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Abstract

High-quality genomic resources are important for accurate assessments of adaptive evolution in rapidly evolving island en
demic species. The golden lancehead (Bothrops insularis) is a critically endangered venomous species endemic to the 
Queimada Grande island located on the southeast coast of Brazil, with no reference genome available. Here, we present 
a high-quality near chromosome-level and well-annotated genome for the golden lancehead. A macrosyntenic analysis using 
genomes from other viper species revealed that microchromosomes present higher rearrangements consisting of fission and 
fusion events. Using our genome and genomic data from eight individuals, we conducted a survey of the genetic variation of 
toxin genes, which included the nucleotide diversity and copy-number variation (CNV). We also inferred a demographic his
tory for the species in the last 100,000 years. The genetic variation analysis revealed that major components of B. insularis 
venom appear to be evolving largely under natural selection processes rather than genetic drift as expected for an insular 
species. PLA2s and CTLs are under balancing selection, whereas SVMPs and SVSPs are under positive selection. The CNV sug
gests recent duplication events in SVMPs and CTLs and deletion events in SVSPs and PLA2s. The demographic history indi
cates a stable population size over the last 10,000 years, suggesting that B. insularis is both genetically and demographically 
healthy. Altogether, we provide a genomic resource to better understand the differentiation of an iconic snake and evidence 
that selection has driven the evolution of diverse venom genes over short evolutionary timescales in an insular species.
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Introduction
Snakes compose a monophyletic group of Squamata, 
which represents one of the most speciose vertebrate radia
tions (Bellairs and Underwood 1951; Stanley 1985; Title 
et al. 2024). This expansion resulted in more than 3,900 
snake species inhabiting nearly all environments worldwide 
(Uetz et al. 2021). The evolutionary expansion of snakes is 
associated with a suite of phenotypic lineage-specific inno
vations, including an elongated and limbless body, highly 
kinetic skulls, and advanced chemosensory systems, which 
were accompanied by a sophisticated venom delivery sys
tem in some lineages (Rieppel 1988; Da Silva et al. 2018; 
Title et al. 2024). Such traits have promoted the evolution 
and diversification of specialized predatory behaviors and 
diets in snakes (Greene 1997; Grundler and Rabosky 
2021). Despite their remarkable diversity and broad distri
bution, some snake species face severe threats and require 
urgent extinction risk assessments and targeted conserva
tion actions, particularly those restricted to small or frag
mented areas, such as island endemics (Roll et al. 2017; 
Cox et al. 2022).

The golden lancehead, Bothrops insularis, is a critically 
endangered species endemic to the Queimada Grande 
Island, 30 km off the southeastern coast of Brazil. The spe
cies belongs to the most diverse viperid genus in South 
America, which is responsible for most envenoming cases 
in the region (Magalhães et al. 2019). B. insularis is part 
of the B. jararaca species complex, a diverse group distrib
uted across the Brazilian Atlantic Forest that includes four 
other insular species (B. alcatraz, B. germanoi, B. otavioi, 
and B. sazimai) and the mainland B. jararaca (Marques 
et al. 2002; Barbo et al. 2012, 2016, 2022). Although close
ly related, these species exhibit markedly distinct ecology 
and phenotypic traits (Martins et al. 2002; Barbo et al. 
2022). For instance, B. insularis is commonly found for
aging in trees, is highly active during the day, and displays 
a yellowish-golden coloration. All these traits are absent 
in other insular species and extremely rare in mainland po
pulations (Marques et al. 2002). Unlike other species in the 
complex, B. insularis relies predominantly on migrant 

passerine birds, which account for over 80% of its diet, 
making it the only member of the complex classified as a 
bird specialist (Martins et al. 2002).

The phenotypic uniqueness of B. insularis becomes even 
more remarkable given its relatively recent speciation time 
(reviewed in Barbo et al. 2022). The most probable evolu
tionary scenario for the high diversity of insular species in 
the complex comprises the effects of recent sea-level rises, 
which isolated ancestral populations of the mainland dis
tributed along the coast (Marques et al. 2002). These popu
lations became trapped on the easternmost highlands of 
the continental shelf that now form the series of continen
tal islands off the Brazilian coast (Vanzolini 1973; Leite et al. 
2016).

Queimada Grande Island has a small area of approxi
mately 0.43 km2, although its size changed considerably 
over its geological history due to repeated insularization 
events associated with the last glacial-interglacial cycles 
during the Pleistocene and early Holocene (Furtado et al. 
1998). Sea-level records and bathymetric data indicate 
three probable periods for recent insularization, approxi
mately 9.5 kya (9–11 kya), 12 kya (10–15 kya) and 55 kya 
(50–60 kya) (reviewed in Barbo et al. 2022). Even if the old
est estimate marks the speciation time of B. insularis, the 
number of fixed phenotypic differences from B. jararaca im
plies an unusually rapid rate of divergence in the golden 
lancehead. On the other hand, studies based on a limited 
number of genetic markers have suggested a close genetic 
proximity between B. insularis and other species of the 
complex, with mitochondrial phylogenies allocating the 
species to a position nested within the genetic diversity of 
mainland B. jararaca (Grazziotin et al. 2006; Barbo et al. 
2012, 2022).

In contrast to the well-documented morphological and 
ecological differences (Martins et al. 2002; Wüster et al. 
2005), the uniqueness of venom activity and composition 
of B. insularis has never been properly evaluated within 
a framework accounting for the extreme populational- 
level variation of mainland B. jararaca (e.g., 
Gonçalves-Machado et al. 2016). Consequently, all 
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Understanding how natural selection and genetic drift shape the variation of adaptive and complex traits is a central 
topic in biology. Snake venoms comprise a complex phenotype that is often assumed to be under strong positive selec
tion and to evolve rapidly. Studies focusing on the recent insularization of venomous snakes may help us better depict 
the evolutionary processes in shaping a complex phenotype. Here, we present the first chromosome-level genome as
sembly of the golden lancehead and use intraspecific genomic data to assess the roles played by evolutionary processes 
in toxin genes. Our study reveals that the golden lancehead toxin genes face distinct selection forces rather than genetic 
drift, which could result from the availability of prey items on the island. We provide a genomic resource for an iconic 
snake species and evidence that selection may play an important role in the evolution of diverse venom genes over short 
evolutionary timescales in an island species with a small population size.
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findings reported to date may be biased by the inclusion of 
different geographic variants from the continent in the 
comparative analyses. Despite this, much attention has 
been given to the venom composition of B. insularis, and 
the species was the first snake to have its venom gland tran
scriptome analyzed through Sanger-based Expressed 
Sequence Tags (ESTs) in early 2000s (Junqueira-de 
Azevedo and Ho 2002), and later characterized using MS/ 
MS-based proteomics (Valente et al. 2009). These studies 
revealed a venom rich in snake venom metalloproteinases 
(SVMPs), snake venom serine proteases (SVSPs), C-type 
lectins (CTLs), phospholipase A2 (PLA2), bradykinin- 
potentiating peptide (BPP), and other components, which 
were later found to be prevalent in other viper venoms 
(Junqueira-de Azevedo et al. 2015; Freitas-de Sousa et al. 
2020; Sousa et al. 2021; Nachtigall et al. 2022; Oliveira 
et al. 2022). Other molecules exclusive to snake venom 
glands and unknown at the time, such as snake venom vas
cular endothelial growth factor (Junqueira-de Azevedo 
et al. 2001) and calglandulin (Junqueira-de Azevedo et al. 
2003), were first identified in B. insularis. Functional assays 
showed that the diverse set of toxins in B. insularis venom 
leads to hemorrhagic, anticoagulant, myotoxic, and hypo
tensive effects (Selistre et al. 1990; Cogo 1991; Cogo 
et al. 1993; Barbosa et al. 2003; Braga et al. 2006; Cogo 
et al. 2006; Machado Braga et al. 2008).

Some studies have suggested that the biological effects 
of B. insularis venom may be more toxic to birds than to 
mammals (Cogo 1991; Cogo et al. 1993; Zelanis et al. 
2008), likely the result of positive selection driven by the 
adaptation to its specialized diet. However, compositional 
analyses have not identified any significant differences in 
its toxin arsenal compared to the venom of the mainland 
B. jararaca (Zelanis et al. 2008). Minor structural differences 
may underlie this supposed specificity, but this remains un
known. One of the main barriers to clarifying these differ
ences is the absence of a comprehensive genome 
detailing venom variation and genomic structure within 
the species complex. Such genomic information could 
also provide an opportunity to investigate the mechanisms 
that generated trait differences over a very short evolution
ary timescales (Grazziotin et al. 2006).

In addition, the conservation status of B. insularis creates 
the need for genomic information even more pressing, as 
the golden lancehead is currently listed as “Critically 
Endangered” on the International Union for Conservation 
of Nature (IUCN) Red List (Silveira Aea 2025) and by the 
Brazilian environmental agency “Instituto Chico Mendes 
de Conservação da Biodiversidade” (ICMBio). Some studies 
have also raised concerns about a possible population de
cline in recent years (Martins et al. 2008), but no solid con
clusion has been reached (Guimarães et al. 2014). 
Deterministic threats caused by anthropogenic factors, 
such as illegal trade (Martins et al. 2008) and climate 

changes, may be directly affecting the species, while also 
triggering stochastic threats through changes in the genetic 
diversity and demography. Characterizing patterns of gen
omic variation—particularly fitness-related variation, such 
as in toxin genes—can provide a foundation for improved 
management strategies for this endangered species.

