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The Squamata diversification began nearly 250 million years ago (MYA), and divergence times
among amniotes and within squamates have been estimated previously (Hedges et al. 2006; Castoe
et al. 2009b). The order Squamata is comprised of the suborders Iguania (comprised of exclusively
lizards) and Scleroglossa (which includes the remaining lizards, amphisbaenians, and snakes). The
Squamata diverged from its sister group, the Sphenodontia (tuataras) �240 MYA. These lineages
split from other reptilian groups (birds, crocodiles, and turtles) �275 MYA. Within the Squamata,
the suborder Scleroglossa is further subdivided into infraorders Amphisbaenia, Anguimorpha,
Gekkota, Scincomorpha, and Serpentes. The Gekkota diverged other Scleroglossan lineages
�200 MYA. The Scincomorpha diverged from the clade containing Amphisbaenia, Anguimorpha,



For several decades, the vast majority of what was known about squamate genes and proteins was



is expected to yield new and valuable insight into the evolution of amniote and squamate genomes
and provide much needed “omic” context to existing information on venom proteins, genes, and
transcriptomes. In addition to new snake genomes, there are multiple lizard genomes, including
individuals of Heloderma, Pogona, and Varanus – all lizard members of the clade “Toxicofera,”
which also includes snakes and is proposed to have evolved venoms on its ancestral lineage (Fry
et al. 2006). These and other lizard genomes are expected to provide tremendous and much needed
evolutionary and comparative context for understanding the origins of venoms in squamates, the
number of times venoms may have evolved, and from what genetic and ontological sources.

Squamate Genome Size

Genome size is an important metric for inferring large-scale changes across genomes, for estimating
the effort required to sequence and assemble a genome, and for identifying what characteristics of
interest might be related to changes in genome size. Indeed, repetitive element content, organism
longevity, metabolic rate, and development rate have all been proposed to correlate with genome
size (Gregory 2001). Though there does not appear to be a correlation between genome size and
organism complexity, genome size does have an impact on cellular physiology, nuclear volume, and
overall cell size (Gregory 2005). Squamate genome sizes have been estimated using three main



differences in accuracy and precision. Genome size estimates using each of the three techniques for
all squamates with data currently available in the Animal Genome Database (Gregory2013) are
summarized in Fig.1, separated by technique. These estimates (Fig.1a) show multiple forms of bias
across methods. Squamate genome size estimates from Feulgen density and static cytometry are
bigger and have a much higher variance than other measurements. These two techniques are thus
less precise and possibly less accurate than� ow cytometry (Fig.1a). Thus, previous perspectives of
high variance in genome size among squamate reptiles based on these estimates may be artifactual,
due to the methodological inconsistency of the techniques used. There is a strong argument for
careful interpretation of genome size estimates made by methods other than� ow cytometry
methods.

The average squamate haploid genome size estimate based on� ow cytometry is 1.9 Gbp (n ¼
90, range¼ 1.3–3.0 Gbp; Fig.2b). This average is intermediate in size between birds (1.4 Gbp) and
mammals (3.5 Gbp) and is also smaller than other non-avian reptiles (3.2 Gbp in Testudines and
Crocodilia and 5.0 Gbp inSphenodon(Janes et al.2010b)). The average lizard genome size based on
� ow cytometry is also 1.9 Gbp (n ¼ 58, range¼ 1.3–2.8 Gbp; Fig.2c). The average snake genome
size based on� ow cytometry is also 1.9 Gbp (n ¼ 32, range¼1.5–3.0 Gbp; Fig.2d). Previous work
on the pattern of genome size evolution found that the Reptilia have experienced continuous gradual
evolutionary change in genome size with no rapid shifts in genome size since the early reptile
radiation (Organ et al.2008). Other research, however, has found that larger genomes evolve in size

Fig. 1 Box-plot comparisons of genome size estimates based on three different methods. For all panels, methods are
abbreviated:FCM � ow cytometry,SFCstatic� ow cytometry,FD Feulgen density. (a) Genome size estimates for all
lizard and snake species that have been measured by all three methods. (b) Genome size estimates for all snake and lizard
species that have been measured by at least one of the three methods. (c) Genome size estimates for lizard species that
have been measured by at least one of the three methods. (d) Genome size estimates for snake species that have been



at faster rates than smaller genomes in reptiles (Oliver et al. 2007). These previous studies all have
used data from all three methods of genome size estimation above, and it is unclear if or how this
may have impacted their conclusions.

