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Venoms evolved convergently in diverse animal lineages as key adaptations that increase
the evolutionary fitness of species which are manifold employed for defense, predation,
and competition. They constitute complex cocktails of various toxins that feature a
broad range of bioactivities. The majority of described venom proteins belong to protein
families that are known to comprise housekeeping genes or harbor protein-domains,
which are present in genes with non-venom related functions. However, the evolutionary
processes and mechanisms that foster the origin of these venom proteins and triggered
their recruitment into the venom delivery system are still critically discussed. In most
instances single or combined proteomic and transcriptomic approaches are applied
to describe venom compositions and the biological context of venoms. For neglected
species these studies represent crucial contributions to improve our understanding of
venom diversity on a broader scale. Nonetheless, the inference of the evolutionary
origin of putative toxins in these studies could be misleading without appropriate
coverage of gene populations from different tissue samples (gene completeness) or
complementary genome data. Providing a valid backbone to correctly map transcriptome
and proteome data, whole genome sequences facilitate a clear distinction between
variability of venom proteins or toxins due to posttranslational modifications, alternative
splicing, and false-positive matches that stem from sequencing or read processing and
assembly errors. High-quality whole genome sequence data of venomous species are still
sparse and unevenly distributed within taxon lineages. However, to reveal the evolutionary
pattern of putative toxins in venomous lineages and to identify ancestral variants of venom
proteins, the appropriate sampling of genomes from venomous and non-venomous
species is crucial. Nevertheless, larger comparative studies based on multiple whole
genome data sets are still sparse to uncover processes of venom evolution. Here,
we review the general potential of comparative genomics in venomics to unravel
mechanisms and patterns of evolutionary origin of toxin genes. Finally, we discuss the
benefit of whole genome data to improve transcriptomics and proteomics-only studies,
in particular if datasets are applied to assess the evolutionary origin of venom proteins.

Keywords: venom evolution, gene duplication, single gene co-option, origin of toxins, orphan genes, whole
genome sequences
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INTRODUCTION

Venomous species are extremely diverse and ubiquitously
evolved in all known animal phyla, as for example in old
lineages such as marine cnidarians, molluscs, or polychaetes,
but also terrestrial groups like reptiles, all major arthropod
clades and even mammals (Casewell et al, 2013; Dutertre
et al., 2014; von Reumont et al., 2014a,b). It is estimated that
around 200,000 animal species (Holford et al., 2018) use venom
as the utmost important molecular trait that guarantees the
fitness and survival of species being employed for defense,
predation, and competition (Casewell et al., 2013; von Reumont
et al, 2014a; Sunagar et al., 2016), see also Figurel. In
contrast to poisons, which are generally composed of less
complex mixtures of toxic substances and used in a rather
unspecific manner, venoms are constituted by complex toxin
components such as peptides, proteins, and other smaller organic
molecules (Fry et al., 2009). While a poison is mostly passively
delivered for defense purposes, venoms are introduced into an
organism by a specialized morphological structure, the venom
apparatus or delivery system, which penetrates through the
organism’s body wall to deploy the venom (Fry et al, 2009;
von Reumont et al., 2014c). In several cases species exhibit
both traits and increase their evolutionary fitness by being
venomous and poisonous at the same time. Some centipede
species for example possess venomous claws to hunt prey
(Undheim et al,, 2015) but also feature sternal glands in their
skin that secrete sticky cyanogenic liquids (Vujisi¢ et al., 2013;
Zagrobelny et al., 2018). Obviously a long and slender bodied
predator with frontal venomous claws benefits from a whole
body based poison system to defend itself against other soil
living predators, for example if attacked at the rear end by ants
(Vujisi¢ et al., 2013).

From the incredibly diverse venom systems in the animal
kingdom only a small fraction is studied in more detail, as well
as the biology of many venomous species (Casewell et al., 2013).
Venom research is traditionally focused on a few taxa like snakes,
spiders, scorpions, and cone snails that occur in close vicinity to
humans, and pose either a risk of envenomation or the chance to
utilize venom components as cure. Snakes undoubtedly represent
the best-studied venomous animal group, mainly because
snakebites kill at least 100.000 people per year and represent
a WHO listed high priority neglected disease (Arnold, 2016;
Chippaux, 2017; Gutiérrez et al., 2017; Williams et al., 2019).
The production of an effective antidote is largely dependent on
the present knowledge of a species’ venom cocktail and possible
intra-specific variation in its toxin components (Chippaux et al.,
1991; Gutiérrez et al., 2009). Another motivation behind many
studies in venomics is to screen for and to harvest the potential
of identified venom proteins (single toxins) for applied research,
such as the development of highly specific agrochemicals like
bio-insecticides or pharmaceutical applications and drug design
(Windley et al., 2012; King and Hardy, 2013; Holford et al., 2018;
Pennington et al., 2018; Senji Laxme et al., 2019).