Genome sequencing has proven essential for a compre
hensive understanding of the evolutionary processes 
underlying multiple phenotypic variations, and it is particu
larly crucial in cases of insular rapid evolution (e.g., Card 
et al. 2019). The current capacity to generate high-quality 
genomic data provides powerful tools for more accurate es
timations of genetic diversity, population structure, and the 
demographic history of target species. Such high-quality 
reference genomes are vital for guiding modern conserva
tion strategies, as they allow precise tracking of genetic 
variation within and between populations, which is critical 
for understanding adaptive processes and assessing the 
evolutionary genetic repertoire of threatened taxa (Supple 
and Shapiro 2018; Hohenlohe et al. 2021; Hogg 2024). 
Advances in sequencing and bioinformatics technologies 
have greatly facilitated the assembly of these genomes 
(Giani et al. 2020). In particular, integrating accurate long- 
reads with chromatin conformation capture and chromo
some interaction data allows the production of highly 
contiguous, near telomere-to-telomere, and error-free 
genome assemblies (Rhie et al. 2021).

Here, we leverage the first chromosome-level genome 
assembly of B. insularis, providing a valuable resource for 
genetic analyses aiming to elucidate its evolutionary history 
and enhance the conservation management of this critically 
endangered species. Additionally, we compare this gen
ome with that of B. jararaca and use genomic data of other 
B. insularis individuals to assess the genomic context and 
genetic variation of toxin genes in the species. We analyzed 
the nucleotide diversity and copy number variation (CNV) of 
toxin genes to trace the selective pressure and gene-family 
evolution modes acting upon the venom evolution and di
versification in the species. We also inferred the recent 
demographic history to better understand the population 
size dynamics since the last glacial period and check for 
the need for better conservation acts. Finally, we performed 
a macrosyntenic analysis among available chromosome- 
level genomes of vipers to assess large-scale genomic evo
lution in the clade.

Results

Chromosome-level Genome Assembly

The B. insularis genome assembly, derived from a homo
gametic male, produced a total of 110 scaffolds and pre
sented higher quality than other available Bothrops 
genomes (Almeida et al. 2021; Nachtigall et al. 2024; 
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Table 1). We were able to reach the chromosome-level gen
ome assembly for the B. insularis and properly assign their 
chromosomes based on chromosomal markers 
(Matsubara et al. 2006) and genomic alignments to other 
two chromosome-level genome assemblies of Crotalus spe
cies (Schield et al. 2019; Hogan et al. 2024; Nachtigall et al. 
2025). We detected that the longest 18 scaffolds represent 
the 18 chromosomes expected for Bothrops male indivi
duals (Beçak et al. 2008). The 18 chromosomes recovered 
consisted of seven autosomal macrochromosomes, one 
sex macrochromosome (Z), and 10 autosomal microchro
mosomes (Figs. 1a and 1b). The haploid genome assembly 
size of chromosomes achieved a size of 1.54 Gb and a scaf
fold N50 of 206.9 Mb. The assembly was highly accurate 
with a QV score of 38.27 and it was shown to have high 
completeness by acquiring a BUSCO of 95.7% complete 
genes (92.2% single-copy and 3.5% duplicated), 1.0% 
fragmented, and 3.3% missing when using the 
Tetrapoda gene set, which contains a total of 5,310 genes. 
Moreover, we identified telomeric repeats at both ends of 
four chromosomes and on one end of additional 11 chro
mosomes, further attesting to the completeness of the as
sembly (Supplementary Fig. S1a). The chromosome-level 
genome assembly of B. insularis present a similar quality 
to that obtained for previously published chromosome- 
level genome assemblies of snakes (Schield et al. 2019; 
Peng et al. 2020; Hogan et al. 2024). The assembled mito
chondrial genome obtained a size of 17,519 bp 
(Supplementary Fig. S2) and returned a total of 38 genes, 
comprising 13 protein-coding genes, two ribosomal 
RNAs, and 23 transporter RNAs as expected for snake spe
cies (Yan et al. 2008). It presented a percent identity of 

98.56% to the B. jararaca mitochondrial genome 
(Almeida et al. 2016), which is in accordance with previous 
studies using mitochondrial genes for phylogenetic infer
ences of the B. jararaca complex (Grazziotin et al. 2006).

The repeat annotation revealed 48.54% of repetitive se
quences, which comprises 42.90% of transposable ele
ments (TEs) and 5.64% of tandem repeats (Figs. S1b and 
S1c). Among TEs, LINEs were the most abundant elements 
(20.22%), which is in accordance with previous studies 
analyzing the repeat content of squamates and snakes 
(Castoe et al. 2013; Pasquesi et al. 2018). We also tested 
for recent and ancient bursts of TE activity by calculating 
the Kimura substitution levels of repeat sequences. This 
analysis revealed recent bursts of TEs mainly accounted 
for LINE elements, which were previously discussed to be in
volved in genome rearrangements of snake genomes 
(Pasquesi et al. 2018).

The gene annotation identified 21,887 protein-coding 
genes, of which 19,882 (90.83%) matched with high simi
larity to entries in the ENSEMBL database. Through hom
ology and orthology inferences, we assigned meaningful 
functional annotations to 19,955 genes (91.17% of the 
total). ToxCodAn-Genome (Nachtigall et al. 2024) with 
manual curation allowed us to identify 72 venom 
protein-coding genes (Supplementary Table S1) comprising 
a set of known major and minor components of viper ve
nom (reviewed in Oliveira et al. 2022). The venom-gland 
transcriptome from the genome individual (Fig. 1c; 
Supplementary Table S2) showed that the seven major 
components of the venom were snake venom metallopro
teinases (SVMPs), snake venom serine proteases (SVSPs), 
C-type lectins (CTLs), bradykinin-potentiating peptide 
(BPP), L-amino acid oxidase (LAAO), snake venom vascular 
endothelial growth factor (VEGF), and phospholipase A2 

(PLA2) as previously observed (Junqueira-de Azevedo and 
Ho 2002; Valente et al. 2009 ). The major components 
are highly expressed in venom glands when compared to 
other tissues (Fig. 1d). SVMPs, SVSPs, and PLA2s are orga
nized in tandem arrays and located in microchromosomes, 
CTLs are mainly organized in tandem array in a macrochro
mosome, LAAO was detected as a duplicated locus in a 
macrochromosome, and all other toxin genes were mainly 
detected in macrochromosomes and organized as single 
loci as previously observed in other Crotalinae species 
(Margres et al. 2021; Hogan et al. 2024; Supplementary 
Table S1).

Macrosynteny

To check for syntenic blocks and chromosome rearrange
ments in the B. insularis genome when compared to other 
viperids, we performed a whole-genome synteny analysis 
of viper species with near chromosome-level genome as
semblies available (Fig. 2a). We noticed large syntenic 

Table 1. Genomics statistics comparing the B. insularis genome to the 
closely related Bothrops species with available genomes

B. insularis B. jararaca B. alternatus

Assembly level Chromosome Draft Draft
Assembly size 

(Gb)
1.6 1.7 1.7

# of scaffolds 110 27,698 –
Scaffold N50 206 Mb 164 Kb –
# of contigs 698 28,752 1,557
Contig N50 14 Mb 163 Kb 14 Mb
GC content 

(%)
40.5 40.5 40.5

BUSCO∗ 95.8% 79.3% 95.8%
QV score 38.26 NA 36.78
Genes∗∗ 21,887 NA 29,245
Venom genes 72 51 59
Reference Present study Almeida et al. 

(2021)
Nachtigall et al. 

(2024)

NA: Not analyzed. ∗ Percentage of complete BUSCO genes using the 
Tetrapoda gene set (odb10; total of 5,310 genes). ∗∗ Distinct gene annotation 
approaches were applied among studies.
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blocks within macro- and microchromosomes. There are 
few rearrangements in macrochromosomes, like transloca
tions and inversions in macrochromosomes 1 and 2, mainly 
affecting the end of chromosomes. There is a specific fis
sion event in macrochromosome 3 detected in Gloydius 
shedaoensis, as previously observed (Peng et al. 2023), 
which represents a lineage-specific fission event. A few re
arrangements in the Z chromosome were observed, 

including a large inversion in Sistrurus catenatus and a small 
inversion and translocation in G. shedaoensis. In microchro
mosomes, which present the most rearrangement events, 
we observed fission and fusion events among distinct chro
mosomes and translocation events within homologous 
chromosomes.

