomic characterisation of the venom of Lataste’s viper
(Vipera latastei). Through the analysis of proteomes and chromatographic profiles obtained
from venoms of both adult and juvenile specimens collected in two environmentally distinct
localities in northern Portugal, an assessment of the ontogenetic and geographic variation in
the composition of this species' venom is presented.

This study was published as:

e Avella, I, Calvete, J. J., Sanz, L., Wuster, W., Licata, F., Quesada-Bernat, S.,
Rodriguez, Y., & Martinez-Freiria, F. (2022) Interpopulational variation and
ontogenetic shift in the venom composition of Lataste's viper (Vipera latastei,
Bosca 1878) from northern Portugal. Journal of Proteomics, 263, 104613.
https://doi.org/10.1016/j.jprot.2022.104613

Chapter 6 provides the first proteomic characterisation of the venom of the Iberian adder
(Vipera seoanei). Through the analysis of electrophoretic profiles obtained from venoms of
adult specimens collected across the species’ distributional range in northern Iberian
Peninsula, an assessment of the geographic variation in V. seoanei venom composition is
presented. The study also includes an investigation on biological, genetic, and eco-geographic
factors potentially involved in the occurrence of such variation.

This study was published as:

e Avella, I., Damm, M., Freitas, I., Wister, W., Lucchini, N., Zuazo, O., Siissmuth,
R., & Martinez-Freiria, F. (2023). One Size Fits All—Venomics of the Iberian adder
(Vipera seoanei, Lataste 1878) reveals low levels of venom variation across its
distributional range. Toxins, 15(6), 371. https://doi.org/10.3390/toxins15060371

In Chapter 7, a discussion of the topics and interpretations drawn in this thesis is presented,

with an emphasis on the major findings and future research challenges arising from it.


https://doi.org/10.1016/j.tox.2021.152724
https://doi.org/10.1016/j.jprot.2022.104613
https://doi.org/10.3390/toxins15060371
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Chapter 3

Analysis of general trends and biases

In shake venom research
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Introduction

About 200,000 species of venomous animals belonging to many different taxa (e.g.,
chidarians, arthropods, reptiles, fishes, mammals) are currently known to science (Jenner and
Undheim, 2017). Among them, snakes are arguably the most notorious ones. Of more than
3900 snake species currently recognised (Uetz et al., 2022), about 300, mainly belonging to
the families Viperidae (e.g., adders, rattlesnakes, palm pit vipers), Elapidae (e.g., cobras, coral
snakes, sea snakes), and Colubridae (e.g., vine snakes, twig snakes, boomslangs) are
considered of medical importance by the World Health Organization (WHO) (Longbottom et
al., 2018; Uetz et al., 2022; WHO, 2020).

Snake venom is a complex mixture of peptides, proteins, small organic molecules, and
salts (Calvete, 2013; Chan et al.,, 2016), able to disrupt the general homeostasis of the
envenomated organism, affecting it in different ways and with different levels of specificity and
potency (Cohen et al., 2005; Herzig et al., 2005; Lyons et al., 2020). Snake venom has long
been and remains in the spotlight for researchers from all over the world, mostly because of
the medical importance of snakebites for human health (Gutiérrez et al., 2006, 2017,
Kasturiratne et al., 2008). For many years, it has been studied through traditional biochemical
and pharmacological approaches, often focusing mainly on abundant toxins present in
venoms produced by the most common medically relevant species (e.g., Daboia russelii,
Kasturi and Gowda, 1989; Bothrops jararaca, Nishida et al., 1994), and neglecting the venoms
of a large number of rarer and/or generally less studied species (Jackson et al., 2019; Lomonte
and Calvete, 2017; Mackessy and Saviola, 2016).

Advances in the so-called “omic” technologies, defined as the application of
highthroughput methodologies (Fuzita et al., 2016), and their inclusion in the conventional
analysis procedures, completely revolutionised snake venom studies. The term “venomics”
currently describes the comprehensive study and characterisation of the whole venom profile
of a toxic organism by the means of integrated “omic” methodologies, namely proteomics,
transcriptomics, and genomics (Calvete, 2013; Fuzita et al., 2016; Oldrati et al., 2016).
Specifically, modern snake venomics allow for the identification of venom components both
directly, through the analysis of the protein content of crude venom (i.e., proteomics), and
indirectly, through the sequencing of venom gland mRNA or cDNA (i.e., transcriptomics), or
of the full genome (i.e., genomics) of the analysed species (Oldrati et al., 2016). By allowing
the rapid characterisation of all venom components of a growing number of snake species
from all over the world, the deployment of snake venomics is gradually filling the knowledge
gap left by the application of previous, less comprehensive approaches. The remarkable
amount of information produced by venomics about composition and properties of different

snake venom phenotypes, together with its implementation in functional studies, is helping to
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elucidate the processes underlying snake venom origin and evolution, and is driving the
development of powerful therapeutic tools to be used to mitigate the global burden of
snakebite (Post et al., 2019; Sajevic et al., 2011) and successfully treat different types of
diseases (e.g., Azim et al., 2016; King, 2011, and references within).

Despite the growing attention snake venom studies have received since the rise of
venomic approaches, it has been noted that, in this line of research, some topics tend to be
investigated more frequently than others (Arbuckle, 2020; Calvete, 2013; Stern, 2019).
Questions regarding snake ecology (e.g., interactions between snakes and their prey), for
example, are seldom addressed in venomic studies, despite being relevant for both
evolutionary biology and the development of effective snakebite mitigation strategies
(Gutiérrez, 2020; Jackson et al., 2019; Murray et al., 2020). Similarly, research efforts seem
to be greatly biased towards species belonging to the families Elapidae and Viperidae,
whereas other snake families (e.g., Psammophiidae, Pseudoxyrophiidae, Atractaspididae,
Homalopsidae) tend to be overlooked (Jackson et al., 2019). Although these tendencies in
shake venom studies have long been recognised (e.g., Diz and Calvete, 2016; Jackson et al.,
2019), they have never been formally quantified.