Squamate Genome Structure

The Mitochondrial Genome
Genomics typically invokes reference to the nuclear genome, although the mitochondrial genomes
of squamate reptiles have been studied most thoroughly to date. This smaller organellar genome
typically contains 13 protein-coding genes central to mitochondrial oxidative metabolism function,
the ribosomal and tRNAs to accomplish translation of these proteins, and a control region that
functions in mitochondrial genome replication and transcription. Snake mitochondrial genomes
have been of particular interest because they evolved a number of characteristics that are unlike most
vertebrates. With the exception of the scolecophidian snakes (blind snakes and their relatives),
which are the most ancestral extant group of snakes, all snakes appear to have a duplicated
mitochondrial control region, and both control region sequences are maintained at nearly identical
sequences by an unknown mechanism of concerted evolution (Kumazawa et al. 1996; Jiang
et al. 2007). Molecular evolutionary evidence suggests these control regions are both likely to act
as origins of genome replication (and probably also as promoters for RNA synthesis) (Jiang
et al. 2007; Castoe et al. 2009b). It has been hypothesized that these duplicate control regions
might function in the rapid metabolic upregulation in some snakes, which is associated with feeding
(Jiang et al. 2007; Castoe et al. 2009b). In addition to large-scale genome structure, studies have
shown that snake mitochondrial proteins have experienced an extreme adaptive event that included
unprecedented coevolutionary change along with a great excess of radical amino acid replacements.
These findings imply that snake oxidative metabolism might function uniquely among vertebrates,

Fig. 2 Comparison of genome repeat content between Anolis carolinensis, Python molurus bivittatus, and Agkistrodon
contortrix. Various repeat element families and their overall classification are shown on the horizontal axis. The vertical
axis indicates the proportion of the total genome constituted by a repetitive element (Data based on Castoe et al. (2011a)
and analysis of the repeat-masked complete Anolis genome from the UCSC Genome Browser)
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due to the large number of unique and radical changes observed in these snake proteins (Castoe
et al. 2008). Further evidence for the largest known episode of convergent molecular evolution
having occurred between the proteins of snakes and acrodont lizards implies strong convergent
patterns of selection (Castoe et al. 2009a). The uniqueness of squamate mitochondrial genome
structure and protein evolution raises many questions about the scope of adaptation in the nuclear
genomes of squamates and if there might have been evolutionary interactions between extreme
metabolic adaptation and the evolution of venom systems in squamate reptiles.

Nuclear Chromosomal Structure
Chromosomal variation is far greater in reptiles than in mammals, mainly due to the presence of
microchromosomes (Olmo 2005). Microchromosomes are structurally and functionally similar to
macrochromosomes but are roughly half the size of macrochromosomes on average (Rodionov
1996). They are two to three times more gene dense than macrochromosomes (Smith et al. 2000),
and avian microchromosomes appear to have a higher recombination rate than macrochromosomes
(Rodionov et al. 1992). Compared with macrochromosomes, nucleotide content in
microchromosomes tends to be GC rich and contains higher frequencies of CpG dimers, and
these microchromosomes are also relatively depauperate in repetitive elements (Hillier et al. 2004).

On average, squamates have 36.6 chromosomes (range ¼ 27–51 chromosomes) divided roughly
into one half macrochromosomes (average ¼ 18, range ¼ 12–35) and one half microchromosomes
(average ¼ 18.9, range ¼ 2.1–24) (Olmo and Signorino 2013). Snakes appear to have relatively
highly conserved karyotypes, with the most common diploid number being 2n ¼ 36. Karyotypes of
snakes typically consist of eight pairs of macrochromosomes and 10 pairs of microchromosomes
(Matsubara et al. 2006; Srikulnath et al. 2009). Lizards, in contrast, have large variations in



been resolved for mammals (Sry) and birds (Dmrt1), but not for squamates. Dmrt1 has been mapped
to autosomal chromosomes in four snake species (Matsubara et al. 2006) and is therefore not the
sex-determining factor for snakes. Additionally, Dmrt1 from the chicken Z chromosome has been
mapped to both Z and W sex chromosomes in Gekko hokouensis, and analyses of the Anolis genome
further indicate that Dmrt1 is unlikely to be the sex-determination gene (Alfoldi et al. 2011).
Complicating the search for a sex-determination locus in squamates is the finding that sex chromo-
somes are not homologous between reptile groups, which are consistent with sex chromosomes
evolving many times independently in reptiles (Ezaz et al. 2009).