Additionally, we calculated the GC content and the 
mean gene density in 1Mb windows per chromosome for 

(a)

(c) (d)

(b)

Fig. 1. An overview of the chromosome-level genome assembly of B. insularis and the toxin gene annotation. a) A circos plot shows the distribution of venom 
genes across the genome. Circular rings from inner to outer display the gene density (purple), repeat content (red), and GC content (blue) within 100-Kb 
windows. The macro-, micro-, and sex chromosomes are colored in light yellow, brown, and dark yellow, respectively. b) A Hi-C contact map for all 18 as
sembled chromosomes with darker colors indicating stronger interactions. c) Venom gland expression profile of the genome individual (highlighted in bold and 
marked with an asterisk). d) Expression profile of toxin genes among several tissues and individuals. BPP, Bradykinin-potentiating peptide. CRISP, Cysteine-rich 
secretory protein. CTL, C-type lectin. HYAL, Hyaluronidase. KUN, Kunitz-type protease inhibitor. LAAO, L-amino acid oxidase. NGF, Nerve growth factor, NUC, 
5’-Nucleotidase. PDE, Phosphodiesterase. PLA2, Phospholipase A2. PLB, Phospholipase B. SVMP, snake venom metalloproteinase. SVSP, snake venom serine 
protease. VEGF, snake venom vascular endothelial growth factor. VG, venom gland. ILG, infralabial gland. HG, harderian gland.
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each species. We noticed that microchromosomes are 
GC-rich and gene-dense when compared to macrochromo
somes (Fig. 2b). Interestingly, a previous report observed a 
similar pattern in other species containing microchromo
somes, like in squamates, turtles, and birds (Waters et al. 
2021). The microchromosomes present high levels of inter
chromosomal contact frequency when compared to 
macrochromosomes, which is a pattern broadly conserved 
among species containing microchromosomes (Schield 

et al. 2019; Perry et al. 2020). A recent report assembling 
the haplotype-resolved genome of a viper species revealed 
that microchromosomes are enriched for rearrangements 
(Nachtigall et al. 2025), whereas another report revealed 
a similar pattern in sea snakes (Ludington et al. 2023). It 
suggests a dynamic genome organization in microchromo
somes of snakes. Our analysis, together with previous find
ings, indicate that microchromosomes in vipers are GC-rich 
and gene-dense, have low repeat content, high 

(a)

(b)

Fig. 2. Macrosynteny of B. insularis genome and other viper chromosome-level genomes. a) Riparian plot showing syntenic blocks and rearrangements 
among the species analyzed. Chromosomes are color-coded by chromosomes using the B. insularis genome as a reference. Chromosome sizes are scaled 
by the number of genes. A schematic representation of the phylogenetic tree with an estimated time of divergence between species based on previous 
work (Alencar et al. 2016) is shown at the left. b) Percentage of GC content versus chromosome size (at the left) showing statistically significant differences 
between macro- and microchromosomes (Wilcoxon test: W = 6, p-value<2.2e−16). Mean gene density versus chromosome size (at the right) shows stat
istically significant differences between macro- and microchromosomes (Wilcoxon test: W = 92, p-value<2.2e−16).
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interchromosomal contact frequency, and high rates of 
recombination, which are widely detected in other 
microchromosome-containing species (Consortium ICGS 
2004; Schield et al. 2019; Perry et al. 2020; Waters et al. 
2021).

Genomic Landscape of Toxin Genes

The toxin annotation revealed 72 genes from 15 toxin fam
ilies (Fig. 1d), which comprise major and minor components 
of viper venoms (Oliveira et al. 2022). Similar to what was 
previously observed in B. jararaca (Almeida et al. 2021) 
and B. alternatus (Nachtigall et al. 2024), most toxin fam
ilies were represented by a single locus (i.e., VEGF-F, BPP, 
PLB, NUC, PDE, CRISP, Vespryn, HYAL, and NGF), whereas 
two toxin families were detected with two paralog copies 

(i.e., KUN and LAAO) and the other toxin families were or
ganized as tandem arrays with variable number of paralog 
copies (i.e., SVMP, PLA2, SVSP, and CTL). We detected 
homologous to the 72 toxin genes in the ToxProt database 
and identified 60 toxin genes matching the venom gland 
expression sequence tag (EST) data of B. insularis available 
(Supplementary Table S1). The toxin genes in the B. insularis 
genome not identified in the EST dataset consisted of toxins 
lowly expressed in the venom gland transcriptome, which 
may reflect the low throughput of the EST approach. 
Next, we performed a microsynteny analysis of the multi- 
loci toxin arrays (i.e., SVMP, SVSP, PLA2, and CTL) compar
ing B. insularis with the mainland B. jararaca (Fig. 3).

The SVMP loci in B. insularis are composed of 34 SVMPs 
flanked by the nontoxin genes ADAM28 and NEFM, as pre
viously observed in vipers and elapids (Giorgianni et al. 

Fig. 3. Genomic comparison of multi-loci toxin families (i.e., SVMP, SVSP, PLA2, and CTL) between B. insularis and the mainland counterpart B. jararaca. The 
riparian plots show the relationships of toxin genes between species based on orthology inference, phylogenetic tree, and genomic alignments. The shaded 
areas highlight the orthologous toxin genes and are color-coded based on their pairwise dN/dS ratios. Arrows represent genes with toxins color-coded by their 
toxin family and nontoxin genes colored in light gray.
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2020; Almeida et al. 2021). Of the total 34 SVMPs, 27 re
presented a PIII class, 6 represented PII class, and one repre
sented a PI class and it is in accordance with a previous 
transcriptomic study using EST approach (Junqueira-de 
Azevedo and Ho 2002). Despite this high number of 
SVMP genes, only two of them (SVMP-18-PI and 
SVMP-19-PIII) are considerably higher expressed than the 
others (i.e., SVMP-18-PI and SVMP-19-PIII represent 20– 
30% of expression of all toxin genes; Supplementary 
Table S2), a common pattern observed for the three indivi
duals with venom gland transcriptomes sequenced. These 
two genes are located next to each other in the central re
gion of the SVMP array. The most expressed toxin gene in 
B. insularis (SVMP-18-PI), is a PI type of SVMP, a kind of 
gene not reported in the sequenced genome of the main
land B. jararaca. However, there are previous reports of PI 
genes in other individuals of B. jararaca (Junqueira-de 
Azevedo et al. 2015), indicating that this PI may represent 
a population variant in the B. jararaca complex. The other 
highly expressed SVMP is the SVMP-19-PIII. This protein 
corresponds to the well characterized Bothropasin 
(Mandelbaum et al. 1982), the major component of 
B. jararaca venom and a potent hemorrhagic enzyme. In 
B. cotiara, this protein was shown to contain a hypotensive 
peptide (position 191–198) (Miyamoto et al. 2024) that is 
also present in the B. insularis sequence (Supplementary 
Fig. S3). Moreover, although this gene encodes a major 
classic PIII SVMP found in many Bothrops species, we iden
tified an alternative allele resulting in a PI type transcript in 
the B. insularis genome, as discussed later.

Other SVMP genes were just medial to low expression in 
the venom glands of B. insularis (i.e., those SVMP genes 
represent 0.01–5% of expression of all toxin genes; 
Supplementary Table S2). This includes the gene 
(SVMP-13-PII) for the only B. insularis SVMP characterized 
so far, insularinase, a PII shown to be a prothrombin activa
tor (de Albuquerque Modesto et al. 2005), whose disinte
grin domain is a potent inhibitor of human platelet 
aggregation and fibrinogen-adhesion of endothelial cells 
(Della-Casa et al. 2011). The gene SVMP-4-PIII coding for 
HF3, which is a potent hemorrhagic SVMP (Menezes et al. 
2008), was also mapped and shown to have several paralog 
copies ranging from 89% to 94% of similarity. The 
SVMP-17-PIII shares 92% identity to the Berythractivase 
(Q8UVG0), which is a non-hemorrhagic SVMP capable of 
activating prothrombin in the absence of calcium, first dis
covered in B. erythromelas (Silva et al. 2003). Most of the 
other lowly expressed SVMP genes were similar to various 
proteins of different Viperidae, especially uncharacterized 
SVMPs from B. jararaca. Indeed, the microsyntenic analysis 
revealed 22 SVMPs of B. insularis orthologous to SVMPs in 
the B. jararaca genome (Fig. 3; Supplementary Fig. S4) with 
few putative duplication and deletion events. However, 
those apparent gains and losses can’t be confirmed using 

the available B. jararaca genome assembly and may instead 
reflect its fragmentation level. This scenario reveals a di
verse functional set of SVMPs in the B. insularis genome, al
though only two of them seem to account for the majority 
of proteins in the venom.

The SVSP loci are composed of 14 SVSP genes arranged 
in tandem arrays. This pattern was also reported in 
B. jararaca, B. alternatus, and other vipers (Schield et al. 
2019; Almeida et al. 2021; Margres et al. 2021; Hogan 
et al. 2024). The number of SVSP genes detected is compat
ible with that observed in the venom gland transcriptomic 
data of B. insularis (Junqueira-de Azevedo and Ho 2002). 
Most B. insularis SVSPs matched to known SVSPs exerting 
procoagulant activity (Serrano and Maroun 2005). The 
SVSP-6 gene is 95% similar to PABJ isoforms, well charac
terized venom serine proteases that induces platelet aggre
gation through activation of protease-activated platelet 
receptors (Serrano et al. 1995). The SVSP-12 gene codes 
for BjSP, a serine protease with the special property of indu
cing fibrinolysis without promoting plasma coagulation or 
platelet aggregation (Paes Leme et al. 2008; Carone et al. 
2018). SVSP-8 shares 98% similarity with an uncharacter
ized SVSP cDNA obtained from the B. jararacussu venom 
gland transcriptome, a species distantly related within the 
genus. The other SVSPs showed generally low levels of con
servation (80–90%) with other viperid species and exhib
ited low expression levels. The microsynteny comparison 
with B. jararaca revealed 10 SVSPs with clear orthology 
and some rearrangements in gene order (Fig. 3; 
Supplementary Fig. S5), but the absence of some SVSP 
genes in B. jararaca may just reflect the fragmentation of 
the available B. jararaca genome.