In the present stduy, we aim to provide formal categorisation and quantification of the
current biases in snake venom research. To this end, we (i) present an estimation and
description of the prevailing trends in snake venom studies published between 1964 and 2021,
(if) analyse whether and how the focus of the retrieved studies changed in terms of topics and
taxa covered across the defined time frame, and (iii) test whether potential biases in terms of
number of articles dedicated to each retrieved snake species could be related to specific
factors (e.g., taxonomy, biogeographic realm of origin). We expect our findings to uncover the
taxonomic and topic imbalances present in this field of study, and potentially help identify their

origin and define the directions to follow to redress them.

Materials and Methods

Article selection

Publications considered for the current study were gathered and organised using the
Google Scholar (Google Inc. (Menlo Park, CA, USA)) web search engine
(https://scholar.google.com), between the months of December 2018 and March 2022. To
perform the search, the following query was used, applying every possible combination of the
ten selected keywords: (<venom> OR <venomics>) AND (<toxin> OR <composition> OR
<profile>) AND (<snake> OR <viper> OR <elapid> OR <colubrid> OR <atractaspid>). The
evaluation timeframe we defined went from 1964 to 2021. Search results were sorted by

relevance following Google Scholar default search options, with the quality of the result search
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match being higher on top of the result list and progressively decreasing. We thus reviewed
for consideration the first 200 articles obtained for each keyword combination searched,
checking their suitability for inclusion in the final dataset. Articles focusing on the study of
snake venom composition and variation, presenting either a protein-centred venom approach
or an indirect approach based on different techniques (e.g., transcriptomics, bioinformatics,
toxicity assays) were taken into account for analysis. Articles not investigating whole snake
venoms (e.g., reviews, publications focusing only on single venom fraction analysis, single
toxin studies), and/or not published in refereed, impacted journals were not considered.

The following information was recorded from each article: (i) publication year, (ii)
taxonomy of the analysed species, (iii) country and biogeographic realm of origin of the

analysed specimens, and (iv) topics covered.

Taxonomic information

In order to assess what the most studied and most represented snake taxa were,
information about family, subfamily, genus, and species of the specimens analysed in each
article was collected. Due to phylogenetic uncertainty within the family Elapidae (Lee et al.,
2016; Williams et al., 2006; Zaher et al., 2019), we did not consider subfamilies for this group,
but instead divided it into two main categories widely used in the literature, irrespective of
concerns over monophyly (Scanlon et al., 2004; Slowinski et al., 1997, 2000): (i) Old World
and American elapids and (ii) Australo-Papuan and marine elapids. The retrieved taxonomic
information was updated mainly following the taxonomy reported by The Reptile Database
(Uetz et al., 2021), based on information about species names and sampling localities of the
specimens. When insufficient locality and taxonomic information did not allow the
unambiguous identification of the analysed snake species, we kept the specific IDs as reported

in the original articles.

Hazard categories

In order to test whether the harmful potential of a species’ venom could influence
eventual biases in terms on number of studies dedicated to it, we developed a hazard index
based on the existing bibliography (e.g., Gutiérrez et al., 2017; Weinstein et al., 2011), WHO
guidelines (e.g., WHO, 2010, 2016, 2020), and authors’ opinion. We classified the snake
species considered in the retrieved studies into four categories, based on the severity of the
envenomation they can cause: (i) category 1—"“critical clinical relevance”: envenomations
have a generally high chance to cause death or significant disability if professional medical
care is not obtained,; (ii) category 2—"high clinical relevance”: envenomations usually cause
significant illness, hospitalisation is required, death and/or disability are unlikely but possible

if professional medical care is not obtained; (iii) category 3—*‘moderate clinical relevance”:
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envenomations are unpleasant but typically not life-threatening, significant disability is
exceptional, typically treated symptomatically; (iv) category 4—"low clinical relevance”:
envenomations likely cause only very mild symptoms (e.g., local swelling, itching, limited
blistering), generally not interfering with normal activities and not being life-threatening, and
professional medical care rarely necessary. Species we could not assign to any of the

abovementioned categories were classified as “unknown” and not included in the analyses.

Origin of the specimens

Information about the country where each snake species that produced the analysed
venom samples came from, and the corresponding biogeographic realm, was also gathered
and used to assess possible geographical biases in snake venom studies. Country and
biogeographic realm of origin of specimens for which information about the place of origin was
ambiguous or unavailable (e.g., captive specimens, pooled venoms) were considered as
“‘unknown” and not included in the analyses. Biogeographic realms were identified following
the RESOLVE Ecoregions 2017 website (Dinerstein et al., 2017).

Topics covered

In order to identify the most investigated research topics in the retrieved articles, we
gathered information about the research topics covered in the reviewed publications, and
grouped them into eight categories: (i) “venom characterisation”: defining the composition of
the venom of snake species through the application of one or more techniques, from basic
venom fractionation to “omic” approaches (i.e., proteomics, transcriptomics, genomics); (ii)
“antivenomics and neutralisation”: evaluating immunological mechanisms in model animals
and/or efficacy of one or more antivenoms against the venom of the analysed snake species;
(iii) “biological activity”: assessing the enzymatic, toxic, and/or lethal (i.e., LDso) activity of the
venom produced by the analysed snake species; (iv) “envenomation symptoms”: description
of envenomation symptoms in humans resulting from snakebite accident; (v) “geographic
venom variation”: comparing venom profiles, components, and/or biological activity between
individuals belonging to the same snake species but coming from different populations and/or
habitats across their natural range; (vi) “individual venom variation”: comparing venom
profiles, components, and/or biological activity between individuals of the same snake
species, with a focus on venom variation related to differences in age (i.e., ontogeny), sex,
and/or diet; (vii) “interspecific venom variation”: comparing profiles, components, and/or
activity of venoms produced by snakes belonging to different species; (viii) “prey specificity”:
testing efficacy and/or efficiency of the venom of the analysed snake species against the

preferred natural prey.