As a consequence, biological and ecological constraints, like
changes in biotic and abiotic factors that modulate intra-specific
and ontogenetic venom composition, are more extensively

studied only in a few populations of some snake species (Calvete
et al., 2007; Nuiiez et al., 2009; Durban et al., 2013; Neale et al.,
2017; Sanz et al,, 2017; Borja et al., 2018; Zancolli et al., 2019).
Furthermore, knowledge on gender specific venom variation
exists mostly only for snakes and a few spiders (Binford, 2001;
Menezes et al., 2005; Pimenta et al., 2007; Herzig and Hodgson,
2009), although the reasons for different toxin cocktails in males
and females are still being debated (Binford et al., 2016).

Another reason that venom systems of most taxa
remain unstudied is that only in the last years the modern,
methodological toolbox has been established to easily assess
the composition of venoms and the mode of their delivery of
so far neglected, in many cases very small and more difficult
to access species (Sunagar et al, 2016; von Reumont, 2018).
The research area that addresses all aspects of venom related
research is nowadays called venomics, a term that was originally
coined in 2004 for proteomic-based analyses on snake venoms
(Judrez et al., 2004; Bazaa et al., 2005). Today the term venomics
reflects the combination of several new—omics technologies to
conduct general research on venoms in an integrative approach,
see also Figure2 (Calvete, 2017). Besides new approaches to
identify more effectively secreted proteins via proteomics, new
sequencing technologies provide in unprecedented details the
framework to study evolution of venoms and toxin expression
(Gopalakrishnakone and Calvete, 2016; Sunagar et al., 2016;
von Reumont, 2018). Particularly for small, so far neglected
venomous species, transcriptomics and proteo-transcriptomics
appear as the foremost methods to assess possible venom
compositions and contribute to extend our comprehension of
venom diversity in general. Recent studies show however, that de
novo transcriptome analyses need to be conducted carefully to
avoid misinterpretation of the data, and a combination of both
transcriptomics and proteomics is of the utmost importance
(Holding et al., 2018; Smith and Undheim, 2018; von Reumont,
2018). Nevertheless, it should be kept in mind that most of
these studies pursue the goal to describe the venom composition
of previously neglected species. While such studies on general
venom compositions of neglected (and often rather small)
organisms have a different angle and might benefit from more
or pooled specimens to cover individual venom variation,
whole genome sequencing and analyses should optimally be
conducted utilizing one individual or highly homozygous
specimens. Studies, which apply comparative genomics to
investigate origin and evolution of toxin genes, are currently
underrepresented in venomics mostly because high quality
genomes of venomous species are still sparse; see also Figure 1
and Supplementary Table 1. In particular, whole genome data
becomes a corner stone to address questions such as how
venom proteins or toxins originate, which mechanisms drive
the composition and adaptation of venoms but also to prevent
shortcomings of de-novo transcriptome approaches.

Here, we focus on the genomics aspects of evolutionary
venomics and the potential that whole genome sequences harbor
to understand the processes that underlie the evolutionary origin
of venom proteins and toxins. Please note, that if we use in
subsequent sections the term genomic or genome data, we relate
to whole genome sequence data. It is equally important to bear
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FIGURE 1 | Simplified phylogenetic tree that displays the evolution of venom in the animal kingdom and data availability of “whole genome-venom” studies. Taxa that
employ venoms for predation are marked by red dots, for defense by blue dots and for competition in green dots. Available genome data for taxa that were used in
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photograph, the phylogeny is based on Casewell et al. (2013).

FIGURE 1 | the context of venom evolution are shown in the yellow boxes. For the few venomous groups that are studied in more depth (underlined) gray boxed
illustrate the overall number of available genomes according to the NCBI database (asterisk*, see also Supplementary Table 1) and recent publications (Branstetter
etal., 2018; Garb et al., 2018). Animal silhouettes were taken from PhyloPic (PhyloPic — Free Silhouette Images of Life Forms) or were generated on own
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in mind that we will omit specific aspects of venomics that
would benefit from high quality whole genome sequences, such
as venom evolution in populations. The goal of this review
is to cover the predominant trends and patterns and to give
an overview of the current situation in whole genome-based
venom research.