Three PLA2 genes were arranged in tandem array be
tween other nontoxic PLA2 genes (i.e., PLA2-E, PLA2-D, 
and PLA2-F) and flanked by OTUD3 and MUL1 genes, 
which is a pattern broadly conserved across vipers (Dowell 
et al. 2016; Margres et al. 2021). The toxic PLA2s comprised 
one acidic D49 type (PLA2-A), one basic D49 (PLA2-C), and 
one basic K49 (PLA2-K). The PLA2-A is homologous to a 
calcium-dependent PLA2 described to induce myonecrosis 
in mice and chickens (Cogo et al. 2006). The PLA2-C exhib
ited low expression level and it is orthologous to the PLA2 
that may have originated the other toxic PLA2 in vipers 
(Dowell et al. 2016), which generally acts on the inhibition 
of blood coagulation (Wang et al. 2005). The less expressed 
PLA2-K is homologous to the Bothropstoxin-1 (Q90249), 
which is a basic PLA2 K49 type with myotoxic activity 
(Homsi-Brandeburgo et al. 1988). The microsynteny com
parison with B. jararaca revealed that PLA2-A and PLA2-C 
are conserved, whereas B. jararaca lost the PLA2-K. The ab
sence of PLA2-K in B. jararaca may reflect intraspecific vari
ation, once it was detected in other B. jararaca individuals 
(Junqueira-de Azevedo et al. 2015). Moreover, several 
lineage-specific losses were previously observed in 
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rattlesnakes (Dowell et al. 2016) and the PLA2 loci in lance
heads may be facing a similar evolutionary history as previ
ously suggested (Nachtigall et al. 2022).

We identified eight CTL genes, from which seven were 
highly expressed. The highly expressed CTLs were located 
in tandem array in ma-6 consisting of one monomeric 
CTL (CTL-1-BiLec), which is homologous to the galactose- 
binding monomeric CTL with a hemagglutinating activity 
(Guimarães-Gomes et al. 2004), and six heterodimeric 
CTLs (CTL-2 to −7), which are homologous to four alpha 
and two beta subunits. Interestingly, two pairs of alpha 
and beta CTLs (i.e., CTL-2-alpha and CTL-3-beta, and 
CTL-6-beta, and CTL-7-alpha) were organized in pairs 
with an inverted pattern as previously described in B. alter
natus (Nachtigall et al. 2024) and observed in other viperids 
(Margres et al. 2021; Hogan et al. 2024; Nachtigall et al. 
2025). The lowly expressed CTL (CTL-8) was located as a 
single-locus in the ma-1, and it is homologous to monomer
ic galactose-binding lectins. Its isolated positioning in an
other chromosome and its lower expression level indicate 
that this CTL gene is likely a non-venom CTL that has 
been propagated as a possible toxin in venom gland tran
scriptome annotations. Comparison of CTLs with those of 
B. jararaca, revealed five homologous genes, whereas three 
had no detectable homologs (Fig. 3; Supplementary Fig. 
S6). However, the absence of those three CTLs in the B. jar
araca genome may reflect genome fragmentation rather 
than a true deletion event.

Other relevant components of Bothrops venom include 
BPPs, CRISP, VEGF-F, LAAO, NGF and HYAL. The position 
of those genes follows what have been described in 
B. jararaca genome, with the additional confirmation that 
BPP gene is placed between DIS3L2 and COPS7B in ma-5, 
LAAO genes are placed between CKR1 and UQCRC1 at 
ma-2, NGF-1 is between TEMEM9 and TSPAN2 at ma-3 
and HYAL gene is flanked by WASL and HYAL4 at ma-6.

For a better understanding of the evolution of major ve
nom components of B. insularis, we measured the pairwise 
synonymous substitution rate (dS), nonsynonymous substi
tution rate (dN), and dN/dS ratio of the inferred ortholo
gous toxin genes of B. insularis and B. jararaca (Fig. 3; 
Supplementary Table S3). Among SVMPs, 15 pairs showed 
a dN/dS ratio lower than one, and 11 pairs exhibited a dN/ 
dS ratio higher than one, which reveals that specific SVMPs 
present a higher number of nonsynonymous substitutions. 
All SVSP pairs displayed a dN/dS ratio lower than 1 suggest
ing an absence of protein changes in this toxin family. 
PLA2-A and PLA2-C showed a dN/dS ratio higher and lower 
than 1, respectively. It reveals that the PLA2-A accumulated 
nonsynonymous substitutions affecting its final protein se
quence. Most CTL pairs presented dN/dS ratio higher than 
1, which suggests higher amino acid changes in these loci in 
response to the adaptation process. This analysis suggests 
that SVMP, PLA2, and CTL genes show higher 

nonsynonymous substitution rates when compared to the 
mainland species, possibly reflecting B. insularis adaptation 
to the prey available on the island.

Genetic Variation of Toxin Genes

To investigate population genomics in B. insularis, we se
quenced and analyzed low-coverage whole genomes 
from seven additional individuals (total of eight individuals), 
assessing toxin gene variation and demographic history 
(discussed in the next section). We mapped genome rese
quencing data to the assembled B. insularis, with variant 
calling and filtering steps yielding 9,542,686 high-quality 
biallelic variants representing single nucleotide polymorph
isms (SNPs). To assess the quality of SNPs and ensure it is not 
affecting downstream analyses, we measured the distribu
tion of depth (DP), missing data, minimum allele frequency 
(MAF), and singletons of variants detected in the genome 
and within toxin genes (see Material and methods for fur
ther details). Then, we measured the number of SNPs, nu
cleotide diversity (π), and Tajima’s D within the coding 
sequence (CDS), introns, and flaking regions (i.e., 500 bp 
upstream and downstream of the CDS to account for non- 
coding regions surrounding the gene). Additionally, we cal
culated the copy-number variation (CNV) of toxin genes by 
using the genomic read coverage obtained with the 
mapped data.

We evaluated nucleotide-level diversity across toxin fam
ilies by comparing their diversity distribution. PLA2, CTL, 
and LAAO are the major components with higher nucleo
tide diversity, whereas PDE, PLB, KUN, and Vespryn are 
the minor components with higher nucleotide diversity 
(Fig. 4a). These genes also presented a positive Tajima’s D 
values when compared with other toxin families, suggest
ing potential balancing selection. In contrast, SVMP and 
SVSP exhibited very low diversity and negative Tajima’s D 
values, consistent with possible positive selection on these 
toxin families. We also evaluated whether the observed di
versity affected CDSs, introns, and/or flanking regions 
(Fig. 4b). When analyzing the features separately, we found 
that only PLA2s and CTLs showed higher nucleotide diver
sity in CDSs compared with introns and flanking regions 
(Supplementary Fig. S7). As expected, we detected a posi
tive correlation among the diversity indexes analyzed, 
with PLA2 and CTLs showing higher diversity than other 
toxin genes (Fig. 4c). Indeed, these genes showed positive 
Tajima’s D values, confirming the signals of balancing selec
tion, whereas SVMP and SVSP showed low values of nu
cleotide diversity and a negative Tajima’s D, supporting 
the signals of positive selection in both toxin families.

To assess functional variation in toxin genes, we ana
lyzed amino acid changes resulting from the nucleotide di
versity observed in the previous analyses. This revealed that 
CTLs, PLA2, LAAO, PLB, PDE, KUN, and Vespryn show 
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mutations causing amino acid changes at the population le
vel (Fig. 5). Most amino acid changes in PLA2 were nonsy
nonymous and affected the PLA2-A gene, which is the 
PLA2 with higher Tajima’s D value among PLA2s, suggest
ing a stronger signal of positive selection on this toxin gene. 
Among CTLs, there are no amino acid changes detected in 
the monomeric forms (i.e., CTL-1 and CTL-8), whereas the 
heterodimeric CTLs showed higher levels of changes, pre
dominantly nonsynonymous. Only one SVMP gene showed 
synonymous mutation (SVMP-23) and no amino acid- 
altering mutations were detected in SVSPs.

Notably, two SVMP genes (SVMP-19 and SVMP-21) con
tain nonsense mutations. These genes are located near the 

PI gene (i.e., SVMP-18), which is itself derived from a pre
mature stop codon (Giorgianni et al. 2020). In the 
SVMP-19 of the reference genome individual (SB1851), 
we identified a SNP that truncates the CDS (Fig. 6a). This 
truncated variant occurs in around 50% of the reads map
ping to this gene (Fig. 6b). It is an A>T substitution in exon 
13 that introduces a stop codon replacing a Lys at position 
435 of the precursor protein, terminating translation at the 
beginning of the disintegrin-like domain and producing a 
PI-like protein instead of the classic PIII bothropasin 
(Fig. 6c). The sequence downstream of the stop codon, 
which originally encoded the ancillary domains, now corre
sponds to the 3’UTR of a PI without any additional 

(a)

(b) (c)

Fig. 4. Number of SNPs, nucleotide diversity (π), and Tajima’s D in toxin genes. a) Distribution of measures in each toxin gene accounting for the CDS, introns, 
and flanking regions. b) Distribution of measures within CDS, intron, and flaking regions of each toxin family. c) Pairwise comparison of measures showing a 
positive correlation (R > 0 and p-value < 0.001).
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mismatches. We further confirmed that six other individuals 
carry this same SNP, all as heterozygotes with alleles encod
ing both PIII and PI-like forms, whereas two individuals are 
homozygotes containing only the PIII form (Fig. 6b). 
Transcriptome analysis of three of these individuals showed 
that the heterozygotes (SB1851 and SB1852) express a very 
low proportion of the PI-like form (1.2% in SB1851 and 
0.8% in SB1852), whereas, as expected, the homozygous 
individual (SB0825) shows no evidence of the PI-like form. 
By contrast, the SVMP-21 presented a SNP resulting into 

a premature stop codon in only two individuals. It is a 
G>T substitution in exon 6 that replaces a Glu at position 
191 of the precursor protein with a stop codon. This variant 
produces a truncated SVMP lacking active enzymatic do
mains, containing only the signal peptide and propeptide 
domains. Its low prevalence in the population may indicate 
a deleterious mutation maintained by genetic drift.