33



34

FCUP

Investigating venom composition and variation in West European vipers

Chronological trends

Information about the publication year of each analysed article was gathered in order
to define the total number of publications per year, and thus identify the most and least
productive years in terms of published articles. Using this information, we built cumulative
curves in order to identify trends in terms of studied families, subfamilies, and research topics
varied across the retrieved articles along the considered timeframe. The data obtained this

way allowed to assess patterns of chronological variation in the above-mentioned categories.

Statistical analyses

We performed chi-squared (x?) tests to assess the significance of the differences in
terms of article coverage detected between snake taxa (i.e., family, subfamily, genus),
countries, biogeographic realms, and topic categories. To investigate the presence of
significant relationships between number of publications on snake venom and years from 1964
to 2021, we tested the following regression models: (i) 1st order polynomial, (i) 2nd order
polynomial, and (iii) 3rd order polynomial. We ranked the models on the basis of the corrected
Akaike’s Information Criterion (AlCc) (Burnham and Anderson, 2002), ultimately applying the
model with the lowest AICc score considered as the best-fitting one. We applied the same
method to also choose the best model to test the presence of significant relationships between
the number of years that passed from 1964 to 2021 and the number of yearly papers covering
each of the eight topic categories defined. To investigate whether family, hazard category, and
biogeographic realm of origin of the snake species retrieved from the analysed articles could
be correlated with the number of articles dedicated to each one of them, we used Generalised
Linear Models (GLM) assuming a Poisson distribution for the response variable. Country of
origin and subfamily were excluded from the used predictors because the retrieved information
relative to them was often fragmentary and ambiguous, and because they were nested in the
predictors “biogeographic realm” and “family”, respectively. Collinearity between the three
predictors considered (i.e., family, hazard category, biogeographic realm) was low (Variance
Inflation Factors (VIF) always < 5.11), thus we included all of them in the regression models
generated. We built the models using the number of articles dedicated to each species as
response variable, and all possible combinations of the three predictors considered. The
produced models were ranked on the basis of their AICc score, considering the model with
the lowest AICc score as the best-fitting one. Polynomial regression models were generated
using the software SPSS (version 13.0.; SPSS Inc., 2003). All other analyses were performed
in R environment (version 4.1.1; R Core Team, 2021). We used the packages vegan
(Oksanen, 2016) and MuMIn to build the full set of Generalised Linear Models (Barton, 2020).
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Results

Taxonomic information

A total of 267 articles was considered for the current study (complete list provided in
Table Al.1). From the analysis of these articles, we gathered information about a total of 298
shake species belonging to seven different families: Viperidae, Elapidae, Colubridae,
Atractaspididae, Homalopsidae, Psammophiidae, Pseudoxyrhophiidae. Most of the retrieved
species belonged to the families Viperidae and Elapidae.

The differences in article coverage of snake families and subfamilies/groups were
significant (families: x%e) = 243.1, p < 0.0001; subfamilies/groups: x?u2) = 228.9, p < 0.0001).
The family Viperidae was the most studied one, followed by the families Elapidae and
Colubridae. Most of the viperids belonged to the subfamily Crotalinae, which was the most
studied snake subfamily. In terms of number of articles and studied species, the snake families
Atractaspididae, Homalopsidae, Psammophiidae, and Pseudoxyrhophiidae were both the
least studied and the least represented. For further details about the number of species and
articles retrieved for each family and subfamily/group, see Figure 3.1.
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Figure 3.1 Number of species and articles for the snake families and subfamilies studied in the reviewed publications. Coloured
bars refer to the number of species belonging to from the analysed publications; striped bars refer to the number of gathered
articles studying members of each taxon. Exact numbers are reported in parentheses. The percentages refer to the total number
of species and publications retrieved. Bars of the same colour correspond to subfamilies belonging to the same family (i.e., red
= Viperidae, orange = Elapidae, green = Colubridae). Following Uetz et al. (2021), for the families Atractaspididae, Homalopsidae,
Psammophiidae, and Pseudoxyrhophiidae, no subfamilies are currently identified. Original elapid silhouette by Chris Hay,

provided via www.phylopic.org, and modified and used under license CC BY-NC 3.0.
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A total of 96 snake genera were retrieved from the literature analysis, mostly belonging
to the families Elapidae (35 genera, 36.46%), Viperidae (30 genera, 31.25%), and Colubridae
(25 genera, 26.04%). The differences in article coverage between snake genera were
significant (x%es) = 196.7, p < 0.0001). With 26 species studied in the considered publications,
Bothrops was the most represented genus, followed by Crotalus (24 studied species) and
Micrurus (19 studied species). Bothrops and Crotalus were also the two most studied genera
(43 and 39 articles, respectively). The most studied species overall was the South American
pit viper Bothrops atrox (20 publications, 7.49% of all retrieved articles; Figure 3.2). The
complete list of all retrieved snake taxa is reported in Table Al1.2.

Number of articles

0 2 4 6 8 10 12 14 16 18 20

Bothrops atrox _

Naja naja

Bothrops asper
Bothrops jararaca

Crotalus durissus

Naja kaouthia

Crotalus scutulatus
Daboia russelii

Bitis arietans

=== \/iperidae
== Elapidae

Crotalus viridis

Figure 3.2 Information about the top ten most studied snake species. The graph shows the number of retrieved articles studying
each species. Depicted in photo, Bothrops atrox (edited from Arteaga et al., 2020).
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Most of the 298 snake species retrieved from the analysed literature were assigned to

the first two hazard categories. Specifically, most of viperids and elapids were considered of

critical clinical relevance/category 1 or high clinical relevance/category 2. The species

considered of moderate clinical relevance/category 3 and low clinical relevance/category 4

encompassed most of the Colubridae, and all of the Homalopsidae, Psammophiidae, and

Pseudoxyrhophiidae species retrieved. Because of the lack of data about envenomation

caused by the elapid Toxicocalamus longissimus, this species was the only one we were

unable to assign to any on the four hazard categories defined. For detailed information about

the number of species included in each hazard category, and the hazard category assigned

to each one of them, see Tables 3.1 and Al.2.