GENOMICS

Initially, genomes were sequenced for a few model
organisms such as C. elegans, D. melanogaster, or Mus
musculus, that were grown and bred in the laboratory to
study their biology, development and underlying genetic

mechanisms (Dunn and Munro, 2016). Facilitated by the
fast progress in sequencing technology, genomic analyses
of non-model organisms nowadays improve research
in several fields of biology like evolutionary biology,
developmental biology, and functional biology. In particular
for systematics and phylogenetics, comparative genomics
is important to understand how genome changes occurred
in different taxon lineages along the tree of life (Dunn
and Munro, 2016). On the other hand, the framework of
comparative genomics gives insights on how functional
DNA elements and adaptive traits evolve, and contributes
to identify the linkage between genotype and phenotype
(Dunn and Munro, 2016; Yin et al., 2016).
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Venoms and their toxin components as highly adaptive
traits represent an ideal case study to comprehend how protein
functions evolve. The widely accepted hypothesis to explain
the shift from a non-venom related gene and its evolution
to a toxin is in line with the classic model on the evolution
of gene function. An ancestral gene undergoes a duplication
event which is followed by the neo- or sub functionalization of
one of the copies as a toxin (Hughes, 1994; Lynch, 2002; Nei
et al., 2002). In the context of venom evolution, authors often
address the new toxic function of a protein as “recruitment”
into the venom gland (Fry et al., 2003, 2009; Casewell et al.,
2013; Pineda et al., 2014; Undheim et al., 2014). The crux of
testing this hypothesis is to identify the ancestral state of a
protein that is later weaponized as a venom component. The
origin of every toxin that contributes to a venom composition has
to be evaluated independently and taxon-specific. For example,
snake venom evolution could underlie different constraints and
mechanisms than the evolution of venom in assassin bugs or
spiders. Even within a taxon the evolutionary patterns could
change: processes that cause differences in venom composition
between populations are not necessarily identical with those that
originally facilitated a venomous lifestyle. An adequate sampling
of genomes within the clade of interest and complementary
data of representatives from phylogenetically older lineages are
crucial to determine ancestral states of genes to link geno- and
phenotype. This applies to the comparison of a venomous to a
non-venomous lineage, but also to studies that focus on venom
diversity within a venomous lineage or species. Depending on
the question or hypothesis that is addressed, it is necessary to
include information about the geographic origin of the specimen
that was used to sequence and assemble the reference genome
(for example: population genomic venom studies).

The evolutionary history and the processes that facilitated
the functional switch of a gene from a physiological to a toxic
function are per se challenging to assess. It seems that functional
and structural constraints on the secreted proteins limit the
pool of protein families that contribute to the possible toxin
arsenal in venoms (Fry et al., 2009). It is known that protein
families such as phospholipase A2, peptidase S1, peptidase
§10, several metalloproteinases, kunitz and hyaluronidase are
venom components, which evolved convergently in phylogenetic
distant lineages. Depending on the taxon of interest and the
evolutionary history of gene families within this lineage, the
ancestral state (including the number of gene variants) of the
gene families before being recruited into venom can vary.
Consequently, the number of ancestral candidate genes for toxin
evolution can differ depending on the respective lineage. We
briefly showcase this situation of (venom independent) gene
evolution exemplarily for the evolution of hyaluronidase-like
genes in placental mammals, a group that comprises also the
venomous Eurasian water shrew. The different ancestral states
of this protein family in each lineage reveal how an insufficient
taxon sampling could obscure an analyses of the origin of toxic
hyaluronidase in the Eurasian water shrew (Kowalski et al., 2017).

For placental mammals (Placentalia) seven hyaluronidase-like
genes are known: HYALI, HYAL2, HYAL3, HYAL4, HYALS,
SPAM/Ph-20, and HYALP1 (Figure3) (Csoka et al., 2001;