We used the mapped read coverage in the reference 
genome to estimate CNV of toxin genes (Fig. 7). This ana
lysis revealed that most toxin genes present a similar copy 

Fig. 5. Mutation type distribution in toxin genes. At the top, the barplot shows the cumulative mutation distribution among all samples analyzed. Different 
types of mutations are shown in different colors. The heatmap charts show the number of each mutation type in both haplotypes of each sample analyzed. 
The substitutions are shown from top to bottom as synonymous, nonsynonymous, and nonsense. The individual used to assemble the reference genome is 
marked with an asterisk. The toxin families are color-coded as in Fig. 1.
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number (i.e., values around one) to the reference genome, 
which suggests that those toxin genes are homozygotes 
similar to the reference genome (HomoRef). All toxin genes 
showing values different than one belong to the multicopy 
toxin families (i.e., SVMP, SVSP, CTL, and PLA2). 
Specifically, we detected six SVMP genes (i.e., SVMP-21, 
−22, −23, −24, −25, and −26) and six CTL genes 
(i.e., CTL-2, −3, −4, −5, −6, and −7) presenting double 
coverage (HomoDup), suggesting these genes may be du
plicated in one of the haplotypes, whereas one SVSP 
gene (i.e., SVSP-6) and one PLA2 gene (i.e., PLA2-K) pre
senting half coverage, indicating a putative deletion event 
in one haplotype. The SVMP duplication of six genes in tan
dem was detected in three individuals (Supplementary Fig. 
S8), which indicate that heterozygous or homozygous state 
is spread in the population. The double coverage of six CTL 
genes was detected in four individuals (Supplementary Fig. 
S9), which may represent heterozygous states. The deletion 
of one SVSP gene was detected in seven individuals, which 
may represent a heterozygous state, whereas one individ
ual may represent a homozygous state (Supplementary 
Fig. S10). The PLA2 deletion was detected in four indivi
duals and likely represents a heterozygous state 
(Supplementary Fig. S11), in accordance with varying 

presence of this gene in B. jararaca population 
(Junqueira-de Azevedo et al. 2015). The CNVs detected in 
the present study likely represent confident duplication 
and deletion events between haplotypes, but further ex
perimental validation is needed to confirm the haplotypes 
of each individual and also if those CNVs are affecting the 
final venom phenotype.

Demographic Inference of the Golden Lancehead

To investigate the demographic history of the golden lance
head over the last 100 kyr and assess potential effects of cli
matic changes and the insularization process, we inferred 
the effective population size (Ne) using the SMC++ method 
(Terhorst et al. 2017), which is indicated to estimate Ne be
tween 100 and 100,000 years ago (Fig. 8). We used a gen
eration time of 2 years and a mutation rate of 1.25 × 10e−8 
per generation following previous studies using Bothrops 
and other snake species (Grazziotin et al. 2006; Pasquesi 
et al. 2018; Ludington and Sanders 2021). Our results indi
cate an ancestral Ne of approximately 140,000 individuals 
around 100 kya (Fig. 8) and a demographic history showing 
two periods of abrupt population decline, one around 
50 kya (Ne ∼30,000) and another around 11 kya 

(a)

(b) (c)

Fig. 6. The SVMP-19 gene structure and position of the allelic variation resulting in a PI-like protein. a) SVMP loci in mi-1 with zoom in the SVMP-19. At the 
bottom, a zoom into the exon 13, which contains the allelic variation detected. b) Percentage of each nucleotide in reads mapping into the allelic variation 
genomic position. The individual used for genome assembly is marked with an asterisk. c) Schematic representation of SVMP structure with the PI-like iden
tified in the present study represented at the bottom.
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(Ne ∼10,000). A gradual decline was inferred from 10 kya 
to 5 kya (Ne decreasing from ∼10,000 to ∼1,000). 
Around 2 kya, the species underwent a population growth 
(Ne ∼15,000), followed by a subsequent decline, reaching a 
Ne of ∼5,000 in the last millennium. This final estimate 
is comparable to the current population size of 
2,000–4,000 individuals obtained from mark-recapture 
methods (Guimarães et al. 2014), indicating concordance 
between genetic Ne estimates and field-based census size 
(Nc) for B. insularis.

Discussion
We present a high-quality reference genome for the golden 
lancehead, providing an essential genomic resource to infer 
its evolutionary history, assess patterns of genetic diversity 

and guide science-based conservation strategies for this crit
ically endangered species. In addition, our intra- and interspe
cific comparisons clarify macrosyntenic relationships among 
viper genomes, elucidate the composition and evolutionary 
basis of the genes underlying the distinct venom phenotypes 
and offer a more robust preliminary reconstruction of the 
demographic history of B. insularis. Our findings also provide 
compelling evidence of selection in toxin genes and contrib
ute with new perspectives for future studies aimed at under
standing the mechanisms driving phenotypic differentiation 
and adaptation in insular species.

Macrosyntenic Relationships in Viper Genomes

With the recent availability of more Viperidae genomes, the 
conservation of their key genetic elements remains to be 

Fig. 7. Copy number variation (CNV) of toxin genes in B. insularis. At the top, the average coverage of each toxin gene compared to the average coverage for 
the chromosome it is located at for each sample analyzed. These values indicate duplications (CNV values higher than 1) and/or deletions (CNV values lower 
than 1) for specific toxin genes. HomoDup, homozygous for duplication (CNV around 2); HeteroDup, heterozygous for duplication (CNV around 1.5); 
HomoRef, homozygous for the reference (CNV around 1); HeteroDel, heterozygous for the deletion (CNV around 0.5); HomoDel, Homozygous for the de
letion (CNV around 0). At the bottom, a schematic representation of haplotypes with the duplication and deletion events of the toxin genes detected in the 
analysis. Toxins are color coded following Fig. 3.
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investigated. Despite the presence of syntenic blocks, a few 
rearrangements, like translocation and inversions, were ob
served within similar macrochromosomes, whereas micro
chromosomes presented a higher rate of rearrangements, 
including fission and fusions among distinct microchromo
somes. Our data, together with previous analysis, also re
vealed that microchromosomes in vipers are GC-rich and 
gene-dense, have low repeat content, high interchromoso
mal contact frequency, and high recombination rates (Perry 
et al. 2020; Waters et al. 2021; Peng et al. 2023). 
Altogether, these findings suggest microchromosomes 
are “hot spots” for interchromosomal rearrangements 
while macrochromosomes are more conserved in vipers, 
which is a pattern also observed in other snakes and species 
containing macro- and microchromosomes (Waters et al. 
2021; Ludington et al. 2023).

Although the comparative analysis revealed chromo
somal rearrangements mainly affecting microchromo
somes in accordance with previous studies, we emphasize 
the need to assess the quality of genomes used in such ana
lysis (Rhie et al. 2021). Here, the assembled genomes used 
for comparison have high-quality statistics (Supplementary 
Table S4), with only C. viridis showing a gap percentage 
greater than 1%. Therefore, aside from the results related 
to this species, the rearrangements observed here represent 
reliable chromosomal structural variants among vipers. 
However, further experiments using cytogenetics techni
ques are required to confirm our results.

Venom Composition and Evolution

Venom is a key feature in the Viperidae biology, and our re
sults offer an opportunity to improve our understanding of 

venom evolution in B. insularis and within the B. jararaca 
complex. By analyzing the toxin repertoire of the golden 
lancehead, we identified homologous venom components 
previously characterized functionally in this species or in the 
mainland B. jararaca (Junqueira-de Azevedo and Ho 2002; 
Valente et al. 2009; Junqueira-de Azevedo et al. 2015; 
Almeida et al. 2021). Our analysis indicates that the venom 
has a potent hemorrhagic and anticoagulant effect, primar
ily caused by the high abundance of SVMPs, SVSPs, and 
CTLs (Junqueira-de Azevedo and Ho 2002; Valente et al. 
2009). This venom toxicity may be exacerbated by the pres
ence of PLA2s with myotoxic effects. The diverse toxin rep
ertoire may reflect adaptation to the available prey in the 
island, with specialization on migrant birds potentially pro
viding an evolutionary advantage (Martins et al. 2002). 
Indeed, some studies have suggested that the venom of 
B. insularis is highly toxic to birds compared with B. jararaca 
venom (e.g., Zelanis et al. 2008). However, this hypothesis 
needs to be tested in a population-level framework for the 
highly variable venom of the mainland species.