Genomic GC-Isochore Structure
GC isochores are large tracts of genomic DNA with internally relatively homogeneous base
composition that varies over large chromosomal scales. GC-rich isochores positively correlate
with many important genomic features, including recombination rate, gene density, epigenetic
modifications, intron length, and replication timing, implying their importance as functional geno-
mic elements (Janes et al. 2010b). The Anolis carolinensis genome was found to lack GC-rich
isochores, which was an unexpected result (Alfoldi et al. 2011). Recent analyses of the Burmese
python and king cobra genomes indicate a higher degree of GC-isochore structure than Anolis
(Castoe et al. 2013). These findings may suggest that snakes have re-evolution GC isochore since
their divergence from Anolis or that GC isochore was lost in an ancestor of Anolis.

Ultraconserved Regions
Ultraconserved elements (UCEs), or small stretches of the genome that are conserved across
distantly related vertebrates, have become popular for inferring the phylogenetic relationships
among vertebrate organisms (McCormack et al. 2012); Crawford et al. 2012 discovered
a dramatically increased substitution rate in UCEs in the squamate lineage, and particularly in
snakes. Squamates, therefore, appear to show a shift in conserved regulatory genomic regions that
have otherwise remained relatively static in other amniote lineages. Other research on long,
conserved noncoding sequences (LCNSs), another class of highly conserved genomic elements,
found that a higher percentage of these sequences is conserved in reptiles, which may reflect
differing roles and constraints in gene regulation in the reptile lineage (Janes et al. 2009, 2010a).
Future studies on squamate genomes may provide additional insights into the evolutionary patterns
of conserved genomic elements and the functional consequences of changes in such conserved
genomic regions in squamates.

Transposable Element Diversity
Although our current knowledge of vertebrate genome structure and diversity is strongly slanted
towards mammals, new sequence-based information on reptilian genome structure and content is



squamate reptiles studied to date (Castoe et al. 2013). Based on preliminary genomic analyses of the
lizard Anolis, trends in the squamate lineage include an increase in simple sequence repeat (SSR)
content, the dominance of CR1 LINE retroelements, and a high overall diversity of retroelements



Microsatellite Seeding by Transposable Elements
It has been shown that transposable elements may occasionally contain microsatellite or simple
sequence repeats (SSRs) on their tails and are therefore capable of seeding novel microsatellite loci
on large scales throughout the genome. Snake genomes are the most extreme example of this in





Genomics of Squamate Venom Toxins

Genetic and Genomic Structure of Squamate Venom Toxins
The ability to leverage emerging high-throughput technologies for genomic, transcriptomic, and
proteomic analysis continues to improve our understanding of the squamate lineage and the
evolution of squamate venoms. Developing a deeper knowledge of toxin gene structure, and the
genomic context in which toxin genes exist and in which they have evolved, is central for
understanding the evolutionary origins and regulation of these genes. Most of what is currently
known about squamate venom genes, however, provides little genomic context because it is based
on cDNAs of venom gland transcripts, thus providing information only about the transcribed exons
and UTRs. Because there are multiple opportunities for regulation of gene expression and protein
activity after transcription (e.g., siRNA, miRNA, translation efficiency, posttranslational modifica-





identi� ed such effects, it is reasonable that there may be epigenetic regulatory effects that addition-
ally modulate expression of venoms. Among vertebrates, snakes in particular possess a tremendous
number of unique or extreme phenotypes. A greater understanding of the molecular and genomic
basis of these phenotypes holds exciting potential to increase broad understanding of the function
and functional� exibility of the vertebrate genome and to illuminate the mechanisms by which such
unique phenotypes can be evolutionary created from the raw material of the common vertebrate
genome plan.

As more squamate genome and gene expression data become available, the toxinological
community might consider a careful reevaluation of the precise language used for putative toxins
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