Hubbard et al., 2002; Kim et al., 2005). These genes are not
equally distributed in the genomes of all Placentalia (Figure 3).
In humans (Homo sapiens), chimps (Pan troglodytes), rats (Rattus
norvegicus), and mice (Mus musculus) six hyaluronidase-like
genes cluster as two tightly linked triplets on two different
chromosomes (Csoka et al., 2001; Hubbard et al.,, 2002; Kim
et al., 2005). Besides those shared genes, it is known that mice
and rats possess an additional hyaluronidase variant (HYALS5),
which is located on the same chromosome as the triplet HYALP1,
HYAL4, and SPAM/PH-20. The HYALS5 gene is missing in the
genome of primates and Laurasiatheria, but is shared between
rats and mice, which led to the assumption that the duplication
event of this gene took place in the last common ancestor
of all rodents (at least mice and rat) (Hubbard et al., 2002;
Esselstyn et al.,, 2017). The HYALPI is present in the rodents
and the primate lineages but is missing in the genomes of
the Laurasiatheria representatives, see Figure 3 (Esselstyn et al.,
2017). In both chimp and humans the HYALP1 gene is present,
but point mutations led to a frameshift and pseudogenization,
while the ortholog gene codes for an active enzyme in rodents
(Kim et al, 2005). Depending on the phylogenetic lineage,
members of the Placentalia show five or seven functional
hyaluronidase genes, while the human/chimp lineage exhibits six
hyaluronidase genes. However, one variant was pseudogenized
over time and is expressed but not translated (Csoka et al.,
2001). Five hyaluronidase-like genes arranged in two distinct
clusters is most likely the ancestral state of the hyaluronidase
protein family in the group of placental mammals. This pattern
is shared by the analyzed representatives of laurasiatherian and
afrotherian mammals (The number of hyaluronidase genes of
the African elephant is not shown in Figure 3 but was verified
on ENSEMBL). Diverging patterns in the primate and rodent
lineages probably evolved after the last common ancestor of all
placental mammals and are lineage specific. In order to address
the evolution of venom proteins, the ancestral state(s) of the
non-venomous gene variant(s) has to be known to prevent
false interpretations.

To reveal the recruitment process of a toxic hyaluronidase
variant, in our example in the venomous Eurasian water shrew
(Neomys fodiens) (Kowalski et al., 2017), the ancestral state of
the hyaluronidase protein family in the insect-eating animals, to
which shrews belong, has to be known. The genomes of both the
non-venomous European hedgehog (Erinaceus europaeus) and
the non-venomous common shrew (Sorex araneus) feature the
five hyaluronidase genes that are supposed to be ancestral in the
placental mammals. Each of these five hyaluronidase variants are
necessary to interpret the evolution of the hyaluronidase as a
venom component in the Eurasian water shrew.

IMPROVING GENE COMPLETENESS AND
HOMOLOGY PREDICTION WITH WHOLE
GENOME DATA

The advantage of comparative genomics is that ancestral states
of venom proteins are unambiguous to address. Transcriptome-
only approaches represent in many cases insufficient samples of
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gene sets and lineage specific taxon-representatives. The level
of sequence identity between the venom component and the
ancestral genes can help identify the last non-toxic homolog.
Nevertheless, predicting the processes of venom evolution, for
example if the functional switch is the result of a gene duplication,
a single gene co-option or alternative splicing, is difficult without
complete gene sets. In Tablel we show the hyaluronidase
variants that are known in the common house mouse. The
(hypothetical) origin of a venomous salivary hyaluronidase in
the house mouse is only to determine if all seven variants,
are sampled in complete gene sets. Using only single tissue
transcriptomics those possible other variants, but also differences
in expression levels, are missed, which might lead to false
assumptions. To assess the deeper phylogeny and origin of a
single venom protein in general, all representative gene sets of
closer related species of the discussed taxon lineage need to
be incorporated in the analyses in order to infer the ancestral
situation in the last common ancestor (LCA) of the venomous
lineage and the closest non-venomous lineage.

Transcriptome data is generally used to identify highly
expressed genes in the venom apparatus in which the toxins are

translated, in most cases combined with a proteomic analysis to
verify the secretion of these proteins. Subsequently, the venom
composition with the predominantly transcribed and secreted
genes is estimated, and possible bioactivity either postulated
or tested. However, the de novo assembly of transcriptomic
data is a computational challenging task linked to the high
variability of expressed transcripts in tissues, which resulted
in the modification of genome assembly algorithms for the
application on RNA-sequencing data (Grabherr et al, 2011;
Xie et al, 2014; Bushmanova et al., 2018). Major drawbacks
in the de novo assembly of transcriptomic data are caused
by the uneven coverage of transcripts, the difficult distinction
between sequencing errors and low expressed transcripts, the
challenging identification of alternative splicing variants and,
finally, an unreliable assembly of recently duplicated paralogous
genes. Ambiguous situations are solved differently depending
on the applied assembly software. Consequently, the number
and length of finally assembled transcripts, and subsequently
the number of identified toxins might vary. The evaluation
and interpretation of such results without the whole genome
sequence of the same or a close related species as a blueprint
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TABLE 1 | Overview of the expression pattern of the seven hyaluronidase genes found in the genome of Mus musculus.