Despite the notable repertoire of coagulant toxins, we 
also identified anticoagulant SVSPs, which have strong po
tential for development of anticoagulant drugs (Serrano 
and Maroun 2005). The presence of the VEGF-F, which in
duces vascular permeability and hypotension, may contrib
ute to the venom dispersion within the prey (Junqueira-de 
Azevedo et al. 2001). This venom component also induces 
drastic hypotensive effects, indicating its potential for 
therapeutic development. We detected the presence of 
the highly expressed BPP in B. insularis, a venom compo
nent that is cleaved into peptides with hypotensive effects 
that have been used in medicine for decades (Raudonat 
and Rocha e Silva 1962; Ferreira et al. 1970). Additionally, 

Fig. 8. Demographic history of the golden lancehead. The effective population size of B. insularis as estimated with SMC++ is shown on the y-axis and time in 
years ago on the x-axis. Light blue and blue regions show the timing of the Last Glacial Period (LGP) and the Last Glacial Maximum (LGM), respectively.
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a recent report revealed the potential of a SVMP from 
B. cotiara to be cleaved into a peptide named Bc-7a with 
hypotensive effects (Miyamoto et al. 2024). This SVMP 
(named SVMPIII-8 in Nachtigall et al. 2022) is highly similar 
to the SVMP-19 from B. insularis and to the bothropasin 
from B. jararaca (O93523) and presents the conserved ami
no acids of the peptide Bc-7a (Supplementary Fig. S3). This 
indicates that the potential of SVMP genes to generate 
peptides with medicinal effects may be broadly conserved 
in lanceheads and other vipers, and should be further 
explored by expanding species sampling in analyses inte
grating venom peptidomics with functional experiments.

From an evolutionary perspective, we found that most 
toxin genes are under balancing or positive selection (i.e., 
Tajima’s D values are higher or lower than zero), whereas 
only two toxin families (VEGF-F and CRISP) present 
Tajima’s D values close to zero. This result suggests that nat
ural selection processes, rather than genetic drift, is driving 
the venom variation in B. insularis. Among the major venom 
components, PLA2 and CTL show high nucleotide diversity 
with signatures of balancing selection, whereas SVMP and 
SVSP exhibit low nucleotide diversity with signatures of 
positive selection. The balancing selection observed in 
PLA2 and CTL gene in B. insularis resembles the selective re
gime observed in SVMP, SVSP, and PLA2 genes in other vi
pers, including lanceheads (Nachtigall et al. 2022) and 
rattlesnakes (Rautsaw et al. 2019; Schield et al. 2022). In 
contrast, the positive selection observed in SVMP and 
SVSP genes in B. insularis shows a similar selection pattern 
previously observed in a few toxin genes in other vipers, in
cluding PLA2-B1 in Crotalus viridis (Schield et al. 2022), 
CTLs in C. oreganus (Schield et al. 2022), SVMP and CTL 
in C. cerastes (Rautsaw et al. 2019), and one SVMP 
in some species of Cerrophidion (Rosales-García et al. 
2023).

The signatures of selection observed in our population 
analyses of major components of B. insularis venom may 
be associated with the adaptation to dietary specialization, 
although our sampling design lacks a comprehensive cover
age of B. jararaca mainland diversity. Toxin paralogs may 
evolve through selection-driven functional diversification 
in response to the molecular targets present in their prey 
(Bernardoni et al. 2014; Modahl et al. 2018; Holding 
et al. 2021). Such processes may also affect the relative 
abundance of specific toxin paralogs, enhancing venom ef
ficiency against distinct prey (Margres et al. 2017; Mason 
et al. 2022). Some studies suggested that B. insularis venom 
is more toxic to chickens than that of the mainland 
B. jararaca, which rarely preys upon birds (Cogo 1991; 
Cogo et al. 1993 ). However, as in our study, many of these 
pivotal toxicity analyses employed sampling designs that 
hinder the evaluation of the highly divergent venom com
position among different populations of the mainland 
B. jararaca (Gonçalves-Machado et al. 2016).

The specificity of the B. insularis venom against birds is 
also challenged by the similarity of venom genes and ex
pression profiles to those of B. jararaca, particularly regard
ing the predominance of the same toxin families (i.e., 
SVMP, SVSP, CTL, and PLA2). However, our analyses indi
cate that all these major components of B. insularis venom 
evolved under selection, possibly in response to adaptative 
pressures associated with the insularization process. 
Further comparative genomic analyses, coupled with func
tional assays using B. insularis, population-level sampling of 
mainland B. jararaca, and other closely related species, are 
necessary to better understand this pattern and test this 
hypothesis.

The major components of B. insularis venom consist of 
multi-loci toxin families that also present CNV among the 
individuals analyzed. Specifically, we detected a large dupli
cation of six genes in tandem in each SVMP and CTL loci 
and a minor deletion of one gene in each SVSP and PLA2 
loci. Indeed, CNVs are a documented source of genetic vari
ation of venom components in viper species (Margres et al. 
2017, 2019; Giorgianni et al. 2020; Margres et al. 2021; 
Nachtigall et al. 2025). The CNVs can be linked to the abun
dance of the specific proteins facing duplication or deletion 
events in the final venom phenotype, which may confer a 
fitness advantage. The CNVs detected in B. insularis can 
be under diversifying selection based on the assumptions 
that these CNVs were detected at homozygous and hetero
zygous states among individuals. Such duplication events 
may be favoring an increase in expression level, whereas 
the deletions may be favoring a decrease in expression le
vel. Indeed, CNVs affecting venom phenotype were previ
ously detected in rattlesnakes (Margres et al. 2017; 
Nachtigall et al. 2025) and sea anemones (Smith et al. 
2023). Further analysis focusing on generating a genotype- 
phenotype map for B. insularis and comparing it to the 
mainland B. jararaca may help to confirm if such detected 
CNVs are a source of genetic variation of the B. insularis 
venom.

The nucleotide diversity and CNV observed among multi- 
loci toxin families suggest that distinct toxin families pre
sent different selective pressures and gene-family evolution 
in the golden lancehead. The positive selection and duplica
tions observed in SVMPs suggest the permanent heterozy
gote model, which relies on the fixation and maintenance 
of duplicated genes in heterozygous states to decrease 
the reduced fitness that can be caused by homozygotes 
(Innan and Kondrashov 2010).

A particularly interesting case is the SVMP-19 gene, 
which harbors a majorly expressed allele coding for SVMP 
PIII (bothropasin), and a minorly expressed allele coding 
for an unknown SVMP PI-like protein. Bothropasin, 
sometimes named jararhagin, is perhaps the most 
important toxin of B. jararaca venom, a potent and well 
characterized hemorrhagic factor (Mandelbaum et al. 1982). 
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Several studies were devoted to reconstructing the evolu
tionary relationship between PIII, PII and PI SVMPs in 
Viperidae, with the general understanding that PII arose 
through exon losses from PIII gene in ancestral Viperidae 
(Giorgianni et al. 2020; Almeida et al. 2021). PI origin is 
more complex, with evidence for multiple independent ori
gins from PII genes (Casewell 2012), indicating that differ
ent snakes followed a convergent pathway towards SVMP 
simplification. The PI-like allele found here represents a no
vel case in Viperidae, since the whole sequence of the cod
ing sequence is identical to the PIII gene with the exception 
of a SNP inserting a premature stop codon that impairs the 
translation of disintegrin and the Cys-rich domain of the PIII 
protein. This direct transition from PIII to PI-like was also ob
served in a particular genus of another family of snakes 
(Phalotris spp, Dipsadidae), in that case through a gene re
arrangement rather than through a SNP, and the PI-like was 
shown to be a major protein of its venom (Campos et al. 
2016; Entiauspe-Neto et al. 2024). For B. insularis, this allele 
is present in six of the eight individuals sequenced. 
However, the bothropasin version appears to be dominant 
in these individuals, since its mRNA has a 98/2 ratio with re
spect to the PI-like mRNA. The functional role of this PI-like 
protein, if it makes up to the venom, remains unknown; 
however, the adjacent highly expressed gene (SVMP-18) 
is also a PI type. Moreover, PI expression has been asso
ciated with the ontogenetic phenotypic transition of venom 
in B. jararaca (Zelanis et al. 2008, 2010), suggesting that 
this PI-like allele may yield different expression levels in 
newborn individuals.

The SVSP genes show signatures of positive selection 
and a gene gain/loss event, which suggests the 
birth-and-death model, a process that involves gene 
gains and losses following rounds of duplications 
(Innan and Kondrashov 2010). PLA2 has signatures of 
balancing selection and gain/loss of a gene, which also 
reflects the birth-and-death model (Innan and 
Kondrashov 2010). The balancing selection and duplica
tions of CTLs suggest the multi-allelic diversifying mod
el, which is similar to the permanent heterozygote 
model, but it also favors genetic variability (Innan and 
Kondrashov 2010). The classic birth-and-death model 
of gene-family evolution is widely accepted to explain 
multi-loci toxin family evolution and diversification (Fry 
et al. 2008; Casewell et al. 2011; Sachkova et al. 
2019), but other studies have revealed distinct evolution 
models, such as the positive dosage model (Margres 
et al. 2017) and the concerted evolution model (Moran 
et al. 2008). It was shown that these multi-loci toxin 
families present distinct patterns in vipers (Holding 
et al. 2021; Mason et al. 2022) and that there is no single 
evolutionary model that can explain a general toxin 
family evolution and diversification (Jackson and 
Koludarov 2020).