Table 3.1 Number of snake species assigned to each of the four hazard categories defined by family and subfamily/group. The

percentages refer to the total number of species retrieved for the considered taxonomic category/group from the publications

analysed.
Hazard Category
N Species Cat. 1 Cat. 2 Cat. 3 Cat. 4 Unknown

Viperidae 144 73 (50.69%) 65 (45.14%) 6 (4.17%) 0 0

Azemiopinae 1 0 1 (100%) 0 0 0

Crotalinae 109 55 (50.46%) 54 (49.54%) 0 0 0

Viperinae 34 18 (52.94%) 10 (29.41%) 6 (17.65) 0 0
Elapidae 110 55 (50%) 33 (30%) 15 (13.64%) 6 (5.45%) 1 (0.91%)

Australo-Papuan 58 25(43.1%) 12 (20.69%) 14 (24.14%) 6 (10.35%) 1 (1.72%)

and marine elapids

Old World and 52 30(57.69%)  21(40.39%) 1 (1.92%) 0 0

American elapids
Colubridae 35 2 (5.71%) 2 (5.71%) 12 (34.39%) 19 (54.39%) 0

Ahaetuliinae 1 0 0 0 1 (100%) 0

Colubrinae 28 2 (9.1%) 0 8 (36.4%) 12 (54.5) 0

Dipsadinae 4 0 0 4 (50.0%) 4 (50.0%) 0

Natricinae 2 0 2 (50.0%) 0 2 (50.0%) 0
Atractaspididae 4 0 4 (100%) 0 0 0
Homalopsidae 2 0 0 0 2 (100%) 0
Psammophiidae 2 0 0 1 (50.0%) 1 (50.0%) 0
Pseudoxyrhophiidae 1 0 0 0 1 (100%) 0
Total 298 130 (43.62%) 104 (34.9%) 34 (11.41%) 29 (9.73%) 1 (0.34%)
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Countries and biogeographic realms

The most represented country in terms of number of studied species was Australia (55
species), followed by Brazil (35 species), and the USA (31 species; Figure 3.3A). The country
of origin of 42 specimens belonging to 34 different species was impossible to identify based
on the information reported in the publications. Detailed information about the number of
species retrieved for each country is reported in Table A1.3. Overall, the frequency of papers
by country was significantly biased (x?zs) = 217.6, p < 0.0001), and Australia exceeded all
other countries in terms of number of published studies. Since information about the country
of origin of the retrieved species was generally more incomplete than the information about
the biogeographic realms, we excluded it from further analysis.

The most represented biogeographic realm was the Neotropics (89 species), followed
by the Australasia and the Indomalayan realms (60 species each; Figure 3.3B). The
biogeographic realm of origin of six specimens belonging to five different species could not be
identified (see Table Al.1). The differences in number of species studied for the various

realms were statistically significant (x%s) = 66.1, p < 0.0001).
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Figure 3.3 Information about the geographic origin of the species retrieved from the analysed publications. The graphs show the

number of species recorded for the ten most represented countries (panel A) and biogeographic realms of origin (panel B).



FCUP | 39
Investigating venom composition and variation in West European vipers
Topics investigated
None of the articles covered all the eight defined topic categories. The highest number
of topics covered by one article was five (eight articles, 3% of the total), whereas the lowest
was one (23 articles, 8.61% of the total). Most of the articles (110 articles, 41.2% of the total)
covered three topic categories. The most covered topic was “venom characterisation” (228
articles), whereas the least covered one was “envenomation symptoms”, studied in only five
publications. The most studied combination of topics was “venom characterisation +
interspecific venom variation” (Figure Al.1), found in 24 articles. The differences in number of
articles covering each topic category were significant (x%z = 225.9, p < 0.0001).
Further information about the topics investigated in the analysed publications is

reported in Figure 3.4.

5.62%

37.45%
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35.20%
1.87%
61.42%
© Topic category | - Venom characterisation © Topic category V - Geographic venom variation
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Figure 3.4 Information about the topics investigated in the reviewed articles. The graphs show the percentages of articles
covering each of the eight topic categories defined. The results about topic cover are based on added up values and each topic

has been counted separately; therefore, the overall sum of resulting percentages is greater than 100%.
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Chronological trends

Our analysis performed on articles published between 1964 and 2021 showed that the
number of publications on snake venom increased significantly and non-linearly over the
years, with the best fitting model curve [y = yearly number of studies; x = years passed since
the beginning of the survey (i.e., 1964)] being a 3rd-order polynomial fit (yearly number of
articles = 0.003654x> - 21.72x? + 4.303 x 10% - 2.842 x 107; AlCc = 2199, x? = 2190, r? =
0.9942, p < 0.000001). A conspicuous increase in number of articles published each year was
detected starting in the early 2000s, with most of the retrieved articles (240 articles, 89.9% of
the total) being published after 1995. Considering the whole timeframe, between 4 and 5
articles were published on average every year. The number of gathered articles reached
double digits for the first time in 2006 (11 articles, 4.12% of the total) and its peak in 2019 (29
articles, 10.9% of the total).