Gene HYAL1 HYAL2

HYAL3

HYAL4 HYALS HYALP PH-20

Expression No.1 Tissue Liver, spleen Lung, duodenum

Genital fat pad, testis

Testis, liver Testis Testis Testis

First row shows the gene names, second row the tissues with the highest expression level. All data from the Mouse ENCODE consortium (Yue et al., 2014).

is a challenging task (O'Neil and Emrich, 2013; Bushmanova
et al, 2016). The completeness and the duplication level of
single copy orthologs expected in a whole body transcriptome
(Simdo et al, 2015) can be a valuable reference point to
compare different assemblies and to choose the “best” one or
to create a hybrid assembly from different assembly programs.
However, venom producing organs are specialized in the
secretion of toxins, consequently the number of expressed
housekeeping genes is expected to be reduced. Using a metric,
which scores the quality of the assembly by the presence and
duplication level of housekeeping genes, like the approach used
in BUSCO, might result in error-prone implications regarding
the completeness of assembled toxin transcripts (Holding et al.,
2018). Nevertheless, at the same time there is a lack of
alternative metrics to evaluate de novo transcriptome assembly.
One general focus of current research in evolutionary biology
is to improve the precision of complex homology prediction
by harnessing whole genome data (Li et al., 2003; Jothi et al,
2006; Altenhoft et al, 2014; Emms and Kelly, 2015, 2018;
Kriventseva et al., 2015; Linard et al., 2015; Mesquita et al.,
2015; Sonnhammer and Ostlund, 2015; Petersen et al., 2017).
For instance, information about gene arrangements and position
within the genome (synteny) can be additionally utilized to
further refine homolog assignment if whole genome sequences
are available (Lechner et al., 2014).

The previously described situation of hyaluronidase genes in
placental mammals illustrates how synteny information can be
incorporated in the process of homology assignment. Despite
the broader phylogenetic distance and the resulting divergence
in sequence similarity, the arrangement of the hyaluronidase
genes in the genome of placental mammals allows a distinct
ortholog prediction.

The evolutionary origin of snake venom proteins illustrates
how more whole genome data could impact the research
on venom evolution. Two studies independently revealed
the expression of homolog venom protein genes in salivary
glands and in several, distinct body tissues in venomous
and non-venomous snakes and non-venomous lizard species
(Hargreaves et al, 2014; Reyes-Velasco et al, 2015). Both
studies describe an ancestral expression pattern and hypothesize
about the origin of venom proteins, but the lack of high-
quality whole genome data for the majority of the analyzed
species impeded precise conclusion about the loss, duplication,
or changed expression patterns of specific gene variants.
Available genome data and knowledge of lineage specific
gene variants (comparable to the provided example of
hyaluronidase in placental mammals) would provide the
base for a clear inference of such mechanisms and to untangle
these complex situations.

WHOLE GENOME STUDIES IN VENOMICS

The majority of recent high-quality genome sequencing
projects selected taxa driven by economical interests or human
impact (Apis mellifera, Aedes aegypti), research on social-
ecological questions (higher, social insects such as ants), and
partly based on their phylogenetic key position to enlighten
animal evolution (e.g., Nematostella vectensis, Ornithorhynchus
anatinus) (Weinstock et al., 2006; Nene et al., 2007; Putnam et al.,
2007; Warren et al., 2008; Suen et al., 2011; Wurm et al., 2011).
However, whole genome sequences of venomous species from
several lineages are still rare, see also Supplementary Table 1,
despite the constant decrease of sequencing costs and the
improvement in new long read sequencing techniques like
PacBio or Oxford Nanopore. Particularly the genome assembly
is still challenging, and becomes more and more time but
also hardware consuming, despite improvements in this field
(Richards, 2018). Nevertheless, whole genome data is available
for a few venomous species and was used to address venom
evolution. The starlet sea anemone (Nematostella vectensis)
resembles one of very few “venomous model organisms.” This
cnidarian species is easy to rear, has a relatively short generation
period, offers transgenic tools and employs a venom from
specialized cells to prey on other small invertebrates (Hand and
Uhlinger, 2006). The initial motivation to sequence the whole
genome was the phylogenetic position of Cnidaria as sistergroup
to bilaterian animals (Putnam et al., 2007; King and Rokas, 2017)
and implications for eumetazoan evolution when comparing
genomic organization, gene repertoire and development. This
genomic backbone fueled a first whole genome sequence-based
analysis on the evolution of a neurotoxin (Nv1) (Moran et al.,
2008), and later the analysis of ontogenetic toxin evolution
in the complex life cycle of Nematostella (Columbus-Shenkar
et al,, 2018). Ancestral toxin-genes in this species were probably
already present in the last common ancestor of stony corals
and sea anemones (500 mya) (Columbus-Shenkar et al., 2018),
but the deep evolutionary splits and poor taxon sampling
prevent more precise statements about ortholog and paralog
relationships of different gene variants. Consequently, processes
that lead to the evolution of the toxin function are not known at
the moment.