Demography

Although our primary goal was to characterize the genomic 
diversity and the genetic basis of venom diversification in 
B. insularis, our analysis of highly resolved genome com
bined with additional low-coverage whole-genome data 
provides the most robust inference to date of the historical 
population dynamics of the species. The inferred demo
graphic history suggests that the golden lancehead was 
likely isolated before the last sea-level rise, supporting pre
vious hypotheses (Barbo et al. 2022), in which the process 
of isolation along the Brazilian coast resulted from a dy
namic scenario involving three insularization events in the 
last 100,000 thousand years ago (kya). Our results indicate 
that the first population decline coincided with the earliest 
insularization of Queimada Grande Island, approximately 
50–60 kya, and caused a pronounced population bottle
neck that left a strong signature in the genomic diversity 
of the species. A second population decline was inferred 
during the second-earliest insularization period, approxi
mately 10–15 kya. After that, although showing some 
demographic fluctuations around 1 kya, our results suggest 
that over the last 10 kyr the population remained relatively 
stable, with an Ne of 5,000 individuals, similar to the census 
size (Nc) estimated for the species (Guimarães et al. 2014). 
The similarity between Ne and Nc suggests the absence of 
severe fluctuations or bottlenecks over many generations 
and may indicate that, despite being classified as critically 
endangered, B. insularis is both genetically and demo
graphically healthy. Based on the results provided here, 
conservation strategies can be developed to maintain this 
favorable relationship between Ne and Nc, including the 
planning of ex-situ conservation actions. Specifically, our 
genomic dataset will facilitate genomic surveillance by pro
viding a comprehensive SNP database to monitor genetic 
diversity over time and assess potential risks from stochastic 
threats associated with deterministic threats like illegal 
trade and climatic change.

Finally, the framework presented, by combining 
chromosome-level, well-annotated genome with low- 
coverage genomic data from additional individuals, may 
serve as a model for future comparative analysis addressing 
open evolutionary questions in the Bothrops jararaca com
plex and other insular systems.

Material and Methods

Sampling

Eight specimens of Bothrops insularis were collected be
tween 2019 and 2020 in Queimada Grande Island, SP, 
Brazil (Supplementary Fig. S12). Blood was extracted from 
the caudal vein, transferred to a tube containing 100% 
ethanol solution, and stored at −80◦C until use. 
High-molecular-weight (HMW) genomic DNA (gDNA) was 
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extracted by using a pipette-free protocol as previously de
scribed (Margres et al. 2021). The specimens were milked 
and euthanized 4 days post-milking using a single-step so
dium pentobarbital (100 mg/kg) injection following stand
ard approved American Veterinary Medical Association 
(AVMA) guidelines. Venom glands and other tissues were 
sampled and transferred to RNAlater (Ambion) and stored 
at −80◦C until use. The snakes were handled and collected 
under Protocol Number 4479020217 from the Ethics 
Committee on Animal Use of the Butantan Institute 
(CEUAIB).

DNA Sequencing

The gDNA from a male individual (SB1851) was used to 
construct the PacBio HiFi sequencing libraries with the 
SMRTbell Express Template Prep Kit 2.0 following the man
ufacturer’s protocol. Sequencing was performed with two 
cells on the PacBio Sequel II system in CCS mode at the 
University of Delaware Sequencing and Genotyping 
Center. The sequencing resulted in 3,183,975 reads (with 
an average read size of 12.7 Kb and a total of 
40,631,104,454 bp). Reads containing adapters were re
moved using cutadapt (v4.1; Martin 2011), and putative 
human and bacterial contaminants were removed using 
kraken2 (v2.1.2; Wood et al. 2019) to remove human or 
bacterial contaminants.

The blood sample from the same individual (SB1851) 
was used to construct a HiC library, following the protocol 
for nucleated blood cells for the Arima High Coverage HiC 
Kit (Arima Genomics) to crosslink DNA and generate the 
proximally ligated DNA. The proximally ligated DNA was 
used to construct the final Hi-C library using the Arima 
High Coverage Hi-C Library Preparation Kit (Arima 
Genomics) following the manufacturer’s instructions. The 
HiC library was sequenced using the NovaSeq 6000 plat
form (Illumina) with paired-end reads layout (2×150 bp) 
at the Florida State University College of Medicine 
Translational Science Laboratory. Sequencing yielded 
466,781,110 paired-end reads. Adapters were trimmed 
and reads with Phred scores lower than 25 and shorter 
than 75 bp were removed using Trim_Galore! (v0.4.4; 
https://github.com/FelixKrueger/TrimGalore), which re
turned a final dataset consisting of 466,781,110 HiC 
paired-end reads (total of 137,669,877,905 bp).

To estimate the genetic diversity in toxin genomic re
gions in B. insularis, we analyzed whole genome data 
from a total of eight individuals. Blood samples were used 
to extract DNA using a standard Phenol:Chloroform: 
Isoamyl protocol as previously described (Mathur and 
Gibbs 2025). Illumina short-read libraries were prepared 
using the TruSeq DNA PCR-free library prep kit following 
the manufacturer’s instructions. The libraries were then se
quenced on an Illumina HiSeq 6000 at the University of 

Illinois Roy J. Carver Biotechnology Center. Adapters were 
trimmed and reads with Phred scores lower than 25 and 
shorter than 75 bp were removed using Trim_Galore! 
(v0.4.4; https://github.com/FelixKrueger/TrimGalore). The 
final genomic datasets returned a mean 12.78 of depth 
(ranging from 10.05 to 22.62).

RNA Sequencing

Total RNA from the venom gland and other tissues (i.e., infra
labial gland, harderian gland, brain, pancreas, spleen, kidney, 
skeletal muscle, heart, and ovary) were extracted using TRIzol 
Reagent (Invitrogen), following the manufacturer’s protocol. 
The RNA concentration and contamination level were mea
sured by ultraviolet absorbance using NanoDrop 1000 
(Thermo Scientific), and RNA integrity was assessed with 
the equipment Agilent 2100 Bioanalyzer (Agilent 
Technologies). Next, the messenger RNA (mRNA) was puri
fied from the total RNA by using the Dynabeads mRNA 
DIRECT kit (Ambion) and used to prepare independent 
cDNA libraries for each sample. The complementary DNA 
(cDNA) libraries were prepared following the protocol for 
TruSeq RNA Sample Preparation Kits v2 (Illumina), and se
quenced using the HiSeq1500 platform (Illumina), generating 
strand-specific paired-end reads. Illumina adapters and low- 
quality reads were trimmed using Trim_Galore! (v0.4.4; 
https://github.com/FelixKrueger/TrimGalore), removing reads 
with Phred scores lower than 25 and a length shorter than 
75 bp. The RNA-seq data were used for the genome annota
tion step and to estimate the expression level of toxins.

Genome Assembly

The HiFi long reads and paired-end HiC short reads were pro
vided to hifiasm (v0.16.1; Cheng et al. 2021) to generate the 
primary assembly contig graphs with default parameters. The 
contigs of the primary assembly were used as reference to map 
the HiC reads using Chromap (v0.2.3; Zhang et al. 2021) and 
to scaffold using YaHS (v1.2a.2; Zhou et al. 2023). We then 
used PretextView (v0.2.5; https://github.com/sanger-tol/ 
PretextView) to manually review the scaffolded genome fol
lowing the “Rapid curation” manual (https://gitlab.com/wtsi- 
grit/rapid-curation). Then the unplaced contigs (i.e., contigs 
not integrated into scaffolds of chromosomes) were purged 
when being shorter than 20 Kb and representing spurious 
contigs or haplotig duplications as identified using purge_d
ups (v1.2.5; Guan et al. 2020). The genome assembly statistics 
were obtained using Inspector (v1.0.1; Chen et al. 2021), 
which also calculates a QV score to measure putative errors 
in the assembly, and the completeness was assessed using 
BUSCO (v5.2.2; Waterhouse et al. 2018) with the Tetrapoda 
gene set (odb10; a total of 5,310 genes). We confirmed the 
identity of chromosomes by performing BLAST searches 
against a set of chromosome-specific markers (NCBI acces
sions SAMN00177542 and SAMN00152474) of snakes 
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(Matsubara et al. 2006) and the chromosome-level assemblies 
of Crotalus viridis (Schield et al. 2019) and C. adamanteus 
(Hogan et al. 2024). We also confirmed the identity of the Z 
chromosome based on male–female read coverage ratio map
ping whole-genome sequencing data of male and female in
dividuals as previously described (Hogan et al. 2021). The 
mitochondrial genome was assembled using the long-read 
mode of MITGARD (v.1.1; Nachtigall et al. 2021a) with the 
HiFi reads and the B. jararaca mitogenome as reference 
(NC_030760.1). The assembled mitogenome was annotated 
using MitoZ (v3.6; Meng et al. 2019), followed by a manual in
spection. The final genome assembly has been deposited at 
DDBJ/ENA/GenBank under the accession JBLSAJ000000000.

Genome Annotation

We annotated repetitive regions and transposable elements 
(TEs) using RepeatModeler2 and RepeatMasker as previous
ly described (Nachtigall et al. 2025). We used the 
RepeatModeler2 (v2.0.1; Flynn et al. 2020) to generate a 
de novo species-specific repeat library (TE library). We split 
the library into “known” and “unknown” sets as output 
by RepeatModeler2. The “unknown” set was classified 
using DeepTE (v1.0; Yan et al. 2020 ) with the model de
signed for metazoans. To reduce false-positives, we re
moved any sequence classified as “NonTE” using TERL 
(v1.0; da Cruz et al. 2021). Then, the species-specific TE li
brary (i.e., the “known” set and the “unknown” re- 
classified set) was merged into a curated TE library designed 
for snakes (Castoe et al. 2013), and the final TE library was 
used to perform the repetitive annotation using 
RepeatMasker (v4.1.1; https://www.repeatmasker.org/). 
The divergence between the individual TE copies versus their 
consensus sequences based on CpG-adjusted Kimura dis
tance was estimated using built-in scripts from 
RepeatMasker. We also searched for telomeric sequences 
occurring at chromosome terminals using tidk-search 
(v0.2.0; Brown et al. 2025) with the conserved vertebrate 
telomeric repeat sequence TTAGGG as a query.