Notably, the number of articles dedicated to members of the families Viperidae and, to
a lesser degree, Elapidae has been growing at a particularly fast pace, outdistancing the
curves relative to other families already in the late 90s (see Figure 3.5). The beginning of the
twenty-first century also marked an increase in the curve relative to the family Colubridae,
which however remained relatively low. Along the considered timeframe, the families
Atractaspididae, Homalopsidae, Psammophiidae, and Pseudoxyrhophiidae were confirmed to
be consistently less studied than the families Viperidae, Elapidae, and Colubridae, and did not

experience any significant increase in number of articles (see Figure 3.5).
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Figure 3.5 Chronological distribution of the analysed articles by snake families. The number of articles analysed per each year
of the defined time frame is reported in Table Al.4. The black cumulative curve shows the overall positive trend of the analysed

articles along the considered timeframe.
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Overall, the number of articles focusing on elapid and viperid subfamilies increased
since the second half of the first decade of the 2000s (see Figure A1.2). The number of articles
focusing on Crotalinae was lower than the number of articles focusing on the other viperid
subfamily Viperinae until the mid-1980s, but then increased to the point of largely
outdistancing all the others. The curve corresponding to Old World and American elapids
showed a very similar pattern (see Figure Al.2). Among colubrids, Colubrinae was the most
studied subfamily, and underwent a slight increase in articles in the last three years (Figure
Al.2). The subfamilies Azemiopinae, Ahaetuliinae, Dipsadinae, and Natricinae constantly
were the least studied ones across the whole timeframe.

A general increase in publications can be detected from the beginning of the 2000s
(see Figure 3.6). Concerning the topics investigated, the chronological trend of articles
focusing on “biological activity” showed a moderate growth until the early 2000s, and then
underwent a considerable rise. A similar trend was detected for the studies dealing with the
topic “antivenomics and neutralisation”. The curves relative to the topics “geographic venom
variation” and “interspecific venom variation” were almost overlapping throughout the
considered time frame (Figure 3.6). A significant increase was evident in the number of yearly
papers concerning the former topic category, and an almost exponential by-year increase in
the number of papers dedicated to the latter was observed. We also detected a significant
growth throughout the years in the number of published studies focusing on the topic “venom
characterisation”, obtained exactly for the overall number of publications. The chronological
trend concerning articles focusing on the topic “individual venom variation”, although

significant, was less evident.
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Figure 3.6 Chronological distribution of topic cover in the analysed articles. The cumulative curves show the trend of the analysed
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Although a certain degree of convergence between the positive trajectories followed
by the curves relative to the abovementioned topic categories was evident, other subjects did
not show such defined growths along the whole time frame considered. Specifically, because
of the extremely small number of retrieved publications concerning “envenomation symptoms”
and “prey specificity of venom”, we were unable to detect any marked chronological trend in
terms of yearly number of articles focusing on these two topic categories.

Details of the statistical analyses performed are reported in Table A1.5.

Factors influencing the differences in number of articles between species

The model that best described the variation in number of articles dedicated to each
shake species included the biogeographic realm and hazard category as independent
variables (see Table 3.2). The effect of the hazard category assigned to each species was
statistically significant (x?s) = 59.8; p < 0.001), as well as the effect of the biogeographic realm
of origin of each species (x?s) = 21.5; p < 0.001).

Table 3.2 Final set of Generalised Linear Models (GLM) tested. The models relate the number of articles dedicated to each
snake species retrieved in the analysed articles with the selected independent variables: family, biogeographic realm, and
hazard category. The best-fitting model is reported in bold. The table reports the number of parameters in the model (K), the
information score of the model (Akaike’s Information Criterion corrected for small sample sizes; AlCc), the difference in AICc
score between the best model and the model being compared (AAICc), and the AICc weight (i.e., the proportion of the total

amount of predictive power provided by the full set of models contained in the model being assessed; wAICc).

Model K AlCc AAICc wAICc
Biogeographic realm and Hazard category 10 1058.710 0.000 0.991
Hazard category 4 1068.161 9.450 0.009
Biogeographic realm 7 1110.483 51.772 5.675x 10712
Family 8 1115.132 56.421 5.552 x 10713
Null 1 1116503 57.792 2.797 x 10713
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Discussion

Viperids are the most studied snakes

From the analysis of all the considered publications, members of the family Viperidae
were the most studied both in terms of humber of species investigated and articles (Figure
3.1). Among the factors we tested to try to understand what could determine the prevalence
of viperids, and more in general the disproportion in terms of number of articles between the
studied snake taxa, the hazard categories we assigned to the species were statistically
significant. Specifically, the results of our analysis showed that the number of articles focusing
on species of critical clinical relevance/category 1 is significantly higher than the number of
articles focusing on species with a lower hazard rating (see Table A1.6). Assuming that the
hazard index we defined is able to accurately represent the danger a snake species can pose
to humans because of its venom, our findings suggest that one of the main criteria used to
select which snake venom to analyse might be its noxious potential. This is supported by the
fact that snakes belonging to the three most studied snake families (i.e., Viperidae, Elapidae,
Colubridae) are the ones most frequently and notoriously involved in snakebite accidents
(Malaque and Gutiérrez, 2015; Mamede et al., 2020; WHO, 2020).

Viperids, widely distributed and highly diverse (Uetz et I., 2021), have indeed a major
impact on human health in terms of snakebite, being responsible for a large number of bites
and deaths in the three global snakebite hotspots (i.e., Africa, Asia, and Central and South
America; Karunanayake et al.,, 2014; WHO, 2010, 2016). Within Viperidae, the subfamily
Crotalinae (i.e., pit vipers, exclusive to America and Asia) was the most studied subfamily
overall. In the American continent, pit vipers cause the great majority of snakebite accidents,
which are usually characterised by higher morbidity and mortality than those caused by their
Asian counterparts (Otero-Patifio, 2009; Warrell, 2017). In particular, species belonging to the
genus Bothrops, the most studied genus across the analysed articles, account for 50-80% of
all the snakebite accidents happening in most countries of Latin America (Malaque and
Gutiérrez, 2015). In this scenario, it appears plausible that the prevalence of pit vipers
throughout the considered publications might be related to their perceived harmfulness and
relevance for human health.