The genome of the platypus (Ornithorhynchus anatinus)
(Warren et al., 2008) was originally utilized to understand the
phylogenetic position of monotremes and early mammalian
evolution (Petersen et al., 2017). Nonetheless, a comparative
genomic analyses based on the homology assignment present
in the ENSEMBL database v61 (Hubbard et al., 2002; Wong
et al., 2012), addressed the evolution of proteins in the venom
glands, which are used by male platypus for intra-specific
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competition and defense. The influence of gene duplication
to recruit toxin genes was analyzed by filtering genes of the
platypus for monotreme lineage specific gene duplication events.
The matching sequences were then compared to known toxin
domains and expression in the venom gland and revealed that
only 15% (16 out of 107) of putative toxins arose through
gene duplication. It is finally concluded that for the venom
composition in platypus, gene duplication plays a minor role;
the authors hypothesize instead that alternative splicing (see
Figure 4) is the major driver (Wong et al., 2012).

In contrast, snake venom evolution reflects a different
pattern, which is dominated by gene duplication followed
by neofunctionalization (see Figure4). The king cobra
(Ophiophagus hannah) is a flagship species, representing an
iconic snake that draws equally attention from scientists and
the public. Its whole genome sequence was published by a
consortium together in parallel with the associated whole
genome sequence of the burmese python (Python bivittatus)
(Castoe et al.,, 2013; Vonk et al,, 2013). The genomes of both
species were compared to each other, compared to the genome
sequence of the anole lizard (Anolis carolensis), and compared to
ortholog and paralog genes from different vertebrate outgroups
in order to assess the evolution of key features like reduced
limb development, changes in organ size after feeding, or
the use of venom. Patterns of gene duplication coupled with
positive selection were revealed as underlying processes in
the neofunctionalization of venom proteins in the king cobra
(Vonk et al., 2013). Another mechanism that might shape
snake venom composition is the loss of genes. This process is
illustrated in a recent study on the evolution of PLA, toxins
from rattlesnakes, applying an exome capture approach based
on genome data for the diamondback rattlesnake (Crotalus
scutulatus). The last common ancestor of rattlesnakes featured
neurotoxicity based on PLA; toxin variants that originated by
duplication. During the evolutionary process some rattlesnake
lost several neurotic variants, accompanied by a change in
their venom phenotype (Casewell, 2016; Dowell et al., 2016).
The authors suspect transposable elements as the source of
this process (Dowell et al., 2016). It will be interesting to test
the genomic mechanisms of this loss of genes but also the
recruitment of lineage specific genes in more details. Especially,
more comparative whole genome data of other snake groups
are demanded to comprehensively address lineage specific toxin
evolution as well as ancestral gene clusters. This goal now moves
closer as we currently experience a steep increase of genome
sequencing projects, especially regarding snakes that are in the
public and scientific focus since decades. In 2018 and 2019,
10 new genome projects for snakes have been published (of
currently 19 species in total), see also Supplementary Table 1.
Two of those datasets were recently used in venomics studies of
the five-pacer viper (Deinagkistrodon acutus) (Yin et al., 2016)
and the habu (Protobothrops flavovoridis) (Shibata et al., 2018).
A minor focus in terms of venom evolution was the analysis of
the five-pacer viper genome, where the authors raised the point
that younger lineage specific venom genes (unique for the venom
elapid or viper lineage) are often expressed in the liver tissue
of the other species. This would suggest an origin in metabolic

proteins for some toxins and that snakes of the elapid and the
viper lineages recruited new venom proteins independently in a
similar way (Yin et al., 2016).

THE ROLE OF COMPARATIVE GENOMICS
TO ENLIGHTEN TOXIN GENE ORIGIN AND
VENOM EVOLUTION

The evolutionary patterns and processes that shape venoms are
only to elucidate if comparable genome datasets are used that
consider the phylogenetic distance of taxa. The datasets also
need to resemble a sufficient sampling of species (including an
ancestral sistergroup) for these taxa to reveal the origin of the
investigated toxin. For venomous species this is a challenging
task, as elaborated before, since only few lineages are represented
by sufficient genome data sets (Figure 1), which means finally
that in most cases the genomes need to be generated from scratch.