The soft-masked genome was used as input for gene anno
tation using GALBA (v1.0.11; Bruna et al. 2023), with default 
parameters, and the proteins annotated in the Crotalus ada
manteus genome (Hogan et al. 2024) as the protein evidence. 
Then, we mapped the transcriptomic reads of several tissues 
against the B. insularis genome using STAR (v2.7.11; Dobin 
et al. 2013) and retrieved the counts using featureCounts 
(v2.0.6; Liao et al. 2014) to use as the transcript evidence 
and removed any gene with no counts in any tissue from the 
annotation set. We compared the transcriptome-filtered 
genes to the annotations available for Mus musculus, Gallus 
gallus, Anolis carolinensis, Pogona vitticeps, Varanus komo
doensis, Podarcis muralis, Notechis scutatus, and Pseudonaja 
textilis in the ENSEMBL (release 112) using DIAMOND 
(v2.1.8; Buchfink et al. 2021). Finally, we assigned functional 

annotation through orthology and homology inferences using 
the gene sets available for C. adamanteus (Hogan et al. 2024), 
Naja naja (Suryamohan et al. 2020), G. gallus 
(GCA_016699485.1), and M. musculus (GCA_00000 
1635.9) using Orthofinder (v2.5.4; Emms and Kelly 2019). 
To annotate toxins, we used ToxCodAn-Genome (v1.0; 
Nachtigall et al. 2024) with default parameters and followed 
their guide to ensure a confident toxin annotation set. 
Briefly, the venom-gland transcriptomic data was assembled 
and annotated using ToxCodAn (v1.0; Nachtigall et al. 
2021b) with default parameters to generate a species-specific 
toxin database. The species-specific and the Viperidae toxin 
databases were used as database sources to annotate the tox
ins in the genome using ToxCodAn-Genome (v1.0; Nachtigall 
et al. 2024). We then generated a final annotation set by mer
ging the toxin and nontoxin annotations. The final gene anno
tation set was used as input to estimate the toxin expression 
level using featureCounts and the expression data was nor
malized through the trimmed mean of M-values normaliza
tion method (TMM) using the edgeR package (v3.40.2; 
Robinson et al. 2010).

Additionally, we compared our toxin-annotated se
quences to the ToxProt database (Jungo et al. 2012), which 
comprises a curated and reviewed set of toxin sequences, 
and to the expressed sequence tag (EST) of the venom 
gland of B. insularis (NCBI accessions from BM401391 to 
BM402067; Junqueira-de Azevedo and Ho 2002) using 
BLAST. We set the BLAST search to return the best hit 
(“-max_target_seqs 1”) in each database to check for: 
(1) the presence of toxins previously identified through 
EST approaches; and (2) the homologous toxins in a re
viewed set of toxin sequences.

Comparative Genomics

To better understand the genomic context of toxins anno
tated in the B. insularis genome, we compared them to the 
toxins annotated in the B. jararaca genome (Almeida et al. 
2021). To assign orthology and homology among toxin 
genes, we first used Orthofinder to detect orthogroups. 
Then, we aligned the coding sequences (CDSs) of toxins 
within the same family using MAFFT (v7.453; Rozewicki 
et al. 2019) and inferred phylogenetic trees using IQ-TREE 
(v2.0.3; Nguyen et al. 2015) with the parameters “-m 
TEST -bb 1000 -alrt 1000”. We also aligned the genomic re
gions through BLAST search to identify similar genomic re
gions longer than 5 Kb to help assign the toxins orthology. 
We used all of these results to properly infer the orthology 
and homology of toxin genes between both species. 
Additionally, we measured the pairwise synonymous sub
stitution rates (dS), nonsynonymous substitution rates 
(dN), and dN/dS ratios for the orthologous toxin genes. 
We performed a codon-based alignment for each ortholo
gous pair using PRANK (v.170427) and used it as input to 
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codeml from paml package (v4.9) to estimate the dS, dN, 
and dN/dS ratios.

We also performed a macrosyntenic analysis among viper 
species with a near chromosome-level genome assembly 
available in the literature. Specifically, we used the newly as
sembled B. insularis genome and the ones available for 
Crotalus adamanteus (Hogan et al. 2024; Nachtigall et al. 
2025), Crotalus viridis (Schield et al. 2019), Sistrurus catena
tus (Mathur and Gibbs 2025), Gloydius shedaoensis (Peng 
et al. 2023), Cerastes gasperettii (Mochales-Riaño et al. 
2025), and Vipera ursinii (Halpern et al. 2025). To do this, 
we used GENESPACE (v1.2.3; Lovell et al. 2022) and inverted 
chromosomes using the built-in function “invertTheseChrs” 
when needed to improve the visualization of the final figure. 
For the sex chromosomes, we excluded the W from the ana
lysis because only two species had it fully assembled (i.e., C. 
adamanteus and C. gasperettii). Additionally, we calculated 
the GC content and gene density in 1-Mb sliding windows 
for each chromosome and compared macro- and micro
chromosomes using the Wilcoxon Rank Sum test in R base.

Analysis of Genetic Variation in Toxin Genes

We used whole genome sequencing data from eight specimens 
of B. insularis to check for the genetic variation of toxin genes. 
Briefly, we called variants to check for SNPs in toxin genes and 
used the read coverage to check for copy number variation 
(CNV) of toxin genes. To identify SNPs, we mapped the reads 
using bwa (v0.7.17; Li and Durbin 2009) and removed read 
alignments with MAPQ <30 using samtools (v1.17; Danecek 
et al. 2021) and PCR duplicates using picard (v3.3.0; http:// 
broadinstitute.github.io/picard/). Then, we called variants 
using BCFtools (v1.20; Danecek et al. 2021). We removed var
iants with quality lower than 20 and read depth lower than 
7. Additionally, we removed variants with mean read depths 
above the 97.5th quantile to avoid spurious SNP calls based 
on paralogous mappings. Variants were phased using 
WhatsHap (v2.3; Patterson et al. 2015). Finally, we selected 
only biallelic SNPs to perform the genetic variation analysis 
of toxin genes.

To ensure we obtained high-quality SNPs that may not 
reflect artifacts, we analyzed depth used for variant call
ing (DP), missing data, minimum allele frequency (MAF), 
and singletons using VCFtools (v0.1.16; Danecek et al. 
2011). First, we analyzed those metrics using the 
entire SNP set, which comprises the whole genome 
(Supplementary Figs. S13–S16). This quality control re
vealed that the entire SNP set have high quality for use 
in downstream analysis. When analyzing the SNP set 
comprising the genomic regions of the toxin genes, we 
observed patterns similar to those of the entire genome 
for all metrics (Supplementary Figs. S17–S19), suggesting 
that downstream analyses focusing on toxin genes are 
not affected by artifacts.

We estimated within-population nucleotide diversity (π), 
to measure the degree of polymorphism, and Tajima’s D 
statistic (Tajima 1989), to test for deviations from neutral 
expectations. Both measures were calculated using 
VCFtools (v0.1.16; Danecek et al. 2011). We performed 
multiple runs to calculate statistics in 50-bp sliding win
dows. We compared the π and Tajima’s D obtained in the 
coding sequence (CDS), intron, and flanking regions (i.e., 
500 bp upstream and downstream of the CDS) to check if 
SNPs were mainly affecting CDSs. We also measured the 
heterozygous sites in each feature by calculating the num
ber of SNPs divided by the size of the feature (i.e., the size of 
the CDS, intron, or flanking region). We estimated correla
tions between those measures (i.e., π, Tajima’s D, and num
ber of SNPs) using the Pearson correlation test in R. Finally, 
we analyzed variants with functional impact in CDSs of tox
in genes by inspecting when variants resulted in synonym
ous, nonsynonymous or nonsense mutations.

To check for copy number variation (CNV) of toxin 
genes, we analyzed the read coverage of toxin genes and 
compared them to the average read coverage for the 
chromosome in which they are located. To do this, we 
used the mapped reads from the previous step to estimate 
an average read coverage for the gene (i.e., CDS and in
trons) and divide it against the average read coverage for 
the chromosome. The CNV values could suggest homozy
gous or heterozygous states for the reference and deletion 
or duplication events. Specifically, values around 1 suggest 
a homozygous state similar to the reference, values around 
0 suggest a deletion event in the homozygous state, values 
around 0.5 suggest a deletion event in the heterozygous 
state, values around 1.5 suggest a duplication event in 
the heterozygous state, and values around 2 suggest a du
plication event in the homozygous state.

Demographic Inference

We used SMC++ (v1.15.2; Terhorst et al. 2017) to estimate 
effective population size through time for the B. insularis 
population. We used the filtered and biallelic SNPs as de
scribed in the previous step. The VCF file was split per 
chromosome and converted to the SMC++ input file format 
using the “vcf2smc” command. We excluded the sex 
chromosome from this analysis to avoid bias in the demo
graphic inference (Ludington and Sanders 2021). We used 
a mutation rate of 1.25 × 10e−8 per site per generation 
and a generation time of 2 years as previously described 
for B. jararaca and other snake species (Grazziotin et al. 
2006; Ludington and Sanders 2021; Bergeron et al. 2023).

Supplementary Material
Supplementary material is available at Genome Biology and 
Evolution online.
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