Elapid snhakes are generally accountable for fewer ophidic accidents than viperids in
the American continent (e.g., Malaque and Gutiérrez, 2015), but are of extreme medical
importance in Asia and Africa (e.g., WHO 2010, 2016, 2020). We hypothesise that the
detected disproportion in terms of article coverage between elapids and viperids might be
related to factors different from those we accounted for in our analysis. Specifically, we
speculate that this disproportion to be due to socio-economic factors, namely research on

snake venom being generally less developed in most Asian and African countries (Groneberg
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et al., 2016; Sofyantoro et al., 2022), resulting a lower number of studies focusing on species
originating from these areas. Conversely, we suspect the underrepresentation of
Atractaspididae, Colubridae, Homalopsidae, Psammophiidae, and Pseudoxyrhophiidae in the
analysed articles to be mainly caused by these families being typically considered of only
minor medical relevance, and to the general lack of detailed information about the danger

many of their members can pose to humans (Tilbury et al., 1989; Weinstein et al., 2011).

The Neotropics as a gold mine for snake venom studies

In line with the bias towards American pit vipers mentioned earlier, the most
represented biogeographic realm was the Neotropics (Figure 3.3B). Encompassing Central
and South America, it is home to about 900 snake species (Guedes et al., 2018; Uetz et al.,
2021). As a consequence of this remarkable ophidian diversity, the Neotropics are a global
hotspot of medically important snake species, for many of which no effective therapy is listed
by the WHO (like the Congo Basin and southeast Asia (Longbottom et al., 2018), and which
pose a serious threat to the large part of the local population, leading a markedly rural lifestyle
(Gutiérrez, 2014; Harrison et al., 2009; Kasturiratne et al., 2008). In recent years, various
research centres and laboratories located in Central and South America (e.g., Instituto
Butantan in Brazil, Instituto Clodomiro Picado in Costa Rica) have made a remarkable
contribution to snakebite studies (Groneberg et al., 2016; Sofyantoro et al., 2022), largely
focusing on local medically relevant snake species. In light of this, we suspect that the
prevalence of the Neotropics in terms of number of studied snake species might be determined
not only by this realm’s abundance of species relevant for snakebite and snake venom
research, but also by the large number of studies developed by Central and South American
institutions included in our analysis (see Table A1.1).

In spite of the evident prevalence of Neotropical snakes in the analysed publications,
the effect of the Neotropics on the number of articles dedicated to each retrieved species was
generally non-significant. In fact, compared to species originating from the Neotropics, only
the Australasian species appear to be significantly underrepresented in terms of number of
articles (B + SE =-0.386 £ 0.133; p =0.004; Table A1.6). From this perspective, it is interesting
to note that in our analysis, species originating from Palearctic, Nearctic, and Indomalayan
realms appear to perform positively in terms of number of articles when compared to
Neotropical species, although non-significantly (see Table Al1.6). Although we found the
biogeographic realm of a snake species to have an overall significant effect on the number of
articles focusing on it, these results suggest that the success of Neotropical species in snake
venom research is not strictly because of their realm of origin, thus supporting the role of the
danger a snake species can pose to humans as one of the main factors determining a species’

popularity in snake venom studies.
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The neglect of the ecological context

The characterisation of the compounds present in snake venom is a crucial step for a
wide spectrum of studies, from those focusing mainly on its biological and evolutionary
significance to those focusing on snakebite management and antivenom testing (Calvete,
2009, 2011; Fox and Serrano, 2008). The same considerations can bemade for the analysis
of the biological activity of snake venom, relevant in venom variation investigation (Chippaux,
1998) and comparative research (e.g., Ainsworth et al., 2018; Debono et al., 2017), and
fundamental for the study of the pathophysiological effects of envenomations. The
publications we collected and analysed encompass a considerable part of this spectrum,
which could thus possibly explain the significant prevalence of the topic categories “venom
characterisation” and “biological activity”, the two most studied topic categories overall
(93.91% and 59.90% of all analysed publications, respectively; Figure 3.4).

Despite the very relevant and topical issue of shakebite and the antivenom crisis
(Habib and Brown, 2018; Harrison et al., 2019; Schiermeier, 2019), the topic categories
“antivenomics and neutralisation” and “envenomation symptoms” are underrepresented in our
analyses (Figure 3.4). However, considering that the aim of this study was to analyse the
general trends in snake venom research, we believe this potential underrepresentation to be
due to our keywords not directly addressing antivenom studies and envenomation reports.
Nevertheless, we were able to detect an increase in the curves relative to these categories
starting from the first half of the 2010s (see Figure 3.6). This is concordant with several
publications and awareness campaigns which, together with the very recent official recognition
of snakebite as a neglected tropical disease by the World Health Organization (Chippaux,
2017), have recently been addressing the human health burden of snakebite and the
antivenom crisis (Groneberg et al., 2016; Gutiérrez et al., 2006; Kasturiratne et al., 2008;
Longbottom et al., 2018; Williams et al., 2011), renewing the interest in snake venom research
in general and likely stimulating the study of these topics.

The topic category “prey specificity of venom” was, after “envenomation symptoms”,
the least studied one (Figure 3.4), but the curve relative to it underwent a significant increase
over the past few years. While acknowledging the possible presence of topic biases
determined by our article search criteria, we believe that the very low number of articles
covering this category might be due to the current neglect of this topic. Indeed, toxinological
research has been slow to embrace the importance of focusing on the relationship between
snake venom and prey to improve the understanding of the drivers behind snake venom
evolution and variation (e.g., diet-related venom variation), and help the development of
therapies against snakebite (Gutiérrez, 2020; Murray et al., 2020). In light of this, we suspect

the recent rise we detected in the number of articles considering the topic category “prey
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specificity of venom” to be most likely linked to the general increase in snake venom studies
rather than to the beginning of a change in trend.