However, some hymenopterans are well-studied on the
genomic level, and this is in particular the case for the parasitoid
wasp Nasonia vitripennis. Its genome is assembled and annotated
on chromosome level, which represents the highest possible
quality (Werren et al., 2010). Nasonia and close-related parasitoid
wasp species are of key interest to understand parasitoid biology.
These wasps paralyze a host with injected venom that alters its
immune system to ensure that the offspring develops without
being attacked, while the host is kept alive. It is known that
the venom changes also the metabolism and gene expression,
which is a key feature desired for applied pharmaceutical research
(Martinson et al., 2016). To understand which processes shape
this obviously targeted venom, a comparative genomics study
was conducted analyzing four closely related parasitoid wasps of
the group Pteromalidae (including Trichomalopsis s., Urolepis t.,
Nasonia v. Nasonia g.). These species showed a rather young
maximum divergence time of 4.9 Mya years but displayed
patterns of specialization on different hosts. It was revealed that,
depending on the host species, different genes are expressed and
identified in the proteome of the venom glands in different wasp
species. Most of those gene switches are a result of cis-regulated
changes in the venom gland expression, which do not fit the
classical model of gene function evolution. For the analyzed
lineage of parasitoid wasps the venom genes underly a rapid
turnover and the recruitment of single copy genes as co-option
in the venom gland is the dominant process (Martinson et al.,
2017). This pattern was identified via the denser taxon sampling
and genome data within the (small) clade of interest and would
have been missed if more distant related species had been used as
a comparison.

Interestingly, Nasonia represents in addition one of the few
venomous species for which the mechanism of horizontal gene
transfer (HGT) has been more robustly described (Martinson
et al, 2016), see also Figure4. HGT, synonymously also
referred to as lateral gene transfer, reflects the non-genealogical
mechanism of gene exchange between different species from
separated lineages in contrast to sexual reproduction in which
genes are inherited within a (vertical) lineage (Keeling and
Palmer, 2008; Boto et al., 2014). HGT is one supposed mechanism
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of toxin evolution. However, while HGT is rather common
between microbial organisms (for example from bacteria to
bacteria), these events are considered to occur less often in
lineages from the animal kingdom and concrete examples are rare
(Keeling and Palmer, 2008; Dunning Hotopp, 2011; Martinson
et al., 2016). Nevertheless, reports for HGT from bacteria to
animals are strikingly rising and it appears to be more common

for groups such as nematodes and arthropods (especially insects),
which are more associated with bacterial endosymbionts or
phytophagous (Dunning Hotopp, 2011; Boto et al., 2014; Gerth
and Bleidorn, 2016). In Nasonia, a Gh19 chitinase HGT that
derives from unicellular microsporidia, and happened likely also
in other parasitoid wasps within the larger group of Chalcidoidea,
is described. This gene, which occurs in plants, bacteria and
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microsporidia for defense or nutrient acquisition, has not been
identified in other animals—except from a second HGT event
into mosquitos (Martinson et al., 2016). RNAi knockdown
experiments for GH19 chitinase show that it induces fly hosts
to upregulate genes that are involved in immune responses
against fungi.

Based on its high quality genome, Nematostella represents,
as previously discussed, an exceptional taxon to understand in
detail the processes of venom evolution and the origin of toxin
genes (Columbus-Shenkar et al., 2018). Interestingly, HGT is one
of the described mechanisms. A member of the pore-forming
toxins (PFTs) of Nematostella featuring an aerolysin domain
has obviously been transferred horizontally from the pathogenic
bacterium Aeromonas hydorphyla to Nematostella (Moran et al.,
2012), and it was shown by knockdown experiments that these
genes are functional in the genome. HGT events were described
for other venomous species as well, for example latrotoxin genes
from spiders (Gendreau et al., 2017). However, our goal here
is not to cover HGT as possible mechanism in full depth. It
needs to be considered though that in most reports of possible
HGT hard experimental evidence, such as RNAi experiments,
which illustrate that genes are functionally incorporated into
the genome, is missing. Several presumed cases of HGT from
bacteria to animals are recently critically disputed, it appears
that some studies falsely concluded HGT based on insufficient
analyses and possibly contaminations (Martin, 2017; Salzberg,
2017; Leger et al., 2018). A prominent example from arthropods
is now coined “tardigate” and refers to the work that presented
a tardigrade genome featuring large fractions of bacterial DNA
obtained via HGT. However, it turned out later that the claimed
unusual high percentage of HGT was induced by inadequate
analyses and contamination (Arakawa, 2016; Bemm et al., 2016;
Luo et al., 2017).

Comparative analyses of increased numbers of whole genome
sequences identified a mechanism of gene origin that is referred
to as de novo gene evolution. De novo evolved genes or orphan
genes are species or lineage specific, and it was revealed that,
in a broad range of phylogenetic lineages, up to one third of
genes present in a genome represent orphan genes (Tautz and
Domazet-Lo$o, 2011). Per definition orphan genes do not feature
detectable homologs in closely related species and alternative
scenarios that differ from the classical model of gene evolution
by duplication are required (Ohno, 2006; Tautz and Domazet-
Loso, 2011). Based on Drosophila melanogaster genome data,
it was shown that around 12% of the novel genes originated
from non-coding DNA rather than from gene duplication or
retroposition (Li et al.,, 2008), and further evidence supports
that these genes quickly evolve to become an essential part of
the genome (Chen et al., 2010). The evolution of functional
genes from non-coding DNA is also known for Saccharomyces
cerevisiae (Cai et al., 2008) and for Mus musculus (Heinen et al.,
2009). Expression analyses in the genus Mus supported a rapid
turnover of genome transcription and that over evolutionary
time every part of the genome is transcribed at some point (Neme
and Tautz, 2016). Due to the missing evolutionary pressure on the
non-coding regions of a genome, these regions can accumulate
mutation in a more or less unconstrained way. Despite the still

enigmatic origin of new genes from long non-coding RNAs,
there is evidence that ORF’s from a suitable length can arise and
are translated (Ruiz-Orera et al., 2014, 2018). The translation of
the protein finally provides the starting point for selection to
eliminate the new protein if it is deleterious, or to fix it in the
genome when it is advantageous, see also Figure 4. Currently,
inevitable high quality data and taxonomically broader samples
of whole genome sequences for venomous species are missing
to study this phenomenon. However, this scenario of de novo or
orphan gene origin demands further attention in the context of
toxin origin. Preliminary data of predatory robber flies (Asilidae)
hints to the possibility that this mechanism might play a role in
venom evolution for this dipteran group.

PERSPECTIVE

Whole genome data became increasingly important in a variety
of research fields, such as evo-devo, social-ecology, phylogenetics,
and finally more applied areas, sometimes referred to as
translational genomics. Many techniques and approaches are
utilized to understand gene evolution under these multiple
perspectives. However, comparative genomics reflects still a
rather new toolbox in venomics.

We discuss here results from the few studies that
already use whole genome data to infer venom evolution,
including its potential to improve current caveats of de novo
transcriptome based approaches such as assembly artifacts
and incorrect ortholog prediction. We further outline the
mostly untapped potential of comparative genomics to
comprehend processes of toxin evolution in the broader
context of gene origin and evolution. Genome backbones are
crucial to address questions such as where and how toxin
genes evolved within taxon lineages. Particularly important
is in this context of gene completeness that is provided
by whole genomes (in combination with proteomic and
transcriptomics data). Equally fundamental is a sufficient, broad
taxon sampling with representative genomes to identify the
most ancestral variants of analyzed toxins for the discussed
species group.

Presently, genome consortia sequence genome data from
organisms of several animal groups, for example vertebrates
(G10K), marine invertebrates (GIGA), ants (GAGA), arthropods
(i5K), fungi and plants (10KP), producing big data output
(Koepfli et al., 2015; Pennisi, 2017; Voolstra et al., 2017; Lewin
et al., 2018). The future perspective is a global inventory and
preservation of the currently declining biodiversity and its
genetic information (Pennisi, 2017; Lewin et al., 2018). Genomes
from venomous species represent for example one target
as bioressource for possible therapeutics and bioinsecticides
(Holford et al., 2018; Senji Laxme et al., 2019). Besides of these
rather translational and applied aspects, combined efforts to
generate more genomes of broader sampled venomous lineages
would provide better datasets to model more detailed venom
systems as a major evolutionary key innovation in the animal
kingdom. Comparative genomics could significantly contribute
to address in depth mechanisms of toxin gene evolution,
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environmental or prey specific adaptations, gender specific
differences or population variation in a variety of animal lineages,
and finally, the molecular base of morphological adaptations in
the venom apparatus.
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