The curves relative to the categories “interspecific venom variation”, “geographic
venom variation”, and “individual venom variation”, all falling within the field of comparative
venomics, follow very similar trends, presenting a considerable increase over the last two
decades (Figure 3.6). Interestingly, the combination of the topic categories “interspecific
venom variation” and “venom characterisation” is the combination most frequently
encountered across the analysed articles (Figure Al.1), indicating that a consistent amount of
them likely focused on the comparison of the venoms of different snake species. Taken
together, these results suggest that most of the analysed studies likely opted for the
application of a comparative approach, and that this might have become even more relevant

in recent years.
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Chapter 4

Vipers of major clinical relevance in Europe
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Introduction

Snakebites constitute a significant public health issue in developing and developed
countries, with about 138,000 casualties registered worldwide on a yearly basis (Gutiérrez et
al., 2017; Kasturiratne et al., 2008; Longbottom et al., 2018). When not lethal, snakebite
outcomes often lead to the development of long-lasting disabilities, with more than 400,000
cases reported yearly worldwide. In May 2019, during the last World Health Assembly, the
World Health Organization (WHO) stressed the importance of drastically reducing snakebite-
related human deaths and disabilities by 2030 (The Lancet, 2019). Indeed, public health
concern towards snakebite is relevant to both developing and developed countries, this
primarily being an occupational hazard in the former, and an environmental hazard associated
with outdoor activities in the latter (Alger et al., 2019; Kim et al., 2019).

European ophidian fauna is highly diverse, and includes several venomous snake
species (Speybroeck et al., 2016; Uetz et al., 2022) of considerable medical relevance (WHO,
2020). Since the reporting of snakebites through Europe is not mandatory, the impact of
ophidic accidents in the continent is likely underestimated (Gold et al., 2002). Furthermore,
European snakebite victims do not always seek treatment, and physicians do not regularly
consult poison-control centers (Gold et al., 2002). Indeed, most European physicians are not
trained to identify snakebites, recognise their clinical manifestations and apply appropriate
treatments.

To date, while the WHO and several authors have published general protocols to
manage snakebites (e.g., Mohammad Alizadeh et al., 2016; Nelson et al., 2019; Pizon and
Ruha, 2015; Walter et al., 1998; WHO, 2016), standardised protocols to investigate incidence,
morbidity and mortality related to viper bites in Europe are lacking.

Aiming to constitute a tool to support physicians in recognising the most medically
relevant European snake species and treat the envenomations they can cause, the present
study provides (i) a key to distinguish the European snhake species of highest medical
relevance belonging to the genus Vipera, i.e., Vipera ammodytes, Vipera aspis, Vipera berus,
Vipera latastei, Vipera seoanei and Vipera ursinii (based on Paolino et al., 2020), (ii) an
overview of the general composition of their venoms, and (iii) a protocol to support clinicians

for the management of Vipera envenomations.

Zoological framework

Morphological distinctions between vipers and other European snakes
An important first step in the management of snakebite accidents is the identification
of the species involved. According to the recent taxonomic updates (e.g., Freitas et al., 2020;

Speybroeck et al., 2020; Zaher et al., 2019), roughly 60 snake species belonging to six
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different families (i.e., Colubridae, Erycidae, Natricidae, Psammophiidae, Typhlopidae,
Viperidae; see Figure 4.1) currently exist in Europe. Among these, members of the family
Viperidae are typically considered medically important (WHO, 2020).

Figure 4.1 Heads of representative members of the six snake families present in Europe: Colubridae (A), Natricidae (B),
Psammophiidae (C), Viperidae (D), Erycidae (E), Typhlopidae (F). The species portrayed in the pictures are: Zamenis
lineatus (A), Natrix maura (B), Malpolon insignitus (C), Vipera ursinii (D), Eryx jaculus (E), Indotyphlops braminus (F).
Photo credits: Matteo R. Di Nicola.

Vipers can be easily distinguished from other European snakes based on a series of
morphological characteristics. Excluding members of the families Erycyidae and Typhlopidae,
presenting unique morphological features (Figure 4.1), the remaining European non-viperid
snhakes potentially identifiable as viperids belong to the families Colubridae, Natricidae, and
Psammophiidae.
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The following key represents an useful tool to distinguish between viperid and non-

viperid snakes of Europe (Figure 4.2):

- Vipers are proportionally shorter and stockier than non-viperid snakes (Figure 4.2A1 and
4.2B1), rarely reaching 100 cm in total length; several non-viperid snakes often abundantly

exceed 100 cm in total length.

- Viperid eye pupil is vertical, and slit-like in full light (Figure 4.2A2); non-viperid eye pupil is
generally round (Figure 4.2B2). A notable exception is the European cat snake Telescopus
fallax, an opistoglyphous member of the family Colubridae present in N-E Italy, western portion

of the Balkan Peninsula, and Greece.

- Vipers have at least one row of subocular scales separating the eye from the supralabial
scales(Figure 4.2A2); in non-viperid snakes, the eye is generally in contact with the supralabial
scales (Figure 4.2B2). Exceptions are two non-venomous colubrids of the genus Hemorrhois,
namely the horseshoe whip snake Hemorrhois hippocrepis (present in the Iberian Peninsula,
Mallorca, Ibiza, South Sardinia and Pantelleria) and the Algerian whip snake Hemorrhois
algirus (in Europe exclusively present in Malta).

- The head of viperid snakes (Figure 4.2A3) is dorsally covered by small scales arranged
irregulary, or by three larger shields arranged simmetrically, surrounded by smaller scales; the
head of non-viperid snakes (Figure 4.2B3) is dorsally covered by about 10 large smooth

shields symmetrically arranged.

- Vipers have invariably keeled dorsal scales (Figure 4.2A4); non-viperid snakes generally
have smooth dorsal scales (Figure 4.2B4). Nonetheless, some non-viperid specie present
keeled dorsal scales (e.g., the Montpellier snake Malpolon monspessulanus, a member of the

family Psammophiidae).

- Vipers typically present a more or less triangular head shape; non-viperid snakes generally
have a more sub-oval head shape. Nonetheless, non-viperid snakes can flatten their head in
order to look bigger and/or mimic viperids as a defensive display, therefore identification based

on head shape alone can be misleading.
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Figure 4.2 Main morphological differences between European vipers (A) and colubrids (B). The species portrayed
in the pictures are: Vipera berus (A1, A2, A3), Vipera aspis (A4), Hierophis viridiflavus (B1, B2, B3, B4 left), Natrix

helvetica (B4 right). Photo credits: Matteo R. Di Nicola.
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Although European non-viperid snakes are generally not considered medically
relevant (see WHO, 2020), it should be mentioned that envenomations caused by some non-
viperid European snakes can sometimes cause relevant clinical symptoms. This is for example
the case of Malpolon monspessulanus (present in the Iberian Peninsula, Southern France and
N-W lItaly) and Malpolon insignitus (present along the Balkan coast, in Greece, Southern
Bulgaria, Turkish Thrace, and in the Italian island of Lampedusa island) (Sindaco et al., 2013;
Speybroeck et al., 2016). These two psammophiid snakes are opistoglyphous (i.e., present
grooved, enlarged fangs in the rear part of the upper jaw through which they can inject venom),
and their venom has been reported to cause symptoms going from local (e.g., pain, oedema)
to systemic (e.g., ptosis, muscle weakness, dyspnea; Ottonello et al., 2011; Pommier and de
Haro, 2007; Valenta, 2010). Currently, no antivenom is available to treat Malpolon
envenomations (Valenta, 2010), and full recovery can be achieved through the application of

symptomatic treatment (see Pommier and de Haro, 2007).

Identification of European Vipera species

In case of a snakebite, correct identification of the snake species is essential to apply
the most appropriate treatment. Photographing the snake responsible for the bite is a practice
recommended by the WHO (WHO, 2016), becoming more and more common (Bolon et al.,
2020). Although the patient description of the biting snake can also be important for species
identification, photographs are generally more reliable and can be rapidly shared with experts,
allowing a faster, more accurate identification of the species (Bolon et al., 2020).

European vipers can be identified by morphological criteria, like pholidosis (i.e., the
organisation of the body scales in number, shape, position and arrangement). Furthermore,
viper species usually differ in ecological and distributional characteristics, with some inhabiting
only specific areas and in specific conditions (Sindaco et al., 2013; Speybroeck et al., 2016).
Therefore, a description of the geographical area, altitude and habitat type where the ophidic
accident occurred could provide a basis for a tentative identification of the species involved.

Among European vipers (genus Vipera), the species considered of major medical
relevance, based on their greater diffusion and the higher number of registered snake bites,
are the following six: V. ammodytes, V. aspis, V. berus, V. latastei, V. seoanei and V. ursinii
(Figure 4.3; see Paolino et al., 2020).
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Figure 4.3 Heads of the main European vipers: Vipera aspis (A), Vipera latastei (B), Vipera ammodytes (C), Vipera ursinii
(D), Vipera seoanei (E) and Vipera berus (F). Photo credits: Matteo R. Di Nicola (A, C, D, F); Matthieu Berroneau (B, E).

We hereby present a simplified key for the identification of the abovementioned six
Vipera species, based on some morphological characteristics of the head and distribution in
Europe.

Is it a European Vipera? — 1

la. Tip of the snout upturned or with a scaly horn; top of the head usually covered only
by small scales — 2

1b. Tip of the snout dorsally flat; top of the head usually with three main shields

surrounded by smaller scales — 3
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2a. Tip of the snout more or less upturned (without a horn covered by small scales);
species present in N-E Spain, France (except Corsica), Italy (except Sardinia), Switzerland,
extreme S—-W Germany and extreme N-W Slovenia — Vipera aspis (Figure 4.3A)

2b. Tip of the snout with a more or less evident horn with three to nine apical scales;
rostral scale extended onto the front of the horn; species present only in Portugal and Spain
— Vipera latastei (Figure 4.3B)

2c. Tip of the snout with an evident horn covered by up to 20 small scales; rostral scale
not extended onto the front of the horn; species present in N-E Italy, S Austria, Croatia
(including some islands), Slovenia, Boshia and Herzegovina, Montenegro, Albania, Greece
(including many islands), Macedonia, Serbia, Bulgaria, S and W Romania, European Turkey
— Vipera ammodytes (Figure 4.3C)

3a. Usually two apical scales, both in contact with the rostral scale — 4

3b. Usually one-two apical scales, in contact with the rostral scale; species present in
limited areas of S—E France, E Austria, C Italy, Croatia, Bosnia & Herzegovina, Montenegro,
Serbia, Macedonia, Hungary, Romania, Moldova and N Albania (of the same group: Vipera
graeca from S Albania and Greece; Vipera renardi from E Ukraine and Crimea) — Vipera
ursinii (Figure 4.3D)

4a. Species present only in N Spain, extreme N-E Portugal and extreme S—W France
— Vipera seoanei (Figure 4.3E)

4b. Species present in Swiss, French, Italian and Austrian Alps, C and N France,
Germany, Great Britain, Belgium, Netherlands, Denmark, Norway, Sweden, Finland, Poland,
Czech Republic, Slovakia, Hungary, Slovenia, Croatia, Bosnia and Herzegovina, Romania,
Bulgaria, Ukraine, Belarus, Lithuania, Latvia, Estonia, Russia, Montenegro, North Macedonia,
Alban